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ABSTRACT: A novel stimulus-sensitive covalently cross-linked hydrogel derived
from dextrin, N-isopropylacrylamide, and N,N′-methylene bis(acrylamide) (c-Dxt/
pNIPAm), has been synthesized via Michael type addition reaction for controlled
drug release application. The chemical structure of c-Dxt/pNIPAm has been
confirmed through Fourier transform infrared (FTIR) spectroscopy and 1H and 13C
NMR spectral analyses. The surface morphology of the hydrogel has been studied by
field emission scanning electron microscopic (FE-SEM) and environmental scanning
electron microscopic (E-SEM) analyses. The stimulus responsiveness of the hydrogel
was studied through equilibrium swelling in various pH media at 25 and 37 °C.
Rheological study was performed to measure the gel strength and gelation time.
Noncytotoxicity of c-Dxt/pNIPAm hydrogel has been studied using human
mesenchymal stem cells (hMSCs). The biodegradability of c-Dxt/pNIPAm was
confirmed using hen egg lysozyme. The in vitro and in vivo release studies of
ornidazole and ciprofloxacin imply that c-Dxt/pNIPAm delivers both drugs in a controlled way and would be an excellent
alternative for a dual drug carrier. The FTIR, powder X-ray diffraction (XRD), and UV−vis−near infrared (NIR) spectra along
with the computational study predict that the drugs remain in the matrix through physical interaction. A stability study signifies
that the drugs (ornidazole ∼97% and ciprofloxacin ∼98%) are stable in the tablet formulations for up to 3 months.
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1. INTRODUCTION
In drug delivery applications, the oral route is the most suitable
mode for delivering drugs safely, to improve the curative effect
of the drugs.1,2 Controlled drug delivery matrix via oral route
administration should prevent the attack of enzymes as well as
the effect of pH gradients for gastrointestinal transit time (3−
16 h) from mouth to cecum.1 Consequently, resistance to
acidic pH and enzyme along with sustained release profiles are
essential features for a promising oral drug delivery matrix in a
controlled release system.1,2 In recent times, controlled drug
delivery systems are developed to address the drawbacks of the
conventional drug delivery systems by enhancing drug
solubility, sustaining release time, reducing side effects, and so
on.3−5 Several drug delivery systems such as particulate
carriers,6,7 polymeric gels,8,9 and lipids10,11 have been used as
drug delivery matrixes. At the present time, stimuli-sensitive
chemically cross-linked hydrogels demonstrate excellent

potential as controlled drug release matrixes. The release
behaviors of drugs can easily be controlled with surrounding
properties, such as pH,12,13 temperature,14 light,15 and electric
field.16 Out of these hydrogels, pH-/temperature-sensitive
hydrogels are widely used in biomedical applications as these
factors can be controlled and are pertinent for both in vitro and
in vivo conditions.1,17−19

Hydrogels are the hydrophilic, cross-linked polymeric
networks that exhibit the ability to swell in aqueous medium
or in biomedical fluids, without dissolving, and retain a large
amount of water within their three-dimensional structure.12,13

The biocompatible nature of a hydrogel is attributed to its
capability to simulate the neighboring tissue owing to its high
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water content.20,21 Hydrogels are capable of potential
biotechnological applications that employ their swelling and
deswelling dynamics.22 Because of these characteristics, hydro-
gels have widely been used in various biomedical fields
including controlled drug delivery,12,13,23 tissue engineering,
and regenerative medicine,24,25 and also as diagnostic
biomedical biosensors.26 However, the quantity and homoge-
neous distribution of drug molecules in hydrogel based device
systems are vital for practical applications, which are the major
disadvantages of the present loading matrixes and injected
delivery systems.12 Besides, the higher swelling capacity of the
hydrogel results in rapid drug release within a few hours to
several hours. Consequently, the efficacy of the drug delivery
system is reduced and often causes multiple harmful side
effects.27,28

In recent years most of the reports29 are focused on
mechanical properties,30,31 swelling properties,32 and stimulus
sensitivity30,32 of the hydrogels; while biocompatible, biode-
gradable, and prolonged oral drug delivery matrixes such as
tablet formulations are still less studied. Therefore, it is
imperative to develop the materials which would be
biocompatible and biodegradable, and they should have
controlled swelling nature and minimum erosion rate. Besides,
the material should deliver the drugs in a sustained way.
Recently, biopolymer based chemically cross-linked hydro-

gels have been used as drug carriers.12,13 Dextrin is a natural
polysaccharide with immense prospects for the development of
hydrogels owing to its demonstrated medical acceptability and
proficient absorption because of degradation through amy-
lases.33,34 Poly(N-isopropylacrylamide) (pNIPAm) is thermor-
esponsive due to its lower critical solution temperature (LCST)
between 30 and 32 °C,1 while the human body temperature is
∼37 °C.1,35,36 This thermosensitive polymer has been used for
the development of gels37 and beads,38 as a drug carrier,12 for
bioactive molecule separations,39 and for catalysts.40 The
copolymer of NIPAm with other functional monomers has
been used in various fields.41 Besides, in the presence of heat
and initiator, N,N′-methylene bis(acrylamide) (MBA) can
easily form a three-dimensional network owing to its four
reactive sites (two double bonds) and thus would be suitable as
a cross-linker for the development of hydrogels.12,13

With the advantages of synthetic polymers as well as natural
biopolymers, a stimulus-responsive (pH and temperature)
covalently cross-linked hydrogel has been synthesized using
dextrin (Dxt) as biopolymer, NIPAm as monomer, MBA as
cross-linker, and potassium persulfate (KPS) as initiator.
Because of the covalent attachment of cross-linker (MBA),
the hydrogel (c-Dxt/pNIPAm) showed excellent controlled

swelling characteristics as well as minimum erosion rate, which
have significant effect on control release behavior. Besides, c-
Dxt/pNIPAm displayed noncytotoxicity and a biodegradable
nature that are major concerns for the drug delivery application.
Further, both in vitro and in vivo release profiles demonstrated
sustain release behavior of ornidazole and ciprofloxacin from
the c-Dxt/pNIPAm hydrogel. Drug stability study suggested
that both tablet formulations are comparatively stable
(ornidazole ∼97% and ciprofloxacin ∼98%) up to 3 months
of study periods.
For the first time, a covalently cross-linked hydrogel based on

dextrin and NIPAm (c-Dxt/pNIPAm) has been employed as
controlled release matrix for ornidazole and ciprofloxacin
delivery. Therefore, the improbable characteristics of the
synthesized cross-linked hydrogel, such as stimulus responsive-
ness, controlled swelling property, noncytotoxicity, biodegrad-
ability, and in vitro/in vivo sustained release behavior of both
drugs (ornidazole and ciprofloxacin) in tablet formulations can
solve the problems of loading systems and injected delivery
systems and thus would be a new platform for controlled
release of ornidazole and ciprofloxacin.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Dextrin (from Fluka, Switzerland), N-isopropyla-

crylamide (from Acros Organics, New Jersey, USA), N,N′-methylene
bis acrylamide (MBA) (from Loba Chemie Pvt. Ltd., Mumbai, India),
potassium persulfate (KPS) (from Glaxo Smith Kline Pharmaceuticals
Ltd., Mumbai, India), acetone (from E-Merck (I) Pvt. Ltd., Mumbai,
India), ornidazole (from Endoc Pharma, Rajkot, Gujarat, India),
ciprofloxacin (from Sigma-Aldrich, Germany), guar gum (from
Hindustan Gum and Chemicals Ltd., Haryana, India), and egg white
lysozyme hydrochloride (from TCI Pvt. Ltd., Tokyo, Japan) were used
as received. Double distilled water (DW) was used for experimental
works.

