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ABSTRACT: Hydrogels, composed of poly(acrylamide-co-maleic acid) were synthesized
and the release of vitamin B2 from these gels was studied as a function of the pH of the
external media, the initial amount of the drug loaded, and the crosslinking ratio in the
polymer matrix. The gels containing 3.8 mg of the drug per gram gel exhibit almost
zero-order release behavior in the external media of pH 7.4 over the time interval of
more than their half-life period (t1/2). The amount of the drug loaded into the hydrogel
also affected the dynamic release of the encapsulated drug. As expected, the gels
showed a complete swelling-dependent mechanism, which was further supported by the
similar morphology of the swelling and release profiles of the drug-loaded sample. The
hydrophilic nature of the drug riboflavin does not contribute toward the zero-order
release dynamics of the hydrogel system. On the other hand, the swelling osmotic
pressure developed between the gels and the external phase, due to loading of the drug
by equilibration of the gels in the alkaline drug solution, plays an effective role in
governing the swelling and release profiles. Finally, the minimum release of the drug
in the swelling media of pH 2.0 and the maximum release with zero-order kinetics in
the medium of pH 7.4 suggest that the proposed drug-delivery devices have a significant
potential to be used as an oral drug-delivery system for colon-specific delivery along the
gastrointestinal (GI) tract. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 84: 1133–1145, 2002;
DOI 10.1002/app.10402
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INTRODUCTION

Hydrogel materials are unique with respect to
their ability to release an encapsulated drug in an
aqueous medium. Since these materials are capa-
ble of absorbing water with a simultaneous re-
lease of an encapsulated drug, the release rate of
the drug is modified by the rate and extent of

hydration of the drug/polymer device, which ulti-
mately is affected by the nature and concentra-
tion of the drug in the polymer matrix. However,
the chemical nature of the monomer units in the
hydrogel system and nature of the drug also plays
major roles in influencing the release behavior of
the device.

In our previous work,1–5 we synthesized and
studied the swelling behavior of a number of pH-
sensitive polymeric hydrogels and found that
these gels showed excellent pH-dependent swell-
ing behavior, thus exhibiting minimum swelling
at pH 2.0 and maximum swelling in the range
7–8 of the external media. Such polymeric sys-
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tems, in fact, may have potential to be used as
colon-specific oral drug-delivery devices along the
gastrointestinal (GI) tract because they will keep
the encapsulated drug almost protected from the
highly acidic environment of the stomach by ex-
hibiting minimum swelling while they release a
maximum amount of the drug at the colon (where
pH is 7.4) and, hence, may be employed for the
treatment of colonic diseases like colon cancer
and inflammatory bowel disorder (IBD).

The major goal of the present work was to
achieve a delivery profile that would yield a high
blood level of the drug over a desired period of
time. With traditional tablets or injections, the
drug level in the blood rises to the maximum
value after each administration of the drug and
then decreases to a minimum until the next ad-
ministration. However, in controlled drug-deliv-
ery systems, the drug level in the blood remains
constant, between the desired maximum and
minimum, for an extended period of time, thus
providing a constant therapeutic level at the re-
ceptor site.

In this study, we employed poly(acrylamide-co-
maleic acid) hydrogels that can be easily synthe-
sized at a moderate temperature without using
any organic solvent, thus offering a minimum loss
of drug activity in case the drug to be incorpo-
rated is mixed into the reaction system at the
time of gel synthesis. However, in the present
study, the drug riboflavin was incorporated by
allowing the gels to swell in the aqueous solution
of the drug, as this is the safest method for drug
loading.6

The model drug riboflavin, a dimethyl iso-al-
loxazine attached to d-ribitol, is a part of ribofla-
vin nucleotides which take part in enzymatic re-
actions.7 Infants with hemolytic hyperbiliru-
binemia subjected to phototherapy are likely to be
riboflavin-deficient.8 The red blood cell is one of
the active sites for the conversion of pyridoxal
phosphate through the action of riboflavin. In ri-
boflavin deficiency, this conversion is low.9

