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ABSTRACT  17 

Smart polymers like pH sensitive systems can improve different pharmacological treatment. 18 

In this work the behavior of copolymers containing 2-hydroxyethyl methacrylate (HEMA) 19 

with different proportions of 2-(diisopropylamino)ethyl methacrylate (DPA) and different 20 

amounts of cross-linker agent, ethylene glycol dimethacrylate (EGDMA) are evaluated as pH-21 

sensitive drug delivery system for potential application in ophthalmic therapies. A detailed 22 

characterization of the pH-responsive behavior was performed by swelling studies and 23 

scanning electron microscopy (SEM) analysis. Drug loading and release studies at different 24 

pH values were evaluated using Rhodamine 6G (Rh6G) as a model drug. The interaction 25 

between Rh6G and hydrogels was studied by FTIR spectroscopy and SEM. The results show 26 

that the presence of DPA in the copolymers confers pH-responsive properties to the polymer, 27 

as noted in swelling and SEM studies, when the pH decreases below 7.40 the swelling degree 28 

increases and a porous morphology is observed. The apparent pKa of copolymers was 29 

estimated between 6.80 and 7.17 depending on the composition. The amount of Rh6G loaded 30 

depends mainly on the medium pH and the interaction between the drug and the copolymers, 31 

observed by SEM and FTIR spectrum. The release of Rh6G of copolymers p(HEMA/DPA) 32 

show a normal Fickian or anomalous diffusion behavior at different pH values, depending on 33 

the HEMA/DPA ratio. 34 
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 37 

1. Introduction 38 

Hydrogels formed by chemical or physical crosslinking are a three dimensional structure 39 

made from hydrophilic polymer that can imbibe a considerable amount of water while 40 

maintaining their integrity. The use of hydrogels as drug delivery systems and biomedical 41 

devices has been extensive studied over the last few decades because of their biocompatibility 42 

properties and control of solute transport [1-3]. More recently, sensitive hydrogels, prepared 43 

with additional functions have gained considerable attention. In this way, the incorporation of 44 

stimuli-sensitive monomers in the chain of the hydrogel can improve the performance of the 45 

materials by increasing responsiveness in a particular medium [4]. These hydrogels, often 46 

called ‘intelligent’ or ‘smart’ hydrogels, can undergo relatively large and abrupt, physical or 47 

chemical modification in response to changes in the environmental conditions such as pH, 48 

ionic strength, temperature or in presence of specific chemical compounds [5, 6]. For this 49 

reason, they are usually known as environmentally sensitive hydrogels. These types of 50 

stimuli-responsive polymers have the property to swell, shrink, bend, or degrade in response 51 

to external changes in the environmental conditions.  52 

Due to its properties, sensitive hydrogels have been proposed for a number of applications 53 

like drug delivery, separation techniques and sensors [7-9]. Recently sensitive hydrogels have 54 

been also proposed for ocular drug delivery systems in order to improve the ocular 55 

bioavailability of drugs, and to reduce the appearance of side effects [10]. In this case, within 56 

topical application of drugs, the presence of ocular compact barrier in the corneal and 57 

conjunctival epithelia of the eye, along with the dynamics of the lacrimal system, hinder the 58 

drug absorption into the intraocular area [11, 12]. The use of sensitive polymeric hydrogels 59 

allows to extend the resident time of drugs in the eye and increased the amount of absorbed 60 

drug [13]. 61 

In recent years research were mainly focused in the technological innovations in this field 62 

with the aim to design hydrogels for an specific use as ocular drug delivery systems or in 63 

order to improve the uptake capacity and the release performance of these systems [8, 11, 14] 64 

although few works have been published using intelligent systems. 65 

Of particular interest in this work it is the use of smart polymers as ocular drug delivery 66 

systems, and specifically the use of pH-sensitive hydrogels. This kind of material has been 67 

extensively studied as drug delivery systems for different applications, mainly due that they 68 
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can release the drug selectively according to the pH of the medium. In the human body there 69 

are variations in the physiologic pH values in both normal and pathological conditions, for 70 

example the gastrointestinal tract presents heterogeneous environments with different pH 71 

values ranging from 1 to 7.5 [15]. These conditions allow pH-sensitive hydrogels to release 72 

the desire drug in the right place. In case of ophthalmologic therapies the release should be 73 

close to the medium ocular pH of 7.45 [16, 17].  74 

The potential use of stimuli-sensitive hydrogels allow not only a spatial control but also a 75 

temporal control; i.e. during the period of time when the pH value is outside the normal range. 76 

