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Abstract: Metal nanoparticles especially silver nanoparticles (AgNPs) have drawn increasing 

attention for antimicrobial applications. Most studies have emphasized on the correlations between 

the antibacterial potency of AgNPs and the kinetics of metallic to ionic Ag conversion while other 

antimicrobial mechanisms have been underestimated. In this work, we focused on the surface 

effects of polydopamine (PDA) coating on the antimicrobial activity of AgNPs. A method of fast 

deposition of PDA was used to synthesize the PDA-AgNPs with controllable coating thickness 

ranging from 3 to 25 nm. The antimicrobial activities of the PDA-AgNPs were analyzed by 

fluorescence-based growth curve assays on E.coli. The results indicated that the PDA-AgNPs 

exhibited significantly higher antibacterial activities than poly(vinylpyrrolidone)-passivated 

AgNPs (PVP-AgNPs) and PDA themselves. It was found that the PDA coating synergized with 

the AgNPs to prominently enhance the potency of the PDA-AgNPs against bacteria. The analysis 

of x-ray photoelectron spectroscopy and Fourier-transform infrared spectroscopy elucidated that 

the synergistic effects could be originated from the interaction/coordination between Ag and 

catechol group on the PDA coating. The synergistic effects led to increased generation of reactive 

oxygen species and the consequent bacterial damage. These findings demonstrated the importance 

of the surface effects on the antimicrobial properties of AgNPs. The underlying molecular 

mechanisms shone light on the future development of more potent metal nanoparticle-based 

antimicrobial agents. 
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Introduction 

Silver (Ag) has been extensively used as a therapeutic agent in medicine back in ancient history 

especially for bacterial infections, much earlier than the clinical introduction of antibiotics in 1940s 

and even earlier than the observation of microorganisms during the late 1700s.1 Different forms of 

metallic Ag and Ag compounds including solutions, foils, vessels, and colloids have been 

demonstrated beneficial in various scenarios from preventing microbial growth in water to 

combating bacterial infections in surgery. Despite the risk of argyria particularly due to chronic 

Ag exposure,2-4 metallic Ag and Ag compounds continue to be widely used in medical devices and 

health care products in the modern era because the benefit of their antimicrobial effects 

predominates over the non-life-threatening risk.1, 5-6 Colloidal Ag nanoparticles (AgNPs) are of 

particular interest as an active disinfectant that has been incorporated into various matrixes for 

potential use in different applications.7-10 For example, incorporation of AgNPs in different textile 

materials brings to the fabrics not only antimicrobial functions but also beautiful colors due to the 

optical properties of AgNPs.8, 11 Embedding AgNPs to the wound dressing can disinfect the wound 

site and promote tissue repair.9, 12-13 AgNPs are more active against microbes compared to Ag+ due 

to nanoparticle interactions with membrane, protein, and DNA of microorganisms that lead to their 

exceptional toxicity to the bacterial cells.14 The size, shape, and surface ligand of AgNPs can 

influence the antimicrobial activity of the AgNPs,15-17 and therefore, it is possible to design AgNPs 

with enhanced antimicrobial properties against infections.   

Previous studies have mainly emphasized on the effects of size, shape, and surface ligand on 

the antimicrobial activity of AgNPs from the oxidation point of view and correlated their 

antimicrobial activity with the kinetics of Ag(0)→Ag(I) oxidation or Ag(I) ion release.15, 18-20 

However, other mechanisms of AgNPs such as the generation of reactive oxygen species and the 
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disruption of the biomolecule functions also play significant roles in the antimicrobial actions.14, 

17, 21 Other studies showed that nanoparticles with positively charged surfaces were strong 

antimicrobial agents.22-24 In this case, the bacterial response of AgNPs could undergo different 

pathways highly dependent on their surface characteristics that highlighted the difference in 

toxicity mechanisms of AgNPs from that of ionic Ag.22 More recently, we have directly observed 

that AgNPs increased the fraction of histone-like nucleoid structuring (H-NS) proteins that forms 

clusters and were able to attach to bacterial cell membrane and undergo a Brownian diffusion.25 

The surfaces of AgNPs passivated by poly(vinylpyrrolidone) (PVP-AgNPs) versus 

polyethyleneimine (PEI-AgNPs) exhibited different reorganization rate of H-NS proteins. The 

faster kinetics of H-NS reorganization for PEI-AgNPs appear to be one plausible mechanism 

responsible for the previously-reported higher antimicrobial activity of PEI-AgNPs compared to 

PVP-AgNPs.22  

In this work, we expanded our investigation to the effects of polydopamine (PDA) surface 

coating on the antimicrobial activity of AgNPs to further our understanding on the role of 

nanoparticle surface.  We choose PDA as the surface coating due to its strong adhesive properties, 

rich chemical functionalities, and biocompatibility suited for biological applications.26-27 

Numerous reports have shown that deposition/incorporation of AgNPs onto PDA coating could 

introduce antibacterial properties to the coating on different substrates;28-54 however, it is unclear 

whether a PDA surface can synergize the antimicrobial activity of AgNPs and the mechanisms. 

This study systematically investigated the effects of the degree of dopamine self-polymerization 

on their antimicrobial activity and correlated them with the physicochemical properties of 

functionalized AgNPs. Different degree of self-polymerization dopamine was controlled using our 

previously-established method through the PDA coating time.55 The morphology and surface 
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properties of the PDA-coated AgNPs (PDA-AgNPs) were characterized by transmission electron 

microscopy (TEM), UV-vis spectroscopy, x-ray photoelectron spectroscopy (XPS), and Fourier-

transform infrared spectroscopy (FTIR). The antimicrobial activity was evaluated by the bacterial 

growth curves obtained from our newly-developed method based on fluorescence/optical density 

assays using a microplate reader.56 The related biological responses were studied by fluorescence 

imaging. We observed synergistic effects between the PDA coating and AgNPs, and correlated 

them with the chemical and biological properties of the PDA-AgNPs to provide a better 

understanding of nanoparticle surface effects on the antimicrobial activity of AgNPs.  

