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ABSTRACT—Due to the importance of selecting an appropriate strategy in drug delivery systems, numerous
studies have been performed to support this process. However, there are still major obstacles associated with
the targeted drug delivery to cancer tissues. Hence, the main focus of this study is to develop the current cancer
therapies by using drug delivery systems. To achieve this goal, we have synthesized a near-infrared light
responsive drug carrier based on WS2 nano-sheets, which can be a good candidate for applications such as
drug delivery vehicle and chemo-photothermal treatments. In this study, a rapid and economy synthesis method
was employed to modify the nano-sheets of WS2 for targeted drug delivery of bicalutamide as a prostate anti-
cancer drug. The investigation of adsorption isotherm was fitted well by Langmuir model (gmax = 15.87 mg
g-1). The evaluation of adsorption kinetic was better expressed by pseudo-second-order kinetic model
(R2=0.9998). In-vitro drug release study was performed more rapid and complete in simulated blood fluid
(pH=7.4) at 50°C than 37°C. Besides, the activity of the produced nano-carrier was examined under near-
infrared light irradiation (at 808 nm). The drug release data were investigated through Zero-order, First-order,
Higuchi, Hixson-Crowell and Korsmeyer—Peppas mathematical models.

KEYWORDS: Thermo-sensitive polymer, Drug delivery, Bicalutamide, In-vitro drug release, WS2
nano-sheets, Near-infrared light irradiation.

effects of drugs. Indeed, nano-carriers as drug
l. INTRODUCTION vehicles can improve the overall therapeutic
efficacy of anti-cancer agents by changing the
biological situation and increasing the

Prostate cancer is a common disease of the bioavailability of therapeutic drugs. Such a
prostate gland and rising worldwide burden of nano-therapy  system with selective
this disease has threatened patients and health- accumulation in tumor tissue would be an
care systems in most countries [1]. Mainly, attractive approach to decrease the side effects
pharmaceutical ~ compounds including and toxicity of current cancer treatments [3]. To
bicalotamide, flutamide, and nilotamide are date, different nano-carriers with the aim of
most widely used as inhibitors in the treatment enhancing drug delivery efficiency and
of prostate cancer in men. Among these pure reducing off-target effects have been employed
anti-androgens, bicalutamide (BLT) takes more in drug delivery systems, including inorganic
advantages than others as it possesses a long nanoparticles, micelles, liposomes, carbon
half-life and tolerable side effects. On the other nanotube, and magnetic nanoparticles [4-8].
hand, BLT has a low bioavailability due to its Among  these nano-materials, many
poor water solubility (<50 pg/mL at pH 7.4 and  encouraging outcomes have been reported from
37°C) as an oral non-steroidal anti-androgen the polymeric nano-carriers in targeted delivery
[2] In recent years, the dEVEIOpment of drUg of anti-cancer drugsl

delivery systems using nanotechnology by the
researchers has led to improved therapeutic
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In this regard, two-dimensional transition metal
dichalcogenide nano-materials such as MoS;
and WS, have attracted tremendous attention of
the scientists due to fully meeting of the
requirements for drug delivery systems,
including the high surface-to-volume ratio,
optical properties, low toxicity, and suitable
biocompatibility [9]. Indeed, the WS, nano-
sheets can be employed not only as a nano-
carrier for chemotherapy agents due to their
sheet-shaped structure in drug delivery systems
but also as an NIR absorbing agent for
photothermal therapy. In this study, a rapid and
novel strategy was employed to modify the
WS; nano-sheets surfaces through the polymer
grafting to increase the drug loading capacity.
Specifically,  poly  (N-vinylcaproluctam)
(PNVCL) as a thermo-sensitive polymer was
incorporated into the synthesized polymer
networks. In practice, the release of the drug by
the produced nano-carrier should trigger by the
significant response of the synthesized polymer
networks to the stimulus. In this article, we
explored the effect of NIR light irradiation on
BLT release process using the produced nano-
carrier. It is well accepted that the nano-sheets
of WS are hydrophilic and offer advantage of
strong light absorption in the broad near-
infrared wavelength region (800-1,200 nm)
[10]. It is natural to anticipate that the light-to-
heat conversion by the WS> nano-sheets, leads
to the wrinkle of the thermo-sensitive polymer
networks onto the WS nano-carrier. This
implies that by prolonging the laser time and
subsequent increasing the temperature of the
nano-sheets, the shrinkage in the polymer
chains with PNVCL, releases BLT from the
sites.

