
Antimicrobial polymer-siRNA polyplexes as a dual-mode 
platform for the treatment of wound biofilm infections

Taewon Jeon†,#, Jessa Marie V. Makabentaζ,#, Jungmi Parkζ,#, Ahmed Nabawyζ, Yagiz Anil 
Cicekζ, Sarah S. Mirza‡, Janelle Welton‡, Muhammad Aamir Hassanζ, Rui Huangζ, Jesse 
Mager‡, Vincent M. Rotello†,ζ,*

†Molecular and Cellular Biology Graduate Program, University of Massachusetts Amherst, 230 
Stockbridge Road, Amherst, Massachusetts, 01003, USA

ζDepartment of Chemistry, University of Massachusetts Amherst, 710 North Pleasant Street, 
Amherst, Massachusetts, 01003, USA

‡Department of Veterinary and Animal Sciences, University of Massachusetts Amherst, 661 N 
Pleasant Street, Amherst, Massachusetts, 01003, USA

Abstract

Treatment of wound biofilm infections faces challenges from both pathogens and uncontrolled 

host immune response. Treating both issues through a single vector would provide enhanced 

wound healing. Here, we report the use of a potent cationic antimicrobial polymer to generate 

siRNA polyplexes for dual-mode treatment of wound biofilms in vivo. These polyplexes act 

both as an antibiofilm agent and a delivery vehicle for siRNA for the knockdown of biofilm-

associated pro-inflammatory MMP9 in host macrophages. The resulting polyplexes were effective 

in vitro, eradicating MRSA biofilms and efficiently delivering siRNA to macrophages in vitro 
with concomitant knockdown of MMP9. These polyplexes were likewise effective in an in vivo 
murine wound biofilm model, significantly reducing bacterial load in the wound (~99% bacterial 

clearance) and reducing MMP9 expression by 80% (qRT-PCR). This combination therapeutic 

strategy dramatically reduced wound purulence and significantly expedited wound healing. Taken 

together, these polyplexes provide an effective and translatable strategy for managing biofilm-

infected wounds.
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Dual therapeutics use cationic polymers to kill bacteria and deliver siRNA to macrophages to 

decrease inflammation and enhance wound healing.

Introduction

Chronic non-healing wounds affect 40 million patients worldwide annually, resulting in an 

estimated cost of USD 100 billion to treat.1 Biofilm infections are the predominant driver 

of these chronic infections.2 The presence of necrotic tissues and high moisture content in 

the wound area promote bacterial attachment and proliferation, ultimately leading to the 

formation of biofilms.3 Once established, these biofilms create a bio-barrier comprised of 

extracellular polymeric substances (EPS) secreted by bacteria.4,5 The EPS matrix prevents 

antibiotics and other treatments from reaching the infected wound area.6 This protective 

microenvironment of biofilm promotes the maturation of embedded bacteria, making 

antibiotic-based treatment challenging and frequently requiring surgical interventions.7,8

Beyond protecting biofilms from synthetic antimicrobials, the EPS matrix obstructs the 

access of phagocytic immune cells to the bacteria,9 rendering the host response ineffective 

in clearing the infection.10 Importantly, the persistent presence of pathogens induces 

continuous cycles of inflammatory responses, with high levels of inflammatory factors and 

proteinases within the wound.11 This chronic wound inflammation causes tissue damage, 

impaired re-epithelialization, and delayed wound healing.6,12,13

Current clinical practice for treatment of wound infections normally focuses on clearing 

bacteria with long-term and high-dosage treatment topical and/or systemic antibiotics, 

coupled with frequent wound debridement.14 These strategies have limitations arising from 
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from antibiotic resistance and limited biofilm penetration.15 Besides limited antibiofilm 

activity, standard biofilm treatment strategies do not address other negative impacts of 

biofilms on the wound healing process, including prolonged inflammatory state, and tissue 

damage with consequent delay in reparative cell migration.16,17

Concurrent biofilm killing and modulation of inflammation could offer a promising strategy 

