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Summary

Background: Sterile Service Department decontamination proaeitor surgical
instruments struggle to demonstrate efficient remho¥the hardiest infectious contaminants,
such as prion proteins. A recently designed noyslesn, which utilises a low pressure
ultrasonic activated, cold water stream, has preshiodemonstrated efficient hard surface

cleaning of several biological contaminants.

Aim: To test the efficacy of an ultrasonically activasticeam for the removal of tissue

proteins, including prion-associated amyloid, freangical stainless steel (SS) surfaces.

Methods: Test surfaces were contaminated with 22L, ME7 @&K2prion infected brain
homogenates. The surfaces were treated with tresatically activated water stream for
contact times of 5 and 10 seconds. Residual paxtewmus and amyloid contamination were
guantified using sensitive microscopic analysisl mmmunoblotting was used to characterize

the eluted prion residues before and after treatmveeh the ultrasonically activated stream.

Findings: Efficient removal of the different prion strain®iin the surgical SS surfaces was
observed, and reduced levels of protease senaitidgesistant prion protein was detected in

recovered supernatant.

Conclusions: This study demonstrated that an ultrasonicallyvat®d stream has the
potential to be a cost-effective solution to impr@murrent decontamination practices and has

the potential to reduce hospital acquired infection

Key words: Surgical, Protein, Prion, Decontamination, Ultrasateaning, CJD
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Background

At present, the reprocessing of surgical instrusmeitises; a pre-wash, washer/disinfector
cycle (run at elevated temperature with detergearid)sterilisation in high heat/pressure
autoclaves. Decontamination protocols for reusable surgissiruments are very efficient
against microbiological contaminants. However, hidtydrophobic proteins such as prions,
responsible for the transmission of variant CrealtitfJakob disease (vCJD), are readily
adsorbed to surgical stainless-steel surfaces aodypremoved or inactivated by current
decontamination methods. This results in an impendsk of iatrogenic transmission of
vCJD?>. Arisk that has been experimentally demonstratdmbth animal and cell-based

bioassay§™.

The latest estimated prevalence of asymptomatreecaiof the causative protein of vCJD
(PrP9 in the UK is approximately 1/2008. While the full impact of the genetic
susceptibility of the host remains unclear, thewsibly long incubation periods and the
potential for disease transmission via infectea8fd ™2 imply that all surgical procedures

pose a risk of vCJD transmission.

Improvements in the methodologies used for repsiogsurgical instruments, potentially
contaminated with prions, are required to dimintlelrisk of iatrogenic vCJD transmission.
Novel, specialised prion decontamination prototaige been developed and in some cases
marketed for Sterile Service Departments (SSD8Y2 However, some of these protocols
are very aggressive and can be damaging to insiiusoefaces and/or the
washer/disinfectors themselvEs Simple methods to adopt into SSD’s have beeraresed
and demonstrated improved efficiency over curreatfices, such as preventing instruments

from drying once contaminated, i.e. keeping thera imoist environment prior to cleanifify
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Ultrasonic baths, commonly used for surface decomation, come with drawbacks: they
cannot contain instruments bigger than themsetihey, pose difficulties in being taken to an
instrument to ‘clean-in-place’, the instrumentdeocleaned sit in a soup of previously-
removed contaminants and (perhaps most importahiyplacement of objects in the tank
can disturb the sound-field, producing cold (nor&spots which can cause significantly
reduced and sporadic cleaning efficAtyFurthermore, ultrasonic cleaning baths operate by
so-called inertial cavitation, whereby ultrasoumalently collapses small gas bubbles in the
liquid so that close to the bubble they generagé bressures (e.g. 2 GB&:>9. Such
collapses will damage susceptible materials. Wenkiiat ultrasonic cleaning baths generate
pitting through inertial cavitation events that gwige erosion. Since the 1960s, a standard
method for measuring the effectiveness of an wtr&@scleaning bath is to examine metal foil
for pitting®%. Another is to monitor the mass loss that theastinic bath produces in a
metal block?3% An issue for contamination is that cavitationséoa mass loss can result in
the formation of micro-scale crevices and pits,chitan make subsequently cleaning on a
reusable instrument more difficult. The mk1l UASteys tested here cleans by use of such
convection, resulting from surface waves on thebbilwall, and this has been shown,
through optical microscopic examination of the aoefs tested here, not to cause detectable
damage. This innovatidhstimulates such surface waves on the walls ofinertial bubbles

