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ABSTRACT
	Polystyrene derived from styrofoam food containers was transformed into antimicrobial polymer coatings on cotton fabric via a facile chemical upcycling process. In a two-step sequence, commodity polystyrene was first subjected to initial halomethylation whereby the pendent phenyl rings of the polymer were functionalized quantitatively with CH2Cl moieties. Next, in our key fabrication step, in-situ quaternization and crosslinking of the polymer with a rigid bifunctional tertiary amine was readily achieved under ambient conditions using a drop-and-dry approach on cotton to afford a polycation-coated fabric. SEM analysis revealed cotton fibers that were coated with aggregated cationic polymer nanoparticles. The functionalized textile remained flexible and was found to exhibit broad-spectrum antimicrobial activity against a panel of Gram-negative and -positive bacteria, as well as fungal pathogens including the recently emerged multidrug-resistant C. auris. This facile synthesis of microbicidal coatings on cotton fabric holds the potential to sustainably create functional wearables for the healthcare industry from cheaply available postconsumer commodity polymers.         
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INTRODUCTION
Despite humanity’s numerous scientific advances, the recent Covid-19 pandemic has highlighted our continued vulnerability to infectious diseases,1 which is a problem that has literally plagued societies since antiquity. While this latest pandemic was caused by a virus, infections by pathogenic bacteria and fungi represent no less of a threat due to the emergence of multidrug resistance (MDR).2,3 This critical threat to human health posed by MDR ‘superbugs’ has been attributed to our overuse and misuse of antibiotics and antifungals in past decades. To overcome this problem, functional materials such as antimicrobial peptides,4 synthetic cationic polymers,5-16 antimicrobial nanomaterials, composites,17-21 and coatings22-27 have been explored. While effective, antimicrobial peptides tend to be costly and susceptible to enzymatic degradation.4 Synthetic cationic polymers, on the other hand, do not suffer the above drawbacks and have been studied as antimicrobial agents in nanomedicine. However, these polymers also come with disadvantages such as the need for laborious and potentially unsustainable multistep synthesis for their preparation. To address this issue, we sought to synthesize antimicrobial polymers by bypassing the monomer synthesis and polymerization steps. Specifically, we investigated a postpolymerization functionalization approach to prepare microbicidal coatings from commodity polymers such as styrofoam boxes and cotton fabric via chemical modification of the polystyrene (PS) structure.
Among the commodity polymers, PS is one of the least recycled (i.e., 0.9% recycling rate) and slowest to degrade in the environment.28 Expanded polystyrene or styrofoam, is especially problematic since its low density and bulk render it uneconomical to handle and recycle.29 One attractive alternative is to chemically transform commodity PS into functional materials by postpolymerization functionalization, but this has only been achieved to limited extent.30-35 Compared with other polyolefins, PS presents rich functionality in the form of phenyl rings that can serve as handles for postpolymerization sidechain modification. In all prior work to date however,30-35 only pristine samples of commercially purchased or laboratory-synthesized PS have been used as the starting material, thus providing little indication if the key postpolymerization reactions would work on actual commodity PS items that often contain additives and impurities such as food debris and oils, etc. 
Herein, we report a facile two-step method for the synthesis and fabrication of antimicrobial coatings from unpurified commodity PS and cotton fabric. Specifically, the PS precursor was derived from styrofoam food boxes from our institute’s cafeteria and used directly in the first chloromethylation step without any pre-treatment or cleansing. In the second step, pieces of cotton textile were impregnated with the chloromethylated PS (CMPS) and the polymer was quaternized in situ with 1,4-diazabicyclo[2.2.2]octane (DABCO) under ambient conditions to generate a crosslinked cationic polymer/cotton fabric composite. This method shares similarities with the in-situ fabrication strategies that we had recently reported for inorganic antimicrobial materials.36,37 The resulting flexible polycation-coated cotton fabrics were characterized by scanning electron microscopy (SEM) and subsequently shown to exhibit antimicrobial activity against not only Gram-negative (e.g., E. coli, A. baumannii, K. pneumoniae, P. aeruginosa) and Gram-positive (e.g., S. aureus, multidrug resistant S. aureus) bacteria, but also the clinically important fungal pathogens (e.g., C. albicans, C. auris) upon physical contact.      