In this paper, a WS»-based NIR responsive
nano-carrier for in vitro controlled release of
BLT was reported to develop the current cancer
therapies in drug delivery systems. The surface
of the WS> nano-sheets was directly modified
by simple and economy chemical methods.
Following, the thermo-sensitive polymer
anchored to the grafted polymer chains. The
polymer structure and morphology of the
synthesized nano-carrier and also its ability to
safely load and release of drug in a controlled
manner were carefully explored. Accordingly,
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in vitro drug release studies of the final nano-
carrier was examined at two different
temperature (T=37°C, T=50°C) at pH 7.4.
Additionally, the photo-thermal activity of the
optimum nano-carrier was investigated under
near-infrared light (NIR) irradiation (at 808nm,
1.0 W/cm?). The drug adsorption process was
evaluated by several well-known kinetics and
isotherms models. Besides, the drug release
data were examined by using Zero-order, First-
order, Korsmeyer—Peppas, and Higuchi
mathematical models.

1. EXPERIMENTAL SECTIONS

A. Reagents and solutions

Tungsten  disulfide  (WS2), poly (N-
vinylcaproluctam), allylamine (AAm)(CsH7N),
2,2 azobisisobutyronitrile  (AIBN)(CgH12N4),
ethanol,  methanol, allyl  acetoacetate
(AAAC)(C7H1003), acetonitrile, and
trifluoroacetic acid (TFA)(C2HF302) were
purchased from Merck (Darmstadt, Germany).
Magic buffer solutions were prepared to adjust
solutions pH in the range of 3-8.

B. Instrumentation

The drug release was analyzed by Ultraviolet-
visible (UVIVis) spectrum (Perkin
Elmer/Lambda 25 (Carolina- Williamston-
USA). Field-emission scanning electron
microscope (FESEM, Mira3-TESCN, Czech
Republic) was employed to evaluate the
samples morphology parallel to elemental
analysis  with  energy-dispersive  X-ray
spectrometer (EDAX). Near-infrared light
device was ASHA beam laser diodes (at 808 nm
wavelength, 1W/cm?) (Iran).

C. Modification of WS, nano-sheets
surface

In this synthesis, WS, nano-sheets (2 g), AAAc
(10 mL), PNVCL (0.8 g), AIBN (0.1g), and
ethanol (40 mL) were added into a 250mL two-
necked flask. The final mixture was refluxed for
7 h at 65°C under nitrogen atmosphere in a
water bath [11]. Finally, the solid phase was
collected with a centrifuged device (at 6000
rpm) and washed with ethanol (40 mL).
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D. Coupling of AAT with
WS,/AAE/PNVCL

In this reaction, the precipitate obtained in the
section 2.3 was dispersed in methanol (150 mL)
and AAm (10 mL) was rapidly added into the
solution. The mixture was refluxed for 7h at
room temperature. Following, the contents of
flask was centrifuges for 15 min and the solid
precipitated was dried at room temperature.

E. Formation of polymer network onto
WS> nano-sheets
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To synthesize the final nano-carrier, the
chemicals listed in section 2.3 along with the
precipitate obtained (in section 2.4) were added
into a 250 mL flask. The reaction was continued
under the nitrogen atmosphere for 7 h at 65°C
in a water bath [11]. Eventually, the produced
smart modified nano-carrier (SMNC) was
separated from the solution with a centrifuge
device (at 7000 rpm) and dried at room
temperature. Performance of the synthesized
SMNC exposed to the NIR irradiation is shown
in Fig. 1.
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Fig. 1 Conceptual view of the SMNC performance exposed to NIR light irradiation: (A) The synthesized SMNC, (B)
Surface adsorption of BLT by the synthesized SMNC, (C) BLT release process using the NIR laser irradiation (at

808 nm, 1.0 W cm™?).

