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Abstract 15 

Silver nanoparticles (AgNPs) and ions (Ag+) have recently gained broad attention due to their antimicrobial 16 
effects against bacteria and other microbes. In this work, we demonstrate the use of super-resolution 17 
fluorescence microscopy for investigating and quantifying the antimicrobial effect of AgNPs at the 18 
molecular level. We found that subjecting Escherichia coli (E. coli) bacteria to AgNPs led to nanoscale 19 
reorganization of histone-like nucleoid structuring (H-NS) proteins, an essential nucleoid associated protein 20 
in bacteria. We observed that H-NS proteins formed denser and larger clusters at the center of the bacteria 21 
after exposure to AgNPs. We quantified the spatial reorganizations of H-NS proteins by examining the 22 
changes of various spatial parameters, including the inter-molecular distances and molecular densities. 23 
Clustering analysis based on Voronoi-tessellation were also performed to characterize the change of H-NS 24 
proteins’ clustering behavior. We found that AgNP-treatment led to an increase in the fraction of H-NS 25 
proteins forming clusters. Similar effects were observed for bacteria exposed to Ag+ ions, suggesting that 26 
the release of Ag+ ions plays an important role in the toxicity of AgNPs. On the other hand, we observed 27 
that AgNPs with two surface coatings showed difference in the nanoscale reorganization of H-NS proteins, 28 
indicating that particle-specific effects also contribute to the antimicrobial activities of AgNPs. Our results 29 
suggested that H-NS proteins were significantly affected by AgNPs and Ag+ ions, which has been 30 
overlooked previously. In addition, we examined the dynamic motion of AgNPs that were attached to the 31 
surface of bacteria. We expect that the current methodology can be readily applied to broadly and 32 
quantitatively study the spatial reorganization of biological macromolecules at the scale of nanometers 33 
caused by metal nanoparticles, which are expected to shed new light on the antimicrobial mechanism of 34 
metal nanoparticles. 35 
 36 
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Introduction 39 
As antibiotic resistance of bacteria has become one of the biggest threats to public health [1], alternatives 40 
to antibiotics based on noble metals, such as silver (Ag), have been attracting broad interests and attention 41 
[2,3]. Ag has long been known and used as antimicrobial agents, dating back as far as ancient Greece, the 42 
Roman Empire and Egypt [4]. In the past decades, the potent antimicrobial properties of Ag have been 43 
revisited in the form of nanoparticles (AgNPs), and it has been found that AgNPs are capable of effectively 44 
suppressing the growth of and killing bacteria [5–27]. Although advancement has been made in 45 
understanding the antimicrobial effects of AgNPs, the exact antimicrobial mechanism of AgNPs remains 46 
under debate. It is commonly accepted that antimicrobial activities of AgNPs are associated to the release 47 
of Ag+ ions [25,28–32]; however, the particle-specific effects of AgNPs are not fully understood. For 48 
example, Xiu et al. reported that the particle-specific effects are negligible [25], while Ivask et al. observed 49 
that the toxicity mechanism of AgNPs differs from that of Ag+ ions [30]. In addition, there have been 50 
proposed and reported several mechanisms of bacterial damage caused by AgNPs, including DNA 51 
condensation and subsequent malfunction, free radical generation, and loss of ATP production [28,31]. For 52 
example, DNA condensation caused by AgNPs and Ag+ ions was observed using transmission electron 53 
microscopy (TEM) [33] and bacterial mutant strains with deficient DNA repair systems were found to be 54 
less resistant to AgNPs compared to wild type strains [34]. Furthermore, numerous previous studies were 55 
based on the ensemble measurements of the antimicrobial effects of AgNPs and Ag+ ions, reporting the 56 
average behavior of many bacteria responding to Ag. Little progress has been made at the single-cell and 57 
single-molecule levels. 58 
 59 
Compared to the condensation of DNA, which has been observed for bacteria exposed to AgNPs and Ag+ 60 
ions using TEM [33], the changes in the spatial distribution and organization of proteins have not been 61 
reported due to the lack of the required specificity and spatial resolution. On the other hand, the organization 62 
of proteins at the molecular level, as well as cellular responses of molecular organization to environmental 63 
changes and stresses, are of great importance for many fundamental processes in cells. For example, the 64 
organization and reorganization of FtsZ proteins are tightly coupled to the cell-division in bacteria [35–37]. 65 
Spatial reorganizations of receptors have been reported to affect immune responses in a ligand-dependent 66 
manner [38]. The spatial organization of RNA polymerase in bacteria responded to growth conditions 67 
[39,40]. Therefore, it is important to investigate how AgNPs affect the spatial organization of proteins in 68 
bacteria to understand the antimicrobial activity and mechanism of AgNPs. 69 
  70 
Here, we report our study of applying super-resolution fluorescence microscopy [41–43] to investigate and 71 
quantify the effects of AgNPs on the spatial organization of bacterial proteins. In this work, we chose an 72 
essential protein in bacteria – histone-like nucleoid structuring (H-NS) protein – as an example. The H-NS 73 
protein was chosen due to the multimodal effects of AgNPs and Ag+ ions and the multiple functions of H-74 
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NS proteins in bacteria. Although H-NS proteins serve primarily as DNA-binding proteins and universal 75 
negative regulators in bacteria [44,45], it has been reported that they modulate the synthesis and stability 76 
of RNA polymerase sigma factor (RpoS) – a central protein/regulator for general stress responses [46–48], 77 
compact DNA and cause DNA condensation [49,50], modulate the production of deoxyribonucleotides and 78 
synthesis of DNA [51], enhance the cellular defenses against reactive oxygen species (ROS) [48], act as a 79 
positive regulator of genes involved in the biogenesis of flagella [52], and regulate chemotaxis proteins and 80 
thus chemotaxis [53]. Therefore, we test the hypothesis that the spatial organization of H-NS proteins are 81 
affected by AgNPs and/or Ag+ ions in this work.   82 
 83 
Using super-resolution fluorescence microscopy on bacteria treated with AgNPs for various durations, we 84 
found that subjecting E. coli bacteria to AgNPs led to nanoscale reorganizations of H-NS proteins. For 85 
example, it was found that the inter-molecular distances between H-NS proteins, which are in the order of 86 
nanometers, decreased after treatment with AgNPs. In addition, quantitative analysis showed that H-NS 87 
proteins formed denser and larger clusters at the center of the bacteria. Similar effects were observed for 88 
bacteria exposed to Ag+ ions, suggesting that the release of Ag+ ions from AgNPs plays a major role in the 89 
reorganizations of H-NS proteins. On the other hand, we observed that AgNPs coated with two different 90 
polymers showed difference in the reorganization of H-NS proteins, indicating that particle-specific effects 91 
are involved in the antimicrobial activities of AgNPs. The particle-specific effects were also supported by 92 
the observation that expression level of H-NS proteins increased significantly in Ag+-treated bacteria but 93 
not in AgNP-treated ones. Furthermore, for the first time, we examined the dynamic motion of AgNPs 94 
attached to the surface of bacteria. We expect that the current work forms a new methodology readily 95 
applicable for studying the antimicrobial activity and molecular mechanism of metal nanoparticles. 96 