These pH-sensitive hydrogels as drug delivery systems are potentially useful in ophthalmic 77 

therapies due that deviations from normal pH were observed in some disease processes, for 78 

example in ocular rosacea (an inflammation of the eye) [18]. Ocular pH changes also in 79 

allergy and other conditions such as dry eye and bacterial infections [19]. Therefore these 80 

systems may be useful for controlling drug release in response to the pathological conditions.  81 

Moreover, pH-sensitive hydrogels are normally prepared by adding pendant acidic or basic 82 

functional groups to the polymer backbone by including during the polymerization monomers 83 

like N-(3-aminopropyl)methacrylamide, 2-(dimethylamino)ethyl methacrylate, methacrylic 84 

acid and 2-aminoethyl methacrylate and 2-hidroxyethyl methacrylate (HEMA) for ionic type 85 

and butyl methacrylate, allyl diglycol carbonate, diallyl phthalate, and methyl methacrylate as 86 

neutral hydrophobic types [20-24]. Recently, we have reported the synthesis of a new pH-87 

sensitive hydrogel based on 2-(diisopropylamino)ethyl methacrylate (DPA) and 2-88 

hidroxyethyl methacrylate (HEMA), p(HEMA-co-DPA) [25] with good film properties 89 

depending on the monomers ratio. 90 

In this contribution, we evaluate the properties of these pH-sensitive hydrogels with different 91 

proportions of HEMA and DPA and two degrees of cross-linking as potential materials for 92 

using in ocular drug delivery systems. Owing to this material can undergo physical or 93 

chemical modifications in response to changes in the environmental conditions, it is necessary 94 

to characterize the morphology and swelling behavior in function of the pH to understand and 95 

predict the drug’s release rate. In this work we studied the swelling behavior of the hydrogels 96 

in a range of pH from 5.5 to 8.4 which is the used range in eye drop solutions, and at the 97 

average ocular temperature of 34.5 ± 0.5 °C [26, 27]. We have determined the pKa values of 98 

different copolymers’ compositions, and also we have studied morphological changes on 99 

hydrated samples at different medium pHs using Scanning Electron Microscopy (SEM). Their 100 

potential for ophthalmological application as pH-sensitive control drug release system, were 101 

investigated in vitro using Rhodamine 6G Chloride (Rh6G, Mw = 479.01) as a model drug, 102 
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because it is stable in water solutions (water solubility at 25 °C = 20 mg L
-1

) and it is easily 103 

detected by its UV absorption. The effects of HEMA/DPA ratio and different cross-linking 104 

degrees on drug uptake and release behavior were studied at different pHs value at ocular 105 

conditions. Despite the number of recent studies incorporating active agent into hydrogels, the 106 

interaction between the matrix and the drug receive limited attention in the literature and it is 107 

often overlooked [4]. That is why in this work we intended to analyze also the hydrogels 108 

performance and the interactions with the model drug by using FTIR and SEM analysis. 109 

 110 

2. Experimental section 111 

2.1. Materials 112 

2-hydroxyethyl methacrylate (HEMA, 97 %) and the cross-linker, ethylene glycol 113 

dimethacrylate (EGDMA, 98 %), were purchased from Sigma-Aldrich, while 2-114 

(diisopropylamino)ethyl methacrylate (DPA) were purchased from Scientific Polymers 115 

Products. Darocur TPO (97 %) from Sigma-Aldrich was used as the initiator. The phosphate 116 

buffer solutions (PBS) were prepared from standard chemicals. The study of the hydrogels as 117 

drug delivery systems was performed using Rhodamine 6G Chloride (Rh6G, 95 %), from 118 

Sigma-Aldrich, as model drug (Figure 1). This molecule is frequently used for those studies 119 

because it has a similar chemical structure compared to drugs [28]. Additionally Rh6G have 120 

good solubility in water (20 g/l at 25 °C), chemical stability and it is easy detectable with UV-121 

visible spectroscopy. 122 

 123 

 124 

 125 

Figure 1. Chemical structure of Rhodamine 6G cation. 126 

 127 

2.2. Polymer synthesis 128 

The synthesis of DPA homopolymer and copolymers was performed in bulk by free radical 129 

polymerization using diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (Darocur® TPO) as 130 
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photo-initiator. Different ratios of HEMA/DPA monomers (namely 100/0, 90/10 and 70/30) 131 

and 1 and 3 wt. % of cross-linker (relative to the whole monomer) were mixed with 1 % w/v 132 

of photo-initiator and irradiated with an UV-lamp (Rayonet RPR3500). More details of the 133 

synthesis and experimental procedures can be found in a previous paper [25]. The films with 134 