2.2. Synthesis. Preparation of c-Dxt/pNIPAm Hydrogelator. The
synthesis of cross-linked hydrogelator based on dextrin and poly(N-
isopropylacrylamide) in the presence of cross-linker and initiator
proceeds through free radical polymerization as follows:

First, 0.0031 mol of dextrin was dissolved in 25 mL of distilled water
in a three-necked RB flask. The flask was fitted with a magnetic stirrer
along with oil bath (temperature of the oil bath was maintained at 50
°C and the stirring speed was fixed at 400 rpm). Afterward, nitrogen
gas was purged to create an inert atmosphere and the reaction
temperature was raised to 75 °C. After 15 min, an aqueous solution of
KPS (Table 1) was added to the dextrin solution. After 10 min, the
required amount of aqueous solution of N-isopropylacrylamide (Table
1) was added. When the solution became milky white, cross-linker
(MBA) (Table 1) dissolved in 5 mL of water was added to this
solution and stirring was continued at 75 °C and 400 rpm for a further
6 h. After that, the reaction mixture was cooled and the hydrogelator
was precipitated in acetone to remove the homopolymer and excess

Table 1. Synthesis Details and Percent CR and Percent ESR of the c-Dxt/pNIPAm Hydrogels, with 0.0031 mol of Dextrin

% ESR

hydrogelator
initiator concn
(mol × 10−5)

cross-linker concn
(mol × 10−3)

monomer concn
(mol × 10−4) % CR

pH 1.2,
37 °C

pH 6.8,
37 °C

pH 7.4,
37 °C

pH 7.4,
25 °C

c-Dxt/pNIPAm 1 0.92 3.08 2.20 75.50 387 ± 19 522 ± 26 748 ± 17 1248 ± 32
c-Dxt/pNIPAm 2 1.85 3.08 2.20 78.25 320 ± 16 452 ± 22 638 ± 19 988 ± 29
c-Dxt/pNIPAm 3 3.69 3.08 2.20 47.65 353 ± 17 493 ± 24 684 ± 21 1084 ± 34
c-Dxt/pNIPAm 4 1.85 0.77 2.20 82.57 458 ± 22 608 ± 30 924 ± 26 1524 ± 46
c-Dxt/pNIPAm 5 1.85 1.54 2.20 81.37 241 ± 12 347 ± 17 497 ± 20 777 ± 23
c-Dxt/pNIPAm 6 1.85 4.62 2.20 80.60 279 ± 13 387 ± 19 537 ± 22 827 ± 21
c-Dxt/pNIPAm 7 1.85 1.54 1.10 82.50 304 ± 15 407 ± 20 582 ± 23 862 ± 23
c-Dxt/pNIPAm 8 1.85 1.54 3.31 84.90 203 ± 10 309 ± 15 459 ± 18 739 ± 21
c-Dxt/pNIPAm 9 1.85 1.54 3.86 73.16 427 ± 22 567 ± 28 849 ± 22 1399 ± 29

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02975
ACS Appl. Mater. Interfaces 2015, 7, 14338−14351

14339

http://dx.doi.org/10.1021/acsami.5b02975


amount of cross-linker. Finally, the product was dried in vacuum oven
(at 35 °C) until a constant weight of the hydrogelator was achieved.
The synthesis parameters are reported in Table 1. The dried
hydrogelator, i.e., c-Dxt/pNIPAm xerogel, was used for character-
izations and drug delivery application.
2.3. Characterization. Fourier transform infrared (FTIR) spectra

of dextrin, c-Dxt/pNIPAm 8 xerogel, ornidazole/ciprofloxacin drugs,
and triturated form of corresponding tablets were recorded using the
KBr pellet method (Model IR-PerkinElmer, Spectrum 2000) within
the scan range 400−4000 cm−1.

1H NMR spectra of dextrin, NIPAm, MBA, and c-Dxt/pNIPAm 8
hydrogelator (in DMSO-d6) were recorded at 400 MHz on a Bruker
spectrophotometer, and solid state 13C NMR spectra of dextrin and
the cross-linked xerogel were recorded at 500 MHz on a Bruker
Avance II-500NMR spectrophotometer.
Thermogravimetric analysis (TGA) was performed using a TGA

analyzer (Model STA449F3, Netzsch, Germany) in an inert
atmosphere of N2. The heating rate was 5 °C/min.
The surface morphology of dextrin and microstructure of c-Dxt/

pNIPAm 8 xerogel were analyzed using field emission scanning
electron microscopy (FE-SEM Supra 55, Zeiss, Germany). The surface
morphology of swollen c-Dxt/pNIPAm 8 hydrogelator (in phosphate
buffered saline, pH 7.4 (PBS 7.4) was investigated by environmental
scanning electron microscopy (E-SEM, Model EVO 18, Zeiss,
Germany).
Powder X-ray diffraction (XRD) spectra of c-Dxt/pNIPAm 8

xerogel, ornidazole, ciprofloxacin, and the powder form of
corresponding tablets were recorded using a Bruker X-ray diffrac-
tometer (Bruker, D8-Fecus, Germany).
Solid state UV−visible−near infrared (NIR) studies of c-Dxt/

pNIPAm 8 xerogel, drugs, and corresponding tablets were performed
using a Cary series UV−vis-NIR spectrophotometer (Cary −5000).
2.4. Rheological Characteristics. Gel Kinetics. The gelation

kinetics of c-Dxt/pNIPAm 8 was determined by measuring the
dynamic time sweep (0−20 min) and the dynamic frequency sweep
(0.1−3.0 Hz) at various cure times with parallel plate geometry at the
reaction temperature, i.e., 75 °C. Besides, the rheological features of c-
Dxt/pNIPAm 8 hydrogelator were investigated at the gel state (after
equilibrium swelling was reached in PBS 7.4) at a temperature of 37 ±
0.1 °C (using a Bohlin Gemini-2 rheometer, Malvern, U.K.). The
experimental procedure has been explained in detail in the Supporting
Information.
2.5. Biodegradation Study. An enzymatic biodegradation test of

c-Dxt/pNIPAm 8 xerogel film was carried out using lysozyme from
egg white as described in the literature.42−45 Briefly, the preweighed c-
Dxt/pNIPAm 8 xerogel films (10 × 10 × 0.1 mm3) were immersed in
lysozyme solution (pH 7) at a natural concentration as observed
within the human body (1.5 μg/mL). The temperature of the
lysozyme solution was maintained at 37 °C. The solution was
refreshed daily to make continuous enzyme activity.42 After 3, 7, 14,
and 21 days, the films were withdrawn from the solution, washed with
double distilled water, and dried in a vacuum oven for 72 h. Afterward,
they were reweighed. The degree of in vitro degradation has been
expressed as percent weight loss of the dried films vs time.45 Another
film, dispersed in phosphate buffer (pH 7) without lysozyme, was also
studied for weight loss for comparison.
2.6. In Vitro Cytotoxicity Studies. Equal weights of powdered c-

Dxt/pNIPAm 8 xerogel were used for pellets. The pellets were kept in
24 well plates for in vitro cytotoxicity studies. The in vitro cytotoxicity
study has been explained in detail in the Supporting Information.
Cell Proliferation. DNA quantification assay of hMSCs grown on

lysine coated coverslips placed in 24 well plates and c-Dxt/pNIPAm 8
hydrogel pellet was performed with Hoechst 33258 (Invitrogen) as per
the manufacturer’s instructions. Fluorescence was recorded using a
fluorescence spectrophotometer. The DNA standard curve was
acquired from a known number of cells.46 The morphology of the
adherent cells was examined using fluorescent imaging. For fluorescent
imaging, cells at the third day were fixed with 3.7% paraformaldehyde,
subsequently washed repeatedly with PBS, and permeabilized using
Triton-X (Sigma), and unspecific sites were blocked with bovine

serum albumin (BSA, Merck, India).46 Actin filaments and nuclei of
cells were stained with rhodamine phalloidin (Molecular Probes) and
4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI; Molecular
Probes), and imaged in a Zeiss Axiovision (Germany) microscope.
For repeatability, the experiment was executed in triplicate. Results are
represented as mean ± standard deviation (SD). Statistical analysis
was carried out through one-way ANOVA followed by Tukey post hoc
analysis in Origin Pro 8 software. Significance was determined at p <
0.05.