Materials and Methods 97 

Synthesis and characterization of AgNPs 98 
Synthesis of polyvinylpyrrolidone-capped AgNPs (PVP-AgNPs). PVP-AgNPs were synthesized via 99 
polyol reduction method [54]. Briefly, 50 mL of ethylene glycol (EG, J.T. Baker) was added to a 250-mL 100 
3-neck round bottom flask and heated to 150 °C in an oil bath, following by adding 0.6 mL of 3 mM NaHS 101 
(Alfa Aesar) in EG, 5 mL of 3 mM HCl (Alfa Aesar) in EG, 12 mL of 0.25 g polyvinylpyrrolidone (PVP, 102 
MW ~55,000, Sigma-Aldrich) in EG, and 4 mL of 282 mM CH3COOAg (Alfa Aesar). The reaction 103 
proceeded at 150 °C for ~1 h until the absorbance peak position of reaction mixture reached ~430 nm 104 
measured by UV-vis spectrometer. The reaction was then quenched by placing the flask in the ice bath. 105 
Acetone was added to the mixture at 5:1 volume ratio and the product was collected by centrifugation. The 106 
resultant PVP-AgNPs were purified using water, collected by centrifugation, and re-suspended in water for 107 
characterization and future use. 108 
 109 
Synthesis of polyethyleneimine-capped AgNPs (PEI-AgNPs). PEI-AgNPs were prepared using a ligand 110 
exchange process. Typically, 5 mL of 5 nM (3.0×1012 particles/mL) PVP-AgNPs were added to 10 mL of 111 
500 µM PEI (MW ~2,000, J.T. Baker) solution with 1:100,000 molar ratio of AgNP:PEI. The reaction 112 
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mixture was incubated for 1 h at room temperature under magnetic stirring. After incubation, the product 113 
was purified with water twice to remove excess ligands and collected by centrifugation at 14,000 rpm for 114 
30 min. The PEI-AgNPs were then dispersed in water for characterization and future use. 115 
 116 
Characterization of AgNPs. Transmission electron microscopy (TEM) images were captured using a TEM 117 
microscope (JEOL JEM-1011) with an accelerating voltage of 100 kV. Particle size was measured on the 118 
TEM images using Image J. UV-vis spectra were obtained using an UV-vis spectrophotometer (Agilent 119 
Cary 50). Hydrodynamic diameter, polydispersity index (PDI), and zeta potential of the nanoparticles were 120 
measured using dynamic light scattering (DLS) (Brookhaven ZetaPALS). The concentration of Ag was 121 
determined by a flame atomic absorption spectrometer (GBC 932) or by inductively coupled plasma mass 122 
spectrometry (ICP-MS) (Thermo Scientific iCap Quadrupole mass spectrometer).  123 

Preparation of solutions of Ag+ ions 124 
Solutions of Ag+ ions used in this study were prepared from AgNO3 salt (Alfa Aesar), which was dissolved 125 
in ultrapure water (> 17.5 MΩ) to reach a stock concentration of 100 mM. The stock solution was sterilized 126 
by filtering through 0.22 µm cellulose filters. The concentration of Ag+ ions in the aqueous stock was 127 
measured and confirmed using atomic absorption spectroscopy (GBC 932). The stock solutions were 128 
shielded from light by aluminum foil and stored at 4 °C for use within one week. 129 

Bacterial strain, growth and fixation 130 
An E. coli strain expressing fluorescent H-NS protein was used in this study (a gift from Dr. Milstein and 131 
Dr. Navarre [55]). Briefly, the strain was obtained by transforming a K12-derived E. coli strain without the 132 
hns gene [56] with a plasmid encoding H-NS protein fused to mEos3.2 fluorescent protein with a FLAG 133 
tag [55]. In addition, a linker of GSAGSAAGSGEF between mEos3.2 and H-NS was inserted. This strain 134 
is referred to as K12∆hns/pHNS-mEos3.2C1 in this study. 135 
 136 
The E. coli bacteria (K12∆hns/pHNS-mEos3.2C1) were grown at 37 °C overnight in defined M9GTC 137 
medium (M9 minimal medium with 1% glucose, 0.01% thiamine, 0.1% casamino acids) [57,58], 138 
supplemented with 50 µg/mL kanamycin and 34 µg/mL chloramphenicol in a shaking incubator (250 rpm). 139 
On the second day, the overnight culture was diluted into fresh medium with a final concentration of OD600 140 
= 0.05. The fresh cultures were grown again at 37 °C in the shaking incubator (250 rpm). When the OD600 141 
reached ~0.3, the bacteria were either fixed directly (untreated, negative control), or treated with AgNPs or 142 
AgNO3 by adding the prepared AgNPs or AgNO3 stock solutions into the bacterial cultures directly. In this 143 
study, the final concentrations of AgNPs and Ag+ ions were 40 µg/mL and 1 µg/mL (10 µM), respectively. 144 
The treated bacteria were incubated at 37 °C in the shaking incubator (250 rpm) for up to 12 hours, followed 145 
by cell fixation. Fixation of bacteria was done by adding 37% formaldehyde directly to the bacterial cultures 146 
such that the final concentration reached 3.7%, followed by incubation for 30 minutes at room temperature 147 
with orbital shaking. The bacterial cells were harvested by centrifugation at 1000g for 15 minutes at room 148 
temperature, followed by removal of the supernatant. The collected samples were washed for three times 149 
by resuspension in phosphate-buffered saline (PBS), centrifugation, and removal of supernatant. The final 150 
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samples were resuspended in 1 mL PBS, wrapped with aluminum foil, stored on a nutator, and imaged by 151 
super-resolution fluorescence microscopy within 3 days. 152 

