
Surfaces modified with nanometer-thick silver-impregnated 
polymeric films that kill bacteria but support growth of 
mammalian cells

Ankit Agarwala, Tahlia L. Weisb, Michael J. Schurrb, Nancy G. Faithc, Charles J. 
Czuprynskic, Jonathan F. McAnultyd, Christopher J. Murphyd,**, and Nicholas L. Abbotta,*

aDepartment of Chemical and Biological Engineering, University of Wisconsin-Madison, WI 
53706, USA

bDepartment of Surgery, School of Medicine and Public Health, University of Wisconsin-Madison, 
USA

cDepartment of Pathobiological Sciences, School of Veterinary Medicine, University of Wisconsin-
Madison, USA

dDepartment of Surgery, School of Veterinary Medicine, University of Wisconsin-Madison, USA

Abstract

Silver is widely used as a biocidal agent in ointments and wound dressings. However, it has also 

been associated with tissue toxicity and impaired healing. In vitro characterization has also 

revealed that typical loadings of silver employed in ointments and dressings (∼ 100 μg/cm2) lead 

to cytotoxicity. In this paper, we report the results of an initial study that sought to determine if 

localization of carefully controlled loadings of silver nanoparticles within molecularly thin films 

immobilized on surfaces can lead to antimicrobial activity without inducing cytotoxicity. 

Polymeric thin films of poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) were 

prepared by layer-by-layer deposition and loaded with ∼0.4 μg/cm2 to ∼23.6 μg/cm2 of silver 

nanoparticles. Bacterial killing efficiencies of the silver-loaded films were investigated against 

Staphylococcus epidermidis, a gram-positive bacterium, and it was determined that as little as 

∼0.4 μg/cm2 of silver in the polymeric films caused a reduction of 6 log10 CFU/mL (99.9999%) 

bacteria in suspensions incubated in contact with the films (water-borne assays). Significantly, 

whereas the antibacterial films containing high loadings of silver were found to be toxic to a 

murine fibroblast cell line (NIH-3T3), the polymeric films containing ∼0.4 μg/cm2 of silver were 

not toxic and allowed attachment, and growth of the mammalian cells. Thus, the results of this 

study go beyond prior reports by identifying silver-impregnated, polymeric thin films that are 

compatible with in vitro mammalian cell culture yet exhibit antibacterial activity. These results 
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support the hypothesis that localization of carefully controlled loadings of silver nanoparticles 

within molecularly thin polymeric films can lead to antimicrobial activity without cytotoxicity. 

More broadly, this strategy of modifying surfaces with minimal loadings of bioactive molecules 

indicates the basis of approaches that may permit management of microbial burden in wound beds 

without impairment of wound healing.
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1. Introduction

Silver is a non-specific biocidal agent that acts against a broad spectrum of bacterial [1], and 

fungal [2] species, including several antibiotic resistant strains [3]. Silver-based compounds 

and formulations have been used to treat burn wounds for centuries [3– 5], particularly for 

the prevention of burn wound sepsis [4–7]. The antimicrobial efficacy of topical silver has 

encouraged the development of several silver-functionalized ‘active’ wound care dressings 

[5,8,9]. In these approaches, the dressings serve as macroscopic reservoirs of high 

concentrations of silver. The silver is eluted from the dressing and transported by diffusion 

to the surface of the wound bed to establish antimicrobial activity [8]. The highly reactive 

nature of silver ions make them susceptible to inactivation by proteins and chloride ions 

within the complex environment defined by wound fluid [10–12], contributing to the need 

for high concentrations of silver ions in these topical delivery systems [8]. An alternative 

approach has been to perform frequent dressings changes to the wound, but this approach is 

often painful for patients and it is costly [13].

The above-described standard approaches for delivery of silver to wound beds typically lead 

to large excesses of silver being delivered to the wounds and surrounding tissue. This excess 

silver can have detrimental effects. For example, silver ions have been reported to 

accumulate in epithelial cells, macrophages, fibroblasts and connective tissue [4,12] and they 

have been shown to cause tissue toxicity and impaired wound healing [5,7,14]. In vitro 
studies have also demonstrated that the concentrations of silver ions incorporated into 

wound healing products can be cytotoxic to mammalian cells involved in wound healing, 

including fibroblasts [15–17], keratinocytes [15] and lymphocytes [18]. One recent study 

reported rapid induction of differential cell death by all the leading silver dressings that were 

tested in vitro [19], while another study reported elevation of hepatic enzymes and argyria-

like symptoms in burn patients treated with a leading silver dressing [14]. In summary, 

although silver is clearly an effective antimicrobial agent, it also leads to dose-related 

toxicity in tissue. In particular, when diffused to the surface of a wound bed from a 

macroscopic silver reservoir such as a dressing or ointment, the high loadings and 

concentrations of silver necessary to establish antimicrobial activity in the wound bed are 

not well-controlled and can become cytotoxic and impair wound healing [5,20,21].

In the study described in this paper, we report the results of an initial investigation aimed at 

developing principles that can overcome the above-described limitations of current silver 
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delivery systems. We test the hypothesis that nanoscopic localization of precisely-defined 

loadings of silver on a surface can lead to antimicrobial activity without inducing 

cytotoxicity. This hypothesis is based on the proposition that localization of silver on a 

surface can generate the concentrations of silver required for antimicrobial activity at the 

surface (Fig. 1a) without requiring the high loading of silver that is typically required to 

drive mass transport of silver from a macroscopic reservoir to the surface (Fig. 1b). Our 

approach employs molecularly thin polymeric films to localize silver nanoparticles on 

surfaces. The films are prepared by using ‘layer-by-layer’ assembly of oppositely charged 

polyelectrolytes [22]. These polyelectrolyte multilayers (PEMs) are comprised of 

interpenetrating polymeric layers, with typical thicknesses in the 10–100 nm range [23,24]. 

