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ABSTRACT: We herein report the preparation of hydrogels by the Ag+ ion
induced assembly of cytidine and boronic acids. These hydrogels, presumably
formed by an i-motif like arrangement of cytidine and its boronate ester
analogues, possess excellent thixotropic and self-healing properties. The
hydrogels exhibit potent antimicrobial activity that can be tuned by varying the
functional groups in their boronic acid component. These hydrogels could �nd
potential use as antimicrobial agents and stimuli-responsive drug delivery
systems.

KEYWORDS: antibacterial, cytidine, self-healing, silver acetate, stimuli responsive, thixotropic

Supramolecular hydrogels composed of gelators having low
molecular weight have found potential applications in drug

delivery, sensing, catalysis, and tissue engineering.1�4 Due to
their reversible and modulable nature, these hydrogels have
also emerged as interesting alternatives for the fabrication of
antimicrobial materials that can be used in surgical dressings
and in wound �llings.5�9 These macromolecular systems have
been considered as e�cient antimicrobial agents because,
unlike traditional antibiotics that act on intracellular targets
without a�ecting the microbial morphology, these antibacterial
hydrogel systems disrupt the microbial membrane of the
bacteria.9 Nucleosides, carbohydrates, and peptides are
promising precursors for the construction of biocompatible
supramolecular hydrogels.10,11 They undergo self-assembly via
noncovalent interactions like hydrogen bonding and ���
interactions to form the hydrogel network.10�15 Among
nucleosides, the capability of guanosine to form gels by self-
assembly has been well explored11�15 since the �rst report by
Bang et al. in 1910.12 However, very few studies have focused
on gel formation by self-assembly of other nucleosides.15

Besides guanosine, cytosine is also known to self-assemble
via non-canonical hydrogen bonding and ��� interactions to
form an intercalated motif or the “i-motif”.16�20 Observed for
the �rst time by Gehring, Leroy, and Gue�ron, the i-motif is a
tetrameric structure composed of two parallel DNA duplexes
held together in a head to tail pattern by intercalated
hemiprotonated cytosine�cytosine base pairs.16 The elemen-
tary unit of a i-motif structure is a base pair involving one
protonated cytosine (positively charged at the N3 position)
and one deprotonated (neutral) cytosine.16�20

Very recently, it has been shown that i-motif formation can
be induced by Ag+ cations at a physiological pH.21�26 We
herein report the preparation of hydrogels from the silver
acetate stabilized assembly of cytidine (1) and arylboronic
acids.27 The hydrogels consisting of an i-motif like assembly of
the cytidine and its boronate ester analogues show tunable
antibacterial properties.

� MATERIALS AND METHODS
Materials. Cytidine, boronic acids, silver acetate, crystal violet,

rose bengal, XTT, PMS, kanamycin, and doxorubicin were purchased
and used directly from the bottle. Autoclaved Milli-Q water with a pH
of 7.4 was used in all experiments. The following bacterial strains were
used: Staphylococcus aureus (ATCC 25923), Pseudomonas aeruginosa
(ATCC 27853), Escherichia coli (ATCC 25922), Streptococcus
pneumoniae (ATCC 49136), Klebsiella pneumoniae (human urine),
and the multidrug-resistant strain of Morganella morganii (human
urine). The M. morganii strain is resistant to drugs cefoperazone/
sulbactum, levo�oxacin, and minocycline.

Preparation of the Hydrogels. A 0.5 mL aqueous suspension of
cytidine C (15 mg, 0.061 mmol), boronic acid, (0.061 mmol, 1.0
equiv), and silver acetate (4.5 mg, 0.030 mmol, 0.5 equiv) was heated
at 50�60 °C until a clear solution was obtained. (Overheating
resulted in a turbid solution that did not form e�cient gels.) The
resulting solution was then allowed to cool down to 30 °C and stored
away from light. Gelation was slow and was observed after standing
the solution for a period of 2 days at 30 °C and after a period of 5
days when incubated at temperatures lower than 30 °C. The
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conditions for the formation of a stable hydrogel were optimized by
varying the ratios of phenylboronic acid, cytidine, and silver acetate
(Table S1).

