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Abstract 

Premature infants display a diminished immune system in comparison to full term 
infants. This, coupled with long hospital stays and increased exposure to invasive 
procedures, predisposes these infants to increased rates of morbidity and 
mortality. One such procedure is the placement of an enteral feeding tube. These 
devices deliver essential, highly nutritional, feeds to infants who are unable to do so 
naturally. The internal environment of these tubes provides the perfect replicative 
niche for biofilms to form.  
Biofilms are a well-documented clinical concern, owing to their difficulty to treat, 
potential to cause serious infection and ability to harbour pathogenic organisms.  
Many studies have been conducted into contamination of adult feeding devices and 
the impact on patient morbidity and mortality – however, there is very little 
research into the impact this may have in neonates. 
Initial laboratory-based experiments sought to understand the ability to adhere to 
and growth characteristics of a number of potentially pathogenic microorganism 
upon the tubes. The utilisation of liquid, static and flow-based feeding models 
allowed us to display the ability of different microorganisms to grow upon different 
NGT material types, within different clinically used infant formulas.  
The latter section encompassed a two-part clinical concept trial in which, via a 
combination of molecular and culture-based analysis, we demonstrated that not 
only is there a correlation between insertion time and increased colonisation but 
were also able to truly highlight the microbial diversity of this niche. Analysis of 
infant care regimes also demonstrated the impact specific patient factors have on 
these populations. 
The results generated throughout the initial laboratory-based models provided the 
groundwork for establishing, and understanding, the representative feeding model 
created. This model will provide clinicians and researchers with the ability to 
analyse multiple aspects of infant care, within a safe and controlled environment, 
on enteral tube contamination and blockage. The results from the clinical concept 
trial reinforced the accuracy of the flow model, as comparable levels of 
contamination were observed over similar time periods, as well as demonstrating a 
link between increased insertion time and colonisation. The sequencing analysis is 
the first of its kind to truly represent the extent of microbial diversity within this 
niche, whilst also displaying how specific care regime factors, impact this diversity, 
such as increased abundance of Streptococcus with exclusive infant formula 
feeding.  
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Chapter 1 

Review of Literature. 
Introduction. 
For the past 30 years, until 2016, neonatal mortality rates had been decreasing in 

England and Wales (Office for National Statistics, 2018). However, since then rates 

have been increasing. This is partially attributed to infants being born increasingly 

premature (Davis et al, 2018). An increased rate of ‘survival’ of younger babies is 

accompanied by an increase in the recorded incidences of infection and resulting 

morbidity. These can be partially attributed to the increased number of therapeutic 

interventions to which this population will be exposed. One such intervention is the 

placement of a nasogastric tube (NGT) which allows feeding for premature infants 

who are ‘nil by mouth’. These tubes are frequently utilised to deliver mothers’ milk, 

or highly nutritional feeding alternatives, to newborns that many be pre-term, as 

classified by the WHO according to gestational age in weeks (: < 28 weeks = 

extremely preterm. 28 - 32 weeks = very preterm. 32 - 37 week = moderate to late 

preterm. > 37 weeks = term); or of low (< 2500 g), very low (< 1500 g), or extremely 

low birth weight (< 1000 g) and that may require high calorific intake to facilitate 

proper development. The placement procedure, the tubes, as well as the solutions 

that pass through them, provide potential niches for bacterial contamination, 

colonisation and subsequent biofilm formation. Considering that enteral feeding 

tubes in the elderly population have received a high amount of focus in the 

literature, as well as enteral feeding often being cited as a risk factor for infection 

and morbidity, it is surprising to find relatively little research about contamination 

of enteral feeding tubes in the neonatal population. Not only this but with a 

growing wealth of research correlating the human microbiome (the collection of 

microorganisms within the body) with lifelong heath and disease further research 

into this area is paramount. 

Biofilms. 

The transition from “planktonic” free-living bacteria to the biofilm mode of growth, 

is a complex survival strategy employed by a huge variety of bacterial species 
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(Dunne, 2002). Such a transition can result from a multitude of scenarios, ranging 

from nutrient limitation to an abundance of nutrients. The range of surfaces 

bacteria are able to adhere to is vast, including both abiotic, such as metals and 

plastics, and biotic surfaces, such as human tissues. The attachment to a suitable 

surface allows the bacteria to multiply and produce extensive multicellular 

communities, conferring a number of traits for increased survivability, as will be 

discussed in subsequent sections. These colonies usually produce extracellular 

polymeric substances (EPS), enabling them to form a three-dimensional matrix, 

allowing aggregation and stability of the cells, greatly enhancing their resistance, 

and/or tolerance, to not only environmental stress, but also antimicrobial agents. 

This makes these multicellular communities a cause for concern in a number of 

industrial and clinical environments. 

Biofilm Formation. 

The processes of biofilm formation and development have been broadly fitted into 

five stages; formation of a conditioning layer, reversible adhesion, irreversible 

adhesion, division (encompassing the lag phase, exponential growth phase and 

stationary phase) and dispersal (Stoodley et al, 2002). It is also worth noting at this 

stage that the following descriptions, and indeed much of the ‘common’ knowledge 

in the field of biofilms was established early on and relates to the more well studied 

‘model’ biofilms and microorganisms. 

Modification of the substrata through the deposition of organic and inorganic 

particles, causes alterations in the surface’s physio-chemical properties such that it, 

potentially, favours bacterial attachment and subsequent colonisation (Lorite et al, 

2011). This conditioning film may also provide nutrients to facilitate subsequent 

bacterial growth.  

Reversible adhesion occurs when planktonic bacterial cells are able to overcome 

the initial, relatively long-range, repulsive forces of the surface, one example being 

interfacial water barriers. This is achieved by bacterial surface proteins and 

appendages, such as adhesins. Reversible adhesion through physical forces such as 

Van der Waal’s forces or electrostatic interactions, will occur to bring the bacteria 
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closer to the surface’s conditioning layer (Donlan, 2002. Ellwood et al, 1982). Such 

physical forces are often quantified using the DVLO (Derjaguin-Landau-Verwey-

Overbeek) theory in relation to microbial adhesion (Hermansson, 1999). Once the 

repulsive forces, such as interfacial water, have been overcome, the bacterial 

surface proteins and appendages may form specific interactions with constituents 

of the conditioning film (Fletcher and Pringle, 1985). This results in irreversible 

adhesion, at which point there is no further desorption from the surface and the 

bacterial cells are said to be “stationary” (Garret et al, 2008). The ability of bacterial 

species to attach to a surface is influenced by many factors including, but not 

limited to, surface roughness and hydrophobicity (Eginton et al, 1995). 

After irreversible adhesion, there is an initial lag phase in which there are relatively 

low levels of population development, characterised by low levels of cell division. 

This phase is succeeded by an exponential growth phase, characterised by high 

levels of division, resulting in rapid development of micro-colonies. In the ‘classical’ 

biofilm developmental pattern, stationary cells will divide outward from the surface 

via binary fission, often resulting in the formation of three-dimensional structures. 

Characteristic mushroom-like structures are often observed within some of the 

more well-documented microorganisms.  

There are many beneficial traits for bacteria adopting this organised common 

structure. One such trait is that adopting this structure results in the formation of 

channels between microcolonies that not only facilitates the distribution and 

acquisition of essential nutrients (water and oxygen), but also results in efficient 

removal of waste metabolic products (Costerton et al, 1995). The importance of 

these channels is highlighted by the fact that certain bacterial species, for instance 

Pseudomonas aeruginosa, will actively maintain them through the release of 

surfactants; inhibiting colonisation within such areas (Davey et al, 2003). This phase 

of development and colonial expansion is heavily dependent on the local 

environment’s composition, and nutrient limitation can severely hamper the 

formation of these multicellular communities. Conversely, in some strains, and 

environments, nutrient limitation has also been demonstrated to stimulate biofilm 

formation (Bowden and Li, 1997). Variability in results such as these, highlights the 
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plasticity in different individuals’ classification of characteristic biofilms and biofilm 

development as a whole.  

Once a stable microcolony has been formed, the bacteria within will enter the 

stationary phase. This is distinguished as the phase in which the rates of cell 

division are directly proportionate to the rates of cell death, resulting in a stable 

colony number. Such microcolonies are maintained through the employment of a 

sophisticated cellular signalling mechanism, termed Quorum Sensing (QS). In this, 

the bacteria will produce a number of Autoinducer (AI) molecules, peptide and 

chemical signals, that are released into the local environment. These molecules will 

act on the surrounding cells (and the releasing cells themselves), to alter their gene 

expression patterns to comply with the current mode of growth, as well as 

triggering the production of more chemical signals. Different bacterial species may 

release different forms of QS molecules; however, many are able to respond to 

similar signals from other species, allowing the coordinated gene expression, and 

hence behaviour, of entire microcolonies (Miller and Bassler, 2001).   

The transition from planktonic bacterial cells to those within a biofilm, is associated 

with large phenotypic changes. One key reason for these phenotypic 

transformations, is alterations in gene expression patterns compared to their 

planktonic progenitors (Watnick and Kolter, 2000). Genes encoding proteins that 

are essential to planktonic cells, most notably those related to motility, are 

generally down-regulated, whereas other genes more suited to a stationary life 

style are up-regulated. If down-regulation occurs, genes down-regulated may 

include cell membrane transporter proteins, essential in facilitating the import of 

key nutrients, as well as efflux of substances, such as modifying enzymes and 

exopolysaccharides, major constituents of the EPS matrix. 

 Again however, this is not always the case. For example, upon colonisation of 

urinary catheters Proteus mirabilis differentiates in ‘swarmers’, displaying greatly 

up-regulated gene expression of certain genes, allowing for rapid swarming over 

surfaces (Fusco et al, 2017).  Also, DNA microarray studies have demonstrated in 

some species, for instance P. aeruginosa, only approximately 1 % of genes show 
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differential expression between planktonic and biofilm bacterial cells (Whiteley et 

al, 2001). However, this may be a result of different strains displaying different 

phenotypes during development, due to programming of gene expression events 

(Sauer et al 2002).                               

Due to the rapid expansion of these microcolonies, as well as being embedded 

within EPS, cells are often sequestered within close proximity of one another. This 

raises a number of concerns. This close proximity, combined with the high retention 

of materials within the enclosed matrix, enables horizontal gene transfer between 

cells to occur at higher frequency than between planktonic cells (Thomas and 

Nielsen, 2005. Molin and Tolker-Nielsen, 2003). This enables, for example, genes 

encoding resistance mechanisms to antibiotics, to be transferred between cells, 

and even species, if within heterogeneous biofilms. 

Dispersal is the final stage within the biofilm’s life cycle and allows the detachment 

of bacterial cells, enabling colonisation of new niches and environments. A number 

of bacterial species have been studied to identify the key dispersal mechanisms 

employed in a multitude of scenarios. So far, three distinct mechanisms have been 

identified: ‘swarming/seeding dispersal’; ‘clumping dispersal’ and ‘surface dispersal’ 

(Hall-Stoodley et al, 2004). 

Bacteriophage mediated cellular lysis is thought to contribute to seeding dispersal 

through creating voids within microcolonies, facilitating the release from stationary 

bacteria and into the surrounding media (Webb et al, 2003). P. aeruginosa isolates, 

recovered from the lungs of cystic fibrosis patients, have demonstrated 

bacteriophage activity within these voids, from which dispersing cells emerge (Kirov 

et al, 2007). This process is differentiated from simple loss of single bacteria due to 

shear stress, as it only occurs at certain colony sizes, as well as requiring quorum 

sensing for coordination (Purvedori-Gage et al, 2005). 

Bacterial cells may also actively move along the surface through surface dispersal, 

or swarming as mentioned earlier in P. mirabilis. The utilisation of gliding and 

twitching motility can help project cells along a surface (Mattick, 2002). It has also 

been shown that biofilms can “ripple” along surface (Stoodley et al, 1999). Such 
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studies demonstrate that cells utilising such methods are able to move in the 

opposite direction to the flowing media (Nickel et al, 1992), presenting serious 

concern in the context of indwelling devices, in that they could potentially grow up 

and along them. For example, in enteral feeding tubes, this means that 

contaminating species may not only be able to flow from out-dwelling portions into 

the host, but indwelling organisms may translocate up the tubes and contaminate 

external niches, such as feeding sets. This could lead to contamination of 

subsequent feeds and prolonged exposure to potentially pathogenic organisms.  

Clumping dispersal is a mechanism in which aggregates of cells, still embedded 

within the EPS matrix, dislodge or slough off, following the flow of the surrounding 

media and colonising new sites (Stoodley et al, 2001). This again is a clinically 

concerning event, as it can lead to the detachment of potentially infectious doses of 

cells from indwelling devices, such as feeding tubes, directly into a host. These 

aggregates can remain within the biofilm mode of growth, enclosed in the EPS 

matrix, resulting in them retaining their antimicrobial tolerance. 

Mechanisms for inducing dispersal range hugely between species, from the afore 

mentioned utilisation of bacteriophages, to self-generated messenger molecules, 

such as Nitric Oxide (NO) in P. aeruginosa (Barraud et al, 2006), in response to 

environmental stimuli. The manipulation of these mechanisms in medical and 

industrial settings for disrupting biofilms, is an ever-expanding area. One example 

of this, is that it has been demonstrated that NO can be used to artificially induce 

dispersal in clinically relevant species (Barraud et al, 2009) as well as increasing 

their susceptibility to antibiotics (Baraud et al, 2012). 

Biofilms in Medicine. 

While not all biofilms residing within the body may be of clinical concern, such as 

when in a ‘normal, healthy state’ as is common in, for example, the mouth (Gutt et 

al, 2018), they are a leading cause of healthcare-associated infection (HCAI), with 

an estimated 65 % of bacterial infections being attributed to biofilms (Jamal et al, 

2018). One vital reason that bacterial biofilms present such a serious clinical 

challenge, is their increased antimicrobial tolerance (Neu, 1992). For example, 
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planktonic cells of P. aeruginosa, have been shown to be completely susceptible to 

killing at a concentration of 50 mg/ml tobramycin, whereas established biofilms 

were shown to still be viable after exposure to artificial urine containing 1,000 

mg/ml of tobramycin (Nickel et al, 1985). Although mechanisms of resistance 

adopted by single cells, such as efflux pumps, modifying enzymes and/or targeted 

gene mutations, may contribute to the decreased susceptibility, they are not 

thought to contribute significantly (Walsh, 2000). It is, instead, thought that this 

increased tolerance is the result of complex multicellular interactions and the local 

micro-environment they create. One prevalent theory is that the EPS matrix 

created in many biofilms acts as a physical barrier, impeding antimicrobials from 

reaching the bacteria within (Zhou et al, 2015). The EPS matrix has also been shown 

to block key mediators of the host’s immune response, including immune cells and 

cytokines, such as interferon gamma (IFN- γ) (Leid et al, 2005). However, other 

studies have demonstrated that certain antimicrobials are able to penetrate certain 

strains’ biofilms (Araújo et al, 2014), leading some to conclude that there must be 

other mechanisms to their increased tolerance. 

 
High cell densities within biofilm microcolonies, can result in the formation of 

different microenvironments. Microelectrodes, used to measure dissolved oxygen 

(DO) levels within biofilms, demonstrated that the deeper layers can reach almost 

completely anaerobic levels (Costerton et al, 1994). Anaerobic gene expression 

studies also displayed this in drinking water biofilms (Robinson et al, 1995). The 

cells within these anaerobic niches may exhibit decreased metabolic activity, 

meaning antibiotics that only target actively respiring cells, for example penicillin, 

will be rendered ineffective against these populations. These dormant cells are 

often referred to as “persisters”. These subpopulations may also have decreased 

levels of cell-wall synthesis, or transcriptional and translational activity. 

Consequently, some antibiotics will still be able to bind the cells, but will be unable 

to inhibit the function of target molecules required for such metabolic processes 

(Lewis, 2007). Some studies have even suggested that the increased antibiotics 

tolerance exhibited by biofilms, is due solely to the presence of persisters (Spoering 

and Lewis, 2001).  



 

 32 

Another possible explanation for observed increased antimicrobial tolerance, may 

be the fact that the mutation rate of genes in biofilm bacteria can be much higher 

than that of planktonic cells (Conibear et al, 2009. Frapwell et al, 2018). Mutations 

may decrease susceptibility to antimicrobials, by altering the binding capability of 

specific targets for the drugs. These mutations may arise from constant exposure to 

low doses of the same antibiotics, or cessation of antibiotic courses before the 

responsible organisms have been completely cleared.  

Biofilms may also produce a number of virulence factors that contribute to their 

pathology (Jenson et al, 2010). They may express super-antigens that confuse the 

hosts’ immune system, resulting in immunosuppression and anergy of the hosts’ 

immune cells (Foster, 2005). However, such mechanisms can also result in the 

hosts’ own defences causing high levels of bystander damage in infection sites. This 

may be through the production of proteases and oxygen radicals aimed at clearing 

the bacteria, but instead exacerbating the damage (Hoiby et al, 2001), or through 

the release of innate immune defence molecules, such as interleukins (IL) 

(Klockgether and Tummler, 2017). This bystander damage may weaken hosts’ 

immune barriers and facilitate invasion of bacterial cells into otherwise inaccessible 

areas, such as across the intestinal barrier. 

Neonates, Bacterial Infection and the Microbiome. 

Continually improving medical practices mean that the survival rate of ever 

younger, smaller and lower birth weight preterm infants, is increasing. The ability to 

successfully keep alive very low birth weight (VLBW) and extremely low birth 

weight (ELBW) newborn infants, and those born before term gestational age, is 

accompanied by an increased risk of infection observed within this population 

(Vergnano et al, 2011). The neonatal infection surveillance network, established 

2004, has documented infections from 30 units around the country and currently 

estimates the risk of infection at 6.1/1000 live births and 48.8/1000 neonatal 

admissions (Cailes et al, 2018), in the UK. This increased risk is even higher in low 

and middle-income countries (LMIC), often as a result of poor infection-control 

practices (Zaidi et al, 2005). Neonates are often subject to many invasive 

procedures including assisted ventilation, intravenous lines, enteral feeding and 
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occasionally even surgery. As well as these, they are often within close proximity of 

other infants in the unit, increasing the risk of transmission. These are all risk 

factors for infection, in addition to the usual risk of contracting a HCAI associated 

with being within a hospital environment. The infection rates in neonates are highly 

variable ranging from 2 % to 36 % (Donovan et al, 2013. Stoll and Hansen, 2003). 

This is due to variations in different ward structure, care practices and access to up-

to-date medical equipment, as well as vigilance in diagnosing and reporting 

infections. These difference in practice mean comparisons of routine data from 

units, and nations, is difficult (Wise, 2018). 

As early signs of infection, sepsis and bacteraemia are nonspecific within newborns 

and neonates, they are regularly subjected to treatment before microbiological 

confirmation, most often through the administration of broad spectrum or 

prophylactic antimicrobials. This can not only have a large impact on the 

development of a normal healthy microbiota, but also raises the risk of selecting 

more dangerous pathogenic organisms by eradicating all competitors. One study 

documented a shift from primarily Gram-positive to predominantly Gram-negative 

pathogens, resulting in early onset sepsis within neonates, and suggested it may be 

due to the increased antibiotics usage over previous years (Stoll et al, 2002b). 

It is well established that full-term infants display an immature immune system in 

comparison to adults (Marodi, 2006a). Given this, it is suspected that infants born 

preterm have even further deficiencies in humoral and cellular immunity (Carr et al 

1992). Their increased susceptibility to infection and colonisation by pathogenic 

organisms, is thought to be attributed, at least in part, to the fact that they have no 

immunological memory developed through exposure to such pathogens. It has 

been shown that even term infants have neutrophil dysfunction (Bektas et al, 

1990), and that this may be further exacerbated in neonates. One study 

demonstrated how neonates have a decreased bone marrow storage pool of 

neutrophils (Filias et al 2011). This could result in inadequate numbers of 

neutrophils being generated in response to bacterial invasion. However, there are 

still many mixed theories as to where exactly their immune systems are lacking 

(Marodi, 2006b). It has also been demonstrated that those most likely to develop a 
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HCAI within the neonatal intensive care unit (NICU) environment, are the lowest 

birth weight infants (Newby, 2008). Such infants may be more susceptible as a 

result of an immature immune system, or the increased prevalence of infection 

may be a result of increased “handling” of these infants. This includes being 

subjected to more invasive procedures and longer hospital stay times.  

Necrotizing enterocolitis (NEC) is a severe and devastating disease primarily 

affecting the Gastrointestinal (GI) tract of premature infants, inducing inflammation 

and bacterial invasion of intestinal walls (Thompson and Bizzarro, 2008). It is still 

currently one of the largest causes of morbidity and mortality within the newborn 

population, especially those born prematurely and with low birth weight. Its 

defining physiological features are necrosis of the small and large intestines along 

with ischemic events. 

Feeding with breast milk has been established as the most efficient preventative 

mechanism against development of NEC (Herrmann and Carroll, 2014. Meinzen-

Derr et al, 2009). The exact reason for which is still highly debated. One reason for 

its beneficial effects may be that it promotes the growth of non-pathogenic 

microbial communities, while reducing the pathogen load (Claud and Walker, 

2001), as will be discussed in subsequent sections. An alternative hypothesis is that 

breast milk contains higher levels of nitrates, and nitrites that are converted to 

gastric NO (Jones et al, 2014). NO is not only able to beneficially influence the GI 

microbiota, but is also a potent vasodilator playing an important role in regulating 

blood flow. Others have shown that Toll Like Receptor 4 (TLR-4) plays a crucial role 

in the development of NEC, as mice deficient in TLR-4 have decreased experimental 

murine NEC, potentially through the knockout interfering with the generation of 

NO (Jilling et al, 2006. Yazji et al, 2013).  

Despite the relative lack of knowledge as to the causes for NEC, it is clear 

throughout the literature that bacteria play a contributory role in inducing NEC 

(Warner and Tarr, 2016. Neu and Walker, 2011). Bacterial lipopolysaccharide (LPS) 

is able to induce activation of TLR-4 and therefore stimulate the inflammatory 

environment associated with NEC. Specific populations of bacteria may also 
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dominate the GI environment and secrete toxic metabolic products and endotoxins 

that induce perforation of the intestinal walls. However, bacteria may also provide 

a beneficial therapeutic intervention. Many studies have been conducted into the 

use of probiotics to help prevent NEC by beneficially altering the microbiota 

(Aggarwal et al, 2015. AlFaleh and Anabrees, 2014. Bin-Nun et al, 2005. Deshpande 

et al, 2007). However, despite various studies documenting their efficacy as a 

prophylaxis, many still question the viable use of probiotics clinically, due to 

relatively little knowledge about the short- and long-term effects, as well as the 

dose, duration and underlying mechanisms (Deshpande et al, 2010. Khurshid et al, 

2015). Some studies utilising specific strains of probiotics have demonstrated that 

they have no impact on incidences of NEC or sepsis (Abrahamsson, 2015). This also 

raises the issue that some probiotics may not have any clinical value and could even 

have potentially undesirable consequences (Costeloe et al, 2015).  

Another option, running along similar lines, would be the use of prebiotics. 

Prebiotics are non-digestible (by humans) oligosaccharides shown to increase 

growth of specific microorganisms (Gibson and Roberfroid, 1995). These nutrients 

can facilitate the growth of potentially ‘beneficial’ bacterial species such as 
bifidobacteria or lactobacilli (Gibson, 1999. Sherman et al, 2009), similar to the 

suspected ‘beneficial’ prebiotic nutrients provided by breast milk. The use of these 

compounds follows the programming hypothesis, in which nutrition received during 

the critical period of early post-natal development may have potential beneficial 

biological and developmental effects (Lucas, 1998). This could, potentially, 

favourably alter the newborns’ microbiota without running the risks of inoculating 

them with live organisms. 

Research into specific populations of bacteria possibly responsible for, contributing 

to, or even specifically causing NEC, have yielded contrasting results, with many 

identifying bacteria often found in healthy controls (Brower-Sinning et al, 2014. 

Normann et al, 2013. Smith et al, 2011). These studies have led some to conclude 

that it may not be one specific pathogenic species contributing, but instead can 

arise from a culmination of many species distorting the normal microbial 

environment (Elgin et al, 2016). Given the large variety of pathogenic and 
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opportunistic pathogens present within the NICU environment, this hypothesis is all 

the more concerning.  

The hypothesis that the development of a normal commensal microbiota is 

fundamental to lifelong health and disease susceptibility is now firmly recognised 

(Blum, 2017. Jandhyala et at, 2015). Perturbations to the maternal, or early 

infantile, microbiome have been linked to autoimmune and metabolic disorders, 

such as Type 1 and 2 diabetes (Paun and Danska, 2016). It has also been 

demonstrated that infants exposed to prolonged courses of antibiotics have 

increased incidence of NEC, among other severe outcomes (Kuppala et al, 2011. 

Shah et al, 2013). This could result from antibiotics hindering or suppressing the 

development of a ‘normal’ microbiota, instead allowing for selection of more 

resistant pathogenic bacteria, increasing the risk of morbidity and mortality. Until 

recently, it was largely believed that before birth, infants are predominantly sterile. 

A few years ago, studies emerged suggesting the presence of a pre-birth 

microbiome (Gritz and Bhandari, 2015). One study utilised a population-based 

cohort of 320 placental specimens to demonstrate that the placenta harbours a 

unique collection of microorganisms, suggesting that the longer the gestation 

period the more the infants are seeded by commensal microbial species from this 

microbiome (Aagaard et al, 2014). Another study, utilising a murine model, 

inoculated pregnant mice with a genetically labelled strain of Enterococcus faecium 

(Jimenez et al, 2008). In this study they were able to isolate the bacterium from the 

offspring, delivered through caesarean section, displaying that bacteria can be 

transferred pre-birth. Another study was able to detect potentially pathogenic 

organisms, including Acinetobacter, in the airways of preterm infants just after birth 

(Lohmann et al, 2014). However, more recently, studies, utilising more stringent 

sequencing approaches, with extra technical controls included, have suggested that 

the placenta (in humans) is sterile pre-birth (Leiby et al, 2018. Theis et al, 2019). If 

there is the existence of a placental microbiota, this would provide one explanation 

as to why infants born pre-term are most susceptible, as they have less time in 

which they are exposed to this unique microbiome. Infants who have had antenatal 

exposure to antibiotics have been demonstrated to be more likely to develop NEC 
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(Weintraub et al, 2012). These findings could highlight the importance of the 

presence and development of a microbiome in utero. This initial colonisation may 

provide the first, and relatively ineffective, protective barriers for the infant and 

hence disruption leaves them all the more vulnerable. However, further studies are 

necessary to determine the exact importance of the gestational period on microbial 

colonisation, and even the presence of a pre-birth microbiome. 

Despite this, it is obvious that not only method of delivery, but also the immediate 

environment after birth, can have a huge impact upon the initial development of 

the newborn’s commensal microbiota. A study aiming to understand the early 

colonisation pattern in infants, demonstrated that those born though vaginal 

delivery had intestinal colonisation that was more closely related to that of the 

maternal vaginal microbiota, harbouring species such as Lactobacillus and 

Prevotella spp. Whereas those delivered through caesarean section, were 

dominated by epidermal species such as Staphylococcus, Propionobacteria and 

Corynebacterium (with decreased prevalence of anaerobes, bacteroides and 

Bifidobacterium) (Dominquez-Bello et al, 2010). Other studies have previously 

demonstrated that Escherichia coli, often cited as the most common cause of 

neonatal mortality (Simonsen et al, 2014), is capable of mother to infant 

transmission (Kunin et al, 1993), with vaginal strains presenting a high risk (Watt et 

al, 2003). It is studies such as these that suggest uropathogenic microorganisms 

could be key early colonisers. Colonisation of infants by uropathogenic strains could 

lead to contamination of other sites, including; bodily locations, medical devices or 

even unit staff, leading to transmission to other infants within the unit. 

As will be discussed in subsequent sections, the feeding regimen that the infants 

are subject to also significantly impacts the colonisation of newborns. However, it is 

worth briefly noting that some studies have shown that delivery through caesarean 

section can result in delayed lactation and milk delivery to the infant (Dewey et al, 

2003. Evans et al, 2003). Meaning the optimal feeding choice may not always be 

possible. The diversity of scenarios encountered by individual neonates; pre-term, 

during and after birth, creates huge variability within individual cases. Given this, it 
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is not surprising that there are high levels of variation within studies related to 

neonates, their microbiome and infection.  

Figure 1. Taken from Martin et al, 2016, displays a summary of potential 

environmental influences on infants that may impact their initial microbiome and 

have subsequent impacts on the development of chronic inflammatory diseases. As 

can be seen from the flow diagram, mode of delivery, antibiotic exposure and 

feeding regimen are all suspected to impact microbiome composition.  
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Figure 2. Image adapted from Martin et al “Transitioning from Descriptive to 
Mechanistic Understanding of the Microbiome: The Need for a Prospective 
Longitudinal Approach to Predicting Disease” published in 2016 in the Journal of 
Pediatrics. The figure shows how environmental influences, such as method of 
delivery, feeding regimen/intolerances as well as pre-natal influences can cause 
alterations to the infant’s microbiome and potentially leading to the development 
of chronic inflammatory diseases. 
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Breast Milk and Infant Formula. 

In almost all instances clinicians and health care professionals will opt to feed the 

infants using their mother’s milk, even if they are unable to feed naturally and 

require feeding device placement. Numerous studies have documented the various 

benefits of breast milk usage (Assad et al, 2016. Gartner et al, 2005. Salone et al, 

2013). It has been shown to block bacterial lectins (Lesman-Movshovich et al, 

2003), significantly reduce chances of infectious disease by enhancing the immune 

system (Ballard and Morrow, 2013), as well as having beneficial effects on digestion 

and absorption of nutrients, with implications for growth and development, 

neurodevelopment, GI functioning and psychological effects on the expressing 

mother (Dieterich et al, 2012).  

Human breast milk’s (HBM) components have also been demonstrated to inhibit 

bacterial adhesion to abiotic and biotic surfaces (Coppa et al, 2016. Nagano-Takebe 

et al, 2014). However, it has been suggested that there are differences in the 

inhibitory capabilities of breast milk depending on timing of birth. This theory was 

formed from an older study which found that the colostrum had increased 

inhibitory capacity compared to mature milk, and term colostrum more so than 

preterm colostrum (Nwankwo et al, 1988). More recent works have demonstrated 

the maturation process of HBM during lactation, in which there is reduction in 

some components, such as specific growth factors, and increased expression in 

others, such as certain carbohydrates (Bardanzellu et al, 2017). Variability found 

when measuring HBM components from individuals has made understanding the 

impact of preterm birth on HBM content difficult however; some studies have 

suggested that it is insufficient to meet the nutritional requirements of these 

infants (Gidrewicz and Fenton, 2014. Mahajan et al, 2017), hence the routine 

fortification of feeds seen in many units. This provides another hypothesis as to 

why there are higher infection rates within the pre-term population, as the 

maternal milk they receive is not as protective as that received by term infants. 

As mentioned previously bacterial LPS is able to induce an inflammatory immune 

response through the activation of host TLRs. Research has shown that human milk 

components are able to modulate TLR mediated inflammatory responses (He et al, 
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2016). These milk components may induce tolerance to initial colonising bacterial 

species in the neonate and help enable the proper establishment of a beneficial 

microbiome within the infant’s digestive system. This may also explain why infants 

not fed human milk have increased incidences of morbidity as their body is 

immediately reacting, in an inflammatory way, to the non-pathogenic colonisers. 

This initial inflammation may induce damage to the protective linings along the 

digestive system, such as seen in NEC, and enable more pathogenic species to 

invade, colonise and overwhelm the infant’s immune system and tissues. 

Maternal milk is known to contain bacterial species such as Lactobacillus and 

Bifidobacterium, but microbiological analysis of breast milk often displays 

contamination with species commonly isolated from the normal skin microbiota, as 

well as small numbers of pathogenic isolates (Ajusi et al 1989. Mense et al, 2014). 

However, these may be the result of contamination in the expression process, as it 

has been demonstrated that thoroughly cleaning the breasts before expression can 

significantly reduce the bacterial counts (Costa, 1989). There have also been reports 

of HBM harbouring pathogenic organisms and potentially causing neonatal 

infection. Pathogenic organisms isolated include Group B streptococci (Lawrence 

and Lawrence, 2004) and the clinically relevant Extended-Spectrum Beta-lactamase 

(ESBL) producing Klebsiella pneumonia. Breast milk is not sterile and its use is not 

formally regulated, meaning its collection and administration requires impeccable 

hygiene practices (Cossey et al, 2011). However, even if the maternal milk does 

regularly contain potentially pathogenic organisms, under normal circumstances, 

they are likely to be at such low levels as to render then inconsequential. 

Researchers analysing the impact of contaminated breast milk, for example by 

Group B streptococcus, have suggested that high bacterial loads would be required 

to be considered as risk factors to the infant’s health (Zimmermann et al, 2017). 

For donor milk, there is the formal regulation that expressed breast milk cannot be 

donated 6 months post-partum. This may be partially due to the fact it has been 

shown that bacteria, for example oral Streptococcus mutans, display increased 

biofilm forming capacity in breast milk the longer post-partum (Allison et al, 2015). 

There is also much debate as to the merits of donor breast milk over sterile infant 
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formula, with some studies stating it is more beneficial (McGuire and Anthony, 

2003) and others concluding it is as good as, or has similar effects (Lucas and Cole, 

1990. Schanler et al, 2005). This could be contributed to by the fact that donor milk 

undergoes some sort of pasteurisation process, where the most commonly 

recommended process is the use of Holder pasteurisation process (62.5°C for 30 

mins) (NICE clinical Guidelines 93, 2010). This may be a sufficiently high enough 

temperature to denature some of the beneficial biological constituents within the 

milk, but insufficient to remove some more thermo-tolerant contaminants (Gaya 

and Calvo, 2018). Conversely, the pasteurisation could act to remove any live cells 

and as a consequence, may remove any probiotic species that may beneficially 

inoculate the infants. 

Prolonged storage of expressed breast milk not only provides an incubation period 

for potentially pathogenic contaminants, but its handling also increases points of 

possible contamination. Studies have demonstrated that expressed milk should not 

be stored for more than 24 h at refrigerator temperatures, or 8 h at room 

temperature, as bacterial Colony Forming Unit (CFU) counts of both pathogens and 

non-pathogens can increase within this window (Igumbor et al, 2000). Also, freezing 

maternal milk can diminish its bacteriostatic properties (Lorico and Perez, 2012). If 

this is the case, then the handling and procedures for both obtaining and storing 

expressed breast milk should be monitored carefully (unit specific guidelines for 

each but with recommendations in The National Institute for Health and Care 

Excellence (NICE) Clinical guidelines 93, based upon multiple studies). Unnecessary 

contamination of breast milk could also potentially cause contamination of feeding 

apparatus used to deliver the milk, resulting in ingestion of potentially pathogenic 

organisms by vulnerable infants. 

Another factor that must be considered with breast milk, is that feeding directly 

from the breast will increase the infant’s contact with the mother’s skin microbiota. 

This will impact on the infant’s microbiota development by either promoting 

normal microbiota, if the mother’s skin does not contain pathogens, or creating a 

potentially pathogenic one if she is colonised by pathogenic or opportunistic 

pathogens. However, early skin-to-skin contact (SSC) should in no way be viewed 
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negatively, due to its apparent benefits to breastfeeding promotion and 

neurophysiological benefits to mother and infant (Moore et al, 2012). 

Some infants, depending on their individual nutritional needs, may also require 

additional nutritional supplements, including those fed breast milk. It has been 

suggested that feeding with exclusively unfortified breast milk is associated with 

decreased growth rates (Huston et al, 2018). However, it has also been shown that 

those fed fortified breast milk contained higher levels of bacterial contamination 

(Hurrell et al, 2009b). 

The requirement for nutritional supplementation may be due to the fact that 

preterm infants miss the 3rd trimester of gestation; a phase in which there is usually 

rapid growth of the infant (Underwood, 2013). Such infants will be required to 

regulate their own temperature and gas exchange (not required when within the 

womb), expending vital calories and so have higher nutritional requirements. This 

presents a clinical dilemma between possible increased risk of infection, in an 

already vulnerable population, and possible developmental defects. 

The point at which any individual infant is able to breastfeed is highly variable, 

depending on both the infant and mother. The infant may have ineffective sucking 

and swallowing, or the mother may be unable to begin expressing due to the early 

arrival of the infant.  Some infants may also have feeding intolerances such that 

they are unable to digest protein components of breast milk, or even formula milk, 

and so require partially or completely hydrolysed media. Completely hydrolysed 

feeds will have increased levels of amino acids. These are the constituents of 

proteins and so are essential to appropriate infant growth and development. 

Research has, however, shown that various amino acids can both promote and 

inhibit biofilm formation (O’Toole et al, 2000). Hence, another variable for 

increased risk of infection within the feeding regimen of infants. 

As mentioned earlier, it has been suggested that caesarean sections can reduce a 

mother’s ability to express. Other scenarios in which breast feeding is selected 

against include mothers with a transmissible disease, for example human 

immunodeficiency virus (HIV) infection. There has been much uncertainty as to 
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whether HIV positive mothers should feed their infants’ breast milk, given the risk 

of transmission (Black, 1996. Van de Perre, 2000). When breast milk is not an 

option, or is selected against, another nutritional source must be selected. There is 

currently no one, standardised, alternative feed, or brand, utilised within neonatal 

units in the UK, but they are largely encompassed by sterile, ready to feed formulas 

(pre-mixed), and powdered formulas (non-sterile). 

Safe utilisation of powdered infant formula (PIF) underwent much scrutiny in 

previous years, as reports started to emerge stating that contamination, 

predominantly by one particularly pathogenic organism, had resulted in many 

neonatal outbreaks (Biering et al, 1989. Simmons et al 1989). This publicity resulted 

in the World Health Organisation (WHO) reclassifying Cronobacter sakazakii 

(previously Enterobacter sakazakii) as a Category A organism, stating that it is a 

“well established cause of illness in infants”, and is prevalent within PIF. Rather 

surprisingly, despite this there is currently no requirement for powdered infant 

feeds to be completely sterile, as long as it is stated so on the packaging. While 

these earlier outbreaks have led to increased vigilance, there are still sporadic 

events occurring with associations with contaminated PIF (Cui et al, 2017. Flores et 

al, 2011. Jackson et al, 2015). 

Both donor breast milk and infant formula, despite both potentially containing 

antibacterial properties or constituents, have high levels of nutrients, proteins and 

vitamins that could form a conditioning layer, or alter the substratum, in such a way 

as to favour bacterial growth upon enteral feeding tubes, as well as providing all 

the necessary nutrients for the establishment of virulent and potentially deadly 

bacterial biofilms. They also lack the natural antimicrobials found within maternal 

milk that would normally prevent this type of growth. 

The delivery methods of the feeds also vary between neonatal units, with new 

research continuously adapting and suggesting which option is optimal. The infants’ 

nutrition may be delivered by bolus gavage, assisted by a pump/syringe, simply 

gravity fed, or also by continuous feed by a pump. The conventional method is the 

bolus gavage method (Aynsley-Green et al, 1982). This was deemed the more 
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physiologically accurate method as it simulates intermittent feeding, while also 

promoting surges in GI hormones (Aynsley-Green et al, 1990). These cyclic surges 

may be important for appropriate GI tract functional development (Aynsley-Green, 

1989), and adaptation to a more socially normal feeding regimen (as in intermittent 

meals). However, the continuous method was also preferred by some, as they 

believe that it may increase growth of the infant by minimising energy expenditure 

while maximising energy absorbance (Toce, 1987. Valman, 1972). Division amongst 

researchers and clinicians still occurs. More recent analysis of care regimes appears 

to suggest that bolus feeding is the optimal regime, due to increased growth 

through protein absorption (Davis et al, 2015. El-Kadi et al, 2018). However, some 

still suggest the continuous method may be preferable in certain neonatal 

populations (Bozzetti and Tagliabue, 2017). 

The continuous method may be preferable in that it minimises the possible points 

of contamination created through repeated handling of the feed, as well as feeding 

apparatus. However, it does mean that if the initial feed is contaminated, the infant 

will be continuously fed a potentially pathogenic load. Prolonged hang times of 

feed bags at room temperature will also provide replicative time for potential 

contaminants.  Studies aiming at comparing the two feeding regimens are difficult 

due to general differences in infant management and definitions of feed 

intolerance. Nevertheless, generally there is little difference between the two in 

terms of infant growth, development and adverse incidences (Premji and Chessell, 

2011. Rövekamp-Abels et al, 2015). 

Nasogastric Feeding. 

The use of temporary indwelling medical devices has become commonplace within 

medical settings. The various catheters and tubes used in modern day therapy 

allow clinicians to more efficiently deal with individuals’ care needs. However, 

infection associated with such devices still remains a major complication. The 

insertion of a foreign device allows potentially pathogenic organisms to bypass 

many of the host’s normal humoral and cellular immune mechanisms (Dickinson 

and Bisno, 1989). Many temporary devices are only used once and are contained 

within sterile packaging awaiting use. Contamination of these devices can still occur 
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before, or during, implantation through a variety or routes. One example being 

from contact with patients’ or healthcare workers skin (Donlan, 2001). Urinary 

catheter associated infections are a commonly seen example and can result in 

substantial morbidity (Saint and Chenoweth, 2003). All forms of catheters are 

vulnerable to encrustation by bacterial species able to produce crystalline biofilms 

(Stickler, 2008. Wilks et al, 2015), which often results in persistent infections 

resistant to a broad spectrum of antimicrobial therapies (Trautner and Darouiche, 

2004).  

 

Feeding tube placement, be it nasogastric or orogastric, is most common in the 

elderly and extremely young. Intense focus on device management in the elderly 

occurred as this population are often cited as having a compromised or diminished 

immune system. Studies on nasogastric tube placement in the elderly, have found 

that feeding increases gastric pH, often leading to colonisation of gastric secretions 

(Gomes et al, 2003), with one study finding pathogenic microbial communities in 74 

% of stomach samples (Segal et al, 2006a). Another found that 54 % of the tubes 

sampled contained pathogenic bacterial species (Segal et al, 2006b). Colonisation of 

the tubes may enable pathogenic species to spread and colonise various sites 

within the host, a prime example being the stomach, into which the tube is placed.  

Not only can tube placement have detrimental effects on the digestive system, but 

has also been shown to alter normal microbiota of other internal sites. It was 

demonstrated that pathogenic organisms are rarely isolated from the oral 

microbiota, but are often found in those fed through a nasogastric tube (Takeshita 

et al, 2011), as well as being shown to cause pathogenic colonisation of the 

oropharynx in up to 81 % of patients (Leibovitz et al, 2003). Risks of tube feeding 

have been linked to a number of adverse clinical outcomes within the elderly 

population, and so research has been conducted accordingly. However, nasogastric 

tubes are also often placed into another population who are at the same, if not a 

greater risk: neonates. Neonates, especially those of low or extremely low birth 

weight, as well as gestational age, are known to have undeveloped immune 

systems, as previously discussed. They also often have poor coordination of 

suckling and swallowing reflexes, requiring enteral feeding tube placement almost 
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immediately after birth, due to high nutritional demand to support growth and 

survival. Despite this, there is relatively little information within the literature 

regarding neonatal nasogastric feeding tubes as a locus for bacterial colonisation, 

route of infection or their impact on normal microbiota development. 

Neonatal Nasogastric Tubes. 

The placement of a feeding device is one of the most common nursing procedures 

within the NICU (refer to Figure 2. for diagram of placement). Its primary use is if 

infants display ineffective coordination of suckling and swallowing, although it is 

utilised in other scenarios. The devices are also used to check gastric pH via 

aspirate, deliver medication and for gastrointestinal decompression (Dias et al, 

2017). In some instances, an infant may have a tube placed but receive no enteral 

nutrition via the tube, instead being fed through an alternative method, such as 

intravenously. Feeding through a nasogastric tube is often preferred over 

parenteral nutrition (intravenous). Not only is it more physiologically realistic, and 

can help in proper development of the gastrointestinal tract, but alsoit decreases 

the risk of infection and sepsis (Blumenstein et al, 2014). However, nasogastric 

tubes have been identified as a risk factor for the development of bacterial 

infections (Manzoni et al, 2013), by clinically difficult species such as coagulase 

negative staphylococci (Sung et al, 1999), as well as serious fungal infections such as 

Candidemia (Saiman et al, 2000). It has also been shown that infants fed through 

uncontaminated tubes have increased weekly weight gain in comparison to those 

being fed through contaminated tubes (Mehall et al, 2002); an important concern, 

as the weight gain of premature infants is often used as an estimation of clinical 

progress. Inability to gain weight, in comparison to non-intubated fed infants, could 

be the result of contamination causing feeding intolerance, as there were no 

observed incidences of intolerance in those with ‘clean’ tubes. It may also have 

been the result of the contaminating bacteria utilizing the nutrients passing through 

the tubes, hence decreasing the amount the infant receives.  Whatever the cause, 

at a stage of development where proper nutritional intake is critical, the possibility 

that contamination can cause growth problems is one that must be addressed 

immediately.  
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Figure 3. Image displaying placement of a nasogastric tube (adapted from Isle of 
Wight, NHS Trust Patient Information Leaflet, 2014). After device selection and 
measurement, the tube is inserted via the nose or mouth. It is gently pushed 
through the nasal or oral cavity until it reaches the oropharynx or nasopharynx. 
Once here the tube will bend as it is pushed down the oesophagus and into the 
stomach. Most unit guidelines will now recommend withdrawing aspirate to check 
device placement, as well as if the infant it ready to feed. 

The tubes themselves provide a solid abiotic surface, within a susceptible host, that 

enables colonization and biofilm formation, absent of any mechanisms that could 

act to inhibit the bacteria, such as host immune cells. They are also placed within 

ambient and body temperatures providing a range of growth conditions. This could 

facilitate the development of different niches and allow some species to gain a 

selective advantage along different parts of the tube. Moreover, the tubes are used 

to deliver highly nutritional solutions to the infant, and so will regularly provide any 

bacteria colonising this site with a constant supply of nutrients, enabling continuous 

growth. The nutrient rich media may also help in the formation of a conditioning 

layer that could promote initial bacterial adhesion to the tubes’ lumen.  
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The majority of nasogastric feeding devices are single use, meaning they are only to 

be used once, in one patient. They are also often contained within sterile 

packaging, but when opened for insertion, they may become colonised with 

opportunistic pathogens that are readily inserted into the host, bypassing many of 

the body’s external barriers, such as saliva or mucus. While strict clinical aseptic 

technique (carefully washing and drying hands before handling components of 

insertion procedure), is undoubtedly adopted for the insertion of these devices, 

there are again no formal national guidelines on correct insertion technique. Some 

organisations do offer clinical guides, with cited rationales, for example, Great 

Ormond Street Hospital (GOSH, 2014), but the actual procedure is most likely unit 

specific.  

Healthcare workers’ hands are often cited as possible modes of transmission within 

hospitals (Jinadatha et al, 2017), and so the direct handling of the tubes during 

insertion may provide contamination that is carried into the infant. Colonisation of 

the lumen could result in the formation of virile biofilms that disperse, or are 

detached on subsequent feedings, into the stomach of a neonate, causing infection 

or altering the normal stomach microbiota. The bacterial contamination may also 

occur on the outside of the tube, resulting in the formation of a biofilm on the 

tube’s exterior, allowing pathogenic organisms direct access to the 

gastroesophageal tract. Contamination of the exterior of the tubes could result in 

possible feeding intolerance due to irritation, or infection, of the GI tract. 

Contamination of the devices could also result from the insertion procedure itself. 

During insertion, the tubes are pushed through multiple sites with defined 

microbial niches, such as the nose, mouth or throat. While these sites, in a ‘healthy 

state’, contain site specific commensal microbial species, they may exhibit 

pathogenic capabilities when carried to another location; or just pathogenic 

bacteria contaminating these sites may be translocated via the tubes. 

Gastroesophageal reflux (GER), in which gastric contents are passed into the 

esophagus, is extremely common in the preterm infant, often presenting no 

symptoms or clinical concern. Gastroesophageal reflux disease (GERD) occurs when 

the reflux induced symptoms pose a risk to life, such as pathogenic complications 



 

 50 

(Czinn and Blanchard, 2013).  Incidences of reflux are also increased by increased 

nursing procedures and handling (Newell et al, 1989). Some studies have 

speculated that bacteria cultured from contaminated enteral feeding systems may 

originate from the stomach, as well as throat and lungs (Mathus-Vliegen et al, 

2006). GER induced contamination of enteral tubes may help facilitate retrograde 

growth of microorganism up and along the devices, increasing the distribution of 

colonisation. This would enable biofilm formation and maturation away from the 

acidic environment of the stomach, before subsequent reintroduction into the 

stomach through dispersal. Such dispersal events could then potentially carry 

pathogenic loads in the stomach.  