Their porous and supramolecular architectures allow incorporation of a variety of molecules 

including DNA, proteins, viruses, inorganic colloids, and organic dyes [23]. Because PEMs 

can conformally coat a range of different types of surfaces, including the surfaces of 

biological and synthetic materials [24], they can potentially be prepared in situ on a wound-

bed, pre-assembled and transferred from flexible sheeting material to a wound bed, or used 

to functionalize implantable medical devices.

Several past studies have reported the preparation of PEMs that contain silver and display 

antibacterial activity by releasing silver into solution [25–29]. In particular, Rubner and 

coworkers [30–32] demonstrated that PEMs formed from weak polyacids of poly(allylamine 

hydrochloride) (PAH) and poly(acrylic acid) (PAA) can incorporate metallic cations such as 

Ag+ from solution (Fig. 2). The Ag+ ions were incorporated into the PEMs via ion exchange 

with the acidic protons of the PAA and subsequently reduced to zerovalent Ag nanoparticles 

by using an aqueous solution of a chemical reducing agent. Because the number of free 

carboxylic acid groups of PAA within the PEMs that were available for ion exchange with 

Ag+ was controlled by varying the pH of the PAA solution during assembly of the PEM, 

these past studies have established that the loading of silver within PEMs can be 

manipulated by varying the pH of the assembly solution. These past studies have also 

characterized the size, volume fraction and concentration of silver nanoparticles [33] in the 

films. Of particular relevance to this paper, films with loadings of silver nanoparticles of 

∼5.5 μg/cm2 or more were prepared, and shown to exhibit antibacterial activity [31,33]. 

However, neither the minimum loading of silver required for antibacterial activity nor the 

interactions of mammalian cells with the silver nanoparticle-loaded PEMs (including 

cytotoxicity) were reported. We do note that several prior studies have investigated adhesion 

and spreading of mammalian cells on PEMs not containing silver nanoparticles [34,35]. 

These studies revealed that PEMs of PAA and PAH, when prepared under conditions 

identical to those used previously to prepare silver-loaded PEMs [25,26], swelled 

substantially and did not permit attachment and growth of mammalian cells [34].

We end this introduction by noting that a past study by Shi et al has reported on silver-

loaded PEMs prepared from a polymer containing quaternary ammonium ions [29]. For a 

single loading of silver nanoparticles within the PEMs, they reported antimicrobial activity 

and compatibility with mammalian cell culture. In that study, however, the PEMs exhibited 

antimicrobial activity in the absence of silver. In our study, we have used polymers that do 

not exhibit antibacterial activity, and thus we can attribute the antimicrobial activity of the 

PEMs to the presence of the silver.
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2. Materials and methods

2.1. Preparation of polyelectrolyte multilayer (PEM) films

The positively charged polyelectrolyte PAH (Mw = 70 kDa, Sigma Aldrich, St. Louis, MO) 

and the negatively charged polyelectrolyte PAA (Mw = 90 kDa, Polysciences, Warrington, 

PA) were used to prepare the PEMs. Silver nitrate and the reducing agent sodium 

borohydride (NaBH4) from Sigma Aldrich (St. Louis, MO) were used for the synthesis of 

the silver nanoparticles within the PEMs. Deionized water (18.2 MΩ cm) was used to prepare 

all aqueous solutions. Fluorescein isothiocyanate-labeled PAH (FITC-PAH), Mw 70 kDa, 

was prepared using FITC (Invitrogen, Carlsbad, CA) as described elsewhere [36].

PEMs were assembled on glass coverslips (5 mm diameter) that were cleaned by plasma 

oxidation (using PlasmaTherm 1441 RIE Instrument (8 sccm O2, 300 s, 100 W)). Aqueous 

solutions of PAA and PAH (0.01 M by repeat unit), adjusted to the desired pH using either 1 M 

HCL or 1 M NaOH, were used to prepare the PEMs. The plasma oxidized glass coverslips (5 

mm diameter) were placed at the bottom of the wells of a 96-well plate (BD Falcon® 

Polystyrene, non-tissue culture treated 96-well plates, BD, Franklin Lakes, NJ), and PEMs 

were assembled by sequentially placing solutions of either PAH or PAA in the wells for 10 

min. The formation of the PEMs was initiated by the adsorption of PAH onto the glass 

coverslips. After incubation of a coverslip against a given polyelectrolyte solution, the 

solution in the well was exchanged three times with water (2 min each; water adjusted to pH 

5.5 using HCl) to remove free polyelectrolyte from the well [36]. This process of sequential 

polyelectrolyte adsorption and rinsing was repeated to obtain the desired number of 

polyelectrolyte bilayers. A bilayer here is defined as one layer of PAH plus one layer of 

PAA. After assembly, the PEM films were dried in vacuum at 60 °C for 1 h.

Synthesis of the silver nanoparticles (Ag NPs) within the PEMs was initiated by incubation 

of the pre-assembled PEMs (see above) in an aqueous solution of silver nitrate (5 mM) at pH 

7.0 (adjusted with 0.01 N HNO3) for 1 h. As described previously, Ag+ ions diffuse into the 

PEMs and exchange with the acidic protons of the PAA [31,32]. The carboxylate-bound 

Ag+within the PEMs were subsequently reduced to zero-valent Ag NPs by incubation of the 

PEMs (dried in vacuum oven at 60° C for 1 h) in 1 mM NaBH4 aqueous solution (pH 7.0) for 

15 min [33]. In addition to forming the Ag NPs, this procedure regenerates the carboxylic 

acid groups within the PEMs. This permits additional Ag+ to be loaded into the PEMs. Thus, 

repeated cycles of incubation in Ag+ solutions and then reducing agent can be used to 

increase the loading of Ag NPs in the PEMs.