EXPERIMENTAL SECTION    
Polymer characterizations
Nuclear magnetic resonance (NMR) spectra were recorded on a 400 MHz Bruker Ultrashield Avance 400SB Spectrometer equipped with a BPO probe and variable temperature capabilities, operating at a Larmor frequency of 400.23 MHz for 1H and 100.65 MHz for 13C using methylene chloride-d (CD2Cl2) as solvent at 21 °C. Gel permeation chromatography (GPC) was conducted on a Viscotek TDAmax that consists of three components – the GPCmax integrated solvent and sample delivery module, the TDA 302 Triple Detector Array, and the OmniSEC software. The TDA 302 incorporates refractive index (RI) and light scattering detectors and a viscometer. Only the RI detector was used in this study. 2 columns: 2 x PLgel 10 μm Mixed-B (500 to 10,000,000 Da) and 1 guard column (10 μm) were applied in sequence for separation. Tetrahydrofuran (THF) was used as the eluent at a rate of 1.0 mL/min with column and detector temperature at 40 °C. The apparent molecular weight and dispersity (Mw/Mn) were determined using conventional linear calibration based on PS standards with a calibration range of 580 to 3,000,000 Da.

Chloromethylation of PS 
A two-neck 50 mL round-bottom flask was fitted with a reflux condenser and a glass stopper. The flask was charged with PS (1.00 g, 9.61 mmol) derived from an unused styrofoam food container (product code: TA GE-203), zinc(II) chloride (0.800 g, 5.87 mmol), dichloromethane (30 mL), and a 48.1% w/w solution of chloromethyl methyl ether (14.5 g, 86.5 mmol) in MeOAc,38 after which the mixture was stirred to give a clear solution. The reaction mixture was heated in an oil bath at 55°C (internal temperature ~47 °C) for 24 h. At the end of the reaction, the mixture was added dropwise into MeOH, and the precipitate was isolated by centrifugation. The solid was further washed with EtOH, sonicated for 5 min, and centrifuged at 7830 rpm (5 min), after which the supernatant was decanted to afford the CMPS (P1) as an off-white solid (1.20 g, Yield: 81.9%). This purification process was repeated twice more, and the isolated polymer was dried overnight at 35 °C in a vacuum oven. 1H NMR (400 MHz, CD2Cl2): δ 7.08 (br, 2H), 6.52 (br, 2H), 4.53 (br, 2H), 1.20–1.90 (br, 3H). 13C NMR (100 MHz, CD2Cl2): δ 145.5, 135.6, 129.0, 47.0, 40.9, 30.2.

Quaternization of CMPS with tertiary amine

Synthesis of antimicrobial polymer P2 (powdered sample). A 50 mL round-bottom flask was charged with CMPS (P1) (142 mg, 98% chloromethylated) and dichloromethane (12 mL) and stirred at room temperature for 10 min to give a clear solution. Next, a solution of DABCO (48.6 mg, 0.433 mmol) in dichloromethane (12 mL) was added to the flask via syringe with vigorous stirring. A white slurry was obtained after stirring for 4 h at room temperature. The white solid was isolated by centrifugation and washed with dichloromethane (2 × 20 mL) before being dried in an oven at 50 °C for 6 h. The polymer product P2 was obtained as an insoluble white powder (173 mg, yield: 91%).
 
Fabrication of antimicrobial P2-coated cotton. The cotton substrates were prepared by cutting a 100% cotton shirt (from Crocodile Company, area density of 168.9 ± 1.2 g m−2) into smaller swatches measuring 16 cm × 8 cm. They were washed successively with dichloromethane and ethanol (10 min each) and dried in a preheated oven at 50 °C overnight before use. Next, a 20-mL glass vial was charged with CMPS (P1) (71 mg, 98% chloromethylated) and dichloromethane (6 mL), and stirred for 10 min at room temperature to give a clear solution. On a Petri dish in a fumehood, the solution was evenly drop-cast onto two cotton swatches (8 cm × 8 cm) using a syringe equipped with a needle, and the swatches were left in the fumehood for 15 min to let the dichloromethane evaporate. This afforded a CMPS-coated cotton fabric. Then, a solution of DABCO (24.3 mg, 0.220 mmol) in dichloromethane (6 mL) was drop-cast onto the CMPS-coated cotton fabric and kept in a sealed glass vial for 4 h. After 4 h, the fabric was removed from the vial, placed on a Petri dish, and left to dry in a fumehood for 1 h. The cotton fabric was then washed with dichloromethane (2 × 30 mL) to rinse off any unbound polymer particles. Finally, the P2-coated cotton fabric was dried in a fumehood at room temperature for 6 h and used for morphological characterization and antimicrobial evaluations. 

