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Abstract Radiation-induced copolymerization of butyl methacrylate/acrylamide
has been investigated. It was observed that as the irradiation dose increases, the
gelation percent increases and the maximum gelation % was achieved at irradiation
dose of 30 kGy. The equilibrium swelling studies of the prepared hydrogels at
various conditions were carried out in an aqueous solution. The pH sensitivity in the
range of 4-7.5 was investigated. It is found that the swelling behavior of Poly
(BMA/AAm) is higher than that of Poly(BMA) and Poly(AAm). Swelling kinetics
and diffusion mechanism indicate that the water penetration obeys non-Fickian
transport mechanism. The characterization and some selected properties of the
prepared hydrogels were evaluated using FTIR, XRD, TGA and SEM. The drug
release characteristics of the prepared hydrogel were studied using heparin as
example of anticoagulant drug. The drug release found to be governed by multiple
factors contributed by each composition of the prepared hydrogel including their
drug binding affinities and water uptake rates.

Keywords Radiation - Butyl methacrylate - Diffusion mechanism - Heparin
controlled release

Introduction

Controlled drug release hydrogels are designed to deliver therapeutical drugs to
desirable sites at appropriate time [1]. In recent years, stimuli-sensitive polymers
that respond to changes in environmental conditions, such as pH, temperature, salt,
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light, biomolecules, and electromagnetic field [2], have received extensive attention
for their unique advantages in applications for controlled drug delivery and so-
called intelligent biomaterials. The release of drugs from the smart delivery systems
can be triggered by the specific environments of some organs, intracellular space, or
pathological sites, leading to an enhanced specificity of drug delivery and less side
effects [3]. In addition to intelligent drug release behaviors, drug carriers with good
biocompatibility and appropriate biodegradability are preferred in practical
applications [4].

Ionizing radiation has long been recognized as a very suitable tool for synthesis
of hydrogels [5, 6]. Ionizing radiation is considered as a controlled process, that
can be used in preparation and sterilization of different hydrogels in one
technological step, that there is no necessity to add any initiators, crosslinkers, etc.,
which are possibly harmful and difficult to remove. This makes radiation method
is good choice in the synthesis of hydrogels, especially for biomedical use. Also
from the point of view of radiation chemistry, crosslinking of polymers, including
hydrogel formation, belongs to the most successful applications of this branch of
science.

Few researches found in chemical copolymerization of acrylamide with butyl
methacrylate hydrogel preparation [7-11]. The present work has focused on
radiation synthesis of hydrogel based on butyl methacrylate and acrylamide
individually and binary system. Also the details of their swelling and diffusion
characteristics as their response to external stimuli such as pH were investigated.
The drug release characteristics of the prepared hydrogel were studied using heparin
as example of anticoagulant drug.

Experimental
Preparation of Poly(BMA/AAm) hydrogels

Butyl methacrylate, acrylamide (both with concentration 50 wt%) and (BMA/AAm)
with comonomer composition (50:50 wt%) all dissolved separately in dimethyl
formamide (DMF) then transferred into test tubes and gamma irradiated for
preparation of Poly(butyl methacrylate), Poly(acrylamide) and Poly(butyl methacry-
late/acrylamide) hydrogels, respectively. The irradiation facility was constructed by
National Center for Radiation Research and Technology, Cairo, Egypt (Scheme 1).

Gelation percent
The prepared hydrogels were cut into small discs, dried and weighed. The samples
were extracted by hot distilled water at 80 °C for 8 h and then dried at 40 °C until a

constant weight. The gelation percent (G %) was calculated gravimetrically using
the following equation:
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Scheme 1 Represent the copolymerization of butyl methacrylate-co-acrylamide hydrogel by gamma
radiation

W,
Gel fraction = — x 100 (1)
Wo
where Wy and W, were the weight of dried sample after and before extractions,
respectively.