2.7. Stimulus-Responsive Swelling Characteristics and Its
Kinetics. The swelling characteristics of c-Dxt/pNIPAm hydrogelator
were performed by assessing the equilibrium swelling ratio (ESR) at
various pHs (1.2, 6.8, and 7.4) as well as at different temperatures (25
and 37 °C at a constant pH 7.4). The details of swelling study have
been given in the Supporting Information. Also, the rate of swelling
was measured using the Voigt model (see Supporting Informa-
tion).12,44

2.8. In Vitro Ornidazole and Ciprofloxacin Release Studies.
Preparation of Tablets. The ornidazole and ciprofloxacin tablets were
prepared for in vitro release study using the following composition of
xerogel (matrix):ciprofloxacin/ornidazole (drug):guar gum (binder) =
450 mg:500 mg:50 mg. The detailed procedure for the preparation of
tablets has been given in the Supporting Information.

Estimation of Drug Release from c-Dxt/pNIPAm. The in vitro
release of entrapped ornidazole/ciprofloxacin drugs from c-Dxt/
pNIPAm 8 based tablet formulation was examined using a dissolution
apparatus (Lab India, Model DS 8000). The release study was
performed with a rotation of 60 rpm at 25 ± 0.5 °C and 37 ± 0.5 °C.
The release study was executed with 900 mL of simulated gastric fluid
(SGF, pH 1.2) for 2 h, with phosphate buffer (pH 6.8) for the next 3 h
(for the colonic drug ornidazole), and after that with simulated
intestinal fluid (SIF, pH 7.4) up to 24 h. The percent cumulative drug
release was measured using a UV−visible spectrophotometer
(Shimadzu, Japan; Model UV 1800). The drug release kinetics and
mechanism were determined by fitting the release data to various
mathematical models. The details of various kinetics models have been
explained in the Supporting Information.

Determination of Percent Erosion of Tablets. During drug release
from dextrin and c-Dxt/pNIPAm hydrogel systems, erosion took place
after attainment of the “critical gel concentration” of the hydrogel. The
determination of percent erosion has been stated in the Supporting
Information.

2.9. Stability Study of Drugs in Tablet. To observe the
environmental effect on tablet formulation, a stability study was
performed for up to 3 months in the same way as reported
earlier.12,23,44 The detailed procedure has been explained in the
Supporting Information.

2.10. Computational Study for Determining the Drug−
Matrix Interaction. All the electronic structure optimizations and
visualizations were performed with the help of a personal computer
(PC) using Gaussian 0947 and GaussView 5.048 program package.
Besides, the calculations were performed with density functional
theory using the Becke three-parameter Lee−Yang−Parr (B3LYP)
procedure.49−51

Recently, it has been established that B3LYP is a reliable method for
accounting of charged strong halogen bonds.52 Vibrational frequencies
were calculated at the same level of theory to ensure that the structures
are real minima on the potential energy surface.53 All the calculations
were performed in the gaseous state without any symmetry constrain.
To reduce the excess computational load, a single monomeric unit of
the c-Dxt/pNIPAm hydrogelator was considered as a representation of
the whole c-Dxt/pNIPAm hydrogelator unit. The c-Dxt/pNIPAm
hydrogelator was synthesized by cross-linking poly(N-isopropylacry-
lamide) (pNIPAm) on dextrin moiety in the presence of MBA cross-
linker. It was assumed that the grafting of pNIPAm in the dextrin
backbone can be through primary or secondary alcoholic groups
present in the dextrin molecule. We have considered both possibilities,
i.e., pNIPAm grafted on dextrin backbone via primary and secondary
alcoholic groups, and tried to establish their affinity toward the drugs
(ornidazole and ciprofloxacin). The interaction energy (Eint) was
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calculated from the difference of total energy of the c-Dxt/pNIPAm@
drugs and the total energy of optimized geometry of the c-Dxt/
pNIPAm hydrogelator and drugs.
2.11. In Vivo Pharmacokinetic Study. Estimation of Cipro-

floxacin in Rabbit Plasma. Ciprofloxacin contained in rabbit plasma
from oral suspension and in tablet dosage form was measured by
HPLC (Knaur, Germany). Gemifloxacin was used as an internal
standard. Analysis was performed by a NOVAPAC C18 (Waters,
USA) column (150 mm × 4.6 mm, particle size 3 μm) using an
isocratic elution mode with a mobile phase of 25 mM phosphoric
acid:acetonitrile (83:17 v/v). The pH was kept at 3.0 using phosphoric
acid at a flow rate of 1 mL/min at 276 nm using a UV/vis detector.
The total run was stabilized up to 30 min. Data acquisition was
performed using EuroChrom software. The plasma calibration curve
was prepared in the range 0.5−20 μg/mL. Liquid−liquid extraction
(extractive solvent was dichloromethane) technique was adopted for
the extraction of analytes from the biological matrix.54

Estimation of Ornidazole in Rabbit Plasma. Ornidazole
concentration in rabbit plasma was determined by HPLC (Knaur,
Germany) as per the reported method described by Sahoo et al.54 with
slight modification. Ranitidine was used as an internal standard.
Analysis was investigated at room temperature using a Cyano column
(250 mm × 4.6 mm, particle size 5 μm) under isocratic elution mode
with a mobile phase of 10 mM dipotassium hydrogen phosphate buffer
(pH 4.8):acetonitrile (50:50 v/v) with a flow rate of 1 mL/min at 320
nm using a UV/vis detector. The plasma calibration curve was
prepared in the range 0.1−10 μg/mL.54

Animal Housing and Handling. Albino rabbits, 2.5−3 kg, three per
group, were used in the study in accordance with the protocol
approved by the Institutional Animal Ethical Committee (CPCSEA
Approval No. 621/02/ac/CPCSEA) at the Department of Pharma-
ceutical Sciences, Birla Institute of Technology, Mesra, Ranchi, India.
All rabbits were housed individually in polycarbonate cages with
sufficient food and water at 20−25 °C and 40−70% relative humidity
in a 12 h light−dark cycle.55 The oral suspension and tablet dosage
form were directed after 12 h of fasting.54,55

Pharmacokinetic Analysis. Pharmacokinetic studies of ciproflox-
acin and ornidazole were conducted on white albino rabbits. The
detailed study has been explained in the Supporting Information. The
pharmacokinetic parameters were determined using zero moment
noncompartmental pharmacokinetic modeling.54,55

3. RESULTS AND DISCUSSION

3.1. Synthesis of c-Dxt/pNIPAm Hydrogelator. The c-
Dxt/pNIPAm hydrogelator was synthesized through free
radical polymerization technique. It is presumed that the
initiator creates free radical sites on dextrin, which reacts with
poly(N-isopropylacrylamide) to form the copolymer. After-
ward, because of the presence of two double bonds in MBA, it
forms four reactive sites that would be able to link with two
copolymer moieties to form a three-dimensional (3-D) network
as proposed in Scheme 1. The effect of reaction parameters was
studied by developing series of hydrogels (Table 1).