for accelerated wound healing and treatment of wound biofilm infections.18 The use of 

a single vector for these two uses would provide an important step in holistic wound 

treatment. Recently, peptide-loaded hydrogels have been used to target wound infection and 

inflammation simultaneously.19 An alternative strategy integrating fast-acting antimicrobials 

with anti-inflammatory siRNA into a single delivery system has the potential for an 

enhanced wound healing process, a combination that to our knowledge has not been used 

before. Antimicrobial activity occurs quickly, often in a few hours or less.20,21 In contrast, 

siRNA knockdown and concomitant anti-inflammatory activity take longer (generally >24 

h),22 allowing the host immune system to combat the infection prior to anti-inflammatory 

action.

Polymeric nanoparticles provide a versatile toolkit to combat wound biofilm infections 

through antimicrobial action.4, 23 Engineering the physicochemical properties of polymers, 

including size, hydrophobicity, charge, and surface functionality, enables effective 

antimicrobial activity and biofilm penetration. 24 , 25 , 26 In our previous work, we reported 

the antimicrobial activity of poly(oxanorborneneimide) (PONI)-based polymers with long 

alkyl chains through effective bacterial membrane disruption against a broad spectrum of 

bacterial strains both Gram-positive and negative.4,27,28 The amphiphilic nature of this 

antimicrobial polymer is engineered using cationic sidechains, with quaternary ammonium 

groups appended with a C11 alkyl chain (PONI-C11-TMA, Figure 1).26 In parallel research, 

structurally related PONI polymers with guanidinium groups were used to provide efficient 

delivery of siRNA for the treatment of lung inflammation in a mouse model.29

Both the antibacterial action and siRNA delivery of PONI polymers build upon key PONI 

polymer structural features: 1) cationic moieties that interact with negatively charged 

siRNA while providing the polymers essential interactions with bacterial membrane for 

antimicrobial activity; 2) the “semi-arthritic” structure of the PONI backbone pre-organized 

semi-rigid platform that facilitates self-assembly with siRNA cargo30 and provides an 

efficient presentation of amphiphilic cationic groups for antimicrobial efficacy and cationic 

polyplexes formation.17

We hypothesized that with appropriate sidechain choice, the PONI polymer scaffold 

could be used for both antimicrobial activity and siRNA delivery to host immune cells 

for enhanced wound healing. We report here a dual-mode strategy for the treatment 

of wound biofilm infections using PONI-C11-TMA/siRNA polyplexes (Figure 1). In 

this platform, PONI-C11-TMA formed polyplexes through electrostatic complexation 

with siRNA targeting matrix metalloproteinase 9 (MMP9), a proinflammation-associated 

protease. The polyplexes demonstrated excellent penetration and eradication of methicillin-

resistant Staphylococcus aureus (MRSA) biofilms, and effective knockdown of MMP9 

expression in macrophages and fibroblasts in vitro. In vivo efficacy was demonstrated in 
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a MRSA wound biofilm model. The polyplexes exhibited potent antimicrobial activity, 

effectively clearing 99% (~2 log units) of bacterial load. The polyplexes also achieved 

an 80% knockdown of MMP9 mRNA expression at the wound site. This dual-mode 

wound healing strategy significantly improved wound healing, surpassing the results of the 

PONI polymer alone or clinically indicated vancomycin controls. Overall, the modularity, 

antimicrobial efficacy and anti-inflammatory modalities of these polymer-siRNA dual-action 

polyplexes provide a powerful strategy for topical treatment of wound biofilm infections.

Cationic antimicrobial polymer, PONI-C11-TMA was synthesized, characterized, and 

used for experiments, as it provided the highest antimicrobial efficacy in our previous 

reports.24,27 Briefly, PONI-C11-TMA (24K MW) polymer was synthesized using ring-

opening metathesis polymerization (ROMP) with a third-generation Grubbs catalyst, 

yielding polymers with low polydispersity (PDI: 1.03). The molecular weight and PDI of the 

synthesized polymers were measured using gel permeation chromatography (GPC, PMMA 

calibrated) in tetrahydrofuran (Figure S1).

