
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 7
/6

/2
02

5 
3:

19
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Dual stimuli-resp
aFaculty of Pharmacy and Medical Sciences,

E-mail: malremawi@uop.edu.jo; Tel: (+962)
bFaculty of Health Sciences, American Unive
cFaculty of Pharmacy, Al Zaytoonah Univers
dCell Therapy Center, The University of

walhan.alshaer@ju.edu.jo; Tel: (+962) 7908

Cite this: RSC Adv., 2024, 14, 3070

Received 25th November 2023
Accepted 13th January 2024

DOI: 10.1039/d3ra08074a

rsc.li/rsc-advances

3070 | RSC Adv., 2024, 14, 3070–30
onsive polymeric nanoparticles
combining soluplus and chitosan for enhanced
breast cancer targeting

Shrouq Twal,ab Nisrein Jaber,c Mayyas Al-Remawi,*a Islam Hamad,b Faisal Al-
Akayleh a and Walhan Alshaer *d

A dual stimuli-responsive nanocarrier was developed from smart biocompatible chitosan and soluplus graft

copolymers. The copolymerization was investigated by differential scanning calorimetry (DSC), thermo-

gravimetric analysis (TGA), and Fourier transform infrared (FTIR). The optimized chitosan-soluplus

nanoparticles (CS-SP NPs) were further used for the encapsulation of a poorly water-soluble anticancer

drug. Tamoxifen citrate (TC) was used as the model drug and it was loaded in CS-SP NPs. TC CS-SP NPs

were characterized in terms of particle size, zeta potential, polydispersity, morphology, encapsulation

efficiency, and physical stability. The nanoparticles showed homogenous spherical features with a size

around 94 nm, a slightly positive zeta potential, and an encapsulation efficiency around 96.66%.

Dynamic light scattering (DLS), in vitro drug release, and cytotoxicity confirmed that the created nano-

system is smart and exhibits pH and temperature-responsive behavior. In vitro cellular uptake was

evaluated by flow cytometry and confocal microscopy. The nanoparticles revealed a triggered increase

in size upon reaching the lower critical solution temperature of SP, with 70% of drug release at acidic pH

and 40 °C within the first hour and a 3.5-fold increase in cytotoxicity against MCF7 cells incubated at

40 °C. The cellular uptake study manifested that the prepared nanoparticles succeeded in delivering

drug molecules to MCF7 and MDA-MB-231 cells. In summary, the distinctive characteristics provided by

these novel CS-SP NPs result in a promising nano-platform for effective drug delivery in cancer treatment.
1 Introduction

Breast cancer (BC) is the second most prevalent cancer world-
wide, aer lung cancer. About 20% of cancer patients have BC,
and it is the leading cause of mortality among women.1 Fortu-
nately, non-metastatic BC is treatable in approximately 70–80%
of instances, particularly in the disease's early stages.2 Tamox-
ifen (TC) (Fig. 1A) is a gold standard in BC treatment as it is one
of the most popular selective estrogen receptor modulators
(SERMs).3 It is a hydrophobic, potent anticancer drug, approved
by FDA for the management of BC in both females and males.4

Biopharmaceutics Classication System (BCS) classies TC as
a class II drug characterized by low water solubility and poor
oral bioavailability in the range of 20–30%.5

Poor bioavailability, severe side effects, cytotoxicity and non-
specic action of anticancer drugs are the major challenges in
developing their delivery systems.6,7 A promising approach to
University of Petra, Amman 1196, Jordan.

797683190

rsity of Madaba, Amman 11821, Jordan

ity of Jordan, Amman 11733, Jordan

Jordan, Amman 11942, Jordan. E-mail:

23678

84
solve these challenges is applying polymeric nanocarriers as
reservoirs to anticancer pharmaceutical ingredients.8–10 Nano-
particles (NPs) as drug carrier can encapsulate hydrophobic
compounds, thereby improving their solubility, biocompati-
bility, and retention time in tumor permeable vasculature,11,12

thereby releasing the drug in a controlled manner.13 In addi-
tion, NPs can improve intracellular penetration and specicity
towards a specied target by being attached to targeting ligands
for therapeutic or diagnostic reasons.14 The Enhanced Perme-
ability and Retention (EPR) effect is a phenomenon in which
NPs tend to accumulate selectively in tumor tissues through
passive targeting.15,16 Endothelial cells in tumor vessels are not
closely packed and instead have a vast gap between them that is
about 100–800 nm larger than in normal physiological condi-
tions. Furthermore, because lymphatic drainage is impaired in
tumor tissues, these nanocarriers can remain in tumor for days
or weeks, facilitating adequate drug release and accumulation.17

Micelles are nanometer-sized vesicles with a hydrodynamic
diameter range from 1 to 200 nm produced by the self-assembly
of amphiphilic polymers.18,19 This form of NPs comprises an
inner hydrophobic core and an outer hydrophilic shell. A
modication of the outer shell of nanomiclles can improve their
properties, for instance by enhancing targeting.20,21 Polymeric
micelles (PMs) can be used to deliver a range of pharmaceutical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of (A): tamoxifen citrate,35 (B): soluplus36 and (C): chitosan.37
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active ingredients at a controlled rate due to their simple
preparation methods, biocompatibility, and highly potential to
encapsulate poorly soluble and lipophilic molecules.6 As
recorded, PMs can be applicable to use for the delivery of
anticancer drugs.22 Particularly, encapsulating hydrophobic
anticancer drugs inside PMs can increase their aqueous solu-
bility by a factor of up to 500, thus increasing their biological
behavior and enhancing accumulation in the targeted site with
fewer side effects on normal tissues.3,23 Advances in polymer
chemistry produce intelligent polymeric systems with greater
regulation of the physicochemical characteristics, which is
crucial for the precise delivery of anticancer drugs. Intelligent or
environmentally-stimuli polymers are polymers that undergo
structural modications when triggered by chemical or physical
Table 1 Physical characterization of different molar ratios of CS-SP NPs,
3)

Sample Average diameter (nm)

CS 593.83 � 28.21
CS : GA 365.61 � 26.33
SP 77.23 � 1.19
SP : GA 69.34 � 1.41

CS:SP NPs (cross-linked with GA)
100 : 1 128.09 � 3.61
10 : 1 93.09 � 1.88
2 : 1 201.87 � 4.86
1 : 1 86.92 � 1.61
1 : 2 101.15 � 2.01

Drug loaded CS-SP NPs
TC NPs (optimal) 94.17 � 4.01

© 2024 The Author(s). Published by the Royal Society of Chemistry
stimuli.24 Temperature, light, shear, and magnetic eld are
among the physical stimuli used, whereas pH, redox, enzymes,
and hypoxia are all known as chemical stimuli. These triggers
can be intrinsic and come from the biological environment of
the body such as changes in temperature, pH, enzymes, redox,
and hypoxia or extrinsic exposure of triggers such as changes in
temperature, magnetic eld, and light.25 Functionalized poly-
meric NPs such as PMs with stimuli-responsive characteristics
would allow for regulation of the distribution and release of the
drug at the disease site.26,27