Enteral feeding tubes may be responsible for other complications, not just 

providing colonisation sites and increasing infection risk. The prolonged placement 

of tubes can result in erosion, or irritation, of skin and GI tract; this may provide 

new entry sites for pathogenic organisms into the body and blood stream by 

compromising host barriers. The tubes may also be placed incorrectly and inserted 

into the lungs, where they can cause mechanical damage, or even result in death if 

feeding is initiated while the tube is misplaced. Feeding into the lung via a 

misplaced tube is now a “never event” as, through proper assessment, it is largely 

avoidable. However, even if a tube is assessed to have been wrongly placed and is 

subsequently removed, it may have already acted as a carrier for pathogens into 

the susceptible patient’s lungs, another site vulnerable to infection. 

There are many types of nasogastric tubes utilised in various neonatal units, but 

they are often made from similar materials, namely; polyurethane (PU), polyvinyl 

chloride (PVC) or silicone. The tubes selected, lumen size, length and the materials 

they are comprised of, depend on the feeding regimen, cost and the suspected 

duration of the feeding regimens. A number of factors must be considered when 

selecting a tube. Softer materials are less likely to induce damage to surrounding 

tissues; however, they are harder to place and the lumens are often narrower. 

Stiffer, stronger, material types can have increased lumen size, leading to easier 

feeding and placement, but may induce perforation of immature tissues (Wallace 

and Steward, 2014). 
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There are also a number of microbiological complications associated with each 

material type. One factor that affects bacterial attachment to the substrata, is 

surface hydrophobicity. It has been demonstrated that many bacterial species will 

readily adhere to hydrophobic surfaces due to decreased levels of electrostatic 

repulsion (Pringle and Fletcher, 1983). PVC can be highly hydrophobic, and indeed it 

has been shown that bacteria are able to readily adhere to the PVC catheters, 

another form of indwelling medical device (Rad et al, 1998). Silicone is sometimes 

also classified as hydrophobic, and it has been shown that a hydrophilic strain of 

Staphylococcus epidermidis will more readily adhere to silicone than acrylic surfaces 

(Sousa et al, 2009). Another factor suspected to influence bacterial adhesion and 

biofilm formation, is surface roughness (Ammar et al, 2015). Surfaces with many 

crevices and indents will provide colonizers with extra protection, for example from 

shear stress of a surrounding milieu. However, the importance of surface roughness 

versus surface charge is not fully understood and is likely to vary hugely between 

studies.  One study that utilised PU and silicone found that the PU surfaces, which 

were quantified as being more resistant to rupture and stretching, but with a 

rougher surface, had similar attachment of S. aureus than to that of silicone (Lima 

et al, 2011). One explanation for these results, is that the accumulation of the 

bacterial cells within the surface depressions is heavily reliant on the attaching cells’ 

dimensions (Katainen et al, 2006).   

As previously mentioned, there are currently no national guidelines regarding 

placement times for the tubes. Many manufacturers will supply recommendations, 

but other than this, it is down to the discretion of the health care professional as to 

duration of intubation. The Textbook of Paediatric Gastroenterology and Nutrition 

(Guandalini, 2004) recommends PVC tubes be left in place no longer than 2 - 4 days, 

as the tubes become too rigid. Whereas silicone or polyurethane, can be left in 

place for periods of over 3 weeks. The lack of firm guidelines for the placement 

times for these various tubes is irregular, especially given that in adult tubes, heavy 

levels of colonisation have been shown to occur within just one day of initial 

placement (Marrie et al, 1990). Future studies should be conducted in which the 
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duration of tube placement is varied in different cohorts, to gain insight into the 

impact this may have on weight gain, infection and other associated morbidities.  

More recent approaches to combating colonisation on similar implanted medical 

devices, include impregnation, such as with silver ions (Balaz et al, 2004), or 

antimicrobial coatings, such as nanoscale plasma coatings (Xu et al, 2015). Other 

additives may also be included into the materials to help enhance the devices’ 

physical properties, such as durability and rupture resistance. However, such 

additives may support the formation of biofilms by providing the bacteria with 

extra metabolic products (Pascual et al, 1993). Further research into device 

augmentation is required to help elute other potential methods for reducing 

bacterial contamination and associated infection. PVC is also a very brittle material, 

and so often has plasticisers added to increase flexibility; these have the potential 

to be toxic to humans and indeed there has been much concern over the use of PVC 

devices containing Di-(2-ethylhexyl)-phthalate (DEHP) in newborns (Latini et al, 

2010). 

Causative Organisms. 

Due to the vulnerability of these infants, vigilance and knowledge of the most 

commonly found infectious organisms is key. However, as can be seen by Table 1, 

there are huge levels of variation in not only the species identified, but also their 

prevalence rates between studies, units and countries. Most commonly identified, 

are the Gram-positive organisms S. aureus and coagulase-negative staphylococci 

(CoNS) and gram-negative E. coli. All of which are often isolated from hospital 

environments. 
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Table 1. Species responsible and prevalence rates for nosocomial infections from 
NICUs. Data adapted from Kasim et al, 2014. Bas et al, 2010. Markovic-Denic et al, 
2006. Sohn et al, 2001. Couto et al, 2007. Grohskopf et al, 2002. Mireya et al, 2007. 
Stoll et al, 2002. Mahfouz et al, 2010. Mussi-Pinhata & Nasamento, 2001. 

 

Species Prevalence rates 
Staphylococcus aureus 1.1-34.1 % 
Staphylococcus epidermidis 14.6 % 
Coagulase-negative staphylococci 9.4-66.6 % 
Group B streptococci 1.3-13.4 % 
Enterococcus spp 1.9-12.2 % 

  
Klebsiella spp 2.2-39.6 % 
Pseudomonas spp 2.7-23.6 % 
Escherichia coli 3.7-13.4 % 
Acinetobacter spp 47.9 % 
Enterobacter spp 0.9-20.8 % 

  
Candida albicans  6-9.4 % 
 

Within the UK, the Neonatal surveillance network, established in 2004, has since 

been aiming to gather information upon causative organisms in neonatal infections 

across the country. Initially released data (collected over a period of 2005 to 2014), 

demonstrates similarities to other countries’ data, with CoNS and group B 

streptococcus being frequently identified. See Figure 3 for organisms as well as 

prevalence rates split between gestational age. 
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Figure 4. Adapted from Cailes et al, 2018, displays frequency of organisms identified 
in neonatal infections across the UK, collected as part of the Neonatal surveillance 
network, depending upon post-Natal age of infants. 

This is not to say that other species are not as important, as many high-profile 

outbreaks are associated with less frequently reported species. An outbreak 

(August 2015) in a Welsh neonatal unit, encompassing 15 infants, identified the 

bacteria A. baumannii and Enterobacter spp; whilst another outbreak within a 

Scottish unit (November 2015), which resulted in the death of one infant, identified 

Serratia marcescenes. Currently, there is an ongoing investigation into an outbreak 

of a genetically linked Salmonella strain, spanning multiple countries, linked to 

contaminated infant formula, as reported by the European food safety authority 

(European Food Safety Authority, 2018). This investigation has even retrospectively 

identified cases spanning back to 2014. Discrepancies between outbreaks is not 

surprising given the vulnerability of these infants, combined with the ubiquitous 

nature of many bacterial species, most notably potentially pathogenic strains, 

within clinical settings. Also, many species identified are part of the normal skin 

microbiota, and so their isolation in studies must be carefully interpreted; these 

species may just be experimental contaminants and not necessarily responsible for 
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infections. This is often the case for S. epidermidis, a common component of the 

commensal skin microbiota, but which also harbours pathogenic capabilities. 

Another high-profile organism, especially in relation to neonatal infections, is the 

Gram-negative facultative anaerobe, C. sakzakakii. As previously mentioned, C. 

sakazakii received attention in previous years as it was found to be a common 

contaminant of powdered infant formulas, with one study detecting C. sakazakii 

within 14.2 % of infant formulas originating from 35 countries (Muytjens et al, 

1998). A motile opportunistic pathogen, it has previously been reported to cause 

mortality in 40 – 80 % of neonatal infection cases (Nazarowec-White and Faber, 

1997a). It has also been indicated that C. sakazakii has the capacity to cause 

infantile diseases such as NEC and meningitis (Almajed and Forsythe, 2016). 

Meningitis is a severely debilitating disease, where survivors also often suffer 

dramatic neurological impairments. The pathogen’s ability to invade human 

intestinal cells, as well as transverse the blood brain barrier and replicate within 

human macrophages (Townsend et al, 2008), makes its prevalence within such a 

vulnerable population extremely concerning. 

Cronobacter spp are ubiquitous within the environment, having been isolated from 

a large variety of environmental and food sources. Asymptomatic human carriage 

has also been documented (Joseph and Forsythe, 2012).  C. sakazakii also displays 

increased thermotolerance compared to other bacterial species (Nazarowec-White 

and Faber, 1997b), enabling it to survive the production process of PIF. It has also 

been shown that some capsulated strains are recoverable from PIF after 2 and a 

half years (Barron and Forsythe, 2007). As previously mentioned, the components 

of PIF may enable the formation of a conditioning film. Constituents, such as milk 

components, have been shown to influence Cronobacter spp EPS production, and 

therefore possibly biofilm formation (Dancer et al, 2009). Its ability to grow on 

surfaces such as latex, silicone, polycarbonate and stainless steel, even at 

refrigeration temperatures, has also been demonstrated (Dautle et al, 2003. Iversen 

et al, 2004). Nutrient availability has been shown to be critical in biofilm formation 

by this species on enteral tubes in a static model, emphasising the importance of 
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sterility in feed preparation and storage, as well as infant formula production (Kim 

et al, 2006). 

Given that it has such a high profile, and pathogenic potential, it is no wonder that 

this particular species has received such attention. It has even been shown that the 

majority of neonatal infection cases over the 3 decades, prior to 2011, and across 6 

countries, are associated with just one genetic lineage, sequence type 4 (ST4) 

(Joseph and Forsythe, 2011). However, notwithstanding all this research, the 

infectious dose is still unknown. 

Despite many studies being conducted into the organisms responsible for neonatal 

infections, little consideration has been given to the role of enteral feeding systems, 

in infection and bacterial colonisation of neonates. Even though they are often 

cited as a risk factor (Matlow et al, 2006). It has been demonstrated that a number 

of important HCAI-causing bacterial species are able to adhere and grow on 

neonatal nasogastric tubes, when cultured in sterile infant formulas (Hurrell et al 

2009a), under static laboratory conditions. There is also little information about the 

species that are found upon these tubes within a clinical setting; one of the few 

papers documents the prevalence of Enterobacteriaceae species recovered from 

tubes obtained from a NICU (Hurrell et al, 2009b). The most common species 

identified within this study were Enterobacter spp, S. marcescenes, Escherichia coli 

and K. pneumoniae. However, this study utilised only culture-based analysis, 

potentially missing major constituents that are viable but non-culturable (VBNC), or 

non-recoverable upon the media selected. Despite its limitations, this study 

demonstrates that potentially pathogenic species are found upon the tubes within 

a clinical setting, emphasising that more work should be conducted within this field 

to help clinicians and health care professionals fully understand the potential risks 

to neonates.  Hurrell’s study also utilised Scanning Electron microscopy (SEM) to 

help in visualisation of the bacterial cells attached to the inner lumen of the tubes. 

In these images it is clear that there is a variety of morphologically distinct cells. 

However, during sample preparation for SEM, dehydration and fixation of the 

sample is required; this would likely alter the matrix with which the cells are 

embedded, so little information can be eluded as to the presence and/or role of a 
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conditioning film or EPS matrix in biofilm formation. Further studies using other 

microscopy techniques that allow more appropriate and physiologically accurate 

conditions should be utilised, to gain greater understanding into the bacteria-

substrata interactions. This may also help uncover whether the high levels of 

proteins contained in all the infant feeds, including maternal milk, help create a 

conditioning film and modify the substrata such that it favours bacterial attachment 

and colonisation of the tubes, as well as providing information on which materials 

are best at resisting colonisation.  

Given that there is such huge variation in the organisms identified within general 

neonatal infections, more studies are required to gain a better understanding of the 

potential contaminants of feeding systems. It is also worth noting that most studies 

conducted into uncovering contaminating and colonising species, have utilised 

standard culture-based techniques. Such techniques may not be completely 

accurate and some bacterial species have the potential to enter the viable but non-

culturable state (VBNC), rendering them undetectable through standard techniques 

(Oliver, 2015). This is especially concerning given that some bacteria still retain their 

pathogenicity in this state (Du et al, 2006. Pienaar et al, 2016). As such, further 

studies should aim to use methods more sensitive and less selective, such as 

culture-independent molecular based methods (Ranjard et al, 2000). 

Aims and Objectives. 
The primary aims of this study are to gain insight into the identity, and ability of 

potentially pathogenic organisms to form biofilms upon neonatal nasogastric tubes, 

and use this information to inform guidelines on nasogastric tube placement and 

care regimens. The utilisation of clinical samples will allow us to discern which 

species are common contaminants, together with their relative abundancies, as 

well as the influence different care regimes have on these populations.  

Aim 1: Utilising laboratory based static and flow models to understand biofilm 

formation upon nasogastric tubes within solutions that commonly pass through the 

tubes in a clinical setting. 
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Initial experiments will aim to look at the physical properties of clinically used 

nasogastric feeding devices and the possible formation of a conditioning film when 

exposed to clinically used feed media. A number of bacterial species, often isolated 

from NICUs, including the highly publicised C. sakazakii, ability to replicate within 

these media will be evaluated. Utilisation of static models to understand their 

growth, within media that often pass through the tubes in NICUs, will allow us to 

gain a better insight into the ability of such species to grow within this healthcare 

setting. Clinically available infant formula will be utilised to best represent 

contaminated feeding within a laboratory setting. Numerical quantification will be 

carried out in the form of CFU counts in combination with episcopic differential 

interference contrast (EDIC) microscopy to visually analyse microorganisms upon 

the NGTs.  

Aim 2: Utilise information uncovered in previous work, to establish a representative 

flow-feeding model for modelling NGT contamination within a laboratory setting. 

Building on the information uncovered through Aim 1, we will create a 

representative feeding model within a laboratory setting. The model should be 

plastic enough to enable modification to mimic a number of clinical scenarios. 

Within a clinical setting nurses are able to administer feeds at defined times 24 h a 

day. Given this, any model created should be able to automatically administer feeds 

with defined volumes and timings.  

Aim 3: To gain an understanding of the microorganisms often contaminating 

nasogastric tubes within a clinical setting, as well as their ability to adhere to the 

internal portions of neonatal nasogastric tubes. 

After gaining ethical approval to examine used nasogastric tubes from a local 

neonatal unit, molecular and culture-based analysis methods will allow us to 

discern what microorganisms are residing within these tubes in a clinical setting, as 

well as their distribution at different locations within the tubes.  16S ribosomal RNA 

(rRNA) gene sequencing will also be used for specific identification of the 

contaminating microorganisms found upon the NGTs, as well as their relative 

abundances within this healthcare setting. Selective, non-selective and differential 



 

 59 

agars will be used to identify contaminating species and provide numerical insight 

into levels of contamination through CFU counts. 

Aim 4: To understand the influence of infant care regimens on the distribution of 

microorganisms found upon the tubes. 

Data collected from the previous experiments will be correlated to Patient data 

(feeding tube type, feed regime, antibiotic prescription and other associated 

variables) obtained through the study request to gain insight into how different 

feeding (mothers’ breast milk, donor milk or infant formulas), affect the distribution 

of microorganisms found upon the tubes. Correlating patient history, including; 

route, date of birth and administration of antibiotics, with the isolated species, will 

give us insight into how various care regimens may impact the species isolated from 

the tubes. Analysis of the distribution of organisms along the tube, will also allow us 

to uncover whether contaminants are able to move from the infant’s stomach back 

up into the NGT or whether all contaminants found originate from the external end 

of the NGT. The overall aim is to help inform guidelines on optimal tube placement 

times as well as tailor this information to specific feed regimens. A large sample 

size, of 170 tubes, will allow more accurate interpretation and be more beneficial 

when making informed decisions on placement time. 
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Chapter 2 
 

Surface Topography and Conditioning Film Formation. 
Introduction. 
Infection associated with medical device contamination is a huge burden on health 

care services, not just in terms of patient morbidity and mortality, but also 

associated costs (Percival et al, 2015). Given this, any strategies that can potentially 

reduce this burden should be invested in. As mentioned in the previous chapter, 

surface roughness is suspected to influence attachment of bacterial cells and, 

perhaps, subsequent biofilm formation. While direct links between the degree of 

cell attachment and surface topography have not been fully uncovered, it has been 

suggested that cells will alter their alignment on the surface to maximise contact 

area with the substrata (Hsu et al, 2013). This would directly impact the formation 

of the three-dimensional biofilm structures on the surface, if indeed it is a species 

that forms three-dimensional biofilms. Understanding the topography of the 

nasogastric tubes utilised throughout this project, will help us to understand if 

material surface structure specific factors of each tube type can influence the 

attachment and biofilm formation, within a clinical setting. To help understand the 

effects of topography on biofilm development on clinically available NGTS we must 

first visually inspect the NGTs’ internal and external surfaces to understand the 

macro scale implications, such as grooves or scratches. We will then aim to quantify 

the micro scale (micrometre) in terms of surface roughness for each material type.  

 

Conditioning layer formation is also a crucial step in biofilm formation. Deposition 

on the tubes’ surfaces can also have a profound impact on surface topography and 

hence attachment. The formation of the conditioning layer not only favourably 

alters the substrata, to help facilitate bacterial cell attachment, but also provides 

nutrients for subsequent biofilm formation. Interestingly, some studies have 

concluded that material exposure to milk can actually reduce cell adhesion (Barnes 

et al, 1999), perhaps as a result of the fat component reducing hydrophobicity of 

the surface (Hamadi et al, 2014). However, these studies aimed to assess impact on 

metal surface as part of the milk processing industry. Given that milk, and milk-like 
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alternative infant feeds, are rich in protein and lipids, their influence on 

conditioning film formation on medical devices should be investigated further, as 

should their ability to enable biofilm formation due to high nutrient contents. 

Whilst there are many publications and guidelines on the optimal nutritional intake 

of infants born prematurely, there is no one general consensus. However, the 

European Society of Paediatric Gastroenterology, Hepatology and Nutrition 

(ESPGHAN) committee guidelines (Agostoni et al, 2010) are often used as a basis, 

such as by Great Ormond Street Hospital for Children (GOSH) NHS foundation trust 

(GOSH, 2004. Nasogastric and orogastric tube management [Online]). These 

guidelines only make suggestions on nutritional requirements and not on feeding 

route or frequency of feeds. This creates additional variation between countries 

and even national units. In addition, there is no one feed type utilised, giving rise to 

a number of clinically used formula and supplements. Different units will have 

different preferred guidelines on optimal nutritional regimens and specific formula 

to utilise. The secondary aim of this chapter is to understand how two different, 

clinically used (at a local neonatal unit), infant formula -; premixed and powdered 

types, can influence the formation of a conditioning layer, upon different NGT 

material types. We will be directly visualising the deposition of two key constituents 

of the conditioning film, and key nutrients in an infant care regimen, proteins and 

lipids. By gaining an understanding of how the different formula affect the creation 

of a conditioning layer, we hope to gain insight into how different feeding regimens 

may influence the development of biofilms within a clinical setting. 

Materials and Methods. 

Visualisation of Nasogastric Tube Surfaces. 

Nasogastric tubes used within the experiments were: Maxter-catheters Feeding 

tube infant 10fr x 120 cm purple male luer lock 

polyurethane (PU) unweighted; Maxter-catheters Feeding tube infant Purple tube 

8fr 120 cm polyvinyl chloride (PVC) unweighted; and Maxter-catheters Feeding 

tube infant 10fr x 85 cm purple male luer lock silicone (Sil) weighted; all purchased 

from NSH Supply Chain and commercially available to clinicians. Tubes were 

aseptically removed from their packaging within a Microbiological Safety Cabinet 
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(MSC). Sterile, fine scissors, were used to cut tubes into approx. 1 cm segments and 

then cut in half longitudinally to expose the lumen. NGT tube pieces were placed in 

sterile petri dishes and imaged using an episcopic differential interference 

contrast/epifluorescence (EDIC/EF) Nikon Eclipse LV100D microscope, with a metal 

halide light source (EXFO X-CITE 120 fluorescence system), and a high resolution 

QImaging Retiga EXi Cooled Digital CCD monochrome camera with a RGB colour 

filter module (Best Scientific Ltd, UK) (Keevil, 2003). ImagePro software was used to 

capture images. Due to curvature of the tubes, multiple images were taken over a 

range of foci to create an “extended depth of field” view that allowed visualisation 

of depth. Image analysis was conducted using ImageJ  java-based image processing 

program (Schneider et al, 2012). Images were captured for both the tubes’ internal 

(lumen) and external surfaces. 

Measurement of Surface Roughness. 

Surface roughness measurements were taken using a TalySurf surface profiler 

(Taylor Hobson Form. Talysurf 120 L), for each of the nasogastric tube types: PU 

(both the original (PU Old) and replacement (PU New)), PVC and Sil (clear (Sil(C)) 

and white (Sil(W) sections), in replicate. Cut off filter used (in accordance with ISO 

4288-1996) was 0.8 mm, which required a minimum sample length of 4 mm, which 

could not be achieved with these samples, due to the tubes’ curvature, therefore 

the results can only be compared with each other, as they do not meet the 

International Organization for Standardization (ISO) standard. The surface 

roughness profile was represented graphically according to TalySurf I-series 

programming. Average roughness profile measurements included, Ra (average 

roughness), Rp (Max peak height) and Rv (max valley depth), used to represented 

each surface material using GraphPad Prism software (7.0 for Mac OS X, GraphPad 

Software, Inc., US) for graph construction. 

Generation of Media. 

Lysogeny Broth (LB) and Tryptic Soy Broth (TSB) were prepared according to 

manufacturer’s guidelines in glass bottles and autoclaved at 121°C for 15 mins to 

sterilise. Pepti-Junior (Aptamil, Danone, UK) powdered infant formula was made 

according to manufacturer’s guidelines. Each scoop of powdered formula (4.3 g) 
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was added to 30 ml boiled tap water (as directed from manufacturer’s guidelines) 

within a sterile 50 ml Falcon tube and vigorously shaken for 10 seconds. Nutriprem-

1 (Cow & Gate, UK) premixed infant formula used required no preparation, except 

gentle shaking of the container before opening and use. For exact nutritional 

composition lists, refer to supplementary materials section 1 Table S1. 

 
Analysis of Protein and Lipid Deposition on NGTs. 

PU, PVC and Sil (clear sections only) NGTs were removed from their sterile 

packaging and cut into 1 cm segments. Each piece was then cut in half again to 

expose the lumen. Tube pieces were placed into the wells of sterile six-well plates 

and covered with 4 ml of either TSB, premixed infant formula (Nutriprem-1) or 

powdered infant formula (Pepti-Junior). Plates were then placed into a shaking 

incubator and gently agitated until their designated time point, either 1 h or 24 h. 

At each time point, excess laboratory media or infant formula media was gently 

pipetted out and discarded. Tube pieces were aseptically transferred to sterile 

Eppendorf tubes for staining. To analyse deposition of proteins, the fluorescent 

stain SYPRO-Ruby was utilised. Each of the tube pieces were covered in a 100 % 

working solution of SYPRO-Ruby and left in the dark for 15 min to bind. After 15 

min the SYPRO-Ruby was gently removed and each piece was washed with dH2O for 

5 mins and this washing step was repeated 3 times. Stained tube pieces were left to 

air dry in the dark before imaging.  

 

To analyse lipid/fat deposition, the fluorescent stain Nile red was used. Following 

the previous preparation procedure, tube pieces were stained with 25 nM and 1 

nM Nile red solutions diluted in dimethyl sulfoxide (DMSO). The 25 nM working 

solution resulted in intense fluorescence and an inability to ineffectively image 

samples. Tube pieces exposed to 1 nM working solution caused them to be 

bleached white, possibly a result of the DMSO solvent. The process was repeated, 

but ethanol was substituted for the DMSO. An ethanol concentration range, diluted 

in dH2O; 1 %, 10 % and 50 %, was selected alongside a concentration range of Nile 

red; 1 nM, 2.5 nM and 10 nM to obtain an optimal working stain solution. A 10 % 

ethanol dilution with 10 nM Nile red was selected as optimal. Stained NGT tube 
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pieces were placed in sterile petri dishes and imaged using the EDIC/EF microscopy 

systems as previously described (Visualisation of Nasogastric Tube Surfaces). 

Results. 

Visualisation of Nasogastric Tubes Internal and External Surfaces. 

To examine the materials’ internal and external surfaces’ similarities, EDIC images 

were compiled from both sites (Figure 4.) As displayed in Figure 4, the surface 

texture of all three materials was highly different from one another, both on the 

internal (lumen) and external surfaces. The PU external surface (Figure 4, A), while 

appearing generally ‘smoother’ than the other material external surfaces, appeared 

to ripple or undulate. The PVC NGT external surface (Figure 4, C), appeared much 

coarser. The translucent section of the Sil NGT’s external surface (Figure 4, E), 

appeared to display striations or linear marks, dispersed throughout the surface. 

The internal (lumen) surfaces of all the tubes appeared to be generally smoother 

than the exteriors for all the materials, but still displayed the characteristic traits of 

each material. 
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Figure 5. Representative DIC images on the internal and external surface of the 
NGT. (A) PU external Surface, with arrow highlighting ripple. (B) PU lumen surface, 
with white arrow highlighting large ripple. (C) PVC external surface. (D) PVC lumen 
surface. (E) Sil external surface, with white arrows highlighting linear striation. (F) 
Sil lumen surface. Scale bars indicate 50 µm. Magnification x 500. 

Upon visual examination of the Sil NGT, it was noticeable that the tube was formed 

from two halves; one opaque white and the other translucent (refer to Figure 5. for 

reference). During microscopy on the Sil NGT, it was noted that these halves are 

composed of different material grades. This (white section) is the radio-opaque 

stripe, that allows visualisation of the tube during confirmation of tube placement 

through chest x-ray photography. The other tube types also contain a radio opaque 

stripe (blue for the PU and purple for the PVC). However, these strips were much 

A B 

C D 

E F 
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narrower and didn’t appear to impact surface topography, suggesting they were 

embedded under the lumen surface of the tubes. 

 

 
Figure 6. Simple representation of the overlapping clear and white sections of the 
Sil NGT, with the black arrow highlighting the point where the two sections merge. 
The white Sil section, although appearing to produce the smallest section when 
viewed from the outside, is attached underneath the clear section and actually 
comprises around two thirds of the lumen section. Scale bar set at 200 µm. 
Magnification at x 100. 

Figure 6. displays the internal and external sections of the white section of the Sil 

NGT. As can be seen from the representative images, the white section is much 

coarser, more closely resembling the PVC NGT than the translucent section of the 

Sil NGT. This could have profound implications on bacterial attachment.  It is also 

worth noting that unlike all the other NGTs analysed, for the white section of the Sil 

NGT, the internal section appears much less smooth than the external surface.  
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Figure 7. Displays representative DIC images of the external (A) and internal (B) 
sections of the opaque white section of a Sil NGT. Unlike other NGT material 
analysed the lumen of the tube appears much less smooth than the external 
surface of the NGT. Scale bars set to 50 µm. Magnification at x 500. 

Manufacturers changed the PU NGT (after completion of the static biofilm models 

in the subsequent sections) and so the manufacturers replacement was used for 

subsequent experiments. Figure 7. displays the internal and external surfaces of the 

replacement PU NGTS. Tube internal and external surfaces appeared very similar to 

the previously analysed PU NGTs surface. Similar ripples across both the internal 

and external surfaces, although perhaps slightly less distinct than that of the 

previous PU NGT. 

 
Figure 8. Representative images of the internal (A) and external (B) surfaces of the 
replacement polyurethane NGT. Similar to the surface profile observed for the 
previously analysed polyurethane NGT the surfaces appear to ripple or undulate, as 
highlighted by the black arrows. Scale bars set to 50 µm. Magnification at x 500. 
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Measurement of Surface Roughness. 
 

 
Figure 9. Representative surface roughness profiles for the lumen of a PU 
(replacement tube type) (top graph), and the clear section of a Sil NGT (bottom 
graph). Image displays a graphical representation of the surface created as 
TalySurfs surface stylus moves along the surface of the NGT, calculating the centre 
point and using this to measure peaks and valleys. Note axis scales are both in 
micrometres, but do not display the same value ranges. 

Figure 8. displays a representative image of surface roughness profile produced by 

TalySurf surface profiler software for a PU NGT (replacement material type), and a 

clear Sil NGT subsection. As the stylus moves along the surface of the material it 

creates a graphical representation of the surface, providing information on, 

amongst other things; average roughness (Ra); maximum valley depth (Rv); and 

maximum peak height (Rp), represented as values in micrometers around a center 

point. 
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Figure 10. Graph displays the mean (SD) Ra (surface roughness), Rp (maximum peak 
height) and Rv (Maximum valley depth) measurements for the NGT material types; 
PU (New) and PU (Old), PVC and Sil (C) and Sil (W), in micrometers around the 
centre point. Rv values are represented as negative values, as this is the distance 
below the calculated centre point on the TalySurf surface profiler. n = 3. 

As can be seen in Figure 9., the surface roughness profiles varied for each material 

type. The replacement PU NGTs displayed the smallest range in all 3 values (Rp, Ra 

and RV), suggesting on average the replacement PU NGT’s lumen surface was the 

‘smoothest’. The white sections of the Sil NGT’s lumen was then the second 

‘smoothest’, with an average roughness similar to that of the original (old) PU NGT, 

but with a smaller range between the maximum peak height and valley depth, 

suggesting less variation around the centre point of the lumen surface. The PVC and 

clear section of the Sil NGT lumen, had the highest average roughness, maximum 

valley depth and peak heights, suggesting a much rougher surface; there was also a 

much larger range in the repeats. This suggests that not only are these material 

types’ lumens the roughest, but there is also the greatest variability in the 

roughness of any given point along the tube. This could imply that the roughness of 

the material is not uniform along the lumen, with sections being more or less 

rough. The implications of this being that certain areas along the tube: may enable 
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higher levels of bacterial attachment; may harbour larger deposits of potentially 

pathogenic microorganisms; or may encourage increased deposition of other 

material from the feeds, providing increased surface areas for colonisation.   

Deposition of Proteins and Lipids upon NGTs. 

Visualisation of NGTs after Incubation in Infant Formula. 

Prior to examination of protein and lipid deposition on the NGTs, the different NGT 

material types were incubated within TSB, premixed infant formula and powdered 

infant formula for 24 h, to help gain an understanding of the how the different 

media deposit upon the NGT surfaces. Representative EDIC images of the NGTs (PU, 

PVC and Sil), in the three media (TSB, premixed infant formula and powdered infant 

formula), are displayed in Figure 10. The TSB media appears to cause minimal 

deposition across all the tube types. After incubation within the premixed infant 

formula, there was the appearance of an almost continuous thin formula layer 

across all tube types. The powdered infant formula appeared to cause different 

patterns across the tube; for the PU NGT the powdered infant formula (Figure 10.G) 

introduced a thicker, more textured layer than that of the premixed infant formula. 

This was similar to the PVC NGT (Figure 10.H), although the layer was even thicker 

and much smoother. For the Sil NGT within the powdered infant formula (Figure 

10.I), there was the appearance of a thin, sheath-like layer; however, the surface 

was dominated by continuous small circular liquid deposits.  
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Figure 11. Displays the representative EDIC images for PU: within TSB (A), premixed 
infant formula (D) and powdered infant formula (G); PVC within TSB (B), premixed 
infant formula (E) and powdered infant formula (H); and Sil within TSB (C), 
premixed infant formula (F) and powdered infant formula (I) after 24h incubation in 
each respective media. Scale bars set to 50µm. Magnification at x 500. Triplicate 
images take of each treatment type and representative images selected. 

Proteins. 

The deposition of proteins upon the PU NGT, as shown in Figure 11., displayed 

different characteristics for both the premixed infant formula (Figure 11. A and B) 

and the powdered infant formula (Figure 11. C and D). With the premixed infant 

formula, after just 1 h (Figure 11. A), proteins had formed a thick but irregular layer 

upon the surface of the NGT; after 24 h (Figure 11. B), this layer has thickened 

further and there were large concentrated deposits, as seen by the areas of intense 

fluorescence (highlighted by white arrows). For the powdered infant formula 

(Figure 11. C and D), the layer of proteins appeared to be thinner but more 

continuous, forming a sheath across the entire surface of the NGT. The 

characteristic PU ripples were still visible, as highlighted by the white arrow. This 

layer was similar at both the 1 h and 24 h time points, with only marginally 

increased fluorescence after 24 h. There were also dispersed areas of decreased 
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fluorescence within the proteinaceous layer, formed by the powdered infant 

formula, which were mainly circular or rounded in appearance. These may have 

been formed by liquid deposits.  

 
Figure 12. EDIC images of PU NGT incubated within premixed infant formula (A and 
B) and powdered infant formula (C and D), for 1 h (A and C) and 24 h (B and D) time 
periods, stained with 100 % SYPRO Ruby protein stain. Scale bars set to 50 µm. 
Magnification x 400. Images of each treatment taking in triplicate and 
representative images choose for display. 

SYPRO Ruby staining of the PVC NGT submerged within premixed infant formula 

and powdered infant formula, is displayed in Supplementary materials Figure S1. 

After just 1 h incubation in the premixed infant formula (Figure S1. A), there 

appeared to be large protein deposits scattered across the surface of the PVC NGT, 

as opposed to a continuous layer seen with the PU NGT in Figure 8. This changed 

with increasing time, as after 24 h (Figure S1. B), there was a continuous layer 

across the surface, as fluorescence was observed continuously across the tube’s 

surface after staining. 

 

Unlike for the PU NGT, the PVC NGT submerged within the powdered infant 

formula (Figure S1. C and D), stained with SYPRO Ruby, did not display a sheath-like 
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layer of proteins, but instead many small circular deposits, continuously spread 

across the tube’s surface after 1 h (Figure S1. C). After 24 h within the powdered 

infant formula (Figure S1. D), there was a more layer like appearance to protein 

staining, with some large concentrated areas of fluorescence corresponding to 

large proteinaceous deposits.  

 

For the Sil NGT images (supplementary materials Figure S2) obtained after 

submersion within the premixed infant formula (Figure S2. A and B), these looked 

similar to those of the PU NGT. However, powdered infant formula (Figure S2. C 

and D) stained images more closely resembled the PVC NGT. The premixed infant 

formula displayed a thick intermittent proteinaceous layer after 1 h (Figure S2. A) 

that thickened further, with an increase in large deposits after 24 h (Figure S2. B). 

The powdered infant formula did not display a continuous layer but instead, small 

concentrated circular deposits after 1 h (Figure S2. C), then after 24 h (Figure S2. D), 

a layer started to emerge. 

Lipids. 

Lipid deposition on the NGTs was analysed using the lipid stain Nile red (10 nM Nile 

red dissolved in 10 % ethanol). Figure 12. displays representative images from Nile 

red staining of a PU NGT incubated within premixed (Figure 12. A and B), and 

powdered infant media (Figure 12. C and D), for 1 h and 24 h periods. Lipid 

deposition within premixed infant formula upon the PU NGT, appears to create a 

thin sheath across the surface of the tube that thickened over the 24 h period, 

similar to that of the proteins in the premixed infant formula for the PU NGT. Again, 

the characteristic surface ripples were still visible, as highlighted by the white arrow 

in Figure 12.B. The premixed infant formula (Figure 12. C and D) stained images 

displayed many circular deposits of lipids across the surface, even after just 1h 

incubation. The size and frequency of these globules increased further over the 24 

h period. White arrows in Figure 12. C and D highlight these circular deposits. 
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Figure 13. EDIC images of polyurethane NGT incubated with premixed infant 
formula (A and B) and powdered infant formula (C and D) for 1 h (A and C) and 24 h 
(B and D) time periods, stained with 10 nm Nile red in 10 % ethanol solution. Scale 
bars set to 50 µm. Magnification at x 500. Images of each treatment taking in 
triplicate and representative images choose for display. 

Representative images from the Nile red staining experiments for the PVC NGT can 

be found in the supplementary materials Figure S3. Within the premixed infant 

formula, after 1h (Figure S3. A), there were small globular deposits of lipids 

dispersed across the NGT surface. However, upon imaging the tubes incubated at 

24 h (Figure S3. B), the dye or formula appeared to have precipitated, producing 

highly fluorescent crystals with large areas of fluorescent deposits around them. 

This may have been a result of the staining procedure.  Lipid deposition upon the 

PVC NGT after incubation within the powdered infant formula (Figure S3. C and D) 

after 1 h was similar to that of the PU NGT, in that there are concentrated circular 

deposits dispersed across the surface. However, at the 24 h time point these 

circular deposits had disappeared and instead, there was a continuous layer of 

fluorescence with an area of high intensity that may correspond with a large lipid 

deposit.  
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Representative images from the Nile red staining experiments for the Sil NGT can 

be found in supplementary materials Figure S4. For both the premixed and 

powdered infant formula media upon the Sil NGTs, at the 1 h time point there 

appeared to be the circular deposits of lipids across the surface. At the 24 h time 

point for the premixed infant formula (Figure S4. B), the circular deposits had 

disappeared and instead there was a thin coating of lipids across the surface of the 

NGT. For the powdered infant formula after 24 h (Figure S4. D), the media 

appeared to again have precipitated producing a highly fluorescent solid. 

Discussion. 
Surface Properties. 

It has been theorised that the topography of a surface can have a profound effect 

on bacterial cell attachment, even after considering several physiochemical forces 

(Siegismund et al, 2014). The representative microscopy images of the material 

types show that they have greatly varying topographies. Given this, it would not be 

unfounded to speculate that there would be differing rates of colonisation, and 

subsequent biofilm formation, between tube types. Through the microscopy 

images we can see that the internal and external surface topography are also 

different. The internal surface displayed similar features to those of the external 

surface, but were more visibly ‘smoother’ that their external counterparts. This 

would suggest that bacterial adhesion and indeed biofilm formation, would be less 

prominent on the internal surfaces, if exposed to identical environmental 

conditions.  

 

In a clinical setting, where the external portions are exposed to the relatively static 

gastrointestinal and gastroesophageal tract, as well as nasal sections, the internal 

portions are subject to a much more dynamic environment, as well as not being 

subject to the host’s tissues and therefore immune mediators. However, with some 

units’ adoption of the gravity fed bolus feeding technique, this would create an 

intermittent flow. This could potentially create static areas along the lumen in 

which feed is trapped. 
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Given the implications that surface topography has on bacterial colonisation, 

further research should be focussed on quantifying this effect, with the aim of 

designing material grades that could potentially reduce colonisation. Optimally, 

such materials would have properties, such as surface chemistry and roughness, 

that display reduced bacterial adhesion and growth rates (Vasilev et al, 2009), in 

comparison to the currently used clinical materials. Potential materials that are able 

to reduce initial colonisation, as opposed to those that realise antimicrobial 

compounds, should be a preference for research (Desrousseaux et al, 2013), as this 

would reduce the possibility of said antimicrobials distorting the normal GI 

microbiome. This could be through topographic modifications (Scardino et al, 2009) 

or through the creation of new materials, such as polymeric biomaterials 

(Weintraub et al, 2018). 

 

As previously mentioned, the attachment of bacterial cells to a surface is facilitated 

through a number of complex physiochemical interactions. These vary depending 

upon the surface’s material structure and the bacterial species, as well as other 

environmental factors, such as the composition and movement of the surrounding 

media. It has been reported that biofilms are able to deposit within surface grooves 

resulting in protection of the biofilm from shear stresses (Alnnasouri et al, 2011). 

Conversely, another study documented that increasing depth of ‘grooves’ etched 

onto silicone coupons, has no impact on the rate of bacterial attachment, but 

instead deposition was dependent on species motility (Scheuerman et al, 1998). 

The impact on adhesion may be reliant on the scale of surface roughness, as some 

studies have shown that at a micrometre scale, increasing surface roughness 

increases adhesion (Charman et al, 2009, Medilankski et al, 2002), whereas others 

have shown that at a nanometre scale, it decreases (Ivanoa et al, 2010). Further 

research should be conducted into the production of materials that can reduce 

bacterial adhesion, within a feeding setting, where high nutrient solutions are often 

passing along the surface. 

 

Whilst much consideration has been given to reducing colonisation of other 

implanted medical devices, in particular catheters (both urinary and central venous) 
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(Reddy et al, 2011. Roe et al, 2008. May et al, 2015), little-to-no consideration has 

been given to neonatal NGTs. Given the vulnerability of this population, combined 

with the differences in the commensal microbiotas between, for example, the new-

born GI and adult urinary tract, further studies aiming to develop devices that can 

reduce colonisation on neonatal NGTs, should utilise microorganisms more relevant 

to these related niches. 

 

Whilst the information uncovered within these sets of experiments provides 

information upon how the specific materials physical surface properties may 

influence biofilm formation, it is worth noting that there are many other factors 

suspected to influence attachment and subsequent biofilm formation. Such 

influencers were mentioned in Chapter 1 and include a range of physiochemical 

properties, such as surface charge. Further experiments should be conducted to 

analyse these properties within the tubes and their influence. This would also be 

beneficial to manufacturers aiming to produce devices able to minimise initial 

colonisation, and as a result potentially decrease infant infection rates. 

Conditioning Films. 

It is well established that a range of physiochemical surface properties affect 

bacterial adhesion to a given surface (An and Friedman, 1998). It is also known that 

establishment of a conditioning layer is a critical stage in bacterial attachment to a 

surface. The composition of this layer directly influences the surface’s 

physiochemical properties. This has a large impact on bacterial adhesion, as well as 

providing nutrients for optimal subsequent biofilm formation, as mentioned in 

earlier sections. The SYPRO-RUBY and Nile red staining experiments, demonstrated 

protein and lipid deposition on the various NGT material types after immersion 

within the premixed and powdered infant formula media. They showed that in the 

premixed infant formula there was primarily protein deposition on the NGT surface, 

whereas with the powdered infant formula there were characteristic lipid-dense 

globules deposited across the surface. 
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From the nutritional composition list, we observe that the premixed infant formula 

has higher long chain polyunsaturated (LCP) fatty acid content compared to 

powdered infant formula (0.4 g/L vs 0.16 g/L), but lower Docosahexaenoic acid 

(DHA) (0.1 g/L vs 0.7 g/L) content. The much higher levels of DHA within the 

powdered infant formula may explain the lipid-dense globules observed within the 

staining experiments. Whilst these acids are essential for the development of 

infants (Hornstra, 2000), the presence of lipids in human feeds, in this example 

parenteral nutrition, has been demonstrated to alter growth characteristics of 

potentially pathogenic microorganisms (Austin et al, 2016). This is similar to the 

increased density of protein staining, as the premised infant formula contained 26 

g/L, whereas the powdered infant formula only contained 18 g/L. This is concerning 

as it is suggested that excessive protein can encourage pathogens and result in 

adverse health outcomes, potentially due to the toxic metabolic products produced 

(Ma et al, 2017.  Moreno-Perez et al, 2018). 

 

Also, as will be mentioned in later sections, these lipid-dense globules correlate 

with “wet” looking circular patches on the tube’s surface. Lipids are a major 

constituent of the EPS matrix, and so these concentrated deposits may act as 

reserves facilitating bacterial EPS production. 

 

The heavy deposition of protein and lipid on the surface of the NGT observed 

within these experiments, may also explain the difficulty observed in fluorescent 

staining experiments utilising these growth media. Many studies looking at 

visualising or detecting bacterial cells in milk samples, usually liquid suspensions, 

utilise protocols that initially remove lipid or protein constituents of the milk, as 

they are known to interfere (Gey et al, 2015). The removal of lipid or protein 

constituents from the formula, after their use as a growth media, is not feasible in 

the following biofilms models, as this may impact biofilm structure. This is 

especially true after solidification of the formula, commonly observed within later 

experiments. See Chapter 3. 
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The dense conditioning films observed within these experiments, within the 

premixed infant formula, also raises an important question. If medias similar to this 

are producing thick conditioning films on all NGTs, is the impact of surface material 

type on colonisation a relevant one, as these thick layers may be completely 

covering up all the defining topographic characteristics of the tube tubes? However, 

within the powdered infant formula, there was only a thick sheath-like layer, where 

the characteristic surface topography features were still visible. This suggests that 

although some media may mask possible influence of surface topography on 

colonisation, for others it may still play a vital role. It is also worth noting that these 

media were sterile throughout the experiment. As will be observed within the later 

experiments, inoculated media often appeared visually different. 
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Chapter 3 
 

Infant Formula as Growth Media for Potentially Pathogenic 

Bacteria. 

Introduction. 

While the previous chapter characterised the surface profiles of commonly used 

NGTs, as well as demonstrating how different infant formula impact conditioning 

film formation on the NGTs, this chapter will focus on the effect of the formula on 

the growth rates of potentially pathogenic bacterial strains. Standard laboratory 

media are created to provide the optimum environment to facilitate bacterial 

replication, including optimal nutrient content, pH, osmotic conditions and so on. 

These media, whilst providing invaluable information in a controlled laboratory 

setting, do not always mimic the conditions found in the environment, or a clinical 

setting. Different infant formula have different nutritional compositions (See 

Supplementary Materials Table S1, for nutritional composition lists), depending on 

type and manufacturer.  

 

Previous studies have demonstrated the ability of potentially pathogenic 

microorganisms to grow within clinically used nutritional solutions, however these 

studies often focus on parenteral solutions (those not administered via mouth e.g. 

intravenously) (Kuwahara et al, 2010). Even studies such as these highlight the 

ability of pathogenically relevant strains to grow differentially, depending on the 

nutritional composition of the solutions (Kuwahara et al, 2013). These forms of 

nutrition are often studied, as the method used to deliver them requires bypassing 

through the host’s natural defence barriers, such as the skin (Matejuk, 2018), or 

gastrointestinal epithelial barrier (Emami et al, 2009), passing directly into the 

blood, potentially increasing the risk of infection to the host (McCleary and 

Tajchman, 2016). Nasogastric and orogastric feeding devices also bypass many of 

the host’s physical and innate defence barriers, such as saliva, directly accessing the 

gastrointestinal system. Given this direct route, and the vulnerability of the 

neonatal population, research should aim to analyse the impact certain infant feeds 
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have on potentially pathogenic microorganism growth, as well as the influence of 

specific components of the feeds, on growth. The following experiments aim to 

understand the influence of two different clinically used infant formula on the 

growth rate of a range of potentially pathogenic bacterial strains, selected for as 

they are known causative organisms of infection in this population. We will also be 

assessing the impact on the media pH these strains have, compared to the standard 

laboratory media for each strain. 

 

Additionally, as mentioned within Chapter 1, prebiotics have been demonstrated to 

beneficially influence the endogenous microbiota, so are now commonly utilised in 

parenteral nutrition, especially within the neonatal population (Baucells et al, 2016. 

Borewicz et al, 2019. Srinivasjois et al, 2013). This section will also aim to look at 

the effect of two prebiotic oligosaccharide compounds, commonly found within 

infant formula, on the growth of the potentially pathogenic strains. Galacto-

oligosaccharide (GOS) and fructo-oligosaccharide (FOS) are commonly selected 

prebiotic compounds, used in infant formula to help modulate the intestinal 

microbiota (Fanaro et al, 2005). Due to the complexity and diversity of the 

compounds found naturally occurring in human milk, production of exact replicates 

is difficult.  These compounds are often used as alternatives, with a ratio of 9:1 

(GOS:FOS) being recommended (Boehm et al, 2005), as the molecular size 

distribution is identical to that of human milk oligosaccharides (Knol et al, 2005). 

 

To analyse the impact on biofilm formation these supplements have, a modified 

microtiter plate assay was utilised. Microtiter plates assays provide a well establish 

method for analysing biofilm formation, often an indicator of pathogenicity, on 

abiotic surfaces (Coffey and Anderson, 2014). This method is relatively simple, 

quick, inexpensive and allows for reproducible and high throughput results. 
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Materials and Methods. 
Comparison of Infant Formula as Growth Media for Potentially 

Pathogenic Bacteria. 

Overnight cultures were created by transferring 1 cryoprotect freezer bead from 

pure bacterial freezer stock (stored at -80°C), into 15 ml sterile standard laboratory 

media, within a 50 ml Falcon tube. For Strains; Cronobacter sakazakii, 

Staphylococcus aureus, Lactobacillus brevis and Escherichia coli, TSB were used.  LB 

was used for the Pseudomonas aeruginosa PA01 strain. Tubes were incubated for 

24 h in a shaking incubator, at 37°C. A 30 ml volume of premixed infant formula, 

powdered infant formula (created according to manufacturer’s instructions, as 

described in Chapter 2), or the laboratory growth media for each strain (TSB for S. 

aureus, E. coli and C. sakazakii and LB for P. aeruginosa) was aseptically transferred 

to a 50 ml Falcon tube. Each growth media was inoculated with 500 µl overnight 

culture and tubes placed within a gently shaking incubator at 37°C. At timed 

intervals, tubes were removed from incubation and 30 µl was removed from each 

sample. A dilution series from 10-1 – 10-8 was created in phosphate buffered saline 

(PBS) and spotted (3 x 20 µl). Spotting was conducted in triplicate to give n = 3. 