The synthesized PONI-C11-TMA was then used to form polyplexes with siRNA through 

simple co-incubation of polymer (N, number of quaternary ammonium groups) and 

siRNA (P, number of phosphate groups) at varied quaternary ammonium/phosphate (N/P) 

ratios (details are available in Supporting Information, Experimental Section, Table S1). 

Stable complexation between PONI-C11-TMA polymer and siRNA was confirmed by gel 

mobility shift assay showing that PONI-C11-TMA could completely retard the migration of 

siRNA at over N/P 10 (Figure 2a). Dynamic light scattering (DLS) measurements showed 

that the polyplexes exhibited discrete particles with an average diameter of ~100 nm and 

low PDI (< 0.1) (Figure 2b). PONI-C11-TMA alone self-assembles into nanoparticles 

with an average size of 15 nm. The observed increase in the size upon complexation with 

siRNA is consistent with successful formation of polyplexes with narrow size distribution. 

Moreover, the overall surface charge of the formulated polyplexes shifted to a less positive 

value (+6 to + 9 mV, Figure 2c) compared to that of PONI-C11-TMA only (+25 mV), as 

measured by zeta potential.15 These results demonstrated that the average surface charge of 

the resulting polyplexes increased with N/P ratio due to the increased charge contribution 

by cationic PONI-C11-TMA polymers. Transmission electron microscopy (TEM) images 

further confirmed the sizes of PONI-C11-TMA/siRNA polyplexes and showed that the 

system has spherical morphology (Figure 2d, Figure S2).

Next, the encapsulation efficiency of siRNA was verified using RiboGreen assay (Figure 

2e). All formulations yielded siRNA encapsulation efficiency values of more than 96%, 

indicating efficient encapsulation siRNA. Additionally, polyplexes were prepared with 

serum media and incubated with RNase A to evaluate the stability of siRNA when 

exposed to physiological conditions (Figure 2f). Polyplexes efficiently protected siRNA 

from enzymatic degradation by RNase A, while free siRNA was fully degraded.

Having confirmed the formation of the polyplexes, we next verified the biofilm penetration 

ability of the formulated polyplexes. The EPS matrix of biofilms acts as a physical barrier 

impeding the entry of therapeutics. Therefore, we first evaluated the polyplex penetration 

into the biofilm using confocal laser scanning microscopy (CLSM). The penetration profiles 

Jeon et al. Page 4

Mater Horiz. Author manuscript; available in PMC 2024 November 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of polyplexes were monitored using RFP-expressing MRSA biofilms and Cy5.5-labeled 

polymers. As shown in Figure 3a, polyplexes successfully penetrated the biofilm matrix 

and co-localized with bacterial cells. Next, minimum inhibitory concentrations (MIC) and 

minimum bactericidal concentrations (MBC) of PONI-C11-TMA polymers and PONI-C11-

TMA_siRNA polyplex were determined against clinically isolated MRSA (IDRL-6169). 

Interestingly, the MIC of both systems was observed at 160 nM (Table S2), but MBC of 

polyplexes was 2-fold higher than polymer alone possibly due to a less positive charge 

with negatively charged siRNA presented in the system (Figure S3). Then, we screened 

polyplexes formulated with varied N/P ratios for antimicrobial activity against biofilms. 

Notably, the polyplexes exhibited high antimicrobial activity by showing a similar 4-log 

reduction of colony forming units (CFU) as compared to polymer alone control (Figure 3b).

The host cell toxicity of all the formulations was tested using Alamar Blue cell viability 

and hemolysis assays. The results showed minimal cytotoxicity towards macrophages and 

absence of hemolytic activities at concentration levels capable of killing the biofilms, 

supporting lack of host toxicity of the polyplexes (Figure S4). Given the observed efficacy 

and safety of the library of polyplexes, we moved forward for the subsequent studies with 

the formulation (N/P ratio 40) that showed the highest antimicrobial effects.

