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Abstract

Sulfonate-containing hydrogels are of particular interest because of their tunable mechanical and 

swelling properties, as well as their biological effects. Polysulfonate copolymers were synthesized 

by reacting 2-acrylamido-2-methylpropanesulfonic acid (AMPS), acrylamide (AM), and acrylic 

acid (AA). We found that the incorporation rate of sulfonate-containing monomer and the 

molecular weight of the copolymer were significantly enhanced by increasing the ionic strength of 

the solution. We introduced thiol groups by modifying the pendant carboxylates or copolymerizing 

along with a disulfide-containing monomer. The thiol-containing copolymers were reacted with a 

4-arm acrylamide-terminated poly(ethylene glycol) via a thiol–ene click reaction, which was 

mediated by a photoinitiator, a redox initiator, or a base-catalyzed Michael-Addition. We were 

able to tailor the storage modulus (33–1800 Pa) and swelling capacity (1–91 wt %) of the hydrogel 

by varying the concentration of the copolymers. We determined that the injectable sulfonate-

containing hydrogels were biocompatible up to 20 mg/mL, as observed by an electric cell–

substrate impedance sensing (ECIS) technique, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay using three different cell lines: human retinal pigment 

epithelial cells (ARPE-19), fibroblasts (NIH 3T3), and Chinese hamster ovary cells (CHO).
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1. INTRODUCTION

Hydrogels are chemically or physically cross-linked hydrophilic polymer networks, which 

are able to absorb and retain a large amount of water. Because of their high water content, 

softness, and other biomimetic properties, hydrogels have been widely used in tissue 

engineering, biomedical devices, and drug delivery.1 Sulfonate-containing hydrogels are of 

particular interest because of their tunable swelling2 and mechanical properties, as well as 

their ability to bind cationic drugs.3,4 Chondroitin sulfate and dermatin sulfate are important 

natural sulfonate-containing polysaccharides that have been used in cartilage tissue 

engineering,5 skin substitution,6 and treatment of joint diseases.7 Chondroitin sulfate has 

been incorporated into hydrogels to tailor their swelling,3 elasticity,3,8 and drug release 

rate,3,9,10 and to promote adhesion of cells to hydrogels.11 In addition, Matsusaki et al. 

reported that sulfonate-containing hydrogels have anticoagulant activity12 and can 

immobilize fibroblast growth factor-212 and vascular endothelial growth factor via its 

heparin-binding domains.13 Sulfonate-containing polymers inhibited not only the cytopathic 

effect of HIV at concentrations that are not toxic to the host cells,14 but angiogenesis, which 

is associated with many diseases, as well as the growth of solid tumors,15,16 arthritis,17 

proliferative diabetic retinopathy,18 intervertebral disc regeneration, and pain.19 Hence, 

incorporating sulfonate groups into hydrogels to mitigate angiogenesis would be valuable in 

designing tissue substitutes that do not have or need blood vessels, such as the cornea, 

vitreous, and nucleus pulposus. Here we focus primarily on various synthetic polymer 

techniques for the development of injectable in situ gelling sulfonate-containing hydrogels.

We selected 2-acrylamido-2-methylpropanesulfonic acid (AMPS) as a monomer to provide 

sulfonate groups. Because the strongly ionizable sulfonate dissociates in a wide pH range, 

hydrogels containing AMPS exhibit pH-independent swelling behavior. PolyAMPS, which 

is nontoxic and the tested doses, has been reported to achieve dose-dependent inhibition of 

angiogenesis.20 In addition, polyAMPS has been studied as a prototypic molecule for the 

development of antimitogenic drugs for the treatment of neoplastic pathologies,21 as well as 

multitarget drugs for the treatment of HIV infection and AIDS-associated pathologies.22

Injectable hydrogels have gained much attention for their great potential in the biomedical 

area.23,24 In this technique, a premixed solution containing cross-linkable polymers, drugs, 

cells, and another ingredient is injected to fill native or potential cavities; a matrix, which 
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may be difficult to prefabricate, forms in vivo and conforms to different shapes. Injectable 

hydrogels have considerable advantages in many biomedical applications, including 

injectable tissue engineering,25,26 minimally invasive drug delivery,27 and wound 

dressing.28,29 However, to the best of our knowledge, the synthesis of an injectable in situ 

gelling AMPS hydrogel for biomedical uses has not been reported. Here we describe several 

methods of preparing injectable sulfonate-containing hydrogels and test their 

biocompatibility.

First we investigated the effect of ionic strength on the reactivity of AMPS in the 

copolymerization of AMPS and acrylamide (AM). We then compared three methods to 

introduce thiol groups to the copoly(AM-co-AMPS). Subsequently, we used three 

techniques for cross-linking the pendant thiol groups on the copolymer with a cross-linker 

consisting of a 4-arm poly(ethylene glycol) (PEG) with terminal acrylamide groups via 

thiol–ene chemistry. Thus, the copolymer/PEG solution, when injected into the body cavity, 

could form a hydrogel in situ and exert permanent biomedical effects by the covalently 

bonded sulfonates. We were able to tune the swelling and mechanical properties of the 

hydrogel by varying the concentration of copolymer. We also determined that the 

biocompatibility of sulfonate-containing hydrogels on three different cell lines: human 

retinal pigment epithelial cells (ARPE-19), fibroblasts (NIH 3T3), and Chinese hamster 

ovary cells (CHO) by using electric cell–substrate impedance sensing (ECIS), a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and cell images.