Soluplus (SP) (Fig. 1B), is a thermos-responsive gra copol-
ymer, composed of polyethylene glycol backbone as the hydro-
philic moiety and vinyl caprolactam/vinyl acetate side chain as
the hydrophobic part. Its biocompatible prole and
the NPs prepared at optimal CS to SPmolar ratios (1 : 1) (mean± SD, n=

PdI Zeta potential (mV)

0.75 � 0.11 0.4 � 4.1
0.88 � 0.17 12.3 � 3.2
0.07 � 0.04 −4.4 � 5.4
0.05 � 0.03 −8.8 � 6.1

0.34 � 0.04 12.8 � 4.6
0.09 � 0.05 7.4 � 4.7
0.25 � 0.04 1.6 � 5.1
0.10 � 0.05 2.4 � 1.0
0.10 � 0.05 −2.5 � 3.3

0.27 � 0.01 9.3 � 0.2

RSC Adv., 2024, 14, 3070–3084 | 3071
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amphiphilic nature have led to its extensive use as a solubilizer
for numerous poorly water soluble drugs.28–34

SP is a type of temperature responsive polymer that responds
to temperature changes and undergoes phase transition at the
lower critical solution temperature (LCST). Herein, at temper-
atures below the LCST, It's macromolecules become hydro-
philic, while at temperatures above the LCST, these
macromolecules are hydrophobic.26,38 SP is capable of forming
nanometer scale micelles in aqueous media with a small
hydrodynamic diameter and narrow particle size distribution, it
has a critical micelle concentration (CMC) of 7.6 mg L−1. In this
regard, micelles generated via SP with low CMC are less prone to
deform when facing the innite diluting effects in vivo.39,40 SP
exhibited a promising ability to create stable and small self-
assembled micellar systems composed of a hydrophobic inner
core and an outer hydrophilic shell with sufficient drug loading
and colloidal stability, hence enhancing therapeutic effective-
ness of loaded compounds.41

pH-responsive polymers are types of smart polymers that
undergo substantial alterations in their physicochemical char-
acteristics when exposed to a minor alteration in pH. They have
ionizable functional groups that can either receive or liberate
protons in response to pH changes, leading to a switch between
a charged and neutral state of the polymer.24,42 The extracellular
tumor pH is more acidic than the pH of healthy tissues and
blood because of the rapid proliferation of tumor that induces
glycolysis, which is a distinguishing feature of cancer cells aids
in controlled drug release.43 The pH range of the tumor is
between 5.8 and 7.8, with a mean of 6.0. Nonetheless, intra-
cellular pH can be reduced. Lysosome pH values vary from 4.0 to
5.0, while endosome pH values range from 5.0 to 6.0. The pH-
responsive PMs are anticipated to be able to promote cellular
uptake, anticancer efficacy, and release pharmacological
payloads in a well-controlled way through pH-triggered struc-
tural transformation in the acidic microenvironment of tumor
cells.44–46 Chitosan (CS) (Fig. 1C) has the greatest promise for use
in biomedical applications and drug delivery, as it has excep-
tional versatile biodegradability and biocompatibility, amena-
bility to chemical modication most commonly using amino
groups (–NH2) and minimal immunogenicity.47–51 It is
commonly used as a coating or in the matrix of NPs for devel-
oping DDSs, including proteins, antibodies, DNA, hormones,
medicines, and even natural compounds.52,53 Considering the
hydrophilic nature of CS and to avoid a premature drug release,
cross linking agents like glutaraldehyde (GA) have been widely
employed to enhance the properties of CS.54 Henceforth, the
hydrophobically modied CS micelles triggered by more than
one stimulus is an alternative strategy for enhancing the efficacy
and rate of drug delivery.55

In comparison to other stimuli, temperature and pH, two of
the most frequently used in the development of smart DDSs by
means of nanotechnology to deliver drug molecules. As
a number of disorders, including cancer, diabetes, and others,
have been linked to changes in physiological temperature and
pH.56,57 NPs have an intelligent release prole through releasing
their payloads in response to both decreased pH as well as
raised temperature. Two or more different polymeric blocks can
3072 | RSC Adv., 2024, 14, 3070–3084
chemically co-polymerized to produce a dual responsive nano-
carriers with higher therapeutic efficacy.58

The objective of this study is to develop a highly efficient and
responsive drug delivery system for TC, a widely used anti-
breast cancer drug. This research aims to join the advantages
of polymeric nanocarriers, specically polymeric micelles
(PMs), with an emphasis on their responsive behavior to
temperature and pH changes. By combining the thermos-
responsive properties of Soluplus (SP) and the pH-responsive
characteristics of chitosan (CS), a novel intelligent drug
delivery system capable of precise drug distribution and
controlled release is developed. The study also investigates the
potential benets of dual responsiveness to both temperature
and pH changes in enhancing the therapeutic efficacy of TC
delivery, particularly in the context of breast cancer treatment.
2 Materials and methods
2.1 Materials

Chitosan (CS) (low molecular weight poly N-acetyl glucosamine,
viscosity average MWt was around 10 kDa, with Degree of
deacetylation, DDA > 98%) was a gi from Jordanian Pharma-
ceutical Manufacturing Co., PLC, Jordan. Tamoxifen citrate was
a gi from RAM Pharmaceutical Industries Co., Jordan. Sol-
uplus® (SP) (triblock gra copolymer comprising polyvinyl
caprolactam (57%), polyvinyl acetate (30%), and polyethylene
glycol (13%) having a molecular weight ranging from 90 to 140
kDa, and with HLB value ∼14.0) was obtained from BASF,
Germany. Glutaraldehyde was purchased from Sigma-Aldrich,
USA. All other chemicals and reagents were of analytical grade
and ultrapure water was used throughout the work.
2.2 Methods

2.2.1 Preparation of nanoparticles. The experimental
procedure involved the utilization of glutaraldehyde (GA) as
a chemical cross-linking agent to enhance the stability of the
micelles and reduce the initial burst release, following estab-
lished protocols.45,59 In a summarized procedure, CS was dis-
solved in a solution of 1% acetic acid to achieve a concentration
of 0.01 g mL−1 and the solution pH was around 5.9. Simulta-
neously, SP was dispersed in distilled water at a concentration
of 1% w/v. The reaction began by adding a commercial 25% w/v
aqueous GA solution as a cross-linker to the CS solution.
Immediately, the SP dispersion was introduced into the CS/GA
mixture at various CS : SP molar ratios (100 : 1, 10 : 1, 2 : 1, 1 :
1, 1 : 2), with continuous stirring at room temperature to facil-
itate the formation of CS-SP nanoparticles. Following a one-
week incubation period, any unreacted GA and residual
glacial acetic acid were removed by subjecting the mixture to
dialysis against 0.5 L of distilled water. Dialysis was carried out
using a cellulose dialysis membrane (Frey Scientic, USA) for
a duration of 24 hours. Water used for dialysis was changed
three times during the 24 hours period.

2.2.2 Preparation of drug loaded nanoparticles. The prep-
aration of TC loaded nanoparticles was achieved according to
the method performed by60 with slight modication. Briey, TC
© 2024 The Author(s). Published by the Royal Society of Chemistry
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was rstly dissolved in ethanol. The concentration of TC in
ethanol was 1.08 mM. CS-SP NPs with a 1 : 1 molar ratio were
prepared previously; TC solution was added dropwise to CS-SP
NPs with continuous stirring for 30 min, and then ethanol
was evaporated under a fume hood at room temperature to
obtain TC loaded CS-SP NPs (TC-CS-SP NPs). The container was
protected from light, as TC is a light-sensitive drug.

