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Abstract:

Designing a surface that can disinfect itself can reduce labor-intensive cleanings and harmful 

waste, and mitigate spread of surface borne diseases. Additionally, since COVID-19 being an 

airborne pathogen, surface modification of masks and filters could assist with infection control. 

Styrene-maleic acid (SMA) copolymers and their derivatives were shown to have lipid-bilayer 

disrupting properties, making them candidates as anti-viral materials. A series of network 

polymers with styrene-maleic acid-based polymers and control over polymer chain-length and 

composition were synthesized. All the polymers formed mechanically robust structures, with 

tunable Young’s moduli on the order of MPa, and tunable swelling capability in water.  The SMA-

based bulk materials, containing a zwitterionic polar unit, showed excellent lipid disrupting 

properties, being up to 2 times more efficient than a 10% triton solution. The highest performance 

was observed for materials with lower crosslink density or shorter chain-lengths, with lipid 
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disruption capability correlating with swelling ratio.  Additionally, the material can capture the 

spike protein of SARS-CoV-2, with up to 90% efficiency. Both the lipid disrupting and spike 

protein capture ability could be repeated for multiple cycles. Finally, the materials are shown to 

modify various porous and non-porous substrates including surgical and KN95 masks . Functional 

network modified masks had up to 6 times higher bilayer disruption ability than the unmodified 

masks without inhibiting flow.

Introduction:

One of the timeless ways in which infectious diseases are controlled is by the treatment of human 

environments rather than the much more complicated matter of the treatment of the infected. 

Household cleaning products kill 99.9% of surface pathogens for the price of pennies per square 

meter.1–4 The next natural step is to design a surface that disinfects itself, which could reduce the 

spread of surface borne diseases.5,6 Furthermore, with COVID-19 being a primarily airborne 

pathogen, designing anti-viral and self-disinfecting materials that can attach to air filters may be 

one of the most effective environmental controls.7–10 

Prior efforts in designing in disinfecting materials has focused primarily on bacterial pathogens, 

with substantially fewer studies on antiviral materials.11–15 Some antimicrobial principles are 

effective against both bacteria and viruses, such as copper16,17 or silver18 on a surface. Small 

molecule inhibitors can also be loaded into a material, but usually they must be noncovalently 

bound to function and are eventually washed away.19–21 Thus, surface-bound polymers such as 

lipid-bilayer disrupting and protein-capturing macromolecules are promising antimicrobial and 

anti-viral agents, due to their potential to be used over a longer timeframe.

Polymeric materials have been designed to interact with viruses and environments where viruses 

are present. At the simplest level, polymers are used as physical barriers though personal protective 
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equipment such as gloves, masks, etc.22 However, modern polymer chemistry has also enabled 

macromolecular materials that either capture viral particles or surface exposed viral proteins. 

Taking advantage of the hydrophobicity and anionic charge of the SARS-CoV-2 spike protein 

could lead to efficient capture and immobilization on hydrophobnic and cationic polymers.23 

Similarly, cationic and hydrophobic materials have been shown to inactivate influenza.24,25 

Further, using a library of polymer functionalities in a combinatorial microarray manner can lead 

to surfaces with the ability to capture virus like particles, facilitating eventual detection and 

identification.26 

As an alternative pathway to protein capture, disrupting the viral lipid envelope, present in many 

pathogenic viruses, is an alternative  and complementary approach to environmental sanitation and 

prevention of viral transmission.27 Further, the antiviral activity for macromolecular surfactants 

and bilayer disrupting polymers, such as polymeric quaternized amines (pQA) has been 

demonstrated. The activity of pQAs involves disruption of phospholipid membranes, with pQA 

materials being active against the enveloped influenza virus, but not poliovirus, which is not 

enveloped.28 Similarly, quaternized polyethylenimine29 is an effective antiviral coating. The 

mechanism of action for quaternary ammonium based surfactants has been thoroughly explored,30 

and applied to create antimicrobial and virucidal modified fibers through a grafting of the 

quaternary ammonium group to existing N95 masks.31 While effective for disruption of viral 

membranes, pQA polymers are susceptible to biofouling by irreversibly binding viral proteins.32 

Polymers deviating from the purely cationic formulations have also been investigated, such as 

those incorporating a sulfonated block which disrupts negatively charged membranes by 

promoting a highly acidic environment.33 The antiviral activity of polyacrylic acids, 

polymethacrylic acids, and other polyanions has been known for decades.34 However, the water 
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solubility of these polymers and their highly ionic characteristics can limit their widescale utility 

or attachent to all surfaces. 