EXPERIMENTAL

Materials

The monomers acrylamide (AAm; Sigma, St. Louis,
MO) and maleic acid (MA; BDH, Poole, UK), the
crosslinker N,N�-methylene bisacrylamide (MB;
Sigma), and the initiator potassium persulfate
(KPS; Merck, Mumbai, India) were of analytical
grade and used as received. However, the mono-

mer AAm was recrystallized in methanol to re-
move the inhibitor. The drug riboflavin (Sigma)
was used as a crystalline powder: purity 99.7%
and molecular mass 376.36.

Synthesis of Cylindrical Gels

The method of synthesis of poly(acrylamide-co-
maleic acid) hydrogels was described previously.3

However, in brief, 4.50 g of the monomer AAm
and 0.10 g of MA were dissolved in water to give
a clear solution. To this, 0.15 g of the crosslinker
MB and 0.10 g of the initiator KPS were added
and the resulting solution, after being made up to
30 mL, was poured into PVC straws, each of
5.30-mm diameter, and kept in an electric oven
(Tempstar, India) for a period of 4 h at 60°C. After
the polymerization was over, the resulting trans-
parent cylindrical gels were taken out of the
straws, cut into small pieces, each 2.54 � 0.02 cm
in length, and then washed with distilled water to
remove unreacted salts and, finally, dried in a
vacuum chamber at 40°C for a period of 24 h. The
length, diameter, and mass of the dry samples
were found to be 16.0 � 0.4 mm, 3.0 � 0.02 mm,
and 0.1220 � 0.01 g, respectively . However, the
variation of the mass of the samples did not affect
the accuracy of the results because the calcula-
tions were made for 1 g of the hydrogel.

The blank and the drug-loaded samples will be
denoted by HG (1.3) and HG (1.3)x, where x is the
amount of riboflavin present in 1 g of the polymer
and the number in parentheses denotes the per-
cent mol fraction of the monomer MA in the hy-
drogel.

Swelling Studies

To study the swelling behavior of hydrogels, three
samples of known mass and dimension were com-
pletely dried, then each placed in a 250-mL solu-
tion of the swelling medium of the desired pH
with the ionic strength 0.1M at a constant tem-
perature 37°C. The swollen gels were taken out at
regular time intervals, wiped superficially with
filter paper, weighed accurately, and then placed
in the same bath. The mass measurements were
continued until the attainment of the constant
mass for each sample. The percentage of mass
swelling (% Sm) was obtained using the following
expression:

%sm �
�mt � m0�

m0
� 100

where m0 and mt are the initial mass and mass at
different time intervals, respectively.
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Loading of Drug into the Hydrogels

To load the riboflavin into the cylindrical dry sam-
ples, an aqueous alkaline solution was prepared
by dissolving NaOH in distilled water to give a 3.5
� 10�4 molar solution with pH 9.78 � 0.02 at
30°C. To this solution, varying amounts of ribo-
flavin (100, 135, and 200 mg per 250-mL solution)
were dissolved and 10 preweighed samples were
placed in each solution for a period of 24 h to
attain equilibrium. The solubility of the drug in
the alkaline solution was found to be 0.889 g per
liter at 30°C. After the attainment of equilibrium,
the gels were taken out, washed with distilled
water to remove the loosely bound drug on the
surface, and then allowed to dry at 40°C in a
vacuum chamber for a period of 96 h, which was
found to be sufficient time for the complete drying
of the drug-loaded gels. Here, it is worth mention-
ing that, during the whole loading process, sur-
faces of all the glassware used were coated with
black paint so as to prevent the solution of ribo-
flavin from being exposed to visible light.