The loading of silver incorporated into the PEMs was determined by dissolving the silver 

nanoparticles in the PEMs into 100 μl diluted nitric acid for 30 min. The concentration of 

Ag+ extracted from the PEMs was measured (after suitable dilution into a 5 mL solution of 

dilute nitric acid) by elemental analysis using an inductively-coupled plasma (ICP) emission 

spectrometer (Perkin Elmer Optima 3000DV) at λ328.068 [29]. The detection limit of the 

instrument was specified to be ∼0.1 ppb. See Supplementary Materials for details regarding 

the analytical method.
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2.2. In vitro cytotoxicity assay

The mouse fibroblast cell line NIH-3T3, obtained from ATCC (Manassas, VA), was used for 

all in vitro cell-based experiments. Cell cultures were maintained in a humidified 

environment with 5% CO2 at 37 °C and were fed with DMEM growth medium 

supplemented with 10% calf bovine serum (CBS) and 1 μM L-glutamine (Invitrogen, 

Carlsbad, CA). For cell culture, PEM-coated glass coverslips housed in 96-well plates were 

first sterilized with UV irradiation (268 nm) for 15 min and then washed three times with 

PBS. Cells were seeded with 1.5 × 104 cells/well of the 96-well plate. Controls used were 

PEM-coated glass coverslips with no silver, and uncoated glass coverslips (plasma 

oxidized). Cells treated with 1% Triton X-100 (Sigma Aldrich, St Louis, MO) were used as 

controls for complete cell death. After incubation for 24 h in growth medium, cells were 

washed with PBS and labeled with fluorescent live/dead assay stains (Invitrogen, #L3224) 

following the manufacturer's protocol. Briefly, cells were incubated for 30 min with 0.6 μM 

calcein AM (ex/em ∼495 nm/515 nm) and 2 μM ethidium homodimer-1 (EthD-1, ex/em 

∼495 nm/∼635 nm) in PBS buffer. Calcein AM is an intracellular esterase substrate that 

undergoes a 40-fold increase in fluorescence upon cleavage (fluoresces green) and thus 

serves as an indicator of the number of live cells present. Ethidium homodimer is excluded 

from live cells but with loss of viability it enters the cell and binds to DNA upon which it 

exhibits a marked increase in fluorescence (fluoresces red) and provides an indication of the 

number of dead cells present. Fluorescence was measured on a Synergy™ multi-mode 

microplate reader (BioTek Instruments, Winooski, VT) and percentage cell viability and cell 

death were calculated relative to controls. An Olympus IX70 inverted microscope equipped 

with Chroma Technology Corp. (Rockingham, VT) fluorescence filter cubes was used to 

image the cells. Images were captured and analyzed using the Metavue version 7.1.2.0 

software package (Molecular Devices, Toronto, Canada).

2.3. Antibacterial activity

The antibacterial activity of silver-impregnated PEMs was determined by incubating a 

suspension of Staphylococcus epidermidis cells in contact with PEM-coated glass 

coverslips. The strain of S. epidermidis used was a clinical isolate from the University of 

Wisconsin-Madison Veterinary Hospital (provided by Professor R. D. Schultz). S. 
epidermidis was grown in Tryptic Soy Broth Yeast Extract (TSBYE) (BD, Franklin Lakes, 

NJ) overnight at 37 °C with shaking at 200 rpm until it reached a cell density of 

approximately 4 × 109 CFU/mL The latter was extrapolated from a standard curve for 

optical density λ600nm) as measured with a UV-vis spectrometer (Beckman Coulter, 

Fullerton, CA). The bacterial suspension was centrifuged at 2700 rpm for 10 min and the 

pellet washed and resuspended in PBS. To test the antibacterial activity of the PEMs, PEM-

coated glass coverslips (5 mm diameter) were placed in wells of a 96-well plate and 

incubated with 107 CFU of S. epidermidis in 100 μL PBS buffer with shaking (100 rpm) at 

37 °C for 8 h. After incubation, buffer from the wells was collected, and the wells (with 

cover-slips) were washed 3 × in 200 μL ice cold PBS to rinse out any bacteria. For each 

well, washings were pooled and the final volume was made to 1 mL using PBS. The viable 

bacterial cells in the collected buffer samples were determined by a surface spread-plate 

method [25]. Serial dilutions of the samples were prepared in PBS and 0.1 mL of each 

diluted sample was spread onto Trypticase Soy Blood Agar plates (#221261, BD, Franklin 
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Lakes, NJ,) and the plates allowed drying. After incubation in a 37 °C incubator for 24 h, 

bacterial colonies were counted and used to calculate the mean colony forming units (CFU) 

per mL. All assays were carried out on at least three different days, with three replicates of 

each test sample every time. The results are reported as the mean ± standard deviation (SD).

2.4. Statistical analyses

Where appropriate, the data is presented as means with standard deviations (SD) as error 

bars, calculated over three or more data points. Significant difference between two groups 

were evaluated by Student's t-test and between more than two groups by one-way ANOVA 

analysis of variance, followed by Tukey's test. The level of significance was set at p < 0.05.

