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Abstract
One of the important routes of drug administration for localized delivery of contraceptives and cervical cancer treatment
agents is vaginal canal. Due to the low pH of vagina, a pH-responsive drug delivery system was developed. This hydrogel
was synthesized based on a mucoadhesive biopolymer, chitosan (CS), that promotes the interaction between the hydrogel
and mucosal surface of the vagina, potentially increasing the residence time of the system. This injectable hydrogel was
formed via acid-labile Schiff-base linkages between free amine groups and aldehyde functionalities on modified chitosan. A
novel approach was taken to add aldehyde functionalities to chitosan using a two-step reaction. Two types of slow and fast
degrading hydrogels were prepared and loaded with iron (II) gluconate dihydrate, a non-hormonal spermicide, and
doxorubicin hydrochloride, an anti-cancer drug. The release profiles of these drugs at different pH environments were
assessed to determine the pH-dependent release mechanism. Mechanical properties, swell-ability and degradation rate of
these matrices were studied. The cross-linking density of the hydrogel as well as pH changes played an important role in the
characteristic of these hydrogels. The hydrogels degraded faster in lower pH, while the hydrogel with lower cross-linking
density showed longer gelation time and faster degradation rate compared to the gel with higher cross-linking density. In
vitro cytotoxicity assessment of these hydrogels in 48 h indicated the non-toxic effect of these hydrogels toward
mesenchymal stem cells (MSCs) in the test period.
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Graphical Abstract

1 Introduction

Progress in drug delivery has led to a wider choice of sites
for drug administration. Intravaginal administration is an
important route of drug delivery for local or systemic dis-
eases and contraceptives [1]. This mucosal route of drug
delivery allows women to self-administer contraceptives or
other medications [2, 3]. The vaginal epithelium is highly
permeable to small molecules and has a large surface area
with high vascularization, which has the ability to bypass
the hepatic first-pass effect [1, 4]. Localized vaginal deliv-
ery allows direct therapeutic action and reduces adverse
effects and frequency of the dosage taken while limiting
systemic drug toxicities by promoting the release of the
drug directly to the target site [5, 6]. Due to ease of access
and non-invasive implantation, vagina appears to be an
ideal route for drug administration, in particular for cervical
cancer treatment and contraception [2, 7]. Many different
vaginal formulations including gels, creams, pessaries,
suppositories, rings, films, and tablets have been developed
to deliver drugs for different applications such as contra-
ception and cancer treatment [8–10]. However, patient
compliance, adverse effects, practicality, and biocompat-
ibility are still the main concerns in the design of vaginal
drug delivery systems [11, 12].

Cervical cancer is one of the most common cancers
affecting women worldwide and it is particularly wide-
spread in developing countries due to the lack of prevention

programs [13, 14]. Many chemotherapeutic drugs including
paclitaxel, topotecan, 5-fluorouracil, docetaxel, mitomycin,
and doxorubicin hydrochloride (DOX) have been used to
treat cervical cancer [15–20]. Vagina provides an easy way
for the localized delivery of these chemotherapeutic drugs
to the cervix directly. Moreover, many contraception
methods such as condoms, intrauterine devices, spermi-
cides, oral pills, and injectable hormonal contraceptives are
available to women today. However, these methods are not
easily accepted by all users due to their inconvenience and
side effects such as increased rate of depression, weight
gain, nausea, and headache [21, 22]. In addition, hormonal
contraception may alter hormone levels, and possibly
increase the risk of cervical and breast cancer among
women who use this method for +5 years [23–25].
Therefore, non-hormonal contraceptives such as iron (II)
glyconate dehydrate (FeGl) have been employed as alter-
native contraception method with less side effects [25, 26].
There is a need for design of a safe intravaginal delivery
system with high acceptability among women to deliver
non-hormonal contraceptives and/or cancer treatment drugs
directly to the target site. The use of hydrogels for release of
therapeutic agents have been investigated extensively.
Depending on the intended site of use, these networks can
be designed to be thermos-sensitive, pH-responsive,
degradable, or mucoadhesive [27–30].

