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Abstract 

Background 5-FU has multiple applications in various cancers but has limitations owing to its shorter half-life 
and rapid metabolism. In this study, injectable intratumoral gels were developed to enhance 5-FU concentrations 
in tumor vicinity. Sterile tunable poly (N-isopropylacrylamide)-based pH/thermo dual-sensitive self-assembled 
and in situ crosslinkable injectable depot gels with low viscous grade of chitosan (LVCS) were developed via cold 
and free radical polymerization method for localized and sustained delivery.

Results Rheological analysis confirmed the gelation temperature, sol–gel transitions and viscoelastic behavior 
of in situ gels. Swelling–deswelling–reswelling cycles established the effect of temperature on structural changes. 
Swelling tests and in vitro drug release conducted in various dissolution media at variable temperatures confirmed 
pH/thermal dual response of formulations. Methyl thiazolyl tetrazolium assay confirmed that the hydrogels have good 
cytocompatibility with above 85% cells viability in Vero cells. In vitro cytotoxicity assay against MCF-7 cells displayed 
that 5-fluorouracil has good anticancer activity in loaded gel form as compared to free 5-FU. The cytotoxic stud-
ies showed that IPLVCS-2 and IPLVCS-6 have the highest inhibition  (IC50 = 47 ± 1 µg/ml, 34 ± 17 µg/ml) as compared 
to free 5-FU  (IC50 = 52 ± 3 µg/ml).

Conclusion Current findings conclude that taking the advantage of physiologic environment acidic pH and high 
temperature of cancer cells, poly(NIPAAm)-g-LVCS formulations can effectively be used as intratumoral controlled 
depot of 5-FU.
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Graphical Abstract

1  Background
Cancer is nowadays the leading public health problem all 
around the globe. In the USA, one in every four deaths 
occur due to cancer. Chemotherapy for cancer has always 
been remained a challenging job [14]. Various treatment 
strategies have been introduced for cancer chemother-
apy. The efficiency of chemotherapeutic agents has often 
been inadequate by the exposure of healthy cells to the 
serious side effects of these anticancer agents [26, 40]. 
Surgical removal of tumor is the primary clinical treat-
ment, but complete removal was not achieved success-
fully. Therefore, in most cases, to kill the malignant cells 
and to prevent tumor reoccurrence, surgery is followed 
by systemic chemotherapy or irradiation to remove the 
remaining tumor cells. However, owing to concurrent 
excretion, systemic chemotherapy leads to lesser distri-
bution to target tissue [9, 24], because the non-specific 
distribution of cancer drugs to healthy tissues caused 
severe toxic effects [12].

5-Fluorouracil (5-FU), a pyrimidine analogue, which 
interferes with thymidylate synthesis is one of chemo-
therapeutic compounds that has application in many 
solid tumors such as breast cancer [40], gastric cancer 
[26], pancreatic cancer [9] and colorectal cancer [24]. 
Limitations to 5-FU include rapid metabolism by dihy-
dropyramidine dehydrogenase owing to short plasma 

half-life, ununiform and poor oral absorption and dam-
age of the healthy cells due to its non-selectivity. To 
increase the efficacy of the 5-FU and to retain the drug in 
the general circulation for longer time during the entire 
treatment period remained the desirable goal for many 
years. So, to achieve this objective, the carrier system 
needs to be modified [4].

Intelligent biopolymer systems which are also known 
as “materials with brain” with capability of in  situ gel 
forming have recently gained an increasing importance 
and interest of researchers in developing biosensors and 
drug delivery carriers. These systems have the poten-
tial to detect a minute change and show response to the 
external or internal factors such as pH [29], temperature 
[3], light [22], ionic strength and magnetic field [28]. Due 
to identical human body environment with some of these 
factors, pH/temperature-responsive hydrogels have been 
widely studied which can be simply and easily controlled 
both in vitro and in vivo [19].

Hydrogels with 3D network are the superabsorbent 
which have the ability to absorb high amount of water 
and biological fluids. Injectable hydrogels with biode-
gradable and biocompatible nature undergo a tempera-
ture-induced phase transition and form a depot system 
in  situ. These injectable in  situ hydrogels are formed 
after injection via sol–gel phase transition or via in  situ 
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chemical polymerization which have gained extensive 
interest as an emerging platform and have been widely 
investigated. Such thermoresponsive depot systems 
which do not need the use of any type of polymerization 
agents, externally applied triggering agents, or organic 
solvents have discovered huge biomedical applications 
as matrices in tissue engineering, drug delivery and cell 
carriers [5, 20, 21]. These polymeric matrices follow-
ing gelation act as site-specific depots for the delivery of 
pharmaceuticals [27]. To overcome the problem associ-
ated with cancer treatment, an alternative approach is to 
encapsulate the chemotherapeutic agent in biodegradable 
and biocompatible thermosensitive polymeric solution 
that can be injected either locally to deliver the drug at 
tumor site or injected through subcutaneous route. After 
injection the thermoresponsive solution will undergo 
in situ polymerization and will convert into a depot form 
in response to normal physiological body temperature. In 
the past (for last 5  years), a very few articles have been 
reported for the delivery of 5-FU via injectable hydrogels. 
Lin et al. [41, 42] prepared N-isopropylacrylamide-based 
hydrogels with carboxymethyl chitosan for the delivery 
of 5-FU. Moreover, no work has been reported with low 
viscous chitosan in the literature with N-isopropylacryla-
mide for 5-FU delivery. Additional file 1: Fig. S1 indicates 
the general illustrations of pH, temperature and pH/
Thermo dual responsive hydrogels.

During last few decades, biopolymers from natural 
and synthetic sources have been widely utilized to pre-
pare injectable scaffolds as drug and gene delivery car-
rier owing to excellent biodegradable and biocompatible 
nature [20, 21].

Low viscous chitosan (LVCS) is a cationic synthetic 
derivative of natural chitosan, which is formed from 
N-deacetylation of chitin. It is a linear polysaccharide of 
b-(1–4)-linked 2-acetamido-2-deoxy-D-glucopyranose 
and 2-amino-2-deoxy-D-glucopyranose units. It has 
found successful applications in tissue engineering and 
drug delivery owing to nontoxic, biodegradable, biocom-
patible, excellent swelling and pH-sensitive properties 
[18]. However, LVCS has only solubility in acidic solution 
and has greatly limited its applications [8, 24].

Poly (N-isopropylacrylamide) (PNIPAAm), tempera-
ture-responsive polymer, acts as a best suitable candidate 
for the development of injectable hydrogels. This poly-
mer has reversible volume phase transition at its lower 
critical solution temperature (LCST) between 30 and 
32  °C close to body temperature [7]. Below LCST, PNI-
PAAm chains become hydrated in water, which leads to 
the formation of expended structure, while above LCST, 
a compact structure is formed due to water loss [6]. The 
phenomenon of this structural transition changes the 
permeability of the gel network, which can be utilized to 

switch the release of the pharmaceuticals “on and off” in 
the delivery devices [36].

Tumor has a slightly acidic atmosphere with high tem-
perature as compared to normal body cells and tissues 
[37–39]. The lower pH of tumor tissues is because of the 
high glycolytic activity that produces acids equivalents in 
cells, while tumor tissues have slightly higher tempera-
ture because of continuous replication, which needs and 
releases energy. The increased temperature of tumor cells 
is also suggested to be due to the increased glycolytic flux 
[2].

Keeping in mind these environmental conditions, our 
group has reported intratumor dual-responsive pH/
thermo injectable depot gels of PNIPAAm with low vis-
cous chitosan through self-assembling and in situ chemi-
cal polymerization techniques in this study. The study 
aimed that pH/thermo dual-responsive formulations will 
response to acidic pH and high temperature locally in 
the tumor vicinity. The formulations will undergo sol–gel 
transition, form a local drug depot and will release the 
drug in controlled manner. As per literature review, no 
work with LVCS has been reported targeting the intra-
tumor environment. Herein in this study we reported 
a detailed study representing pH/thermo dual nature 
based on LVCS and NIPAAm for intratumoral appli-
cations. The developed gels were screened for sol–gel 
phase change, gelation time, optical transmittance and 
temperature-induced changes, viscosity determination, 
rheological properties and swelling characterization at 
various pH and temperatures. For developed depot gels, 
networking parameters were calculated using Flory Hug-
gins theory. In vitro drug release and anticancer activity 
of these injectable depot formulation were further inves-
tigated using MTT (Methyl thiazolyl tetrazolium) assay. 
Structural and thermal analysis of the selected samples 
was conducted via nuclear magnetic resonance (NMR), 
Fourier transform infrared spectroscopy (FTIR), thermo-
gravimetric analysis (TGA), differential scanning calo-
rimetry (DSC) and scanning electron microscopy (SEM). 
Current findings indicate that shortcomings associated 
with 5-FU can effectively be overcome by encapsulating 
in pH/thermo dual-responsive gels. Moreover, the devel-
opment of these dual-nature formulations can be applied 
locally for effective treatment in various cancer types tak-
ing the advantage of tumor local conditions. Additionally, 
we are confident that the development of these dual-
nature formulations will provide an alternative hallmark 
in the biomedical field.

