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Abstract 15 
 16 
Silver (Ag) has been gaining broad attention due to their antimicrobial activities and the 17 
increasing resistance of bacteria to commonly prescribed antibiotics. However, various aspects 18 
of the antimicrobial mechanism of Ag have not been understood, including how silver affects the 19 
motility of bacteria, a factor that is intimately related to bacterial virulence. Here we report our 20 
study on the antibiotic effects of Ag+ ions on the motility of E. coli bacteria using swimming and 21 
tethering assays. We observed that the bacteria slowed down dramatically when subjected to 22 
Ag+ ions, providing direct evidence showing that Ag inhibits the motility of bacteria. In addition, 23 
through tethering assays, we monitored the rotation of flagellar motors and observed that the 24 
tumbling frequency of bacteria increased significantly in the presence of Ag+ ions. Furthermore, 25 
the rotation of bacteria in the tethering assays were analyzed using hidden Markov model 26 
(HMM); and we found that Ag+-treatment led to a significant decrease in the tumbling-to-running 27 
transition rate of the bacteria, suggesting that the rotation of bacterial flagellar motors was 28 
stalled by Ag+ ions. This work provided a new quantitative understanding on the mechanism of 29 
Ag-based antimicrobial agents in bacterial motility. 30 
 31 
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Introduction 35 
 36 
The rising prevalence of antibiotic-resistance in harmful microbes due to overuse of conventional 37 
antibiotics has become a serious global concern for public health[1, 2, 3], posing the need for 38 
different approaches for fighting against drug-resistant microbes[4, 5]. Recent research in the 39 
past two decades revisited the antimicrobial activities of noble metals, such as silver (Ag), in 40 
different forms – including ions and nanoparticles – and has uncovered their strong capacity for 41 
suppressing bacterial growth and killing bacteria[6, 7, 8]. Exciting progress has been made 42 
towards understanding the antimicrobial mechanism of Ag, suggesting that Ag caused 43 
multidirectional damages to bacteria, including DNA damage, membrane disruption, free radical 44 
generation (ROS), and loss of ATP production[7, 9, 10, 11, 12, 13]. However, various aspects of 45 
the antimicrobial mechanism of Ag remain elusive, especially that the temporal resolution for 46 
understanding the Ag-caused damages in bacteria Ag is still limited[7, 14, 15]. This includes how 47 
silver affects the motility of bacteria, which is tightly coupled to bacterial virulence[16]. 48 
 49 
Motility is essential to many bacteria for detecting and pursuing nutrients, as well as avoiding 50 
and fleeing from toxicants. Certain bacteria, such as Escherichia coli (E. coli), use flagella to move 51 
in aqueous environments[17]. E. coli flagella are filaments extending outward from the 52 
bacteria[18]. The flagella are connected to and driven by motors embedded in the bacterial 53 
membrane through hooks[19]. For E. coli – peritrichous bacteria with flagella covering their entire 54 
surfaces, their movement depends on the rotation direction of their flagella[17, 19]. When 55 
flagella rotate counterclockwise (CCW), they are bundled and propel the bacteria to move 56 
directionally (i.e., running) for purposeful movement toward chemical attractants or away from 57 
repellents[17, 20]; when flagella rotate clockwise (CW), they are splayed out, resulting in 58 
reorientation (i.e., tumbling) of the bacteria[17, 20]. The E. coli flagella contains mainly three 59 
parts: the filament, the hook, and the basal body[17, 20]. The basal body consists of several rings, 60 
some of which (e.g., MS ring and C ring) are essential components of the flagellar motor for 61 
driving the rotation of the flagella[17]. Structurally, the flagellar motor involves both the stator 62 
proteins (e.g., MotA and MotB) and the rotor proteins (e.g., FliG, FliM, and FliN), which also play 63 
critical roles in the torque generation of the motor[17]. Functionally, the CW/CCW direction of 64 
the flagellar motor’s rotations relies on another set of chemotaxis proteins (e.g., CheY, CheZ, 65 
CheA, CheW, CheR, and CheB). For example, the flagellar motor switches from CCW rotation to 66 
CW rotation when the phosphorylated response regulator CheY binds to the flagellar motor[21]. 67 
  68 
As Ag in various forms (e.g., ions, nanoparticles) suppresses and kills bacteria, we hypothesized 69 
that the motility of bacteria is significantly affected by Ag. This hypothesis is indirectly supported 70 
by evidence from previous studies. For example, Ivask et al. performed liquid-culture-based high-71 
throughput growth assays for a library of single-gene-deletion strains of E. coli, and found that a 72 
series of flagella-related mutants (e.g., fliG, fliM, flgF, flgG, etc., which are involved in the 73 
assembly and function of flagella) were sensitive to Ag+ ions and Ag nanoparticles[13]. Also, plate-74 
based chemical genetic screening assays on a similar library identified and confirmed some 75 
flagella-related genes (e.g., flgA, flgD, flgJ, flgK, fliC, fliE, fliL, fliP, fliR, and motB)[22]. In addition, 76 
recent work by us and others showed that Ag affects the organization and function of certain 77 