Super-resolution fluorescence microscopy 153 
The prepared bacteria (expressing H-NS fused to mEos3.2) were diluted by a factor of 2 – 5 in PBS to reach 154 
a reasonable density for imaging. Ten µL of the diluted samples were transferred to 5 × 5 mm2 agarose 155 
pads [59,60] (~1 mm thick, 3%, prepared with PBS) so that the solutions covered the flat surfaces of the 156 
agarose pads. The samples were incubated in dark at room temperature for 20-40 min, allowing evaporation 157 
of solution and absorption and mounting of bacteria to the agarose pads. Then the agarose pads were flipped 158 
and attached to cleaned coverslips, followed by constructing chambers by sandwiching rubber o-rings 159 
between the coverslips and microscope slides. The chamber was sealed using epoxy glue and incubated at 160 
room temperature for 30-60 min in dark before imaging. 161 
 162 
The super-resolution fluorescence microscope used in this study was home-built based on an Olympus IX-163 
73 inverted microscope equipped with an Olympus TIRF 100X N.A.=1.49 oil immersion objective, a multi-164 
color laser bank (iChrome MLE, Toptica Photonics AG) and an EMCCD camera (Andor, MA). The 165 
microscope and data acquisition were controlled by Micro-Manager [61]. The 405 nm and 532 nm lasers 166 
from the laser bank were used to activate and excite H-NS-mEos3.2 fusion proteins in the bacteria [41,62]. 167 
Emissions from the fluorescent proteins were collected by the objective and imaged on the EMCCD camera. 168 
The effective pixel size of acquired images was 160 nm. The resulting movies (typically ~30 fps, 20,000 169 
frames) were analyzed with RapidStorm [63], generating localizations of H-NS proteins. The localizations 170 
that appeared in adjacent frames and within 10 nm to each other were regrouped as a single molecule [64]. 171 
The spots that were too dim, too wide, or too narrow, were rejected, while the spots that survived the criteria 172 
were further corrected for drift using a mean cross-correlation algorithm [65], and then used for generating 173 
reconstructed super-resolved images [58] and for quantitative analysis as described below. 174 

Molecular quantification and clustering analysis of H-NS localizations 175 
The localizations of H-NS molecules on each super-resolved image were first segmented manually into 176 
individual bacteria. The following analysis and quantification on the spatial organization of H-NS 177 
localizations were performed on the cellular basis. For each sample, 100 to 300 cells were used. 178 
 179 
Voronoi-based quantification and clustering analysis were performed using custom-written MATLAB 180 
programs following Levet et al. [66] Briefly, the localizations of H-NS proteins in each bacterium were 181 
segmented using Voronoi tessellation [66]. The resultant Voronoi diagrams contain the information of 182 
polygons of each molecule as well as their neighboring polygons/molecules. Once the Voronoi diagrams 183 
were constructed, we calculated various parameters [66], such as the number of neighbors 𝑁$% of H-NS 184 

protein 𝑝' , the density at protein 𝑝' , 𝜌(𝑝') =
,-./%

0/%-∑ 0/2/2
, and the distance between neighboring H-NS 185 

proteins 𝑑(𝑝', 𝑝5) = 67𝑥' − 𝑥5:
;
+ 7𝑦' − 𝑦5:

;
 where (𝑥', 𝑦') and (𝑥5, 𝑦5) are the coordinates of proteins 186 
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𝑝'  and 𝑝5 , 𝐴$%  is the area of the polygonal region occupied by protein 𝑝' . In addition, the mean inter-187 

neighbor distances, 𝛥@AB(𝑝') = ∑ 𝑑7𝑝', 𝑝5:$2 /𝑁$%, were estimated. All the H-NS molecules with a local 188 

density 𝜌(𝑝') above a threshold 𝜌DE  were selected as candidate molecules of clusters, and neighboring 189 
candidates were merged to form clusters [66], followed by quantifying the size of the identified clusters 190 
and estimating the fraction of H-NS proteins forming clusters in each cell. 191 

Single-particle tracking of AgNPs on bacterial surface 192 
The bacterial samples were prepared the same as in the experiments for super-resolution fluorescence 193 
microscopy. However, a sub-movie containing a single bacterium with most of mEos3.2 fluorescent 194 
proteins photobleached was cropped out (Movie S1) for single-particle tracking (SPT) analysis using 195 
trackpy, a python-based particle-tracking toolkit [67]. The identified particles were linked into trajectory 196 
using provided functions in trackpy, with a search range of 5 pixels and a memory of 1. The individual 197 
mean-square-displacements (MSDs) were calculated using trackpy [67]. 198 

Results and Discussions 199 

Synthesis and characterization of AgNPs 200 
The PVP-AgNPs were synthesized through the established polyol method [54] as described above, while 201 
the PEI-AgNPs were prepared by a ligand exchange process as illustrated in Fig. 1A. The UV-vis spectra 202 
recorded before and after the ligand exchange process shows a 20 nm blue shift in the localized surface 203 
plasmon resonance (LSPR) peak of AgNPs from 425 nm for the PVP-AgNPs to 405 nm for the PEI-AgNPs 204 
(Fig. 1B). In addition to the peak shift, a weak, but broad band centered at ~495 nm arises in the spectrum 205 
of the PEI-AgNPs, possibly due to a small amount of particle aggregation. The size of the PVP-AgNPs was 206 
measured based on the TEM image (Fig. 1C), having an average edge length of 37.6 ± 4.0 nm. After the 207 
ligand-exchange process, the resultant PEI-AgNPs were found to slightly decrease in size (35.2 ± 3.1 nm) 208 
and change in shape (truncated cubes or cubes with round corners) as indicated in the TEM image in Fig. 209 
1D. The morphological change agrees with the observed LSPR blue shift of the PEI-AgNPs compared to 210 
PVP-AgNPs because truncated particles could shift the LSPR to shorter wavelength compared to their 211 
counterparts with sharp corners [68]. The hydrodynamic diameter of the PVP-AgNPs was measured to be 212 
112.2 nm on average with PDI of 0.21. The PVP-AgNPs were negatively charged with zeta potential of 213 
−39.4 ± 1.37 mV. The hydrodynamic diameter of the PEI-AgNPs slightly increased to 126.2 nm with a 214 
higher PDI of 0.23, perhaps due to the presence of particle aggregation. The zeta potential of PEI-AgNPs 215 
was measured to be +15.68 ± 1.80 mV at pH = 7, indicative of a positively charged surface, and thus 216 
confirming a successful surface ligand exchange from PVP to PEI. 217 

