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ABSTRACT

In this work, we have used a combination of stimuli responsive polymers, namely Chitosan ( Ch)
and poly-N-isopropyl Acrylamide (poly(NIPAAm)),as a injectable liquid mixture to deliver the
entrapped anti-cancer drug Cis-Platin(CP) at the simulating tumor environment(STE), with
minimum drug release in the blood environment. A solution, containing Ch, poly (NIPAAm)
and CP was exposed to simulating blood environment (SBE) and then to the simulating tumor
environment (STE) at 37°C. It was found that injectable liquid mixture was co-precipitated with
minimum release in SBE while a 14 times higher release was observed in STE, thus indicating
that liquid mixture was successful to deliver most of the drug at the tumor site with minimum
release in the blood stream. The combination of chitosan and poly (NIPAAm) appears to be a
injectable system that could undergo sol-gel transition on exposure to pH and/or temperature

variations.
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1. INTRODUCTION
Recently, there have been great efforts to
fabricate injectable hydrogels, that could
deliver the anti-cancer drug at the tumor site.
These biocompatible and biodegradable
injectable hydrogels are usually prepared by
either in situ polymerization or the sol-gel
phase transition [1]. Apart from targeted
deliver, they have also been used as cell
scaffolds for tissue

These

carriers and as
regeneration  [2]. drug-loaded
injectable hydrogels are, in fact, liquid
mixture with good flowing property. When
they are injected into blood stream, they
undergo sol-gel transition due to changing
simulating conditions of temperature and/or
pressure, thus releasing the entrapped
biologically active ingredient at the targeted
site [3].These injectable hydrogels are better
options as compared to the surgery of
tumors. After injecting them in the blood
stream, they undergo gelation via various
approaches like thermal gelation, ionic
complex, self-assembly, chemical cross
linking and photo polymerization [4]. In
recent past, there have been tremendous work
do on the preparation and function of these
injectable hydrogel systems [5]. Due to
biodegradable and biocompatible nature, bio-
polymers have been the first choice for

fabrication of injectable hydrogels [6]. Like

cellulose and starch, chitosan is also reported
to be the one of the most abundant
biopolymers. It is a linear polysaccharide
composed of randomly distributed B-(1-4)-
linked D-glucosamine (deacetylated unit) and
N-acetyl-D-glucosamine (acetylated unit)
[7]. However, chitosan is only soluble in the
presence of an acid, which restricts its
application. The specific property of chitosan
to dissolve only in acidic pH makes it
susceptible to phase transition on exposure to
change in pH from acidic to alkaline one [8].
Hydrogels, undergoing volume phase
transition with change in physical parameters
like pH, and temperature, find tremendous
applications in biomedical fields [9]. Indeed,
pH and temperature are the most significant
parameters related with the physiology of
human being [10]. Poly (N-
isopropylacrylamide) (PNIPAm) is one of the
most well-known temperature sensitive
polymers with a lower critical solution
temperature (LCST) at 32°C around body
temperature [11]. The combination of
chitosan and poly(NIPAAm) appears to be a
smart hydrogel system that could undergo
sol-gel transition on exposure to pH and/or
temperature variations. The aim of this work
is to develop cyto-compatible pH/thermo-

responsive injectable hydrogels based on
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Chitosan and poly (N-isopropyl acrylamide)
for delivery of Cisplatin to target tumor site.
In this novel work, a liquid mixture of Ch,
poly(NIPAAm) and drug CP has been used
as tumor targeted delivery system . The work
is a hypothetical approach to investigate the
fact that Ch/poly(NIPAAm)/CP liquid
mixture release the minimum drug in the
blood environment and maximum release
could be obtained at Tumor environment.

2. Experimental

2.1 MATERIALS AND METHOD
Chitosan (CS, molecular weight 120000)
with a degree of de-acetylation of 93% and
N-isopropylacrylamide = (PNIPAm) were
obtained from Sigma, U.S.A. The initiator
potassium persulfate (KPS), and other
chemicals used to prepare physiological fluid
were obtained from E. Merck, Mumbai,
India. The double distilled water was used
throughout the investigations. The anticancer
drug Cisplatin (CP) (Cisplatin injection BP
10mg/10mL, CSI1414AC) was obtained
from a local medical shop.

