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Abstract.An encapsulation of model drug raloxifene hydrochloride (RAL) inside the chitosan
decorated pH responsive mesoporous system has a greater potential for accumulating in the
tumor cells. The present study involves synthesis of surface modified mesoporous silica
nanoparticles (MSN) with the aim of achieving pH sensitive drug delivery system. A silanol
skeleton of MSN has been productively modified to amine intermediate which served as a
firm platform to adapt chitosan grafted assembly and systematically evaluated. RAL
incorporation inside the featured mesopores was performed employing novel immersion
solvent evaporation methodology and evaluated further. The pH responsive behavior of
formulated nano framework was studied at three different pH of a phosphate buffer saline
individually. The in vitro cell viability assay on MCF-7 breast carcinoma cells was performed
in time and concentration dependent manner. Finally, the hemolysis assay of designed
nanoparticle was accomplished to envisage the hemocompatibility. The outcome of
characterization details unveiled a perfect 2D hexagonal spherical structure gifted with
higher surface area and optimum pore size for designed nanoparticles. The higher percentage
grafting of amine and chitosan residue, i.e., 4.01 and 28.51% respectively along with 31.89
and 33.57% RAL loading efficiency made MSNs more attractive and applicable. Eventually,
in vitro release study exhibited higher RAL release in acidic media for extended time periods
confirming successful formation of pH responsive nanoparticle having controlled release
property. Conclusively potential of designed nanosystem to serve efficient anti-cancer remedy
was confirmed by superior behaviour of chitosan grafted MSN towards MCF-7 cells with
supreme hemocompatibility.
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INTRODUCTION

Cancer is exerting a greater impact on the global health as
its worldwide incidences are continuingly rising every year. It
involves an uncontrolled growth of cells, which can invade and
spread to distant sites of the body. Breast, lung, prostate,
colorectal, stomach, uterine cervix, and liver cancer are the
most common types of cancer (1). The most common treatment
involves use of chemotherapeutic moieties as a remedy to fight
cancer. However, on many occasions effective output is not
achieved using this approach as well. The probable reasons

could be attributed to the lesser availability of active component
at the tumor site, lack of specificity, selectivity, and various
others (2).

Nanotechnology has created a new gateway for solving
many of the biopharmaceutical and clinical limitations of
conventionally available formulations. It firmly deals with the
concept of overcoming the aforementioned obstacles by design-
ing stable and biocompatible formulations which impart maxi-
mum efficacy with minimum usage and least adverse effect as
well (3). Various nanoparticles (NPs) are being engineered to
fulfill wide-ranged miscellaneous goals with respect to solubility
enhancement, bioavailability enhancement, and tissue/organ
specificity along with promising outcomes concerning stability,
biocompatibility, and biodegradation (4).

Miscellaneous applications of mesoporous silica nanopar-
ticle (MSNs) in pharma field have created a new era of
nanoscience in formulation development. Furthermore, MSNs
are gaining attention due to their unique and extraordinary
properties like, high surface area, uniform pore size, distinctive
honeycomb channeled structure, noteworthy loading and en-
trapment capacity, zero premature release (4,5). In the initial
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stage, it was used for the purpose of solubility enhancement in
pharmaceutical field (6,7). However, with the new exploration,
its applications has also widen in the field of bioavailability
enhancement of poorly soluble drugs, formulating a controlled
drug delivery system and for the targeting of active pharmaceu-
tical candidates to the site of interest. In the last few years, drug
accumulation inside the tumor cell by stimuli (pH, temperature,
redox responsive) and receptor based concentration has gained
a lot of attention (8). This could become possible through the
surface modification of silanol groups by attachment of various
moieties. Availability of silanol basic skeleton provides a firm
platform to amendMSNs into highly effective surface decorated
nanocomposites. The versatility of surface silanol groups
towards ease of modification along with aforementioned
remarkable properties has garnered much attention and made
them NPs of choice to achieve many goals (9).

Formulating pH responsive drug delivery system is a thrust
area in NPs research, which has been explored in depth in this
research. pH responsive decoration of MSNs exterior involves
different pH responsive ligands like chitosan (10–15),
polyacrylic acid (16–18), and poly methacrylic acid (19).
It is based on the concept of delivering the maximum
amount of active pharmaceutical ingredient into tumor cells
based on the pH difference between tumor cells and healthy
cells. Wherein, tumor cells are comparatively acidic in contrast
to healthy cells. Thus, surface modification by grafting pH
responsive ligand may result into higher drug amassing at the
tumor site (20).

This concept has been utilized in this research, taking
raloxifene hydrochloride (RAL) as a model drug. It is a
selective estrogen receptor modulator (SERM) having appli-
cation in cancer and osteoporosis treatment (21). In spite of
all the benefits associated with RAL, the effectiveness of this
BCS class II drug is highly hampered by solubility limitations
(22). The aim of the present work is to design a pH sensitive
mesoporous silica framework with the aim of a tissue specific
drug release of RAL. Herein, chitosan was selected as a pH
responsive grafting molecule. The reasons behind selecting
chitosan for this purpose were numerous, which include
biocompatibility, nontoxicity and its biodegradable nature.
One more atypical feature is presence of abundant amount of
primary amine group on the outer surface. This makes
chitosan freely soluble in the pH range from 1 to 11 (23,24).
Furthermore, as being a polysaccharide, it controls the drug
release from NPs and its extraordinary feature of swelling at
lower pH made it an ideal candidate for formulating pH
responsive nanoframework.

Despite of huge applications of RAL in breast cancer
treatment, till now no pH responsive mesoporous formulation
has been reported so far. Our group has earlier reported
solubility enhancement for RAL by MSNs (25). The results
obtained in this regard were encouraging. Chitosan coated
MSNs exhibited a higher accumulation inside the tumor cell as
compared to plain RAL and RAL encapsulated uncoated
MSN, i.e., RAL-41. Percent cumulative RAL release from
RAL-CHITO-41 showed promising results in phosphate
buffer saline solution (PBS) having pH 5.6 as compared with
pH 7.4. Thus, our findings displayed more RAL release at the
acidic pH of the diffusion media and it could be stated that the
formulated drug delivery system could efficiently be utilized for
localization of RAL in tumor cell based on the same principle.