Effect of Reaction Parameters. With variation of initiator
concentration (0.92 × 10−5−3.69 × 10−5 mol, see Table 1), it
was observed that c-Dxt/pNIPAm 2 demonstrates lower
percent equilibrium swelling ratio (% ESR), i.e., higher percent
cross-linking ratio (% CR). This is because of the fact that, at
comparatively higher initiator concentrations, the maximum
number of free radical sites would be created on dextrin along
with on the grafted network that could be cross-linked with
MBA, resulting in higher % CR. Besides, with alteration of the
cross-linker concentration (0.77 × 10−3−4.62 × 10−3 mol,
Table 1), maximum % CR was observed with MBA
concentration of 6.48 × 10−3 mol. This is due to the fact
that % CR would be higher with incorporation of a more
amount of cross-linker in the hydrogel structure. This results in
the formation of a more dense and rigid structure, ensuring less
% ESR. The monomer concentration (i.e., pNIPAm) was also
varied from 1.10 × 10−4 to 3.86 × 10−4 mol. It was found that,
at relatively higher monomer concentration, the % ESR
increased, i.e., % CR is less (Table 1), which is mainly due to
the formation of homopolymer with higher monomer
concentration. The optimized hydrogelator was considered on
the basis of higher % CR and lower % ESR.

3.2. Characterization. In the FTIR spectrum of N-
isopropylacrylamide (Figure S1a, Supporting Information),
two strong absorption peaks at 3294 and 2974 cm−1 are
assigned to the secondary N−H and C−H stretching

Scheme 1. Probable Reaction Mechanism for Synthesis of c-Dxt/pNIPAm Hydrogelator
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vibrations, respectively. The peaks at 1650 and 1550 cm−1 are
attributed to amide I and amide II bands. The peaks at 1614
and 1243 cm−1 are due to CC bond vibration and C−N
stretching frequency. In the FTIR spectrum of the synthesized
hydrogelator [c-Dxt/pNIPAm 8] (Figure S1b, Supporting
Information), the O−H of dextrin,23 the N−H of MBA and
pNIPAm overlap, leading to a broad peak at 3439 cm−1. The
peak at 2928 cm−1 is due to C−H stretching of the −CH3
group, which originates from poly(NIPAm) present on the
dextrin moiety. Three peaks at 1661, 1561, and 1267 cm−1 are
attributed to the stretching frequencies of amide I, amide II,
and C−N bond, respectively. These three peaks suggest the
presence of cross-linker (MBA) in addition to NIPAm in the
cross-linked network. The peaks at 1161 and 1028 cm−1 are
characteristic peaks of C−O−C stretching vibrations of dextrin.
The intense peak of NIPAm at 1614 cm−1 is absent in the FTIR
spectrum of c-Dxt/pNIPAm 8, suggesting the polymerization of
N-isopropylacrylamide and cross-linking of MBA. The FTIR
spectrum of ornidazole12 demonstrates that peaks at 3314,
1365, and 745 cm−1 are due to −O−H stretching vibrations,
the symmetric stretching mode of the NO2 group, and the
stretching frequency of the C−Cl bond, respectively.12 In the
spectrum of triturated form of ornidazole tablet (Figure S1c,
Supporting Information), the amide I stretching frequency
shifted from 1661 to 1650 cm−1, amide II shifted from 1561 to
1539 cm−1, the N−O stretching frequency shifted from 1372 to
1357 cm−1, C−Cl shifted from 745 to 728 cm−1, and −O−H/
N−H stretching frequency shifted from 3439 to 3324 cm−1,
which suggest that probably H-bonding interactions are present
between the hydrogelator and drugs as shown in Figure S2 in
the Supporting Information. In the FTIR spectrum of
ciprofloxacin,23 the characteristic peaks at 3528, 1713, 1626,
and 1042 cm−1 are attributed to stretching vibrations of O−H

and the carbonyl (CO) group, N−H bending of the
quinolone ring, and the stretching frequency of the C−F
group, respectively.23 The FTIR spectrum of ciprofloxacin
tablet (Figure S1d, Supporting Information) indicates that the
stretching frequency of carbonyl groups shifted from 1713 to
1694 cm−1, amide I shifted from 1661 to 1617 cm−1, amide II
shifted from 1561 to 1490 cm−1, and the C−F bond stretching
frequency moved from 1042 to 1028 cm−1, suggesting that
drugs remain in the c-Dxt/pNIPAm matrix by physical
interaction as shown in Figure S2 in the Supporting
Information.

NMR Spectra. The 1H NMR spectrum of dextrin44 (400
MHz, DMSO-d6) showed the characteristic peaks in δ =
3.323−4.450 ppm due to the presence of various protons of the
polysaccharide ring. The peaks between δ = 4.962−5.061 ppm
and δ = 5.362−5.449 ppm correspond to the anomeric protons.
Again, peaks between δ = 2.996−3.042 ppm and δ = 2.861−
2.926 ppm indicate the presence of protons for primary −OH
and secondary −OH groups, respectively.44

The 1H NMR spectrum of N-isopropylacrylamide (Figure 1a
and Figure S3, Supporting Information, 400 MHz, DMSO-d6,
ppm) showed δ = 7.968 (broad, s, 1H, i.e., for H3), 6.021−
6.288 (m, 2H, i.e., for H4 and H6), 5.530−5.590 (m, 1H, i.e., for
H5), 3.841−3.976 (m, 2H, i.e., for H2), and 1.080−1.113(t, 6H,
i.e., for H1).
The 1H NMR spectrum of MBA44 (400 MHz, DMSO-d6)

showed the characteristic peaks at δ = 8.744, 6.226−6.358,
6.099−6.199, and 4.549−4.608 ppm for amide proton, three
sp2 hybridized protons, and methylene protons, respectively.44

The polymerization of NIPAm and the cross-linking reaction
was confirmed by investigating the NMR spectra of the reactant
and products. The intensity of the corresponding chemical

Figure 1. 1H NMR spectra of (a) NIPAm and (b) c-Dxt/pNIPAm 8 hydrogelator in DMSO-d6.
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shifts of MBA in the hydrogel structure was used to calculate
the cross-linking density of c-Dxt/pNIPAm 8 hydrogelator.56

For the 1H NMR spectrum of c-Dxt/pNIPAm 8 hydrogelator
(Figure 1b, 400 MHz, DMSO-d6), the protons in the
hydrogelator and their corresponding 1H NMR signals are
represented as H8 for −CH− at the chemical shift δ = 1.931
ppm for poly(NIPAm) and MBA. The peak at δ = 1.055 ppm is
H7 for −CH2/−CH3 of poly(NIPAm) and −CH2 of MBA
molecules. The peaks at δ = 3.360−3.829, 5.036, and 5.476
ppm suggest the presence of dextrin in the hydrogelator, i.e., for
H1 and H2 to H6 protons (Figure 1b). The peak at δ = 7.227
ppm for −NH groups of poly(NIPAm)/MBA, i.e., for H10

protons, and the peak at δ = 3.829 ppm indicate the presence of
isopropylene hydrogen (H11), which arises from NIPAm
(Figure 1b).
Again, the peak at δ = 4.535 ppm is due to the methylene

protons of MBA, i.e., for H9 protons. The absence of peaks in δ
= 2.861−3.042 ppm confirm the reactivity of −OH groups of
dextrin toward poly(NIPAm). The peaks at 7.227 and 1.055
ppm confirm the presence of NIPAm moiety in the
hydrogelator (Figure 1b). On the other hand, the peaks at
7.227 and 4.535 ppm suggest the incorporation of MBA
molecule into the network structure. Besides, the disappearance
of peaks in δ = 5.530−6.358 ppm for vinylic protons and the
appearance of the peaks at δ = 1.055−1.931 ppm indicate the
polymerization of both NIPAm and MBA moieties during the
formation of c-Dxt/pNIPAm hydrogelator. This also supports
that polymerization and cross-linking process indeed took place
in c-Dxt/PNIPAm 8. Thus, the 1H NMR spectra confirmed the
successful synthesis of c-Dxt/pNIPAm hydrogelator.
Determination of Cross-Linking Density in c-Dxt/pNIPAm

