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Abstract: This study was to designed to develop sorafenib-loaded polymeric nanoparticles, surface-
modified with pluronic F-127 for the effective treatment of hepatocellular (HCC) and renal cell
carcinomas (RCC). Poly lactic coglycolic acid (PLGA) was used to encapsulate different
concentrations of sorafenib by a simple modified solvent evaporation method applying pluronic F-
127 as a surfactant and coating agent. The preformulation and characterization studies were
conducted to evaluate the incompatibilities among sorafenib, PLGA and pluronic F-127, and
physicochemical properties of the formulations, respectively. The sizes of the coated and plain
PLGA nanoparticles were ~140 + 14.7 nm and ~ 120 + 10.1 nm, respectively. It has been confirmed
from the in vitro release studies that PLGA sustained the release of sorafenib, avoiding the initial
burst release, while the in vivo studies demonstared that surface-modified nanoparticles have
greater affinity in the target aorgans than plain PLGA nanoparticles and free drug keeping the dose
constant (20 mg/kg body weight). The delivery of sorafenib-loaded polymeric PLGA nanoparticles
into the target tissues and their pharmacokinetic parameters have been improved significantly
compared to the reported formulations.

Keywords: sorafenib; PLGA; pluronic F-127; nanosuspensions; in-vitro release;
in-vivo pharmacokinetics

1. Introduction

Hepatocellular carcinoma (HCC) is a global health issue in the modern world and causes more
than 600,000 deaths throughout the world per year. Among cancers, HCC is the 5 most common
type of cancer prevailing worldwide, and the mortality is increasing daily due to poor prognosis and
therapeutic option availability [1]. The incidence of HCC is slow and gradual, which is why it can be
diagnosed at an early stage, but the survival rate is 60-70% due to ineffective treatment [2—4]. Until
the FDA approved sorafenib for the systemic treatment of HCC, there were no such therapeutic
agents to properly treat the condition. It has been used for more than ten years for the targeted
therapy of HCC [5,6]. Renal cell carcinoma (RCC) is actually a group of tumors that originate from
the highly diffuse heterogeneous epithelium of renal tubules. After bladder and prostate cancer, it is
the third most common urological malignancy and accounts for approximately 3% of all cancers [7,8].
The mortality rate is high, i.e., > 100,000 per anum, and the incidence is > 200,000 cases per anum [8].
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It is more common in men than in women, i.e., 1.5 times higher, and its presentation is higher in
patients with a median age of 62 [9,10].

Pluronic F-127 has amphiphilic characteristics and is a tri-block (PEO-PPO-PEO), nonionic
surfactant property developed from two basic monomeric units, ie., poly ethylene oxide
(hydrophobic) and poly propylene oxide (hydrophilic). Due to its biocompatible and nontoxic nature,
it is used as a drug carrier in many forms of cancer and skin diseases. Pluronic F-127 also inhibits the
efflux transport protein system (p-glycoprotein), resulting in increased permeation and diffusion
(internalization) of active compounds inside the tumor cells and ultimately stability of the
compounds [11]. Pluronic F-127 can overcome multidrug resistance (MDR) in cancers through the
glutathione/glutathione-S-transferase detoxification system [12]. The nanoparticles are usually
phagocytized when recognized by the host immune system (reticuloendothelial system) and, as a
result, are eliminated from the body. Therapeutic efficacy, particularly in cancerous cells, can be
increased by prolonging the circulation half-life and targeting the affected organ by surface
modification of nanoparticles with polymers or surfactants. Alternately, biodegradable copolymers
such as pluronic/poloxamer, polyvinyl alcohol (PVA) and polyethylene glycol (PEG) are used as
surface modifiers to decrease the opsonization of the nanoparticles [13].

