
 

 

Antibacterial action of nanoparticles by lethal stretching of bacterial 1 

cell membranes  2 

Denver P. Linklater1,2, Vladimir Baulin3, Xavier Le Guével4, Jean-Baptiste Fleury5, Eric 3 

Hanssen6, The Hong Phong Nguyen7, Saulius Juodkazis2, Gary Bryant1, Russell J. Crawford1, 4 

Paul Stoodley8, Elena P. Ivanova1* 5 

Dr. D. Linklater, Prof. G. Bryant, Prof. R. Crawford, Prof. E. Ivanova  6 
1School of Science, RMIT University, P.O. Box 2476, Melbourne, Victoria 3001, Australia.  7 

Email: denver.linklater@rmit.edu.au; gary.bryant@rmit.edu.au; russell.crawford@rmit.edu.au; 8 
elena.ivanova@rmit.edu.au 9 

Dr. D. Linklater, Prof. S. Juodkazis 10 
2Centre for Micro-Photonics and Industrial Research Institute Swinburne, Faculty of Science, Engineering and 11 
Technology, Swinburne University of Technology, Hawthorn, Victoria 3122, Australia 12 

Email: sjuodkazis@swin.edu.au 13 

Dr. V. Baulin 14 
3Department d’Enginyeria Quimica, Universitat Rovira i Virgili, 26 Av. dels Paisos Catalans, 43007 15 
Tarragona, Spain 16 

Email: va.baulin@gmail.com 17 

Dr. X. Le Guevel 18 
4Insitute for Advanced Biosciences, University Grenoble-Alpes, Allee des Alpes, 38700 La Tronche, France 19 

Email: xavier.le-guevel@univ-grenoble-alpes.fr 20 

Dr. J. Fleury 21 
5Saarland University, Experimental Physics and Center for Biophysics, 66123 Saarbrücken, Germany 22 

Email: jean-baptiste.fleury@physik.uni-saarland.de 23 

A. Prof. E. Hanssen 24 
6Advanced Microscopy Facility, Bio21 Institute, University of Melbourne, 30 Flemington Rd, Victoria 3010, 25 
Australia 26 

Email: ehanssen@unimelb.edu.au 27 

Dr. T. Nguyen 28 
7Faculty of Applied Sciences, Ton Duc Thang University, Ho Chi Minh City, Vietnam  29 

Email: nguyenthehongphong@tdtu.edu.vn 30 

Prof. P. Stoodley 31 

8 Infectious Diseases Institute, The Ohio State University, 716 Biomedical Research Tower, 460 West 12th Avenue, 32 
Columbus OH 43210 33 
Email: pstoodley@gmail.com 34 

1 
 



 

 

* Corresponding author 35 

Keywords Mechano-bactericidal, nanoparticles,  36 

Abstract 37 

It is commonly accepted that nanoparticles can kill bacteria; however, the mechanism of 38 

antimicrobial action remains obscure for nanoparticles that are unable to be translocated across 39 

the bacterial cell membrane by the passive or active processes that exist for mammalian cells. 40 

In this study, we demonstrate that the increase of membrane tension provoked by the adsorption 41 

of nanoparticles (NP) is responsible for mechanical deformation of the membrane that leads to 42 

cell rupture and consequent bacterial cell death. We present a biophysical model of the NP-43 

membrane interactions. The theoretical model suggests that adsorbed NPs can lead to global 44 

stretching and squeezing of the membrane. This general phenomenon was revealed 45 

experimentally using both model membranes and bacterial cells. Hydrophilic and hydrophobic 46 

quasi-spherical and star shaped gold (Au)NPs were synthesised to explore the antibacterial 47 

mechanism of non-translocating AuNPs in vitro. Direct observation of nanoparticle-induced 48 

membrane tension and squeezing was realised by a custom-designed microfluidic device that 49 

revealed the contraction of the model membrane surface area that resulted in the eventual 50 

collapse of the lipid bilayer. Quasi-spherical nanoparticles exhibited a greater bactericidal 51 

action due to a higher interactive affinity that resulted in higher degrees of membrane stretching 52 

and rupturing, as confirmed by the theoretical model. Electron microscopy techniques were 53 

used to characterise the nanoparticle-bacterial-membrane interactions. This combination of 54 

experimental and theoretical results confirmed the proposed mechanism of membrane-tension-55 

induced (mechanical) killing of bacterial cells by non-translocating NPs.  56 

 57 

  58 
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Introduction 59 

Nanoparticles (NPs) are heavily used in biomedical, industrial and commercial applications 60 

due to the benefits associated with the specific physical and chemical properties of both the 61 

bulk and the nanoscale material. The antimicrobial activity of NPs is widely recognised, but 62 

the mechanisms of their underlying toxicity remains unclear despite repeated attempts to 63 

establish a structure–function relationship between their physico-chemical properties and their 64 

interactions with biological systems.[1, 2] NP uptake in mammalian cells is generally considered 65 

to be an active process, mediated by endocytosis. Indeed, transport across the cell membrane 66 

and intracellular accumulation dictates the nanoparticle fate and cytotoxicity.[3] The critical 67 

size for NPs non-disruptively (passively) crossing cellular membranes is below 10 nm, 68 

irrespective of surface functionalisation,[4-7] Figure 1A. For this reason, there is a slowly 69 

forming consensus that smaller NPs bear greater toxicity than larger ones[8, 9]. Similarly, the 70 

antibacterial properties of small NPs have been linked to the formation of large irreversible 71 

pores during their translocation across the bacterial cell membrane.[10-12] At the same time, 72 

there has been an increasing number of communications that have reported the killing of 73 

bacterial cells with NPs in the range of 80-100 nm that are unable to freely translocate across 74 

the bacterial membrane.[13-17] The mechanism of antibacterial activity of this size NP has yet to 75 

be clearly identified, since the variability in parameters such as concentration, dimensions, 76 

physical and chemical properties, as used in different studies, have not produced consistent 77 

results.[2, 18] 78 

The mechano-bactericidal activity of nanomaterials is a new area of research, which promises 79 

to combat bacterial adhesion, biofilm formation, and infections with comparable effectiveness 80 

to traditional antibacterial methods.[19-21] The emergence of antibiotic resistance in pathogenic 81 

bacteria over the past few decades has posed a severe risk to public health[22, 23]. Likewise, the 82 

decrease in the development of new antibiotics, for which bacteria have not yet developed a 83 

resistance, calls for the development of innovative techniques to combat multi-drug resistance. 84 

This new route of designing antibacterial nanomaterials exploits nanostructure geometry to 85 

deliver deadly mechanical forces to bacterial cells. The mechano-bactericidal antimicrobial 86 

effect was first exhibited in nature, as a topographical characteristic of insect wings[21, 24, 25] 87 

The pioneering research in this area has mostly focused on the synthesis of biomimetic 88 

nanopillars and nanospikes on surfaces to create mechano-bactericidal topographies.[26-28] 89 

Nanostructures at the surfaces of bactericidal patterns can rupture bacterial cell walls by 90 

stretching the membrane that is adsorbed on the pattern1. This mechanism also works for gold-91 
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coated natural bactericidal surfaces2, showing that it is geometrical parameters of 92 

nanostructures that are key factors for this mechanism, not specific interactions or chemical 93 

components that are usually attributed to be responsible for the nanotoxicity of nanomaterials. 94 