Swelling studies
Equilibrium swelling

The hydrogel discs were soaked in distilled water at room temperature. Swollen gels
removed from water, dried and weight for several time. The measurements were
continued until a constant weight was obtained for each sample (1500 h). The
weight swelling ratios percent (Q) at equilibrium was calculated using the following
equation:

- Wy

W,
Q = Equilibrium swelling = ’T
t

x 100 ()

where Wy is the weight of dried hydrogels and W, is the weight of the swelling gel at
equilibrium.

Swelling behavior at different pHs
The prepared hydrogel discs were soaked in buffer solution for (490 h) at different
pHs (4, 5 and 7.5) using buffer solution composed of citric acid/trisodium citrate

and sodium hydrogen phosphate/disodium hydrogen phosphate at 25 °C. The
swelling percent (S %) was determined from Eq. (2).
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Kinetic study of swelling

The progress of the water uptake process was monitored by determining the
swelling ratio of the hydrogel as increasing at desired time intervals. For kinetic
analysis of the results, Fick’s law was applied. The classifications of the diffusion of
water into the hydrogel are:

(i) Case I or Fickian diffusion occurs when the rate of diffusion is much less
than that of relaxation. When the hydrogel swells in the water, the swollen
hydrogel follows Fick’s law. Thus, the rate of swelling by Case I systems is
dependent on ¢'/* and the diffusion constant n = 0.5.

(i)  Case II diffusion (relaxation-controlled transport) occurs when diffusion is
very rapid compared with the relaxation process. In Case II systems,
diffusion of water through the hydrogel is rapid compared with the
relaxation of polymer chains. Thus, the rate of water penetration is
controlled by the polymer relaxation (n = 1).

(iii) Non-Fickian or anomalous diffusion occurs when the diffusion and
relaxation rates are comparable. Swelling depends on two simultaneous
rate processes, water migration into the hydrogel and the relaxation of
polymer chains (1 > n > 0.5)

The swelling/diffusion kinetic parameters, as diffusion coefficients (D), swelling
rate constant, diffusion constant () and maximum equilibrium swelling ratio, were
calculated using the dynamic swelling ratio values for the prepared hydrogels by the
following equations:

F = (M,/M,,) = Kt". 3)

In the above equation, F is a fraction of swelling due to the water uptake, M, are
the adsorbed water at time ¢ and M, are the adsorbed water at equilibrium, X is the
swelling constant, and n is the swelling exponent.

This equation was applied to the initial stages of swellings, and plots of (In F)
versus (In #) are shown in Fig. 5a, b, n and K were calculated from the slop and
intercept of the line, respectively, it is represented in Table 2 as a function of the
different pHs.

Fick’s first and second laws of diffusion adequately describe the most diffusion
processes. For the prepared hydrogel, the integral diffusion is given in the following
equation:

F = M,/My, = 4(Dt/II1?)* (4)

where D is the diffusion coefficient and L is the thickness of the sample. In Eq. (4),
the slope of linear plot between (M,/My) and ¢/ yields diffusion coefficient D.
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FTIR spectroscopic measurements

FTIR spectra were determined for the hydrogel using FTIR 6300, Jasco, made in
Japan in the range 400—4000 cm ™"

Thermogravimetric analysis (TGA)

TGA-50 Shimadzu, thermogravimetric analyzer (made in Japan) was used for the
measurements of TGA. The nitrogen flow rate was 20 mL/min and the heating rate
was 10 °C/min from ambient temperature up to 600 °C.

X-ray diffraction (XRD)

X-ray diffraction measurements were carried out for the prepared hydrogels at room
temperature, X-ray diffraction pattern was recorded in the range of diffraction angle
20 on Philips Pw 1730, and X-ray generator was equipped with scintillation counter.
The diffraction patterns were run with nickel filter (Cuka). A = 1.45 A. The X-ray
diffractograms were obtained using the following experimental condition: Filament
current = 28 mA, voltage = 40 kv, and scanning speed = 20 mm/min.

Scanning electron microscopy (SEM)

JEOL-JSM-5400 scanning electron microscope (made in Japan) was used for
investigating the pores structure and morphology of different hydrogels at high
magnification and resolution by means of energetic electron beam, before
examination the swollen hydrogels were freeze-dried using freeze dryer Modulyo
product from Jencons (scientific limited, England) and then coated with gold under
sputter.