2. EXPERIMENTAL SECTION

2.1. Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. 4,4′-Azo-bis(4-

cyanopentanoic acid (AIBN, 98%) was purchased from MP Biomedicals. The retinal 

pigment epithelial (RPE) cell line ARPE-19, NIH 3T3 fibroblast cells, and Chinese hamster 

ovary (CHO) cells were purchased from American Type Culture Collection and cultured in 

DMEM/F12 with 10% FCS, 1% antibiotic/antimycotic/gentamicin, 0.1% amphotericin B.

2.2. Synthesis of Thiol- and Sulfonate-Containing Copolymers

2.2.1. Investigation of the Effect of Ionic Strength on the Reactivity of AMPS—
The effect of ionic strength on the reactivity of AMPS was investigated by comparing the 

kinetic profile of the copolymerization of AMPS and AM at different concentrations of 

sodium chloride. 4,4′-Azobis(4-cyanovaleric acid) (V501; 16.9 mg, 0.060 mmol), sodium 

chloride (3.54 g, 0.060 mol), AMPS, and AM (total amount of AMPS and AM was 0.030 

mol) were dissolved in 40 mL of water. A 10 wt % NaOH solution was added to adjust the 

pH to ~9. Water was then added to a final concentration of monomer at 0.5 M. The solution 

was purged with nitrogen at 22 °C for 30 min to remove dissolved oxygen. The mixture was 

stirred at 70 °C for 3 h. Aliquots were taken at ~25 min and at the end of polymerization, 

then characterized by gel permeation chromatography (GPC) and nuclear magnetic 

resonance spectrum (NMR). 1H NMR spectra were obtained on a Varian Unity Inova 500 

MHz (Palo Alto, CA). Aliquots from the reaction were freeze-dried and redissolved in D2O 

(8 mg/mL). Each sample was scanned 128 times at 25 °C. The GPC system used a VE 1122 
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pump with a VE 7510 degasser (Viscotek/Malvern, Houston, TX) equipped with a TDA302 

triple detector system that measured the refractive index (RI), multiangle laser light 

scattering, and viscosity. The column used was a G5000PWXL (Tosoh Biosep, 

Montgomeryville, PA). Viscotek Omnisec software was used to calculate the RI area, 

weight-averaged molecular weight, intrinsic viscosity, and hydrodynamic radius. Samples 

(100 μL) were injected at a concentration of 2 mg/mL. The column buffer (pH 7.6) 

contained 20 mM of sodium phosphate and 100 mM of NaCl. The flow rate was 0.8 mL/

min. Measurements were conducted at 37 °C.

2.2.2. Synthesis of Copoly(AM-co-AMPS-co-BAC)—Thiol groups were introduced 

into the copolymer by incorporating a disulfide-containing bis-acrylamide-cystamine (BAC) 

cross-linker. The desired amounts of AM, AMPS, and BAC were dissolved in N,N-
dimethylformamide (DMF) at 5 wt %. A stock AIBN/DMF solution (10 mg/mL) was 

injected into the vial and the solution was purged with nitrogen at 22 °C for 1 h to remove 

the dissolved oxygen. The solution was incubated at 60 °C for 5 h, yielding a chunk of white 

solid, which was suspended in DI water to form a hydrogel. A 10 M excess of dithiothreitol 

(DTT) was added to reduce the disulfide bonds to thiols. A 1 N NaOH solution was added to 

the hydrogel to adjust the pH to ~7.5. The mixture was stirred at 22 °C for 18 h, during 

which the suspension became clear and less viscous. DMF, any unreacted monomers, and 

excess DTT were removed by dialysis (MWCO = 12000–14000) against nitrogen-bubbled 

HCl solution (1 mM, 4 L × 6) for 3 days. The products were lyophilized, yielding white 

solid. The extent of thiolation was determined using a 2-nitro-5-thiosulobenzoate (NTSB) 

assay as previously reported.30

2.2.3. Synthesis and Derivatization of Copoly(AM-co-AMPS-co-AA)—We also 

incorporated thiol groups by copolymerization of acrylic acid (AA) with AM and AMPS, 

then derivatized the carboxylates with cystamine.

2.2.3.1. Synthesis of Copoly(AM-co-AMPS-co-AA): The procedure for synthesizing 

copoly(AM-co-AMPS-co-AA) was similar to that for synthesizing copoly(AM-co-AMPS), 

except that the reaction time was 1 h. The mixture was dialyzed (MWCO = 12000–14000 

kDa) against 4 L × 6 of DI water at 22 °C for 3 days. The solution was then lyophilized, 

yielding a white solid (~90%).