Styrene-maleic acid (SMA) copolymers and their derivatives are promising candidates for 

antimicrobial applications due to their intrinsic interactions with lipids and the ease with 

which the parent anhydride (SMAn) functionality can be manipulated.35–39 The lipid 

interacting character arises from the high cross reactivity of the component monomers in 

radical polymerization, which results in the pre-polar anhydride group alternating with the 

nonpolar styrene residues.40–45 Polymerization performed with an excess of styrene relative 

to maleic anhydride results in a homostyrene tail after the alternating region.  While prior 

work on SMA-based antimicrobials has been focused on bacteria,46–49 the mechanism of 

membrane disruption should be applicable to enveloped viruses such as SARS-CoV-2.50
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Inspired by the demonstrated effectiveness of lipid interacting polymers and the utility of SMA, 

this work set out to develop membrane-disrupting polymer networks that incorporated, by disulfide 

bridges, either SMA (in the form of SMA-SH) or a zwitterionic tertiary amine derivative of SMAn 

(Neut-SH) (Scheme 1). SMA-based polymers were synthesized by reversible addition-

fragmentation chain transfer (RAFT) polymerization, 51–59 which affords low-dispersity polymers 

of predefined chain lengths and high end-group fidelity. This enables precision design of polymer 

materials, both at the network structure level and also at the level of the macromolecule. 

Combining these two together gives a unique strategy for designing materials with the capacity of 

robust mechanical properties, adhesive capability and potential antiviral characteristics. These 

potent antiviral materials with excellent mechanical and adhesive properties could be attached to 

existing high contact substrates and filter materials. This can lead to a dual approach to the 

reduction of viral transfer: surface modification can potentially inhibit the infection cycle of 

viruses that undergo fomite transmission,6,60,61 and mask materials can be functionalized to reduce 

transmission of airbone viruses such as SARS-CoV-2.62
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Scheme 1. Synthesis of a) functional polymers Neut-SH and SMA-SH; b) scaffold polymers HEA-

SH; and c) functional networks. The Neut-SH is the derivative of SMAn with 1:1 styrene:maleic 

anhydride and no styrene tail. The SMA-SH is the derivative of SMAn with 1.5:1 styrene:maleic 

anhydride ratio and as a result has a short styrene tail. d) Mechanism of fluorophore 

encapsulation/release experiment. At first, high localized concentrations of liposome-encapsulated 

fluorophore are self-quenching and decrease quantum yield. Upon disruption of the liposomes, 

fluorophore is released into bulk solution, diluting the previously localized concentrated 

populations, resulting in increased fluorescence.

Results and Discussion

Thiol-disulfide chemistry was used in network synthesis, due to the intrinsic compatibility 

between RAFT based polymers and thiol chemistry,63 and the simplicity of the crosslinking 
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process, requiring only ambient molecular oxygen to drive the crosslinking process. The 

trithiocarbonate-based RAFT chain transfer agents (CTA) on both the backbone forming 

polymer and the SMA-based polymers can be transformed into free thiols by aminolysis, 

which eventually form disulfide bridges on exposure to air (Scheme 1a). The network 

polymers which formed the scaffold for these functional polymers were RAFT-synthesized 

copolymers of hydroxyethyl acrylate (HEA) and protected thiols in the form of 

ethylxanthate ethyl acrylate (EXEA) (Scheme 1b). The EXEA monomers were aminolyzed 

along with the CTA to reveal free thiols for crosslinking and binding of functional polymers 

(Scheme 1c). Typically this crosslinking process occurs over several hours, although the 

free thiol polymers should not be stored for extended periods of time, such as days or weeks, 

to avoid disulfide formation in unintended structures. A series of chain length and 

crosslinker densities of the network polymers were synthesized to assess the effects of 

network stiffness on activity (Table S2).