Spotted plates were left to air dry, within an MSC, before being transferred to a 

static incubator, for 24 h at 37°C, after which colonies were counted for each 

dilution and time point, to obtain colony forming unit (CFU) values. Intervals of 

analysis were as follows; for bacterial strains S. aureus and E. coli 0 h, 1 h, 3 h, 5 h 

and 7 h. For bacterial strains P. aeruginosa and C. sakazakii 0 h, 1 h, 2 h, 4 h and 6 h 

and for L. brevis 0 h, 4 h, 6 h, 8 h and 10 h. Timings of intervals were selected 

depending on time taken for each particular bacterial strain to enter log phase. All 

strains were cultured aerobically according to providers (The National Culture 

Collection (NCTC)) guidelines. 

pH Measurements of Growth Media Over Time. 

Overnight cultures were created according to previously mentioned guidelines, for 

the species; P. aeruginosa (PAO1), C. sakazakii, S. aureus (coagulase positive), E. coli 

and L. brevis. A 50 ml volume, of each different growth media, was aseptically 

transferred to a sterile Falcon tube and inoculated. To create cultures of 
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approximately 106 CFU/ml Optical Density readings were taken from overnight 

cultures and used to estimate number of cells in suspension according to growth 

curve data according to each strain. pH measurements of the inoculated media; LB 

(P. aeruginosa), TSB (C. sakazakii, S. aureus, E. coli and L. brevis), Nutriprem-1 pre-

mixed infant formula and Pepti-Junior powdered infant formula, were taken at the 

time points; 0 h, 1 h, 2 h, 4 h, 6 h, 8 h and 24 h, using a calibrated JENWAY 3510 pH 

meter. Tubes containing inoculated media were placed in a shaking incubator (100 

revolutions per minute (rpm) at 37°C) in-between time points. Manufacturer’s 

guidelines on the correct pH of created media are as follow: 7.2 ± 0.2 for TSB and 

7.00 ± 0.2 for LB. No pH values are provided for both Nutriprem-1 (premixed infant 

formula) and Pepti-Junior (powdered infant formula). The pH of Pepti-junior has 

been previously reported at 6.3 (Washington et al, 1999), however the exact pH of 

powdered infant formula is likely to be affected by the pH of the tap water in area 

at any given time. 

Effects of Prebiotics on Growth of Potentially Pathogenic Bacteria. 

Overnight cultures were created as per previous methods for L. brevis, C. sakazakii, 

S. aureus, E. coli and P. aeruginosa PA01. Tubes were incubated for 24 h in a 

shaking incubator at 37°C. Following 24 h incubation of overnight cultures, 30 ml of 

the laboratory growth media for each strain (TSB for S. aureus, L. brevis, E. coli and 

C. sakazakii and LB for P. aeruginosa), was aseptically transferred to a 50 ml Falcon 

tube. To test the effects of prebiotics on growth, the standard laboratory media for 

each strain was supplemented with either galacto-oligosaccharides (GOS from 

NZMP TM ,NZ), fructo-oligosaccharides (FOS from Chicory, Sigma-Aldrich Co. Ltd, 

UK), or GOS/FOS (9:1), at a concentration of 0.2 g/100 ml or 0.8 g/100 ml. 

Supplemented media was syringe-filtered to ensure sterility. Each growth media 

was inoculated to create a cell suspension of approx. 106 CFU/ml, according to 

previously stated methods using OD readings. A 300 µl of inoculated growth media 

was pipetted into each well of a sterile 96 well plate, with three repeats per 

treatment. Wells around the perimeter of the plate were left empty, and the 

differently supplemented media was plated with one degree of separation. Each 96 

well plate was placed into a plate reader, set to obtain optical density (OD) (at 584 
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nm) measurements every 15 mins, for a period of 15 h. The plate reader was set to 

shake wells before each reading and the incubator function, set at 37°C, was 

enabled. Data was analysed with GraphPad Prism software (7.0 for Mac OS X, 

GraphPad Software, Inc., US) to calculate mean (SD) values.  

 

This experiment was repeated following the above protocol, but with 1/5th strength 

growth media, to analyse the effect of minimal media supplementation. 

Statistical analysis 

Effect of Prebiotics on Biofilm Formation of Potentially Pathogenic 

Bacteria. 

To analyse biofilm formation a modified microtiter plate assay (Stepanovic et al, 

1999), adapted from Christensen et al, 1985, was utilised. Overnight cultures were 

created according to previously stated protocols. A minimal 1/5th strength media 

was supplemented with; 0.2 g/100 ml GOS, 0.8 g/100 ml GOS, 0.2 g/100 ml FOS, 0.8 

g/100 ml FOS, 0.2 g/100 ml GOS/FOS (9:1 ratio) and 0.8 g/100 ml GOS/FOS (9:1 

ratio) and syringe-filtered, to ensure sterility. Supplemented media was inoculated 

from overnight culture to a cell suspension of 106  CFU/ml using previously stated 

methods according to OD readings. A control 1/5th strength standard laboratory 

media, as well as a control (un-supplemented) full-strength laboratory media, was 

also created. Samples of 200 µl inoculated supplemented media were pipetted into 

the wells of a sterile 96 well plate. Ten repeats for each treatment were plated, 

with five repeats on one side of the plate and five others on the opposite side 

inversed. The 96 well plates were placed into a static incubator set at 37°C, until 

either 24 h or 48 h. Spent media was replaced after 24 h, with fresh uninoculated 

media, for 48 h time point. At designated time points, spent media was gently 

removed and discarded. Wells were washed with sterile PBS, twice, to remove 

excess planktonic cells. Crystal Violet (CV) solution, 200 µl, was added to each well 

and incubated at room temperature for 30 mins. After incubation, CV was removed 

and wells were washed twice with PBS. Plates were then left to dry upside down 

overnight, at room temperature. When dry, 200 µl 30 % (v/v) acetic acid was added 

to each well and left at room temperature for 30 mins, with plate lids on. The 
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contents of each well were then mixed by gently pipetting up and down, before the 

200 µl of solubilised CV was transferred to a new flat bottomed 96 microtiter dish. 

The OD of each well was measured at a wavelength of 584nm using a 

spectrophotometer. Data was analysed through GraphPad Prism software (7.0 for 

Mac OS X, GraphPad Software, Inc., US). Statistical significance of treatments vs 

control was determined using Holm-Sidak (Multiple t-tests) method, with alpha = 

0.05. All treatments were compared to 1/5th laboratory media, with no bacteria, as 

a control (including full strength supplemented laboratory media), at both 24 h and 

48 h, using graph pad prism 

Results. 
Comparison of Infant Formula as a Growth Media for Potentially 

Pathogenic Bacteria. 

 

 
Figure 14. Displays mean (SD) Log10 CFU/ml values for the bacterial strain S. aureus 
grown in either; TSB, Nutriprem-1 (premixed infant formula) or Pepti-Junior 
(powdered infant formula) over the time points 0 h, 1 h, 3 h, 5 h and 7 h. n = 3. 

Figure 13. displays the CFU/ml values for S. aureus, grown in two different types of 

infant formula, in comparison to the strain’s standard laboratory media, TSB. Only 

minimal growth was observed for S. aureus over the first 1 h. However, by 3 h 

incubation there was over a Log fold increase in CFU values, for all three media. TSB 

appeared to show the smallest increase over this time, with premixed infant 

formula displaying the largest increase in Log10 CFU/ml. While the premixed infant 
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formula continued to produce the highest values over every time point, by 5 h 

incubation, the TSB media had overtaken the powdered infant formula. By the final 

time point, the premixed infant formula produces the highest CFU values, which are 

over a Log fold higher than those recorded for both the powdered infant formula 

and TSB. 

 

 
Figure 15. Displays mean (SD) Log10 CFU/ml values for the bacterial strain E. coli 
grown in either; TSB, Nutriprem-1 (premixed infant formula) or Pepti-Junior 
(powdered infant formula) over the time points 0 h, 1 h, 3 h, 5 h and 7 h. 

As with the CFU/ml values obtained for S. aureus, for E. coli (displayed in Figure 

14.), there was almost no change after 1 h incubation, for all three media. Again, 

after 3 h, the premixed infant formula displayed the largest increase. At 3 h, the TSB 

media was lower than the premixed infant formula, but higher than that for the 

powdered infant formula. At 5 h, TSB overtook the premixed infant formula, to 

produce the highest CFU/ml value of all media types. The premixed infant formula 

decreased by the final time point (7 h), whereas TSB remained similar to the values 

recorded at 5 h. The powdered infant formula displayed constantly lower values 

than both other media throughout, for this particular strain, ending with a final 

CFU/ml value over a Log fold below that of the other two. 
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Figure 16. Displays mean (SD) Log10 CFU/ml values for the bacterial strain C. 
sakazakii grown in either; TSB, Nutriprem-1 (premixed infant formula) or Pepti-
Junior (powdered infant formula) over the time points 0 h, 1 h, 2 h, 4 h and 6 h. n = 
3. 

For C. sakazakii, the CFU/ml values recorded, following incubation in the different 

growth media, are displayed in Figure 15. Following 2 h incubation, this strain 

appeared to initially grow better in the standard laboratory medium. However, 

after this point, the values recorded from the premixed infant formula took over 

and produced a final value almost 2-Log fold higher, than that for TSB (mean values 

3.92 x 1011 and 4.11 x 109 for premixed infant formula and TSB respectively). Similar 

to the results seen for E. coli, for C. sakazakii in powdered infant formula, the 

recorded values were lower at every time point, than the other media (except an 

initial dilution recording of 1.46 x 107 and 1.62 x 107 for premixed and powdered 

infant formula respectively). 
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Figure 17. Displays mean (SD) Log10 CFU/ml values for the bacterial strain P. 
aeruginosa grown in either; LB, Nutriprem-1 (premixed infant formula) or Pepti-
Junior (powdered infant formula) over the time points 0 h, 1 h, 2 h, 4 h and 6 h. n = 
3. 

Log10 CFU/ml values for P. aeruginosa, are displayed in Figure 16. Over the first 2 h, 

all the media appear to produce similar CFU/ml values, with only minimal 

incremental increases for all media, at both 1 h and 2 h. After this, the values 

recorded from the premixed infant formula increase by over a Log fold (increase 

mean Log10 CFU/ml value 6.27 x 107 at 2 h to 7.61 x 1010 at 4 h), whereas LB and 

powdered infant formula display another small incremental increase, over this time 

period. By the final time point, the premixed infant formula displays over a 2-Log 

fold increased CFU/ml value, from 4 h to 6 h (7.61 x 1010 to 1.23 x 1013 respectively). 

While the powdered infant formula does also display a Log fold increase value from 

4 h to 6 h (3.39 x 108 to 3.53 x 109), it is the standard laboratory medium that 

produces the most dramatic increase in CFU/ml over this last time point, from 3.39 

X108 at 4 h to 1.34 x 1012 at 6 h, over a 3-Log fold increase in CFU/ml. 
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Figure 18. displays mean (SD) Log10 CFU/ml values for the bacterial strain L. brevis 
grown in either; TSB, Nutriprem-1 (premixed infant formula) or Pepti-Junior 
(powdered infant formula) over the time points 0 h,4 h, 6 h, 8 h and 10 h. n = 3. 

The time points chosen, for analysing the growth rate of the bacterial strain L. 

brevis, within different infant formula (displayed in Figure 17.), were selected based 

on the growth curve data for this strain. Time required for this strain to reach the 

exponential phase was much longer than the previous strains, and so the second 

time point was set at 4 h, as opposed to 1 h for all other strains. A longer 

experimental duration of 10 h, as opposed to 7 h for S. aureus and E. coli, or 6 h for 

C. sakazakii and P. aeruginosa, was also selected, due to this strain’s slower 

generation time.  Unlike all the other strains tested, the CFU values recorded for L. 

brevis, cultured within the premixed infant formula, are continuously lower than 

that of the other 2 media, at every time point, except the first (0 h) time point. Not 

only this, but over the entire course of the experiment, the recorded average 

CFU/ml values, for this strain and media only, increase from 1.97 x106 to 5.07 x 106, 

at 0 h and 10 h respectively. The CFU/ml recorded, for both the TSB and powdered 

infant formula, follow an almost identical trend throughout the experiment, of a 

gradual increase at each time point, with both final recorded CFU’s (10 h), being 

well over a Log fold above that at the initial 0 h time point. This is surprising, given 

that the premixed infant formula contains oligosaccharides, known to induce 

growth of probiotic microorganisms, and hence, a greater increase was expected. 
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Bacterial Alteration of Infant Formula pH. 
 

 
Figure 19. mean (SD) pH measurements of the standard laboratory media; Lysogeny 
Broth and Tryptic Soy Broth as well as the bacterial species; S. aureus, E. coli, C. 
sakazakii, L. brevis and P. aeruginosa (cultured within their respective media), over 
a 24 h period. n = 3. 

pH change induced by each of the bacterial strains, incubated within their standard 

laboratory media, is displayed in Figure 18. The control (no bacteria), pH 

measurements, for both of the standard laboratory media used in this experiment, 

remain constant throughout the 24 h time period of incubation, both staying within 

their manufactures suggested pH range of 7.2 ± 0.2 for TSB and 7.00 ± 0.2 for LB. 

The pH of TSB, after inoculation with S. aureus, rapidly decreased from the first 

time point, until the 8 h time point (decrease of 1.91). From 8 h to 24 h, there is a 

slight recovery, to a final recorded mean pH of 5.77. However, this is still the lowest 

recorded final pH value, induced by any strain, within their standard laboratory 

media. The pH of TSB, after inoculation with E. coli, also induces a rapid decrease in 

pH over the first few hours of recording (decrease of 1.69 from 0 h to 4 h). 

However, after 4 h, recorded pH values begin to increase, resulting in a final mean 

value of 6.35. The pH change induced by C. sakazakii, incubated within TSB, once 

again, displays an immediate decrease from the first time point. The largest 

decrease (of 1.49) is observed between the 2 h to 4 h time points. The pH dips 

slightly further at 6 h, before a slight recover at 8 h. By 24 h, the pH has recovered, 
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producing a final mean pH of 6.05. Although L. brevis growth, within TSB, does 

induce a reduction in pH over the first 8 h, it is much subtler than that of the other 

strains, from a pH of 7.11 at 0 h, to 6.89 at 8 h. After which there is a sharp 

decrease, from 8 h to 24 h (of 0.96), resulting in the second lowest mean 24 h pH 

value. The pH of LB, after inoculation with P. aeruginosa, initially drops very 

minimally (6.88 at 0 h to 6.7 at 1 h), after which it gradually increases back up to a 

level almost identical to the LB control, by the 8 h time point, where it remains until 

the terminal 24 h time point.  

 
Figure 20.  mean (SD) pH measurements of premixed infant formula, over a 24 h 
period, after inoculation with the bacterial strains: S. aureus, E. coli, C. sakazakii, L. 
brevis and P. aeruginosa. n = 3. 

The pH changes, of premixed infant formula, inoculated with S. aureus, E. coli, C. 

sakazakii, L. brevis and P. aeruginosa, over a period of 24 h, is displayed in Figure 

19. Uninoculated premixed infant formula (controls) pH, remained relatively 

constant across the 24 h time course. It is worth noting the difference in starting 

value for all strains used in this experiment. No pH value is provided by the 

manufacturer for this media, and so this variation may be due to differences within 

the bottles/batches (Nutriprem-1 provided within sterile 70 ml bottles). However, 

the control remains constant across 24 h, so the assumption that this media is 

stable over 24 h, is assumed. The continuous decrease in mean pH, observed after 
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inoculation of premixed infant formula with S. aureus, is not the most dramatic 

with this experiment, but over 24 h there is still a large decrease in the pH of the 

media, from 6.75 at 0 h to 5.19 at 24 h.  E. coli, within premixed infant formula, 

causes the second most dramatic continuous decrease in pH, over the 24 h period, 

inducing an overall decrease of 1.66. Similar to the trend observed within TSB, after 

inoculation of the premixed infant formula, with C. sakazakii, there is a rapid 

decrease in pH over 8 h, from 6.33 at 0 h to 4.92 at 8 h. However, instead of a slight 

recovery, as seen with this strain within TSB, there is a further decrease by 24 h, 

resulting in the lowest recorded pH of any strain within this formula type, of 4.54. L. 

brevis, within premixed infant formula, again induces only a subtle decrease in 

mean pH over the first few hours of recording (6.65 at 0 h to 6.56 at 6 h). From 6 h 

to 8 h there is then a rapid decrease in one of the repeats, dropping the mean pH 

(hence the large standard deviation bar). Similar to the trend seen within TSB, from 

8 h to 24 h, for L. brevis, within the premixed formula, there is a huge decrease, 

terminating in a final mean pH value of 5.02. The pH for the premixed infant 

formula, inoculated with P. aeruginosa, remains relatively stable throughout the 

experiment, with only a minor decrease seen at the final 8 h to 24 h time point 

(drop in mean pH of 0.22), similar to the trend observed after inoculation of LB with 

this strain. 
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Figure 21. mean (SD) pH measurements of powdered infant formula, over a 24 h 
period, after inoculation with the bacterial strains: S. aureus, E. coli, C. sakazakii, L. 
brevis and P. aeruginosa incubated within the powdered infant formula. n = 3. 

Control pH recordings, for powdered infant formula, display a slight increase over 

the first time points (pH 6.38 at 0 h to 6.61 at 2 h), after which they remained stable 

for the continuation of recording (Figure 20.). Similar to the pH changes observed 

with the premixed infant formula experiment, those induced by S. aureus within 

powdered infant formula gradually decrease across each time point. There is a 

slight increase, from 0 h to 1 h (0.32), but this may be a result of the medium itself, 

as a similar increase is seen in the control. E. coli also induced a slight increase in 

the pH, of powdered infant formula medium, from 0 h to 1 h (0.08), before causing 

the pH to plummet rapidly between 1 h to 4 h (fall from 6.28 to 5.29), to the lowest 

recorded pH, for this strain and media of any time point. The pH value then spikes 

at 6 h, decreases back by 8 h, before stabilising by 24 h, at 5.48. The most dramatic 

decreases in pH, within the powdered infant formula, was a result of inoculation 

with C. sakazakii (overall decreases of 1.21 during 0 h to 24 h period).  

 

The PIF, inoculated with C. sakazakii, did increase slightly over the first 2 time 

points (increases of 0.023 from 0h to 2 h time point), before beginning to decrease 

throughout the rest of the experiment. C. sakazakii did see a slight resurgence in pH 

at the 8 h time point, but then began to fall again (decrease of 1.21 for C. sakazakii 

from first to last recording). The standard deviation around the mean, for all time 

points, for the powdered infant formula, after inoculation with C. sakazakii, is also 

noticeably much larger than all other strains. L. brevis doesn’t appear to induce a 

noticeable increase over the first 0 h to 1 h time point, it also displayed stable pH 

recordings until 8 h. From 8 h (pH 6.45), to 24 h (pH 4.92), there is a substantial 

decrease of 1.53. This delayed drop, similar to the pH results from the previous 

media, may be due to the strain’s slow replication cycle. Unlike the general trend 

observed with all other strains, premixed infant formula, inoculated with P. 

aeruginosa, gradually increased over the first 8 h (increase of 0.48 from 0 h to 8 h), 

before dropping slightly from 8 h to 24 h, by 0.33. 
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Effect of Prebiotic Oligosaccharide Compounds on Planktonic Bacterial 

Growth. 

Upon initial visual analysis of the growth curve, for S. aureus grown within TSB, 

supplemented with GOS and/or FOS, it appears there is little effect of media 

supplementation (Figure 21.). All treatments follow a similar growth trend to that 

of the un-supplemented TSB, with the Log phase occurring between 3 h to 8 h. At 

the terminal 15 h time point, the media with the lowest OD values are those 

supplemented with only the FOS carbon source, followed by the TSB control. All 

media containing GOS, display marginally increased final OD values, in comparison 

to the TSB control (0.2 g/100 ml GOS, 0.2 g/100 ml and 0.8 g/100 ml GOS/FOS final 

recordings all 1.34, 0.8 g/100 ml GOS at 1.31 and TSB control at 1.22). 

 
Figure 22. Mean OD (584 nm) over time (h) for the potentially pathogenic bacterial 
strain S. aureus, grown within TSB supplemented with GOS and/or FOS at 
concentrations; 0.2 g/100 ml or 0.8 g/100 ml, n = 3. 

Similar to the results seen for S. aureus, for E. coli and P. aeruginosa, grown in 

oligosaccharide supplemented media (Figures can be found in supplementary 

materials as Figure S5. for E. coli and S6 for P. aeruginosa), there is very little 

separation between the treatments. 

 

Unlike the growth patterns observed with the previously mentioned potentially 

pathogenic strains, after supplementation of the growth media, C. sakazakii did 

display altered OD curve characteristics depending on treatment type (Figure 22.). 
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Figure 23. Mean OD (584nm) over time (h) for the potentially pathogenic bacterial 
strain C. sakazakii, grown within TSB supplemented with GOS and/or FOS at 
concentrations; 0.2 g/100ml or 0.8 g/100ml, n = 3. 

With the TSB control curve, for C. sakazakii, there is a sudden drop in recorded OD, 

after the Log phase at 4 h. The OD then begins to climb continuously, until the final 

15 h time point.  This decrease is also observed with the 0.8 g/100 ml GOS:FOS (9:1) 

treatment. However, unlike the control, after this decrease the 0.8 g/100 ml 

GOS:FOS (9:1) treatments OD immediately begins to increase, until it is comparable 

to the other treatments. There is also a minor decrease for the 0.2 g/100 ml GOS 

and 0.2 g/100 ml GOS:FOS treatment around this time, but not to the same degree 

as the other treatments. The 0.8 g/100ml GOS, as well as both the 0.2 g/100 ml and 

0.8 g/100 ml FOS treatments, display no dip in recorded D values, instead it 

appeared to continually increase throughout the time course, with the 0.8 g/100 ml 

GOS treatment displaying the largest increase. 
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Figure 24. Mean OD (584 nm) over time (h) for the probiotic lactic acid bacterial 
strain L. brevis, grown within TSB supplemented with GOS and/or FOS at 
concentrations; 0.2 g/100 ml or 0.8 g/100 ml, n = 3. 

For L. brevis, the growth curve (Figure 23.) appears to displays that for some of the 

treatments, there is decreased OD values compared to the controls. The 

treatments; 0.2 and 0.8 g/100 ml GOS, 0.2 g/100 ml FOS and 0.2 g/100 ml GOS:FOS, 

appear to break away from the control TSB after around 8 h, with OD values 

increasing, at a slower rate, until the final 15 h time point. The 0.8 g/100 ml 

GOS:FOS treatment is almost indistinguishable from the control TSB, and the 0.8 

g/100 ml FOS treatment, despite finishing at an OD value similar to that of the 

control at 15 h, surges above it from 8 h to 13 h.  

 

One reason that only minor changes were observed throughout this set of 

experiments, may have been due to the fact that the control TSB already contained 

concentrations of all nutrients required for optimal growth of these strains. To test 

this hypothesis, the experiments were repeated utilising reduced concentration 

media.  

 

Similar to the growth curve produced by S. aureus in full concentration TSB, the 

growth curve produced by growth of S. aureus, grown within 1/5th strength TSB 

supplemented with GOS and/or FOS, displayed very little variation between the 
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treatments (refer to supplementary materials Figure S7. for graphical 

representation). 

 

 
Figure 25. Mean OD (584 nm) over time (h) for the potentially pathogenic bacterial 
strain E. coli, grown within 1/5th concentration TSB supplemented with GOS and/or 
FOS at concentrations; 0.2 g/100 ml or 0.8 g/100 ml, n = 3. 

Again, similar to the curves observed within the full-strength media experiments for 

E. coli, within the minimal media (Figure 24.), the FOS only treatments produce 

curves that are identical to that of the control TSB medium, but with a slight dip 

below the other treatments from 4 h – 10 h. This is followed by a continued 

increase above the other treatments, over the final time points. By the final time 

points, the treatments containing the highest concentrations of GOS (GOS 0.8 

g/100 ml and GOS:FOS 0.8 g/100 ml) produce the lowest OD values, suggesting that 

GOS is actually decreasing the growth rate in comparison to the control, whereas 

FOS appears to have no impact. 
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Figure 26. Mean OD (584nm) over time (h) for the potentially pathogenic bacterial 
strain P. aeruginosa, grown within 1/5th concentration LB supplemented with GOS 
and/or FOS at concentrations; 0.2 g/100 ml or 0.8 g/100 ml, n = 3. 

The growth curve, produced within full-strength LB, supplemented with GOS and/or 

FOS, for P. aeruginosa, displayed almost no variation between any of the 

treatments. The growth curve for this strain, within 1/5th strength LB (Figure 25.) 

however, produces one of the most dramatic differences between the treatments. 

All treatments follow a similar trend, until around 5 h, at which point the control 

1/5th strength LB, as well as the media supplemented with FOS only, decrease 

below that of all the other treatments. The treatments containing the lowest 

concentrations of GOS (GOS 0.2 g/100 ml and GOS/FOS 0.2 g/100 ml), display 

slightly increased OD values, above the control and FOS alone treatments, over 

time. The treatments containing the higher concentrations of GOS (0.8 g/100 ml 

GOS and 0.8 g/100 ml GOS:FOS), branch away from all other treatments, at 6h. 

After which, they display a rapid surge in recorded OD values, finishing with 

average (OD 0.858 and 0.883 respectively) values almost double those of the 

control (OD 0.556), and FOS alone treatments (OD 0.556 for FOS 0.2 g/100 ml and 

OD 0.553 for FOS 0.8 g/100 ml). This data set suggests that this specific strain is 

able to utilise GOS and not FOS as a growth nutrient. 
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Figure 27. Mean OD (584 nm) over time (h) for the potentially pathogenic bacterial 
strain C. sakazakii, grown within 1/5th concentration TSB supplemented with GOS 
and/or FOS at concentrations; 0.2 g/100 ml or 0.8 g/100 ml, n = 3. 

The results for C. sakazakii, within 1/5th strength media, supplemented with GOS 

and/or FOS (Figure 26.), display a similar trend to that of P. aeruginosa, within the 

reduced strength media (Figure 25.). The FOS alone treatments produce an OD 

curve identical to that of the control 1/5th strength growth media. Low 

concentration GOS treatments (GOS 0.2 g/100 ml and GOS/FOS 0.2 g/100 ml) 

increase OD above the control curve at 3 h. However, around 8 h they stop 

increasing and begin to level off, and by 16 h they are only slightly above those of 

the control and FOS alone treatments. High concentration GOS treatments (0.8 

g/100 ml GOS and 0.8 g/100 ml GOS:FOS) also rise above those of the control 

media at 3 h, and then above the low concentration GOS media at 10 h, producing 

the highest end point OD values. Although not as pronounced as with P. 

aeruginosa, this again suggests that GOS can be utilised as a growth nutrient, 

whereas FOS cannot. 
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Figure 28. Mean OD (584nm) over time (h) for the potentially pathogenic bacterial 
strain L. brevis, grown within 1/5th concentration TSB supplemented with GOS 
and/or FOS at concentrations; 0.2 g/100 ml or 0.8 g/100 ml, n = 3. 

Figure 27. displays the OD curves for L. brevis, grown in 1/5th strength LB, 

supplemented with the oligosaccharides GOS and/or FOS. Initial visual analysis of 

the control OD values, produced within this experiment, display a larger degree of 

variation than that of the previous strains tested. However, this may be because 

the highest OD values recorded with this strain are dramatically lower than those 

for all other strains tested. This scattering is also observed for the treatments. 

Control corrected curves are displayed in Figure 28. 
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Figure 29. Control corrected mean OD (584nm) over time (h) for the potentially 
pathogenic bacterial strain L. brevis, grown within 1/5th concentration TSB 
supplemented with GOS and/or FOS at concentrations; 0.2 g/100 ml or 0.8 g/100 
ml, n = 3. 

Control corrected curves (Figure 28.), display that the GOS:FOS 0.2 g/100 ml 

treatment produces an almost identical profile to that of the control TSB. The 0.2 

g/100 ml FOS treatment, although starting initially higher than the TSB control, 

increases at a similar rate to the control, until around 7 h, where it begins to 

plateau, terminating in a value similar to that of the control. The 0.2 g/100 ml GOS 

treatment also initially started higher than the control; it also appears to increase at 

a rate similar to that of the control, causing it to stay roughly the same degree 

above the control throughout the experiment, suggesting no effect at this 

concentration. The 0.8 g/100 ml GOS starts at a similar value to that of the control, 

but recorded OD increases at a higher rate, suggesting an increased growth rate at 

this concentration. The 0.8 g/100 ml FOS treatment again starts above the control, 

increasing at a similar rate until around 7 h, at which point there is a surge in 

recorded OD values, then, just before 9 h, it begins to stabilise for the final hours. 

Slightly elevated initial OD is also observed for the 0.8 g/100 ml GOS:FOS 

treatment, as is the subsequent slow increase, until around 7 h. The increase 

around the 7 h mark is not as dramatic as that of the 0.8 g/100 ml FOS treatment. 

The 0.8 g/100 ml GOS:FOS treatment did not plateau at 9 h, and instead continues 

to steadily increase, resulting in a final OD value similar to that of the 0.8 g/100 ml 
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FOS only treatment. The treatments that appear to cause the largest increases in 

OD for this strain, are those that contain the highest concentrations of the 

oligosaccharides, except GOS 0.8 g/100 ml only. 

Effect of Prebiotic Oligosaccharide Compounds on Biofilm Formation. 

Results of the modified microtiter plate biofilm assay, for S. aureus, are displayed 

within Figure 29. After 24 h growth there is a significant difference in OD value 

recorded between the full-strength TSB and the 1/5th TSB media (p < 0.00001). 

However, by 48 h, the 1/5th strength media produces a larger OD, although not 

significantly (p = 0.277). The GOS 0.2 g/100 ml and GOS:FOS 0.2 g/100 ml 

treatments, also produce a significant increase in OD value, in comparison to the 

1/5th strength TSB media, at the 24 h mark (p = 0.00121 and p = 00172 

respectively), but by 48 h, significance is not observed. By 48 h, there is no 

significant difference between any of the treatments. 

 
Figure 30. Mean (SD) Optical density values of crystal violet stained biofilms 
produced by the bacterial strain S. aureus grown full-strength TSB, compared within 
1/5th concentration TSB, supplemented with GOS and/or FOS at concentrations; 0.2 
g/100 ml or 0.8 g/100 ml. p-values as indicated by ns = p > 0.05, * = p ≤ 0.05, ** = p 
≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001, n = 10. 
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Figure 31. Mean (SD) Optical density values of crystal violet stained biofilms 
produced by the bacterial strain E. coli grown full-strength TSB, compared within 
1/5th concentration TSB, supplemented with GOS and/or FOS at concentrations; 0.2 
g/100 ml or 0.8 g/100 ml. p-values as indicated by ns = p > 0.05, * = p ≤ 0.05, ** = p 
≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001, n = 10. 

Similar to the results seen for S. aureus, for E. coli (Figure 30.), there is a significant 

difference in OD between TSB and 1/5th TSB, at the 24 h time point (p < 0.00001). 

By 48 h, the 1/5th concentration TSB produces higher OD values than that of the 

full-strength TSB, although not significantly. Also, similar to the OD results for S. 

aureus, for E. coli at the 24 h time point, the 0.2 g/100 ml GOS and 0.2 g/100 ml 

GOS:FOS treatments display significantly increased OD values, compared to the 

1/5th TSB control ( p = 0.00167 and p = 0.04573 respectively). However, for S. 

aureus, although the 0.8 g/100 ml GOS:FOS treatment is lower than that of the 

1/5th TSB control, for E .coli it is significantly lower (p = 0.00062). By 48 h, every 

single treatment is significantly lower than that of the 1/5th TSB control, perhaps a 

result of nutrient limitation stimulating biofilm development (p-values in order of 

appearance on graph from left to right for 48 h time point: p = 0.01050, p = 

0.01050, p = 00053, p =0.01574, p = 0.00017 and p < 0.00001).  
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Figure 32. Mean (SD) Optical density values of crystal violet stained biofilms 
produced by the bacterial strain C. sakazakii grown full-strength TSB, compared 
within 1/5th concentration TSB, supplemented with GOS and/or FOS at 
concentrations; 0.2 g/100 ml or 0.8 g/100 ml. p-values as indicated by ns = p > 0.05, 
* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001, n = 10. 

Unlike the previous 2 species, the OD results for C. sakazakii growth in 

oligosaccharide supplemented media (Figure 30.), display significantly decreased 

biofilm formation at both 24 h and 48 h, for full strength TSB media, compared to 

1/5th concentration TSB (p = 0.02886 and p = 0.00012 respectively). At both 24 h 

and 48 h, all treatments containing GOS (0.2 g/100 ml, 0.8 g/100 ml GOS and 0.2 

g/100 ml, 0.8 g/100 ml GOS:FOS)  are significantly higher than that of the 1/5th 

concentration TSB (significance for all was p < 0.00001, except 0.2 g/100 ml GOS at 

24h where p = 0.00053). Whereas, the medium containing FOS alone (0.2 g/100 ml 

and 0.8 g/100 ml FOS), have no significant effect on biofilm formation.  
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Figure 32. Mean (SD) Optical density values of crystal violet stained biofilms 
produced by the bacterial strain L. brevis grown full-strength TSB, compared within 
1/5th concentration TSB, supplemented with GOS and/or FOS at concentrations; 0.2 
g/100 ml or 0.8 g/100 ml. p-values as indicated by ns = p > 0.05, * = p ≤ 0.05, ** = p 
≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001, n = 10. 

 
OD values obtained for L. brevis (Figure 31.), display that reducing the strength of 

the TSB growth media, has a significant impact on biofilm formation, at both 24 h (p 

< 0.00001) and 48 h (p < 0.1152). After 24 h, there is a significant increase in 

recorded OD values for the treatments 0.8 g/100 ml GOS (p = 0.00005), as well as 

both 0.2 g/100 ml and 0.8 g/100 ml GOS:FOS (p < 0.00001 and p = 0.00002 

respectively). There is also an apparent significant decrease, upon the addition of 

0.8 g/100 ml FOS to the media, at 24 h (p = 0.00088). At 48 h, the 0.8 g/100 ml GOS 

treatment has a higher average mean OD than that of the 1/5th TSB at this time 

point, but not significantly so. Treatments that displayed significant increases at 24 

h (0.2 g/100 ml and 0.8 g/100 ml GOS:FOS), now display a significant decrease in 

OD (p = 0.00002 and p = 0.00004 respectively). The 0.8 g/100 ml FOS treatment 

remains significantly lower than the 1/5th TSB control (p < 0.00001).  
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Figure 33. Mean (SD) Optical density values of crystal violet stained biofilms 
produced by the bacterial strain P. aeruginosa grown full-strength LB, compared 
within 1/5th concentration LB, supplemented with GOS and/or FOS at 
concentrations; 0.2 g/100 ml or 0.8 g/100 ml. p-values as indicated by ns = p > 0.05, 
* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001, n = 10. 

The results generated for P. aeruginosa, Figure 32., again display a significant 

decrease in biofilm formation, at both 24 h (p = 0.002698), and 48 h (p = 0.00004), 

when the strength of the laboratory growth medium is decreased to 1/5th 

concentration. The only treatment, at both 24 h and 48 h, that significantly 

increased the OD value was the 0.8 g/100 ml GOS:FOS treatment (p = 0.02290 and 

p < 0.00001 respectively). At 48 h, all other treatments had a higher mean OD value 

than that of the 1/5th LB control, however these increases were determined non-

significant. 
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Discussion. 

Comparison of Infant Formula as a Growth Media for Potentially 

Pathogenic Bacteria. 

For all bacterial strains tested, growth in the powdered infant formula, produced 

the lowest CFU/ml values, at both the final and penultimate time points. Whereas, 

for three out of the five strains tested, the premixed infant formula, resulted in the 

highest recorded CFU/ml values. Visual analysis of the graphs suggests the 

premixed infant formula provides the best growth media, for the majority of 

strains. This may be explained by the fact that this media contains, among other 

supplements, prebiotics. Its nutritional content per ml is also much higher than that 

of the powdered infant formula (See nutritional composition list in supplementary 

materials Table S1.). Human milk oligosaccharides (HMOs) are a diverse family of 

unconjugated glycans, found in abundance within human breast milk, with 

prebiotic capabilities (Bode, 2012). These prebiotic oligosaccharide compounds, as 

well as being a major component in human mothers’ milk (Kunz et al, 2000), have 

been shown to be able to beneficially alter the microbiota of infants (Boehm et al, 

2004), perhaps by stimulating the growth of beneficial microorganisms. Studies 

have demonstrated that certain ‘beneficial’ microorganisms, for example 

Bifidobacterium spp, contain genes encoding enzymes specifically required for HMO 

digestion (Garrido et al, 2013). By reinforcing these beneficial populations, the aim 

of prebiotic usage, in neonates and new-borns, is to shift the dynamics of the 

developing microbiome, to a more favourable developmental pattern. This may be 

required when it is suspected that an individual’s microbiome development may be 

hindered, such as in those not fed maternal breast milk, or those receiving 

antibiotics, two factors known to alter the gut microbiota (Dudek-Wicher et al, 

2018). Not only do HMO express ‘beneficial’ effects on endogenous microbes, but 

can also act as decoy receptors, preventing bacterial pathogens from binding to 

host gut epithelial cells (Ruiz-Palacois et al, 2003). 

 

 Conversely, it has also been previously suggested that some prebiotic supplements 

may simply simulate growth in the generic indigenous population (Roberfroid, 
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2007). Perhaps it is through a combination of promotion of ‘beneficial’ microbial 

communities, and modifying host responses to pathogens, through which these 

compounds exert their influence. If both mechanisms are required for the desired 

clinical impact, further studies should be conducted on prebiotic compounds in 

vitro, to analyse if they are able to promote growth of pathogenic, or potentially 

pathogenic, opportunistic, microorganisms.  

 

The fact that the premixed infant formula also induced the lowest recorded CFU for 

L. brevis (Figure 17.), out of all medias tested, suggests that there is a factor other 

than the oligosaccharides causing the premixed media to generate the highest CFU 

values. The increase CFU values for this media, may simply be a result of the 

increased viscosity of this media, in comparison to the others. Higher numbers of 

bacterial cells may have been clumping together resulting in higher plate counts.  

 

Whilst the addition of prebiotics may be desirable in situations where there are 

already beneficial species present (e.g. the ‘healthy gut’), in an environment where 

there is perhaps no beneficial species, only potentially pathogenic species, this 

enhancement of bacterial growth could be detrimental. It could potentially 

promote the growth and replication of any pathogenic species present. In intubated 

infants, not receiving probiotic rich breast milk, the tubes may instead only be 

colonised by potential pathogens. If prebiotic supplemented ‘sterile’ alternative 

feeds are then administered to these individuals, through the contaminated tubes, 

the result could be the reinforcement of these ‘negative’ microbial populations. 

 

While OD measurements provide a valuable tool in analysing both planktonic and 

biofilm (biomass) microorganisms growth, due to their simple set up and extremely 

high throughput, drawing conclusions based on such measurements should be 

made lightly, as they are not an exact representation of cell division or biofilm 

formation. For exact quantification, and comment, of the impact of the afore 

mentioned prebiotic compounds on specific microorganism’s growth profiles, both 

planktonic and biofilm forming capabilities, future studies should be conducted 

using a more exact method, such as colony forming unit counts. 



 

 110 

pH Experiments. 

As mentioned in Chapter 1, neonates are extremely susceptible to gastric reflux. 

Several factors may induce this, ranging from their immature oesophageal tract, 

supine posture naturally adopted in cots, or because of the high frequency of large 

feed volumes (Corvaglia et al, 2013). Imbalances in the pH of their stomach 

contents is also attributed to reflux, resulting in health care professionals often 

prescribing antacids as treatment (Palla et al, 2018). Given this, it is no surprise that 

the pH of the stomach contents is constantly monitored, often being measured 

before every feed via aspiration. Careful monitoring of the gastroesophageal pH has 

been suggested as the most effective method for diagnosing GERD (Grant and 

Cochran, 2001). Perturbations to the pH of the neonatal stomach environment, can 

also have significant impacts upon infant wellbeing. Highly acidic gastric contents 

can impact nutrient absorption, through denaturing proteins and inactivating 

stomach enzymes required for digestion (Dallas et al, 2012). It can also impact drug 

stability and absorption (Fernandez et al, 2011. Tayman et al, 2011). It has also 

been suggested that higher pH’s may facilitate bacterial colonisation (Polacek and 

Ellison, 1966). This may be as, ‘beneficial’ microorganisms, are known to thrive at 

lower acidities, while endogenous microorganisms are inhibited (Matinsen et al, 

2004. Moles et al, 2017). It has long been established that the gastric contents of 

newborns, at birth, is relatively neutral (Avery et al, 1966). Following birth, the pH 

begins to decrease, although the length of time this takes is still debated (Batchelor 

and Marriott, 2015), perhaps due to the inherent variability in infant care regimes 

preceding birth. Residual liquid, within an NGT, may also bias pH values obtained 

when taking aspirate readings, if aspirate is collected from the tube. Given that 

gastrointestinal pH is such an important factor in this population, it is interesting to 

note that both infant formula utilised through these sets of experiments had no 

documented standard manufacturers pH. The pH of powdered infant formula is of 

course dependent on the pH of the water used to reconstitute the powder, but 

with the pH of standard tap water in England varying between 6.5 to 9.5 pH units 

(acceptable range dictated by the EU COUNCIL DIRECTIVE 98/83/EC of 3 November 

1998 (European Commission, 1998) on the quality of water intended for human 
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consumption) depending on geographical location, this produces huge variability in 

its potential influence on gastric pH.  

 

The release of metabolites will induce pH changes in a given media. The above 

experiments demonstrate that, not only can certain bacteria, commonly isolated 

from NICUs, induce pH changes to their growth media, but also induce different 

patterns of pH change, depending on media type. The reduction in pH induced by 

some of the microorganisms analysed, is unsurprising given their metabolic profiles. 

E. coli is capable of mix-acid fermentation, in which it converts carbon sugars into a 

number of acids, including; acetate, lactate and formate (Clark, 1989); this would 

explain the pH changes induced by this strain. Conversely, P. aeruginosa, which 

continuously displayed little-to-no pH alterations to its medias, favours respiration 

to generate energy. It does so by transferring electrons from glucose to oxygen, and 

hence avoiding production of acid products (Rabaey and Verstraete, 2005). 

However, given that an acid environment is more favourable in the infant stomach, 

as it prevents endogenous microorganism overgrowth (as previously mentioned), if 

P. aeruginosa induced an increase in gastric pH, this too could have a clinical 

impact.  Given that gastric pH has been shown to be initially altered following 

feeding, before gradually re-stabilising (Omari and Davidson, 2003), If contaminated 

feeds induced greater, or longer lasting pH imbalance, this could result in clinical 

complications, such as feeding intolerance or GERD.  

 

Whilst tube blockage is often mentioned within the literature (Niji and Cahill, 2010. 

Williams, 2008), with some studies analysing best methods for ‘de-clogging’ 

(Dandeles and Lodolce, 2011), little information is provided about the associated 

costs and complications of blocked devices, within the neonatal population. It was 

also observed within these experiments, and indeed in subsequent experiments, 

utilising the same bacterial species and medias, that certain species (namely C. 

sakazakii and S. aureus) induced solidification of the premixed infant formula 

media. This solidification correlates with the decrease in pH of the medias, from the 

pH monitoring experiments. This could potentially explain why NGT blockage is 

sometimes observed within neonatal units. Solidified formula deposits may also 
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provide a protected replicative niche for potentially pathogenic microorganisms, 

that have contaminated the devices. This is especially concerning, as if these 

deposits were to slough away from the lumen, they would flow directly into the 

infant’s stomach - increasing the likelihood of infection. Also, potentially altering 

the pH balance of the infant’s stomach, increasing the risk of further 

gastrointestinal problems. This also has the potential to induce gastric reflux, 

resulting in the potentially pathogenic organism, just carried into the stomach, 

being deposited throughout the gastroesophageal tract, as well as the outer surface 

of the NGT. The NGT exterior could then provide an abiotic replicative niche, similar 

to the lumen of the tube, providing direct contact to host tissues for colonisation, 

or even infection and invasion. Not only this, but alteration of the stomach 

content’s pH could result in feeding intolerance, a phenomenon linked to both 

neonatal morbidity and mortality (Moore and Wilson, 2011). Feeding intolerance, 

the inability to successfully tolerate and digest successive feeds, often results in 

frequent vomiting (Cizmeci et al, 2013. Lucchini et al, 2011). This can result in 

disruption to normal feeding and, as mentioned within Chapter 1, may result in 

reduced weight gain, an important estimator of clinical progression. 

Effect of Prebiotic Oligosaccharide Compounds on Bacterial Growth and 

Biofilm Formation. 

The first set of OD experiments, utilising full strength standard laboratory medias, 

displayed very little difference between the control and oligosaccharide 

supplemented treatments. This is not surprising, given that these medias have been 

specifically created for optimal growth, so supplementation with additional carbon 

sources, in this case oligosaccharides, may have had no impact on growth rate. The 

OD curves within 1/5th strength media appear to suggest that, at least some of the 

bacteria tested, can utilise the oligosaccharides as a carbon source for growth, 

within a planktonic state. The crystal violet experiments then demonstrated that 

these supplements can influence biofilm formation and development. 

The addition of GOS, to the growth media of C. sakazakii, not only resulted in 

increased planktonic growth over a short period, (Figure 26.) but also significantly 

increased biofilm production, over a 48 h period (Figure 31.). As mentioned within 
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Chapter 1, C. sakazakii gained infamy after being found as a contaminant of 

dehydrated infant formula. If the addition of oligosaccharide, prebiotic compounds, 

to infant formula, is able to induce increased replication rates of potentially 

pathogenic species, this underpins the importance of surveillance and sterility, in 

the manufacturing, packaging and re-constitution of such products. High 

concentration GOS supplementation (0.8 g/100ml), also appeared to stimulate L. 

brevis growth and biofilm development (Figure 32.). This is not surprising, as it has 

been documented that Galacto-oligosaccharides can stimulate growth of 

lactobacilli species (Martinez et al, 2013). 

 

The supplementation of infant feeds, with prebiotic compounds, is becoming 

increasingly common. As mentioned previously, the addition of compounds that 

facilitate the growth of beneficial microbes, without the risk of adverse events 

induced by adding live microorganisms to feeds, provides beneficial therapeutic 

opportunities. Indeed, their ability to beneficially shift the gastrointestinal 

microbiome of formula fed infants, to one resembling breast milk fed infants, is 

becoming more well documented (Vandenplas et al, 2015). They may also decrease 

gastrointestinal pH, creating an environment unfavourable to pathogenic strains 

(Holscher et al, 2012. Topping and Clifton, 2001). However, many studies focus on 

their ability to increase ‘beneficial’ bacterial species growth (Watson et al, 2013), 

paying little credence to their ability to stimulate potentially pathogenic species 

growth. One study, demonstrating the ability of a newly synthesised probiotic 

oligosaccharide to stimulate probiotic bacterial growth, also tested the compound 

as a carbon source for a selection of non-probiotic strains (Oh et al, 2019). Within 

this study, although most of the non-probiotic strains’ growth profiles were 

decreased, in comparison to a glucose carbon source, certain potentially 

pathogenic strains, including but not limited to; S. aureus, E. coli and Clostridium 

perfringes, were still able to utilise this prebiotic compound for growth. Not only 

this, but the strain of S. aureus utilised appeared to grow better in a media 

containing a β-GOS prebiotic compound, previously purified by the same team (Oh 

et al, 2017), than within one containing glucose. If contamination of an NGT were to 

occur, with only potentially pathogenic bacterial species, the addition of 
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compounds that could increase their growth, could be detrimental to the infant’s 

health. The ability of new, and existing, prebiotic compounds to stimulate growth of 

potentially pathogenic strains should be analysed, to allow clinicians to identify 

situations in which they should be selected against - such as infants not receiving, 

probiotic rich, breast milk, or suspected of having an already compromised 

microbiota. 
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Chapter 4 
 

Laboratory Based Models in the Analysis of Biofilms on 

Nasogastric Tubes. 

Introduction. 