2.2.3.2. Derivatization of Copoly(AM-co-AMPS-co-AA) Using Carbodiimide-Based 
Condensation: Thiol groups were introduced to the copoly(AM-co-AMPS-co-AA) using a 

carbodiimide-based condensation. Various formulations were used and one of them is 

described. A copoly(AM-co-AMPS-co-AA) was dissolved in DI water at 1 wt %. Stirring 

the mixture at 22 °C for 2 h yielded a viscous solution. The desired amounts of cystamine 

dihydrochloride (cys), N-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-(dimethylamino)-

propyl)carbodiimide (EDC) were added to the vial. The pH was adjusted to 4.5 by adding a 

1 N HCl aqueous solution. The solution was stirred at 22 °C for 20 h. Excess cys, EDC, and 

NHS were removed by dialysis (MWCO = 12000–14000) against DI water (4 L × 4) for 2 

days. A 10 M excess of DTT comparing to the conjugated cys, as determined by a disulfide 

assay, was added to the product solution. The pH was adjusted to ~7.5 by adding 1 N NaOH 
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solution. The mixture was stirred at 22 °C for 4 h to reduce the disulfide bonds. Excess DTT 

was removed by dialysis (MWCO = 12000–14000) against nitrogen-bubbled HCl solution (1 

mM, 4 L × 6) for 3 days. The product was lyophilized, yielding a white solid.

2.2.3.3. Derivatization of Copoly(AM-co-AMPS-co-AA) Using Triazine-Based 
Condensation: Triazine-based condensation was also used to introduce thiol groups to the 

copoly(AM-co-AMPS-co-AA). A copoly(AM-co-AMPS-co-AA) was dissolved in 6 mL of 

DI water at 1.7 wt %. Acetonitrile and N-methylmorpholine (NMM) were added to the vial 

sequentially. A 1 M HCl aqueous solution was added to adjust the pH to 7. The mixture was 

cooled in an ice bath. 2-Chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) was added and the 

mixture was stirred at 22 °C for 1 h. Cystamine and sodium bicarbonate were added and the 

mixture was stirred at 22 °C for 20 h. As compared to the amount of cystamine, a ten-molar 

excess of DTT was added to the product solution. The pH was adjusted to ~7.5 by adding a 

1 N NaOH solution. Most of the gels or precipitates were dissolved in 30 min, yielding clear 

solutions. The mixture was incubated at 22 °C for 4 h to fully reduce the disulfide bonds. 

Excess DTT was removed by dialysis (MWCO = 12000–14000) against nitrogen-bubbled 

HCl solution (1 mM, 4 L × 6) for 3 days. The products were lyophilized, yielding a white 

solid.

2.3. Synthesis of Injectable Sulfonate-Containing Hydrogels

Using three methods, the thiol- and sulfonate-containing copolymer was cross-linked with a 

4-arm PEG-acrylamide to form a hydrogel.

2.3.1. Cross-Link by Photoinitiated Thiol–Ene Addition—A riboflavin stock 

solution (0.1 mg/mL) was bubbled with nitrogen gas for 30 min to remove oxygen. A 4-arm 

PEG-acrylamide (MW = 2 kDa) and copoly(AM-co-AMPS-co-BAC) was dissolved in the 

riboflavin stock solution at 10 and 40 mg/mL respectively, after which arginine in the 

solution was dissolved at 0.2 mg/mL. This mixed solution was irradiated with UV light 

(wavelength = 360 nm, intensity = 3000 μW/cm2) until a hydrogel was formed. Copolymers 

were tested for gelling by tipping the dishes at a 45° angle. When the material resisted 

flowing, they were considered to have gelled.

2.3.2. Cross-Link by Redox-Initiated Thiol–Ene Addition—A 4-arm PEG-

acrylamide (MW = 2k Da) and copoly(AM-co-AMPS-co-BAC) was dissolved in oxygen-

free water at 10 and 40 mg/mL respectively. Ammonium persulfate (APS, 1.4 mg/mL) and 

tetramethylethylenediamine (TEMED, 7 μL/mL) were dissolved in the solution, which was 

kept at room temperature until a hydrogel was formed.

2.3.3. Cross-Link by Base-Initiated Michael Addition—A 4-arm PEG-acrylamide 

(MW = 2k Da) and copoly(AM-co-AMPS-co-BAC) were dissolved in oxygen-free water at 

the desired concentrations. Triethylamine (TEA; 2.8 μL/mL) was dissolved in the solution 

and the solution was allowed to gel.
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2.4. Test of Swelling Capacity and Rheology of the Sulfonate-Containing Hydrogels

Copolymer (15, 20, 30, and 40 mg/mL)/riboflavin (0.1 mg/mL) solutions were prepared for 

hydrogel formation. The solutions were mixed with 4-arm PEG-acrylamide (3.75, 5, 7.5, and 