Spatial reorganization of H-NS proteins caused by AgNPs 218 
The distribution and organization of H-NS proteins inside E. coli bacteria were examined using 219 
photoactivated localization microscopy (PALM) [41], with a bacterial strain [55] expressing H-NS proteins 220 
fused to mEos3.2 fluorescent proteins [62]. The fusion proteins, H-NS-mEos3.2, are fluorescent and 221 
photoactivable, allowing us to perform super-resolution fluorescence imaging. We achieved a localization 222 
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precision of ~10 nm for localizing individual H-NS proteins (𝜎R = 9.9 ± 2.7 nm, 𝜎S = 9.3 ± 2.8 nm, Fig. 223 
S1), equivalent to a resolution of ~23 nm. In the absence of AgNPs, we observed that H-NS proteins were 224 
organized as small clusters inside the bacteria (Fig. 2A, 2G, 2M and 2S), consistent with previously reported 225 
observations without any treatments [55,69]. 226 
 227 
When subjecting the bacteria to PVP-AgNPs at a final concentration of 40 µg/mL, changes in the spatial 228 
organization of the H-NS proteins in bacteria were observed as the treatment time increased, as shown in 229 
Fig. 2B-2L. Three major changes were observed. First, the H-NS proteins appeared brighter in the super-230 
resolved images at longer treatment times. The enhancement in the brightness became obvious after four 231 
hours (Fig. 2E and 2F vs. Fig. 2A). Second, we observed that the clustering of H-NS proteins changed from 232 
small clusters (Fig. 2A and 2G) to large aggregates at the centers of the cells after four hours (Fig. 2E, 2F, 233 
and 2J-2L). Third, the H-NS occupied area became shorter at longer treatment times (Fig. 2J-2L vs. 2G). 234 
We also examined the bacteria treated with PEI-AgNPs at the same final concentration (40 µg/mL), and 235 
observed qualitatively similar results (Fig. 2N-2X). 236 
 237 
To quantify the observed spatial reorganization of H-NS proteins in the super-resolved images (Fig. 2), we 238 
performed analysis based on Voronoi diagrams [66]. Briefly, we used Voronoi segmentation to divide the 239 
space into a number of polygonal regions, where each H-NS protein, 𝑝', occupies a polygon (with an area 240 
of 𝐴$%), as shown in Fig. S2A and S2B. The Voronoi segmentation also identified neighboring proteins, 241 
which share polygonal edges (Fig. S2A and S2B). We then computed the inter-molecular distances between 242 

neighbors [66], 𝑑(𝑝', 𝑝5) = 67𝑥' − 𝑥5:
;
+ 7𝑦' − 𝑦5:

;
 where (𝑥', 𝑦') and (𝑥5, 𝑦5) are the coordinates (i.e., 243 

localizations) of H-NS proteins 𝑝' and 𝑝5, respectively. We examined the distributions of the occupied area 244 

of individual proteins (i.e., molecular area, 𝐴$ ) and the mean inter-neighbor distances, 𝛥@AB(𝑝') =245 

∑ 𝑑7𝑝', 𝑝5:$2 /𝑁$%, where 𝑝5 is a neighbor of 𝑝', and 𝑁$% is the number of neighbors of 𝑝'. As shown in Fig. 246 

3A and 3B, we observed that both Δ@AB and 𝐴$ showed log-normal distributions and that the peaks of the 247 
distributions shifted to the left (i.e., smaller values) as the treatment time with PVP-AgNPs increased. For 248 
the bacteria treated with PEI-AgNPs, similar changes in the distributions of Δ@AB and 𝐴U were observed 249 
(Fig. 3D and 3E). The decreases in both Δ@AB  and 𝐴U  caused by AgNPs suggested an increase in the 250 

molecular density – the local densities at the H-NS molecules, which was defined as 𝜌(𝑝') =
,-./%

0/%-∑ 0/2/2
	 251 

[66]. As shown in Fig. 3C (PVP-AgNPs) and 3F (PEI-AgNPs), the distributions of the molecular density, 252 
which again showed log-normal distributions, indeed shifted to larger values after the bacteria were 253 
subjected to AgNPs for longer period of time. 254 
 255 
We examined the horizontal translations of the distributions of the three molecular parameters (Δ@AB, 𝐴$ 256 
and 𝜌). Note that, as the distributions of the three molecular parameters were log-normal, we first converted 257 
them to their log-values (i.e., log,U Δ@AB, log,U 𝐴$, and log,U 𝜌), from the averages of which the centers of 258 
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the distributions (Fig. 3A-3F) were estimated (log,U Δ@ABZZZZZZZZZZZZZ, log,U 𝐴$ZZZZZZZZZZZ, and  log,U 𝜌ZZZZZZZZZ). Then these average 259 

values were used to estimate the “averages” of the three molecular parameters (Δ@ABZZZZZZ = 10[\]^_ `abcZZZZZZZZZZZZZZZ,  𝐴$ZZZZ =260 

10[\]^_ 0/ZZZZZZZZZZZZ, and  𝜌̅ = 10[\]^_ eZZZZZZZZZZ). To assess the errors, we first evaluated the standard errors of the means 261 
(SEM) of the log-values (i.e., 𝜎[\]^_ `abc , 𝜎[\]^_ 0/ , 𝜎[\]^_ `abc ), and then estimated the errors of the 262 

“averages” using the error propagation formula (e.g.., 𝜎`abc = Δ@AB ⋅ ln 10 ⋅ 𝜎[\]^_ `abc). We observed clear 263 

decreases for the inter-neighbor distances Δ@AB and the areas of single molecules 𝐴U, but an increase for the 264 
molecular density 𝜌. For direct comparisons, we normalized the “average” values to the untreated samples 265 

