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Abstract 

Sulfated biomolecules are known to influence numerous biological processes in all living 

organisms. Particularly, they contribute to prevent and inhibit the hypercoagulation condition. 

The failure of polymeric implants and blood contacting devices is often related to 

hypercoagulation and microbial contamination. Here, bioactive sulfated biomacromolecules 

are mimicked by sulfation of poly(glycerol glycidyl ether) (polyGGE) films. Autoclaving, 

gamma-ray irradiation and ethylene oxide (EtO) gas sterilization techniques were applied to 

functionalized materials. The sulfate group density and hydrophilicity of sulfated polymers 

were decreased while chain mobility and thermal degradation were enhanced post autoclaving 

when compared to those after EtO sterilization. These results suggest that a quality control after 

sterilization is mandatory to ensure the amount and functionality of functionalized groups are 

retained. 
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Introduction 

Cardiovascular disease remains the leading cause of global mortality. Hypercoagulation 

disorders such as venous thromboembolism is the second most frequent cardiovascular 

disorder followed by myocardial infarction. Hypercoagulation disorders are inherited, and can 

be acquired by various external factors such as surgery, pregnancy, inflammation, malignancy 

and infection [1-3]. 

Sulfate, a key component of extracellular matrix and one of the most abundant anions in the 

blood, are involved in the biosynthesis of various essential body compounds. It presents in a 

variety of forms, drives numerous biological functions and metabolic events [4,5]. More and 

more studies have revealed that the deficiency of sulfate contributes to the pathogenesis of 

cardiovascular diseases including chronic heart failure, atherosclerosis, hypercoagulation [6-

8].  

A special form of sulfate produced by red blood cells or platelets is cholesterol sulfate, which 

accumulates around the cells and creates a negatively charged shield to enable their smooth 

passage through capillaries, to prevent the blood cells from rupturing and to regulate platelet 

adhesion [9,10]. The major form of sulfate in the extracellular matrix is sulfated 

glycosaminoglycan (GAG) including chondroitin sulfate, heparan sulfate, and keratan sulfate 

[11]. Their biological activities with distinct regulatory functions in tissue mechanical property, 

cell adhesion, growth, proliferation, differentiation, anticoagulation, wound healing, 

tumorigenesis and antiviral effects rely on the sulfation degree of GAGs [12-15]. Heparin, as 

a more sulfated variant of heparan sulfate, exhibits a prominent and effective anticoagulant and 

antithrombotic feature due to sulfate mediated conformation change of antithrombin III [16-

18]. In addition, it was demonstrated that the heparin can inhibit the SARS-COV-2 viral entry 

and may play a critical role in treating SARS-COV-2 triggered hypercoagulation [15,19]. 

Polymer-based implants, such as polymeric stents, interventional devices and polymeric 

vaccine adjuvants are widely used. Hypercoagulation with thrombus formation at the interfaces 

between implant materials and their physiological environment are a major issue leading to the 

failure of the medical applications of polymer-based biomaterials [20,21]. For blood contact 

materials, surface properties attract more attention than bulk properties. Physicochemical 

surface properties including wettability, surface charge, topography, stiffness as well as 

functional groups exposed at the interface are considered to strongly influence protein 

adsorption, and regulate the blood cell adhesion and activation [22-25]. Importantly, surface 
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contamination of microorganism generally triggers hypercoagulation as a consequence of 

direct activation of coagulation factors or immune reactivities [26].  

Here, a sulfate-functionalized surface based on the poly(glycerol glycidyl ether) (polyGGE) 

was designed and created in order to improve hemocompatibility, which shall mimic the 

biofunctionality of the heparin. Surface composition, hydrophilicity and thermal properties of 

sulfate-functionalized polyGGE were evaluated. Three commonly used sterilization techniques, 

autoclaving, gamma-ray irradiation and ethylene oxide (EtO) gas sterilization, were compared 

to verify the appropriate sterilization condition, which was capable of preserving the functional 

sulfates on polyGGE surface.  