Gels were also prepared with a variety of boronic acids (1:1:0.5
ratio of cytidine/boronic acid/silver acetate) to investigate the
versatility of the process of gel formation. Gelation occurred with 4-
formylphenylboronic acid, 4-methoxyphenylboronic acid, 4-carbox-
yphenylboronic acid, 9-phenanthracenylboronic acid, and 4-pyridi-
nylboronic acid. The pH of these gels was found to be �5.5.

Determination of the Ionic Nature of the Hydrogel.
Cytidine�phenylboronic acid hydrogels (0.5 mL each) were
incubated with 100 �L of 10 mM rose bengal and crystal violet
solutions, respectively, to observe selective absorption of dye by the
hydrogel.

Self-Healing Properties of the Hydrogel. A block of a one
month old hydrogel was cut into two pieces and kept in contact with
each other in the absence of any external force.

Antimicrobial Activity. The antibacterial property of the
hydrogel was assessed by determining the lowest concentration of

the hydrogel, at which no visual growth of bacteria was observed or
minimum inhibitory concentration (MIC); using broth microdilution
assay. Antibacterial properties of the cytidine-derived hydrogels were
determined against both Gram-positive (S. aureus and S. pneumoniae)
and Gram-negative (E. coli, P. aeruginosa, K. pneumoniae, and M.
morganii) bacteria. Di�erent bacterial strains were cultured for 6 h in
suitable media containing �109 CFU mL�1 (determined by the spread
plating method). These were then further diluted to 105 CFU mL�1

using appropriate media. The standardized bacterial suspensions were
then inoculated with increasing concentrations of the hydrogels along
with those of the antimicrobial control kanamycin. The suspensions
were then incubated at 37 °C for a period of 24 h and the OD values
measured at 600 nm using a Multiscan FC ELISA reader (Thermo
Scienti�c). The concentration of a respective hydrogel, for which no
visible growth of bacteria was observed and the OD value was found
to be nearest to the control, was considered as the MIC for that
hydrogel. MIC values reported are an average of the data obtained
from three independent experiments, and each experiment has been
performed three times.

Scheme 1. Formation of Cytidine�Boronic Acid Hydrogels by Self- Assembly of Dimers of Cytidine Derivatives
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Cell Culture. Adult human normal kidney epithelial (NKE) cells
were cultured using high-glucose media containing 10% FBS and 1%
penicillin�streptomycin. Cells were expanded when they reached 70�
80% con�uency.

Cytotoxicity Analysis of the Di�erent Cytidine Hydrogels.
Cytotoxicities of di�erent cytidine hydrogels in human normal kidney
epithelial cells were evaluated using an XTT assay. The NKE cells
were cultured at 37 °C in a 5% carbon dioxide (CO2)/95% air
atmosphere in tissue culture plates containing 4× 105 cells/well. XTT
is a colorless or slightly yellow compound, which is metabolically
reduced to give a bright orange color in live cells. The cells were then
treated with di�erent concentrations (5, 12.5, 25, 50, 100, and 500
�g/mL) of cytidine gel and incubated for 24 h. A solution (25 �L)
containing 1 mg/mL of XTT and 3 mg/mL of PMS was added to 100
�L of the cell culture medium into each well. PMS was added to
enhance the reduction reaction for better detection. The absorbance
(A) of formazan dye was recorded at 450 nm using a microplate
reader. The percentage of viable cells was determined by the following
equation. IC50 values of the individual gel components were also
calculated.

viable cells (%) absorbance of treated cells
absorbance of untreated cells

100= ×

SEM Analysis of PBA Gel Treated E. coli Bacteria. E. coli was
grown at mid log phase (0.5 McFarland standard) and incubated in
the absence and presence of PBA gel at a concentration of 3 times the
MIC value at standard culture conditions. The bacterial cells were
then centrifuged at 5000 rpm for 3 min and washed two times with
PBS bu�er. Next, the bacteria were �xed with 2.5% glutaraldehyde at
4 °C for 1 h. They were then washed with PBS and dehydrated by
washing in increasing concentrations of ethanol (50, 70, 80, 90, and
100% for 10 min) at room temperature. The samples were then drop
casted on slides and then mounted on gold coated aluminum stubs.
The changes in morphology of the E. coli cells were visualized using a
FESEM (JEOL, JSM 6700F) operating at 1 kV.

