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Synthesis and characterization of a pH/
temperature-dual responsive hydrogel with
promising biocompatibility features for
stimuli-responsive 5-FU delivery†
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The tunable properties of stimuli-responsive copolymers or hydrogels enable their application in different

fields such as biomedical engineering, tissue engineering, or even drug release. Here we introduce a new

PNIPAM-based triblock copolymer material comprising a controlled amount of a novel hydrophobic

crosslinker 2,40-diacryloyloxy benzophenone (DABP) and acrylic acid (AAc) to achieve lower critical solution

temperature (LCST) between ambient and body temperatures. The dual stimuli-responsive p(NIPAM-co-

DABP-co-AAc) triblock copolymer material and hydrogel were synthesized, and their temperature and pH-

responsive behaviors were systematically investigated. The hydrogel exhibited excellent temperature and

pH-responsive properties with an LCST of around 30 1C. Moreover, the synthesized copolymer has been

demonstrated to be nontoxic both in vitro and in vivo. When the hydrogel was preloaded with the model

drug 5-fluorouracil (5-FU), the designed hydrogel released the drug in a temperature and pH-controlled

fashion. It was observed that the prepared hydrogel has the ability to entrap 5-FU, and the loading is more

than 85%. In the case of temperature-controlled release, we observed almost complete release of 5-FU at

lower temperatures and sustained release behavior at higher temperatures. In addition, the hydrogel matrix

was able to retard the release of 5-FU in an acidic environment and selectively release 5-FU in a basic

environment. By realizing how the hydrogel properties influence the release of drugs from preloaded

hydrogels, it is possible to design new materials with myriad applications in the drug delivery field.

1. Introduction

Hydrogels are gaining wide attention in the field of biomedical
and drug-delivery engineering due to their mechanical corre-
spondence with the cellular matrix and biocompatibility.1

Additionally, they are three-dimensional crosslinked polymeric
networks that have the ability to swell in aqueous solution, but
not to dissolve.2,3 They are extensively investigated for a
plethora of reasons, covering many research areas, such as
drug delivery excipients,4 bioprinting,5 biomedicine,6 and tis-
sue engineering.7 Furthermore, the hydrogels can be designed
to have the desired physical/chemical characteristics, such as
their mechanical strength and their potential to load and

release drug molecules, which further expand their possible
application in controlled drug delivery.8 As a result, smart
hydrogels have attracted a lot of attention because they show
phase changes or abrupt volume changes with respect to
external stimuli such as temperature, pH, and ionic
strength,9,10 and several approaches have been developed
based on their tunability.11,12 Apart from this, some properties
of hydrogels could limit their practical applications, such as the
high water content of hydrogels, which causes the instant
release of entrapped drug molecules from the hydrogel matrix.

Amongst the smart hydrogels used in biomedical systems,
poly(N-isopropylacrylamide) (PNIPAM) has earned some special
attention. Its phase transitions from a hydrated to a dehydrated
state at 32 1C, which is close to human body temperature,
motivate many researchers to conduct extensive research on
this material.13 In addition, the ease of synthesis of PNIPAM-
based hydrogels/microgels and a wide range of chemical mod-
ifications that can be easily incorporated into the structures
have also attracted many researchers to conduct extensive
research on such materials. Additionally, their transition tempera-
ture and their response to other stimuli such as pH, electro/
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magnetic field, and light can be modified by copolymerizing with
different functional additives.14,15 For instance, J. C. Breger et al.
prepared a thermo-magnetically responsive PNIPAM based hydro-
gel by copolymerizing NIPAM, acrylic acid (AAc) and polypropylene
fumarate with iron oxide particles and showed the potential use of
such microgrippers as soft robotics for various applications.16 Apart
from this, copolymerization of PNIPAM with AAc or methacrylic
acid makes it a pH responsive material, which is attributed to the
protonation and deprotonation of AAc below and above the pKa of
4.25.8 In addition to AAc, many other monomers such as phenyl
boronic acid and amines are also used to synthesize dual stimuli
responsive hydrogels using PNIPAM as a copolymerizing agent.17,18

Apart from this, the fine hydrophilic–hydrophobic balance during
the synthesis of PNIPAM based hydrogels for various drug delivery
applications is also considered as an important aspect of such
formulations. The LCST of such hydrogels can be modified through
incorporation of hydrophilic/hydrophobic crosslinkers within the
polymer network.19

Typically, the hydrogel systems that exhibit a LCST between
ambient and body temperatures are the most promising candi-
dates for the biomedical applications. In this context, copoly-
merization of PNIPAM with a hydrophilic moiety tends to
increase the LCST of the system and in contrast to this the
hydrophobic moiety decreases the LCST of the system.20,21 In
this respect, the most commonly used crosslinker is N,N0-
methylene bis acrylamide, which tends to shift the LCST to
higher temperature.22 Our group, among others, has synthe-
sized a PNIPAM based hydrogel by copolymerizing with AAc
and showed its potential application in controlled drug delivery
in response to the temperature and pH. However, nearly all
these studies are associated with N,N0-methylene bis acryl-
amide as a crosslinker, increasing the LCST of the system.

As we all know, smart hydrogels that exhibit mutual
response to multiple stimuli, like pH and temperature, have
advantages over the hydrogels sensitive to one stimulus. Thus,

the objective of this study was to design a triblock copolymer
and hydrogel with a controlled hydrophilic and hydrophobic
balance using 2,40-diacryloyloxy benzophenone (DABP) as a
novel hydrophobic crosslinker for the first time and AAc as a
hydrophilic, pH-sensitive monomer. The addition of this novel
crosslinker provides the benefit of possible tailoring of LCST
near the body temperature. Furthermore, the cooperative effect
of pH and temperature on the small molecule entrapment and
release was systematically discussed in detail in the present
work. Using these data, we are able to understand how the
hydrogel’s chemical and physical properties affect the release of
small molecules (e.g., 5-fluorouracil (5-FU)) and suggest the
possible mechanism of interaction between the model drug
and hydrogel matrix in terms of modulating drug release. In
addition, to the best of our knowledge, the synthesized triblock
copolymer p(NIPAM-co-DABP-co-AAc) was evaluated for the
in vivo biocompatibility study for the first time.

2. Materials and methods
2.1. Materials

N-Isopropylacrylamide (NIPAM) (purity 97%), acrylic acid (AAc) (purity
99%), 2,20-azobis(2-methylpropionitrile) (AIBN), 1,4-dioxane, di-
chloroethane (DCE), pyridine, N,N-diisopropylethylamine (DIEA) were
procured from Sigma-Aldrich Chemicals. 2,40-Dihydroxybenzo-
phenone (purity 498%) and acrylic anhydride (purity 495%) were
procured from TCI, India. All other analytical and microbiological
chemicals were procured from Merck India.