Synthesis of antimicrobial polymer P3 (powdered sample). A solution of 1-iodohexane (46 mg) in dichloromethane (4 mL) was added into a 20-mL flask containing a solution of DABCO (60.8 mg) in dichloromethane (8 mL). These were stirred for 1 h and the resulting solution was added to a 50-mL round-bottom flask containing a solution of CMPS (P1) (142 mg, 98% chloromethylated) in dichloromethane (12 mL). A white slurry was generated after stirring for 1 h at room temperature. The white solid was isolated by centrifugation and washed with dichloromethane (2 × 20 mL) before being dried in an oven at 50 °C for 6 h. The polymer product P3 was obtained as an insoluble white powder (224 mg, yield: 90%).

Fabrication of antimicrobial P3-coated cotton. A solution of 1-iodohexane (23 mg) in dichloromethane (2 mL) was added into a 20-mL flask containing a solution of DABCO (30.4 mg) in dichloromethane (4 mL) and stirred at room temperature for 1h. The resulting solution was drop-cast onto a CMPS-coated cotton fabric that had been prepared in an identical manner as with P2 described above. The wet cotton fabric was kept in a sealed glass vial for 4 h, after which it was removed from the glass vial, placed on a Petri dish, and left in the fumehood for 1h to allow the dichloromethane to evaporate. Next, the coated cotton fabric was washed twice with dichloromethane (2 × 30 mL) and left to dry in a fumehood at room temperature for 6 h before being used for morphological characterization and antimicrobial evaluations. 

Scanning electron microscopy 
SEM was conducted using a JEOL JSM-7900F Schottky Field Emission Scanning Electron Microscope (FESEM) fitted with Oxford Instruments X-Max 80 EDX spectrometer. SEM Images were taken at an acceleration voltage of 2 kV while EDX analysis was carried out at an acceleration voltage of 10 kV. Samples were sputter-coated with gold using a Cressington 208HR High-Resolution Sputter Coater for improved conductivity. For powdered P2 and P3 samples (i.e., not as coatings on cotton fabric), each insoluble polymer was first dispersed in dichloromethane and then coated on a silica wafer for FESEM characterization. 

X-ray photoelectron spectroscopy (XPS) studies
The XPS studies on the polymers and polymer-coated cotton fabrics were performed on a Phi Genesis X-ray photoelectron spectrometer from ULVAC-PHI, Inc. The following experimental parameters were employed: Monochromatic Al Kα XPS; X-ray source: Al 1486.6 eV mono at 52.9 W, Beam diameter: 200.0 µm, Pass Energy: 55 eV.

Antimicrobial tests
The antimicrobial activity of the polycation-coated cotton fabrics was assessed using a modified protocol from ISO 20743. Pathogens tested include Gram-positive Staphylococcus aureus (S. aureus ATCC 6538) and multidrug resistant S. aureus (RI0309N, clinical isolate from the Infectious Diseases Research Laboratory, National Centre for Infectious Diseases and Tan Tock Seng Hospital in Singapore), Gram-negative Escherichia coli (E. coli ATCC 25922), Acinetobacter baumannii (A. baumannii ATCC 19606),  Klebsiella pneumoniae (K. pneumoniae ATCC 13883) and Pseudomonas aeruginosa (P. aeruginosa ATCC9027), the fungal pathogen Candida albicans (C. albicans ATCC 10231) and Candida auris (C. auris CBS12766). In brief, a single colony of the respective microbial strains was picked from a LB (for bacteria) or YPD (for fungi) agar plate and cultured in 5 mL MHB or YPD media with 200 rpm shaking at 37 °C or 30°C overnight. The culture was washed twice with sterile phosphate-buffered saline (PBS) and resuspended in PBS to reach OD600 = 1.0. The microbial suspension (50 µL) was dropped at separate areas on each cotton swatch (measuring 2 cm × 2 cm in size) to ensure uniform distribution. After incubation for 1 h, the respective cotton samples were placed into 5 mL of sterile PBS and vortexed vigorously for 15 seconds to detach the surviving microbial cells. The cotton samples were then removed, and the liquid was subject to 10-fold serial dilutions accordingly, before colony forming units (CFU) quantification was carried out using standard agar plating techniques. The experiments were performed in triplicates, and results were expressed as the mean value of CFU/mL ± standard deviation (mean ± SD).