Next, gene knockdown by the PONI-C11-TMA/siRNA polyplexes was investigated.31 We 

investigated the efficacy of gene knockdown in macrophages. Stably transfected eGFP-

expressing macrophages (RAW 264.7:eGFP) were incubated with polyplexes targeting 

eGFP (100 nM siRNA) at N/P 40 for 24 h. Then, eGFP expression profile was monitored 

using CLSM (Figure 4a). The eGFP expression was confirmed and quantified by flow 

cytometry and data analyses revealed that PONI-C11-TMA/si_eGFP polyplex showed 

effective knockdown of eGFP expression (~90%) (Figure 4b). As expected, no eGFP 

silencing was observed when the cells were treated with PONI-C11-TMA polymer only.

Next, we evaluated the delivery of therapeutic matrix metalloproteinase (MMP9) siRNA by 

PONI-C11-TMA/si_MMP9 polyplexes. MMP9 was selected as a therapeutic target given 

MMP9 the crucial role the protein plays in tissue remodeling and inflammation in chronic 

wounds.32 MMP9 mRNA expression after the treatment with the polyplexes was verified 

using qRT-PCR demonstrated significant (~80%) knockdown in macrophages (Figure S5). 

The polymer alone did not silence the gene as expected due to the lack of cytotoxicity of the 

polymer.

MMP9 knockdown and subsequent anti-inflammatory effect occur over a longer timeline 

compared to the rapid-onset antimicrobial activity of the polymer. Notably, the PONI-C11-
TMA/si_MMP9 polyplexes disrupt biofilm quickly (3 hours), comparable to polymer alone. 

This rapid antimicrobial action allows the antimicrobial to work in concert with the host 

immune system to combat the infection prior to anti-inflammatory action following MMP9 

gene silencing.

Encouraged by in vitro efficacy of the polyplexes, we evaluated the system in vivo as a 

topical wound biofilm therapeutic. We used a murine model of wound biofilm infection 

with bioluminescent MRSA USA300 NRS384 strain (SAP-231) as the infecting pathogen 
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(Figure 5a). The wound was created by making a 5-mm defect at the dorsum of the 

mice, infected with 107 CFU MRSA/animal then incubated for 24 h to develop the 

MRSA biofilm, as confirmed by scanning electron microscopy (SEM) image (Figure 5b). 

Stable bioluminescent signals on the wound area confirmed established biofilm formation; 

mice that did not exhibit bioluminescence were not used for further studies. The mice 

were then randomly grouped into four groups (n=4) to receive one of the following: 1) 

phosphate-buffered saline (PBS) only, 2) PONI-C11-TMA polymer only 3) PONI-C11-
TMA/si_MMP9 polyplex or 4) vancomycin only. Treatments were topically administered 

once daily for four days. Bioluminescence was monitored to qualitatively assess the 

activity of the treatment groups. As shown in Figure 5c, mice treated with polymer 

or polyplex showed no bioluminescent signal on the last day of treatment while mice 

treated with PBS or vancomycin showed minimal to no change in bioluminescence. After 

the last day of treatment, mice were sacrificed via CO2 asphyxiation, and then 3 mm 

skin samples were collected from the inner wound area for quantitative bacterial load 

determination. Quantitative colony counting using tryptic soy agar plates was used to 

quantify the remaining bacterial load at the infection site. Results showed that the polyplexes 

retained their potent antibiofilm activity, with a bacterial reduction of approximately 

~2 log units (~99 % reduction), which is similar to that of the polymer only (Figure 

5d). Moreover, polymer or polyplex treatments showed better efficacy than the standard 

treatment, vancomycin, which exhibited bacteria reduction of only ~0.5 log units.