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universal regulatory proteins in bacteria, such as histone-like nucleoid structuring (H-NS) 78 
proteins, which regulate bacterial chemotaxis and motility[14, 22, 23, 24, 25]. Furthermore, 79 
although mixed results were present, plate-based swimming and swarming motility assays 80 
suggested that Ag could change the motility of bacteria under certain conditions[26]. On the 81 
other hand, Ag+ ions have been used for staining bacterial flagella for decades[27], implying that 82 
Ag+ ions interact with flagella. 83 
 84 
However, few studies on real-time observation and quantification of Ag’s effects on bacterial 85 
movement are presented in the literature[7, 28]. In this work, we investigated the antibiotic 86 
effects of Ag+ ions on the swimming behavior of E. coli bacteria based on microscopic imaging, 87 
with a temporal resolution of 15–50 ms. Ag+ ions were chosen for two reasons. First, Ag+ ions are 88 
effective at suppressing and killing bacteria[6, 10, 29]. Second, the release of Ag+ ions from AgNPs 89 
is one major contribution to the toxicity of AgNPs[7]. Through the swimming assays, we provided 90 
direct evidence showing that Ag inhibits the motility of bacteria. In addition, we monitored the 91 
rotation of flagellar motors of E. coli bacteria though tethering assays in the absence and 92 
presence of Ag+ ions, directly observing that Ag+ ions increased the frequency of bacterial 93 
tumbling. Furthermore, based on hidden Markov model (HMM) analysis, we found that Ag+-94 
treatment caused bacterial transition rate from the tumbling state to the running state to 95 
decrease significantly, suggesting that the rotation of bacterial flagellar motors was stalled by Ag+ 96 
ions. This real-time quantification analysis by high temporal resolution microscopic imaging 97 
provides direct evidences of Ag effects on bacterial mobility. 98 
 99 
Materials and Methods 100 
 101 
Bacterial strain and growth 102 
 103 
An E. coli K12-derived strain from Refs.[15, 23, 30, 31] was used in this study. The strain has been 104 
used in previous investigations of the antimicrobial activities of Ag+ ions and AgNPs[15, 23, 31]. 105 
This strain has the hns gene knocked out from the chromosomal DNA, but supplemented with a 106 
plasmid encoding for the H-NS protein fused to mEos3.2 fluorescent protein[32] and for 107 
resistance to kanamycin and chloramphenicol[15, 23, 30, 31]. 108 
 109 
Each experiment started with inoculating a single bacterial colony into 5 mL of Luria Broth (LB) 110 
medium supplemented with kanamycin and chloramphenicol (50 µg/mL and 34 µg/mL, 111 
respectively)[23]. The liquid culture was grown at 37°C in a shaking incubator (250 RPM) 112 
overnight. On the second day, the overnight culture was diluted by 5000´ into 5mL of fresh LB 113 
medium with the antibiotics. The new culture was grown at 32°C[33, 34, 35] in the shaking 114 
incubator until the bacterial culture reached the mid-exponential phase (OD600 » 0.3), followed 115 
by measurements as described below. 116 
 117 
Phase contrast microscopy 118 
 119 
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Measurements in the swimming and tethering assays were done at room temperature using 120 
phase contrast microscopy on an Olympus IX-73 inverted microscope equipped with a 100´, 121 
NA=1.25 phase-contrast, oil-immersion objective (Olympus) and an EMCCD camera (Andor 122 
Technology). The microscope and data acquisition was controlled using Micro-Manager[36, 37]. 123 
The effective pixel size of recorded images/movies was 0.16 µm. 124 
 125 
Swimming assay 126 
 127 
In swimming assay experiments, E. coli bacteria at OD600 » 0.3 were treated with Ag+ ions at 30 128 
µM or 40 µM for 1, 2, and 4 hr, which clearly showed suppressed growth. At each time point, 2 129 
mL of the bacterial culture were transferred to a cleaned glass-bottom Petri-dish, followed by 130 
monitoring and recording the free swimming of the bacteria using phase-contrast microscopy. 131 
The swimming of untreated bacteria (i.e., before the addition of Ag+ ions, or 0 hr) was monitored 132 
and used as negative controls. The exposure time was set to 30 ms, while the actual time interval 133 
between adjacent frames of the acquired movies was 54 ms. The acquired movies of freely 134 
swimming bacteria were processed in ImageJ by inversion, smoothing, and background 135 
subtraction[38, 39], followed by automated identification and localization of the bacteria using 136 
custom-written MATLAB programs[40]. The localizations of the bacteria were then linked into 137 
trajectories following standard algorithms[40, 41, 42], using a maximum displacement between 138 
adjacent frames of 1.92 µm (12 pixels), a memory of 0 frame (i.e., no gap), and a minimum length 139 
of 12 frames. The identified trajectories further went through a manual quality control process 140 
by removing the bacteria that were stuck on the glass surface or formed large clumps. 141 
 142 
The trajectories of the bacteria in the freely swimming assays were further analyzed using 143 
custom-written or open-source Python programs. For example, the instantaneous velocities 144 
were calculated from the trajectories 𝐫(𝑡) of the bacteria, 𝑣(𝑡) = '𝐫(()*()+𝐫(()