2.2.3 Characterization of nanoparticles
2.2.3.1 DLS studies. Hydrodynamic diameter, polydispersity

index (PdI), and zeta potential were analyzed by dynamic light
scattering (DLS) using (Zetasizer Nano ZS, Malvern Instru-
ments, Worcestershire, UK) equipped with Zetasizer soware
for data analysis. DLS measurement for each sample was con-
ducted at 25 °C with a 173° scattering angle and lasted for 60 s.
The analyses were carried out in triplicate; data is expressed as
mean ± SD.

2.2.3.2 Effect of temperature and pH on particle size. DLS
experiment was performed according to the method published
by61 with slight modications in order to investigate the inu-
ence of temperature on hydrodynamic diameter of SP, SP : GA,
CS, CS : GA, and different molar ratios of CS-SP NPs (100 : 1, 10 :
1, 2 : 1, 1 : 1, 1 : 2). The experiment was conducted with an
automatic program over a temperature range of 20 to 65 °C aer
equilibration of the samples for 2 minutes at each temperature
and increasing the temperature by 5 °C. At each temperature
point, each sample was measured three times.

Further DLS experiment was conducted to investigate the
effect of different ranges of pH on hydrodynamic diameter, PdI,
and zeta potential for different molar ratios of CS-SP NPs. The
pH of CS-SP NPs was adjusted to a desired value with 1 M HCL
and 1 M NaOH.62

2.2.3.3 High performance liquid chromatography (HPLC)
studies.HPLC studies were used to determine TC content.HPLC
system consists of HPLC (Finnigan Surveyor) (Thermo Electron
Corporation, San Jose, CA, USA), pump (solvent delivery systems
pump) (LC Pump plus) equipped with autosampler (Autosam-
pler Plus) and variable wavelength UV detector (UV-VIS Plus
Detector), data were analyzed using ChromQuest soware
4.2.34.

TC was determined according to the method previously
described by63 with slight modications. The sample was
injected into InertSustain (GL Sciences) C-8 column (4.6 × 150
mm, 5 mm). Freshly prepared mobile phase composed of
methanol and phosphate buffer pH 7.4 (9 : 1) was ltered
through a 0.45 mmnylon membrane lter and then sonicated to
degas before use. The ow rate was 1 mL min−1, the injection
volume was 50 mL, and the temperature was 25 °C. The detec-
tion was conducted using a UV-Vis detector at a wavelength of
277 nm. The retention time of TC was approximately 4.2 min.
The calibration curve was prepared from a stock solution of TC
(0.9 mg mL−1) and then diluted with the mobile phase to
different known concentrations in the range of 10–100 mg mL−1.
The linear correlation coefficient was around 0.998.

2.2.3.4 Determination of entrapment efficiency and loading
capacity. The entrapment efficiency (EE) and drug loading (DL)
of TC into CS-SP NPs were determined by centrifugation.64

Briey, TC-CS-SP NPs were centrifuged at 14 000 rpm for
© 2024 The Author(s). Published by the Royal Society of Chemistry
15 min, at 25 °C (Heraeus Fresco 21 Centrifuge, Thermo
scientic). Aer centrifugation, the supernatant was collected,
diluted with methanol and phosphate buffer pH 7.4 (9 : 1), and
analyzed for the encapsulated TC concentration. The concen-
tration of TC was determined before and aer centrifugation by
the HPLC method mentioned previously. The EE and DL were
Amount of added drug and polymer

EEð%Þ ¼ Amount of drug after centrifugation

Amount of drug added
� 100 (1)

DLð%Þ ¼ Amount of drug after centrifugation

Amount of added drug and polymer
� 100 (2)

2.2.3.5 Morphology study. The morphological characteriza-
tion of CS-SP NPs and TC-CS-SP NPs was investigated using
scanning transmission electron microscopy (STEM) (Versa 3D,
FEL, Netherlands) operated at 30 kV. Before conducting the
analyses, samples were diluted in water and deposited onto
a carbon-coated copper grid with a 100-mesh opening size. To
create a thin lm, most of the sample was wiped with lter
paper. Aer the formulation was adhered, 5 mL of phospho-
tungstic acid solution (1% w/v in sterile water) was placed onto
the grid as a negative staining medium, and the surplus solu-
tion was blotted away using lter paper. Samples were kept dry
at room temperature, and then visualized under the electron
microscope.65

2.2.3.6 Fourier transform infrared (FTIR) spectroscopy.
Infrared spectra of CS, SP, CS-SP physical mixture, CS-SP NPs,
TC-CS-SP physical mixture, and TC-CS-SP NPs were recorded
with FTIR device (FTIR-7600 Agilent Technologies Inc., Fourier
Transform Infrared Spectrophotometer, Danbury, CT, USA)
using the potassium bromide (KBr) disk pellet technique. First,
sample powder was mixed with KBr, with a 1 mg sample per
300 mg of KBr. Then the prepared sample was compressed on
a hydraulic press at 3000 psi to make a transparent pellet.54 The
spectra were scanned at a resolution of 1 cm−1 and scanning
region wavelength 400–4000 cm−1. The analysis aimed to
corroborate the CS-SP cross linking with GA.

2.2.3.7 Differential scanning calorimetry (DSC) analysis. DSC
analysis was conducted to examine the thermal behavior of
various samples, including CS, SP, TC, CS-SP physical mixture,
CS-SP NPs, TC-CS-SP physical mixture, and TC-CS-SP NPs. The
analysis aimed to investigate the chemical cross-linking of CS
and SP in CS-SP NPs and understand the thermal properties of
the different samples. The DSC analysis was performed using
(Mettler-Toledo DSC1, GmbH, Germany) equipped with a cool-
ing system was used with the following instrument conditions:
approximately 3 mg of each sample was placed in a 40 mL
hermetically sealed aluminum pan and then heated from 25 to
300 °C at a scanning rate of 10 °C min−1 under a constant ow
of nitrogen gas (5.0 mL min−1). An empty aluminum pan was
placed in DSC device as a ref. 66.

2.2.3.8 Thermogravimetric analysis (TGA). TGA was per-
formed to evaluate thermal properties of CS, SP, TC, CS-SP
physical mixture, CS-SP NPs, TC-CS-SP physical mixture, and
TC-CS-SP NPs. TGA curves were monitored using (Mettler
RSC Adv., 2024, 14, 3070–3084 | 3073
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Toledo TGA/DSC 2-star system, Switzerland). Approximately
3 mg of each sample was placed in a 70 mL alumina crucible and
then heated from 30 to 500 °C at a heating rate of 10 °C min−1

under a constant ow of nitrogen gas (50 mL min−1).67

2.2.4 In vitro drug release study. To conrm the hypothesis
that TC-CS-SP NPs are pH and temperature stimuli-responsive
nanoparticles, the release of TC was monitored in different
pH and temperature conditions.68,69 In this regard, the drug
release prole of TC from TC-CS-SP NPs was evaluated using the
dialysis membrane method (cellulose membrane, Frey scien-
tic, USA). The release was determined in two different pH
dissolution media prepared from Tris-HCL buffer and at two
temperatures. In brief, 9 mL of TC-CS-SP NPs were dialyzed
against 100 mL of each buffer (pH 6 or pH 7.4) and gently
shaken in a shaking water bath (SB-12L shaking water bath,
Benchmark, USA) at 100 rpm. The temperature was set to 37 ±

2 °C and then the same procedure was performed again at 40 ±

2 °C. At predetermined time points (1, 2, 3, 4, 6, 24 and 48 h),
aliquots of 1 mL of the release medium were withdrawn and
replaced with the same volume of the dissolution medium to
maintain sink condition. The cumulative amount of TC
released fromNPs in the dissolutionmedia at each time interval
was quantied by HPLC technique.