Hemolytic Assay. The hemolytic activity of the cytidine hydrogel
was determined against RBCs obtained from freshly drawn,
heparinized human blood. Suspensions of human red blood cells
were incubated with serial dilutions of the cytidine hydrogel. PBS
bu�er was used as negative hemolysis control and Triton X-100 (1%
v/v) was used as positive hemolysis control. The plate was incubated
at 37 °C for an hour and was then centrifuged at 3500 rpm for 5 min.
100 �L of the supernatant �uid was then put into a fresh micro titer
plate and absorbance at 540 nm was recorded using a Multiscan FC
ELISA reader (Thermo Scienti�c). The percentage of hemolysis was
determined by the equation (A � A0)/(Atotal � A0) × 100, where A is
the absorbance observed for the test well, A0 the absorbance observed
for the negative controls, and Atotal the absorbance observed for 100%
hemolysis wells, all at 540 nm. The HC50 values and errors reported
are averages and standard errors of mean obtained from three
independent experiments, respectively.

� RESULTS AND DISCUSSION
The phenylboronic acid hydrogels were prepared by heating an
aqueous suspension of cytidine (1 equiv), phenylboronic acid
(1 equiv) and silver acetate (0.25�1 equiv) at 50�60 °C to
obtain a transparent and colorless solution that was cooled
down to 30 °C. Gelation was slow and was observed after
standing the solution for a period of 2 days at 30 °C (Scheme
1, Figure S1; gelation was slower below 30 °C). A weak gel was
obtained by using 0.25 equiv of Ag+, while stronger gels were
obtained on preparing gels with higher equivalents of Ag+ (0.5,
0.75, and 1 equiv). While the gel prepared with 0.5 equiv of
Ag+ was clear and stable for several months; the gels prepared
with 0.75 and 1.0 equivs of Ag+ were not stable, and they
began precipitating out within a month’s time. The clear, self-
supporting gel (PBA) formed with 0.5 equiv of Ag+ was strong
and stable when stored in the dark (Table S1). However, upon

exposure to light, the gradual development of Ag nanoparticles
within the gel matrix occurred due to the photochemical
reduction of Ag+ to Ag0 with time (Figures S2 and S3). Gel
formation was ensured using a conventional tube-inversion
method. The pH of the gel formed was found to be 5.5.

Considering the pH of the gel, it can be presumed that some
of the cytidine (1) or cytidine�boronate ester units (2) in the
gel medium are protonated at the N3 position. The
protonation of a cytosine (C) would have resulted in a C+·C
base pair with a nearby cytosine, and with time, the number of
such pairs would have increased to provide �ber like
assemblies. However, no gelation as a result of supramolecular
assembly was observed at pH � 5.5 by using only cytidine and
phenylboronic acid, in the absence of silver ions. From this
observation, it can be concluded that C·Ag+·C base pairing in
the presence of Ag+ (6�8) plays a key role in the formation of
the microstructure of the hydrogel. The presence of these
species in the gel was con�rmed from its MALDI-TOF
spectrum (Figure S4). From the above observations, it can be
stated that the C+·C (3�5) and C·Ag+·C (6�8) base pairs
conjointly participate in the formation of the hydrogel. These
base pairs stack upon one another, forming �ber like
aggregations, which in turn entrap water within them to
form the hydrogel. The formation of boronate esters, base
pairing of cytidine analogues (3�8), and the organized
alignment of the base pairs in the presence of silver ions
presumably delay the gelation time. The gel assembly can be
disintegrated by the addition of guanosine and cysteine. The
disruption of the gel construct in the presence of guanosine
may be due to the association of guanosine with cytidine at the
cost of cytidine�cytidine base pairing. The cysteine-mediated
disassembly of the gel network may be attributed to its ability
to chelate and remove Ag+.

