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Novel gelatin-containing polymer hydrogels that can be used as mucoadhesive delivery systems were devel-
oped. Poly(acrylic acid) hydrogels were modified by copolymerizing gelatin as adhesion promoter, to
improve the adhesion to the mucus layer and the synthesized copolymer of acrylic acid (AA) and meth-
acrylated gelatin (GelMA) were designated as P(AA-co-GelMA). The pH-sensitivity and the mucoadhesive
property of the P(AA-co-GelMA) hydrogel were investigated as carries of an oral protein delivery system
activated by pH changes of the human GI tract. There was a drastic change in the weight swelling ratio of
P(AA-co-GelMA) hydrogels at a pH of around 5, that is, low swelling ratios at a pH below 5, while high
swelling ratios at a pH greater than 5. In addition, the swelling ratio increased at a pH above 5, when the
AA content in the hydrogel increased. In mucoadhesive experiments using the rheometer, when the GelMA
concentration in the P(AA-co-GelMA) hydrogel increased, the maximum force of detachment increased,
indicating that the mucoadhesion of the hydrogel was improved. The P(AA-co-GelMA) hydrogels also
showed a pH-responsive release behavior. The ratio of the cumulative amounts of Rh-B released from
P(AA-co-GelMA) hydrogels at pH 2.6 to pH 7.0 increased, when the AA content in the hydrogel decreased.
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1. Introduction

Development of the oral delivery system for protein

drugs is one of the biggest challenges in the pharmaceu-

tical field, because, when protein drugs are administered

orally, they would be degraded in the gastrointestinal (GI)

tract of the body and their penetration across the intestinal

wall into the blood stream is relatively low. In order to

solve these problems, significant research efforts have

been made. For example, proteins are entrapped within

carriers, such as liposomes, polymer particle, and emul-

sions, to protect proteins. In addition, to improve uptake

and transport of protein drugs through the intestinal wall,

permeation enhancers have been used (Chaturvedi et al.,

2013; Dolinina et al., 2019; Ensign et al., 2012; Yang et

al., 2011; Zhang et al., 2015).

In this study, we have developed copolymer hydrogels

of acrylic acid (AA) and methacrylated gelatin (GelMA)

as oral protein delivery carries. Anionic hydrogels such as

poly(acrylic acid) (PAA) and poly(methacrylic acid)

(PMAA) can show a drastic swelling change that depends

on the environmental pH change (Kim et al., 2009; Lee

and Kim, 2011; Ng and Swami, 2006; Saunders and

Moussa, 2012; Xiang et al., 2019). The anionic hydrogels

shrink in the acidic environment of the stomach, protect-

ing protein drugs loaded in the hydrogel from enzymatic

and acid degradation, but in the basic and neutral envi-

ronments of the intestine, they are in swollen state and

protein drugs are released. In addition, since many studies

have been reported that native and modified gelatins have

shown good mucoadhesion (Aduba Jr. et al., 2013; Ofokansi

et al., 2007; Rohrer et al., 2017; Wang et al., 2001), gel-

atins, one of the components of the P(AA-co-GelMA)

hydrogel, can prolong the residence time of the hydrogel

on the mucus layer of the intestinal wall, leading to

enhancing drug absorption through the intestinal wall.

The goal of this study was to prepare P(AA-co-GelMA)

copolymer hydrogels and evaluate their feasibility as car-

ries for oral protein delivery. We modified the natural gel-

atin to be polymerized with AA and synthesized P(AA-co-

GelMA) copolymer hydrogels. The method to determine

the mucoadhesion of the hydrogel was established using

the rheometer and the effect of the composition of AA and

GelMA on the pH-sensitive swelling behavior and the

mucoadhesion of the hydrogel was investigated. Finally,

the pH-responsive release behavior of the hydrogel was

investigated using Rhodamine B (Rh-B) as a model sol-

ute.

2. Experimental

2.1. Materials
Gelatin from porcine skin, methacrylic anhydride (MA),

acrylic acid (AA), 2-hydroxy-2-methylpropiophenone

(Irgacure® 1173), poly(ethylene glycol) diacrylate (PEGDA,

Mn 575), and mucin from porcine stomach (Type III)

were obtained from Sigma-Aldrich. Rhodamine B (Rh-B)

and Dulbecco’s phosphate buffered saline (DPBS) were*Corresponding author; E-mail: bskim@hongik.ac.kr
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purchased from Welgene and Junsei, respectively.

