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Abstract

Interest in stimulus responsive materials and polymers has grown over the years, having shown 

great promise in a diverse set of applications. For drug delivery, stimulus-responsive polymers 

have been shown to encapsulate therapeutic cargo such as small molecule drugs or proteins, 

deliver them to specific locations in the body, and release them so that they can induce a 

therapeutic effect in the patient. Most hydrolytically degradable polymers are synthesized via 

nucleophilic, anionic, or cationic polymerization, which generally requires protection of 

nucleophilic or protic side chains prior to polymerization. Here, we report the synthesis of novel, 

alternating copolymers of sulfur dioxide and O-vinyl carbamate monomers that boast excellent 

functional group tolerance and pH-dependent instability. Alternating copolymers were synthesized 

containing pendant functionalities such as alcohol, carboxylic acid, ester, and azide without 

deprotection or post-polymerization modification. The copolymers were then formulated via 

nanoprecipitation into polymer nanoparticles capable of encapsulating small molecule dyes. The 

polymer nanoparticles were found to degrade rapidly at pH > 6 and were stable even in highly 

acidic conditions. Based on this observation, a proof-of-concept study for mucosal delivery was 

performed in polymer nanoparticles entrapped in a mucus model. At pH 8 the diffusion of 

encapsulated dye was found to be similar to free dye, while at pH 5 the diffusion coefficient was 

an order of magnitude lower. Cell viability was retained at 200 µg/mL particles after 24 h 

incubation. These polymers thus show promise as highly customizable scaffolds for mucosal drug 

delivery.

New polymer scaffolds are consistently being sought for drug delivery to improve drug 

bioavailability at diseased parts of the body while reducing off-target toxicity to healthy 

tissue. While encapsulation of drugs in polymer scaffolds can help to bias accumulation 

towards diseased tissue, methods must be developed to release the drug once it has reached a 
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desired location. Thus, significant effort has been devoted to inducing chemical responses in 

polymer scaffolds based on changes in pH,1 reducing environments,2 enyzmes,3 and 

light.4–5 Such stimuli-responsive polymer scaffolds have also been designed to amplify their 

response to stimuli to induce depolymerization, or breakdown of polymers into small 

molecule components.6–10 In order for such amplification to be effective, the polymer must 

remain stable upon administration but rapidly degrade into many small, easily-excreted 

molecules once the scaffold reaches its target destination, causing the concomitant release of 

any contents encapsulated within the polymer network.

In this work, we report a new type of depolymerizable scaffold that can be synthesized with 

excellent functional group tolerance via free radical polymerization. Free radical 

polymerization of vinyl-containing monomers results in a carbon chain that is stable to 

water, preventing breakdown in the body and eventual excretion. Instead, most 

depolymerizable macromolecules are synthesized via condensation polymerization, which 

results in the formation of polymers with repeating functional groups with hydrolytic 

instability, including poly(carbamates),7 poly(lactic-co-glycolic acid),11,12 

poly(caprolactone),13 poly(carbonates),14,15 and poly(acetals).16–19 While these polymers 

have shown success in many stimulus-responsive drug delivery applications, they must be 

synthesized via nucleophilic, cationic, or anionic polymerization, which limits the scope of 

unprotected functional groups that can be incorporated to the polymerization procedure. As 

a result, adding synthetic complexity to these macromolecules may require additional 

stepwise modification to any resultant nanoparticles after their formulation.