2  Methods
2.1  Materials
Low viscous chitosan (Average Mw = 45,000–60,000) 
(Sigma-Aldrich), N-isopropylacrylamide (NIPAAm, 99% 
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purity) (Sigma-Aldrich), 5-fluorouracil (99%) (Sigma-
Aldrich), ammonium persulfate, glutaraldehyde (GA), 
acetic acid, sodium dihydrogen phosphate, sodium 
hydroxide, sodium chloride (ABCAM), and deionized 
water were used for conducting experiments.

2.2  Preparation of self‑assembled and chemically 
crosslinked in situ gel formulations

The injectable thermosensitive self-assembled and chem-
ically crosslinked in situ depot gels were synthesized by 
cold and free radical polymerization method. The poly-
mers and other reaction parameters used in various feed 
composition ratio are given in Table 1.

2.2.1  Self‑assembled in situ gel formulations
Briefly, weighed quantity of NIPAAm was stirred at 300 
RPM in cold distilled water alone as per composition 
shown in Table 1. NIPAAm dispersion was kept at 4  °C 
for 24  h till clear NIPAAm solution obtained. The final 
sample was stored in sterilized glass vials for further 
studies [25].

2.2.2  Chemically crosslinked in situ gel formulations
2.2.2.1 Preparation of  poly (LVCS‑grafted‑NIPAAm) 
in  situ gel formulations A similar procedure as 
described above was adopted for the preparation of poly 
(LVCS-grafted-PNIPAAm) injectable hydrogels via free 
radical polymerization technique with minor modifica-
tions [15]. LVCS was dispersed in 1% acetic acid under 
at 300 RPM for 30 min as per feed ratios given in Table 1. 
NIPAAm was dissolved in cold distilled water and then 
stored at 4  °C for 24 h to obtain clear solution after fil-
tration (0.45 micron). Ammonium persulfate previously 
sterilized by autoclaving in an appropriate quantity was 
added to NIPAAm solution. The grafting reaction was 
conducted by the dropwise addition of NIPAAm solution 
into LVCS solution under nitrogen atmosphere at room 
temperature. Glutaraldehyde in various concentrations 
was finally added to mixture and the final solution was 

stirred for 30 min. The final co-solution was placed at 4 °C 
in sterilized glass vials for further studies. Figure 1 shows 
the proposed poly (LVCS-g-NIPAAm) injectable depot 
hydrogels structure.

2.2.3  Characterization of in situ gels
2.2.3.1 1H and  13C nuclear magnetic resonance (NMR) 
analysis To confirm the copolymer structure, 1H and 
13C NMR spectra of NIPAAm, LVCS, and poly (LVCS-g-
PNIPAAm) samples were noted in DMSO as solvent on 
400/Varian VXR 200 spectrometer. The chemical shifts 
were characterized in parts per million (ppm), and tetra-
methylsilane (δ = 0  ppm) was used as internal standard 
[44].

2.2.3.2 FTIR analysis FTIR of pure NIPAAm, pure 
LVCS, 5-FU, IPLVCS copolymer (IPLVCS-2) and samples 
were recorded under 4000–400  cm−1 using KBr pellets in 
1:100 proportions on FTIR spectrophotometer (Tensor-II 
BRUKER USA) [41, 42].

2.2.3.3 TG analysis Thermogravimetric analyzer (DTG 
60, Shimadzu, Japan) was used to analyze thermal stability 
of samples. Decomposition peaks were recorded between 
25 and 1000 °C at 20 °C/min under nitrogen gas flow of 
30 ml  min−1 [33].

2.2.3.4 DSC analysis Netzsch DSC 204 F1 Phoenix ther-
mal apparatus was used to carry out the thermal analysis 
of the gels. Samples (5 mg) were placed in an aluminum 
holder and heated under 25–1000 °C at 20 °C/min [33].

2.2.3.5 SEM analysis The porosity of poly (LVCS-g-
NIPAAm) hydrogels was monitored using SEM (JSM-
6490A, Japan). Dried hydrogel disks were powdered, 
mounted on an aluminum stub and scanned at 20 kV with 
0.6 mm Hg chamber pressure and variable magnification 
[32].

Table 1 Feed ratios of synthesized poly (LVCS-g-PNIPAAm) gels (n = 3)

Codes PNIPAAm (g) LVCS (g) APS (g) GA (g) Tsol–gel (°C) Gelation time (GT) H2O (g)

IP-1 0.500 – – – 37 No gelation 10 g

IP-2 1 – 0.020 – 34 ± 0.21 ∼ 17 min 10 g

IP-3 1.5 – 0.020 – 34 ± 0.20 ∼ 10 min 10 g

IPLVCS-1 1 0.150 0.015 0.015 35 ± 0.23 ∼ 8 min 10 g

IPLVCS-2 1 0.200 0.015 0.015 35 ± 0.27 ∼ 10 min 10 g

IPLVCS-3 1.5 0.200 0.015 0.015 34 ± 0.90 ∼ 07 min 10 g

IPLVCS -4 2.0 0.200 0.015 0.015 33 ± 0.20 ∼ 06 min 10 g

IPLVCS -5 2.5 0.200 0.015 0.020 34 ± 0.05 ∼ 04 min 10 g

IPLVCS -6 2.5 0.200 0.015 0.025 33 ± 0.60 ∼ 02 min 10 g
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2.2.4  Clarity of formulations
The clarity of polymeric solutions and in situ formed gels 
was visually monitored at 4 °C, 25 °C and 37 °C.

2.2.5  Phase diagram measurement of formulations (Tsol‑gel)
The phase transition temperature of all samples was 
monitored by tube inverting method [25]. Each time 
stated in Table  1, 3  ml sample was taken in test tube, 
sealed with parafilm and retained in digital water bath 
maintained at gelation temperature. Each minute, per °C 
temperature was increased after solutions equilibration 
to confirm the gelation temperature. The gelation of solu-
tion was confirmed by titling test tube at 90°.

2.2.6  Determination of viscosity of formulations
The steady shear viscosity of all samples was determined 
by Digital Brookfield Viscometer. A 25  ml sample was 
taken in a beaker using spindle 52 at room temperature. 
A shear rate (spindle speed) in the range of 0.3–60 rpm 
was applied. All the samples were analyzed in triplicates 
for accuracy of results [41, 42].

2.2.7  Rheological analysis
For the analysis of rheological properties, the poly 
(LVCS-g-NIPAAm) copolymer solutions were prepared 
in their respective solvents at different polymeric and 
crosslinker concentrations. The rheological behavior 
of the in  situ injectable gel samples was monitored via 
time sweep experiments over 20–37  °C using AR-2000 

Fig. 1 Proposed structure of poly (LVCS-g-PNIPAAm) pH/thermo dual-responsive in situ injectable depot hydrogel. APS was used as initiator, 
while glutaraldehyde (GA) was used as crosslinking agent
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rheometer at 1  rad/s oscillatory frequency fixed with 
40 mm plate. The gelation mechanism was noted by cal-
culating storage (G′) and loss (G″) moduli over 300 s [16].

2.2.8  Measurement of optical transmittance
Optical transmittance of poly (LVCS-g-NIPAAm) gels 
was monitored at diverse temperatures at 450  nm. The 
transparencies of samples were observed using dispos-
able curettes in digital water bath. Temperature was 
changed from 25 to 45 °C and retained at specified tem-
perature for 5 min prior to analysis [23, 35].

2.2.9  Swelling test
The swellability of poly (LVCS-g-NIPAAm) hydrogels 
was analyzed with respect to phosphate buffer solution 
(PBS, 5  mM, pH = 7.4), distilled water and (pH = 2.1) at 
25 °C, 37 °C and 45 °C in closed containers. For swelling 
tests, the hydrogel samples were cut into 8 × 8 mm disks. 
At specific time intervals, samples were withdrawn from 
respective solution, blotted with paper prior to weigh and 
reverted back to solution till equilibrium value obtained. 
The following formula was used for swelling ratio calcu-
lation [34],

where Ws is swollen gels weight and Wd specifies dry 
weight.