To assess the membrane-disrupting activity of these networks, a fluorophore 

encapsulation/release assay was used (Scheme 1d).64 The membrane-impermeable 

fluorophore 5(6)-carboxyfluorescein is first encapsulated at high concentration within 

liposomes of approximately 100 nm. Inside the liposomes, the fluorophore self-quenches. 

When the lipid-bilayer is disrupted, the encapsulated fluorophore is released, causing an 

increase in fluorescence.65 Liposomes were composed of 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol 

(POPG), at a ratio of 9:1 POPC:POPG, which closely approximates the fluidity and charge 

composition of the mammalian membranes from which the viral envelope is derived.66,67
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Figure 1a shows that the HEA/EXEA polymers were synthesized with good control over 

molecular weight and dispersity (Table S3), with minor high-MW shoulders due to some 

deprotection and coupling of xanthate-protected thiols, or conventional radical 

combination. While the observed Mn values are all slightly higher than Mn,th, dispersities 

are low (≤1.3). Figure S1 confirms that the SMA based polymers were well controlled. 1H 

NMR of polymer solutions and IR spectra of the network materials are in Figure S2 and 

S3.  IR spectra indicate that the SMA and Neut functionalities are present, due to the 

disappearance of anhydride peaks at 1800 cm-1.68 Further, the HEA/SMA or HEA/Neut 

materials being a blend of the individual IR spectra. Mechanical testing of the materials 

revealed that, as expected, higher chain lengths and crosslink densities resulted in higher 

Young’s moduli, with a dramatic shift in stiffness moving from DP100 to DP150 and from 

a crosslinker density of 6% to 8% as relative to the central 100/6 HEA material (Figure 1b-

c). Finally, figure 1d shows that the addition of 20% functional polymer does not adversely 

affect the material stiffness, with comparable Young’s moduli across 100/6 HEA and 100/6 

20% SMA and 100/6 20% Neut. Fracture energies for several materials were also collected 

(Figure S4) and correlated well with Young’s moduli. Once again the 100/6 20% Neut 

material exhibited comparable fracture toughness compared to the 100/6% HEA.
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Figure 1. (a) SEC results of varying chain length and crosslinker densities for HEA network 

polymer. (b-d) Young’s modulus of materials of varying (b) network polymer chain length, (c) 

crosslinker density, and (d) functional polymer content (e) Swelling ratios of Neut and SMA 

containing networks of PHEA networks.

The materials displayed glass transition temperatures varying from 8-40  (Table S4, Figure S5-℃

S9) and good thermal stability in the range of 30-400  (Figure S10). Additionally, swelling ratios ℃

of the materials are given in Figure 1e across a range of crosslink densities and chain lengths with 

20% loading of either Neut or SMA polymer, with Figure S11a-b giving swelling ratios of HEA 

materials and materials with increasing Neut loadings. As anticipated, polymers with shorter chain 

lengths or lower crosslink densities showed higher swelling ratios. Swelling of Neut-

functionalized materials was comparable to 100/6 HEA. Evolution of typical swelling ratio over 

time is given in Figure S12. Both the unfunctionalized and functionalized materials became more 

brittle after being allowed to swell for several hours. However, the functionalized materials were 

substantially more fragile in the swollen state than the unfunctionalized poly(HEA) network 

polymers. This brittleness after extended swelling suggests that the polymer networks are best used 

in applications where they may be in moist environments or exposed to aqueous media for 

relatively short times.   

The surface morphology of the polymers was studied using SEM (Figure S13). Both low 

magnification (100x) and high magnification (4.5Kx) images were captured to illustrate the 

differences in texture between samples. At low magnification, some samples show flakes (a, b, j) 

or debris like features (c, d, e, g) while others appear smooth (f, i, o). At high magnification the 

larger features become less prominent and striations (a, b), ripples (f, g, o), and wrinkles (e, l, m) 

can be seen on the surface. All samples were coated in 20 nm of gold for conductivity.
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Figure 2. Liposome disruption performance as a function of varying chain length, crosslinker 

density, and type of functional polymer (orange – materials containing Neut-SH; blue – materials 

containing SMA-SH). For network polymers, liposomes solution was added to the network 

polymer at a 5%w/v ratio. All samples were inverted 10 times over the course of 80 sec. For all 

figures, fluorescence is normalized between a positive control (10% triton solution) at 100% and 

the completely undisturbed liposomes as the negative control at 0%.