We report here a novel class of aqueous depolymerizable macromolecules, poly(O-vinyl 

carbamate-alt-sulfones), that can be synthesized from free radical polymerization with 

excellent functional group tolerance. Sulfur dioxide has been shown to copolymerize with 

certain vinyl monomers in a specifically alternating manner, provided that the vinyl group is 

immediately adjacent to an electron-donating group; examples include vinyl acetate,20 vinyl 

carbonate,20,21 and olefins.22–25 Such copolymers were originally developed as photoresists 

with sensitivity to deep UV and soft x-ray, but in more recent years they have been explored 

as thermally-sensitive materials for packaging.20–22 Both Moore and coworkers and Swager 

and coworkers have demonstrated that thermal decomposition properties can be tuned via 

changes in the alkyl monomer structure.20–22 Recently, our group showed that one such 

polymer, poly(vinyl acetate-alt-sulfur dioxide), degraded into its monomer components in 

the presence of biomedically relevant stimuli, such as reactive oxygen species and 

ultrasound.26 However, a new monomer choice was required because vinyl esters with a 

customizable R group can be difficult to synthesize, as most syntheses of vinyl esters require 

transition metal catalyzed oxidative coupling of acetylene.27–31

In searching for a new monomer class, initial Density Functional Theory (DFT) calculations 

(B3LYP, 6–311++G(d,p)) were performed to determine the acceptable electronic properties 

of potential monomers. Electron density maps were obtained for each of the monomers; an 

example is shown in Figure 1. The resultant polarization of the vinyl group was estimated by 

determining the charge on the internal and terminal carbons as well as the vinyl bond length 

by DFT calculations, then calculating the electric dipole moment along the double bond. 

Choosing a series of monomers that had been identified as either forming alternating 
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copolymers or incorporating, it was found that O-vinyl N-ethyl carbamate, a simple model 

monomer, had a similar electric dipole moment to those of vinyl acetate and vinyl t-butyl 

carbonate, both of which are known to form alternating copolymers (Figure 1c).20–23,26 By 

contrast, common monomers such as methyl methacrylate have dipole moments of opposite 

sign and do not form perfectly alternating copolymers.32,33

Based on these initial studies, a series of O-vinyl carbamate monomers were prepared to test 

the functional group tolerance of the polymerization (Scheme 1). The monomers were 

prepared easily by reacting an appropriate free amine, vinyl chloroformate, and 

triethylamine in dry dichloromethane 19 h, followed by aqueous workup. For bifunctional 

monomers, the strong nucleophilicity of the amine allowed straightforward synthesis of 

other monomers containing unprotected functional groups such as -COOH (β-alanine) and -

OH (2-hydroxybutylamine); such monomers were also purified by liquid-liquid extraction. 

The purity of the monomers was confirmed by 1H and 13C NMR spectroscopy. The 

appearance of peak around 7.5 to 8 ppm in the 1H NMR spectrum of the monomers 

corresponded to the -OCONH- group, confirming the carbamate linkage (Figures S1–S6).

Next, each of the synthesized monomers was copolymerized with sulfur dioxide at about 

−70°C with t-butylhydroperoxide as the initiator, followed by precipitation regardless of side 

chain structure (Scheme 1 and Figure S7). Analysis by 1H NMR spectroscopy and GPC 

revealed that the polymers were free of unreacted monomer and possessed typical Mn of 

~100 kDa, albeit with high molecular weight dispersity (Table S1). True alternation was also 

observed by 1H NMR spectroscopy, which showed large peaks corresponding to -SO2-CH2-

CHR-(6.4 and 4.0 ppm, respectively), but not those associated with homopolymerization of 

O-vinyl carbamates. The true alternation was also confirmed by integrating the peak at 6.4 

ppm corresponding to -SO2-CHR-CH2- and comparing it to the peak at around 8 ppm 

corresponding to the side chain -OCONH- carbamate group. The integration matched 

perfectly in a 1:1 ratio. Moreover, analysis of NMR spectra showed that the R-group peaks 

were clearly preserved during the polymerization process, albeit with some expected 

broadening (Figures S1–S6). For example, expected peaks were maintained for R-groups 

after polymerization of carboxyls (1b to 2b, CH2COOH, δ 3.2 ppm, Figure S2), esters (1c to 

2c, -C(O)OCH2-, δ 4.1 ppm, Figure S3), and azides (1e to 2e, -CH2N3, δ 3.4 ppm, Figure 

S5). Finally, primarily due to the high incorporation of SO2 into the backbone, the polymers 

were generally soluble in DMSO, DMF, and dioxane; they were insoluble in more nonpolar 

solvents as well as protic solvents.