10 mg/mL) and arginine (0.2 mg/mL) and pipetted into weighed 35 mm dishes. The 

mixtures were irradiated with UV light for 30 min to form hydrogels. The initial weights of 

the hydrogels were recorded. 1× PBS was added to the dishes containing hydrogels, and the 

gels were left at 37 °C. At certain time points (as shown in Figure 7), excess PBS was 

poured off and the hydrogels were gently blotted dry and weighed. Swelling was determined 

by the change in weight from the initial weight. The rheological properties of the sulfonate-

containing hydrogels were analyzed using a modular compact rheometer (MCR rheometer; 

Anton Paar, TX). The swollen hydrogel in PBS in the 35 mm dishes were cut with a custom-

made cutter 21 mm in diameter. The dishes containing hydrogels of 21 mm diameter were 

placed on the plate of the rheometer in contact with the measuring system (20 mm plate). A 

force of 0.2 N was applied to each of these gels to ensure good contact. Samples were 

measured at a 2% strain and a constant temperature of 37 °C at a range of frequencies.

2.5. Test of Cytotoxicity of the Sulfonate-Containing Hydrogels

We tested the biocompatibility of sulfonate-containing hydrogels with ARPE-19, NIH 3T3, 

and CHO by using ECIS, MTT assay, and cell images. For both MTT and ECIS, all three 

cell lines were seeded at 20000 cells/well. The time required for cells to reach confluency is 

cell-type dependent. Retinal cells can become confluent by the end of the 24th hour after 

seeding, whereas 3T3 and CHO cells require almost 50 h to reach confluency. Thus, the time 

point for the addition of copolymer/PEG solutions to 3T3 and CHO cells was different from 

the time point for ARPE-19 cells. After the addition of these solutions, cell media were 

aspirated and the copolymer/PEG solutions were directly added to the cell monolayers. The 

wells were exposed to UV light at 365 nm for 1 min, so that hydrogels were formed in situ 

where they were in direct contact with the cells. We used this procedure throughout the 

entire study. After the addition of hydrogel, media change was no longer possible. MTT tests 

and imaging were done after the cells and hydrogels had been in direct contact for at least 96 

h.

Cell characteristics were analyzed using electric-cell–substrate impedance sensing (ECIS), a 

noninvasive technique that continuously measures the impedance across gold electrodes 

present at the bottom of tissue-culture wells, using various frequencies of alternating current. 

The 96-well 10idf ECIS arrays were prepared according to the manufacturer’s instruction. 

Arrays were pretreated with 10 mM sterile cysteine in water, which provides a coating for 

the gold electrodes by interaction of the –SH groups in cysteine with the gold surface, which 

increases the reproducibility of cell attachment and spreading. Tissue-culture medium was 

then added to the wells for protein adsorption to the gold electrode surface. Resistance 

measurements were chosen over complex impedance measurements because the polymer 

has a capacitance that complicates impedance readings. A frequency of 4000 Hz was used to 

monitor growth and adherence, since at this frequency the resistance for the hydrogels was 

minimum.
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MTT assays were done in treated 96-well tissue-culture plates. After 96 h, the gels were 

removed and the cell culture medium with 1 mg/mL MTT was added to each well in 100 μL. 

The plates were incubated for 5 h, after which the MTT was removed and 100 μL of 

dimethyl sulfoxide (DMSO) was added. Optical density at 540 nm was measured in a 96-

well plate reader. Both positive and negative controls were used. Using the optical density 

readings, the viability of cells exposed to the hydrogels was expressed as a percentage of 

viability compared to control cells which had not been exposed to the hydrogels. The results 

were normalized based on the negative control readings.

Light microscopy images of the cells were obtained using an Olympus CKX41 (Tokyo, 

Japan) inverted microscope in conjunction with Olympus Cell Imaging System software. 

The images were processed with Picture Frame Application 3.0.

3. RESULTS AND DISCUSSION

The sulfonate-containing hydrogel is of great interest for use in the biomedical field due to 

its broad biomedical effects. It has anticoagulant, antiangiogenic, and antimitogenic 

properties; it also inhibits the cytopathicity of HIV. The sulfonate groups could also be used 

for binding cationic drugs, as well as tuning swelling capacity and mechanical properties of 

the hydrogel. It will be extremely valuable to develop an injectable sulfonate-containing 

hydrogel that can be injected into body cavities without destroying the polymeric network 

and maintain the integrity and mechanical property of the hydrogel. The in situ formed 

hydrogel would provide long-term, localized, biomedical effects by covalently bonded 

sulfonate groups and, thus, slow diffusion of therapeutic agent,3,9,10 thus, reducing both the 

need for periodic injections and potential complications. This paper describes three different 

methods for synthesizing and modifying sulfonate-containing copolymers and in situ 

hydrogels that have tunable swelling and mechanical properties that are compatible with 

three different cell lines.

3.1. Effect of Ionic Strength on the Reactivity of Sulfonate-Containing Monomer

The properties of a copolymer are largely affected by its microstructure. It is critical to 

investigate whether the monomers incorporated into copolymer are statistically close to the 

feed ratio. AMPS is a strong acid and mostly dissociates in aqueous solutions, so its 

reactivity is probably affected by the ionic strength in the reaction medium. To investigate 

this effect, AMPS and AM were copolymerized with or without NaCl (1 M) in the reaction 

mixture. Aliquots were taken during polymerization (25 min) and after all monomers were 

completely polymerized (3 h). The samples were characterized by 1H NMR and GPC to 

compare the reaction rates, as well as the compositions and molecular weights of 

copolymers obtained at different ionic strengths.