180 ± 30 μm of thickness were cut into circular pieces of 13 mm of diameter with a cork borer 135 

and dried at 25.0 ºC for 48 h before use. Film samples were denoted by using a short-hand 136 

notation HDX/Y-n, where X and Y denote the HEMA (H) and DPA (D) content respectively, 137 

and n denote the amount of cross-linker. 138 

2.3. Swelling degree 139 

For the determination of the swelling degree, dry samples were immersed in phosphate buffer 140 

solutions (PBS, 0.1 M) at the desired pH (ranging from 5.5 to 8.4) at the average ocular 141 

temperature of 34.5 °C [27]. At regular periods of time the samples were removed from the 142 

aqueous solution, blotted with filter paper to remove surface liquid, weighed and returned to 143 

the same container until reaching a constant weight. The equilibrium swelling degree (Qe) was 144 

calculated using the following equation: 145 

 146 

100*
)(

(%)
d

de
e

W

WW
Q


  (1) 

 147 

where Wd is the weight of the dry film and We is the weight of swollen film at equilibrium. 148 

The experiments were performed in triplicate. 149 

2.4. Drug loading 150 

The films were loaded with Rh6G by soaking the dry films into 20 ml of the drug solution (50 151 

mg/L) in PBS at pH 6.5 and 8.4, and at 25.0 °C, until the equilibrium was reached. The drug 152 

uptake kinetics were followed by measuring the absorbance of the solution by UV-visible 153 

spectroscopy at 348 nm using a Fluorat®-02-Panorama spectrophotometer, Lumex, Russia. 154 

Samples loaded with Rh6G were denoted by adding the letter R in brackets to the name of the 155 

sample (e.g. HD90/10-1(R)). 156 

2.5. Scanning Electron Microscopy (SEM) 157 

The morphology of the hydrogels and the drug distribution were observed by Scanning 158 

Electron Microscopy (SEM) with an FEI - Quanta 200 (The Netherlands) instrument, in high 159 

vacuum mode and operated at 15 or 20 kV acceleration voltage. The p(HEMA-co-DPA) and 160 
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pHEMA hydrogels were equilibrated during 24 h in different buffer solutions and then were 161 

frozen at – 40 °C in an alcoholic solution followed lyophilization under vacuum for 24 h. In 162 

order to prevent sample-charging effects during the observation, fractured pieces of the 163 

samples were mounted onto the surface of an aluminum SEM specimen holder and sputter-164 

coated with a thin overlayer of gold before observation. Films loaded with Rh6G were 165 

prepared in the same way. 166 

2.6. Infrared spectroscopy (FTIR) 167 

The FTIR spectra were measured in transmission mode using a FTIR Nicolet 380 168 

spectrometer, Thermo Scientific, USA. Samples were loaded with Rh6G until the equilibrium 169 

was reached and then powdered and mixed with KBr; disks were formed by pressing. The 170 

FTIR spectra were obtained by recording 64 scans between 4000 and 400 cm
-1

 with a 171 

resolution of 4 cm
-1

. Spectra processing was performed using the software EZ Omnic. 172 

2.7. Drug release experiments 173 

The release experiments of Rh6G loaded p(HEMA-co-DPA) films were conducted in 174 

different pHs mediums. The drug loaded films were removed from the loading solution, 175 

wiped with filter paper to remove surface liquid and placed directly into the release solution. 176 

Drug release experiments were performed by immersing the films into 20 mL of PBS (0.1 M) 177 

at 34.5 °C. The dynamic drug concentration in the PBS solution was monitored by measuring 178 

the absorbance at 526 nm. The Rh6G concentration released as a function of time (t) was 179 

adjusted to a power-law type relationship [29, 30] using the equation of Ritger-Peppas: 180 

n

e

t kt
M

M
  (2) 

Here Mt and Me are the cumulative amount of drug released after a time t and at infinite time, 181 

respectively, while k is a constant related to kinetic behavior and experimental conditions, and 182 

n is the release exponent depending on the release process. The data were fitted only up to 60 183 

% of drug release in order to apply equation 2. 184 

The parameters k and n were calculated from the intercept and the slope of the following 185 

equation: 186 

  tlnnklnM/Mln et   (3) 

For Fickian diffusion processes, the following equation applies to calculate the diffusion 187 

coefficient (Dip), where L is the thickness of the film: 188 
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3. Results and discussion 190 

3.1. Swelling studies  191 

In pH-sensitive systems the release rate of the drug is regulated by several factors as swelling 192 

degree, drug-matrix interaction, water content and the initial active principle (PA) 193 

concentration [31, 32]. However the swelling behavior as a function of pH has a principal role 194 

in drug release regulation, which makes this technique to be an important tool to predict the 195 

release rate of the drug. In this section are presenting the swelling results of the hydrogels in a 196 

range of pH from 5.5 to 8.4 and the determination of pKa values corresponding to the different 197 

compositions of the copolymers. Figure 2 shows the equilibrium swelling degree for different 198 