The PBA gel was found to be highly pH sensitive. At pH �
3, the gel assembly was disrupted, leading to precipitation. This
may be attributed to the protonation of more cytidine units
that disturbs the H-bonding between C and C+. The gel
assembly was also destroyed at pH values above 6.5, when the
number of protonated cytosine bases is expected to reduce.
The pH sensitivity of the hydrogel suggests the presence of the
i-motif like supramolecular assembly of cytidine analogues
within the hydrogel network. The formation of an i-motif like
assembly within the hydrogel was further validated by the
appearance of a positive signal at �287 nm and a negative
signal at �264 nm, in the CD spectrum of the PBA hydrogel
(Figure S5). Additionally, similar to the CD pattern of the
DNA i-motif, the intensity of the �rst band was found to be
greater than that of the second one.16�26 From the PXRD
pattern of the dried hydrogel, the stacking interval between the
base pairs was found to be 3.1 Å (a broad peak at 28.6°)
(Figure S2). This is similar to the stacking distance between C·
C+ pairs in DNA i-motif structures.16�26

The supramolecular cytidine gel (PBA) prepared was found
to be thermoirreversible. Upon heating, water from the gel
matrix evaporates, keeping the gel network intact to form
xerogels. A thermogravimetric analysis (TGA) of the gel
showed a major weight loss at �136.8 °C primarily because of
the loss of the major constituent water from the medium of the
PBA hydrogel (Figure S6). Another important observation was
that the gelation occurred selectively with Ag+ from
CH3COOAg. However, gelation was not observed with
AgNO3. No other cation like K+, Cu2+, Zn2+, Mg2+, Pb2+,
Hg2+, etc. was found to induce a superassembly to form a gel. It
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was also observed that no gel was formed by replacing
phenylboronic acid with boric acid (H3BO3). Besides, no other
nucleosides except cytidine could induce gelation. Since
cytidine is highly soluble in water, base-pairing interactions
between free cytidine and cytidine�boronate esters as well as
��� stacking interactions of aryl rings are presumed to be the
determining factors for the supramolecular architecture. The
presence of boronate esters of cytidine in the hydrogel network
was further con�rmed by the absorption band at �1090 cm�1

(�B�OC for boronate esters) in the FTIR spectrum of the PBA
xerogel (Figure S7).28 To get detailed insight into the gelation
phenomenon and structure�function relationship of the
gelators, solution state NMR studies were carried out (Figure
1, Figure S8). Samples for NMR spectroscopy were prepared

by gel formation upon incremental addition of silver acetate to
a constant concentration of cytidine and phenylboronic acid in
D2O. 1H NMR spectra showed broadening of peaks with an
increasing concentration of silver acetate. The integral values
of the cytidine peaks were found to decrease with the progress
in gelation. The NMR spectrum of the sample containing 0.25
equiv of silver acetate showed a gradual disappearance of peaks
for C5 (�5.8 ppm) and 1�H (�5.7 ppm) protons of the free
cytidine (1) along with gradual emergence of C5 (�6.03 ppm)
and 1�H (�5.58 ppm) protons of the cytidine�boronate ester
(2). The coexistence of these peaks was also observed in the
NMR spectrum of the sample containing 0.5 equiv of silver
acetate, the optimum condition for gel formation. Addition of
silver acetate beyond this concentration led to almost complete
disappearance of the cytidine�boronate ester peaks, while
peaks for free cytidine were visible in a negligible amount. This
indicates that the boronate ester moieties are no longer present
in the gel medium and have mostly participated in the
formation of gel �bers.

Selective absorption of cationic dyes like crystal violet over
anionic dyes like rose bengal by the hydrogel demonstrates the
anionic nature of the hydrogel due to the presence of anionic
boronate esters (Figure S9). Rheological properties of
cytidine�phenylboronic acid hydrogels with di�erent molar
ratios of silver were measured at 25 °C to understand the e�ect
of the silver ion concentration on gel properties. The storage

moduli (G�) values of all of the gels measured as a function of
% strain at a �xed frequency of 10 rad/s showed a substantial
elastic response. The storage moduli (G�) values were found to
be greater than the loss moduli (G�) values, indicating the
presence of a solid like viscoelastic hydrogel network. The
storage modulus value was found to be increased with an
increase in silver ion concentrations within the gel sample. The
gel containing 0.25 equiv of Ag+ showed a very low storage
modulus value, while the comparatively unstable gels
containing 0.75 and 1.0 equivs of Ag+ showed much higher
G� values as compared to the PBA gel containing 0.5 equiv of
Ag+, proving them to be much stronger gels than the PBA gel
(Figure 2a).