2.2. Synthesis of p(NIPAM-co-DABP-co-AAc)

(A) Step-wise approach
Step 1: Synthesis of 2,40-diacryloyloxy benzophenone (DABP).

To a magnetically stirred mixture of 2,40-dihydroxybenzo-
phenone (0.214 gm, 1 mmol, 1 equiv.), DIEA (0.258 gm, 2 mmol,
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2 equiv.), and pyridine (32.3 mL, 0.2, 20 mol%) in DCE (3 mL),
acrylic anhydride (0.229 mL, 2 mmol, 2 equiv.) was added in a
nitrogen environment while maintaining moisture free condi-
tions. The obtained mixture was heated to 65 1C in an oil bath
for 12 h. After completion of the reaction (12 h, TLC), the
mixture was cooled to room temperature. Then 20% NaCl, 20%
NaHCO3, and 20% HCl were added to the resultant reaction
mixture to remove any unreacted impurities. The mixture was
extracted with ethyl acetate (5 mL � 2). The ethyl acetate layer
was separated and dried over anhydrous Na2SO4, filtered off,
and evaporated to dryness under vacuum. The obtained crude
product was purified by column chromatography (60–120 mesh
silica gel) using ethyl acetate/n-hexane (16 : 84 v/v) as an eluent
to get the compound of interest (compound 3) as a pale-yellow
semisolid mass (85%). TLC (ethyl acetate: n-hexane, 16 : 84 v/v:
Rf E 0.7; 1H NMR, CDCl3, 400 MHz) d (ppm): 7.78–7.75 (m, 2H),
7.53–7.47 (m, 2H), 7.29 (dt, J = 7.5, 1.1 Hz, 1H), 7.21–7.18 (m,
1H), 7.15 (d, J = 4.6 Hz, 1H), 7.13 (d, J = 2.0 Hz, 1H), 6.56 (dd, J =
17.3, 1.2 Hz, 1H), 6.29–6.26 (m, 1H), 6.25–6.22 (m, 1H), 5.99
(dd, J = 10.4, 1.4 Hz, 2H), 5.78 (dd, J = 10.5, 1.2 Hz, 1H); 13C
NMR (101 MHz, CDCl3) d (ppm): 195.57, 164.02, 153.84, 137.49,
135.12, 133.36, 132.52, 131.71, 129.98, 129.82, 128.37, 127.58,
121.53, 77.41, 77.38, 77.09, 77.08, 77.06, 76.77, 76.76, 76.74,
29.72; FT-IR nmax (cm�1): 3472.6, 3071.4, 2930.0, 2034.3,
1949.4, 1751.4, 1666.5, 1600.3, 1487.7, 1441.9, 1143.1; MS
(ESI) (M + H)+ = 322.87.

Step 2: Synthesis of p(NIPAM-co-DABP). The general synthetic
procedure for the synthesis of p(NIPAM-co-DABP) is adapted
from similar literature with slight modifications.23,24 Briefly,
DABP (0.028 g, 0.089 mmol, 1 equiv.) was dissolved in 1,4-
dioxane with stirring at room temperature. To a magnetically
stirred solution of DABP, NIPAM (1 g, 8.85 mmol, approximately
100 equiv.) was dissolved. The entire solution was degassed
using N2 for 30 min. After degassing, AIBN (0.01701 mL,
0.089 mmol, 1 equiv.) was added to the degassed reaction
mixture, and the reaction vessel was tightly sealed and again
degassed for 30 min prior to initiating the polymerization
reaction. The degassed reaction vessel was heated at 70 1C in
an oil bath and kept stirred at 100 rpm under a N2 atmosphere
for 12 h. The reaction mixture was cooled to room temperature
and then 100 mL of diethyl ether was added to quench the
polymerization process. The white-colored precipitate was fil-
tered and dried using a vacuum oven at 40 1C. 1H NMR, CD3OD,
400 MHz d (ppm): 7.64 (assigned to the N–H shift), 5.60–6.20
(assigned to the para-proton shift of the DABP moiety), 3.96
(assigned to the C–H shift of the NIPAM moiety), 1.14–3.65
(assigned to the C–H and CH2 proton shifts of the p(NIPAM-co-
DABP) chain; FT-IR nmax (cm�1): 3301.7 (N–H stretching), 2965.6
(CHQCH2 stretching), 1754.2, 1642.2 (CQO stretching), 1525.6
(aromatic CQC stretching). The detailed strategy to confirm
regio-selective copolymerization of PNIPAM with the para-
acryloyl unit of DABP is given in the ESI.†

Step 3: Synthesis of p(NIPAM-co-DABP-co-AAc). p(NIPAM-co-
DABP) (1 g) was dissolved in 1,4-dioxane with stirring at room

temperature. The resultant solution was kept aside with stirring
until a clear solution was formed. To the clear solution, acrylic
acid (0.108 g, 1.60 mmol) was added, and the resultant reaction
solution was sealed and degassed using N2 gas for 30 minutes.
The mole equivalent ratio of p(NIPAM-co-DABP) to acrylic acid
was 1 : 10 equiv. To the degassed solution, AIBN (0.01701 mL,
0.089 mmol) was added, and the sealed reaction vessel was
degassed again for 30 minutes. The degassed reaction vessel
was heated at 70 1C in an oil bath and kept stirred at 100 rpm
under a N2 atmosphere for 12 h. The reaction mixture was
cooled to room temperature and then 100 mL of diethyl ether
was added to quench the polymerization process. The white-
colored product was filtered and dried using a vacuum oven at
40 1C. 1H NMR, DMSO, 400 MHz) d (ppm): 12.03 (assigned to
the O–H shift), 7.94 (assigned to the N–H shift), 7.17–7.19
(aromatic proton shift), 5.53–6.22 (assigned to the para-
proton shift of the DABP moiety), 1.04–3.93 (assigned to the
C–H and CH2 proton shifts of the p(NIPAM-co-DABP-co-
AAc) chain.