2.2. Preparation of methacrylated gelatin (GelMA)
GelMA was prepared according to previously reported

method (Van Den Bulcke et al., 2000). Briefly, 10% (w/v)

of gelatin solution was prepared by dissolving gelatin

from porcine skin in DPBS at 65℃. For methacrylation of

gelatin, 4 ml of MA was added to 20 ml of the gelatin

solution at a rate of 0.5 ml/min using a syringe pump (NE-

300; Just Infusion). This mixture was allowed to react for

3 h under continuous stirring at 65℃. The reaction was

stopped by twice dilution of the reaction mixture with

DPBS. The diluted mixture was dialyzed in distilled water

for 7 days using a dialysis membrane tube with 12-14 kDa

molecular weight cut off (Spectrum Labs). During the

dialysis, distilled water was replaced every day. After a

dialyzed solution in the tube was transferred to a conical

tube, it was lyophilized for 1 week. The methacrylation of

GelMA was confirmed using 1H NMR (Unity Inova 500

MHz, Varian). The lyophilized GelMA was dissolved in

deuterated DMSO and NMR spectra were analyzed by

Bucket integration of MestRe-C tool.

2.3. Synthesis of P(AA-co-GelMA) hydrogels
A hydrogel pre-polymer solution was prepared by dis-

solving various compositions of AA and GelMA in DPBS

and the composition is listed in Table 1. Without GelMA,

the hydrogel could not be obtained because GelMA was

acted as a crosslinker during the polymerization. Thus, to

produce the hydrogel of Gel0, PEGDA was added as the

crosslinker instead of GelMA. To initiate the polymeriza-

tion, 2.5%(w/w) of Irgacure® 1173 as a photoinitiator was

added to the pre-polymer solution. This pre-polymer solu-

tion was cast between glass slides and exposed to UV

light for 60 s to make the hydrogel films. The synthesized

hydrogel film was cut into discs of 1 cm diameter and the

discs were placed in deionized water in order to remove

any unreacted materials.

2.4. Swelling studies of P(AA-co-GelMA) hydrogels
To determine the swelling behavior of the P(AA-co-

GelMA) hydrogel, the dried hydrogel discs were weighed

and placed in phosphate-citrate buffer solutions with pH

values in the range from 2.6 to 7.0. After swelling, the

discs were withdrawn from the buffer solutions, blotted to

remove surface water and weighed. The swelling of the

hydrogels was denoted by the weight swelling ratio, q,

defined as the ratio of the weight of the swollen hydrogel

to the weight of the initially dried hydrogel.

2.5. In vitro characterization of mucoadhesion of

P(AA-co-GelMA) hydrogels
To examine the mucoadhesion of P(AA-co-GelMA)

hydrogels, the interaction between the hydrogel disc and

the mucus layer was measured using the rheometer (MCR

302, Anton Paar). The mucus layer was prepared by com-

pletely dissolving mucin, main protein component of

mucus layer, in DPBS at a concentration of 10% (w/v) at

37℃, and then evenly spreading the mucin solution on the

lower plate of the rheometer. The hydrogel disc was stuck

firmly at the upper plate surface of the rheometer and the

upper plate was slowly lowered until touching the mucus

layer with the initial contact force of 5 N. The disc was

kept in contact with the mucus layer for 2 min. Afterwards

the upper plate was lifted at a rate of 10 μm/s and the

maximum force of detachment, required for separating the

Table 1. Composition of hydrogel pre-polymer solutions to pre-

pared P(AA-co-GelMA) hydrogels.

Sample
Composition (wt.%)

GelMA AA

Gel0

Gel33

Gel67

Gel100

0

33

67

100

100

67

33

0

Fig. 1. (Color online) Measurement process of mucoadhesion of P(AA-co-GelMA) hydrogels using the rheometer (a) and the image

of the rheometer (b).
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disc from the mucus layer, was recorded. Figure 1 pres-

ents the measurement process of the mucoadhesion of

P(AA-co-GelMA) hydrogels using the rheometer and the

image of the rheometer.