in a stream of mains tap water, flowing at ~2 §itper minute andenerating only non-inertial
cavitation on the surface to be cleandédth an Ultrasonically Activated Stream (UAS)
technology (Figure 1), bubbles do not collapsehay tvould during inertial cavitation, but
instead, the ultrasound stimulates rapid surfaceew/éhat oscillate on the bubble wall,
generating a gentle scrubbing actfbiThis phenomenon has demonstrated to be effeative
removing contamination from harfdsskir®, proteins from stainless steel and tissue from

§9, 40

bone graft¥, dental biofilm marine biofouling* and contaiminant from railtracks
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Bjerknes force¥ aid the scrubbing bubbles in efficiently removiantaminants from
microscopic crevices, such as those found on wargical instrument$, that are

traditionally difficult to clean by brushes, wipingr by chemical means that rely on passive
diffusion for reagents to penetrate deep into tegice”™. The efficient removal of
contamination from crevices using a UAS systembeen demonstrated previousfy
Furthermore, the microstreaming that radiates filo@resonating bubbles can penetrate into
crevices present on the surfaces of the contamasashown in the insert in Figuré®1The

fact that such results can be obtained in cold mwittout chemical additives warrants
investigation of UAS for the removal of infectiopgon proteins from surgical surfaces.
High temperature decontamination using aggressizgreatic or alkaline solutions, that are
currently adopted to clean expensive surgical it&gush as intricate neurosurgical tools) are
ineffective at protein and prion removal, and caorten the surgical item lifetinf. It is not
the purpose of this study to explore the replacgrmoesuch standard cleaning practices.
However, given the above properties of UAS, inportant to explore the possible benefits
of including an innovative cold-water UAS pre-wdahthe stage where SSDs conduct hand
brushing of instruments under a stream of watex} ¢an be introduced with minimal
operator training. This would be particularly beae if it could be conducted immediately
after instrument use (e.g. before contaminateddisisies on the instrument and becomes
harder to remove), although in this trial the camtzant is tested in a dried-on state. The
guestion is whether such a UAS pre-wash could renaosubstantial proportion of the
contaminant, especially from microscopic crevicethe type associated with worn surgical
instrument surfaces, and break up aggregates ichvthe inner portion of biological

contaminant is partially protected from subseq@ertymatic cleaning chemistries.

A previous study demonstrated efficient tissuegirotemoval from surgical stainless steel

using the UAS®. However, due to the globular nature of the preidamntly p-sheet



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

structured infectious prion protein, it adheresuogical stainless steel far more rigorously
than do normal brain tissue proteins, and therdfeebility of UAS to remove brain tissue
protein cannot be taken as an indicator of ang&d¢fy in reducing the iatrogenic transmission
risk of vCJD. Therefore, this study involved thentaamination of surgical stainless-steel
surfaces with several amyloid-rich brain homogesn&tem prion infected rodents. Normal
tissue proteins and more hazardous prion-assocatgtbid were differentially stained and
analysed using sensitive situ microscopy, to compare the ability of UAS to remdéath

during the same cleaning operation.

Methods

Token preparation

Un-polished (Average roughness (Ra) ~0.25 um, coapato the average roughness
associated with surgical instrument surfaes)rgical grade stainless steel tokens (316L
grade, 10 mm x 30 mm) were used throughout alptb&ein experiments. Prior to
inoculating, tokens were decontaminated and andlsbe deemed free of any

contamination following a previously described pimtl *°.