In the present study, a novel chitosan (CS)-based
hydrogel/insert was designed to deliver a non-hormonal
contraceptive, FeGl, and a cervical cancer treatment drug,
DOX, to the vaginal canal. It was hypothesized that CS
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interacts with mucosal surfaces (e.g., vaginal cavity)
through an interaction with charged sugar groups such as
sialic acid [31, 32], and therefore, hydrogels based on this
mucoadhesive polymer could reside in mucosal environ-
ment of vagina, which might result in a prolonged drug
release from these hydrogels [33, 34]. The hydrogels were
prepared based on Schiff-base chemistry berween a novel
aldehyde-modified CS and N-succinyl CS. Schiff-base lin-
kages can be cleaved via hydrolysis of the imine bond
especially at low pH. This ability to degrade at low pH is
useful in the degradation process of these gels inside vagina
since vaginal cavity has lower pH (4–4.5) compared to the
rest of the body (7.4) [35, 36]. Gelation kinetic, rheological
behavior, cytotoxicity, degradation, and swell ability of
these hydrogels were studied. The release profiles of FeGl
and DOX were also assessed in different pH environments.
The results showed that these hydrogels are pH-sensitive
and exhibited no toxicity toward MSC line. Degradation
and gelation time of these hydrogels depend on the cross-
linking density, which could be controlled by the density of
functional groups during the synthesis of precursors.

2 Materials and methods

2.1 Materials

Chitosan (CS, medium molecular weight, Mw: 190–310
kDa), dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), glycidol, acetic acid (6 N), sodium periodate,
DOX, iron (II) glyconate dehydrate (FeGl), thiazolyl blue
tetrazolium bromide (MTT), penicillin–streptomycin, and
trypsin-EDTA were obtained from Sigma-Aldrich, USA.
Succinic anhydride (99%) and sodium hydroxide were
acquired from Acros Organic, USA. Mesenchymal stem
cells (MSCs, passage 5), fetal calf serum (FCS), and
minimum essential media (MEM) was purchased from
Gibco and dialysis tubing was acquired from Spectra/Por
(MWCO 6000–8000 RC). All chemicals were used without
further purification.

2.2 Synthesis of precursors

A novel aldehyde-functionalized CS (Al-CS) was produced
in two steps. First, CS (10.0 g, 58.6 mmol) was dissolved in
a mixture of distilled water and acetic acid (200:3.0 ml).
Glycidol (11.0 ml, 164 mmol) was then added dropwise to
the solution at 60 °C and stirred for 20 h. The final mixture
was centrifuged at 2000 r.p.m. for 5 min at 30 °C to remove
the undissolved particles. The clear solution was pre-
cipitated in cold ethanol to remove unreacted glycidol
monomers. The filtrate was collected, re-dissolved in dis-
tilled water, and dialyzed against water for 24 h. After

lyopholization at −40 °C, glycidol-modified CS (G-CS)
was collected in 79% yield. In the next step, G-CS (5.0 g,
24.6 mmol) was dissolved in distilled water (100 ml) and
sodium periodate (5.0 g, 23.4 mmol) was dissolved in water
and added dropwise to G-CS solution. The mixture was
stirred at room temperature (22 °C) for 5 h and then dia-
lyzed against water for 48 h. After the lyophilization,
aldehyde-functionalized CS, Al-CS, was collected in 53%
yield.

CS was also modified with succinic anhydride to produce
a water-soluble derivative of CS, namely N-succinyl-CS
according to the previous reports [37, 38]. Briefly, CS (10.0
g, 58.6 mmol) was dispersed in DMF (200 ml) and succinic
anhydride (14 g, 140 mmol) was added to the mixture and
heated up to 125 °C for 5 h. The mixture was filtered and
washed with ethanol. The dried product was re-dissolved in
NaOH solution (5 w/v %, 500 ml) and stirred at 65 °C for
20 h under N2 protection. The final solution was filtered and
placed in dialysis tubing for further purification. Lyophili-
zation of the dialyzed solution resulted in N-succinyl-CS
production with 66% yield.

2.3 Hydrogel preparation

Individual solutions of Al-CS and N-succinyl-CS (3 or 5 w/
v %) were prepared in PBS (pH 7.4) buffer and mixed in
equal volumes (each 1 ml) at room temperature in 10 ml
syringe tubes with the tips cut off and left for 10 h to set.
Gel 3% was made by mixing Al-CS and N-succinyl-CS
with 3 w/v % concentration, whereas gel 5% was made by
mixing an equal volume of the Al-CS and N-succinyl-CS
with 5 w/v % concentration. The final shape of each
hydrogel was cylindrical with the following dimensions:
height: 2 cm, diameter: 1.2 cm. The Schiff-base reaction
between free amine groups of N-succinyl-CS and aldehyde
functionalities of Al-CS formed the cross-linked networks.
Formation of Schiff base or imine is a reversible reaction,
which is ideal for the degradation of hydrogel networks
especially at lower pH due to the sensitivity of imine bond
to the low pH [39, 40].

