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Hydroxyurea (HU), also known as hydroxycarbamide, is an effective anticancer drug. The present work is based on partially cross-
linked chitosan with glutaraldehyde in the presence of hydroxyurea. The obtained embedded HU in the cross-linked matrix was 
evaluated as a controlled-release drug based on the swelling mechanism. The swelling study was carried out in simulated gastric fluid 
(SGF), simulated intestinal fluid (SIF), and deionised water. The % of swelling at equilibrium for the 0.25% crosslinking density after 
24 h of immersion was: 200, 150, and 100% in SGF, H2O and SIF medium, respectively. The concentration of the released drug HU 
from the chitosan matrix in the different media was determined by UV spectroscopy at λmax at 208.5 nm as a function of time. The 
release rate of HU from the matrix increases with the swelling rate of the partially cross-linked chitosan. The loading capacity of the 
prepared gel was 33.3% by weight. The loading capacity and the rate of HU release were found to be inversely affected by the high 
degrees of crosslinking and increased with increasing the degree of hydrogel swelling. In addition, the rate of HU release was higher 
at lower pH levels. The study showed that the HU released from the hydrogel matrices in SGF reached 75 and 88.3% of the loaded 
HU within 8 and 24 h, respectively. This is almost twice the reported value in the literature based on polyphosphate‐anion‐cross-
linked chitosan microspheres. 

Keywords: drug delivery; hydroxyurea; cross-linked chitosan; swelling mechanism; sustained-release; loading capacity; controlled 
release data.

INTRODUCTION

Hydroxyurea (HU) is one of the essential drugs commonly 
used for various cancer treatments, mainly breast cancer. Cancer is 
the next most common cause of death after heart disease. Cancer-
related deaths are projected to increase by 2030.1 The World Health 
Organization (WHO) list hydroxyurea (HU) as an essential medicine 
for cancer treatment due to its most effective therapeutic potential 
in health care systems.2 HU is an effective anticancer drug broadly 
used in treating head and neck cancer, chronic xylogenous leukemia, 
sickle-cell disease, cervical cancer, breast cancer, polycythemia vera 
and others.2-5 However, HU can have severe side effects, especially 
at high doses of pure substance or in combination with other drugs 
and treatments because it inhibits DNA production;6 causes acute 
chest syndrome, potential adverse and toxic side effects, nausea, 
liver toxicity, vomiting, diarrhea, hair loss, constipation, mucositis, 
increase blood urea, leukopenia and abnormal erythrocytes3 and 
rashes, leg ulcers.7 Due to these side effects and toxicity; extensive 
research studies have been fulfilled to overcome the side effects 
of HU, focusing on developing new drugs based on the controlled 
release formulations, suitable drug delivery systems for the HU 
at a predetermined dosage8 and developing suitable drug delivery 
vehicle for HU drug.9,10 Controlled-release drugs often involve the 
combination of the drug with other safe materials, such as organic 
polymers; natural or synthetic polymers, like chitosan (CH), sugars, 
starch, cellulose, proteins, glycolic esters, amides, polyvinyl alcohol, 
and others.11,12 Chitosan and its derivatives are one class of the most 
attractive polymers for the synthesis and formulation of controlled 
released drugs, favorable pharmaceutical material additives and 
medical and industrial applications. Chitosan and its derivatives have 
emerged as attractive polymers for the synthesis and formulation of 
controlled-released drugs and favorable pharmaceutical material 

additives due to their biocompatibility, biodegradability and ability to 
be easily modified and cross-linked as natural and modified polymer, 
nontoxic, antimicrobial, multi-functional, biodegradable, stable for 
sterilization, can be easily modified and linked to drugs and cross-
linked partially to form hydrogels by various cross-linking agents. 

Chitosan has gained significant attention in various fields due 
to its unique properties as a biopolymeric, natural, non-toxic and 
sterilizable, plus other properties.13-15 

Chitosan exhibits excellent biocompatibility with living tissues 
accordingly and can be used in a wide range of medical applications 
such as wound healing tissue engineering and drug delivery.16

Chitosan has antimicrobial properties due to its cationic nature 
and thus interacts with the membrane of the negatively charged 
microorganism. This makes chitosan applicable in food preservation, 
medical implants and wound dressing.17 Chitosan is biodegradable 
and sustainable, having advantages over synthetic polymers obtained 
from fossil fuels.18,19 Chitosan also has low immunogenicity20 and 
excellent water absorption and retention, making it an important 
natural hydrogel medium,21 with enhanced heavy metal binding 
properties due to its high amino group content.22