*(
', where 𝛥𝑡 = 54 145 

ms. In addition, we estimated the maximum chord-to-arc ratio (𝛾123 ) for each trajectory, inspired 146 

by TumbleScore[43], 𝛾123 =
456
7,8

9:𝐫7+𝐫8:;

∑ |𝐫7>?+𝐫7|7
,  where 𝐫@  and 𝐫A  were positions of a single trajectory. 147 

Furthermore, the changing rates of swimming directions 𝛺  were estimated directly from the 148 
trajectories[43, 44, 45], 𝛺@ = cos+F G 𝐯7>?⋅𝐯7

|𝐯7>?||𝐯7|
J. Lastly, we calculated the ensemble mean-square-149 

displacement (MSD) for each sample using the trackpy Python package[42], MSD(𝜏) =150 
⟨(𝐫(𝑡 + 𝜏) − 𝐫(𝑡))S⟩, where 𝜏 is the lag time. 151 
 152 
Tethering assay 153 
 154 
In tethering assay experiments[46, 47], E. coli bacteria in the mid-exponential phase (OD600 » 0.3) 155 
were tethered to glass-bottom Petri-dishes through their flagella. The tethering was achieved by 156 
coating the glass surface with biotinylated BSA, neutravidin, and biotinylated anti-FliC antibody 157 
sequentially[48, 49]. E. coli flagella bind to the anti-FliC antibody[50, 51], immobilizing the 158 
bacteria. The rotations of the tethered bacteria were monitored and recorded under phase 159 
contrast microscopy with an exposure time of 5 ms for 10000 frames without Ag+ ions (the actual 160 
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time interval between adjacent frames was 14.1 ms). Then Ag+ ions were directly added to the 161 
Petri-dish at a final concentration of 40 µM, followed by recording the rotations of the same 162 
bacteria for 50,000 to 100,000 frames. For negative controls, LB medium (instead of Ag+ ions) 163 
was added to the Petri-dish and the rotations of the bacteria were recorded similarly. More than 164 
10 replicate experiments were performed independently on different days. 165 
 166 
Bacteria in the tethering assays were identified and characterized in each frame of the recorded 167 
movies using custom-written Python programs based on the scikit-image package[52]. From the 168 
primary axis of the identified bacteria, the orientation 𝜃 of the bacteria were obtained[53, 54], 169 
followed by estimating the angular velocities of the bacterial rotation 𝜔 = 𝛥𝜃/𝛥𝑡, where 𝛥𝑡 =170 
0.0141 s. Note that frames containing other non-tethered bacteria invading the region of the 171 
tethered ones were removed from further analysis to ensure accuracy. The 𝜔-trajectories were 172 
analyzed using the hidden Markov model (HMM)[55], in which two states of the bacteria (running 173 
and tumbling) were assumed. In addition, Gaussian emission distributions were applied for the 174 
emission from the two states to the observable (i.e., angular velocities 𝜔)[55]. The HMM analysis 175 
was done using the hmmlearn Python package. For each bacterium in the tethering assay, we 176 
fitted the HMM model using the 𝜔-trajectory before the addition of Ag+ ions (or LB medium). 177 
Then the fitted model was used to predict the states for the data after the addition of Ag+ ions 178 
(or LB medium), from which the probabilities of the two states and the transition rates were 179 
estimated[56]. 180 
 181 
Results 182 
 183 
Lower motibility of bacteria caused by Ag+ ions 184 
 185 
We first examined the effects of Ag+ ions on the motility of E. coli bacteria using swimming 186 
assays[57, 58, 59]. When E. coli bacteria at OD600 » 0.3 were treated with Ag+ ions at 40 µM for 187 
1, 2, and 4 hr, the cell density did not increase and the bacterial growth was suppressed. At each 188 
time point, 2 mL of the bacterial culture were taken to a glass-bottom Petri-dish, followed by 189 
monitoring and recording the free swimming of the bacteria using phase-contrast microscopy. 190 
Untreated bacteria (i.e., 0 hr) were measured as negative controls, and we observed that the 191 
treated bacteria were much slower (Movies M1 and M2). From the movies of the freely 192 
swimming bacteria, the trajectories 𝐫(𝑡) of individual bacteria were obtained. 200 randomly 193 
chosen examples of trajectories for each experimental condition were shown in Fig. 1A, where 194 
longer traveling distances were observed for the untreated bacteria compared to the ones 195 
treated with Ag+ ions. To see this difference more clearly, we plotted the corresponding rose 196 
graphs[43], in which the displacements of the bacteria from their individual initial positions were 197 
drawn, 𝛥𝐫Z(𝑡) = 𝐫(𝑡) − 𝐫(0). 300 randomly chosen examples were shown in Fig. 1B, where the 198 
first 12 frames of the trajectories were shown to eliminate the differences due to different 199 
lengths of trajectories[43]. It is obvious that the motility of bacteria decreased significantly after 200 
the treatment with Ag+ ions. Note that, although the trajectories are longer (up to ~70 frames), 201 
only the first 12 frames were used in the rose graphs (Fig. 1B) to make direct comparisons. We 202 
quantified the mean and 90th percentile of the displacements of the first 12 frames of all the 203 
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trajectories in each condition, shown as solid and dotted circles in the rose graphs (Fig. 1B), 204 
respectively. We found that the two circles for untreated bacteria did not change significantly 205 
from 0 to 4 hr, indicating that the motility of the bacteria remained similar. In contrast, the 206 
treated bacteria showed much smaller radii for both the mean (𝛥Z𝑟) and 90th percentile circles, 207 
indicating Ag+-treatment led to lower bacterial motility. We also note that the radii slightly 208 
increased for longer treatment time, implying possible recovery of the bacteria as reported by 209 
our previous results[6, 15]. 210 
 211 