The rupture of cell membranes under mechanical stress is an integral component of the toxicity 95 

of nanomaterials; however, the fundamental mechanisms by which NPs might induce 96 

mechanical rupture of biological membranes has not yet been determined.  97 

In this study, we provide evidence of the (mechano-)bactericidal mechanism of non-98 

translocating NPs. The development of a biophysical model shows that the adhesion large, 99 

chemically inert NPs leads to increased tension and consequent rupture of the bacterial cell 100 

membrane, Figure 1B. This proposed mechanism was studied in two independent systems: a 101 

model membrane in a custom-designed microfluidic platform, and in vitro bacterial cell 102 

experiments. (Cryo)-transmission and scanning electron microscopy were employed to 103 

visualise the impact of spherical and star-shaped NPs of approximately 100 nm in diameter on 104 

the viability of Pseudomonas aeruginosa ATCC 9721 and Staphylococcus aureus CIP 65.8T 105 

bacterial cells.  The contraction (squeezing) of the lipid bilayer by adsorbed AuNPs of varying 106 

surface hydrophobicity and shape and eventual rupture was demonstrated in both systems.  107 

Stretching of elastic membranes by adhering NPs 108 

We present a biophysical model of the adhesion of large nanoparticles to a lipid bilayer to 109 

evaluate the effects of the clusters of different size vs. individual NPs on the stretching of the 110 

elastic layer and determine the effects of NP aggregation (clustering) on global membrane 111 

stretching. Within this model, the membrane is described as an infinite elastic layer 112 

characterized by elastic modulus 𝑘𝑘. The adsorption of NPs to the elastic layer is described by 113 

the interaction parameter, 𝜀𝜀 per adsorption site, while the density of adsorption sites 𝑛𝑛0 is 114 

assumed to be constant on the surface of NPs. It turns out that these parameters can be absorbed 115 

in one dimensionless control parameter 𝜁𝜁 = − 𝜀𝜀0𝑛𝑛0
𝑘𝑘

 that describes the interaction with a surface 116 

of a NP. Within this model 𝜁𝜁 describes the interplay between attractive forces and elastic 117 

deformation of the membrane bilayer that leads to an equilibrium stretching of the elastic layer 118 

and partial wrapping of the spherical NPs by the elastic layer i.e. membrane stretching-119 

compression. 120 

 121 

 122 
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Individual NPs  123 

The interaction of non-interacting individual NPs with an elastic layer is considered in the 124 

approach similar to construction of Wigner–Seitz cells as a result of Voronoi decomposition of 125 

the surface with individual NPs in the center of the cell. In average, an area that corresponds to 126 

an adsorbed NP is determined by the average density of adsorbed NPs at the membrane (Figure 127 

2). Then the area that corresponds to each NP is divided in two regions for the sake of 128 

simplicity: A is the region of cell wall interacting with the surface of the NP and B is the region 129 

of the cell wall between each adsorbed NP (Figure 2A). Local stretching-compression of the 130 

elastic layer is determined by the balance between two energies: the attraction energy to the 131 

surface of the NPs, characterized by the energy gain  132 

𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑛𝑛 = ∫ 𝜀𝜀𝑛𝑛(𝑟𝑟)𝑑𝑑𝑑𝑑𝐴𝐴  (1) 133 

and energy loss due to stretching of the area between NPs and compression on the surface of 134 

the NP,  135 

𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = ∫ 𝑘𝑘
2
𝛼𝛼2(𝑟𝑟) 𝑛𝑛(𝑟𝑟)

𝑛𝑛0
𝑑𝑑𝑑𝑑𝐴𝐴+𝐵𝐵      (2) 136 

Here 𝑛𝑛(𝑟𝑟) is the density of attraction points at the surface in the position 𝑟𝑟 and 𝑑𝑑𝑑𝑑 is the element 137 

of the surface of the NP, 𝛼𝛼(𝑟𝑟) is the local stretching at the point 𝑟𝑟. The resulting free energy 138 

after minimization with the constraint that the projection of unperturbed and stretched areas on 139 

the surface plane remains constant, yields        140 

𝐹𝐹 = 𝜀𝜀𝑛𝑛0𝑆𝑆𝐴𝐴
1+𝛼𝛼𝐴𝐴

+ 𝑘𝑘
2
�𝛼𝛼𝐴𝐴

2𝑆𝑆𝐴𝐴
1+𝛼𝛼𝐴𝐴

+ 𝛼𝛼𝐵𝐵
2𝑆𝑆𝐵𝐵

1+𝛼𝛼𝐵𝐵
�+ 𝜆𝜆𝑘𝑘 � 𝑆𝑆𝐴𝐴

1+𝛼𝛼𝐴𝐴
+ 𝑆𝑆𝐵𝐵

1+𝛼𝛼𝐵𝐵
− 𝑆𝑆𝑖𝑖

1+𝛼𝛼𝑖𝑖
�          (3) 141 

where index i indicates the initial values of area S and stretching 𝛼𝛼. Here 𝜆𝜆 is the Lagrange 142 

multiplier, which ensures the conservation of the area to the initial area 𝑆𝑆0 143 

∫ dσ
1+α(r) = S0A+B     (4) 144 

The above equations allow for calculation of the stretching and compressions of two regions, 145 

A and B, considering that the stretching is uniform throughout the whole region, which is a 146 

reasonable approximation for an elastic layer.  147 

The tension of the membrane Σ is related to relative stretching of non-adsorbed part of the 148 

membrane 𝛼𝛼𝐵𝐵 ≈ (𝑆𝑆 − 𝑆𝑆0)/𝑆𝑆0 as 149 
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Σ = 𝑘𝑘
𝑆𝑆 − 𝑆𝑆0
𝑆𝑆0

 150 

where 𝑆𝑆 is the actual area of the membrane under tension and 𝑆𝑆0 is the area of a unstressed 151 

membrane. Since the lipid bilayer stretching constant is known, 𝑘𝑘 = 100 mN m-1, the tension 152 

of the membrane and the relative area change are directly related. 153 

Non-aggregating individual NPs interact with the bilayer independently, thus providing an 154 

additive effect on stretching and scaling linearly with the number of adsorbed nanoparticles. 155 

Therefore, to compare the stretching of NPs of different sizes it is practical to fix the surface 156 

fraction of NPs at the membrane, thus comparing equal numbers of NPs at the surface. As a 157 

reference, we choose the density close to saturation of 100 nm NPs, when the distance between 158 

each NP is equal to the NP diameters and use this corresponding fraction for NPs of other 159 

diameters. Stretching of the membrane as a function of NPs diameters are shown in Figure 2 160 

for different dimensionless parameters 𝜁𝜁 describing the attraction to the bilayer and initial 161 

stretching 𝛼𝛼𝑔𝑔. 162 

 163 

Cluster formation 164 

To evaluate the effect of clustering on the application of forces to the membrane, we assume 165 

that the AuNPs are grouped in clusters of spherical shape and 𝐶𝐶(𝑁𝑁) is the distribution function 166 

of clusters containing N NPs. 167 

For equilibrium distribution of clusters, the free energy of clusters is given by the mean field 168 

expression 169 

𝐹𝐹 = 𝑘𝑘𝑘𝑘∑ 𝐶𝐶(𝑁𝑁)[ln𝐶𝐶(𝑁𝑁) − 1 + 𝑁𝑁𝜖𝜖𝑁𝑁]∞
𝑁𝑁=1 ,    (5) 170 

where 𝜖𝜖𝑁𝑁 is the energy in terms of 𝑘𝑘𝐵𝐵𝑘𝑘 of the cluster containing N NPs, 𝑘𝑘𝐵𝐵 is Boltzmann 171 

constant and 𝑘𝑘 is the temperature. For spherical clusters it is given by: 𝜖𝜖𝑁𝑁 = 𝜖𝜖∞0 + 𝛿𝛿