Experimental method 

Chemicals and Materials. Silver trifluoroacetate (AgTFA), sodium hydrogen sulfide (NaHS), 

hydrochloric acid (HCl, 99.999%), and nitric acid (HNO3, 99.999%) were purchased from Alfa 

Aesar. Poly(vinylpyrrolidone) (PVP, M.W.=55,000), tris(hydroxymethyl)aminomethane (Trizma 

base, >99.0%), and dopamine hydrochloride (DA, 99%) were purchased from Sigma Aldrich. 

Ethylene glycol (EG) was purchased from J.T. Baker. Acetone was purchased from EMD. Unless 

specified chemicals were used as received and experiments were performed using 18 MΩ H2O.  

Synthesis of PVP-AgNPs. PVP-AgNPs were synthesized by the polyol method.57 Briefly, 50 

mL EG was added to a 250-mL round-bottom flask equipped with a stirring bar and placed in an 

oil bath at 150 ºC. After the temperature equilibrated (30~45 min), EG solutions of 0.6 mL of 3 

mM NaHS, 5 mL of 3 mM HCl, 12.5 mL of 0.25 g PVP, and 4 mL of 282 mM AgTFA were 

sequentially added to the reaction flask. The reaction was proceeded for additional 75 min. The 

product was collected by adding acetone to the reaction solution at a ratio of 5:1 and centrifuging 

at 6,000 rpm for 10 min. The resulting pellet was purified twice with H2O, collected by 

centrifugation at 14,000 rpm for 10 min, and resuspended in H2O for future use.  
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Synthesis of PDA-coated Ag nanoparticles (PDA-AgNPs). PDA-AgNPs were prepared through 

self-polymerization of DA on the surface of AgNPs under basic conditions exposed to 

atmosphere.55 The reaction was carried out in a 400 mL beaker with a disperser (IKA T 18 digital 

ULTRA-TURRAX) equipped with a dispersing element (IKA S 18 N-10 G). Initially, 200 mL of 

water was heated to 50 ºC while dispersed at a speed of 2800 rpm. Trizma base (2 mmol, 0.242 g) 

was then added to the beaker and allowed to dissolve for 5 min, followed by adding 2 mL of 4.8 

nM PVP-AgNPs aqueous suspension into the beaker. After another 5 min, dopamine 

hydrochloride (5.8 mM, 0.220 g or 1.2 mM, 0.046 g) was added to the beaker to initiate the 

reaction. The reaction was then allowed to proceed for 5, 15, or 30 min at the dispersing speed of 

2800 rpm. At the end, the reaction was quenched by adding 2 mL of 1 vol.% acetic acid and the 

product was collected by centrifugation at 8,000 rpm for 15 min, purified with water twice, 

recollected by centrifugation at 14,000 rpm for 10 min at 4 ºC, redispersed in water and stored at 

4 ºC for future use. For the control experiments, PDA were prepared the same fashion as PDA-

AgNPs but in the absence of AgNPs.  

For comparison, dopamine-capped Ag nanoparticles (DA-AgNPs) were prepared by mixing 2 

mL of 10 nM (6.0×1012 particles/mL) PVP-AgNPs with 20 mL of 1 mM DA solution. The mixture 

was sonicated for 5 min and then incubated for 24 h at room temperature under magnetic stirring. 

After incubation, the product was purified with water thrice and collected by centrifugation at 

6,500 rpm for 15 min. The nanoparticles were resuspended in H2O.  

Materials Characterization. TEM images were captured using a transmission electron 

microscope (JEOL JEM-1011) with an accelerating voltage of 100 kV. The hydrodynamic 

diameters and zeta potentials of the products were measured using a dynamic light scattering 

(DLS) instrument (Brookhaven ZetaPALS). The concentration of Ag was determined using an 
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inductively coupled plasma mass spectrometer (Thermo Scientific iCAP Q ICP-MS). UV-vis 

spectra were taken on a UV-vis spectrophotometer (Agilent Cary 50). XPS experiments were 

carried out in an ultrahigh vacuum (UHV) system with base pressures < 5 x 10-9 Torr equipped 

with a hemispherical electron energy analyzer (SPECS, PHOIBOS 100) and twin anode x-ray 

source (SPECS, XR50). Al Kα (1486.6 eV) radiation was used at 15 kV and 20 mA. The angle 

between the analyzer and x-ray source is 45o and photoelectrons were collected along the sample 

surface normal. The XPS spectra was analyzed using CasaXPS. The FTIR spectra were obtained 

on an FTIR Spectrometer (Shimadzu IRAffinity-1S) using a KBr pellet method. 

Antimicrobial Evaluation. An E. coli K-12 strain (MG1655) transformed with a plasmid 

encoding enhanced green fluorescent proteins (EGFP) and ampicillin resistance was used in this 

study. The bacteria were grown at 37 °C overnight in 6 mL of Luria Broth (LB) medium 

supplemented with ampicillin in a shaking incubator with orbital rotation at 250 rpm. On the 

second day, the overnight culture was diluted in 40 mL of fresh LB medium to reach OD600 = 0.05. 