2.2.9.1 Oscillatory swelling tests Poly (LVCS-g-PNI-
PAAm) hydrogels were tested for oscillatory swell-
ing–deswelling–reswelling cycles in buffer solutions of 
pH = 2.1 at various temperatures. Briefly, hydrogel disks 
were dipped in buffer for 2 h at 25  °C and then kept in 
solution at 37 °C for 2 h and repeat again. Each time, swol-
len sample weight was observed before each immersion. 
Oscillatory cycles were determined at different pH values 
by same method reported earlier [34].

The swelling ratio (SR) was calculated by using Eq. 1.

2.2.9.2 Diffusion coefficient (D) Drug release from poly 
(LVCS-g-PNIPAAm) hydrogels generally occurs via dif-
fusion. Diffusion coefficient (D) denotes substance passes 
in unit time across concentration gradient through unit 
area. For “D” measurement, dried disks were saturated at 
pH = 2.1. “D” values were measured by the following for-
mula [17]:

(1)Swelling Ratio(SR) =
Ws −Wd

Wd

(2)D = π
h.θ

4.Qeq

where D denotes diffusion coefficient, Qeq is equilibrium 
swelling degree, θ is slope of the linear part of the swell-
ing curves, and h is initial dry gels thickness.

2.2.10  Network parameters of pH/thermo dual‑responsive 
injectable depot hydrogels

2.2.10.1 Molecular weight between crosslinks (Mc) Reh-
ner theory was used for determining Mc values of hydro-
gels. Mc values were determined by the following formula 
[17]:

2.2.10.2 Polymers volume fraction (v2,s) Polymers vol-
ume fraction (v2,s) refers to absorbing ability of hydrogel 
sample. The following formula was used for the calcula-
tion of (v2,s) of samples:

where dh and ds are densities (g/ml) of the gel and sol-
vent. Ma and Mb are masses (gm) of sample in swollen 
and dry state [1].

2.2.10.3 Solvent interaction parameters (χ) The gels 
components compatibility with the surrounding liquids 
was measured via solvent interaction parameters. χ values 
were calculated by the following equation:

where v2,s (ml/mol) denotes swollen gels volume fraction 
[1].

2.2.11  Grafting efficiency
The amount of grafted NIPAAm to LVCS was calculated 
by method reported by Zhang et al. [41, 42]. The percent-
age grafting efficiency was calculated using the following 
formula:

where Wg, Wcs and Wm represent weights of grafted 
copolymer, LVC and NIPAAm.

(3)Mc = −

dpvs

(

v
1/3
2,s − v2,s/2

)

ln
(

1− v2,s
)

+ v2,s + xv22,s

(4)V2,s =

[

1+
dh

ds

(

Ma

Mb

− 1

)]

−1

(5)χ =
ln
(

1− v2,s
)

+ v2,s

v22,s

(6)Grafting efficiency % (GE) =
Wg −Wcs

Wm
× 100
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2.2.12  Determination of percent crosslinking
Percent crosslinking of dried xerogel disks was deter-
mined by placing distilled water (50 ml) at 25 °C. The gels 
were stirred for 24 h to remove the unbind form. Disks 
were kept on drying at 37 °C till regular weight. Percent 
crosslinking was determined using the following formula 
[13]:

W1 and W2 specify the weights of dried disks prior and 
post procedure.

2.2.13  Drug loading by soaking method
5-Flourouracil (5-FU) was selected as model drug for 
loading in poly (LVCS-g-PNIPAAm) hydrogels. Swell-
ing diffusion/soaking method was adopted for loading 
of the model drug. Loading of model drug in chemically 
crosslinked in situ hydrogels was carried out in samples 
with highest swelling. A 1% 5-FU solution was prepared 
in distilled water. Dried hydrogel disks of selected sam-
ples were soaked in 5-FU (100 ml) of solution at 25  °C. 
The weight of the disks was checked regularly until equi-
librium swelled weight was obtained that allow maxi-
mum drug uptake. After equilibrium value, the samples 
were dried at 40 °C [18].

2.2.14  Measurement of 5‑FU loading
For drug loading efficiency measurement of poly (LVCS-
g-PNIPAAm) in  situ gels, extraction method was used. 
Each time 25  ml of fresh DW was used for extract-
ing entrapped drug. This process was continued till no 
drug contents were left in the solution. Drug contents in 
pooled extract were determined using UV–Visible spec-
trophotometer at 265 nm [18].

2.2.15  In vitro drug release experiments from poly 
(LVCS‑g‑PNIPAAm) gel formulations

The in vitro drug release was monitored using USP appa-
ratus-II in DW, PBS (pH = 7.4) and pH = 2.1 respectively 
at different temperatures. The drug-loaded samples were 
soaked in containers at designated pH and labeled tem-
perature. At fixed interval, 2 ml sample was taken out and 
analyzed for drug contents at 265  nm. The bath condi-
tions were kept constant by replacing with fresh media. 
Results were expressed as cumulative percentage release 
using a standard calibration curve constructed in appro-
priate ranges [10].

2.2.16  Drug release kinetics
The kinetics of release was assessed by applying different 
models [18].

(7)% Crosslinking =
W2

W1
× 100

Zero model

Qt indicates dissolved drug in time t, and Q0 is the ini-
tial drug. K0 is constant.

First model

Mo is original drug, and Mt is the leftover drug. K1 is 
constant.

Higuchi model

where M is drug released at t and kH is constant.
Korsmeyer–Peppas model

(Mt/M∞) is drug fraction released t, and n refers to 
slope showing release mechanism from the gels structure.

2.2.17  Cell lines and cell culture
For the in  vitro cell cytotoxicity/compatibility studies, 
breast (MCF-7) cancer and Vero cells were cultured in 
growth medium containing RPMI-1640 supplemented 
penicillin (100  U   mL−1), streptomycin (100  µg   mL−1), 
l-glutamine (2 mM) and 10% FBS and stored at 37 °C in 
an incubator supplied with 5%  CO2.

After 90% confluency obtained, the cells were sepa-
rated and then resuspended in growth medium for fur-
ther use [30].

2.2.17.1 Methyl thiazolyl tetrazolium (MTT) assay The 
relative cytotoxicity and cytocompatibility were assessed 
by MTT viability assay against MCF-7 and Vero cells pre-
viously seeded in 96-well plate at 10,000 cells/well. The 
cells were applied 100 µl of pure 5-FU solution, copolymer 
solutions containing encapsulated 5-FU and blank copol-
ymer solutions and incubated at 37  °C for 24 h. During 
incubation, samples solution changed from sol to gel state 
forming drug-loaded depot. The untreated cells alone 
served as negative control, and Triton X100 was used as 
positive control. The absorbance was calculated on Bio-
Rad 680 microplate reader at 570 nm. Cells (%) viability 
was measured by the following equation [30]:

A sample and A control show absorbance of sample and 
control wells.

(8)Qt = Q0 + K0t

(9)ln Mt = −k1t + lnMo

(10)M = kHt
1/ 2

(11)Ln (Mt/M∞) = ln kp + n ln t

(13)Cells Viability % =
Asample

Acontrol
× 100
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2.3  Statistical analysis
Results are presented as percentage or mean ± SD. Results 
were statistically tested for significance by ANOVA using 
GraphPad InStat. Statistically significant values were 
defined as P < 0.05.

3  Results
3.1  Instrumental analysis
3.1.1  NMR analysis
1H and 13C NMR spectrums of PNIPAAm, LVCS and 
poly (LVCS-g-PNIPAAm) are shown in Figs.  7 and 8, 
respectively.

Fig. 2 1H NMR of A PNIPAAm, B LVCS and C poly (LVCS-g-PNIPAAm) gel
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In 1H NMR of PNIPAAm shown in Fig.  2A, peak 
at 2.59  ppm was assigned to  CH3 group, while peak 
at 3.61  ppm indicates the N–CH–. Peak at 5.68  ppm 
and group of peaks at 6.11  ppm were assigned to 

CH2=CH– groups demonstrating various protons 
atoms. Additionally, peaks at 7.22–8.0 ppm were assigned 
to NH– groups. In 13C NMR spectrum of PNIPAAm 
shown in Fig.  3A, the clustered peaks in the range of 

Fig. 3 13C NMR of A PNIPAAm, B LVCS and C poly (LVCS-g-PNIPAAm) sample
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38.63–40.30 ppm refer to CH– (in side chain). The peaks 
appeared at 125.45  ppm and 131.96  ppm were assigned 
to C in NC– group (main chain). Peak at 166.31 appeared 
was assigned to carbon atom in (C=O).