Initial proof-of-concept drug delivery studies focused on the incorporation of model drugs 

into polymer nanoparticles via nanoprecipitation. First, copolymer 2e was dissolved in 

DMSO along with the fluorophore Rhodamine B as a model drug and mixed for 30 min. The 

DMSO solution was then added drop-by-drop with stirring to PBS at pH 3 to create a turbid 

suspension. Nanoparticle Tracking Analysis showed that the particles were in a suitable size 

range for delivery,34 with an average diameter of 185 nm and a standard deviation of 95 nm 

(Figure 2). The particles also had a visible pink color, confirming the encapsulation of 

Rhodamine B.
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Next, the particle stability was determined as a function of pH. Suspensions of the 

nanoprecipitated particles were incubated in buffered saline at different pHs. At specific 

timepoints the particles were centrifuged down and the supernatant was removed for UV-Vis 

analysis, followed by replacement with the original buffer (Figure 2b). For the range of pH 

1–5, the release was slow, with only 16 % released after 6 h. In the same timeframe at pH 7, 

release was shown to occur over 90% regardless of buffer salt. Based on 1H NMR 

spectroscopy, the mechanism of degradation appeared to be an elimination reaction based on 

regeneration of the original monomer by a sulfone elimination mechanism (Figure S8).24,35 

In our previous report, we showed that the poly(olefin-sulfone) was broken down into 

monomers by biologically relevant reactive oxygen species.26 To check the potential of these 

particles as scaffolds for mucosal drug delivery, the stability of the Rhodamine B 

encapsulated particles in presence of potassium superoxide (KO2) was determined. The 

particles were dispersed in MBS buffer (pH 5) and different amounts of KO2 were added. At 

definite time intervals, it was centrifuged to collect the supernatant to analyze the release of 

dye followed by replacing original KO2 solution. It was found that the particles were 

sensitive to 100 µM KO2 (Figure 2d, S8).

While systemic nanoparticle delivery requires stability at neutral pH but release at acidic pH, 

mucus membranes have pH gradients that range from acidic at the exterior to neutral where 

the mucus contacts the lumen. As a proof-of-concept for simulating mucosal drug delivery 

mechanisms, release of contents from the particles was tested in a mucus model at different 

pH’s. Acidity gradients are found within mucus such as gastric (pH 2 to 7) and vaginal (pH 

4 to 7). An ideal particle will become entrapped in the mucus, then release its contents.

In order to simulate this process and show content release, the diffusivity of fluorescent 

cargo entrapped within the particles was determined as a function of pH. Briefly, simulated 

gastric mucus was formulated with mucin, polyacrylic acid, bovine serum albumin, DOPC, 

and cholesterol and allowed to sit at 4°C, followed by adjustment to the appropriate pH via 

addition of aqueous NaOH. Particles were prepared as above but with Alexa Fluor 488 

(AF488) as the encapsulant, as the cationic Rhodamine B was found to associate with the 

highly carboxylated mucus matrix. Next, either AF488-loaded particles or free AF488 was 

added, and the mixture was allowed to sit for specific lengths of time. At each specific 

timepoint the diffusivity of the fluorescence in the particle-mucus formulation was measured 

by fluorescence recovery after photobleaching (FRAP) measurements using a confocal 

microscope (Figure 3). At pH 4 and 5, the diffusivity of both the particles and free dye at RT 

were different by an order of magnitude, with values of 40 and 2.8 µm2/sec at pH 4 and 86 

and 7.5 µm2/sec at pH 5, respectively. The change in diffusivity for the mucus mimic from 

pH 4–5 is due to the presence of highly-carboxylated mucin and poly(acrylic acid) present in 

the mixture. At pH 8 after only 1.3 h incubation at 4°C, similar differences in magnitude 

were observed. However, after incubating 13 h at 4°C, the calculated diffusivity was similar 

to that of free dye, indicating dye release; this latter observation is most evident when 

scaling the diffusivity of AF488 with particles as compared to free AF488 (Figure 3c). 