Nanoparticle suspensions were added to the fresh culture aliquots (1 mL) to reach final 

concentrations of 0 (negative control; without nanoparticles), 20, 40, 60, and 80 µg/mL. 

For the growth-curve assay with a microplate reader, 96-well clear bottom microplates were 

sterilized by incubating the wells with 200 proof ethanol for 5 min and then exposing the empty 

wells to UV light at 254 nm for 15 min. To avoid water condensation on the microplate lids during 

the measurements, the lids were coated with Triton X-100.58 Briefly, 4 mL of 0.05% Triton X-100 

in 20% ethanol was added to each microplate lid and incubated at room temperature for 15 s, 

followed by pouring off the Triton solution. The microplates were then air dried before use. 

To measure the growth of bacteria, 200 µL of the bacterial cultures (with or without 

nanoparticles) were transferred to the microplate wells. The microplates were covered with the 
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pre-processed lids and placed in a microplate reader (BioTek Synergy H1 Hybrid) to monitor both 

the fluorescence (excitation = 488 nm; emission = 525 nm) and the optical density (OD) at 600 

nm of the bacteria in the wells. Wells with 200 µL LB medium supplemented with ampicillin were 

used as blanks. The plates were maintained at 37°C and rotated at 355 rpm. The fluorescence and 

OD readings were acquired every 10 min for 48 h. Each sample was measured with 4 – 6 replicates. 

The time series of the fluorescence-based growth curves for each sample were obtained by 

subtracting the mean of the fluorescence of the blanks at each time point from the mean of the 

fluorescence of the sample. In contrast, the time series of the OD-based growth curves for each 

sample were obtained by subtracting both the mean of the OD of the blanks at each time point and 

the initial OD (i.e., at time t = 0) from the mean of the OD values, in order to partly remove the 

contribution of AgNPs to the OD values.59 The fluorescence-based growth curves were analyzed 

using our recently developed method based on the time derivatives.56 Briefly, the fluorescence-

based growth curves were first smoothed (with a Hann window with a size of 15), followed by 

calculating the derivatives numerically, ΔF
Δt
|
𝑖
=

𝐹𝑖+1−𝐹𝑖

Δ𝑡
, and Δ

2𝐹

Δ𝑡2
|
𝑖
=

ΔF

Δt
|
𝑖+1

−
ΔF

Δt
|
𝑖

Δ𝑡
, where 𝐹 is the 

fluorescence intensity and Δ𝑡 = 0.167 h is the time interval between adjacent fluorescence 

readings. From the peaks in the second-order time derivatives, ∆2F/∆t2, we determined the peak 

locations (𝜏𝑝
𝑓) and peak heights (𝜂𝑝

𝑓). 

CellROX® Staining and Quantification. The bacteria were grown at 37°C overnight in 7 mL of 

LB medium in a shaking incubator with orbital rotation at 250 rpm. On the second day, the 

overnight culture was diluted in 7 mL of fresh LB medium so that OD600 = 0.05. The fresh culture 

was regrown at 37ºC with orbital rotation at 250 rpm to reach OD600 = 0.3. The culture was 

aliquoted to 1 mL aliquots, followed by addition of PDA15-AgNPs, PDA15, or PVP-AgNPs to 

reach a final concentration of 60 µg/mL. Untreated bacteria were used as a negative control. After 
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incubating the samples at 37ºC and 250 rpm for 2 hours, CellROX® Orange Reagent (Thermo 

Fisher Scientific, Waltham, MA) was added to the untreated and treated bacteria at a final 

concentration of 5 µM and incubated at 37ºC with orbital shaking at 250 rpm for 30 min. The 

bacteria were harvested by centrifugation at 1000 g for 10 min, followed by resuspension in 1 mL 

1× PBS. The collected bacteria were further washed by centrifugation and resuspension in 1× PBS 

for five times to remove media and dyes. The stained bacteria were transferred to 5×5 mm agarose 

pads (3% in 1× PBS). The agarose pad with the stained bacteria were flipped onto a clean coverslip 

(cleaned with sonication in detergent, 1 M NaOH, 100% ethanol, and ultra-pure water 

sequentially). Chambers were then constructed by sandwiching rubber O-rings between the 

coverslips and clean microscope slides. The chambers were sealed using epoxy glue and then 

mounted on a microscope (with a 100× objective) for fluorescence imaging (excitation at 532 nm) 

and brightfield imaging. The fluorescence intensities of 100 bacteria for each sample were 

quantified using ImageJ.60-62  

MitoTracker Staining and Quantification. Bacterial samples (1 mL each) were prepared using 

a similar procedure as that for the CellROX® staining experiments. Instead of the CellROX® 

staining reagent, MitoTracker Green FM dye (Thermo Fisher Scientific, Waltham, MA) was added 

to the untreated and treated bacteria at a final concentration of 300 nM and incubated at room 

temperature with orbital shaking at 250 rpm for 30 min. The stained bacteria were transferred to 

agarose pads, followed by fluorescence imaging (excitation at 488 nm) and brightfield imaging. 