 212 
Figure 1. Motion of bacteria. (A) Trajectories of bacteria, untreated or treated by Ag+ ions at 30 213 
µM or 40 µM. Each sub-figure contains 200 randomly chosen trajectories, and is labeled by (cAg, 214 
Ttr), where cAg is the concentration of Ag+ ions, and Ttr is the treatment/incubation time. (B) Rose 215 
graphs of the first 12 frames of trajectories of bacteria, untreated or treated by Ag+ ions at 30 µM 216 
or 40 µM. Each sub-figure is labeled similar as in panel A. Under each condition, 300 randomly 217 
chosen examples of the trajectories were shown in color, while the mean and 90th percentile of 218 
the displacements of the first 12 frames of all the trajectories were shown as solid and dotted 219 
circles, respectively. 220 
 221 
 222 
The slower motion of bacteria caused by Ag+ ions was further visualized in Fig. 2A by plotting the 223 
radii of the mean circles in the rose graphs (𝛥Z𝑟, Fig. 1B) as functions of treatment time. To 224 
further confirm that the Ag+ ions inhibits the movement of bacteria, we calculated the 225 
instantaneous velocities of the bacteria directly from the trajectories, 𝑣 = |𝐯| = |𝛥𝐫/𝛥𝑡| where 226 
𝛥𝑡 =0.054 s is the time interval between adjacent frames. The dependence of the mean velocity 227 
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on the treatment time is shown in Fig. 2B, showing the same trends as 𝛥Z𝑟. In addition, we 228 
examined the distributions of the bacterial velocities (Fig. 2C), and observed a double-peak 229 
distribution (centered around 10 and 22 µm/s) for the untreated bacteria (t = 0 hr), while Ag+-230 
treatment moved the peak to ~2 µm/s (Fig. 2C). Such significant shift in the velocity-distribution 231 
was absent in the negative controls (inset of Fig. 2C). We also found that a second peak/shoulder 232 
(7–10 µm/s) emerged in the distributions of bacterial velocities at 4 hr (Fig. 2C), consistent with 233 
the previously observed recovery of the bacteria[6, 15]. 234 
 235 

 236 
Figure 2. Lower motility of bacteria caused by Ag+ ions. (A) The dependence of the mean 237 
displacements (𝛥Z𝑟) of the first 12 frames of all trajectories of bacteria on incubation/treatment 238 
time in the absence (0 µM) and presence of Ag+ ions (40 µM). (B) The dependence of the mean 239 
bacterial velocity on incubation/treatment time in the absence (0 µM) and presence of Ag+ ions 240 
(40 µM). (C) Distributions of bacterial velocities in the presence of Ag+ ions at 40 µM for 0, 1, 2, 241 
and 4 hr. Inset: the corresponding result for untreated bacteria (0 µM). (D) Cell viability assay 242 
based on propidium iodide (PI) staining for untreated (0 hr, left column) and treated (2 hr, right 243 
column) bacteria. Top: inverted phase-contrast (IPC) images; Middle: fluorescence images due to 244 
PI staining; Bottom: merged IPC/PI images. Scale bar = 16 µm. (E) Log-log plot of mean-square-245 
displacements (MSD) vs. lag time (𝜏) for trajectories of treated bacteria by Ag+ ions at 40 µM for 246 
0, 1, 2, and 4 hr. Inset: the corresponding result for untreated bacteria (0 µM). (F) Dependencies 247 
of the generalized diffusion coefficient D and the anomalous scaling exponent 𝛼 (inset) on the 248 
incubation/treatment time Ttr. 249 
 250 
 251 
As the bacterial velocities after Ag+-treatment were close to 0 (peaked at ∼2 µm/s), one 252 
possibility is that the bacteria were killed by the bacteria at the given concentrations (40 µM) of 253 
Ag+ ions. However, this possibility was not favored for the following reasons. First, our previous 254 
work showed that the majority of bacteria treated with 60 µM Ag+ ions were alive, fighting 255 
against damages caused by Ag+ ions and showing oscillations in their cell-lengths within 12 hr[15]. 256 
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Second, cell viability assay based on propidium iodide staining[60] showed that the majority of 257 
treated bacteria were alive at 40 µM Ag+ ions (Fig. 2D). Third, if the bacteria were killed, they 258 
would display random diffusion (Brownian motion) and the corresponding mean-square-259 
displacement (MSD) would be proportional to the diffusion coefficient (𝐷) and the lag time (𝜏) 260 
and shows a slope of 1 in the log-log plot of MSD vs. 𝜏 (Fig. 2E) [61, 62]; however, fitting the 261 
experimental MSD curves (Fig. 2E) with 𝑀𝑆𝐷 = 4𝐷𝜏a  (𝛼  is the anomalous scaling exponent) 262 
showed that 𝛼 remained »2 in the presence of Ag+ ions for various amounts of time (inset of Fig. 263 
2F), indicating that the bacteria retained active motion after Ag+-treatment[31, 63]. In contrast, 264 
the diffusion coefficient decreased significantly (Fig. 2F), following the same dependence on 265 
treatment time as the mean velocity of the bacteria (Figs. 2A and 2B). 266 
 267 
Comparison of bacterial movement before and after Ag+-treatment 268 
 269 
We quantitatively compared the movement of bacteria before and after Ag+-treatment by 270 
examining the velocity autocorrelation. Briefly, we calculated the autocorrelations of the x and y 271 
components of bacterial velocities, 𝐶c7(𝜏) =