F.  Drug loading and release process

Batch experiments were performed with a
known number of the micro-tubes filled with
BLT solution (1.5 mL, 20 ug mL™!) along with
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10 mg of the synthesized SMNC under optimal
conditions. The sealed micro-tubes were
vortexed for 10 min (at 25 °C) and centrifuged
at 7000 rpm (15 min). Finally, the concentration
of BLT in each micro-tube was analyzed by the
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UV-vis spectrophotometer (at 270 nm). To
calculate the adsorbed BLT rate by the nano-
carrier, following equation was used.

_ (CO _Ce)v

qe - M (1)

In Eq. (1), ge (Mg g*) shows the equilibrium
adsorption capacity, Co and Ce are the initial
and equilibrium concentrations of BLT in pg
mL1, M (g) states the mass of the used SMNC
and V (L) is solution volume.

G. Adsorption isotherms models

In this study, the mechanism of BLT adsorption
by the produced SMNC nano-carrier was
explored by using four famous adsorption
isotherm models including Langmuir (Eg. 2),
Freundlich (Eq. 3), Temkin (Egq. 4), and
Redlich—Peterson (Eg. 5) were studied [12-15].
These studies were carried out by adding 10 mg
of the synthesized nano-carrier into a series of
micro-tubes with BLT solution (1.5 mL) at
different concentrations (2, 5, 10, 15, 20, 30 and
40 pug mL™Y) under optimal conditions. The BLT
adsorption data were computed by using the Eq.
(1) and described by the adsorption isotherms
models.

e
qe qmaxKL qmax
1
Ing, = InK. +=InC, (3)
n
RT RT
=—InNA+— InC 4
G, =~ INA+— : (4)
C
In[A—e—lj =gIn(C,)+In(B) (5)
Qe

In Langmuir model, Ce (mg L) denotes the
equilibrium concentration of BLT; ge (mg g%)
represents the equilibrium adsorption capacity
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of BLT; KL (L mg™?) is the Langmuir constant;
and Ogmax (Mg g 1) shows the adsorbed BLT
weight, respectively. In Freundlich model, K
(L g'%) is the Freundlich constant and 1/n shows
intensity of adsorption. In the Temkin model, A
(L g 1) is Temkin constant and B shows heat of
drug uptake. In Redlich—Peterson model, A and
B are the Redlich—Peterson constants and g
states the heterogeneity of the nano-carrier,
which lies between 0 and 1.

H.  Adsorption kinetics models

The kinetics of BLT adsorption by the produced
nano-carrier was investigated at different
contact times. For this, six micro-tubes
containing BLT solution (1.5 mL, 20 pg mL™?)
along with the produced nano-carrier were
prepared. The samples were vortexed at the
predetermined contact times (0-60min).
Ultimately, the amount of the remained BLT in
each supernatant was determined via the UV-
Vis spectrophotometer. The results data were
evaluated by three adsorption kinetic models
namely, pseudo-first-order Kkinetic (Eq. 6),
pseudo-second-order (Eq. 7), and the intra-
particle diffusion model of Weber and Morris
(Eq. 8) [16-18].

qt = qe (1_ eiklt)
(pseudo —first —order equation)

(6)

_ Kyget
qt - 1 + quet (7)

(pseudo —second —orderequation)

q, = Kito'5 +C,
(intra— particle diffusion equation)

(8)

Where ge (mg g2) is the adsorbed BLT rate and
q: (mg g?) is the equilibrium BLT rate. Ci (mg
gl) shows the thickness of boundary layer.
Besides, the constants of the kinetic models are
shown as follows: ki (min™?), K, (g mg™* min™),
and Ki (mg g min'*2),



International Journal of Biophotonics and Biomedical Optics (1JBBO)

. In vitro drug release and kinetic
modeling of drug release

BLT in vitro release experiments were
examined in simulated body fluids (phosphate
buffered saline) at pH 7.4 through dialysis
method. To do this, 300 mg of the loaded nano-
carrier with BLT was put separately inside two
dialysis bags (MWCO 12,000-14,000, Sigma,
Germany). The bags were immersed in two
separate phosphate buffer solutions (40mL)
with same pH (7.4) at different temperatures 37
and 50°C for 6h. Following, 2 mL of the
floating solution were withdrawn and
substituted by the fresh buffer solution in each
half-hour interval of the experiment time. The
samples were determined at 270nm using UV-
Vis spectrophotometer and eventually, total
value of released BLT (Qr) was computed using
Eq. 9 [19].