Brain homogenate preparation

Murine scrapie ME7-infected brain homogenate predudcom C57BL mice (TSE Resource
Centre, Roslin Institute, University of Edinbur@gotland, UK); murine scrapie 22L-
infected brain homogenate produced from C57BL/&Ertkindly donated from the
Neuroscience Department, School of Biological Smsn University of Southampton) and
Syrian hamster scrapie 263K-infected brain homogsn@ SE Resource Centre, Roslin

Institute, University of Edinburgh, Scotland, UKgre standardized to 1 mg/ml (BSA
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equivalent) in phosphate buffered saline (PBS, ®ibgth 0.1 % (v/v) Tween 20 (Sigma-

Aldrich) as previously described

Token contamination and cleaning using Ultrasonically Activated Stream (UAS)

Pristine tokens were spiked with 1 pl (1 pg BSAiealent) drops of 22L, ME7 or 263K
infected brain homogenate, and dried &C3for 2 hours or room temperature for 24 hours.
Tokens were subjected to decontamination using@iype recirculating UAS device (the
Mark | StarStreaffi system (FO030001)) using fresh gHfor each sample, running at 2.32 +
0.02 L/min at room temperature with the ultrasoondor 5 and 10 s contact times, with the
sample being 10 mm from the nozzle (Figure 1). Qoroeessed the tokens were dried at

37°C for 1 hour prior to staining and analysis.

Protein and prion-associated amyloid staining, visualisation and image analysis

Residual tissue protein and prion-associated achylnithe control and processed surfaces
was quantifiedin situ, using the total protein blot stain SYPRO Ruby (8Rijtrogen, UK)
and the amyloid specific stain Thioflavin T (ThT.2 (w/v) in 0.01M HCI]; Sigma-
Aldrich), as described elsewhefe®: Fluorescent signal was visualised using Episcopic
Differential Interference Contrast (EDIC) microsgamupled with Epifluorescence (EF —
Best Scientific, Wroughton, UK¥" > Full X/Y scans of the contaminated areas were
acquired at x100 magnification showing the SYPR®\R(@xcitation: 470nm; emission:
618nm) and ThT (0.2% (w/v) in 0.01M HCI Sigma-Alh) signals. The captured images

were analysed using ImageJ software (Nationaltlriies of Health).
Protein filtration and immunoblot analysis

To analyse the effects of the UAS treatment onctndes prion proteins, immunoblot
analysis was used to determine the presence 6&RtPproteinase K (PK) resistant Brin

both 22L-spiked distilled water, as an untreateatrad, and the effluent taken from the UAS



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

system post cleaning of 22L-spiked stainless-std@ins. Controls were prepared by spiking
1 L of sterile distilled water with 15 pg of 22Ltected brain homogenate. UAS positive
samples were prepared from capturing the 1 L UAlBerft post cleaning of 15 surgical
stainless-steel tokens contaminated with 1 pg 22¢cted brain homogenates each (dried for
24 hours at room temperature) as described abdneecdntrol and effluent solutions were
filtered through nitrocellulose membranes to capthe suspended protein aggregates.
Following replicate filtrations for each group, memranes were directly immunochemically
stained and examined, or subjected to PK (Sigmaigiyidigestion at a final concentration
of 10 ng per pg of total protein, for 30 min aPG7The PK digestion was halted by moving
the samples to ice and the addition of Pefablogn(@tAldrich). All of the membranes were
blocked by submersion in 5 % (w/v) skimmed milk plawv(Marvel) in PBS-T (PBS
containing 0.1 % (v/v) Tween 20, Sigma-Aldrich) fiohour at room temperature. PrP was
detected using the monoclonal antibody 6H4 (Pr&ri¢5000 (v/v) in PBS-T) for 1 hour at
room temperature followed by horseradish peroxigasgugated anti-mouse IgG secondary
antibody (GE Healthcare, UK; 1/10000 (v/v) in PBBfdr 1 hour at room temperature. The
immunoreactive proteins were visualised using tifeaaced chemiluminescence substrate

(Amersham, ECL plus, GE Healthcare, UK) develope&Keay film (Fuji Film, UK).