⟨c7(()d)c7(()⟩
⟨c7(()c7(()⟩

, where 𝑣@ = 𝑣e  or 𝑣f  and 𝜏 is the lag 272 

time. For the untreated bacteria, the velocity autocorrelation did not change at different 273 
incubation time (insets of Figs. 3A and 3B); in contrast, treating the bacteria with Ag+ ions resulted 274 
in shifts to the left in the velocity autocorrelation (Figs. 3A and 3B). The left-shift of the velocity 275 
autocorrelation suggested that the “persistence” time of the bacterial movement became 276 
shorter after Ag+-treatment, and the movement of bacteria became not as straight as that before 277 
treatment.  278 
 279 
We also examined the maximum chord-to-arc ratio ( 𝛾123 ) of the trajectories (inspired by 280 
TumbleScore[43]), 𝛾123 = 𝐶3/𝐴, where 𝐶3 = max@,A(:𝐫@ − 𝐫A:) is the maximum chord length of 281 
a trajectory and 𝐴 = ∑ |𝐫@)F − 𝐫@|@  is the “arc” length of the trajectory. If a trajectory is straight, 282 
𝛾123 ≈ 1 , while a trajectory dominated by directional changes gives 𝛾123 ≈ 0 ; therefore, the 283 
maximum chord-to-arc ratio could be used as another indicator of the persistence of the 284 
trajectories. The cumulative distributions (CDF) of the 𝛾123  of all the trajectories for bacteria 285 
untreated (0 µM and/or 0 hr) or treated with Ag+ ions for 1, 2, and 4 hr are shown in Fig. 3C. 286 
Compared to the untreated bacteria, the CDFs for treated bacteria rose up at lower 𝛾123  values, 287 
indicating that Ag+ ions led to higher fractions of lower 𝛾123 . This change was obvious by 288 
examining the time dependence of the mean values of 𝛾123  (Fig. 3D). Note that a similar result 289 
was observed for the normalized maximum chord-to-arc ratio 𝛽123 = 𝛾123 /𝑁  where 𝑁  is the 290 
length of the trajectory.  291 
 292 
Furthermore, we estimated the changing rate of moving directions directly from the trajectories, 293 
𝛺 = cos+F(𝐯@)F ⋅ 𝐯@/𝑣@)F𝑣@)  [43, 44, 45]. The CDFs of 𝛺  for all the trajectories of bacteria 294 
untreated (0 µM and/or 0 hr) or treated with Ag+ ions for 1, 2, and 4 hr are shown in Fig. 3E. We 295 
found that the CDFs lowered down after Ag+-treatment, indicating increased fraction of higher 𝛺 296 
values. This was confirmed by the time dependence of the mean values of 𝛺 (Fig. 3F). All the 297 
three quantifications (𝐶c, 𝛾123 , and Ω) showed consistent result that the movement of bacteria 298 
became less persistent (i.e., less straight) after subjecting the bacteria to Ag+ ions. 299 
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 300 

 301 
Figure 3. Characterization of bacterial movement and comparison between untreated and 302 
treated bacteria. (A, B) Autocorrelation of velocities (A: vx; B: vy) for bacteria treated with Ag+ 303 
ions at 40 µM for 0, 1, 2, and 4 hr. Insets: the corresponding results for untreated bacteria. (C) 304 
Cumulative distribution function (CDF) of the maximum chord-to-arc ratio ( 𝛾123 ) for the 305 
trajectories of bacteria untreated (0 hr) or treated with 40 𝜇M Ag+ ions for 1, 2, and 4 hr. (D) 306 
Dependence of the mean of 𝛾123  on treatment time. (E) CDF of the changing rate of swimming 307 
directions (𝛺) for bacteria untreated (0 hr) or treated with 40 𝜇M Ag+ ions for 1, 2, and 4 hr. (F) 308 
Dependence of the mean of 𝛺 on treatment time. 309 
 310 
 311 
Higher frequency of bacterial tumbling caused by Ag+ ions 312 
 313 
To further understand the underlying mechanism of the inhibition of bacterial motility by Ag+ 314 
ions, we exploited the tethering assay on individual bacteria[46, 47]. Briefly, bacteria were 315 
tethered to clean glass coverslips through their flagella using biotinylated Anti-FliC antibody, 316 
neutravidin, and biotinylated bovine serum albumin (BSA) (Fig. 4A)[48]. The tethered bacteria 317 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 19, 2020. ; https://doi.org/10.1101/2020.02.19.956201doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.19.956201