2.2.5 Determination of drug stability. The stability analysis
of TC-CS-SP NPs regarding hydrodynamic diameter, PdI (Poly-
dispersity Index), and zeta potential was conducted aer incu-
bation in three different media, including phosphate buffer at
pH 6 or pH 7.4. The measurements were performed using a Pro-
Malvern Zetasizer instrument and analyzed using ZS XPLORER
soware.

The ratio between NPs and incubation media was 1 : 1 v/v.
TC-CS-SP NPs were placed in phosphate buffer (pH 6 or pH
7.4) and were incubated at 4 °C and 37 °C. At a designated time,
interval up to 7 days, 100 mL aliquot of each sample was with-
drawn and diluted up to 1 mL with nuclease-free water before
being analyzed by DLS. The analyses were performed in tripli-
cate; data is expressed as mean ± SD.

2.2.6 Cellular studies
2.2.6.1 Cell culture. Human dermal broblast cell line

(HDF), human breast cancer cell lines MCF7 (ER+) and MDA-
MB-231 (ER-) were obtained from the Cell Therapy Center (the
University of Jordan, Amman, Jordan). HDF cell line was
cultured in Dulbecco's Modied Eagle Medium, human breast
cancer cell line MDA-MB-231 was cultured in Minimum
Essential Medium while breast cancer cell line MCF7 was
cultured in RPMI 1640 Medium. Cultured medium supple-
mented with 10% (v/v) fetal bovine serum (FBS), 100 mg mL−1

streptomycin, 100 U mL−1 penicillin, and 2 mM L-Glutamine.
The cells were maintained at 37 °C under a humidied atmo-
sphere of 5% CO2 incubator (Memmert, Germany). The cells
were passaged approximately every 3–4 days when reaching 90%
conuence, by gentle trypsinization using 0.05% (w/v) trypsin.

2.2.6.2 Cell viability assay. Cell viability was evaluated using
the calorimetric MTT assay. Each experiment was performed in
triplicate. Cells were seeded in 96-well plates at (8 × 103 cells
per well) in the case of HDF and at (9 × 103 cells per well) in the
cases of MCF7 and MDA-MB-231 and cultured for 24 h. Aer
3074 | RSC Adv., 2024, 14, 3070–3084
which, the cells were incubated with free TC, blank CS-SP NPs,
or TC-CS-SP NPs at different concentrations at 37 °C and once
again at 40 °C (5 min per 24 h).70 In this instance, the elevated
temperature was adjusted by raising the temperature of the
incubator. For the negative control, untreated cells were incu-
bated with the complete culture medium. Aer 72 h of incu-
bation at 37 °C, treatments were removed from the wells,
followed by adding 15 mL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) solution and 100 mL of
the medium to each well, and the cells were incubated at 37 °C
for further 3 h. Then, the medium and MTT salt were removed
and replaced with 50 mL of dimethyl sulfoxide (DMSO) to
dissolve the insoluble formazan. Absorbance values were
measured at a wavelength of 570 nm using Glomax microplate
reader (Promega, USA). Results on relative cell viability were
presented as the percentage of surviving cells in relation to
untreated cells.

2.2.6.3 Cellular uptake study. To visualize TC-CS-SP NPs for
cellular uptake studies, the uorescent dye coumarin-6 was
used to label TC-CS-SP NPs by co-encapsulating of coumarin-6
(100 mg per 50 mg polymer) with TC in the organic phase and
then added to CS-SP NPs.71

MCF7, MDA-MB-231, and HDF (1 × 105 cells per well) were
seeded in twelve-well plates. Aer being cultured for 24 h, the
cells were treated with coumarin-6-labeled TC-CS-SP NPs (108
mM). For a negative control, cells incubated with complete
culture medium from each cell line were used. Aer incubation
for 4 h at 37 °C, the treatment andmedia were removed, and the
cells were washed twice with 0.5 mL PBS then harvested using
trypsin. Cumulative dye release from coumarin-6-loaded TC-CS-
SP NPs was analyzed under excitation at 450 nm and emission
at 505 nm by ow cytometer (FACS Canto II, BD, USA).

2.2.6.4 Confocal laser microscopy. MCF7, MDA-MB-231, and
HDF (1 × 105 cells per well) were seeded into a six-well plate
containing glass coverslips and incubated for 24 h at 37 °C. The
cells were then treated with coumarin-6-labeled TC-CS-SP NPs
(108 mM) and further incubated for 4 h at 37 °C. For a negative
control, cells incubated with complete culture medium from
each cell line were investigated. Aer specied incubation time,
the cells were washed with 0.5 mL of PBS, and then incubated
with 0.5 mL of 4% formaldehyde at room temperature for
15 min in the dark. Aer that, the cells were washed again with
PBS, then the PBS was removed and 300 mL of DAPI diluted in
PBS (1 : 1500) was added and incubated in the dark for 5 min.
Finally, the cells were washed once with 0.5 mL of PBS, and the
coverslips were placed face down on a glass slide with 10 mL of
Fluorescence Mounting Medium (Dako Omnis), then le to dry
overnight in the dark. Samples were inspected by Zeiss LSM780
confocal microscope system (Carl Zeiss AG, Germany).72

3 Results and discussion
3.1 Rationale for selecting CS-SP NPs

The preparation technique was employed to synthesize intelli-
gent CS-SP NPs. SP exhibits a low critical micelle concentration
(CMC), ensuring the stability of the nano-system even upon
dilution within the systemic circulation in vivo. Additionally, it
© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibits a lower critical solution temperature (LCST) of
approximately 40 °C, which governs hydrophilic-to-
hydrophobic phase transitions, directly inuencing the
temperature-triggered responsiveness of this intelligent nano-
particle system73 Furthermore, CS was chosen for its compati-
bility and safe characteristics when incorporated into graed
nanoparticles and copolymers, displaying pH-responsive
behavior.74 The Soluplus quantity of the cross-linker, glutaral-
dehyde (GA), was completely eliminated through the dialysis
process.