Inflammation is an essential step in the wound healing process at the infected area, however, 

the prolonged presence of biofilm on the wound can extend the inflammatory state, slowing 

down or inhibiting other processes in the wound healing cascade.33 Given pus formation 

is an indicator of infection and inflammation, we monitored the degree of purulence of 

the wounds using a reported scoring system to assess the effects of the treatment groups 

on the inflammatory phase of the wound healing process of the infected mice (Figure 

6a).34,35 Mice treated with PONI-C11-TMA/si_MMP9 polyplexes obtained the lowest 

scores, ranging from 1-2, indicating a low level of inflammation. This result is consistent 

with effective knockdown of MMP9, an inflammatory protease. Mice treated with PONI-
C11-TMA polymer had scores averaging at 3, a reduced level of inflammation relative to 

the PBS control or vancomycin. Effective knockdown of MMP9 in wound samples was 

using verified qRT-PCR (Figure 6b). Quantifying the MMP9 mRNA levels in the collected 

tissue samples revealed that treatment with polyplexes resulted in an 80% knockdown of 

MMP9, while polymer controls have MMP9 mRNA levels comparable to the negative 

control, PBS group.

The combination of antimicrobial action and MMP9 knockdown substantially aided wound 

healing. Mice treated with the polyplexes demonstrated up to 50% wound closure, 

significantly better than polymer alone (~25%) or vancomycin alone (~15%) (Figure 6c, 

Figure S6). Histological analysis of the skin in the wound site also indicated enhanced 

wound healing for groups treated with the polyplexes (Figure S7). Hematoxylin and eosin 

staining (H&E staining) revealed increased re-epithelialization with polyplex treatment 

compared to polymers alone. Meanwhile, groups treated with vancomycin and PBS were 

still at the early stages of the wound healing process, with an abundance of proteinaceous 
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debris and inflammatory cells. Overall, the dual-mode of polyplexes allowed effective 

siRNA delivery and maintained antimicrobial effects, resulting in reduced inflammation and 

improved wound healing. These results highlight the potential of PONI-C11-TMA/siRNA 

polyplex as an effective therapeutic platform for treating severe wound infections.

Conclusions

In summary, we present a dual-mode antimicrobial/anti-inflammatory strategy that provides 

a single vector system that is promising non-surgical strategy for the treatment of 

chronic non-healing wounds caused by biofilm infections. Through combined antimicrobial 

properties and siRNA delivery capabilities, the engineered PONI-C11-TMA/siRNA 

polyplexes effectively penetrated and eradicated MRSA biofilms, while also reducing 

MMP9 expression in vitro. In vivo studies demonstrated increased antimicrobial activity, 

decreased purulence, and significant improvement in wound healing for the polyplexes 

relative to the polymer alone and clinically-used vancomycin positive control. This 

combined approach harnesses the strengths of both antimicrobial and anti-inflammatory 

modalities, leveraging their disparate timeframes to optimize the host immune response and 

enhance the wound healing process. Overall, the integration of antimicrobial activity with 

immunomodulation provides new avenues for the treatment of chronic biofilm infections.
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New Concepts

Chronic wound biofilm infections affect 40 million patients worldwide. Biofilms in 

wound beds present a reservoir for pathogens and result in a prolonged inflammatory 

phase that delays the wound healing cascade. The protective barrier presented 

by the biofilm limits antimicrobial efficacy and, causes uncontrolled inflammatory 

responses that inhibit skin repair. Multimodal therapeutics that address killing the 

pathogen and modulating immune response have the capability of holistic treatment 

of wound biofilm infections. We used electrostatic complementarity between a 

poly(oxanorborneneimide) cationic antimicrobial polymer and anionic small interfering 

RNA (siRNA) to generate self-assembled polyplexes. These systems combine potent 

antibiofilm activity with efficient delivery of immunomodulatory siRNA to generate 

dual-mode wound therapeutics. This platform effectively kills bacteria in wounds while 

reducing inflammation. This combined activity significantly reduces wound purulence 

and promotes wound healing.
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Figure 1. 
Schematic representation of a) engineering polyplexes via electrostatic interactions of 

siRNA and PONI-C11-TMA and b) in vivo treatment of polyplexes for infected wounds 

on mice showing efficient biofilm penetration and eradication of bacteria combined with 

si_MMP9 delivery strategy induced reduction in inflammation.
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Figure 2. 
Characterization of PONI-C11-TMA/siRNA polyplexes. a) Agarose gel electrophoresis of 