8 Hydrogelator. The cross-linking density of c-Dxt/pNIPAm 8
hydrogelator was determined56 with the help of peak intensity
of sp3 carbon protons formed from sp2 carbon protons during
polymerization and cross-linking reactions (i.e., H7 and H8) and
methylene protons of the cross-linker (i.e., H9) (see Figure 1b).
The H7 peak intensity, i.e., IH7, is comparative to the number of
H7 protons, while the peak intensity of H8, i.e., IH8, is relative to
the number of H8 protons. Thus, the peak at δ = 1.055 exists
for −CH2/−CH3 of poly(NIPAm) and −CH2 of MBA
molecules in the hydrogelator, i.e., for H7. However, the 1 H
NMR spectrum of N-isopropylacrylamide provides the peaks at
δ =1.080−1.113 ppm for 6H of −CH3 groups. Thus, the
deduction value between these two peak intensities provides
the peak intensity of −CH2 protons of both pNIPAm and MBA
formed during polymerization and cross-linking reactions.
Therefore, both −CH2 groups of pNIPAm and MBA have
equal intensity. Here m and X represent the repeating units of
pNIPAm and MBA. Subsequently, the degree of cross-linking
would be X/(m + X). Again, both I(−CH2−) and I(−CH−) would be
directly proportional to m + X. Moreover, it was obvious from
Figure 1b that the peak area of −CH2− is double the peak area
of −CH−. It has been assumed that IH8 = 2 for two −CH−
groups. This has been used as a basis to determine the intensity
of peak H9, which expresses the amount of MBA in the
hydrogelator or the degree of cross-linking. The cross-linking
density was measured using eq 1.56

‐ =
+

=
− −

X
m X

I
I

cross linking density (CD) H

( CH )

9

2 (1)

Here, we have evaluated the cross-linking density (CD) of c-
Dxt/pNIPAm 8 using eq 1 and it was found to be ∼42.68%

(having IH9 = 1.69, I(−CH2−) = 9.91 − 5.95 = 3.96 (see Table S1,
Supporting Information).
The 13C NMR spectrum (in solid state) of c-Dxt/pNIPAm 8

xerogel is shown in Figure 2. Dextrin demonstrates four

characteristics peaks at δ = 111.4, 88.5, 79.4, and 68.1 ppm.12 In
contrast to dextrin, the c-Dxt/pNIPAm 8 xerogel has few extra
peaks. The peak at 175.6 ppm is because of the carbon atoms of
amide groups for NIPAm and MBA moiety (Figure 2). Peaks at
42.4 and 23.1 ppm are due to carbon atom −CH3 and −CH−
groups of NIPAm along with the sp3 carbon formed during the
polymerization of NIPAm and cross-linker (see Scheme 1) (i.e.,
during polymerization, two sp2 hybridized carbon atoms of
pNIPAm and MBA converted to sp3 hybridized carbon atoms).
Thus, from 1H and 13C NMR spectral analysis, it is evident that
pNIPAm has been cross-linked successfully on the dextrin
moiety.
The thermogram of c-Dxt/pNIPAm 8 xerogel (Figure S4,

Supporting Information) demonstrates four distinct weight loss
regions (80−125, 150−308, 325−380, and 400−455 °C).
These are due to the presence of moisture in the gel network
(80−125 °C), degradation of cross-linker (150−308 °C), and
dextrin moiety (325−380 °C).12 The weight loss between 400
and 455 °C is probably owing to the breakdown of pNIPAm
chains present in the xerogel.
The SEM analysis is extremely important to examine the

surface topology and interior morphology of cross-linked
xerogel and hydrogel.
The FE-SEM micrographs of dextrin and xerogel (c-Dxt/

pNIPAm 8) are depicted in parts a and b, respectively, of
Figure 3. It is obvious that dextrin (Figure 3a) demonstrated a
fine oval shaped granular morphology. The insertion of MBA as
cross-linker onto the hydrogelator matrix leads to rough and
microporous morphology of c-Dxt/pNIPAm xerogel (Figure
3b). This microporous morphology of c-Dxt/pNIPAm hydro-
gel can play an important role for controlled swelling nature as
well as for sustained drug release. The various interconnected
pores and the cross-linked network are obvious in the E-SEM
image of c-Dxt/pNIPAm 8 hydrogel (Figure 3c).
The physical properties of c-Dxt/pNIPAm xerogel, drugs,

and the drugs’ polymorphism after tablet formation were
studied using XRD analyses. The c-Dxt/pNIPAm 8 xerogel
showed (Figure S5a, Supporting Information) a broad
characteristic peak at 2θ = 14.5°, indicating that the

Figure 2. Solid state 13C NMR spectrum of c-Dxt/pNIPAm 8 xerogel.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02975
ACS Appl. Mater. Interfaces 2015, 7, 14338−14351

14343

http://dx.doi.org/10.1021/acsami.5b02975


hydrogelator is amorphous in nature. Ornidazole (Figure S5b,
Supporting Information) showed peaks at 2θ = 13.5, 16.2, 21.1,
23.2, 24.4, 25.8, 27.6, 30.7, and 32.6°, and the corresponding
peaks for ciprofloxacin (Figure S5d, Supporting Information)
are 2θ = 19.23, 26.25, and 29.28° because of their crystalline
behavior. The ornidazole tablet formulation suggests that the
peak of cross-linked xerogel was merged with that of ornidazole
(Figure S5c, Supporting Information). As a result, peak
intensities of drugs diminished and few peaks disappeared,

which indicates good compatibility between ornidazole and the

matrix. Besides, for ciprofloxacin tablet, the xerogel peak shifted

toward a higher value (from 14.5 to 20.7°) and all the peaks of

ciprofloxacin were merged with the peak of c-Dxt/pNIPAm

xerogel, which makes it difficult to evaluate the detection limit

of the crystal (Figure S5e, Supporting Information). This

behavior suggests good compatibility between ciprofloxacin and

the c-Dxt/pNIPAm 8 hydrogel.

Figure 3. FE-SEM images of (a) dextrin and (b) c-Dxt/pNIPAm 8 xerogel. E-SEM image of (c) c-Dxt/pNIPAm 8 hydrogelator.