EXPERIMENTAL SECTION

Materials

RAL (≥ 99%) was kindly gifted by Zydus research
centre, Gujarat, India. Various basic ingredients utilized in
synthesis of MSN, i.e., tetra methyl ammonium hydroxide
pentahydrate (TMAOH; ≥ 98%), amorphous fumed silica
(SiO2; ≥ 98.5%, pharmaceutical grade), cetyl trimethyl am-
monium bromide (CTAB; ≥ 99%), (3-aminoproyl)
triethoxysilane (APTES), and chitosan (low molecular weight
grade) were purchased from Sigma Aldrich (St. Louis, USA).
Analytical grade methanol (MeOH ≥ 99%) and toluene (≥
99%) were obtained from Fisher Scientific (Vadodara,
Gujarat). Deionized water was used in synthesis of MSNs.
Moreover, standard chemicals and reagents required in
diffusion media preparation like disodium hydrogen phos-
phate, sodium chloride and potassium dihydrogen ortho
phosphate were purchased from Loba Chemie (Mumbai,
Maharashtra). The cell viability assay was carried out on
human breast carcinoma cell line MCF-7, which was procured
from National centre for cell science (NCCS, Pune, India)
and the cells were cultured in Dulbecco’s modified eagle
medium (DMEM) media supplemented with 0.1% penicillin
and streptomycin solution and 10% fetal bovine serum (FBS)
and these were purchased from Himedia laboratories. Cell
culture grade dimethyl sulphoxide (DMSO ≥ 99%) was
procured from Himedia laboratories.

Synthesis of MSN-41

The synthesis of an initial mesoporous framework was
carried out based on the Stober method with minor modifi-
cations (26). In an outline, a sequential incorporation of
CTAB, TMAOH, silica and water to get a thick gel carrying a
composition of 1 SiO2: 0.27 CTAB: 0.19 TMAOH: 40 H2O
was done. Continuous stirring for a couple of hours (h)
followed by hydrothermal treatment for 48 h at 373 K in
Teflon coated autoclave resulted into silica NPs with surfac-
tant (CTAB) still intact within the pores (CTAB@MSN).
Removal of surfactant was carried out by calcination of
asynthesized product for 5.5 h at 823 K in a muffle furnace.
The obtained product was labeled as MSN-41.

Synthesis of Amine-Attached MSN

Amine modified MSNs were synthesized via post syn-
thetic grafting approach with few modification (27,28).
Wherein, 0.1 g (g) MSN-41 were dispersed in 25 mL of dried
toluene, followed by subsequent addition of 1.38 mL of
APTES and refluxing the reaction mixture at 120°C for 24 h.
The acquired material was labeled as MSN-NH2-41. Then
after, the obtained slurry was filtered and given the excessive
wash with toluene and product was collected after vacuum
drying (Fig. 1).

Synthesis of Chitosan-Capped MSN

Chitosan grafting onMSN-41 was carried out as per earlier
reported method (10). Twenty-five milligrams chitosan was
dissolved in 5 mL of 3% acetic acid and the suspension was
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stirred at 600 rpm for 24 h to form a chitosan solution (0.5%w/v).
Subsequently, dispersion of 10 mg of bare MSN-41 in 5 mL of
MeOH was prepared and pH of the dispersion was adjusted
between 3.5 and 4.5 using acetic acid. The reaction assembly for
stirred vigorously subsequent to incorporation of 200 μL of
APTES at room temperature (RT). Eventually, 5 mL chitosan
solution was added to above dispersion and stirred at RT for
24 h. The chitosan-coatedMSNwere collected by centrifugation
at 10000 rpm, following excessive washing with distilled water
and methanol before freeze drying and labeled as MSN-
CHITO-41. Overall schematic representation of MSN-41 to
MSN-CHITO-41 is displayed in Fig. 1.

Estimation of Amine and Chitosan Group Grafted
on the Surface of MSN-41

Quantification of %Amine Attachment

Quantification by Ninhydrin Assay. Estimation of amine
group attached on the surface of MSN-41 and the degree of
grafting was performed by Ninhydrin colorimetric assay (29,30).
The basic principle behind this method involves reaction
between ninhydrin reagent and surface amine residues of
MSN-NH2-41 that gives color product, which was efficiently
analyzed by colorimetric method at 590 nm. To quantify the
surface decorated amine groups, a calibration curve of absor-
bance versus concentration was generated taking APTES as a
standard in the concentration range of 0.1 to 0.5 μM. Where,
appropriate amount of APTES was transferred to a solution
containing sodium acetate/acetic acid buffer followed by
subsequent addition of 2 mL of 2% ninhydrin reagent and the
reaction mixture was heated at 78°C for 10 min and cooled to
RT. This was succeeded by methanol incorporation to obtain
final volume of 10 mL. The entire solution was centrifuged and
the supernatant was taken and designated as V (L) followed by
UV-VIS spectrophotometric analysis. A similar procedure was
followed by taking the required amount (W, g) of MSN-NH2-41
and concentration of amine group was calculated from the
regression equation generated from the calibration plot. Other
parameters, for instance, the amount of grafted amine groups

(Am) (mol/g), number of amine molecules (An) (molecule/nm2),
the weight percentage of amine group (%Wa) etc. were
calculated using the following equations (31).

Am
mol
g

� �
¼ MV

W
ð1Þ

An molecule=nm2� � ¼ Am

SA
� 6:02� 105 ð2Þ

%Wa ¼ Am �Map � 100 ð3Þ

Where,

M corresponding concentration of
amino group (g/mol)

V volume of supernatant obtained
after centrifugation (L)

W initial amount of MSN-NH2 taken (g)
SA BET surface area (m2/g)
Map molecular weight of aminopropyl group.