HEMA/DPA ratios with 1 and 3 wt. % of cross-linker at different pH values. 199 

 200 

Figure 2. Equilibrium swelling degree for copolymers with different HEMA/DPA ratios, with 201 

1 and 3 wt. % of cross-linker as a function of pH at 34.5 °C. 202 

 203 

Hydrogels of pHEMA show a slight increase in the swelling degree when increasing the pH 204 

from 5.5 to 8.4. However, the difference of swelling degree over the pH range studied in this 205 

work is rather low. Similar results were observed by Brannon-Peppas and Peppas [33]. On the 206 

other hand, hydrogels of p(HEMA-co-DPA) show a significant increase of the swelling when 207 

the pH decrease below 7.40. This effect is directly proportional to the amount of DPA co-208 

monomer present in the copolymers, and is mainly attributed to the protonation of the tertiary 209 
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amino groups. At pH below 7.40, amino groups become protonated and the electrostatic 210 

repulsion, between these ionized groups, expand the network space and increases its internal 211 

volume, allowing water to get into the matrix. [14, 34, 35]. The equilibrium of swelling is 212 

reached around pH 6.0. At basic pH, above 7.40, the effect is reversed, the swelling degree 213 

decreases with the amount of DPA present in the hydrogel. In this case functional groups of 214 

HEMA and DPA are able to form hydrogen-bonds [25], which in turn generate a proximity 215 

between the polymer chains and consequently reduce the free space available for water 216 

molecules. Additionally, swelling values decrease also due to the hydrophobic nature of the 217 

unprotonated DPA moiety at basic pH.  218 

For all HEMA/DPA ratios the cross-linking density does not modify the sensitivity to respond 219 

to pH changes but it affects the swelling degree. For high proportion of cross-linking, the 220 

swelling decreases for a given pH. This behavior is due mainly to two factors: first a matrix 221 

with higher crosslinking density has less free space to be occupied by water; and second the 222 

crosslinking degree generates a more rigid tridimensional structure which limits the mobility 223 

of the chains and increases the elastic force that opposes to the expansion of the internal space 224 

of the hydrogel [36]. 225 

The apparent pKa of copolymers can be estimate by using swelling experiments at different 226 

pHs. In the pH range of 6.5 to 7.4 the swelling of the hydrogel decreases almost linear when 227 

increasing pH. In this range of pH, both the protonated and unprotonated form of the DPA 228 

moiety are present inside the polymer matrix acting as a buffer system in the hydrogel. Under 229 

these conditions, the Handeson-Hasselbalch equation can be applied to determine the apparent 230 

pKa: 231 











group amine tertiary of state protonated

group amine tertiary of state edunprotonat
logpKpH a  (5) 

The apparent pKa of the hydrogel buffer system can be determined from the pH value for 232 

which the fraction between these two forms is one. This corresponds to the point located in 233 

the middle of the swelling curve presented in Figure 2. The apparent pKa values are show in 234 

Table 1 and range from 6.80 to 7.17 depending on the composition and the crosslinking 235 

degree of the polymers, due to the availability of the ionic groups of the hydrogel to act as 236 

buffer system [29]. 237 

238 
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Table 1. Apparent pKa values for copolymers with different HEMA/DPA ratios and with 1 or 3 % wt. 239 

of cross-linker at 34.5 °C. 240 

Copolymers pKa SD 

HD70/30-1 7.01 0.06 

HD70/30-3 6.94 0.07 

HD90/10-1 6.87 0.08 

HD90/10-3 6.80 0.06 

 241 

3.2. Drug uptake 242 

Figure 3 shows the cumulative uptake of Rh6G as a function of immersion time for pHEMA 243 

and p(HEMA-co-DPA) films in PBS at pH 6.5 (a) and 8.4 (b). 244 

 245 

Figure 3. Cumulative uptake of Rh6G as a function of immersion time for pHEMA and 246 

p(HEMA-co-DPA) films in PBS at pH 6.5 (a) and 8.4 (b). 247 

 248 

At pH 6.5 by increasing the DPA content, the Rh6G kinetic uptake increases (Figure 3a). At 249 

this pH the swelling degree of the hydrogels containing DPA (see above) favors the incoming 250 

of the drug into the film due to the increase of the network space and the diffusion of the 251 

aqueous solution, allowing the water soluble drug to get into the matrix. However, the final 252 

uptake at acid pH for pure pHEMA films is higher than that for the copolymer films (Table 253 

2). This behavior can be explained in terms of an increased electrostatic repulsive interaction 254 

between the protonated tertiary amine groups of the polymer matrix and the positive charge 255 

on the Rh6G cation when increasing DPA content (see Figure 1 for the Rh6G chemical 256 

structure).  257 

 258 
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Table 2. Final mass uptake of Rh6G at pH 6.5 and 8.4. 259 

HEMA/DPA 
Cross-linking 

(% wt.) 