 

Materials and Methods 

Sulfation of polyGGE surface 

Polymerization of glycerol glycidyl ether (GGE, Raschig GmbH, Ludwigshafen am Rhein, 

Germany) was carried out using a one-step cationic ring opening polymerization in the 

presence of 30 min UV exposure and quenching with 1 mol/L KOH aqueous solution for 24 h 

[27]. PolyGGE films were reacted with 5 wt% sulfamic acid in N-Methyl-2-pyrrolidone (all 

sulfating agents were purchased from Sigma-Aldrich GmbH, Steinheim, Germany), which was 

pre-heated to 90 °C while stirring. After reaction for 5, 15, 30, 45, 60 min, bulk films were 

rinsed with distilled water and immersed in saturated NaCl solution at room temperature 

overnight. The residual solvent was extracted by washing with ethanol (Sigma-Aldrich GmbH, 

Steinheim, Germany) at room temperature for 3 days. The sulfate functionalized polyGGE was 

dried at room temperature in a high vacuum for one week until the weight reached a constant 

value. 

Synthesis of poly (hydroxyethyl acrylate) (PHEA) model system 

Hydroxyethyl acrylate monomers were bulk polymerized between glass plates with 0.5 wt% 

azo-bis-isobutyronitrile as an initiator and 0.1 wt% of ethylene glycol dimethacrylate as a 

cross-linking agent (all agents were purchased from Sigma-Aldrich GmbH, Steinheim, 

Germany). Polymerization was carried out at 60 °C for 24 h. Poly(hydroxyethyl acrylate) 

(PHEA) hydrogels were extracted with ethanol in Soxhlet for one week before sulfation and 

dried at 60 °C in a high vacuum for one week until the weight reached a constant value. An 
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identical sulfation protocol for polyGGE was applied to PHEA, except for the reaction time 

which was prolonged to 24 h. The sulfate functionalized materials were named PHEAS. 

Sterilization 

Autoclaving was set under following conditions: 120 °C, 20 min, 2 bar using a FVA A1 

autoclave (Integra Biosciences, Biebertal, Germany). Gamma-ray irradiation was performed 

with Gammacell 1000 Elite (Best Theratronics, Ottawa, Canada). Samples were exposed to 

Cs137 gamma-ray at a dose of 25 kGy for 24 h. Ethylene oxide (EtO) sterilization were 

performed in an automated EtO sterilizer (SteriVit 100, DMB Apparatebau, Wörrstadt, 

Germany) with a gas (6 vol% EtO in 94 vol% CO2) exposure at 45 °C and 75 vol% relative 

humidity for 180 min, followed by desorption in more than 250 pressure/vacuum cycles 

between + 0.6 bar and − 0.76 bar over 12 h. 

Attenuated total reflection Fourier transform infrared (ATR-FT-IR) spectroscopy  

Functionalized surface was analyzed by ATR-FT-IR spectroscopy (Nicolet IR 6700, Thermo 

Fisher Scientific, Waltham, USA). 50 scans were performed for each measurement. The 

polymers were analyzed in the absorbance range from 400 to 4000 cm−1 with a resolution of 2 

cm−1. 

Thermogravimetric analysis (TGA)  

The thermal degradation of polymer and sulfate functionalized polymers before and after 

sterilization was conducted on a TG209 instrument (Netzsch, Selb, Germany) with a constant 

heating rate of 10 °C/min between 25 and 600 °C in a nitrogen atmosphere. 

Differential scanning calorimetry (DSC)  

DSC experiments were performed on DSC 204 Phoenix calorimeter (Netzsch, Selb, Germany). 

A heating-cooling-reheating cycle was performed using the same heating rate of 10 °C/min for 

all 3 cycles. Samples sealed in aluminum pans were heated up from -70 °C to 200 °C before 

the cooling run to -70 °C, followed by the second heating run up to 200 °C. The glass transition 

temperature (Tg) was determined from the second heating run. 