As a chemotherapeutic agent, sorafenib (SFB) has proven efficacy against diffrent types of
cancers, melanoma, cholangiocarcinoma and acute myeloid leukemia [14]. SFB use is marred by its
side effects, which include hand-foot syndrome, decreased heart blood flow, heart attack, intestinal
perforations, thyroid hormone alterations, appetite loss, diarrhea, nausea and fatigue. Reduced water
solubility, rapid clearance and metabolism are other factors that has limited SFB use. To minimize
the side effects of SFB, controlled and targeted drug delivery to the tumor can be achieved by using
biodegradable ploymeric nanoformulation technology [15]. All the above mentioned drawbacks have
been over come by the use of PLGA nanopartcle and its composite and can selectively target the
tumor tissues. PLGA is a synthetic, biodegradable and biocompatible polymer. Apart from its use in
drug delivery systems, it is also used in sutures [16], bone fixation and screw materials [17-19]. The
Krebs cycle is responsible for the removal of PLGA from the body without affecting the normal
physiology of the body [20]. The effectiveness of PLGA is dependent on the cell environment and
fusion with lysosomes [20,21]. The previous studies have shown nanoparticles with low drug loading
(1.4%), by using the solvent evaporation method which was later on imroved to 5.3% by
nanoprecipitation method causing low encapsulatiom efficiency (2.4%). Other attempts including
nanocarriers and lipid polymer hybrid nanoparticles have been done in the form of drug combination
for the synergistic effects; such as the doxorubicin and sorafenib but with low drug loading (2.4%)
[1]. Polymers based nanoformulations improved biodistribution and kinetic parameters, resulting in
enhanced efficacy [22,23]. Studies have revealed that the EPR effect is responsible for the increased
accumulation of nanoparticulates in solid tumors [24,25]. Nanoparticles can also modulate the efflux
of drugs from tumors by overcoming MDR mediated by P-glycoprotein, resulting in increased levels
of the drug inside the tumors [26,27]. Polymeric nanoformulations have some drawbacks, such as
nongradual and inconsistent drug release, stability problems and hemolytic activity. Embolization of
vessels and local toxicities at the site of injection are problems associated with intravenous
administration of hydrophobic anticancer drugs such as sorafenib.

In this particular study the PLGA nanoparticles will be prepared by midified solvent
evaporation method using pluronic F-127 as a stablizer. The focus will be to prepare nanoparticles
with optimum particle size, polydispersity, zeta potential, encapsulation efficiency, drug loading, in-
vitro drug release (sustained and controlled) and in-vivo pharmacokinetics for the targeted delivery
of nanoparticles to liver and kidneys by controlling the physicochemical characteristics.
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2. Results
2.1. Physiochemical Characterization

2.1.1. Dynamic Light Scattering

The quantity (10 mg) of Pluronic F-127 (1%) and PLGA was kept constant in the formulations.
The particle size and PDI were in the range of 120-1792 nm and 0.184-0.874, resepectively as described
in Table 1 and Figure 1. The data showed that increasing the concentration of the drug in formulation
resulted in the larger size nanoparticles. The increase in nanoparticle size was due to the increased
amount of drug in the emulsion nano-droplets. The monodispersity of the particles was changed to
polydispersity down the table (0.214 to 0.874) (Table 1 and Figure 1) [28]. The values of zeta potential
varied between -10.7 and -4.8 mV (Table 1). The plain nanoparticles have the size of 120nm, zeta
potential of -15 mV.

2.1.2. Encapsulation Efficiency and Drug Loading

Pluronic is one of the most common stabilizers used because it encapsulates both hydrophilic
and hydrophobic drugs. The values for % EE ranged from 99 % to 60 % while the % DL values were
dependent on the drug to polymer ratios and varied in the range of 9.7 to 56.7 as shown in Table 1.
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Figure 1. Nanoformulations of Sorafenib with PLGA.
Table 1. PLGA-Sorafenib Nanoparticles with 1% Pluronic F-127.
Codes = Polymer Amount (%) (%) Drug ~ Zeta Nanoparticle =~ PDI
to Drug Encapsulated Encapsulation Loading Potential Size (nm)
Ratio (mg/ml) Efficiency
(SPF1) 10:1 0.97 97 9.7 -10.3+1.60 140.1 + 15.60 0.214+0.08
(SPF2) 10:2 1.98 99 19.8 -8.39 +0.90 120.3 +18.40 0.217+0.09
(SPF3)  10:3 2.76 92 27.6 -9.59 +1.36 200.1 +£19.29 0.451+ 0.07
(SPF4) 104 3.48 87 34 -10.7+1.69 138.4+17.1 0.184+0.12
(SPF5)  10:5 4.70 94 47 -7.81+1.02 231.3+16.8 0.617 +£0.11
(SPF6)  10:6 5.76 96 57.6 -7.76 +1.77 1792.2 +16.2 0.425+0.10
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4
(SPF7) 10:7 5.60 80 56 -5.39+2.10 615.4+19.4 0.423+0.12
(SPE8)  10:8 4.80 60 48 -4.78 +1.30 829.6 +£19.1 0.874 0+0.8
Plain PLGA == == == -15.24+2.31 120 +10.10 0.0861+0.03
SFB Sorafenib - - - -5.43+2.42 105+ 3.34 0.216+0.12

