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Abstract: Eye drops are the usual method to treat eye diseases, and gel polymer provides the carrier which could be used for ophthalmic drug delivery. However, the stable and sustained release is the main issue for the ophthalmic drug and is concerned by many researchers. In this study, composite hydrogels were prepared using 2-hydroxyethyl methacrylate (HEMA), and N-vinyl-2-pyrrolidone (NVP) used for ophthalmic drug loading and release. According to the results of Fourier transform infrared spectroscopy (FTIR), the disappearance of the C=C bond in hydrogel indicated that the copolymerization reaction between HEMA and NVP was successful. The hydrogel was opaque and uniform, showing that the cross-linking process was random and even. With the addition of NVP, the water contact angle decreased, and the equilibrium water content increased. Due to the high porosity, the tensile strength of the hydrogel was reduced. The results of X-ray photoelectron spectroscopy showed that Naphazoline eye drops (NEDs) were adsorbed by the obtained hydrogel. The transmittance was above 92% when NEDs were loaded in the hydrogel. The addition of NVP improved the drug loading capacity with a maximum of 80.7 μg/g. When the 10-h release was performed, the cumulative release amount reached about 70% of the total adsorption amount. Composite hydrogel with 10% NVP showed lower cumulative release compared to poly(2-hydroxyethyl methacrylate) (pHEMA) when release operation was performed below 6 h. The linear release of hydrogel with NEDs showed the possibility of clinical application.
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1  Introduction

As an uncovered organ, the eye could easily be injured by various ocular diseases, including glaucoma, diabetic retinopathy, cataract, dry eye syndrome and so on [1]. About 3.45% of the total 7.33 billion people in the world, 252.6 million, suffered from vision impairment and blindness in 2015 according to Nguyen’s description and the number was increased at an accelerating rate [2]. Multiple ocular drug delivery and treatment strategies have been developed, including eye drops [3,4] injections [5–7], and contact lenses [8–10]. Traditional ocular drug delivery is generally achieved through injection and eye drops. Drugs could enter eyes via intraocular injection. However, the invasiveness of injection is a key issue that seriously affects patient compliance [11,12]. Eye drops are considered the most important initial medical treatment and the most convenient method for treating eye diseases [13]. However, eye drops are easily washed away by blinking and tear reflux, so drug with high concentrations is required usually and used frequently. It leads to the inconvenience and discomfort for patients [14,15].

Over the past few decades, ophthalmic drug delivery methods have been developed to overcome the limitations of eye drops and injected drugs [16,17]. The popular process is to extend drug release or increase the holding time on the eye surface. New ophthalmic formulations [18], such as mucosal adhesive polymers, gel polymers, nanoparticles, implants, or microneedles have been developed. Mun et al. investigated the formulations of clonidine hydrochloride prepared using Poloxamer 188, poloxamer 407, and HPMC K4M. A drug release study showed that in situ gels with 16% poloxamer 407 remained releasing the drug for 10 h. However, too viscous formulations would cause eye irritation and blurred vision. The pleasant, safe, and effective formulations were claimed without in vivo tests [19]. Lewis et al. developed a sustained-release implant delivery system for Bimatoprost SR and compared the intraocular pressure of patients with open angle glaucoma. After 12 weeks, the mean change of intraocular pressure in the implant group seemed to be better than that in the eye drop group. Overall, 52% of patients using implants reported adverse application of hydrogel implant [20].