In 1H NMR of LVCS shown in Fig.  2B, the signal at 
1.99  ppm was attributed to proton position of –CH3 
from acetamido group. The peaks appeared between 2.85 
and 3.13 ppm were assigned to hydrogen atoms bonded 
to the carbon C2 of the glucosamine ring. The signals 
between 3.58 and 3.92  ppm correspond to the hydro-
gens attached to carbon atoms (C3, C4, C5 and C6) of the 
glucopyranose. The signal appeared in the range of 4.75 
and 5.07  ppm was allocated to the hydrogen bonded to 
C1. The 13C NMR of the LVCS shown in Fig. 3B indicates 
the signals at 26 ppm and 178 ppm which corresponds to 
the C of methyl group (–CH3) and carbonyl carbon of (–
COCH3.). The signals appeared at 60.11 ppm, 72.13 ppm, 
82 ppm, 78.4 ppm and 65 ppm correspond to the C2, C3, 
C4, C5 and C6 of glucopyranose respectively. The signal 
at 112.10 ppm is attributed to the C1 of the chitosan.

The 1H NMR spectrum of poly (LVCS-g-PNIPAAm) 
in Fig.  2C also indicates the introduction of some new 
signals appeared at 2.56  ppm and 3.22  ppm which are 
assigned to  CH3 group and N–CH– group from PNI-
PAAm, respectively. This indicates that PNIPAAm was 
successfully grafted on the LVCS backbone.

The 13C NMR of poly (LVCS-g-PNIPAAm) gel sample 
presented in Fig. 3C shows the appearance of shifted sig-
nal at 31.90  ppm which corresponds to the CH– group 
from NIPAAm. Moreover, the absence of signals in 
the region of 80–100  ppm corresponds to the grafting 
reactions.

3.1.2  FTIR analysis
The FTIR spectra of PNIPAAm, LVCS and IPLVCS-2 
copolymer hydrogel samples are shown in Fig.  4. Peak 
at 1617   cm−1 was attributed to the carbonyl amide and 
N–H stretching of NIPAAm. Peaks appear at ~ 1423  cm−1 
and  ~ 1456   cm−1 attributed to the absorbance of iso-
propyl in NIPAAm as shown in Fig.  4A. In FTIR of 
LVCS shown in Fig.  4B, absorption peak appears 
between ~ 3000 and 3300   cm−1 mainly allocated to the 
O–H stretching. The peak at ~ 2900  cm−1 was attributed 
to the C–H stretching in –CH2. Peaks at ~ 1575   cm−1 
and ~ 1624   cm−1 are mainly allocated to C–O stretch-
ing in secondary amide, amide 1 and amide II. The 
peak appears at ~ 1322   cm−1 is mainly attributed to 
–C–N stretching in secondary amide and amide III. 
The peak at ~ 1250   cm−1 is attributed to C–O stretch-
ing of ring ether. Peak in the range of ~ 3400–3500  cm−1 
was assigned to characteristics amino group (–NH2 
group) often marked by the broad OH absorption. 
Figure  4C shows the FTIR of 5-FU. In spectrum of 

poly (LVCS-grafted-NIPAAm) (IPLVCS-2) shown in 
Fig.  9D, peak at ~ 1617   cm−1 attributed to amide group 
in NIPAAm and peak at ~ 2903   cm−1 assigned to –CH 
(CH3)2 groups show that NIPAAm was grafted onto 
LVCS chain. Moreover, from the FTIR spectra of copol-
ymer hydrogels, crosslinking with glutaraldehyde has 
been confirmed. In the crosslinking reaction with gluta-
raldehyde there is a simultaneous drop in various bands 
compared with spectra of pure LVCS, which indicates the 
evidence of interaction between functional groups.

3.1.3  TG analysis
The thermal stabilities of NIPAAm, LVCS and IPLVCS-2 
are presented in Fig. 5 using TG analysis under  N2 atmos-
phere. The sample IPLVCS-2 was selected for studying 
the thermal stabilities based on their high molecular 
weight and feed ratio composition (10: 2).

For pure PNIPAAm, the decomposition peak was 
noted at 185 °C which is increased to 230 °C and ends at 

Fig. 4 FTIR spectra of a Pure PNIPAAm, b Pure LVCS and c IPLVCS-2 
copolymer hydrogel

Fig. 5 Thermogravimetric analysis of PNIPAAm, pure LVCS 
and IPLVCS-2 copolymer hydrogel
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410 °C. In TG analysis of LVCS, the maximum degrada-
tion temperature (first derivative peak of temperature) 
was observed at 250  °C, and after increasing to 270  °C, 
it ends at 310  °C. The TG spectra of copolymer sample 
(IPLVCS-2) exhibit two-stage thermal decomposition 
behavior. For copolymer sample, the first degradation 
peak was seen in range of 240  °C and the second was 
noted at 480 °C. The first stage decomposition was sup-
posed to be due to chitosan chains decomposition, and 
the second stage was supposed to be NIPAAm chain 
decomposition. The observation of the two-stage degra-
dation confirms the grafting reaction between the copol-
ymer hydrogel. Moreover, this behavior also specifies the 
thermal stability of the graft copolymer hydrogel in com-
parison to pure NIPAAm and polymer (LVCS).

3.1.4  DSC analysis
DSC thermograms of pure PNIPAAm, LVCS and 
IPLVCS-2 copolymer gels are displayed in Fig. 6.

DSC of pure PNIPAAm shows that the initial endo-
thermic peak starts from 30 °C and goes to a peak point 
at 90 °C. This endothermic transition of pure PNIPAAm 
is near to the phase transition temperature (LCST) of 
PNIPAAm (32  °C), which is attributed to hydrophobic 
hydration of the isopropyl groups of PNIPAAm. The DSC 
of NIPAAm shows various exothermic peaks that starts 
from 170 °C and ends at 700 °C suggesting degradation of 
monomer at elevated temperature.

DSC of pure LVCS shows an endothermic peak starts 
from 42  °C and ends at 80  °C. Moreover, it also shows 
exothermic peaks. One peak starts from 80 °C and reach 
to peak position of 290 °C, while it shows an exothermic 
maxima at 500 °C. This may be related to decomposition 
of glucose amine units with correspondence to exother-
mic peaks.

In case of IPLVCS-2, a slight variation in the tran-
sition temperature for formulations with respect to 
pure NIPAAm has been observed. For IPLVCS-2, the 

endothermic peak starts at 35 °C and reaches peak posi-
tion of 80  °C. The exothermic maxima for IPLVCS-2 
hydrogel was noted at 570  °C. This change in transition 
temperature might be due to the hindrance created by 
polysaccharide chains on the mobility. This is also attrib-
uted to be due to grafting and molecular entanglements 
of NIPAAm chains. However, the initial transition tem-
perature for copolymer smart hydrogel lies within the 
range of human body temperature. This also shows that 
no critical significant change was observed for smart 
hydrogel samples in the phase transition temperature.

3.1.5  SEM analysis
Figure 7 shows the surface and internal morphologies of 
hydrogel samples. SEM micrograph at different resolu-
tions clearly indicates the highly porous nature of copoly-
mer hydrogel. It is hypothesized that these pores highly 
facilitate water penetration and release of 5-FU in and 
outside of gel structure. The size of these micropores 
ranged between 20 and 50 µm in diameter.

3.2  Clarity of the in situ gels
The polymeric solutions and gels reported in Table  1 
were monitored visually for clarity. The developed gels 
were also found to be transparent at diverse temperatures 
representing the solubility of all components.

3.3  Phase diagram measurement of formulations 
(Tsol‑gel)

Table  1 indicates the phase transition temperatures and 
gelation time of in  situ gel formulations. The developed 
formulations include PNIPAAm-based formulations 
alone and in combination with low viscous chitosan 
(LVCS). The sample IP-1 has shown no conversion from 
sol–gel at the PNIPAAm concentration of 0.500 g. How-
ever, with increase in concentration, phase change from 
solution to gel state was observed in the physiologic tem-
perature range. All the rest of the formulations show a 
transition temperature at physiological temperature in 
the range of 32–37 °C. Table 1 also indicates the gelation 
time of the gels. Figure  8 indicates the phase change of 
in situ gels from sol–gel state.

3.4  Viscosity determination
For the determination of viscosity of the copolymer solu-
tions, DV1-Prime Digital Brookfield viscometer was 
used.

3.4.1  Effect of spindle speed
To evaluate the effect of spindle speed on viscosity, the 
prepared copolymer solutions were subjected to two dif-
ferent revolution per minute (RPM), i.e., (12, 60). Viscos-
ity of the solutions was found inversely proportional to 

Fig. 6 DSC thermograms of pure PNIPAAm, pure LVCS and IPLVCS-2 
copolymer hydrogel
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the spindle speed (shear rate). By increasing the spin-
dle speed, viscosity of the solutions was found to be 
decreased. Additional file 1: Table S1 indicates the effect 
of spindle speed at steady shear viscosity of copolymer 
solutions.