 10 

would rotate on the glass surfaces as the flagellar motors rotate (Movie M3)[48, 64]. Between 318 
continuous rotations (i.e., running), occasional pauses and reversed rotations were observed, 319 
corresponding to the tumbling of the bacteria (Movie M4)[65, 66]. After monitoring the rotation 320 
of the bacteria for 10,000 frames, Ag+ ions were added into the samples at a final concentration 321 
of 40 µM. The rotation of the bacteria was then monitored for 50,000 to 100,000 frames. It was 322 
observed that the rotation of the bacteria slowed down, and that the frequency of pauses 323 
increased (Movie M4). 324 
 325 

 326 
Figure 4. Tethering assay for investigating the running and tumbling of individual bacteria. (A) 327 
Tethering of a bacterium on a glass coverslip (side view), and orientation of a bacterium 𝜃 (top 328 
view). (B) Examples of trajectories of orientation 𝜃 and angular velocity 𝜔 of a bacterium for 329 
3000 frames (or 42.3 s). (C) Examples of 𝜔-trajectories for two bacteria. The top one was treated 330 
(blue curves) with Ag+ ions; the red arrow indicates the time of adding Ag+ ions. The bottom 331 
trajectories (orange curves) were for a bacterium without treatment. LB medium was added into 332 
the sample at the time indicated by the black arrow. (D) Distributions of 𝜔  for a bacterium 333 
treated by Ag+ ions: pre-Ag+ (dotted) and post-Ag+ (solid). (E) Distributions of 𝜔 for an untreated 334 
bacterium: pre-LB (dotted) and post-LB (solid). 335 
 336 
To quantify the results of the tethering assay, we first extracted the orientation of the bacteria, 337 
𝜃 ∈ (−𝜋/2,+𝜋/2], in each frame of the movies; then the angular velocities of the bacterial 338 
rotations were calculated, 𝜔 = 𝛥𝜃/𝛥𝑡, where 𝛥𝜃  and 𝛥𝑡 = 0.0141 s were the change of the 339 
bacterial orientation and time interval between adjacent frames, respectively. Examples of 340 
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trajectories of 𝜃 and 𝜔 for 3,000 frames (or 42.3 s) for a bacterium before Ag+-treatment are 341 
shown in Fig. 4B. Two distinct states were observed in the 𝜔 -trajectory, presumably 342 
corresponding to the running and tumbling states[65, 66]. The full 𝜔-trajectory (10,000 frames) 343 
of Fig. 4B is shown in Fig. 4C (-Ag+, light blue), while two segments (each with 10,000 frames) of 344 
the 𝜔-trajectory of the same bacterium during and after Ag+-treatment are also presented (Fig. 345 
4C, +Ag+, dark blue), where the red arrow indicates the time of adding Ag+ ions. It is clear that 346 
the tumbling state (i.e., lower angular velocity) became more frequent after Ag+-treatment. In 347 
contrast, untreated bacteria (adding LB medium instead of Ag+ ions) did not show observable 348 
differences in the 𝜔 -trajectories (Fig. 4C, ±LB, light and dark orange). This observation was 349 
quantified by the distribution of the angular velocities. For the control, double peaks were 350 
observed for both before and after the addition of LB medium (Fig. 4E); in contrast, the tumbling 351 
peak (lower 𝜔) became dominant after the addition of Ag+ ions (Fig. 4D). The observed increase 352 
in the tumbling frequency is consistent with a previous report based on swimming assays for the 353 
effect of Ag nanoparticles[28]. 354 
 355 
Stalling of flagellar motors caused by Ag+ ions 356 
 357 
To obtain a deeper understanding of why Ag+ ions inhibit the bacterial movement and induce 358 
higher tumbling frequency, we performed hidden Markov model (HMM) analysis[55] on the 359 
trajectories of angular velocities from the tethering assay. It is noted that hidden Markov model 360 
is necessary because the motility states of the bacteria were not directly measured from the 361 
experiments; instead, the observable (i.e., the directly measured quantity) was the angular 362 
velocity (𝜔). Therefore, our hidden Markov model assumes two states: a running state (R) and a 363 
tumbling state (T), which emit observations of angular velocities (Fig. 5A). The probabilities for a 364 
bacterium to be in the running and tumbling states are 𝑃u  and 𝑃v, respectively. The bacterium 365 
can switch between the two states, with transition rates of 𝑘uv  (from R to T) and 𝑘vu  (from T to 366 
R). For a given time interval between observations (𝛥𝑡 = 0.0141 s between adjacent frames in 367 
the tethering assay), the transition probabilities would be 𝑃uv = 𝑘uv𝛥𝑡  and 𝑃vu = 𝑘vu𝛥𝑡 , 368 
respectively. For each bacterium, we fitted/trained the HMM using the pre-Ag+ or pre-LB data, 369 
and the fitted model was used to predict the states of all the observed angular velocities for that 370 
bacterium, which were then used to estimate the HMM parameters (𝑃’s and 𝑘’s). As an example, 371 
the predicted states and the HMM parameters (𝑃u, 𝑃v, 𝑘uv, and 𝑘vu) for the ±Ag+ bacterium in 372 
Fig. 4C are presented in Figs. 5C and 5B, respectively. Two significant changes were observed. 373 
First, the tumbling probability (𝑃v) increased dramatically from 49% to 87% (correspondingly, 374 
𝑃u = 1 − 𝑃v  decreased); second, while the running-to-tumbling transition rate increased 375 
slightly, the tumbling-to-running transition rate 𝑘vu  decreased significantly by > 4-fold after Ag+-376 
treatment (3.12 𝑠+F  to 0.75 𝑠+F ). These observations suggest that Ag+ ions lead to higher 377 
tumbling frequency by blocking the transition from the tumbling state to the running state. 378 
 379 
As simple and hidden Markov models typically assume exponential distributions for the dwell 380 
times (i.e., the time staying in the states), we wondered whether and how this assumption was 381 
satisfied in the tethering assay. Briefly, from the predicted states for the control and sample 382 
shown in Fig. 5C (+LB and +Ag+, respectively), we calculated the running time (𝜏y) and tumbling 383 
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time (𝜏() and found that the distributions of both dwell times followed roughly the exponential 384 
distribution for both the control (+LB) and the sample (+Ag+), as shown in Fig. 5D, where the solid 385 
and dashed lines are fittings. This observation indicates that the hidden Markov model is 386 
reasonably suitable for the analysis here. On the other hand, we note that, a closer look on the 387 
distributions of the dwell times in the log-linear scale indicated that a single exponential decay 388 
did not fit the data well (Fig. 5E), suggesting that modified hidden Markov models that assume 389 
arbitrary distributions of the dwell times may improve the analysis. 390 
 391 