PONI-C11-TAM/siRNA polyplexes at varied quaternary ammonium/phosphate (N/P) ratios. 

b) Hydrodynamic diameters by number and c) zeta potential of PONI-C11-TMA/siRNA 

polyplexes at varied N/P ratios. d) Representative transmission light microscopy (TEM) 

micrographs of polyplexes at N/P 40. e) Encapsulation efficiency of siRNA in polyplexes 

at varied N/P ratios. f) Nuclease protection of PONI-C11-TMA/siRNA polyplexes at N/P 

40 incubated with Rnase A. Yellow arrow and red arrow indicate SDS and release siRNA 

respectively.
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Figure 3. 
Effects of polyplexes on methicillin-resistant S. aureus (MRSA) biofilm. a) Representative 

3D views of confocal image stacks of red fluorescent protein (RFP)-expressing MRSA 

biofilm after 1 h incubation with Cy5.5-labelled polyplexes (Cyan). Overlay images show 

Cy5.5-polyplexes completely penetrate the entire biofilm, interacting with MRSA cells. 

Biofilm thickness is ~ 18μm. b) Screening the polymer and the polyplexes formulated 

with different N/P ratios via their antimicrobial activity against MRSA IDRL-6169 for 

biocompatibility.
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Figure 4. 
Fluorescent reporter gene silencing and evaluation of siRNA activity. a) Representative 

confocal microscopy images of cells after treatment with PONI-C11-TMA/si_eGFP 

polyplexes. Cell nuclei stained with DAPI (Blue). Deliveries were performed with 

polyplexes formulated at N/P 40 ratio with 100 nM of siRNA. Scale bar: 50 μm. 

b) Evaluating siRNA activity through MMP9 knockdown in RAW 264.7 macrophages 

quantified by qRT-PCR. Error bars represent the standard deviation (SD) of three 

experimental replicates (Data are presented as mean ± SD, one-way ANOVA, and Tukey 

multiple comparisons, ****p< 0.001).
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Figure 5. 
In vivo therapeutic efficacy of PONI-C11-TMA/siRNA polyplexes for severe wound 

biofilm infections. a) Schematic representation of the murine model of wound biofilm 

infection. b) SEM image of mice skin sample confirming biofilm formation at the wound 

site. Scale bar: 5 μm. c) Bioluminescence signals from the wound area of representative 

mice on the different days of treatment. d) Extent of bacterial reduction relative to negative 

control, PBS only [bacteria reduction = (log CFU count)PBS - (log CFU count)treatment 

group]. Error bars represent the mean ± the standard error of the mean (SEM) (n=4, one-way 

ANOVA and Tukey multiple comparisons, *p < 0.05).
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Figure 6. 
Therapeutic efficacy of PONI-C11-TMA/siRNA polyplexes mediated gene knockdown to 

induce wound healing in vivo. a) Purulence scores of the mice treated with PBS, polymer 

(PONI-C11-TMA), polyplex (PONI-C11-TMA/si_MMP9 polyplex), or vancomycin on 

the day of sacrifice. Kruskal-Wallis test and Dunn’s multiple comparisons, *, ** indicate 

p-value < 0.05 or 0.01, respectively. b) In vivo treatment of PONI-C11-TMA/si_MMP9 

decreased MMP9 mRNA levels quantified by qRT-PCR. Error bars represent the mean ± the 

standard error of the mean (SEM) (n=4, one-way ANOVA and Tukey multiple comparisons, 

***p < 0.001. c) Degree of wound size reduction at the day of sacrifice relative to the first 

day of treatment. One-way ANOVA and Tukey multiple comparisons, *, **, *** indicate 

p-value < 0.05, 0.01 or 0.001, respectively.
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