(B) One-pot multicomponent synthesis of p(NIPAM-co-
DABP-co-AAc). The one-pot multicomponent synthesis of
p(NIPAM-co-DABP-co-AAc) was performed as follows: the gen-
eral synthetic scheme was adapted from a similar literature
with a slight change in the molar ratio of monomers and the
crosslinker.25 To a magnetically stirred solution of DABP (0.028 g,
0.089 mmol, 1 equiv.) in 1,4-dioxane, NIPAM (1 g, 8.85 mmol,
approximately 100 equiv.) and acrylic acid (0.108 g, 1.60 mmol,
approximately 18 equiv.) were added with constant stirring at
room temperature. The reaction vessel was sealed properly, and
the reaction solution was purged with N2 gas for 30 minutes. After
degassing, AIBN (160 mL, 1.08 mmol) was added with stirring. The
resultant mixture was degassed using N2 gas for 30 minutes. The
degassed reaction vessel was placed in an oil bath, which was
previously maintained at 70 1C and kept overnight at 100 rpm in
an N2 environment for 12 h. The reaction mixture was cooled to
room temperature and then 100 mL of diethyl ether was added to
quench the polymerization process. The white-colored product
was filtered and dried using a vacuum oven at 40 1C. 1H NMR,
DMSO, 400 MHz d (ppm): 12.02 (assigned to the O–H shift), 7.93
(assigned to the N–H shift), 7.15–7.20 (assigned to the aromatic
proton shift), 5.53–6.60 (assigned to the para-proton shift of the
DABP moiety), 1.05–3.84 (assigned to the C–H and CH2 proton
shifts of the p(NIPAM-co-DABP-co-AAc) chain. It is noted that from
here onwards, all other characterizations were performed on
p(NIPAM-co-DABP-co-AAc) synthesized by a one pot synthesis
method.

2.3. Characterization of p(NIPAM-co-DABP-co-AAc)

2.3.1. Chemical characterization
FT-IR spectroscopy. FT-IR spectroscopy was performed in the

ATR mode (Alpha 2, Bruker, Germany) in a scanning range of
600–4000 cm�1. The obtained data were plotted as %transmit-
tance vs. wavenumber (cm�1).

X-ray photoelectron spectroscopy (XPS). The elemental
composition was analyzed using XPS measurements. The
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experiments were performed using the PHI Versa probe III
system (physical electronics – USA) equipped with an Al-Ka
source. The source was set to illuminate a spot size of 200
microns. While experimenting, the electron gun was used to
prevent sample charging. Furthermore, the wide-scan XPS
spectrum was collected and deconvoluted using the origin lab
software for further analysis.

2.3.2. Thermal and crystalline properties assessment
Differential scanning calorimetry (DSC). DSC analysis was

performed using a DSC thermal analysis instrument (DSC-3,
STARe System, Mettler Toledo, Switzerland). All the samples
were accurately weighed (4–5 mg) and placed in an aluminum
crucible. The DSC analysis was performed from 0 to 150 1C in
an N2 environment at 10 1C min�1.

Thermogravimetric analysis (TGA). The weight loss of the
synthesized compound with respect to the temperature was
analyzed using TGA (TGA-2 STARe system, Mettler Toledo,
Switzerland). Furthermore, the obtained results were used to
determine the compositional properties of the compound. The
accurately weighed samples were transferred to an aluminum
oxide crucible. The TG analysis was performed from ambient
temperature to 900 1C in an N2 gas environment.

X-ray diffraction analysis. XRD analysis was performed using
an XRD diffractometer (EMPYREAN XRD, Malvern Panalytical,
United Kingdom). The diffractogram was recorded with a K-a
wavelength of 1.5406 Å with Cu as an anode at 40 kV and 40 mA
in the 2y range of 5–801.

2.3.3. Matrix-assisted laser desorption ionization–time-of-
flight (MALDI-ToF) mass spectrometry. The MALDI-ToF/MS
spectra of the synthesized compound were recorded using a
Bruker Autoflex Speed MALDI-ToF/MS spectrometer with a
molecular mass range of 1000–10 000 Da in the linear mode
using sinapinic acid as a matrix (2 mg mL�1 in THF). The
nitrogen laser, which has a wavelength of 337 nm and a pulse
frequency of 200 MHz, was used to accelerate the ions. The
synthesized compound was dissolved in THF (1 mg mL�1) until
a clear solution was formed. The matrix (20 mL) and the
polymer solution (20 mL) were mixed together and dried on
the steel target plate to acquire MALDI-ToF/MS spectra.

2.4. Temperature/pH-responsive p(NIPAM-co-DABP-co-AAc)

Dynamic light scattering (DLS) measurement. The hydro-
dynamic diameter as a function of pH and temperature was assessed
using the DLS technique.25 The synthesized compound was sus-
pended in the aqueous solution with different pH values, such as
1.2, 3.0, 6.8, and 7.4. The prepared aqueous suspension was filtered
using a 0.45-micron syringe filter, and the filtrate was analyzed using
a particle size analyzer (Nano-ZS, Malvern Instruments Ltd). For
temperature-dependent studies, the SOP was created in the 20–50 1C
temperature range with an increment of 2 1C. At each temperature,
the particle size measurement was performed and a plot of particle
size vs. temperature was constructed, which was further used to
determine the lower critical solution temperature (LCST) of the
p(NIPAM-co-DABP-co-AAc) polymer system.

Variable temperature NMR spectroscopy. The variable tem-
perature 1H NMR spectra at room temperature and 50 1C were
recorded using D2O as a solvent system and a Bruker AVANCE
Neo 400 MHz spectrometer to observe the temperature-
dependent behavior of the molecule.

FT-IR spectroscopy. The pH-responsive FT-IR analysis was
performed in the ATR mode (Alpha 2, Bruker, Germany). The
20 mg mL�1 polymer solution was prepared using different pH
solutions (pH 1.2, 3.0, 6.8, and 7.4) and kept aside for 5 minutes
at room temperature. The FT-IR spectra were recorded for each
sample in the scanning range of 800–2400 cm�1. The obtained
data were plotted as % transmittance vs. wavenumber (cm�1)
for further analysis.

UV-visible spectroscopy. pH-dependent UV-visible absor-
bance of the synthesized compound was determined using a
UV-visible spectrophotometer (Shimadzu 1900, Japan). The
synthesized polymer was dissolved in the aqueous solution
with different pH values (1.2, 3.0, 6.8, and 7.4); whenever
necessary, a probe sonicator was used. The prepared polymer
solution was filtered using a 0.45-micron syringe filter and
analyzed using a UV-visible spectrophotometer in a 200–
800 nm wavelength range.

2.5. Cytotoxicity assessment

The cytotoxicity of the polymer was estimated by MTT viability
assay. The fine powder of the polymer was dispersed in
phosphate-buffered saline (PBS). HEK-293 and HT-29 cells were
seeded in 96 well plates at 12 000 cells per well in 200 mL of the
medium. After reaching a cell confluency of up to 80%, the
suspension of polymer powder was added to the wells at
different concentrations (0 to 1000 mg mL�1). Then the cells
were further incubated for another 24 h, and after that, 50 mL of
MTT solution (0.4 mg mL�1) in PBS were added to each well
and incubated at 37 1C in 5% CO2 for 4 h. Then, after removing
the MTT solution carefully, the formed formazan crystals were
solubilized in dimethyl sulfoxide (DMSO). The absorbance was
measured using a Spectramax iD3 instrument (Molecular
Devices, LLC, San Jose, CA) at 492 nm. PBS-treated cells with
100% viability were used as controls.