SPF (S= Sorafenib, P=PLGA and F= Pluronic F-127).

2.1.3. FTIR Analysis

The characteristic wavenumbers for SFB were 1598 cm™ for carboxylic acid/derivatives,
3080 cm-1 for C=CHy, and 3288 cm™ for high concentrations of -OH, and the -C=O double bond was
observed at approximately 1740 cm. The presence of specific IR frequencies at 1166 cm—1 and 1384
cm-1 was for C=C stretching of the aromatic amine group. The 75:25 PLGA gave its characteristic
bands, such as OH stretching (3200-3500 cm), -CH (2850-3000 cm™), carbonyl —C=0O stretching (1700-
1850 cm™) and C-O stretching (1050-1250 cm-?).

The band located at 1100 cm™ was a characteristic peak for C-O-C stretching vibrations, while a
-OH group trough was observed at 3200-3500 cm™ in pluronic F-127, as shown in Figure 2.
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Figure 2. FTIR Spectrum of (A) Nanoformulations (B) Sorafenib (C) PLGA and (D) Pluronic F-127.

2.1.4. Differential Scanning Calorimetry

These studies were carried out to determine the crystalline, disordered crystalline, and
amorphous nature of PLGA, SFB and pluronic F-127. The endothermic peaks of PLGA at 50 °C, and
SFB at 210 °C confirmed their amorphous and crystalline nature, respectively while Pluronic F-127
showed one endothermic peak at 55 °C as shown in Figure 3 [29].

2.1.5. X-ray Diffractometry

XRD studies were conducted at 3° (20) to 40° (20) using an XRD. Peaks of SFB were detected at
22.7° and 24.8° (20) confirming its crystalline nature, while pluronic was detected at 19" and 23°
(Figure 4). The peak for PLGA was not detected [30].
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Figure 3. DSC Thermogram of (A) Sorafenib (B) PLGA (C) Pluronic F-127 and (D)
Nanoformulations.
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Figure 4. XRD Pattern of (A) Sorafenib (B) PLGA (C) Pluronic F-127 and (D) Nanoformulations.

2.1.6. SEM Studies

The circulation, uptake and targeting of the tumor depend on the size, and morphology of the
nanoparticles [31,32]. The nanoparticles prepared with Pluronic F-127(1%), were spherical in shape
(Figure 5), and remained stable for a longer period as confirmed by scanning electron microscopy. In
order to find out the stability, the nanoparticles were freeze dried and then their SEM images were
taken, and were then comapred with the freshly prepared nanoformulations. The nanoparticles
before and after freeze drying have shown the similar results confirming their stability.
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Figure 5. SEM images of Sorafenib-loaded PLGA Nanoparticles.

2.1.7. Formulation Optimization

The nanoformulations were prepared as given in (Table 1). In all eight (08) nanoformulations
only three (03) formulations have been optimized for the targeting of liver and kidneys. The
nanoformulations SPF1, SPF2 and SPF4 have the required particle size (140.1, 120.3, and 138.4), zeta
potential (-10.3, -8.39 and -10.7), PDI (0.214, 0.217 and 0.184), encapsulation efficiency (97, 99 and 87)
[31,33] and spherical morphology as given in Figure 5.

2.1.8. Drug Release Kinetics

The release kinetics of SPF2 and SPF4 formulations best fit the Higuchi model, while SPF1
followed zero-order kinetics, as represented by regression coefficient (R?) values. The “n” value
represents the release mechanism of SFB from the formulations and is calculated at 60% release
concentration as given in Table 2 and Figure 6. Diffusion followed by erosion is the most
prevailing mechanism [34].