𝑁𝑁
1
3
.5 Here 172 

𝜖𝜖∞0  is the bulk energy and 𝛿𝛿 is the cohesive energy per NP. Minimization of the free energy 173 

with respect to 𝐶𝐶(𝑁𝑁) leads to the equilibrium cluster distribution 174 

𝐶𝐶(𝑁𝑁)~�𝐶𝐶(1)𝑒𝑒𝛿𝛿�
𝑁𝑁

     (6) 175 

with the average size of the cluster 𝑁𝑁�~√𝑑𝑑𝑒𝑒𝛿𝛿 , which depends on the surface density of NPs at 176 

the membrane 𝑑𝑑. For spherical aggregates, the distribution 𝐶𝐶(𝑁𝑁) is sharply peaked around the 177 
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average size. Thus, in the following, we will consider a monodisperse distribution of clusters 178 

around the average size where, 𝑁𝑁 is the average size of the cluster. Thus, assuming dense 179 

packing of NPs in the clusters, the radius of a spherical cluster is given by 𝑅𝑅 = 𝑟𝑟𝑁𝑁
1
3, where r 180 

is the radius of an individual nanoparticle. With this, the surface density of the clusters 𝜙𝜙 of 181 

equal size is related to the surface density of the nanoparticles 𝑑𝑑, adsorbed at the surface as  182 

𝜙𝜙 = 𝑑𝑑 �𝑅𝑅
𝑟𝑟
�
−3

     (7) 183 

In the case of individual NPs, 𝜙𝜙 = 𝑑𝑑, but if the NPs are aggregated in large clusters, the surface 184 

density of clusters is significantly lower than surface density of individual NPs. However, the 185 

stretching of the membrane by large clusters is larger than that imposed by the individual NPs.  186 

The model of interaction of clusters with the elastic layer has the following parameters: the 187 

elastic layer is described by the elastic modulus k, and the clusters are described by the 188 

diameter, 𝐷𝐷 = 2𝑅𝑅, the attractive interaction to the surface, 𝜀𝜀, and the surface density of clusters, 189 

𝜙𝜙. For a fixed interaction parameter 𝜀𝜀, layer stretching as a function of the surface density of 190 

clusters and cluster diameter is shown in Figure 2D. 191 

We assume that individual NPs and clusters do not interact at the surface and are distributed 192 

equally in repetitive arrangement (pure translation) in unit cells. This approximation allows us 193 

to study a single cluster of variable size in a square box with periodic boundary conditions 194 

(Figure 2). The area of the box 𝐿𝐿2 is then translated in the density of clusters, 𝜙𝜙~ 1
𝐿𝐿2

. Although 195 

this approximation neglects cooperative effects and interactions between nanoparticles and 196 

clusters, this is a good first approximation for comparison of effects of clustering on the local 197 

and global stretching of the lipid bilayer. 198 

As expected, membrane stretching is increased with increased cluster diameter and the density 199 

of clusters, which corresponds to a higher concentration of NP. In turn, higher interaction 200 

parameters lead to greater membrane stretching. However, it is more interesting to represent 201 

these results as a function of a surface density of the nanoparticles composing the cluster, 𝑑𝑑, as 202 

seen in Figure 2C. These plots indicate that if the number of NPs attached to the surface is 203 

fixed, the cumulative stretching is higher for dispersed individual NPs (maximum at smaller 204 

cluster diameters) than for NPs aggregated in clusters (Figure S2). Nevertheless, the stretching 205 

exerted by one large cluster increases with the size of the cluster (Figure 2D, 𝜙𝜙 = 0) and one 206 

large cluster alone can rupture the membrane.[29] 207 
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Large NPs clusters induced membrane stretching in model lipid bilayer 208 

Nonspecific attractive forces that promote nanomaterial-membrane interactions are mediated 209 

by inherent nanomaterial characteristics such as surface charge, hydrophobicity, and 210 

roughness. Hydrophobic NPs tend to agglomerate and are therefore less likely to undergo 211 

membrane interactions. However, for more hydrophilic nanomaterials, surface membrane 212 

interactions may be determined by their relative hydrophilicities.  Membrane interactions can 213 

also be affected by nanoscale surface roughness. NP surface protrusions or depressions have 214 

been shown to NP affinity for the cell membrane. Simulations of NP-membrane interactions 215 

show that NP surface roughness greatly minimizes repulsive interactions, thereby promoting 216 

adhesion.[30, 31] 217 

In the present work, hydrophilic and hydrophobic 100 nm quasi-spherical (AuNSPs) and star 218 

(AuNSTs) shape AuNPs were synthesised to explore the antibacterial mechanism of non-219 

translocating AuNPs as a function of size, shape, and surface charge.[5, 32]The surface charge 220 

and chemical properties of the NPs were determined by capping agents which play a crucial 221 

role in controlling the interactions between bacteria and the NPs (Figure 3). Hydrophilic 222 

AuNPs were coated with mercaptohexanoic acid (MHA) while hydrophobic AuNPs were 223 

stabilized with a modified sulfobetaine ligand (ZwBuEt).[33]  224 

To visualise the adsorption of quasi-spherical and nanostar AuNPs onto a model lipid 225 

membrane, a novel 3D µchip was developed (Figure S3), in which a lipid bilayer was formed 226 

through the sandwiching of lipid in oil phase (DOPC:DOPS+squalene) between two water 227 

phases. The bilayer is stable at least for 2 h. The lipid bilayer formed (final diameter 200 ± 10 228 

µm) upon drainage of the oil phase at the intersection of the upper well and the bottom channel 229 

and can be viewed optically. AuNPs were introduced into the µchip upper well and attachment 230 

to the bilayer was visually recorded over a period of 30 min by dark field microscopy.  231 

The AuNSP and AuNST functionalized with MHA or ZwBuET were studied independently. 232 

In Figure 4, the lipid bilayer annulus is clearly visible, and its shape could be approximated to 233 

a free-standing quasi-2D circle with radius, r, and area A = πr². As seen in Figure 5A and B, 234 

the bilayer area diminished with time due to the presence of the AuNSP that were adhering 235 

permanently to the entire surface of the lipid bilayer (for MHA and ZwBuET ligand). By 236 

contrast, AuNST were found to adhere permanently only at the lipid bilayer annulus (just at 237 

the lipid-oil/water interface), and they did not strongly adhere to the lipid membrane (see Figure 238 

S4). AuNST were unable to place the same amount of tension on the lipid membrane with time 239 
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(for AuNST with either MHA or ZwBuET ligands) to cause a contraction of the bilayer area. 240 

The spontaneous bilayer contraction by AuNSP adsorption was also investigated for smaller 241 

AuNSPs with effective diameters of 20 and 50 nm (Figures S5). Thus, the phenomena of the 242 

NP-induced contraction of the free-standing lipid bilayer exists for a large of NP size range.  243 

As seen in Figure 4C and D, by plotting the bilayer radius as function of time, we calculated 244 

that the bilayer radius diminished at a rate of 1.4 µm s-1 for both AuNSP-ZwBuEt and AuNSP-245 

MHA (at the concentration of 100 µg Au mL-1); which corresponded to a reduction of 246 

approximately 0.7% (of the bilayer total radius) per second. Under our experimental setup, on 247 

average, both NPs appeared to consistently shrink the bilayer at a similar rate with the bursting 248 

time between 100 and 200 s when the bilayer radius reached ~75 µm. The estimated tension 249 