3. Results

3.1. Biocompatibility of polymer multilayers

The first experiments performed in our study sought to characterize the interactions of 

mammalian cells with silver-containing PEMs of PAH/PAA that were prepared under 

conditions reported previously to lead to antimicrobial activity [25,26]. As noted in the 

Introduction, although these past studies have clearly established that silver-impregnated 

PEMs can exhibit antimicrobial activity, they have not characterized the interactions of 

mammalian cells with those silver-loaded PEMs. To this end, PEMs containing 10.5 bilayers 

of PAH/PAA (i.e. with PAH as the top and bottom layer) were prepared (as described in the 

Methods section) on glass coverslips (diameter of 5 mm). The PAH was incorporated into 

the PEMs from solutions at pH 7.5 to ensure that the PAH (with pKa of ∼9.5 [37]) would be 

protonated; the pH of the PAA solutions used to prepare the PEMs was varied to manipulate 

the degree of ionization of the PAA (with pKa of ∼5.5 [37]). As previously published 

[31,33], the capacity of a PEM containing PAA to bind Ag+ from solution is largely 

determined by the number of free carboxylic acid groups present in the PAA during the 

assembly process (and thus is affected by the pH of the PAA solutions used to prepare the 

PEMs). In this report, we denote the PEMs as PAH/PAAx, where x is the pH of the PAA 

solution used to assemble the PEMs. Following previous reports, PEMs were initially 

assembled using PAA solutions with pH values of 2.5, 3.5 or 4.5 [25,26,31–33]. Each set of 

PEMs was impregnated with silver nanoparticles, as described above, by sequential 

immersion in a silver nitrate solution and solution of chemical reducing agent. We confirmed 

formation of the PEMs on the glass coverslips by measurement of cumulative fluorescence 

of PEMs prepared using a fluorescently labeled PAH (see Supplementary Materials, Fig. 1).

Following fabrication, we characterized the attachment and spreading of NIH-3T3 mouse 

fibroblast cells on PEMs formed from PAH/PAA2.5, 3.5, 4.5 (both for PEMs containing silver 

nanoparticles and PEMs free of silver nanoparticles). The cells were seeded on the PEM-

coated surfaces in serum-supplemented (10% calf bovine serum (CBS)) growth media and 

the viability of the cells was determined after 24 h using Calcein-AM (live stain) and 

ethidium homodimer (dead stain). Fig. 3 shows micrographs of the NIH-3T3 cells on either 

glass coverslips (no PEM, Fig. 3a), on glass coverslips coated with PEMs that were free of 

silver (Fig. 3b,d and f), or glass coverslips that were coated with silver-loaded PEMs (Fig. 

3c,e and g). Inspection of Fig. 3a reveals that the cells attached and spread on the glass 

Agarwal et al. Page 6

Biomaterials. Author manuscript; available in PMC 2016 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



coverslips (no PEMs), and that the majority of the attached cells were viable (as indicated by 

staining with Calcein-AM (green), and absence of staining with ethidium homodimer (red)). 

In contrast, the NIH-3T3 fibroblast cells did not spread on the silver-free PEMs prepared 

with PAH/PAA2.5 (Fig. 3b) [37]. The fibroblasts on these PEMs were rounded and formed 

clusters (additional micrographs are shown in Supplementary Materials, Fig. S2). The lack 

of attachment and spreading of cells on these weakly (ionically) cross-linked PEMs is 

consistent with the prior observations by Mendelsohn et al. [34] who proposed that PEMs 

formed under these conditions swell and hydrate in buffers, thereby preventing attachment 

and spreading of fibroblasts (they used NR6WT fibroblasts, a cell line derived from 

NIH-3T3 cells). Thus, while PEMs containing PAA deposited at pH 2.5 possess a high 

density of carboxylic acid groups available for binding of silver [31,33], these PEMs do not 

promote attachment and spreading of fibroblasts. Inspection of Fig. 3b,d and freveals that as 

the pH of the PAA solution used to prepare the PEMs was increased from 2.5 to 3.5 to 4.5 

(i.e. from PAA2.5 to PAA4.5), the attachment, spreading and viability of fibroblasts cells on 

the PEMs surface was observed to improve. However, when silver nanoparticles were 

impregnated within any of these PEMs, almost no live cells were found spread on the PEMs 

after 24 h incubation, and the majority of cells that were attached were rounded and dead 

(Fig. 3c,e and g). These results indicate that the silver-containing PEMs, prepared as 

described above, are cytotoxic to fibroblast cells. We conclude that silver-impregnated 

PEMs, when prepared as reported previously to exhibit antimicrobial activity, are cytotoxic 

to mammalian cells (fibroblasts). These initial results led us to consider three key questions. 

First, what is the loading of silver in the PEMs reported above, and is it possible to 

manipulate the loading of silver in PEMs formed from PAH and PAA over a broader range 

than has been reported in the past (see below)? Second, at what loadings of silver do the 

silver-loaded PEMs no longer exhibit toxicity to mammalian cells? Third, at loadings of 

silver where PEMs are not toxic to mammalian cells, do the silver loaded PEMs retain their 

antimicrobial properties? Below we address each of these questions in series.

3.2. Loading of silver in the PEMs

To address the first of the above-posed questions, we sought to measure the loading of silver 

in the PEMs and to determine if it was possible to manipulate the loading of silver within the 

PEMs over a broad range. Towards that end, we prepared PEMs from PAH and PAA where 

the pH of the solution used to assemble the PAA into the PEMs was systematically changed 

from pH 2.5 (where less than <1% of the acid groups in PAA are ionized) to pH 7.5 (where 

the extent of ionization of the PAA is >95%) [37]. To determine the loading of silver in the 

PEMs, silver was extracted from the PEMs into dilute nitric acid and quantified by elemental 

analysis using an inductively-coupled plasma (ICP) emission spectrometer. By normalizing 

the amount of silver extracted from the PEMs with the total surface area of the PEMs on the 

glass coverslips, the loading of silver in the PEMs (μg/cm2) was calculated (Fig. 4). These 

results, including the concentrations of silver released from the PEMs into the dilute nitric 

acid, are summarized in Table 1 in Supplementary Materials.