A number of researchers have extensively studied the polymers/
HU matrix.23 Chemical bonds between HU and a number of polymers, 
including tetramethylol urea, polyvinyl alcohol, carboxymethyl 
cellulose, and pectin. They studied the release of HU at various 
pH levels24 as well as a cross-linked chitosan matrix with sodium 
tripolyphosphate and sodium hex metaphosphate. They obtained 
maximum loading capacity at pH = 3 and 4.25 Successfully linked 
HU to albumen cross-linked with glutaraldehyde and found that the 
created particles were stable over time, thus extending the drug’s 
effects26 as a novel vehicle for cancer therapy, they loaded HU into 
a blend of chitosan/starch and investigated the slow release of HU, 
and they found that the release rate was higher at pH = 2.27 They 
also studied the slow release of HU loaded on a blend of starch 
nanocrystals/gum Arabic, and they concluded that the rate of HU 
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release in this system was higher at pH = 7.4 than pH = 4 and the 
blend enhanced the HU release rate. Based on the literature survey, 
the controlled release of HU from the partially cross-linked chitosan 
based on the swelling mechanism is not investigated. The swelling 
mechanism has the advantages of higher loading capacity and 
improved controlled drug release compared with drugs chemically 
bonded to the polymers category; accordingly, this research was 
planned and fulfilled.

EXPERIMENTAL SECTION

Materials and methods

Chitosan, with more than 85% degree of N-deacetylation, 
practical grade (from crab shells), and acetic acid, (analytical 
grade) were obtained from Sigma-Aldrich (USA). Glutaraldehyde 
was purchased as a 50% stock solution from Merck Chemical Co. 
(Germany). HU (pharmaceutical grade) was sourced from the Iraqi 
pharmaceutical industry.

Instrumentation

The instruments used for the characterization and evaluation of 
the HU release from the formulated matrix:

UV absorption spectrophotometer UV-1100 PerkinElmer was 
used in this study with 3.5 mL quartz cells between 200-700 nm. 
All the measurements were carried out at a controlled temperature 
(27 ± 2 oC)

Bruker FT-IR Affinity-1 spectrophotometer (at the College of 
Pure Sciences, Thi Qar University) was used for the characterization 
of the products.

X-ray diffractometer (Analytical X’Pert Pro MPD), Netherlands 
(at the College of Sciences, Basrah University). 

Electron microscopy (FEI Nova Nano SEM 450), Netherland (at 
the college of sciences, Basrah University).

Procedure

Preparation of the cross-linked chitosan matrix
A 50 mL round bottom reaction vessel fitted with a condenser, 

dropping funnel, and magnetic stirrer was charged with 1  g of 
chitosan and 10 mL of 2% acetic acid. The contents were mixed with 
a magnetic stirrer for 24-48 h or until a homogenous solution was 
obtained. Then 3 mL of 0.25% solution of glutaraldehyde in water 
were added dropwise within 20 min. Mixing was continued for 1 h. 
At the end of the reaction, sodium hydroxide solution (10%) was 
added dropwise with continuous mixing to neutralize the reaction 
medium. As a result, a viscous, partially cross-linked gel product was 
formed. The product was dried at 50 oC for 48 h, then the samples 
were characterized by IR and used in the evaluation of swelling 
experiments.

The reaction scheme was repeated using different weight ratios of 
glutaraldehyde/chitosan by changing the concentration of the added 
glutaraldehyde solution (0.25, 0.5, 0.75 and 1%) to obtain different 
degrees of crosslinking in order to evaluate the relationship between 
water absorption and degree of crosslinking.

Preparation of the hydroxyurea/chitosan cross-linked matrix
The cross-linked neutralized gel obtained in the previous 

section (before the drying step) was loaded with 500 mg of HU with 
continuous mixing for a further 30 min. The obtained gel/HU matrix 
in chitosan was dried at 50 oC for 48 h, then it was characterized by 
IR and used in the controlled release study.

Preparation of simulated gastric fluid (SGF) solution and 
simulated intestinal fluid (SIF) 

The solutions were prepared according to published literature.28

Swelling experiments
The swelling ability of the non-cross-linked and cross-

linked chitosan hydrogels with different degrees of crosslinking 
were evaluated by determining the percentage of swelling (S), 
Equation (1).29

	 %S = Wt − Wo/Wo × 100	 (1)

where, %S is the percentage of the swelling ratio; Wo is the weight 
of the dried chitosan sample. Wt is the weight of the chitosan swollen 
sample immersed in saline buffer at time t. 

Wo (g) of the dry sample was immersed for a definite period of 
time (t) in buffer solution at a specified pH. The sample was wiped 
with filter paper and weighed (Wt).

The weight at time interval was measured (Wt).
The swelling studies of the cross-linked chitosan in SGF at 

pH 1.2, SIF pH 7.2, and H2O pH 7 were carried out by adopting the 
same procedure.