(ΔT) force was in the order of approximately 0.1-1 mN m-1 (See Supplementary Results).  250 

To quantify the stretching and disruption of the membrane because of quasi-spherical NP 251 

attachment, the model membrane was supported in a custom-designed microfluidic set-up 252 

(Figure 4A); the formation of the DOPC: DOPS lipid bilayer was confirmed by 253 

electrophysiological measurements, which give the capacitance of the bilayer. Capacitance 254 

values could be normalised according to the bilayer area. To express the results in specific 255 

capacitance Cs values, with Cs = 5.9 mF m-2 for the DOPC: DOPS (9:1) bilayer. Using the 256 

electrical replacement circuit of a plate capacitor, the DOPC layer thickness could be calculated 257 

as 𝑑𝑑 ≈  𝜀𝜀0 𝜀𝜀𝐿𝐿/𝐶𝐶𝑙𝑙  ≈  3.3 𝑛𝑛𝑛𝑛, with vacuum permittivity 𝜀𝜀0  ≈  8.85 ×  10−12𝐹𝐹 𝑛𝑛−1 and  𝜀𝜀𝐿𝐿 ∼258 

 𝜀𝜀𝑙𝑙𝑔𝑔𝑙𝑙 ∼  2.2.[33, 34] Thus, the specific capacitance of the pure bilayer should decrease if AuNPs 259 

were either fully or partially inserted into the membrane.[33] From the values of the surface 260 

tension and the bilayer contact angle 𝜃𝜃, which were obtained from pendant drop measurements 261 

or optical micrographs (Figure 5), respectively, the bilayer tension could be calculated using 262 

Young’s equation (see Materials and Methods). 263 

As can be seen in Figure 4B, there is a significant increase in the as-measured bilayer tension 264 

between experiments with no NPs and with AuNSPs. AuNSP-MHA achieved the largest 265 

increase in membrane tension. When the experiment was conducted over a range of 266 

concentrations (50 – 200 µg Au mL-1) there was a linear increase in the measured bilayer 267 

tension (Figure S6). Similarly, when analysing the capacitance measurements, there is a general 268 

decline in membrane bilayer capacitance when AuNSP functionalised with ZwBuEt and then 269 

MHA is introduced to the system. This corresponds to attachment, or partial or full insertion 270 

of the NP into the model bilayer[35]. Furthermore, to confirm physical contact with the 271 
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membrane by AuNSP-MHA/ZwBuEt, a fluorescent lipid bilayer composed of 3% DOPC-Rho 272 

and 5 mg mL-1 DOPS extract, was monitored using a fluorescence microscope. The bilayer 273 

appeared bent for mechanical stability (Figure 4A). The AuNSP functionalised with MHA 274 

appeared to be fluorescent for 30 min following interaction with the lipid bilayer (these 275 

interactions were recorded, Supp. Movie File 1), thus indicating that the AuNSPs were 276 

adsorbed to the cell membrane.  277 

NPs induced membrane stretching and antimicrobial activity in vitro 278 

Synthetic lipid bilayers are a convenient model system for NP-membrane interactions that 279 

enable detailed physical insight to be obtained thanks to their relative structural simplicity and 280 

well-characterized properties; however, real biological membranes are far more complex in 281 

structure. In this section we describe the interaction of large NPs with bacterial cells and 282 

demonstrate the stretching effect on bacterial cell membranes.  283 

To assess the antimicrobial activity of the two types of AuNPs studied in the model system, 284 

the following parameters/factors were considered and investigated: (i) the influence of surface 285 

hydrophobicity, (ii) the impact of the concentration of the NPs (25, 50, 100 and 200 µg Au mL-286 
1), (iii) kinetics of bactericidal activity over time, and (iv) the effect of shape (quasi-spherical 287 

or star).  288 

Analysis of the bactericidal activity (Figure 6) indicated that quasi-spherical AuNPs with 289 

increased hydrophobicity showed less antimicrobial efficiency towards both gram-negative P. 290 

aeruginosa and gram-positive S. aureus. Indeed, no significant reductions in viable bacteria 291 

were noted for P. aeruginosa when (Figure 6A). By contrast, hydrophilic AuNSP-MHA 292 

achieved complete inactivation of both bacterial species after a 30 min incubation period at 293 

concentrations ≥ 100 µg Au mL-1 (Figure 6A, B); significant reductions (p < 0.02) in CFU mL-294 

1 were observed at concentrations ≥10 µg Au mL-1 (Figure S7). The differences in antibacterial 295 

activity may be attributed to the variable affinities (due to altered hydrophobicity) of the AuNPs 296 

towards bacterial cells.  Bidentate zwitterionic (hydrophobic) ligands exhibit excellent 297 

colloidal stability under conditions of high concentration, however, when the functionalized 298 

NPs are serially diluted, an increase in non-specific adsorption and aggregation has previously 299 

been noted.[36] The zwitterionic coating may also impart novel antibiofouling properties to the 300 

nanomaterials and functionalised NPs would not exhibit non-specific adhesion to living 301 

cells[37]. In this work, under physiological conditions, MHA-NPs (hydrophilic) showed higher 302 
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stability and less aggregation than ZwBuEt-NPs (hydrophobic) (Figure S1). The antibacterial 303 

efficacy of the AuNPs used in this study was also confirmed via fluorescence microscopy 304 

(Figure 6E). 305 

In accordance with the model membrane experiments above, Au nanostars exhibited 306 

considerably less antibacterial efficacy towards both P. aeruginosa and S.aureus compared to 307 

that of the quasi-spherical NPs and the antimicrobial activity was not greatly affected by 308 

surface chemical functionalisation. Matching data for the antibacterial effects of AuNSTs are 309 

shown in Figure S8.   310 

To visualise the AuNP-induced disruption of bacterial cells by AuNSPs and AuNSTs on both 311 

P. aeruginosa and S. aureus, electron microscopy was used to examine the morphology of the 312 

bacterial cells (Figure 7). Bacterial cells that were treated for 2 h with AuNPs showed severe 313 

morphological changes. Analysis of the SEM and TEM images revealed the attachment of NPs 314 

onto P. aeruginosa and S. aureus cell membranes, and in some cases, complete encapsulation 315 

of bacterial cells leading to the destruction of the original cell morphology (Figure 7B, C, D). 316 

NPs were observed to attach directly onto the membrane causing stretching (Figure 7A) or 317 

indentations (Figure 7B) in the membrane or complete cell lysis (Figure 7C’).  318 

AuNSPs (and to a lesser extent AuNSTs) adversely affect bacterial cells by inducing high local 319 

stress on the bacterial cell membrane at the time of the interactions, eventually causing lysis of 320 

the cell (as seen in Figure 7C’). It was presumed that the cell damage was not incurred through 321 

‘internalisation’ of the nanoparticles due to their large size (approximately 100 nm) and no 322 

evidence of internalisation was observed, in agreement with previous studies of AuNP 323 

anchorage onto gram-positive and gram-negative bacterial membranes.[38]  TEM experiments 324 