It is evident from Fig. 4 that the loading of silver in the PEMs (10.5 bilayers of PAH/PAA) 

can be tuned from 23.65 ± 1.14 μg/cm2 to 0.39 ± 0.03 μg/cm2. Inspection of Fig. 4 also 

reveals that the decrease in loading of silver in the PEMs is subtle when the pH of the PAA 
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solution used to prepare the PEMs was increased beyond 4.5 (containing 0.63 ± 0.15 μg/cm2 

silver). This trend is presumably caused by the titration behavior of the carboxylic acids of 

the PAA [30]. In particular, we note that the loading of silver in the PEMs prepared from 

PAA at pH 4.5 was 0.63 ± 0.15 μg/cm2, and that those PEMs were shown in Fig. 3g to be 

cytotoxic to NIH-3T3 fibroblast cells. To our knowledge, PEMs prepared using solutions of 

PAA with pH values between 4.5 and 7.5, when loaded with silver nanoparticles, have not 

been investigated previously for antibacterial activity or mammalian cell toxicity. Below, we 

reveal that the subtle changes in the loading of silver within PEMs shown in Fig. 4 (with pH 

of PAA solution >4.5) have significant effects on their functional properties (antimicrobial 

activity and compatibility with mammalian cells).

3.3. Cytotoxicity of silver-impregnated multilayers of PAH/PAA5.5–7.5

To test the above-described proposition regarding cytotoxicity of PEMs containing low 

loadings of silver, we prepared PEMs using PAA assembled from solutions at pH 5.5, 6.5 or 

7.5. We first tested the PEMs prepared without silver to confirm that they would permit 

attachment and spreading of NIH-3T3 cells. Inspection of Fig. 5a,c and e confirms 

attachment, spreading and viability (Calcein AM stain) of the cells on these silver-free 

PEMs. Furthermore, these micrographs reveal that the PEMs prepared with PAA at high pH 

(pH of 7.5) caused the highest levels of spreading of the cells. The attachment, spreading 

and viability of cells measured on the PEMs of PAH/PAA7.5 is comparable to that observed 

on the glass coverslips (no PEMs; Fig. 3a). Additional images presented in Fig. S3 of 

Supporting Information confirm spreading of the cells over large areas of these PEMs. Next, 

we incorporated silver nanoparticles within these PEMs, and investigated the influence of 

the silver nanoparticles on the culture of NIH-3T3 cells. Inspection of Fig. 5b,d and f leads 

to several important observations. First, the cells grown on PAH/PAA5.5 films impregnated 

with silver nanoparticles were rounded and contained dead stain. Thus, we conclude that the 

incorporation of silver into these PEMs leads to cytotoxicity. Second, in contrast to the 

PEMs denoted PAH/PAA5.5, we observed the NIH-3T3 cells to attach, spread and exhibit 

high levels of viability (green Calcein AM stain) on silver-impregnated PEMs of PAH/

PAA6.5 and PAH/PAA7.5. A significant finding that emerges from this set of experiments is, 

therefore, that incorporation of silver nanoparticles into the PEMs of PAH/PAA6.5 and 

PAH/PAA7.5 does not lead to cytotoxicity (absence of red EthD-1 dead stain). It is also 

evident that the cells are more uniformly attached and better spread on the silver-

impregnated PEMs of PAH/PAA7.5 as compared to PAH/PAA6.5. Fig. S3 of Supporting 

Information confirms that these differences in attachment and spreading are seen across 

large areas of the two different PEMs.

To confirm the above-described qualitative observations, we quantified the percentage of 

viable cells on the PEMs (relative to untreated glass controls) by measurement of the total 

fluorescence of the live and dead stains. Fig. 6 shows that almost all of the cells were viable 

(i.e. contained live stain) when cultured on silver-free, PEM-coated surfaces (prepared using 

PAA at pHs that ranged from 2.5 to 7.5). This result is an interesting one in light of the result 

shown in Fig. 3, where the fibroblast cells are shown not to spread on weakly ionically 

crosslinked PEMs (i.e., those PEMs prepared from PAA solutions at low pH). Taken 

together, these results suggest that the PEMs themselves are not cytotoxic when prepared 
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from PAA solutions at low pH, but that they resist attachment and spreading of cells due to 

their molecular organization and resulting mechanical properties [34,35]. In contrast, when 

using silver-loaded PEMs, the results in Fig. 6 show that the viability of fibroblasts on the 

PEMs correlate closely with their silver content, which in turn is governed by the pH at 

which the PAA was incorporated into the PEMs. In particular, whereas very few live cells 

were found attached to PEMs of PAH/PAA5.5 containing 0.58 ± 0.04 μg/cm2 silver, 

approximately 80% of cells (relative to untreated glass controls) were alive on PEMs of 

PAH/PAA6.5 containing 0.48 ± 0.05 (μg/cm2 silver, and almost all cells were alive on PEMs 

of PAH/PAA7.5 containing 0.39 ± 0.03 μg/cm2 silver. The key conclusion that emerges from 

the data in Figs. 5 and 6 is that silver-loaded PEMs prepared with PAA at pH 7.5 are 

compatible with the culture of NIH-3T3 cells (they do not exhibit measurable cytotoxicity). 

The mechanical properties of these PEMs lead to high levels of attachment and spreading 

(Fig. 5) and the loadings of silver in these PEMs are sufficiently low that they do not cause 

cellular toxicity (Fig. 6). Below we provide additional evidence that it is the release of silver 

from these PEMs that determines the cellular toxicity of the PEMs.