The Higuchi and zero order models are the best to describe the transport and the release of
SEB while the Korsemyer Peppas is a decisive model among all the models [35].

Table 2. Release Kinetics of Sorafenib Nanoformulations with Pluronic F-127 and Mechanism of

Drug Release.

First Order Zero Order Higuchi Hixon Korsmeyer

Formulations Crowell
R2 R2 R2 R2 R2 n*

SPF1 0.8105 0.9672 0.9118 0.9321 0.8915 0.50
SPF2 0.7296 0.9463 0.9965 0.9914 0.995 0.65
SPF4 0.7183 0.959%4 0.9801 0.9732 0.9746 0.58
Release exponent (n) Drug transport mechanism Rate as a function of time
0.5 Fickian diffusion 03
0.45 < n=0.89 Non-Fickian diffusion tnt
0.89 Case II transport Zero Order Release

Higher than 0.89 Super case II transport tnt
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Figure 6. Release of Sorafenib from PLGA Nanoparticles with Pluronic F-127.

2.1.9. In-Vivo Drug Analysis

In vivo imaging and pharmacokinetic studies were performed in the test animals. The SFB
nanoformulations were injected intravenously into rabbits, and then their distribution was observed
by gamma imaging. The pharmacokinetic parameters were evaluated from blood samples.

The pharmacokinetic parameters such as their MRT, AUC, Cmax, V4 elimination half-life (ti2) have
been significantly increased as compared to their SFB control while the clearance of the polymeric
nanoparticles has been decreased significantly as compare to SFB control.

The distribution of the control SFB nanosuspension and SFB-PLGA nanoparticles in target
organs was different. The clearance of the control (SFB suspension) was quicker than that of its PLGA
nanoparticles due to the increased mean residence time (MRT) as well as their size, zeta potential and
surface morphology of the nanoformulation (Table 3).

The distribution of the SFB nanoparticles formulation (Tables 3, 4 and Figure 7) was higher in
liver than in the control SFB nanosuspension due to their size (< 200 nm). The sterically stabilized
small nanoparticles can easily penetrate into the liver. This makes such nanoformulations suitable
for targeting and treating the liver carcinoma [36].

The uptake of the control SFB by the spleen was initially higher than that of SFB
nanoformulation. The control SFB was eliminated quickly (in 12 hrs it reaches to below detection
level) compared to the nanoformulations. The pharmacokinetic parameters suggest higher
circulation time of the SFB nanoparticles for the treatment of local tumors [37]. The distribution of
SFB nanoparticles in the heart was lower than that of free control suspension, however encapsulating
SFB in polymeric nanoparticles can significantly reduce cardiotoxicity [38].

This distribution of SFB-PLGA nanoparticles in the lung was increased while their clearance was
decreased compared to the control SFB. The formulation developed can therefore also be used to treat
lung cancer [39].
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Table 3. Pharmacokinetic Parameters of Sorafenib Nano-formulations.

Parameters = Cmax AUCo- AUMCee MRT t vd CL
Unit ug mlt pg-hrml-! pg-hr*hrml'  Hr Hr Ml mlh1kg?
Control 3.18 £0.017 3.80 £ 0.027 34.75+1.17 7.20 £ 0.07 414+0.33 38.79+1.34 2.080 +0.08
SPF1 4.32+0.022 165+ 1.42 31971542375 668 +1.70 493 +5.56 4597 +0.82 0.030 + 0.01
p-value - 0.0077*** 0.0017*** 0.001*** 0.001*** 0.0077*** 0.0017***
SPF2 4.42 +0.050 152 +1.18 882914427311 3378 + 66 388+ 7.02 206.+ 1.58 0.0147 £ 0.01
p-value - 0.007*** 0.001*** 0.001*** 0.001*** 0.001*** 0.001***
SPF4 4.52 +0.063 151 +1.93 134084+1472 436 +0.54 326 +4.62 17.71 £ 0.98 0.038 + 0.012
p-value - 0.007*** 0.007*** 0.001*** 0.001%** 0.007*** 0.007***
Drug Concentrations in Major Organs (SPF1) Drug Concentration in Major Organs (SFF1)
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Table 4. Distribution of TC*™ Labeled Sorafenib-loaded PLGA Nanoparticles with Pluronic F-

127.