Statistical analysis

A one-way ANOVA was used to compare the sample syaareach data set, for both the
protein and prion-amyloid attachment to the SS. Ghees-Howell post-hoc test was used to
compare the difference between the controls of éaamogenate type (22L, 263K and ME7)
and the two UAS contact times for each homogematelues 0k0.05 were considered

significant.
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Results
UAS decontamination of surgical stainless steel

The efficacy of the UAS system was tested for #raaval of tissue protein and prion-
associated amyloid from three different prion stsaafter 2 h drying at 8€ and 24 h at

room temperature. After 2 h drying the 22L braimogenate demonstrated the highest
affinity for the stainless steel with the highesaehment of protein and prion-associated
amyloid observed. The 263K- and ME7-infected breamogenates demonstrated similar
attachment of protein and prion-associated amy{Bigure 2). The removal of the 22L- (93 —
96 % protein and 96 — 98 % amyloid removal, respelgt) and the ME7- (97 % protein and
amyloid removal) infected brain homogenates way eéicient after both 5s and 10s UAS
treatment, respectively (Figure 2). The remova&@8K-infected homogenate required 10 s
UAS treatment for effective removal with 26 % protand 82 % amyloid removal after 5 s
and 91 % protein and 96 % amyloid removal aftes LOAS treatment (Figure 2). The
percentage of amyloid within the total residualtaomnation was also very low, between 7 —

12 % for all the samples after 10 s UAS treatmEigure 2).

After 24 h drying at room temperature the 22L bitaamogenate, again demonstrated the
highest affinity for the stainless steel with thghtest attachment of protein and prion-
associated amyloid observed. When compared withu2shdrying, the 263K-contaminated
homogenate resulted in higher protein attachmeet a#f h drying and the ME7 infected
brain homogenates demonstrated similar proteiclattant but higher prion-associated
amyloid attachment (Figure 3). The removal of 220 ME7 tissues was slightly more
difficult using a 5 s UAS treatment with 91 and%Qorotein and 97 and 99 % amyloid
removal, respectively (Figure 3). After 10 s UA8atment the removal was improved with

98 and 99 % protein and 99 — 100 % amyloid remaeapectively. The 263K was harder to
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remove after 24 hours drying with only 56 % protand 90 % amyloid removal after the 5 s
UAS treatment, however, after the 10 s UAS treatrtiencleaning was improved with 74 %
protein and 87 % amyloid removal (Figure 3). Thecpetage of amyloid within the total
residual contamination was again very low with & % amyloid remaining for all the

samples after 10 s UAS contact time (Figure 3).

Immunoblot analysis of residual PrP pre- and post-UAS cleaning

The effluent from the UAS system after decontanmiggthe 22L spiked surfaces was filtered
and labelled for residual prion protein (both nesistant and PK-resistant) and compared to
control samples of distilled water spiked with grivalent amount of 22L brain
homogenate. A clear reduction of both the PK-sems#&nd PK-resistant prion protein from
the tokens was observed (as demonstrated by the&impoapture on nitrocellulose membranes
following the previously demonstrated 98 — 99 %t@roand 99 — 100 % amyloid removal,
described above) after 10 s UAS treatment (FiglwréHe reduction in immuno-labelled

prion proteins post UAS treatment could be dematisg that the UAS treatment is
destructive to the antibody specific epitopes efphion protein, therefore reducing the
immunochemical detection post UAS treatment. Funtioee, small protein aggregates could
be observed in the control samples but not in dimepdes post UAS treatment, suggesting that

the UAS may degrade and/or solubilize these agtgsga

Conclusions

Current practices for the decontamination andl&ation of surgical instruments within
SSDs are not entirely efficient at removing allgutally infectious material, especially,

hardy prion proteins. Therefore, surgical instrutaevhich may have come in contact with

10
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CJD-infected tissues cannot be deemed safe pastiote” " ** °*and are subsequently
guarantined. Simple, cost effective methods to gméethe initial attachment of bioburden to
surgical surfaces have been demonstratét Ultrasonic baths provide efficient cleaning
using water alone, however; the limitations asgediavith water baths was described earlier
in this manuscript. This study has tested the &fffoof UAS technology for the removal of
total protein and prion-amyloid from stainless ktedich is considered the most difficult

contaminant to decontaminate in the surgical field.