3.4. Cytotoxicity of silver ions in solution

Cytotoxicity of silver to mammalian cells in vitro is well documented, with several 

researchers reporting on the cytotoxic effects of silver ions on fibroblasts [15,16], 

keratinocytes [15], hepatocytes [38], and lymphocytes [18]. In particular, Hidalgo et al [16] 

reported that silver nitrate concentrations greater than 2.8 ppm in growth media 

(supplemented with 10% fetal calf serum) were cytotoxic (greater than 90% cell death in 24 

h) to human dermal fibroblasts (obtained from skin biopsies at their hospital). Guided by 

these prior observations, we sought to determine if the concentrations of silver ions 

potentially released by the silver-loaded PEMs characterized in Fig. 4 are cytotoxic to 

NIH-3T3 fibroblasts. To this end, we incubated NIH-3T3 cells in growth media (containing 

10% CBS) supplemented with silver nitrate. Fig. 7 shows representative micrographs of 

NIH-3T3 cells labeled with live and dead fluorescent stains (described in Methods Section) 

after incubation for 36 h with the silver nitrate-supplemented growth media (note that the 

NIH-3T3 fibroblast cells were cultured in 100 μL of cell culture media). Inspection of Fig. 7 

reveals that silver nitrate was cytotoxic to NIH-3T3 cells at concentrations above 1 ppm, 

with only 10% live cells (relative to untreated controls) attached to the tissue culture plates 

incubated for 36 h with 2 ppm silver ions (Fig. 7e), and no live cells (Fig. 7f) on those 

surfaces incubated with 5 ppm or higher silver ions. These results, when combined with data 

presented in Fig. 6, lead to several observations. First, the cell death observed on the (PAH/

PAA)10 multilayers prepared using PAA solutions with pH values below 6.5 (i.e., PEMs 

containing 0.48 ± 0.05 μg/cm2 or more of silver) suggests that the PEMs exposed the cells to 

at least 1 ppm of silver ions in order to trigger the cell death. Second, the cell behaviors 

observed on the PEMs prepared using solutions of PAA at pH 7.5 (i.e., PEMs containing 

0.39 ± 0.03 μg/cm2 silver), on which all fibroblasts seeded were alive and spread after a 24 h 

incubation, suggests that the cells on those PEMs were exposed to concentrations of silver 

that were less than 1 ppm. Indeed, if all silver within the PEMs containing 0.39 ± 0.03 

μg/cm2 of silver was released into the cell culture media, we calculate the concentration of 

silver in the culture media to be 0.76 ± 0.06 ppm (see Table 1 of Supplementary Data). 

These results lead us to conclude that these PEMs (prepared using PAA at pH 7.5) are likely 
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not substantially cytotoxic to fibroblasts because the loading of silver is insufficient to 

generate toxic concentrations of silver.

3.5. Antimicrobial activity of silver-loaded PEMs that do not exhibit mammalian cell toxicity

Next we sought to determine if PEMs with low loadings of silver (prepared using PAA at 

high pH) would exhibit levels of antibacterial activity comparable to PEMs reported in the 

past (which contained high loadings of silver but killed mammalian cells in this study). To 

this end, we prepared silver-loaded PEMs from PAH/PAA2.5–7.5 and tested the PEMs for 

their bactericidal activity against suspended cells of the gram-positive bacterium S. 
epidermidis (S. epi.). In this assay, surfaces presenting silver-loaded PEMs were incubated 

with 107 CFU of S. epidermidis in 100 μl PBS buffer, pH 7.4 at 37 °C with shaking (100 

rpm) for up to 8 h, after which bacteria were collected in ice-cold PBS and viable cell counts 

were determined. As controls, bacterial suspension was also incubated with untreated glass 

surfaces, glass surfaces coated with silver-free PEMs or glass surfaces coated with silver-

free PEMs that were treated with the reducing agent (sodium borohydride (1 mm)) used to 

prepare the silver nanoparticles. The results are presented in Fig. 8. Similar to the bare glass 

control, we observed no reduction in the viable S. epidermidis counts when the bacteria were 

incubated in contact with surfaces coated with silver-free PEMs, or with silver-free PEMs 

treated with the reducing agent. In contrast, when bacterial suspension was incubated with 

silver loaded PEMs of PAH/PAA2.5 (containing 23.65 ± 1.14 μg/cm2 silver), we observed a 

6 log10 reduction in CFUs of S. epidermidis, i.e. more than 99.9999% of bacteria cell death, 

as illustrated in Fig. 8a. Silver-loaded PEMs prepared with PAH/PAA3.5,4.5,5.5 or 6.5 

(containing 1.06 ± 0.10, 0.64 ± 0.08, 0.58 ± 0.04, or 0.48 ± 0.05 μg/cm2 silver, respectively) 

also exhibited similar levels of antibacterial activity (results not shown). Most significantly, 

the silver-loaded PEMs that were prepared with PAH/PAA7.5 and contained only 0.39 

± 0.03 μg/cm2 silver also exhibited similar high levels of antibacterial activity, i.e. a 6 log10 

reduction in viable S. epidermidis, as illustrated in Fig. 8b. To provide additional evidence 

that this antibacterial effect is due to silver incorporated into the PEM, we further decreased 

the loading of silver in the PEMs by reducing the concentration of silver nitrate solution in 

which PEMs were incubated to impregnate them with silver ions (in the experiments 

described above, we used 5 mM silver nitrate solutions). The results in Fig. 8b show that as 

the concentration of silver nitrate solution (in which PEMs prepared with PAH/PAA7.5 were 

incubated) was decreased from 5 mM to 0.5 mM and then 0.05 mM, the resulting silver-loaded 

PEMs killed 99.99% and 90% of the bacteria, respectively, incubated in contact with the 

surfaces. When the concentration of silver nitrate used to prepare the PEMs was decreased 

below 5 μM, the antimicrobial activity of the PEMs was lost. In summary, this dose-response 

curve confirms the role of the silver in the antimicrobial activity of the PEMs, and 

demonstrates important finding that there exists a window of silver loadings in the PEMs 

where the PEMs exhibit antimicrobial activity yet do not cause mammalian cell toxicity 

(using mouse fibroblasts).