Fornmlation 5 min 15 min 30 min 60 min 2 hour 8 hour 24 hour
#uT C_SPF1-140
R. Total 100% 07% 06.10% 0485 o0%5 75.10% 56.20%
Lungs 152341 55 | 1143085 | 9652052 | 745045 | 5232056 | 1562045 | 112=014
Heart FJO0l£041 | 2972019 | 273=038 | 235034 | 1812067 | 1522032 | 110=022
Liver 30.530.76 | 45354=029  42.13=131 394210 | 3276=12 | 2889204 | 1656=04
Spleen 18.06+1.62 | 15.11=038 | 1341096 12.87=09 | 9342078 7322036 | 2.13=032
Kidneys 11762087 | 13.78+0.18 | 14 98+087 | 163709 | 1841+08 | 213109 | 2497=038
R. Excreted 430% 3.50%w 6.20% 10.60% 25.70% 44 30%
#uT CSPF2-120
R. Total 100% 07% 06.10% 0485 o0% 75.10% 56.20%
Lungs 16382098 | 1229068 | 10352087 887052 | 667086 | 2542048 | 1242054
Heart 600056 | 512=030 | 464=090 @ 2622034 | 194=041 1362083  065=000
Liver 44.30=1 31 | 3021095 | 23.36=049 | 18 42067 17342034 | 16.53=03 | 1421207
Spleen 16.9320.76 | 1423=078 | 11452043 8242049 | 632=064 3782074 | 193=046
Kidneys 13922074 | 15642068 | 16.87=039 30562038 | 3739089  4246=1.0 | 35.76=09
R. Excreted 442% 5.60%w 7.10% 1120% 24 90%, 45.09%
$ur C_SPF4-138
R. Total 100% 97% 96.10% 94%; a0% 75.10% 56.20%
Lungs 155620 87 | 13.72+098 | 11.562056 891041 | 5432012 | 1862032 | 0742008
Heart 7442030 | 6452043 | 487=038 | 3124078 | 187=021 | 1232024 0562007
Liver 46302038 | 4271049 | 38 342083 | 3523032  2876=043 | 21 462086 184800
Spleen 174520.68 | 1447=056 | 12.83=005  082=D65 | 485=045 | 2142048 | 114=031
Kidneys 10.60=0 89 | 12732034 | 15372052 | 18.82+023 | 2092078 | 22 20+0 80 | 283809
R. Excreted 470% 3 75%v 6.80% 8.93% 23 80% 43.90%
S=TC-Control-SFB -144
R. Total 100%% 07% 06.10% 04%4 a0% 75.10% 36.20%
Lungs 5102078 | 4242048 | 367023 | 287054 | 132=021 | 0.8720.05 | 023=008
Heart 11952056 | 843=0.64 | 7.76=056 | 4562073 | 351=042 | 1862012 | 087=005
Liver 55.11=1.05 | 4476=063  36.85=11 | 256302 | 1434=08 9652078 @ 1.09=009
Spleen 14432045 | 12232075 | 8542096 7362036 | 6432063 | 3.6620.74 | 0782006
Kidneys 1201023 | 1012037 | 939076 848043 | 720=068 @ 6542070 | 034=004
R. Excreted 5 40% 5 85%w 1.75% 1225% 26.65% 45 35%

R* Radioacitivity.

3. Discussion

The main objective of the study was to develop and optimize PLGA nanoparticles of SFB using
pluronic F-125 as an emulsifier for the targeting of liver and kidney. Different concentration of SFB
with PLGA were used for the nanoparticle preparation. Among the developed nanoformulations
three formulations were optimized for further studies.

The size of the nanoparticle depends upon the quantity of drug in the nanoemulsion and the
saturation solubility [40]. The higher concentration of the SFB in the internal organic phase resulted
in viscous and larger emulsion droplets and larger nanoparticles. As the targeting mechnism in this
particular study is physical, therefore the key parameters i.e., the particle size (< 200 nm), zeta
potential (= -10 mV), high EE/DL and high yeild are achieved through a controlled manner. The
particle size smaller than 100 nm are easily excreted by the kidneys while the particles larger than
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300 nm are engulfed by the body defence mechanism (Macrophage system). The tumor targeting in
this case is achieved by the enahance permeability and retention effect (EPR).