In Vitro Drug-release Study

To obtain information about the possible mode of
action of the proposed drug-delivery system in the
human body, it is often more convenient to per-
form the same studies in an environment almost
similar to that in the body.10 Hence, for the pur-
pose of carrying out the drug-release study in an
in vitro manner, a series of buffer solutions of pH
2.0, 4.0, and 7.4 were prepared; the buffer concen-
tration was fixed at 0.01M and the total ionic
strength was adjusted to 0.1M by adding a pre-
calculated quantity of NaCl. For the solutions of
pH 2.0 and 4.0, a citrate buffer was used; for pH
7.4, a phosphate buffer was used. To study the
drug-release kinetics, three preweighed samples
of the drug-loaded device were each placed in 25
mL of the buffer solution of the desired pH at the
physiological temperature of 37°C. The amount of
the drug released at different time intervals was
determined spectrophotometrically (Systronics,
India) at 437 nm.11 After each time interval, the
gels were placed in fresh buffer solutions. The
concentrations of the drug released was computed
by comparing the absorbancy with the standard
curve prepared for the pure drug in the buffer in
the appropriate concentration region. Here, a sig-
nificant point to be mentioned is that all the re-
lease experiments were carried out using glass-
ware with completely blackened surfaces so that
the exposure of the drug-loaded devices and the
release media to visible light was minimized.

To determine the total amount of the drug
loaded into the sample, the sample was ground
into a fine powder and a known quantity of it was
placed in a definite volume of water at 37°C for a
period of 24 h. Then, the solution was filtered and
its absorbance was measured, which finally gave
the initial amount of drug loaded into the hydro-
gels.

Stability Test for Riboflavin

To test the stability of riboflavin, solutions of
known concentrations were prepared in the buffer
solutions of pH 2.0, 4.0, and 7.4 at 30°C. The
absorbance of these solutions was measured at
the time interval of 24 h for a period of 7 days.
Here, it is to be regretted that, because of unavail-
ability of the instruments, stability could not be
tested by reverse-phase HPLC, which is compar-
atively a more accurate and sensitive method to
test the stability of drugs.12

RESULTS AND DISCUSSION

In our previous communication,3 we described a
detailed study of the swelling behavior of poly-
(acrylamide-co-maleic acid) hydrogels. However,
in a preliminary study for the present work, a
number of hydrogels with different amounts of
the monomers AAm and MA and the crosslinker
MB were synthesized and their equilibrium swell-
ing was determined in the swelling media of pH
2.0 and 7.4 so as to obtain the maximum differ-
ence between the percent mass equilibrium swell-
ing at pH 2.0 and 7.4. The purpose of carrying out
the preliminary study was to obtain a hydrogel
system which would swell minimally at pH 2.0 of
the external media, thus releasing a minimum
amount of the encapsulated drug and releasing
the maximum drug in the swelling media of pH
7.4 by exhibiting maximum swelling. Finally, the
percent mass equilibrium swelling for the hydro-
gels synthesized was found to be 1116.3 � 18.6
and 618.5 � 12.4 in the swelling media of pH 7.4
and 2.0, respectively.

In this study, we examined the release dynam-
ics of only dried drug-loaded samples, because
starting off with the drug dispersed in a dehy-
drated hydrogel offers several advantages over
the hydrated system. When dried, the drug sub-
stance is essentially immobile, trapped in the ma-
trix, and contact with the penetrating water is
necessary to unlock the immobilized solute and
trigger the release process.13
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Stability of Riboflavin

The stability of the riboflavin solution of at a
definite concentration (2 mg per liter) was tested
at pH 2.0, 4.0, and 7.4. The absorbance of these
solutions at the �max (i.e., 437 nm) was monitored
at 24-h time intervals for a total period of 7 days.
The results thus obtained suggest that riboflavin
is more stable in the acidic pH as compared to the
alkaline one. The percentage of the drug decom-
posed in pH 2.0, 4.0, and 7.0 was found to be 0.48,
0.49, and 1.20, respectively. Since the gels were
loaded by equilibrating in the solution of ribofla-
vin for a period of 24 h, and the total transit time
for a formulation to pass through whole GI tract14

is only 48 h, the stability of riboflavin is not much
affected during this duration and, hence, it is
quite safe to load the drug into the gels.