2.6. Acute oral toxicity study

2.6.1. General considerations. The acute oral toxicity
assessment of the synthesized compound was conducted as
per the OECD 423 guidelines.26 A total of 12 Sprague-Dawley
(SD) rats aged between 6 and 7 weeks were taken from the
Central Animal House Facility (CAF), NIPER-G, Assam, India
(IAEC approval no.: NIPER/PE/2023/19). All the animals were
familiarized to the working environment for 1 week prior to the
initiation of the study. All tests and procedures were conducted
in compliance with the Institutional Animal Ethics Committee
(IAEC) formed under the supervision of CPCSEA under the
Ministry of Animal Welfare Division of the Government of
India, New Delhi.

2.6.2. Methodology. All animals were categorized into two
groups, namely the control group and test group, with each
group containing 6 animals. The synthesized triblock
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copolymer p(NIPAM-co-DABP-co-AAc), at a dose of 2000 mg kg�1,
was administered to the test group using PBS solution as a
vehicle. The remaining 6 animals received the same volume of
vehicle (PBS solution) that was considered as a control group. All
the experimental animals were cautiously observed for any
behavioral changes and mortality, immediately after the dosing,
at 2 and 4 h intervals and subsequently at days 1, 7, and 14. The
blood samples were collected on respective days for further
haematological and serum biochemical analyses. At the end of
the study, i.e., on day 14, the animals were humanly sacrificed,
and an autopsy was carried out to collect the major organs for
any organ level toxicity observations.

2.6.2.1. Hematological and biochemical analyses. The blood
samples (approximately 0.2 mL) were collected from the retro-
orbital plexus of each rat at days 0, 1, 7, and 14 and kept in
earlier coated K2-EDTA vials (BD Microtainers vial). The col-
lected unprocessed blood samples were used to determine
various haematological parameters such as haemoglobin, total
RBC, WBC, platelets, etc. using a differential haematology
analyser (Celltac alpha, Nihon Kohden India Pvt. Ltd, India).
The serum samples (approximately 200 mL) were collected at
predetermined day intervals and stored at �80 1C prior to the
serum biochemical analysis. The biochemical parameters,
including the liver function test (aspartate aminotransferase,
AST; alanine aminotransferase, ALT) and kidney function test
(creatinine), were determined using a serum biochemistry
analyzer (RX Daytona+, Randox Laboratories Ltd, UK). Statis-
tical analysis was performed using graph pad prism 8.0.

2.6.2.2. Histopathology. All animals were sacrificed on day
14, and the autopsy was carried out to collect the major organs
such as the liver, kidney, and intestine, the organs which are
involved in the metabolism, absorption, and excretion pro-
cesses of molecules. The collected organs were stored in 10%
formalin solution followed by dehydration with ethanol for 1 h.
The fully dehydrated tissue sample was treated with acetone
and xylene and fixed in a paraffin wax. The slices of 4 mm
thickness were obtained using a microtome and the prepared
slices were subjected to haematoxylin and eosin staining. After
treating with haematoxylin and eosin the sections were washed
with ethanol, acetone, and xylene for 5 min each and mounted
using DPX. The dried sections were visualized using high-power
digital optical microscopy. The optical images of the tissue
samples were taken at 10� and 20� magnifications.

2.7. Model drug loading

5-Flurouracil (5-FU) as a model drug was loaded into the
synthesized hydrogels using a swelling-diffusion method.27

The 5-FU solution of 1 mg mL�1 concentration was prepared
in phosphate buffer (pH 7.4). After the formation of a clear
solution, the dried hydrogel sample was accurately weighed
between 100 and 110 mg and carefully mixed with the drug
solution and kept aside for swelling for 24 h at 37 1C for the
temperature-dependent and pH-dependent release study. After
the swelling equilibrium was achieved, the swelled hydrogels

were washed with 0.1 N HCl solution maintained at 37 1C. The
washing procedure was performed three times to remove the
free drug. The 5-FU loaded hydrogels were collected using a
centrifugation method, and the supernatant was collected to
determine the free drug using a UV-visible spectrophotometer
(UV2600, Shimadzu, Japan) at a wavelength of 263 nm.

2.8. In vitro release study

To observe the dual-stimuli responsive release of 5-FU from the
hydrogel, the 5-FU loaded hydrogel samples were transferred to
a dialysis bag (MWCO = 14 000 Da), and for the temperature-
controlled release experiment, the study was conducted at two
different temperatures based on the LCST of the synthesized
material in the aqueous medium. Briefly, the 5-FU loaded
hydrogel samples were transferred to a beaker filled with
80 mL of double distilled water, which was maintained below
LCST (24 1C) and above LCST (40 1C). The solution was stirred
continuously at 100 rpm throughout the study. At predeter-
mined time intervals (0–24 h), an aliquot of 1 mL was collected
and analysed for % cumulative drug release (% CDR) using a
UV-visible spectrophotometer (UV2600, Shimadzu, Japan) at a
wavelength of 263 nm. Similarly, to study the pH-controlled
release of 5-FU, the experiment was conducted at two different
pH values based on the pKa of acrylic acid (pKa = 4.25). For this
experiment, the 5-FU loaded hydrogel samples were transferred
to a beaker filled with 80 mL of an aqueous solution having a
pH of 1.2 at 37 1C at 100 rpm. At predetermined time intervals
(0–4 h) 1 mL of aliquot was collected and analysed for % CDR.
After 4 h, the pH of the solution was increased to 6.8 using
0.01 M phosphate buffer; at selected time intervals 1 mL of the
sample was collected from each beaker and analysed for % CDR
using a UV-visible spectrophotometer. It is noted that the all-
release experiments were carried out in triplicate to avoid any
statistical error and the data were represented as mean � SD.

3. Results and discussion
3.1. Chemical characterization of p(NIPAM-co-DABP-co-AAc)

The FT-IR spectra of p(NIPAM-co-DABP-co-AAc) are shown in
Fig. 1. The observed band at 3270.66 cm�1 confirms the
presence of amine (N–H) stretching in the polymer network,
which supports the presence of the crosslinked NIPAM moiety.
Apart from this band, we observed a stretching band at
3068.66 cm�1 and 2969.64 cm�1, which confirms the presence
of the carboxylic group and CH3 stretching in the structure,
indicating successful copolymerization of AAc and NIPAM
within the co-polymer network. In addition, the characteristics
peaks at 1718.62 (ester CQO), l628.65 (amide CQO), and
1526.67 (ketone CQO)28 confirm the CQO group derived from
AAc, NIPAM, and DABP respectively. In addition, the peak at
1449.29 cm�1 proves the presence of the C–O group. Overall,
the obtained results confirm the copolymerization of NIPAM
and AAc with DABP.