4. Discussion

A key finding of this study is that there exists a range of loadings of silver in PEMs prepared 

from PAA and PAH that do not lead to mammalian cell toxicity yet do exhibit antimicrobial 
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activity. This finding was made possible because the loadings of silver within the PEMs 

could be precisely controlled over a wide range. Whereas past studies have reported 

manipulation of the loading of silver in PEMs prepared from PAA and PAH between ∼ 50 

μg/cm2 and 5 μg/cm2, we found that the lowest of these loadings of silver still induced 

cytotoxicity. In order to prepare PEMs that were not toxic to mammalian cells, we found that 

we needed to lower the loading of silver below 0.4 μg/cm2. Significantly, at these loadings of 

silver, the PEMs still exhibited antimicrobial activity.

An important insight into the compatibility of the silver-loaded PEMs used in our study 

comes from companion measurements in which we examined the cytotoxic effects of 

soluble silver concentrations. If all the silver within a PEM loaded with 0.4 μg/cm2 of silver 

was to dissolve into the cell culture medium used in our studies, we calculate that the 

concentration of silver in the culture media would be <1 ppm. Inspection of Fig. 6 reveals 

that this concentration of soluble silver does not lead to cytotoxicity. This result contrasts to 

a past study by Shi et al. [29], who reported on the toxicity of PEMs containing 25 μg/cm2 

of silver nanoparticles. Although these authors report that their PEMs were compatible with 

cells for 48 h, data on rates of silver release presented in their report indicate that growth of 

mammalian cells on these PEMs for times longer than 48 h would lead to levels of soluble 

silver that would be cytotoxic. A significant point that emerges from our study is that 

absence of cytotoxicity (with retention of antimicrobial activity) can be achieved by using 

loadings of silver that are sufficiently low. In contrast, the absence of cytotoxicity in the 

report by Shi et al. [29] is likely because the silver within the PEM was not fully released to 

the cell culture media. This difference is significant because higher release rates or longer 

incubation times can lead to cytotoxic effects in the latter but not the former system.

It is interesting to also compare the loadings of silver in the PEMs prepared from PAH and 

PAA that lead to antimicrobial activity to the loadings of silver used in silver-based wound 

treatments. Silver-based topical solutions that are currently used in clinical practice for 

wound healing, such as 0.5 wt% silver nitrate solution, or ointments such as 1 wt% silver 

sulfadiazine cream, release silver at concentrations up to 3200 ppm, although most of this 

silver is thought to be rapidly inactivated through the formation of chemical complexes in 

the wound [6]. A prototypical example of silver-impregnated wound dressings is Acticoat®. 

These dressings are designed to provide a sustained release of silver over an extended period 

of time [19]. Acticoat® contains nanocrystalline silver [6] at a loading of ∼100 μg/cm2 and 

can release 80–100 ppm of silver in water [1,39]. It has been shown to be cytotoxic to 

keratinocytes and fibroblasts [14,15] and cause rapid induction of differential cell death 

programmes in cells in vitro [19]. In contrast to these conventional approaches, the silver-

loaded PEMs used in the studies reported in this paper contain several orders of magnitude 

less silver (as low as 0.4 μg/cm2, releasing a total of 0.76 ± 0.06 ppm silver ions into 100 μl 

solution), yet they still demonstrate effective antibacterial activity. Furthermore, these silver 

impregnated PEMs allow attachment and growth of adhesive cells like fibroblasts. Although 

3T3 cells cytotoxicity does not directly correlate with impairment of clinical wound healing 

in humans, the sensitivity of this cell line to silver allowed us to fine tune the dose-related 

toxicity. Finally, we note that evaluation of the clinical utility of these silver loaded PEMs 

for wound healing will require characterization of the temporal properties of these systems, 
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testing of other mammalian cell lines and bacterial strains, and studies in animal models, 

which will be reported in the future studies.

In summary, our results support the proposition that nanometer-thick polymeric films that 

permit integration of silver nanoparticles into wound beds will allow precise delivery of 

therapeutic levels of silver. This precise delivery could lead to the effective control of wound 

bioburden without silver-related cytotoxicity currently encountered with macroscopic topical 

silver-delivery agents used for wound healing [5,15,38,40]. More broadly, our results using 

silver impregnated PEMs support the general concept of nanoscopic localization of bioactive 

molecules by nanometer thick polymer multilayers. We envision engineering the wound bed 

with other bioactive agents, such as growth factors and extracellular matrix constituents to 

optimize wound healing and promote favorable patient outcomes.