X-ray photoelectron spectroscopy (XPS)  

The measurement was conducted with a Kratos Axis Ultra instrument (Kratos Analytica, 

Manchester, UK) using a monochromatic Al Kα beam source (1486.6 eV), whereby the signal 

was averaged over an area of 0.3 mm × 0.7 mm. Survey scans were recorded with a pass energy 
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of 160.0 eV, while regional spectra of carbon (C 1s), oxygen (O 1s) were taken with 20.0 eV 

at 300 W. A semi-quantitative evaluation was carried out based on the fractional peak areas 

and using the Casa XPS software (Version 2.3.16, Casa Software Ltd., Teignmouth, UK). All 

values were given as atom% (at%). 

Toluidine blue O (TBO) staining 

The amount of sulfate groups on functionalized polyGGE (prepared as round films with 

thickness 45 mm and diameter 13 mm) was determined by a TBO (Sigma-Aldrich GmbH, 

Steinheim, Germany) staining. Polymer films were incubated in 1 mL of a freshly prepared 

solution of 0.04 wt% TBO in aqueous 0.01 M HCl/ 0.2 wt% NaCl. Then, the samples were 

gently shaken at 37 °C for 4 h and rinsed twice with demineralized water. During this process, 

the sulfate/TBO complex was formed on the sample surface. Following this, 10 mL of a 4/1 

(v/v) mixture of ethanol and aqueous 0.1 mol/L NaOH was added, and the sulfate/TBO 

complex dissolved and released into the fluid phase. After complete dissolution of the complex, 

200 μL of supernatant was added to a 96-well microplate, and the optical density (OD) value 

was obtained with a microplate reader Infinite 200Pro (Tecan, Wiesbaden, Germany) at 630 

nm wavelength. The OD value was used to calculate the amount of sulfate from a calibration 

curve with known TBO concentration.  

Water contact angle measurement  

DSA 100 (Krüss GmbH, Hamburg, Germany) was applied for determine the water contact 

angles of polyGGE, sulfate functionalized polyGGE with and without sterilization using the 

captive bubble method. All samples were equilibrated for 24 h in deionized water at room 

temperature. Advancing and receding contact angles were measured by stepwise 

withdrawing/adding of air from/to the captured bubble, while the bubble was increased with 

each measurement cycle from 2 to 5 mm in diameter. Ten measurements on two different 

locations were performed on three samples. 

Water uptake ability  

PHEA and sulfate functionalized PHEA before and after sterilizations swelled in distilled water 

for 24 h to reach a water uptake equilibrium. Weight at equilibrium was recorded as Weq. 

Samples were dried at 60 °C in vacuum until no further weight decrease was found. Weight at 

dry state was recorded as Wd. Water uptake ability was calculated as  100 %. 

Statistics 
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All data were presented as mean value ± standard deviation. GraphPad Prism v6.02 software 

(GraphPad Software Inc., San Diego, USA) was used for statistical analysis. One-way analysis 

of variance (ANOVA) with Bonferroni’s multiple comparison tests were applied for the 

comparisons of the individual groups. At least three independent biological replicates were 

involved. p value < 0.05 were considered statistically significant. 

 

Results and Discussion 

Saturated NaCl stabilized sulfate-functionalized polyGGE films 

Sulfamic acid, a mild reagent for producing ammonium sulfates from alcohols or ethoxylated 

alcohols, was selected for sulfate grafting of polyGGE surface due to its specifical prevention 

of the formation of mixed sulfate-sulfonate compounds [28,29]. Here, polyGGE films were 

pretreated with ethanol in soxhlet extractor for two weeks. As illustrated in Fig. 1A, sulfating 

of the films was carried out by a reaction between polyGGE and 5 wt% sulfamic acid in N-

Methyl-2-pyrrolidone solution at 90 °C for at least 5 min. Upon heating, sulfamic acid reacts 

with alcohol groups to form the corresponding organosulfates (R-O-SO3
−). However, loss of 

organosulfates was found during the storage of the ammonium polyGGE sulfates in aqueous 

condition. This is probably because H+ formation at the solid-aqueous interface from the 

hydrolysis of the NH4
+ aids the cleavage of the sulfate [30].  