t-1
Qt = VmCt + zvaci (9)
i=0

In Eq. (9), Vm represents the volume of sample
and V. is the volume of the sample withdrawn.
Also, the concentration of the drug at time "t"
and "i" are shown by C¢ and Ci (i < t),
respectively. To determine the mechanism of
BLT release from the synthesized SMNC, the
drug release data were evaluated by different
kinetic models as follows [20-26]:

Q, =Kt

10
(pseudo — zero —order equation) (10)
Qt = (1_eik1t) (11)
(pseudo —first —order equation)
Q =Kt (12)
(Higuchi equation)
%/Q—O_%/Q—t: Kyt (13)

(Hixson — Crowell equation)
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Qt = KKPtn

. (14)
(Korsmeyer — Peppas equation)

In above equations, Qt is the fraction of the BLT
released at time “t”; the release constants are
shown by ko, K1, Kn, Khe, and Kkp. Besides,
“n” in Eq. (14) presents the release exponent of
Korsmeyer-Peppas model.

J.  BLT Release using NIR light
irradiation

In this study, in vitro BLT release from the
produced SMNC was investigated at two
different temperatures (37 and 50°C). To this
aim, 10 mg of the loaded nano-carrier with BLT
was immersed in ten transparent micro-tubes
containing phosphate buffer solutions (1.5 mL)
at pH 7.4. Immediately, the micro-tubes were
exposed to the NIR light irradiation (at 808nm,
1.0 W/cm?) at predetermined time intervals (1,
3, 5, 10, and 15 min). Ultimately, the released
BLT rate within the supernatants in the tubes
was analyzed with the UV-Vis system at 270
nm. The mentioned procedures were repeated
for a new series of samples in the absence of
NIR light irradiation.

1. RESULTS AND DISCUSSION

A. Characterization

I11.LA.1. Chemical structure and morphological

characterization

In this section, morphology, structure, and
nanoparticles size of the pristine WS; and the
synthesized SMNC were investigated via FE-
SEM technique. In addition, EDX as a
complementary characterization technique was
used to determine the elemental content in the
structure of the mentioned nanoparticles.
According to Fig. 2(A), the unmodified WS;
nanoparticles are mainly made up of layered
and flake nano-sheets with a mean thickness
between 20nm and 50 nm, which are stacked
loosely. The findings were very similar to the
observations of Wu et al. [27, 28]. The EDX
curve of the WS, nanoparticles showed that
these particles are composed of 84.26% of
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tungsten (W) and 15.74% of sulfur (S). It is
assumed that the presence of sulfur atoms on
the nano-sheets facilitates the nano-sheets
modification.

As can be seen in Fig. 2(B), the WS> nano-
sheets structure has been preserved after the
surface modification. It implies that the surface
morphology of the nano-sheets remained
approximately unchanged. Besides, the results
showed that the mean thickness of the nano-
sheets has increased up to 80nm after

w

o T
SEM MAG: 30.0 kx ‘ SEM HV: 15.0 kV

WD:10.66mm | DetInBea

RAZI FOUNDATION
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modification, which could be attributed to
successful synthesis of the polymer chains onto
the nano-sheets. Likewise, the EDX pattern of
the nano-carrier showed that the weight
percentage of W (74.25%) and S (11.27%) has
decreased significantly after modification. in
contrast; the obtained data from EDX spectrum
of the final nano-carrier verified the existence
of elements such as C (6.08%), O (4.26%), and
N (4.14%).

(P
kS

.1 $88.45 nm

et A : s
MIRA3 TESCAN SEMMAG:80.0kx | SEMHV150kV | |  mIRA3TESCA

wD:491mm |

Det: InBeam 500 nm
pm

RAZI FOUNDATION

Fig. 2 FE-SEM images of the pristine WS; nano-sheets (A) and the produced SMNC (B).
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B.  Adsorption isotherms

Several well-known adsorption models were
used to describe the liquid phase adsorption
equilibria. The relevant isotherm outcomes for
drug adsorption onto the synthesized SMNC are
listed in Table 1. The Langmuir isotherm as the
best known and simplest theoretical model is
usually used for the monolayer adsorption onto
the homogeneous surface with finite number of
identical sites. In its formulation, If R > 1, it
shows an unfavorable isotherm, R =1 and 0 <
RL < 1 indicate linear and favorable adsorption,
respectively. Also, RL =0 means an irreversible
adsorption. The Freundlich isotherm is an
empirical equation and is most widely
employed to explain non-ideal heterogeneous
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adsorption in multiple adsorption layers. In
Freundlich equation, if 0 < 1/n < 1, it indicates
a favorable adsorption. Temkin equation
investigates the impact of some direct
adsorbent-adsorbate interactive relation on
adsorption isotherm.