 392 
Figure 5. Hidden Markov model (HMM) analysis. (A) The hidden Markov model with two states 393 
(running (R) vs. tumbling (T)), which emit observations of angular velocities 𝜔@. The probabilities 394 
for the system to be in the running and tumbling states are 𝑃u  and 𝑃v, respectively. The transition 395 
probabilities between the two states are 𝑃uv = 𝑘uv𝛥𝑡 and 𝑃vu = 𝑘vu𝛥𝑡, where 𝑘uv  and 𝑘vu  are 396 
the corresponding transition rates and 𝛥𝑡  is the time interval between observations. (B) 397 
Predicted parameters (𝑃u, 𝑃v, 𝑘uv  and 𝑘vu) from the HMM analysis for pre-Ag+ and post-Ag+ 𝜔-398 
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trajectories of the bacterium in the top row of Fig. 4C. (C, D) Predictions of states from the 399 
fitted/trained HMM model for the angular velocity (𝜔) trajectories for (C) an untreated bacterium 400 
and (D) an Ag+-treated bacterium. Green and purple dots correspond to the running and tumbling 401 
states, respectively. (E, F) Distributions of the dwell times (𝜏y  for running dwell time and 𝜏( for 402 
tumbling dwell time) from the (E) untreated and (F) Ag-treated bacteria shown in panels (C) and 403 
(D). Solid and dashed lines are fitted exponential curves. Insets: the same data plotted in log-404 
linear scale. 405 
 406 
 407 
We replicated the tethering assay experiments and HMM analysis on 10 untreated (±LB) and 15 408 
treated (±Ag+) bacteria. We observed large variations in the absolute values of the angular 409 
velocities for different bacteria, which could be attributed to differences in the cell length, the 410 
number of tethered flagella per bacterium, and the location of tethering points on the flagella[48, 411 
67]. To compare among different bacteria, we used the relative changes in the HMM parameters, 412 
𝛿{| = (𝑃v)/𝑃v+ − 1) × 100%  and 𝛿�|� = (𝑘vu) /𝑘vu+ − 1) × 100% , where the superscripts (+ 413 
and −) stand for after and before the addition of Ag+ ions (or the addition of LB medium for the 414 
controls), respectively. The relative changes for the untreated (orange squares) and Ag+-treated 415 
bacteria (blue circles) from the full-length trajectories are shown in Fig. 6A. Performing one-416 
sample 𝑡-test showed that the increase in 𝑃v  and decrease in 𝑘vu  were much more statistically 417 
significant for the Ag+-treated bacteria (𝑝-values: 2.1 × 10+�  and 4.1 × 10+FZ  for 𝑃v  and 𝑘vu , 418 
respectively) than the untreated cells (𝑝-values: 0.065 and 0.014, respectively). Two-sample 𝑡-419 
test showed that the differences between the treated and untreated samples were also 420 
statistically significant (e.g., the 𝑝-value for 𝑘vu  was 4.2 × 10+�). 421 
 422 