In addition to the FT-IR study, the exhaustive compositional
analysis of the p(NIPAM-co-DABP-co-AAc) triblock copolymer
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was performed using a non-destructive spectroscopy technique
known as X-ray photoelectron spectroscopy (XPS). Fig. 2a shows
a wide XPS spectrum of p(NIPAM-co-DABP-co-AAc), which
includes carbon (C 1s) spectra at 282–290 eV, nitrogen spectra
at 396–404 eV, and oxygen (O 1s) spectra at 528–536 eV, attesting
successful copolymerization of NIPAM, DABP, and AAc.

The peaks at around 284.5 eV, 284.8 eV, and 288.0 eV were
observed in the high-resolution C 1s spectrum (Fig. 2b), indi-
cating the presence of CQC, C–C/C–H, and CQO groups in the
copolymer structure. In addition, the peaks at around 398 eV
and 399 eV in the N 1s spectrum (Fig. 2c) are attributed to the
C–N and N–H groups respectively. The presence of these groups
indicates the incorporation of the NIPAM monomer in the
p(NIPAM-co-DABP-co-AAc) system. Furthermore, we observed
two peaks at around 531 and 532 eV in the O 1s spectra, which
correspond to the CQO and O–H groups of AAc and DABP
respectively, which were copolymerized in the p(NIPAM-co-
DABP-co-AAc) system. To boot, the obtained findings are com-
pared with the available literature.29 Hence, the obtained XPS
findings confirmed the copolymerization of NIPAM, DABP, and
AAc monomers in the p(NIPAM-co-DABP-co-AAc) system.

3.2. Thermal and crystalline properties of p(NIPAM-co-DABP-
co-AAc)

Fig. 3 shows the DSC findings of the triblock copolymer
p(NIPAM-co-DABP-co-AAc). The copolymer showed large
endothermic transition in the studied region. The onset of
the endotherm is considered as the transition temperature of
the thermo responsive triblock copolymer when exposed to
heating, where bonded water molecules are removed from the
polymer network and the system undergoes intramolecular
coil-to-globule transition, assembling polymer chains resulting
in polymer precipitation. From the obtained data, the transi-
tion temperature of the synthesized copolymer system was
found to be around 30.89 1C, where the phase transition of
the copolymer system took place. The NIPAM based polymer
has a fixed phase transition temperature, i.e., LCST at around
32 1C, and it is possible to tune the LCST of this system by
grafting it with hydrophobic and hydrophilic moieties.30

Usually, the biomedical applications demand the LCST of the
polymer system to be between 32 and 37 1C or rapid swelling–
deswelling behaviour in response to the temperature or any
other stimuli such as pH. In relation to this, S. J. Lue et al.
modified the LCST of PNIPAM by incorporating AAc as a
hydrophilic monomer. The authors showed that with an
increase in the concentration of AAc, there is an increase of
the LCST of the PNIPAM-based hydrogel system from 34.82 to
43.96 1C.21 On the other hand, the incorporation of a hydro-
phobic moiety leads to a decrease in the LCST of the system.
S. Tang et al. prepared the PNIPAM hydrogels by incorporating
hydrophobic 4,40-dihydroxy biphenyl diacrylate as a crosslinker
and reported a decrease in LCST with an increasing amount of
crosslinker from 32.8 1C to 4.3 1C.30 In our findings the LCST of
the synthesized triblock copolymer system shifted to 30.89 1C
from 32 1C, which was envisioned as a controlled hydrophobic–
hydrophilic balance during grafting of the PNIPAM moiety with
DABP and AAc respectively. The obtained LCST findings could
enable the potential use of such triblock copolymers with a
controlled hydrophilic–hydrophobic balance in various biome-
dical applications. Furthermore, the single glass transition
temperature (Tg) was obtained for the synthesized triblock
copolymer at around 66.65 1C; indeed, such triblock copolymer
systems generally display multiple Tg behaviour. Hence, based
on the findings we can confirm that the synthesized system
possess a good miscibility between the copolymers with strong
intermolecular hydrogen bonding.31

The detailed thermal degradation and compositional analy-
sis of the p(NIPAM-co-DABP-co-AAc) triblock copolymer in
comparison to the raw materials was performed using TGA.
The obtained data are shown in Fig. 4. The TGA analysis was
performed in the 25 1C to 500 1C range. In the case of AAc and
NIPAM, we observed maximum thermal degradation in the
range of 100 to 200 1C. Furthermore, to determine the precise
degradation temperature at which maximum weight loss
occurred, we plotted the first derivative graph as shown in
Fig. S11 (ESI†). From the first derivative graph, the maximum
weight loss was observed at 138.82 1C and 165.25 1C for AAc and
NIPAM, respectively (Fig. S11A and B, ESI†). Furthermore, in the
case of DABP we observed maximum weight loss in the tem-
perature range of 350–450 1C, with a maximum weight loss at
402.69 1C (Fig. S11C, ESI†). In the case of p(NIPAM-co-DABP-co-
AAc) two thermal events were observed: firstly, in the range of
50–150 1C and secondly. in the range of 300–450 1C. The first
derivative of the same is shown in Fig. S11D (ESI†), which reveals
that the initial degradation at 56.14 1C is due to the water loss
with maximum weight loss at 413.91 1C. This may be due to the
degradation of the side chain functional group and backbone
structure. Overall, the obtained findings confirm the two impor-
tant leads: first, the incorporation of AAc and DABP in the
PNIPAM chain had a significant impact on the thermal stability
of the system and second, it confirms incorporation of AAc and
DABP within the p(NIPAM-co-DABP-co-AAc) copolymer network.

Furthermore, the crystalline properties of the p(NIPAM-co-
DABP-co-AAc) triblock copolymer were investigated using XRD
analysis. Fig. 5 shows the XRD findings of the p(NIPAM-co-

Fig. 1 FT-IR spectra of p(NIPAM-co-DABP-co-AAc).
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DABP-co-AAc) triblock copolymer: the broad native peaks at 8.981,
20.751, and 39.61 suggest the amorphous phase of the synthesized
triblock copolymer. Furthermore, the peaks at 8.981 and 20.751
are attributed to the interplanar distance between the associated
polymer chains of PNIPAM, d1 and d2-spacings32 respectively.

3.3. MALDI-ToF mass spectrometry analysis

MALDI-ToF analysis demonstrates its potential in the charac-
terization of the polymeric system. Particularly, the technique is

used to analyze the molecular weight and distribution of
narrow polydispersity index polymers with high-resolution and
accuracy.33 The full MALDI-ToF spectrum of the triblock copo-
lymer p(NIPAm-co-DABP-co-AAc) is shown in Fig. S12 (ESI†).
The obtained mass spectrum contains several series of signals
originating from the frequent statistically scattered monomers
produced by the random copolymerization. The spectrum was
deconvoluted in the 1000–1600 m/z region (Fig. 6), and the
dominant peak series was obtained, such as peak series A at

Fig. 2 XPS spectrum of the triblock copolymer p(NIPAM-co-DABP-co-AAc): (a) wide XPS spectrum, (b) high-resolution C 1s XPS spectrum, (c) high-
resolution N 1s XPS spectrum, and (d) high-resolution O 1s XPS spectrum.