RESULTS AND DISCUSSION
Commodity PS as a starting material
With a recycling rate of just 0.9%, PS is one of the least recycled commodity polymers. Styrofoam is also especially problematic to recycle due to its low density and as a result, most PS items are simply discarded after use. For our purposes, commodity styrofoam represented an attractive starting material for functional coatings synthesis. First, the polymeric structure comes pre-synthesized and ready for functionalization. Second, the opportunity to turn low-value polymers into value-added specialty materials with real-world applications warranted investigation. Here, we used PS derived from disposable styrofoam food containers from our institute’s cafeteria as the precursor to antimicrobial materials. 1H and 13C NMR spectroscopy of the styrofoam box PS was carried out to verify its molecular structure (Figures S1–S2†). Gel permeation chromatography (GPC) of the foam box PS revealed a number average molecular weight (Mn) of 73.4 kDa, a weight average molecular weight (Mw) of 194.7 kDa, and a dispersity (Ɖ) of 2.65 (Figure S9†). This PS starting material was used as received and not pre-treated or purified in any way before being taken up in the first step of the synthesis-fabrication sequence. Chemical functionalization experiments were separately carried out on PS derived from unused styrofoam boxes, contaminated boxes, i.e., post-meal, unwashed (Figure 1), as well as commercial PS (Mw = 192 kDa) from Sigma.  
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Figure 1. Polystyrene food containers featured in this study: (a) pristine, (b) containing a meal consumed by the first author, (c) post-meal, unwashed. 

Chemical functionalization of commodity PS
	The first step of the two-stage PS functionalization sequence involved ZnCl2-catalyzed chloromethylation of the pendent phenyl rings (Scheme 1). Friedel-Crafts chloromethylation has been previously used to functionalize crosslinked PS derivatives (e.g., PS-co-divinyl-benzene) for ion-exchange membrane modification and in the preparation of solid supports for
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Scheme 1. Two-stage functionalization of commodity polystyrene via chloromethylation and subsequent quaternization and crosslinking with the tertiary amine DABCO, with and without pre-treatment of the amine with 1-iodohexane.
organic synthesis, e.g., Merrifield resin for peptide synthesis.39-41 However, compared to the chemical modification of insoluble PS derivatives, the chloromethylation of soluble high molecular weight PS has received relatively scant attention. A major reason for this is that CMPS is predominantly made by polymerizing the styrenic monomer 4-vinylbenzyl chloride.42 However, this method requires pre-synthesis of the chloromethylated styrene monomer, which involves multiple steps and also fails to capitalize on postconsumer PS as a cheap precursor. For postpolymerization chloromethylation of PS, Wright et al. had previously described a Lewis acid-catalyzed protocol that employs a dimethoxymethane and thionyl chloride reagent mixture to functionalize up to 37% of the PS repeat units after 48 h.41 For our purpose of making antimicrobial polymers, we sought higher levels of functionalization so as to maximize the cationic density in the final material. Accordingly, we aimed for maximum halomethylation by modifying a protocol from a recent example featuring the reaction of non-crosslinked PS with chloromethyl methyl ether (MOMCl) in the presence of Lewis acid catalysts (e.g., SnCl4 or ZnCl2).43 For our experiments, styrofoam from an unused food container, an unwashed post-meal one, and reagent-grade PS (Sigma) were tested separately. In all cases, the resulting CMPS remained tractable and readily soluble in many common organic solvents, which suggested that crosslinking was not extensive. This was a desirable outcome as high polymer solubility was a requisite for our subsequent in-situ drop-and-dry fabrication step shown later. The degrees of halomethylation ranged from 93–99% under the chosen reaction conditions, while isolated yields were 82–84% for the foam boxes and 94% when reagent-grade PS was used (Table S1†). 1H and 13C NMR characterization of the CMPS confirmed the structures and indicated high material purity (Figures S5–S8†), with the appearance of the 4.52 ppm signal (-CH2Cl) in the 1H NMR spectrum (Figure 2 and Figure S5) being the key change when PS is converted to CMPS.  The synthesized CMPS was used in the next step involving in-situ quaternization on flexible cotton fabric substrates.
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Figure 2. 1H NMR (CD2Cl2) spectra of: (a) commodity PS and (b) synthesized CMPS.