2.4 Characterization

Fourier transform infrared (FTIR) spectra were recorded on a
Bruker optic Alpha-p spectrometer with a diamond attenuated
total reflectance top plate. Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker AVANCEIII
spectrometer at 500MHz using D2O solvent at 30 °C. The
viscosity of the polymer solutions and gelation kinetic of the
resultant hydrogels were analyzed using a Thermo Haake
Rheostress (RS1, Thermo Electron Corporation, MA) at 37 °
C. The rheometer was equipped with a cone geometry (Ø=
20mm, 1° cone angle) and a Peltier plate. Apparent viscosity
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was measured over shear rate ranging from 1 to 100 (s−1),
using non-cross-linked precursor solutions. Gelation kinetics
for each hydrogel was studied by performing oscillatory time
sweeps at 10% radial strain and constant frequency of 1 Hz.
Equal volumes of the precursors were loaded onto the plate of
the rheometer and storage modulus (Gʹ) as well as loss
modulus (G″) were recorded.

2.5 Degradation and swelling

In vitro degradation and swelling measurements were per-
formed for both hydrogel sets in an aqueous medium at
different pHs (7.4 and 4.5) at 37 °C according to the pre-
viously reported procedures [27, 41]. The lower pH medium
represented the pH of vaginal cavity [35, 36]. Hydrogels
were prepared according to the method in ‘Hydrogel pre-
paration’ section. Each hydrogel sample was immersed in
buffer solution (50ml, pH 7.4 or 4.5) at 37 °C, and the
medium was periodically renewed with the fresh buffer. The
degradation study was carried out in triplicates (n= 3) using
a stainless steel basket shown in Fig. 4 and each group was
being utilized every day. The hydrogel samples were
removed from the buffer solution, lyophilized, and the
weight loss calculated. Swelling tests were carried out in
triplicates (n= 3). The dry gel samples were weighed and
immersed in a vial filled with PBS solution (pHs 7.4 and 4.5)
and incubated at 37 °C. The change in weight of the gels was
recorded at regular intervals by removing the gels from the
vial, blotting excess PBS, and then re-weighing [39].

2.6 In vitro cytotoxicity

MSC cells were grown in sterile 75 cm2 tissue culture flasks
in MEM, supplemented with 10 v/v % FCS, 1% penicillin–
streptomycin (10,000 mg/l). The cells were maintained at 37 °
C in a humidified atmosphere in the presence of 5% CO2/air
to reach a confluent layer. The cultured monolayer was
trypsinized and used for in vitro biocompatibility test. The
viability of MSC cells was evaluated in the presence of gel
3% and gel 5% using MTT assay [42]. Components of each
hydrogel set was prepared in MEM with related concentration
(0.5 ml). The solutions were placed inside culture inserts (8
µm pore size, BD Falcon, USA) and mixed to form the cor-
responding hydrogel [27, 39]. Once cross-linked, the inserts
were transferred to pre-seeded wells (0.5 × 105 cells/ml, 24-
well polystyrene plates) and the plate was incubated at 37 °C
and 5% CO2. The cell viability was determined after 48 h
incubation for each hydrogel set compared to the normal
growth control. After 48 h, the culture inserts and the media
were removed, and MTT solution (5 mg/ml, 250 µl) was
added to each well and incubated for 3 more hours. MTT was
metabolically reduced by viable cells to a blue-violet for-
mazan, which was then dissolved in DMSO (250 µl). The

absorbance of each well was measured at 570 nm to deter-
mine the number of viable cells using ultraviolet (UV) plate
reader (H1Synergy, BioTek). The following equation was
employed to calculate cell viability for each hydrogel [42],
where A is the absorbance of the corresponding wells at
570 nm.