The conversions of AMPS and AM and the compositions of the copolymers were calculated 

from the 1H NMR spectra (Figure 1). The resonance at 2.9–3.7 ppm was assigned to the 

methylene group next to the sulfonate in the copolymer; the sharp peak at 3.26 ppm was 

assigned to this methylene group in the unreacted AMPS monomer. Since the total amount 

of the methylene group next to sulfonate (polymer plus monomer) remained constant during 

polymerization, the integration from 2.9 to 3.7 ppm was used as an internal standard for 
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calculation. The peaks at 5.52 and 5.65 ppm were assigned, respectively, to the vinyl protons 

next to the carbonyl groups in the unreacted AMPS and AM monomers. Thus, the 

conversion of monomers and the composition of the copolymer could be calculated by 

comparing the amounts of unreacted monomers with the fed amounts of monomers. The 

results obtained from 1H NMR spectra are listed in Table 1.

Both AMPS and AM were completely reacted after 3 h under all experimental conditions. 

The conversions of AMPS and AM at 25 min of each batch of polymerization were 

compared in Figure 2. AMPS was found to incorporate into the polymer more slowly than 

did AM in each polymerization batch. This is likely due to the fact that the negatively 

charged AMPS in the growing chain impedes the incorporation of negatively charged AMPS 

monomers by electrostatic repulsion. Therefore, the addition of salts was expected to screen 

the charges and reduce the electrostatic repulsion between the growing chain and AMPS. In 

fact, the conversion of AMPS at 25 min of polymerization was significantly enhanced with 

the addition of NaCl because of the two reasons mentioned earlier. Moreover, as expected, 

the effect of NaCl was greater in polymerization containing more AMPS, confirming that 

the lower reactivity of AMPS was caused by negative charges. Since NaCl enhanced the 

polymerization rate and diminished the difference in the reactivity of AMPS and AM, it was 

used in the following polymerizations done in an aqueous medium.

The copolymers were also characterized by GPC. The molecular weights of the copoly(AM-

co-AMPS) are higher than that of the PAMPS homopolymer and increased with decreasing 

molar percentages of AMPS. This occurred because AMPS is less reactive than AM, as 

discussed. Also, the molecular weights increased in the presence of NaCl in the 

polymerization (Figure 3), especially in the copolymer with more AMPS. Therefore, the 

observations based on GPC characterization supported the inference from the reaction rates.

3.2. Synthesis of Thiol- and Sulfonate-Containing Copolymers

An injectable sulfonate-containing hydrogel is of particular interest because it could easily 

be injected into body cavities that are difficult to access by surgery, eliminate complicated 

surgical procedures for implanting a preformed hydrogel, avoid mechanical damage when 

injecting a preformed hydrogel through a small-gauge needle, and express long-term 

localized bioactivities that are provided by the covalently bonded sulfonate groups. A variety 

of techniques are used for implementing these in situ-forming gels, including redox 

polymerization,31 photopolymerization,32,33 click reaction,32 thiol–ene reaction,34 ionic 

attractions,35 thermosensitive gelation,36 enzymatic gelation,28 formation of Schiff base,26 

and others. Thiol-modified polymers are of great interest for making injectable hydrogels 

because of their ability to cross-link via either thiol–ene addition or the formation of 

disulfide bonds by oxidation.

3.2.1. Synthesis of Copoly(AM-co-AMPS-co-BAC)—To introduce thiol groups to the 

copoly(AM-co-AMPS), we copolymerized a disulfide cross-linker with AM and AMPS. 

This is a one-step synthesis that allows stoichiometric incorporation of thiol groups into the 

copolymer. A disulfide-containing cross-linker, BAC, was copolymerized with AM and 

Liang et al. Page 8

Biomacromolecules. Author manuscript; available in PMC 2017 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AMPS to form a cross-linked copolymer. The copolymer was then reduced to generate the 

pendant thiol groups (Figure 4).

Since BAC is not soluble in water, in this polymerization we used DMF as a solvent and 

AIBN as an initiator. Sodium chloride and sodium hydroxide were not used because the 

sulfonic acids are relatively less disassociated in DMF. By using the conventional free-

radical polymerization, we were able to obtain copolymers with a molecular weight (Mn = 

194 kDa) that, according to our previous work, is suitable for making hydrogels.37 The thiol 

content (5.0–5.1 mol %), which was measured by a 2-nitro-5-thiosulobenzoate (NTSB) 

assay, was very close to the feed ratio (5.0 mol %), suggesting stoichiometric incorporation 

of thiol groups into the copolymer. The content of AMPS (20.6 mol %) was also close to the 

feed ratio (20 mol %), as determined by 1H NMR. A reversible addition–fragmentation 

chain-transfer (RAFT) polymerization of AM, AMPS, and BAC was also done.