Although 4°C is not specifically physiologically relevant, we were confined to this 

temperature to maintain fidelity of the mucus over this time scale.36,37 Finally, particles that 

had been incubated for over one week in mucus at pH 8 showed essentially the same 

diffusivity as free dye. These results are consistent with the dye release studies shown 
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previously within the cuvette for pH dependent release in solution, adjusting for the decrease 

in temperature from 25°C to 4°C. At the same time, the polymer particles were found to be 

essentially non-toxic to cells up to 200 µg/mL for 24 h incubation and up to 100 µg/mL for 

48 h incubation. However, incubation times of 48 h are not common for mucus membranes; 

for example, the residence time of particle in vaginal mucus is estimated to be on the order 

of less than 4 h.38–40

In conclusion, novel copolymers are reported in which alternating incorporation of sulfur 

dioxide results in an elimination depolymerization mechanism. DFT calculations of the 

dipole moment of the vinyl group were employed to find an acceptable range of electron 

donation was found such that the resulting copolymers were truly alternating. Based on this 

calculation, O-vinyl carbamates were synthesized with a variety of endgroups including 

carboxylic acids, alcohols, esters, and azides. These polymers were found to form perfectly 

alternating copolymers with sulfur dioxide. The polymers were then formulated into 

nanoparticles capable of encapsulating both Rhodamine B and Alexa Fluor 488, and the 

resulting particles were labile at pH > 6. Since the pH degradation profile was more suited 

for mucosal delivery than systemic delivery, the release of dye in a mucus-mimicking 

environment was validated using FRAP. Current efforts are focused on adapting the polymer 

particles for optimized drug delivery through mucosal barriers.
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Figure 1. 
Properties and synthesis of O-vinyl N-ethyl carbamate monomers. a) Equilibrium geometry 

and b) electron density map of O-vinyl N-ethyl carbamate monomer. c) Dipole moment 

across vinyl group of select monomers, where + indicates donation into the vinyl group.
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Figure 2. 
a) Size histogram of Rhodamine B encapsulated nanoparticles as measured by Nanoparticle 

Tracking Analysis. b) Cumulative release of Rhodamine B from encapsulated nanoparticles 

with time at different pH. (black-pH 7.4 PBS), (red-pH 7.0 MBS), (blue-pH 5.3, MBS) and 

(green-pH 1.7 PBS). c) Release of Rhodamine B from encapsulated nanoparticles in 

presence of KO2 after 20 min incubation time. (black- No KO2), (red- 1 × 10−2 M KO2), 

(brown- 1 × 10−3 M KO2), (light green- 1 × 10−4 M KO2), (violet- 1 × 10−5 M KO2) and 

(light blue- 1 × 10−6 M KO2), in pH 5 (MBS buffer). d) Cumulative release of Rhodamine B 

from encapsulated nanoparticles with time in presence of KO2 (black- 1 × 10−3 M KO2), 

(red- 1 × 10−4 M KO2) in pH 5 (MBS buffer).
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Figure 3. 
Diffusion coefficient calculated by fluorescence recovery after photobleaching (FRAP) for 

the free AF488 (blue) and AF488-loaded polymeric nanoparticles (red) in simulated mucus 

at different pH’s. a) After incubation for 1.3 h at RT; b) after incubation for 13 h at 4°C. (c) 

Relative diffusivity of AF488 with particles vs. free AF488 for 1.3 h (blue) and 13 h (red). d) 

Viability of MDA-MB-231 cells after 24 (blue) and 48 h (red) incubation with indicated 

concentration of polymer particles.
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Scheme 1. 
General synthesis of O-vinyl carbamate monomers and poly(vinyl carbamate-alt-sulfur 

dioxide) polymers.
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