The UAS technology demonstrated significant rema¥ahe three prion strains tested after
differing drying and UAS treatment times; howevecreased UAS treatment times are
required to further improve the efficacy of the Uk&atment. The efficient removal of ME7
and 22L, both murine adapted scrapie strains, wassimilar following both drying and

UAS treatment times. However, 263K, a hamster adhptrapie strain, was harder to
remove and would require a longer UAS treatmemédince to the levels observed with the
two murine strains. This observation suggeststtrahamster brain constituents and¥®rP
conformation is different to the mouse brains amolged increased affinity to stainless steel.
This highlights the importance of studying differ@nion strains, from different hosts when
determining the efficacy of hospital decontaminatiools. For comparison of the efficacy of
the UAS system to that of cleaning chemistries us&5Ds, the removal of ME7-infected
brain homogenate from stainless steel tokens ubengame methodology as this study have
been previously publishdd> Hervéet al (2010), tested four different cleaning chemistries
marketed for proteinaceous decontamination whichatestrated total protein removals of
39%, 97.9%, 98.9% and 99.85%, respectivedeckerrt al (2012), tested two cleaning
chemistries, also marketed for proteinaceous daouingation, which demonstrated total
protein removal of 0% and 90.1%, respecti2Ipll the cleaning chemistries tested in these

studies required heating of the cleaning solutidmereas the UAS system tested here

11
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removed 97% total protein with cold water and anliOs contact time. A recent NIHR

Health Technology Assessment (HTA) has extensigetgpared studies quantifying the
efficacy of interventions to reduce the surgicahsmission of vCJ¥J. The other important
observation was that the UAS system favourably readdhe prion-associated amyloid
(infectious prion proteins in the aggregated fofrain the surfaces. Demonstrated by the low
percentages of the total residual proteinaceousounation being ThT positive amyloid,

compared to the comparative treatment using coniailgravailable cleaning chemistriés

25

Immunoblot analysis of both PK-sensitive and -ttasisresidues of PrP was carried out to
determine the presence and state of prion aggepgast UAS decontamination. Following
the predetermined 98 — 99 % protein and 99 — 1@iéh-amyloid removal, described
above, the supernatant from the UAS treatment itaseid and the prion proteins were
labelled. The PK resistant and sensitive aggregsadssrved in the control immunoblots were
not present in the UAS treated samples; suggestatghe UAS mechanism of action is
causing the breakdown of the PrP aggregates, megltice available epitopes for antibody
binding, and therefore a reduction in antibody pesiPrP residues. Furthermore, this would
explain why an increase in the removal of prion-kmayusing the UAS system was
observed, as described earlier. Further work igired to confirm and determine if the
breakdown of PrP caused by the action of UAS cateslwith a reduction in prion

infectivity.

The results from this study demonstrated efficrentoval of tissue proteins, and more
importantly prion-associated amyloid from surgist@inless-steel harnessing the power of
water at ambient temperature. While the cleanifigaafy demonstrated by this system is

improved compared to that of the best currentlylalke cleaning chemistries tested on the

12
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same contaminants, interestingly the UAS appea@e eiffective at removing prion-

amyloid as well as the total proteinaceous contation.