The fluorescence intensities of 140 bacteria for each sample were quantified using ImageJ.60-62 

Propidium Iodide (PI) Staining and Quantification. Bacterial samples (1 mL each) were 

prepared similarly to those in the MitoTracker staining experiments except that the bacteria were 

fixed with 3.8% formaldehyde (Sigma-Aldrich, St. Louis, MO) before adding PI staining dyes (G-
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Biosciences, St. Louis, MO). After incubating the samples at room temperature with light shielded 

for 20 min, the bacteria were mounted on agarose pads, followed by phase contrast imaging and 

fluorescent imaging (excitation at 532 nm, with a 40× objective). The percentage of PI-stained 

bacterial cells were quantified using ImageJ.60-62 

Scanning Electron Microscopy (SEM) and Fluorescent Imaging of Nanoparticle-Treated 

Bacteria. The nanoparticle-treated and fixed bacterial samples (1 mL each) were prepared 

similarly to those in the PI staining experiments. For SEM imaging, the bacteria were harvested 

by centrifugation at 1000 g for 10 min, followed by resuspension in 1 mL autoclaved water. The 

collected bacteria were further washed by centrifugation and resuspension in water for three times 

to removal salts from the samples. The prepared bacteria in water (1 mL) were dropped on silicon 

substrates and dried at room temperature for SEM imaging on FEI Nova Nanolab 200 using 15 kV 

acceleration voltage and 5 mm working distance. For fluorescent imaging, the bacteria were 

harvested by centrifugation at 1000 g for 10 min, followed by resuspension in 1 mL PBS. The 

prepared bacteria were mounted on agarose pads, followed by fluorescent imaging (excitation at 

532 nm, with a 100× objective). 

Results and Discussion 

To test the hypothesis of synergistic antimicrobial effects, we deposited the PDA coating on 

the surface of PVP-AgNPs with different lengths of coating time that was indicated in the 

abbreviations, PDA5-AgNPs, PDA15-AgNPs, and PDA30-AgNPs, for 5, 15, and 30 min, 

respectively, as illustrated in Figure 1A. Figure 1, B-E, shows the TEM images of the PVP-AgNPs 

and PDA-AgNPs with different coating time. After the PDA coating process, the average size of 

the nanoparticles measured from TEM images increased from 32 nm for PVP-AgNPs to 36, 43, 

and 54 nm for PDA5-AgNPs, PDA15-AgNPs, and PDA30-AgNPs, respectively. By taking the 
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difference between PDA-AgNPs and PVP-AgNPs, the PDA coating thickness was estimated to be 

4 to 11, and 22 nm and increased with the deposition time from 5 to 15, and 30 min. The deposition 

rate and coating thickness were consistent with our previously-established reaction kinetics of 

PDA coating process.55 The coating kinetics was drastically slowed down when the reaction was 

performed in water overnight as dopamine-functionalized AgNPs (DA-AgNPs). The coating 

thickness was estimated to be 4 nm from the TEM image in Figure S1A. The hydrodynamic 

diameters and zeta potentials of different nanoparticles were listed in Table S1. The hydrodynamic 

diameters of PDA15-AgNPs and PDA30-AgNPs are on the order of 200 nm, larger than those of 

PVP-AgNPs, PDA5-AgNPs, and DA-AgNPs which are on the order of 100 nm. The zeta potentials 

of AgNPs surface coated with PDA, PVP, or DA in PBS at pH 7.4 are all negative values, on the 

order of -10 mV, indicating that these AgNPs are negatively charged. For comparison, the PDA 

samples, PDA5, PDA15, and PDA30, were also synthesized under the same reaction conditions 

but the absence of AgNPs. They appeared to be spherical nanoparticles in the TEM images with 

the sizes of 29, 38, and 45 nm for PDA5, PDA15, and PDA30, respectively, as shown in Figure 

S1, B-D.  

The increase of the coating thickness as a function of time was also verified by the UV-vis and 

XPS spectroscopy. Figure 2A displays the normalized UV-vis spectra obtained from the aqueous 

suspensions of PVP-AgNPs, PDA5-AgNPs, PDA15-AgNPs, and PDA30-AgNPs. The zoom-in 

spectra indicated the localized surface plasmon resonance (LSPR) of AgNPs shifted to the longer 

wavelength as the coating thickness increased (Figure 2B). The LSPR peak shifted from 420 nm 

for PVP-AgNPs to 435, 442, and 450 nm for PDA5-AgNPs, PDA15-AgNPs, and PDA30-AgNPs, 

respectively, following the same trend as our previously-established relationship between LSPR 

shift and PDA coating thickness.55 Similarly, the LSPR peak became broader due to the 
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inhomogeneity of the coating thickness as it can be seen in the TEM images. The increase of the 

PDA coating thickness was also confirmed by quantitative analysis of N to Ag ratio from XPS as 

shown in Figure 2C. Since the experimental conditions were the same for all the sample 

measurements, we can assume that the analysis depth is the same across different samples. The 

typical probing depth of XPS is less than 10 nm from the surface well below the size of the 

nanoparticle and thus the analysis indeed reflects the composition of the nanoparticle surface. 

Because the monomers of PVP (N-vinylpyrrolidone) and PDA (dopamine) contain only one N 

atom, the increase of N to Ag ratio from 0.40 for PVP-AgNPs to 1.59, 2.90 and 7.57 for PDA5-

AgNPs, PDA15-AgNPs PDA30-AgNPs suggests the PDA coating became thicker with the 

increased PDA deposition time.  

We then evaluate the antimicrobial activities of these PDA-AgNPs with different coating time 

(PDA5-AgNPs, PDA15-AgNPs, and PDA30-AgNPs) against E.coli and compared the results of 

the control PVP-AgNPs. In this study, an E. coli K-12 strain (MG1655) transformed with a plasmid 

encoding enhanced green fluorescent proteins (EGFP) and ampicillin resistance was used. We 

incubated the same concentration of bacterial suspension that has an OD600 reading of 0.05 with 

different concentrations of nanoparticles from 0 to 20, 40, 60, and 80 g/mL (referred to the 

concentration of Ag) and monitored the fluorescence of the bacteria (excitation = 488 nm; emission 

= 525 nm) using a microplate reader. Note that the commonly used OD measurements were not 

chosen in this study due to interferences of the AgNPs’ contribution to the OD at 600 nm. The 

fluorescence-based bacterial growth curves were shown as functions of time in Figure 3. 