(Figure S8) show that the AuNST nanospikes are embedded in the bacterial capsule but do not 325 

have sufficient length to interact with the bacterial membrane.  326 

Nanoparticle affinity for the bacterial membrane was determined using Cryo-TEM. The brief 327 

incubation period allowed for the initial interactions between NPs and bacteria to be visualised, 328 

as they would appear in liquid/native conditions (Figure 7G, Figure S9). The functionalisation 329 

of the NPs greatly affected the behaviour of the NPs toward bacteria and toward each other in 330 

bacterial suspension. For quasi-spherical NPs, the hydrophobic zwitterionic ligand (ZwBuEt) 331 

did not enhance the particle affinity for bacterial membranes, indeed there seemed to be almost 332 

no interaction between bacteria and AuNSP-ZwBuEt. By contrast, AuNSP-MHA appeared 333 

greatly attracted to the bacteria in suspension and could be seen encapsulating the cell, as shown 334 
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in Figure 7G. Weak interactions between the phospholipid bilayer and AuNSTs were 335 

additionally confirmed using cryo-EM. This result is supported by our experimental model 336 

demonstrating that nanostars exhibit weaker antibacterial activity because of reduced contact 337 

area with the cell membrane. For AuNSTs, those capped with ZwBuEt were observed in large 338 

clusters while those capped with MHA were distributed across the grid with no interaction with 339 

bacteria. This directly corresponds to the increased rates of antibacterial efficiency observed 340 

for AuNSP-MHA over AuNSP-ZwBuEt.  341 

Discussion 342 

It is known that the exposure of NPs to bacterial cells can lead to membrane damage caused by 343 

NP adsorption.  In the case of TiO2, CeO2, MgO and Au-NPs, the interaction with the cell wall 344 

is the main source of toxicity to bacteria even though no cell penetration occurs (Table S3).  In 345 

such cases, the NPs electrostatically adsorb onto the bacterial cell wall and destroy the cell wall 346 

due to the NP aggregation observed only at the cell surface.[39-42] These studies suggest that NP 347 

adsorption on the cell wall followed by its disintegration is the primary reason for toxicity, 348 

although no definitive mechanisms have been put forward. 349 

The adsorption of large NPs (where the NP diameter is greater than the thickness of the 350 

membrane) on model lipid bilayers has been studied both theoretically and experimentally. 351 

This includes studies of wrapping of NPs by lipid membranes,[43-46] effective interactions at the 352 

surfaces and collective behaviour of adsorbed NPs.[47-49] Electrostatic interactions between the 353 

NPs and the membrane are found to be the most important factor for inducing membrane 354 

disruption.[29, 50-52] In particular, it was shown that large NPs adsorbed on lipid bilayers will 355 

always at least partially wrap,[6, 53] while membrane wrapping may in turn lead to eventual 356 

collapse of the lipid bilayer.[54] Wrapping and membrane tension in the adhesion of NPs are 357 

coupled such that low tension membranes allow for higher wrapping and vice versa.[55] 358 

Nevertheless, most membrane wrapping studies are focused on NP uptake by mammalian cells 359 

whereby membrane wrapping is triggered by many NP-ligand-surface receptor interactions for 360 

NP engulfment. Less attention has been focused on NP-membrane interactions of bacterial 361 

cells.  362 

We recently demonstrated a mechanism of tension induced permeation of cell membranes by 363 

the adhesion of large non-translocating apatite nanoparticles that provoked nondisruptive 364 

permeation of red blood cells (that do not undertake endocytosis).[56] In another study the 365 

internalization of large silica nanoparticles into giant unilamellar vesicles (GUVs) was 366 
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confirmed to be mediated by the spreading forces of the lipid bilayer on the silica surface. The 367 

lipid membrane was observed to strongly adhere to the NP surface and ‘creep’ along the silica 368 

surface, causing deformation of the liposome.[57] Similar behavior was observed for the 369 

adherence of silica particles on red blood cells.[58] The haemolytic activity of silica NPs has 370 

been found to increase with increasing particle size due to preferential adsorption of the NPs 371 

onto the red blood cell membrane, causing deformation until rupture.[58, 59] 372 

In the work presented here, the antibacterial performance of the hydrophilic quasi-spherical 373 

AuNPs appears to be mediated by NP-membrane interaction which is driven by the attractive 374 

force between the NPs and the phospholipid bilayer. As the particle size increases, the adhesion 375 

energy increases, leading to a greater area of contact and overall stretching of the membrane. 376 

Individually adhered NPs provoke an additive stretching effect where the total membrane 377 

stretching is the sum of individual NP contributions. In the case of NP clusters, the stretching 378 

effect is cumulative at the attachment points but does not exceed the tensions delivered to the 379 

membrane by single, spatially dispersed NP. This agrees with a previous model of the 380 

hemolytic potential of silica NPs.[60] In the case of clustering between individual NPs, the 381 

elastic response of the membrane depends on the size of the clusters and their number. In 382 

addition, if the clusters are placed close to each other, the membrane acts as a medium, affecting 383 

the interactions between NPs and even inducing their clustering.[48] The developed theoretical 384 

model provides insight to explaining the results for both experiments: NPs induced tension in 385 

the model lipid bilayer and the in-vitro bacterial cell killing mechanism showing that low 386 

dispersity of NPs achieved greater antibacterial efficiency. Encapsulation of entire bacterial 387 

cells by individual NPs was visualised attached to the exterior of the cell and deforming the 388 

shape by independent experimental techniques, and in some cases, complete cell lysis was 389 

observed.  390 

The in vitro model used to mimic the interactions of a phospholipid membrane and NPs 391 

demonstrated the delivery of tension forces that resulted in cell perturbation by the attachment 392 

of NPs onto the membrane. Previous theoretical models have predicted that NPs can translocate 393 

a tethered DOPC lipid bilayer membrane and/or become wrapped in by the membrane, 394 

depending on the balance of contact-adhesion energy and curvature energies.[61] The minimum 395 

nanoparticle size for such wrapping effects is estimated to be 30 nm, which represents a state 396 

of transition between free NP and partially lipid coated NP.[62] In the work presented here, 397 

direct physical interactions between the quasi-spherical NPs (both hydrophilic and 398 

hydrophobic) and the phospholipid membrane resulted in an increase in membrane tension and 399 
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decrease in capacitance of the synthetic lipid bilayer that correlated to either full or partial 400 

insertion of the NPs into the lipid bilayer. Using fluorescently tagged DOPC, AuNPs were 401 

confirmed to contact the lipid bilayer (verified by consequent fluorescence of the NPs through 402 

removal of phospholipids from the bilayer); however, no transport across the bilayer was 403 

observed yet the bilayer appeared ‘bent’ for mechanical stability. Hydrophilic NPs delivered 404 

the greatest forces to the lipid bilayer upon membrane adsorption, achieving the greatest 405 

resultant membrane tension measurements. Hydrophilic quasi-spherical NPs also elicited the 406 

largest antibacterial response amongst both shaped particles achieving 100% bacterial cell 407 

death at a concentration of 100 µg Au mL-1. Nevertheless, at high concentrations (100 µg Au 408 

mL-1) of both hydrophilic and hydrophobic quasi-spherical NPs large numbers of attached NPs 409 

to the lipid bilayer produced enough force to contract the membrane until it collapsed. This is 410 

analogous to the squeezing of a balloon until it bursts (see graphical abstract).  411 