2.6. Rh-B loading and release studies of P(AA-co-
GelMA) hydrogels

A concentration of 1 mM of Rh-B stock solution was

prepared and the absorbance at a wavelength of 554 nm

was measured in an UV-visible spectrophotometer (Agi-

lent Cary 100). Incorporation of Rh-B was achieved by

soaking the hydrogels discs in 20 mL of a Rh-B stock

solution for 24 h. Samples of 3 mL were withdrawn from

the solution and the absorbance was measured to deter-

mine the Rh-B loading efficiency, calculated as the ratio

of the amount of Rh-B loaded into the hydrogel to the

amount of Rh-B in the stock solution. After 24 h, the Rh-

B-loaded hydrogel discs were withdrawn and used for

release tests. In order to release Rh-B from the hydrogels,

Rh-B-loaded hydrogel discs were placed in 50 mL of buf-

fer solutions with pH values of 2.6 and 7.0. Samples of 3

mL were withdrawn from the solution at specific time

points and the absorbance was measured. The amount of

loaded and released Rh-B was obtained from the calibra-

tion curve of Rh-B concentrations versus their absorbance.

3. Results and Discussion

3.1. Synthesis and characterization of GelMA
Natural gelatins have no reactive groups that can be

polymerized with AA, it is needed to introduce the reac-

tive groups to natural gelatins to synthesize P(AA-co-

GelMA) hydrogels. The polymerization between the

incorporated methacrylate groups has been characterized

by FT-IR in many studies (Hwang et al., 2015; Jung et al.,

2017). In order to confirm the incorporation of methacry-

late groups into the gelatin, the 1H NMR spectrum of

GelMA was recorded. As previous study reported (Hamcer-

encu et al., 2008; Shin et al., 2012), Fig. 2 indicates the

presence of the methacrylamide double bonds at 5.3 and

5.6 ppm. Based on the result, we verified that the meth-

acrylate groups, which can allow the gelation to be cross-

linked by photo-polymerization, were incorporated success-

fully.

3.2. pH-Sensitive swelling behavior of P(AA-co-
GelMA) hydrogels

Anionic hydrogels contain ionizable groups, which

donate a proton as the external pH increases over the pKa

of the hydrogels. The pKa is the negative logarithm of the

acid dissociation constant, Ka. This ionization behavior of

anionic hydrogels in response to external pH changes

results in pH-sensitive swelling behavior of anionic hydro-

gels. Figure 3 shows the ionization of AA in the anionic

hydrogel containing AA in response to the external pH

change. The anionic hydrogel networks swell rapidly at a

pH above the pKa of the hydrogel due to the electrostatic

repulsions between the ionized carboxylic acid groups of

AA. If a solute is loaded in the anionic hydrogel, at a pH

Fig. 2. (Color online) 1H NMR spectrum of GelMA. The peaks

at 5.3 ppm and 5.6 ppm represent the incorporation of double

bonds into the natural gelatin.

Fig. 3. Ionization of acrylic acid (AA) in the anionic hydrogel

containing AA in response to the external pH change; (a) when

the external pH is lower than the pKa of the hydrogels, (b) when

the external pH is higher than the pKa of the hydrogels.

Fig. 4. Weight swelling ratio of P(AA-co-GelMA) hydrogels as

a function of pH having various AA and GelMA compositions.
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above the pKa the solute is released. Figure 4 presents the

weight swelling ratios of P(AA-co-GelMA) hydrogels as

a function of pH in the range from 2.6 to 7.0. The Gel100

hydrogel was prepared with only gelatin, thus its swelling

ratio was essentially independent of pH, because it con-

tained no ionizable functional groups depending on the

external pH. However, the hydrogels containing AA

resulted in a typical pH-responsive swelling behavior of

the anionic hydrogel, that is, high swelling ratios at high

pH and low swelling ratios at low pH. There was a drastic

change in the weight swelling ratio of P(AA-co-GelMA)