In the context of cancer treatment, the size of the nano-
particle formulation plays a pivotal role. Consequently, various
molar ratios of CS-SP NPs were synthesized (100 : 1, 10 : 1, 2 : 1,
1 : 1, 1 : 2) to optimize their properties. The optimized formu-
lation was selected based on factors such as particle size and its
responsiveness to changes in temperature and pH. This opti-
mized formulation was then used for loading the therapeutic
drug (TC), which was subsequently employed in the subsequent
experiments within this research study.
Fig. 2 Particle size vs. temperature curves measured by DLS for (A) SP
and SP : GA, (B) CS and CS : GA, (C) five different molar ratios of CS-SP
(100 : 1), (10 : 1), (2 : 1), (1 : 1), and (1 : 2) NPs.
3.2 Physical characterization by DLS

Physiochemical properties such as hydrodynamic diameter,
zeta potential, and PdI were analyzed on SP, SP : GA, CS, CS : GA,
different GA crosslinked CS-SP NPs, and TC-loaded CS-SP NPs
in the optimized formula. The measurements were presented in
Table 1. The average particle sizes of CS and CS : GA were ob-
tained as 593.83 ± 28.21 nm and 365.61 ± 26.33 nm, respec-
tively. The smaller particle size of CS : GA compared to CS could
indicate the crosslinking of CS with GA. Moreover, the smaller
average particle size of SP : GA, which was 69.34± 1.41 nm, than
that of SP, which was 77.23 ± 1.19 nm, can be speculated to be
a crosslinking between SP and GA. Other speculation that
approved the hypothesis of copolymerization of CS and SP in
graed CS-SP NPs was the average particle size and PdI of CS
and SP, which showed that SP had a small particle size 77.23 ±

1.19 nm and a PdI of 0.07 ± 0.04 mV, whereas CS had a large
particle size of 593.83 ± 28.21 nm and a large PdI of 0.75 ±

0.11 mV. It is suggested that the fabrication of CS-SP NPs
showed a signicant inuence on particle size and PdI
compared to pure CS or SP.

By studying the average particle size of different molar ratios
of CS-SP NPs (100 : 1, 10 : 1, 2 : 1, 1 : 1, and 1 : 2), which were
observed as 128.09 ± 3.61 nm, 93.09 ± 1.88 nm, 201.87 ±

4.86 nm, 86.92 ± 1.05 nm, and 101.15 ± 2.01 nm, respectively,
the optimum CS-SP NPs were those with a molar ratio of 1 : 1,
conrmed by trend analysis using DLS (Fig. 2). The CS-SP molar
ratio that has the lowest particle size at room temperature and
exhibited particle size transition at temperature near to the
average temperature of breast tumor i.e. 37.17 to 38.44 °C75,76

was the ratio 1 : 1. Thus, it was selected as the optimized molar
ratio of CS-SP. The optimized NPs were loaded with TC and
tested for the other experiments through the study.

The average particle size of the optimized molar ratio (1 : 1)
of CS-SP NPs was 86.92 ± 1.05, compared to 94.17 ± 4.01 of TC-
CS-SP NPs; the slight increase in particle size can be attributed
to the encapsulation of the loaded TCmolecules into NPs.77 NPs
© 2024 The Author(s). Published by the Royal Society of Chemistry
between 10 and 100 nm in size can accomplish both intents of
being small enough to avoid occlusion and clot formation when
passing through the nest capillaries and large enough to
bypass the rapid clearance through glomerular ltration in the
kidneys.46

Concerning the zeta potential values, summarized in Table
1, in almost all CS-SP NPs, the zeta potential was close to
neutral, with a slight increase in charge when increasing the
percent of CS in NPs and a slight decrease in charge when the
percent of SP was higher in NPs. As zeta potentials of 100 : 1 and
1 : 2 CS-SP NPs, were observed as 12.8 ± 4.6 and −2.5 ± 3.3,
respectively. The neutrality in zeta potential can lessen the
unfavorable clearance of NPs by mononuclear phagocyte
system, enhance blood compatibility, henceforth, anticancer
drug can be passively targeted to tumors with greater
efficiency.78

The PdI values, also provided in Table 1, showed that all CS-
SP NPs except those with a 100 : 1 molar ratio have a PdI less
than 0.3. In general, PdI below 0.3 implies homogeneity of size
distribution in polydispersed phase nano-formulations.79
3.3 Effect of temperature and pH on particle size

Concerning dual stimuli-responsive NPs, DLS veried its
benecial input in appointing temperature and pH induced
physiochemical changes in NPs.80 The different particle size
responses to temperature changes from 20 to 65 °C were
RSC Adv., 2024, 14, 3070–3084 | 3075
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Fig. 3 The effect of pH changes on (A) particle size, (B) polydispersity
index (PdI), (C) zeta potential on three different molar ratios of CS-SP
NPs: (2 : 1), (1 : 1), and (1 : 2).
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measured by trend analysis using DLS. The measurements were
recorded as shown in Fig. 2. The LCST was examined from DLS
perspective. The interpretation was corroborated with the
observed phenomena reported elsewhere.81 When temperatures
were brought closer to the LCST point, the particle size
increased due to the emergence of hydrophobic interactions.
When the temperature exceeds the LCST, however, a reduction
in size was observed. This nding might be due to a change in
polymer conformation, explained by polymer chain shrinkage
from loose coils to dehydrated and condensed globules.81

By studying Fig. 2A, SP approved its temperature-responsive
behavior with a LCST in at 40 °C, as there was a noticeable
particle size change from 106.6 nm to 245.1 nm. The observed
phenomenon was hindered by the addition of GA to SP, which
kept the particle size almost xed upon changing temperature,
conrming that SP cross-linked with GA. In Fig. 2B, it was
shown that CS compared with CS cross-linked with GA had
Fig. 4 STEM images of optimal CS-SP NPs, where CS and SP were prep

3076 | RSC Adv., 2024, 14, 3070–3084
smaller particle sizes, with some effect of temperature on
particle size. The copolymerization of CS and SP by the aid of
GA, ascribed to neglecting the hindered effect of GA on SP
thermoresponsive behavior, and the inuence of temperature
induced phase transition was investigated for different molar
ratios of CS-SP NPs, as noticed in Fig. 2C, with the molar ratios
of 100 : 1 and 10 : 1, thermoresponsive behavior was prohibited,
while with 2 : 1, 1 : 1, and 1 : 2 molar ratios, phase transitions
were observed at around 40 °C.

Upon varied pH values, the pH sensitivity of NPs can be
studied by determining the change in hydrodynamic diameter
and the zeta potential of the NPs.82 To estimate the effect of pH
for formulations that had shown temperature phase transition
previously, measurements were carried out and results as
shown in Fig. 3. The change in pH for different CS-SP NPs was
adjusted within the pH range of 1.0–12.0 by the addition of
either 0.1 M HCL or 0.1 M NaOH. Fig. 3A conrmed that there
was no signicant change in particle size in CS-SP NPs when the
pH range was from 1.0 to 4.5, with a signicant increase in size
from 87.5 ± 1.6 to 119.4 ± 3.3 in 1 : 1 molar ratio of CS-SP NPs
when pH changed from 4.5 to 5.5. This result pointedly
supports the proposed hypothesis of pH-responsive behavior of
these NPs when reaching pH that represents a slightly acidic
microenvironment of cancerous cell.

