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Abstract

The influence of some amino acids—alanine, glycine, valine, glutamine,
histidine, phenylalanine, and tryptophan—on the swelling behavior of
acrylamide (AAm) hydrogel prepared by γ-radiation was investigated. Swell-
ing experiments of AAm hydrogel were made in the universal buffer solu-
tions and the amino acid solutions at certain pHs at 37°C. These selected
pH values were pK1, pK2 and isoelectric point (pI) values such as ionization
of α-carboxyl groups, ionization of α-amino groups, and the pIs of the amino
acids, respectively. The swelling of AAm hydrogel increased when pH val-
ues of solutions were increased. The value of equilibrium swelling of AAm
hydrogel in the solution of universal buffer was 880% at pH 10.0, whereas it
was 670% at pH 2.0. The values of equilibrium swelling of AAm hydrogel in
amino acid solutions were between 830 and 965% at pH 10.0, whereas they
were between 635 and 775% at pH 2.0. The rate constant of swelling, initial
swelling rate, theoretical maximum swelling, diffusional exponent, network
parameter, and diffusion coefficient were calculated by swelling kinetics.
Diffusions of the amino acid solutions into the hydrogel were generally found
as non-Fickian in character. The diffusion coefficients of the hydrogel were
between 0.91 × 10–6 and 2.41 × 10–6 cm2/s.

Index Entries: Amino acid; hydrogel; acrylamide; swelling; diffusion.
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Introduction

Hydrogels consist of a three-dimensional polymer network swollen in
water and represent an important class of materials in biomedicine, biotech-
nology, and medicine. This is reflected by the large number of biomedical
applications of hydrogels in the field of synthetic hydrogel chemistry. Since
the late 1960s, a great variety of hydrogels differing in structure, composi-
tion, and properties have been developed. The recognition of the usefulness
of hydrogels for biomedical applications opened a new field in polymer
science by bringing polymer chemistry to biology and medicine (1–3).

The unique character of hydrogels, owing to the ability of the polymer
network, is to imbibe and retain large quantities of water. This character-
istic determines, to a large extent, the transport properties that allow the
water-soluble molecules that are free of low molar mass to pass through
porous hydrogels (1).

Ionizing radiation provides “a very clean method” for the production
of hydrogels. No chemicals or catalysts must be added to the reaction
matrix. Crosslinking is achieved by free radicals created in the materials by
radiation. Thus, no chemicals or catalysts remain in the material at the end
of the process. It is not surprising, therefore, that a number of useful
biomaterials have been produced using radiation processes (4,5).

In our previous studies, we investigated the adsorption of proteins
such as bovine serum albumin (5,6), the biocompatibility of some bio-
chemical parameters of human sera (7,8), the interaction of nicotine (9),
with acrylamide-based hydrogels, and the influence of some aromatic
acids on the swelling behavior of acrylamide/maleic acid hydrogel (10).
The swelling of acrylamide and acrylamide-based hydrogels is important
to the study of column techniques and protein adsorptions.

The present study was aimed at investigating the influence of some
aliphatic amino acids (alanine, valine, and glycine), nonionic polar amino
acids (glutamine), and aromatic amino acids (histidine, phenylalanine, and
tryptophan) on the swelling behavior of acrylamide (AAm) hydrogel. These
amino acids were selected for aliphatic side chains (such as the H group in
glycine, the methyl group in alanine, and the isopropyl group in valine)
and aromatic rings (such as the imidazol ring in histidine, the phenyl ring
in phenylalanine, and the indole ring in tryptophan). In addition, pheny-
lalanine and tryptophan contain nonionic polar side chains, whereas histi-
dine contains ionic side chains. Glutamine contains the γ-amide group of
glutamic acids. Glycine is unique in that it does not possess an R group.
Alanine and valine have nonpolar aliphatic side chains.

Materials and Methods

AAm monomer was obtained from BDH (Poole, UK). Amino acids
were purchased from Merck (Darmstadt, Germany). Table 1 gives some of
the properties of these amino acids (11).
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One gram of AAm was dissolved in 1 mL of the aqueous solutions and
placed in 3-mm diameter polyvinyl chloride straws and irradiated. A dose
of 5.20 kGy in air at ambient temperature in a Gammacell 220 type γ irra-
diator was applied at a fixed rate of 0.72 kGy/h for 433 min. An irradiation
dose of 2 kGy is sufficient for the 100% gelation of AAm (12). AAm hydrogel
obtained in long cylindrical shapes was cut and dried first in air and then
in a vacuum. The preparation and characterization of AAm hydrogels were
reported in our previous studies (12).