The same procedure was applied to several samples of chitosan 
with different degrees of crosslinking. The sample with the lowest 
degree of crosslinking (crosslinking density 0.25), which gave a 
higher degree of swelling, was used in the controlled release study.

In vitro evaluation of HU controlled release
300 mg dry sample of partially cross-linked chitosan hydrogel 

(crosslinking density 0.25) loaded with 33% HU was immersed in 
50 mL of extracting medium (SGF, H2O and SIF) at a controlled 
temperature 27 ± 2 oC. Samples were taken into 3.5 mL quartz 
cells at several time intervals of 1-24 h. The UV absorbance was 
measured at λmax at 208.5 nm, and the concentration of the released 
HU was determined from the calibration curve of absorbance vs. 
concentration of pure HU in the same extraction medium. The 
concentration of the released HU as a function of time is shown 
in Figure 5.

RESULTS AND DISCUSSION

Characterization of the prepared hydrogel drug matrix by 
FTIR

Infrared spectra of the prepared hydrogels were analyzed using 
Bruker FT-IR Affinity-1 spectrophotometer in KBr discs from 4000 
to 400 cm-1. The FTIR study was carried out to identify the functional 
groups that are present in the hydrogels.

The infrared spectrum of chitosan, Figure 1, showed a band at 
3448 cm-1 related to the overlapping N−H and O−H stretching and the 
intramolecular hydrogen bonds. The vibration at 2924 and 2877 cm-1 
can be related to C−H symmetric and asymmetric stretching, 
respectively. There is a third distinct band for typical N-acetyl groups, 
and it is possibly overlapped by other bands; the band at 1597 cm-1 is 
related to the N−H bending of the primary amine. The CH2 bending 
and CH3 symmetrical distortions were confirmed by the presence of 
bands at 1396 and 1334 cm-1, respectively. The bands at 1095 cm-1 
correspond to C−O stretching.

The spectrum of the cross-linked chitosan with glutaraldehyde 
showed absorption bands at 2857 and 1459 cm1, reflective of the 
glutaraldehyde-cross-linked chitosan. The bands were relatively 
strong due to the absorption of aliphatic C−H. The new peak at 
1662 cm-1 is the shifting peak of 1643 cm-1 that characterizes imines 
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in Schiff’s base formed by the reaction of chitosan (amine) and 
glutaraldehyde (aldehyde).

The FTIR spectrum of the HU shown in Figure 2, exhibited O–H 
and N−H stretching vibration, which overlaps at 3425, 3317, and 
2821 cm-1, the band at 1643 cm-1 is related to the C=O group, the 
bands at 1593, 1489, and 1411 cm-1 are related to N−OH and stretching 
vibration of C−N group at 1107 cm-1. Similar absorption bands are 
observed in the spectra of the HU embedded in the matrix of the cross-
linked chitosan with glutaraldehyde shown in Figure 2 (red spectrum) 
with some shifts to higher wavelength as both consist of similar 
functional bonds as detailed in the previous section for the cross-linked 
matrix for the functional groups: amino, hydroxyl, carbonyl, hydrogen-
bonded OH and NH groups. The discussed characteristic bands in the 
FTIR spectra are in good agreement with literature.29

The X-ray diffraction pattern (XRD) of the produced partially 
cross-linked chitosan with glutaraldehyde is shown in Figure 3 (left), 
which reveals two significant peaks at 2θ = 20.2 and 48.75 which are 
typical for semi-crystalline chitosan. These peaks are related to the 
crystal structure of chitosan and are attributed to the high degree of 
crystallinity. The high crystallinity development within the polymer 
can be due to its structural regularity, polarity, presence of hydrogen 
bonding, and also to packing capacity of the polymer chains. On the 
other hand, the X-ray pattern of the HU/cross-linked matrix that is 
presented in Figure 3 (right) showed a broadening diffraction pattern 
at 2θ = 20.2 and 48.75. The broadening peak of the X-ray spectrum 
indicates some degree of disruption to the growth of the crystalline 
structures due to the new strong hydrogen bonding formed between 
HU and the partially cross-linked chitosan that is shown in Scheme 1 

Figure 1. FTIR spectra of chitosan (upper) and chitosan glutaraldehyde network (bottom)
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(represents the suggested structure of hydroxyurea embedded in the 
polymer matrix of chitosan linked with glutaraldehyde).

The SEM image shown in Figure 4 reveals that the partially 
cross-linked chitosan particles have a needle-like crystalline structure 
with a smooth surface (left). The SEM image of the HU embedded 
in the chitosan matrix shown in Figure 4 (right) indicates uniform 
and well-distributed HU within the polymer matrix.

The swelling and control release results

The obtained % swelling as a function of time at different pH 
media is presented in Figure 5.