CS-SP-NPs with a molar ratio of 2 : 1 had a bigger particle
size than 1 : 1 and 1 : 2 molar ratios. In addition, in CS-SP-NPs
with a molar ratio of 1 : 2, the effect of pH on particle size had
not appeared to be as great, as CS appeared to have a lesser
contribution in comparison with a 1 : 1 molar ratio. The
optimized formula had a molar ratio of 1 : 1, supported by its
pH and temperature responsive behavior, which appeared as
a change in particle size upon a change in temperature or pH.
PdI values are shown in Fig. 3B. The values indicated the
presence of an almost monodisperse particle size distribution
with a PdI lower than 0.3 through pH changes from 1.0 to 7.5.
A polydispersity that appears in alkaline pH, might be
attributed to different precipitation of NPs in alkaline media.
In Fig. 3C, the zeta potential for 1 : 2, 1 : 1, and 2 : 1 CS-SP-NPs
molar ratios had a positive value when shied toward acidic
pH and a negative value when shied toward alkaline pH,
supported by protonation–deprotonation of CS at different
pH values.83
ared at optimal molar ratios (1 : 1). The scale bar is 1 and 2 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.4 Determination of EE and DL

The measured percentages of EE and DL, in the optimal
formula CS-SP of molar ratio 1 : 1, were recorded as 96.66 ±

1.5% and 17.50 ± 0.21% w/w, respectively. By considering the
hydrophobic characteristic of TC and the preferable loading of
TC into CS-SP NPs, as indicated by the high EE, these NPs offer
a promising approach as a carrier for one or more hydrophobic
drugs, particularly anticancer drugs.
Fig. 5 FTIR spectrum of (A) chitosan (CS), Soluplus (SP), CS-SP
physical mixture (PM) and CS-SP prepared nanoparticles prepared by
crosslinking with glutaraldehyde (NP), where CS and SP were prepared
at optimal molar ratios (1 : 1), (B) NPs, tamoxifen citrate (TC) and
tamoxifen citrate loaded CS-SP NP (TC NP).

Fig. 6 DSC spectra of (A) CS, SP and TC, (B) CS-SP NPs and CS-SP phy

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.5 Morphology of nanoparticles

The morphological characterization of optimal TC-CS-SP NPs
was examined by STEM with negative staining. The image
indicates spherical shaped NPs with a smooth surface and
a homogenous size distribution, Fig. 4. In general, the
morphology of block copolymer micelle is spherical.84
3.6 Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was carried out for CS, SP, TC, CS-SP physical
mixture, CS-SP NPs, TC-CS-SP physical mixture, and TC-CS-SP
NPs, as shown in Fig. 5, in order to emphasize the copolymer-
ization of CS and SP.

The IR spectrum showed distinct peaks of CS functional
groups, which were 1630 cm−1 and 1520 cm−1 for NH2

stretching group, 1383 cm−1 CH stretching group,1150 cm−1 for
b(1–4) glycosidic bridge, 1092 cm−1 and 1030 cm−1 for –C–O–C–
bridge.85–87 The characteristics peaks of SP were 1736 cm−1 and
1632 cm−1 for carbonyl stretching group in ester and tertiary
amide, respectively, 1480 cm−1 for C–O–C stretching group,
1239 cm−1 and 1111 cm−1 for C–O stretching group in ester and
716 cm−1 for CH bending group.88 The featured peaks of TC
were revealed as 1725 cm−1 for carbonyl stretching group,
1592 cm−1 for amine N–H bending group, 1377 cm−1 for methyl
group, 1077 cm−1 for C–N stretching group; 1230 cm−1 refer to
C–O stretching of alkyl aryl ether. Peaks were also observed at
767 cm−1 and 695 cm−1.89

Upon mixing CS with SP in the physical mixture (PM) the
FTIR did not show the peaks of CS polymer may be due to the
similarity and dilution effect due to molecular weight differ-
ences as shown in (Fig. 5A). The decrease or even absence of the
peaks at 1736 cm−1 and 1239 cm−1 for C]O carbonyl stretching
group in ester and C–O–C backbone of SP respectively for the
CS-SP NPs compared to physical mixture could indicate the
cross-linking of NP by GA was achieved.

Further construing the FTIR spectra of TC and TC-CS-SP NPs
(Fig. 5B), it was noticed that the functional groups of TC were
present with almost no signicant changes in the TC loaded CS-
SP NP. This could indicate that the drug was physically encap-
sulated within CS-SP NPs. The peak of TC at 1592 cm−1 was
shied in the CS-SP NP system. The shiing of this peak might
sical mixture, (C) TC-CS-SP NPs and TC-CS-SP physical mixture.

RSC Adv., 2024, 14, 3070–3084 | 3077
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Fig. 7 TGA curve of (A) CS, SP and TC, (B) CS-SP NPs and CS-SP physical mixture, (C) TC-CS-SP NPs and TC-CS-SP physical mixture prepared at
optimal CS to SP molar ratios (1 : 1).

Fig. 8 In vitro release study of TC from TC-CS-SP NPs prepared at
optimal CS to SP molar ratios (1 : 1) at (A) 37 °C and pH 6, (B) 37 °C and
pH 7.4, (C) 40 °C and pH 6, (D) 40 °C and pH 7.4.
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have taken place due to the weak physical interaction of weak H-
bonding with the CS-SP NP system.
Table 2 Zeta potential for TC-CS-SP NPs prepared at optimal CS to SP
molar ratios (1 : 1) incubated at different phosphate bufsfer (pH 6, pH
7.4) at different temperature (mean ± SD, n = 3)

Zeta potential (mV)

Temperature 37 °C 4 °C

Time (h) pH 7.4 pH 6 pH 7.4 pH 6

24 −1.6 � 0.6 0.4 � 0.3 −1.6 � 0.4 0.8 � 0.5
48 −2.3 � 0.1 −0.1 � 0.5 −2.7 � 0.9 0.7 � 0.4
168 −3.8 � 0.4 1.5 � 0.6 −0.6 � 0.4 0.8 � 0.4

Fig. 9 Particle size of stability analysis for TC-CS-SP NPs prepared at
optimal CS to SP molar ratios (1 : 1) incubated at 37 °C and 4 °C, at: (A)
phosphate buffer pH 6, (B) phosphate buffer pH 7.4. Error bar indicate
SD (n = 3).
3.7 Differential scanning calorimetry (DSC) analysis

The thermograms reported in Fig. 6A showed that the glass
transition temperature of SP is measured at around 70 °C, the
melting point peak of TC is observed at 149 °C, followed by
chemical degradation of the drug at 177 °C, and CS is repre-
sented by the a broad endothermic peak from 50 to 110 °C that
can be correlated to the loss of moisture, followed by CS
degradation at 217 °C.90,91

Based on Fig. 6B, the disappearance of the thermal event that
can be attributed to the degradation of CS, obtained at 240 °C in
CS-SP NPs, compared to the peak presented in the CS-SP
physical mixture, indicated a chemical cross-linking of CS and
SP in NPs. In CS-SP NPs, the cross-linked CS was protected from
chemical degradation, which was not the case in CS-SP physical
mixture. These results conrmed the cross-linking and copoly-
merization of the two polymers in CS-SP NPs. In addition, with
3078 | RSC Adv., 2024, 14, 3070–3084
DSC thermogram of TC-CS-SP NPs that is shown in Fig. 6C. A
new melting point of TC at 130 °C was observed in the physical
mixture. This change in the melting point could be due to the
interaction between the components of the mixture. The
absence of the TC melting peak at 130 °C suggests that TC was
successfully encapsulated into CS-SP NPs.