Fig. 3 DSC thermogram of the p(NIPAM-co-DABP-co-AAc) triblock
copolymer.

Fig. 4 TGA thermograms of AAc, NIPAM, DABP and p(NIPAM-co-DABP-
co-AAc).
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1018, 1131, 1244, 1358, and 1469 m/z, corresponding to
(113.16)n. In this context, n is the number of NIPAM units.
The second major peak series, i.e., peak series B, which
corresponds to m/z at 1081, 1153, 1225, and 1440, was obtained,
related to (72.06)m, where m is the number of AAc units. Finally,
the third peak series, named series C, was obtained at an m/z of
1289 related to 322 � 4, where 4 is the number of 2,4-di-ABP
units. The obtained results confirmed that the copolymer was
formed mainly by the chain transfer reaction. At the same time,
spectra convey that the monomers are randomly copolymer-
ized. The molecular weight range of the prepared triblock
copolymer was found to be in the range of 1018–6440 m/z.

3.4. Temperature/pH-responsive properties of p(NIPAM-co-
DABP-co-AAc)

Thermosensitive macromolecules can undergo a reversible
coil–globule transition at certain temperatures, such as the
LCST or upper critical solution temperature (UCST). A reversible
coil-to-globule phase transition when immersed in an aqueous
solution at its LCST is considered as an essential physiological
property of PNIPAM. It demonstrates excellent thermo-
responsive behavior both from a fundamental viewpoint and

from a practical perspective. In response to the temperature
change, the thermo-responsive polymer pNIPAM undergoes
hydrophilic–hydrophobic transitions. Dynamic light scattering
(DLS) can be used to assess such thermal transitions. A copoly-
mer of this type also displays a unique phase transition at LCST
from a swollen hydrated state to a shrunken dehydrated state.
From the DLS measurement, we can see that synthesized
p(NIPAM-co-DABP-co-AAc) shows a unique temperature-
sensitive behavior, as shown in Fig. 7, indicating a change in
the particle size with respect to temperature. At low temperature
the p(NIPAM-co-DABP-co-AAc) particles display a swollen transi-
tion and a higher particle diameter. In contrast, the swollen
particles expel water from inside and exhibit a shrunken state at
higher temperature, and thus there is a reduction of the particle
size. The obtained data were fit to a Boltzmann sigmoidal curve
fitting function using the Origin Lab program software and the
LCST was determined. From the data, the LCST of the synthe-
sized p(NIPAM-co-DABP-co-AAc) was found to be around 30 1C.
The obtained findings are also in good agreement with the
results obtained from DSC analysis. Besides, we observed a
significant decrease in the particle size when the temperature
was more than 30 1C. This observation is attributed to the
change in the conformation of the polymeric chain. The poly-
mers change their conformation from loose coils to a condensed
dehydrated state at or above the LCST. The above-revealed
characteristics of pNIPAM permits the release of preloaded drug
molecules from the p(NIPAM-co-DABP-co-AAc) matrix in
response to the physiological temperature (430 1C) and provide
a new way to formulate temperature-triggered drug delivery
systems.24,25,34

Furthermore, the pH-responsive behavior of the synthesized
system was also investigated using the DLS technique, and a
change in the particle size as a result of pH changes of solution
was recorded (Fig. 8). We hypothesized that an increase in the
particle size is observed when the pH is more than the pKa value
of AAc due to acid ionization, with a further decrease in the
diameter when the pH is less than the pKa of AAc due to the

Fig. 5 XRD diffractogram of the p(NIPAM-co-DABP-co-AAc) triblock
copolymer.

Fig. 6 Deconvoluted MALDI-ToF spectrum of p(NIPAM-co-DABP-co-AAc).

Fig. 7 Temperature dependent hydrodynamic diameter of the p(NIPAM-
co-DABP-co-AAc) hydrogel to determine the LCST of the system.
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acid neutralization. This is due to the fact that at basic pH
(pH 4 pKa) the synthesized hydrogel system is negatively
charged and shows a swollen configuration due to the coulom-
bic repulsion between charges, resulting in the generation of
osmotic pressure in the hydrogel system.25 From Fig. 8, on the
other hand, no pH-responsive behavior was observed for the
p(NIPAM-co-DABP) system; however, the system composed of
AAc, i.e., p(NIPAM-co-DABP-co-AAc) demonstrates a desirable
pH response. We observed an increase in the diameter as the
pH of the solution increased, and the drastic increase in the
diameter was observed when the pH was more than the pKa of
AAc (pH 4 pKa: 6 4 4.25).

As PNIPAM is a well-known temperature-sensitive polymer,
we hypothesized that the copolymer composed of PNIPAM and
AAc should retain their thermosensitivity. Fig. S13 (ESI†) shows
the temperature-responsive behavior of the synthesized copo-
lymer p(NIPAM-co-DABP-co-AAc) at the indicated solution pH.
We observed a decrease in the particle size when the tempera-
ture of the pH solution increased from 20 1C to 50 1C at pH 1.2
and 7.4.

To elucidate the molecular level temperature-responsive
behaviour of the synthesized P(NIPAM-co-DABP-co-AAc) triblock
copolymer, we performed variable temperature 1H NMR
spectroscopy using D2O as a solvent at two different tempera-
tures i.e., 25 1C and 50 1C. The obtained spectra are shown in
Fig. 9. The more resonant proton peaks, which are attributed to
the DABP and PNIPAM chains, are selected to determine the
chemical shifting of protons with respect to the temperature.
The temperature-responsive polymers show reversible coil-to-
globule transition at or above the LCST, which leads to the
stronger 1H coupling due to decrease in the segmental mobility
of hydrophobic groups.35 It is well known that the coil-to-
globule transition of the PNIPAM moiety occurs above the
LCST, which is associated with the dehydration of the polymer
chain,36 due to the loss of water molecules from the hydro-
phobic group in the PNIPAM based copolymer chain. Hence,
the proton shift of these segments is observed in downfield

along with decrease in the intensity with respect to the increasing
temperature.36,37 Hence, holding this hypothesis, the 1H NMR
spectrum of the synthesized triblock copolymer was recorded at
25 1C (below LCST) and 50 1C (above LCST). The dominant peaks
‘a’, ‘b’, and ‘c’, which are specifically related to the hydrophobic
segments in the p(NIPAM-co-DABP-co-AAc) triblock copolymer, are
considered for further evaluation (Fig. 9). Interestingly the
obtained spectra reveal the peak shift of the hydrophobic
DABP proton ‘c’ towards downfield in the case of the NMR spectra
obtained at 50 1C compared to the NMR spectra taken at 25 1C.
On the other hand, the peak signals corresponding to the
NIPAM segment (peaks a and b) are hardly detectable after
the phase transition at 50 1C. From the obtained results, we
can conclude that the obtained findings are in good agreement
with the designed hypothesis and previously available literature
reports,35,36,38 and the findings further confirm the dehydration of
hydrophobic segments in the p(NIPAM-co-DABP-co-AAc) triblock
copolymer at or above the LCST, subsequently proving the thermo-
sensitivity of the p(NIPAM-co-DABP-co-AAc) triblock copolymer.