Rh6G uptake (mg/g of dry film) 

 pH 6.5 pH 8.4 

Mean SD  Mean SD  

100/0 
1 
3 

27.4 
24.6 

0.1 
2.0 

31.8 
31.4 

0.3 
0.9 

90/10 
1 
3 

6.3 
5.2 

0.6 
1.6 

23.7 
20.0 

0.8 
0.2 

70/30 
1 
3 

4.7 
2.7 

1.1 
0.9 

18.0 
15.1 

0.9 
0.2 

SD: standard deviation; n: number of measure between 2 - 4 260 

 261 

On the opposite, at pH 8.4, by increasing the DPA content, the Rh6G kinetic uptake decreases 262 

(Figure 3b), and it is slower than at acid pH. At this pH the increment on the DPA content 263 

causes a decrease in the swelling degree and consequently a decrease in the network space 264 

that retard the drug incorporation. However, the final uptake of Rh6G at pH 8.4 is higher than 265 

at pH 6.5. At acidic pH, the swelling increases due to the protonation of the functional group 266 

of the DPA, but the incorporation of Rh6G decreased by the electrostatic repulsion between 267 

the tertiary amine of DPA (partially protonated) and the cation of Rhodamine 6G. At basic 268 

pH, the electrostatic repulsion is less pronounced due to the decrease in the degree of 269 

ionization of the matrix, and hence the incorporation of Rh6G in the copolymers is higher. In 270 

conclusion, the amount of Rh6G incorporated into the polymer is inversely proportional with 271 

the swelling of the hydrogel, and depends mainly on the medium pH and the interaction 272 

between the drug and the matrix of the copolymers. 273 

At both pH values the total uptake of Rh6G is higher for pure pHEMA homopolymer than for 274 

the copolymers. By including DPA monomer, the total amount of OH groups present in the 275 

hydrogel is reduced (as verified by FTIR) and, consequently, the available interaction sites 276 

decrease and then the number of Rh6G molecules incorporated also decreases (see Table 2). 277 

As expected by the swelling data, increasing the degree of cross-linking from 1 to 3 wt. % 278 

reduces the amount of Rh6G incorporated in all cases. Thus it is possible to modify the final 279 

incorporation of Rh6G changing the pH of the loading medium instead of modifying the 280 

loading time. This allows regulating the amount of load drug into the hydrogel depending on 281 

the dose that is to be released. 282 

 283 

3.3. SEM characterization 284 
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SEM is probably the best method for characterizing the hydrogel structure, especially in drug 285 

delivery systems because it offers information of surface porosity, amorphous and crystalline 286 

characterization, particle size, phase separation and in particular the active principle 287 

ingredient distribution in the structure [37]. Morphologic changes of lyophilized pH-288 

responsive hydrogels, after exposure them to aqueous solutions of different pH values (6.5 289 

and 8.4), have been examined by SEM technique and the images are shown in Figure 4. 290 

 291 

Figure 4. SEM images of the surface of hydrogel HD70/30-1, HD90/10-1 and HD100/0-1 at 292 

pH 6.5 and pH 8.4. 293 

 294 

The surface of the hydrogel HD70/30-1 at pH 6.5 shows an open morphology state with a 295 

porous structure, thin walls and a predominant free space as a consequence of the matrix 296 

expansion at this pH. At pH to 8.40 a collapsed state is observed with almost a featureless 297 

structure due to lower swelling degree and a more hydrophobic polymer at this pH. For 298 

hydrogel HD90/10-1 the surface also shows a morphological change with the pH value. At pH 299 

6.50 a homogeneous pore distribution on the surface is observed, while at pH 8.40 a non-300 

porous and compact surface is appreciated. When the DPA content is higher, the equilibrium 301 

swelling increases, which led to more and highest pores in the hydrogels as obtained from 302 

lyophilization, being 5 ± 2 μm for 10 wt. % and 7 ± 2 μm for the 30 % of DPA. By comparing 303 

those values with the mesh sizes of conventional hydrogels, smaller than 100 nm [38, 39], 304 

both systems have a higher pore size. For hydrogel HD100/0-1 no changes with pH are 305 
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appreciated and in all cases a compact surface is observed. The incorporation of DPA confers 306 

pH-responsive properties to the polymer, as noted in swelling studies; therefore changing the 307 

medium pH not only changes the film volume but also the morphology. In the case of sample 308 

with higher concentration of cross-linker (3 wt. %) the same trend in morphological changes 309 

with the medium pH is observed (data not shown). 310 

In Figure 5 are presented the SEM images of samples HD70/30-1(R), loaded with RhG6 at pH 311 