3.8 Thermogravimetric analysis (TGA)

TGA curves for CS, SP, CS-SP physical mixture, CS-SP NPs, TC-
CS-SP physical mixture, and TC-CS-SP NPs are shown in
Fig. 7A. There was an initial weight loss in CS curve from 25 °C
to 110 °C due to evaporation of water; the second weight loss
was owed to polymer decomposition from 200 °C to 300 °C.92
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Meanwhile, in SP curve, as the temperature increased, an initial
weight loss was founded due to moisture evaporation over
around 100 °C; an additional weight loss was monitored due to
degradation of the polymer when the temperature increased to
300 °C, which was recorded as thermal degradation tempera-
ture of SP.93 TC has begun to degrade at 170 °C with a complete
degradation over 300 °C.94 No signicant difference in thermal
behavior was noticed by comparing the TGA curves of CS-SP NPs
and CS-SP physical mixture provided in Fig. 7B.

The thermal behavior of TC-CS-SP NPs was similar to that of
CS-SP NPs (Fig. 7C), suggesting that the existence of TC in drug
payload NPs did not signicantly alter the physicochemical
stability of the NPs.67,94

3.9 In vitro drug release

Studies of drug release can serve as concept verication for the
stimuli-responsiveness of nanoparticles. As selective delivery is
Table 3 PdI for TC-CS-SP NPs prepared at optimal CS to SP molar
ratios (1 : 1) incubated at different phosphate buffer (pH 6, pH 7.4) at
different temperature (mean ± SD, n = 3)

PdI

Temperature 37 °C 4 °C

Time (h) pH 7.4 pH 6 pH 7.4 pH 6

24 0.3 0.3 0.3 0.2
48 0.3 0.3 0.3 0.2
168 0.4 0.3 0.3 0.2

Fig. 10 Cytotoxic effect as a concentration response curve of (A) free TC
37 °C and 40 °C, (C) CS-SP NPs at 37 °C and 40 °C incubated with MCF

© 2024 The Author(s). Published by the Royal Society of Chemistry
accomplished by stimuli that alter micelle structure and trigger
drug release like change in pH, specic enzymes, availability of
reducing agents, light, ultrasounds, and temperature.95 If the
amount of drug released when reaching the tumor is not much
more than that released in the circulation, herein the extent of
response of a stimuli sensitive nanocarrier would not be suffi-
cient to enhance the therapeutic efficacy of the drug, and the
response achieved from a responsive nanocarrier may be as
effective as that achieved by a nonresponsive system.96

The most typical method used to characterize drug release
from micelles is dialysis.97 The drug release behavior of TC-CS-
SP NPs was investigated in simulated physiological conditions:
Tris-HCL (pH 7.4) and simulated medium represent the tumor
microenvironment; Tris-HCL (pH 6) which used to evaluate the
pH sensitivity of TC-CS-SP NPs. And different temperatures (37
± 2 or 40± 2 °C) were applied to evaluate the thermoresponsive
behavior of TC-CS-SP NPs. The in vitro drug release was con-
ducted for 48 h, and the percent drug release was established by
monitoring the concentration of TC released at prescheduled
time points, based on the calibration curve of TC. Fig. 8, the TC
release rate and amount at 40 °C in pH 6 medium were more
dramatic than those at 37 °C in the same release medium pH,
with 70% and 29% of drug release within 1 h, respectively,
displaying a clear evident of temperature triggered release. The
phase transition behavior of CS-SP NPs at their LCST is
responsible for the burst release of the entrapped drug at 40 °C.
This result in drug diffusing out faster might be due to the less
rigidity of the copolymer micelles near LCST. However, aer the
burst drug release in pH 6 at 40 °C, TC started to precipitate in
the dissolution media, lowering the quantied TC by HPLC for
, (B) TC-CS-SP NPs prepared at optimal CS to SP molar ratios (1 : 1) at
7, MDA-MB-231 and HDF cell lines, using MTT assay.

RSC Adv., 2024, 14, 3070–3084 | 3079
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the next specied time intervals, as it was difficult to grant that
in vitro conditions represent in vivo conditions.

In addition, TC release pattern at physiological temperature
(37 °C) was considerably faster from TC-CS-SP NPs in acidic
medium (pH 6) than in pH 7.4, with 50% and 33% of the
entrapped release aer 6 h, respectively. This indicated a pH-
dependent release prole for TC-loaded CS-SP NPs.

In comparison, at physiological pH (7.4), controlled release
was observed when TC-CS-SP NPs were incubated at 37 °C or
40 °C, with about 50% drug release over 48 h in both cases,
indicating no signicant difference in release pattern. It might
be that the temperature-triggered release is signicantly accel-
erated by changing pH from 7.4 to 6.0.96

By considering the challenging drawbacks of cancer treat-
ment, smart nanoparticle systems are designed to selectively
Table 4 IC50 values of MTT assay after incubating the treatments with t

IC50 (mM)

Treatment TC TC-CS-SP NPsa at 37 °C TC-C

MCF7 18.31 � 2.44 3.89 � 0.33 1.1
MDA-MB-231 17.24 � 2.86 3.84 � 0.47 4.8
HDF 24.89 � 2.26 15.07 � 1.20 16.8

a NPs were prepared at optimal CS to SP molar ratios (1 : 1).

Fig. 11 Confocal laser scanningmicroscopy images of MCF7, MDA-MB-2
NPs inside the cytoplasm (green), (C) overlay shows TC-CS-SP NPs accu

3080 | RSC Adv., 2024, 14, 3070–3084
deliver anticancer drugs to tumor tissues with the help of the
tumor microenvironment, which is distinguished by its slightly
acidic pH and slightly elevated temperature compared to
physiological pH and temperature. The pH and temperature-
triggered release behavior of TC from these fabricated NPs
could eliminate its massive side effects over the course of a long-
term treatment and improve patient compliance.
3.10 Determination of physical stability

The physical stability of TC-CS-SP NPs were assessed in different
conditions with respect to temperature and pH, as the test was
conducted in different phosphate buffer (pH 6 or 7.4), incubated
at different temperatures (37 °C or 4 °C). Based on particle size,
zeta potential, and PdI, the judgment was performed. As displayed
he cells

S-SP NPs at 40 °C CS-SP NPsa at 37 °C CS-SP NPsa at 40 °C

2 � 0.42 10.97 � 3.37 8.94 � 3.63
4 � 0.67 13.14 � 1.29 8.04 � 3.80
4 � 2.59 26.29 � 1.67 >100

31 and HDF. (A) Control cell nuclei (blue) stained by DAPI, (B) TC-CS-SP
mulation prepared at optimal CS to SP molar ratios (1 : 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 9, the measurements of particle size revealed that particle
size is not affected by time; there is no aging in all incubation
media, irrespective of the change in temperature. Zeta potential
values, as given in Table 2, indicated that NPs had a neutral and
stable charge throughout the study. In addition, referring to Table
3, a homogenous particle size distribution was observed with PdI
values equal or less than 0.3. Particle size of NPs incubated at 37 °
C was comparatively larger than that of NPs incubated at 4 °C in
slightly acidic conditions. This observation conrmed the results
obtained from the previous analysis of the behavior of CS-SP NPs
with respect to changes in pH and temperature.98
3.11 Cell viability assay