The obtained results showed that the highest swelling ratio was 
observed with chitosan gel at the lowest degree of crosslinking 
(crosslinking density of 0.25). Figure 4 shows the effect of time on 

the % of swelling in different media. The % of swelling at equilibrium 
for the 0.25% crosslinking density after 24 h of immersion was: 200, 
150, and 100% in SGF, H2O and SIF medium, respectively. The 
swelling ratio of the cross-linked chitosan decreases with pH (higher 
in an acidic medium). This can be related to the increased hydrogen 
bonding between H2O molecules with amine and the hydroxyl groups 
of the chitosan, leading to an increase in the swelling ratio. The 
effect of crosslinking density on the swelling ratio of chitosan with 
glutaraldehyde has been investigated, and several kinetic parameters 
were reported.29 The obtained results on the effect of pH on the 
swelling ratios of the cross-linked chitosan are in good agreement 
with the reported data. The % swelling at equilibrium found in this 
study is much higher than the reported values in the literature,29 this 
could be related to the source of chitosan, molecular weight, degree of 
de-acetylation and the degree of crosslinking (crosslinking density). 

Figure 2. FTIR spectrum of hydroxyurea (blue), hydroxyurea embedded in the cross-linked chitosan matrix (red)

Figure 3. X-ray diffraction pattern of the cross-linked chitosan (left), and HU embedded in the chitosan matrix (right)
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The swelling ratio of the samples consisting of HU embedded 
in the cross-linked chitosan matrix was found to be pH-dependent. 
Figure 6 shows the HU release as a function of immersion time in 
different media. The HU release at equilibrium was in the following 
order: SGF > H2O and > SIF media. This behavior can be attributed to 
an increased positive charge in chitosan output due to converting the 
amine group to cations in the acidic media, enhancing the repulsion 
forces between the cationic charges and subsequently expanding the 
polymeric chains due to the electric repulsion.30 As a result, the swelling 
ratio in SGF, SIF, and H2O media increases with time and then stabilizes 
at the optimum absorption of H2O, as shown in Figure 5.

The slow release of HU from the cross-linked chitosan matrix 
in SGF, SIF and deionized water was investigated using UV-Vis. 
spectroscopy by measuring the absorption at λmax at 208.5 nm, 
adopting standard procedure.23 The total loaded HU on chitosan gel 
was 33.3% by weight. The results shown in Figure 6 indicate that 
75% of the HU is released within the first 8 h in the SGF, which 
is very interesting from a medication point of view as 8 h is the 
common dosage interval of most drugs and 88.3% of the loaded HU 
is released within 24 h.

Scheme 1. The suggested structure of hydroxyurea embedded in the cross-linked chitosan matrix

Figure 4. SEM image of (left) partially cross-linked chitosan with glutaraldehyde and (right) HU embedded in the chitosan matrix

The formed hydrogel was highly compatible with HU based on 
the obtained high loading capacity.

The HU release in the SIF medium is much lower at 8 h immersion 
time the HU release is 30.3 and 37.9% at 8 and 24 h, respectively. 

Figure 5. Swelling of the chitosan cross-linked network at different pH as a 
function of time
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Figure 6. Release of HU from the cross-linked chitosan matrix in SGF, SIF 
and water media

In the neutral medium, deionized water, the HU release is 50.5 and 
63.1%, at 8 and 24 h, respectively.

The loading capacity of HU found in this study is almost in the 
same range reported in the literature for polyphosphate‐anion‐cross-
linked chitosan microspheres.24 The rate of controlled release of HU 
is much higher almost twice the reported value mainly within the first 
8 h. The rate of release in SGF is 75% compared with 38%.

In conclusion, the concentration of HU (ppm) leached out from 
the cross-linked chitosan matrix at different pH as a function of 
time is in the following order in different media; SGF > deionized 
water > SIF. This can be related to the increase in the swelling ratio 
of the cross-linked matrix in different pH media. In other words, the 
rate of HU release depends on the rate of the matrix swelling as H2O 
enters the network and extrudes and expels the HU from the matrix. 
The enhanced release of HU from the matrix in acidic conditions 
can be due to the formation of positive ammonium ions in the 
acidic solutions, which increases hydrogen bonding with H2O. This 
phenomenon is a well-established principle in the controlled release 
of drugs according to the swelling mechanism.30,31

CONCLUSION

The partially cross-linked chitosan with glutaraldehyde formed a 
hydrogel polymer with H2O. The highest swelling ratio obtained was 
200%. The measured degree of H2O absorption depended on the degree 
of cross-linking. The formed hydrogel was highly compatible with HU. 
The rate of HU release was found to vary with the swelling rate. The 
rate of HU release was higher under acidic conditions, and the rate was 
in the following order in different media; SGF > deionized water > SIF.
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