In-situ fabrication of antimicrobial polymer-coated cotton textile and SEM studies
	For the in-situ fabrication of our antimicrobial textiles, we employed a similar single-step drop-and-dry approach that we had showcased in our earlier efforts on other antimicrobial materials.36,37 In the present study, we integrated the quaternization reaction into the in-situ fabrication process. The goal was to react the pendent CH2Cl groups of CMPS with a tertiary amine to generate cationic ammonium moieties and simultaneously crosslink the polymer to afford a nanocoated cotton fabric whereby the polymer is no longer soluble in any solvent. An initial screen of common tertiary amines revealed 1,4-diazabicyclo[2.2.2]octane (DABCO)44-46 to be ideally suited. The stronger nucleophilicity of DABCO due to its exposed electron lone pairs enabled the quaternization reaction (Scheme 1) to proceed readily at room temperature, whereas other acyclic amines that were screened required heating for successful SN2 reaction. The bifunctionality of DABCO also facilitated the desired crosslinking and its molecular rigidity led to the formation of a robust material (P2).    
	In addition to the P2-coated materials, we also fabricated P3-coated cotton fabric in a similar fashion. In the latter case, 1-iodohexane was used to cap a portion of the nitrogen lone pairs on DABCO with n-hexyl chains to investigate if the additional hydrophobic moieties could enhance antimicrobial activity. Following in-situ fabrication, both sets of polymer-nanocoated cotton fabrics were first washed with dichloromethane to rinse off any unbound polymer before undergoing characterization by SEM. The resulting SEM images (Figure 3) revealed cotton fibers that were copiously coated with aggregates of cationic polymer nanoparticles. 
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Figure 3. SEM images of the polymer-coated cotton fabrics. Top row: (a) P2-coated fabric at 500× magnification, and a fiber of P2-coated cotton at (b) 2000× and (c) 5000× magnification. Bottom row: (d) P3-coated fabric at 500× magnification, and a fiber of P3-coated cotton at (e) 2000× and (f) 5000× magnification.

Polymer and coated fabric analysis by X-ray Photoelectron Spectroscopy (XPS) 
[bookmark: OLE_LINK1][bookmark: OLE_LINK3][bookmark: OLE_LINK2][bookmark: OLE_LINK4]	The powdered polymer samples P2 and P3 as well as the corresponding polymer-coated cotton fabrics were analyzed by XPS to provide further elucidation of their chemical compositions and the electronic configuration of various constituent elements (Figure 4). For the P2-coated fabric and powdered P2, their high-resolution XPS spectra (Figure 4c–d) revealed partially overlapping N 1s peaks at ~402.3 eV and ~399.6 eV, which correspond to quaternary ammonium and tertiary amine moieties, respectively. Following peak-deconvolution and analysis of the relative peak areas, it was determined that ~70% of the amines in the polymer were quaternized and thus positively-charged, while ~30% were tertiary. Aside from N 1s signals, Cl 2p, C 1s, and O 1s peaks were also observed (Figure 4a-b). Two sets of overlapping Cl 2p signals were also recorded in the 194 – 205 eV range (Figure 4e–f) that can be assigned to Cl- counterions and the remaining CH2Cl moieties, respectively. The C 1s signals at ~285 eV (Figure S19) are due to methylene carbons, which are present in the PS backbone as well as in the cotton fabric. Lastly, the O 1s peaks at ~533 eV (Figure S19) are likely due to a hydration layer that would be expected on a polymer surface that presents hydrophilic quaternary ammonium groups. The corresponding high-resolution XPS spectra obtained for powdered P3 and P3-coated fabric (Figure 4g–j) were similar to those of P2, with quaternary-to-tertiary amine ratios similarly determined to be around 7:3. With P3, prior treatment with 1-iodohexane also gave rise to iodide-derived XPS signals corresponding to I 3d3/2 and I 3d5/2, respectively (Figure 4k-l).
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Description automatically generated]Figure 4. XPS survey scans for (a) P2 and (b) P3 coating and powder samples. High-resolution spectra for:  N 1s of the (c) P2 coating and (d) P2 powder samples; Cl 2p of the (e) P2 coating and (f) P2 powder samples; N 1s of the (g) P3 coating and (h) P3 powder samples; Cl 2p of the (i) P3 coating and (j) P3 powder samples; I 3d of the (k) P3 coating and (l) P3 powder samples. In panels (c) to (l), the raw data and fitted curves are shown in black and red traces, respectively. 