6.5 and 8.4.  312 

 313 

 314 

Figure 5. SEM images of hydrogel HD70/30-1(R) loaded at pH 6.5: a) inside the matrix, b) 315 

surface; and at pH 8.4: a) inside the matrix, b) surface. 316 

 317 

The SEM images of the hydrogel 70/30-1(R) loaded at both pHs (6.5 and 8.4) show the 318 

presence of Rh6G. In the case of loading at pH 6.5, the surface (Figure 5.a) shows a greater 319 

accumulation of Rh6G unlike inside the matrix (Figure 5.b). While at pH 8.4 the Rh6G is 320 

observed both inside the matrix and on the surface (Figure 5c and 5d respectively). Rh6G 321 

molecules have lower affinity for the matrix of the copolymer HD70/30-1 at acidic pH, and 322 

therefore incorporation is lower and mainly superficial.  323 

 324 

3.4. FTIR spectroscopy 325 

Figure 6 shows the FTIR spectra of HD70/30-1 and HD100/0-1 with Rh6G (samples labeled 326 

R) and without Rh6G. The main differences in the high wavenumbers region of the spectra 327 

are the increasing intensity of the stretching band of the O-H group (3414 cm
-1

). The 328 

existence of an interaction between Rh6G and -OH groups through the group =N+(H) is 329 

known, therefore is also expected interactions between Rh6G and pHEMA [40].  330 

The C-H stretching region of spectra is also different. Upon the copolymerization with DPA, 331 

the -CH2- and -CH3 bands of the stretching modes of pure pHEMA observed at 2986, 2951 332 

and 2882 cm
-1

 (Figure 6) are overlapped with those of the DPA monomer and the peaks 333 
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become broader. In the C-H stretching region of the HD70/30-1 copolymer spectrum, a broad 334 

band centered at 2965 cm
-1

 is observed. This wavenumbers corresponds to the characteristic 335 

peak of the methine group in the isopropyl moiety ((CH3)2-CH-) [41]. However after Rh6G 336 

loading the peak pattern of the FTIR changed showing peaks at 2985, 2950 and 2888 cm
-1

. 337 

These peaks values are close to the C-H stretching of the pure pHEMA, suggesting that the 338 

peak of the stretching vibration of the methine group at 2965 cm
-1

 shifted, probably to higher 339 

wavenumbers and overlapping with the 2985 cm
-1

 peak due to the loss of interaction between 340 

the lone electron pair of tertiary amine group of DPA with the OH of pHEMA [25] and the 341 

formation of new hydrogen bonds with the Rh6G molecules [40]. 342 

  343 

 344 

Figure 6. FTIR spectra for the films: HD100/0-1, HD100/0-1(R), HD70/30-1 y HD70/30-1(R). 345 

 346 

In the 2000 – 400 cm
-1

 region the new features after Rh6G loading are mainly in the low 347 

wavenumbers side of the C=O (free) stretching band (located at 1730 cm
-1

), namely a band at 348 

1651 cm
-1 

from the contribution of bonded carbonyl groups of Rh6G, and small peaks at 1647 349 

and 1606 cm
-1

 from the xanthene ring of this molecule (see [42, 43] for more details of Rh6G 350 

spectrum). Those contributions are more evident in HD100/0-1 film due to its higher loading 351 

of Rh6G. In HD70/30-1 film, the band of the isopropyl group [(CH3)2-CH-] of DPA moiety, 352 

observed at 1336 cm
-1

 in the unloading film, shows lower intensity after Rh6G loading. Minor 353 

differences are also observed in the 1000 – 880 cm
-1

 region, where the contribution of the 354 
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absorption bands of Rh6G is negligible. This region is associated to C-C modes of the carbon 355 

backbone of the polymer. 356 

In summary, the observed differences in the FTIR spectra between loaded and unloaded films, 357 

indicate that the Rh6G molecules are interacting with the polymer chains, probably with both 358 

parts of the copolymer (HEMA and DPA moieties) by hydrogen bonding or through dipole–359 

dipole interaction [44]. 360 

 361 

3.5. Drug release 362 

3.4.1 Effect of medium pH 363 

Figure 7 shows the cumulative concentration of Rh6G released at 34.5 °C in PBS for different 364 

pH values as a function of time for HD70/10- 1, HD90/10-1 and HD100/0-1 loaded at pH 8.4. 365 

This pH was chosen because the drug uptake is the highest found in this work (see section 3.2 366 

and Table 2.)  367 

 368 

 369 

Figure 7. Cumulative concentration of Rh6G released as a function of time for HD70/10-1, 370 