This study has demonstrated the efficacious almfithhe UAS to clean with just cold water.
However, the UAS system could work also with chethateaners, so that you can get a
synergistic effect of mechanical (acoustically eatied bubbles) and chemical cleaning.
Furthermore, previous studies have demonstratediibaJAS efficiently removes microbial
contamination from rough, etched surfd€e$hus demonstrating that a UAS has the ability
to clean items, such as surgical instruments,dbiatain dynamic differences in surface
topography®. In its current form, the UAS system is designed &and-held device, and the
plan is to include this in a pilot to test as a-plean before the surgical instruments proceed
on to washer-disinfectors (i.e. at the stage whareently SSDs conduct washing by hand,
brushing and pre-cleaning of surgical instrumenthg mechanical removal by UAS of
prion-associated amyloid embedded in dried-on bmaimogenate, demonstrates an
interesting parallel with the problem of removihg tSARS-CoV-2 virus responsible for the
current COVID-19 from touch-surfaces. Lacking aprapriate attachment mechanism, the
virus relies on the stickiness of respiratory seens in which it resides (that are composed
mainly of mucin glycoproteins, surfactant and in&dular fluid) to attach to abiotic surfaces.
Therefore, the efficient ability of the UAS systéon removing prion-associated amyloid by
cleaning away the biological material, in the cafthis study brain homogenate, as well as
bacteria and lubricant contamination, previouslilighed® *° highlights the importance of
testing this system against viruses. If virusesatan be removed by UAS, then incorporation
of UAS in society to clean these surfaces with yuster could aid infection prevention,
especially when the use of soap or other cleanjjegts is not possibi® Prior to the

provision of a vaccine, control of an outbreakaglon non-specific measures to break the
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chain of transmission of the SARS-CoV-2 virus, d¢fieh cleaning of solid abiotic surfaces

are a vital part.

While further work is required to confirm the effexf UAS cleaning on prion infectivity, this
study has highlighted the potential of this systena cheap, rapid, environmentally friendly

and highly efficient method for the decontaminatidmeusable surgical instruments.
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Figurel

A schematic demonstrating the decontaminationgfan inoculated surgical grade
stainless-steel token by an Ultrasonically ActidaBtream (UAS) nozzle. The inset
magnifies a region on the prion contaminant wherasacopic air bubbles, their walls
rippling with ultrasonically-excited surface wavekan away the contaminant using

microcirculation currents induced by these surfaages (Adapted from Malakoutikhah

al.*®).

Figure2

Tissue protein (Dark grey bars) and prion-assogiatayloid (light grey bars) attachment

from different prion-infected brain homogenatesl(22E7 and 263K) to surgical stainless
steel pre and post treatment with an ultrasonicaitivated stream (UAS) (Graph A). Brain
homogenate was initially dried for 2h at°@7prior to cleaning (Pos). The orange dashes
represent percentage protein removal and the lasieed represent percentage prion-
associated amyloid removal (graph A). Graph B mesx@anded y-axis scale to distinguish
the lower levels of contamination. Data shows me&&EM (N=9), however, in
decontamination and other research areasttliers are also important to assessing outcomes
whether it be risk of infection, or the responsé¢haf most sensitive individuals to some
stimulus; ***: p=<0.001 for total proteins; t1: pf.01 for amyloid, when compared to the

corresponding positive controls, respectively.
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Figure3

Tissue protein (Dark grey bars) and prion-assodiatayloid (light grey bars) attachment
from different prion-infected brain homogenatesl(2Z2E7 and 263K) to surgical stainless
steel pre and post treatment (5 and 10s contaesjimith an ultrasonically activated stream
(UAS) (Graph A). Brain homogenate was initiallyeattifor 24h at room temperature prior to
cleaning (Pos). The orange dashes represent pageepiotein removal and the blue dashes
represent percentage prion-associated amyloid rahigraph A). Graph B has an expanded
y-axis scale to highlight the lower levels of cantaation. Data shows mean + SEM (N=9);
however, in decontamination and other researcts&reaitliers are also important to
assessing outcomes, whether it be risk of infectiothe response of the most sensitive
individuals to some stimulus; *: p9.05 and ***: p=<0.001 for total proteins; t1: p6.01

and ttt: p=0.001 for amyloid, when compared to the correspuggositive controls,

respectively.

Figure4

Immunoblot films showing captured proteins from dfl22L-spiked solution containing 15
pg of 221 homogenate in distilled water (A and Byidrom the UAS system effluent after
treating surfaces contaminated with the equivaaembunt of 22L homogenate (C and D).
Proteins were detected using the primary antibaddl, Gvithout (A and C) or with PK

digestion (B and D).
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