Quantification by Thermal Method. Herein, pristine MSN-
41 and MSN-NH2-41 were exposed to thermal gravimetric
treatment to 700°C keeping heating rate of 5°C/min. %Weight
loss was calculated and%attachmentwere calculated in terms of
%weight gain using following Eq. 4 (32):

%WAMINE ¼ %WMSN−NH2−41−%WMSN−41 ð4Þ

Estimation of % Chitosan Grafted on the Surface
of the MSN-NH2

An identical approach was adopted for calculation of
%weight of chitosan grafted on the external surface as followed
for the calculation of amine residue grafted on the surface of
MSN-NH2-41. Unmodified MSN and MSN-CHITO-41 were
analyzed by the TGA and %weight losses for the same were

Fig. 1. Schematic representation of synthesis of MSN-CHITO-41

1346 Shah and Rajput



calculated and designated as %WMSN-41 and %WMSN-CHITO-41.

The %weight of chitosan (%WCHITO) is calculated using the
following equation.

%WCHITO ¼ %WMSN−CHITO−41−%WMSN−41 ð5Þ

Preparation of RAL-Loaded MSNs

A unique immersion-solvent evaporation method was
followed to formulate RAL-loaded MSNs. This method
involved preparation of highly concentrated RAL solution
in MeOH followed by addition of NPs (mass ratio 1:1.5). This
reaction assembly was kept under stirring for 1 h.
Sequentially, it was subjected to rotary evaporation treat-
ment. Subsequently, the product was vacuum dried. RAL
occupied NPs were assigned RAL-41, RAL-NH2-41, and
RAL-CHITO-41 for MSN-41, MSN-NH2-41, and MSN-
CHITO-41 respectively. %Drug loading capacity and %en-
trapment efficiency was calculated by the UV spectrometric
method analyzed at a wavelength maxima of 285 nm using
following equation.

%Entrapment Efficiency

¼ Total weight of RAL present in nanoparticles
Weight of RAL added initially

� 100 ð6Þ

%Loading Efficiency

¼ Total weight of RAL present in nanoparticles

Total weight of drug loaded nanoparticles
� 100 ð7Þ

%Loading efficiency was further confirmed by TGA
analysis of the drug incorporated NPs. TGA analysis for the
plain drug (RAL), RAL-41, RAL-NH2-41, and RAL-CHITO-
41 were performed keeping temperature up to 700°C with the
rate of 5°C/min. Graph of%weight loss versus temperature (°C)
was plotted to acquire percentage loading details.

Solid State Evaluation of Plain and RAL-Loaded MSN-41,
MSN-NH2-41, and MSN-CHITO-41

Formation of MSNs and confirmation of RAL loading
inside the pores was done by FT-IR analysis of plain MSN-41,
MSN-NH2-41, MSN-CHITO-41, and drug-encapsulated MSNs,
i.e., RAL-41, RAL-NH2-41, and RAL-CHITO-41. Complete
analysis was carried out using Bruker ALPHA-T instrument
with spectral analysis ranging from 4000 to 600 cm−1. The
crystalline behavior and complete encapsulation of drug into
NPs was evaluated by small and wide angle X-ray diffraction
(SAXS/WAXS) performed on EMPYREAN, PANalytical
model operated at 40 kVand 30 mA and equipped with Cu Ka
radiation beam. The SAXS and WAXS pattern were recorded
in the 2θ/° ranging from 0.5° to 10° and 10° to 40° with a scan rate
of 0.02°/min and 0.03°/min, respectively. Furthermore, morpho-
logical evaluation was accomplished by scanning electron
microscope (SEM) equipped with elemental analyzer operated
at an acceleration voltage of 15 kV. Subsequently, microscopical
investigation was done on transmission electron microscope
(TEM) using TEM CM 200 (Philips, India) model operated at
200 kV voltage with resolution of 2.4 A°. Nitrogen desorption

analysis was executed on Micromeritics ASAP 2020 instrument
to record atypical hysteresis loop resulting type IV isotherm
under − 196°C temperature and Brunauer–Emmett–Teller
(BET) surface area, Barrett-Joyner-Halenda (BJH) surface
area, BJH pore size, and pore volume were calculated.
Eventually, thermal analysis was accomplished on Shimadzu
DSC60 model equipped with TA 60-WS software to confirm
absence of extra drug present on the external surface of NPs
which confirms complete entrapment of RAL within the carrier.
The success of amine attachment and chitosan grafting was
investigated by dynamic light scattering (DLS) analysis where
the zeta potential for each NPs were recorded on MALVERN
zeta sizer version 6.20. Wherein, NPs were dispersed in
deionized water and sonicated for 5 min followed by DLS
analysis.

In vitro Release Study

The pH responsive behavior of formulated RAL-
CHITO-41 was studied by performing in vitro release study
in PBS buffer having three different pH (PBS: 5.6, 6.8, and
7.6). Ten milligrams plain RAL was dispersed in 5 mL
diffusion media and acquired dispersion was filled in dialysis
bag. Subsequently, sealed bag was immersed into 100 mL
diffusion media. The entire assembly was kept at 37°C
temperature and rotated at the speed of 75 rpm. Aliquots
were withdrawn at predefined time interval and it was
replenished by an equivalent volume of fresh diffusion
medium up to 72 h. Eventually, %cumulative drug release
(%CDR) was calculated and the release pattern for RAL at
different pH was studied. Identical procedure was adopted to
study release pattern of RAL for uncoated and polymer
coated NPs wherein the formulation equivalent to 10 mg of
RAL was dispersed in diffusion media.