Effect of Drug Loading

Figure 1 describes the amount of riboflavin re-
leased from HG (1.3)x gels as a function of time for
different amounts of the loaded riboflavin (3.8,
4.6, and 7.8 mg g�1 gel. The results, thus ob-
tained, show good agreement with the litera-
ture11: The amount released depends upon the
initial amount of the drug present in the polymer
matrix. Thus, the amount of riboflavin released is
in the following order:

Figure 1 Riboflavin released from HG (1.3) hydrogels as a function of time for
different loaded amounts of riboflavin: (E) 7.8 mg, (F) 4.6 mg, and (‚) 3.8 mg per gram
of gels in pH 7.4 at 37°C. Error bars represent standard deviations for three experi-
ments.
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HG�1.3�7.8 � HG�1.3�4.6 � HG�1.3�3.8

where each subscript denotes the initial amount
of the drug present in 1 g of the hydrogel. The
total percentage of the drug released for the ini-
tial load of 3.8, 4.6, and 7.8 mg of the drug per
gram of the gel was found to be 92.1 � 2.4, 95.2
� 3.1, and 97.1 � 1.6, respectively. Here, a sig-
nificant point to be noted is that when the sample
with 10.2 mg of drug g�1 gel was put in the
phosphate buffer for the release study the sample
was found to break into a number of pieces within
1 h of the start of swelling. This suggests that the
amount of the drug loaded should be less than
10.2 mg g�1 gel for the proposed polymer matrix.
The breaking up of the drug-loaded sample into
small pieces may be attributed to that the greater
hydrophilicity of riboflavin tends to promote sol-
vent entrance into the gel matrix with simulta-
neous swelling of the gel, while the crosslinked
structure of the gel inside the bulk opposes this
extensive swelling. This finally results in break-
ing up of the polymer matrix into small pieces.
The initial release rates for the samples HG
(1.3)3.8, HG (1.3)4.6, and HG (1.3)7.8 were deter-
mined for the release of the drug for the first hour.
For this, the incremental concentration difference
at 10-min intervals was used over a total duration
of 60 min. This method is supposed to be more
sensitive and accurate and less subjective in de-
tecting subtle changes in the release profile.12

Finally, the initial rates, as determined for the
first hour of release, were found to be (1.34
� 0.03) � 10�2, (3.07 � 0.06) � 10�2, and (6.62
� 0.04) � 10�2 mg g�1 polymer min�1 for the
initial load of 3.8, 4.6, and 7.8 mg per gram gel,
respectively.

pH Effect

As mentioned earlier, prediction for the possible
use of the proposed hydrogel system for colon-
specific oral drug delivery is based on that the
sample must release the maximum amount of the
drug in the swelling medium of pH 7.4. For this,
the release behavior of the hydrogel HG (1.3)3.8
was studied in buffer solutions of pH 2.0, 4.0, and
7.4, at the physiological temperature of 37°C. The
results are depicted in Figure 2, which clearly
indicates that the drug-loaded sample releases a
maximum amount of riboflavin in the medium of
pH 7.4, whereas a minimum amount of the drug
is found to release at pH 2.0. The percentage of
the total drug released from the device HG (1.3)3.8

in the release media of pH 2.0, 4.0, and 7.4 was
found to be 48.6 � 3.6, 61.2 � 4.5, and 97.1 � 1.6,
respectively. The t1⁄2 values (time required for the
release of 50% of the total drug loaded) for the
sample in the external solutions of pH 4.0 and 7.4
were found to be 243 and 96 min, respectively. For
pH 2.0, the total release was less than 50%. More-
over, the release rate was also evaluated at dif-
ferent time intervals from the above profiles, and
gradients of the curves were plotted between the
release rate and corresponding time intervals for
the release of riboflavin in the three solutions of
different pH (see Fig. 3).