2.2. Preparation of un-crosslinked poly-
(N-isopropyl acrylamide)( poly(NIPAAm)
The poly(NIPAAm) was prepared by free
radical polymerization of monomer N-
isopropyl acrylamide (NIPAAm). In brief,

definite amounts of monomer NIPAAm and

initiator KPS were dissolved in distilled

water and one drop of TEMID was added to
accelerate the reaction. Now, the reaction
mixture was placed in electric oven
(Tempstar) at 60°C for a period of 2 h to
ensure complete polymerization. The product
poly (NIPAAm) was filtered and kept in a
dust free chamber for further use.
2.3. Preparation of chitosan/
poly(NIPAAm) solution
A definite amount of chitosan was dissolved
in 0.5 % acetic acid solution, followed by
addition of a pre-calculated quantity of
poly(NIPAAm) under normal stirring so that
both the polymers dissolved completely to
give a transparent solution. We shall call this
solution asCh/poly(NIPAAm) solution .In
order to prepare drug loaded solution, a pre-
calculated quantity of drug Cisplatin was
also dissolved in the above solution.
2.4. Preparation of Injectable Hydrogel
10mL of Ch solution was mixed with 10mL
2 % Poly(NIPAAm) solution and then
10mg/mL Cp was added to this solution at
27°C(probable pH 5).
2.5. Investigation of thermal and pH
induced precipitation
This investigation was carried out in
following 6 steps.

(1) 0.1 ml of Chitosan solution was

poured into 25 ml of

physiological buffer of pH 7.4.
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The pH-induced precipitation of
chitosan took place. The turbidity
of the precipitated colloidal
solution was measured.
(2) 0.1 ml of poly(NIPAAm) solution
was poured into 25 ml of buffer pre-
maintained at 37°C. The thermal-
induced precipitation occurred which
was measured by recording turbidity.
(3) 0.1 mL of each chitosan and
poly(NIPAAm) solutions were mixed
in to 25 mL of pH 7.4 solution at 37°C
(mimicking human blood
environment) and the turbidity was
recorded.
(4) 0.1 mL of each chitosan and
poly(NIPAAm) solutions were mixed
in to 25 mL of pH 4.0 solution at
37°C (mimicking tumor environment)
and the turbidity was recorded.
(5) 0.2 mL of hydrogel were mixed in
to 25 mL of pH 7.4 solution at 37°C

(mimicking human blood environment)

and the turbidity and drug release was
recorded.

(6)0.2 mL of hydrogel were mixed in

to 25 mL of pH 4.0 solution at 37°C

(mimicking tumor environment) and

the turbidity and drug release was

recorded.
2.6. Characterization of
(Ch/poly(NIPAAm) composite particles
The size of the Ch/poly(NIPAAm) composite
particles was determined using Transmission
Electron Microscopy(TEM) at Bombay IIT,
Mumbai. The FTIR spectrum of composite
particles was carried out using Shimadzu
spectrophotometer (8400, Japan) by KBr
pelleting method.
2.7. Measurement of drug release
The amount of drug CP released in blood and
tumor environments were measured by Uv-
Vis spectrophotometer (Thermo Spectronic)
at 778 nm. The transformation of absorbance
into concentration was done using Lambert-
Beer law obtained for a series of solutions of

known concentrations Figure 1.
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Figure 1: Lambert-Beer law obtained for a series of solutions of known concentrations

IJBPAS, November, 2022, 11(11)

5417



Ahuja S et al

Research Article

3. RESULTS AND DISCUSSION

3.1. Mechanism of Cisplatin

In an aqueous environment, the chloride
ligands of cisplatin are replaced by water
molecules generating a positively charged
electrophile. This electrophile reacts with
nucleophilic sites on intracellular
macromolecules to form DNA, RNA, and
protein adducts [12]. Following mechanisms
showing in Figure 2.

3.2. Preparation of poly (N-isopropyl
acrylamide)

The free radical initiated polymerization of
poly(N-isopropyl  acrylamide) can Dbe
described as shown below( Figure 3).
Furthermore, poly (N-isopropyl acrylamide)
is fairly soluble at room temperature but gets
precipitated at 32° C, which is its Critical
(CST) [13].
Macromolecular chains of uncross linked

pol(NIPAAm) are

Solution =~ Temperature
shown at room
temperature and above 32°C respectively. It
is clear that at room temperature polymeric
segments are in the fully relaxed state thus
showing complete dissolution. However
of 32°C the

above the temperature

hydrophobic interactions become

predominant and the polymer is in
precipitated state, as shown in the following

Figure 5.

It has been reported that production of lactic
acid under anaerobic conditions and the
hydrolysis of ATP in an energy-deficient
environment contribute to the acidic
microenvironment which has been found in
many types of tumor [14]. Considering that
environment of tumor is acidic with pH
around 4, we made a strategy to make use of
these two polymers to prepare injectable drug
carrier with sol-gel property. This sol-gel
injectable drug carrier could be targeted to
deliver most of the entrapped drug at tumor
site, with least effecting healthy cells.