It was assumed that a greater hydrophobicity of the particle would results in greater affinity for 412 

bacterial membranes.[38] Chemical modification by bidentate sulfobetaine zwitterionic 413 

molecules led to an increase in hydrophobicity;[63] however, NP-membrane interactions were 414 

offset by the NP tendency to aggregate into clusters.[64] Herein, the NPs that exhibited low 415 

dispersity, such as hydrophilic quasi-spherical NPs, also demonstrated the greatest 416 

antimicrobial effects whereas hydrophobic quasi-spherical NPs did not achieve statistically 417 

significant reductions in viable cells. Thus, the affinity of the NP towards bacterial cells played 418 

an important role in facilitating bacterial cell inactivation. It was further hypothesised that the 419 

introduction of spikes to the nanomaterial surface would result in greater cell membrane 420 

perturbation. We have demonstrated previously that nano-structuring of surfaces to exhibit an 421 

array of high aspect ratio nanoprotrusions, similar to the surface topography of insect wings, 422 

can mechanically lyse contacting bacterial cells[65].  Bacterial cell death is mediated by the 423 

membrane adsorption to the nanopillars which leads to wide-spread stretching of the adsorbed 424 

membrane[24] (similar to the findings for global stretching of bacterial cell membranes by 425 

colloidal nanomaterials presented in this study) by which the mechanism is independent of 426 

surface chemical functionality. For example, silicon nanopillar surfaces (black silicon) were 427 

the first synthetic surface demonstrated to mechanically kill attaching bacterial cells[19]. More 428 

recently, nanostructured surfaces of vertically aligned carbon nanotubes[20], graphene 429 

nanoflakes[66], adsorbed NPs[67, 68], TiO2 nanowires[28] and more have been demonstrated to kill 430 

bacteria by nanomaterial-induced rupture. However, in this work the surface spikes did not 431 

enhance the killing effects of the AuNPs, in fact star-shaped AuNPs displayed only very modest 432 
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antibacterial performance. It is assumed that the introduction of surface spikes actually led to 433 

a reduction in the available contact area of the NP surface, as confirmed by model membrane 434 

experiments where AuNSTs exhibited a reduced ability to adsorb to the lipid bilayer and were 435 

not observed to exert the same forces delivered by quasi-spherical NPs.  436 

Conclusion 437 

The mechanism of mechanical killing of bacterial cells by non-translocated NPs was elucidated 438 

using a combination of complementary experimental and theoretical studies. A biophysical 439 

model was developed to explain the NPs induced stretching of a membrane by large NPs with 440 

diameters much larger than the thickness of the membrane. Interactions between individual 441 

NPs and the elastic bacterial membrane induces an increase in membrane tension due to 442 

adsorption of the NPs to the membrane.[44, 45, 69] The importance of membrane tension for 443 

biological membranes is not always considered for fluid membranes, while tension can be even 444 

more important for elastic membranes such as bacterial cell walls due to their lack of 445 

cytoskeleton to compensate for external mechanical forces. Attractive forces acting between 446 

each NP and the membrane tend to increase the area of contact[55], thus provoking the overall 447 

stretching of the membrane. Spatially distributed individual NPs provoke an additive effect, 448 

when the overall stretching is the sum of individual NP contributions, while clustered NPs 449 

created cumulative stretching at the attachment points. The cumulative effect of clustered 450 

particles may be locally stronger than the tensions delivered by a single NP; however, the 451 

combined forces administered by separated individual NPs encapsulating a cell would still be 452 

greater. Although the nature of the membranes used in both experiments are very different: the 453 

DOPC:DOPS lipid bilayer is a fluid membrane, whereas the bacterial cell wall is an elastic 454 

layer, both experiments confirmed that chemically inert AuNPs can rupture model lipid bilayer 455 

and kill bacteria via adsorption onto the cell membrane and increase of membrane tension. 456 

Such an elastic model is not limited by the type of NPs and the origin of the elastic layer. The 457 

universality of the model suggests that the described phenomenon of the stretching of the 458 

membranes by adsorbing NPs can go beyond the studied NPs and bacteria and it can be applied 459 

as a universal mechanism of mechanical stretching and rupture of cells, vesicles, droplets and 460 

other soft objects with NPs. The demonstration of this stretching mechanism in both model and 461 

real bacterial system suggests its generality and applicability to a wide range of biological 462 

membranes. The results of this work may provide new guidelines for the synthesis of universal 463 

antibacterial colloids. 464 
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Materials and methods 465 

Design and Fabrication of Microfluidic Device 466 

Microchannels with a rectangular cross section were fabricated using typical soft lithography 467 

protocols [70]. Channel dimensions were 300 µm in width and 140 µm in height. The device 468 

was moulded with a SU-8 photoresist on a silicon wafer using Sylgard 184 (Dow Corning, 469 

USA). The surface of the Sylgard 184 devices was exposed to nitrogen plasma (Diener 470 

electronic GmbH, Germany) and sealed with a plasma treated glass cover slide. The sealed 471 

device was rendered hydrophobic by heating it to 135 °C overnight. The liquids were dispensed 472 

from syringes (Hamilton Bonaduz AG, Switzerland), which were connected to the microfluidic 473 

device by Teflon tubing. Computer controlled syringe pumps were used to control the injection 474 

of the water and oil phases, respectively (Figure S9). DOPC (1,2-dimyristoyl-sn-glycero-3-475 

phosphocholine) and DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine) were purchased 476 

from Avanti Polar Lipids. Experiments were performed at room temperature to have the lipids 477 

in a fluid phase. Using a volume-controlled system with syringe pumps, two water droplets 478 

were injected face to face into microchannels to produce a free-standing lipid bilayer. After a 479 

few seconds, the water−oil interface of each finger was covered with a monolayer of lipids 480 

molecules. Once the two liquid fingers are brought into contact, the two lipid monolayers 481 

interacted to form a lipid bilayer within a short time. [34, 71, 72] The system is then stable and can 482 

be analysed, simultaneously, using optical microscopy (axiovert Z1, Zeiss) and by 483 

electrophysiological inspection. 484 

Measurement of Bilayer Tension 485 

The surface tensions of the various lipid monolayers at oil/water interfaces were measured with 486 

the pendant drop method using a commercial measurement device (OCA 20, DataPhysics 487 

Instruments GmbH, Filderstadt, Germany). An oil solution with a concentration of 5 mg mL-1 488 

lipids concentration (90% DOPC, 10% DOPS) was produced by introducing a droplet from a 489 

steel needle into the surrounding oil phase. The shapes of all droplets were fitted with the 490 

Young−Laplace equation to obtain their interfacial tension γ. The experiments were then re-491 

done in the presence of the two types of NPs (ZwBuEt and MHA). From the values of the 492 

surface tension and the bilayer contact angle 𝜃𝜃, which were obtained from pendant drop 493 

measurements or optical micrographs (see Figure 6), respectively, the bilayer tension can be 494 

calculated using Young’s equation.[73] 495 

                                               𝛤𝛤 =  2 𝛾𝛾 𝑐𝑐𝑐𝑐𝑐𝑐  𝜃𝜃                               (1)                                        496 
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Capacitance Measurements 497 

Ag/AgCl electrodes were prepared by inserting an electrode in a borosilicate glass pipet (outer 498 

diameter 1.5 mm, inner diameter 0.86 mm, Sutter) containing an electrolyte agarose solution 499 

(Sigma). The electrodes were carefully introduced into the buffer compartment of the Sylgard 500 

184 device using a micromanipulator. The lipid membrane conductance was measured using 501 

the standard function provided by the patch clamp amplifier EPC 10 USB (HekaElectronics). 502 

A 10-mV sinusoidal wave with a frequency of 20 kHz was used as an excitation signal. 503 

Characterisation of AuNSP and AuNST  504 

Spectrophotometry 505 

UV-VIS absorption spectra of the AuNSP and AuNSTs sols were collected using a UV-1800 506 

spectrophotometer (Shimadzu). The spectra were collected in transmission mode. 507 