The FTIR spectra revealed no interaction between the peaks except a slight decrease in -OH
stretching. This is because of hydrogen bonding due to -OH group in both PLGA and Pluronic. The
main bands of pure PLGA remained the same, demonstrating that there is no interaction among the
SFB, excipients and polymer (Figure 2). It is further supported by thermograms obtained from DSC
that the nanoformulations and physical mixtures of PLGA and pluronic F127 are unchanged (Figure
3). The two peaks observed in the XRD pattern confirmed the crystalline nature of the pluronic, the
nanoformulations, and PLGA; however, in the nanoformulations pluronic showed semicrystalline
nature as shown in Figure 4.

The ester group of the PLGA and the long hydrophilic chain of pluronic (PEO-PPO) on the
surface particles were responsible for the negative potential of the nanoparticles which has also been
reported in other studies [41]. The presence of a negative charge improves the stability of
nanoparticles, electrostatic repulsion, to form agglomerates which results in increased circulation
time and increased cellular uptake due to the enhanced nonspecific cell membrane affinity [42]. For
the efficient accumulation of nanoparticles at the tumor site, the particle size should be ~ 200 nm with
a zeta potential of ~ -10 mV compared to more negative or positive particles or larger particles [43].
The % EE (60-99%) has been altered significantly by changing the ratio of SFB to polymer. The drug
content is actually affected by the drug-polymer interaction (drug and polymer ratios) and the
miscibility of drug in polymer. Higher miscibility leads to higher drug incarporation as reported in
the literaure. The % DL to the polymer was efficient compared to other biodegradable polymers [12].

SEM imaging showed that the nanoparticles were spherical in shape and that spherical particles
are more thermodynamically stable, freely circulate in the plasma, sustained drug release, and have
greater cellular uptake [44,45]. The change in external morphology of the different nanoparticles
prepared with different concentrations of sorafenib is insignificant.

The biphasic release pattern shown by the developed nanoformulations (Table 2) consists of
initial burst release in the first 28 hours followed by sustained release, which are supported by the
previous study [46]. This initial phase is due to the entrapped drug on the surface of the formulations,
while the second phase involves the diffusion and erosion mechanisms [47]. The size of polymeric
nanoparticles is the major factor which affect the drug release and the degradation of the polymer.
Smaller nanoparticles release the drug more rapidly as compared to larger nanoparticles as well as
larger diameter particles are degraded slowly as compared to smaller one. However, degradation of
the polymer is dependent on the nature and diameter of the polymer, as polymers with larger
diameters degrade slowly [48]. It is concluded that the drug release from the SBF-PLGA
nanoparticles might be controlled by diffusion as a result of partitioning between polymeric
nanoparticles and surrounding aqueous environment.

The possible mechanism for the higher concentration of PLGA-SFB nanoformulations in target
organs (as evident from the imaging studies) might be due to the phagocytic uptake of RES and
therefore, it can passively target these organs. The radioactivity of the polymeric SFB nanoparticles
in the heart is less than that in other major organs, it is therfore concluded that encapsulating the SFB
in PLGA can significantly reduces the cardiotoxicities. The pharmacokinetic data of the
nanoformulation revealed that the nanoparticles had improved bioavailability (increased AUC,
Cmax, Ti2 and MRT) while the clearance was decreased (Table 3) which will help in the treatment of
local tumors and will lead to a more controlled and sustained therapeutic response [37]. In this study,
it is obvious that nanoparticles due to their sizes can easily be delivered to the target organs,as well
as their greater retention and circulation half-life and low protein binding as compared to plain SFB
nanoparticles, will lead to enhance therapeutic efficacy. The enhanced permeability and retetion
(EPR) effect is also dependent on the nanoparticles size which in turn affects the drug loading,
encapsulation efficiencey, drug release and stability. The morphology of nanoparticles is responsible
for the in-vivo pharmacokinetics of nanoparticles as the spherical nanoparticles will have better
rheological properties as compared to other shapes, while in blood circulations [39]. The relatively
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higher concentration of the nanoformulations in the liver and kidneys suggests their importance in
the treatment of hepatocelleular and renal cell carcinoma.