 423 
Figure 6. (A) Statistics of the relative changes in 𝑃v  and 𝑘vu  for 10 untreated (orange squares) 424 
and 15 Ag+-treated bacteria (blue circles). Error bars stand for standard deviation. (B, C) Time 425 
dependencies of the relative changes in (B) 𝑃v, and (C) 𝑘vu  for untreated (orange squares) and 426 
Ag+-treated (blue circles) bacteria. Error bars stand for the standard error of the mean. 427 
 428 
 429 
Finally, we examined the dependence of the HMM parameters on the treatment time (Figs. 6B 430 
and 6C), which was done by analyzing individual segments of the full-length 𝜔 -trajectories 431 
(window-size = 10,000 frames, stride between segments = 5,000 frames) using the fitted/trained 432 
HMM models. We observed that both 𝛿{|  and 𝛿�|�  started from » 0, which is reasonable as it 433 
takes time for the Ag+ ions to diffuse to the bacteria and affect the bacteria. More interestingly, 434 
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the effects of Ag+ ions became more and more significant after ∼300 s compared to the controls 435 
(Figs. 6B and 6C). After ~750 s, the relative change of 𝑘vu  reached ∼ −90%, suggesting that Ag+ 436 
ions prevented the flagellar motor of the bacteria from rotating effectively and efficiently. 437 
 438 
Conclusions and Discussions 439 
 440 
To conclude, we directly visualized and investigated the antibiotic effects of Ag+ ions on the 441 
motility of E. coli bacteria based on swimming and tethering assays. From the swimming assay, 442 
we observed that the bacteria slowed down dramatically when subjected to Ag+ ions. 443 
Characterization of the swimming trajectories showed higher changing rates of swimming 444 
directions. In addition, we tethered the bacteria on glass surfaces through bacterial flagella (i.e., 445 
the tethering assay) and monitored the rotation of flagellar motors directly, from which we 446 
observed an increase in the tumbling frequency due to Ag+-treatment. We performed hidden 447 
Markov model (HMM) analysis on the trajectories of angular velocities of the bacterial rotation 448 
and compared the bacteria before and after Ag+-treatment. It was found that treated bacteria 449 
stayed in the tumbling state with much higher probability and that the transition rate from the 450 
tumbling state to the running state decreased in the presence of Ag+ ions, suggesting that Ag+ 451 
ions stalled the flagellar motors and prevented them from rotating. 452 
 453 
The observed inhibition of bacterial movement and higher frequency of tumbling caused by Ag+ 454 
ions confirmed our hypothesis that the motility of bacteria is significantly affected by Ag. This 455 
work provides direct visualization of the Ag’s effects on the bacterial movements and advances 456 
quantitatively our understanding on the mechanism of Ag-based antimicrobial agents in terms of 457 
bacterial motility. More importantly, it raises more interesting questions worth further 458 
investigations. For example, what is the molecular basis for the observed slower swimming, more 459 
frequent tumbling, and motor stalling, when subjecting bacteria to Ag+ ions? To what extent the 460 
observed effects on the bacterial motility are Ag-specific? How will the bacteria adapt to, or 461 
become resistant against, the Ag-induced damages on the bacterial movement? How will 462 
bacterial death be related to the observed lower motility? Addressing these biological questions 463 
experimentally is expected to be of great importance and interest for understanding the 464 
fundamental antimicrobial mechanism of Ag and further exploring their potential biomedical 465 
applications. 466 
 467 
Our data suggest that the observed effects of Ag+ ions on the bacterial motility are likely due to 468 
direct interactions between the bacterial flagella and Ag+ ions, which can be seen from the 469 
response time of the rotation of bacteria to the addition of Ag+ ions (Fig. 6) in the tethering assays. 470 
In our tethering experiments, as the Ag+ ions were added to the top surface of the liquid medium 471 
in the Petri-dish above the bacteria under observation, the distance that Ag+ ions need to travel 472 
to the bacteria is roughly Δ𝑥 =	0.2 cm (estimated from the volume of the culture medium, 2 mL, 473 
and the diameter of the Petri-dish, 3.5 cm). Considering that the diffusion coefficient of Ag+ ions 474 
in water[68] is in the order of 𝐷 = 	1.5 × 10+� cm2/s, the time scale for the Ag+ ions to reach the 475 

bacteria is in the order of  Δ𝑡 = �e�

��
≈ 400 s, which is close to the response time (300 – 750 s) of 476 

bacteria to the Ag+ ions that we measured from our tethering assays (Fig. 6B and 6C). If the 477 
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observed effects of Ag+ ions on the bacterial motility were due to indirect interactions, such as 478 
those through regulatory proteins and membrane damages, the response time is expected to be 479 
longer as time is needed to transduce those indirect effects to the flagellar motor. Therefore, it 480 
is suggested to focus on the bacterial flagella when searching for molecular basis for the Ag-481 
caused slower swimming, more frequent tumbling, and motor stalling in future studies. 482 
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