HD90/10-1 and HD100/0-1 (loaded at pH 8.4) at 34.5 °C in PBS for different pH values. 371 

 372 

In copolymers of HEMA/DPA release kinetics of Rh6G varies significantly with changing the 373 

pH of the medium, as the pH increases the release becomes faster. This effect is related to the 374 

swelling property of these hydrogels when changing the medium pH. At basic pH the matrix 375 

is closed and the swelling is low, by acidifying the medium, the hydrogel swells and the 376 

release rate of the Rh6G increases as well as the pore size of the hydrogel [45]. In the case of 377 

HD70/30-1 the effect of the pH on the release kinetics is much more pronounced than in 378 

HD90/10-1 copolymer due to the higher amount of DPA. At acid pH, the electrostatic 379 
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repulsion between the tertiary amine groups of the DPA partially protonated and the Rh6G 380 

cation favors the released of this drug. 381 

Drug release behavior at different pH values is also consistent with the morphological 382 

characteristics observed in the SEM images (Figure 3), the higher the pore size of the 383 

hydrogel, the faster is the released of the drug. 384 

The total amount of Rh6G released from pHEMA film is incomplete (about 30 % is released) 385 

and it is almost pH independent as a consequence of the interaction of the Rh6G molecule 386 

with the polymer functional groups, as observed by FTIR spectroscopy. Similar results were 387 

obtained in other cases of interaction between the drug and the matrix [46-48]. Although, for 388 

DPA containing polymers, the total Rh6G released at pH 6.5 (about 90 %) is higher than at 389 

pH 8.4 (about 40 %). At acidic pH, the tertiary amine groups are partially protonated and the 390 

electrostatic interaction with the Rh6G cation impels the release from the matrix. At pH 8.4, 391 

the electrostatic repulsion is no longer acting and, therefore, the driving force is reduced.  392 

Table 3 shows the kinetics parameters (k and n) of the experimental data of Figure 7, 393 

calculated using equation 3, and the diffusion coefficient (D), using equation 4. 394 

 395 

Table 3. Parameters (k, n) calculated from the fit of Eq. (3), and diffusion coefficients (Dip) calculated 396 

from Eq. (4) for the Rh6G release curves from Figure 7 397 

Samples pH r
2
 

k x10
2
 

(cm
-1

) 
N 

Dip x10
9 

(cm
2
 .seg

-1
) 

HD100/0-1 

6.5 

7.4 

8.4 

0.996 

0.986 

0.998 

2.75 

2.73 

3.31 

0.51 

0.51 

0.50 

0.82 

0.94 

1.23 

HD90/10-1 

6.5 

7.4 

8.4 

0.995 

0.995 

0.993 

2.10 

1.58 

1.42 

0.67 

0.63 

0.61 

- 

- 

- 

HD70/30-1 

6.5 

7.4 

8.4 

0.978 

0.993 

0.988 

3.17 

1.57 

1.84 

0.78 

0.56 

0.48 

- 

- 

- 

 398 

For pure pHEMA samples the n values indicate a Fickian transport from pH 6.5 to 8.4. Highly 399 

soluble drugs, like Rh6G, typically exhibit Fickian release from hydrogels, and the release 400 

profile is mainly dependent upon the solubility and diffusion kinetics of the drug. For the 401 

hydrogel HD90/10-1, the n values are between 0.5 and 1, indicating anomalous transport, and 402 

the relaxation process dominates over diffusion. In the case of HD70/30-1, the n values varies 403 

significantly with the pH, at pH 6.5 and 7.4 are between 0.5 and 1 while at pH 8.4 is slightly 404 

lower than 0.5. For higher pHs the experimental values suggest a different mechanism 405 
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transport, that is, the presence of another process besides passive diffusion. Above pKa the 406 

deprotonation is accompanied by a de-swelling of the hydrogel (see Figure 2).  407 

The Dip value of Rh6G in water at 25 °C is 4.14.10
-6 

cm
2
/s and as expected, all values found 408 

in this work for Fickian diffusion are lower than this one [49].  409 

In principle the relation between the pH and the percentage of released R6G indicate that, 410 

while the release mechanism can be similar for the different pHs, the final amount of drug 411 

released depends on the pH of the medium and on the swelling degree of the material. This 412 

behavior demonstrates the ability of such copolymers to achieve a control of drug released as 413 

a function of the pH of the medium. 414 

 415 

3.5.2 Effect of cross-linking density 416 

To evaluate the effect of cross-linker concentration on the mechanism of the drug transport at 417 

pH 7.4 and 34.5 °C, the parameters (n, k) of the power law model in Eq. (3) are calculated 418 