Release Kinetics Study

RAL release from different NPs was evaluated to study
the release kinetic behavior. The cumulative drug release
data were fitted to four different kinetic models viz., zero
order, first order, Higuchi and Korsmeyer-Peppas model (33).
In order to get best the fit mathematical model, regression
coefficient value (R2) and Akaike Information Criterion
(AIC). These two parameters were selected and the model
with highest R2 value and lowest AIC value was declared to
be the best fit model. Moreover, to study the release
mechanism, n value of Korsmeyer-Peppas model was calcu-
lated. The formulation exhibiting n value ≤ 0.45 is follows
Fickian diffusion mechanism where a single system plays a
vital role in diffusion. Whereas, the formulation showing n
value between 0.45 and 1 is termed as the system is following
non-Fickian or anomalous release mechanism where release
is controlled by two individual systems concurrently.

Estimation of Cell Viability Assay

Cell viability studies of the formulated NPs and plain
NPs (without RAL) were performed by MTT assay carried
out on human breast carcinoma cell line, i.e., MCF-7 cell line.
The first step of the MTT assay is seeding. Where, the cells
were cultured in the 96-well plates using DMEM containing
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sodium pyruvate, L-glutamate, sodium bicarbonate along
with high glucose supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (Pen/strep) solution
which resist bacterial growth. One hundred microliters cell
suspension was added to each well (10,000 cells/well)
followed by incubation at 37°C for 24 h in incubator.
Seeding step was followed by most crucial step, i.e., the drug
treatment step. Wherein, formulation containing 1-8 μM
equivalent RAL and bare and surface coated NPs in the
range of 0.1–100 μM were added and eventually well plate
was incubated for a desired period time (24 and 72 h). Lastly,
cells were given MTT dye treatment which was followed by
plate reading at 570 nm. To nullify the false negative results, a
negative control (cells left with drug treatment) and blank
(DMSO) was taken into consideration and %cell viability was
calculated by below Eq. 8.

%Cell Viability ¼ O:D:sample−O:D:blank
O:D:negative control−O:D:blank

� 100 ð8Þ

Hemolysis Assay

It was also of prime importance to study the interaction
of prepared NPs with the erythrocytes to investigate the
presence of any hemolytic effect (33). It was performed as per
the methods available in the literature (1,34,35). Briefly, the
freshly collected human blood was subjected to EDTA
treatment followed by centrifugation for 5 min at 8000 rpm
for the removal of plasma. The residues were rinsed with
plenty of PBS buffer having pH 7.4 and diluted ten times with
the same. An equal volume of the above red blood cells
(RBCs) suspension (200 μL) was added to the 800 μL of the
samples having a concentration ranging from 0.1–100 μg/mL.
2%v/v Triton X-100 and PBS buffer (pH: 7.4) were taken as a
positive and negative control, respectively. All the samples
were incubated at 37°C for the 2 h. Subsequently, the
incubated samples were centrifuged at 10,000 rpm for 2 min
and collected supernatant was analyzed at 540 nm by UV

spectrophotometry. %Hemolytic activity for all the samples
were calculated using following Eq. 9:

%Hemolysis ¼ Asample−ANegative Control

APositive Contol−Anegative Contol
� 100 ð9Þ

RESULTS

Evaluation of MSNs

FT-IR spectroscopy of pure RAL, MSNs, and RAL-MSNs
composite is illustrated in supplementary Fig. 1. Figure 1 (A)
displayed FT-IR spectrum of RAL with a prominent stretching
vibration peak at 3490, 2930, 1605, and 1268 cm−1 that
represents phenolic –OH group, C-H group, C=O and C-O
group, respectively. Figure 1 (B) revealed a sharp C-H
stretching vibration noticed at 2922 and 2852 cm−1 along with
a C-H deformation vibration peak at 1454 cm−1 which could be
attributed to surfactant present inside the pores of
CTAB@MSN. However, aforementioned characteristic peaks
of surfactant were missing in the spectrum of MSN-41 (Fig. 1
(C)) which confirmed a complete removal of the template.
Furthermore, a broad and diffused absorption peak because of
stretching vibration of terminal Si-OH (silanol) group in the
region of 3300–3500 cm−1 was accompanied by symmetric and
asymmetric stretching vibration peak for Si-O-Si at 1100 and
780 cm−1 respectively further confirmed successful MSN-41
synthesis. MSN-NH2-41 exhibited similar silica framework
along with additional peak at 2915 and 1585 cm−1, which was
accounted for by C-H stretching and N-H bending vibration
peak respectively (Fig. 1 (D)). On the other hand the O-H and
N-H stretching, C-H stretching, and N-H bending peak in the
region of 3379, 2907, and 1576 cm−1 in Fig. 1 (E) is assigned to
chitosan grafting on MSN-41. Besides this, characteristic peaks
appearing in Fig. 1 (A) disappeared for RAL incorporated
MSNs which confirmed a complete loading of RAL inside the
mesopores (Fig. 1 (F-H)).

Fig. 2. SAXS pattern of (A) MSN-41 and (a’) RAL-41; (b) MSN-NH2-41 and (b′) RAL-
NH2-41; (c) MSN-CHITO-41 and (c′) RAL-CHITO-41
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A typical SAXS pattern for plain and RAL loaded NPs
recorded in the region of 0 to 10° 2θ/° region is portrayed in
below Fig. 2. SAXS results demonstrated a prominent peaks
viz., 100, 110, and 200 in the region between 1 to 10 2θ/° theta
regions for MSN-41 as displayed in Fig. 2(A). Both amine
modified and chitosan grafted MSNs displayed a typical peak
due to mesoporous structure which demonstrate that the
mesoporous framework remained unchanged even after surface
modification (Fig. 2(B, C)) excluding later two peaks of 110 and
200. The intensity of these peaks would be decreases drastically
and so that both could not be detected in SAXS of surface
grafted MSNs. Identical conclusion was drawn for drug
incorporated NPs as SAXS data which were comparable to
results as obtained for plain MSNs except suppression of XRD
peak (Fig. 2(A′–C′)). In other words, SAXS pattern for all NPs
revealed mesoporous structure remained intact after encapsu-
lation of RAL. Furthermore, WAXS pattern of pure RAL
shown in Fig. 3(A) manifested distinct crystal diffraction peaks
ranging from 10° to 40° 2θ/° region. However, this typical
crystalline behavior was absent in drug containing undecorated
and polymer decorated NPs which again confirmed complete
uptake of RAL inside the pores of bare and surface grafted NPs.
The WAXS outcomes are unveiled in Fig. 3(B–D).