Accordingly, this model expresses a linear
decrease in the adsorption heat of all molecules
in the layer with an increase in adsorbent
surface coverage. Redlich-Peterson is an
empirical equation integrate, which has
incorporated features of both the Freundlich
and Langmuir models. Besides, this model can
be applied on homogeneous or heterogeneous
surfaces. According to the calculated isotherm
data in Table 1, higher correlation coefficient
(R? was considered as a criterion for the
acceptability of the isotherm model. Thus, the
adsorption of BLT on the nano-carrier could
well be fitted by the Langmuir model (R? >
0.9981); indicating the BLT adsorption is based
on the monolayer adsorption. R. was used to
express the crucial features of the Langmuir
model:

1

R o)

The RL value calculated was less than one,
demonstrating that the adsorption of BLT onto
the nano-carrier is a favorable process. Also,
the maximum adsorption capacity (Qmax) was
found 15.87 (mg g!). From the Freundlich
model, the value of "n" as the heterogeneity
factor was obtained more than 1, which verified
a favorable and heterogeneous adsorption for
BLT onto the synthesized nano-carrier.

Table 1 Isotherms parameters of BLT adsorption onto
the produced SMNC (at 25°C)

Isotherm models

Quantity

Langmuir

Omax (mg g'l) 15.87
KL (L mg?) 0.0824
RL 0.2327
R? 0.9981
Frendlich

Kr(mg g) (L mgHtn 1.1553
n 1.1204
R? 0.9976
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Temkin

A(L g 3.4645
B 1.425
b(J mol?) 1739.5
R2 0.8824
Redlich-Peterson

A(Lgh 1.31
B 0.082
g (L mg? 1.007
R2 0.9962

C. Adsorption kinetics

Three Kkinetic models including first-order,
second-order, and the intra-particle diffusion
models were used for analyzing the adsorption
function of BLT by the produced SMNC. The
used models were evaluated based on
correlation coefficient (R?). , As shown in Table
2, the R? value of the second-order model
(0.9998) was higher than other two models and
close to 1. Accordingly, the second-order model
well fitted to the adsorption data.

Table 2 Kinetic parameters of BLT adsorption onto
produced SMNC (at 25°C)

Kinetic models
Pseudo-first-order

Qe (Mg g) 0.4166
Ki(min') 0.4076
R? 0.9829
Pseudo-second-order

ge(mg g?) 2.8169
K2(g mg* min?) 4.2148
R? 0.9998
Intra particle diffusion

Ki(mg g* min?) 0.072
Ci(mg gh) 2.5748
R? 0.9962

D. Invitro drug release

In vitro release behavior of BLT via dialyze bag
method was examined in phosphate buffer
(pH=7.4) as the simulated blood fluid at two
different temperatures of 37 and 50°C. As can
be seen from Fig. 4, the drug release rate at
50°C was achieved at a higher level than 37°C.
In detail, 3.63% of BLT was released in the
simulated fluid at 37°C within the first 1 h and
15.44% was released in remaining time (5 h).
While, the profile of drug release at 50°C
indicated a great percentage of BLT release in
initial 1h (23.18%) and a medium growth rate
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(63.71%) for the remaining time. It is inferred
that the further shrinkage in thermo-sensitive
polymer at higher temperature can lead to the
further release of BLT from the nano-carrier.
Hence, it can be concluded that the produced
SMNC can be an attractive option for using in
the targeted drug delivery systems.

pH=7.4, T=37-C

—&—pH=7.4, T=50-C

Fig. 4 The release profile of BLT at pH 7.4 and two
different  temperatures (37 and 50°C)
(a/qo is the fraction of BLT release at time)

E. Drug release via NIR light

The drug release study from the synthesized
SMNC was investigated in the presence and
absence of NIR light irradiation at different
time intervals (2-15 min). As shown in Fig. 5,
the drug release rate under NIR light irradiation
reached up to 100% over 10 min. As expected,
the produced nano-carrier showed high
response to NIR light irradiation due to the
presence of thermo-sensitive polymer. In fact,
when NIR light was emitted, the energy of NIR
light irradiation was absorbed by the WS> nano-
sheets and converted to the heat. Following, by
increasing the local temperature and the
shrinkage of the thermo-sensitive polymers, the
loaded BLT was released.