Controlled release of heparin from hydrogels
Heparin loading

Heparin was loaded into different hydrogels by immersing the dry hydrogel discs
(1 mm thickness, 5 mm diameter and about 0.1 g weight) in Heparin solutions
which prepared using 1 mL of heparin sodium salt (which produced by ELNILE
pharmaceutical company) in 10 mL distilled water for each weighted hydrogel and
at pH = 7.4. Heparin was loaded into the hydrogels at the ambient temperature for
10 days. Before the immersion in the release medium, the weights of the discs were
measured.
Loading percent was calculated as:

Wdru g

Load % =———"——
Wpolymer + Wdrug

x100. (5)
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Heparin release

Heparin release from disc-shaped samples was conducted at ambient temperature
and pH = 7.4. Swollen discs were taken out of the loading solution and immersed
directly in the release medium of 10 mL buffer solution at pH = 7.4. The amount of
released heparin was measured by the UV-Vis spectrophotometer every 30 min
using the calibration curve at A, = 220 nm.

Ultraviolet spectroscopy (UV)

Determination of the heparin concentration was carried out using Milton Rot
Spectronic 1201 spectrophotometer at A;,x = 220 nm.

Results and discussion
Effect of irradiation dose on gelation %

The effect of the irradiation dose on the gelation % is shown in Fig. la and the
effect of different comonomer concentrations is shown in Fig. 1a, b. The observed
results show that as the irradiation dose increases the gelation percent (G %)
increases. This behavior may be attributed to the increase in the available free
radical concentration and higher degrees of crosslinking of the hydrogel structure
during copolymerization process [12, 13]. It was found that the optimum value of
the gelation percent (G %) occurred at irradiation dose 30 kGy, Then, the gelation
(%) was slightly decreased by increasing irradiation dose at 40 kGy, the gelation
(%). This can be attributed to the degradation of the crosslinking by effect of high
irradiation dose, where the rate of radiation degradation may be faster than that of
radiation crosslinking [14, 15]. From Fig. 1b, it was observed that as the
comonomer concentration increases, the gelation percent increases till level off at
60 wt%. This is may be due to above comonomer concentration 60 wt% the
solution become viscous and the formation of homopolymers Poly(AAm) and
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Fig. 1 Effect of a irradiation dose and b comonomer concentration on the gelation (%) of Poly(BMA/
AAm) (50:50) hydrogel at different comonomer concentrations and different irradiation doses kGy
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Poly(BMA) is faster than the copolymerization process where the formed free
radical upon irradiation recombine which each other to form homopolymers than
formation of Poly(BMA/AAm) [16-18].

Swelling behavior

Figure 2a represents the equilibrium swelling behavior of Poly(BMA/AAm) which
calculated by Eq. (2) as a function of time at different irradiation doses. It was
found that the swelling behavior decreases with the increase of irradiation dose, this
is due to increasing the crosslinking density which leads to narrow the pore size and
reduces the free spaces available for water retention [19]. Figure 2b represents the
swelling behavior of Poly(BMA/AAm) prepared at 20 kGy as a function of time at
different comonomer concentrations, it was found that the optimum comonomer
concentration is 50 wt% that it reach to the maximum swelling percent. The
swelling behavior continuously decreases with increasing the comonomer
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Fig. 2 The swelling behavior of a Poly(BMA/AAm) as a function of time at different irradiation doses,

b Poly(BMA/AAm) as a function of time at different comonomer concentrations and ¢ swelling behavior
of Poly(BMA), Poly(AAm) and Poly(BMA/AAm)
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concentration more than 50 %, this may be due to the great number of free radicals
that increase the crosslinking of chains in the hydrogel network [20]. From Fig. 2c,
it can be observed that the swelling behavior of Poly(BMA/AAm) with comonomer
composition (50/50 wt%) is higher than that of Poly(AAm) and Poly(BMA) with
comonomer concentration (50 wt%). This may be due to Poly(BMA/AAm) has
much lower gelation % compared with the other two types of hydrogels as
represented in Table 1.