Cell viability% ¼ Atest component � Ablank or media only

Anormal growth cells � Ablank or media only
� 100:

2.7 Drug loading and release study

Individual solutions of Al-CS and N-succinyl-CS were
prepared in PBS (pH 7.4) with two different concentrations
(3 and 5 w/v %). FeGl (50 mg) was dissolved in the solution
of Al-CS (1 ml) and the final solution was transferred to the
syringe mold and mixed with the N-succinyl-CS solution (1
ml) to form the cross-linked matrix. DOX was encapsulated
in the gel matrix in the similar fashion. Al-CS (1 ml) was
mixed with DOX (2 mg) and transferred to the mold to mix
with N-succinyl-CS and form the hydrogels loaded with
DOX. Hydrogels loaded with FeGl or DOX (n= 3) were
left for 10 h to set followed by immersing each gel in
separate medium (20 ml, pHs 7.4 and 4.5) at 37 °C. At
specific time intervals, the PBS was replaced with the same
amount of fresh buffer and was analyzed by a UV spec-
trophotometer (H1Synergy, BioTek). The media removed
from FeGl-loaded gels were analyzed at 380 nm, whereas
DOX-loaded networks were examined at 485 nm to deter-
mine the absorption and consequently the amount of FeGl
or DOX released from the hydrogels. The cumulative
release of these two drugs were calculated using their
calibration curves obtained from the various concentrations
of these drug solutions. Blank hydrogels, with no drug
loaded, were used as control samples in this study.

2.8 SEM images

Scanning electron microscope (SEM) images from freeze-
dried gels were obtained using JJEOL 2200FS scanning
transmission electron microscope JEOL Ltd, Tokyo, Japan)
operating at 15 kV and a Direct Electron DE-20 detector
(Direct Electron LP, California, USA) The lyophilized
hydrogel samples were mounted onto one large aluminum
specimen stub in puddles of liquid graphite, sputter-coated
with gold and palladium and imaged.

2.9 Statistical analysis

Data are expressed as the mean ± standard deviation (n= 3).
The results were statistically analyzed by one-way analysis
of variance with Bonferroni post-test and the statistical
significance was set at P ≤ 0.05.
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3 Results

3.1 Synthesis of precursors

Figure 1 shows the schematic synthetic routes of N-succi-
nyl-CS, G-CS, and Al-CS, and their 1H NMR spectra. In the
1H NMR spectrum of N-succinyl-CS, the signal centered at
1.9 p.p.m. corresponds to the proton of the acetyl group of
acetylated units of CS (labeled as h), while the peak at 2.8 p.
p.m. corresponds to the proton of the glucosamine ring
representing the number of free amine groups. The signals
between 3.3 and 3.9 p.p.m. can be attributed to the four
protons of CS backbone (labeled as b–e). The 1H NMR
spectrum of G-CS revealed complete modification of the
free amine groups through reacting with the epoxide. The
appearance of a broad signal between 2.5 and 3 p.p.m.
(labeled as f) corresponding to the protons of pendant group
in G-CS confirmed the formation of G-CS. The 1H NMR
spectrum of Al-CS shows new signals at 5.3 and 8.2 p.p.m.
that represent protons of aldehyde moieties in this polymer.
FTIR spectra of two precursors, N-succinyl-CS, and Al-CS,
are presented in Fig. 2. In FTIR spectrum of N-succinyl-CS,

the band at 1410 cm−1 is due to asymmetric stretching of –
COO− ions of N-succinyl-CS. This absorption band pro-
vides a direct indication of N-succinyl-CS formation. In
addition, a new peak of secondary amine emerged at 1550
cm-1 further confirmed the formation of N-succinyl-CS [43].
In the FTIR spectrum of Al-CS, the stretching band at 1720
cm−1, was related to C=O, conjugated aldehyde [27].

3.2 Rheological measurements

Viscosity values for Al-CS and N-succinyl-CS polymers
with two different concentrations (3 and 5 w/v %) are pre-
sented in Fig. 3a. In general, viscosities of Al-CS solutions
(3 and 5 w/v %) were slightly lower compared to the N-
succinyl-CS solutions. This could be due to a two-step
reaction process to synthesize Al-CS including an oxidation
step. Chemical modification of the polymers might result in
degradation and reduction of final molecular weight of the
polymer, which consequently impacts the viscosity of
materials. The viscosity of 5 w/v % N-succinyl-CS is higher
than the 3 w/v % solution as expected [42]. Gelation
kinetics for gel 3% and gel 5 % were studied by oscillating a