Dynamic light scattering (DLS)   508 

Hydrodynamic size measurements of the different AuNPs were performed in water using a 509 

zetasizer (Malvern Instruments). 510 

Bacterial cell growth conditions 511 

P. aeruginosa ATCC 9721 and S. aureus CIP 65.8T bacterial strains were obtained from 512 

American Type Culture Collection (Manassas, VA, U.S.A.) and Culture Institute Pasteur 513 

(Paris, France), respectively. Prior to each experiment, bacterial cultures were refreshed on 514 

nutrient agar (Oxoid) from stocks (B.D., U.S.A.) at 37°C for 24 h. From the stock plate, fresh 515 

bacterial suspensions were grown overnight at 37 °C in 5 mL of nutrient broth (B.D., U.S.A.). 516 

Bacterial cells were collected at the logarithmic stage of growth (data not shown). Bacterial 517 

cells were then pelleted using centrifugation at 5000 rpm for 3 min and resuspended in 10 mM 518 

phosphate buffered saline (pH 7.4). The density of bacterial suspensions was adjusted to OD600 519 

= 0.1 using UV−vis spectrophotometry (Dynamica HALO RB-10) at a wavelength of 600 nm.  520 

Antibacterial assay 521 

Standard plate count methods were used to estimate the number of viable cells following 522 

treatment with AuNPs, P. aeruginosa and S. aureus stock solutions were serially diluted in 523 

phosphate buffered saline (10 mM PBS, pH 7.4) until infectious doses were achieved (1000 524 

CFU mL-1 P. aeruginosa [74] and 100,000 CFU/mL S. aureus [75]). The AuNSP and NSTs sols 525 

were sonicated for 2 min and added to suspensions of P. aeruginosa and S. aureus (500 µL) at 526 
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concentrations of 5, 10, 25, 50, 100 and 200 µg mL-1. Nanoparticle/bacterial suspensions were 527 

then incubated in a rotary shaker at 37 ºC for up to 2 h at 220 RPM. Bacterial suspensions in 528 

PBS, with no added nanoparticles, but an equal volume of MilliQ H2O, were used as controls 529 

for each given concentration. The NP/bacterial suspensions and controls were then spread 530 

plated on 5 separate nutrient agar (Oxoid) plates and incubated at 37 °C overnight to estimate 531 

the number of viable cells.  532 

Statistical analysis 533 

All plate count experiments were performed in replicates of 5 and repeated a minimum of 3 534 

times. Data are expressed as a mean ± standard deviation of at least 5 independent samples. 535 

Statistical comparisons were made between results using a two-tailed student’s T-test where p 536 

< 0.05 is considered significant.  537 

Scanning Electron Microscopy 538 

The morphology of synthesised AuNPs of various shapes and sizes were analysed using SEM 539 

(Raith, GmBH). AuNSPs and NSTs were drop-casted onto plain silicon wafers and allowed to 540 

air dry under ambient conditions overnight. SEM images were obtained using a Raith150 Two 541 

direct write EBL instrument (Raith, GmBH) with SEM capabilities at 5 kV. 542 

The morphology of bacterial cells incubated with nanoparticles was also examined using SEM 543 

(Raith, GmBH). The AuNPs/bacterial suspensions were incubated for 2 h in a rotary shaker at 544 

37 °C at 220 RPM and then prepared for SEM by placing a 100 µL aliquot on clean silicon 545 

wafer, leaving for 1 h for cells to adhere to the substrate, then washing once briefly with MilliQ 546 

H2O to remove salt and other contaminants. Cells were then fixed on the substrate with 2.5 % 547 

glutaraldehyde and the surfaces were then dehydrated with ethanol in 30, 50, 70, 90 and 100% 548 

concentrations. The substrata were kept in 100% ethanol and transferred to a critical point dryer 549 

(Polaron E3100, Quorum Technologies Ltd). The samples were immersed in liquid CO2 via a 550 

series of ethanol/liquid CO2 exchanges, and the liquid CO2 was then heated to supercritical 551 

temperature and pressure (31.1°C and 1000 psi). The dried samples were then sputtered with 552 

gold for 2 min using a NeoCoater MP-19020NCTR (JEOL, Frenchs Forest, Australia). SEM 553 

images were obtained using the Raith150 Two direct write EBL instrument (Raith, GmBH) 554 

with SEM capabilities at 5 kV at magnifications of ×5 k, ×10 k, × 25 k and ×50 k.  555 

Transmission Electron Microscopy 556 
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Suspensions of AuNSP and AuNST sols were drop-cast onto TEM grids and viewed at an 557 

accelerating voltage of 200 kV using a Jeol JEM-1010 machine.   558 

TEM (JEM-1010, JEOL) was used to view cross sections of bacterial cells incubated with 559 

nanoparticles. Samples were incubated with bacteria at concentrations of 200 µg mL-1 in a 560 

rotary shaker at 37 °C at 220 RPM for 2 h. After incubation, cell suspensions were washed 561 

twice with PBS (10 mM, pH 7.4) using centrifugation at 1300 rpm for 5 min at 25°C. The 562 

pellets were then suspended in 2 mL of 1% glutaraldehyde in PBS for 1 h, and then washed 563 

twice in PBS for 5 min. After the final washing step, the cell suspensions were mixed 564 

thoroughly with 0.5 mL of molten 4% agarose gel by stirring. The agar was then immediately 565 

cooled to 4°C by refrigeration for 30 min, then cut into 1 mm3 cubes and fixed with 1 mL of 566 

1% osmium tetroxide (OsO4) for 1 h. Samples containing the cell suspension were washed 567 

twice in nanopure H2O (with a resistivity of 18.2 MW cm-1) for 20 min each. Samples were 568 

then dehydrated by passing them through a graded ethanol series (20, 40, and 60%) (2 mL) for 569 

20 min on ice and then stained for 8 h with 2% uranyl acetate in 70% ethanol (2 mL). After 570 

staining, the cell blocks were further dehydrated by passing the samples through another graded 571 

ethanol series (80, 90 and 100%) for 15 min each (2 mL) on ice. 572 

The embedding medium was prepared using London Resin Gold (ProSciTech). To embed the 573 

samples, each agar sample containing the cell suspension was incubated in 2 mL of 100% 574 

ethanol and LR gold monomer (1:1 ratio) for 8 h on ice, followed by a transfer to 100% ethanol 575 

and LR gold monomer (1:3 ratio) for 8 h, then finally a transfer into the pure LR gold monomer 576 

for 8 h. Each sample was then transferred into a gelatin capsule containing fresh LR gold 577 

monomer mixed with 1% dry benzoyl peroxide, which was then polymerized for 24 h at 4°C. 578 

The final blocks were trimmed, then cut into ultrathin sections (50 nm thickness) using a Leica 579 

EM UC7 Ultramicrotome (Leica Microsystems, Wetzlar, Germany) with a diamond knife 580 

(Diatome, Pennsylvania, USA). Sections were placed onto 300 mesh copper grids and 581 

examined using a JEM 1010 instrument (JEOL). Approximately 40 TEM images were taken 582 

at ×10000 and ×20000 magnifications for each sample analysed. 583 
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 734 

Figure 1. Two separate mechanisms of nanoparticle-cell membrane interactions. A) Small 735 

nanoparticles, with diameter less than the thickness of the phospholipid bilayer (< 10 nm), are 736 

either trapped inside the bilayer or form a pore[34]. B) Large nanoparticles, with diameter 737 

greater than the thickness of the cell membrane (> 10 nm) are wrapped by the membranes, 738 

regardless of hydrophilic of hydrophobic surface chemistry[6]. The adhesion of large 739 

nanoparticles leads to cell deformation and/or crumpling.  740 
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 741 