It is very clear from Figure 3 that the drug-
loaded sample HG (1.3)3.8 shows almost zero-or-
der release in the medium of pH 7.4 over a time
period of 105 min, which is more than its t1⁄2 value.
However, the release rate was not found to be
uniform in the media of pH 2.0 and 4.0. Finally,
the values of the diffusional exponent n, as calcu-
lated from the double logarithmic plot of equation
Mt/M

� � Ktn for 60% release data were found to
be 0.52, 0.58, and 1.0 in the swelling media of pH
2.0, 4.0, and 7.4, respectively. These values
clearly suggest that the hydrogel, when put in the
swelling media of pH 2.0, follows Fickian or dif-
fusion–controlled release behavior, while in the
medium of pH 4.0, the sample follows a diffusional
mechanism with a small chain-relaxation contribu-
tion. However, the value of n (i.e., 1.0) in the swell-
ing media of pH 7.4 provides the right relaxational
characteristics for zero-order release behavior.

Qualitative evidence to support the above val-
ues of the diffusional exponent n is shown in
Figure 4, the plot of the fractional release Mt/M

�

of the drug from the sample HG (1.3)3.8 versus the
square root of time in the release medium of pH
2.0, 4.0, and 7.4. Figure 4 clearly indicates that
the device exhibits almost Fickian or diffusion-
controlled release behavior at pH 2.0, whereas an
anomalous release with a full chain-relaxation
contribution is observed in the phosphate buffer
at pH 7.4.

The observed transition of the release behavior
from Fickian to a zero-order release, with the
change in pH of the swelling media from 2.0 to
7.4, may be explained on the basis of that, at pH
2.0 of the swelling media, the carboxylic groups
present in the matrix due to MA are almost in an
unionized state, thus imparting nonionic and hy-
drophobic character to the device, which finally
results in Fickian release behavior of the polymer
matrix. However, when the pH of the external
solution becomes 7.4, these groups undergo al-
most complete ionization inside the polymer ma-
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trix and, hence, the gel exhibits polyelectrolyte-
type behavior. Now, the swelling of the gel (and,
hence, the drug release) is attributed not only to
the swelling osmotic pressure between the inte-
rior and exterior of the gel, but also to the en-
hanced chain relaxation due to repulsion among
the carboxylate groups along the macromolecular
chains inside the gel matrix. Moreover, the hydro-
philicity of riboflavin also contributes toward the
zero-order release behavior of the hydrogel in the
swelling media of pH 7.4.

One more significant factor which may also
contribute toward the pH-dependent release be-
havior is the ionic nature of the riboflavin.15 But,
since the pKa value of riboflavin is 10.2 and the

release studies were carried out at pH 7.4, the
possibilities of any type of electrostatic interac-
tion between the molecules and the carboxylate
groups along the macromolecular chains are al-
most nil. This argument is further supported by
the work done by Lee and coworkers11 who stud-
ied the release of riboflavin from amphiphilic ure-
thane hydrogels and explained the observed in-
crease in the amount released with the pH of the
medium only on the basis of ionization of the
carboxylic groups present along the macromolec-
ular chains. However, since riboflavin is present
inside the device as its sodium salt, due to loading
being done by the equilibration of blank gels in its
alkaline solution, there exist repulsive forces be-

Figure 2 Riboflavin released from HG (1.3)3.8 gels as a function of time with varying
pH: (F) pH 7.4; (‚) pH 4.0; (E) pH 2.0 at 37°C. Error bars represent standard deviations
for three experiments.
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tween negatively charged molecules and carbox-
ylate groups present along the macromolecular
chains, thus encouraging the release of riboflavin
from the gel phase at pH 7.4. Similar arguments
were also given by Lee et al.15 in the study of
pH-dependent release of the ionic solute cefazolin
from an IPN composed of poly(vinyl alcohol) and
poly(acrylic acid). This may also be the reason for
a high release level of riboflavin at pH 7.4.