A 4-cyanopentanoic acid-4-dithiobenzoate chain transfer agent was also added to achieve a 

RAFT living polymerization. We kept the molar ratio of monomer to the chain-transfer 

agent at 1000 and 2000 to obtain copolymers with molecular weights of ~100 and 200 kDa. 

The RAFT living polymerizations were carried out at 70 °C for 2 days, during which they 

steadily formed precipitation. However, the molecular weights of copolymers were only 

~25% of the theoretical values, suggesting that RAFT living polymerization is not suitable 

for synthesis of copoly(AM-co-AMPS-co-BAC) with high molecular weight.

3.2.2. Thiolation of Copoly(AM-co-AMPS-co-AA)—Although the method of 

preparing copoly(AM-co-AMPS-co-BAC) is a convenient one-step synthesis and allows 

stoichiometric incorporation of thiol groups, a hazardous organic solvent, DMF, was used. 

To minimize the consumption of organic solvent, we developed a more environmentally 

friendly method of preparing thiol- and sulfonate-containing copolymer in the aqueous 

phase. We copolymerized AA with AM and AMPS, then derivatized the carboxylates with 

cystamine. These two steps were both done in aqueous solution. Copoly(AM-co-AMPS-co-

AA) (AM/AMPS/AA = 7:2:1) were synthesized with varied amounts of V501 initiator to 

obtain different molecular weights (Table 2). As expected, we were able to alter the 

molecular weight by varying the molar ratio of the initiator. However, the molecular weight 

distributions were also increased with increasing the amount of initiator as a consequence of 

side reactions caused by the higher concentration of free radicals.

Two methods, carbodiimide- and triazine-based condensations, have been used to derivatize 

the carboxylates on the copoly(AM-co-AMPS-co-AA) (Figure 4).

Carbodiimide-based condensation is a well-known method for derivatization of 

carboxylates.38 We used EDC as a carbodiimide activator for aqueous synthesis. In addition, 

NHS was used to form a stable NHS-ester intermediate and thus achieve more efficient 

derivatization. By using different formulations, we successfully derivatized 23%–39% of the 

carboxylates in copoly(AM-co-AMPS-co-AA) (Table 3). However, the efficiency of EDC, 

calculated by the molar ratio of (modified COOH)/(feed EDC), was only 3.9–5.8% due to 

the instability of EDC and intermediate in aqueous solution.
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Although the carbodiimide method is widely used, there is still room for improvement to 

overcome the low efficiency of carbodiimide. A triazine-based coupling method, which 

involves an intermediate postulated in the concept of “superactive ester,” has gained much 

attention.39 Because of its excellent efficiency and low cost, the triazine-based coupling 

method has been used to synthesize or modify polysaccharides,40,41 peptides,42,43 and 

nucleic acids.44–46 In this study, we used CDMT as a triazinebased activator to introduce the 

thiol group to the copoly(AM-co-AMPS-co-AA). Two formulations were tried; the 

modification percentages were 24 and 43% (Table 4). The efficiencies of CDMT were 16 

and 14%, which were higher than that of EDC.

3.3. Synthesis of Injectable Sulfonate-Containing Hydrogels via Thiol–Ene Click Reaction 
or Michael Addition

To make a hydrogel, the copolymer can be cross-linked by making the thiol react with ene 

groups either by thiol–ene click reaction in the presence of a free radical initiator or by 

Michael addition with the base. We tried to directly introduce side allyl groups to the 

copolymers as sites for cross-link by a carbodiimide or triazine coupling method. However, 

the product suffered from low yield and low purity. Therefore, we used a 4-arm PEG-

acrylamide as the ene-containing cross-linker to make hydrogels (Figure 5). Three different 

cross-linking methods were used (Table 5): thiol–ene reaction with redox initiators APS and 

TEMED; Michael addition with an organic base, TEA; and thiol–ene reaction with 

photoinitiators, riboflavin, and arginine, a well-known combination for photoinitiation.47 All 

three methods resulted in the formation of gels. However, other possible side reactions could 

also form gels, which include a cross-link between the copolymer and the 4-arm PEG, free 

radical polymerization of the acrylamide, and oxidation of the thiol groups.

To determine the major mechanism leading to the formation of gels, solutions containing 

only the copolymer or the 4-arm PEG and redox initiator were prepared. None of the one-

component solutions formed a gel, suggesting that the gels were formed by cross-link 

between the copolymer and the 4-arm PEG. Although three different methods were used to 

investigate the reactivity of the cross-link reaction, photo-initiation with riboflavin and 

arginine would be the most biocompatible one in vivo. Photo-cross-link has been extensively 

reported for making in situ forming hydrogels using transdermal illumination,48,49 

transarterial illuminations, 50,51 laparoscopic devices,52,53 or cathether.54,55 Thus, only 

photoinitiation was used for the rest of this work.

3.4. Swelling and Mechanical Properties of the Injectable Sulfonate-Containing Hydrogels

The most important characteristic of hydrogels is their ability to absorb a significant amount 

of water. This provides hydrogels with the permeability of nutrients and metabolites, 

biomimetic elastic, and surface properties, which are highly desirable for tissue engineering.