Antimicrobial properties 
The antimicrobial performance of the polycation-coated cotton fabrics was evaluated against a panel of bacterial and fungal species, which were selected as representatives of the prevalent opportunistic human pathogens causing person-to-person infection transmission and elevated healthcare burdens in the community (Figure 5). In brief, the microbial suspension was directly applied as separate droplets onto the cotton fabric, and the surviving microbial cells were recovered and then quantified using a standard agar plating technique after 1 hour of contact time.
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Figure 5. The polymer-coated cotton fabrics rapidly inactivate a panel of clinically important bacterial and fungal pathogens including (a) E. coli, (b) A. baumannii, (c) K. pneumoniae, (d) P. aeruginosa, (e) S. aureus, (f) multidrug resistant S. aureus, (g) C. albicans, and (h) C. auris. Contact time was fixed at 1 hour. Each test was conducted with three replicates (n = 3), and the average value is presented with standard deviation shown as the error bar. *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significance. 
Both P2 and P3 coatings were found to be effective against all strains in our experimental settings, resulting in up to 2 log reduction of the microbial count after 1 hour. In particular, the activity seems to be stronger against the Gram-negative bacterial strains than the Gram-positive counterparts and fungal pathogens. Such strain-specific microbicidal activity could be attributed to the different cell surface structures and biochemical composition.47 In comparison to Gram-positive bacteria and fungi that are covered with thick protective cells walls made of peptidoglycan and glucan/chitin respectively, Gram-negative bacterial cells have a much thinner cell wall but possess an outer membrane containing lipopolysaccharides. Our polymer comprising both hydrophobic and cationic charge moieties may exert strong interactions with the negatively-charged outer membrane, leading to rapid cell death. Considering the crucial role of hydrophobic components in determining antimicrobial activity, we constructed a parallel coating design by introducing additional n-hexyl chains (P3, Scheme 1) to the crosslinked polymer network. However, the enhanced hydrophobicity of this molecular design resulted in a repellent effect against the bacterial suspension droplet. Nonetheless, the P3-coated cotton fabric still showed antimicrobial activity against most pathogen species tested (Figure 5), albeit less strongly than P2. This is potentially due to diminished intimate contact between the microbial cells and the P3 polymer coating as a result of the increased hydrophobicity.  
It is also noteworthy that the coatings exhibited similar activity against both the S. aureus ATCC strain and the multidrug resistant clinical isolate, suggesting the general efficacy of the membrane-disruption antimicrobial mechanism induced by the cationic charges and hydrophobic moieties. In other words, the coatings act against microbial pathogens via physical attack on the cell membrane, rather than on any of the protein targets, making it unlikely for the microorganisms to develop resistance. 

CONCLUSIONS
In this study, we have synthesized antimicrobial polycation-coated cotton textiles via postpolymerization chemical functionalization of commodity polystyrene and subsequent in-situ quaternization on flexible cotton fabric substrates. The resulting material reported herein is a styrenic polycation-coated cotton fabric that exhibited strong microbicidal activity against a panel of clinically important pathogens including both Gram-negative and Gram-positive bacteria, as well as fungal species, upon physical contact. This facile method of synthesizing flexible and antimicrobial textile-like composites from styrofoam and cotton underscores the potential to fabricate functional wearables rapidly and sustainably from inexpensive commodity polymers. Moving forward, we are currently exploring additional strategies to synthetically transform commodity PS and other plastics into value-added functional materials with tailorable properties for applications in diverse areas, e.g., nanomedicine, energy storage, and optoelectronics, etc.  
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