(e.g., 𝛾`abc =
`abcZZZZZZZ(DiB@DBj)
`abcZZZZZZZ(klDiB@DBj)

), which were shown in Fig. 3G-3I. For example, we found that, after treatment 266 

with PVP-AgNPs, the mean inter-neighbor distance Δ@AB decreased by 7% in 4 hours and 10% in 12 hours 267 
(Fig. 3G, blue circles), while the molecular area 𝐴$ decreased by 14% in 4 hours and 20% in 12 hours (Fig. 268 
3H, blue circles). For bacteria treated with PEI-AgNPs, we observed that the mean inter-neighbor distance 269 
Δ@AB decreased by 15% in 4 hours and 35% in 12 hours (Fig. 3G, red squares), while the molecular area 𝐴$ 270 

decreased by 29% in 4 hours and 59% in 12 hours (Fig. 3H, red squares). For the molecular density 𝜌, we 271 
observed increases of 26% and 167% in 12 hours for bacteria treated with PVP-AgNPs and PEI-AgNPs, 272 
respectively (Fig. 3I). We note that the changes in all the three molecular parameters were more significant 273 
for bacteria treated with PEI-AgNPs than those treated with PVP-AgNPs. 274 
 275 
To examine the changes in the clustering behavior of H-NS proteins after treatment with AgNPs, we 276 
identified the clusters of H-NS proteins from the Voronoi diagrams [66]. Briefly, H-NS molecules {𝑝'} with 277 
a local density 𝜌(𝑝') above a threshold 𝜌DE were selected as candidate clustering molecules, followed by 278 
merging neighboring candidates to form clusters. The threshold 𝜌DE was chosen such that 𝜌DE = 2 × 𝜌k  279 
where 𝜌k is the average density for a reference distribution that is spatially uniform, according to previous 280 
studies [66,70]. In this study, the number of detected H-NS proteins was roughly ~2000 per bacterial cell. 281 
Assuming the 2D projection of an E. coli is a rectangle of 2000 × 500 nm2, we estimated that the reference 282 

density was in the order of 𝜌k ∼
;UUU

;UUU×pUU
= 0.002	𝑛𝑚s;. Therefore we chose 𝜌DE = 0.004	𝑛𝑚s; for the 283 

clustering analysis [66]. An example of bacteria with identified clusters using this method is shown in Fig. 284 
S2C. To allow direct comparisons between untreated cells and treated ones, the same threshold was used 285 
for all the samples. After identifying clusters, we quantified the clustering behavior of H-NS proteins by 286 
three clustering parameters. The first parameter is the area of a cluster 𝐴tu, defined as the area of the convex 287 
envelope of all the molecules in the cluster [71]. The second parameter is the spread of a cluster, defined 288 
by the standard deviations of the coordinates of points in the cluster, 𝜎tu,R  and 𝜎tu,S. We expect that both 289 
the area 𝐴tu and the spread 𝜎tu report the size of clusters, and therefore their changes are expected to be 290 
consistent upon spatial reorganization of the molecules. The distributions of 𝐴tu  and 𝜎tu,R  for untreated 291 
bacteria and bacteria treated with AgNPs are shown in Fig. 4A and 4B (treated with PVP-AgNPs) and Fig. 292 
4D and 4E (treated with PEI-AgNPs). We found that the distributions were roughly log-normal, similar to 293 
the molecular parameters (Fig. 3). However, upon exposure to AgNPs for up to 12 hours, we did not observe 294 
any significant horizontal translations in the main peaks of the distributions (Fig. 4A, 4B, 4D and 4E). 295 
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Instead, we observed second peaks emerging at higher values for the bacteria treated with PEI-AgNPs after 296 
8 and 12 hours (Fig. 4D and 4E). The second peaks led to increases in the “average” size (Fig. 4G and 4H, 297 
red squares). For example, the area of H-NS clusters 𝐴tu increased by 49% in bacteria treated with PEI-298 

AgNPs after 12 hours (Fig. 4G), which corresponded to an increase in linear size of √1.49 − 1 ≈ 22%, 299 
which was consistent with the increase in the spread of the clusters 𝜎tu,R  (~19%). For the bacteria treated 300 
with PVP-AgNPs, the second peaks were absent, although a slightly larger population at higher values was 301 
observed (Fig. 4A and 4B). The center of the second peaks were ~100 times higher than that of the main 302 
peaks. For example, the second peaks of the area of clusters 𝐴tu were in the order of 105 nm2, while the 303 
main peaks were centered around 103 nm2 (Fig. 4D). The third clustering parameters that we examined was 304 

the fraction of H-NS proteins forming clusters in each bacterium, 𝜙tu =
.y/
./

,  where 𝑁$ is the number of 305 

detected H-NS proteins in a single cell, and 𝑁t$ is the number of H-NS proteins that are part of clusters in 306 

the same cell. We found that 𝜙tu did not follow the log-normal distribution. Instead, it showed peaks in 307 
linear scale (Fig. 4C and 4F). It was observed that the peaks of 𝜙tu shifted to the right as the treatment time 308 
increased, indicating that more proteins formed clusters after subjecting the bacteria to AgNPs. A simple 309 
estimation showed that the average clustering fraction was more than doubled (from 26% to 66%) when 310 
the bacteria were treated with PEI-AgNPs for 12 hours compared to the untreated samples (Fig. 4F and 4I). 311 

Spatial reorganization of H-NS proteins caused by Ag+ ions 312 
It is commonly accepted that the release of Ag+ ions plays an important role in the antimicrobial effects of 313 
AgNPs [25,28–32]. To justify the effectiveness of our methodology of investigating nanoscale 314 
reorganization of proteins caused by AgNPs using super-resolution fluorescence microscopy, we further 315 
examined the effects of Ag+ ions on the distribution and organization of H-NS proteins. We hypothesized 316 
that Ag+ ions would cause spatial reorganization of H-NS proteins similar to AgNPs. Experiments and 317 
analysis were performed on bacteria treated with Ag+ ions at a final concentration of 10 µM. We observed 318 
that exposing bacteria to Ag+ ions resulted in significant reorganization of H-NS proteins in E. coli (Fig. 319 
5A-5N). Similar to AgNP-treated bacteria, the H-NS proteins in Ag+-treated bacteria appeared brighter in 320 
the super-resolved images as the treatment time increased. In addition, larger clusters of H-NS proteins 321 
emerged at longer treatments at the center of the bacteria. Quantitative analysis based on Voronoi diagrams 322 
confirmed the decrease of the mean inter-neighbor distances Δ@AB (Fig. 5O) and the molecular area 𝐴$ (Fig. 323 