3.3. Prediction for the pilot study

We predicted that if an aqueous solution of
mixture of chitosan (Ch), poly(NIPAAm)
and anticancer drug Cisplatin (CP) is injected

m to blood

poly(NIPAAm)

stream, the Ch and
shall be co-precipitated
along with drug, entreated within the
precipitated mass since temperature of blood
is 37° C ( thermal gelation of poly(NIPAAm)
takes place) and its pH is 7.4 (at which
chitosan gets

poly(NIPAAm)

precipitated).The
and Chitosan shall
remain as drug loaded composite
particulates. When these particulates travel
along the blood stream and reach the tumor
site, the acidic pH of site causes chitosan to
dissolve. As a result drug Cisplatin is

released appreciably. In this way the
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Ch/poly(NIPAAm)/ Cp) system can be used
to deliver drug around tumor environment
with minimum release in the blood stream ,
thus protecting healthy cells. The following
scheme-I illustrates the overall strategy of the
proposed drug delivery system Figure 6.
Figure 7(a) shows a clear image of
Ch solution in 0.5% glacial acetic acid at
room temperature along with turbidity, when
0.1 ml of this solution is mixed into 25 mL of
pH 7.4 buffer, there is precipitation of Ch
due to pH-induced phase change and the
images also show of precipitated Ch
solutions, along with respective turbidity.
Similarly, Figure 7(b) shows clear
solution of poly (NIPAAm) at room
temperature. Addition of 0.ImL of this
solution into pH 7.4 buffer at 37° C results in
precipitation. Their respective turbidities are
also shown along with the image. Finally the
mixture of Ch/PNIPAAm is shown in Figure
7(b) at room temperature and at 37°C.
3.4. Preparation of injectable hydrogel
10mL of Ch solution was mixed with 10mL
2 % Poly(NIPAAm) solution and then
10mg/mL Cp was added to this solution at
27°C (probable pH 5), this is shown in
Figure 8.When 0.2 mL of
Ch/Poly(NIPAAm)/Cp solution
into 25 mL of pH 7.4 at 37° C, both of the

is mixed

polymers namely Ch and Poly(NIPAAm) and
drug get precipitated Figure 9(a).

This co precipitated solution centrifuged at
high speed and then 0.2 mL of this
centrifuged solution was added in to 25 mL
of pH 4 buffer at 37°C,
poly(NIPAAm) gets

(Tumor
environment), the
precipitated but Ch still remains in the
dissolved state (Figure 9(b)).
3.5. Interpretation of data
The turbidity data given in above
experiments support our hypothesis that
mixture of Ch/Poly(NIPAAm)/Cp give low
turbidity in pH 4.0 at 37° C (i.e. Simulating
Tumor Environment) and show maximum
turbidity in pH 7.4 at 37° C (Simulating
Blood Environment). Therefore, it may be
concluded from precipitation experiment that
there 1is possibility that drug loaded
composite particles shall release minimum
drug in blood stream and they shall deliver
the active ingredient in tumor environment.
In this way the targeted release of cis-platin
at tumor site can be achieved without
affecting the healthy cells.
3.6. Characterization
Ch/poly(NIPAAm) particles
3.6.1. FTIR Analysis

The FTIR spectrum of poly (N-

of composite

isopropyl acrylamide) /chitosan composite

particles shows N-H stretching of secondary
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amide of chitosan at 3585.79 cm™. In
addition, asymmetric and anti-symmetric
stretching of C-H bond of poly (N-isopropyl
acrylamide) and C-H stretching of —CH,
groups of chitosan are indicated at 2816.16
and 2731.29 cm™. Similarly, peaks around
1666.55 and 1552.75 cm " indicate presence
of amide I and amide II group of chitosan
and N-H stretching of amide II bond of poly
(N-isopropyl .1386.86 and
1356.00 cm™ peaks indicate the C-H bending

acrylamide)

of chitosan and anti-symmetric deformation
of Isopropyl group of poly (N-isopropyl
acrylamide).Further, 1085 cm ' peak
indicates —C-O- stretching of chitosan Figure
10.

3.6.2. TEM analysis

Figure 11 shows images of
Ch/poly(NIPAAm) composite particles .It
can be seen that co-precipitated particles do
not have uniform size, but exhibit a size
range of 40 to 90 nm. Such a smaller size
range is attributable to the fact that in the
medium of pH 7.4 and temperature of 37°C,
the co-precipitated particles are in shrunken
state due to thermoreversibility of one
component poly(NIPAAm). This particle size
is quite satisfactory to have obstacle-free
flow in the blood stream.