With mechanically robust materials in hand, membrane disruption activity of soluble and network 

materials was assessed. Prior to this assessment, we confirmed the stability of dilute liposome 

solution by inverting the solution in absence of network materials. The fluorescence of diluted 

liposome solution after 10 rotations showed no significant difference with the negative control 

(Figure S14). The fluorescence properties of the polymers SMA-SH and Neut-SH polymers were 

also evaluated (Figure S15), with the soluble polymers having essentially no fluorescence. In our 

membrane disruption assay, we observed that the soluble SMA-SH, as expected, rapidly disrupts 
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the liposomes (Figure S16), with activity comparable to the traditional detergent Triton X-100. 

Soluble Neut-SH was somewhat less effective compared to SMA-SH or the Triton control. Figure 

S17 shows the amount of material required to achieve consistently high performance. The 

materials composed of 10% Neut-SH performed with high variability. Consistent performance was 

observed for 20% and 40% Neut, and with similar activities, 20% Neut or SMA was chosen as the 

composition for investigating the effects of chain length and crosslinker density. Importantly, the 

materials disrupt lipid vesicles very quickly (Figure S17), typically in less than 1 minute, which is 

substantially faster than the swelling of the network (Figure S12).  The 20% and. 40% Neut 

materials showed relative fluorescence at 0 inversion, probably due to their own bilayer disruptive 

properties since, the diluted liposome solution didn’t show any mechanical disruption upon 

rotation as seen in Figure S14. However, by just 4 full rotations (about 30 seconds), the 20% and 

40% Neut materials reach total liposome disruption and fluorophore release. If applied to a high-

contact surface, it is likely that all membranes would be dismantled between uses, especially when 

one considers that the mass ratio is reversed in a real-world scenario. Here, the liposome solution 

is ~95% of the mass, while the functional polymer is ~1% of the mass. In the field, the functional 

polymer would be the bulk material and respiratory droplets would be comparatively small.  

Contact angles and dynamic light scattering data were also taken for these SMA-SH and Neut-SH 

polymers (Figure S18 and S19). The contact angle measurements show a substantial reduction in 

contact angle against the hydrophobic surface of polystyrene across all concentrations tested. The 

dynamic light scattering was consistent with very small objects of ca. 10 nm with no visible light 

scattering, consistent with limited polymer aggregation.

Having established potential for rapid lipid-bilayer disruption by these materials, it is 

important to screen performance against network parameters such as primary chain length 
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or crosslink density. However, as seen in Figure 2 the bilayer disrupting performance is 

essentially reversed in the network materials. SMA materials caused insubstantial 

fluorescence increases, performing as well or worse than the unfunctionalized HEA 

network. The Neut materials performed very well, reaching or exceeding the fluorescence 

of the Triton X-100 positive control. It is possible to exceed the performance of the Triton 

X-100 positive control due to kinetic factors. If the SMA or Neut-based material leads to 

faster disruption, it is possible to disrupt more lipid vesicles in the 10 rotations of the 

disruption assay, compared to the Triton X-100.

The poor performance of SMA in the solid state was notable given its superior solution 

performance. This could be due to differences in how the fully anionic SMA polymer 

arranges within the  in the solid state material compared to its solution conformation. Due 

to the anionic charge the polymer likely exists in a specific conformation in the solid state 

with counterions present to balance charge. In contrast, a zwitterionic polymer like Neut-

SH, the polymer is likely to have a less restricted state than the fully anionic SMA-SH. 

Additionally, initial investigation found that SMA-SH with a 1:1 styrene:maleic anhydride 

ratio (lacking a styrene block) was unable to disrupt lipid vesicles even in solution. If the 

critical tail-end of the polymer is anchored to the network of hydrophilic HEA, insertion 

and membrane disintegration could be inhibited, contributing to the poor performance of 

SMA-based materials in disrupting lipid-bilayers.