Figure 4. Rheological study of c-Dxt/pNIPAm 8 hydrogel: (a) G′, G″ vs time, (b) G′, G″ vs frequency, (c) G′, G″ vs shear stress, and (d) shear
viscosity vs shear rate.
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UV−vis−NIR spectra reveal that the characteristics peaks of
ornidazole and ciprofloxacin are attributed to the conjugation in
the imidazole ring and quinolone ring, respectively (Figure S6,
Supporting Information). The tablet formulations showed blue
shifts (for ornidazole, Figure S6a in the Supporting
Information, 371.6 nm→ 338.7 nm; for ciprofloxacin, Figure
S6b in the Supporting Information, 366.9 nm → 361.8 nm),
which corroborate that physical interactions predominate
between drugs and the hydrogelator as proposed in Figure S2
in the Supporting Information.
3.3. Rheology Study. Gel Kinetics. Time sweep experi-

ments were carried out to determine the kinetics of gel
formation at 75 °C. As shown in Figure 4a, both the elastic
(G′) and viscous moduli (G″) increased over time. The point at
which G′ intersects G″ (i.e., ∼1095 s) is typically used as the
gelling time (tgel).
Rheological experiments were also performed to examine the

effects of cross-linking on the c-Dxt/pNIPAm 8 hydrogelator
mechanical properties. G′ was plotted as a function of
frequency, which was significantly higher than G″, indicating
the gel state of the c-Dxt/pNIPAm 8 at the experimental
conditions (Figure 4b). Further, the gel strength of the
hydrogel was determined from the G′ and G″ vs shear stress
plot (Figure 4c). Both G′ and G″ fall after a certain stress value
signifying the gel−liquid transition. Both G′ and G″ rapidly
decreased, suggesting collapse of the network structure. This is
mainly because of the fact that, with a rise in shear stress, the
entanglements of the network hydrogel deformed.44 These
result in the fall in modulus values. The threshold stress above
which the breakdown of the gel occurs is called the yield stress
(σ). The σ for c-Dxt/pNIPAm 8 hydrogel is ∼1000 Pa.
Additionally, the plot of shear viscosity vs shear rate (Figure
4d) indicates the non-Newtonian shear thinning behavior of c-
Dxt/pNIPAm 8.
3.4. Biodegradation Study. Figure 5 represents the

biodegradation study result for c-Dxt/pNIPAm 8 film after 0,
3, 7, 14, and 21 days. Hen egg white lysozyme possesses an
analogous main chain formation and binding subsites as human
lysozyme and PBS to stimulate in vivo conditions.42 During the
biodegradation study, it was observed that the mass of the
cross-linked hydrogel gradually declined. Lysozymes degrade
the polysaccharides through enzymatic hydrolysis of the
glycosidic bonds.42,43,45 Once the number of suitable sites
was reduced; the rate of degradation was declined between 7
and 21 days. On the other hand, hydrogel film which remained
in the PBS solution without lysozyme showed swelling behavior
rather than dissolution and kept intact the weight the same as
before (Figure 5).
3.5. In Vitro Cytotoxicity Study and Cell Proliferation.

The synthesized c-Dxt/pNIPAm 8 hydrogelator is anticipated
for oral drug delivery applications. Hence, it is essential to
investigate the cytocompatibility of the material. To investigate
cell proliferation, variation in DNA content was determined
after specific time intervals (first, third, and seventh days).
The DNA amount was enhanced with a rise in incubation

period for both synthesized hydrogel and the tissue culture
plate (TCP). However, cells on c-Dxt/pNIPAm 8 hydrogel
displayed higher proliferation efficiency (Figure 6a). This is due
to the hydrophilic nature of c-Dxt/pNIPAm, which swells to
form 3-D networks. This offers a broad surface for cells to grow
up and proliferate, whereas cell proliferation is limited on the 2-
D surface of the tissue culture plate. These higher numbers of
cell population of c-Dxt/pNIPAm 8 signify higher cell viability

of the cross-linked hydrogelator than the TCP and confirm the
nontoxicity of c-Dxt/pNIPAm. Fluorescent images of mesen-
chymal stem cells on lysine coated coverslip and polymer pellet
after 3 and 7 days are shown in Figure 6b. Cells of both groups
adhered well on their respective substrates on the third day.
After 7 days, the cells displayed well-spread morphology with a
prominent nucleus, further confirming the cytocompatibility of
the material.

3.6. Swelling Characteristics of Hydrogel. From Figure
S7 in the Supporting Information, it has been observed that
with progress in time, the % ESR of dextrin declined, suggesting
its solubility in aqueous media. In contrast, c-Dxt/pNIPAm
hydrogel achieved its equilibrium swelling at ∼6 h (Supporting
Information, Figure S7) and % ESR values of hydrogels are
higher than that of dextrin. This is because of the incorporation
of pNIPAm and cross-linker in the gel network, which
improved the hydrophilicity of the network and increased the
surface area for water diffusion (due to 3-D network). Besides,
the porous surface of c-Dxt/pNIPAm also assists the diffusion
of water into the network.23 Among the various synthesized
hydrogelators, c-Dxt/pNIPAm 8 demonstrates the lowest %
ESR (Table 1 and Supporting Information, Figure S7) because
of its higher % CR (Table 1). This makes the hydrogel
structure more stiff and opaque, resulting in less swelling than
that of hydrogelators with lower % CR.

pH-Responsive Behavior. The pH-sensitive swelling char-
acteristics of c-Dxt/pNIPAm hydrogelators were investigated,
and results are represented in Figure S7a−c in the Supporting
Information. The % ESR in alkaline medium was found to be
higher than that of acidic medium (Table 1). This is mainly
because of the protonation of hydrophilic groups present in c-
Dxt/pNIPAm in acidic media (i.e., pH 1.2), which deterred the

Figure 5. Progressive mass loss of c-Dxt/pNIPAm 8 xerogel films (■)
in lysozyme/PBS and (●) in PBS only. Results represented are mean
± SD, n = 3.
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formation of H-bonding with water.12 This will result in lower
% ESR. In alkaline media (i.e., pH 7.4), all the hydrophilic
groups remain free to form more H-bonding with water,
resulting in higher % ESR.12

Thermoresponsive Behavior. The temperature-sensitive
swelling nature of the cross-linked hydrogelators was also
studied (Supporting Information, Figure S7c,d). It has been
observed that, with an increase in temperature, % ESR
decreased. NIPAm contains two parts: one is hydrophilic, i.e.,
−NHCO−, and the other is hydrophobic, i.e., −CH(CH3)2. At
25 °C (below the LCST), the hydrophilic groups of c-Dxt/
pNIPAm hydrogelator form intermolecular hydrogen bonding
with water molecules, which makes the penetrated water into
the hydrogelator matrix at the bound state.1 At 37 °C (above
LCST), water molecules will acquire enthalpy and some of the
hydrophilic groups in the hydrogelator turn into intramolecular
hydrogen bonding, resulting in the increase in hydrophobic
force among the polymer chains. This results in higher % ESR
at lower temperature compared to higher temperature.
Swelling Kinetics. The rate of water absorption by c-Dxt/

pNIPAm hydrogelators at various pHs and temperatures was
determined using the Voigt model. At 37 °C and pH 7.4, the
rate parameter value τ (Table S2, Supporting Information) is
lower than those for pH 1.2 and pH 6.8, which indicates that

the rate of diffusion of water molecules is higher in alkaline
media compared to acidic media. Among the various hydrogels,
c-Dxt/pNIPAm 8 has the highest τ value due to its highest %
CR, which indicates the lowest rate of swelling. It was also
observed that, at 25 °C, the rate parameter values (τ) (Table
S2, Supporting Information) are lower than those at 37 °C,
which signifies that the swelling rate at 25 °C is higher than at
37 °C.