Besides FT-IR and XRD analysis, a DSC analysis of plain
RAL and RAL loaded MSNs was performed to support the
success of RAL uptake by NPs. Preliminary DSC investigation
exhibited a sharp endothermic peak at 262.06°C for RAL
(Supplementary fig. 2A) and same was missing in the DSC
thermograms of RAL occupied MSNs which ruled out the
possibility of RAL on the external surface of MSNs
(Supplementary fig. 2. B-D).

The large surface area, adjustable pore size, and pore
volume are unique identity features of mesoporous framework
which could be figured out by the nitrogen sorption technique.
Additionally, Type IV isotherm with a hysteresis loop is a
trademark of intact mesoporous structure. The specific surface
area was calculated by well-known BET and BJH method,
whereas BJH method was utilized for estimation of pore size.
Analysis exhibited considerable high surface area for MSN-41
NPs (1141.37m2/g) which declined gradually after amine residue
attachment (786.92 m2/g) and further after chitosan grafting
(338.47m2/g) (Fig. 4). A comparative results among drug loaded
NPs and plain NPs revealed lowering of surface area following
to RAL incorporation which could be attributed to RAL
occupied pores as tabulated in following Table I. Besides these
two parameters, another parameter namely, pore volume was

obtained through BET isotherm data which showed a sharp rise
at a single point, i.e., at 0.68 cm3/g for MSN-41-NP was
equivalent to its pore volume, which could be attributed to
capillary condensation of nitrogen and it is the ultimate
indication of narrow and uniform particle size distribution
possessing pore size of 3.69 nm (Fig. 5). Likewise, identical
procedure was followed individually in detail for calculation of
pore size and pore volume for different NPs and the values are
summarized in Table I below.

Alternate shifting of zeta potential from negative to
positive and further into more positive potential values
illustrated a journey of conversion of MSN-41 to MSN-
NH2-41 reaching to the final destination of MSN-CHITO-
41, respectively. A similar observation was drawn for
RAL-41, RAL-NH2-41, and RAL-CHITO-41, respectively;
however, the zeta potential value was more positive in

Fig. 3. WAXS pattern of (a) RAL; (b) RAL-41; (c) RAL-NH2-41 (d)
RAL-CHITO-41

Fig. 4. Nitrogen adsorption-desorption graph for (a) MSN-41 and (a’) RAL-41; (b) MSN-NH2-41 and (b′) RAL-NH2-41; (c)
MSN-CHITO-41 and (c′) RAL-CHITO-41
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accordance with their parent value as listed in Table I.
Supplementary fig. 3 demonstrated uniformity in hydrody-
namic size of the constructed NPs. A single sharp and
prominent peak accounted for synthesis of uniformly
distributed NPs.

Furthermore, uniformity in the shape and particle size
distribution was affirmed through SEM and TEM results as
illustrated below in Figs. 6 and 7, respectively. Results obtained
from SEM were in good agreement showing mean particle size
distribution in the range between 90 to 150 nm as listed in
Table I. However, the deviation of microscopy results from the
DLS study results could be attributed to swollen NPs and their
hydrodynamic radius as former study represented results in dry
state. Apart from the uniformity in size, the internal two
dimensional (2D) hexagonal arrangement for basic and modern
NPs are illustrated in following Fig. 7.

RAL Loading and Entrapment Calculation by Thermal and
Spectral Analysis

As being a hydrophobic drug, RAL is having maximum
solubility in organic solvent especially in MeOH. Therefore,
during the drug loading, RAL was dissolved in MeOH and in
this solubilized form, active drug molecule diffuses inside the
mesopores through the capillaries and after solvent removal,
drug remains entrapped inside the pores (36,37) .
Furthermore, the DSC and WAXS data of recrystallized drug
from MeOH revealed no reduction in crystallinity or in
polymorphism (supplementary fig. 4A and B). %Loading
capacity and %entrapment efficiency were calculated by
TGA analysis (supplementary fig. 5A-D) and the UV

spectrophotometric analysis. Results obtained by both ana-
lytical methods were complementary to each other and
displayed 35.53, 32.15, and 34.96% (by UV) and 34.87,
31.89, and 33.57% (by TGA) %RAL loading into MSN-41,
MSN-NH2-41, and MSN-CHITO-41 as enumerated in
Table II.

Estimation of %Grafting of Surface-Modified MSNs

%Grafting estimation was carried out by ninhydrin and
TGA analysis for amino residue attachment, whereas TGA
analysis was performed for %chitosan grafting calculation.
TGA study showed weight loss in two steps. The first weight
loss was encountered over the range of about 25–300°C due
to absorbed water or residual solvent evaporation. Whereas,
second weight loss over the range of 300–700°C could be
attributed to the surface phenomena indicating removal of a
grafted entity from the surface (supplementary fig. 6A-C).