In MTT assay, non-cancerous HDF and breast cancer cell lines
MCF7 and MDA-MB-231 were treated with free TC, blank CS-SP
NPs, and TC-CS-SP NPs for 72 h at various concentrations from
0.1 to 108 mM. Results of cell viability assay, displayed in Fig. 10,
were presented as a concentration response curve, which
revealed a concentration-dependent sensitivity of the drug
against all tested cell lines. The judgments were based on IC50
Fig. 12 Flow cytometry analysis for cellular uptake of labeled TC-CS-SP N
(A) MCF7, (B) MDA-MB-231, (C) HDF. Upper part of A, B, C; show flow c
untreated cells. Lower part of A, B, C; show mean fluorescence intensity

© 2024 The Author(s). Published by the Royal Society of Chemistry
values, which were provided in Table 4, and the viable cells were
calculated for each concentration by considering the 100%
viable cells in control samples as a reference. The IC50 values of
TC-CS-SP NPs were 3.89± 0.33 mMand 3.84± 0.47 mM for MCF7
and MDA-MB-231 cell lines, respectively, whereas the IC50

values exerted when treated with free TC were 18.31 ± 2.44 mM
for MCF7 cells and 17.24 ± 2.86 mM for MDA-MB-231 cells. The
observed results leading by a remarkable reduction in IC50

values and enhanced cytotoxicity up to 4.5-fold in both cell
lines, indicating excellent drug loaded nanoparticle uptake,
enhanced permeation, and increased intracellular drug accu-
mulation, conrmed by a lower concentration of TC needed to
induce the anti-tumor effect in TC-CS-SP NPs.

In a further experiment to investigate the thermoresponsive
behavior of CS-SP NPs supported by their LCST at 40 °C, which
was previously assessed by DLS, MTT assay was also conducted
at 40 °C by incubating the treated cell lines at 40 °C for 5 min
every 24 h. By comparing the IC50 values reported at 37 °C and
40 °C, it was found that the cytotoxicity was signicantly
increased by 3.5 times by the use of TC-CS-SP NPs when incu-
bated at 40 °C compared to 37 °C, with IC50 values of 1.12± 0.42
Ps prepared at optimal CS to SPmolar ratios (1 : 1) in cultured cell lines;
ytometry histogram of treated cells with TC-CS-SP NPs compared to
measurements (MFI) of TC-CS-SP NPs compared to untreated cells.

RSC Adv., 2024, 14, 3070–3084 | 3081
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mM and 3.89 ± 0.33 mM, respectively, in MCF7 cell line. The
observable decline in IC50 value and the improved efficacy of
TC-CS-SP NPs at 40 °C mainly contributed to accelerating the
release of TC at the LCST of NPs, which was previously approved
by the in vitro drug release study.

In MDA-MB-231 cell line, there was no signicant effect of
temperature on cytotoxicity, as there was no signicant differ-
ence in the IC50 value at 37 °C, which was 3.84± 0.47 mM, and at
40 °C, which was 4.84 ± 0.67 mM. The possible explanation that
underlies the negligible difference in cytotoxicity is that MDA-
MB-231 cells are composed of ER-cancerous cells, while TC
mainly acts on ER+ cancer cells.

The IC50 value of HDF cell line treated with blank CS-SP NPs
at 37 °C or 40 °C emphasized the biocompatibility of NPs that
showed a relatively higher IC50 value to induce cytotoxicity,
indicating the non-toxicity of CS-SP NPs.
3.12 Cellular uptake study

Cell uptake and internalization of TC-CS-SP NPs were examined
qualitatively by confocal microscopy and quantitatively by ow
cytometry analysis. Labeled uorescent coumarin-6-loaded TC-
CS-SP NPs were prepared to signify the cellular uptake of TC-
CS-SP NPs by MCF7, MDA-MB-231, and HDF cell lines, as TC
cannot be visualized under CLSM. The nucleus of each cell line
was stained with DAPI. As demonstrated in Fig. 11, DAPI stain
was responsible for the blue uorescence of nuclei, while the
green uorescence emanated from coumarin-6-labeled TC-CS-
SP NPs. The endocytosis and preferential localization of TC-
CS-SP NPs in the cytoplasm and perinuclear zone were
observed in all tested cell lines (Fig. 11C).

Furthermore, the high uptake of TC is evidently tracked and
noticed within 4 h of incubation with cells by ow cytometry. A
mean orescent intensity, as given in Fig. 12, showed
a remarkable cellular uptake of labeled TC-CS-SP NPs by MCF7
cells, with a 250-fold increase in uptake between treated and
untreated cells, and with a 128-fold increase in uptake
between treated and untreated cells by MDA-MB-231 cells. A
lower cellular uptake was shown in HDF cells with a 28-fold
increase between treated and untreated cells, which correlated
with the biocompatibility and safety prole of these NPs
emphasized with the MTT assay. The superior uptake of NPs
by MCF7 cells compared to MDA-MB-231cells can be ascribed
to the estrogen receptors expressed in MCF7 cells, where TC
mainly acts as an anti-tumor agent and shows its inhibitory
effect.
4 Conclusion

Our ndings suggest that CS-SP NPs has a great potential to
consider as a safe and robust smart nanocarrier in delivering TC
selectively to tumor cells based on dual stimuli-triggered
response as the attempts made to copolymerization of pH and
thermo-sensitive polymers achieve both goals of this study. CS
SP NP were characterized to have high entrapment efficiency,
high cellular uptake and cytotoxicity against cancerous cells
inuenced by the distinct characteristics of tumor
3082 | RSC Adv., 2024, 14, 3070–3084
microenvironment. The loading of TC in CS-SP NPs resulted in
signicant enhancement of solubility and subsequently
improving the cellular uptake of the hydrophobic BCS class II
anticancer drug (tamoxifen citrate). The in vitro release studies
indicated that CS SP NPs can be used to deliver TC safely with an
adequate loaded amount to the targeted cancerous area.
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Pharm., 2020, 46, 1695–1704.

61 J. F. Alopaeus, E. Hagesæther and I. Tho, Pharmaceuticals,
2019, 12, 15.

62 R. P. Johnson, Y. I. Jeong, J. V. John, C.-W. Chung,
D. H. Kang, M. Selvaraj, H. Suh and I. Kim,
Biomacromolecules, 2013, 14, 1434–1443.

63 J. Hiremath, C. Rudani, R. Suthar and A. Domb, J. Drug
Delivery Sci. Technol., 2011, 21, 417–422.

64 C. Chunhachaichana and T. Srichana, J. Dispersion Sci.
Technol., 2019, 40, 1461–1468.

65 G. Graverini, V. Piazzini, E. Landucci, D. Pantano,
P. Nardiello, F. Casamenti, D. E. Pellegrini-Giampietro,
A. R. Bilia and M. C. Bergonzi, Colloids Surf., B, 2018, 161,
302–313.

66 D. Gozali, I. Sopyan, H. Hairunnisa and S. S. Marvita,
Indones. J. Chem., 2022, 22, 478–490.
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