Fig. 1 a Schematic synthetic
route of N-succinyl-CS and Al-
CS using succinic anhydride,
glycidol, and sodium periodate,
respectively. b Proton NMR
spectra of the N-succinyl-CS,
glycidol-modified chitosan (G-
CS), and aldehyde-modified
chitosan (Al-CS) in D2O solvent
at 30 °C
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shear force during the cross-linking process (Fig. 3b, c).
Storage modulus, G′, and loss modulus, G″, were measured
for 15 min at 37 °C. At the very beginning, in both gel 3%
and gel 5%, Gʹ was lower than Gʹʹ and the systems behaved
like viscous fluids. Formation of the cross-linked network
over time, resulted in a speedy rise of G′ and G″. The cross-
over point between Gʹ and Gʹʹ (Gʹ > Gʹʹ) is known as the
gelation time and was observed for the gel 5% at 43 s, while
it was at 77 s for the gel 3%.

3.3 In vitro hydrolytic degradation and swelling
tests

Hydrogels with potential biomedical applications would be
exposed to biological fluids, therefore, it is important to
study their swelling behavior. Swelling ratio depends on the

nature of the polymer and their ability to expand, degree of
cross-linking as well as external factors such as temperature
and pH [27]. Figure 4 illustrates the results of swelling
studies in different pHs (7.4 and 4.5) for gel 3% and gel 5%.
Overall, the swelling index increases with time, first rapidly
and then gradually, reaching the maximum constant swel-
ling in almost 2 h for both gels. It was observed that gel 3%
with lower cross-linking density showed higher amount of
water adsorbed, while both gels in lower pH medium had
slightly higher swelling ratio compared to the gels in neutral
medium (pH 7.4). This could be due to ionization of
unreacted amine groups on N-succinyl-CS in lower pH,
which affect the swelling index of the gels in acidic con-
dition [44]. Figure 4 also shows the degradation profiles of
these networks. Gel 3% with lower degree of cross-linking
degraded faster than gel 5% as expected. Both gels show

Fig. 3 a Viscosity values vs
shear rate for the components of
both hydrogels at 37 °C. b Time
sweep performed on
components of gel 3% and c gel
5% (right), at 37 °C and 1 Hz
frequency. The cross-over point
of Gʹ and Gʹʹ is defined as the
gelation time

Fig. 2 FTIR spectra of N-
succinyl-CS (left) and Al-CS
(right)
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faster degradation rate in pH 4.5 (representing pH of
vagina) compared to pH 7.4 medium. This is due to the
sensitivity of Schiff-base linkages to acidic conditions.
Schiff-base linkages are cleaved via hydrolysis of the imine
bond especially at low pH [27, 39, 40].

3.4 In vitro cytotoxicity test

Figure 5 shows the viability of MSC cells after being
exposed to the hydrogels for 48 h. Both hydrogels, gel 3%
and gel 5%, exhibited >80% cell viability and are con-
sidered non-cytotoxic (International Organization for

Standardization, Part 5: Tests for in vitro cytotoxicity of
medical devices, ISO 10993-5:2009 guidelines) [42].

3.5 In vitro release of FeGl and DOX

Hydrogels loaded with either DOX or FeGl were prepared
according to the method described in section 2.7. The
cumulative release of DOX and FeGl was calculated indi-
vidually and plotted vs time intervals for gel 3% and gel 5%
at 37 °C in two different media (pHs 7.4 and 4.5). The
calibration curves were plotted by measuring the absor-
bance of different concentrations of FeGl and DOX, indi-
vidually at 380 and 485 nm, respectively (Fig. 6). These
calibration curves were used to calculate the amount of
FeGl and DOX released from the gels in the specific time
intervals.

Figure 7 shows the release profiles of FeGl from gel 3%
and gel 5% in two different media (pHs 7.4 and 4.5) at 37 °
C (chemical structure of FeGl is shown in Fig. 8b). For
FeGl, the release was completed from gel 5% at pH 7.4,
almost in 42 h. This time was shorter for gel 3% at pH 4.5
with only 10 h. Figure 7 also represents the release profile of
DOX from gel 3% and gel 5% in two different media (pHs
7.4 and 4.5) at 37 °C. Compared to FeGl, a much steadier
release profile was seen for DOX from gel 3% and gel 5%.
DOX was released completely from gel 3% at lower pH in
about 72 h, whereas the release time from gel 5% at neutral
pH was reported in almost 132 h.