%Amine Grafting Estimation

The Ninhydrin colorimetric assay was performed and
absorbance of ninhydrin-primary amine complex was taken
into consideration for the %amine grafting calculation.
Colorimetric analysis of MSN-NH2-41 at 590 nm showed
4.20% amine decoration on the surface of the plain MSN-41
(28). The results were calculated applying Eq. 3 and the
outcome was in good agreement with that of TGA results
(supplementary fig. 6A and B) Eq. 4 was taken into
consideration for the %amine grafting calculation by TGA
and the results showed 4.01% amine group grafting on the

Table I. BET and ZETA Characteristics for MSNs

Sample name B E T
surface
area
(m2/g)

BJH
surface
area
(m2/g)

Pore
size
(nm)

Pore
volume
(cm3/g)

Hydrodynamic
size (nm)

Zeta
potential
(mV)

MSN-41 713.97 1141.37 3.69 0.68 96 − 30.2
RAL-41 394.74 550.23 3.11 0.29 – − 16.5
MSN-NH2-41 529.18 786.92 3.48 0.67 112 + 12.6
RAL-NH2-41 315.96 491.99 2.96 0.25 – + 25.8
MSN-CHITO-41 258.14 338.47 3.61 0.71 146 + 29.4
RAL-CHITO-41 151.25 229.24 3.12 0.27 – + 41.3

Fig. 5. Particle size distribution for (a) MSN-41 and (A’) RAL-41; (b) MSN-NH2-41 and (B′) RAL-NH2–41; (c) MSN-CHITO-41 and (C′)
RAL-CHITO-41
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external surface plain NPs. Thus, the data obtained were in
accordance to each other (Table III). Moreover, another
parameters like Am and An were calculated using Eqs. 1 and
2, respectively.

%Chitosan Grafting Estimation

A thermal method was implemented for %chitosan
grafting calculation using Eq. 5. Procedure for chitosan
content estimation was followed in the same manner as
adopted for the estimation of %amine grafted. The results
exhibited in Table III revealed 28.51% surface modifica-
tion by chitosan as depicted in (supplementary 6C). Thus,
larger surface area was modified with chitosan which
could play a significant role in the diffusion study of same
at different physiological pH (Table III).

In vitro RAL Release Profile

In vitro study was carried out in PBS solution at three
different pH viz., at 5.6, 6.8, and 7.4 representing release
behavior of RAL loaded MSNs in varied pH. Figure 8 depicts
the release pattern of plain RAL, RAL-41, RAL-NH2-41,
and RAL-CHITO-41 in PBS solution. Results demonstrated
rapid release of RAL at acidic pH (pH 5.6). In contrast,
release of RAL was very slow at pH 7.4. A comprehensive
pH responsive study demonstrated 10.5 ± 0.15, 82.6 ± 1.89,
68.8 ± 1.44, and 84.2 ± 0.98% cumulative RAL release from
plain RAL, RAL-41, RAL-NH2-41, and RAL-CHITO-41 in
PBS 5.6 pH. Furthermore, it was 9.9 ± 2.16, 80.2 ± 1.77, 64.1 ±
1.05, and 65.7 ± 0.62% at pH 6.8 and 9.5 ± 1.52, 79.9 ± 1.69,
62.8 ± 1.34, and 57.5 ± 1.01% at pH 7.4 respectively for RAL,
RAL-41, RAL-NH2-41, and RAL-CHITO-41.

Release Kinetics Study

Release of model drug RAL favored a Korsmeyer-Peppas
model to be a best fit model as it showed favorable result in terms
of r2 and AIC value (38). However, two different release
mechanisms were envisaged for three principle nanosystems, i.e.,
RAL-41, RAL-NH2-41, and RAL-CHITO-41. The former two
systems i.e. release of RAL from uncoated MSN-41 and amine
modified MSN-41 showed n value below 0.45. It shows that these
both systems followed a Fickian diffusion mechanism, i.e., the
release of RAL from MSN is solely dedicated to MSN assembly.
Whereas, release of RAL from chitosan grafted MSN was found
to be a non Fickian release as it gave n value higher than 0.45.
Thus, it showed that release mechanism is influence by mesopore
framework and polymer swelling as well. The release pattern for
decorated and undecorated NPs is summarized in Table IV.

In vitro Cytotoxicity Study

To investigate the cytotoxicity effect of bare and surface
functionalized NPs on MCF-7 breast carcinoma cell line, cells
were treated with different concentration of NPs. Moreover,
plain RAL, RAL-41, and RAL-CHITO-41, MCF-7 breast
carcinoma cell line was treated with different concentration of
aforementioned formulation ranging from 1 to 8 μM (con-
centration dependent cytotoxicity study) keeping 24 and 72 h
(time dependent cytotoxicity study) incubation period.

Figure 9 demonstrates the comparative cytotoxic effect of
plain NPS and RAL incorporated NPs. Both RAL-41 and
RAL-CHITO-41 showed a superior cytotoxic effect in
contrast to plain RAL. The cytotoxicity study outcomes for
MSN-41, MSN-NH2-41, and MSN-CHITO-41 exhibited %rel-
ative viability 98.20 ± 0.88, 97.30 ± 0.57, and 96.40 ± 1.02
respectively for 24 h. Whereas, the cytotoxicity study result
of 72 h revealed 97.25 ± 0.46, 95.59 ± 0.64, and 94.68 ±
0.12%relative cell viability for MSN-41, MSN-NH2-41, and
MSN-CHITO-41, respectively. Thus, it could be stated that
positive charge on the external surface did not exhibit
cytotoxicity on MCF-7 breast carcinoma cells. Furthermore,
%relative viability calculated for RAL, RAL-41, RAL-NH2-
41, and RAL-CHITO-41 after 24 h incubation time were
78.89 ± 1.22, 42.58 ± 0.98, 62.18 ± 1.44, and 46.77 ± 1.08 and
the figure was 70.82 ± 1.38, 25.67 ± 1.55, 31.37 ± 1.71, and
19.05 ± 1.04 after an incubation time of 72 h. Thus, the degree
of cytotoxicity was solely attributed to RAL encapsulated
NPs as RAL free NPs displayed > 95% relative cell viability.
IC50 values for plain RAL and RAL loaded NPs are
summarized in Table V.