Finally, the pH-dependent release behavior
was also studied by placing the sample HG (1.3)3.8
in the buffer solution of pH 2.0 for a period of 2 h
and then transferring the same sample to the pH
7.4 medium to follow the rest of the release dy-
namics. This type of study gives a more realistic
picture of the possible mode of action of a colon-
targeted drug-delivery device. The results, as
shown in Figure 5, clearly show that the curve
obtained for the release of the drug at pH 7.4 is
much steeper than that for pH 2.0, indicating that
the release rate is much faster in the pH 7.4
medium. Moreover, the device releases only 26.3
� 3.9% of the total drug at pH 2.0, while 68.4
� 4.1% of the drug is released in the phosphate
buffer at pH 7.4.

Crosslinking Effect

The degree of crosslinking in the polymer matrix
not only influences its drug-releasing capacity but
it also may cause a transition in its release mech-
anism, that is, from Fickian to non-Fickian and
even sometimes zero order.16 Figure 6 describes
the release of riboflavin from the hydrogels as a
function of the crosslinking ratio at 37°C in the
phosphate buffer of pH 7.4. The crosslinking ratio
may be given as mol MB/mol AAm in the polymer
matrix. The release behavior was studied for the
drug-loaded sample HG (1.3)4.6 having different
crosslinking ratios, that is, 0.009, 0.015, and
0.023, respectively.

It is very clear from Figure 6 that as the
crosslinking ratio in the polymer matrix increases
the amount of drug released from the device de-
creases. The observed result may be explained on
the basis of that as the crosslinking ratio inside
the gel matrix increases the relaxation of the
polymer segments becomes restricted, thus dis-
couraging solvent entrance and subsequent drug
release from the device. Similar results were also
reported elsewhere.17 Finally, the percentage of

Figure 3 Release rates versus time profiles for the release of riboflavin from the
sample HG (1.3)3.8 in the media of varying pH: (F) pH 7.4, (E) pH 4.0, and pH 2.0 (�)
at 37°C.
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the total drug released from the device with
crosslinking ratios of 2.3 � 10�2, 1.5 � 10�2, and
0.9 � 10�2 was found to be 38.1 � 5.6, 82.6 � 6.8
and 93.4 � 4.2, respectively. The values give the
mean � the SD for the three samples.

Comparison of Kinetics of Swelling
and Drug Release

The rate of swelling of a hydrogel is usually af-
fected by the presence of the active additive.18 To
confirm this in the present case, the swelling pro-
file of the drug-loaded hydrogel HG (1.3)3.8 was
compared with that of the blank sample in the
swelling media of pH 7.4 (see Fig. 7). It is very
clear from the figure that the presence of ribofla-
vin in the polymer matrix causes an appreciable
increase in the water uptake of the hydrogel as

compared to the unloaded gel sample. This may
be attributed to the greater hydrophilicity of the
riboflavin present, as well as the increased swell-
ing osmotic pressure between the gel and the
solution phase. To estimate the extent of the con-
tribution of the hydrophilicity of the drug toward
extensive water uptake, we also synthesized
drug-loaded gels (amount of drug 3.8 mg per gram
gel) by dispersing the calculated amount of the
drug into the reaction mixture (we will call them
HGdisp) and compared their swelling dynamics
with those of experimental gels, which were pre-
pared by equilibrating the blank samples in the
alkaline drug solution (designated as HGequil). It
was found that the gels HGdisp showed almost the
same swelling capacity as that shown by the
blank gels. This contradicts our presumption that
the extensive water uptake of experimental drug-

Figure 4 Fractional release of riboflavin from HG (1.3)3.8 gels as a function of
(time)1/2 with varying pH: (�) pH 7.4, (F) pH 4.0, and (E) pH 2.0 at 37°C. Error bars
represent standard deviations for three experiments.
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loaded gels is due to the presence of a hydrophilic
drug. Therefore, higher water uptake of these
(HGequil) gels may be attributed to that loading of
the drug, by equilibrating the blank gels in an
alkaline drug solution, causes an appreciable in-
crease in the number of counterions inside the gel
phase.