HEMA or pHEMA-based hydrogel was studied by many researchers because it exhibited excellent biocompatibility [21], low toxicity [22], clinical translation [23], and so on. As a result, the soft pHEMA-based hydrogel is considered being as a safe and comfortable carrier during ophthalmic treatments [24,25] and provides the possibility of clinical translatability. Consequently, the contact lens originating from pHEMA-based hydrogel is especially suitable for ocular drug delivery [26,27]. Contact lenses can successfully reduce drug washout resulting from tears. In addition, plenty of pores in hydrogel contact lenses are helpful for the sustained release of drugs. Furqan et al. prepared hydrogels with timolol using commercial HEMA, and the obtained hydrogels showed low drug loading capacity and high release amount in the initial stage [28]. Ankita et al. designed a novel semicircular ring including timolol and hyaluronic acid, and implanted it into a contact lens. Although the contact lens could retain the release rate which could meet the therapeutic requirement, the in vivo pharmacodynamics studies showed that its drug loading capacity was lower than that of single eye drop [29]. Joseph et al. developed a contact lens implanted the latanoprost-loaded film. The delivery time, above 30 days, was prolonged for the contact lens. However, the properties including mechanical strength, water content, ion and oxygen permeability were decreased after long time delivery treatment [30]. Many researchers studied the effect of NVP on the contact lens. Wang et al. coated polymerized NVP and poly (ethylene glycol) methacrylate (PEGMA) on the lens. The water contact angle of the NVP/PEGMA-coated lens was decreased obviously, and excellent hydrophilicity and significantly lower protein adsorption were obtained [31]. Sun et al. explored the impact of silane-modified silica nanoparticles and NVP on the properties of HEMA corneal contact lens, and they found that NVP could help to increase the hydrophilicity of the lens [32]. The above approaches showed that the contact lens could be used to sustain the release of ophthalmic drugs. However, some issues, e.g., high initial burst release, and unstable properties, need to be addressed in drug delivery using HEMA-based hydrogels.

To overcome the issues, a binary copolymer hydrogel was prepared using HEMA as the main matrix. NVP was copolymerized with HEMA to improve the surface hydrophilicity of the copolymer hydrogel. The effects of NVP addition on the porosity, equilibrium water content, tensile strength, and light transmittance were studied. The loading and sustained release of hydrogel were also investigated.

2  Materials and Methods

2.1 Materials

Ophthalmic grade HEMA and NVP were supplied by Tianjin Xiens Reagent Co., Ltd., Tianjin, China. Benzoyl peroxide (BPO) was obtained from Chengdu Kelong Chemical Reagent Factory, Chengdu, China. These reagents were analytic and used without further purification. Naphazoline Eye Drops containing naphazoline hydrochloride, chiorphenamine maleate, and vitamin B12 were purchased from Jiangxi Shanliang Pharmaceutical Co., Ltd., China. Distilled water was provided by Tianjin Lanyang Industrial Water Management Office, Tianjin, China.

2.2 Preparation of Hydrogel

The hydrogels were obtained via a polymerization reaction between NVP and HEMA monomers in the presence of BPO. The O-O bond in BPO could provide free radicals which are helpful for the copolymerization reaction between HEMA and NVP [33]. Firstly, NVP and HEMA were mixed at room temperature, and mixtures were obtained. The weight ratios of NVP and HEMA were 0:100, 10:90, 20:80, 30:70, 40:60, and 50:50, respectively. Then, BPO was added into the mixtures as an initiator and cross-linking agent, and the weight ratio was 0.25 wt% of the above mixture. Subsequently, the mixture was sealed and stirred for 40 min until the BPO was dissolved completely. As a result, the precursor solution was prepared. The precursor was kept without air for 30 min. After that, the uniform precursor solutions were poured into a mold and placed in a vacuum oven at 85°C for 2.5 h. Polymerization took place until transformation to hydrogel was completed. After that, the hydrogels were dried at 60°C for 24 h to remove the water in the samples. Table 1 lists the weight ratios of raw materials.
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2.3 Characterization

Fourier transform infrared spectrometer (FTIR, Nicolet iS50, Thermo Fisher Scientific, Waltham, MA, USA) was used to analyze the chemical reaction in the hydrogels in the wavenumber range of 400–4000 cm−1. The surface microstructure of pHEMA and p(HEMA-co-NVP) copolymer was observed by scanning electron microscope (SEM, phenom XL, Phenom-World, Eindhoven, Netherlands). The accelerating voltage of 2 kV was selected. The element composition of hydrogels was determined using X-ray photoelectron spectroscopy (XPS, NEXSA, Thermo Fisher, Waltham, MA, USA). The water contact angles of the pHEMA hydrogel and p(HEMA-co-NVP) composite hydrogel in the air were measured using a dynamic contact angle measurement instrument (DSA-100, KRUSS, Hamburg, Germany). The swollen hydrogel samples were cut into squares with the size of 10 mm × 10 mm. In order to keep the pore structure, the freeze-drying process was performed in advance using liquid nitrogen. A 2 μL water droplet was dropped onto the sample, three different positions were selected on each hydrogel sample, and the average value was calculated to obtain the water contact angle. The porosity of the hydrogel was determined based on the Archimedes principle. The measurement process has been described elsewhere [34,35]. Three samples with the same NVP addition were used to detect the porosity and the average value was calculated.