Compared to the PVP-AgNPs (Figure 3A), the PDA coating significantly improved the 

antimicrobial effects of AgNPs (Figure 3, B-D). At the concentration of 60 g/mL and above, the 

PDA-AgNPs completely suppressed the bacterial growth. The increased antimicrobial activity 
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follows the order of PDA15-AgNPs ≈ PDA30-AgNPs > PDA5-AgNPs > PVP-AgNPs.  

To investigate the role of the PDA coating to the antimicrobial effects of the AgNPs, we 

evaluated the antimicrobial activities of PDA themselves synthesized at the same conditions as the 

coating process but in absence of AgNPs. Figure 4 shows the bacterial growth plots of DA 

monomer and PDA nanoparticles after 5, 15, and 30 min reactions as abbreviated PDA5, PDA15, 

and PDA30. As it can be seen, all of them display some degrees of bacterial inhibition effects, but 

none of them can completely suppress the bacterial after 48 h incubation up to 80 g/mL. PDA15 

and PDA30 overall shows a better bacterial inhibition agent than DA and PDA5. This observation 

appears to correlate well with that observed for the PDA-AgNPs, that is, PDA15-AgNPs and 

PDA30-AgNPs having better antimicrobial properties than PDA5-AgNPs. In other words, PDA 

coating plays a significant role to enhance the antimicrobial properties of AgNPs.  

We further determine whether such enhancement from the PDA coating is simply an additive 

effect or a more-interesting synergetic effect to the antimicrobial properties of AgNPs, by the new 

method that we developed recently.56 In this method, the second-order time derivative of the 

fluorescence growth curve (F) is taken (∆2F/∆t2), showing a bell-shaped peak. The peak location 

(𝜏𝑝
𝑓) and height (𝜂𝑝

𝑓) are related to the lag time and growth rate of the bacteria, as well as the 

expression rate, maturation rate, and degradation rate of GFP proteins; therefore, changes in the 

peak location and height are able to report changes in the growth behavior of the bacteria.  

Figure 5 plots the peak location and height extracted from the fluorescence growth curves in 

Figure 3 and 4. We observed that all the samples decreased the peak height (𝜂𝑝
𝑓, Figure 5A). 

PDA15-AgNPs and PDA30-AgNPs exhibited the strongest effects while DA showed the least, 

consistent with the qualitative observations from the fluorescence growth curves (Figure 3 and 4). 

Note that if the fluorescence growth curves were too shallow (e.g., curves for PDA15-AgNPs and 
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PDA30-AgNPs at ≥40 µg/mL, Figure 3C and 3D), peaks were not identified reliably and thus the 

peak heights (or locations) were not shown. Interestingly, we observed that DA and PDA did not 

change the peak location (𝜏𝑝
𝑓) of the time derivative of fluorescence growth curves (∆2F/∆t2), while 

𝜏𝑝
𝑓 increased significantly (i.e., the peak shifted to longer times) as the concentration of PVP-

AgNPs or PDA-AgNPs increased. Furthermore, the changes of 𝜏𝑝
𝑓 in the presence of the PDA-

AgNPs were larger than that due to PVP-AgNPs. This observation is significant because it suggests 

that the PDA coating synergizes the antimicrobial activity of AgNPs, which could be seen from 

the changes in the peak locations.  

We further take the concentration of 20 µg/mL as an example to elucidate the synergistic 

effects observed from the PDA-AgNPs. Compared to the control (i.e., 0 µg/mL), the changes of 

the peak location due to PDA at 20 µg/mL (i.e., PDA5, PDA15, and PDA30) were 𝛿𝜏𝑃𝐷𝐴 = 0, 

while that for AgNPs without PDA (i.e., PVP-AgNPs) at the same concentration was 𝛿𝜏𝐴𝑔𝑁𝑃 ≈

0.2 hr. However, the changes due to PDA-AgNPs at the same concentration, 𝛿𝜏𝑃𝐷𝐴−𝐴𝑔𝑁𝑃, ranging 

from 3.3 h (PDA5-AgNPs) to 4.7 h (PDA30-AgNPs), showed that 𝛿𝜏𝑃𝐷𝐴−𝐴𝑔𝑁𝑃 ≫ 𝛿𝜏𝑃𝐷𝐴 +

𝛿𝜏𝐴𝑔𝑁𝑃. In other words, in terms of the shift of peak locations of the time derivatives of the 

fluorescence growth curves, the effect of PDA-AgNPs was much larger than sum of the effects 

from PDA and AgNPs. Therefore, the enhancement in the antimicrobial activities of AgNPs due 

to the PDA coating is not additive but synergetic. 