In Fig. 8, the formation of hydrogel via Schiff-base
between aldehyde functionalities and free amine groups is
shown. The imine bonds also form between aldehyde
functionalities of Al-CS and amine groups of DOX mole-
cules resulting in DOX-polymer conjugation. This is a
reversible reaction and the link is hydrolyzed to release
DOX molecules without changing its chemical structure. In
contrast, no chemical interaction between FeGl molecules
and polymer chains was expected.

3.6 SEM morphology

The hydrogels without loaded drugs were prepared, freeze-
dried, and their cross-section morphology are shown in Fig.
9. The freeze-dried hydrogels clearly exhibited the presence
of porous structures, which somewhat are artifacts of the
drying process. Nevertheles, the porosity in these structures
might provide room to accommodate the drug molecules
inside these matrices.

4 Discussion

CS has low solubility in neutral pH (7.4) and in order to
obtain a water-soluble precursor and prepare hydrogels, CS

Fig. 4 Swelling test and weight loss study for gel 3% and gel 5% in
pHs 4.5 and 7.4 at 37 °C (n= 3). A 10 ml syringe tubes with the tips
cut off was used as a mold for hydrogel fabrication and a stainless steel
assembled into a basket shape was used to immerse the gels in medium
to measure the degradation rate

Fig. 5 Cell viability results using MTT assay when the statistical
significance was set at P ≤ 0.05. MSC cells showed >80% viability
when exposed to gel 3% (P= 0.204) and gel 5% (P= 0.258)

Journal of Materials Science: Materials in Medicine          (2018) 29:158 Page 7 of 11   158 



was modified by succinic anhydride to produce N-succinyl-
CS [45]. N-succinyl-CS is an acyl derivative of CS that is a
biocompatible, biodegradable, and highly pH-sensitive [46].
The negatively charged carboxylate ions in N-succinyl-CS
promote the mucoadhesive properties of this polymer [47].
This is an important asset in the design of current intrava-
ginal drug delivery system, Since the vaginal cavity is a
mucosal route of delivery [48], a hydrogel based on
mucoadhesive polymers such as N-succinyl-CS could
adhere to this route and potentially increase the residence
time of the system in the vagina. N-succinyl-CS also pos-
sesses free amine groups available to bond with aldehyde

functionalities through a Schiff-base reaction to form a
cross-linked network (Fig. 8). To synthesize an aldehyde-
functionalized CS, a novel two-step reaction was carried
out. The first step was to solubilize CS using glycidol in
which the amine groups of CS reacted with the epoxide to
produce G-CS containing two neighboring hydroxyl
groups. These neighboring OH groups were then oxidized
using sodium periodate to introduce aldehyde functional-
ities on CS backbone and produce an aldehyde-
functionalized precursor, Al-CS. FTIR and 1H NMR spec-
tra confirmed the production of the precursors, N-succinyl-
CS, and Al-CS.

Fig. 6 Calibration curves for DOX and FeGl. Absorbance for different
concentrations of DOX and FeGl was measured at 485 and 380 nm,
respectively, to acquire a linear correlation. The trend-line equations

were used to calculate the amount of drug released from each gel in
release studies

Fig. 7 The release profile of FeGl (up) and DOX (down) from gel 5%
and gel 3% in different media (pHs 7.4 and 4.5) at 37 °C. Photos on
the right show gel 3% loaded with FeGl (up) at time= 0 and DOX
(down) at time= 0 of the release profiles (n= 3). Syringes with the
tips cut-off were used as molds for hydrogel fabrication

Fig. 8 a Formation of DOX-loaded hydrogel. Some of the aldehyde
functionalities on Al-CS react with the free amine groups of DOX
molecules via Schiff-base to obtain DOX-polymer conjugation and
some of the aldehydes react with free amine groups of N-succinyl-CS
to form the cross-linked network. The resultant hydrogel contains
some free DOX molecules encapsulated in the matrix as well as some
DOX conjugated to the polymer backbone. b The chemical structure
of FeGl, non-hormonal contraceptive
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Hydrogel formation through Schiff-base linkages was
monitored using rheological analyses, where the values of G
′ and G″ were recorded over 15 min. Longer gelation time
for the gel 3% (77 s) was due to a lower concentration of the
precursor solutions, which resulted in lower cross-linking
density and longer reaction time compared to gel 5% (43 s)
with higher density of aldehyde functionalities and free
amines in the solution. Formation of these hydrogels in
seconds demonstrates their ability as injectable hydrogels,
also known as in situ-forming networks. Altering the con-
centrations of the precursors will affect the cross-linking
density and subsequently impact the gelation time of these
injectable systems. The results from degradation and swel-
ling studies showed that these hydrogels are pH-responsive
systems, which could degrade faster in environments with
low pH (4.5) such as vagina. This is due to the presence of
pH-sensitive imine linkage that hydrolyze rapidly at low pH
[27, 39, 40].