(Table 4). 419 

 420 

Table 4. Parameters (k, n) calculated from the fit of Eq. (3) for the Rh6G release from different 421 

cross-linking densities at pH 7.4 and 34.5 ºC. 422 

Samples 
Cross-linking 

(% wt.) 
r

2
 

k x10
3 

(min
-1

) 
n 

HD100/0 
1 

3 

0.990 

0.989 

27.28 

20.72 

0.51 

0.51 

HD90/10 
1 

3 

0.997 

0.994 

15.82 

10.87 

0.61 

0.59 

HD70/30 
1 

3 

0.996 

0.980 

15.16 

7.67 

0.57 

0.61 

 423 

The release of Rh6G in pHEMA homopolymer at pH 7.4 seems to follow a Fickian diffusion 424 

behavior as suggested by the values of n. However, by incorporating DPA, the n values are 425 

close to 0.6 for all contents and cross-linking densities, suggesting a non-Fickian behavior. 426 

The mechanism of Rh6G release does not seem to be affected by increasing the cross-linking 427 

density for the same copolymer composition, as judged by the n values. However, a reduction 428 

in the k parameter is the most important effect of higher cross-linker concentration. The 429 

decrease in kinetic constant values reflects the decrease in the rate of drug release, which 430 

might be due to the dominance of chain entanglement and the decrease in the water content of 431 

polymers with different cross-linking densities. By increasing the cross-linking density, the 432 



 17 

pores are smaller and less water is allowed to enter the matrix. Since Rh6G is a water soluble 433 

molecule, this factor has an important impact on the drug releasing rate. The larger pore in the 434 

1 wt. % cross-linked copolymers allows Rh6G diffusion with no or little resistance compared 435 

to smaller one. Pore size is significantly impacted by the extent of cross-linking and their 436 

increasing values result in lower released kinetic. This behavior could be an advantage in the 437 

case of treatments where a prolonged therapy is required. 438 

 439 

4. CONCLUSIONS 440 

The incorporation of DPA confers pH-responsive properties to the polymer; copolymers show 441 

a significant increase of the swelling degree when the pH decrease below 7.40, and reach the 442 

equilibrium around pH 6.0. This effect is directly proportional to the amount of DPA present 443 

in the copolymers and inversely proportional with the amount of cross-linker. The apparent 444 

pKa of copolymers depend on the composition of HEMA/DPA and the crosslinking degree of 445 

the hydrogels, and the estimated values are between 6.80 and 7.17. SEM images of 446 

copolymers show important morphological changes when varying the medium pH according 447 

to swelling results. At acid pH, SEM images show an open morphology state with a porous 448 

structure as a consequence of the matrix expansion at this pH, while at basic pH show a 449 

collapsed state due to lower swelling degree and a more hydrophobic polymer. Hydrogel with 450 

30 %wt of DPA show higher pores in the hydrogels than hydrogels with 10 % wt. For 451 

hydrogel HD100/0-1 no changes with pH are appreciated and in all cases a compact surface is 452 

observed. 453 

Additionally, the copolymers of HEMA and DPA were tested as drug delivery systems using 454 

Rh6G as model drug. The amount of Rh6G incorporated is higher for pure pHEMA than 455 

copolymers and depends mainly on the medium pH and the interaction between the drug and 456 

the matrix of the copolymers. The FTIR spectra between loaded and unloaded films, indicates 457 

that the Rh6G molecules interact with the OH group of the HEMA by hydrogen bonding or 458 

through dipole–dipole interaction. At pH 6.5, the total Rh6G uptake is lower than at pH 8.4, 459 

and the SEM images show a greater accumulation on the surface at this pH. Thus the loaded 460 

is inversely proportional with the swelling of the hydrogel and mainly depends on the 461 

interaction between the drug and the matrix of the copolymers. The total release of the drug 462 

depends on the polymer composition and medium pH. For pure pHEMA, the drug remains 463 

strongly associated with the polymer chains inside the matrix and, therefore, its release is very 464 

slow. On the other hand, for copolymers, the total Rh6G released at acid pH is higher than at 465 
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basic pH, and it increases as the proportion of DPA monomer increases. The pore size 466 

observed from SEM images is highly correlated with the drug release behavior when varying 467 

the medium pH. For copolymers, the release of the Rh6G model drug in PBS follows a non-468 

Fickian diffusion process for pHs values less than or equal to 7.4. The change of the 469 

polymer´s cross-linking density affects only the drug release rate. 470 

In conclusion, by changing the DPA content and the degree of cross-linking density it is 471 

possible to modify the kinetic parameters and, therefore, to control the release kinetics 472 

depending on the medium pH. The copolymers of HEMA/DPA are potentially useful as drug 473 

delivery systems for ophthalmic therapies. 474 
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