Fig. 6. SEM images of a MSN-41 and b MSN-CHITO-41
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Hemolysis Study

Visual view of hemocompatibility of RAL loaded MSNs is
provided in Fig. 10. Comparison of UV-VIS results of experi-
mental NPs with positive control represented the maximum
hemocompatibility with least hemolysis. Figure 10(A) displayed
least hemolysis of RBCs in negative control. As has been
positive control, the RBCs treated with 2%v/v Triton X-100
depicted significant hemolysis (Fig. 10(B)). It was clearly visible
from the images that RBCs cell wall as well as shape was
disturbed after Triton X-100 treatment. Identical result encoun-
tered for RAL as portrayed in Fig. 10(C) wherein RBCs
structure was deformed. Wherever, the %hemolysis was
negligible for RAL-41, RAL-NH2-41, and RAL-CHITO-41
where the upper value of %hemolysis was 1.987 ± 0.22, 1.218 ±
0.68, and 1.153 ± 0.49%. Microscopic and visual view exhibiting
effect of different NPs on RBC is displayed in Fig. 10(D–F). The
cell wall integrity remained intake for negative control and NPs
whereas the same was disturbed for plain RAL and positive
control.

DISCUSSION

The journey of this research work started with the initial
step of synthesizing MSNs. The construction of MSNs begun
with its basic skeletal, i.e., MSN-41 which was fabricated
externally to get MSN-41-NH2 with ultimate MSN-CHITO-41
formation. A comprehensive BET study revealed obvious
decline in surface area, pore size and pore volume from initial

Fig. 7. TEM images of (a) MSN-41, (b) MSN-NH2-41, and (c) MSN-CHITO-41 (low
magnification); (a’) MSN-41, (b′) MSN-NH2-41, and (c′) MSN-CHITO-41 (high magnification)

Table II. %Loading and %Entrapment Efficiency Data

Sample % Loading efficiency % Entrapment
efficiency

UV TGA

RAL-41 35.53 34.87 87.5
RAL-NH2-41 32.15 31.89 80.37
RAL-CHITO-41 34.96 33.57 86.81
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stage (MSN-41) via intermediate stage (MSN-NH2-41) and to a
final destination (MSN-CHITO-41). This successive reduction
could be attributed to increase in particle size after each
successive modification. Furthermore, uniformity in the pore
size of the manufactured NPs was envisaged by PSD and TEM
outcomes and the results complemented each other. Beside pore
size uniformity analysis, TEM images exhibited synthesis of
ordered mesoporous framework with 2D hexagonal assembly.

Uniformity in particle size and increment in particle size after
each modification is assigned to successive amine and chitosan
grafting. In other words, with respect to particle size, MSNs
ended up with healthyMSN-CHITO-41 having a particle size of
146 nm in contrast to its initial size, i.e., 96 nm for pristine MSN-
41 moiety. This phenomenon was assessed by SEM and
hydrodynamic size investigation. Furthermore, the appearance
of three distinct and characteristic deflection peaks in SAXS
study revealed successive formation of mesoporous silica

assembly and again this was complementary to other
aforesaid investigative techniques. However, the intense
deflection peak was faded after amine and chitosan
attachment. MSN-NH2-41 and MSN-CHITO-41 NPs were
explored for %weight grafted by performing frequently
employed ninhydrin colorimetric assay and thermal inves-
tigation. Significant chitosan attachment, i.e., 28.51%
grafting made MSN-CHITO-41 a firm base to achieve
pH responsive delivery system. Inversion of zeta potential from
the negative side to positive side support the formation of
surface decorated NPs.

After comprehensive synthesis and characterization of
NPs, model drug RAL was encapsulated inside the pore for
achieving a tumor targeted delivery system. RAL incorpora-
tion was accomplished by novel technique which ensures
maximum loading and entrapment efficiency. A nitrogen
desorption investigation was performed and sharp reduction
in surface area and the BJH pore size revealed occupation of
pores by RAL. Furthermore, the existence of a hysteresis

cycle with type IV absorption isotherm proved mesoporous
structure remained unchanged after RAL loading also.
Similarly, absence of prominent RAL peak appeared in FT-
IR spectra of pure drug, absence of melting peak at 262.06°C
in DSC thermograms, analysis of the conversion of crystalline
RAL to amorphous RAL-filled NPs in WAXS investigation
altogether supported the conclusion of complete uptake of
RAL within the pores and ruled out the possibility of extra
drug present outside the surface. Besides this, RAL occupied

Table III. %Weight Grafting Results

Sample name Am (mol/g) An (molecule/nm2) %W

Ninhydrin TGA

MSN-NH2-41 0.19*10−3 0.2 4.20 4.01
MSN-CHITO-
41

– – – 28.51

Fig. 8. pH responsive behaviour in three different pH a pH: 5.6, b pH: 6.8, and c pH: 7.4

Table IV. Release Kinetics Models

Sample pH Zero order First order Higuchi Krosmeyer-Peppas

R2 K0 AIC R2 K1 AIC R2 KH AIC R2 Kp n AIC

MSN-41 5.6 0.819 2.402 118.560 0.674 0.404 97.928 0.290 16.129 107.252 0.865 41.214 0.202 89.305
6.8 0.687 2.357 117.618 0.663 0.337 98.270 0.362 15.780 105.942 0.866 39.015 0.213 89.155
7.4 0.578 2.313 116.581 0.642 0.281 98.772 0.423 15.424 104.502 0.873 37.055 0.223 88.280

MSN-NH2-41 5.6 0.251 1.926 109.114 0.317 0.065 101.840 0.621 12.580 94.762 0.933 27.424 0.254 75.905
6.8 0.042 1.791 105.154 0.374 0.042 99.039 0.728 11.526 89.016 0.958 23.421 0.276 68.467
7.4 0.037 1.730 103.845 0.405 0.038 98.061 0.756 11.098 87.355 0.952 21.801 0.287 69.869

MSN-CHITO-41 5.6 0.434 2.310 106.843 0.888 0.097 87.341 0.892 14.461 86.973 0.942 12.107 0.458 81.333
6.8 0.514 1.798 99.452 0.779 0.039 90.001 0.915 11.167 78.470 0.946 15.715 0.494 75.094
7.4 0.549 1.456 93.810 0.736 0.025 87.388 0.921 9.005 72.898 0.942 21.997 0.489 71.069
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NPs were subjected to SEM, TEM, DLS analysis to confirm
uniformity in particle size, pore size distribution and to check
the integrity of the internal hexagonal structure after RAL
encapsulation.