3.5  Rheological properties
3.5.1  Time sweep experiments
For the investigation of the viscoelastic nature of the poly 
(LVCS-g-PNIPAAm) in  situ depot hydrogels with vari-
ous feed ratios, the detailed gelation process was studied 
by using oscillatory rheometer. The rheological proper-
ties for the selected gel samples were measured by moni-
toring the viscosity, G′ and G″ via conducting the time 

Fig. 7 Surface morphology of unloaded IPLVCS-2 copolymer hydrogel (A, B), cross-sectional morphologies of unloaded IPLVCS-2 copolymer 
hydrogel (C, D) drug-loaded IPLVCS-2 copolymer hydrogel (E, F)

Fig. 8 Phase change behavior of poly (LVCS-g-PNIPAAm) hydrogels 
at room and physiological body temperature
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sweep experiments. The oscillatory time sweep tests data 
are presented in Fig. 3 after mixing of the polymers and 
crosslinker.

Generally, G′ represents the elastic behavior of for-
mulations, while G″ refers to viscous state. From 
results, G″ was higher initially suggesting the sol state 
of the IPLVCS-1 (feed composition, 10:1.5 wt%) copoly-
mer samples. With time elution, the buildup rate of G′ 
becomes higher than G″ as gelation process proceeded 
and becomes equal near around 3  min. The point at 
which G′ = G″ represents the crossover point which refers 
to the sol–gel change of samples. Beyond crossover point 
during the gelation process, the G′ value becomes higher 
than G″ (G′ > G″) representing the gel state of samples as 
demonstrated in Fig. 9A, B.

This response of samples with G′ > G″ also indicates that 
elastic behavior of the sample dominates with the intro-
duction of the covalent crosslinking with solid like behav-
ior as in stable gel state. It is also known that elasticity of 
hydrogel sample can be predicted from its storage modu-
lus, and generally increased storage modulus refers to a 
stable network with higher mechanical strength.

Moreover, it was investigated that with increas-
ing LVCS contents (10:2  wt%), G′ values of the sam-
ples increased as shown in Fig.  9B. This is suggested to 
be because of increased no of –NH2 groups that take 
part in the crosslinking reactions and resulted in higher 
crosslinked density. The crossover point (G′ = G″) for 
these samples was observed near around 2  min. Above 
this point, the G′ value was found to be higher than G″ 
which indicates sol–gel state switch.

The effects of increasing crosslinking agent (GA) con-
centration on gelation behavior of the samples were 
also studied by monitoring the viscosity, G′ and G″. 
For crosslinking agent effect investigation, we select 
IPLVCS-5 and IPLVCS-6 samples with increasing GA 
concentrations. It was investigated from the data that 
with increasing GA concentrations, storage modulus 
(G′) of the samples increases and crossover point was 
noted near around 2.5  min and 2.9  min for IPLVCS-5 
and IPLVCS-6 samples, respectively. This increase in G′ 
is suggested because of improved crosslinked density 
which occurs owing to higher polymerization reactions. 
Figure 9C, D indicates the change in gelation behavior of 
the samples with increasing GA concentrations.

3.5.2  Temperature sweep experiments
Figure 9E indicates the viscosities vs temperature profiles 
obtained for poly (LVCS-g-PNIPAAm) hydrogels. It was 
observed that the copolymer solutions showed a grad-
ual viscosity increase with increasing temperature. This 
clearly indicates that the copolymer solution turned into 
gels form around the gelation temperatures which lies in 

the vicinity of physiological temperature. Moreover, it 
was also observed that increasing the polymer concen-
tration in copolymer solution compositions, viscosities 
sharply increased attaining the higher values at high pol-
ymer concentrations.

3.6  Optical transmittances
The change in optical transmittances for poly (LVCS-g-
PNIPAAm) hydrogels was determined at variable meas-
uring temperature using UV–visible spectrophotometer. 
Figure  9F shows the change in optical transmittances 
with temperature change. It was observed that with 
increasing temperature, colorless transparent copoly-
mer solutions become opaque and resulted in decrease 
in transmittances. Moreover, with increasing LVCS con-
tents, the crosslinking density increases during polym-
erization reactions, which further results in increased 
opaqueness of gels.

3.7  Determination of percent crosslinking
Glutaraldehyde was used as crosslinking agent for the 
formation of crosslinked copolymer depot hydrogels. It 
was noticed that by increasing the addition of NIPAAm 
into LVCS increased the percent crosslinking of copoly-
mer hydrogels. This is suggested because by increasing 
polymeric contents, more functional groups are available 
for crosslinking and bonding, which in turn increased the 
% crosslinking of formulations. Table 2 and Fig. 10A refer 
to the percent crosslinking of synthesized in situ copoly-
mer hydrogels.

3.8  Swelling test of poly (LVCS‑g‑PNIPAAm) hydrogels
3.8.1  Effect of temperature on swelling
Effect of temperature on swelling of poly (LVCS-g-PNI-
PAAm) hydrogels was studied at altered temperatures 
in pH = 2.1. Figure 10B, C shows the change in SR with 
increasing temperature of media. It was found that SR 
decreases with the increase of temperature of swell-
ing media. The decrease in SR at high temperature is 
attributed to the collapse of PNIPAAm chains assuming 
a more hydrophobic state. The crosslinked PNIPAAm 
network consists of two regions, hydrophobic groups (–
CH(CH3)2) and a hydrophilic region (–CONH–).

3.8.2  Oscillatory swelling–deswelling–reswelling cycles
Since the semi-in situ hydrogels swell differently at 
variable temperatures, the samples IPLVCS-2 and 
IPLVCS-5 were subjected to oscillatory swelling tests 
to investigate their temperature-dependent swell-
ing reversibility. The reversibility process of tem-
perature response for sample IPLVCS-2 between 25 
and 37  °C is shown in Fig. 4D conducted at pH 2.1 at 
fixed time interval of 2 h. Figure 10D shows that with 
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increasing swelling and deswelling cycles, reversible 
response to temperature can be observed. This figure 
shows that the hydrogel swells and deswells with the 

change of temperature and exhibits a good reversible 
behavior. The data shown in this figure do not rep-
resent the equilibrium swelling ratio (ESR). In poly 

Fig. 9 Analysis of rheological behavior via monitoring of G′ and G″ by conducting oscillatory time sweep test for poly (LVCS-g-PNIPAAm) in situ 
depot hydrogels at 30 °C (frequency, 1 Hz; strain = 1%). A Effect of LVCS contents (feed ratio 10/2 wt%) on G′ and G″. B Effect of crosslinking agent 
concentration (Glutaraldehyde) on G′ and G″. C, D Viscosities vs temperature profiles representing the gelation point at various concentrations 
for poly (N-isopropylacrylamide) (IP) alone and IPLVCS thermoresponsive in situ hydrogels (n = 3, average ± standard deviation). E Effect 
of temperature on optical transmittance of poly (LVCS-g-PNIPAAm) in situ depot hydrogels (F). Each point denotes the average ± SD of n = 3
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(LVCS-g-PNIPAAm) hydrogels, LVCS provides the 
pores that facilitate the hydrogel network for the diffu-
sion of water molecules.

3.8.3  Effect of pH on swelling
pH sensitivity of dual-responsive IPLVCS in  situ depot 
hydrogels was studied in DW (PBS, 5 mM (pH = 7.4) and 
pH = 2.1 at variable temperatures. Figure  11A–C shows 
the effect of pH on swelling ratio (SR) of in situ hydrogels 
at different temperature programs. LVCS is a synthetic 
derivative of natural biopolymer (chitosan) which con-
tain amino groups  (NH2) in its structure. It was observed 
from the dynamic swelling experiments shown in 
Fig. 11A–C that poly (LVCS-g-PNIPAAm) in situ depot 
hydrogels has highest swelling ratio (SR) in pH = 2.1 
below the Pka value of LVCS (6.3) as compared to 7.4.