5P), and the increase of the molecular density 𝜌 (Fig. 5Q). Clustering analysis showed that both the size of 324 
clusters (𝐴tu and 𝜎tu,R, as shown in Fig. 5R and 5S, respectively) and the clustering fraction 𝜙tu (Fig. 5T) 325 
increased after subjecting bacteria to Ag+ ions. In addition, the second peaks of the distributions of 𝐴tu and 326 
𝜎tu,R  also emerged in Ag+-treated bacteria, similar to the PEI-AgNP-treated bacteria. Therefore, this result 327 
validated our hypothesis and confirmed that Ag+ ions caused nanoscale reorganization of H-NS proteins. 328 
In addition, the observed similarity in the effects of AgNPs and Ag+ ions supports that the release of Ag+ 329 
ions from AgNPs plays an important role in the antimicrobial activities of AgNPs. 330 
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Particle-specific effects of AgNPs on the reorganization of H-NS proteins 331 
It has been reported that the surface properties of AgNPs contribute to the antimicrobial effectiveness of 332 
AgNPs [30,72,73]. Particularly, Ivask et al. observed that PEI-AgNPs were more effective than PVP-333 
AgNPs, which was attributed to the difference in the surface charges of the nanoparticles [30]. This particle-334 
specific effect of AgNPs was also observed in our work using super-resolution fluorescence microscopy. 335 
As shown in Fig. 2-4, although the spatial reorganizations of H-NS proteins caused by PEI-AgNPs and 336 
PVP-AgNPs were qualitatively similar, they were different quantitatively. For example, the changes in all 337 
the three molecular parameters (Δ@AB, 𝐴$ and 𝜌) were more significant for bacteria treated with PEI-AgNPs 338 
than those treated with PVP-AgNPs (Fig. 3). In addition, the changes in the clustering parameters (𝐴tu, 339 
𝜎tu,R  and 𝜙tu) were more obvious for PEI-AgNP-treated bacteria than those treated with PVP-AgNPs (Fig. 340 
4). 341 
 342 
To further quantify the difference in the nanoscale reorganizations caused by PEI-AgNPs and PVP-AgNPs, 343 
we examined the changing rates of the dependence of reorganization (i.e., 𝛾’s) on the treatment time 𝑇Di  344 
(Fig. 3 and 4), which were obtained by fitting the data with a simple line, 𝛾 = 𝑘 ⋅ 𝑇Di + 1 and taking the 345 
absolute value of the slope |𝑘|. Note that an intercept of 1 was used as the untreated samples (i.e., 𝑇Di = 0) 346 
should give 𝛾 = 1 . As shown in Fig. 6, the changing rates |𝑘|  for PEI-AgNP-treated bacteria were 347 
consistently higher than those for PVP-AgNPs treated bacteria. As a result, our data is consistent with the 348 
previous reports [30], justifying the effectiveness of our methodology of using super-resolution 349 
fluorescence microscopy and confirming the particle-specific effects of the antimicrobial activities of 350 
AgNPs. 351 

Dynamic motion of AgNPs on bacterial surface 352 
The interactions between AgNPs and the bacterial surface are important for the cytotoxicity of AgNPs. For 353 
example, TEM images of S. aureus and E. coli showed evidence that AgNPs were present on the cell wall 354 
and membrane of the bacteria, in addition to the cytoplasm and nucleoid [74–76]. In addition, Ivask et al. 355 
observed that AgNPs adhered to the bacterial surface of E. coli using atomic force microscopy (AFM) and, 356 
more importantly, that PEI-AgNPs were more effective than PVP-AgNPs in the adherence to the bacterial 357 
surface [30]. Following these exciting progresses, an interesting question is how the adhered AgNPs move 358 
dynamically on the surface of the bacteria, which has not been investigated and remains unclear. To address 359 
this question, we applied fluorescence-based single-particle tracking (SPT) to examine the dynamic motion 360 
of AgNPs on the bacterial surface. We note that, although the fluorescence spectrum of AgNPs showed a 361 
broad peak around 400-500 nm when excited at 350 nm (Fig. S3A), it was possible to image the AgNPs 362 
using our fluorescence microscope with an excitation at 532 nm and an emission window around 585 nm. 363 
Figure S3B shows a fluorescence image of AgNPs in water immobilized on a coverslip; while no 364 
fluorescent spots were observed for water without AgNPs (Fig. S3C). On the other hand, we observed the 365 
fluorescence of AgNPs was much lower than the mEos3.2 fluorescent proteins (Fig. S3D-S3F). Therefore, 366 
it was required to photobleach the fluorescent proteins before tracking the motion of the AgNP (Fig. S3D-367 
S3F). 368 
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 369 
Movie S1 shows the dynamic motion of a single AgNP on the surface of a bacterium. The corresponding 370 
bright-field image of this bacterium (Fig. 7A) showed that the length of the cell was ~1.4 µm, shorter than 371 
normal E. coli bacteria [77,78]. This observation was consistent with previous studies [79]. After 372 
photobleaching the mEos3.2 proteins inside the bacterium, the fluorescent spot of the AgNP was clearly 373 
observed (Fig. 7B). By performing single-molecule localization as in super-resolution fluorescence 374 
microscopy [41–43,80–82], we reconstructed the super-resolved image for the AgNP (Fig. 7C) from 4500 375 
frames of the movie (Movie S1). The super-resolved image showed that the trail of an AgNP appeared in a 376 
short rod shape that appeared at the periphery of the bacterium, confirming the attachment of this AgNP on 377 
the bacterial surface. In addition, from the localizations of this AgNP, we obtained its moving/diffusing 378 
trajectories using standard automated algorithms and tools [40,83–85] such as trackpy [67]. Plotting the 379 
trajectories of the AgNP on top of the brightfield image of the bacterium confirmed again that the AgNP 380 
moved at the surface of the bacterium (Fig. 7D). It is noted that both the super-resolved image and the 381 
trajectories (Fig. 7C and 7D) showed a band, instead of a narrow line, around the periphery of the bacterium 382 
for the AgNP, presumably due to the diffusion of the AgNP in z-direction. In addition, three trajectories 383 
were automatedly identified by trackpy for this AgNP, instead of a single trajectory, presumably due to 384 
again the AgNP moving out of focus or blinking temporarily. On the other hand, if the AgNP moved out of 385 
focus too far, its intensity would fell below the set thresholds during trackpy or super-resolution analysis, 386 
resulting in a “hollow” area inside the bacterium, similar to the super-resolved results of high-copy-number 387 
plasmids in bacteria [58]. Examining the trajectories in more details showed that the AgNP moved 388 
diffusively first and then got immobilized at the end of the movie (Fig. 7D), which can be seen clearly in 389 
the plots of position of the AgNP vs. frame number (Fig. 7E). From the trajectories, the mean-square-390 
displacements (MSD) were calculated, showing slopes of 1 in the log-log scale at short time scales (<0.4 s, 391 
Fig. 7F) and indicating a Brownian diffusion. At longer time scales (0.5-5 s, Fig. 7F), the MSD curves 392 
deviates from the Brownian diffusion, bending down and suggesting a sub-diffusion [40,85–88]. We note 393 
that the deviation is unlikely due to poor statistics as the length of each trajectory is >1000 frames (i.e., >45 394 
s, Fig. 7E). To our knowledge, this result presents the first study on the dynamic motion of AgNPs attached 395 
to the bacterial surface. The observed sub-diffusion of the attached AgNP is qualitatively consistent with 396 
the sub-diffusion of membrane proteins of bacteria reported previously [17], providing evidence to support 397 
the previous suggestion that AgNPs attach to membrane proteins, which contain cysteines and thus thiol 398 
groups that interact with Ag [30,72,73]. 399 