In order to stabilize the sulfate groups, the sulfate-functionalized polyGGE (polyGGE_S) films 

with the increased sulfating reaction times (5, 10, 15, 30, 45 and 60 min) were further treated 

with saturated NaCl for 24 h, in which process, NH4
+ ions were replaced by Na+ (Fig. 1A). To 

evaluate the chemical composition changes of the stabilized polyGGE_S5, _S10, _S15, _S30, 

_S45 and _S60, ATR-FT-IR spectroscopy has been performed. Post one week storage of 

samples, apparently new vibration signals were found at the wavenumbers 610 and 1225 cm-1 

(asymetric stretching of S=O), 945 and 1008 cm-1 (sysmetric stretching of S=O), and 780 cm-

1 (-C-O-S-) (Fig. 1B). These peaks corresponded well with the expected signals in comparison 

to the signals of the pure polyGGE and the functionalization agents. Moreover, the signal 

intensity of these peaks enhanced with an increasing reaction time of polyGGE and sulfamic 

acid, especially the occurrence and the increasing of the peak signal at 780 cm-1 (-C-O-S-), 

which confirmed the successful covalent binding of hydroxyl groups and sulfates and increased 

density of grafted sulfate groups on polyGGE and suggesting a successfully stabilization of 

materials. 
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Fig. 1. Stabilization of sulfate-functionalized polyGGE. A. Reaction scheme of functionalization and 
stabilization processes of polyGGE. B. ATR-FT-IR spectra of polyGGE and polyGGE_S5, 
polyGGE_S10, polyGGE_S15, polyGGE_S30, polyGGE_S45 and polyGGE_S60 after saturated NaCl 
treatment. i), spectrum in the range of 500-4000 cm-1; ii), zoom-in spectrum in the range of 600-2000 
cm-1. 

 

Sulfate-functionalized polyGGE films were thermally stable at body temperature 

Sulfate-functionalized polyGGE with longer reaction times (more than 15 min) yielded more 

yellowish bulk polymers. Color change is thought to be an indicator of potential sulfonation 

with sulfuric acid, which is closely related to sulfamic acid [31,32]. PolyGGE films after 30, 

45 and 60 min sulfation (polyGGE_S30, _S45 and _S60) showed apparently different levels 

of cracking. In contrast to that, polyGGE films post 5, 10 and 15 min sulfation (polyGGE_S5, 

_S10 and _S15) had no visible cracks (Fig. 2A). On one hand, this might attribute to the uptake 

of N-Methyl-2-pyrrolidone, which elicits the changes in the internal stress during swelling and 

deswelling process. On the other hand, it can be caused by the undesired modification that takes 

place inside the polymer network. Therefore, to ensure the modification only occurred on the 

surface of the bulk and to avoid the influence of the potentially changed bulk properties, 

polyGGE_S5, _S10 and _S15 were used for the further investigation.  

To evaluate the effect of sulfation on the thermal stability of polyGGE_S5, _S10 and _S15, 

TGA curves of non-functionalized and sulfate-functionalized polyGGE were obtained under 

nitrogen atmosphere. Starting from 100 °C to 300 °C, a first step of weight loss of 9.7% was 
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found for polyGGE_S15 while polyGGE, polyGGE_S5 and _S10 exhibited weight losses of 

5.5%, 8.3% and 7.7% (Fig. 2B). The first part of the weight loss is associated with small 

molecules already existing during the synthesis and the dechlorination process. However, the 

weight losses of sulfate-functionalized polyGGE films were relatively higher than non-

functionalized polyGGE, indicating a potential decomposition process might take place during 

such heating period, which might be the loss of sulfates. With an increasing of the temperature, 

a drastic degradation process occurred at 300 °C for the bulk materials and lasted until 600 °C. 