The previous chapters provided information on how different, clinically used, infant 

formula, are able to influence the formation of a conditioning layer on NGTs - as 

well as the growth patterns of a selection of potentially pathogenic bacteria. The 

next aim was to understand how these factors influence the formation of biofilms, 

upon clinically used nasogastric tubes. We will also be looking at how the different 

material types may influence biofilm formation, of the various potentially 

pathogenic strains. Static models provide an extremely useful initial tool in the 

analysis of biofilms (Merritt et al, 2005). A relatively simple set up, allowing for 

adaptation, to analyse biofilms in a variety of scenarios. They also allow for analysis 

of multiple factors, including; direct visualisation of live cells, or fluorescently 

stained cells, as well as numerical quantification, via viability counts.  

 

Creating representative laboratory models is also an important step in microbial 

research (Coeyne and Nelis, 2010). While they may not be completely 

physiologically representative of a real-world scenario, in some instances, such as 

neonatal feeding, some investigations in situ are completely unfeasible. Creating 

models within a laboratory setting allows for manipulation of the system, as well as 

the ability to control many variables that would be otherwise not possible.  

 

The environment, created within an NGT through feeding, is far from static. The 

previous sections looked to understand how the medias, that commonly pass 

through the tubes, may impact bacterial adhesion and biofilm formation. The latter 

section of this chapter focuses on creating a representative flow feeding model, to 

simulate contamination and subsequent biofilm formation, upon nasogastric tubes, 

in a laboratory setting. Modelling and analysing biofilms under flow conditions is 
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critical, as fluid flow is well known to influence cell adhesion, biofilm formation and 

development (Busscher and Van der Mei, 2006. Nadell et al, 2017).  

Whilst there are currently no UK guidelines on optimal nutrition, the 2010 

European Society for Paediatric Gastroenterology, Hepatology and Nutrition 

(ESPGHAN) guidelines (Agostoni et al, 2010), are often used to help create local 

practices. The specifics, on macro and micronutrient intake, as well as volume of 

feed per day, are highly dependent on the individual’s characteristics. The creation 

of a representative model of feeding, would provide the ability to analyse how 

different feeding regimes affect contamination and subsequent biofilm 

development, within these devices. Without the risks associated with testing on 

patients. Not only this, but the model could be used to test new feeding devices, 

tube materials and care practices. 

Materials and methods. 

Generation of Static Monospecies Biofilm Models. 

Overnight cultures were created by transferring 1 cryo freezer bead, 

from pure bacterial freezer stock (-80°C), into 15 ml sterile TSB within a 50 ml 

Falcon tube, for C. sakazakii, S. aureus and E. coli. LB was used for the P. 

aeruginosa PA01 strain. Tubes were incubated for 24 h in a shaking incubator (100 

rpm) at 37°C. Cultures were diluted to approximately 106 CFU/ml in sterile TSB or 

LB, Nutriprem-1 (sterile premixed infant formula) and Pepti-Junior (partially 

hydrolysed powdered infant formula) growth medias, to create inoculum 

mixes. Powdered infant formula was mixed according to manufacturer’s guidelines, 

as described in Chapter 2. Nasogastric tubes used within the experiment 

were: Maxter-catheters Feeding tube infant 10 fr x 120 cm purple male luer lock 

polyurethane (PU) unweighted, Maxter-catheters Feeding tube infant Purple tube 8 

fr 120 cm polyvinyl chloride (PVC) and Maxter-catheters Feeding tube infant 10 fr x 

85 cm purple male luer lock silicone weighted, all purchased from NSH Supply Chain 

and commercially available to clinicians. NGTs were removed from sterile 

packaging, within a sterilised MSC. Tubes were cut into approx. 1 cm pieces and 

each piece cut in half, to expose the tubes lumen. Tube pieces were aseptically 

transferred into the wells (3 per well) of a sterile 6 well plate. Each well was 
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labelled with respective time point and treatment (Either PU, PVC or Sil for time 

points 1, 3, 6 and 9 days), and 4 ml of inoculum mix was pipetted into each well. 

Control wells, containing sterile, un-inoculated, growth media and tube pieces were 

included. This process was repeated for all tube types (PU, PVC and Sil). Separate 

plates were established in which Nutriprem-1 and Pepti-Junior formulas replaced 

the TSB growth media. Plates were placed into a gently shaking (50 rpm) incubator, 

until designated time points. Every 24 h, spent media was gently pipetted out of 

each well, discarded and replaced with fresh sterile growth media. 

Determination of Colony Forming Units from Nasogastric Tubes. 

At designated time points, plates were removed from incubation. Spent media was 

gently removed from designated wells. Sterile PBS was used to gently rinse tube 

pieces, before being discarded. Tube pieces were aseptically transferred, using 

sterile forceps, into a Universal tube, containing 5 ml of PBS and autoclaved glass 

beads. Universal tubes were vortexed for 2 mins, to dislodge biofilms. After 

vortexing, dilution series from 10-1 – 10-8 were created and spot plated (3 x 20 µl). 

Spotting was conducted in triplicate, to create n = 3. Plates were allowed to air dry, 

before being turned upside down and placed into a static incubator (37°C) for 24 h, 

under aerobic conditions. CFUs were counted and values input into data analysis 

software GraphPad Prism (7.0 for Mac OS X, GraphPad Software, Inc., US) ) for 

quantification. Numerical values generated represent number of CFUs generated 

from a 1cm segment of NGT, cut in half to expose the lumen.  

DAPI Staining of Biofilms upon NGTS. 

The stain, 4ʹ,6-diamidino-2-phenylindole (DAPI), was utilised for direct visualisation 

of bacterial cells. After 24 h growth of bacteria, following protocol, previously 

mentioned, for ‘Generation of Static Monospecies Biofilm Models’, NGTs were 

removed from inoculated wells and rinsed with sterile DH20 three times, to remove 

planktonic cells, before being placed into the lid of a sterile 5.5 mm petri dish. DAPI 

stock solution was diluted to a working concentration of 10 mg/ml within DH20. A 

50 µl volume working solution of DAPI was pipetted into the exposed lumen of the 

NGT and left to bind in the dark, at room temperature for 15 min. Fluorescently 
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stained NGT pieces were rinsed thrice more, with DH20, to remove excess dye and 

imaged, alongside non-stained control NGT pieces. 

Episcopic Differential Interference Contrast (EDIC) Microscopy of 

Contaminated Nasogastric Tubes. 

At designated time points, spent media was removed from the wells and discarded. 

Tube pieces were gently rinsed with PBS, before imaging using an Episcopic 

Differential Interference Contrast (EDIC) / Epifluorescence (EF) Nikon Eclipse 

LV100D microscope, with a metal halide light source (EXFO X-CITE 120 fluorescence 

system) and a high resolution QImaging Retiga EXi Cooled Digital CCD monochrome 

camera, with an RGB colour filter module. Images were captured and processed 

using ImagePro software. Images captured were analysed using ImageJ image 

analysis software. Other tube pieces, subject to the same experiment conditions, 

were set up and visualised using Differential Interference Contrast (DIC) 

microscopy. Due to curvature of the tubes, multiple images were taken over a 

range of focus, to create an “extended depth of field” view that allowed 

visualisation of depth. Image analysis was conducted using ImageJ, a java-based 

image processing program. For fluorescent visualisation of DAPI stained cells, NGTs 

were analysed utilising an ultraviolet light filter (Excitation range 405 – 420 nm and 

Emission range 460 – 450 nm). 

Simple Flow Model for Simulating Biofilm Formation upon Neonatal 

Nasogastric Tubes under Flow Conditions. 

Overnight cultures were created, according to previously stated methods. NGTs 

were removed, from sterile clinical packaging, and both ends removed with sterile 

scissors. Autoclave sterilised, 1/8 vs 1/8 and 1/8 vs 1/16 connectors, were attached 

to the exposed ends. Outlet ends of the NGTs were attached to sterilised silastic 

tubing and fed into a waste media bottle. Inlet ends were attached to a piece of 

sterilised silastic injection tube, then attached to Gilson 3.18 mm PVC peristaltic 

tubing, with two retaining stops. This was then attached to the pump head of a 

Gilson minipuls 4 peristaltic pump. Pump clamps were then engaged, to prevent 

backflow through system. The peristaltic tubing was connected to a sterile media 

bottle, containing either the standard laboratory media (different for each species), 
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premixed infant formula (Nutriprem-1), or powdered infant formula (Pepti-Junior – 

mixed according to manufacturer’s guidelines). The peristaltic pump plug was 

connected to a digital on/off timer plug, then attached to a live plug socket. The 

digital timer plug was programmed to turn “on” ever 2 h, for exactly 1 minute, to 

simulate a “feed” of 10 ml, every 2 h. Peristatic pump was programmed to 

“autostart” function and rpm set, following manufacturer’s guidelines, to generate 

a flow rate of 10 ml/min, for each line. Under these conditions, 10 ml of growth 

media was passed through the system every 2 h, to simulate regular bolus feeding. 

Once the system was closed, NGTs were submerged in a water bath, set to a 

constant temperature of 37°C, to simulate an infants’ stomach environment, refer 

to Figure 33, for visual representation. 

 
Figure 34. Visual representation of enteral feeding tube flow model. 

Pump was primed, to fill the system, and 1 ml bacterial inoculum, at 108 CFU/ml, of 

either C. sakazakii, P. aeruginosa, S. aureus or E. coli was injected into the silastic 

injection tube. The system was left to run through time points 6 h, 24 h, 48 h 72 h, 

96 h and 120 h. At designated time points the system was clamped, at the media 

bottle end, to prevent back flow and residual liquid within the tube, was passed 

into the waste bottle. NGTs were then removed from the system and outsides 

decontaminated with 70 % ethanol, to remove external contaminants. Following 

previous protocols, for CFU count quantification, 1cm segments were removed 

from the NGT, at 3 locations along the tube, with sterile scissors, then cut 

longitudinally to expose the lumen.  Both sections, of the 1 cm segments, were 

placed into a 30 ml universal, containing 5 ml PBS and autoclave sterilised glass 

beads. Universal tubes, containing tube segments, were vortexed for 2 mins, to 
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dislodge adhered cells. Serial dilutions were completed and dilutions plated prior to 

incubation for 18 - 24 h at 37°C, under aerobic conditions, before CFU values were 

counted. CFU values are presented as CFUs per 1 cm of the NGT (lumen) or CFU/cm 

and analysed through GraphPad Prism software (7.0 for Mac OS X, GraphPad 

Software, Inc., US) to calculate mean and standard distribution. DIC images were 

acquired for each of the time points, following previously stated protocols. 

Results. 

Static Growth Model for Analysis of Biofilm Development on Clinically 

used Nasogastric Tubes. 

DIC Visualisation of Cronobacter sakazakii Biofilms upon NGTs. 

Representative DIC images, of C. sakazakii biofilms, forming on PU NGTs, in the TSB 

(Figure 34. A, B, C and D), premixed infant formula (Figure 34. E, F, G and H) and 

powdered infant formula (Figure 34. I, J, K and L), at the time points 1, 3, 6 and 9 

days (starting from the left of the image), are displayed in Figure 34. As can be seen 

for the TSB series, bacterial clusters appeared to be gradually forming, upon the 

surface of the PU NGT. The characteristic surface topography, of the PU NGT, is still 

clearly visible, despite biofilm formation, even at day 9, when the entire surface 

appeared to be covered. For the premixed infant formula series, at the first two 

time points (1 day and 3 days), the media appeared to coat the surface of the NGT. 

The characteristic surface appearance was still visible at these times, but was 

covered in a conditioning layer. This layer appeared to increase as the time points 

increased. This may be a result of solidification of the premixed formula 

(highlighted by white arrow in Figure 35.H.), due to a drop in pH, as will be 

discussed in later sections. The powdered infant formula also appeared to form a 

layer upon the tubes, despite a lack of solidification of the media, throughout the 

experiment.  This layer displayed a number of “oily” patches (highlighted by the 

arrow in Figure 35.L.) that increased in size and frequency at each subsequent time 

point. 
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Figure 35.  Representative DIC Images of the PU NGT contaminated with C. 
sakazakii grown in the medias TSB (A, B, C and D), premixed infant formula (E, F, G 
and H) and powdered infant formula (I, J, K and L), over the time points 1, 3, 6 and 9 
days (from left to right respectively). White arrow in image H highlights solidified 
deposits, white arrow in image L highlights ‘oily’ deposit. Scale bars set to 50 µm. 

A similar trend, to that observed upon the PU tubing, is displayed in the PVC tubing, 

in Figure 35. For the TSB series, on the PVC tubing (Figure 35. A, B, C and D), there 

was less defined biofilm formation, than that observed on the PU tubes. This may 

be as the surface was rougher, and so the bacteria were less able to form 

continuous colonies, instead forming within and around “bumps”. Similar formation 

of continuous layers, in the premixed media, was observed on the PVC tube (Figure 

35. E, F, G and H), but noticeably less densely, as the surfaces texture was more 

clearly visible after the 9 days. Again, the powdered infant formula media appeared 

to create an “oily” layer upon the surface, but to a greater degree than that 

observed on the PU NGT (highlighted by white arrow in Figure 36.L.). Unlike with 

the PU NGT, where the premixed media appeared to create circular “oily” patches, 

on the PVC NGT it was a continuous layer, with potential biofilms deposits forming 

within. 
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Figure 36. Representative DIC Images of the PVC NGT contaminated with C. 
sakazakii grown in the medias TSB (A, B, C and D), premixed infant formula (E, F, G 
and H) and powdered infant formula (I, J, K and L), over the time points 1, 3, 6 and 9 
days (from left to right respectively). White arrow in image L highlights ‘oily’ 
deposit. Scale bars set to 50 µm. 

C. sakazakii growth upon the Sil NGT is displayed in Figure 36. Within the TSB media 

(Figure 36. A, B, C and D) bacteria immediately spread across the tube surface 

creating a lattice work structure. After 3 days (Figure 36. B), the distinct 

colonisation pattern had disappeared. The tube surface is instead almost 

completely covered by a thin layer of bacterial cells. By day 6, there were more 

condensed structures, with large areas appearing minimally colonised. At the final 

time point, there were still the pronounced colonies, but they had thickened and 

increased in size. Formation of a thick continuous layer in the premixed media 

(Figure 36. E, F, G and H), at all time points, was once again observed (solidified 

deposit highlighted by white arrow in Figure 36.F.). It was noted that there were 

increased “clumps” of media at the latter time points, for the Sil NGT. The 

powdered infant formula (Figure 36. I, J, K and L) created a layer similar to the PU 

tubing, but less “oily” than that of the PVC NGT. There were also areas where no 

layer was formed and the tube’s surface was clearly visible. 



 

 123 

 
Figure 37. Representative DIC Images of the Sil NGT contaminated with C. sakazakii 
grown in the medias TSB (A, B, C and D), premixed infant formula (E, F, G and H) 
and powdered infant formula (I, J, K and L), over the time points 1, 3, 6 and 9 days 
(from left to right respectively). White arrow in image F highlights solidified IF 
deposit. Scale bars set to 50 µm. 

CFU Counts from Cronobacter sakazakii. 

The mean Log10 CFU counts obtained from the C. sakazakii static growth 

experiments within TSB, premixed infant formula and powdered infant formula, are 

displayed in Figure 37. The CFU counts within the TSB media (left), remained 

relatively constant across all time points. There was a marginal increase in CFU 

values, for all 3 material types, over the first time period (day 1 to day 3), and PU 

across the second time period (day 6 to day 9). However, over the course of the 

whole experiment (9 days in total), the only tube type to see a noticeable change 

was the PVC tube. A similar trend was seen with the powdered infant formula 

(right). Within the powdered infant formula, both the PVC and Sil NGTs, displayed a 

Log fold increase from the first to last time points. Within the powdered infant 

formula, the CFU counts for the PU tube, appeared to remain relatively constant 

across all time points. 
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Figure 38. Mean Log10 CFU counts obtained from static growth model experiments 
for the PU, PVC and Sil NGTs inoculated with C. sakazakii grown in TSB (Standard 
laboratory growth media for this species) (left), premixed Infant Formula (middle) 
and powdered Infant Formula (right), n = 3. 

The CFU values for the premixed infant formula (middle), displayed a general trend 

of increasing at each time point. All material types displayed over a Log fold 

increase, from the first to the last time point, with the PVC NGT displaying an over 

2-Log fold increase. The CFU values for the PU tubing decreased slightly from the 

first, to second time point, as did those for the Sil NGT, going into the last time 

point (day 6 to day 9). Other than these, at all time points, with all tube types, the 

CFU values increased with time. This increase over each time point may have been 

a result of solidification of the media, as will be discussed in later sections. 

DIC Visualisation of Staphylococcus aureus Biofilms. 

S. aureus biofilm formation upon PU NGTs (Supplementary materials Figure S8.), 

within TSB (Figure S8. A, B, C and D), followed a similar trend to that of C. sakazakii. 

There was initial colonisation, leading to almost complete surface coverage, before 

more distinct colonies begin to form at the latter time points. However, S. aureus 

appears to form much more slowly, as at the first time point, and indeed for all 

media and NGT materials, there was much less visible coverage of the surface than 

with C. sakazakii. This slower formation was also seen with the premixed infant 

formula media (Figure S8. E, F, G and H). Unlike with C. sakazakii, S. aureus did not 

cause solidification for the premixed infant formula. Although from the DIC images 

it could be seen that clumping of the formula, upon the tubes surface, did occur. 

Instead of being a consistent solid layer of formula upon the tube surface (see with 

C. sakazakii in Figure 33. E, F, G and H), for S. aureus it was dispersed ‘clumps’. S. 
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aureus within the powdered infant formula, upon the PU NGT (Figure S8. I, J, K and 

L), again appeared to cause the formation of “oily” patches upon the surface.  

 

S. aureus, upon the PVC NGT, displayed in supplementary materials Figure S9., 

grown in both the powdered and premixed infant formula, displayed a similar trend 

to that seen on the PU tubing. There was a small degree of formula clumping on the 

first day, increasing as time increases. Within the TSB media, there appears to be 

distinct difference in the final time points (Figure S9. C and D), on the PU tubes. 

There was complete surface coverage at day 6, and then the formation of more 

distinct and structure colonies at day 9. With the PVC tubes, this trend appeared to 

be reversed. 

 

S. aureus on the Sil NGT (Supplementary materials Figure S10.), again displayed 

similar trends, in terms of images and biofilm formation, for the premixed and 

powdered infant formula media (Figure S10. E, F, G and H and Figure S10. I, J, K and 

L respectively), as to those observed on the PU and PVC NGTs. Within the TSB 

media, the biofilm formation on Sil, appeared to follow a similar trend to that of the 

PU NGT, at the last 2 time points (day 6 and 9). There was almost complete surface 

coverage at day 6. By day 9 this layer had thickened, with distinct colonies 

appearing across the surface (small circular black patches). 

CFU Counts for Staphylococcus aureus.      

 
Figure 39. Mean Log10 CFU counts obtained from static growth model experiments 
for the PU, PVC and Sil NGTs inoculated with S. aureus, grown in TSB (Standard 
laboratory growth media for this species) (left), premixed Infant Formula (middle) 
and powdered Infant Formula (right), n = 3. 
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CFU counts for S. aureus can been seen in Figure 38. Within TSB, for both PU and 

the Sil NGTs, there was a progressive increase in CFU values recorded over time. For 

the PVC NGT, after an initial 2-Log fold increase from the first to second time point, 

there was then over a Log fold decrease in CFUs from day 3 to day 6. However, by 

day 9 (final time point), the CFU values had recovered to reach their highest level. 

For the premixed infant formula, the CFUs values all appeared to increase with each 

subsequent time point, for each tube type, except for one data point. For the PU 

NGT, there was a 3-Log fold increase in the CFU value from day 3 to day 6. By the 

final time point (day 9), this had hugely decreased, back to a value more in trend 

with the other material types, at this time point. The Log values generated at the 

latter time points, through the premixed infant formula experiments for S. aureus, 

appeared to be much lower than those that the standard laboratory media, and 

indeed to the powdered infant formula, as will be discussed in later sections. 

 

The powdered infant formula, inoculated with S. aureus, generated CFU values 

more comparable to that of the TSB media, than those of the other (premixed) 

infant formula. However, the trend of generally increasing over each time point, 

seen with the powdered infant formula, was less defined. For the PU NGT, there 

was a large increase (2-Log fold increase), from the first (day 1) to second (day 3) 

time points. At all the subsequent time points, despite increasing, the values were 

very close (within 1-Log fold unit). For the PVC NGT, in the powdered infant 

formula, there was over a 3-Log fold increase from the first (day 1), to the second 

(day 3) time points. From the second (day 3), to third (day 6) time points, there was 

less than a Log fold increase, but then from the third (day 6), to fourth and final 

time point (day 9), there was again over a Log fold increase. Overall, for the PVC 

tube, within the powdered infant formula, inoculated with S. aureus, there was 

over a 5-Log fold increase, from the first to last time points.  

 

For the Sil NGT, within the powdered infant formula, there was again a 3-Log fold 

increase from the first (day 1), to the second (day 3) time points. There was also 

then, almost a 2-Log fold increase, from the second (day 3), to the third (day 6) time 

points. However, from the third (day 6), to last time point (day 9), there was a huge 
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reduction (3-Log fold) in CFU values. Decreasing to a mean value lower than that of 

both the second (day 3) and third (day 6) time points.  

DIC Visualisation of Escherichia coli Biofilms. 

E. coli, grown within the TSB media, on the PU (Figure 39. A, B, C and D), PVC 

(Figure 40. A, B, C and D) and Sil (Figure 41. A, B, C and D) NGTs, appear to follow a 

similar trend over the course of the experiment. Within TSB, at the initial 24 h time 

point (A), there is already a thick 3-dimensional layer, across the entire surface. By 

day 3 (B), this layer has reduced and small sections of the tube’s surface are visible. 

For all the tube types, at the day 6 time point, the biofilm has contracted, with large 

sections of the tube’s surface visible, but with large clumps of cells still within 

distinct communities (highlighted by white arrow in Figure 40.C.). By the last time 

point (day 9), for all tube types, within the TSB media, there is the re-emergence of 

a continuous surface layer.  The layer, formed on the Sil NGT at day 9, mirrors that 

formed at day 1, for this material and media type. 

 
Figure 40. Representative DIC Images of the PU NGT contaminated with E. coli 
grown in the medias TSB (A, B, C and D), premixed infant formula (E, F, G and H) 
and powdered infant formula (I, J, K and L), over the time points 1, 3, 6 and 9 days 
(from left to right respectively). White arrow in image C highlights clumped cells 
and white arrow in Image G IF solidified deposit. Scale bars set to 50 µm. 

For E. coli, grown on all three material types, within the premixed infant formula 

media, the representative images again appear remarkably similar. Even at day 1, 

for all tube types; PU (Figure 39. A), PVC (Figure 40. A) and Sil (Figure 41. A), there 
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appears to be a layer of congealed milk across the entire surface. This layer appears 

to thicken, as the clumping around the tube pieces increases over the time points 

(highlighted by white arrow in Figure 40.G and Figure 41.G.). By the final time point, 

for all tube types, the clumping has increased to such a degree that, upon removal 

of the tube piece from the 6 well plates, the NGT pieces were almost completely 

submerged within solidified formula. 

 
Figure 41. Representative DIC Images of the PVC NGT contaminated with E. coli 
grown in the medias TSB (A, B, C and D), premixed infant formula (E, F, G and H) 
and powdered infant formula (I, J, K and L), over the time points 1, 3, 6 and 9 days 
(from left to right respectively). White arrow in image G highlights solidified IF 
deposit. Scale bars set to 50 µm. 

The images generated by growth of E. coli in the powdered infant formula, for all 

material types; PU (Figure 39. I, J, K and L), PVC (Figure 40. I, J, K and L) and Sil 

(Figure 41. I, J, K and L), are also very similar to those produced by C. sakazakii and 

S. aureus. However, with C. sakazakii and S. aureus there was very little surface 

coverage at day 1, whereas with E. coli, there is the formation of this intermittent 

layer, with dispersed “oily” patches, from the first time point. Similar to P. 

aeruginosa, as will be seen in following sections. 
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Figure 42. Representative DIC Images of the Sil NGT contaminated with E. coli 
grown in the medias TSB (A, B, C and D), premixed infant formula (E, F, G and H) 
and powdered infant formula (I, J, K and L) over the time points 1, 3, 6 and 9 days 
(from left to right respectively). White arrow in Image K highlights ‘oily’ deposit. 
Scale bars set to 50 µm. 

CFU counts for Escherichia coli. 

CFU counts for E. coli, within the standard laboratory media, premixed infant 

formula and powdered infant formula, upon all NGT material types, PU, PVC and Sil, 

are displayed in Figure 42. Within the TBS media, for all tube material types, there 

is an initial increase in Log10 CFU values, from day 1 to day 3, with over a Log fold 

increase for the PU and PVC tubes. There is then a reduction in CFU values by day 6, 

correlating with the DIC images for E. coli, that displays a reduction in the 

continuous biofilm layer at this time point. There is then a resurgence of the 

recorded values, for the final day 9 time point. All values recorded at day 9, are 

higher than those at the first time point, with Sil displaying a 3-Log fold increase in 

CFU values over the course of the 9 days. 
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Figure 43. Mean Log10 CFU counts obtained from static growth model experiments 
for the PU, PVC and Sil NGTs inoculated with E. coli grown in TSB (Standard 
laboratory growth media for this species) (left), premixed Infant Formula (middle) 
and powdered Infant Formula (right), n = 3.  

The Log10 CFU values recorded from E. coli growth, within the premixed infant 

formula media, display a continuous trend of increasing over every time point, for 

every material type, with over a 2-Log fold increase in recorded CFU values for all 

material types, from day 1 to day 9. Log10 CFU values, recorded for the powdered 

infant formula, appear to display a less defined trend. For the PU NGTs, the 

recorded value increases by well over a Log fold from day 1 to day 3, and then again 

increases from day 3 to day 6, after which there is a half a Log fold reduction, by 

day 9. For the PVC NGT, the initial CFU value, at day 1, is already a Log fold higher 

than those recorded for the other material types. Throughout the time course, all 

recorded values, for the PVC NGT, remained within a Log fold of each other. The 

values recorded for the Sil material type follow a similar trend to those for the PU 

tube. After an initial, over a Log fold increase, from day 1 to day 3, there is a 

marginal decrease by day 6, followed by a resurgence by the final time point, at day 

9. Over all time points, for the Sil tube, within the powdered infant formula, there is 

over a 2-Log fold increase in CFU values from day 1 to day 9. 

DIC Visualisation of Pseudomonas aeruginosa Biofilms. 

Similar to the previous bacterial species shown, P. aeruginosa (grown in LB instead 

of TSB), upon the PU NGT (Supplementary materials Figure S11. A, B, C and D), first 

appeared to produce a continuous bacterial layer across the NGT surface. However, 

very few distinct colonies emerge, instead this layer thickened as the time points 

progressed. Perhaps a result of this strains production of EPS. P. aeruginosa did not 

appear to cause solidification of the premixed infant formula. This was reflected in 
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the DIC images for all tube types (Supplementary materials Figure. S11. E, F, G and 

H, Figure S12.E, F, G and H and Figure S13.E, F, G and H for PU, PVC and Sil 

respectively). The images of P. aeruginosa, within the powdered infant formula, for 

all tube types (Supplementary materials Figure S11.I, J, K and L, Figure S12.I, J, K and 

L and Figure S13.I, J, K and L for PU, PVC and Sil respectively), were also similar to 

the images observed for E. coli. An intermittent layer of powdered formula, with 

dispersed “oily” patches, appearing to increase in frequency and size as the time 

progressed.  
    

CFU Counts for Pseudomonas aeruginosa PA01.     
 
 

  
Figure 44. Mean Log10 CFU counts obtained from static growth model experiments 
for the PU, PVC and Sil NGTs inoculated with P. aeruginosa grown in TSB (Standard 
laboratory growth media for this species) (left), premixed Infant Formula (middle) 
and powdered Infant formula (right), n = 3.   

The results from the P. aeruginosa CFU experiments appeared to display less 

definable trends, than those of the previous species, across all tube and feed types, 

as is observed in Figure 43. The CFU values for P. aeruginosa, grown within the 

standard laboratory media LB, for all tube types, appeared to remain relatively 

constant across all time points. The Log10 values do however begin at relatively high 

numbers (all above 107 CFU). The PU and PVC tubes displayed an increase in CFU 

after 3 days (PVC over a Log fold increase), whereas the Sil displayed a decrease. 

The inverse was then seen at the subsequent time point (day 6), with the CFUs/ml 

for Sil increasing, and the PU and PVC values decreasing. At the final time point, for 

P. aeruginosa in LB, the values were very similar to those seen at the first time 
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point. P. aeruginosa did not cause solidification of the premixed infant formula, as 

was observed with C. sakazakii. However, at day 3 a distinct change in colour was 

observed in all wells, for both the powdered and premixed infant formulas, from 

green-white to dark red-brown, reasons for this will be discussed in subsequent 

sections.  

 

The initial CFU values for P. aeruginosa, within premixed infant formula, were all 

higher than those for LB at the first time point (all above 108 CFU). By the next time 

point, there was a dramatic decrease for all tube types (over a Log fold decrease for 

PU and over a 2-Log fold decrease for PVC and Sil). At day 6, both the PVC and Sil, 

CFU values increased dramatically (PVC by almost a 2-Log fold increase and Sil by 

almost a 3-Lold Log increase). Whereas, the PU tube remained closer to the value at 

the previous time point (day 3). At the final time point, for the premixed infant 

formula, the PU NGT’s CFUs increased by almost a Log fold, and the PVC and Sil 

NGT’s CFU values decreased. Similar to those of the premixed infant formula. After 

the first time point, the CFU counts for the powdered infant formula, decreased for 

all 3 NGT material types, from day 1 to day 3. From day 3 to day 6 the PVC NGTs 

CFU values made an almost 2-Log fold increase. Whereas, those for PU and Sil 

increased, by less than a Log fold. At the final day 9 recording, both the PU and Sil 

NGT’s CFU values displayed just under a Log fold increase, whereas the PVC NGT’s 

depicts a decrease. 

Direct Visualisation of Fluorescently Stained Bacterial Cells. 

Figure 44. displays DAPI stained C. sakazakii cells, upon the surface of a PU NGT, 

grown within TSB, after 24 h incubation. Figure 44. A. displays the DIC image, on 

which, structures are clearly visible, corresponding directly to fluorescently stained 

cells in Figure 44. B. Whilst it would be easy to infer that the structures in Figure 44. 

A. are cells, the fluorescent staining strengthens this hypothesis. 
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Figure 45. Representative images of C. sakazakii grown on the surface of a PU NGT, 
within TSB, for 24 h stained with 1 mg/ml DAPI. A displays the DIC image and B the 
fluorescent image. Scale bars set to 50 µm. 

 

 
Figure 46. Representative images of C. sakazakii grown on the surface of a PU NGT, 
within premixed infant formula, for 24 h stained with 1 mg/ml DAPI. A displays the 
DIC image and B the fluorescent image from the same field of view. Arrow in image 
A highlights clumped infant formula deposit, arrow in image B highlights 
fluorescently stained cell. Scale bars set to 50 µm. 

In many of the previous DIC images, of the NGTs incubated within premixed infant 

formula, there was a continuous layer observed. Representative DAPI stained 

images for C. sakazakii, grown within premixed infant formula, are displayed in 

Figure 46. The continuous layer was not consistently seen after staining, this may 

have been due to the multiple rinsing steps required in the staining protocol. 

However, there are still areas of solidified formula, as highlighted by the white 

arrow in image A. These areas also correlated with high levels of fluorescence 

under UV light, perhaps due to autofluorescence, or the dye being sequestered 

within the deposits. Figure 46. B. displays areas where the formula has not 

deposited, or has perhaps sloughed away, still contain bacterial cells, though not at 
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the same levels observed with the TSB media. The rectangular structures, seen 

within the top half of Figure 46. A, did not produce fluorescence and were most 

likely artefacts from the staining protocol, or formula. Despite not observing the 

high levels of solidification upon staining the images displayed within Figure 46 are 

still vastly difference in terms of deposition on the tubes surface, in comparison to 

the tube within Figure 45, which depicts cells grown within TSB. 

 

 
Figure 47. Representative images of C. sakazakii grown on the surface of a PU NGT, 
within powdered infant formula, for 24 h stained with 1 mg/ml DAPI. A. displays the 
DIC image and B. the fluorescent image.  

Similar to the premixed formula, there was also deposition on the NGT surface 

within the powdered infant formula. Figure 46. A displays a solidified formula 

deposit on the surface of a PU NGT, where the white arrows highlight suspected 

bacterial cells. Figure 46. B displays the fluorescent image, produced from the same 

section of NGT. Overlaying the white arrows onto Figure 46. B displays that the 

structures are indeed stained bacterial cells, sequestered within the solidified 

formula.   

Simple flow model simulation of nasogastric feeding contamination 

CFU Counts for C. sakazakii on a Silicone NGT. 

Figure 47. displays the mean Log10 CFU/cm values for C. sakazakii, grown on a Sil 

NGT, within; TSB, premixed infant formula and powdered infant formula, under 

flow conditions. As is displayed in Figure 47., the CFU values, within TSB, remain 

relatively constant around 104, for the first 4 time points (6 h, 24 h, 48 h and 72 h), 

before increasing (approx. half Log fold increase) for the final time points (96 h and 
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120 h respectively), with little variation between repeats. The average Log10 

CFU/cm values, for C. sakazakii growth in premixed infant formula, are dramatically 

higher. At the first 6 h time point, the values are comparable to those within TSB. 

However, after just 24 h, the mean CFU value increases by over 2-Log fold. The 

transition from 24 h, to 48 h, produces a slight decrease in average Log10 CFU/cm. 

There is then another Log fold increase from 48 h, to 96 h, before finishing at 120 h 

with a Log10 CFU/ml just under 108. The time points 48 h, 72 h and 120 h, all display 

large variation, in the values obtained for each repeat. Perhaps a result of 

solidification of the media within the lumen, as will be discussed in later sections. 

The final (120 h) Log10 CFU/cm values, for premixed infant formula, are almost 3-

Log folds higher than those of TSB, at this time point.  

 
Figure 48. Mean (SD) Log10 CFU/cm values obtained from C. sakazakii grown on a Sil 
NGT within the media; Tryptic Soy Broth, premixed infant formula and powdered 
infant formula over the time course; 6 h, 24 h, 48 h, 72 h, 96 h and 120 h. n = 3. 

Similar to the CFU values recorded for the premixed infant formula, at the initial 6h 

time point, those for the powdered infant formula are lower than that of the TSB. 

Also similar to the premixed infant formula, there is a huge increase from 6 h to 24 

h (over 3-Log fold increase), for the powdered infant formula, more so than the 

premixed formula. From 24h to 48h, there is then a Log fold reduction in CFU 

values, for the powdered infant formula, resulting in a mean value similar to that of 

the premixed infant formula. This is followed by a parallel increase in observed CFU 

values, from 48 h to 72 h. The CFU values recorded, from 72 h to 120 h, then 
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remain relatively constant across these final 3 time points, for the powdered infant 

formula. 

DIC Images for C. sakazakii on a Silicone NGT. 

 
Figure 49. Representative DIC images for C. sakazakii grown on a Sil NGT within 
TSB, under flow conditions at the time points; 6 h (A), 24 h (B), 48 h (C), 72 h (D), 96 
h (E) and 120 h (F). Scale bars set to 50 µm. 

Figure 48. displays the growth of C. sakazakii, upon a Sil NGT within TSB, under flow 

conditions.  Over the first 4 time points (6 h, 24 h, 48 h and 74 h) there appears to 

be minimal bacterial colonisation of the tube, with only a few cells scattered across 

the surface. At 96 h, there still appears to be minimal colonisation of the tubes, 

with only a few small clumps of cells. Even by 120 h the clumps of cells have not 

developed into large colonies.  

These images are in stark contrast to the images obtained after growth of C. 

sakazakii, upon a Sil NGT, in premixed infant formula (Figure 49.). After just 6 h, 

there is an almost continuous layer of formula across the surface. After 24 h, 

clumps begin to form on the surface, and by 48 h these clumps have thickened to 

form a viscous, continuous layer. 

Around the 72 h time point, clumps could be seen within the lumen of the tube, 

and the corresponding DIC images display an uneven solidified layer of formula 

attached to the surface. By the final time points (96 h and 120 h), the thickening 

had increased to such a degree that, upon cutting the tube open, to image the 

lumen, large solidified deposits sloughed away. Despite the sloughing, there still 
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appears to be a thick continuous layer across the surface. It is also worth noting 

that CFU/cm values are also still extremely high around this time. 

 
Figure 50. Representative DIC images for C. sakazakii grown on a Sil NGT within 
premixed infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 
48 h (C), 72 h (D), 96 h (E) and 120 h (F). White arrows indicate solidification. Scale 
bars set to 50 µm. 

Unlike the premixed infant formula, the powdered infant formula (Figure 50.), 

didn’t appear to generate any form of thickened layer across the NGT surface, at 

the 6 h time point, for C. sakazakii. There are however, many small dark deposits 

that could be adhered cells. By the 24 h time point, there was the generation of a 

semi-continuous layer, with an oily sheen, similar to that generated by P. 

aeruginosa. However, there were still small dark deposits within the layer, that 

appear to have increased dramatically in frequency. At the 48 h time point this 

layer has become continuous and the small dark deposits appear to have 

disappeared, perhaps buried by the thickened layer. However, it is worth noting the 

sharp decrease in CFU values recorded between these two time points. For the 

time points 72 h, 96 h and 120 h, the DIC images appear very similar - a continuous 

thick formula layer with large lipid deposits dispersed throughout - correlating with 

stable CFU values through these time points. 
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Figure 51. Representative DIC images for C. sakazakii grown on a Sil NGT within 
powdered infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 
48 h (C), 72 h (D), 96 h (E) and 120 h (F). White arrows highlighting lipid 
deposits.Scale bars set to 50 µm. 

CFU Counts for S. aureus on a Silicone NGT. 

The initial (6h) Log10 CFU/cm values for S. aureus, within TSB (Figure 51.), are 

comparable to those of C. sakazakii at this time point (Figure 47.). From the 6 h to 

24 h time points there is over a 2-Log fold increase in average Log10 CFU/cm, for S. 

aureus in TSB. After this, the average Log10 CFU/ml increases steadily, to reach its 

peak value at 96 h (over 108 CFU/cm). Time points 96 h to 120 h, display a minor 

decrease in average Log10 CFU/cm. Whilst the initial 6 h Log10 CFU/cm value for S. 

aureus, cultured within premixed infant formula, is higher than that for TSB at this 

time point, after this is it almost always continually lower.  

After a slight increase, from 6 h to 24 h, the Log10 CFU/cm values for premixed 

infant formula remain relatively constant, across all subsequent time points’ 

finishing at 120 h, with an average value (2.34 x 106 CFU/cm), 2-Log fold lower than 

that obtained for TSB (4.56 x 108 CFU/cm). The CFU values, for the powdered infant 

formula, at the initial 6h time point, are almost identical to that of TSB  at this time 

point (mean value of 12222 CFU/cm for powdered infant formula vs 14056 CFU/cm 

for TSB  at 6 h). For the powdered infant formula, there is a large increase in 

recorded CFU values, from 6 h to 24 h – again similar to that of TSB, but to a lesser 

degree. From 24 h to 72 h, there is a slight increase (less than a Log fold), after 
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which the recorded values stabilise (mean of 1.37 x 107 CFU/cm for powdered 

infant formula at 72 h, to a mean of 1.27 x 107 CFU/cm, for powdered infant 

formula at final time points of 120 h). 

 
Figure 52. Mean (SD) Log10 CFU/cm values obtained from S. aureus grown on a Sil 
NGT within the medias; TSB, premixed infant formula and powdered infant formula 
over the time course; 6 h, 24 h, 48 h, 72 h, 96 h and 120 h. n = 3. 

The CFU values obtained for C. sakazakii and S. aureus grown within TSB and 

premixed infant formula show inverse trends, with C. sakazakii producing much 

higher CFU values in premixed infant formula and S. aureus favouring TSB as a 

growth medium. 

DIC Images for S. aureus on a Silicone NGT. 

Representative EDIC images for S. aureus, grown on a Sil NGT, over a 5-day period, 

within TSB, can be found in Supplementary materials Figure S14. After just 6 h 

(Figure S14.A), there are a few cells distributed across the entire surface. These 

cells then begin to form larger and larger clusters, merging over the subsequent 3 

time periods (24 h, 48 h, 72 h). By 96 h, these clusters have increased, forming an 

almost continuous layer across the surface. At the final time point of 120 h, not only 

is there almost complete surface coverage, but also the formation of larger, more 

protruding, groups of cells. 

 

The representative DIC images, for the growth of S. aureus, within premixed infant 

formula upon a Sil NGT, can be found in supplementary materials Figure S15. 

Images obtained at 6 h (Figure S15.A), display small patches of formula distributed 
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across the surface, with what could be distributed cell clusters. By 24 h, there were 

clusters of partially solidified milk, of varying sizes, upon the tube surface. This was 

also observed at 48 h and 72 h. By 96 h there was an almost continuous layer of 

formula across the surface. The final time point (120 h), also displays an almost 

continuous formula layer. This layer appears to have thickened slightly. Across all 

time points, in areas not covered by formula patches, there are only small clusters 

of cells, distributed across the surface, suggesting little biofilm development. This is 

reflected in the CFU values for this growth medium. 

 

Similar to the DIC images generated by S. aureus growth in premixed infant 

formula, after 6h, those for the powdered infant formula (supplementary materials 

Figure S16), at this time point, appear to display small deposits of formula across 

the surface, with what could be adhered bacterial cells around and within. At 24 h 

and 48 h, there is an almost continuous formula layer, with an oily sheen, similar to 

that observed with other strains. However, for S. aureus, not only are there the 

small dark deposits, observed with C. sakazakii, but also circular patches with no 

formula, displaying exposed NGT surface. As the powdered infant formula layer 

thickens, the small dark deposits disappear, and instead we see the characteristic 

continuous formula layer, with dispersed deposits of lipids – as seen at time points 

72 h and 96 h. Similar to that observed for C. sakazakii. The final time point DIC 

images for S. aureus appear almost completely different from those previously 

seen. There is a continuously flat layer, interrupted only by oily craters – perhaps 

created by a large amount of residual liquid/lipids upon the formula layer.  

CFU Counts for E. coli on a Silicone NGT. 

Figure 52. displays the CFU/cm values, recorded for E. coli on a Sil NGT. Mean initial 

(6 h) value, recorded within TSB , is 1.56 x 104 CFU/cm. After just 24 h, the mean 

value increases, by well over 3-Log fold, to 9.67 x 107 CFU/cm. After this initial huge 

increase, there are only slight fluctuations in the recorded values, across all 

subsequent time points. A mean final time point of 1.11 x 108 CFU/cm – suggests 

that for this strain, and material type, the strain is able to reach its maximum 

capacity within this system, after only 24h. Initial colonisation (6 h) of the Sil NGT, 

by E. coli, within premixed infant formula, displays a mean CFU/cm value over a Log 
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fold higher than that of TSB, as does the powdered infant formula. From 6 h to 48 

h, for the premixed formula, there is little increase in mean recorded CFU values. 

However, from 48 h to 72 h there is over a Log fold increase (1.31 x 10 6 CFU/cm to 

8.57 x 107 CFU/cm), resulting in a mean value higher than that of TSB, at the 72 h 

time point. From 72 h to 96 h, there is then another sharp increase to 7.03 x 108 

CFU/cm, the highest recorded average value for this strain and NGT material type. 

It is worth noting, that this peak in recorded CFU values correlated with the visible 

appearance of large solidified deposits, within the lumen of the tube. After this 

peak, there is then a sharp decrease, by the final 120 h time point, resulting in a 

final mean value of 7.89 x 106 CFU/cm. Perhaps a result of sloughing of solidified 

formula, or reduction of the local environment, creating unfavourable or even toxic 

growth environments, as will be discussed in later sections. 

 
Figure 53. Mean (SD) Log10 CFU/cm values obtained from E. coli grown on a Sil NGT 
within the media; TSB, premixed infant formula and powdered infant formula over 
the time course; 6 h, 24 h, 48 h, 72 h, 96 h and 120 h. n = 3. 

For the powdered infant formula, the growth profile appears to resemble a 

combination of that for TSB and premixed infant formula. The 6 h CFU value is 

almost identical to that of TSB at this time; there is then over a Log fold increase, 

from 6 h to 24 h, generating a value almost identical to that of the premixed infant 

formula at 24 h. Similar to the premixed infant formula, from 24 h to 48 h, there is 

relative stability of the mean CFU values recorded, for the powdered infant 

formula.  From 48 h to 72 h displays an almost identical increase to that of the 

premixed infant formula. At the 72h time point, all media appear to have generated 
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values comparably similar (5.56 x 107 CFU/cm, 6.28 x 107 CFU/cm and 8.57 x 107 

CFU/cm for TSB, powdered infant formula and premixed infant formula 

respectively). From 72 h, to the final 120 h time point, the recorded values remain 

relatively consistent and comparable to those produced in TSB. 

DIC Images for E. coli on a Silicone NGT. 

DIC images, for E. coli grown within TSB, after 6 h, appear to show minimal cell 

attachment (Supplementary materials Figure S17. A). This correlates with the 

relatively low CFU values recorded for this time point. By 24 h, there are large 

deposits observed across the NGT surface. As the time progresses, the size and 

density of these biofilms increase, until 96 h, at which point there is almost 

complete surface coverage. By 120 h, the biofilms appear to be thickening and 

progressing from flat, to three dimensional structures.  

 

For the premixed infant formula, after 6 h (Supplementary materials Figure S18. A), 

there were already clumps of formula across the NGT surface. Correlating with 

higher initial CFU values, than those recorded forTSB and powdered infant formula, 

at 6 h. However, unlike TSB, in which there was generation of large biofilms at the 

subsequent 24 h and 48 h time points, for the premixed infant formula there were 

smaller formula deposits. Only small clusters, or individual cells, were observed 

across the surface of the NGT (correlating with decreased CFU values for the 

premixed infant formula, compared to TSB at these time points). The formula 

begins to thicken by 72 h, and by 96 h there were noticeably solidified sections, 

within the lumen of the NGT. As reflected by the highly textured appearance of the 

DIC images. Interestingly, by 120 h the solidified sections had disappeared and 

instead a continuous, thick, formula layer was observed. Correlating with a drop in 

CFU values at the final time point – perhaps due to a combination of the solidified 

sections hindering bacterial growth and sloughing away into the waste reserve, as 

will be discussed in later sections. 

 

After 6 h E. coli growth, within the powdered infant formula (Supplementary 

materials Figure S19. A), again displays appeared to be minimal cell attachment - as 

well as only small formula deposits, similar to TSB for this strain at this increment. 
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Through time points 24 h, 48 h and 72 h, there was then the gradual emergence of 

a thickened formula layer spreading across the NGT surface, until 96 h, at which 

point this layer became uniform. Remaining so through to the final 120 h time 

point. 

CFU counts for P. aeruginosa on a Silicone NGT. 

Mean Log10 CFU/cm value, obtained for P. aeruginosa, grown on a Sil NGT (Figure 

53.), at 6 h, within LB, are just under 107. A value much higher than other species 

tested, at this time point. From 6 h to 48 h, there is a large increase in recorded 

Log10 CFU/cm in LB (over 2-Log fold increase), peaking at just under 109 Log10 

CFU/cm. After 48 h, the recorded CFU values begin to decrease at each subsequent 

time point. Log10 CFU/cm values for P. aeruginosa, in premixed infant formula, 

follow a similar trend of increasing over initial time points, before peaking and then 

decreasing. However, the 6 h and 24 h values for premixed infant formula, are both 

higher than those recorded for LB, at the same time points. After the 6 h and 24 h 

time points, the CFU values for premixed infant formula gradually increase, peaking 

at the 72 h time point, before falling for the final 96 h and 120 h time points. The 

average Log10 CFU/cm value for premixed infant formula appears to peak later than 

with LB, at the 72 h time point - as opposed to the 48 h time point. The initial mean 

CFU/cm recorded for the powdered infant formula is again high (above 107 

CFU/cm), relative to other tested species. From 6 h to 24 h, there is an increase 

from 1.37 x 107 to 4.94 x 107 CFU/cm. After which, there are then relatively small 

increases across all subsequent time points, terminating in a final mean value of 

1.11 x 108 CFU/cm (120 h). A final value, almost identical to that recorded for the 

premixed infant formula, at this final time point (1.13 x 108 CFU/cm). Despite the 

relatively small incremental increases in mean CFU values recorded for the powder 

infant formula, the latter time points show large variation between replicates, 

indicating non-uniform growth/distribution of bacterial cells along the lumen of the 

tube. 
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Figure 54. Mean (SD) Log10 CFU/cm values obtained from P. aeruginosa grown on a 
Sil NGT within the media; LB, premixed infant formula and powdered infant formula 
over the time course; 6 h, 24 h, 48 h, 72 h, 96 h and 120 h. n = 3. 