Effect of pH on hydrogel swelling

The copolymer hydrogel undergoes significant change in its swelling capacity along
with change of the pH of the external media. Figure 3 shows the equilibrium

Table 1 The gelation % of Poly(BMA), Poly(AAM) and Poly(BMA/AAM) at irradiation dose (20 kGy)
and at 50 % comonomer concentration

Hydrogel Poly(BMA) Poly(AAM) Poly(BMA/AAM)
Gelation % 99.322 87.73 63.513
a
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Fig. 3 Relationship between the swelling (%) and time (h) for a Poly(BMA), b Poly(AAm) at
comonomer concentration 50 wt% ¢ Poly(BMA/AAm) at comonomer composition (50/50 wt%), and at
different pHs
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swelling behavior of the Poly(BMA), Poly(AAm) and Poly(BMA/AAm) hydrogels,
respectively, in buffer solution of different pHs (4, 5, 6, and 7.5). The results
indicate that the hydrogels show low swelling at pH 7.5. This may be due to
unionized butyl methacrylate and amide groups which led to low osmotic swelling
pressure and compact hydrogen bonding interactions which restricts the water
entrance [21].

However, when the hydrogels were placed in the medium of lower pH (4, 5), the
ionization of the amide group (O=C-NH™?) not only increases the osmotic swelling
pressure, but it also results in relaxation of the polymeric chains due to the repulsion
among similarly charged function group which contributes towards greater water
uptake [22].
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Fig. 4 Representation of fractional swelling ratio (f) of a Poly(BMA), b Poly(AAm) and ¢ Poly(BMA/
AAm) hydrogels
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Swelling kinetics and diffusion mechanism

The diffusion of water into the hydrogel was classified into three different types
based on the relative rates of diffusion and polymer relaxation as mentioned in
experimental part [22].

Figure 4 shows the relation between time and fraction of swelling due to the
water uptake. The diffusion constant (n) for the three different hydrogels
Poly(BMA), Poly(AAm) and Poly(BMA/AAm) is obtained from Fig. Sa—c, the
apparent diffusion coefficient D is obtained from the slope of the straight line. The
D values for the three hydrogels at different pHs have been analyzed for the
predication of the water transport mechanisms. The diffusion constant (n) values are
reported in Table 2 together with the other swelling parameters. From the results, it
can be concluded that water penetration may occur according to the non-Fickian
transport mechanism, since the values of the diffusion constant (n) range between
0.5 and 1.0 [23] that the anomalous diffusion occurs when the diffusion and
relaxation rates are comparable [24].
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Fig. 5 Representation of fractional swelling In(f) of a Poly(BMA), b Poly(AAm) and ¢ Poly(BMA/
AAm) hydrogels at time ¢ and at different pHs (4, 5, 6 and 7.5)
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Table 2 The value of swelling parameters for the different hydrogels, at different pHs and a dose
20 kGy

Different hydrogels pH D n k Eq swelling (%)
Poly(BMA) 4 291 0.654 —-9.30 13.78
5 3.344 0.611 —-9.35 41.67
6 6.386 0.582 —-9.74 36.2
7.5 5.309 0.519 —-7.25 17.5
Poly(AAm) 4 3.376 0.543 —10.03 44
5 2.116 0.513 —11.21 102.9
6 4.776 0.633 —10.37 65
7.5 4.130 0.641 —6.80 15.2
Poly(BMA/AAm) 4 4.106 0.582 -9.33 226.9
5 4.661 0.574 —8.37 126.8
6 4.316 0.556 -9.20 165.8
7.5 6.348 0.612 —8.86 178

It is noted that from the swelling and diffusion kinetic results of the prepared
hydrogels, it depends on the degree of crosslinking where high gelation percent
hydrogels are characterized by lower swelling compared to the hydrogels with lower
gelation percent.