3.7. In Vitro Ornidazole and Ciprofloxacin Release
Study. pH Responsive Drug Release Study. Figure 7
demonstrates the percent cumulative drug (ornidazole and
ciprofloxacin) release from c-Dxt/pNIPAm 8 and dextrin in
various pH (1.2, 6.8, and 7.4) media at 25 and 37 °C. It is well-
known that the release rate of a drug depends primarily on the
chemical structure of the hydrogel as well as on the % ESR of
hydrogels.57 Higher % ESR values of hydrogels offer more
surface for diffusion of drugs to the release media.12 The water-
soluble drugs are released from hydrogel based tablet
formulations mainly through the dissolution process; a small
quantity of drug is also released by erosion of the matrix.12

From Figure 7, it is apparent that the rate of ornidazole
release is higher in alkaline media than that of acidic pH. This is
because drugs remain at the collapsed state in the c-Dxt/
pNIPAm 8 at pH 1.2 and thus swell less. Therefore, the drugs

Figure 6. (a) Cell proliferation result of c-Dxt/pNIPAm 8 hydrogelator by DNA quantification assay (results represented are mean ± SD, n = 3) and
(b) cellular attachment on pellet of c-Dxt/pNIPAm 8 hydrogel and control (lysine coated slides) by rhodamine phalloidin and DAPI assay at
different time periods.

Figure 7. In vitro release of (a) ornidazole from dextrin and c-Dxt/pNIPAm 8 and (b) ciprofloxacin from dextrin and c-Dxt/pNIPAm 8. Results
represented are mean ± SD, n = 3.
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will not be able to diffuse from the hydrogel into the media.
Similarly, the ciprofloxacin release rate was also very much less
at pH 1.2 compared to pH 7.4. However, at neutral/alkaline
media, the hydrogels swelled rapidly. This results in an increase
in drug diffusion from the matrix.12 Consequently, at higher pH
the rates of ornidazole and ciprofloxacin release were higher
compared to acidic pH. Out of various hydrogelators, c-Dxt/
pNIPAm 8 released the drugs (∼70.30 ± 3.51% ornidazole and
∼68.20 ± 3.41% ciprofloxacin release after 24 h) in a more
controlled way than that of dextrin. Besides, due to the covalent
attachment of cross-linker in the gel network, the percent
erosion (Table S3, Supporting Information) of the hydrogel is
much lower compared to dextrin, which also affects the
sustained release behavior of ornidazole and ciprofloxacin.
Temperature Responsive Drug Release Study. From Figure

7, it was observed that, with a rise in temperature from 25 to 37
°C, the release of drugs (ornidazole and ciprofloxacin) from c-
Dxt/pNIPAm 8 declined. As stated in section 3.6, at 25 °C %
ESR was higher than that at 37 °C. Below LCST (25 °C) of
pNIPAm, water molecules remain in the hydrogel matrix by
intermolecular H-bonding as a bound state. Thus, the tendency
to diffuse the water molecules into the hydrogel matrix would
be greater compared to above LCST (37 °C). The enthalpy
factor and the hydrophobic force make some water molecules
free from the bound state. Similarly, as water penetration in c-
Dxt/pNIPAm hydrogel is easier at 25 °C than at 37 °C, so the
diffusion rate of ornidazole/ciprofloxacin from c-Dxt/pNIPAm
to media as well as the percent cumulative drug release was
greater at 25 °C than at 37 °C. This phenomenon has also been
confirmed from diffusion coefficient values at different
temperatures (Table S4, Supporting Information).
Thus, from ornidazole/ciprofloxacin release profiles from c-

Dxt/pNIPAm hydrogel, it is apparent that grafting of pNIPAm
on dextrin backbone followed by chemical cross-linking of

MBA increased the hydrophilicity of the hydrogel that
controlled the swelling nature, minimized the erosion rate,
and subsequently released the drugs in a more controlled way.

Drug Release Kinetics. The release kinetics of ornidazole
and ciprofloxacin from dextrin and c-Dxt/pNIPAm 8 hydrogel
was investigated using zero order and first order kinetic models.
(For details see Supporting Information.) The regression
coefficient (R2) values (Table S5, Supporting Information)
obtained from the first order kinetic model are greater than
those from the zero order kinetic model. This confirmed that
the ornidazole release (pH 6.8 and pH 7.4) and ciprofloxacin
release (pH 7.4) from dextrin and c-Dxt/pNIPAm hydrogel
follow first order kinetics.

Mechanism of Drug Release. Drug release may happen
from the hydrogel system through Fickian/non-Fickian/and
case II diffusion.58,59 The release phenomenon also depends on
the mechanical strength of the hydrogel and external stimulus
(such as pH, temperature, ionic strength) along with the
chemical properties of the hydrogel matrix. We have used
different mathematical models, including the Korsmeyer−
Peppas model,60 the Higuchi model,61 the Hixson−Crowell
model,62 and the nonlinear Kopcha model,63 to predict the
mechanism of ornidazole/ciprofloxacin release from dextrin
and c-Dxt/pNIPAm hydrogelator. (Details of various models
have been explained in Supporting Information.)
For the ornidazole release from c-Dxt/pNIPAm hydrogel in

both media (pH 6.8 and 7.4) and the ciprofloxacin release (pH
7.4), the diffusion exponent (n) values (Table S5, Supporting
Information) obtained from the Korsmeyer−Peppas model are
between 0.45 and 0.89, which implies that non-Fickian diffusion
mechanism; i.e., the combination of diffusion and erosion of the
matrix predominate. Besides, the R2 values (Table S5,
Supporting Information) of the Higuchi and Hixson−Crowell
models suggest that the drug release follows the Higuchi model

Figure 8. Optimized structures of (a) polymer 1@ornidazole, (b) polymer 1@ciprofloxacin, (c) polymer 2@ornidazole, and (d) polymer 2@
ciprofloxacin calculated at DFT/B3LYP/STO-3G* level of theory.
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rather than the Hixson−Crowell model; i.e., the diffusion
process is mainly responsible for ornidazole and ciprofloxacin
release from c-Dxt/pNIPAm hydrogel.
Furthermore, the nonlinear Kopcha model (A and B values)

evaluates the quantitative contributions of the diffusion and
erosion processes for drug release. In the case of ornidazole
release, the exponent values (Table S5, Supporting Informa-
tion) signify that, at pH 6.8, a major percentage of the drug was
released through the diffusion process while percent erosion
has a minute contribution. At pH 7.4, the exponent values
(Table S5, Supporting Information) confirmed that the erosion
process equally contributes along with the diffusion process for
ornidazole release. On the other hand, the values of the
diffusion exponent (A) and the erosion exponent (B) (Table
S5, Supporting Information) obtained from the Kopcha model
for the ciprofloxacin release at pH 7.4 indicate that both
diffusion and erosion processes are responsible for the release
pattern.
Thus, from above explanations, it is apparent that non-

Fickian diffusion is the main mechanism for release of both
ornidazole and ciprofloxacin from c-Dxt/pNIPAm hydro-
gelator.
3.8. Stability Study. To investigate how the quality of

ornidazole/ciprofloxacin in tablet formulation fluctuates with
time under the influence of various factors such as temper-
ature/humidity, a stability study of the prepared ornidazole/
ciprofloxacin tablets was executed.12,44 It is obvious from the
drug stability results [FTIR spectra (Figure S8, Supporting
Information), XRD analyses (Figure S9, Supporting Informa-
tion), and release characteristics (initially and after 3 months,
Figure S10 and Tables S6 and S7, Supporting Information)]
that ∼97% ornidazole and ∼98% ciprofloxacin remain stable for
up to 3 months in c-Dxt/pNIPAm 8 hydrogel.
3.9. Computational Study. Optimization. Polymer 1

(pNIPAm cross-linked dextrin via secondary alcoholic group),
polymer 2 (pNIPAm cross-linked dextrin via primary alcoholic
group), ciprofloxacin, and ornidazole were fully optimized in
the gaseous state employing the DFT/B3LYP/STO-3G* level

of theory in its unrestricted form and shown in Figure S11 in
the Supporting Information. Both polymeric structures
(polymer 1 and polymer 2) were dominated by intramolecular
H-bonding. Intramolecular H-bonding allows both types of
polymeric chains to adopt similar kinds of spatial arrangement,
while dextrin molecules are trans to each other. Grafting of
pNIPAm in the dextrin backbone via the primary alcoholic
group facilitates forming more intramolecular H-bonding in the
polymer 2 structure, which makes the structure more compact
in comparison to the polymer 1 structure.