To further confirm the synergistic effects of the PDA coating and AgNPs, we also examined 

the OD growth curves of the same samples (Figure S2), which suffered from multiple scattering63 

at high OD values and interference from the contributions of the AgNPs to the optical density at 

600 nm. The first problem of multiple scattering could be partly avoided by focusing on low OD 

values (e.g., < 1.0), while the second problem was much more complicated. Nonetheless, it was 
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possible to compare qualitatively among the different samples if we vertically shifted the growth 

curves by subtracting the initial OD value from each growth curve, OD600(t) = OD600raw(t) - 

OD600raw(0).59 We observed that the growth curves of the bacteria treated with PDA5, PDA15, or 

PDA30 overlapped with the untreated control, indicating that PDA alone did not change the growth 

behavior of the bacteria. PVP-AgNPs shifted the growth curve to the right by several hours, 

indicating an elongation of the lag time and consistent with our previous observations 

qualitatively.59 It is noted that the OD measurements using the microplate reader showed a peak 

around 1-2 h for the bacteria treated with PVP-AgNPs, which was also present, but much less 

dominant in cuvette-based growth curve measurements, presumably due to the interactions of the 

AgNPs with the medium (e.g., precipitation and re-dissolution of AgNPs in Cl--rich solutions) 

and/or the bacteria (e.g., adsorption of AgNPs to the bacterial surfaces). In contrast, PDA-AgNPs 

suppressed the growth of bacteria for at least 24 hours. The elongation of the lag time in the 

presence of PDA-AgNPs was again much longer than the sum of those due to PDA or AgNPs 

alone, providing evidence to support the conclusion that PDA coating synergizes the antimicrobial 

activities of AgNPs. 

To understand the synergistic effect between the PDA coating and AgNPs, we looked into the 

chemical properties of the PDA-AgNPs. Figure 6A displays the XPS spectra of Ag 3d of the PDA-

AgNPs with the comparison of PVP-AgNPs with a 6 eV energy splitting between Ag 3d5/2 and 

Ag 3d3/2. The binding energy (BE) of Ag 3d5/2 shifted from 366.8 eV for PVP-AgNPs to 367.7, 

367.8, and 367.4 eV for PDA5-AgNPs, PDA15-AgNPs, and PDA30-AgNPs, respectively. The 

approximately 1 eV upward shift of Ag 3d on the surface of AgNPs with the PDA coating suggests 

that compared to PVP-AgNPs, PDA-AgNPs could be attributed to a decrease of initial-state effect 

due to chemical environment change or a loss of electrons from Ag. From the valence point of 
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view, the higher valence/oxidation state could increase the antimicrobial potency of Ag;64 

however, the coordination between Ag and PDA through mainly the catechol group may play an 

important role in governing the antimicrobial activity of the PDA-AgNPs.65 The presence of the 

catechol group/partially oxidized catechol group was evidenced by the XPS analysis of oxygen. 

From the O 1s spectra in Figure 6B, an approximately 0.5 eV upward shift of the O 1s BE was 

observed from 531.4 eV for PVP-AgNPs to 532.1, 532.1, and 531.9 eV for PDA5-AgNPs, PDA15-

AgNPs, and PDA30-AgNPs, respectively. The typical BE of O 1s for organic compounds can be 

assigned as follows: from 531.3 to 532.0 eV for N-C=O and from 532.7 to 533.1 eV for C-OH 

(aliphatic), as well as 532.2 for C=O (aromatic) and 533.6 eV for C-OH (aromatic).66 The 

deconvoluted spectra of O 1s in Figure S3 indicates the increase of the hydroxyl percentage from 

~10% to ~25% before and after PDA coating.  

The increased hydroxyl context after PDA coating was also confirmed by the indirect evidence 

from the analysis of FTIR spectra of DA, PDA, and PDA-AgNPs, as shown in Figure 7. The FTIR 

spectrum of monomer DA exhibited a number of characteristic peaks that can be assigned to the 

N-H stretching (3370 cm-1) and bending (1614 cm-1) vibrations of the primary amine, the 

intermolecular hydrogen bonded O-H stretching (3250 cm-1) of the catechol, the aromatic ring 

stretch (1600, 1496, and 1469 cm-1), and the aromatic C-H stretch (3036 cm-1) and methyl C-H 

stretch (2041 cm-1).67-68 Exposure of DA to air under basic condition (tris-base, pH 8.5) leads to 

oxidation of DA to dopamine quinone and cyclic reaction to 5,6-dihydroxyindole and its oxidized 

form indole-5,6-quinone (Figure 1A). These cyclic and oxidized monomers further react to form 

PDA with increased structural complexity. All the PDA spectra exhibited a board band at ~3420 

cm-1 that can be assigned to intermolecular hydrogen bonded O-H stretch with the N-H stretch of 

secondary amine buried underneath, and a set of distinguishable bands at 1632, 1455, and 1160 
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cm-1 that can be attributed to the aromatic ring stretching vibrations of the polyindole structures.69 

Additionally, the band at 1730 cm-1 corresponding to C=O stretching vibration67-68 appeared at the 

PDA spectra; however, the relative intensity of C=O stretch to the polyindole ring stretch decrease 

with increased reaction time. Similar trend was observed on the PDA-AgNPs meaning that the 

ratio of 5,6-dihydroxyindole to indole-5,6-quinone increased as the PDA coating became thicker. 

This observation suggests that the polymerization of the monomers can lead to the conversion of 

quinone back to catechol agreed with the theoretical predictions;70 however, the further extension 

of the exposure of PDA to O2 would eventually convert catechol to quinone.   

Although the FTIR is a bulk technique, it only probes the polymer structures. Since the polymer 

is the coating layer on the nanoparticles with its thickness increasing from 4 for PDA5-AgNP to 

11 and 22 nm for PDA15-AgNP and PDA30-Ag, respectively, XPS and FTIR, in this case, probe 

mostly the surface (i.e. coating layer) of the nanoparticles. From the quantitative analysis of XPS, 

we observed that Ag-to-polymer ratio decreased with increasing coating thickness (Figure 2C). 