Conclusions 400 
To summarize, we used quantitative super-resolution fluorescence microscopy to study the response of 401 
bacteria to treatment with AgNPs or Ag+ ions at the molecular level by examining the nanoscale 402 
reorganization of H-NS proteins in E. coli. We found that subjecting E. coli bacteria to both PVP-AgNPs 403 
and PEI-AgNPs caused denser and larger clusters of H-NS proteins. The degree of the nanoscale 404 
reorganizations was dependent on the treatment time. We quantified the nanoscale reorganizations of H-405 
NS proteins using three molecular parameters (the mean inter-neighbor distance Δ@AB, the molecular area 406 
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𝐴$, and the molecular density 𝜌) and three clustering parameters (the area of clusters 𝐴tu, the spread of 407 
clusters 𝜎tu,R , and the fraction of H-NS proteins forming clusters 𝜙tu), which were based on Voronoi-408 
tessellation [66]. We also characterized the changing rates of these parameters from their dependence on 409 
the treatment time. Similar effects were observed for bacteria exposed to Ag+ ions, suggesting that the 410 
release of Ag+ ions plays an important role in the toxicity of AgNPs. On the other hand, we observed that 411 
PEI-AgNPs showed larger reorganizations of H-NS proteins and higher changing rates of those molecular 412 
and clustering parameters compared to PVP-AgNPs at the same concentration, indicating that particle-413 
specific effects also contribute to the antimicrobial activities of AgNPs. Lastly, we examined the dynamic 414 
motion of AgNPs attached to the surface of bacteria, for the first time, and quantified the diffusive behavior 415 
of the AgNP using mean-square displacement (MSD). 416 
 417 
Six parameters based on Voronoi tessellation were chosen in this work for quantifying the nanoscale 418 
reorganization of H-NS proteins caused by AgNPs. It is worthwhile to point out that, due to the advantage 419 
of super-resolution fluorescence microscopy that the positions (coordinates) of the proteins of interest are 420 
acquired, many other quantitative parameters or functions could be exploited, including the current 421 
parameters at higher orders [66]. In addition, other quantitative analysis of the spatial organization of 422 
molecules, such as Ripley’s K function [89,90] and nearest-neighbor functions [91–94] can be used. 423 
 424 
Our results suggested that H-NS proteins were significantly affected by both AgNPs and Ag+ ions, which 425 
has been overlooked previously. Considering the central and regulatory functions of H-NS proteins in 426 
bacteria [44–53], it is not surprising that AgNPs and Ag+ ions would affect various cellular processes that 427 
are regulated, directly or indirectly, by H-NS proteins. On the other hand, our work brings up new questions. 428 
For example, it is unclear whether the previously observed DNA condensation [33] caused by Ag+ ions and 429 
AgNPs is a result of, or a reason for, the spatial reorganization of H-NS proteins. Our work opens a new 430 
avenue and introduces new angles for understanding the antimicrobial activity and mechanism of AgNPs. 431 
 432 
Although it has been known that AgNPs attach to and interact with the cell wall and membrane of bacteria 433 
for their antimicrobial activities [30,74–76], our study provided the first dynamic study on the motion and 434 
diffusion of AgNPs on the bacterial surface. While this result advanced our understanding on the AgNP-435 
membrane interactions, more importantly, new questions were raised. For example, it is not clear why the 436 
AgNP got immobilized on the bacterial surface at the end. Possible reasons include membrane damage, 437 
changes of membrane components, and formation multiple attachment points. Future experiments 438 
involving multi-color imaging of both AgNPs and bacterial membrane would help to address the newly-439 
arising questions. 440 
 441 
The current work provides a methodological framework for quantitatively studying the antimicrobial 442 
activity and mechanism of metal nanoparticles at the molecular level in general. As H-NS is one major 443 
member of the >12 nucleoid-associated proteins (NAPs) in gram-negative bacteria [44,95], it would be 444 
interesting to examine how the other NAPs are affected by Ag+ ions and AgNPs. In addition, the response 445 