Some clear trends emerge in Figure 2 regarding chain length and crosslinker density, which 

both determine the stiffness of the network. We hypothesized that stiffer networks would 

exhibit inferior performance due to either poor flexibility of the functional polymer, or 

smaller pore size that reduces accessible surface area. Indeed, the looser networks (50/6% 
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and 100/4%) perform better than their stiff counterparts (150/6% and 100/8%). Indeed, the 

data in Figure 2 closely follows the trends in swelling ratios in Figure 1e. The overall 

highest disruption performance comes from the 50/6% Neut materials.

Material stiffness appears to correlate with disruption performance. Some mechanistic 

insights can be gleaned from the trends. It is believed that the activity of SMA and its 

relatives involves the cooperation of many polymer chains.69 Adoption of liposome-

breaking conformations must be entropically unfavorable when all participating polymers 

are covalently anchored to a network and must converge around a single point. Thus, it 

possible that more flexible and mobile network (i.e., lower Young’s modulus and higher 

swelling ratio) allows for functional polymers to easily access conformations that allow for 

cooperative action against liposomes or other lipid based nanoparticles.

Regarding pore size, it is notable that the 50/6 20% Neut performs better than the 100/4 

20% Neut material, despite the two having similar Young’s moduli (Figure 1b-c). 

Assuming complete formation of elastically effective crosslinks, the 50/6% materials 

should have smaller pore sizes than the 100/4% materials due to increased crosslinker 

density and thus lower average distance between two crosslinks.70 However, the superior 

performance of the 50/6 materials than in the 100/4 network can be rationalized by the 

higher swelling ratio of the 50/6 materials containing 20% Neut polymer.
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Figure 3. 50/6 20%Neut (the highest-performing material in the chain length/crosslinker series) 

were pretreated with either buffer (blue) or a 1% solution of MLVs (red) followed by liposome 

disruption assay in the final cycle. Fluorescence is normalized between a positive control (10% 

triton solution) at 100% and the complete undisturbed liposomes as the negative control at 0%. 

The problem of fouling is also a concern for self-disinfecting materials. Proteins and lipids 

can irreversibly bind to a surface and thus passivate it. An ideal surface continues to 

function after being saturated with biomass. Figure 3 investigates whether previous 

saturation with lipids affects the function of these materials. Since the materials are 

preswollen, in this case the positive (10%-Triton) and negative control of an unperturbed 

system are also included in Figure 2 rather than showing relative activity. It was possible 

that pre-hydrated material would perform better than dry material, so there was a set of 

buffer-soaked control samples in addition to the samples pre-soaked with the lipid solution. 

In both cases, performance is comparable to or slightly higher than disruption by dry 

material, and both are superior to the Triton solution. As seen in Figure 3, prior exposure 
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to lipids had essentially no impact on the performance of the material studied over five 

cycles, suggesting that the materials could be reused for repeated lipid-bilayer disruption 

performance. The consistent performance in the 50/6 20%Neut material over 5 cycles 

demonstrated in Figure 3 also suggests that minimal Neut polymer leaches out in each 

assay. This is because if substantial amounts of the Neut polymer were released from the 

material in the first or second cycle, there would be substantially less polymer available for 

subsequent lipid-bilayer disruption cycles.

The capacity of these polymers to bind the Spike protein of SARS-CoV-2 was also 

investigated in Figure 4a-b. Host cell receptor binding domain (HCRBD) of SARS-CoV-2 

spike protein was incubated with 100/6 materials to assay binding affinity. Interestingly, 

unfunctionalized HEA binds around 90% of the HCRBD. 100/6 20% Neut performs 

similarly, while 100/6 20% SMA binds around 70% of protein, making it inferior for both 

protein binding and membrane disruption in the solid state. Reusability of network 

materials were also investigated, which showed almost similar trend of spike protein 

capture in three consecutive cycles (Figure S20).