The tensile strength, elongation at break, and optical transparency were also measured for saturated hydrogel. The samples were immersed in physiological saline solution for 6 h until the weight was kept stable, and the saturated hydrogel samples were obtained. The tensile strength and elongation at break were measured using an electronic universal testing machine (SES-1000, Shimadzu, Nanjing, China) at room temperature. The tensile speed was 10 mm/min. Before the mechanical measurement, the saturated hydrogel samples were sheared into dumbbell shapes. The effect of NVP content on optical transparency was also studied. The absorbance of the hydrogel was measured using a UV-visible spectrophotometer (UV-2600i, Shimadzu, Nanjing, China) at wavelengths of 450, 500, 550, 600, 650, and 700 nm. The physiological saline solution was selected as the reference solution during the optical transparency measurement.

The equilibrium water content of hydrogel was also detected. The dry hydrogel sample was weighed and then soaked in deionized water for 24 h until its weight did not change. The weights before and after swelling were named Md and Ms, respectively. Each sample was tested three times to obtain the average value. The equilibrium water content of the hydrogel was calculated using Eq. (1):


SR=Ms−MdMs×100%(1)


where SR represents the equilibrium water content, Md and Ms are the weights of the hydrogel before and after swelling.

The Naphazoline Eye Drops (NEDs) were diluted using deionized water, and the weight ratio of NEDs and deionized water was 1:1. Dry hydrogel was immersed in diluted NEDs solution, and kept for 24 h at room temperature. Drug loading measurement was performed at a dark place to avoid NEDs oxidation. The UV absorbance measurement was performed using a UV-visible spectrophotometer before and after the absorption experiment, respectively. The strongest adsorption peak at a specific wavelength was detected for the NEDs solution. The obtained adsorption curve was shown in Fig. 1, and the wavelength, 361 nm, was used to measure the transmittance of NEDs solution with a series of concentrations. After that, the transmittance value was fitted with the content of NEDs, and a straight line was obtained. As a result, the concentration of NEDs solution in our experiment was deduced according to the plotted line and was used to calculate the drug loading capacity and cumulative release percentage of the hydrogel.
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Figure 1: Adsorption curve of NEDs solution

The drug loading of hydrogel was calculated using the Eq. (2):


Q=C1V1−C2V2W0(2)


where Q represents the loading capacity, W0 is the dry weight of the hydrogel, C1 and C2 refer to the concentration of NEDs solution before and after the absorption test, V1 and V2 are the volume of NEDs solution before and after the absorption test, respectively.

PBS buffer solution with a pH of 7.4 was prepared beforehand. 0.2 g KCl, 0.2 g KH2PO4, 8.0 g NaCl, and 2.9 g NaHPO4·12H2O were added into 1000 ml deionized water and the PBS buffer solution was obtained. The hydrogel sample with NEDs solution was immersed into the above buffer solution and subsequently kept at 37°C. Then, 3 ml solution was taken out every hour and used to detect the absorbance. Another 3 ml green PBS buffer solution was added to keep the solution at the same weight. The UV-visible spectrophotometer was used to measure the absorbance using the wavelength of 361 nm before and after drug releasing process. The cumulative release percentage was calculated according to Eq. (3):


y=V1Ci+V2∑Ci−1m×100%(3)


where y represents the cumulative release percentage, V1 is the total volume of the PBS buffer solution, C is the drug concentration of PBS buffer solution at every hour, Ci−1 means the drug content in PBS buffer solution at the last hour, V2 is the volume of solution which is taken out from the PBS buffer solution, and m is the total mass of drug in the hydrogel.