Binding Geometries of c-Dxt/pNIPAm Hydrogel−Drug
Complexes and Interaction Energies. The optimized elec-
tronic structures of c-Dxt/pNIPAm hydrogelator and drug
complexes under investigation are displayed in Figure 8. All the
displayed hydrogel−drug complexes showed a number of intra-
and intermolecular H-bond interactions of O−H···X, O−H···O,
and N−H···O types (where X = Cl and F). Various types of H-
bonding indicate the properties of hydrogel−drug interaction
to a large extent. Inter- and intramolecular H-bonding distances
present in c-Dxt/pNIPAm hydrogel@drug complexes are
shown in Tables S8 and S9 in the Supporting Information.
Due to the large number of intramolecular H-bonds in polymer
2, it is more compact and energetically more stable in
comparison to polymer 1. From Table S10 in the Supporting
Information it is obvious that the energetically polymer 2
structure is (−36.0557 kcal/mol) more stable than the polymer
1 structure.
By investigating the nature of H-bonding exist between the

polymers with ornidazole and ciprofloxacin, it is apparent that
ciprofloxacin always shows a stronger interaction than
ornidazole. This is because of the stronger H-bonding nature
of O−H···F than O−H···Cl. Between polymer 1 and polymer 2,
polymer 1 demonstrates much more affinity towards the drugs
ornidazole and ciprofloxacin than polymer 2. This can be
explained by the fact that, in polymer 1, grafting of poly(N-
isopropylacrylamide) (pNIPAm) proceeded on the dextrin
backbone via a secondary alcoholic group, which makes the

Figure 9. In vivo release of (a) ciprofloxacin and (b) ornidazole from dextrin and c-Dxt/pNIPAm 8 tablets. Results represented are mean ± SD, n =
3.
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drug-receiving pocket more appropriate in size for small drugs
like ornidazole and ciprofloxacin.
In polymer 2 the larger drug-receiving pocket makes the

polymer2@ornidazole complex (ΔE = −9.74625 kcal/mol,
zero point corrected energy ΔEcorrected = −7.36445 kcal/mol)
less effective for H-bonding than the polymer1@ornidazole
complex (ΔE = −21.45633 kcal/mol, zero point corrected
energy ΔEcorrected = −18.70417 kcal/mol). The above
observation was also supported by the number and reduced
intermolecular H-bond distance in the polymer1@ornidazole
complex (Tables S8 and S9, Supporting Information) than in
the polymer2@ornidazole complex.
The comparatively larger drug molecule ciprofloxacin fits in a

similar way with polymer 1 and polymer 2, which is reflected
from their close complexation energies (Table S11, Supporting
Information). For polymer1@ ciprofloxacin, the complexation
energy ΔE = −39.0360294 kcal/mol and the zero point
corrected energy ΔEcorrected = −34.697510 kcal/mol, while for
polymer2@ciprofloxacin, the complexation energy ΔE =
−30.5132 kcal/mol and the zero point corrected energy
ΔEcorrected = −28.446 kcal/mol.
Gas phase calculation concludes that ciprofloxacin showed

much higher affinity towards the c-Dxt/pNIPAm hydrogel unit
than ornidazole. If grafting of pNIPAm on the dextrin backbone
proceeds through a secondary alcoholic group, then it will
display a stronger binding with small drugs like ornidazole. This
complexation energy also showed a shifting in the vibrational
frequencies in the complexes, which was noticed by examining
the IR frequencies of the unbound and bound complexes.
3.10. In Vivo Pharmacokinetic Study of Ciprofloxacin

and Ornidazole. Oral suspensions and the tablet dosage form
of ciprofloxacin equivalent to 30 mg/kg body weight were given
to group I and group II, respectively. Oral suspension and the
tablet dosage form of ornidazole equivalent to 30 mg/kg body
weight were administered to group III and group IV,
respectively. The plasma drug concentrations for ciprofloxacin
and ornidazole were periodically measured for 12 and 24 h as
shown in parts a and b, respectively, of Figure 9.
The pharmacokinetic parameters were determined using

noncompartmental analysis. The Cmax, Tmax, AUC0−t, AUC0−∞,
Kel, T1/2, AUMC, and MRT values of all formulations of
ciprofloxacin and ornidazole are represented in Table S12 in
the Supporting Information. The time required to achieve the
peak plasma concentration (Tmax) of oral suspension was
greater compared to that for the sustained release tablet dosage
form in both drugs. This indicates the sustained release nature
of the tablet dosage form. This property was obvious, because
of the formation of cross-linked hydrogel matrix. The peak
plasma concentration (Cmax) of ciprofloxacin was significantly
low for tablet dosage form as compared to oral suspension,
indicating the lower rate of absorption which was a main goal to
be achieved in the case of sustained release dosage form (Table
S12, Supporting Information).
No significant difference was observed between the oral

suspension and the sustained release tablet dosage form of
ornidazole in the case of Cmax (Table S12, Supporting
Information). The extent of absorption should be greater
compared to that for the oral suspension, which is another main
goal to be achieved in the case of ideal sustained release dosage
form. Determination of area under the curve (AUC) is the
quantification of the extent of absorption. In our study, AUC
values for tablet dosage forms of both drugs were very large as
compared to those for the oral suspensions. This suggests that

the cross-linked hydrogel matrix was efficiently able to control
the drug release in vivo. The high standard deviation and
percentage coefficient variation in both cases may be minimized
by increasing the number of animals per group, but it is a
regulatory constraint in our country.

4. CONCLUSIONS

A novel chemically cross-linked hydrogelator (c-Dxt/pNIPAm)
was successfully developed using dextrin, MBA, and N-
isopropylacrylamide through free radical polymerization
followed by Michael type addition reaction. Various character-
ization techniques such as FTIR spectroscopy, 1H and 13C
NMR spectral analysis, TGA analysis, and FE-SEM/E-SEM
analyses confirm the development of cross-linked hydrogelator.
The stimulus responsiveness of the hydrogel was verified by
determining the % ESR at various temperatures and in different
buffer media. Cell viability study and degradation study imply
that c-Dxt/pNIPAm hydrogel is nontoxic for mesenchymal
stem cells (hMSCs) and degradable in nature. Interestingly, the
drug release profiles suggest that c-Dxt/pNIPAm released
ornidazole and ciprofloxacin in a controlled way. FTIR spectra,
XRD analysis, UV−vis−NIR spectra, and computational study
indicate that there is excellent compatibility between the drugs
and the hydrogel matrix. Besides, the stability study implies that
∼97% ornidazole and ∼98% ciprofloxacin remain stable in the
tablet formulations for up to 3 months. Finally, the pH and
temperature responsiveness, noncytoxicity, biodegradability,
and good compatibility between the drugs and the matrix
along with the controlled release behavior would make the
hydrogel an excellent alternative for controlled release of
ornidazole and ciprofloxacin.
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