Dynamic swelling of the poly (LVCS-g-PNIPAAm) 
depot hydrogels was also investigated in DW at different 
temperatures. Sample (IPLVCS-2) was selected to study 
the volume change response in DW. It is observed in 
Fig. 11A–C that poly (LVCS-g-PNIPAAm) in situ depot 

Table 2 Percent grafting efficiency, crosslinking and 
5-FU-loaded (g/g) of poly (LVCS-g-PNIPAAm) in situ hydrogels 
(n = 3)

Sample codes % grafting 
efficiency

% crosslinking 5‑FU‑loaded 
(g/g)

IPLVCS-1 156 96.36 0.091

IPLVCS-2 168 97.47 0.087

IPLVCS-3 177 97.94 –

IPLVCS-4 198 98.42 0.068

IPLVCS-5 206 99.15 0.060

IPLVCS-6 219 99.70 0.052

Fig. 10 Effect of polymeric and GA contents on % crosslinking of poly (LVCS-g-PNIPAAm) in situ hydrogels: (A) Effect of temperature and LVCS 
on ESR of poly (LVCS-g-PNIPAAm) depot hydrogels (B, C). Heating and cooling cycles IPLVCS-2 hydrogels at pH = 2.1 between 25 and 37 °C (D). Each 
point shows the average ± SD of n = 3
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Fig. 11 Dynamic swelling behavior, pH and effect of increasing LVCS contents of the poly (LVCS-g-PNIPAAm) depot gels in buffered (pH = 7.4, 5 mM 
and pH = 2.1) and non-buffered media (DW) at A 25 °C, B 37 °C, C 45 °C. In vitro release from poly (LVCS-g-PNIPAAm) hydrogels in DW at different 
temperatures (D) pH and temperature effect on drug release from IPLVCS-2 in situ depot hydrogels at pH = 2.1 (E). Effect of GA on in vitro release 
at different pH and temperatures (F). The data presented show mean ± SD (n = 3)
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hydrogels show no significant response to swelling pro-
cess in DW. This behavior of poly (LVCS-g-PNIPAAm) 
depot hydrogels was suggested to be due the slight basic 
nature of DW (~ pH = 6.8) in which the amino groups of 
LVCS remain deprotonated. However, a slight response 
to volume change of hydrogel in DW was observed. This 
response to volume change was suggested owing to the 
hydrophilic nature of PNIPAAm. Additional file 1: Figure 
S2 shows the physical appearance of xerogel and swollen 
hydrogel discs in PBS (7.4) and pH = 2.1.

3.8.4  Effect of LVCS on swelling
For poly (LVCS-g-PNIPAAm) depot hydrogels, it 
was noted that with increasing LVCS contents, i.e., 
IPLVCS-2 > IPLVCS-1, the in situ depot hydrogels show a 
highest swelling ratio (SR) in pH = 2.1. Response of swell-
ing behavior to increasing LVCS contents in various buff-
ered and non-buffered media at different temperatures is 
shown in Fig. 11A–C.

3.8.5  In vitro drug release study from poly (LVCS‑g‑PNIPAAm) 
gels

Injectable depot formulations are easily controllable gels 
which control the release of drug via altering the mate-
rial properties. Moreover, in targeting cancer tissues, the 
environment of the tumor may significantly affects drug 
release by providing pH and temperature-responsive 
properties in the formulations. For drug release study, 
drug-loaded hydrogel samples with (7 × 7 mm) in dimen-
sions were selected, while samples IPLVCS-2, IPLVCS-5 
and IPLVCS-6 were subjected to study the effect of GA 
on 5-FU release from hydrogels. Table  2 specifies the 
quantity of 5-FU-loaded in situ depot hydrogels.

3.8.5.1 Temperature and  pH effect on  drug release To 
study temperature and pH the effect on drug release, 
samples (IPLVCS-1 and IPLVCS-2) were selected due to 
its highest SR and LVCS contents. It was noted that poly 
(LVCS-g-PNIPAAm) gels have no significant response 
to drug release in DW and drug release was found to 
be 48 ± 2.80% for IPLVCS-2 and 30 ± 1.63% at 25  °C. 
This release in DW was suggested owing to presence of 
hydrophilic moieties in PNIPAAm. Moreover, at higher 
temperature (37 °C), drug release in DW was also found 
to be decreased accordingly for both samples. These 
results showed that with temperature increase, release of 
drug from the in situ gel matrix decreases, owing to the 
aggregated state at higher temperature [43]. Figure  11D 
indicates the cumulative % 5-FU release from IPLVCS-2 
hydrogels in DW at variable temperature.

In vitro drug release from IPLVCS-2 hydrogels were 
also studied in PBS (pH = 7.4) at two different tempera-
tures. It was noted that in basic solutions (pH = 7.4), 

IPLVCS-2 showed a lesser drug release at both tempera-
tures. Drug release at temperature 25  °C and pH = 7.4 
was found about 47 ± 1.38% and 37 ± 1.25% at 37 °C. This 
is because in PBS (7.4) the  NH2 groups in the gel network 
remain in deprotonated state, due to which the electro-
static repulsion between the polymer chains does not 
develop. This deprotonation of  NH2 groups in basic solu-
tions leads to lesser swelling and drug release.

Alternatively, at pH = 2.1, it was noted that there is a 
dramatic increase in the drug release from hydrogels at 
both temperatures, but the overall release of drug from 
hydrogels changes with the increase of temperature. This 
release in acidic solutions is suggested of protonated  NH2 
groups in gel structure that leads to electrostatic repul-
sion. This repulsion between similar charge groups leads 
to chains expansion and drug release. The percent drug 
release was found to be 88 ± 1.98% at 25 °C and 55 ± 1.94% 
at 37 °C. Figure 11E indicates the response of IPLVCS-2 
in situ hydrogels to 5-FU release at variable temperature 
and in solutions of various pH values.

3.8.5.2 Effect of  crosslinking agent (GA) on  drug loading 
and  release Samples with codes IPLVCS-2 IPLVCS-5 
and IPLVCS-6 were selected to investigate different GA 
concentration effect on drug loading and release. It was 
eminent from the results in Table 2 that loading of drug in 
in situ depot hydrogels decreases with the increasing con-
centrations of crosslinking agent in selected samples. This 
decreased loading of drug is suggested owing to compact 
structure of hydrogels.

The effect of GA concentrations on drug release was 
observed at pH (7.4, 2.1) and at variable temperatures 
as shown in Fig. 11F. It was noted that drug release from 
the gel samples decreases at both temperatures and pH 
values with the increasing GA ratios. This decrease in 
drug release was attributed mainly wing to increasing 
crosslinked density in the network structure. Moreover, 
in the crosslinking reactions of glutaraldehyde with the 
chitosan derivatives, most of the amino groups are con-
sumed. The gel structure becomes more compact, and 
the mechanical strength of the hydrogels increases that 
leads to lesser diffusion of dissolution medium, swelling 
and drug release.

3.8.5.3 Effect of grafting efficiency percentage of PNIPAAm 
on 5‑FU release Table 2 shows the percent grafting effi-
ciency of the copolymer in  situ hydrogels. The order of 
release of 5-FU from the gel matrix was IPLVCS-2 > IPLV
CS-1 > IPLVCS-5 > IPLVCS-6. As shown in Table 2, drug 
loading and release from pH/thermo dual-responsive 
hydrogel matrix decreases with the increasing grafting of 
PNIPAAm. This can be explained by the fact that as the 
content of PNIPAAm and LVCS increases in the copoly-
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mer chain, the chemical grafting reactions between the 
functional groups also increase. This leads to more com-
pact structure and small pore size of the matrix which 
leads to difficult and slow diffusion of 5-FU molecules out 
of hydrogel matrix. Moreover, an increase in crosslink-
ing agent ratio leads to increase in GE percentage, but it 
inversely decreases the release of 5-FU from gel matrix. 
This is also due to the increased crosslinking reactions 
between monomer and polymer functional groups that 
leads to compact structure of matrix and drug release. 
Moreover, no burst release was found for any hydro-
gel samples subjected to drug release experiments. This 
also indicates the important property of thermosensitive 
in situ hydrogel matrix system. Similar observations were 
found by Zhang et al. [41, 42].

3.8.5.4 Diffusion coefficient (D) Diffusion shows the 
penetration of fluids into the pre-existing voids in hydro-
gels. D values of poly (LVCS-g-PNIPAAm) hydrogels were 
calculated in acidic medium (pH = 2.1). It was noted as in 
Additional file  1: Table  S2 that “D” values of hydrogels 
decrease along with the increasing concentration of LVCS 
in the gel network. This is because poly (LVCS-g-PNI-
PAAm) hydrogels have highest swelling in acidic medium 
because of protonated -NH2 groups in copolymer gel 
structure. Moreover, swelling process was also facili-
tated from the hydrophilic groups of PNIPAAm present 
in the copolymer structure. By increasing the concentra-
tion of crosslinking agent (IPLVCS-6 > IPLVCS-5), it was 
observed that “D” values increase owing to increased 
crosslinked density of the gel network that result in 
reduced pore size and slow diffusion of the solvent as 
shown in Additional file 1: Table S2.