3.7. Cisplatin Release study Figure 12

shows amount of drug CP released in the pH

7.4 (blood environment) and pH 4.0 (tumor
environment) respectively. It can be seen that
0.46ug of drug is released when solution of
mixture of Ch/poly(NIPPAm)/drug is placed
in pH 7.4 (i.e. blood environment). This is
because of the fact that under the pH and
temperature conditions of 7.4 and 37°C, the
Ch and poly(NIPAAm) are co-precipitated in
the presence of drug. In this way most of the
drug remains entrapped in the
Ch/poly(NIPAAm) composite particles. The
precipitated Ch and poly poly(NIPAAm)
composite particles keep the entrapped drug
almost protected within them. However, in
the pH 4.0 (simulating tumor environment),
the chitosan is dissolved from the composite
particles. As a result, 6.0ug of drug comes
out or released in the acidic solution of pH 4
(tumor environment). It is clear that almost
fourteen times less drug is released in pH7.4
as compare to the pH 4. Therefore it may be
concluded that if Ch/poly(NIPAAm)/CP
solution if injected into blood, it shall release
minimum amount of drug due to co-
precipitation of Ch/poly(NIPAAm) particles.
This shall prevent the healthy cells from
damage. However, when these composite
particles reach the tumor (where
environmental pH is 4) they shall release a

fairly high quantity of drug due to dissolution
of chitosan. The drug released shall be able
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to kill the cancerous cells, with least adverse shows various quantities ofdrug CP released

effects on the healthy cells. The Figure 11 in pH 7.4 and 4.0 respectively.

> =+ ¢ v =" 4 i
- J
- aqueous environment
Cizplstin (cis-da ane dichloroplstinu m{11)
Generate a
= positive
? ( + charged
C/ e © .c c electrophile
m— - electrophile
reacts with
g 2 — nuciecophilic

Figure 2: Mechanism of Cisplatin

60°C
K:S:0, mmm—— 2K *+S.0;"
A Chain initiation
S0~ —_—D 230;(9)

?H-CH; -3 1. RCH;-CH (Propagation)

l (Termination)

CH.

l I Polymerization - _€CHzTH 9_"
TH :: T CcC—0CO
T=o NI H
b I

clH H:,c/ \CH3

poly ( N-Isopropvlacryvlamide)

Figure 3: Polymerization reaction of N-Isopropyl acrylamide

(Relaxation state) ~ HxO

—~alf
-

Figure 4: Protonation of chitosan

Unfolided Chitosan | _‘

5421
IJBPAS, November, 2022, 11(11)



Ahuja S et al Research Article

Below32°C - p - s .::.'
/———\ .._ -:o..-.~:_.. :
-—foro3—- Dissolved state
- o

':‘

i . ‘ e
ne” ow, b‘ g R
Py (N Isopwopylactammde ) - m - .,,‘:!..E\"

—_— - gl
) U kg
‘ XNo H-bond  Precipitation
ahe Above LCST

Figure 5: Hydrophobic and Hydrophilic nature of poly(N-Isopropylacrylamide)

Figure 6: Proposed drug delivery system
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Figure 7(a): A clear image of Ch solution in 0.5% glacial acetic acid at room temperature along with turbidity
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O.1mlLpoly(NIPAAM)
solution transferred
in 30 mL pH 7.4 buffer
at room temp.

0.1mL poly(NIPAAM) solution in 30mL 7.4pH
buffer at Room temperature along with
turbidity
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PH 7.4 buffer at 37°C

Tortasey

88 3 w85
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7.4 buffer at 37°C along with turbidity

Figure 7(b): A clear solution of poly (NIPAAm) at room temperature
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Figure 8: Injectable hydrogel
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Figure 9(a): 0.2 mL of Ch/Poly(NIPAAm)/Cp solution is mixed into 25 mL of pH 7.4 (Blood environment)at 37°C
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Hydrogel transferred into simulating Tumor

environment
(PH 4: Tumor Environment)
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Figure 9(b): 0.2 mL of co- precipitated solution is mixed into 25 mL of pH 4 buffer at 37°C, (Tumor environment)
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CONCLUSION
It may be concluded from the above study
that a solution mixture of Ch, poly(NIPAAm)
and drug CP may be used as a tumor —
targeted drug delivery system. The injectable
hydrogel system is capable of delivering the
most of the entrapped drug in the medium of
pH 4.0 (which mimics the tumor
environment), while minimum drug is
released in the physiological medium of pH
7.4  (simulating blood environment).
Although this is just a pilot study with no in-
vivo or in-vivo investigations, but the study
surely puts forward a step towards achieving
the goal of targeted drug delivery for tumors.
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