DIC Images for P. aeruginosa on a Silicone NGT. 

Representative DIC images for P. aeruginosa, grown on a Sil NGT within LB, over 6 

time points can be found in supplementary materials Figure S20. After just 6 h 

(Figure S20.A), there appeared to be cells sparsely scattered across the surface. 

After just 24 h, the entire surface of the NGT appeared to be covered by a thin layer 

of bacterial cells. At 48 h, the thin layer had disappeared and instead thicker 

patches of biofilm could be seen. By 72 h the continuous layer had returned, 

appearing only slightly thicker than at 24 h. This layer is also observed at the 96 h 

time point. By 120 h, despite the CFU values remaining similar, more defined three-

dimensional structures had begun to appear. 

 

The EDIC images, for P. aeruginosa, grown on a Sil NGT, within premixed infant 

formula, can be found in supplementary materials Figure S21. Over the first 3 time 

points (6 h, 24 h and 48 h), the images appear almost completely identical - 

continuous layer, with small areas of clumping. After 72 h, this layer appeared to 

have thickened and the clumping more pronounced. This thickening continued, and 

at 96 h, there appeared to be areas where the clumps had sloughed away, leaving 

sheer edges in the layer. Thickening continued all the way until 120 h. 
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DIC images produced by P. aeruginosa, grown in powdered infant formula 

(Supplementary materials Figure S22.), also depicted the characteristic powdered 

formula layer. After just 6 h, there was a semi-continuous layer, with an oily sheen. 

This layer became continuous, by the 24 h time point. There was also the 

appearance of large lipid deposits, dispersed throughout the layer. The continuous 

layer, with dispersed lipid deposits, was still observed through the 48 h and 72 h 

time points. By 96 h, it thickens and produced a more three-dimensional layer - also 

observed in the final time point of 120 h. The emergence of this thickened layer 

also correlates with the increased variation in the CFU values, for this material and 

medium, at the later time points. 

CFU Counts for C. sakazakii on a Polyurethane NGT. 

Figure 54. displays the CFU/cm values, recorded for C. sakazakii grown up a PU 

NGT, within TSB, premixed infant formula and powdered infant formula. For TSB, 

there is an increase from 6 h to 24 h. After which, despite constant fluctuations, the 

average CFU/cm values remain relatively constant, from 24 h to 96 h (increase from 

1.22 x 104 at 6 h, to 8.06 x 104 at 24 h, before stabilising at 1.13 x 105). The 

transition from 96 h to 120 h depicts over a Log fold increase for TSB, generating a 

final value of 6.83 x 106 CFU/cm. A 2-Log fold increase over the entire time course 

for TSB was observed. As can been seen in Figure 54., the growth profile for C. 

sakazakii, within the premixed infant formula, despite constantly being almost a 

Log fold higher, is remarkably similar to that of TSB. The initial 6 h to 24 h increase 

is more dramatic than that for TSB, with over a Log fold increase from 3.34 x 104 to 

8.50 x 105 CFU/cm. Then, similar to TSB, there is relative stability in the average 

values, over the subsequent few time points (8.50 x 105 at 24 h to 1.06 x 106 

CFU/cm at 72 h). However, where TSB depicted a dramatic spike, at 96 h to 120 h, 

the premixed infant formula, displays this spike between the 72 h to 96 h time 

points. During which, there is over a Log fold increase from 1.06 x 106 CFU/cm at 

72h to 3.44 x 107 CFU/cm, at 96 h. There is then a slight increase by the final 120 h 

time point. Resulting in a final value of 7.23 x 107 CFU/cm – a value over 3-Log fold 

higher than that recorded at 6 h.  
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Figure 55. Mean (SD) Log10 CFU/cm values obtained from C. sakazakii grown on a 
PU NGT within the media; TSB, premixed infant formula and powdered infant 
formula over the time course; 6 h, 24 h, 48 h, 72 h, 96 h and 120 h. n = 3. 

For the powdered infant formula, there was also an initial Log fold increase from 6 

h to 24 h (6.94 x10 4 CFU/cm at 6 h to 8.94 x 105 CFU/cm). Unlike the growth profile 

observed with TSB and premixed infant formula, which displayed relative stability 

across the subsequent few time points, the powdered infant formula displayed 

another, over a Log fold, increase (from 8.94 x 105 CFU/cm at 24 h, to 1.11 x 107 

CFU/cm at 48 h). The powdered infant formula then displays a trend almost inverse 

to that of TSB and premixed infant formula. From 48 h to the final 120 h time point, 

there is a continuous decrease in average CFU/cm. The largest decrease being 

observed between 48 h and 96 h, in which there is just over a Log fold decrease 

(from 1.11 x 107 CFU/cm to 1.00 x 106 CFU/cm at 96 h). 

DIC Images for C. sakazakii on a Polyurethane NGT. 

The DIC images, obtained for C. sakazakii, grown within TSB upon a PU NGT (Figure 

55.), depict that at 6 h, very few cells have attached to the lumen. At 24 h, there are 

still very few adhered cells upon the surface. However, there is the emergence of 

large irregular deposits. These deposits grow in size over time until, by 72 h, they 

had completely covered the surface of the NGT. This layer remained similar in 

consistency and appearance over the final 2 time points (96 h and 120 h). 
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Figure 56. Representative DIC images for C. sakazakii grown on a PU NGT within 
TSB, under flow conditions at the time points; 6 h (A), 24 h (B), 48 h (C), 72 h (D), 96 
h (E) and 120 h (F). Scale bars set to 50 µm. 

Cultured within the premixed infant formula, C. sakazakii upon the PU NTG (Figure 

56.), again appeared to display only a few small clusters of cells, at first 6 h. By 24 h, 

there was a thin formula sheath across the NGT surface, that gradually began to 

thicken, through the 48 h to 72 h time points. By 96 h there were large solidified 

clumps throughout a thickened formula layer, and by 120 h (Fig.56. F), the formula 

had thickened to such a degree that large segments of the NGT lumen were 

completely filled.  

 
Figure 57. Representative DIC images for C. sakazakii grown on a PU NGT within 
premixed infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 
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48 h (C), 72 h (D), 96 h (E) and 120 h (F). White arrows indicating solidified deposits. 
Scale bars set to 50 µm. 

Similar to the images observed for C. sakazakii, within premixed infant formula - on 

the Sil NGT (Figure 57.), upon the PU NGT, at 6 h, there isn’t a continuous layer. 

Instead, small dark deposits upon the surface are observed. By 24 h, these deposits 

have disappeared, instead there is the appearance of the powdered infant 

formula’s characteristic, heavily lipid dominated, layer. This is observed until 72 h, 

after which the layer appears to thicken. By the final 120 h time point, there 

appeared to be such a high degree of liquid accumulated upon the surface, that 

upon imaging, all that was seen was a continuous, smooth layer, punctuated by 

craterous looking oily deposits. 

 

 

 
Figure 58. Representative DIC images for C. sakazakii grown on a PU NGT within 
powdered infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 
48 h (C), 72 h (D), 96 h (E) and 120 h (F). White arrow highlighting lipid deposits. 
Scale bars set to 50 µm. 

Figure 58. displays alternative, representative DIC images, for C. sakazakii, grown 

on a PU NGT, within premixed infant formula, and powdered infant formula, at 120 

h. These images are from areas where the solidified formula layers had sloughed 

away. From the images it can be observed that there is still a thin sheath across the 

surface of the NGT.  They also display what could be adhered bacterial cells, or 

colonies, directly on the NGTs surface. Suggesting that not all the cells are being 
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sequestered within the solidified layer, but some are indeed adhering to the NGT 

surface. 

 
Figure 59. Representative DIC images for C. sakazakii grown on a PU NGT within 
premixed infant formula (A) and powdered infant formula (B), for 120 h. 
Composites display the areas underneath the solidified layers formed by the 
formula. Scale bars set to 50 µm. 

 
CFU Counts for E. coli on a Polyurethane NGT. 

Log10 CFU/cm values for E. coli, grown on a PU NGT, within TSB (Figure 59.), at 6 h, 

display large variation between repeats, with a range over a Log fold. At the second 

time point (24 h), there is also a large range in the recorded values, for each repeat, 

within TSB. Reasons for this will be discussed in later sections. After an initial small 

increase in Log10 CFU/cm values from 6 h to 24 h, there is then a rapid increase 

from 48 h to 96 h (over a 2-Log fold increase). From 72 h to 96 h there is a small 

increase in average Log10 CFU/cm, to produce the peak value for E. coli, in TSB, of 

just over 108 Log10 CFU/cm. After which the values decrease to just below 108  Log10 

CFU/cm, at the final 120 h time point.  
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Figure 60. Mean (SD) Log10 CFU/cm values obtained from E. coli grown on a PU NGT 
within the media; TSB, premixed infant formula and powdered infant formula over 
the time course; 6 h, 24 h, 48 h, 72 h, 96 h and 120 h. n = 3. 

Average CFU/cm value recorded for powdered infant formula at 6 h (1.94 x 105 

CFU/cm.), is the highest initial value of any media, for this strain and NGT material 

type. From 6 h to 24 h there is a marginal decrease in average CFU, resulting in an 

average CFU/cm almost identical to that for TBS, at this time (1.82 x 105 CFU/cm for 

powdered infant formula vs 1.72 x 105 CFU/cm for TSB). From 24 h to 72 h, there is 

then a steady increase in average CFU/cm, of over a Log fold (3.78 x 106 CFU/cm at 

72 h for powdered infant formula), before recordings stabilise for the final 72 h to 

120 h time points (final 120 h average value 3.83 x 106 CFU/cm). 

Despite initially starting with the lowest recorded CFU/cm value, the premixed 

infant formula displays over a Log fold increase from 6 h to 24 h (1.77 x104 CFU/cm 

at 6 h to 3.01 x 106 CFU/cm at 24 h). However, a slight increase from 24 h to 48 h, 

parallel to that of the powdered infant formula, puts the premixed infant formula 

medium, between the average CFU/cm values for the TSB (highest) and powdered 

infant formula (lowest), at 48 h. From 48 h to 72 h, there is only a minor increase, 

causing the mean CFU/cm value for the premixed infant formula to fall below that 

of the powdered infant formula, at this time point. This is followed by over a Log 

fold increase from 72 h to 96 h (1.72 x 106 to 2.46 x 107 CFU/cm respectively). 

Similar to the other two media, for this strain and NGT material type, there is a 

slight decrease in the CFU values, from 96 h to 120 h, for the premixed infant 

formula. 

Day 1 Day 2 Day 3 Day 4 Day 5
103

104

105

106

107

108

109

1010

Time (Days)

Lo
g 10

 C
FU

/c
m

Tryptic Soy Broth
Premixed Infant Formula
Powdered Infant Formula



 

 151 

DIC Images for E. coli on a Polyurethane NGT. 

Over the first 24 h, the EDIC images, for E. coli grown on a PU NGT, within TSB 

(Supplementary materials Figure S23.), display individual, or small clusters, of 

bacterial cells scattered across the surface. These clusters begin to enlarge and 

increase in frequency by 48 h. At 72 h, the bacterial cells have multiplied to a point 

where there is almost complete surface coverage. Over the last 2 (96 h and 120 h) 

time points, this bacterial layer continues to increase, until by 120 h, there is 

complete surface coverage by a thin bacterial layer. 

 

All representative DIC images for E. coli growth on a PU NGT, within the premixed 

infant formula (Supplementary materials Figure S24.) appear fairly similar. After 

just 6 h there is a thin formula sheath across the surface, this trend continues for 

the 24 h and 48 h time points. There is slight clumping of the formula around 72 h, 

but this does not appear to increase for subsequent time points. There are slightly 

darker areas within the images taken at 96 h and 120 h, which may be due to areas 

of biofilm development (as the increasing CFU values recorded would suggest). 

 

DIC images acquired for E. coli growth on a PU NGT, within the powdered infant 

formula (Supplementary materials Figure S25.), show similarity to those obtained 

for the Sil NGT. A gradual emergence, and subsequent thickening, of a formula 

layer. However, unlike the Sil NGT, for E. coli on PU at 6 h, there are already large 

dark deposits, sequestered within a thin surface layer. Also, there doesn’t appear to 

be complete surface coverage of the powdered formula layer throughout the time 

course.  

CFU counts for S. aureus on a Polyurethane NGT. 

As can be seen in Figure 60., the transition from the first time point (6 h) to the 

second (24 h), depicts over a Log fold increase in Log10 CFU/cm values, for S. aureus 

in TSB. There is then another, less dramatic increase from 24 h to 48 h. However, 

there is then over a Log fold decrease recorded from 48 h to 72 h - followed by 

recovery by 96 h, but to a value below that recorded at 48 h. An increase for the 

final time point (120 h) results in a peak mean Log10 CFU/ml well over 108. For S. 

aureus, grown in premixed infant formula, the Log10 CFU/cm at the first time point 
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(6 h) starts below that of TSB. From 6 h to 24 h, there is a slight increase in average 

values, before over a Log fold increase recorded between 24 h to 48 h. Almost in 

parallel with the results seen for TSB, from 48 h to 72 h, for the premixed infant 

formula, there is a decrease in average CFU/cm - before a recovery from 72 h to 96 

h (average value of 2.96 x 106 CFU/cm at 48 h down to 5.78 x 105 CFU/cm at 72 h 

before the recovery to 2.24 x 10 6 CFU/cm at 96 h). Similar to that of the TSB 

medium, for S. aureus in the premixed infant formula, there is a final increase over 

the last time points, resulting in the highest recorded value for the premixed infant 

formula of 1.51 x 107 CFU/cm at 120 h. Interestingly, there is little variation in value 

between the repeats, for the 120 h time point, despite clumping/solidification of 

the formula being observed at this time point. 

 
Figure 61. Mean (SD) Log10 CFU/cm values obtained from S. aureus grown on a PU 
NGT within the media; TSB, premixed infant formula and powdered infant formula 
over the time course; 6 h, 24 h, 48 h, 72 h, 96 h and 120 h. n = 3. 

The growth profile of S. aureus, in the powdered infant formula on the PU NGT, 

displays an altogether different pattern to that of TSB and premixed infant formula, 

which, although often separated by more than a Log fold difference across the time 

points, show a similar trend. Starting at 6 h, with a CFU value higher than that for 

the premixed infant formula, the powdered infant formula displays only relatively 

minor increases from 6 h to 48 h (1.20 x 105 to 5.11 x 105). Then, unlike the other 

growth media, which displayed an almost parallel decrease, the powdered infant 

formula spikes between 48 h to 72 h, to its highest value of 4.28 x 106 CFU/cm. 
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After this spike at 72 h, the values then decrease over the subsequent 2 time points 

(96 h and 120 h), to produce a final value of 7.33 x 105 CFU/cm.  

DIC Images for S. aureus on a Polyurethane NGT. 

The growth of S. aureus, upon a PU NGT, within TSB (Supplementary materials 

Figure S26.), is similar to that of E. coli, upon the PU NGT. At 6 h, there are few cells 

distributed across the surface, but by 24 h, these cells have begun to cluster and 

larger colonies appear to be emerging. The time points 48 h, 72 h and 96 h, display 

how a continuous layer is gradually being produced, causing complete surface 

coverage at 120 h. 

 

The DIC images, obtained for S. aureus growth on a PU NGT, within premixed infant 

formula (Supplementary materials Figure S27.), also display a similar trend to those 

of E. coli, for this tube material and growth media type – an immediate thin sheath, 

followed by minimal formula thickening at the latter time points. However, for S. 

aureus at the 120 h time point, there was noticeable clumping within the lumen of 

the NGT. This is reflected within the DIC images, which display a slightly thicker, 

more 3-dimensional formula structure across the surface of the lumen.  

 

Again, the powdered infant formula appears to initially deposit, before thickening 

to create a continuous layer, with dispersed oily lipid deposits, for S. aureus upon a 

PU NGT (Supplementary materials Figure S28.) At 48 h, in the areas around, and 

within, the formula deposits, there are dark clusters - which could represent 

bacterial cell clusters or biofilms. This suggests that with this growth medium, 

instead of forming continuous bacterial cell layers, as seen for most of the static 

laboratory growth media experiments, they instead form distinct colonies. As seen 

with other species for this formula type, the frequency and size of the “oily” 

deposits increases as the experiment progresses.  

CFU Counts for P. aeruginosa on a Polyurethane NGT. 

Figure 61. displays the CFU/cm values recorded for the growth of P. aeruginosa, on 

a PU NGT. Similar to the growth profile observed by E. coli, grown within its 

standard laboratory medium (TSB), upon a Sil NGT, that for P. aeruginosa, within 
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LB, initially starts (6 h) relatively low (mean value 1.38 x 105 CFU/cm) - before 

increasing dramatically by 24 h (mean value 1.06 x 107 CFU/cm). There is then 

stabilisation of the mean CFU values, through 24 h to 96 h, before a slight drop by 

the final time point, generating a final value of 6.67 x106 CFU/cm at 120 h. 

 
Figure 62. Mean (SD) Log10 CFU/cm values obtained from P. aeruginosa grown on a 
PU NGT within the media; LB, premixed infant formula and powdered infant 
formula over the time course; 6 h, 24 h, 48 h, 72 h, 96 h and 120 h. n = 3. 

The 6 h value, recorded for the premixed infant formula, also begins relatively low 

(marginally higher than that for LB initially), before increasing over the 24 h period. 

From 24 h to 48 h, there is a minimal decrease, before a progressive increase from 

48 h to the final time point at 120 h - resulting in a final average value of 5.22 x 107 

CFU/cm, the highest value recorded for any media, for this strain and NGT material 

type. P. aeruginosa growth, within the powdered infant formula upon PU, displays 

an altogether different growth profile, than that of LB or premixed infant formula. 

The initial 6 h average CFU value, recorded for the powdered infant formula (3.67 x 

106 CFU/cm), is already a Log fold higher than that for LB, or the premixed infant 

formula, at this time point. There is then over a Log fold increase from 6 h to 48 h, 

followed by a progressive decline in average CFU values, resulting in a final average 

value of 2.16 x 106 CFU/cm at 120 h – the lowest final time point average CFU value, 

for this strain and NGT material type, across all growth media. 

DIC Images for P. aeruginosa on a Polyurethane NGT. 

Representative DIC images, obtained for P. aeruginosa, grown within LB medium, 

upon a PU NGT, can be found in supplementary materials Figure S29. Visual analysis 
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of the microscopy images displays how, after only 6 h, there is a high degree of 

surface coverage, in comparison to other strains within their standard laboratory 

growth media. By the 24 h time point, P. aeruginosa appears to have completely 

covered the entire NGT lumen. Similar images are seen for the 24 h, 48 h, 72 h and 

96 h time points, reflecting the consistency of the CFU values recorded at these 

time points, for this strain in this growth medium. By 120 h, further thickening of 

the continuous layer occurs. 

 

Similar to that observed for the C. sakazakii, grown within the premixed infant 

formula, upon a PU NGT, there appeared to be clumping and solidification of the 

premixed infant formula, after inoculation with P. aeruginosa (Supplementary 

materials Figure S30.). At 6 h, there was an almost continuous surface layer, that 

began to thicken and clump by 24 h. This thickening continues throughout the time 

points, and by 120 h, there were large solid deposits along the tube’s lumen. 

However, not to the extent observed with C. sakazakii. The appearance of a 

reddish/brown huge inside the lumen of the tubes also began to emerge around 72 

h, as will be discussed in later sections. 

 

P. aeruginosa grown within the powdered infant formula upon a PU NGT 

(Supplementary materials Figure S3.1), appeared to almost immediately clump, as 

at the first 6 h time point, there was almost complete surface coverage by an oily 

lipid formula layer. P. aeruginosa then followed a similar trend to the other species, 

within the powdered infant formula - thickening formula layer, with the emergence 

of large lipid deposits, but at a rate faster than observed with the other strains. 
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Table 2. Mean CFU values for representative feeding model, for each strain, NGT material and feed type, over time.

6h 1 day 2 days 3 days 4 days 5 days

TSB 12278 80556 126667 65556 113333 6833333
IF 34444 850000 1433333 1055556 34444443 72333333
PIF 69444 894444 11111109 6055556 1000000 883333
TSB 11778 24000 24000 17222 160000 143889
IF 4389 1972222 1855555 7888890 75555557 75666667
PIF 2167 31444447 1927778 8611112 5666667 10000000
LB 137778 10555554 12833333 11111111 17222223 6666667
IF 277778 3722222 3555555 10000000 13499999 52222220
PIF 3666667 8111111 40000000 19000000 12888890 2611111
LB 7500001 39444447 1016555567 588888900 638666667 616555667
IF 55555557 233333333 350111100 793333333 238888900 113000000
PIF 13722222 49444443 60555557 68888890 75555557 111444443
TSB 285000 19333333 82233333 4666667 71233333 252433333
IF 58333 217778 2983333 577778 2244445 15055557
PIF 120000 210000 511111 4277778 933333 733333
TSB 14056 7777779 112666667 258333333 599888900 455555567
IF 148333 1344445 1283333 1722222 1583334 2338889
PIF 12222 1888889 5388889 13666667 6277778 12722224
TSB 91111 172778 2194444 90000000 181666667 97777767
IF 17667 307222 933333 1722222 24555557 8777779
PIF 194444 181667 650000 3777778 5111110 3833333
TSB 15611 96666667 176666667 55555553 123333347 110888900
IF 694444 1538889 1305555 85666667 702666667 7888888
PIF 21778 1233333 1883334 62777777 94333333 68888893
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PU

Sil

Time Point

P. aeruginosa

PU

Sil
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PU

Sil
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Discussion. 

Static Growth Models. 

The static models, although perhaps not entirely representative of the neonatal 

tube feeding environment, serve to demonstrate that potentially pathogenic 

bacteria are able to rapidly adhere to, and grow upon, the surface of all 3, clinically 

used, NGT material types. They also demonstrate that the commercially available 

infant formulas, can facilitate bacterial growth, with some of the species tested, 

generating higher CFU counts than that of the standard laboratory medium for that 

species. The ability of bacteria to adhere to these material surfaces is not surprising, 

as previously mentioned, bacteria have been shown to adhere to a number of 

commercially used plastics. What is concerning, is that with some of the species 

tested, higher CFU/cm values occurred within the infant formulas, than within the 

standard laboratory media. This may have occurred due to the infant formula 

producing a thicker, more viscous, conditioning layer, than that of the laboratory 

media. This could facilitate the adherence of greater numbers of cells to the surface 

and provide increased protection from being dislodged, by external sources.  It may 

also have been the result of the formula providing multiplying bacteria, with a 

greater source of readily available nutrients. For a more detailed explanation, of 

infant formulas’ impact on the conditioning layer formation, refer to the section on 

conditioning films, in Chapter 2. 

 

As previously mentioned, contamination of feeding tubes has been linked to 

decreased weekly weight gain. It has also been demonstrated, that alterations to 

the intestinal microbiome of newborns’, can have modulatory impacts on future 

health (Madan et al, 2012). The experiments conducted throughout this section, 

demonstrate that bacteria are able to rapidly adhere to, and grow upon, the tubes’ 

internal surfaces. If contamination of the tubes were to occur, for example as a 

result of a contaminated feed, or from a health care workers hands, bacteria could 

replicate to dangerous levels within the lumen, before being deposited within 

infant’s stomach. Such an event could result in distortion to the, already fragile, gut 

microbiome. In the short term, it could also result in feeding intolerance, an 
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adverse event that often has serious implications on the infant’s care (Fanaro, 

2013). 

Neonates are already partially predisposed, in terms of development of a “normal”, 

“healthy” microbiome, not simply due to their stunted gastrointestinal tract 

development, but due to a plethora of factors affecting them post birth - ranging 

from stringent care regimens, to the general hospital environment (Fouhy et al, 

2019). Bacteria adhering to, and multiplying on, the surface of NGTs, could 

potentially lead to further serious alterations in the composition of the neonatal 

gastrointestinal microbiome. 

 

What was also observed throughout these experiments, was the solidification of 

the premixed infant formula, after inoculation. C. sakazakii induced solidification of 

the infant formula, after even just 1 day of incubation. This was most likely the 

result of the bacteria decreasing the pH of the media (refer to pH experiments, 

Chapter 3, for further explanation). This solidification may have resulted in bacteria 

being sequestered within deposits, on the tube surface. The aim of rinsing the tube 

pieces (after removal from wells - refer to experimental procedure), within the 

initial stages of the CFU experiments, was to remove excess planktonic cells. After 

growth within the laboratory media, any planktonic bacteria will have been 

removed from surface, but within the solidified infant formula, these planktonic 

bacteria may not have been removed, contributing to the higher CFUs observed 

within this experiment. This is supported by the fact that, for the S. aureus 

experiments, the premixed infant formula generated continuously lower values, 

than that of the standard laboratory medium, as well as the powdered infant 

formula, where solidification of the formula was not observed. The variation in 

CFUs, between the strains and media, may also be due to different nutritional 

requirements of each species, in combination with their different biofilm forming 

abilities. Bacterial nutrient utilisation assays should be used, to determine which 

species are more likely to succeed within a given formula, as this may provide some 

clues to species most likely to be found contaminating the tubes within a clinical 

setting. 
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It is also worth noting, with some of the tube segments, coated in the solidified 

infant formula, that upon washing, large deposits would slough away from the tube 

surface. This dislodging of the solidified formula, may have caused surface-adhered 

bacteria to also be dislodged. This goes part way to explaining the large range and 

standard deviation in the results, within this medium.  

 

During the experiments utilising P. aeruginosa, it was noted that within the 

powdered infant formula, after just 1 day of incubation, the feed turned a reddish-

brown colour. This may have been the result of production of the water-soluble 

pigments, pyorubin or pyomelanin, known to be produced by this species 

(Ogunnariwo and Hamiltonmiller, 1975). This may have been a stress, or iron-

scavenging response, to the powdered infant formula and may go part way to 

explaining why the CFU values on all 3 NGT types decreased from the first (day 1) to 

second (day 3) time points, before resurging for the third (day 6) time point. With 

the powdered infant formula, solidification was not observed for any of the species. 

However, the powdered formula appeared to separate after a few hours’ 

incubation. It appeared as if certain components of the formula had sunken to the 

bottom of the wells (where the tube pieces had settled), creating a thicker, more 

viscous layer. This deposited layer may have contained more nutrients than that at 

the surface, and so the tube pieces were effectively subjected to a more 

concentrated medium.  

 

Another consideration is that within the infant formula, bacteria may have not been 

depositing on the tube surface and instead simply been sequestered within the 

viscous media. Fluorescent imaging on bacterial cells, grown within premixed infant 

formula, has proven difficult, due to autofluorescence of the medium. Figure 44. 

demonstrates that viable cells are alive, within the areas not covered with solidified 

formula. However, the number of stained cells within these areas, was not as high 

as expected, when compared to the CFU experiments. The CFU count experiments 

demonstrate that there are relatively similar numbers of cells in all media types. 

This suggests that cells are being dislodged from the surface upon washing, as part 

of the staining protocol. Alternatively, the viable cells are growing within the 
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solidified formula, not against the surface. This theory is further supported by fact 

that, within the powdered infant formula, which does not autofluorescence as 

strongly, there were fluorescently stained cells visible.  

Simple Representative Flow Model for Simulating NGT Contamination. 

Results from the flow model experiments demonstrate the ability of potentially 

pathogenic bacterial strains to colonise the lumen of clinically-used enteral feeding 

tubes, under flow conditions, within just a few hours. They adhere to the surface, 

before dividing to worrying levels, over a matter of days. Different infant formulas 

have different impacts on not only growth rates, but also biofilm formation and 

development. The different growth patterns suggest certain feeding regimens may 

select for different bacteria. It is worth noting that the initial (6 h) CFU values for 

each of the strains is not the result of differing inoculation concentrations, but is a 

result of the differing ability of each strain to adhere to, and replication upon, each 

material type and within each media type, over this 6 h period, as all treatments 

were inoculated with approx. 106 CFU (according to OD values against growth curve 

data, as previously described). 

 

The variability seen within repeats at some of the time points, most noticeably for 

the premixed infant formula, may have been due to the solidification and clumping 

of the medium. As was observed within the pH experiments (Chapter 3.), some of 

the strains analysed were able to reduce the pH of the formula dramatically. The 

decrease in pH may have induced the solidification of the formula. At certain time 

points, some of the strains caused sections of the tubing to be completely filled 

with solidified formula – this may also partially explain the variability between 

repeats, if these sections were those selected for CFU counts. The solidified formula 

may have been harbouring large bacterial loads, in comparison to sections with 

less, or no, clumping and solidification. However, this may not be the case for all 

strains tested – for example, clumping was observed for S. aureus, within the 

premixed infant formula, on the PU NGT, at 120 h, but there was very little 

variation between the repeats. This may have been as this strain was unable to 

survive within the solidified formula and instead the only viable cells were those 
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adhered to the NGT surface. This may have been the result of the sequestered 

bacteria altering the local environment to such a degree it was unfavourable, or 

even toxic, to the cells. (Stewart and Franklin, 2008). Perhaps, since the 

solidification was observed along the entire length of the lumen, S. aureus had 

simply reached its threshold for growth, within this particular environment. This 

may explain why the CFU counts for this strain are lowest within the IF, in both the 

static and flow model experiments. Interestingly, in the flow model experiments 

the PIF produced values more similar to that of IF than TBS, but in the static model 

the PIF was more similar to that of TSB. This may have been the result of the PIF 

separating in the static experiments, creating a less viscous environment within the 

wells. It may also simply be a result of this strain not being able to replicate to such 

high levels under flow conditions, as in the static models the highest produced 

values were around 1010 CFU/cm, but within the flow models it was only 108 

CFU/cm. 

 

Solidification and clumping is a real clinical concern if this is occurring in a clinical 

setting, then these deposits could be providing an environment for potentially 

pathogenic strains to grow, before sloughing away and being deposited directly into 

the infant’s stomach. This is even more concerning as the results from this 

experiment demonstrate that some strains are able to reach levels above 108 

CFU/cm, within just 5 days. 

 

This solidification of formula upon the NGT’s lumen, could have impacts on the 

hydrodynamics of the system, altering not only the flow rate, but also the 

distribution of nutrients through the tubes – two factors known to have large 

impacts on not only biofilm growth, but also structure (Stoodley et al, 1999). This 

may also have impacts on feeding rates for the infants. Increasing the amount of 

time each infant requires to be administered feed would also increase pressure on 

the unit nurses’ time. 

 

Exact feeding regimens, within any given neonatal unit, are completely dependent 

upon the individual infants. The sheer quantity of variables that must be accounted 
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for, when designing an infant’s care regime, are phenomenal. On top of factors 

such as gestational age at birth, weight, route of birth and numerous maternal 

factors, the attending clinicians are continuously monitoring each individual, 

constantly tailoring the feed dose, timings and components administered. Given 

this variability, the creation of a perfectly representative laboratory feeding model 

is close to impossible, as the neonatal population itself cannot easily be 

generalised. However, despite this, simple representative laboratory models are 

essential tools in the analysis and development of new and old care practices. The 

establishment of such systems are essential to developing more complex and 

representative models. Not only does this model demonstrate that common 

nosocomial pathogens differently distribute and grow on clinically used nasogastric 

tubes, but that different formula types have differential effects on their growth 

profiles. Factors such as these must be considered when designing individual infant 

care regimens. Results from this model should be considered for infants more likely 

to be exposed to certain pathogenic species, perhaps due to route of birth or 

maternal history. This would provide information to clinicians on which types of 

feed, or regimens, could potentially lead to selection, or enable the growth, of 

given pathogenic species. 

 

Further studies, utilising the same model, should be conducted to analyse how 

differences in feeding regimes impact contamination rates and subsequent biofilm 

formation. Such studies should analyse continuous vs bolus feeding, differences in 

feed volumes, impact of advancement of feed volumes over time, as well as how 

different drugs, such as feed fortifiers or antibiotics, impact bacterial selection (if a 

multispecies contamination model were created) and biofilm formation. The model 

could also be utilised as a training tool for newly qualified, or trainee health care 

workers, aiming to improve clinical aseptic technique, or who could gain experience 

on how to identify contaminated or blocked devices. 
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Chapter 5  
 

Analysis of Clinical Samples from a Local Neonatal Unit. 
Introduction. 

The idea that the distribution and combinations of microbes, within and upon our 

bodies, being linked to our heath, is an increasingly popular view. Since the 

suggestion of the term ‘microbiome’, by Nobel Laureate Joshua Lederberg 

(Lederberg and McCray, 2001), the wealth of literature surrounding this 

relationship has expanded exponentially. The importance of this relationship 

cannot be understated, to the point which, the Human Microbiome Project was 

established (Turnbaugh et al, 2007), with the aim of characterising the entire 

human microbiome and its role in health and disease. Whilst a more 

comprehensive understanding of the core human microbiome, in a healthy state, is 

starting to emerge (with inherent variations as a result of geography, diet and 

lifestyle and body site sampled) (Huse et al, 2012. Lloyd-Price et al, 2016), 

understanding which populations are responsible for specific disease states is still 

lacking. For many disorders, studies are suggesting that it may indeed not be 

specific populations, leading to these specific disorders, such as NEC, but is instead 

a general dysbiosis that is inducing such disease states. For example in NEC, this 

may include a reduction in relative abundance of ‘beneficial’ species such as 

Bifidobacteria or Lactobacillus, and changes to the abundancies of other species 

such as Clostridium perfringens, Proteobacteria and Enterobacter (De la Cochetiere 

et al, 2004. Penders et al, 2006. Vonghavit and Underwood, 2016. Young et al, 

2017). 

 

With the ‘accuracy’ of information on the exact ‘healthy’ human microbiota 

increasing, interest into which factors influence it, its development and implications 

for heath, is following suit. As previously mentioned in Chapter 1, a plethora of 

environmental (pre, post and perinatal), and genetic factors, have been 

demonstrated to influence the richness, evenness and diversity of the developing 

microbiota of infant humans, within the first stages of life. Many of the studies, 

analysing the infant gut microbiome, will analyse faecal matter of the infants, as a 
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representation of their GI microbiota. However, it has been suggested that this 

sample type underrepresents biodiversity of the gastrointestinal system (Romano-

Keeler et al, 2014), perhaps as a result of remnant human DNA as well as 

undigested food DNA and inhibitors than may hinder some of the procedures 

within NGS (such as PCR amplification) (Panek et al, 2018). Others have analysed 

stomach contents, aspirated through feeding devices (Hoy et al, 2000); but without 

knowing the exact contents of the feeding device, this also inserts bias.  

 

The beneficial nature of unpasteurised mothers’ breast milk on the development of 

the infant microbiota, as well as other aspects of infant health, is undisputed. This is 

cited as mostly likely being a result of active immunisation of the infant, with 

‘healthy’ microorganisms and immune modulators (Hanson, 1998). Whereas, 

conversely, feeding alternatives (formula), lead to altered microbiomes, with 

increase potentially pathogenic strains, and may increase risk of adverse clinical 

progression (Cong et al, 2017). As previously mentioned, in much of the neonatal 

population, who are unable to suckle and swallow naturally, a feeding device is 

provided to enable optimal nutritional intake. These devices provide the perfect 

replicative niche, away from the host immune system, meaning they are 

unselective in the microorganisms that can colonise them, whether they be 

potentially beneficial microorganisms from breast milk, or potentially pathogenic 

strains from the hospital environment, or contaminated feeds. Colonisation of the 

devices with potentially pathogenic strains, or even commensals that would not 

normally reside within the stomach microbiota, could result in these (unwanted) 

strains dominating the tube environment and continually seeding the infant’s 

stomach with unwanted microorganisms. This could exacerbate deviations from 

normal development. Infants within a NICU are already subject to a number of 

invasive procedures, as an inherent result of their situation. These are often cited as 

risk factors for infection and microbiome dysbiosis; as such, their impact has 

received much attention. Given this, the influence of contaminated feeding devices, 

and their potential to increase risk, should then be also critically analysed. 
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Early research studies, focused on understanding the microbiome, have relied 

mainly on culture-based analysis of microbes. However, newer techniques are 

displaying that culture-based analysis often leads to severe underrepresentation 

(Hayashi et al, 2002. Rhoads et al, 2012). A growing wealth of literature is displaying 

that, for many bodily and environmental sites, the greater proportion of microbes 

present, may in fact be unculturable by traditional techniques. One research study, 

utilising molecular-based methods, to gain an understanding into the human 

intestinal microbiota, found that 80 % of the microbes uncovered were 

unculturable, with 60 % being novel at the time (Eckburg et al, 2005). Another 

study, again utilising molecular techniques, detected bacteria in 41 % of neonatal 

gastric aspirates, where standard routine detection methods (culture and cell 

staining) were only able to detect bacteria in 25 – 26 % of samples (Gonzales-Marin 

et al, 2012). 16S rRNA gene sequencing is rapidly providing more accurate 

representations of microorganisms, within a given environment. Such methods are 

not only able to identify species that may not be recoverable by culture-based 

analysis (such as VBNC species), but the isolation and purification of total DNA/RNA 

from a sample, or the environment, allows for multiple molecular methods to be 

run in tandem, providing a much greater reservoir of information, than culture-

based analysis alone. With total DNA/RNA from a sample, researchers can not only 

distinguish population frequency (via 16S rRNA gene sequencing), but can also 

determine the exact number of cells within a sample (via qtPCR to determine copy 

number of a given species), as well as the presence, or absence, of clinically 

relevant antimicrobial resistance genes (Martineua et al, 2000).  

 

This is not to say that culture-based methods should be replaced entirely. The 

molecular methods, while providing the ability to expand our knowledge greatly, 

are still relatively expensive, time consuming and not without their limitations. 

There is also a great deal of variation between studies, due to differences in 

methodology, including extraction protocols, primers used for amplification, as well 

as bioinformatics approaches (Walker et al, 2015). Until there is universal 

uniformity in these, researchers should still utilise the more well-defined culture-

based approaches to supplement their research. 



 

 166 

 

The previous chapters have displayed the ability of potentially pathogenic bacterial 

strains to form biofilms upon clinically used feeding devices, as well as the influence 

of feeding regime, within a laboratory setting. The following chapter aims to gain a 

deeper insight into the influence of patient characteristics, feeding regimes and 

care patterns, on the distribution, and abundance, of different microbial 

communities, within a real clinical scenario. We will also aim to assess the impact of 

insertion time on bioburden.  

 

To achieve these aims, an expansive multidisciplinary project, with design input 

from clinicians, nurses, nutritionists, microbiologists and statisticians/ 

bioinformaticians, was created. With a set of project aims drafted, an overall 

project was created, encompassing two different research approaches. The 

creation of a comprehensive ethics application allowed approval for both molecular 

and culture-based analysis of clinical samples, obtained from a local level 3 

neonatal unit. A total sample size of 170 used feeding devices was established, 

encompassing 110 samples designated for culture, and visual analysis, and 60 

samples allocated for DNA extraction and subsequent molecular analysis through 

16S rRNA gene sequencing. The collection of patient data would also allow for 

direct correlation between our results and real-world variables. The purpose of this 

study is to provide real clinical evidence, that will not only deepen our 

understanding within this area, but potentially help in the development and 

improvement of a real care practices, such as optimisation of device placement 

times. 

Ethics Application. 

After study design, by a multi-collaborative team, a skeleton project protocol was 

created. A project was then created using the NHS Integrated Research Application 

System (IRAS) via www.myresearchproject.org.uk (IRAS Project ID: 200714). A 

project filter questionnaire was used to create a project specific IRAS form. Upon 

completion of V1.0 of the IRAS project form, a project was created on Southampton 

University’s local ethics application platform, Ethics and Research Governance 
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Online (ERGO), via www.ergo.soton.ac.uk. A completed application was submitted 

to ERGO (Submission ID : 29967), including the documents: Draft IRGA form, Ethics 

form, Risk Form, Protocol proposal and draft study poster. Comments were added 

by the ERGO assessor and the application was resubmitted and accepted. A 

University sponsorship letter, UHS UoS statement of activities and schedule of 

events letter was received by the research team from the University of 

Southampton (See appendix). IRAS integrated application was completed and 

associated documents (Complete IRAS form, CVs for all project members, GCP 

certificates from all project members, Updated Protocol Proposal (V10.0, with 

highlighted amendments- see appendix), University sponsorship letter and UHS UoS 

SoA and SoE letter) were submitted to a REC Sub-committee for review (IRAS 

Project ID: 200714, REC Reference 17/ES/0142). After review, a provisional opinion 

letter was received by the research team. Reviewer comments were addressed and 

application documents modified to reflect comments. A modified project dataset 

was re-submitted for review including an updated Project protocol, Case Report 

Form (CRF), a modified poster, as well as a letter to the chair. After secondary 

review, a Favourable opinion letter was received. As part of the integrated 

application process, all project documents were then submitted to the Health 

Research Authority (HRA) for approval. A letter of approval was received by the 

HRA Local ethical approval and assessment of confirmation of capacity. Capability 

was then sought through University Hospital Southampton (UHS) Research and 

Development (R&D) department. A research passport application form was 

submitted to Clinical Governance at UHS R&D department, after approval by 

Biological Sciences Graduate School and returned with approval signatures from 

UHS R&D department. A specialist registrar was then recruited, to reduce a 

financial deficit incurred by use of NHS nursing staff, for collection of samples. 

Confirmation of capacity and capability was then received by the local UHS R&D 

department, along with a Letter of access for research. See Supplementary 

materials section 2 for all documentation related to ethical approval process. 
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Material and methods. 

16S rRNA Gene Sequencing. 

The first 60 samples collected were designated for 16S rRNA gene microbiome 

analysis. After transfer of the samples to the laboratory, tubes were removed from 

the sterile sample bags and the outside surfaces sterilised by gently wiping down 

with 70 % ethanol. A 1 ml aliquot of sterile Dulbecco’s Phosphate-Buffered Saline 

(DPBS) was flushed through the lumen of the NGT into a sterile 50 ml Falcon tube. 

After flushing, the NGT feeding set was removed and the tube cut into approx. 1 cm 

segments into the Falcon tube containing the flush through. Sterile glass beads 

were then added to the Falcon tube, along with 9 ml sterile DPBS. The tube and 

flush were then vortexed for 2 mins to dislodge any adhered cells. Using a sterile 15 

ml serological pipette, the suspended cell mix was transferred to a new 50 ml 

Falcon tube. The NGT pieces were resuspended in a further 10ml sterile DPBS and 

vortexed once more for 2 min. The cell suspension was then added to the Falcon 

tube, containing the original 10 ml DPBS cell suspension. The suspensions were 

centrifuged for 3 h, at 3,700 g, within a swinging bucket rotator, locked at 4°C. After 

centrifugation, the supernatant was removed and discarded. The pellet was re-

suspended within 500 µl Buffer ATL (containing reagent DX) and suspension 

transferred to a pathogen lysis tube (QIAmp pathogen lysis tubes L) before being 

placed into a TissueLyser LT for 15 mins, for mechanical lysis at 50 hz. Qiagen 

manufacturer’s guidelines were then followed from Step 5 of ‘Cultures - Mechanical 

Pre-lysis Protocol’, followed by ‘Spin protocol’ from QIAamp UCP Pathogen Mini 

Handbook, with all recommended steps included and the following modifications. A 

50 µl Proteinase K aliquot was added to sample preparation, at step 1, of ‘Sample 

Prep (Spin Protocol)’ and incubated for 30 min, at 56°C. Total DNA was eluted into 

30 µl buffer AVW and yield measured by NanoDrop spectrophotometer, before 

being stored at -80°C. Once 60 samples had been reached, they were transferred to 

an external company for 16S rRNA gene sequencing. 

 

The V4 region of the 16S rRNA gene was amplified from all 60 samples using fusion 

primers 
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515F:TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGGTAA and 

806R: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACNVGGGTWTCTAAT, 

which consist of the V4 region primers (Caporaso et al, 2011) ligated to Illumina 

Nextera adaptor consensus sequences (indicated in italics). PCR reactions were 

carried out in 25 µl  volumes, consisting of 12.5 µl  NEBnext Q5 HiFi Hotstart 

mastermix, 12.5 ng genomic DNA, and 1 µl  forward and reverse primers (10 µm), 

and amplified using the following conditions: 95°C for 3 min, followed by 25 cycles 

of 95°C for 30 sec, 55°C for 30 sec and 72°C for 30 sec, with a final extension of 7 

min at 72°C. Amplicons were cleaned using 0.8 x volume AMPure XP beads 

(Beckman Coulter Ltd) and dual-indexed using a Nextera XT v2 Index Kit (Illumina), 

using a further 8 PCR cycles. The resulting amplicon libraries were pooled and 

sequenced on an Illumina MiSeq instrument at the Environmental Genomics 

Facility, University of Southampton, using a MiSeq v3 Reagent Kit (Illumina) and 2 x 

300 bp paired end sequencing. Sample demultiplexing was carried out on-

instrument by the MiSeq control Software. 

 

Raw sequences, received in FASTAQ file format, from the sequencing company, 

were analysed by QIIME (Version 2 – 2018.8), an open-source bioinformatics 

pipeline framework that automatically incorporates many of the key concepts for 

microbial bioinformatics (Rideout et al,2018).  Files were imported with ‘qiime tools 

import’ command. A metadata TSV file was created containing sample metadata 

and validated using the open-source Keemei plug-in (Rideout et al, 2016) within 

Google Sheets. 

 

Demultiplexed reads were trimmed, using Cutadapt version 1.17 (Martin, 2011), to 

remove residual adapters and primers, and to remove low-quality 3’ bases (quality 

threshold 20). Reads less than 250 bp, following trimming, were discarded. 

Denoising was carried out using the DADA2 (Callahan et al, 2016) plugin within 

QIIME2.  

 

Artefacts containing a feature table and corresponding feature sequences, were 

created with ‘qiime feature-table summarize’ and ‘qiime feature-table tabulate-
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seqs’. The number of features was 584 from 60 samples, with total frequency 

5,638,576. Frequency per sample were; minimum frequency 3,300, mean 

frequency of 93,976.27 and maximum frequency 141,920. A rooted phylogenetic 

tree was created with the ‘qiime phylogeny align-to-tree-mafft fasttree’ pipeline, 

from the q2-phylogengy plugin. This was utilised for alpha and beta diversity 

metrics analysis, via the q2-diversity plugin, including ‘core-metrics-phylogenetic’, 

with sampling depth set to 9000.  Alpha and Beta diversity metrics were calculated 

with ‘alpha-group-significance’ and ‘beta-group-significance’ commands. Alpha 

rarefaction was conducted to determine if richness of samples had been fully 

observed, utilising ‘qiime diversity alpha-rarefaction’ command, with a max 

sampling depth of 99000 (based off median frequency sequences per sample). 

Samples appeared to approach the slope of zero along x axis (of sampling depth), 

suggesting that at selected sampling depth, obtaining further sequences would not 

allow for observation of additional features, therefore richness is likely to be fully 

observed for samples. 

 

Alpha diversity analysis metrics were calculated for Faiths Phylogenetic diversity (a 

measure of community richness within sample cohorts) and Pileus’s Evenness (a 

comparison of community evenness in terms of phyla within samples). Beta 

diversity analysis was conducted through pairwise permutation tests (a form of 

PERMANOVA), that calculates differences in diversity between samples of different 

sub-groups. Multiple multivariate response linear regression was run against 

increasing amounts of sample metadata variables to gain an understanding on 

which variable introduce the most community variation.  

 

Taxonomy was assigned to the resulting amplicon sequence variants (ASVs) using 

the naïve-Bayes machine learning classifier method, implemented in QIIME2’s q2-

feature-classifier plugin (Greengenes 13_8 99 % classifier)(Bokulich et al, 2018), 

with commands ‘q2-feature-classifier’ and interactive taxonomic plots created with 

‘qiime taxa barplot’. 
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Differential abundance analysis was conducted using the gneiss plugin, utilising 

Wards hierarchical (unsupervised) clustering (‘qiime gneiss correlation-clustering’ 

command) to obtain principal balances (artefacts in the form of trees that defines 

partitions), isometric Log ration transformations run (‘qiime gneiss ilr-hierarchial’ 

command) on which multivariate response linear regression was run (‘qiime gneiss 

ols-regression’ command), producing a summary of the regression model. 

Heatmaps of individual metadata categories were created with ‘qiime gneiss 

dendogram-heatmap’ command. 

 

Analysis of overall impact of each individual patient metadata sub-group variable, 

for example the category MBM fed infants within main feed type category, was 

analysed through the use of multiple multivariate linear response regression 

models. Such models analyse impact of multiple responses with a single set of 

predictor values, in this instance microbial community variation with respect to 

patient metadata (Main feed, Antibiotic usage, GA etc.). 