The PBA hydrogel (synthesized with 0.5 equiv of Ag+)
exhibited a thixotropic property, which is an exceptional
viscoelastic property. The gel underwent an isothermal,
reversible gel to sol phase transition under physical stimuli
like mechanical shaking and stirring, and again returned to its
initial state upon standing. The thixotropic property of this gel
was then studied by a continuous time sweep experiment
under a sequential application of low strain (0.05%) and high
strain (100%) conditions, separated by a time gap to ensure
the complete gel-to-sol (G� > G�) and sol-to-gel (G� > G�)
conversion (Figure 2b). In the �rst step, when a low 0.05%
strain was applied, the gel retained its properties. In the second
step, the gel was completely broken down upon application of
a high 100% strain and again returned to the gel state at a low
strain (0.05%), in the next step. The destruction and recovery
process could be repeatedly performed to determine the ability
of the PBA gel to restore the mechanical properties. The
rheological studies were performed at a constant angular
frequency of 10 rad/s.

The thixotropic nature of the hydrogel has also been
established by a detailed investigation of the morphology of the
hydrogel using AFM and TEM techniques. The presence of a
highly entangled three-dimensional network of thin thread like
�bers in the hydrogel matrix was observed in the AFM and
TEM images of the hydrogel (Figure 2c�f). The formation of
nanoparticles on the gel �bers upon exposing the gel to light
for 2 days can also be observed in the TEM image of the PBA
hydrogel (Figure 2d). The average diameter of the �bers in the
gel matrix was found to be around 10 nm. The average height
of the gel �bers calculated from their AFM images was found
to be 8.1 nm (Figure 2e,f). The AFM image of the gel
subjected to mechanical distress showed the presence of
broken discontinuous �bers (Figure 3b). Again, the AFM
image of the same destroyed gel upon standing for �15 min
revealed the presence of long continuous �bers as were
previously present in the intact gel (Figure 2e).

The native cytidine hydrogel (PBA) also showed an
interesting self-healing property. Two di�erent slices of gel
when kept in contact with each other (in the absence of any
kind of external force) joined together to form a single block
after a resting time of about 2 days (Figure 3c). This block
formed by self-healing of the gel could be easily lifted without
breaking.

Thixotropy and regenerative properties of supramolecular
materials have drawn enormous attention from the industry
and academia in recent days.2,3,7,15 Hydrogels with such
properties have been used in several biological applications like
drug delivery and cell culture and as regenerative medicine,
which can promote tissue healing after injuries and
diseases.2,3,7,15 Thus, the PBA hydrogel can be used as a

Figure 1. NMR spectra of the cytidine-derived hydrogels composed
of di�erent ratios of Ag+.
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vector in drug delivery applications.29 The pH sensitive nature
of the hydrogel can also be exploited to prepare a pH
responsive drug delivery vehicle.29 We have shown that
doxorubicin, a potent anticancer drug, can be imbibed into
the PBA hydrogel and then released by disrupting the gel

assembly using external stimuli like mechanical shearing and
change in pH (Figure S10).

Moreover, we have demonstrated that the PBA hydrogel
exhibits promising antibacterial activity against Gram-negative
bacterial strains like E. coli, P. aeruginosa, K. pneumoniae, and
the multidrug resistant strain M. morganii and to a fair extent

Figure 2. (a) Strain-dependent rheology measurement of the cytidine�phenylboronic acid hydrogels containing 0.25 equiv of Ag+ (ash), 0.5 equiv
of Ag+ (red), 0.75 equiv of Ag+ (green), and 1.0 equiv of Ag+ (blue) with a strain sweeping from 0.05 to 100% at an angular frequency of 10 rad/s.
(b) A measurement of the thixotropic property of the PBA hydrogel by a continuous step strain measurement in the presence of an alternative
strain of 0.05% and 100%, respectively, with time at a constant angular frequency of 10 rad/s. (c) TEM image showing thread like nanostructure
present within the PBA gel. (d) TEM image of the hydrogel after 2 days of exposure to light, showing the presence of Ag nanoparticles on the gel
�bers (inset shows the corresponding EDX spectrum). (e) AFM image of the same hydrogel. (f) AFM image of the hydrogel after 2 days of
exposure to light, showing the presence of Ag nanoparticles on the gel �bers.

Figure 3. (a) Destruction and recovery of the gel by mechanical stress. (b) AFM image of the hydrogel destroyed under an application of stress. (c)
Self-healing nature of the hydrogel.
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