3  Results and Discussion

The change of functional groups could be used to induce the polymerization reaction. Fig. 2 shows the FTIR spectra of HEMA, NVP, pHEMA, and p(HEMA-co-NVP). The related frequencies are listed in Table 2. For the NVP spectrum, the peaks at 1270 and 1030 cm−1 were attributed to the C-N bond in the phthalimide group. The absorption peaks of the C=C bond were at 1660 and 751 cm−1. There was an absorption peak at 1330 cm−1 corresponding to the C=O bond. For the HEMA spectrum, the peak at 3423 cm−1 was assigned to OH stretching vibration due to the intramolecular and intermolecular hydrogen bonding. The weak peak at 2945 cm-1 corresponded to the C-H and CH3 stretching vibrations. The peak at 1708 cm−1 was attributed to the C=O stretching vibration. The absorption peak at 1650 cm−1 was due to C=C stretching vibration. The absorption peaks at low wavenumbers could be owed to C-O or C-H bonds. Compared with HEMA spectrum, the pHEMA showed similar absorption peaks. However, the peaks at 3423 and 2945 cm−1 were disappeared. What must be mentioned was that the peak at 1650 cm−1 also vanished, indicating that the C=C bond was absent in pHEMA. Therefore, it could be concluded that the self-polymerization of HEMA took place and pHEMA had been successfully synthesized [36–38]. The spectrum of p(HEMA-co-NVP) showed different adsorption peaks. The peaks at 1702 cm−1 in the NVP spectrum and 1708 cm−1 in the HEMA spectrum became broader. The intensity of peak at 1660 cm−1 was lower obviously, implying that the amount of C=C bond was decreased. Other characterization peaks at 1150 cm−1 in HEMA and 1270 cm−1 in NVP, also existed, but they became weak obviously. The weak bands at 850 to 950 cm−1 corresponded to the out-of-plane deformation vibration of C-H in the [CH2-CH2]n group, confirming that cross-linked network structure formed in the hydrogel sample. So, it could be concluded that partial copolymerization took place and residual monomer may be present in composite hydrogel. However, self-polymerization of HEMA took place easily according to the above study. Fig. 3 exhibited the formulas of the polymerization reaction. As a result, the effect of residual monomer NVP on the hydrogel was researched in our study.
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Figure 2: FTIR spectra of NVP, HEMA, pHEMA, and p(HEMA-co-NVP) hydrogel
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Figure 3: (a) Reaction between HEMA and NVP, and (b) self-polymerization reaction of HEMA

Fig. 4 shows the photograph and electron micrograph of pHEMA without NVP and p(HEMA-co-NVP) composite hydrogel with 20 wt% NVP. As shown in Fig. 4a,b, the hydrogel was opaque and uniform. The pHEMA hydrogel without NVP also showed the same appearance, indicating that the self-polymerization of HEMA was successful. Fig. 4c,d exhibits the surface micrograph of the above samples, and the flat and smooth surfaces were observed. It could be deduced that the cross-linking process was random and even. Fig. 4e shows the composite hydrogel after swelling. It could be observed that the surface was still relatively smooth after swelling and no obvious defect was found. Fig. 4f demonstrates that the surface of composite hydrogel after NEDs absorption. The samples also showed surfaces without defects. The obtained hydrogels can serve as the optical material of the artificial cornea. However, the hydrophilicity, drug loading and releasing of hydrogel should be studied further.
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Figure 4: Photograph and surface morphology of (a, c) Sample 0, (b, d) Sample 2, (e) Sample 2 after swelling, (f) Sample 2 after NEDs absorption

Hydrophilicity is one of the important indexes for corneal contact lenses. The water contact angle of pHEMA and p(HEMA-co-NVP) hydrogel was measured to evaluate the water wettability. Fig. 5 shows the water contact angles of hydrogels. The results indicated that pHEMA hydrogel was hydrophobic. However, the copolymer hydrogel with NVP showed more excellent hydrophilicity. The contact angle of p(HEMA-co-NVP) hydrogel decreased as the NVP content increased. This result could be explained by the presence of the hydrophilic amide group in the NVP, where the oxygen atom was exposed and can interact with polar water molecules. This copolymerization interaction enhanced the combination of water and gel, and facilitated the formation of hydration groups on the hydrogel surface. The hydrophilicity of p(HEMA-co-NVP) hydrogel could lead to greater absorption and wettability of eye drops.
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Figure 5: Water contact angle with different NVP content