Furthermore in vitro release study for NPs was employed at
three different pH of PBS solution to envisage pH dependent
release behaviour of RAL-CHITO-41 nanosystem. Diffusion
data revealed the higher RAL release from RAL-CHITO-41 at
acidic pH which was dedicated to unique property of chitosan
which swells at acidic pH following the pore opening which leads
to higher drug release in an acidic environment (39). In contrast,
chitosan gets collapsed after moving away from acidic pH. This
resulted into film formation, which covered the pores and
ultimately exhibited significant fall in RAL release at higher pH.
However, drug release from RAL-CHITO-41 was slower as
compared to RAL-41 till 24 h which could be allocated to
chitosan’s polymer property. However, RAL release was
equivalent after 72 h from CHITO-41 as compared to MSN-
41. This phenomenon is solely attributed to unique pH
responsive property of chitosan. Thus, being a polymer, chitosan
provided controlled release of RAL with the evident pH
selective release. Maximum RAL release from RAL-CHITO-
41 in PBS-5.6 was achieved within 72 h. Thus, pH responsive
NPs were successfully fabricated to direct the drug release
exclusively to cancer cells. Apart from rate of release at different
PBS pH, the outcomes of release mechanism study favored
Krosmeyer-Peppas model as it showed supreme results with
respect toR2 andAIC variables for all three pH of PBS solution.
Additionally, controversy between Fickian and non-Fickian
type of release mechanism for amine and chitosan
decorated MSN correspondingly was explored to the
depth (30,40). For basic (RAL-41) and amine coated
NPs (RAL-NH2-41), the release was solely due to the
NP system and therefore, it was obvious that it should
follow non-Fickian release mechanism and this was also
proved practically by statistical analysis. As stated earlier,
chitosan grafted nanosystem showed RAL release in a

controlled manner which was because of polymeric
property of chitosan and silica NPs system also play a vital role
in RAL release. Thus, latter two phenomenon worked simulta-
neously and showed n values greater than 0.45 for MSN-
CHITO-41, hence it showed anomalous release mechanism.

Furthermore, the MTT cell viability assay performed on
human breast cancer cell line MCF-7 for drug encapsulated
NPs results showed significant cytotoxicity of RAL-41 and
RAL-CHITO-41 towards MCF-7 breast cancer cells in time
dependent and concentration dependent manner. MTT assay
exhibited less %relative viability for RAL-41 compared to
RAL-CHITO-41 after 24 h incubation time period. This
results were complementary to the diffusion release data of
RAL where, %RAL release was higher from RAL-41 with
respect to RAL-CHITO-41 in acidic diffusion media.
However, %relative viability was almost equivalent for both
of the formulation by imparting 72 h incubation treatment to
MCF-7 cells. Again here, diffusion data favors the aforesaid
statement as an identical RAL release was achieved for both
nanoparticulate systems after 72 h. This outcome supported
the selective and pH responsive behavior of RAL-CHITO-41
NPs. Moreover, the IC50 values for pure RAL were higher as
compared to RAL-41. The IC50 values were beyond 8 μM for
RAL after 72 h incubation time. The values were 7.16 ± 0.12 and
7.53 ± 0.56 μMforRAL-41 andRAL-CHITO-41 correspondingly

Fig. 9. Cytotoxicity for MSN-41, MSN-NH2-41 and MSN-CHITO-41 against MCF-7 evaluated at (a) 24 and
(a’) 72 h; RAL, RAL-41, RAL-NH2-41, and RAL-CHITO-41 against MCF-7 evaluated at (b) 24 and (b′)
72 h

Table V. IC50 Values for RAL Nanoparticles

Time (h) Concentration with respect to IC50 (μM)*

RAL RAL-41 RAL-NH2-41 RAL-CHITO-41

24 > 8 7.16 ± 0.12 > 8 7.53 ± 0.56
72 > 8 4.86 ± 0.75 5.67 ± 0.23 4.27 ± 0.89

*The study was conducted in three replicates and results were
displayed in mean ± S.D.
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estimated after 24 h incubation period, whereas the values were
4.86 ± 0.75, 5.67 ± 0.23, and 4.27 ± 0.89 μM for RAL-41, RAL-
NH2-41, and RAL-CHITO-41 respectively after 72 h incubation
time. Thus, lower IC50 values for RAL-41 with respect to pure
RAL suggested the greater cytotoxic potential of former to cancer
cells. Additionally, lowest IC50 value after 72 h for RAL-CHITO-
41 displayed control and pH responsive nature of chitosan coated
nano assembly which would efficiently and selectively release the
anticancer moiety in a time dependent manner. Moreover,
biosafety and hemocompatibility study of NP revealed significant
biosafety with %hemolysis of below 5% for each formulation,
which falls within the acceptance criteria (< 5%) and again it
proved to be biologically safe and hemocompatible.

CONCLUSIONS

Present work involved synthesis of bare and chitosan coated
MSNs where amine functionalized MSNs served as a base for
external surface modification. Our findings confirmed the appli-
cation of chitosan coatedNP system as a pH responsive carrier for
selective RAL release in acidic environment i.e. into tumor cells
along with controlled release. Additionally, surface modified
MSNs were found to be biosafe and hemocompatible. Thus, they
can be successfully employed as pH responsive controlled drug
release system with exclusive cancer cell targeted release system

along with least off site side effects. We believe that our finding
will make pharma world more familiar with advantage and
application of chitosan based NPs for targeted cancer treatment.
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