Finally, refocusing on the application of these materials, the adhesive properties were 

investigated in Figure 4c and 4d. These materials are unlikely to be used as bulk materials 

but instead they should adhere to a variety of existing surfaces if they are to be adapted for 

use in everyday high contact surfaces, potentially reducing fomite-based disease 

transmission. Additionally, to address airborne diseases, the adhesion to various filter-like 

surfaces was also investigated. In these modified filter systems, viruses in respiratory 

droplets making contact with such filtration surfaces could be inactivated and thus 

recirculated air would be cleaned if passed through a filter equipped with these polymers. 
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Materials with disulfide linkages are known to have adhesive properties at elevated 

temperatures.71,72 Good adhesive properties were observed in 100/6 20% Neut materials at 

room temperature with a variety of surfaces including both surgical and KN95 face masks.

Figure 4. a-b) Spike protein capture by network materials. The soluble domain of spike protein 

(HCRBD) was incubated with network materials and then assayed by Western blot. (a) Western 

blot image of recovered HCRBD. Lanes: 1. Ladder 2. HCRBD (free protein control) (0.14mg/mL) 

3-5. HCRBD (0.14mg/mL) treated with 100/6 20% SMA. 6. Buffer treated with 100/6 20% SMA. 

7-9. HCRBD (0.14mg/mL) treated with 100/6% HEA. 10. Buffer treated with 100/6 HEA. 11-13. 
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HCRBD (0.14mg/mL) treated with 100/6 20% Neut. 14. Buffer treated with 100/6 20% Neut. (b) 

Analysis of Western blot band intensities relative to control. Error bars are for the 3 lanes shown 

for each network polymer. c-d) Adhesive properties of 100/6 20%Neut samples c). With 

polypropylene surgical or KN95 masks, and cloth masks, d). With polystyrene, PVC, wood, 

aluminum, and cardboard strips

To determine the functional application of these network materials, KN95 and surgical 

masks were coated with 50/6 20% Neut (the highest-performing material in the chain 

length/crosslinker series) in two different concentrations, 2.5 mg/cm2, and 5 mg/cm2. This 

loading of material leads to a very thin layer of functional polymer network on the surface 

of the masks. Due to this very thin layer of functional polymer, combined with the Young’s 

modulus in the order of MPa, consistent with a rubbery material,73  leads to flexible 

modified masks, which can easily be contoured to match the shape of the user’s face. Figure 

5 demonstrates the lipid-bilayer disrupting activity of the coated masks. As seen in Figure 

5, coating a KN95 mask with 50/6 20%Neut at 2.5 and 5.0 mg/cm2 resulted in 53% and 

115% 61% liposome disruption, respectively. Similarly coating a surgical mask at 2.5 and  

5 mg/cm2 of the 50/6 20%Neut led to 61% and 121% liposome disruption, respectively. In 

all cases the relative lipid bilyaer disruption is referenced to 10% triton. We also evaluated 

the pressure drop and filtration efficiency of the coated masks. The pressure drop test 

showed a similar response for the coated mask to uncoated masks (Figure S21a-b). Coating 

KN95 and surgical masks exhibited insignificant differences in filtering glycerin droplets 

(Figure S22a-d).
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Figure 5. Liposome disruption performance of 50/6 20% Neut (the highest-performing material in 

the chain/crosslinker series) coated KN95 and surgical masks. Each type of masks was coated in 

two different concentrations 2.5 mg/cm2 and 5 mg/cm2. Fluorescence is normalized between a 

positive control (10% triton solution) at 100% and the completely undisturbed liposomes as the 

negative control at 0%.  

Conclusions
A series of mechanically sound materials incorporating different macromolecular SMA 

based lipid-bilayer disrupting materials were synthesized. These materials have the ability 

to disrupt lipid-bilayer membranes in which the liposomal membrane is intended to mimic 

the viral envelope. The polymer’s primary chain length, crosslinker densities and loading 

of the bilayer disrupting polymer could be controlled independently. Timescales of 

disruption are fast – with complete dye leakage and lipid-bilayer disruption possible in 

under one minute. The best performing material for liposome disruption was the 50/6 20% 

Neut. These materials also have the potential to capture soluble fragments of the SARS-
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CoV-2 spike protein. Finally, the materials adhere well to a range of bulk and filter 

materials. Masks coated with the polymer material retains permeability while gaining lipid-

bilayer disruption potential.
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