5. Conclusion

We demonstrate that precise control of the loading of silver nanoparticles in molecularly thin 

polymeric films can lead to engineered surfaces that permit attachment and spreading of 

mammalian cells while also demonstrating antibacterial activity. Results presented in this 

paper are consistent with the conclusion that the absence of cytotoxicity arises because the 

loading of silver within the polymeric thin films is insufficient to generate toxic 

concentrations of silver. This contrasts with currently employed macroscopic strategies 

(ointments and wound dressings) wherein antimicrobial activity is typically achieved with 

loadings of silver that can lead to cytotoxicity. The high loadings of silver associated with 

these conventional approaches to silver-based wound-care are also known to impair wound 

healing. The results of our study suggest the basis of new approaches for management of 

microbial burdens in wounds that employ integration of nanoscopic silver and other 

bioactive agents into wound beds. It serves as the first demonstration of a generalizable 

approach for the controlled engineering of the wound bed to promote wound healing.
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Fig. 1. 
Schematic illustration of hypothesized concentration profiles of silver ions generated (a) by 

immobilization of silver nanoparticles within nanometer-thick polymeric films integrated 

into a wound bed, and (ii) by diffusion of silver ions from a macroscopic reservoir of silver 

(wound dressing) across wound fluid to a wound bed. The plot presented to the right of the 

schematic illustration in (a) shows that localization of silver nanoparticles to a wound bed 

can lead to a therapeutic window of silver ion concentrations at the surface of a wound bed 

without generating toxic concentrations of silver ions. In contrast, as illustrated in the plot 

presented to the right of (b), when delivering silver ions to a wound bed by diffusion from a 

macroscopic reservoir, toxic concentrations of silver ions are generated in wound fluid in 

order to achieve a therapeutic window of silver ion concentrations at the surface of a wound 

bed.
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Fig. 2. 
Schematic illustration of the layer-by-layer deposition of multilayers of PAH/PAA on a 

charged substrate. Post-assembly, the multilayer super-lattice is incubated with a solution of 

AgNO3 in order to promote the exchange of the silver ions with protons of the carboxylic 

acid groups of PAA within the film. Subsequently, silver ions within the film are reduced to 

silver nanoparticles by a chemical reducing agent (NaBH4). Chemical reduction of the silver 

ions to silver nanoparticles also regenerates the carboxylic groups within the film.
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Fig. 3. 
PEMs assembled under conditions leading to loadings of silver nanoparticles that are 

cytotoxic to NIH 3T3 mouse fibroblast cells. The figure shows NIH 3T3 cells after 24 h 

incubation on (a) an untreated glass surface, (b, d, f) PEM-(10.5 bilayers of PAH7.5/PAAx)-

coated glass surfaces, without silver, (c, e, g) or PEM-coated surfaces with silver 

nanoparticles. Cells were labeled with live (green)/dead (red) fluorescent stains. PEMs were 

prepared using PAA solutions at pH 2.5 (b,c), or 3.5 (d,e) or 4.5 (f,g). Scale bar- 100 μm. 

See text for other details.
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Fig. 4. 
Amount of silver impregnated into PEMs (10.5 bilayers of PAH7.5/PAAx) can be tailored by 

varying the pH of the PAA solutions used to assemble the PEMs. The figure shows the 

loading of silver (μg/cm2) within the PEMs prepared on 5 mm-diameter glass coverslips. 

Data points labeled with same letter of the alphabet are significantly different from each 

other, (n ≥ 3, p > 0.05).
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Fig. 5. 
PEMs assembled under conditions leading to loadings of silver nanoparticles that are not 

cytotoxic to NIH 3T3 cells. The figure shows NIH 3T3 cells after 24 h incubation on (a, c, e) 

glass surfaces coated with PEMs (10.5 bilayers of PAH7.5/PAAx) without silver, or (b, d, f) 

or glass surfaces coated with PEMs impregnated with silver nanoparticles. The PEMs were 

prepared using PAA solutions at (a, b) pH 5.5, (c,d) 6.5, or (e,f) 7.5. The cells were labeled 

with live (green)/dead (red) fluorescent stains. Scale bar- 100 μm.
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Fig. 6. 
Viability of NIH 3T3 cells on PEM-coated glass surfaces impregnated with silver 

nanoparticles is silver-dose dependent. NIH 3T3 cells (1.5 × 104 per well) were incubated on 

PEM-coated glass coverslips placed in 96-well plates for 24 h and then labeled with live/

dead fluorescent stains. PEMs were prepared using solutions of PAA with pH values ranging 

from 2.5 to 7.5 to vary the loading of silver. Data presented as mean ± S.D. with n = 6.
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Fig. 7. 
Cytotoxicity of NIH 3T3 cells to silver ions dissolved in growth media is dose-dependent. 

The Figure shows NIH 3T3 cells on glass coverslips after incubation for 36 h in serum-

supplemented growth media to which AgNO3 was added: (a) No silver, (b) 1 ppm, (c) 1.2 

ppm, (d) 1.5 ppm, (e) 2 ppm, (f) 5 ppm. Cells were labeled with live (green)/dead (red) 

fluorescent stains. Scale-bar = 200 μm.
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Fig. 8. 
PEMs impregnated with as little as 0.39 ± 0.03 μg/cm2 silver are bactericidal for S. 
epidermidis. PEM-coated glass coverslips were placed in 96-well plates and incubated with 

107 CFU of S. epidermidis in 100 μl PBS buffer for 8 h with shaking (100 rpm) at 37 °C 

After incubation, bacteria were rinsed off the test wells and plated on agar to estimate viable 

cell counts (CFU/well). (a) PEMs assembled using PAA at pH 2.5 and impregnated with 

23.6 ± 1.1 μg/cm2 silver using a 5 mm silver nitrate solution. (b) PEMs assembled using 

PAA at pH 7.5 and impregnated with 0.39 ± 0.03 μg/cm2 silver using a 5 mm silver nitrate 

solution. In addition, results are shown for PEMs were impregnated with concentrations of 

silver nitrate solutions that were less than 5.0 mm, as indicated on x-axis of the graph. The 

loadings of silver nanoparticles in the PEMs prepared using the low concentrations of silver 

were below the detection limit of ICP-ES. Overall, the data demonstrates silver-dose 

dependent bactericidal activity. Data presented as mean ± standard deviation (n = 3).
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