 

Analysis of relative abundance of main bacterial phyla: Enterobacteriaceae, 

Staphylococcus, Streptococcus, Enterococcus and Neisseria, grouped relative to 

feeding regime, was conducted. Summary information on taxonomic groups for 

each sample was created with the ‘biom convert’ function for each taxonomic level, 

data was exported into a TSV file and converted into an excel document. Relative 

abundance data was input into GraphPad Prism (7.0 for Mac OS X, GraphPad 

Software, Inc., US)for analysis and visualisation. Shapiro-Wilk normality tests were 

used to analyse distributions of data. For those data not normally distributed, 

Kruskal-Wallis H tests were conducted. For groups with significant differences, 

Dunn’s post hoc pairwise multiple comparisons were conducted. Significance set at 

p < 0.05. 

Culture analysis. 

After appropriate processing and delivery of samples to designated research 

laboratory, NGTs were removed from sterile sample bags and exteriors of the tubes 

were gently sterilised with 70 % ethanol within an MSC. Utilising the graded print 
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along the tube exterior, designated locations up the samples were located, and 1 

cm sections were excised using sterile scissors. Three locations were selected from 

the top end of the tube (the end residing outside the infant) and three locations 

from the bottom end (residing within the infant), resulting in n = 6 (total), or n = 3 

(for top and bottom locations). Each section was placed into a 2 ml Eppendorf, 

containing sterile DPBS and autoclaved sterilised glass beads. These were vortexed 

for 2 mins to dislodge any adhered cells and create a cell suspension. Serial 

dilutions were created using the cell suspensions and plated onto TSA 

supplemented with 5 % defibrillated sheep’s blood (Differential for haemolytic 

activity) and MacConkey Agar (selective for gram negative organism and differential 

based on lactose fermentation) and incubated for 37°C in aerobic conditions for 24 

h. Serial dilutions were also plated onto TSA and incubated at 37°C, under 

anaerobic conditions for 48 h, through the use of Mitsubishi AnaeroPackTM 

Rectangular jar and Thermo Scientific AnaeroGenTM sachets . Colony forming unit 

(CFU) counts were taken at each time point and recorded. Patient sample metadata 

was recorded from patient records, by designated research nurses, and anonymised 

onto CRFs. CRF patient data was input into R Studio, alongside CFU values, for 

descriptive and inferential analyses. 

Sharpiro-Wilks normality testing was conducted to analyse distribution of data. 

When comparing 2 categorical variables for those not normally distributed Mann-

Whitney U-Tests were slected. For those containing more than 2 categorical 

variables Kruskal-Wallis H-Tests were selected. For groups with significant 

differences, Dunn’s post hoc pairwise multiple comparisons were conducted with 

confidence set at p < 0.05, to distinguish different sub-groups. 

Patient Data collection. 

Patient data was collected by designated neonatal research nurses, from patient 

records. Case report forms were completed for each sample and passed to the 

research team for synthesis of anonymised data into one metafile. See 

Supplementary Materials Section 2 – Ethics application, for example Case Report 

Form. Data that was not reported on CRF and was instead collected directly from 

manufacturers’ print on the samples included: tube brand, tube material, tube 
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length and tube diameter (fr). For the purpose of sample grouping, some variables 

were grouped. Grouped variables included GA at birth (weeks and days), into GA 

category and ventilation type. GA category classification was completed using WHO 

Preterm classification guidelines (preterm defined as babies born alive before 37 

weeks of pregnancy where: < 28 weeks is classed as extremely preterm; 28 to 32 

weeks is very preterm; 32 to 37 weeks is moderate to late preterm and > 37 weeks 

is term). Ventilation type was grouped into: Invasive, SIMV, PC-AC (with VG or 

Nitric), PC-SIMV and optiflow; Non-Invasive; CPAP (including Bubble and Nippy-

CPAP), Highflow and Vapotherm; And None; which included all infants not receiving 

any ventilation of any type, as well as Lowflow 02 and one infant who had a 

Nasopharyngeal Airway tube placed (tube required due to anatomical abnormality 

to facilitate breathing). Given the diversity in feeding regime within the unit, 

feeding regime was grouped into the main feed type the infant received: maternal 

breast milk (MBM), donor breast milk (DBM), infant formula (IF) or nil by mouth 

(NBM). Within this study, IF included all types of formula, including premixed and 

powdered. 

 

Results. 
Overall patient data, for both culture-based analysis and molecular analysis, are 

summarised in Table 3. (Factors relating to tube and feed) and Table 4. (factors 

relating to infants). Throughout the entire trial, 170 feeding devices were collected, 

from a total of 68 patients. The predominant tube sample was: an NG tube (54 %), 

6fr (55 %), placed for 7 days (43 %) and removed for routine reasons (48 %); while 

the predominant patient was female (54 %), extremely preterm (49 %), born via 

caesarean section (64 %), fed mothers milk (54 %) and not receiving antibiotics (65 

%), vitamins (59 %), iron supplements (81 %) or respiratory support (61 %). 

Predominant feed routine was bolus-alone feed (122), with a interval range of 1 – 4 

h and bolus volume of 0.5 ml to 80 ml, per interval. 
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Table 3. displays factors relating to feeding devices used throughout both culture 
and molecular analysis sections. 

Variable n (n = 170) % 
Type   

NG 92 54 % 
OG 78 46 % 

Size (fr)   
4 4 2 % 
5 60 35 % 
6 94 55 % 
7 1 1 % 
8 11 6 % 

Insertion Time (Days)   
0 1 1 % 
1 9 5 % 
2 28 16 % 
3 13 8 % 
4 10 6 % 
5 10 6 % 
6 10 6 % 
7 73 43 % 
8 9 5 % 
9 2 1 % 

11 1 1 % 
13 1 1 % 
14 1 1 % 

Main Feed Type   
MBM 92 54 % 

IF 40 24 % 
DBM 12 7 % 
NBM 21 12 % 

Reason for Removal   
Routine 81 48 % 

Accidental 39 23 % 
NLN 15 9 % 

Blockage 8 5 % 
New Tube required* 18 11 % 
Removed for other 

intervention** 
8 5 % 

No reason given 1 1 % 
* New Tube required includes: NG Placed (4), NJ placed (1), OG placed (6), No 
Aspirate replace (4) reposition (2), larger tube required (1).                                                                                                                                     
**Removed for other intervention includes: Extubation (4), CPAP Started (2), CIS 
Identified (1)  and surgical (1)                                                                                                                                                                                 
Abbreviations: NG : Nasogastric. OG : Orogastric. MBM : maternal breast milk. IF : 
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infant formula. NBM : Nil by Mouth. DBM : donor breast milk. NLN : No Longer 
Needed. CIS : Clinically isolated syndrome. CPAP : Complete Positive Airway Pressure.  
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Table 4.  displays patient data from patients whose feeding devices were utilised 
throughout both culture and molecular analysis sections. 

Variable n (n = 170) % 
Sex   

F 92 54 % 
M 78 46 % 

GA category at Birth*   
Extremely Preterm 84 49 % 

Very Preterm 46 27 % 
Moderately Preterm 19 11 % 

Term 21 12 % 
GA category at Removal   

Extremely Preterm 12 7 % 
Very Preterm 40 24 % 

Moderately Preterm 64 38 % 
Term 53 31 % 

Mode of Delivery   
Vaginal 62 36 % 

Caesarean Section 108 64 % 
Antibiotic Prescription   

Y 60 35 % 
N 110 65 % 

Vitamin Supplement   
Y 70 41 % 
N 100 59 % 

Iron Supplements   
Y 32 19 % 
N 138 81 % 

Overall Ventilation   
Y 66 39 % 
N 104 61 % 

Ventilation Type   
Invasive 29 17 % 

Non-Invasive 29 17 % 
None 112 66 % 

*GA classed according to WHO: < 28 weeks = Extremely preterm. 28 - 32 weeks = 
Very Preterm. 32 - 37 week = Moderate to Late preterm. > 37 weeks = Term.                                                                            
**Invasive types: SIMV (4), PC-SIMV (5), PC-AC (15), PC-AC + VG (3), PC-AC + Nitric (1), 
Optiflow (1). Non-Invasive: CPAP (14), Bubble-CPAP (4), Nippy-CPAP (1), High-Flow (4 
and Vapotherm (6)). None: All infants not receiving ventilation, Low-flow 02 (3) and 
Nasophayngeal Airway (1).                                                                                             
Abbreviations: GA : Gestational Age.  SIMV : Synchronized Intermittent-Mandatory 
Ventilation. PC : Pressure Controlled. AC : Assist Controlled. CPAP : Continuous 
Positive Airway Pressure. VG : Volume Guaranteed. 
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16S rRNA Gene Sequencing. 

The mean (SD) GA at birth of for infants within sequencing subsection was 29.86 

(5.14) weeks. Sixty tubes were collected from thirty infants throughout the study 

with a mean (SD) of 2 (1.2) tubes per infant and a range of 1 - 6 tubes. The 

predominant characteristics were: male; born extremely premature, but within the 

moderately premature category at device removal; not receiving antibiotics; 

ventilation; vitamin or iron supplements, but receiving MBM, with a 6 fr nasogastric 

tube placed for 7 days, and routinely removed (Refer to Table 5. and Table 6. for 

data on all samples involved within sequencing analysis).  
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Table 5. Displays sample information relating to feeding device specific factors, 
involved within 16S rRNA gene sequencing section. 

Variable  n (n = 60) % 
Type    

NG  33 55 % 
OG  27 45 % 

Size (fr)    
4  3 5 % 
5  19 32 % 
6  35 58 % 
8  3 5 % 

Insertion Time (Days)    
0  1 2 % 
1  5 8 % 
2  15 25 % 
3  5 8 % 
4  2 3 % 
5  4 7 % 
6  3 5 % 
7  18 30 % 
8  5 8 % 
9  1 2 % 

13  1 2 % 
Main Feed Type    

MBM  40 67 % 
IF  11 18 % 

DBM  4 7 % 
NBM  5 8 % 

Reason for Removal    
Routine  23 38 % 

Accidental  17 28 % 
NLN  4 7 % 

Blockage  5 8 % 
             New Tube required*  10 17 % 

Removed for other intervention**  1 2 % 
* New Tube required includes: NG Placed (4), NJ placed (1), OG placed (6), No Aspirate 
replace (4) reposition (2), larger tube required (1).                                                                                                                                      
**Removed for other intervention includes: Extubation (4), CPAP Started (2), CIS Identified 
(1) and surgical (1)                                                                                                                                                                                 
Abbreviations: NG : Nasogastric. OG : Orogastric. MBM : maternal breast milk. IF : Infant 
Formula. NBM : Nil by Mouth. DBM : donor breast milk. NLN : No Longer Needed. CIS : 
Clinically isolated syndrome. CPAP : Complete Positive Airway Pressure.  
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Table 6. Displays sample information for 60 feeding devices included within 16S 
rRNA gene sequencing analysis. 

Variable  n (n = 60) % 
Sex    

F  25 42 % 
M  35 58 % 

GA category at Birth*    
Extremely Preterm  24 40 % 

Very Preterm  21 35 % 
Moderately Preterm  6 10 % 

Term  9 15 % 
GA category at Removal    

Extremely Preterm  3 5 % 
Very Preterm  13 22 % 

Moderately Preterm  29 48 % 
Term  15 25 % 

Mode of delivery    
Vaginal  36 60 % 

          Caesarean Section  24 40 % 
Antibiotic Prescription    

Y  18 30 % 
N  42 70 % 

Vitamin Supplement    
Y  24 40 % 
N  36 60 % 

Iron Supplement    
Y  12 20 % 
N  48 80 % 

Overall Ventilation    
Y  18 30 % 
N  42 70 % 

Ventilation Type**    
Invasive  9 15 % 

Non-Invasive  9 15 % 
None  42 70 % 

*GA classed according to WHO: < 28 weeks = Extremely preterm. 28 - 32 weeks = Very 
Preterm. 32 - 37 week = Moderate to Late preterm. > 37 weeks = Term.                                                                            
**Invasive types: SIMV (4), PC-SIMV (5), PC-AC (15), PC-AC + VG (3), PC-AC + Nitric (1), 
Optiflow (1). Non-Invasive: CPAP (14), Bubble-CPAP (4), Nippy-CPAP (1), High-Flow (4 and 
Vapotherm (6)). None: All infants not receiving ventilation, Low-flow 02 (3) and 
Nasopharyngeal Airway (1).                                                                                         
Abbreviations: GA : Gestational Age.  SIMV : Synchronized Intermittent-Mandatory 
Ventilation. PC : Pressure Controlled. AC : Assist Controlled. CPAP : Continuous Positive 
Airway Pressure. VG : Volume Guaranteed. 
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As observed within Figure 63., the most dominant Phyla throughout the entire 

sample population was Firmicutes, followed closely by Proteobacteria. 

Actinobacteria also displayed prominently in many samples. Nearly all the 

Firmicutes present were Bacilli - more specifically Lactobacillales and Bacillales, 

with minor populations of Gemellales and Clostridiales present. The Proteobacteria 

populations were comprised of predominantly Gammaproteobacteria, followed by 

Betaproteobacteria and within these, Enterobacteriales and Neisseriales 

respectively. 

 
Figure 63.  Taxa bar plot, set at class level, displaying relative frequency against all 
60 samples. 

Alpha and Beta Diversity Analysis. 

Alpha-group-significance command was used to analyse microbial compositions in 

relation to sample metadata. First, Faiths phylogenetic diversity analysis of 

community richness was measured for all categorical patient variables. Categorical 

variables, with overall significant differences in community richness, were; 

Gestational class at birth (p = 0.0074), mode of delivery (p = 0.021) and feeding 

regime (p = 0.049). As is observed within Figure 63., samples from infants born via 
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caesarean section had significantly lower community richness, than those born by 

the birth canal.  

 
Figure 64. Boxplot displaying community richness, as measured by Faiths 
Phylogenetic diversity index value, against mode of delivery. 

Pairwise analysis (Kruskal-Wallis), on metadata with more than 2 sub-groups, found 

the extremely preterm to very preterm categories to be significantly different (p = 

0.00248), as was term to very preterm (p = 0.00926); where those within the 

extremely preterm category had the highest richness (Faith’s PD value) and those 

within the very preterm category had the lowest. For main feed type, although 

there was overall group significance, pairwise analysis did not detect significance 

between any sub-groups. However, those fed donor milk had the highest average 

richness, while being fed infant formula resulted in lowest species richness. 

 

Pileu’s evenness (measure of community evenness) was then calculated. 

Categorical variables found to be significant were: GA category at removal (p = 

0.000185), mode of delivery (p = 0.0227), antibiotics use (p = 0.0332) and Vitamin 

usage (p = 0.00456). Similar to community richness, those born via the birth canal 

also displayed higher community evenness than those born via caesarean section, 

as can be seen in Figure 64. Those receiving antibiotics had significantly decreased 

evenness, compared to those not receiving treatment, whereas those who were 

receiving vitamin supplements had increased community evenness. 
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Figure 65. Boxplot displaying community evenness, as represented by Pielou’s 
evenness, against mode of delivery. 

Pairwise (Kruskal-Wallis) analysis allowed comparison between categorical variables 

with more than 2 sub-groups. For the previously stated significant variables, this 

only applied to GA category at removal. Significantly different sub-groups were; 

moderately premature vs both Term (p = 0.0193) and very preterm (p = 0.000033), 

as well as term vs very preterm (p = 0.0177); where those who were within the 

moderately premature category at device removal displayed the highest 

community evenness and those within the very preterm category displayed the 

lowest. 

 

The alpha group correlation command allowed analysis of alpha diversity for 

continuous metadata variables. No significance was found for community richness, 

however both patient number, and volume of bolus feed (if a bolus fed individual, n 

= 45), were found to be correlated with community evenness (p = 0.0411 and p = 

0.0147 respectively), where individual patients had more even communities 

(compared to other patients) and those fed larger volume had more uneven 

communities.  

 

Next, the beta-group-significance command (form of PERMANOVA), was used to 

test the distances (measure of community dissimilarity, where significance denotes 
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greater distance in community structure) between samples from within a group, in 

relation to sample metadata (e.g. are samples from the sub-group MBM more 

similar to one another or to the other main feed types; IF, DBM or NBM). Metadata 

groups found to be significantly dissimilar to one another were: main feed type (p = 

0.002), GA category at birth (p = 0.005), GA category at removal (p = 0.007), 

antibiotic usage (p = 0.013) and gender (p = 0.038). Interestingly, mode of delivery 

was found not to be significant (p = 0.06). Categorical variables with more than 2 

different sub-groups were analysed against one another via pairwise (PERMANOVA) 

permutation tests to gain an understanding on which sub-groups were significantly 

dissimilar to one another. For main feed type, all sub-groups were found to be 

significantly different from one another; DBM vs IF, MBM and NBM (p = 0.003, 

0.002 and 0.042), IF vs MBM and NBM (p = 0.050 and 0.029) and MBM vs NBM (p = 

0.015), refer to Figure 65. for visual representation. The GA category at birth sub-

groups found to be significantly different, were; extremely preterm vs very preterm 

(p = 0.007); and GA category at device removal were: extremely preterm vs 

moderately preterm and term (p = 0.013 and 0.039), as well as moderately preterm 

vs term (p = 0.0130). 

 

 
Figure 66. Unweighted Unifrac significance plots displaying distance, in diversity, 
from each sub-group for main feed type, where MBM is maternal breast milk, IF is 
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infant formula, DBM is donor breast milk and NBM is ‘nil by mouth’, with pairwise 
group analysis to determine sub-group pair differences. 

To gain an understanding on exactly which patient metadata sub-groups are 

responsible for the most community variation multiple multivariate response linear 

regressions were run. These models analyse sub-groups from within patient 

metadata groups, for example infants fed MBM from within main feed type, in the 

context of all patient sub-groups, for example infants fed MBM, receiving 

antibiotics and not on ventilation, against one another to predict which sub-groups 

are responsible for what amount of community variation. This was run utilising an 

increasing amount of patient variables, to create an expanded model (summary 

information within Table 7.) and reduced model (Summary information within 

Table 8.) Summary r2 values, indicating the percentage of community variation the 

regression model can explain (for each specific variable), increased with increasing 

numbers of patient variables included; however, this also decreased the r2 values of 

each individual covariate. Some over-fitting occurred in the expanded model, as the 

fold 0-cross validation prediction accuracy was marginally higher than within model 

error (Table 7.). However, all other cross folds, and all within the reduced model, 

were lower.  
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Table 7. Multiple multivariate response linear regression analysis results for 
expanded model. 1 variable from each patient variable is dropped in summary. 
Variable column describes each sub-group from within a variable (e.g. feed types: 
IF, MBM and NBM, where DBM was dropped), where r2 diff indicates influence each 
variable has on model. 

Expanded Model    
Variable mse r2  r2 Difference 

Intercept 30.6056 0.4495 0.0298 
Gender[T.Male] 29.975 0.4608 0.0184 
GA_Class_Birth[T.Moderate_Preterm] 30.084 0.4588 0.0204 
GA_Class_Birth[T.Term] 30.285 0.4552 0.024 
GA_Class_Birth[T.Very_Preterm] 30.1913 0.4569 0.0223 
Route_of_Birth[T.Vaginal] 30.0637 0.4592 0.02 
Main_Feed[T.IF] 29.7236 0.4653 0.0139 
Main_Feed[T.MBM] 29.763 0.4646 0.0146 
Main_Feed[T.NBM] 29.6197 0.4672 0.012 
Antibiotics_used[T.Y] 29.8591 0.4629 0.0163 
Vitamin[T.Y] 29.6888 0.4659 0.0133 
Fortifiers[T.Y] 29.6554 0.4665 0.0127 
Ventilator[T.Y] 29.9424 0.4614 0.0178 
Reason_for_Removal[T.Blockage] 29.8235 0.4635 0.0157 
Reason_for_Removal[T.NLN] 29.9734 0.4608 0.0184 
Reason_for_Removal[T.Replaced] 29.6441 0.4667 0.0125 
Reason_for_Removal[T.Routine] 29.5797 0.4679 0.0113 
GA_Class_Removal[T.Moderate] 29.9336 0.4615 0.0177 
GA_Class_Removal[T.Term] 30.2398 0.456 0.0232 
GA_Class_Removal[T.Very] 30.0322 0.4598 0.0194 
Duration_of_Placement 29.6782 0.4661 0.0131 
Patient_Number 30.0292 0.4598 0.0194 
Tube_Diameter 29.7866 0.4642 0.015 

    
Summary r2: 0.4792   
Community variation predicted by model: 48 %   

    
Validation predicted prediction accuracy     

 Model_mse r2 Predicted_ms
e 

Fold_0 17.545 0.6048 17.5635 
Fold_1 17.5764 0.5745 11.7882 
Fold_2 18.4654 0.5651 7.372 
Fold_3 19.0845 0.5581 6.7944 
Fold_4 18.5018 0.5806 9.5414 
Fold_5 18.7603 0.585 7.2832 
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Fold_6 19.0228 0.5757 7.2418 
Fold_7 16.9528 0.5975 11.2879 
Fold_8 18.4239 0.5809 12.039 
Fold_9 22.8308 0.535 0 
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Table 8. Multiple multivariate response linear regression analysis results for 
reduced model. 1 variable from each patient variable is dropped in summary. 
Variable column describes each sub-group from within a variable (e.g. feed types: 
IF, MBM and NBM, where DBM was dropped), where r2 diff indicates influence each 
variable has on model.  

 

Reduced Model    
Variable mse r2  r2 Difference 

Intercept 40.8844 0.2646 0.0603 
Gender[T.Male] 38.7499 0.303 0.0219 
GA_Class_Birth[T.Moderate_Preterm] 39.5579 0.2884 0.0365 
GA_Class_Birth[T.Term] 39.3904 0.2914 0.0334 
GA_Class_Birth[T.Very_Preterm] 38.7076 0.3037 0.0212 
Route_of_Birth[T.Vaginal] 38.6805 0.3042 0.0207 
Main_Feed[T.IF] 38.3471 0.3102 0.0147 
Main_Feed[T.MBM] 38.29 0.3112 0.0136 
Main_Feed[T.NBM] 38.2233 0.3124 0.0124 
Antibiotics_used[T.Y] 38.8127 0.3018 0.023 
GA_Class_Removal[T.Moderate] 38.8594 0.301 0.0239 
GA_Class_Removal[T.Term] 39.018 0.2981 0.0267 
GA_Class_Removal[T.Very] 38.806 0.3019 0.0229 

    
Summary r2: 0.3249   
Community variation predicted by model: 32 %   

    
Validation predicted prediction accuracy     

 Model_mse r2 Predicted_ms
e 

Fold_0 26.3969 0.4055 9.9084 
Fold_1 25.8201 0.3749 8.7347 
Fold_2 26.7994 0.3688 5.8472 
Fold_3 27.6358 0.3601 4.8691 
Fold_4 27.5994 0.3744 5.1555 
Fold_5 27.4914 0.3919 5.3722 
Fold_6 27.9088 0.3775 5.0596 
Fold_7 25.1941 0.4019 9.3814 
Fold_8 26.8318 0.3896 7.9132 
Fold_9 31.5574 0.3573 0 
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Summary r2 values, for expanded and reduced models, were 0.4792 and 0.3249 

respectively, suggesting that even the expanded model could only account for 

around 48 % of community variation. For the expanded model, the most influential 

variable was a GA category at birth of ‘term’, followed closely by a GA category at 

tube removal of ‘term’. Whereas, for the reduced model, it was a GA category at 

birth of moderately preterm, followed closely by ‘term’. In the expanded model. All 

variable categories appear to be responsible for variation of around 1 – 2 %, and 

this is similar in the reduced model at around 1 – 3 %. 

 

 
 
Figure 67. Taxonomic plot displaying relative frequency, for all 60 samples, split 
based on main feed category, where; DBM = donor breast milk, IF = infant formula, 
MBM = maternal breast milk and NBM = ‘nil by mouth’. 

Visual inspection of Figure 66., displaying relative frequency of species at a higher 

taxonomic (Class) level, provides some insight into the significant differences 

observed - for example, differences as a result of main Feed types. Analysis of 

relative abundance of main bacterial phyla: Enterobacteriaceae, Staphylococcus, 

Streptococcus, Enterococcus and Neisseria, grouped relative to feeding regime, was 
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then conducted. Shapiro-Wilk normality tests suggested data were not normally 

distributed and so Kruskal-Wallis H tests were conducted for each. For groups with 

significant differences, Dunn’s post hoc pairwise multiple comparisons were 

conducted with confidence set at p < 0.05 (Refer to Table 9. for summary relative 

abundance data). 

 

Table 9. Table displaying mean (SD) and range data for relative abundance of main 
Genus; Staphylococcus, Enterococcus, Streptococcus, Neisseria and 
Enterobacteriaceae. Relative abundance of total microorganisms is capped at 1, 
where 1 is complete dominance of the entire sample. Samples with relative 
abundance 0 (absent from sample), of a given microorganism, were removed from 
results for this table. 

 Relative Abundance  
Genus Mean (SD) Range 

Staphylococcus 0.272 (0.272) 0.00044 to 0.991 

Enterococcus 0.136 (0.203) 0.00005 to 0.771 

Streptococcus 0.148 (0.211) 0.0002 to 0.715 

Neisseria 0.085 (0.145) 0.00004 to 0.668 

Enterobacteriaceae 0.221 (0.284) 0.00003 to 0.931 

 

 
Overall significant differences, between feeding groups, were found for the relative 

abundance of: Enterococcus (p = 0.0021), Streptococcus (p < 0.0001) and 

Enterobacteriaceae (p = 0.0040). Dunn’s multiple comparison tests were used to 

distinguish statistically significant differences between sub-groups. For 

Streptococcus, the IF sub-group was found to have significantly higher relative 

abundance than sub-groups: DBM (p = 0.0007), MBM (p = 0.0006), but not NBM (p 

= 0.1725). Whereas for Enterococcus, the IF sub-group was found to have 

significantly lower relative abundance from all groups, DBM (p = 0.0044), MBM (p = 

0.0150) and NBM (p = 0.0390), as can been seen in Figure 67. For 

Enterobacteriaceae, only the IF and MBM sub-groups were found to be statistically 

significantly different (p = 0.0028), where MBM was significantly higher. No 

significance was found for relative abundance differences between feeding groups 

for Staphylococcus or Neisseria.  
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Figure 68. Boxplots for mean, SD and range of relative abundance, classified to 
family level, for the 4 most abundant profiles; Streptococcus, Staphylococcus, 
Enterococcus and Enterobacteriaceae. Relative abundance of total microorganisms 
is capped at 1, where 1 is complete dominance of the entire sample. Samples with 
relative abundance 0 (absent from sample), of a given microorganism, were not 
removed from results. p-values as indicated by ns = p > 0.05, * = p ≤ 0.05, ** = p ≤ 
0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001. 

The relative abundance of Streptococcus, plotted against mode of delivery (Figure 

68.), was also found to be statistically significant (p = 0.0373). However, when those 

fed IF, as has just been displayed to increase relative abundance of Streptococcus, 

were split based on mode of delivery, no statistical significance was found within 

the groups (p = 0.2303); this may have been due to too a low number of samples (n 

= 11). Median relative abundance for vaginally born was 0.505 (n = 4) and via 

caesarean was 0.2386 (n = 7). 
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Figure 69. Mean, SD and Range of relative abundance of Streptococcus, split on 
infants’ mode of delivery. Data points highlighted in red are those that also 
received infant formula as their main feed type. All other points are other main 
feed types, MBM = maternal breast milk, DBM = donor breast milk and NBM = ‘nil 
by mouth’. p-values as indicated by ns = p > 0.05, * = p ≤ 0.05, ** = p ≤ 0.01, *** = p 
≤ 0.001 and **** = p ≤ 0.0001. 

This analysis was repeated for both GA category at birth (Figure 69.)  and device 

removal (Figure 70.). Only the relative abundance of Staphylococcus, against GA 

category at birth (p = 0.0203), was found to be statistically significant. Dunn’s 

multiple comparison analysis displayed that it was the extremely preterm to term 

categories, that differed significantly (p = 0.0118). This suggests the relative 

abundance of Staphylococcus increases, with increasing GA. Although not 
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significant (p = 0.9141), GA category at device removal also appears to follow the 

same trend, as seen in Figure 69. 

 
Figure 70. Mean, SD and range of relative abundance of Staphylococcus against GA 
category at birth (categories as defined by WHO). Relative abundance is capped a 1, 
where 1 is complete sample dominance and 0 is absence of sequences from 
sample. p-values as indicated by ns = p > 0.05, * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 
0.001 and **** = p ≤ 0.0001. 
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Figure 71.  Mean, SD and range of relative abundance of Staphylococcus against GA 
category at removal (categories as defined by WHO). Relative abundance is capped 
a 1, where 1 is complete sample dominance and 0 is absence of sequences from 
sample. 

Throughout sample collection for 16S rRNA gene sequencing, one infant (Patient 2) 

donated 6 samples. When the taxa bar plot, of only this individual’s samples, is 

viewed at a higher taxonomic level (level 6, genus level), some interesting trends 

appear (Figure 71). Collection of date of removal of each sample and duration of 

placement allowed us to confirms samples were placed back to back with 

placement times of 2 days, 7 days, 8 days, 2 days, 6 days and 5 days for each 

sample in sequence. 
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Figure 72. Taxonomic plot, set at level 6 (class level), displaying relative abundance 
of bacteria, for each of the 6 samples received from infant 2. Key of species only 
displays taxa for microorganisms that comprised over 1% of samples relative 
abundancies. 

Infant 2 is a male, delivered by caesarean section, within the very preterm class at 

birth and not receiving antibiotics throughout hospitalisation. For the first sample 

collected, the infant is receiving Donor Milk - this sample is dominated by 

Enterococcus (approx. 77 % relative abundance) and Staphylococcus (22 %). For the 

second sample (and indeed the continuation of samples collected), the infant 

receives MBM, and while the population of Enterococcus remains relatively stable 

(74 %), we immediately observe the relative abundance of Staphylococcus reduced 

to (3 %), and a new population of Enterobacteriaceae (23 %) emerges, over a 7 day 

period. For sample 3, the infant is then placed onto iron supplements and receives 

ventilation (High-flow), upon which, the population of Enterococcus drops 

dramatically (26 %), Staphylococcus all but disappears (detected in all other 

samples but at less than 1 % relative abundance), but Enterobacteriaceae remains 

stable (20 %). There is also the emergence of multiple new populations; Morganella 

(28 %), Neisseria (16 %), Haemophilus (6 %) and Gemellaceae (3 %), this tube was 

placed for 8 days, 1 day over the routine removal time of the unit. Ventilation stops 

at sample 4, but vitamin supplementation continues for the rest of the samples.. 

For the following 3 samples, we observe a noticeable population of Streptococcus 

(8 %, 19 % and 8 % for samples 4, 5 and 6 respectively), the emergence of which 

coincides with the placement of an orogastric tube (OGT) for sample 4. The infant’s 

care regime also states they received infant formula supplementation for sample 5. 

From sample 4 to sample 5 the abundance of Streptococcus increased from approx. 
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8 % to 19 %, however, it is worth noting that sample 4 was only placed for 2 days 

whereas sample 5 was placed for 5 days. As is observed for sample 4 and 5, the 

Morganella population is reduced to approx. 2 % and instead, the 

Enterobacteriaceae population expands to 48 % for both samples. For the final 

sample, the Enterococcus population disappears and instead Morganella returns 

(40 %) and the previously relatively small Haemophilus population expands to 25 %.  

Culture-Based Analysis of Neonatal Feeding Devices. 
Table 10. and Table 11. display patient information for samples utilised in culture-

based analysis only. Distribution of patient characteristics remained fairly 

continuous for those used for culture-based analysis, except a slight increase in 

number of samples from females (54 % vs 61 %) and a slight increase in infants born 

extremely preterm (49 % vs 55 %), in comparison to total patient stats. 120 Samples 

were collected from 49 patients with mean (SD) 2.24 tubes per patient (1.2). A total 

of mean (SD) gestational age at birth for this cohort was 29.27 (4.58) weeks, when 

all 120 samples were included. Gestational age at birth, for all 49 individuals 

enrolled within the study, was mean (SD) 31.03 (5.19) weeks. Gestational age at 

removal was 34.50 (4.49) weeks. 
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Table 10. Displays patient information relating to feeding device specific factors. 

Variable  n (n = 110) %  
Type     

NG  59 54 %  
OG  51 46 %  

Size (fr)     
4  1 1 %  
5  41 37 %  
6  59 54 %  
7  1 1 %  
8  8 7 %  

Insert time (Days)     
1  4 4 %  
2  14 13 %  
3  8 7 %  
4  8 7 %  
5  6 5 %  
6  7 6 %  
7  56 51 %  
8  4 4 %  
9  1 1 %  

11  1 1 %  
14  1 1 %  

Main Feed type     
MBM  57 52 %  

IF  29 26 %  
NBM  16 15 %  
DBM  8 7 %  

Reason for removal     
Routine  58 53 %  

Accidental  22 20 %  
NLN  11 10 %  

New tube type required*  6 5 %  
Extubated  4 4 %  
Blockage  3 3 %  

CPAP started  2 2 %  
No Aspirate  2 2 %  

Placement unsure  1 1 %  
CIS identified  1 1 %  

*New tube type required includes: NGs placed (3), OGs placed (2) and larger sized 
tube required (1).                                                                                                           
Abbreviations: NG : Nasogastric. OG : Orogastric. MBM : maternal breast milk. IF : 
infant formula. NBM : Nil by Mouth. DBM : donor breast milk. NLN : No Longer 
Needed. CPAP : Complete Positive Airway Pressure. CIS : Clinically Isolated Syndrome.                                             
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Table 11. Displays patient information for feeding devices included within culture-
based analysis section. 

Variable n (n = 110) %  
Sex    

Female 67 61 %  
Male 43 39 %  

GA category at Birth*    
Extremely preterm 61 55 %  

Very Preterm 24 22 %  
Moderate/Late Preterm 15 14 %  

Term 10 9 %  
GA Category at Removal    

Extremely preterm 8 7 %  
Very Preterm 28 25 %  

Moderate/Late Preterm 35 32 %  
Term 39 35 %  

Mode of Delivery    
Vaginal 38 35 %  

Caesarean section 72 65 %  
Antibiotic prescription    

Y 42 38 %  
N 68 62 %  

Vitamins prescribed    
Y 46 42 %  
N 64 58 %  

Iron supplements prescribed    
Y 20 18 %  
N 90 82 %  

Overall Ventilation    
Y 48 44 %  
N 62 56 %  

Ventilation Type**    
Invasive 21 19 %  

Non-Invasive 20 18 %  
None/Low-Flow 66 60 %  

Unknown vent type 3 3 %  
*GA classed according to WHO: < 28 weeks = Extremely preterm. 28 - 32 weeks = 
Very Preterm. 32 - 37 week = Moderate to Late preterm. > 37 weeks = Term.                                                            
**Invasive types: SIMV (2), PC-SIMV (4), PC-AC (13), PC-AC + VG (2). Non-Invasive: 
CPAP (10), Bubble-CPAP (3), Vapotherm (6), High-Flow (1). None: All infants not 
receiving ventilation, Low-flow 02 (3), Nasopharyngeal Airway (1).                     
Abbreviations: GA : Gestational Age.  SIMV : Synchronized Intermittent-Mandatory 
Ventilation. PC : Pressure Controlled. AC : Assist Controlled. CPAP : Continuous 
Positive Airway Pressure. VG : Volume Guaranteed 
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The use of non-selective, selective and differential growth media, allowed for 

analysis of multiple categories. CFU counts were counted as either being: aerobic 

(aerobic growth conditions require for microorganism groth), anaerobic (anaerobic 

growth conditions created in candle light jar – organisms don’t require oxygen for 

growth), haemolytic (based on haemolysis of sheep red blood cells), Gram negative 

(based on growth on gram negative selective MacConkey’s agar), or ability to 

ferment lactose (lactose fermentation lowers local pH of growth media producing 

pink colonies). Triplicate repeats from each tube were completed for the bottom 

section of the tube (taken from below 10 cm on manufacturer’s printed tube scale 

upon tubes), as well as the top section (taken from above 10 cm on manufacturer’s 

scale), therefore results can be split based on tube section (n = 3 for “Top” and n = 

3 for “Bottom”) or “Total” tube (n = 6). 
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Table 12. Displays number of samples that had above 1000 CFUs for each 
respective growth condition, from either the total number of repeats (n = 6), the 
designated top section of the tube (Sections taken from above 10 cm on tubes 
manufacturer printed insertion scale, n = 3), or the bottom section (Sections taken 
from below 10 cm on tube, n = 3). 

 n (n = 110)   
Condition n > < n % Clinically 

Relevant 
Aerobic    

Total 83 27 75 % 
Top 74 36 67 % 

Bottom 81 29 74 % 
Anaerobic    

Total 83 27 75 % 
Top 73 37 66 % 

Bottom 82 28 75 % 
Heamolytic    

Total 74 36 67 % 
Top 58 52 53 % 

Bottom 71 39 65 % 
Gram Negative    

Total 83 27 75 % 
Top 72 38 65 % 

Bottom 81 29 74 % 
Lactose fermenting    

Total 77 33 70 % 
Top 66 44 60 % 

Bottom 75 35 68 % 
Non-lactose Gram 
Negative 

   

Total 61 49 55 % 
Top 40 70 36 % 

Bottom 62 48 56 % 
    

Number of samples with average CFU counts greater than 1000 for each 
growth condition type. Total sample size for culture-based analysis was 110 (n 
= 110). 
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Table 12. displays the number of samples that had mean values of CFU above 1000, 

for each respective growth condition. These samples do not represent the actual 

CFU values and are simply a way of representing the number of samples with 

“clinically relevant” CFU counts for each section. For example, one sample may 

have an average value of 1000 CFU for the top section, but 100000 CFU for the 

bottom section, where both would be considered clinically relevant. 75 % of 

samples had relevant counts of total aerogenic, anaerogenic and gram-negative 

species. Interestingly, the tables display that the bottom sections of the tubes 

consistently had more samples with above 1000 CFUs than the top sections. The 

high number of counts recovered from anaerobic conditions also suggests good  

recovery of anaerobic species through this sampling method. 

 

Figure 72. displays the total Log10 CFU/cm values for total aerogenic 

microorganisms, against insertion time, for all 110 samples involved in culture 

analysis. As is observed in Figure 72, and from Table 10., the majority of samples 

were placed for 7 days (51 %), this was the routine number of days NGTs were 

placed within this unit. Mean Log10 CFU/ml for all 110 samples was 7.57 with a 

maximum value of 9.50 Log10 CFU/cm. 

 
Figure 73. Mean Log10 CFU/cm values for total aerogenic CFUs against placement 
time (days) for each sample (n = 110), clinical significance line set at 104 CFU/cm. 
linear regression line calculated by reduced linear mixed multiple model, with 
estimated initial 1 day value of 2.35 Log10 CFU/ml and daily increase of 0.36619. 
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Total sample size was 110 for culture analysis section (n = 110). However, multiple 

samples were collected from the same infant over their hospital stay. The mean 

(SD) number of samples donated per patient was 2.24 (1.66). The exact number of 

samples, collected per patient, were as follows: 1 tube collected from 27 patients, 2 

tubes from 4 patients, 3 tubes from 7 patients, 4 tubes from 4 patients, 5 tubes 

from 5 patients, 6 tubes from 1 patient and 7 tubes from one patient. The 

occurrence of multiple samples from the same patient, created non-independence 

of total samples, meaning classical methods of analysis could induce bias. 

Therefore, 2 linear mixed multiple models were created to account for within-

patient bias, while analysing total CFU counts over time (insertion time), using the 

lme4 package (Bolker, 2018), within R Studio. The first model incorporated two 

fixed effects, the intercept and slope of the linear time trend for all samples and 

two random effects for each of the patients (the deviations in intercept and slope 

of that patients given time) and from all sample values, allowing for correlation of 

random effects for the same patient (e.g. if a given patient has low lower insertion 

time CFUs, they may also have low higher insertion time values). The second, 

reduced model, provided independent random effects for the intercept and slope 

for each patient. A likelihood ratio test was used to compare both models 

producing p = 0.5764, suggesting extra parameters did not provide a significantly 

better fit and so the reduced model was selected. Reduced linear mixed effects 

model produced estimates of fixed effects for initial values (CFU/cm at 1-day 

insertion time) at approx. 2.35 Log10 CFU/cm, with a typical daily increase in Log10 

CFU/cm of 0.36619 per extra 1-day insertion time. The estimated within-patient 

correlation of random effects, for slope and intercept, also suggested observing an 

individual’s CFU values at low insertion times may provide information on their CFU 

values at longer insertion times.  

 

To asses impact of patient regimes on total CFU counts, without bias from insertion 

time, the subset of samples, with an insertion time of 7 days, were selected out and 

grouped for analysis, creating a subset of n = 56 from 29 patients, with a mean (SD) 

number of samples per patient at 1.9 (1.10). The mean (SD) CFU value for 7-day 

inserted tubes was 7.86 Log10 CFU/cm (8.64 Log10 CFU/cm), with a maximum value 
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of 9.50 Log10 CFU/cm (minimum value of 70 CFU/cm). The distribution of variables 

was not normal and so non-parametric tests were selected to analyse impact of 

patient variables on CFU counts. A Mann-Whitney U-test test was used to analyse 

variables with 2 categories (e.g. mode of delivery or antibiotic usage) and Kruskal-

Wallis test for those with multiple sub-groups (Such as GA categories and Feed 

Types), with significance for both set at p < 0.05. The only 2 variables found to be 

statistically significant were vitamin usage (p = 0.0039) and antibiotic usage (p = 

0.0308), where vitamins supplements significantly increased CFU values (Figure 73.) 

and antibiotic usage significantly decreased CFU counts (Figure 74.). However, of 

the infants of this sub-group receiving vitamin supplements (n = 22), only 2 were 

also receiving antibiotics (out of n = 21 for antibiotic sub-group), therefore they are 

likely to be cofounding one another. 

 
Figure 74. Mean (SD) and range for Log10 CFU/cm values for samples inserted for 7 
days, split for whether vitamin supplements were prescribed while the tube was 
inserted. 
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Figure 75. Mean (SD) and range for Log10 CFU/cm values for samples inserted for 7 
days, split for whether Antibiotics were prescribed while tube was inserted. 

 

 
Figure 76. Representative EDIC images of clinical samples. Image A (left), displays an 
NGT placed in a male infant for 7 days, being bolus fed IF, not receiving antibiotics 
or ventilation, but receiving vitamin supplement. Image B (right), displays an NGT 
placed in a female for 7 day, being bolus fed MBM, not receiving antibiotics or 
ventilation, but receiving vitamin supplements. Scale bar set to 50 µm. 

Figure 75. displays representative EDIC images for 2 clinical samples, one placed in 

a male infant for 7 days, being bolus fed IF, not receiving antibiotics or ventilation, 

but receiving vitamin supplement. The other placed in a female for 7 days, being 

bolus fed MBM, not receiving antibiotics or ventilation, but also receiving vitamins. 

The tube displayed in Image B produced an average Log10 CFU/cm value of 4.87, 
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whereas the tube displayed in Image A produced an average Log10 CFU/cm value of 

5.43. Grouped analysis did not find a significant difference between feed types, 

reasons for this will be discussed later. 

 

Discussion 

Sequencing Analysis 

This study is the first to demonstrate the true extent of microbial diversity, within 

neonate feeding tubes, using 16S rRNA gene sequencing. In addition, the results 

demonstrate that early nutrition significantly influences colonisation patterns. 

 

The most influential patient characteristics, on the microbial populations of the 

samples, appeared to be: main feed type, GA category at birth, and at device 

removal (partially linked variables). Alpha and beta analysis displayed that feed type 

showed no significant influence in terms of evenness. However, feed regime did 

significantly impact species richness; also all feed sub-groups displayed statistically 

significant differences, in terms of microbial composition. Abundance analysis, of 

the main microorganisms present, also demonstrated how the devices that were 

exposed to infant formula, had altered populations, with increased relative 

abundance of Streptococcus, but decreased abundance of Enterococcus and 

Enterobacteriaceae. This is especially concerning given the association of 

Streptococcus with neonatal disorders, such as early-onset sepsis and meningitis 

(Ku et al, 2014. Stoll et al, 2011). Conversely, infants that display early colonisation 

with Enterococcus are less likely to develop allergy later in life (Borksten et al, 

2001), perhaps through suppression of inflammatory responses (Wang et al, 2014). 

Those born vaginally also displayed significantly higher relative abundance of 

Streptococcus; suggesting that those delivered by this route, and also fed infant 

formula, may be at even higher risk of Streptococcus associated complications. 

 

It is not surprising that feeding regime would be one of the most influential 

variables, as these solutions (or lack thereof), are being constantly administered to 

the tube’s lumen, as part of the infants’ care regimes. It has also been shown to 
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exert major influence on the neonatal gut microbiome (Guaraldi and Salvatori, 

2012).  Although main feed type only exerted a slightly significant effect on species 

richness, it is interesting to note that our findings, that those that were subject to 

infant formula had the lower levels of species richness (when compared to breast 

milk), are in contrast to results from analysis of neonatal faecal samples, which 

found infants fed breast milk had lower levels of species richness, when compared 

to those fed infant formula (Tannock et al, 2013).  

 

Gestational age at birth, and at device removal, is another unsurprising influencer. 

It has been documented in many studies that the microbiome of many bodily sites 

matures over the first few months of life, with those being born more prematurely 

displaying altered development and communities (Dorgra et al, 2015. Korpela et al, 

2018). It has also been demonstrated, that being born extremely preterm is 

associated with dysbiosis of the young adult airway microbiome (Rofael et al, 2019). 

This could be a result of improper development of the microbiome in early life, 

reinforcing that development of the microbiome, early in life, is critical for lifelong 

health.  

 

The mode of delivery’s influence on community richness, and evenness, is also not 

surprising. It has previously been demonstrated that vaginally born infants have a 

greater abundance of species, where their microbiota is seeded by the vaginal and 

faecal micobiota of the mother, whereas caesarean born infants’ microbiota is 

more influenced by the local environment and the mothers skin microbiota 

(Dominguez-Bello et al, 2010).   

 

As mentioned within Chapter 1, NEC is a huge clinical concern within this 

population. Whilst the precise pathogenesis of NEC is not fully understood, 

important factors include: intestinal ischaemia, gut colonisation by pathologic 

bacteria, and excess protein substrate in the intestinal lumen (Kosloske, 1994). 

Formula feeding and gut composition are increasingly being implicated as risk 

factors for its development (Niño et al, 2016). Given that this study found altered 

microbial populations, as a direct result of formula feeding, further research is 
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urgently required to understand if there is a link between the colonised devices, 

formula feeding induced altered diversity and the infant gut microbiota, with NEC. 

 

Upon device placement, aspirate will have been collected to confirm placement and 

feeding readiness, this would allow for retrograde contamination of the tubes from 

stomach contents. When diversity analysis results are combined, they suggest that 

while the gestational age and mode of delivery exert the most influence on tube 

initial contamination, as a result of stomach aspirate check upon device placement 

introducing different species to the tubes, the feeding regime then begins to exert 

the most influence on these populations’ relative abundancies, especially in terms 

of most dominant microorganisms. 

 

The possible sources of origin, for the bacteria within the tubes, are multifaceted 

and most likely cofounding. They may originate from external sources, such as live 

organisms within the feed (e.g. maternal breast milk or contaminated infant 

formula), or the mother’s skin (from attempted/occurring breastfeeding). They may 

also originate from internal sources, such as reflux from the stomach, during 

aspirate checks, or carriage into the tubes upon insertion, having originally seeded 

the stomach from external environmental sources at birth. In passing the tube to 

the stomach, the device may collect microorganisms from a variety of known 

niches, with the different insertion techniques, and routes, differentially influencing 

colonisation. This may account for many of the taxa present within the tubes also 

being commonly found in sites such as the nasopharynx, oropharynx and oral cavity 

(Refer to Figure 77. for common commensals in the upper respiratory tract (nasal 

cavity, nasopharynx and oropharynx)). However, the lack of microbial differences 

for device type suggests this does not significantly impact the populations. Perhaps 

placement route does act to seed the tubes with route-specific microorganisms, but 

the impact of feeding regime and GA category is simply overwhelming, reducing 

significance of tube type. 
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Figure 77. Image adapted from Clearly and Clarke 2017, highlighting common 
constituents of the upper respiratory track microbiota.  

Following the changing environment of infant 2’s samples, provides fascinating 

insight into the dynamics of this niche. The influence of the various care regimes is 

apparent by the emergence and disappearance of certain microbial populations, 

coinciding with alterations to the infant’s care regime. Most notably, the initial shift 

from Staphylococcus to Enterobacteriaceae, upon breast milk feeding. Also, 

Streptococcus, Haemophilus and Neisseria are all normal constituents of the 

nasopharyngeal microbiota (Liu et al, 2015. Perez et al, 2017). If it had been a 

nasogastric tube, it would have been feasible to suggest that placement caused 

carriage, and subsequent contamination, of constituents of the nasopharyngeal 

microbiota to the device; however, the placement of an orogastric tube, which 

unlike a nasogastric tube, does not pass through the nasopharynx, is interesting. 