To measure the parameters of diffusion and swelling, AAm hydrogel
was accurately weighed. Then it was transferred into the universal buffer
solutions (the buffer solutions were prepared with a mixture of phosphoric,

Table 1
Some Properties of Amino Acids (11)

     Name Molar
       and mass pK1 pK2

abbreviation Chemical structure (g/mol) α-COOH α-NH3
+ pI

Q
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acetic, and boric acid [0.04 M], respectively, and the desired amount of
0.2 M NaOH solution was added to the mixture until reaching the required
pH value) (13) or aromatic amino acid solutions at a concentration of 10 g/L
at various pHs at 37°C in a beaker. These selected pH values were pK1, pK2,
and isoelectric (pI) values such as ionization of α-carboxyl groups, ioniza-
tion of α-amino groups, and the pIs of the amino acids, respectively. Solu-
tion uptake with respect to time was obtained by periodically removing a
sample from the solution, quickly blot drying, and reweighing. The mea-
surements were conducted at 37 ± 0.1°C in a water bath.

Results and Discussion

Analysis of the mechanisms of diffusion in swellable polymeric sys-
tems has received considerable attention in recent years, because of impor-
tant applications of swellable polymers in biomedical, pharmaceutical,
environmental, and agricultural engineering.

The swelling of AAm hydrogel in the universal buffer solutions and
the amino acid solutions at a concentration of 10 g/L at 37°C was calculated
at different pH values by using the following equation (14,15):

S% = [(mt – mo)/mo] ×100 (1)

in which mt is the mass of swollen gel at time t; and mo is the mass of the dry
gel at time 0.

Swelling curves of the hydrogel in the universal buffer solutions and
amino acid solutions were plotted. Figure 1 shows the representative swell-
ing curves for AAm hydrogel in the solutions of valine (Fig. 1A) and phe-
nylalanine (Fig. 1B) at certain pHs.

Figure 1 shows that swelling increases with time but reaches a con-
stant value after a certain point. This value of swelling may be called equi-
librium swelling. Figure 2 gives the values of equilibrium swelling of AAm
hydrogel in amino acid solutions at different pH values.

To investigate the influence of pH on the equilibrium swelling of AAm
hydrogels in the buffer solutions, the values of the equilibrium swelling of
AAm hydrogels vs pH values were plotted (see Fig. 3).

The swelling of AAm hydrogel in the universal buffer solution
increased with pH (Fig. 3). In general, the swelling process was quicker at
higher pH values. This behavior could be explained by dipole-dipole and
hydrogen-bonding specific interactions between groups in the water and
amide group of acrylamide. These interactions become stronger as the
concentration of the hydroxyl group of the medium increases, favoring the
swelling of AAm hydrogel (16). On the other hand, the presence of –NH2
groups in the hydrogels affected the equilibrium swelling behavior. At a
pH lower than 5.0, the increase in equilibrium swelling is mainly owing to
the presence of protonated amino groups (NH3

+), whereas at pH values
higher than 5.0, the dominant charges in the hydrogels are the unprotonated
amino groups (17).
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All the amino acids in this study contain positively charged amino
groups at pH 2.0 (18). These amino acids contain negatively charged car-
boxyl groups at pH 10.0. Thus, carboxyl groups of amino acids and hydro-
gel repel each other. For these reasons, the swelling of hydrogel at pH 10.0
in all the solutions of amino acids was higher than the swelling at pH 2.0,
as shown in Figs. 1–3 and Table 2.