Finally, the conventional FT-IR and UV-visible spectroscopy
was performed to determine the pH responsive behaviour of
the synthesized copolymer. The obtained spectra are shown in
Fig. S14 (ESI†). The analysis of the obtained results was
performed based on the hypothesis that at pH 4 pKa of AAc,
p(NIPAM-co-DABP-co-AAc) is in deprotonated form, i.e., CO2

�

form will dominate, and when the pH of the solution is less
than the pKa of AAc, the copolymer will exist as free carboxylic
acid, i.e., COOH without any charge. Fig. S14a (ESI†) shows the
FT-IR spectra of p(NIPAM-co-DABP-co-AAc) at four different
pH values. The canine teeth-shaped peaks around 1070 and
985 cm�1 were observed in the case of the FT-IR spectrum of
p(NIPAM-co-DABP-co-AAc) at pH 6.8 and 7.4. These peaks
correspond to the asymmetric and symmetric stretching of
the –CO2

� group.39 In the case of pH 1.2 and 3.0, the absence
of the –CO2

� group peaks in the FT-IR spectrum indicates
a fully protonated form of the copolymer at acidic pH. Hence,
the obtained data confirm the conversion of protonated to
deprotonated form of the copolymer as the pH of the solution

Fig. 8 pH responsive hydrodynamic diameter of the p(NIPAM-co-DABP-
co-AAc) hydrogel.

Fig. 9 1H NMR spectrum of p(NIPAM-co-DABP-co-AAc) in D2O at
25 and 50 1C.

Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 1
8 

A
pr

il 
20

24
. D

ow
nl

oa
de

d 
on

 1
1/

19
/2

02
4 

5:
32

:4
1 

PM
. 

View Article Online

https://doi.org/10.1039/d4tb00168k


This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024, 12, 5098–5110 |  5107

increases, indicating that the prepared copolymer can swell and
collapse as the pH is increased/decreased. Furthermore, the
same phenomenon was observed in the case of UV-visible
spectroscopy studies. The absorbance above 300 nm was
observed when the pH of the solution was more than the pKa

of AAc, which is attributed to the carboxylate ions40 (Fig. S14b,
ESI†). The obtained results convey pH induced deprotonation
and protonation of the synthesized copolymer at basic and
acidic pH respectively.

3.5. Cytotoxicity assessment

In order to study the biomedical applicability of the synthesized
copolymer, an in vitro cytocompatibility experiment was per-
formed. MTT assay is a well-established, preliminary, and easy
method to determine the biocompatibility of such copolymers
before proceeding to the in vivo applications. The cytotoxicity
against HEK-239 and HT-29 was determined as a function of
copolymer concentration. The obtained data are shown in
Fig. 10, indicating more than 90% cell viability at the highest
copolymer concentration of 1000 mg mL�1, which is considered
as a good cytocompatibility for biomedical applications. Hence,
MTT assay reveals that the synthesized p(NIPAM-co-DABP-co-
AAc) triblock copolymer exhibited no obvious cytotoxicity.
Furthermore, detailed in vivo toxicity studies must be carried
out to prove the synthesized copolymer as a ‘biomaterial’ for
various biomedical and drug delivery applications.

3.6. Acute oral toxicity study

3.6.1. General appearance. All experimental rats were cru-
cially observed for any signs of toxicity such as weight loss,
general behaviour, mortality, etc. as per the OECD-423 guide-
lines. The obtained data are shown in Table S1 (ESI†). All the
animals showed no signs of toxicity with normal general
appearance observations. Furthermore, the increase in the
body weight is considered as an initial sign of various organ
toxicity and metabolic dysfunction. The body weight of each rat
was recorded before and after oral dosing of the synthesized
compound and compared with the control group. The obtained
data are shown in Table S1 (ESI†), indicating no significant
change in the body weights of all treated rats up to the 14th day.

Overall, the findings convey the initial safety of the synthesized
compound after oral administration.

3.6.2. Hematological and biochemical analyses. The hae-
matological parameters and biochemical parameters were
determined before and after dosing and compared with the
control group; the obtained data are shown in Table S2 and
Fig. S15 (ESI†). The obtained data convey that all the haema-
tological and biochemical parameters for control and test
groups were found to be within the normal physiological
range41,42 and did not display any significant difference when
compared with the control group.

3.6.3. Histopathology. To observe the organ-level toxicolo-
gical impact of the synthesized copolymer, the microscopic
histopathological characterization of the liver, kidneys (the
major organs involved in metabolism), and small intestine
(the major organ responsible for absorption) was performed,
and the data are shown in Fig. 11. The microscopic histopatho-
logical evaluation of liver sections of SD rats from the control
and treated groups was performed using 10� and 20� magni-
fications. Normal lobular architecture and portal tract were
observed in the control group. The liver section after the treat-
ment with 2000 mg kg�1 copolymer displayed normal lobular
architecture, central veins, and sinusoids. There was not any
kind of the toxic signs like inflammatory patches, fatty changes,
and fibrosis in hepatocytes. The kidney histological sections of
both control and copolymer treated SD rats were examined using
10� and 20� magnifications. The cortex, medulla, and glomer-
uli structure from the sections of both groups were found to be
normal and intact. The sections demonstrated normal intersti-
tial conditions and no inflammation or necrosis was present.
Finally, histopathological evaluation of the intestinal section
showed the normal crypt, mucosal lining, and villi upon exam-
ining under 10� and 20� magnifications. Structures present in
the intestine are intact and normal. There are no inflammation
and necrosis observed in the intestinal cell lining after 14 days of
experimental period. Overall, no evidence of pathological
damage or toxicity of the synthesized copolymer was observed,
indicating it as a potential ‘biomaterial’.