92.4%, 92.4%, 90.62% and 91.8% of weight loss were determined for polyGGE, polyGGE_S5, 

_S10 and _S15, respectively (Fig. 2B). Although TGA is not capable of confirming the loss of 

sulfates, it provides a hint that sulfate groups are not thermally stable over 100 °C.  

To further study whether the sulfation affect the thermal properties of polyGGE, DSC 

measurement was performed. Independent of the sulfation time, Tg of polyGGE_S5 (32 °C), 

_S10 (35 °C) and _S15 (33 °C) were comparable with that of the non-functionalized polyGGE 

(33 °C) (Fig. 2C), suggesting the sulfation process did not influence the mobility of the original 

polymer chain in bulk material. The sulfate-functionalized polyGGE films were able to retain 

their pliable rubbery state at body temperature. 

 

Fig. 2. Thermal properties of sulfate-functionalized polyGGE. A. Representative image of 
polyGGE_S5, S10, S15, S30, S45 and S60 after saturated NaCl treatment. Scale bar = 13 cm. TGA 
profiles (B) and DSC heating curves (C) of polyGGE, polyGGE_S5, S10 and S15. 

 

Sulfation took place on the surface of polyGGE 

Both the surface and the cross-section of polyGGE_S15 were analyzed by XPS to verify, at 

which location sulfation took place. The specific peaks of S (Fig. 3A) and Na (Fig. 3B) 

exhibited on XPS spectra and the semi-quantitative data (Table 1) confirmed that neither S nor 

Na appeared in the cross-section of the PolyGGE_S15 while 1.67 at% of S and 0.8 at% of Na 

were detected on the surfaces. Moreover, the atom percentage of oxygen was increased from 



9 

 

23.37 at% to 28.06 at% with a difference of 4.59 at%, which was almost 3-fold as the atom 

percentage of S (1.67 at%) in line with the chemical structure of -SO3. Although the polymer 

was intensively washed by ethanol, fluorine from the photoinitiator during polyGGE synthesis 

was traced from the surface (0.28 at%) and the cross-section (0.40 at%) (Table 1). These results 

suggested that sulfation only existed on the surface but not inside the bulk of the polyGGE_S15.  

 

Fig. 3. Sulfate functionalization occurred on the surface of polyGGE. XPS spectra of region scan 
of S (A) and Na (B) on the surface (red) and cross section (yellow). 

 

Table 1. Composition of polyGGE_S15 at surface and cross section 

 

 

Ethylene oxide (EtO) sterilization preserved the sulfation of polyGGE 

An appropriate sterilization method needs to be defined for the downstream biological 

evaluation of sulfate-functionalized polyGGE films. This basically requires the stability 

preservation of the functionalized sulfate. To this end, three clinical-relevant sterilization 

methods including autoclaving, EtO gas and gamma-ray irradiation were applied to sterilize 

the polyGGE without sulfation, and their physical and thermal characteristics were investigated. 
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As shown in the ATR-FT-IR spectra, peaks for S=O located at 1225 cm-1 and 1008 cm-1, and 

the -C-O-S- bonds at 780 cm-1 were observed for both polyGGE_S15_G and polyGGE_S15_E 

and the intensity of these peaks were identical to the unsterilized polyGGE_S15. Nevertheless, 

the signals of S=O and -C-O-S- bonds were diminished for polyGGE_S15_A, indicating the 

loss of covalently bonded sulfates caused by the autoclaving (Fig. 4A). Similar phenomenon 

has been reported for heparin. A decrease in the amount of sulfate groups in heparin’s abundant 

tri-sulfated disaccharide repeating unit was found post autoclaving. The loss of the sulfates 

reduces the binding affinity of heparin to ATIII and thrombin, and impairs their anti-coagulate 

activity [33].  