The porosity determines the equilibrium water content (EWC), oxygen permeability and mechanical strength of the soft lens. High porosity increases the water content. Oxygen could be delivered via the water which is swelled in the cross-linked network. As a result, high porosity provides the feasibility that more oxygen is transferred from air to the cornea, resulting in that the comfortability for the wearer is improved. However, what could not be negligible is that the high porosity also leads to weak mechanical strength. The hydrogel with low porosity induces inferior water content and oxygen permeability, making the wearer feel uncomfortable due to hypoxia. Therefore, suitable porosity of hydrogel is important for the wide application of corneal contact lenses.

Fig. 6 shows the effect of NVP addition on the porosities of hydrogel. The results showed that the porosity increased with the NVP content. NVP usually showed low crystallinity and chemical groups were disordered and loose. In addition, when more NVP was added, the cross-linked network structure formed due to the reaction between NVP and HEMA. The disordered arrangement and network structure in the obtained copolymer led to the increased porosity, providing the possibility of improving the equilibrium water content, and drug loading of hydrogels.
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Figure 6: Porosity with different NVP content

Equilibrium water content (EWC) is a key index which has an important effect on the comfortability and safety because water provides the media to transfer oxygen. It is crucial to choose a lens with appropriate EWC for the wearer. According to Chinese National Standard GB/T 11417.1-2012, the EWC greater than 10% in lens is recommended. Fig. 7 exhibits the EWC values of hydrogels with different NVP compositions. The result indicated that the EWC of the hydrogel increased with the NVP addition. This could be explained by the cross-linked porous structure and hydrophilic groups in NVP. As polymerization of NVP with HEMA took place, cross-linking of copolymer hydrogel became weak and high porosity was obtained as mentioned in Fig. 6. Furthermore, NVP is a hydrophilic monomer due to the presence of an amide group. The oxygen atom exposed in the amide group facilitated the adsorption of polar water molecules. The complex influence resulted in an increase of the equilibrium water content for the p(HEMA-co-NVP) hydrogel. The obtained hydrogel exhibited the appropriate EWC value which met the Chinese National Standard. The EWC values ranged from 36.2% to 50.8%, which was close to the public results of commercial contact lenses, 38.6% to 59%.
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Figure 7: Water content with different NVP content

Manual operation is essential for corneal contact lens. So, adequate mechanical strength should be confirmed to withstand scratches, tears, etc. Fig. 8 compares the tensile strength of pHEMA and p(HEMA-co-NVP) hydrogel. The tensile strength decreased sharply with the increase of NVP addition. When no NVP was involved in the polymerization reaction, the pHEMA hydrogel contained a main chain originating from raw material HEMA monomer and the main chain provided the tensile strength. However, after NVP joined in the polymerization reaction, the branched chain related to the main chain, and occupied the space between adjacent main chains due to the presence of a five-member ring structure in NVP. Therefore, the degree of cross-linking of the main chain in the hydrogel decreased with the increasing of NVP content, resulting in a sharp decline in the tensile strength. In accordance with the Chinese National Standard, the tensile strength obtained in our work met the mechanical requirements for soft hydrophilic contact lenses.
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Figure 8: Tensile strength as a function of NVP content

Fig. 9 shows the elongation at break as a function of the NVP addition. The elongation at break increased with the NVP percentage. When the addition of NVP was 30 wt%, the elongation at break reached the maximum of 651%. However, the high addition above 30 wt% resulted in the decrease of elongation at break. The conclusion could be explained by the stretch of main chains in the hydrogel. For pHEMA hydrogel without NVP, the main chains intertwined with each other, and tensile force did not destruct the twining. As a result, the hydrogel broke at low elongation at break. As the NVP content in the hydrogel increased, more NVP was grafted on the main chains and a steric hindrance effect appeared. As a result, the main chains were separated. In other words, the intertwined branches were unfastened and the cross-linking degree of the hydrogel decreased. Consequently, the main chains could be spun out by external force and the elongation at break was enhanced. However, the intertwined branches were fully stretched out at the high addition of NVP in the hydrogel, and the low cross-linking degree was obtained. Partial macromolecular chains lost their intertwining effect, resulting in the decreasing of elongation at break.
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Figure 9: Effect of NVP content on elongation at break