The digital thermometer indicated an increase
in solution temperature from 24 to 48°C in the
exposure of NIR light irradiation for 15 min.
Therefore, the synthesized nano-carrier not
only can be used as an efficient drug delivery
vehicle but also it could be employed for other
applications like chemo-photothermal therapy
due to rapid heating of the WS, nano-sheets by
the NIR light irradiation. In addition, according
to Fig. 5, a considerable decrease in drug
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release rate was observed in the absence of NIR
light irradiation from the nano-carrier. The
results suggested that 18.96% of BLT was
released in the absence of NIR light irradiation
at the end of the experiment.

‘Without NIR light irradiatin ‘With NIR light irradiation

100 | O
80
60 -

40

Relative BLT desorption (%6)
H

20 = = = £a

1 2 5 7 10 12 15
Time of the laser (min)

Fig. 5 BLT release percentage at 7.4 in the presence
and absence of NIR light irradiation (at 25°C).

F.  Kinetic models study for BLT release
process

To describe the drug release from the produced
SMNC, the in vitro drug release data were
analyzed by several models and the results are
presented in Table 3. According to the results
obtained, the zero-order model described well
the BLT release process due to the higher
correlation coefficients (R?) compared with
other models. Specifically, the drug release
mechanism was studied by using different “n”
values in the Korsmeyer-Peppas model.
According to the diffusion exponent 0.9
obtained for R?=0.9927, the controlled
diffusion mechanism followed from non-
Fickian diffusion (n > 0.5) [29, 30].
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Table 3 Release kinetic data of BLT from the produced SMNC.
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Models First-order

Ko(h') R?

Zero-order

Parameters Ko(h?) R2?

Higuchi

KH(h

1/2)

Hixson-Crowell Korsmeyer- Peppas
KHc(hr R2 KKp(hr n R2

RZ 1/3) n)

0.0244 0.9927 0.3713 0.8213

T=37°C

pH=7.4

0.0825 0.992  0.2092 0.9641

T=50°C

0.079

0.266

2 0978 -0.048 0.9158 0.1074
0.0792
0.0605
0.0473
0.0376 0.8
0.0302 0.9
0.0244 1
0.0672 1.1

0.3615 0.4

0.2669 0.5
0.2041 0.6
0.1596 0.7
0.1268 0.8
0.1019 0.9
0.0825 1

0.0199 1.1

0.4
05
0.6
0.7

0.9692
0.9780
0.9847
0.9893
0.9921
0.9932
0.9927
0.9895

0.9642

0.9748
0.9828
0.9883
0.9915
0.9927
0.9920
0.9909

9 0.9748 0.9773

0.0507

V. CONCLUSIONS

In this study, smart thermo-sensitive polymeric
chains were successfully grafted onto the WS,
nano-sheets as a nano drug vehicle for delivery
of bicalutamide. The analysis results from
FESEM-EDX, FT-IR, XRD, and TGA
confirmed the grafted polymer networks onto
the surface of WS, nano-sheets. The evaluation
of adsorption isotherm models revealed that the
Langmuir model fitted well to the adsorption of
BLT (R? = 0.9981). Also, the kinetic data
obeyed the second-order model with R? =
0.9998. In vitro release of BLT from the
produced nano-carrier at 37°C (15.44%) was
slower than the drug release at 50°C (63.71%)
in the simulated blood fluid within 6 h. The
results of the in vitro drug release of BLT under
NIR light irradiation (at 808 nm, 1.0 W cm?)
and without NIR irradiation were 100% and
18.96% , respectively (at pH = 7.4). Besides,
the assessment of the drug release models
demonstrated that the kinetic data obeyed the
zero-order model. The diffusion exponent value
(n) obtained from Korsmeyer—Peppas model
verified that the drug release mechanism is of
non-Fickian diffusion (n > 0.5).
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