Density of grafted sulfate groups can be quantified by an indirect staining with toluidine blue 

O (TBO) [34]. TBO as a positively charged dye can interact with the negatively charged 

functional groups via electrostatic interaction, which can be dissociated by the addition of acid. 

The sulfate densities after autoclaving (polyGGE_S15_A) decreased remarkably from 69 ± 7 

nmol/cm2 to 11 ± 3 nmol/cm2 compared to untreated polyGGE_S15. EtO treated and gamma-

ray irradiated sulfate-functionalized polyGGE showed no significant changes with untreated 

group (70 ± 5 nmol/cm2 for polyGGE_S15_E and 63 ± 8 nmol/cm2 for polyGGE_S15_G) (Fig. 

4B). 

The influence of sterilization on the surface hydrophilicity was further studied by water contact 

angle measurements. PolyGGE_S15 (Ɵadv = 36±8°) exhibited more surface property than 

polyGGE (Ɵadv = 71±3°). Decreased hydrophilicity (Ɵadv = 67±1°) was determined for 

polyGGE_S15_A in contrast to the polyGGE_S15_E (Ɵadv = 35±8°) or polyGGE_S15_G (Ɵadv 

= 37±9°), which was comparable with the unsterilized polyGGE_S15 (Fig. 4C). The decreased 

hydrophilicity on polyGGE_S15_A gives a strong evidence for the loss of the sulfates after 

autoclaving.  

 

Fig. 4. Autoclaving decreased the amount and density of sulfates in sulfate-functionalized 
polyGGE. ATR-FT-IR spectra (A), TBO sulfate density analysis (B), and wettability (C) of 
unfunctionalized and sulfate functionalized polyGGE with and without autoclaving (_A), EtO gas (_E), 
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gamma-ray irradiation (_G) treatments (polyGGE, polyGGE_S15, polyGGE_S15_A, polyGGE_S15_E 
and polyGGE_S15_G). For B, n=8, for C, n=30, *p<0.05, one-way ANOVA with Bonferroni’s multiple 
comparison tests. 

 

Since the amount of grafted sulfate groups on polyGGE surface was in the nanomolar range 

(Fig. 4B), both DSC and TGA as the common techniques for studying the thermal properties 

of bulk materials are not sensitive enough for investigating the influence of the sterilization on 

sulfate-functionalized polyGGE.  

In this context, poly(hydroxyethyl acrylate) (PHEA) hydrogel was synthesized [35] and 

functionalized with sulfates (PHEAS)  to amplify the sulfation process and the influence of 

sterilization on sulfate groups as a model system. The reaction was illustrated in Fig. 5A. 

Physicochemical and thermal characterization of PHEAS after the autoclaving (PHEAS_A), 

EtO sterilization (PHEAS_E) and gamma-ray irradiation (PHEAS_G) was performed. 

ATR-FT-IR was used to study the influence of sterilization on the chemical bonding of sulfates. 

Newly formed peaks after the modification were found at the location of 1216, 1019, 922, 840, 

756 and 625 cm-1. Similar to the results of polyGGE (Fig. 4A), EtO sterilization and gamma-

ray irradiation had limited influence on PHEAS whereas all aforementioned peaks were 

significantly reduced after autoclaving (Fig. 5B). 

The hydrophilic level of the chain segments of the hydrogel as well as its crosslinking density 

are reflected by its water uptake capacity. In Fig. 5C, the water uptake ability was significantly 

improved by sulfation of PHEA. EtO sterilization and gamma-ray irradiation showed no 

influence on the water uptake of PHEAS. In contrast to that, the water uptake of autoclaved 

PHEAS showed even lower water uptake than the original PHEA, which might due to 

additional crosslinking by transesterification and substantial loss of sulfate groups at elevated 

temperature. 