Good transmittance is an essential index for polymer hydrogel when it is applied as the corneal contact lens. Fig. 10a illustrates the effect of NVP composition on the visible light transmittance. The glassy pHEMA hydrogel was colorless and transparent, and the transmittance of 92.6%~96.1% was obtained in the visible light region. The data exceeded 92% which was required in Chinese National Standard for uncolored soft contact lens. Nevertheless, the transmittance of p(HEMA-co-NVP) hydrogel slightly decreased as the NVP content. When the NVP greater than 30% was added in the hydrogel, the transmittance was below 92% in the wavelength of 450–500 nm. It could be attributed to the high addition of NVP in hydrogel. When more than 30% NVP was used, the equilibrium water content, about 50%, was obtained as shown in Fig. 5. However, excessive water content meant swelling and thickening of the hydrogel, thereby resulting in the decrease of transmittance. Fig. 10b shows the transmittance of the hydrogel after NEDs absorption. Although the transmittance was decreased after the NEDs with higher concentration were used, the above 92% transmittance was still obtained even when 0.05 mg/ml NEDs were adsorbed in the hydrogel. In other words, the hydrogel with NEDs met the transmittance requirement in Chinese National Standard.
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Figure 10: Transmittance as functions of (a) NVP addition and (b) concentration of NEDs

The drug loading and releasing are important for corneal contact lenses because the lens-containing drugs could improve the therapy efficiency, especially for the ophthalmic disease. The element composition of the hydrogel was studied via XPS measurement. Fig. 11 shows the XPS diagram of the copolymer hydrogel before and after drug loading. The characteristic peaks of O 1s, N 1s, and C 1s were obvious for the hydrogel without drug loading. However, the hydrogel with NEDs showed different compositions, and two new characteristic peaks corresponding to Co 1s and P 1s were found, respectively. Co and P were the representative elements of B12 included in NEDs. Therefore, the ophthalmic drug was adsorbed by the obtained hydrogel successfully.
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Figure 11: XPS results of HEMA-NVP hydrogel before and after drug loading

As a traditional ophthalmic drug, NEDs were used to measure the loading capacity of hydrogel. Fig. 12 shows the drug loading results as functions of NVP percentage and treatment time. As shown in Fig. 12a, the NEDs loading capacity of pHEMA hydrogel was 28.8 μg/g. The addition of NVP improved the drug loading, and it reached 80.7 μg/g when 50 wt% NVP was used in hydrogel. The low drug loading ability of pHEMA was attributed to the hydroxyl and ether bonds. The intermolecular interaction between pHEMA and drug molecules was weak, resulting in relatively low drug adsorption. The presence of NVP in hydrogel enhanced the drug loading efficiently due to the increase of hydrophilicity and porosity. The introduction of NVP, a hydrophilic monomer, increased the swelling rate of hydrogel, and thus improved its drug adsorption. Fig. 12b exhibited the drug loading result with treatment time. The loading capacity was 30.5 mg/g when 2 h were performed. It was increased with time and reached 80.7 mg/g after 10 h. However, the drug loading results remained stable even though the treatment time was prolonged. The drug adsorption reached saturation in 10 h, indicating that the quick drug loading was possible for HEMA-based hydrogel and was beneficial for the fabrication of contact lenses with drug.
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Figure 12: Drug loading with (a) NVP percentage and (b) loading time