hydrogels at a pH of around 5, which is the pKa of the

hydrogel. At a pH lower than 5, the hydrogels were in a

relatively collapsed state while at a pH above 5, the hydro-

gels swelled to a high degree. The reason for this was, pre-

viously mentioned, that at a pH above the pKa of the

hydrogel, the carboxylic acid groups of AA were ionized

and there was the electrostatic repulsion between the

charged groups leading to the highly swollen state. This

sharp transition between the collapsed and swollen states

at a pH of round 5 is very important to use this hydrogel

as carriers for protein drugs, because the pH of the human

stomach is about 2 and the human intestine is 6 or 7, this

shrunk hydrogel at the stomach can protect the protein

drugs, while the drug is released from the swollen hydro-

gel when the hydrogel reaches the intestine.

3.3. In vitro mucoadhesive tests of P(AA-co-GelMA)

hydrogels
Mucoadhesion is the bonding of a material to a mucosal

surface and a desirable characteristic of formulations

intended for application to mucous membranes. The rel-

evant routes of mucoadhesive formulations have involved

ocular, nasal, buccal, gastrointestinal, vaginal, and rectal

ways. Due to the ability of mucoadhesive formulations to

adhere to the mucus layer, the contact time between the

carrier which has the mucoadhesion and the mucus layer

would increase, resulting in an increased drug residence

time and drug concentration in the local sites, thus the

therapeutic effect of the drug would be improved (Ensign

et al., 2012; Serra et al., 2006).

In this study, gelatin was used as one of the hydrogel

components and the effect of gelatin concentration on the

mucoadhesive property of the hydrogel was investigated.

Gelatin is an FDA approved material which is derived

from collagen and commonly used in drug delivery and in

the food industry. As previous mentioned, many studies

have been reported that native and modified gelatins have

been used in mucoadhesive controlled drug delivery sys-

tems. The maximum force of detachment was determined

using the rheometer. The result of maximum detachment

fore of P(AA-co-GelMA) hydrogels according to GelMA

concentration is presented in Fig. 5. As the GelMA con-

centration in the P(AA-co-GelMA) hydrogel increased,

the maximum force of detachment increased, thus G100

showed the highest maximum detachment force. Muco-

adhesive process is rather complex, thus several theories

have been used to elucidate the mechanism. However, it is

generally accepted that mucoadhesion begins by the inti-

mate contact between the mucoadhesive materials and the

mucus surface. Subsequently, mucoadhesive molecules

would penetrate into the mucus gel network, and entan-

glements and secondary chemical bonds, such as hydro-

gen bonding and van der Waals forces, could be formed in

this stage (Mansuri et al., 2016; Wang et al., 2001). Based

on this consideration, gelatins in the P(AA-co-GelMA)

hydrogel can improve the mucoadhesion of the P(AA-co-

GelMA) hydrogel, since gelatin has a high level of hydro-

philic groups such as amine and carboxylate groups, suf-

ficient polymer chain flexibility and favorable polymer

conformation, which are considered to be essential for

successful mucoadhesion.

3.4. pH-Sensitive release behavior of P(AA-co-GelMA)

hydrogels
Polymer hydrogels are three-dimensional polymer net-

works that are capable of absorbing large amount of water

or aqueous solvent, yet are insoluble because of the pres-

ence of cross-links, entanglements, or crystalline regions

(Langer and Peppas, 2003; Na et al., 2015). When a solute

is incorporated into the hydrogels and the solute-loaded

hydrogel is in contact with water, the water goes into the

hydrogel, and making the hydrogel network into a swollen

state. If a solute is incorporated into the hydrogel, the sol-

ute is released. This behavior of water penetration and

subsequent solute release have received considerable atten-

Fig. 5. Maximum force of detachment of P(AA-co-GelMA)

hydrogels having various AA and GelMA compositions.



Mucoadhesive and pH-responsive behavior of gelatin containing hydrogels for protein drug delivery applications

Korea-Australia Rheology J., 32(1), 2020 45

tion for controlled drug delivery systems (Kim et al., 2014;

Lee et al., 2013; Peppas et al., 2000).