FTIR analysis

Infrared spectroscopy was carried out to identify the chemical structure of the
prepared hydrogels. Figure 6a—c shows the IR spectra of Poly(BMA), Poly (AAm)
and Poly(BMA/AAm) hydrogels respectively. In case of Fig. 6a for Poly(BMA), the
peak observed at 1683 cm™' corresponding to the C=0 of the acrylate group of
butyl methacrylate and the peak around 2945 and 2875 cm ™' for (C—H) asymmetric
and symmetric in CH; and CH, group and the peak at 1440 cm™' represent a
bending vibration for CH, group.

In case of Fig. 6b for Poly(AAm), the peak around 2990 corresponds to
symmetric CH, group and the peak at 1690 cm™" corresponds to the C=0 group of
amide group. Also the broad peak at the range 3200-3740 corresponds to NH,
group of Poly(AAm).

In case of Fig. 6¢ for Poly(BMA/AAm), the peaks at 2945 and 2875 cm™'
represent the (C—H) asymmetric and symmetric in CH3 and CH, group, where the
peaks at 1375 and 1125 cm™' represent the bending vibration for CH, and CH;
groups. The broad absorption band at 3233-3750 cm ™" indicates the introduction of
the NH, groups onto Poly(BMA/AAm). Also, the broad peak appeared at
1683 cm ™!, which indicates the presence of carbonyl group of Poly(BMA/AAm).
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Fig. 6 FTIR spectroscopic
analysis of different hydrogels (a)
prepared at 20 kGy of

a Poly(BMA), b Poly(AAm) at
comonomer concentration 50 %
and ¢ Poly(BMA/AAm) at
composition (50:50 wt%)
hydrogels
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Thermogravimetric analysis

The TG curves and the rate of thermal decomposition (dw/df) of the different
hydrogels are shown in Fig. 7a—c. For Poly(BMA) Fig. 7a the first stage of weight
loss in the range between 100 and 180 °C which corresponds to moisture loss. The
second step, from 180 to 260 °C which attributed to the side chain loss, and finally
back have degradation at range between 260 and 470 °C with maximum loss at
400 °C.

The thermal degradation of the Poly(AAm) occurs via three-stage process which
represent in Fig. 7b. The first stage of weight loss in the range between 100 to
150 °C which may be attributed to the elimination of adsorbed moisture via
dehydration. The second stage of weight loss in the range from 150 to 230 °C
corresponds to the loss of ammonia [25]. The third stage occurred between 230 and
400 °C with a maximum weight loss rate at 300 °C which attributed to the main
chain scission process and complete depolymerization occurs.
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Fig. 7 TGA curves and the rate of thermal decomposition (dw/dr) versus the decomposition temperature
for a Poly(BMA), b Poly(AAm) hydrogels, ¢ Poly(BMA/AAm)

Figure 7c shows the thermal degradation of Poly(BMA/AAm) the first stage of
weight loss in the range between 100 and 170 °C which corresponds to the
elimination of moisture. The second step, from 170 to 250 °C which attributed to
the side chain loss, and finally third-stage degradation at range between 250 and
460 °C with maximum loss rate at 400 °C [25]. In a comparison, the Poly(BMA)
and Poly(BMA/AAm) hydrogels have slightly higher thermal stability than
Poly(AAm) and they degraded in a similar manner.

X-ray study

Figure 8a—c shows the X-ray diffractogram for Poly(BMA), Poly(AAm) and
Poly(BMA/AAm) hydrogels, respectively. From Fig. 8a—c, it was found that the
structure morphology of Poly(BMA/AAm) hydrogel shown in Fig. 8c has a
different character than the original Poly(BMA) and Poly(AAm). The intensity of
the peak of Poly(BMA/AAm) decreased and becomes more broad, therefore,
crystallinity decreased. This is due to the combination between partially
hydrophobic monomer (BMA) and partially hydrophilic AAm where the
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Fig. 8 XRD for a Poly (BMA),
b Poly (AAm) and ¢ Poly

(BMA/AAm) (a) Poly(BMA)

(b) Poly(AAm)
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combination increases the pore size which leads to disordering of the structure that
causes a drop in the degree of ordering of the formed hydrogel Poly(BMA/AAm).