The reason for the existence of a higher con-
centration of mobile ions inside the gel phase is
due to that, because the equilibration of the blank
gels was done in an alkaline solution, the ribo-
favin is incorporated into the gels in the form of
sodium salt. This produces a higher concentration
of Na	 ions and negatively charged drug mole-
cules inside the swelling drug-loaded device.

Hence, when these gels, after drying, are placed
in the release media of pH 7.4, the great swelling
osmotic pressure between the gel phase and the
external solution causes extensive swelling of the
drug-loaded device. To confirm this reasoning, we
equilibrated these (i.e., HGequil) drug-loaded gels
in different molar solutions of NaCl having ionic
strengths of 0.1, 0.2, 0.3, and 0.4M. It was found
that the percent equilibrium swelling of the drug-
loaded device decreased with increase in the ionic
strength. This confirms our argument that this
device contains a higher concentration of counte-
rions which ultimately play a significant role in
deciding the extent of swelling. However, it
should clearly be understood that this does not

Figure 5 Release of riboflavin from the sample HG (1.3)3.8 as a function of time;
release ( � � � ) for first 2 h in pH 2.0 and (—) for next 22 h in pH 7.4 at 37°C. Error bars
represent standard deviations for three experiments.
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indicate that the nature of the polymer (i.e., its
polyelectrolyte-type nature due to the presence of
the carboxylic groups of MA) does not play a key
role in governing the release behavior: If this
were true, then even at pH 2.0, the drug-loaded
sample should have demonstrated an appreciable
swelling capacity. However, this was not found to
be so. The gel showed minimum swelling (and
also drug-releasing capacity) in the solution of pH
2.0, thus confirming that the hydrophobicity pro-
vided by the presence of unionized carboxylic
groups played a key role in suppressing the swell-
ing and drug-releasing capacity of the device. Fig-
ure 7 also describes the release dynamics of the

drug-loaded sample (see the curve superimposed),
so that the water uptake of the drug-loaded and
blank hydrogel samples can be simultaneously
compared to show the drug-release dynamics.

To obtain more information about the possible
mechanism of drug release from the device, a
comparison of the swelling and release rates of
both loaded and blank samples is depicted in Fig-
ure 8, which clearly shows that the swelling rate
and release rate profiles of the drug-loaded sam-
ple exhibit similar morphology, that is, a clear
swelling-dependent release behavior is demon-
strated by the drug-loaded hydrogel. However, for
the unloaded sample, the swelling rate is not uni-

Figure 6 Riboflavin released from HG (1.3)4.6 gels as a function of time with varying
crosslinking ratios: (‚) 0.009, (F) 0.015, and (F) 0.023 in pH 7.4 at 37°C. Error bars
represent standard deviations for three experiments.
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form, but it decreases slightly with time as shown
in Figure 8. This suggests that, although the un-
loaded sample does not provide a uniform swell-
ing rate, the sample when loaded with riboflavin
gives zero-order swelling behavior. This is quan-
titatively supported by the swelling exponent val-
ues which are calculated to be 0.76 and 1.0 for the
plain and drug-loaded samples, respectively. Hence,
Lee and Kim’s observation that the nature of the
additive affects the swelling behavior of the hydro-
gels19 is not found to be true in the present study.

Mechanism of Drug Release

There are three primary mechanisms by which an
encapsulated drug can be released from a delivery
system: diffusion, degradation, and swelling fol-

lowed by the diffusion. Any or all of these mech-
anisms may occur in a given release system. In
diffusion-controlled release devices, the diffusion
of the drug may occur on a macroscopic level, as
through pores in the polymer matrix, or on a
molecular level, by passing between polymer
chains. For the diffusion-controlled system, the
drug-delivery device is fundamentally stable in
the biological environment and does not change
its size through swelling. As the present device
undergoes an appreciable change in the pH-de-
pendent swelling behavior and also in the drug-
releasing capacity, we expect that the release of
riboflavin must occur through a swelling-con-
trolled mechanism. A general mechanism for such
a type of a swelling-dependent release device may
be given as below.