To investigate the pH-sensitive release behavior of

P(AA-co-GelMA) hydrogels, Rh-B was incorporated into

the hydrogel as a model solute by soaking the hydrogel

discs in a Rh-B stock solution. As the hydrogel discs

absorbed water, the Rh-B was transported into the hydro-

gel with the water, as a result of the concentration differ-

ence of Rh-B between the inside and the outside of the

hydrogel. The Rh-B-loaded hydrogel discs were then

placed in pH 2.6 and pH 7.0 buffer solutions. Figure 6

shows the cumulative amount of Rh-B released from

P(AA-co-GelMA) hydrogels as a function of time. The

P(AA-co-GelMA) hydrogels exhibited a pH-responsive

release behavior, except the Gel100 hydrogel. At low pH

(pH 2.6), the amounts of Rh-B released from the discs

were small, while at high pH (pH 7.0), relatively large

amounts of Rh-B were released from the discs. For the

Gel100 hydrogel, as previously mentioned, it has no AA

groups depending on the external pH, thus it showed no

pH-responsive release behavior. Additionally, there was a

considerable difference in the amount of Rh-B released

from the hydrogels between pH 2.6 and 7.0 according to

the AA content in the hydrogel. To quantify the pH-

responsive release behavior of the P(AA-co-GelMA)

hydrogel according to the AA content in the hydrogel, the

ratios of the cumulative amount of the released Rh-B at

pH 2.6 to that at pH 7.0 for 24 h were calculated and are

listed in Table 2. The difference in the released amount of

Rh-B between pH 2.6 and 7.0 increased when the AA

content in the hydrogel increased. This behavior was caused

by the pH-sensitive swelling behavior of the P(AA-co-

GelMA) hydrogel. For example, among the hydrogels

containing AA, the Gel33 hydrogel exhibited the least dif-

ference in swelling ratio between pH 2.6 and 7.0 (data not

shown), and a similar behavior was seen in the released

amount of Rh-B between pH 2.6 and 7.0, which indicates

that the pH-responsive release behavior of the P(AA-co-

GelMA) hydrogel is strongly related to the pH-responsive

swelling property of the hydrogel. These results indicate

that the P(AA-co-GelMA) hydrogel can be used as carri-

ers for protein drug delivery systems triggered by an

external pH change in the body.

4. Conclusions

Oral drug carries for therapeutic proteins were prepared

by copolymerizing AA and GelMA, which provided pH-

sensitivity and mucoadhesion to the carrier, respectively.

Natural gelatins were modified by introducing methacry-

late groups to the gelatin, to form the hydrogel with AA.

There was a drastic change in the weight swelling ratio of

P(AA-co-GelMA) hydrogels at a pH of around 5. The

hydrogel discs were in a relatively collapsed state at pH <

5, while at a pH > 5 the hydrogels swelled to a high

degree. Without AA, the hydrogel did not show the pH-

sensitivity and the swelling ratio of the hydrogel increased

with the AA content in the hydrogel. In the test of in vitro

mucoadhesion of P(AA-co-GelMA) hydrogels using the

rheometer, when the GelMA concentration in the P(AA-

co-GelMA) hydrogel increased, the maximum force of

detachment increased. The P(AA-co-GelMA) hydrogels

also showed a pH-sensitive release behavior. At pH 7.0,

relatively large amounts of Rh-B were released from the

hydrogels, but small amounts of Rh-B were released at pH

2.6. The results indicate that the P(AA-co-GelMA) hydro-

gels have the potential to be used as oral protein drug car-

riers to control the release of protein drugs from the

hydrogel by pH changes between the stomach and the

intestine, and to prolong the residence time of the drug in

the small intestine due to the improved mucoadhesion of

the hydrogel.

Fig. 6. Cumulative amount of Rh-B released from P(AA-co-

GelMA) hydrogels in pH 2.6 and pH 7.0 buffer solutions as a

function of time.

Table 2. Ratio of average cumulative amounts of Rh-B released

at from P(AA-co-GelMA) hydrogels at pH 2.6 (MR2.6) to pH 7.0

(MR7.0) for 24 h.

Hydrogels MR7.0/MR2.6

Gel0

Gel33

Gel67

Gel100

23.01 (±4.02)

11.26 (±0.47)

3.20 (±0.25)

0.95 (±0.07)
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