3.8.6  Mc and (χ) parameter
Additional file 1: Table S2 indicates the Mc and χ values. 
It was observed that Mc values decrease with the increas-
ing concentration of LVCS.

Solvent interaction parameters (χ) in acidic buffer solu-
tion (pH = 2.1) were studied to examine the compatibil-
ity of polymers with fluids. Higher the (χ) values, weaker 
will be interaction forces between copolymers in gels 
and fluids. Additional file 1: Table S2 shows that (χ) val-
ues decrease with the increasing concentrations of LVCS 
in depot gels. This effect indicates that poly (LVCS-g-
PNIPAAm) in  situ depot hydrogels have strong interac-
tion with the surrounding fluids. LVCS in the gel samples 
acts as channeling agents for solvent diffusion. It was also 
noted that (χ) values increase with the increasing con-
centrations of crosslinking agent. This might be owing to 
growing crosslinked density that reduces diffusion of the 
fluid.

3.8.7  Polymer volume fraction
V2,s is used to investigate the hydrophilicity of gels. It was 
noted that volume fraction of the hydrogels increases 
with the increasing LVCS contents as shown in Addi-
tional file 1: Table S2. This effect suggests the hydrophilic 
character of the polymers and of thermoresponsive com-
ponent, i.e., PNIPAAm. However, it was investigated that 
V2, s decrease with increasing concentrations of GA. This 
effect shows the compact and denser network structure.

3.8.8  Drug release kinetics
The drug releases from poly (LVCS-g-PNIPAAm) depot 
hydrogels are governed by various parameters. These 
parameters mainly include solubility of drug in poly-
meric solution and water, diffusion of water into gel net-
work, diffusion of drug from network and erosion of gel 
contents.

The regression coefficient (R2) values obtained showed 
that IPLVCS-2, IPLVCS-5 and IPLVCS-6 followed zero 
order with R2 values near to 1 indicated in Tables 3 and 
4 at both pH and temperature. These data show that 
drug release mechanism from the gels was pore diffu-
sion controlled. These results also indicate that drug 
release from these formulations is not dependent on the 

Table 3 Drug release kinetics from in situ hydrogels at 25 °C

Codes pH Zero model First model Higuchi model Korsmeyer–Peppas 
model

Ko  (h−1) R2 K1  (h−1) R2 K2  (h−1) R2 n R2

IPLVCS-2 2.1 5.693 0.997 0.101 0.974 22.87 0.970 0.728 0.988

7.4 2.976 0.998 0.037 0.995 11.94 0.968 0.712 0.992

IPLVCS -5 2.1 4.123 0.999 0.057 0.989 16.48 0.962 0.852 0.993

7.4 3.657 0.996 0.048 0.979 14.44 0.934 0.846 0.987

IPLVCS -6 2.1 3.549 0.999 0.046 0.992 14.14 0.955 0.837 0.995

7.4 3.085 0.996 0.038 0.988 12.29 0.952 0.841 0.990
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drug concentration in gel network. The value of release 
exponent “n” was obtained by applying Korsmeyer–Pap-
pas model to examine mechanism of release. The “n” val-
ues shown in Tables 3 and 4 were found more than 0.5 at 
both temperature programs. The data indicates that 5-FU 
release from gels occur via non-Fickian mechanism spec-
ifying swelling and relaxation phenomena.

3.8.9  Cell culture experiments
3.8.9.1 In vitro cytocompatibility study of  poly 
(LVCS‑g‑PNIPAAm) in situ depot hydrogels In vitro 
cytocompatibility of gels was proven by MTT assay against 
Vero cell lines, and the graph is explained in Fig. 12. The 
untreated cells used as negative control showed 95% via-
bility. From Fig. 12A it is very clear that there is no promi-
nent difference in cell viability (%) between the negative 
control and the cells treated with in situ copolymer hydro-
gels (100 mg/ml). However, cells preserved with Triton-X 
100 exterminated the cells which show its toxic nature. 
This confirms the cytocompatibility of PNIPAAm-based 
pH/thermo dual-responsive hydrogels with no detectable 
cytotoxicity. Therefore, copolymer in situ forming hydro-
gels can be considered as safe drug delivery controlled 
delivery depot. Table 5 indicates the % cell inhibition of 
copolymer in situ hydrogels in Vero cell lines.

3.8.9.2 In vitro anticancer activity of 5‑FU‑loaded in situ 
depot hydrogels IC50 values evaluation MTT assay was 
used to find the number of surviving cells. Figure 12B rep-
resents the MTT sketch of 5-FU pure solution and 5-FU-
loaded in situ gels for concentrations from (1, 5, 10, 20, 40, 
60, 80 and 100 μg/mL) in MCF-7 cell line. It is clear from 
the graphs that the anticancer activity of 5-FU-loaded 
gels was dose dependent. MCF-7 cells incubated with a 
higher dose exhibited higher cell death compared to the 
lower dose. It is clear from Fig.  6B that with increased 
concentration gradient per well of 5-FU-loaded copoly-
mer hydrogels, % cell viability decreased accordingly. Also 

from Fig. 12B, it was concluded that 5-FU retains its anti-
cancer activity toward MCF-7 cells even after incorporat-
ing in to the pH/thermo dual-responsive in situ gels. The 
effects of treatment are presented as percentages of viable 
cells with respect to untreated control cells.

The  IC50 values were calculated from dose–response 
curves shown in Fig.  6C.  IC50 values were found 
increased in the following order: IPLVCS-2 (47 ± 1  µg/
ml), IPLVCS-6 (34 ± 17 µg/ml) and free 5-FU (52 ± 3 µg/
ml). These results confirmed that MCF-7 cells might 
have more sensitivity to 5-FU-loaded copolymer gels as 
compared to free 5-FU solution. Table 5 shows  IC50 cal-
culated for pure 5-FU and loaded in in  situ copolymer 
hydrogels (IPLVCS-2, IPLVCS-6). 5-FU in cells may 
induce cell death or injury by two possible mechanisms. 
5-FU brought cell death in cancer cells either through 
inhibition of thymidylate which is essential for the syn-
thesis of DNA. The deficiency of this component leads to 
the inhibition of cell division and cell death. Cell death in 
cancer cells also supposed to be caused by the metabolic 
error, in which nuclear transcriptional enzymes replace 
the uridine triphosphate (UTP) mistakenly by 5-fluorour-
idine triphosphate (FUTP). This metabolic error leads to 
the cell apoptosis or death by interfering with RNA pro-
cessing and protein synthesis.

4  Discussion
In the current study, a series of PNIPAAm-based in situ 
forming depot hydrogels were synthesized using cold 
method with LVCS. NMR and FTIR confirmed the struc-
ture formation of hydrogels, while TGA DSC showed the 
stable thermal nature of developed hydrogels. Moreo-
ver, from SEM analysis, it was found that hydrogels have 
porous nature which facilitates the uptake and release of 
drug. For in  situ depot hydrogels, one of the important 
factors to consider is their sol–gel phase transition. It was 
found from results that the gelation temperature and time 
of the in situ formulations decrease with the increase of 

Table 4 Drug release kinetics at 37 °C

Sample codes pH Zero order First order Higuchi model Korsmeyer–Peppas 
model

Ko  (h−1) R2 K1  (h−1) R2 K2  (h−1) R2 n R2

IPLVCS-2 2.1 3.591 0.994 0.047 0.997 14.53 0.981 0.888 0.975

7.4 2.618 0.998 0.031 0.991 10.36 0.943 0.902 0.925

IPLVCS -5 2.1 3.664 0.997 0.047 0.986 14.56 0.949 0.995 0.980

7.4 3.331 0.994 0.042 0.981 13.23 0.945 0.908 0.977

IPLVCS -6 2.1 3.177 0.998 0.040 0.996 12.74 0.967 0.912 0.947

7.4 2.673 0.996 0.034 0.997 10.73 0.968 0.869 0.977



Page 20 of 24Khan et al. Beni-Suef Univ J Basic Appl Sci          (2023) 12:117 

NIPAAm concentration. With the increase in PNIPAAm 
concentration, a progressive decrease in gelation tem-
perature was observed shown in Table 1. This decrease in 

temperature is suggested of dominant hydrophobic effect 
of isopropyl groups in the network chain. It is also noted 
that with LVCS increase in feed ratio of gels (IPLVCS-1 
and IPLVCS-2), the gelation temperature increases as 
shown in Table 1. It is suggested because of the presence 
of high  NH2 hydrophilic groups, which causes hydro-
philic interactions and in turn require high tempera-
ture and time for water evaporation. This in turn leads 
to high temperature and time for gelation with LVCS 
contents increase. The results from samples IPLVCS-4 
and IPLVCS-5 show that increasing of GA contents 
has no major effect on the gelation temperature. How-
ever, decease in gelation time was noted with increasing 