Figure 7 (�) Release profile for the drug-loaded sample HG (1.3)3.8; (E) swelling
profile for an identical sample; (F) swelling profile for blank sample. All at 37°C in pH
7.4. Error bars represent standard deviations for three experiments.
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When the initially dry drug-loaded sample is
placed is the swelling media [Fig. 9(A)], the sol-
vent diffuses into the outermost surface of the
device with which it is in immediate contact, thus
causing the polymeric chains to undergo swelling
with a subsequent release of the drug into the
external media. Hence, a clear demarcation can
seen between the unswollen interior dry core and
the exterior swollen core. [see Fig. 9(B)]. As the
solvent fronts move toward the bulk of the gel, the
thickness of the unswollen core continues to de-
crease and finally disappears when the two sol-
vent ports from the opposite sides meet each other
in the middle [Fig. 9(C)]. After this, the polymer
chains are separated further due to the electro-
static repulsion among the carboxylate groups
along the macromolecular chains, thus causing
the gel to swell more with a simultaneous release
of the drug [Fig. 9(D)]. However, in the later stage
of this swelling process, the release rate becomes
very slow as the swelling approaches the limiting
value.

CONCLUSIONS

The release of riboflavin from the poly(acryl-
amide-co-maleic acid) hydrogels, as studied at the
physiological temperature of 37°C, exhibits a
strong pH-dependent release behavior, thus offer-
ing minimum release at pH 2.0 and maximum
release at pH 7.4. The pH-dependent release be-
havior is totally governed by the presence of
—COOH groups along the macromolecular
chains, which ionize at higher pH while providing
hydrophobicity to the gels at lower pH. Although
the hydrophilic nature of the drug riboflavin does
not contribute much toward the swelling (and,
hence, release) behavior of the device, due to the
loading of the drug by equilibration of the gel in
the alkaline solution of riboflavin, swelling of the
drug-loaded device, is appreciably enhanced. The
most significant part of the study is that a zero-
order release, extended over a half-lifetime (t1⁄2) of
the drug-loaded device was obtained, thus indi-
cating that the device is able to maintain a con-
stant drug level for a definite period, which is the

Figure 8 (E) Release rate versus time profiles for the drug-loaded sample HG (1.3)3.8;
(F) swelling rate versus time profile for an identical sample; (�) swelling profile for
blank sample. All at 37°C in pH 7.4.
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basic criteria for an optimal delivery system.
However, by varying the crosslinking ratio and
the amount of drug loaded, it may be possible to
achieve a therapeutic drug level for a particular
drug. Here, we would like to make it clear that
the proposed device maintains a constant drug
level only in our in vitro study. It is not possible to
predict its behavior in in vivo experiments until a
thorough investigation is carried out.

The proposed device has significant potential
to be used as an oral drug-delivery system for the
treatment of IBDs or even colon cancers as the
encapsulated drug will remain protected at pH
2.0 (which is the pH of the fluid in the stomach).
Another advantage with the system is that the
method of synthesis does not involve use of an
organic solvent or high temperature, and, hence,
it may be possible to load the drug into the gel at
the time of synthesis so that the probability of the

loss of drug activity will be minimal. However,
this is just our prediction and we have not verified
it experimentally.
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Figure 9 (A) Drug-loaded cylindrical device placed in
the swelling medium. (B) Outermost surface swelling
with the subsequent release of the drug, thus showing
a clear demarcation between the swollen core and dry
drug-loaded regions in the bulk. (C) When the solvent
fronts from opposite sides meet in the middle of the
device, the dry region disappears completely. (D) Re-
pulsion among negatively charged carboxylate groups
produced due to ionization of carboxylic groups causes
further relaxation and swelling, thus letting more drug
to come out of the device.
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