We assessed the water absorbance of our sulfonate-containing hydrogels with different 

concentrations of the copolymer by measuring their kinetic swelling profiles in 1× PBS at 

37 °C (Figure 6). The swelling ratio increased with increasing concentrations of copoly(AM-

co-AMPS-co-BAC) (AM/AMPS/BAC = 7.5:2:0.5) in the hydrogel. Hydrogels containing 15 

mg/mL of copolymer reached equilibrium swelling (1.3%) within 1 h. Hydrogels containing 
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20 mg/mL of copolymer swelled ~16% in 12 h. Hydrogels with 30 mg/mL of copolymer 

swelled ~58% in about 1 day, while hydrogels with 40 mg/mL of copolymer swelled ~91% 

in 2 days. We attribute this to increased proximity of electrostatic repulsion, which drives the 

expansion in the polymeric network. In addition, more ionic groups make a hydrogel more 

hydrophilic and thus able to absorb more water.

One critical parameter for designing hydrogels in tissue engineering is to mimic the 

mechanical properties of natural tissues. To replace a natural tissue, a hydrogel needs to 

provide appropriate stiffness and deformation properties.56 We obtained wide range of 

storage moduli for sulfonate-containing hydrogels by varying the concentration of 

copolymer (Figure 7). It is noteworthy that by increasing the concentration of the two 

copolymers from 10 to 40 mg/mL, the storage moduli increased dramatically from 33 to 

1800 Pa. Therefore, the mechanical properties of a gel could be adjusted by varying the 

concentration of copolymer and the density of the cross-linker and, thus, match the 

mechanical properties of natural tissues.

3.5. Cytotoxicity of the Injectable Sulfonate-Containing Hydrogels

The biocompatibility of the sulfonate-containing hydrogel was tested using ECIS and MTT 

assay. ECIS provides electrical information, which can be interpreted in terms of cell 

physiology. This real-time, noninvasive method measures the impedance across electrodes 

by using alternating current at various frequencies. When cells are growing on the 

electrodes, the impedance is affected by the number, morphology and attachment of cells 

covering the electrodes. Other publications have favorably compared the results of MTT and 

ECIS.37,57,58 ECIS produces abundant data and provides unbiased information on changes 

in impedance or resistance for the time course of the cellular response. Responses are based 

on cell density and changes in cell morphology associated with cell death. The response can 

be modeled to show adhesion and barrier responses in addition to cell growth.

We chose three different cell lines, epithelial (ARPE-19), NIH 3T3, and CHO cells, as our 

modeling cells because of our interest in using hydrogels as a vitreous substitute. The tested 

concentrations of copolymers were 15 and 20 mg/mL, based on the mechanical properties of 

natural vitreous59,60 as compared to the hydrogels. For retinal cells, as shown in Figure 8A, 

the spikes at 24 h in the ECIS resistance curve were due to media change and did not reflect 

a cell response. As compared to the control, the addition of hydrogel caused a decrease in 

resistance during 24–42 h, after which resistance recovered rapidly. The initial decline, 

which is commonly observed,37,6–63 occurred as the cells adapted to the presence of the 

hydrogel. As explained previously, the time requirement for 3T3 cells and CHO cells to 

reach confluency is more than that required by ARPE-19 cells. It took both 3T3 and CHO 

cells almost 50 h to become confluent (Figure 8B,C). By the end of the 90th hour, the 

hydrogels were added to 3T3 and CHO cells. Similarly, the spikes at 90 h in the ECIS 

resistance curve were due to media change and did not reflect cell response.

According to the ECIS resistance curves (Figure 8), no cells exposed to sulfonate-containing 

hydrogel at the tested concentrations showed a decline in resistance, indicating that the 

hydrogels did not adversely affect morphology or cell attachment.
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The ECIS results were substantiated by MTT assay of all three cell lines (Figure 9), which 

showed greater than 80% viability for the hydrogels. CHO cells were slightly more 

compatible with the hydrogels (both 15 and 20 mg/mL) than were 3T3 and ARPE-19 cells. 

The images of cells exposed to the hydrogels at both tested concentrations showed similar 

morphology and cell number compared to control cells (Figure 10). Cells did not appear to 

be rounding up or sloughing off, which would indicate cell death. It can be concluded that 

both hydrogel concentrations, 15 and 20 mg/mL, were compatible with all three cell types 

tested (Figure 11).