This suggests that it was perhaps the initiation of ventilation and vitamin 

supplementation that induced this change.  

 

The dominant populations present within the final sample; Morganella, 

Haemophilus (parainfluenza), Enterobacteriaceae and Streptococcus, are also not 

indicative of a normal gut microbiome. The abundance analysis displayed that those 

receiving infant formula have greater relative abundance of Streptococcus. When 
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infant 2 received IF supplementation of MBM, the relative abundance of 

Streptococcus increased by 11 %. (sample 1 had a 8% relative abundance and 

sample 2 19%) Taken together with the alpha and beta diversity analysis, this 

suggests that the Streptococcus population, although not perhaps introduced to the 

device through infant formula, was selected for as a result of the feeding regime, in 

this individual. Collection of prospective follow up data, on morbidity and mortality, 

would allow more insight into whether this infant became ill, and if so, did this 

occur after these populations of microbes emerged, or as a result of their 

emergence.  

 

Observing the taxonomic results at higher levels also allows us to distinguish certain 

interesting organisms from specific samples; for example, the opportunistic 

pathogen Corynebacterium kroppenstedtii. Whilst it was found at low abundance in 

a few samples, in one sample it comprised approximately 12 % of the relative 

frequency.  This is an organism almost exclusively cultured in clinical situations from 

females, where it is commonly associated with breast abscesses and cases of 

granulomatous mastitis (Paviour et al, 2002. Tauch et al, 2016). Given the scenario, 

it would be feasible to suggest that this organism was introduced to this site 

through contamination of the mother’s breast milk; however, the individual was 

instead receiving infant formula. The reason the infant was receiving infant 

formula, instead of the preferred option of MBM, is unknown to the research team. 

It may have been due to an infection, or mastitis, resulting in an inability to breast 

feed, in which case the organisms may have been carried to the device though an 

alternative form of contact with the mother. 

Culture-Based Analysis. 

The results, from the culture analysis of the tubes, depicts an association between 

increased insertion time and increased colonisation. This is in contrast to a recently 

published article by Peterson et al 2016, that found no association. However, 

certain limitations to their study are observed. Firstly, within this study, 78 % of 

tubes analysed had had probiotics passing through them, although the researcher 

removed these from analysis, their inherent presence would alter the exact 
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populations of microbes within the tubes, especially at longer insertion times. 

Secondly, the methods of analysis selected are perhaps not optimal for the study 

design. The researchers acknowledge that the distribution of variables is not 

normal, and so selected appropriate non-parametric methods. However, and 

perhaps more importantly, the researchers do not consider non-independence of 

each sample. In this study, they utilise 94 tubes, from 34 infants, with a range of 1 - 

9 samples per infant. This means that the number of tubes provided by each infant 

is not nested equally. For example, one infant could contribute 9 and another infant 

1. By assuming independence of each sample, the researchers are ignoring the 

impact of each infant. This is extremely important as if, for example, one infant who 

donated 9 tubes, all with 1-day insertion time, received breast milk with abnormally 

high CFU counts, this would completely skew the culture results from the tubes. 

Interestingly, this methodology is similar to the previously mentioned study by 

Hurrel et al; however, this study did conclude a significant effect of insertion time 

vs bacterial counts, although maximum insertion time was only 48 h.  

 

To account for non-independence of samples, a mixed multiple model, 

incorporating influence of the individual, must be applied to truly represent the 

data. The mixed multiple model employed within our study does consider the 

impact of each infant and demonstrates, not only an association between insertion 

time and CFUs, but also that that individual infant’s samples cannot be considered 

statistically independent, to the point which, an infant with high/low CFU values at 

lower insertion times is likely to have high/low CFU values at longer insertion times.  

 

Within the culture analysis section of the study, a CFU value above 1000 or 103 CFUs 

was classified as ‘clinically significant’. From visual examination of the linear 

regression graph (Figure 61.), it is observed that there are many samples, placed for 

7-days, which still fall below this range of ‘clinical significance’; whereas others had 

values over 104 CFUs, after only 1-day insertion. However, the linear regression 

analysis would suggest that, on average, counts around this range would be 

reached just after 3-days’ insertion time. Insertion of the devices is considered 

distressful to the infant, therefore any future studies aiming to assess the impact of 
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reducing placement times on the infants should consider contamination, patient 

discomfort, as well as increased costs. However, the impact of insertion time on 

increased risk of morbidity, is an area that warrants further analysis. One study 

demonstrated, that with every extra day of gastric tube insertion, there was an 

increased probability of GERD by 1.67 times (Mendes et al, 2008). This may have 

been a result of increased microbiological contamination, or it may have been a 

result of physical irritation of the gastrointestinal tract. Whatever the cause, when 

combined with results from our current study, this suggests that uncovering the 

optimal tube placement time could have multiple therapeutic benefits. 

 

In combination with the feeding model result (Chapter 4), this study demonstrates 

that potentially pathogenic, or unwanted microorganisms, introduced to the 

devices through external contamination, or even through the infant’s digestive 

system, can utilise the feeding devices as a replicative niche. It has previously been 

suggested that feeding set contamination may influence the microbiota (Matlow et 

al, 2003). Contaminated devices could be impacting the proper development of the 

infant’s microbiota by continuously seeding the fragile gut ecosystem. This could 

potentially be hindering microbial succession to a healthy ‘normal’ adult 

microbiota, an important process occurring from birth (Koenig et al, 2011), where 

certain care regimes are promoting overgrowth of potentially pathogenic 

microorganisms. 

 

Follow up work should be conducted, in which information on patient morbidity 

and mortality is collected from patient records and analysed against the results 

from this study. This will provide insight into the influences on, not only feeding and 

care regimes, but also may provide insight into possible links between bacterial 

species, or populations, and morbidity and mortality. Also, larger, cohort-

controlled, studies should be conducted to assess the specific impact of vaginal 

birth, and proceeding formula feeding, as a risk factor for Streptococcus related 

morbidity and mortality, within the neonatal population. This could lead to the 

creation of specific prophylactic care regimes or vigilance schemes, aimed at 

reducing risk within a subpopulation. 
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Tube Blockage. 

As mentioned within Chapter 3, tube blockage is a noted phenomenon within 

neonatal feeding tube care. Out of 170 samples collected throughout this study, 

only 8 samples (4.7 %) had a documented reason for removal of “Blockage”, where 

6 out of 8 of the infants, from whom the tubes came from, were Female. Figure 76, 

displays 2 images of clinical NGTs with blockage stated for reason for removal. 

 
Figure 78. Displays images of two tubes with reason for removal stated as blockage. 
Image A (Left), displays a tube NGT001_027_002, removed from a female, delivered 
by caesarean, after 2 days placement, being fed MBM. The white arrow in image A 
highlights the potential point of blockage. Image B (right), displays a tube 
NGT001_006_001, removed form a female, delivered vaginally, after 7 days 
placement, being fed infant formula. The white arrow in Image B highlights an 
external contaminant of the tube, most likely patients’ sputum. 

As is highlighted by Figure 77, reasons for device blockage may be multifaceted.  

The tube displayed in Figure 77. A, does not appear to display residual feed 

throughout the majority of the tube’s lumen, but instead there is a heavy dark 

deposit at the outlet end of the device. This may be stomach aspirate blocking the 

device, or other stomach debris. Whereas, the entire lumen of the tube displayed in 

Figure 76. B, appears to contain residual solidified formula. Given the difference in 

insertion time of the two tubes (Figure 76. A placed for 2 days and Figure 76. B, 

placed for 7 days), this again suggests discrepancies in how the devices became 

blocked. The tube in Figure 76. B, as it was placed longer, may have been 

contaminated, resulting in bacteria reducing the pH of the formula, inducing 

solidification and subsequent tube blockage. Whereas, the other device may have 

become blocked due to stomach contents being aspirated into the device, perhaps 

as a result of the tube being placed into a location along the stomach lining. 

A B 
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Unfortunately, both devices were those included within the 16S rRNA gene 

sequencing portion of the experiment, so we are unable to comment on relative 

contamination levels of the devices. However, analysing the relative abundance 

profiles of each device portrays interesting information.  

 

NGT001_027_002 is completely dominated by Enterobacteriaceae (85 %) with a 

smaller population of Staphylococcus (12 %). Whereas NGT001_006_001 is 

predominantly Streptococcus (58 %) and Staphylococcus (37 %), with a smaller 

population of Rothia mucilaginosa (4 %). This is in keeping with the relative 

abundance analysis results, that infants fed Infant formula, display increased 

abundance of Streptococcus. Streptococcus spp are capable of lactic acid 

fermentation (Willenbord et al, 2016), perhaps the solidification, and subsequent 

blockage, are a result of Streptococcus spp reducing the surrounding medium pH, as 

was observed for other strains within Chapter 3. 

 

The DIC images displayed within Figure 75. may provide some insight into tube 

blockage. In both Images A and B there are large solidified deposits on the lumen of 

the tubes, in image A they are formed from IF and in B from MBM. Interestingly 

tube A appears to have more defined thickening, it also produced higher CFU values 

than the tube in Image B (5.43 Log10CFU/cm vs 4.87 Log10 CFU/cm). 

Limitations. 
One potential bias to the sequencing results that must be considered is the possible 

amplification and sequencing of DNA found on the external surface of the tube. 

Upon sample processing and DNA extraction, the entirety of the tube was vortexed 

(after external cleaning as mentioned in Materials and Methods). This cleaning will 

have removed much debris, as well as live cells, but remnant DNA may have 

remained. The reason this method was opted for, was that the research team was 

unsure if enough DNA would have been collected through bolus flushing the tubes 

alone. Many of the samples provided low levels of DNA, via the method utilised in 

this study, therefore if the method was modified to that of a bolus flush, larger 

sample sizes would be a necessity. Also, this would run the risk of only extracting 
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DNA from those heavily contaminated tubes, as flushing alone may not remove all 

adhered cells, or biofilms, and so certain populations may be lost. 

 

Sub-setting samples for analysis acted to remove the bias of insertion time, which 

was demonstrated through the hierarchal model to impact CFU counts (over time), 

but it should be noted that for this section of analysis, the influence of sample non-

independence (arising from individual patients donating multiple samples) has not 

been accounted for, therefore results should be interpreted with some caution. 

 

Due to ethical limitations, potentially relevant maternal characteristics were not 

recorded. These may include, but are not limited to; maternal use of antibiotics, 

history of infections, use of tobacco, alcohol and drugs, weight and breast milk 

expression status. 
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Chapter 6. 

Conclusions. 

Introduction. 

As discussed within Chapter 1, knowledge about the impact of colonised neonatal 

NGTs, on infant morbidity and mortality is lacking. The little, culture-based analysis 

that has been conducted on this sample type, has just been to assess what are the 

recoverable species. Given that it is now firmly established that early life 

experiences are pivotal in influencing the microbiome and its development 

(Stiemsma and Michels, 2018), the lack of knowledge surrounding the influence on 

this process of a device, placed directly into the infants’ stomach, is surprising. 

Especially when one considers how much attention has been dedicated to this 

procedure, in adult and elderly populations, as highlighted in Chapter 1. 

 

The overall aim of this project was to gain a greater understanding regarding 

contamination of neonatal enteral feeding devices, where the results generated 

could be fed back to clinicians, and healthcare professionals, looking to improve 

patient care. This encompassed, not only understanding which species are found 

upon the devices in a clinical setting, which was uncovered within the latter 

chapters, but also gaining an appreciation for how specific potentially pathogenic 

microorganisms, attach to and replicate upon the tube, with a focus on how 

different tube material types, feed regimes and specific feed constituents may 

contribute to this process. Through gaining an understanding of this, we also aimed 

to create a representative model that would allow future research to be conducted 

within a laboratory setting. This model could be utilised to test new material types, 

feed types, feeding regimes (continuous vs bolus or frequency and volume of 

feeds), impact of drug administration and most importantly, potential impacts of 

contamination on infant health. 

Laboratory Based Experiments. 

At the beginning of Chapter 2, we first characterised the surface properties of the 

NGT material types to be used throughout the project, and speculated how the 
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different properties may impact colonisation. Through Chapters 2 and 3, we then 

characterised the ability of select characteristics of infant care regimes, to influence 

bacterial colonisation and subsequent biofilm formation on the enteral feeding 

devices. Within these Chapters, we gained an understanding of how different 

constituents of infant formula were able to modify conditioning film formation, as 

well as how they altered the growth patterns of potentially pathogenic bacterial 

strains, in a planktonic state. The influence of the selected strains, on the pH of the 

formula, was also analysed, revealing stark differences, most likely as a result of 

different metabolic profiles. The static growth models, developed within Chapter 4, 

provided pivotal information on the ability of the bacteria to colonise the NGTs, and 

the influences that the different formula have on this. This information was used 

for the development the representative flow feeding model (Chapter 4). The flow 

model brought us a step closer to understanding how microorganisms may be 

contaminating these tubes within a clinical setting, demonstrating the ability of 

certain, potentially pathogenic, microorganisms to colonise the devices differently, 

depending on feeding regime. As well as this, it provides a new tool for the 

development and improvement of care and feeding regimes. The results produced 

within these chapters provided us greater insight, which was pivotal when analysing 

and understanding the samples obtained from the local tertiary neonatal unit.  

Clinical Samples. 

The experiments conducted within Chapter 5, provided greater insight into the 

problem of enteral feeding tube contamination, within a real-world scenario. The 

sequencing experiments revealed the true diversity of this environmental niche, as 

well as demonstrating major influencers of the care regime on the microbial 

populations uncovered. For example, the finding that exclusive infant formula 

feeding significantly increased populations of Streptococcus, and where vaginal 

birth may predispose infants, on this feeding regime, to increased abundance of 

these populations even more so. The mixed multiple linear model, created and 

implemented to analyse the culture-based analysis of the samples, demonstrated 

that there was indeed increased colonisation of the devices, with increased 

insertion time – in contradiction to previous conclusions within the literature. This 
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is a finding that warrants further analysis, and confirmation from other units, given 

that there are currently no enforced national guidelines on optimal placement time. 

 

It is well known that the majority of early life colonisers are either facultative 

anaerobes or strict anaerobes, where, in the ‘healthy’ term infant, a dynamic shift 

to predominantly strictly anaerobic strains, over time, occurs (Arboleya et al, 2012). 

The comparability of the CFU counts of the anaerobic and aerobic species, cultured 

through the clinical samples, highlights the suitability of the techniques employed, 

as good recovery of anaerobes was observed.  

Relationship of Overall Findings and Clinical Implications. 

The representative feeding model demonstrated the ability of potentially 

pathogenic microorganisms to colonise, and replicate to, dangerously high levels 

(CFUs over 109), over a matter of days. The culture-based analysis of the clinical 

samples reinforced the accuracy of this model, as even in the clinical samples, the 

tubes were colonised by extremely high levels of culturable microorganisms, after 

only a few days insertion time. The high counts produced with the clinical samples 

are even more concerning when considering that the only 2 strains, to even come 

close to values of 109 CFU/ml in the flow model, within infant formula, were E. coli 

and P. aeruginosa, two species with established biofilm forming capabilities. 

Although the time scale for the flow model only encompassed 5 days, whereas the 

clinical samples reached times of 14 days, the tubes utilised for the flow model 

were much larger (10 fr, where predominant tube for clinical culture work was 6 fr, 

with none exceeding 8 fr), and so higher CFU values would be expected. 

 

Sequencing analysis demonstrated vaginal birth to be a potential risk factor for 

increased colonisation with Streptococcus, with subsequent feeding with infant 

formula adding to this. The flow model, developed within Chapter 4, provides the 

perfect tool for analysing this within a controlled laboratory setting. This could 

include which components of the feeds are potentially reinforcing the 

Streptococcus, and what strategies can be implemented to reduce the selection of 

this clinically significant species; Perhaps, prebiotic oligosaccharides, found within a 
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few of the feeds administered to infants, within the clinical cohort, were enabling 

growth. The growth experiments, within Chapter 3, demonstrated that potentially 

pathogenic bacteria are indeed able to utilise certain prebiotic compounds for 

growth. Perhaps, within the NGT environment, if there were a scenario where there 

were no ‘beneficial’ microorganisms seeding the tubes, for example in infants not 

receiving probiotic rich MBM, these compounds could exert undesired influences 

on ‘unwanted’ microorganisms. 

 

The confirmation of increased colonisation, with increasing insertion time, suggests 

that individuals that may be predisposed to colonisation with unwanted, or 

potentially pathogenic microorganisms, as a result of environmental or care regime 

related factors, may be at increased risk of associated morbidity and mortality if the 

tubes are left in-situ for extended durations. When this theory is combined with the 

16S rRNA gene sequencing results, this suggests that those born vaginally and fed 

infant formula may be predisposed to Streptococcus. However, as cultured species 

were not identified from this section of the study, further culture and sequencing 

analysis, of identical samples, would be required to confirm this theory. Given that 

there are no formal national guidelines on tube placement times, potential future 

research should be conducted to pinpoint optimal placement times, or even if 

insertion time has a direct impact on the infant morbidity. 

 

Most biofilms found in nature, and within humans, are formed from multiple 

species (Elias and Banin, 2012). Synergistic multispecies biofilms are a clinical 

concern, not only as they display increased antimicrobial tolerance (Harriott and 

Noverr, 2009. Lee et al, 2014. Parijs and Steenackers, 2018), but also increased 

virulence in infections (Pastar et al, 2013). Multispecies models should be created 

and analysed, utilising the representative flow model, to see which care regimes are 

best for reinforcing ‘beneficial’ microorganism populations, while supressing 

potentially pathogenic, or unwanted endogenous microorganisms, within the 

tubes’ lumen. This may be through addition of selective prebiotic compounds, or 

through ‘pre-seeding’ the devices with ‘beneficial’ probiotic microorganisms – 

perhaps even those taken directly from the mother (breast milk, skin or even 
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vaginal strains). Although still controversial, artificial ‘seeding’ of infants with 

components of the maternal microbiota, such as from the vagina, could be utilised 

to influence the infants’ microbiome development (Cunnington et al, 2016). 

However, much more rigorous analysis, including safety analysis of using live 

strains, is required before this could become routine. 

 

Perhaps a safer, and more effective approach, could be pre-seeding the devices 

with probiotics. In this, healthcare professionals could administer an initial bolus, 

containing probiotics, colonising the tubes with ‘beneficial’ species, potentially 

decreasing the ability of endogenous contaminants to colonise, and subsequently 

dominate this niche. While many units across the globe have adopted the use of 

probiotics, the consensus on exact species, dose and duration of treatment is still 

under investigation (Kona and Matlock, 2018 ). The utilisation of both probiotic and 

prebiotics, so called ‘synbiotics’ (Nandhini et al, 2015.Panigrahi et al, 2017), also 

provides an exciting avenue for potential research. 

 

Tube blockage, while often mentioned, but apparently not considered a concern, 

within the literature, was observed intermittently within the clinical samples (as 

both a reported reason for removal from the infant, as well as from visual analysis 

of the samples), and also throughout the laboratory-based experiments. Perhaps, 

as a result of contaminating microorganisms reducing the pH of the media passing 

through them. Chapter 3, demonstrated how bacteria are able to rapidly induce 

dramatic pH changes within infant formula, utilised within the local neonatal unit, 

perhaps as a result of their metabolic profiles. As was also mentioned, was the 

importance of stomach pH - not just in surveillance of feeding tolerance, but for 

appropriate drug and nutrient absorption. If tube blockage, as a result of pH 

distortion, is occurring, sensible solutions to combat this should be sought. 

 

The narrow diameter of the tubes means solidification of the feeds, as was 

observed throughout the experiments, within Chapters 3 and 4, could easily induce 

blockage. This is a real clinical concern, as potential delays in administering feeds, 

could have serious implications for the infants, such as delayed extrauterine growth 
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(Morton et al, 2017). Not only this, but the deposition of large solidified deposits, 

into the infants’ fragile stomachs, could induce feed intolerance through disruption 

to stomach contents’ pH; or even worse, could be delivering large pathogenic 

microbiological loads directly into the infants’ stomach - potentially increasing risk 

of infection and subsequent morbidity and mortality. As highlighted in Chapter 5, 

molecular-based analysis methods afford researchers the ability to uncover select 

microbial characteristics, far beyond that of traditional culture techniques.  

 

Next generation sequencing (NGS), capable of rapidly sequencing the entire 

genome of a microorganism (Deurenberg et al, 2017), could help in the 

understanding of tube blockage. NGS could be used to analyse which genes 

potential contaminating microbes contain, such as those relating to specific 

metabolic profiles, which could be responsible for pH alterations, as mentioned in 

Chapter 3. Not only this, but this could simultaneously provide information on 

potential antimicrobial resistance and virulence profiles; information that is pivotal 

to clinicians when selecting treatment strategies. If blockage is occurring as a result 

of pH unbalancing, strategies should be designed to prevent this having 

downstream consequences on infant gastrointestinal pH. 

 

As mentioned frequently throughout this project, there are little-to-few evidence-

informed national guidelines, on many aspects of NGT care and feeding regimes. 

Given the ease of access to research in modern states, there is often the creation of 

practical, local guidelines, or consensus within units and hospitals. However, in 

other countries, in particular developing countries, a lack of access to knowledge on 

even basic aspects of medicine, can result in ineffective or even dangerous 

practices (Pakenham-Walsh and Bukachi, 2009). If the result generated throughout 

this project, as well as the methods developed, can be utilised to generate simple, 

evidence-driven, guidelines, they have the potential to not only influence national 

care practices, but also potentially greatly improve care practices in less well-

established health services. 
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Future Works. 

As highlighted in the concluding remarks of Chapter 5, to gain further insight into 

the impact, of the uncovered microbial populations within the NGTs, upon infant 

morbidity and mortality, a larger cohort-controlled clinical trial would be needed. 

Ideally, a multicentre cohort-controlled clinical trial would be conducted, as this 

would allow for the collection of larger sample sizes, as well as allowing researchers 

to analyse, and control for, other environmental contributory factors, such as 

socioeconomic status, neonatal unit level and care practices. Optimally, the 

inclusion of maternal factors, such as weight, diet, smoking status and antibiotic 

exposure, would also be collected, as these are all factors known to influence the 

breast milk composition and potentially the infant microbiota (Cabrera-Rubio et al, 

2012. Harmansson et al, 2019. Moossavi et al, 2019). 

 

Whilst the experiments conducted within this thesis provide the groundwork in 

validating the representative flow model as a method of analysing tube 

contamination, within a laboratory setting, future work should utilise the model to 

expand our understanding of impacts of different care regime factors, on 

contamination and subsequent bacterial growth. This could be through the, 

previously mentioned, creation of multispecies contamination models, or simply by 

expanding the bacterial strains analysed to include some of those uncovered within 

the clinical samples. One finding that does warrant immediate analysis, is to 

understanding how and why infant formula significantly increases the relative 

abundance of Streptococcus – especially given the clinical concern surrounding this 

microorganism within this patient population (Åberg et al, 2019. Furfaro et al, 

2018). 

 

Finally, as briefly touched upon within the introduction, new antimicrobial surfaces 

could provide exciting opportunities for reducing colonisation by unwanted 

potentially pathogenic microorganisms. New material tube types should be 

analysed, using the representative flow model, not only to uncover their potential 

in reducing colonisation and biofilm growth, but also to analyse if they are leaching 



 

 221 

potentially harmful components into the waste effluent, which theoretically may 

pass into the infants’ stomach, inducing alternative complications.  Ideally, such 

materials would not only reduce colonisation of ‘unwanted’ microorganisms and be 

cost effective, but would also aim to minimise discomfort to the infants during 

placement. Modern, ‘smart devices’, able to respond to infection-related stimuli, 

could provide the answer to this, (Alvarez-Lorenzo and Concheiro, 2019), by only 

activating upon contamination. 

Limitations. 

Analysis of surface topography within Chapter 2, demonstrated the differences in 

surface roughness between the tube material types. However, due to the curvature 

of the tubes, we were unable to compare the surface roughness profiles to other 

material types. This meant we are unable to make comparisons to other medical 

devices, such as catheters or intravenous lines. 

 

The simple representative feeding model, while providing pivotal flexibility in its 

design and implementation, cannot truly represent a bolus feeding regime. Most 

bolus feeds within a neonatal unit are gravity fed. The peristaltic pump used to 

move the solutions through the tubes, in the flow model, will inevitably create 

different flow rates, than if they were flowing as a result of gravity. This is 

important, as it is known that mechanical and shear stress, as a result of fluid flow, 

can impact biofilm formation, development and morphology (Purevdorj et al, 2002. 

Thomen et al, 2017. Zhang et al, 2013). 

 

As mentioned within the concluding remarks of Chapter 5, we were unable to 

comment on impact of microbial population on patient morbidity and mortality, 

due to both time constraints and small sample size limiting data. To gather enough 

data on infant morbidity and mortality a larger, ideally cohort controlled multi-

centre, study would be required. This would also allow us to make more assertive 

conclusions regarding microbial populations in the tubes, impacts of feeding and 

care regimes upon these populations, as well as accounting for potential variations 

in units and geographical locations. Also, due to time and financial constraints, we 
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were unable to conduct antimicrobial resistance testing on the strains recovered 

from the clinical tubes. Antimicrobial resistance is an increasing concern within 

neonatal units (Bell et al, 2014. Cailes et al, 2017. Russell et al, 2012). NGTs 

harbouring antimicrobial resistant (AMR) pathogenic strains is especially 

concerning, given the diversity of microorganisms within the devices, uncovered 

through the sequencing analysis section, as these genes could be being transferred 

between species, not to mention that they are directly bypassing many of the 

infants’ host defences, being deposited into the infants’ fragile stomach, where 

they could potentially invade the infant, such as through a compromised stomach 

lining, leading to persistent, potentially deadly, AMR infections. 

 

As has been previously reported, the gene hypervariable regions selected and DNA 

extraction methods, for 16S rRNA gene analysis, can have profound impacts on 

diversity results (Cruaud et al, 2014). While the V1 - V4 regions may be more 

favourable for analysing some sample types, such as the vaginal microbiota 

(Graspeuntner et al, 2018). The V4 region was selected for in this study as it has 

been suggested to uncover higher levels of alpha diversity and richness in gut 

samples (Chen et al, 2019). However, given the samples may potentially be a mix of 

not only gut, breast milk, but also endogenous contaminants, selection of the 

optimal region to sequence, is difficult. Further studies should analysis different 

primer combinations to determine which is most accurate for this sample type. 

 

The sequencing analysis revealed key insights into the true extent of microbial 

diversity within the tubes, and the culture analysis provided information on 

approximate numbers of contaminating cells. However, relying on culture analysis 

alone to make assertions on populations can lead to misrepresentations of true 

numbers (Mahbouni et al, 2016). Viable but not culturable (VBNC) cells, non-

detectible by conventional culture techniques, but with the ability to retain 

pathogenicity (Ramamurthy et al, 2014), may be residing on the tubes in high 

numbers. The inherent inability to culture such species, means that culture analysis 

alone may severely underrepresent the true extent of colonisation. Due to time 

constraints, we were unable to conduct real-time PCR, on DNA extracted from the 
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tubes, to determine copy number (Kralik and Ricchi, 2017), and hence make more 

assertive conclusions on the number of cells within the samples. 

Concluding Remarks. 
The general overall aim of this project was to highlight the problem of 

contamination of neonatal enteral feeding devices. Through analysing these 

devices, and the media often passing through them, we have clearly demonstrated 

that not only are potentially pathogenic microorganisms able to rapidly colonise 

these devices, but that this colonisation is occurring within a clinical setting. The 

influence of feeding and care regime on these populations has undeniably been 

demonstrated and the creation of a representative feeding model provides an 

exciting avenue for exploring the exact dynamics within a controlled laboratory 

environment. However, the results generated through this study have also shined a 

light on many other unanswered questions. What is the relation of these 

contaminating populations to infants’ immediate, and lifelong, morbidity and 

mortality? Device blockage is occurring, but why has it not received any attention? 

There is increased colonisation of these devices over time, with documented 

increased morbidity with increased placement time, so why has no consensus been 

reached on and optimal duration of placement for each device type? Whilst these 

questions are now beyond the scope of this project, they are vital questions, which 

require further research to uncover and understand, if we are to truly improve 

infant care further. 
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Supplementary Materials Section 1 
Table S1. Nutritional composition lists for Nutriprem-1 (premixed infant formula) 
and Pepti-Junior (powdered infant formula). 

 

        Nutriprem-1  Pepti-Junior 
Osmolarity 375 mOsmol/kg H2O 210 mOsmol/kg 

H20 
Energy 3350 kJ/L 2750 kJ/L 

 800 Kcal/L 660 Kcal/L 
Fat 39 g/L 35 g/L 
Of which 
saturates 

15 g/L 19 g/L 

Of which 
unsaturates. 

24 g/L 16 g/L 

Long chain 
polyunsaturated 
fatty acids 
(LCPs) 

0.4 g/L 0.16 g/L 

Arachidonic acid 0.2 g/L 0.7 g/L 
Docosahexaenoi
c acid (DHA) 

0.1 g/L 0.7 g/L 

     
Carbohydrates 84 g/L 68 g/L 
Sugars 57 g/L 1 g/L 
Lactose 47 g/L <0.6 g/L 
Fibre 6 g/L 0 g/L 
Protein 26 g/L 18 g/L 
Hydrolysed 
protein 

 g/L 18 g/L 

Whey 16 g/L   
Casein 10 g/L   
Salt 1.8 g/L 0.5 g/L 

     
GOS/FOS 8 g/L   
Vitamins     
A 361 ug/100ml 52 ug/100ml 
D 3 ug/100ml 1.3 ug/100ml 
E 3.5 mg/100ml 1 mg/100ml 
K 6 ug/100ml 4.7 ug/100ml 
C 17 mg/100ml 9.3 mg/100ml 
Thiamin (B) 0.14 mg/100ml 0.05 mg/100ml 
Roboflavin 0.2 mg/100ml 0.1 mg/100ml 
Niacin 3.2 mg/100ml 0.95 mg/100ml 
Pantothenic 
acid 

0.88 ug/100ml 0.33 mg/100ml 
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B (3) 0.12 ug/100ml 0.04 mg/100ml 
Folic Acid 35 ug/100ml 8.9 ug/100ml 
B (12) 0.24 ug/100ml 0.18 ug/100ml 
Biotin 3.5 ug/100ml 1.7 ug/100ml 
Minerals     
Sodium 70 mg/100ml 18 g/100ml 
Potassium 82 mg/100ml 6 mg/100ml 
Chloride 76 mg/100ml 40 mg/100ml 
Calcium 94 mg/100ml 50 mg/100ml 
Phosphorus 62 mg/100ml 28 mg/100ml 
Magnesium 8 mg/100ml 5.1 mg/100ml 
Iron 1.6 mg/100ml 0.77 mg/100ml 
Zinc 1.1 mg/100ml 0.5 mg/100ml 
Copper 0.08 mg/100ml 0.04 mg/100ml 
Manganese 0.01 mg/100ml 0.03 mg/100ml 
Flouride ≤0.003 mg/100ml ≤0.003 mg/100ml 
Selenium 4.5 ug/100ml 1.8 ug/100ml 
Iodine 26 ug/100ml 12 ug/100ml 
L-carnitine 1.8 mg/100ml 1.1 mg/100ml 
Choline 17 mg/100ml 10 mg/100ml 
Inositol 24 mg/100ml 3.3 mg/100ml 
Taurine 5.5 mg/100ml 5.3 mg/100ml 
Nucleotides 3.2 mg/100ml 3.2 mg/100ml 
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Figure S1 EDIC images of PVC NGT incubated within premixed infant formula (A and 

B) and powdered infant formula (C and D), for 1 h (A and C) and 24 h (B and D) time 

periods, stained with 100 % SYPRO Ruby protein stain at x 40 magnification. Scale 

bars set to 50 µm. White arrows highlight protein deposits. Images of each 

treatment taking in triplicate and representative images choose for display. 
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Figure S2. EDIC images of silicone NGT incubated within premixed infant formula (A 

and B) and powdered infant formula (C and D), for 1 h (A and C) and 24 h (B and D) 

time periods, stained with 100 % SYPRO-RUBY protein stain at x 40 magnification. 

White arrow highlights protein deposit. Scale bars set to 50 µm. Images of each 

treatment taking in triplicate and representative images choose for display. 
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Figure S3. EDIC images of polyvinyl chloride NGT incubated with premixed infant 

formula (A and B) and powdered infant formula (C and D) for 1 h (A and C) and 24 h 

(B and D) time periods, stained with 10 nm Nile-red in 10 % ethanol solution at x 50 

magnification. Scale bars set to 50 µm. White arrow highlighting lipid deposit 

Images of each treatment taking in triplicate and representative images choose for 

display. 
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Figure S4. EDIC images of silicone NGT incubated with premixed infant formula (A 

and B) and powdered infant formula (C and D) for 1 h (A and C) and 24 h (B and D) 

time periods, stained with 10 nm Nile-red in 10 % ethanol solution at x 50 

magnification. Scale bars set to 50 µm. White arrows highlight lipid deposits, 

Images of each treatment taking in triplicate and representative images choose for 

display. 
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Figure S5. Displays mean OD (584) over time (h) for the potentially pathogenic 

bacterial strain E. coli grown within TSB supplemented with GOS and/or FOS at 

concentrations; 0.2 g/100ml or 0.8g/100ml, n = 3. 

 
Figure S6. Displays mean OD (584) over time (h) for the potentially pathogenic 
bacterial strain P. aeruginosa (PA01) grown within LB supplemented with GOS 
and/or FOS at concentrations; 0.2g/100ml or 0.8g/100ml, n = 3. 

 

0 5 10 15
0.0

0.5

1.0

1.5

Time (h)

O
D

 (5
84

nm
)

TSB Control
TSB 
GOS 0.2g/100ml Cont
GOS 0.2g/100ml
GOS 0.8g/100ml Cont
GOS 0.8g/100ml 
FOS 0.2g/100ml Cont
FOS 0.2g/100ml
FOS 0.8g/100ml Cont
FOS 0.8g/100ml
GOS/FOS (9:1) 0.2g/100ml Cont
GOS/FOS (9:1) 0.2g/100ml
GOS/FOS (9:1) 0.8g/100ml Cont
GOS/FOS (9:1) 0.8g/100ml

0 5 10 15
0.0

0.5

1.0

1.5

2.0

Time (h)

O
D

 (5
84

nm
)

TSB Control
TSB 
GOS 0.2g/100ml Cont
GOS 0.2g/100ml
GOS 0.8g/100ml Cont
GOS 0.8g/100ml 
FOS 0.2g/100ml Cont
FOS 0.2g/100ml
FOS 0.8g/100ml Cont
FOS 0.8g/100ml
GOS/FOS (9:1) 0.2g/100ml Cont
GOS/FOS (9:1) 0.2g/100ml
GOS/FOS (9:1) 0.8g/100ml Cont
GOS/FOS (9:1) 0.8g/100ml



 

 231 

 
Figure S7. Displays mean OD (584) over time (h) for the potentially pathogenic 

bacterial strain S. aureus grown within 1/5th concentration TSB supplemented with 

GOS and/or FOS at concentrations; 0.2 g/100ml or 0.8g/100ml, n = 3. 

 

 
Figure S8. Representative DIC Images of the PU NGT contaminated with S. aureus 

grown in the media TSB (A, B, C and D), pre-mixed infant formula (E, F, G and H) and 

powdered infant formula (I, J, K and L). Scale bars set to 50 µm.  
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Figure S9. Representative DIC Images of the PVC NGT contaminated with S. aureus 

grown in the media TSB (A, B, C and D), pre-mixed infant formula (E, F, G and H) and 

powdered infant formula (I, J, K and L). Scale bars set to 50 µm. 

 
Figure S10. Representative DIC Images of the silicone NGT contaminated with S. 

aureus grown in the media TSB (A, B, C and D), pre-mixed infant formula (E, F, G 

and H) and powdered infant formula (I, J, K and L). Scale bars set to 50 µm. 
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Figure S11. Representative DIC Images of the PU NGT contaminated with P. 

aeruginosa grown in the media LB (A, B, C and D), pre-mixed infant formula (E, F, G 

and H) and powdered infant formula (I, J, K and L). Scale bars set to 50 µm.  

 
Figure S12. Representative DIC Images of the PVC NGT contaminated with P. 

aeruginosa grown in the media LB (A, B, C and D), pre-mixed infant formula (E, F, G 

and H) and Powdered infant formula (I, J, K and L). Scale bars set to 50 µm.  
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Figure S13.Representative DIC Images of the silicone NGT contaminated with P. 

aeruginosa grown in the media LB (A, B, C and D), Pre-mixed infant formula (E, F, G 

and H) and Powdered infant formula (I, J, K and L). Scale bars set to 50 µm. 

 
Figure S14. Representative DIC images for S. aureus grown on a silicone NGT within 

TSB, under flow conditions at the time points; 6 h (A), 24 h (B), 48 h (C), 72 h (D), 96 

h (E) and 120 h (F). Scale bars set to 50 µm. 
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Figure S15. Representative DIC images for S. aureus grown on a silicone NGT within 

premixed infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 

48 h (C), 72 h (D), 96 h (E) and 120 h (F). White arrow highlights protein deposit. 

Scale bars set to 50 µm. 

 

 
Figure S16. Representative DIC images for S. aureus grown on a silicone NGT within 

powdered infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 

48 h (C), 72 h (D), 96 h (E) and 120 h (F). White arrow highlights lipid deposits. Scale 

bars set to 50 µm. 
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Figure S17. Representative DIC images for E. coli grown on a silicone NGT within 

TSB, under flow conditions at the time points; 6 h (A), 24 h (B), 48 h (C), 72 h (D), 96 

h (E) and 120 h (F). Scale bars set to 50 µm. 

 
Figure S18. Representative DIC images for E. coli grown on a silicone NGT within 

premixed infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 

48 h (C), 72 h (D), 96 h (E) and 120 h (F). Scale bars set to 50 µm. 
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Figure S19. Representative DIC images for E. coli grown on a silicone NGT within 

powdered infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 

48 h (C), 72 h (D), 96 h (E) and 120 h (F). Scale bars set to 50 µm. 

 
Figure S20. Representative DIC images for P. aeruginosa grown on a silicone NGT 

within LB, under flow conditions at the time points; 6 h (A), 24 h (B), 48 h (C), 72 h 

(D), 96 h (E) and 120 h (F). Scale bars set to 50 µm. 
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Figure S21. Representative DIC images for P. aeruginosa grown on a silicone NGT 

within premixed infant formula, under flow conditions at the time points; 6 h (A), 

24 h (B), 48 h (C), 72 h (D), 96 h (E) and 120 h (F). Scale bars set to 50 µm. 

 
Figure S22. Representative DIC images for P. aeruginosa grown on a silicone NGT 

within powdered infant formula, under flow conditions at the time points; 6 h (A), 

24 h (B), 48 h (C), 72 h (D), 96 h (E) and 120 h (F). White arrows highlight lipid 

deposits. Scale bars set to 50 µm. 
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Figure S23. Representative DIC images for E. coli grown on a PU NGT within TSB, 

under flow conditions at the time points; 6 h (A), 24 h (B), 48 h (C), 72 h (D), 96 h (E) 

and 120 h (F). Scale bars set to 50 µm. 

 
Figure S24.Representative DIC images for E. coli grown on a PU NGT within 

premixed infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 

48 h (C), 72 h (D), 96 h (E) and 120 h (F). Scale bars set to 50 µm. 
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Figure S25. Representative DIC images for E. coli grown on a PU NGT within 

powdered infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 

48 h (C), 72 h (D), 96 h (E) and 120 h (F). Scale bars set to 50 µm. 

 
Figure S26. Representative DIC images for S. aureus grown on a PU NGT within TSB, 

under flow conditions at the time points; 6 h (A), 24 h (B), 48 h (C), 72 h (D), 96 h (E) 

and 120 h (F). Scale bars set to 50 µm. 
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Figure S27. Representative DIC images for S. aureus grown on a PU NGT within 

premixed infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 

48 h (C), 72 h (D), 96 h (E) and 120 h (F). Scale bars set to 50 µm. 

 
Figure S28. Representative DIC images for S. aureus grown on PU NGT within 

powdered infant formula, under flow conditions, at the time points; 6 h (A), 24 h 

(B), 48 h (C), 72 h (D), 96 h (E) and 120 h (F). White arrow highlights lipid deposit. 

Scale bars set to 50 µm. 
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Figure S29. Representative DIC images for P. aeruginosa grown on a PU NGT within 

LB, under flow conditions at the time points; 6 h (A), 24 h (B), 48 h (C), 72 h (D), 96 h 

(E) and 120 h (F). Scale bars set to 50 µm. 

 
Figure S30. Representative DIC images for P. aeruginosa grown on a PU NGT within 

premixed infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 

48 h (C), 72 h (D), 96 h (E) and 120 h (F). White arrow highlights solidified IF. Scale 

bars set to 50 µm. 
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Figure S31. Representative DIC images for P. aeruginosa grown on a PU NGT within 

premixed infant formula, under flow conditions at the time points; 6 h (A), 24 h (B), 

48 h (C), 72 h (D), 96 h (E) and 120 h (F). Scale bars set to 50 µm. 
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Supplementary materials Figure S32. Code for mixed multiple linear model, where 
## denotes a user comment and >>> denotes code run. 
 
## Hypothesis to test; 
## 1) Is there an increase in CFUs with increased insertion time (linear association?) 
## File R_Test_Data contains all patient information and CFU counts for all 110 
samples represented as Log average values from all 6 repeats. 
## Test 1  
## Simple plot of insertion time vs LogCFUs for all samples 
## Create subset of simple variables 
>>>LinearModel1 <- data.frame("Patient" = R_Test_Data$Patient_dem, 
"Insert_Time" = R_Test_Data$Duration_of_placement, "LogCFUs" = 
R_Test_Data$LG_Aer_tot) 
>>>str(LinearModel1) 
>>>summary(LinearModel1) 
>>>ggplot(data = Culture1) + geom_point(mapping = aes(x = Insert_Time, y = 
LogCFUs)) 
## appears is there is a linear trend  
## however, we know that there are only 49 patients from who the 110 samples 
came from, with some patients having more samples than others, meaning clustering 
of samples to patients. 
>>>xtabs(~Patient + Insert_Time, Culture1) 
## the problem is that different patients have different numbers of samples and with 
varieing insertion times = unbalanced data, partially crossed 
## Eg patient AF had 4 samples all with 7d insertion time VS AC who had 1:2d, 
1:5d and 2:7d... 
## mixed effects model with two fixed-effects parameters: intercept and slope of the 
linear time trend for all samples and two random effects for each patient (deviations 
in intercept and slop of that patients given time and from all samples values) 
## Model 1 - allows correlation of random effects for the same patient (eg those with 
higher lower day CFU values may have higher high day CFU values) 
>>>LinM1 <- lmer(LogCFUs ~ 1 + Insert_Time + (1 + Insert_Time|Patient), 
LinearModel1, REML = 0) 
>>>summary(LinM1) 
## model incorporates both intercept and slow (for Insert_Time) in the fixed effects 
and random effects 
## extract conditional modes of random effects 
>>>head(ranef(LinM1)[["Patient"]]) 
## vector-valued random effects - q = 98 random effects, 2 for each of the 49 
patients 
>>>(getME(LinM1,"Lambda")) 
>>>image(getME(LinM1,"Lambda")) 
## estimates of fixed effects = inital LogCFU of ~2.3 and a typical increase in 
LogCFU of 0.36683 per 1d increase 
## estimated within-subject correlation of the random effect for the intercept and the 
random effect for the slope is -1 - suggests observing a individuals CFU values at 
early insertion times may provide information on CFU values for longer insertion 
times) 
## Model 2 - provides independent random effects for intercept and slop for each 
patient 
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## simple scalar random effect for Patients and a random effect for the slope with 
respect to Insert_time, also indexed by Patients (with implicit intercept for second 
random effects terms supressed) 
>>>LinM2 <- lmer(LogCFUs ~ 1 + Insert_Time + (1|Patient) + 
(0+Insert_Time|Patient), LinearModel1, REML = 0) 
>>>summary(LinM2) 
>>>head(ranef(LinM2)[["Patient"]]) 
>>>image(getME(LinM2,"Lambda")) 
## likelihood ratio test to compare 2 models (Where LinM1 is reduced to LinM2 by 
constraining the within-group correlation of random effect) 
>>>anova(LinM2, LinM1) 
## p value of 0.5764 indicates that the extra parameter in model LinM1 relative to 
LinM2 does not produce a significantly better fit - does this mean that by the 
principle of parsimony we prefer the reduced model? 
## suggests that there may be a relationship between low insertion time CFU values 
and high insertion time CFUs for a given individual (not surprising as would expect 
factors such as feed type (eg individual infants mothers milk with its own distinct 
microbiota) to strongly influence CFU values) 
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Supplementary Materials section 2 
Ethics Application 
Protocol proposal V12.0 
Study Title:  
Clinical and laboratory-based approaches to investigating the development of 
biofilms on the inner surface of nasogastric tubes in neonates: association with 
morbidity and mortality 
Date: 14/11/2017 
Chief Investigator: 
Mr Christopher Winnard 
Post graduate research student 
MBioSci University of Southampton 
Other Investigators:  
Prof Bill Keevil, Dr Sandra Wilks, Dr Sue Green, Prof Mandy Fader and Dr Mark 
Johnson. 
Research Lab:  
Microbiology Laboratory, Biological Sciences, Building 85, University of 
Southampton Highfield Campus, Southampton, SO17 1BJ. 
Sponsor:  
University of Southampton 
Funder:  
Institute for Life Sciences (IfLS), Biological Sciences (BioSci) and Health Sciences. 
Background: 
The ability to successfully keep alive very low birth weight (VLBW) and extremely 
low birth weight (ELBW) newborn infants and those born before term gestational 
age is accompanied by an increased risk of infection observed within this population 
(Vergnano et al 2011).  It is well established that full term infants display an 
immature immune system in comparison to adults (Marodi, 2006). Given this, it is 
suspected that infants born pre-term have even further deficiencies in humoral and 
cellular immunity (Carr et al 1992). Neonates are often subject to many invasive 
procedures including assisted ventilation, intravenous lines, enteral feeding and 
occasionally even surgery. As well as these they are often within close proximity of 
other infants within units, increasing the risk of transmission. These are all risk 
factors for infection, on top of the usual risk of contracting a nosocomial infection 
associated with being within a hospital environment. The infection rates in neonates 
are highly variable ranging from 2 % to 36 % (Donovan et al, 2013. Stoll and 
Hansen 2003). This is due to variations in different ward structure, care practices, 
access up to date medical equipment, vigilance in diagnosing and reporting 
infections as well as characteristics of the infants. 
One such invasive procedure is the placement of a nasogastric feeding tube. The tube 
is used to deliver highly nutritional solutions, usually either breast milk or infant 
formula, to infants who cannot normally swallow them. These high nutrient solutions 
may allow potentially pathogenic organisms to grow and form mini complex 
communities called "biofilms". One of the key reasons that bacterial biofilms present 
such a large problem clinically is their increased antimicrobial tolerance (Neu, 
1992), this is especially worrisome in a population with an underdeveloped immune 
system, such as neonates. 
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It has long been suspected that the development of a normal commensal flora is 
fundamental to lifelong health and disease susceptibility (Tancrede, 1992). 
Perturbations to the maternal, or early infantile, microbiome have been linked to 
autoimmune and metabolic disorders, such as Type 1 and 2 diabetes (Paun and 
Danska, 2016). Since these tubes are placed directly into the infants stomachs they 
provide a direct route, for any potentially pathogenic organisms, into the susceptible 
infants’ digestive systems. This allows the organisms to bypass many of the infants 
natural defence mechanisms, such as saliva. It has also been shown that the route of 
birth can affect the infants microbiome (Mueller et al, 2015), with infants born by 
caesarean showing a much less diverse microbiome (Biasucci et al, 2015), however 
the impact of these on tube colonisation is unknown. 
Studies have documented the various benefits of breast milk usage (Gartner et al, 
2005. Salone et al, 2013. Assad et al, 2015). It has been shown to block bacterial 
lectins (Lesman-Movshovich et al, 2003), significantly reduce chances of infectious 
disease by enhancing the immune system (Ballard and Morrow, 2013), as well as 
having beneficial effects on digestion and absorption of nutrients, 
neurodevelopment, GI functioning and psychological effects on the expressing 
mother (Schanler, 1995).  The placement of these tubes, as opposed to normal 
maternal breast feeding, could result in the improper establishment of upper 
gastrointestinal tract microbiota as the essential breast milk bypasses much of the 
tract. The placement time of these tubes can range from a week to 30 days, 
depending on the type of tube, feeding regime and local unit guidelines. This time 
scale provides ample time for potentially harmful microorganisms to stick, and grow 
upon, the tubes.  
Necrotizing enterocolitis (NEC) is a severe and devastating disease primarily 
affecting the Gastrointestinal (GI) tract of premature infants, inducing inflammation 
and bacterial invasion of intestinal walls (Thompson and Bizzarro, 2008). It is still 
currently one of the largest causes of morbidity and mortality within the newborn 
population, especially those born preterm and with low birth weight. Its defining 
physiological features are necrosis of the small and large intestines along with 
ischemic events. Despite the relative lack of knowledge on the causes for NEC, it is 
clear throughout the literature that bacteria play a contributory role in inducing NEC 
(Kliegman, 1979. Neu and Walker, 2011). The placement of a tube may not only 
allow microbiome altering species into the infants’ stomach but such species may be 
able to alter the pH of the infants’ stomach acid. This is especially worrying as 
aspirates of stomach contents are often used as an indicator to initiate a feed. 
Feeding via nasogastric tubes in the elderly population has received focus as this 
population is often cited as having a compromised or diminished immune system. 
Studies on nasogastric tube placement in the elderly have found that feeding 
increases gastric pH often leading to colonisation of gastric secretions (Gomes et al, 
2003), with one study finding pathogenic flora in 74 % of stomach samples (Segal et 
al, 2006a). Another found that 54 % of the tubes sampled contained pathogenic 
bacterial species (Segal et al, 2006b). Colonisation of the tubes may enable 
pathogenic species to spread and colonise various sites within the host, for example 
the stomach, into which the tube is placed.  Not only can tube placement have 
detrimental effects on the digestive system but has also been shown to alter normal 
flora of other internal sites. For example, it has been demonstrated that pathogenic 
organisms are rarely isolated from the oral flora, but are often found in those fed 
through a nasogastric tube (Takeshita et al, 2011), as well as being shown to cause 
pathogenic colonisation of the oropharynx in up to 81 % of patients (Leibovitz et al, 
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2003). Despite the extensive literature on impacts of nasogastric feeding in the 
elderly there is a severely limited amount of studies conducted within the neonatal 
population. One of the few studies that has been conducted in this area has shown 
that neonatal nasogastric tubes not only harbour potentially pathogenic species but 
also that feeding through contaminated tubes results in decreased weekly weight 
gain, compared to those fed through ‘clean’ tubes (Mehall et al, 2002). An important 
concern, as the weight gain of premature infants is often used as an estimation of 
clinical progress. Another recent study has shown that bacterial strains introduced to 
the infant via a feeding tube (cultured from feeds) are able to alter the infant’s 
gastrointestinal microbiota, as analysed by faecal samples (Gomez et al, 2016). 
This study aims to understand if potentially pathogenic microorganisms are able to 
stick to, and reproduce on, the internal surface of the tubes that could lead to 
infection or alteration of the normal balance of healthy organisms.  We will also aim 
to gain insight into how the duration of tube placement affects accumulation and 
prevalence of potential contaminating microorganisms. Finally we will be screening 
bacterial isolates from the tubes for antimicrobial resistant genes to help gain an 
understanding of if this is a problem within this environment.  
By running broad spectrum and specific peptide nucleic acid (PNA) fluorescence in 
situ hybridization (FISH) microscopy in tandem with culture-based analysis, on the 
tubes obtained from infants, we will be able to understand what types of 
microorganisms are most often contaminating these tubes and how the different care 
regimes effect these populations. The use of 16S rRNA gene sequencing will allow 
us to more accurately understand all of the tubes contaminants down to a species 
specific level. We will also combine this with antimicrobial resistance profiling of 
isolated species to determine whether antimicrobial resistant species are a concern 
within this cohort. 
Study Samples: 
Some babies may require their feeding tubes to be placed orogastrically, perhaps due 
to the presence of nasal prongs for oxygen, however for the purpose of this study the 
term ‘nasogastric tube’ refers to both types of tubes feeding babies. 
Nasogastric tubes removed in the course of the usual care of babies admitted to the 
Princess Anne Neonatal Unit, University Hospital Southampton NHS Foundation 
will be studied. These nasogastric tubes would normally be disposed of in clinical 
waste.  
Selected characteristics, none of which could lead to identification, of the babies will 
be obtained from patient records by designated Nutrition Biomedical Research 
Centre (BRC) research nurses. 
Inclusion Criteria: 
Nasogastric tubes that have been removed from babies on the neonatal unit as part of 
their normal care regime, included those removed early due to: 