 13 

of 4159 E. coli single nonessential gene mutant strains were investigated in terms of toxicity of Ag+ ions 446 
and AgNPs, and groups of genes were identified to be sensitive to Ag+ ions and/or AgNPs with various 447 
coatings in a previous work by Ivask et al. [30] It would be interesting to apply the method from this work 448 
for quantitative, detailed, molecular studies of the individual sensitive genes identified from Ivask et al.’s 449 
work [30], and to compare the differences in the molecular responses to Ag+ ions vs. AgNPs. We expect 450 
that the method in this work will provide quantitative, previously inaccessible information for 451 
understanding the antimicrobial activities and mechanism of Ag+ ions and AgNPs. 452 
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Figures and Figure Legends 694 
 695 

 696 
Figure 1. Synthesis and characterization of PVP-AgNPs and PEI-AgNPs. (A) Reaction scheme of PEI-697 
AgNPs from PVP-AgNPs using a ligand exchange process. (B) Absorbance spectra of PVP-AgNPs (black) 698 
and PEI-AgNPs (red). (C) TEM characterization of PVP-AgNPs. (D) TEM characterization of PEI-AgNPs. 699 
Scale bar = 100 nm for both panels C and D. 700 
 701 



 21 

 702 
Figure 2. Super-resolved images of H-NS proteins in E. coli bacteria before (first column) and after 703 
(columns 2-6) subjecting bacteria to treatments with PVP-AgNPs (top two rows) and PEI-AgNPs (bottom 704 
two rows) for 0-12 hours. Row 2 and 4 are zoom-in images of single bacteria. 705 
 706 
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 707 
Figure 3. Nanoscale reorganization of H-NS proteins caused by AgNPs quantified by three molecular 708 
parameters: the mean inter-neighbor distances Δ@AB, the molecular area 𝐴$, and the molecular density 𝜌. 709 
(A-C) show the distributions of the three molecular parameters for bacteria treated with PVP-AgNPs, while 710 
(D-F) show the distributions of the three molecular parameters for bacteria treated with PEI-AgNPs. The 711 
distributions in (A-F) were shifted vertically to reduce overlapping between the distributions and to 712 
facilitate the visualization of the horizontal translations of the distributions. (G-I) Dependence of the centers 713 
of the distributions of the three molecular parameters (normalized to the untreated bacteria) on treatment-714 
time. Dashed and dotted lines are fittings. 715 
 716 
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 717 
Figure 4. Nanoscale reorganization of H-NS proteins caused by AgNPs quantified by three clustering 718 
parameters: the area of clusters of H-NS proteins 𝐴tu, the spread of clusters in x-direction 𝜎tu,R , and the 719 
fraction of proteins forming clusters in each bacterium 𝜙tu . (A-C) show the distributions of the three 720 
clustering parameters for bacteria treated with PVP-AgNPs, while (D-F) show the distributions of the three 721 
clustering parameters for bacteria treated with PEI-AgNPs. The distributions in (A-F) were shifted 722 
vertically to reduce overlapping between the distributions and to facilitate the visualization of the horizontal 723 
translations of the distributions. (G-I) Dependence of the centers of the distributions of the three clustering 724 
parameters (normalized to the untreated bacteria) on treatment-time. Dashed and dotted lines are fittings. 725 
 726 
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 727 
Figure 5. Nanoscale reorganization of H-NS proteins caused by Ag+ ions. (A-N) Super-resolved images of 728 
H-NS proteins in E. coli bacteria before (first column) and after (columns 2-8) subjecting bacteria to 729 
treatments with Ag+ ions for 1-8 hours. Panels H-N show zoom-in images of single bacteria. (O-T) 730 
Distributions of (O) the mean inter-neighbor distances Δ@AB, (P) the molecular area 𝐴$, (Q) the molecular 731 

density 𝜌, (R) the area of clusters 𝐴tu, (S) the spread of clusters 𝜎tu,R , and (T) the clustering fraction 𝜙tu. 732 
Insets in (O-T) show the dependence of the centers of the distributions (normalized to the untreated bacteria) 733 
on treatment-time. Dashed lines are linear fittings. 734 
 735 
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 736 
Figure 6. Comparison between PVP-AgNPs and PEI-AgNPs for the changing rates of the dependence of 737 
reorganization (i.e., 𝛾’s in Fig. 3 and 4) on the treatment time 𝑇Di . 738 
 739 

 740 
Figure 7. Attachment and dynamic motion of AgNPs on bacterial membrane. (A) A bright-field image of 741 
a single bacterium. (B) A conventional fluorescence image of an AgNP attached to the bacterium in panel 742 
A. (C) Super-resolved image of the AgNP attached to the bacterium in panel A. (D) Trajectory of the AgNP 743 
in the 2D plane, superimposed on the bright-field image. (E) Position of the AgNP as a function of frame 744 
number. (F) Mean-square-displacement (MSD) of the three segments of the trajectory of the AgNP in panel 745 
E. The dashed line indicates a slope of one. 746 
 747 
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Supplemental Information 1 
 2 

 3 
Figure S1. Histograms of the localization precisions, (A) 𝜎R  and (B) 𝜎S , for our super-resolution 4 
fluorescence microscopic data. 5 
 6 
 7 

 8 
Figure S2. (A) Voronoi diagrams of H-NS proteins in a single bacterium. Red dots represent the H-NS 9 
proteins, and blue lines represent edges of Voronoi diagrams. (B) Zoom-in of the green rectangular area in 10 
panel A. (C) Identified clusters (colored dots) based on Voronoi diagrams. Gray dots represent non-11 
clustering H-NS proteins. 12 
 13 
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 14 
Figure S3. Fluorescence of AgNPs. (A) Fluorescence spectrum of AgNPs excited at 350 nm. (B) 15 
Fluorescence image of AgNPs at 40 µg/mL in water immobilized on a coverslip. (C) Fluorescence image 16 
of negative control (water without AgNPs). Scale bars in panels B and C are 10 µm. (D, E) Representative 17 
frames from a movie of a single bacterium, on which a single AgNP was observed after photobleaching the 18 
fluorescent proteins in the bacterium. Panel E is the same data as panel D, except for different color scales. 19 
Scale bars in panels D and E are 1 µm. (F) Decrease of the average intensity of the frames due to 20 
photobleaching of the fluorescent proteins in the bacterium. 21 
 22 

 23 
Movie S1. Dynamic motion of an AgNP on the bacterial surface. 24 
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