Figure 2. Global stretching of a lipid bilayer by individual and clustered NPs. A) Schematic 742 

representation of a layer adsorbed to NPs of diameter, D and two membrane regions: adsorbed, 743 

A and suspended, B. Individual NPs are arranged in repetitive cell units. The average surface 744 

density of adsorbed NPs corresponds to a distance between NPs, which determines the area of 745 

the layer per NP. The same number of NPs grouped in a cluster of 9 NPs for the same surface 746 

density of NPs, σ. NPs may group in clusters to reduce tension. B) Membrane stretching as a 747 

function of NPs diameters for a fixed surface density of NPs at the membrane, 𝑑𝑑 = 10−4 nm-2 748 

(i.e. the distance between centers that corresponds to full packing for 100 nm NPs) for 749 

tensionless membrane and for a membrane under tension. C) Membrane stretching as a 750 

function of cluster diameter for fixed surface density of NPs. D) Cumulative membrane 751 
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stretching αB as a function of the cluster diameter and surface density of clusters ϕ. E) 752 

Cumulative membrane stretching as a function of the cluster diameter and surface density of 753 

NPs.  754 

 755 

Figure 3. Characterisation of AuNSTs and AuNSPs. (A) Schematic depiction of gold surfaces 756 

coated with zwitterionic ligands MHA and ZwBuEt. (B) DLS measurements of the different 757 

AuNPs in water (pH 7).  (C) TEM micrographs of AuNSPs and AuNSTs.  AuNSTs show stars 758 

of uniform conformation with average diameter of 103.9 ± 11.9 nm, an average of 12 ± 2 nm 759 

spikes and spike length of 18.2 ± 3.7 nm. AuNSPs are uniformly 100 ± 20 nm.  760 

 761 
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 762 

Figure 4. Optical microscopy visualization of the forces placed on the phospholipid membrane. 763 

(A) Time series of the bilayer contraction due to the presence of 100 µg Au mL-1 of 100 nm 764 

AuNSP-MHA in contact with the bilayer (bilayer diameter is ~1 mm). An AuNSP agglomerate 765 

is visible in the last image (t = 183 s), indicated by the black arrow.  The scale bar is 500 µm 766 

and the magnification is ×5. At this magnification single NPs are not visible under dark field 767 

microscopy. (B)Time-lapse series of micrographs of the lipid bilayer interacting with the 768 

AuNSPs over 6 min observed from top view with dark field microscopy, magnification ×50 in 769 
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the presence of 100 µg Au mL-1 of AuNSP-MHA. At this high concentration, the bilayer bursts 770 

due to interaction with the AuNPs when the radius of the bilayer has been reduced to 771 

approximately 75 μm (sharp drop of bilayer radii to 0 correlated to bursting, indicated by cyan 772 

arrow). (C) The measured radius as function of time for a lipid bilayer in contact with 100 µg 773 

Au mL-1 AuNSP-MHA and (D) the measured radius as function of time for a lipid bilayer in 774 

contact with 100 µg Au mL-1 AuNSP-ZwBuEt. The results of five independent technical 775 

replicates are shown by different colored symbols. The bursting effect of the phospholipid 776 

membrane is consistently observed between 100 and 200 seconds as confirmed using the two 777 

different types of the NPs. The movie showing the squeezing and bursting of the lipid bilayer 778 

can be found at Supplementary Movie File 3. 779 

 780 

 781 

 782 

Figure 5. (A) The lipid membrane in a microfluidic device observed by optical microscopy, 783 

indicated by the black arrow and the lipid bilayer in contact with AuNSP-ZwBuEt and AuNSP-784 

MHA. A distinct difference in the contact angle is visible in the presence of the two AuNP. (B) 785 

Membrane tension as function of the two types of quasi-spherical AuNSP adsorption on the 786 

lipid membrane. (C) The measured specific capacitance of the bilayer in contact with AuNSP-787 

MHA and AuNSP-ZwBuEt. Capacitance measurements, Cs = C/A. A concentration of 100 µg 788 

Au mL-1 of AuNSP-MHA and ZwBuEt was used to measure the changes in membrane tension 789 

of the model membrane. From the electrostatic point of view, this is equivalent to a plane 790 
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dielectric (i.e., the bilayer) in series with a spherical dielectric (AuNP), which is leading to a 791 

decrease in the overall capacitance. 792 

 793 

 794 

 795 

Figure 6. Concentration-dependent antibacterial activity of AuNSP towards (A) P. aeruginosa 796 

and (B) S. aureus expressed as the number of colony-forming units per mL (CFU mL-1). NPs 797 

were incubated with bacteria at concentrations of 25, 50, 100 and 200 µg Au mL-1 for 2 h. 798 
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AuNSP showed strong concentration-dependent antimicrobial activity against both bacterial 799 

strains[76]. (C-D) The kinetics of bactericidal efficiency of the AuNPs over time investigated at 800 

specific time points of 0.5, 1, 1.5 and 2 h. AuNSPs showed a steady increase in their 801 

antibacterial efficiency over the course of 2 h. AuNSP at concentrations of 50, 100 and 200 µg 802 

Au mL-1 achieved complete inactivation of S. aureus at the maximum incubation time. AuNSP-803 

MHA achieved 100 % inactivation of P. aeruginosa cells at concentrations ≥50 µg Au mL-1. 804 

Data are displayed as a % reduction as calculated from the log10CFU. (E) Representative 805 

confocal laser scanning micrographs (CLSM) of P. aeruginosa and S. aureus incubated with 806 

AuNSP-MHA and AuNSP-ZwBuEt. CLSM scale bar is 5 µm. Bacterial suspensions were 807 

incubated for 2 h with 100 µg Au mL-1 AuNPs and subsequently stained with propidium iodide 808 

(PI) and Syto 9®. PI (red) indicates non-viable bacterial cells caused by membrane disruption 809 

and Syto 9® (green) indicates viable bacteria.  810 
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 812 

 813 

Figure 7. Morphology of bacterial cells post-incubation with AuNPs. (A-F) SEM and TEM 814 

micrographs of the changes in cell morphology of P. aeruginosa and S. aureus bacteria 815 

incubated with 200 µg/mL AuNSPs for a period of 2 h in comparison to healthy cell 816 

morphology.  The white arrows (SEM images) and blue arrows (TEM images) indicate areas 817 

of membrane deformation due to AuNP adsorption. Interaction between P. aeruginosa and 818 

AuNSPs lead to the formation of membrane blebbing (indicated by blue arrow, A’) and the 819 

complete rupture of the bacterial cell (C’). AuNSPs were observed to adsorb onto the S. aureus 820 

cell membrane (D, D’) and cause membrane deformation (B) and eventual loss of cellular 821 

integrity (B, inset). (E) Cryo-TEM analysis of the AuNP affinity for and attachment to bacterial 822 

membranes. P. aeruginosa was incubated with each NP AuNSP-ZwBuEt and AuNSP-MHA 823 
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in PBS buffer for a brief period (15 min) and then 10 µL aliquots were vitrified and visualised 824 

using Cryo-TEM at an accelerating voltage of 200 kV. Red arrows indicate bacterial cells and 825 

blue arrows point out single or clustered NPs. The bacteria/NP suspensions are vitrified on a 826 

lacy carbon grid, which provides the lattice structure in the background. SEM Scale bars are 1 827 

µm. 828 
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