4. Materials and Methods

4.1. Chemicals and Equipment

Sorafenib and sodium bicarbonate were purchased from Fluka, while ethanol and dimethyl
sulfoxide, dialysis tubing, Pluronic (F-127), potassium chloride, sodium chloride, potassium
dihydrogen phosphate, distilled water, HPLC-grade solvents, methanol and acetonitrile were
purchased from Sigma-Aldrich, Germany. PLGA was obtained from Evonik Germany. Ultra-pure
distilled and deionized water was used in the study.

Probe Sonicator (Sanyo, UK. ), Vortex Mixer (Fisher Scientific®, USA), Magnetic Stirrer
(Benchmark®, USA), Centrifuge (Centurion® Scientific, UK), shaking water bath (Korea), Zeta Sizer
(Malvern Zetasizer ZS-90, U.S. K), freeze dryer (Telstar Cryodos-50, USA), differential scanning
calorimeter (Perkin Elmer, USA), X-ray diffractometer (JEOL, Japan), The PerkinElmer spectrum BX
FTIR (Waltham, MA, USA), scanning electron microscope (JEOL Japan), and UV-Visible
spectrophotometer (Perkin Elmer Series 200, Lambda, 25 using UV) were used in the study.

4.2. Preparation of Plain and Drug Loaded Nanoparticles

A modified solvent evaporation method was used for the preparation of nanoformulations.
PLGA (75:25), 10 mg was dissolved in 3 ml ethyl acetate and 2 ml acetonitrile with varying
concentrations of sorafenib (1, 2, 3, 4, 5, 6, 7, 8 mg). A 1% solution of stabilizer was prepared in water,
and 10 ml of stabilizer was utilized for formulation preparation as shown in Figure 8. This was
followed by adding 5 ml of the organic phase dropwise to 10 ml of an aqueous stabilizer solution
with slow magnetic stirring at 70-80 rpm. The organic and aqueous mixture was then sonicated for 2
min by using a probe sonicator set at 99% level in an iced water bath using 15 W power. The organic
phase was then removed through slow magnetic stirring, followed by high-speed centrifugation at
15000 rpm for 30 min at 4 °C for nanoparticle collection. The nanoparticles were first washed three
times with sterile water and then lyophilized for future use and stability studies. Similar procedure
was adopted for the preparation of sorafenib nanosuspension as 10 mg of sorafenib was dissolved in
3 ml ethyl acetate and 2 ml ACN and was added drop wise to 1% stabilizer solution with slow
magnetic stirring followed by the same procedure as that of nanoformulation preparation. PLGA
nanoparticles without SFB were prepared in the same way.
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Figure 8. Structure of PLGA, Sorafenib, Pluronic F-127 and Schematic Formulation Preparation.
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4.3. Physicochemical Characterization

4.3.1. Dynamic Light Scattering

A Malvern zeta sizer was used to determine the size, polydispersity (PDI) and zeta potential of
the nanoparticles using the dynamic light scattering technique. The nanoformulation samples can be
analyzed as such or can be diluted if required with distilled water, and the analysis is carried out at
25 °C with a 90° scattering angle. By using Malvern software, the average diameter and PDI were
calculated. Statistical calculations for size and PDI were carried out in triplicate. The instrument
software was adjusted in such a way that it took the average of three readings, and each reading was
passed through 100 runs. The zeta potential actually determines the nanoparticle stability in
dispersion.

4.3.2. Fourier Transform Infra-Red Analysis

FTIR spectroscopy was performed to confirm the polymer, drug and excipients and to evaluate
their compatibility. The PerkinElmer spectrum BX FTIR (Waltham, MA, USA) was used for analysis,
and the sample was prepared by a potassium bromide (KBr) disc. For sample preparation, 2 mg of
SFB was mixed with 100 mg KBr in a mortar and pestle. The mixture was compressed to obtain a
pellet. The samples were analyzed at 4000-400 cm! against a blank KBr pellet with a resolution of 1.0
cm-1, and baseline correction was performed.

4.3.3. Differential Scanning Calorimetry

Sorafenib (API), PLGA, pluronic F-127, their physical mixture and lyophilized nanoformulation
powder were analyzed by differential scanning calorimetry (DSC). In the aluminum pan, a 10 mg
sample was placed and sealed. Scanning was performed using a similar empty pan as a reference
under nitrogen at a 10 °C/min heating rate. The temperature and energy scale of the instrument is
calibrated using a standard aluminum material.