Fig. 12 In vitro cytocompatibility of poly (LVCS-g-PNIPAAm) depot gels against Vero cells (A) In vitro cytotoxicity of 5-FU-loaded poly 
(LVCS-g-PNIPAAm) depot gels in MCF-7 cancer cells (B) dose–response curves for  IC50 values determination (C). Data specify the mean ± SD (n = 3) 
with statistical significance ***p value of < 0.0001

Table 5 IC50 values and % inhibition of pure free 5-FU and 5-FU 
encapsulated hydrogels against MCF-7 and Vero cells

Sample codes IC50(µg/ml)a % cell 
inhibition ± SEM 
in Vero cells

5-FU 52 ± 3 89 ± 3.11

IPLVCS-2 47 ± 1 12 ± 2.04

IPLVCS-6 34 ± 17 13 ± 2.31
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GA concentration. This is suggested because of higher 
crosslinking reactions. The viscoelastic nature of the 
poly (LVCS-g-PNIPAAm) in  situ depot hydrogels with 
various feed ratios was studied with rheological analy-
sis. From time sweep experiments, it was concluded that 
with time elution and increasing LVCS and GA contents, 
G′ > G″ was observed which showed the dominant elastic 
state with the introduction of the covalent crosslinking 
and stable gel state. Moreover, from temperature experi-
ments, it was noted that with increasing temperature, a 
sharp change in viscosity was observed which showed 
the transition into gels state. From optical transmittance 
it was noted that with temperature variation, a change in 
transparency was noted. However, this decrease in trans-
parency of the gels with increasing polymeric contents 
were not significant below LCST of the gels. However, it 
was observed that above LCST (near 33 °C), all the in situ 
depot gels exhibited a sharp increase in the opaqueness 
with a small difference among the gel samples. Moreover, 
an increase in percent crosslinking was noted owing to 
increase of monomer or polymer contents in the struc-
ture. The presence of higher contents of monomer or 
polymers in gel network provides more functional groups 
to be available for grafting reactions that in turn increase 
the percent crosslinking. From swelling experiments it 
was noted that SR decreased with increasing tempera-
ture. At lower temperature < LCST of hydrogels, the 
hydrophilic groups from the PNIPAAm form an inter-
molecular hydrogen bond with the surrounding water 
allow them to penetrate into gel network and leads to 
increased SR. The water molecules at low temperature 
are in bound state with the gel backbone leading to diffu-
sion and in turn swelling of hydrogels. With the increase 
of temperature, the water molecules gain an enthalpy. 
The hydrophobic interactions between the hydrophobic 
groups of PNIPAAm increase. As a result, some of the 
hydrogen bonds are broken with the subsequent expul-
sion of water from network. This release of water from 
gel network leads to the decrease in SR [31]. Moreover, 
higher swelling was observed at pH = 2.1. This is because 
at low pH (2.1) below the Pka value of buffer solution, 
amino groups  (NH2) of LVCS get ionized and converted 
to (–NH+3). These large numbers of protonated amino 
groups with similar charges at low pH cause electrostatic 
repulsion and chains expansion, which leads to hydrogels 
swelling. On the other hand, it was observed that swelling 
of the hydrogels decreases in buffer solutions of higher 
pH value, i.e., (7.4). This is because, at high pH value, the 
protonated amino groups become deprotonated. This 
deprotonation leads to the excretion of repulsion which 
leads to the decrease in SR [11]. Moreover, with increas-
ing LVCS contents increased in SR was found owing 
to presence of number of protonated amino groups in 

copolymer chain increases. This protonation develops 
an increased electrostatic repulsion in hydrogel network 
which leads to increase swelling ratio (SR). The results 
become inverse in solutions of high pH values (7.4) 
owing to deprotonation of  (NH2) groups in the polymer 
chains. Similarly from in vitro release experiments, it was 
found that higher release of drug was noted at lower tem-
perature and acidic pH which correlates with the swell-
ing behavior of gels. Additionally it was also noted that, 
with increasing GA contents, drug loading and release 
from samples decreased. It was noted that drug release 
from the gel samples decreases at both temperatures and 
pH values with the increasing GA ratios. This decrease 
in drug release was attributed mainly wing to increasing 
crosslinked density in the network structure. Moreover, 
in the crosslinking reactions of glutaraldehyde with the 
chitosan derivatives, most of the amino groups are con-
sumed. The gel structure becomes more compact and the 
mechanical strength of the hydrogels increases that leads 
to lesser diffusion of dissolution medium, swelling and 
drug release. Moreover, different networking parameters 
have different effects on hydrogels. It was noted that D” 
values of hydrogels decrease along with the increasing 
concentration of LVCS, while D values increased with GA 
contents. Similarly Mc values decreases with the increas-
ing LVCS. This is because increasing concentration of 
LVCS provides large number of  NH2 groups which get 
consumed during the polymerization reactions and result 
in reduced Mc values. Moreover, (χ) values decreases 
with the increasing concentrations of LVCS in depot 
gels. This effect indicates that poly (LVCS-g-PNIPAAm) 
in situ depot hydrogels have strong interaction with the 
surrounding fluids, while V2,s values increased with GA 
contents which shows the compact and denser network 
structure. From release kinetics, it was found that depot 
gels exhibited zero order and non-Fickian mechanism. 
MTT assay confirmed the cytocompatibility of hydro-
gels against Vero cells. Moreover, the anticancer activity 
against MCF-7 cells showed that depot gels exhibited 
dose dependent cells death in gels depot form.

5  Conclusion
The main objective of the current study was to increase 
the bioavailability of 5-FU based on the hypothesis of 
developing pH/thermo dual-responsive injectable intra-
tumoral depot hydrogels. Tube titling experiments 
confirmed sol–gel phase change of formulations with 
temperature. Oscillatory time experiments showed that 
the depot formulations have viscoelastic properties. The 
swelling experiments showed that IPLVCS in situ hydro-
gels have significant pH sensitivity with highest SR in 
acidic environment and at 25  °C owing to electrostatic 
repulsion between similar protonated groups  (NH2). 
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Oscillatory heating and cooling cycles showed that tem-
perature causes significant structural changes in the 
responsive hydrogels and effect the swelling and drug 
release pattern from hydrogels might be due to the relax-
ation and collapsing of network chains. The in vitro drug 
release profile showed that developed depot gels have 
potential pH/thermo responsive nature with sustained 
release properties. The highest in  vitro 5-FU release 
(88 ± 1.98%) was found in acidic media, i.e., pH 2.1 and 
at 25  °C for IPLVCS-2 in  situ hydrogel. Results con-
cluded that increased chemical grafting and crosslinking 
between the functional groups reduces the 5-FU release 
from the pH/thermoresponsive hydrogel matrix owing 
to more compact structure. Different networking param-
eters (D, Mc, V2S and χ) calculated through Flory–Rhener 
theory showed that the porous nature and mesh size 
(crosslinked density) affect the swelling and drug release. 
Release kinetic study showed that the developed in  situ 
depot gels follow zero order with non-Fickian mecha-
nism. MTT assay showed that in  situ depot hydrogels 
with tunable pH/thermo properties has significant cyto-
compatibility and cytotoxicity against Vero and MCF-7 
cells. The  IC50 values confirmed that 5-FU has high-
est inhibition in depot form as compared to free form. 
NMR and FTIR spectroscopy confirmed gel network 
formation. TGA and DSC proved the thermal stability 
of in  situ depot hydrogels over an extended tempera-
ture range. SEM micrographs showed the porous nature 
of the hydrogels. It was concluded that low viscous chi-
tosan (LVCS) with abundant  NH2 groups in its side chain 
provides significant pH sensitivity to poly (LVCS-g-
PNIPAAm) in  situ depot injectable hydrogels with tun-
able thermosensitive properties. The current findings 
exhibited that 5-FU-loaded in situ hydrogels act as drug 
depot and capable of providing controlled release after 
intratumoral injection, in so doing improving its chemo-
therapeutic effect in various cancer types in comparison 
to existing treatment types while reducing its systemic 
toxicity.

6  Supporting information
General representation of (A) pH responsive (B) Tem-
perature responsive (C) pH/Thermo dual responsive 
hydrogels; Temperature dependence optical transmit-
tance (450  nm) of pH/Thermo dual responsive inject-
able depot hydrogels; Photographs of the Xerogel and 
Swollen hydrogel discs in swelling media of variable pH 
values; Viscosity [η] of copolymer solutions at variable 
shear rates; Diffusion Coefficient (D) and Networking 
Parameters of pH/Thermo dual responsive insitu depot 
hydrogels.
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