3.7. Dual-stimuli responsive/triggered drug release

Various studies have shown the effectiveness of the multiple drug
treatment to cure various diseases43,44 and also simultaneous
delivery of two or more drugs to minimize the adverse reactions
of certain drugs and minimize the drug resistance.45 Here, we
developed a new material, which has the ability to control or
trigger the release of a small molecule(s) in response to physio-
logical conditions, which will improve the effectiveness of the
individual therapy. In this respect, thanks to the NIPAM for its
tunable properties, the design of a triblock copolymer comprises
hydrophilic and hydrophobic units, which will improve the drug
loading capacity and drug release with respect to the LCST of the
system, and addition of AAc adds a new dimension to the
material, making it a temperature and pH dual responsive system,
which could effectively control the drug release in response to the
external stimuli with myriad applications of this material in
biomedical and pharmaceutical fields. Here we showed the ability

Fig. 10 % Cell viability as a function of p(NIPAM-co-DABP-co-AAc)
concentration.
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of the synthesized triblock copolymer p(NIPAM-co-DABP-co-AAc)
to release entrapped 5-FU in a controlled and triggered fashion in
response to temperature and pH.

3.7.1. 5-FU release observations by changing temperature.
The temperature-dependent release of 5-FU is shown in Fig. 12(A).
To investigate the temperature-dependent release of 5-FU, the

release was performed at two different temperatures at 24 1C and
40 1C in an aqueous medium. The obtained findings reveal that the
release rate of 5-FU is more at lower temperature and slower at
higher temperature. This observation was attributed to the
temperature-dependent shrinkage of the p(NIPAM-co-DABP-co-
AAc)-based hydrogel. As a result at temperatures higher than LCST,
the collapsed pores of the hydrogel matrix restrict the diffusion
pathway of 5-FU from the hydrogel matrix to the solution leading to
the slower release of 5-FU. These results revealed that the prepared
PNIPAM based hydrogel matrix showed a great impact on the
controlled 5-FU release with respect to the change in temperature.
The obtained findings also align with the available literature
reports.8,46 Furthermore, p(NIPAM-co-DABP-co-AAc) showed a mini-
mal release of 5-FU at elevated temperature, which is near the body
temperature, suggesting its ability to sustain and fasten the release
of 5-FU at higher and room temperatures, respectively.

3.7.2. 5-FU release observations by changing pH. Next, we
investigate the ability of p(NIPAM-co-DABP-co-AAc) to control the
release of 5-FU via another external factor to which the synthesized
hydrogel responds, i.e., pH. For this study, the entrapment of 5-FU
was achieved using a swelling diffusion method at body tempera-
ture, showing a maximum entrapment efficiency of around 90%.
The in vitro release study of 5-FU from the prepared matrix was
performed by varying the pH of the solution from 1.2 to 6.8 at
constant temperature (Fig. 12(B)). As confirmed by the DLS, UV, and
FT-IR spectroscopy techniques, p(NIPAM-co-DABP-co-AAc) showed a
pH-responsive behaviour and is able to release the entrapped 5-FU
when the pH of the medium is more than the pKa. As shown in
Fig. 12(B), around 17% of cumulative 5-FU release was observed at
pH 1.2 and it is almost constant for up to 4.0 h (Fig. 12(B) zoom in).
This is due to the fact that at pH o pKa, the synthesized hydrogels
were in the collapsed state at a temperature higher than the LCST
(430 1C), which blocks the 5-FU diffusion pathway. After 4.0 h, the
pH of the medium was adjusted to 6.8, and the 5-FU release pattern
was observed. Initially, no marked release was observed, and this
might be due to the time taken by the hydrogel to respond to the
environmental pH change. Overall, around 80% of release was
observed at pH 6.8 within 24 hours. At basic pH, the deprotonated
form of hydrogels absorbs more release medium and showed
drastic swelling behaviour, leading to the faster release of 5-FU.
The same kind of behaviour was also observed in the SEM study. As
shown in Fig. S16a and b (ESI†), the drastic decrease in the particle
size was observed when the pH of the solution was less than the pKa

of AAc (Fig. S16a, ESI†). In contrast, at basic pH, we observed
significant swelling with visualization of pores on the hydrogel
surface, which further supports the rapid release of 5-FU in basic
media (Fig. S16b, ESI†). Therefore, the LCST and swelling behaviour
of the designed hydrogel can be naturally mediated by the pH
difference in the gastro-intestinal tract, which may be an attractive
tool for smart oral drug delivery systems.

4. Conclusion

In summary, a dual stimuli-responsive hydrogel, named
p(NIPAM-co-DABP-co-AAc), was prepared using DABP as a

Fig. 11 Histopathological sections of (A) liver, (B) kidneys, and (C) small
intestine (H and E staining, magnification 10� and 20�).
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crosslinker by free radical copolymerization. The used two
approaches such as step wise synthesis and one pot synthesis
enabled the hydrophobic crosslinker to successfully react with
PNIPAM and AAc to form a new dual temperature and pH-
responsive copolymer and hydrogel. The developed hydrogel
was thoroughly characterized for its chemical and physical
properties using various analytical tools such as NMR, XPS,
FT-IR, DSC, TGA, XRD, DLS, etc. We demonstrated that the
controlled concentration of DABP and AAc generates a hydrogel
with LCST around body temperature and is able to respond to
the physiological pH change. In this respect, the LCST of the
synthesized copolymer and hydrogel was found to be around
30 1C by the DLS technique. The synthesized hydrogel exhibits
thermo and pH-sensitive swelling/deswelling behaviour that
can be facilitated by environmental temperature and pH
changes, leading to different 5-FU release observations under
different temperature and pH conditions. The MTT assay
reveals more than 90% of cell viability at higher dose and
in vivo acute oral toxicity findings confirm the excellent bio-
compatibility of synthesized p(NIPAM-co-DABP-co-AAc). The

in vitro 5-FU release study revealed that the release of
5-FU is sustained at higher temperature, showing around
50% of 5-FU release in 24 h, in contrast to that at lower
temperature where an almost 90% release was observed in
24 h. In addition to this, the same hydrogel system was able
to suppress the 5-FU release in an acidic environment, main-
taining a considerable plateau state, while it was significantly
enhanced as soon as the pH of the medium was changed to
basic conditions. The overall findings demonstrate the signifi-
cant use of such copolymers for the tunable release of single or
multiple drugs from a single copolymer matrix. In the future,
we will further integrate the synthesized hydrogel system with
3D printing technology for the fabrication of personalized and
effective drug delivery devices for gastrointestinal/colorectal
cancer with detailed in vivo animal studies. Altogether, the
findings provide an experimental approach to generate new
copolymers that can release the drug molecules when desired.
Furthermore, the synthesized thermal and pH-triggered hydro-
gel could open a new era in the field of self-regulated drug
delivery in response to the physiological changes.

Fig. 12 In vitro release of 5-FU from the p(NIPAM-co-DABP-co-AAc) hydrogel: (A) temperature responsive release behaviour and (B) pH responsive
release behaviour.
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