Scanning electron microscope (SEM)

The scan electron microscope shows the morphology and the pore size of different
hydrogels. In our study, the observed results confirm the porous structure which had
resulted from the expanded structure after the swollen hydrogel samples were
freeze-dried.

Figure 9a—c represents the images of Poly(BMA), Poly(AAm) and Poly(BMA/
AAm) hydrogels, respectively.” It shows that the surface and morphology of the
prepared hydrogels are not smooth, where many globules and flaky structures are
observed.

The copolymerization of BMA and AAm increases the amount of pores of the
hydrogel due to the presence of carboxylate anion group of butyl methacrylate BMA
and amide group of AAm. The results are attributed to our mentioned results in the
swelling study that a highly expanded network can be formed by electrostatic
repulsions among the butyl methacrylate carboxylate anions (—-COO™) during the
polymerization process [26].
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Fig. 9 Scanning electron micrograph of a Poly(BMA), b Poly(AAm) at concentration 50 wt% and
¢ Poly(BMA/AAm) at (50:50) wt% comonomer composition, irradiation dose 20 kGy

Heparin controlled release from the prepared hydrogels

The objective of this study is using of the prepared hydrogels as heparin controlled
release polymers for the prevention of surface-induced thrombosis. Surface-induced
thrombosis occurs when a polymer surface contacts blood, stimulating the intrinsic
clotting pathway. One method to improve the properties of a blood contacting
surface is the application of heparin controlled release polymers [27, 28].

Heparin loading studies

Figure 10 shows that the heparin loading % of Poly(BMA/AAm) hydrogel is much
higher than that of both Poly(BMA) and Poly(AAm) hydrogels. Loading percent
will directly depend on the swelling properties of the prepared hydrogels [29],
where Poly(BMA/AAm) hydrogel exhibits more swelling percent than that of both
Poly(BMA) and Poly(AAm) hydrogels. This is due to the combination between
partially hydrophobic monomer (BMA) and partially hydrophilic AAm that this
combination increases the pore size which leads to more water diffusion towards the
hydrogel matrix which leads to increase of the loading percent of the heparin in
Poly(BMA/AAm).
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Fig. 10 The loading % values
of Poly(BMA), Poly(AAm) and
Poly (BMA/AAm) hydrogels
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Fig. 11 a Heparin release from Poly(BMA), Poly(AAm) and Poly(BMA/AAm) hydrogels as a function
of time (h), b the rate of heparin release from Poly(BMA), Poly(AAm) and Poly(BMA/AAm) hydrogels
as a function of time (h)

Heparin release studies

Heparin release from the prepared hydrogels was studied as a function of time. The
release profiles are represented in Fig. 11a, b. It is observed that an initial high
heparin release rate up to 2 h, followed by a significant slower rate (2-3 h) for all
prepared hydrogels is shown in Fig. 11. Also, it is noted that the drug release is
higher for Poly(BMA/AAm) hydrogel than that of both Poly(BMA) and
Poly(AAm). This is due to both lower gelation percent as shown in Table 1 and
high swelling as shown in swelling studies for P(BMA/AAm) hydrogel [24]. From
gelation study, moderate swelling behavior and uniform porous structure of
Poly(BMA) as well as its controlled drug release. Therefore, there is a possibility
to use the Poly(BMA) hydrogel loaded with heparin as example of anticoagulant
drug carrier [27, 28, 30, 31].

Conclusions

It can be concluded that the prepared hydrogels by direct radiation technique have
proved to be promising. The study indicating the radiation-induced polymerization
is a preferable (efficient, fast and inexpensive) methodology for the fabrication of
drug delivery system. The results show that the prepared materials possessed high
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thermal stability and good hydrophilic properties. The drug release found to be
governed by multiple factors contributed by each composition of the prepared
hydrogel including their drug binding affinities and water uptake rates. Therefore,
from the previous studies there is a possibility to use the Poly(BMA) hydrogel
loaded with heparin as example of anticoagulant drug carrier.
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