For extensive swelling of polymers, following second-order kinetics,
the following equation can be used (16,19,20):

(t/S) = A + Bt (2)

Fig. 1. (A) Influence of pH on the swelling behavior of AAm hydrogel in a solution
of valine. �, pH 2.0; �, pI; �, pH 10.0; (· · · ·), theoretical curves obtained using Eq. 2.
(B) Influence of pH on the swelling behavior of AAm hydrogel in a solution of pheny-
lalanine. �, pH 2.0; �, pI; �, pH 10.0; (· · · ·), theoretical curves obtained using Eq. 2.
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in which B = 1/Seq is the inverse of the maximum or equilibrium swelling;
A = 1/kSSeq

2 is the reciprocal of the initial swelling rate [(dS/dt)0] of the
hydrogel; and kS is the swelling rate constant.

Figure 4 shows the linear regression of the swelling curves obtained by
means of Eq. 2 for the AAm hydrogel in phenylalanine solutions at certain
pH values. The initial swelling rate, the swelling rate constant, and the
values of theoretical equilibrium swelling of the hydrogel are calculated

Fig. 2. The equilibrium swelling values of AAm hydrogel in the solutions of
amino acids.

Fig. 3. Change of equilibrium swelling of AAm hydrogel with pH in the buffer
solution.
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Table 2
Swelling Rate Parameters of AAm Hydrogel in the Solutions at Various pHs

pH

2.00 5.48 5.65 5.89 5.96 5.97 6.02 7.59 10.0

(dS/dt)0/gsolution/ggel·min

Gly 0.16 — — — — 0.16 — — 0.17
Ala 0.16 — — — — — 0.19 — 0.15
Val 0.16 — — — 0.20 — — — 0.13
Gln 0.31 — 0.28 — — — — — 0.11
His 0.24 — — — — — — 0.17 0.16
Trp 0.29 — — 0.24 — — — — 0.29
Phe 0.28 0.27 — — — — — — 0.20
Buffer 0.14 0.24 0.31 0.16 0.16 0.16 0.16 0.21 0.13

kS × 103/ggel/gsolution·min

Gly 2.90 — — — — 2.86 — — 1.68
Ala 2.48 — — — — — 3.13 — 1.55
Val 3.38 — — — 2.70 — — — 1.68
Gln 7.43 — 6.11 — — — — — 1.55
His 4.13 — — — — — — 2.33 2.07
Trp 5.87 — — 4.17 — — — — 5.83
Phe 6.42 4.65 — — — — — — 2.66
Buffer 2.85 4.19 5.59 2.72 2.72 2.72 2.72 3.79 1.51

Smax/gsolution/ggel

Gly 7.39 — — — — 7.46 — — 9.91
Ala 7.99 — — — — — 7.74 — 10.2
Val 6.50 — — — 8.20 — — — 8.89
Gln 6.46 — 6.72 — — — — — 8.58
His 7.63 — — — — — — 8.43 8.63
Trp 6.98 — — 7.52 — — — — 6.98
Phe 6.56 7.56 — — — — — — 8.54
Buffer 6.90 7.55 7.48 7.77 7.77 7.77 7.77 7.47 9.19

from the slope and the intersection of the lines, respectively. Table 2 pre-
sents the results.

Table 2 shows that the values of theoretical equilibrium swelling of the
hydrogels are parallel with the results of swelling of the gels. The swelling
processes of AAm hydrogel at pH 10.0 are quicker than the swelling rate of
AAm hydrogels at pH 2.0.

The relations between the swelling of the hydrogels and the molar
mass of the amino acids were not found. The swelling of AAm hydrogel is
affected with ionization of amino acids and pH.

Equation 3 was used to determine the nature of diffusion of the univer-
sal buffer solutions and the solutions of amino acids into hydrogels (14,15):

F = ktn (3)
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in which F is the amount of solvent fraction at time t; k is a constant incor-
porating the characteristic of the macromolecular network system and the
penetrant; and n is the diffusional exponent, which is the indicative of the
transport mechanism. Equation 3 is applied to the initial stages of swelling,
and plots of ln F vs ln t are given in Fig. 5. The values of the exponents n and
k were calculated from the slope and intercept of the lines, respectively, and
are presented in Table 3.

In the experiments, the n values were generally found higher than 0.50
except in the solution at pH 5.89. Hence, the diffusion of penetrants into
AAm hydrogels was taken to have a non-Fickian character (15). This is
generally explained as a consequence of the slow relaxation rate of the
hydrogel matrix. The k values of the systems at pH 2.0 were higher than the
k values at pH 10.0.