• Tube blockage/feeding intolerance 
• Accidental removal by infant 
• Removal pre-surgery 

Exclusion Criteria: 
Samples will not be included in the study if: 

• Nasogastric tube is damaged upon removal. 
• Nasogastric tubes that are removed within an emergency situation giving 

inadequate time for appropriate sample processing. 
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Sample Handling:  
Nasogastric tubes, removed from the infant and designated for disposal, will be 
placed into a sterile Ziplock specimen bag by the attending nurse, along with a note 
of the infant’s name. This will then be placed into the units designated research 
fridge. Research nurses employed by the Nutrition Biomedical Research Centre 
(BRC) will then complete the relevant paperwork for each sample (Case report form) 
and remove any information on the sample that could lead to identification of the 
infant and return the completed forms and processed sample to the units designated 
research fridge. Once completed the samples will be temporarily stored before 
collection every 2-3 days. Samples will be packaged according to regulations for 
transportation (as clinical samples, 3 levels of containment, UN3373) for transport to 
the designated research facilities at the University of Southampton, Highfield 
Campus.  
Sample Size:  
The maximum number of nasogastric tube samples to be received throughout the 
study will be 170. The number of tubes being collected per week will be dependent 
upon number of patients within the unit. 
60 tubes will be required for 16S rRNA sequencing. As this sample type has not 
been sequenced before (pilot study). Sample size based on cost per sample and grant 
allowance. 110 tubes will be required for culture based analysis, this is based on 2 
similar studies that utilised the same sample type, one of which used 94 tubes 
(Petersen et al, 2016), the other 129 (where 104 of these were collected from one 
unit) (Hurell et al, 2009).  
Sample Number Allocation: 
Collection containers, into which the sample will be placed after removal, will be 
labelled with a unique sample number. This will allow the approved research nurses 
to link anonymise (numerical format) the samples before release to the research 
team. This number will consist of the designated study number followed by an 
individual participant number and then a sample number, which will increase 
sequentially e.g., NGT0001_001_001, NGT0001_001_002 (second sample from 
same donor), NGT0001_002_003 (third sample collected from new donor). This 
system will allow researchers to track not only the number of samples but also if 
multiple samples are provided by one individual, without the possibility of patient 
identification. 
Members of the research team who are not part of the participants normal clinical 
care team will not have access to any patient identifiable information. 
Ethical and Governance Considerations:  
Ethical approval will be granted by HRA and ERGO prior to study initiation. 
Research to be conducted in accordance with the Department of Health’s Research 
Governance Framework (2005). No information that could lead to identification of 
any participant of the study will be passed to members of the research team at any 
point throughout the study. 
Data is to be collected by specialist neonatal research nurses (employed and 
approved by the Nutrition Biomedical Research Centre (BRC)), who are also part of 
the clinical care team, and will not include any information that could result in 
identification of the donor. All data to be collected is to be analysed against results 
from tubes.  
No data that could lead to the identification of any individual participating within the 
study will be handed to any members of the (non-clinical) research team at any point 
throughout the study. 
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Study Methodology: 
Study1: To gain an understanding of the microorganisms often contaminating 
nasogastric tubes within a clinical setting as well as their ability to adhere to the 
internal portions of neonatal nasogastric tubes. 
Once the tubes have been processed by approved BRC research nurses, they will be 
transferred to members of the research team. Their packaging will be opened within 
a Microbiological Safety Cabinet (MSC) in the designated laboratory (Building 85, 
University of Southampton) and the outside of the tubes will be gently washed with 
ethanol to remove any contaminants on the outside of the tube’s surface.  A selection 
of the tubes will then be cut into approximately 1 cm segments and then each 
segment cut in half to reveal the tube’s lumen. Peptide nucleic acid (PNA) 
fluorescence in situ hybridization (FISH) will be used to visually analyse 
contaminants. Broad spectrum and species-specific PNA probes will be incubated 
with the tube segments to allow hybridization of the probes to the DNA/RNA of 
contaminating microorganisms. Incubation times/intensity will be dependent upon 
selected probes. Following hybridization the fluorescently tagged microorganisms 
will be analysed using a fluorescence microscope. This technique allows direct 
visualisation of specific contaminating microorganisms, as well as providing 
information on their abundance and ability to adhere to and colonise the nasogastric 
tubes internal portions. 
Study 2: To characterise the clinical isolates recovered from the tubes, 
including antimicrobial resistance testing. 
Clinically obtained tubes will be used to create pure cultures of microorganisms 
contaminating the tubes. Once the tubes have been processed and handed to the 
research team approximately 100 will be selected for culture based analysis. 
Different sections of each tube including, top (section that resided outside the 
infant), and end (section that resided within infants GI system) will be selected and 1 
cm segments will be removed for analysis. These 1cm sections will be cut open to 
expose the lumen of the tubes. The tube pieces will be suspended in phosphate 
buffered saline (PBS) within sterile Eppendorf tubes. Sterile glass beads will be 
added to the Eppendorf tubes and vortexed to dislodge any contaminating 
microorganisms. The tubes will then be centrifuged to create a pellet containing the 
microorganisms. The supernatant will be discarded according to normal laboratory 
safety procedures (placed into a glass jar and autoclaved at 121°C for 15 minutes). 
Some pellets obtained from the tube’s lumen will be used to create pure cultures 
through streak plating technique utilising a variety of selective (e.g. MacConkey’s 
agar) and non-selective (Tryptic soy agar) agar plates. The isolated species will be 
screened for drug resistance using commercially available antibiotics and potentially, 
pending funding, real time Polymerase Chain Reaction (qtPCR). This will allow 
detection of specific drug resistance gene expression. Approximately 110 samples 
will be used for CFU count experiments to allow us to gain numerical information 
on the abundance of species per cm (to be represented as colony forming units 
(CFUs) per ml) of tube as well as any differences in abundance depending on the 
section of the tube (refer to section on Statistical analysis for analytical plan). Viable 
count methods are one of the most commonly used processes for determination of 
viable cell numbers in any given sample. Following the same procedure pellets will 
be created for 60 samples that will be sent to undergo 16S ribosomal RNA (rRNA) 
gene sequencing to allow more specific identification of the contaminating 
microorganisms. 
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Isolated species and pellets will be stored within the laboratory’s designated -80°C 
freezer for further experimentation. The locked freezer is only accessible to members 
of the lab group. Due to the naturally high levels of variation found within culture 
based analysis of other similar clinical samples, a large sample size (110 tubes) will 
be required, for the culture based experiments (upto 60 samples will be required for 
the separate 16S rRNA sequencing experiments, to bring the project total sample 
size to 170). This will allow more accurate and reliable identification of the most 
common contaminating microorganisms.  
Study 3: To understand the influence of infant care regime on the distribution 
of microorganisms found upon the tubes. 
Data collected from the previous experiments will be linked to a standard data set 
(including gender, route of birth and patients weeks preterm-see below) obtained for 
each patient using the non-identifiable participant number. This will enable any 
correlation between the patient characteristics such as gender, route of birth, 
gestational age and the findings of study 1 and 2. The data from the tubes will also 
be correlated to basic information on patient outcome such as incidences of NEC, 
infection or feeding intolerance to provide information on implications of potentially 
associated morbidity. This data is routinely collected as part of clinical care and will 
be link anonymised to the research samples, with no patient identifiable data 
available to the research team (see below) 
This could have implications on feeding intolerance, for example if certain species 
are isolated from infants with higher incidences of feeding intolerance this could 
help identify species that may be inducing feeding difficulties. By analysing weeks 
preterm against recorded microorganisms detected we could gain insight into how 
the species found on the tubes impact the development on the infants’ microbiome. 
Through analysing the tubes microbial composition and comparing it to route of 
birth we will be able to see if this lack of diversity is also found upon the tubes, and 
so may be influencing the composition of the infant intestinal microbiota further. 
This will also provide useful information on whether there are gender specific 
differences in the microbial communities found within these tubes and so help 
clinicians tailor probiotic and prebiotic supplementation regimes accordingly. The 
aim is to help inform guidelines on optimal tube placement times as well as tailor 
this information to specific feed regimes. Due to the huge variability in patient care 
regimes a large sample size will allow more accurate interpretation and be more 
beneficial when making informed decisions on implementation of new care regimes.  
Collection of patient data: 
No data that could lead to the identification of the patients will be collected. Patient 
data will only be collected by unit research nurses who are also part of the patients’ 
clinical care team. Tubes given to the research team will be identified by code only 
that will not allow the patient to be identified by the research team.  
Anonymised data that relates specifically to the project will be collected. All data 
collected relates to factors that may influence the distribution and/or communities of 
microorganisms on the nasogastric feeding tubes or factors that may potentially 
contribute to the presence of the micro-organisms based on current evidence.  
Patient data to be collected and rationale: 
Gender: The rationale for collecting information on gender is that it has been 
suggested that there may be gender related differences in the composition of gut 
bacteria (Haro et al, 2016).. 
Gestational age: Gut bacteria are known to go through different developmental 
stages after birth. By linking gestational age at birth with NGT removal we will be 
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able to see if the collections of microorganism found on the NGT are similar to those 
shown for gut bacteria development. 
Route of birth: Route of birth has been shown to influence the development of gut 
bacteria (Madan et al, 2016)  
Feeding regime: Information on predominant feed type, frequency, volume and 
supplementation will allow us to see if specific feed regimes have an influence on 
the development of  microorganisms within the NGTs. 
Antibiotic regime: This is likely to influence not only the number of microorganisms 
present but may also affect the type of microorganisms on the NGTs. 
Presence of other indwelling devices:  multiple invasive devices may increase risk of 
contamination of NGTs, or vice versa, due to cross contamination. The presence of 
such devices also increases the handling of patient by unit staff. If specific 
microorganisms are isolated from patients with many invasive devices this will 
provide helpful information to clinicians and can inform routine bacterial 
surveillance protocols for units. 
Patient progression and outcomes: Information on incidences of mortality, NEC, 
infection and feeding intolerance will be collected. This will allow identification of 
potential impacts on morbidity if specific population of microorganisms are found 
residing within the tubes. If specific populations are found to be associated with 
specific morbidities this could potentially help in designing prevention strategies. 
All factors above are those that can be recorded immediately following removal of 
the used NGTs. 
The NGTs collected will be linked to the anonymised data collected from the 
patients’ records by an anonymous code.  Samples are to be link anonymised such 
that after analysis of tubes contents any individuals who have had subsequent 
morbidities, such as NEC, who have participated within the study, can be correlated 
with results from their samples. This will help to provide information on whether 
specific populations of microorganism upon the tubes are correlated with clinical 
progression. A linkage record linking the clinical data to the research samples will be 
kept securely on the neonatal unit, accessible only by the clinical team (or the 
research nurses who are also part of the clinical care team).The linkage record will 
only relate infants identifiable details (name, date of birth and hospital number) to 
their study numbers, allowing data to be extracted from their routinely collected 
patient episode data by the clinical team. This routinely collected data is collected 
and stored as part of national neonatal data collection using the BadgerNet system, 
which collects and securely stores routine data on admissions, care, discharge and 
outcomes for all neonatal unit admissions in the UK. Data held on BadgerNet can 
only be accessed by clinical staff, who will extract and anonymise relevant data and 
make this available to the research team in an anonymised format relating only to 
anonymised study numbers. A poster will displayed in parent areas on the neonatal 
unit informing them of the study and that anonymised information will be used in 
this way. It will offer them the option to request their data not to be used in this way 
by contacting the study team if they wish. 
Anonymised patient data will be analysed and stored is a database on a password 
protected University of Southampton computer. All data generated through this 
study will be securely stored by the University of Southampton, according to local 
regulations, for a period of 10 years.  Access to the computer containing anonymous 
patient information will be limited to the Chief Investigator and his supervisors. 
 
Statistical analysis:  
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Data generated as part of this study will be analysed by a research student as part of 
his studentship. The statistical methods and evaluation techniques will be reviewed 
by the chief investigator and other members of the research team. All information 
will be securely stored according to the University of Southampton’s guidelines.  
The culture based experiments will provide numerical data in the form of CFUs, 
using statistical software (GraphPad Prism) these will be used to calculate CFUs per 
1 cm section of nasogastric tubing for different sections of the tubes. Comparative 
and descriptive statistics will be used to compare data generated. Statistical models, 
such as analysis of variance or ANOVA, will be used to uncover whether there is a 
statistically significant difference between the number of CFUs and the location of 
the tube section. 
The 16S rRNA sequencing analysis will allow us to accurately portray every species 
contaminating the tubes providing information on relative abundance and taxonomy 
of the species uncovered for each sample. This protocol targets and amplifies gene 
regions that provide (species) specific signatures allowing for the accurate 
identification of species that cannot identified through other techniques (Rodicio and 
Mendoza, 2004). 
For statistical analysis of 16S rRNA, specific signatures detected will be analysed 
and similar sequences will be clustered together (termed operational taxonomic units 
or OTUs). Those with a 97 % sequence similarity will be deemed representative of a 
single species. The number of representatives within each cluster will be counted and 
used to calculate relative abundance of each species, for each sample. Specific 
methodology of initial statistical analysis of gene amplification data will be 
depended on 16S rRNA sequencing supplier. Patient information will be used to 
group patients with similar medical histories, for example those who have received 
antibiotics and those who have not. Multivariate data analysis techniques, such as 
ANOSIM, will be used to compare the variation in species in relation to the grouping 
factor (e.g. antibiotic usage).  
Publication and Dissemination of Findings:  
Results will be submitted for publication in peer reviewed scientific journals and for 
consideration for presentation at national and/or international conferences. Results 
will also be presented at local meetings and potentially at national and international 
meetings. 
Definition of End of Study:  
The end of the study will be achieved when either the maximum number of samples 
has been reached, all samples have been tested and all data analysed, or if it decided 
that the maximum sample size will not be reached within designated project time 
frame (to be decided within first 10 months of collection). At this point all remaining 
tube samples with be disposed of accordingly. Isolated species will continue to be 
stored within the designated locked freezer. No human cells or genetic material will 
be stored or analysed throughout, or after, the study period. 
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Case report form V5 
Biofilm formation on neonatal feeding tubes 

IRAS project ID: 200714 
Case report form 

General guidelines 
• Entries to be made using black ink. 
• Ensure all entries are accurate, legible to others and verifiable with patient 

records. 
• In case of correction; do not use correction materials, draw a single line over the 

incorrect information, write correct entry nearby and ensure to date and initial 
correction. 

• Each CRF must be thoroughly completed and attached to the appropriate sample.  
 

Sample Specific Information 
Sample ID:  

Date of sample collection (DD/MM/YYYY): oo/oo/oooo 

Duration of tube (sample) placement (DD): oo 

Reason for tube removal (tick as appropriate):  
o Routine  
o Patient no longer requires enteral feeding tube 
o Tube blockage  
o Discharge from unit  
o Surgically related (e.g. patient is about to undergo surgery)  
o Accidental removal (by child or carer)  
o Other 
If other please specify:                                                                        . 

Type of feeding device (Tick as appropriate):          o Nasogastric       o 
Orogastric 
 
 
 
 
 
Patient specific information 

• Patient information to be collected is to be done so ONLY by designated clinical 
staff (see delegation log). 

• No information that could lead to identification of patients is to be recorded 
within this document or passed to the research team. 
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Patient Gender (tick as appropriate):          o Male        o Female 

Gestational Age, at Birth: ________ Weeks and _______ Days 

Gestational Age at NGT removal: _______ Weeks and _______ Days 

Route of Birth (tick as appropriate):       o Vaginal       o  Caesarean 

Predominant type of feed (tick as appropriate):  
o Maternal milk 
o Donor milk     

o Infant formula 

Added fortifiers:       o Yes o No 

If predominantly formula, formula type (tick as appropriate):  
o Preterm Formula (Nutriprem-1) 
o Post-discharge preterm formula (Nutriprem-2) 
o Neocate 
o Peptijunior 
o Standard term formula 
o Infantrini 
o Other 

If other please specify ________  

Frequency and Volume of Feeds: _____________________________ 
 

Probiotic Supplementation:     o Yes   o No 

 

Current antibiotic regime (Tick as appropriate):  

o Prophylactic 

o Tailored course     

o Not currently receiving antibiotic therapy 
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Specific prescription (Drug/drugs only):                                                                                                          
. 

Route of antibiotic administration (tick as appropriate): 
o Oral 

o Intravenous     

o Via nasogastric tube  

o Other     

 
If other please specify                                                                           . 
Other relevant medications/supplements: 
o Ranitidine 
o Omeprazole 
o Vitamin supplements 
o Iron supplements 

 
Other relevant considerations: 
o Presence of endotracheal tube 
o Presence of indwelling central line 
o Presence of ventilator  
Mode of ventilation (if applicable) : _____________________ 
 
 
 
 
 
 
I can confirm that all data recorded within this document is accurate to the best of 
my knowledge and verifiable with patient records. I can confirm that no data 
recorded on this document can or will be used to try and identify any individuals 
from which the samples came. 
I will not provide any further information to the research team or any other 
individuals that could result in identification of any individuals involved within this 
study. 
I confirm that I have attached the correct CRF to the corresponding sample and 
stored within the designated storage area, prior to collection by the research team. 
 
Name of Research Nurse/ Person completing CRF                                                          
. 
Signature of Research Nurse/ Person completing CRF                                                                 
.  

Date (DD/MM/YYYY): oo/oo/oooo 
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Unit poster 
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University of Southampton Sponsorship letter 
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REC Provisional opinion letter 

  
 East of Scotland Research Ethics Service (EoSRES)      
Research Ethics Service  

  
                                                                                                                            
  

    TAyside medical Science Centre   
Residency Block Level 3  

  George Pirie Way    Ninewells Hospital and Medical School    Dundee DD1 9SY  
  
  
  
 Mr Christopher Winnard  Date:    19 October 2017  
 Your Ref:    
 Post graduate research student   Our Ref:  LR/AG17/ES/0142  
 Centre for Biological Sciences Faculty of Natural &  Enquiries to:  Arlene Grubb   
 Environmental Sciences   Direct Line:  01382 383848  
 Email:  eosres.tayside@nhs.net  
 Building 85 University of Southampton Highfield    

Campus, Southampton  
SO17 1BJ  
  
Dear Mr Winnard   
  
Study title:  Clinical and laboratory-based 

approaches to investigating the 
development of biofilms on the 
inner surface of nasogastric 
tubes in neonates: association  

with morbidity and mortality    

REC reference:  17/ES/0142 IRAS project ID:  200714  
  
The Proportionate Review Sub-Committee of the East of Scotland 
Research Ethics Service REC 2 reviewed the above application on 18 
October 2017.  
  
 
 

Provisional opinion  
  
The Sub-Committee would be content to give a favourable ethical 
opinion of the research, subject to clarification of the following issues 
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and/or the following changes being made to the documentation for study 
participants:  
  
1. The Committee requested clarification as to what data would be 

collected to understand the influence of infant care regime on the 
distribution of microorganisms found upon the tubes and if 
specific microorganisms were associated with specific 
morbidities or mortality. Depending on data requested, parental 
consent may be advisable.   

  
2. The Committee requested clarification as to if knowledge of 

antibiotic /antifungal treatment during NGT use would be 
collected.   

  
3. The Committee requested clarification whether the RN would be 

part of the clinical team and if they were not will the local R&D 
require Caldicott Guardian Approval.   

  
4. The Committee requested clarification as to what data would be 

held on the file and where would the anonymised clinical data be 
held and stored.  

  
5. The Committee requested that parents in the unit were informed 

in general terms of the study as that would allow fair processing 
of participants identifiable information by the clinical team to 
anonymise it for use by the research team.   

  

Recommendations/suggestions  
  
• The Committee suggested that a poster was used to inform the parents 

in the unit about the study.  
  
When submitting a response to the Sub-Committee, the requested 
information should be electronically submitted from IRAS.  A step-by-
step guide on submitting your response to the REC provisional opinion 
is available on the HRA website using the following link:  
http://www.hra.nhs.uk/nhs-research-ethics-committee-rec-submitting-
response-provisionalopinion/   
  
Please submit revised documentation where appropriate underlining or 
otherwise highlighting the changes which have been made and giving 
revised version numbers and dates. You do not have to make any 
changes to the REC application form unless you have been specifically 
requested to do so by the REC.  
  
Authority to consider your response and to confirm the final opinion on 
behalf of the Committee has been delegated to Dr Roberta Littleford.  
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Please contact Assistant REC Co-ordinator if you need any further 
clarification or would find it helpful to discuss the changes required 
with the lead reviewer.  
  
The Committee will confirm the final ethical opinion within 7 days of 
receiving a full response. A response should be submitted by no later 
than 18 November 2017.  
  
Summary of discussion at the meeting   
  
Ethical issues raised and noted in discussion:  
  

Social or scientific value; scientific design and conduct of the study  
The Committee requested clarification as to what data would be 
collected to understand the influence of infant care regime on the 
distribution of microorganisms found upon the tubes and if specific 
microorganisms were associated with specific morbidities or mortality. 
If applicable, depending on data requested, parental consent may be 
advisable.   

The Committee requested clarification as to whether knowledge of 
antibiotic /antifungal treatment during NGT use would be collected.   

Recruitment arrangements and access to health information, and fair participant 

selection  

The IRAS form stated that when the NGTs were removed the clinical 
care team would collect anonymous information from the babies 
hospital notes such as age, feed type and length of time of use. 
However, in Section A13 it stated that the infants name would be added, 
with Research Nurse subsequently removing the patient name and 
adding a subject ID. The Committee requested clarification as to 
whether the RN would be part of the clinical team and if they were not 
would the local R&D require Caldicott Guardian Approval.   

Care and protection of research participants; respect for potential and enrolled 
participants’ welfare and dignity  
The Committee noted that the application stated that clinical data would 
be held in a linkage record within the site. The Committee requested 
clarification as to what data would be held on that database and where 
would the anonymised clinical data be held and stored.  

Other general comments  
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The Committee requested that parents in the unit were informed in 
general terms of the study; perhaps a poster, as that would allow fair 
processing of participants identifiable information by the clinical team 
to anonymise it for use by the research team.   
  
Documents reviewed  
  
The documents reviewed were:  
  

 Document    Version    Date    
Evidence of Sponsor insurance or indemnity (non NHS Sponsors 
only) [UOS Sponsorship letter]   

   24 August 2017   

IRAS Application Form [IRAS_Form_04102017]      04 October 2017   

IRAS Application Form XML file [IRAS_Form_04102017]      04 October 2017   

IRAS Checklist XML [Checklist_04102017]      04 October 2017   

Research protocol or project proposal [Protocol Proposal]   V9   25 August 2017   

Summary CV for Chief Investigator (CI) [C Winnard]      25 August 2017   

Summary CV for supervisor (student research) [C Keevil]      25 August 2017   

Summary CV for supervisor (student research) [S Wilks]      25 August 2017   
  

Membership of the Committee  
  
The members of the Committee who were present at the meeting are 
listed on the attached sheet.  
   
Statement of compliance   
  
The Committee is constituted in accordance with the Governance 
Arrangements for Research Ethics Committees and complies fully with 
the Standard Operating Procedures for Research Ethics Committees in 
the UK.  
  

17/ES/0142      Please quote this number on all correspondence  
  
Yours sincerely  
  

 
pp Dr Roberta Littleford Chair  
  
Email: eosres.tayside@nhs.net  
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Enclosures:  

  
Copy to:  

List of names and professions of members who took part in the 
review  

Ms Diana Galpin  
Ms Natasha  Chigbo, University Hospital Southampton NHS 
Foundation Trust   

  
  

East of Scotland Research Ethics Service 
REC 2  

  
Attendance at PRS Sub-Committee of the REC meeting on 

18 October 2017  
  
   
Committee Members:   
  

Name    Profession    Present    Notes    

Dr Roberta Littleford   Assistant Director, Tayside Clinical Trials 
Unit    

Yes     Chair   

Mr Angus Deas   Retired Health & Safety Auditor   Yes       

 Dr Lewis Blair   Principal Counselling Psychologist   Yes       
  
Also in attendance:   
  

Name    Position (or reason for attending)    

Mrs Arlene  Grubb    Assistant REC Co-ordinator  

Mrs Diane Leonard   Assistant REC Co-ordinator   
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Letter to Chair 
 
Study title: Clinical and laboratory-based approaches to investigating the 
development of biofilms on the inner surface of nasogastric tubes in neonates: 
associations with morbidity and mortality. 
REC reference: 17/ES/0142 
IRAS project ID: 200714 
 
Dear Dr Roberta Littleford, 
 
Thank you for reviewing the documents enclosed within our application, we 
appreciate the careful review and constructive feedback. Following the comments 
given in the provisional opinion letter, received 19th October 2017, we have made 
the following changes to the documentation. We have expanded the project protocol 
to provide further clarification about data to be collected through this study, with 
changes highlighted and underlined. We have also created a paper Case Report Form 
(CRF) that has been attached to the application. A general unit poster for parents has 
also been created to provide general information to parents in the unit. 
Comments risen within provisional opinion: 
‘The Committee requested clarification as to what data would be collected to 
understand the influence of infant care regime on the distribution of microorganisms 
found upon the tubes and if specific microorganisms were associated with specific 
morbidities or mortality. Depending on data requested, parental consent may be 
advisable.’ 
A list of patient data to be collected has been added to the project proposal document 
(V12) under the section ‘Collection of patient data’ with rational for collection of 
each specific piece of information. We have also created a paper CRF (V5) to be 
completed by the research nurses after collection of the tubes. 
‘The Committee requested clarification as to if knowledge of antibiotic /antifungal 
treatment during NGT use would be collected.’ 
Information regarding antibiotic/antifungal treatment during the time in which the 
infant has received a feeding device will be collected and a section about treatment 
course has been added to the CRF (V5). 
‘The Committee requested clarification whether the RN would be part of the clinical 
team and if they were not will the local R&D require Caldicott Guardian Approval.’ 
The research nurses involved within the project are part of the units clinical care 
team. 
‘The Committee requested clarification as to what data would be held on the file and 
where would the anonymised clinical data be held.’ 
A comprehensive list of the patient data to be collected has been added to the project 
protocol (V12), it is also listed within the CRF (V5). This routinely collected data is 
collected and stored as part of national neonatal data collection using the BadgerNet 
system, which collects and securely stores routine data on admissions, care, 
discharge and outcomes for all neonatal unit admissions in the UK. Data held on 
BadgerNet can only be accessed by clinical staff, who will extract and anonymise 
relevant data and make this available to the research team in an anonymised format 
relating only to anonymised study numbers. 
Anonymised patient data will be analysed and stored is a database on a password 
protected University of Southampton computer. All data generated through this 
study will be securely stored by the University of Southampton, according to local 
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regulations, for a period of 10 years.  Access to the computer containing anonymous 
patient information will be limited to the Chief Investigator and his supervisors. 
‘The Committee requested that parents in the unit were informed in general term of 
the study as that would allow fair processing of participants identifiable information 
by the clinical team to anonymise it for use by the research team.’ 
A unit poster has been created and attached to the application (V4). This poster 
provides parents in the unit information about the study as well as contact 
information for the Chief investigator and the local collaborator (who is also part of 
the clinical care team) if they wish to discuss the project in further detail. 
We hope that the clarifications and amendments we have made to the documents 
have provided enough information to cover your comments. 
Yours sincerely, 
Christopher Winnard 
Post graduate research student 
Centre for Biological Sciences Faculty of Natural & 
Environmental Sciences 
Building 85 University of Southampton Highfield 
Campus, Southampton 
SO17 1BJ. 
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REC Favourable opinion 

  
East of Scotland Research Ethics Service (EoSRES)      Research 
Ethics Service  
  
                                                                                                                            

Please note:  This is the favourable  
 opinion of the REC only and does  TAyside medical Science Centre    not allow you to   

start your study at  Residency Block Level 3   NHS sites in England until you  George      
Pirie Way   receive HRA Approval   Ninewells Hospital and Medical School  
  
  
  
  
 Mr Christopher Winnard  Date:    

Your Ref:  
 University of Southampton  Our Ref:  
 Centre for Biological Sciences Faculty of Natural &  Enquiries to:  
 Environmental Sciences   Direct Line:  

Email:  
Building 85 University of Southampton Highfield Camp 
Southampton  
SO17 1BJ  
  
Dear Mr Winnard  
  

Dundee DD1 9SY  

24 November  2017  
  
LR/AG17/ES/0142 
Arlene Grubb  01382 
383848  
eosres.tayside@nhs.net  
  

Study title:  Clinical and laboratory-based approaches to 
investigating the development of biofilms on the inner 
surface of nasogastric tubes in neonates: association 
with morbidity and mortality    

 REC reference:  17/ES/0142  
 IRAS project ID:  200714  

  
Thank you for your letter of 20th November 2017, responding to the 
Proportionate Review  Sub-Committee’s request for changes to the 
documentation for the above study.  
  
The revised documentation has been reviewed and approved by the sub-
committee.  
  
We plan to publish your research summary wording for the above study on 
the HRA website, together with your contact details. Publication will be no 
earlier than three months from the date of this favourable opinion letter.  
The expectation is that this information will be published for all studies that 
receive an ethical opinion but should you wish to provide a substitute 
contact point, wish to make a request to defer, or require further 
information, please contact please contact hra.studyregistration@nhs.net 
outlining the reasons for your request. Under very limited circumstances 
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(e.g. for student research which has received an unfavourable opinion), it 
may be possible to grant an exemption to the publication of the study.  
  

Confirmation of ethical opinion  
  
On behalf of the Committee, I am pleased to confirm a favourable ethical 
opinion for the above research on the basis described in the application form, 
protocol and supporting documentation as revised.  
  
Management permission must be obtained from each host organisation prior to the 
start of the study at the site concerned.  
  
Management permission should be sought from all NHS organisations 
involved in the study in accordance with NHS research governance 
arrangements. Each NHS organisation must confirm through the signing of 
agreements and/or other documents that it has given permission for the 
research to proceed (except where explicitly specified otherwise).  Guidance 
on applying for HRA Approval (England)/ NHS permission for research is 
available in the Integrated Research Application System, www.hra.nhs.uk or 
at http://www.rdforum.nhs.uk.   
  
Where a NHS organisation’s role in the study is limited to identifying and 
referring potential participants to research sites (“participant identification 
centre”), guidance should be sought from the R&D office on the information 
it requires to give permission for this activity.  
  
For non-NHS sites, site management permission should be obtained in 
accordance with the procedures of the relevant host organisation.  
  
Sponsors are not required to notify the Committee of management 
permissions from host organisations.   
  

Registration of Clinical Trials  
  

All clinical trials (defined as the first four categories on the IRAS filter page) 
must be registered on a publically accessible database. This should be before 
the first participant is recruited but no later than 6 weeks after recruitment of 
the first participant.  
There is no requirement to separately notify the REC but you should do so at 
the earliest opportunity e.g. when submitting an amendment.  We will audit 
the registration details as part of the annual progress reporting process.  
   
To ensure transparency in research, we strongly recommend that all research 
is registered but for non-clinical trials this is not currently mandatory.  
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If a sponsor wishes to request a deferral for study registration within the 
required timeframe, they should contact hra.studyregistration@nhs.net. The 
expectation is that all clinical trials will be registered, however, in exceptional 
circumstances non registration may be permissible with prior agreement from 
the HRA. Guidance on where to register is provided on the HRA website.  
  
It is the responsibility of the sponsor to ensure that all the conditions 
are complied with before the start of the study or its initiation at a 
particular site (as applicable).  
  

Ethical review of research sites  
  
The favourable opinion applies to all NHS sites taking part in the study, 
subject to management permission being obtained from the NHS/HSC R&D 
office prior to the start of the study (see “Conditions of the favourable 
opinion” above).  
  

Approved documents  
  
The documents reviewed and approved by the Committee are:  
  
Document    Version    Date    
Evidence of Sponsor insurance or indemnity (non NHS Sponsors 
only) [UOS Sponsorship letter]   

   24 August 2017   

IRAS Application Form [IRAS_Form_04102017]      04 October 2017   

IRAS Application Form XML file [IRAS_Form_04102017]      04 October 2017   

IRAS Checklist XML [Checklist_17112017]      17 November 2017   

General unit poster for parents  V4.0   14 November 2017   

Case report form  V5.0   14 November 2017   

Letter to the Chair  V1.0   15 November 2017   

Research protocol or project proposal [Protocol Proposal]   V12.0   14 November 2017   

Summary CV for Chief Investigator (CI) [C Winnard]      25 August 2017   

Summary CV for supervisor (student research) [C Keevil]      25 August 2017   

Summary CV for supervisor (student research) [S Wilks]      25 August 2017   
  

Statement of compliance  
  
The Committee is constituted in accordance with the Governance 
Arrangements for Research Ethics Committees and complies fully with the 
Standard Operating Procedures for Research Ethics Committees in the UK.  
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After ethical review  
  
Reporting requirements  
  
The attached document “After ethical review – guidance for researchers” 
gives detailed guidance on reporting requirements for studies with a 
favourable opinion, including:  
  

• Notifying substantial amendments  
• Adding new sites and investigators  
• Notification of serious breaches of the protocol  
• Progress and safety reports  
• Notifying the end of the study  

  
The HRA website also provides guidance on these topics, which is updated in 
the light of changes in reporting requirements or procedures.  
  

Feedback  
  
You are invited to give your view of the service that you have received from 
the Research Ethics Service and the application procedure.  If you wish to 
make your views known please use the feedback form available on the HRA 
website: http://www.hra.nhs.uk/about-thehra/governance/quality-assurance   
  
We are pleased to welcome researchers and R & D staff at our RES 
Committee members’ training days – see details at 
http://www.hra.nhs.uk/hra-training/   
  
17/ES/0142      Please quote this number on all correspondence  
  
With the Committee’s best wishes for the success of this project.  
  
Yours sincerely  

 
  

PP Dr Roberta Littleford Chair  
Email: eosres.tayside@nhs.net  
  
Enclosures:     “After ethical review – guidance for researchers” SL-AR2  
  
Copy to:  Ms Diana Galpin  

Ms Natasha  Chigbo, University Hospital 
Southampton   
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HRA Approval letter 

  
  

Mr Christopher Winnard  
Post graduate research student   
University of Southampton  
Centre for Biological Sciences Faculty of Natural &  
Environmental Sciences   
Building 85 University of Southampton Highfield Campus  
Southampton  
SO17 1BJ  

net  

  
10 January 2018  
  
Dear Mr Winnard,  

Letter of 
HRA 
Approval  

Study title:  Clinical and 
laboratory-based 
approaches to 
investigating the 
development of 
biofilms on the 
inner surface of 
nasogastric 
tubes in 
neonates: 
association with 
morbidity and 
mortality    

IRAS 
project ID:  

200714   

REC 
reference:  

17/ES/0142    

Sponsor  University of 
Southampton  

  
I am pleased to confirm that HRA Approval has been given for the above 
referenced study, on the basis described in the application form, protocol, supporting 
documentation and any clarifications noted in this letter.   
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Participation of NHS Organisations in England   
The sponsor should now provide a copy of this letter to all participating NHS 
organisations in England.   
  
Appendix B provides important information for sponsors and participating NHS 
organisations in England for arranging and confirming capacity and capability. 
Please read Appendix B carefully, in particular the following sections:  

• Participating NHS organisations in England – this clarifies the types of 
participating organisations in the study and whether or not all organisations 
will be undertaking the same activities  

• Confirmation of capacity and capability - this confirms whether or not 
each type of participating NHS organisation in England is expected to give 
formal confirmation of capacity and capability. Where formal confirmation is 
not expected, the section also provides details on the time limit given to 
participating organisations to opt out of the study, or request additional time, 
before their participation is assumed.  

• Allocation of responsibilities and rights are agreed and documented 

(4.1 of HRA assessment criteria) - this provides detail on the form of 
agreement to be used in the study to confirm capacity and capability, where 
applicable.  

Page 1 of 8  
Further information on funding, HR processes, and compliance with HRA criteria 
and standards is also provided.  
  
It is critical that you involve both the research management function (e.g. R&D 
office) supporting each organisation and the local research team (where there is one) 
in setting up your study. Contact details and further information about working with 
the research management function for each organisation can be accessed from the 
HRA website.   
  

Appendices  
The HRA Approval letter contains the following appendices:  

• A – List of documents reviewed during HRA assessment  
• B – Summary of HRA assessment  

  

After HRA Approval  
The document “After Ethical Review – guidance for sponsors and 
investigators”, issued with your REC favourable opinion, gives detailed guidance 
on reporting expectations for studies, including:   

• Registration of research  
• Notifying amendments  
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• Notifying the end of the study  
The HRA website also provides guidance on these topics, and is updated in the light 
of changes in reporting expectations or procedures.  
  
In addition to the guidance in the above, please note the following:  

• HRA Approval applies for the duration of your REC favourable opinion, 
unless otherwise notified in writing by the HRA.  

• Substantial amendments should be submitted directly to the Research Ethics 
Committee, as detailed in the After Ethical Review document. Non-
substantial amendments should be submitted for review by the HRA using 
the form provided on the HRA website, and emailed to 
hra.amendments@nhs.net.   

• The HRA will categorise amendments (substantial and non-substantial) and 
issue confirmation of continued HRA Approval. Further details can be found 
on the HRA website.  

  

Scope   
HRA Approval provides an approval for research involving patients or staff in NHS 
organisations in England.   
  
If your study involves NHS organisations in other countries in the UK, please 
contact the relevant national coordinating functions for support and advice. Further 
information can be found through IRAS.  
   
If there are participating non-NHS organisations, local agreement should be obtained 
in accordance with the procedures of the local participating non-NHS organisation.  
  

User Feedback  
The Health Research Authority is continually striving to provide a high quality 
service to all applicants and sponsors. You are invited to give your view of the 
service you have received and the application procedure. If you wish to make your 
views known please use the feedback form available on the HRA website.  
  

HRA Training  
We are pleased to welcome researchers and research management staff at our 
training days – see details on the HRA website.   
  
Your IRAS project ID is 200714. Please quote this on all correspondence.  
  
Yours sincerely  
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Aliki Sifostratoudaki  
Assessor  
  
Email: hra.approval@nhs.net   
  
Copy to:  Ms Diana Galpin, University of Southampton, Sponsor Contact     

Ms Natasha  Chigbo, University Hospital Southampton 
NHS Foundation Trust, R&D Contact   
    

      

  
  
  
    

Appendix A - List of Documents  
  
The final document set assessed and approved by HRA Approval is listed below.    
  

 Document    Version    Date    
Evidence of Sponsor insurance or indemnity (non NHS Sponsors 
only) [UOS Sponsorship letter]   

   24 August 2017   

IRAS Application Form [IRAS_Form_04102017]      04 October 2017   
Other [General unit poster for parents]   V4.0   14 November 2017   
Other [Case report form]   V5.0   14 November 2017   
Other [Letter to the Chair]   V1.0   15 November 2017   
Research protocol or project proposal [Protocol Proposal]   V12.0   14 November 2017   
Summary CV for Chief Investigator (CI) [C Winnard]      25 August 2017   
Summary CV for supervisor (student research) [C Keevil]      25 August 2017   
Summary CV for supervisor (student research) [S Wilks]      25 August 2017   
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Appendix B - Summary of HRA Assessment  
  
This appendix provides assurance to you, the sponsor and the NHS in England that 
the study, as reviewed for HRA Approval, is compliant with relevant standards. It 
also provides information and clarification, where appropriate, to participating NHS 
organisations in England to assist in assessing and arranging capacity and capability.  

For information on how the sponsor should be working 
with participating NHS organisations in  
England, please refer to the, participating NHS organisations, capacity 
and capability and Allocation of responsibilities and rights are agreed 
and documented (4.1 of HRA assessment criteria) sections in this 
appendix.   

The following person is the sponsor contact for the purpose of addressing 
participating organisation questions relating to the study:  
  

Name: Ms Diana Galpin   
Tel: 02380 595058  
Email: rgoinfo@soton.ac.uk    
  

HRA assessment criteria   
Section  HRA Assessment 

Criteria  
Compliant 

with 
Standards  

Comments  

1.1  IRAS application completed 
correctly  

Yes  No comments   

        
2.1  Participant 

information/consent 
documents and consent 
process  

Yes  No comments  

        
3.1  Protocol assessment  Yes  No comments  

        
4.1  Allocation of responsibilities 

and rights are agreed and 
documented   

Yes  This is a non-commercial single 
site study taking place in the 
NHS where that single NHS 
organisation has a joint research 
agreement with the study 
Sponsor. Therefore no study 
agreements are expected.  
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4.2  Insurance/indemnity 
arrangements assessed  

Yes  Where applicable, independent 
contractors (e.g. General 
Practitioners) should ensure that 
the professional indemnity 
provided by their medical  

 
Section  HRA Assessment 

Criteria  
Compliant 

with 
Standards  

Comments  

   defence organisation covers the 
activities expected of them for this 
research study  

4.3  Financial arrangements 
assessed   

Yes  This study is funded by the 
University of Southampton 
(Institute for Life  
Sciences, Centre for Biolocial 
Sciences, Faculty of Health 
Sciences).  

        
5.1  Compliance with the Data 

Protection Act and data 
security issues assessed  

Yes  The applicant clarified that data 
held on BadgerNet is only 
accessed by clinical staff who will 
be responsible for extracting and 
anonymising relevant data and 
sending this to the research team. 
The anonymised patient data will 
be analysed and stored in a 
database on a password protected 
University of Southampton 
computer. All data generated 
through this study will be securely 
stored by the University of 
Southampton, according to local 
regulations, for a period of 10 
years.  Access to the computer 
containing anonymous patient 
information will be limited to the 
Chief Investigator and his 
supervisors.  

The applicant confirmed that the 
research nurses involved in this 
project are part of the unit’s 
clinical care team.  

5.2  CTIMPS – Arrangements 
for compliance with the 
Clinical Trials Regulations 
assessed  

Not Applicable  No comments  

5.3  Compliance with any 
applicable laws or 
regulations  

Yes  No comments  
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6.1  NHS Research Ethics  
Committee favourable 
opinion received for 
applicable studies  

Yes  The REC Favourable Opinion 
letter has been issued.   

6.2  CTIMPS – Clinical Trials 
Authorisation (CTA) letter  

Not Applicable  No comments  

Section  HRA Assessment 
Criteria  

Compliant 
with 

Standards  

Comments  

 received    

6.3  Devices – MHRA notice of 
no objection received  

Not Applicable  No comments  

6.4  Other regulatory approvals 
and authorisations received  

Not Applicable  No comments  

  

Participating NHS Organisations in England  
This provides detail on the types of participating NHS organisations in the study and a statement as 
to whether the activities at all organisations are the same or different.   

This is a non-commercial single site study taking place in the NHS where that single NHS organisation has a 
joint research agreement with the study Sponsor. Therefore there is only one site type involved in the research.  
  
The Chief Investigator or sponsor should share relevant study documents with participating NHS organisations 
in England in order to put arrangements in place to deliver the study. The documents should be sent to both the 
local study team, where applicable, and the office providing the research management function at the 
participating organisation. For NIHR CRN Portfolio studies, the Local LCRN contact should also be copied 
into this correspondence.  For further guidance on working with participating NHS organisations please see 
the HRA website.  
  
If chief investigators, sponsors or principal investigators are asked to complete site level forms for 
participating NHS organisations in England which are not provided in IRAS or on the HRA website, the chief 
investigator, sponsor or principal investigator should notify the HRA immediately at hra.approval@nhs.net. 
The HRA will work with these organisations to achieve a consistent approach to information provision.   

  

Confirmation of Capacity and Capability   
This describes whether formal confirmation of capacity and capability is expected from participating 
NHS organisations in England.  

This is a single site study where the site has a joint research agreement with the Sponsor. The R&D office will 
confirm to the CI when the study can start.  
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Principal Investigator Suitability  
This confirms whether the sponsor position on whether a PI, LC or neither should be in place is 
correct for each type of participating NHS organisation in England and the minimum expectations 
for education, training and experience that PIs should meet (where applicable).  

A Principal Investigator (PI) would be expected at this site type.  
GCP training is not a generic training expectation, in line with the HRA/MHRA statement on training 
expectations.  

  

HR Good Practice Resource Pack Expectations  
This confirms the HR Good Practice Resource Pack expectations for the study and the pre-
engagement checks that should and should not be undertaken  

No Honorary Research Contracts, Letters of Access or pre-engagement checks are expected for local staff 
employed by the participating NHS organisations. Where arrangements are not already in place, research 
staff not employed by the NHS host organisation undertaking any of the research activities listed in the 
research application would be expected to obtain a Letter of Access.   

  

Other Information to Aid Study Set-up   
This details any other information that may be helpful to sponsors and participating NHS 
organisations in England to aid study set-up.  

The applicant has indicated that they intend to apply for inclusion on the NIHR CRN Portfolio.  
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Completed Research passport form for local SGH R&D department 
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Letter of Access 
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