4.3.4. X-Ray Diffractometry

The crystalline/semicrystalline or amorphous nature of SFB, PLGA, Pluronic F-127, the physical
mixture and NP formulations was determined through XRD at 3° (20) to 40° (20). To control the
curves, the amount of power must be in the same quantity.

4.3.5. Scanning Electron Microscopy

The lyophilized powder was placed on the brass stub and the sputtering technique was used to
coat the sample with gold, and this procedure was carried out for 1.30 min at 40 dm Amp under
vacuum (argon gas). Then, it was placed in the sample holder of a scanning electron microscope (JSM-
5910, Jeol Japan) to analyze its morphology (7 samples at a time).

4.3.6. Drug Entrapment Efficiency

To determine the drug entrapment efficiency, the percent encapsulation efficiency (% EE) and
percent drug loading (% DL) were determined. The developed nanoformulations were evaluated by
centrifuging the sample at 4 °C and 15000 rpm for 30 min. After centrifugation, the free amount of
SFB present in the supernatant was detected by spectrophotometer at 271.10 nm. The following
equations were used for %EE of SFB and %DL [49]:

Weight of Added Drug — Free Drug in Sample 9

%EE =
% Weight of Added Drug

100 1)

9%DL = Drug in Nanoparticles % 100 5
"""~ Total Weight of nanoparticles @
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4.3.7. Formulation Optimization

The parameters set for the optimization of nanoparticles were; nanopaticle size (100-200 nm),
polydispersity (PDI, 0.137-0.244), zeta potential (2= 30 mV), drug loading and encapsulations
efficiency (= 86%), for targeting Renal Cell Carcinoma and Hepatocellular Cell Carcinoma [31,33].

4.3.8. Drug Release Kinetics

The release kinetics of the developed nanoparticles was studied by redispersing the lyophilized
nanoparticles in 2 ml of PBS (pH 7.4) and placing them in a cellulose membrane (MW cut-off = 12-14
kDa) immersed in 100 ml of PBS at 37 °C in a water bath with gentle shaking at 100 rpm. The volume
was replaced with PBS as the samples were withdrawn. The content of SFB was measured in triplicate
by a UV-visvisible spectrophotometer and the cumulative percent drug release was measured.

4.3.9. In-Vivo Drug Analysis

4.3.9.1. Imaging Studies

The nanoformulations of SFB (150 ul) were incubated with 80 pl reducing agent (stannous
chloride) at ambient temperature for 20 min and further incubated for 10 min with technetium-99 m
(300 pl). The loading efficiency of the radiolabelled formulation (2 ml) was evaluated by TLC. The
percent radioactivity of the formulation was determined by the gamma counter [50].

4.3.9.2. Pharmacokinetic Evaluation

In vivo studies were carried out in rabbit models weighing 2+ 0.5 kg obtained from the National
Institute for Health (NIH), Islamabad, Pakistan. Approval of the experiments was obtained from the
Departmental Ethical Committee; University of Peshawar vide letter number Pharm/8567. Water and
food were provided, and animals with any discomfort were excluded from the study.

5. Conclusions

The PLGA based nanoparticles of Sorafenib were developed applying modified emulsion
solvent evaporation method using pluronic F-127 as a stabilizer and coating agent to get high
encapsulation and drug loading, enhanced internalization and sustained/controlled drug delivery, in
order to achieve better therapeutic response. The pre-formulation study was conducted for the
compatibility of drug and excipients, while stability at higher temperature was evaluated with DSC.
The physicochemical properties of the formulations i.e., size (< 200 nm), PDI (< 0.2), tunable surface
charge (< -10) [51], drug loading (= 20%), encapsulation efficiency (= 87%), morphology, and in-vitro
sustained release studies were caried out. The in-vivo studies (both imaging and pharmacokinetic) of
the optimized nanoformulations were conducted. It has been concluded that small sized
nanoparticles of Sorafenib with surface modified by pluronic F-127 may easily be targeted to liver
and kidneys. This study will open new horizon for the targeted drug delivery of sorafenib to liver
and kidneys to achieve the therapeutic response in comparison to conventional formulations of
Sorafinib.
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