Diffusion coefficients of hydrogels can be calculated by various meth-
ods (21–25). One of these methods is the short time approximation method.
This method is generally used to calculate diffusion coefficients of AAm
hydrogel (22). The short time approximation is valid only for the first 60%
of the swelling.

The diffusion coefficients of the cylindrical AAm hydrogel are calcu-
lated from the following relations:

F = 4 Dt

πr2

1/2

 –π 
Dt

πr2
  – 

π
3

 
Dt

πr2

3/2

 + · · · (4)

in which D is in cm2/s; t is in s; and r is the radius of the cylindrical polymer
sample. A graphical comparison of Eqs. 3 and 4 shows the semiempirical
Eq. 3 with n = 0.5 and k = 4(D/πr2)1/2.

Fig. 4. Swelling rate curves of AAm hydrogel in phenylalanine solutions at various
pHs. �, pH 2.0; �, pI; �, pH 10.0.
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Table 3
Effect of pH changes on the n and k Values

of AAm Hydrogel with Different Amino Acid Solutions

pH

2.00 5.48   5.65 5.89 5.96 5.97 6.02 7.59 10.0

n

Gly 0.60 — — — — 0.58 — — 0.62
Ala 0.56 — — — — — 0.59 — 0.61
Val 0.55 — — — 0.58 — — — 0.63
Gln 0.68 —   0.49 — — — — — 0.61
His 0.61 — — — — — — 0.64 0.63
Trp 0.62 — — 0.73 — — — — 0.62
Phe 0.64 0.72 — — — — — — 0.63
Buffer 0.61 0.63   0.46 0.67 0.67 0.67 0.67 0.56 0.66

k × 102

Gly 4.86 — — — — 4.95 — — 3.73
Ala 5.22 — — — — — 5.18 — 3.63
Val 5.99 — — — 5.33 — — — 3.48
Gln 4.82 —   8.17 — — — — — 3.50
His 5.16 — — — — — — 3.74 3.74
Trp 5.24 — — 3.63 — — — — 3.98
Phe 5.00 3.47 — — — — — — 4.22
Buffer 4.37 4.94 10.41 3.54 3.54 3.54 3.54 6.15 2.89

Fig. 5. Swelling kinetics curves of AAm hydrogel in alanine solutions at various
pHs. �, pH 2.0; �, pI; �, pH 10.0.
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For the hydrogels, F vs t1/2 plots were plotted; Figure 6 shows some
representative results. The diffusion coefficients were calculated from the
slope of the lines. Table 4 gives the values of diffusion coefficient deter-
mined for the hydrogels.

Table 4 shows that the values of the diffusion coefficient of the
hydrogels varied from 0.91 × 10–6 cm2/s to 2.41 × 10–6 cm2/s. The values of
the diffusion coefficient of the AAm hydrogel in the solution of amino acids
at pH 2.0 were higher than the values of the diffusion coefficient at pH 10.0.
Thus, diffusion of the penetrants to the AAm hydrogel at pH 2.0 is faster
than at pH 10.0.

In conclusion, the aliphatic amino acids were affected by the swelling
behavior of AAm hydrogel. It is important to know the behavior of AAm

Table 4
Diffusion coefficients (D × 106/cm2/s)

of AAm Hydrogel/Amino Acid Systems at Various pHs

pH

2.00 5.48 5.65 5.89 5.96 5.97 6.02 7.59 10.0

Gly 1.38 — — — — 1.37 — — 1.34
Ala 1.29 — — — — — 1.19 — 1.30
Val 1.53 — — — 1.45 — — — 1.43
Gln 1.95 — 1.74 — — — — — 0.91
His 1.75 — — — — — — 1.52 1.41
Trp 2.08 — — 2.41 — — — — 1.20
Phe 2.00 2.28 — — — — — — 1.60
Buffer 1.51 1.60 1.78 1.54 1.54 1.54 1.54 1.65 1.34

Fig. 6. Diffusion curves of AAm hydrogel in a solution of glycine at various pHs.
�, pH 2.0; �, pI; �, pH 10.0.
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hydrogel in amino acid solutions at various pH values used as biomaterials.
In addition, in the protein structure, amino acids have no free carboxyl and
amino groups, so the hydrogel should also be used in the study of column
techniques.
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