The observed Ag signals in the thicker polymer coating (>10 nm), well above the probing depth 

of XPS, suggest that Ag is present in the polymer coating. The FTIR results indicate the presence 

of catechol group in the polymer coating of the PDA-AgNP nanoparticles (Figure 7B) which agree 

with the XPS findings (Figure S3). The interaction between the Ag in the polymer coating and the 

O of the catechol group can be seen based on the shifts of Ag 3d and O 1s in the XPS spectra 

(Figure 6) that the O donates electrons to the Ag, suggesting the plausible coordination between 

Ag and the catechol group of the PDA coating. Such metal-catechol coordination can lead to the 

synergistic effect of the PDA-AgNPs as a potent antimicrobial agent because heavy metals such 

as the Ag0/Ag ions from the AgNPs can catalyze the redox cycling of catechol group in the PDA 

coating.65 As a result, an electron from the catechol-quinone redox cycle can convert molecular 
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oxygen (O2) to superoxide (O2-), which can be further reduced to hydrogen peroxide (H2O2) and 

hydroxyl radicals (∙OH) in the presence of heavy metals such as Ag. We used CellROX® Orange 

Reagent to quantify the ROS of PDA15-AgNP treated cells compared to those of the control (cells 

with no treatment), PDA15-treated cells, and PVP-AgNP treated cells (Figure 8A, with treatment 

time of 2 h). Despite large cell-to-cell variations, quantitative analysis of fluorescence signals 

indicates a 50% enhancement, on average, in the intensities of the PDA15-AgNP treated cells 

compared to the others (Figure 8B).  

It is known that ROS can cause oxidative damages of cell membranes.71 The biological effects 

of PDA-AgNPs to the bacterial cell membrane were examined by MitoTracker Green FM dye and 

PI dye after treating the bacterial cells with PDA15-AgNPs, PDA15, and PVP-AgNPs for 2 h. The 

attachment of the nanoparticles on the bacteria was investigated by both fluorescent imaging and 

SEM imaging. The fluorescent images of nanoparticles showed that more aggregated PDA-AgNPs 

were around and/or attached to the bacteria than PDA and PVP-AgNPs (Figure S4A), which 

agreed with the SEM results (Figure S4B). By staining the bacterial membrane using MitoTracker 

Green FM dye, we observed that the bacterial membrane became brighter after subjecting the 

bacteria to PDA15-AgNPs (Figure 9A), indicating the change of bacterial membrane potential. To 

quantify this effect, we estimated the mean intensities of 140 bacteria for each sample (i.e., control 

– untreated, treated with PDA15-AgNP, PDA15, and PVP-AgNP, respectively) and observed that, 

although increased brightness was observed for all the treated bacteria, those treated with PDA15-

AgNPs showed the highest intensity increase (Figure 9B). In addition, to assess the significance 

of membrane damage caused by the nanoparticle, we stained the bacterial DNA with PI. The 

rationale is that if PI molecules could enter the bacteria to stain DNA, the membrane damage is 

significant enough to allow influx of ions and other small organic molecules. Representative 
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images of untreated and treated bacteria are shown in Figure 9C, where the fluorescent images 

from PI staining (purple) are superposed on the phase contrast images (grayscale). It was observed 

that, compared to the control, more than four-fold of the bacteria treated with PDA15-AgNPs were 

stained by PI (Figure 9D), suggesting that PDA-AgNPs caused more membrane damage compared 

to PVP-AgNPs. In contrast, the bacteria treated by PDA15 alone showed much lower percentage 

of PI-stained bacteria (slightly higher than the control though), indicating that PDA alone did not 

cause significant membrane damage. These results confirmed that the synergistic effects of PDA-

AgNPs led to greater antimicrobial activity than the simple addition of PDA and AgNPs. 

Conclusion 

We have synthesized the PDA-AgNPs with controllable PDA coating thickness to study the 

surface effects on the antimicrobial activity of AgNPs. The thickness of the PDA coating on the 

AgNPs increased with the PDA deposition time from 3.5 to 11.4, and 22.1 nm for the reaction time 

of 5, 15, and 30 min. The antimicrobial activities of the PDA-AgNPs were evaluated by the 

fluorescence-based growth curve assays on E.coli, indicating that PDA-AgNPs were better 

antimicrobial agents than PVP-AgNPs and PDA themselves. More importantly, the synergistic 

effects between the PDA coating and the AgNPs were found to significantly increase the potency 

of AgNPs against E.coli. XPS and FTIR analysis unveiled the coordination between Ag and 

catechol group on the PDA coating that could be responsible for the synergistic effects. The PDA-

Ag interaction of PDA-AgNPs increased the ROS generation and caused significant damage to the 

bacterial membrane. The result indicated that catechol-rich PDA coating exhibited more 

pronounced synergistic effects on the antimicrobial of AgNPs. Our findings also elucidated the 

molecular mechanism for the previous studies which illustrated the importance of the choice of 

fabrication methods in yielding a PDA surface with strong antimicrobial properties.72-73 This study 
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not only demonstrated the importance of the surface effects on the antimicrobial properties of 

AgNPs, but also laid out guiding principles for the future development of metal nanoparticle-based 

antimicrobial agents.  