4. CONCLUSIONS

We have described the various ways of synthesizing injectable sulfonate-containing 

hydrogels based on AMPS copolymers. It was found that AMPS incorporated into the 

polymer chain more slowly than did AM. In addition, increasing the molar percentage of 

AMPS to the copolymer decreased the molecular weight. It was also determined that the 

addition of sodium chloride to the polymerization enhanced the reactivity of AMPS, with a 

corresponding increase in molecular weight. We introduced thiol groups to the copolymers 

by functionalizing the carboxylates by carbodiimide or triazine coupling reaction or by 

directly copolymerizing a disulfide-containing monomer. We cross-linked the copolymers 

with a 4-arm acrylamide PEG to make hydrogels and were able to alter the swelling and 

mechanical properties of the sulfonate-containing hydrogels. Preliminarily, the sulfonate-

containing copolymers were compatible with ARPE-19, 3T3, and CHO cells based on ECIS 

and MTT assays and cell images. The biological activity will be explored in future studies.
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Figure 1. 
(a) Copolymerization of AM and AMPS in an aqueous solution. (b) Characteristic 1H NMR 

spectrum of the reaction mixture. This sample was taken at 25 min of polymerization with a 

molar feed ratio of 50:50 AMPS/AM.
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Figure 2. 
Conversions of AMPS and AM at 25 min of polymerization under different conditions 

showed that the presence of NaCl enhanced the reactivities of both monomers and reduced 

the difference between their reactivities.
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Figure 3. 
Addition of NaCl and AM increased the molecular weight of copolymers.
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Figure 4. 
Synthesis of a thiol- and sulfonate-containing copolymer by copolymerization of AM, 

AMPS, and BAC in DMF, followed by reduction of the disulfide bonds using DTT.
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Figure 5. 
Thiolation of copoly(AM-co-AMPS-co-AA) via carbodiimide and triazine methods.
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Figure 6. 
Structures of the components of sulfonate-containing hydrogel: the thiol- and sulfonate-

containing copolymer and the 4-arm PEG-acrylamide.
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Figure 7. 
Hydrogels with a higher concentration of sulfonate-containing copoly(AM-co-AMPS-co-

BAC) (AM/AMPS/BAC = 7.5:2:0.5) swelled more and took a longer time to equilibrate.
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Figure 8. 
Sulfonate-containing hydrogel with increasing concentrations of copolymer (10–40 mg/mL) 

showed increasing storage moduli.
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Figure 9. 
Resistance measurements of (A) ARPE-19, (B) NIH 3T3, and (C) CHO cells plated at 

20000 cells/well and exposed to sulfonate-containing hydrogel at 15 and 20 mg/mL showed 

excellent recovery and a minor lag phase. Unlike ARPE-19 cells, NIH 3T3, and CHO cells 

require almost 50 h to reach confluency; therefore, the hydrogel addition points for NIH 3T3 

and CHO cells were different from that for ARPE-19 cells. Because media change is not 

possible following the addition of the hydrogels, a slight decrease in cell attachment was 

observed. Overall, the presence of hydrogels did not show any toxic effect on the cell types 

tested. Values are expressed in mean ± SEM, with each condition tested (n = 4).
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Figure 10. 
Overall, the viability of ARPE-19, NIH 3T3, and CHO cells exposed to sulfonate-containing 

hydrogels at 15 and 20 mg/mL for 96 h were greater than 80%. CHO cells were the least 

affected. Each column represents the average of four wells. Error bars represent the standard 

error as established by the standard deviation divided by the square root of the well number 

(n = 4).
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Figure 11. 
Inverted light microscopy images of (A) ARPE-19, (B) NIH 3T3, and (C) CHO cells 

exposed for 72 h to sulfonate-containing hydrogel at different concentrations showed similar 

morphology and cell number compared to control cells. The images of confluent cell 

monolayers were obtained using an Olympus CKX41 inverted microscope with ×10 

magnification. The visualization window is 60 × 60 μm; the scale bars correspond to 15 μm.
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Table 1

Effect of NaCl on the Reactivity of AMPS and AM

feed ratio (AMPS/AM) reaction time (min) polymerized AMPS (conversion) polymerized AM (conversion) total conversion (%)

80:20 25 51.4 (64.3%) 17.8 (89.0%) 69.2

180 78.2 (97.8%) 20.0 (100%) 98.2

80:20 (NaCl) 25 72.3 (90.4%) 19.7 (98.5%) 92.0

180 79.5 (99.4%) 20.0 (100%) 99.5

50:50 25 33.8 (67.6%) 42.4 (84.8%) 76.2

180 48.0 (96.0%) 50.0 (100%) 98.0

50:50 (NaCl) 25 42.5 (85.0%) 46.3 (92.6%) 88.8

180 49.3 (98.6%) 50.0 (100%) 99.3

20:80 25 12.8 (64.0%) 60.1 (75.1%) 72.9

180 18.9 (94.5%) 78.9 (98.6%) 97.8

20:80 (NaCl) 25 16.3 (81.5%) 68.7 (85.9%) 85.0

180 19.7 (98.5%) 79.0 (98.8%) 98.7
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Table 5

Formation of Gels Made with a 4-Arm PEG-Acrylamide and a Thiol/Sulfonate-Containing Copolymer

4-arm PEG thiol/sulfonate copolymer initiator gelation time

10 mg/mL 0 APS/TEMED no gel

0 40 mg/mL none no gel

10 mg/mL 40 mg/mL APS/TEMED <1 min

10 mg/mL 40 mg/mL TEA ~30 min

10 mg/mL 40 mg/mL riboflavin/arginine/UV <1 min
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