TGA profiles showed that the degradation of PHEA initiated from 250 °C and completely 

decomposed at about 440 °C. Nonetheless, PHEAS presented a three-step decomposition 

process. Despite the minor weight loss before 100 °C, the first step of decomposition occurring 

between 130 °C and 150 °C was found.  The second decomposition step started at 250 °C till 

300 °C followed by the last decomposition started at 400 °C and completed at the same 

temperature as PHEA. PHEAS after EtO sterilization, gamma-ray irradiation showed the 

similar degradation behavior as unsterilized PHEAS. Interestingly, a unique decomposition 

curve was observed in autoclaved PHEAS when compared to both non-functionalized PHEA 
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and unsterilized PHEAS. Weight loss of autoclaved PHEAS continuously increased from 130 

°C and the major decomposition was observed from 250 °C till 460 °C, leaving 9 wt% residues. 

Comparing to that, 27 wt% of indecomposable components was found for PHEAS, PHEAS_E 

as well as PHEAS_G (Fig. 5D).  

Considering the degradability of PHEAS was above 100 °C, the heating temperature range of 

DSC analysis was set between -30 °C to 100 °C. At dry state, based on the curves of second 

heat run, Tg = 47 °C was determined for unsterilized PHEAS, which was two folds higher 

compared to non-functionalized PHEA (Tg = 14 °C). Tg values for PHEAS_E and PHEAS_G 

were 51 °C and 43 °C, respectively, while PHEAS_A had a Tg of 28 °C (Fig. 5E). These results 

suggest that sulfates in the network hinder the mobility of the chains, and autoclaved PHEAS 

showed relatively higher chain mobility than unsterilized PHEAS, EtO sterilized and gamma-

ray irradiated PHEAS due to the loss of the sulfates. 

Together, sulfate groups were not thermally stable independent of the substrate materials and 

the decomposition of sulfates occurred at around 100 °C. Autoclaving leads to the loss of 

sulfates. Although gamma-ray irradiation showed no severe impact on sulfates, a color change 

to brown indicates an intrinsic change might exist on sulfate-functionalized polyGGE films. 

EtO gas sterilization can be considered as one appropriate method for sterilization of the 

sulfate-functionalized polymers. There was no impact of EtO sterilization on sulfate group 

density, hydrophilicity, and thermal property and stability of the functionalized surface. 
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Fig. 5. Autoclaving reduced the sulfates in the poly(hydroxyethyl acrylate) (PHEA) hydrogel 
model system. A. Schematic illustration of the synthesis of PHEA. ATR-FT-IR spectra (B), water 
uptake (C), TGA (D) and DSC (E) curves of unfunctionalized and 15 min sulfate functionalized PHEA 
with and without autoclaving (_A), EtO (_E), gamma irradiation (_G) treatments (PHEA, PHEAS, 
PHEAS_A, PHEAS_E and PHEAS_G). For C, n=4, *p<0.05, one-way ANOVA with Bonferroni’s 
multiple comparison tests. 

 

Conclusions  

Grafting of sulfate groups on the polymer surface was successfully carried out by reacting 

polyGGE with sulfamic acid in N-Methyl-2-pyrrolidone solution and can be stabilized by 

saturated NaCl treatment. Sulfation within 15 min guaranteed the sulfating process only took 

place on the surface while not occurring in the bulk of the polymer. The sulfate-functionalized 

polyGGE was thermal stable and flexible at the body temperature, while decomposition started 

after heating up over 100 °C. The diminished -C-O-S- and S=O peaks, reduced wettability as 
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well as impaired water uptake were observed on sulfate-functionalized polyGGE films post 

autoclaving due to the significant loss of sulfates. EtO can be considered as one of the 

appropriate techniques for sterilization of the sulfate-functionalized polymer networks. Sulfate 

functionalized poly(GGE) might develop a broad application spectrum in biomedicine derived 

from mimicking the natural sulfated cholesterol and glycosaminoglycans. 
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