 

SUPPORTING INFORMATION 

Table of hydrodynamic diameter and zeta potential measurements of surface-modified AgNPs; 

TEM images of the PDA samples; bacterial growth curves using OD measurement; XPS 

deconvoluted spectra of O 1s of the PDA-AgNPs samples; and fluorescence and SEM images of 

bacteria treated with different conditions. 
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Figure 1. (A) Schematic illustration of the PDA deposition on PVP-AgNPs to form PDA-AgNPs 

at different time points.  (B-E) TEM characterization of AgNPs: (B) PVP-AgNPs; (C-E) PDA-

AgNPs obtained at different lengths of PDA coating time, 5, 15, and 30 min, respectively, denoted 

as PDA5-AgNPs (C), PDA15-AgNPs (D), and PDA30-AgNPs (E).  
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Figure 2. (A) UV-vis spectra of AgNPs before and after PDA coating process: PVP-AgNPs 

(black), PDA5-AgNPs (red), PDA15-AgNPs (blue), and PDA30-AgNPs (green); (B) Zoom-in 

view of the spectra in (A) to identify the peak positions of each samples; (C) XPS spectra of Ag 

3d and N 1s for the corresponding dry samples in (A). The baseline was corrected by the Shirley 

and linear method for Ag 3d and N 1s, respectively. The insets are the repeating units of PVP and 

PDA illustrating that each repeating unit contains one N atom.   
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Figure 3. Fluorescence-based growth curves of AgNPs with different coatings: (A) PVP-AgNPs; 

(B) PDA5-AgNPs; (C) PDA15-AgNPs; and (D) PDA30-AgNPs. The fluorescence intensities of 

bacterial culture in microplate wells as functions of time at various concentrations of 0 (untreated 

– negative control; black solid line), 20 (blue dashed lines), 40 (red dot-dashed lines), 60 (magenta 

dotted lines), and 80 (green solid lines) µg/mL. The lines indicate the means of at least four 

replicates. Error bars (lighter areas) represent the standard errors of the means.  
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Figure 4. Fluorescence-based growth curves of PDA synthesized at the same conditions as the 

coating process but in the absence of AgNPs: (A) 0 min (DA monomer); (B) 5 min (PDA5); (C) 

15 min (PDA15); and (D) 30 min (PDA30). The fluorescence intensities of bacterial culture in 

microplate wells as functions of time at various concentrations of 0 (untreated – negative control; 

black solid line), 20 (blue dashed lines), 40 (red dot-dashed lines), 60 (magenta dotted lines), and 

80 (green solid lines) µg/mL. The lines indicate the means of at least four replicates. Error bars 

(lighter areas) represent the standard errors of the means.  



30 
 

 

Figure 5. Dependence of the heights (A, 𝜂𝑝
𝑓) and locations (B, 𝜏𝑝

𝑓) of the peaks, observed in the 

second-order time derivatives of the fluorescence growth curves, on the concentration of PDA, 

PDA-AgNPs, DA, and PVP-AgNPs.  
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Figure 6. XPS of Ag 3d (A) and O 1s (B). Samples from bottom to top are corresponding to PVP-

AgNPs, PDA5-AgNPs, PDA15-AgNPs, and PDA30-AgNPs.  
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Figure 7. FTIR spectra of samples without or with AgNPs: (A) from bottom to top corresponding 

to DA, PDA5, PDA15, and PDA30; and (B) from bottom to top corresponding to PVP-AgNPs, 

PDA5-AgNPs, PDA15-AgNPs, and PDA30-AgNPs. 
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Figure 8. Promoted generation of ROS by PDA-AgNPs. (A) Representative fluorescent images of 

bacteria stained by CellROX® Orange Reagent. Scale bar = 10 µm. (B) Mean fluorescence 

intensities of the stained bacteria. Error bars represent the standard error of the mean. 
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Figure 9. Higher membrane damage caused by PDA-AgNPs. (A) Representative fluorescent 

images of bacteria stained by MitoTracker Green FM dye. Scale bar = 10 µm. (B) Mean 

fluorescence intensities of the Mito-Tracker stained bacteria. Error bars represent the standard 

error of the mean. (C) Representative fluorescent images of bacteria stained by PI (purple) on top 

of the corresponding phase contrast images (grayscale). Scale bar = 25 µm. (D) Mean percentage 

of the PI-stained bacteria. Error bars represent the standard error of the mean. 
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Table S1. Hydrodynamic diameter and zeta potential measurements of surface-modified AgNPs. 

Surface-modified AgNPs Hydrodynamic diameter (nm) 
in water 

Zeta potential (mV) 
in PBS pH = 7.4 

PVP-AgNPs 121.7±4.0 -8.74±1.08 

PDA5-AgNPs 119.6±2.4 -14.70±2.67 

PDA15-AgNPs 186.3±2.0 -10.26±0.89 

PDA30-AgNPs 209.3±4.7 -9.52±0.22 

DA-AgNPs 113.1±1.9 -12.14±1.97 
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Figure S1. TEM characterization of DA-AgNPs (A) and PDA obtained at different reaction time 

periods, 5, 15, and 30 min, respectively, denoted as PDA5 (B), PDA (C), and PDA30 (D).  
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Figure S2. Truncated and vertically shifted OD growth curves for bacteria treated with PDA, 

PDA-AgNPs, DA and PVP-AgNPs: (A) full region of 48 h incubation; and (B) zoom-in region of 

0-6 h incubation. 
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Figure S3. XPS deconvoluted spectra of O 1s for different samples: (A) PVP-AgNPs; (B) PDA5-

AgNPs; (C) PDA15-AgNPs; and (D) PDA30-AgNPs. The dotted lines (red) are the experimental 

data while the solid lines (dark brown) are the fitting sum after the linear background subtraction. 

The solid lines in light brown and light green are the fitting C=O and C-OH components, 

respectively. For PVP, the C=O and C-OH are attached to a N corresponding to N-C=O and N-C-

OH while the C=O and C-OH are on aromatic rings of PDA. 
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Figure S4. (A) Representative fluorescent images of nanoparticles (purple) on top of the bright 

images of bacteria (grayscale) treated with different conditions. Scale bar = 10 µm. (B) 

Representative SEM images of the bacteria treated with different conditions. Scale bar = 1 µm. 

 

 