Sustained release can improve drug utilization, making it easier for patients to improve treatment compliance. The effects of NVP addition and treatment time on the release rate are shown in Fig. 13. In the first three hours, the drug released quickly, while the rate became slow after 4 h. Usually, the working time is 8~10 h during the day. So, the cumulative release for 10 h was tested in our study. About 70% cumulative release was obtained when the sustained releasing time reached 10 h and linear release was observed according to Fig. 13. What must be mentioned was that the NEDs cumulative release of pHEMA was higher than that of composite hydrogel with 10% NVP when 6 h were performed. In other words, the release of NEDs became slow for composite hydrogel. According to the above analysis, more NVP addition meant lower transmittance as mentioned in Fig. 8, and it did not meet the requirements of Chinese National Standard. So, the p(HEMA-co-NVP) with NVP less than 30 wt% was recommended.
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Figure 13: Drug cumulative release with different NVP content

The linear release trend provides a possibility that the pHEMA-based hydrogel with NEDs could be used in clinical translation. However, the drug dosage is determined by doctor according to the state of patient’s illness. So, a series of hydrogels with different drug amounts should be obtained to meet the requirements of the patient. In other words, the procedure of drug loading is professional and distinctive. As a result, the daily disposable contact lens with different drug amounts is recommended. The lens should be prepared in a factory beforehand and used to treat ophthalmic disease subsequently.

Table 3 compared the properties of pHEMA-based hydrogel in our study and lasted references. It could be concluded that the hydrophilicity was essential for hydrogels. The equilibrium water content, 40%–50%, and transparency, above 90%, were also necessary for the pHEMA-based hydrogel. However, high initial burst release should be avoided because the sustained release would be helpful for the remedy of disease.
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4  Conclusion

In this study, the hydrogel with good hydrophilicity and drug loading was obtained via the introduction of NVP into HEMA. SEM observation exhibited a smooth surface and FTIR measurement showed the copolymerization reaction took place. As the content of NVP increased, the water contact angle decreased, and the hydrophilicity of the copolymer was improved. Porosity and equilibrium water content were also increased, and more channels could be provided for oxygen transmission from air to the cornea. The obtained tensile strength met the requirements of corneal materials due to the cross-linked polymer network. When no more than 30 wt% NVP was used, the light transmittance exceeded 92% which was one of the indexes included in the Chinese National Standard. The addition of NVP to HEMA gel also improved drug loading capacity, reaching up to 80.7 μg/g. Furthermore, the hydrogel exhibited linear drug release for up to 10 h approximately, and the NEDs cumulative release of composite hydrogel was lower than that of pHEMA, implying the sustained release. The copolymer with NEDs met the daily wearing requirements for patients. The obtained hydrogel exhibited the prospect of clinical application and could be selected as an artificial corneal material used for drug release in ophthalmic treatment.
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Table 1: Weight ratios of NVP, HEMA, and BPO

Sample no. NVP (wt%) HEMA (Wt%) BPO (Wt%)
0 0 100 0.25
1 10 90 0.25
2 20 80 0.25
3 30 70 0.25
4 40 60 0.25
5 50 50 0.25
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Table 3: Comparison of pHEMA-based hydrogel in our study and other literatures

Hydrogels Water Porosity EWC Tensile Transparency Drug Ref.
contact strength cumulative
angle release
pHEMA 79.4° — 37% 540 kPa  Above 90% — [39]
— 20% 37.5% — Above 90% 100% release  [40]
in48h
91° - <50% 360 kPa  Above 90% 42% release in  [41]
l1h
p(HEMA- 60.5° — 52.5% 500 kPa  Above 90% — [42]
co-NVP) 38.5° — 70.5% 353kPa  96.9% 15.6% release  [43]
in4h
p(HEMA- 77.8° 35.7%  48.3% 513kPa Above 92% 70% linear Our
co-NVP) release in 10 h  study
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Table 2: FTIR frequency assignments of chemical bonds

Peak position (cm™) Functional groups

3423 OH stretching vibrations

2940~2945 C-H stretching vibrations

1702, 1708 C=0 stretching vibrations

1660, 1650 C=C stretching vibrations

1465 C-H and CHj; stretching vibrations

1450 C-H bond scissor bending vibration absorption peak of CH,
1330 C=0 stretching vibration peak in the NVP structure

1000~1300 C-0O single bond absorption peak of ester

1030, 1270 Phthalimide bond C-N stretching vibration absorption peak in NVP
850-950 Out-of-plane deformation vibration of C-H in [CH,-CH,], group

751 C=C-stretching vibrations
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