Figure 7 shows the results of release studies for two
different therapeutic reagents. Gel 3% has a lower cross-
linking density than gel 5% and could offer a faster release
of FeGl molecules through the matrix. Another reason for
faster release of FeGl from gel 3% at lower pH is the nature
of imide linkages that would hydrolyze faster in lower pH
(4.5) than neutral medium (pH 7.4). The effect of hydrolysis
was confirmed by degradation rate of each gel when gel 3%
at lower pH and gel 5% at neutral pH were degraded in 6
and 11 days, respectively. Gel 5% in lower pH and gel 3%
at neutral pH showed almost similar release profiles for
FeGl where cumulative release was 100% after 24 h. In all
cases, the burst effect can be observed for the first 12 h of
the release of FeGl. This initial fast release may be due to
the penetration of water molecules into the networks, as
explained by swelling behavior, and consequently increas-
ing the volume of matrices creating paths for FeGl mole-
cules to escape. Longer release time of DOX compared to
FeGl can be explained by the conjugation of DOX mole-
cules to Al-CS (Fig. 8). The DOX-polymer conjugation

could be responsible for the delay in the release time.
Although, DOX was released in longer time compared to
FeGl, all the gels showed the same pattern for release.
Overall, gel 3% at low pH (4.5) showed the fastest release
time for both DOX and FeGl while gel 5% at neutral pH
demonstrated longer time to release DOX and FeGl. This
was expected as imine linkages are more sensitive to lower
pH and hydrolyze faster in this environment. Also, the
cross-linking density plays an important role in the release
profile where the hydrogel with higher cross-linking density
(gel 5%) showed longer release time compared to gel 3%
with lower cross-linking density. These results were in
agreement with degradation rate of the hydrogels at differ-
ent pHs where gel 5% at neutral pH showed the longest
degradation time [39, 49].

Fast release of therapeutic reagent from hydrogels might
be undesirable for many treatments, however, a fast release
profile for FeGl, a non-hormonal contraceptive, could be
beneficial as it acts immediately and locally. The FeGl-
loaded hydrogel can be positioned prior to intercourse in the
vagina to release the spermicide agent. This non-hormonal
contraceptive agent is proved to cause structural damage to
sperm and reduce its metabolic activity [25, 26, 50–52]. It
targets the sperm tail and induces lipid peroxidation. Free
oxygen radicals produced during this process result in cell
damage [51, 53]. High level of fatty acids present in human
sperms make these cells susceptible to the free radical
species upon exposure to FeGl. This leads to a constant
formation and decomposition of lipid peroxides and even-
tually causes structural damage, a decline in metabolic
activity, and spermiostatic effects on sperm [26, 53]. On the
other hand, longer release period of DOX from hydrogels
compared to FeGl might be useful as DOX is a cancer
treatment drug that eliminates cancerous cells locally in a
long period of time. These hydrogels showed no significant
toxicity toward MSC cell line after 48 h exposure to the
cells, which proves the safety of these CS-based hydrogels
for further in vivo studies.

Fig. 9 SEM images of gel 3%
(left), gel 5% (right) operating at
15 kV
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5 Conclusion

Two sets of injectable hydrogels with different cross-linking
densities were prepared via Schiff-base linkages. These
imine bonds are pH-sensitive and hydrolyze faster in lower
pH. Taking advantage of the low pH of vaginal canal, these
hydrogels were designed to function as inserts for intrava-
ginal delivery of therapeutics. The matrices were loaded
with a common cervical cancer drug, DOX and a non-
hormonal contraceptive, FeGl. The users could position
these hydrogels in the vagina either prior to intercourse to
release the spermicide agent or to release DOX at tumor
site, directly. There is no need for removal of these devices
after their functions as they are degradable, which could
increase their acceptance among the users. Although a more
in-depth cytotoxicity study employing more appropriate cell
line as well as mucoadhesive assessments are expected, it is
concluded that fast release of the spermicide and sustained
release of DOX from these pH-sensitive hydrogels make
them promising candidates for localized delivery of ther-
apeutic agents through intravaginal administration.
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