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A B S T R A C T

The delivery of aptamer modified therapeutic moieties to specific tissue sites has become one of the major
therapeutic choices to reduce the toxicity of inhibitory drugs. Bearing this in mind, the current study was de-
signed using sorafenib (SFB) encapsulated microparticles (MP) prepared with biodegradable poly (D, L-lactic-co-
glycolic acid) (PLGA) copolymer. The surfaces of these microparticles were modified with RNA aptamer having a
binding affinity towards ErbB3 receptors. SFB-loaded MP (MPS) were prepared by o/w solvent evaporation
method and the surface was coupled with the amino group of aptamer by EDC/NHS chemistry. Physiochemical
investigations were done by dynamic light scattering, scanning electron microscopy and FTIR. In vitro apoptosis
assay, cell viability assay and metastatic progression showed a significant decrease (p < 0.001) in vitro cell
viability for MPS and MPS-Apt as compared to MP. The synergistic combination of SFB and aptamer also de-
creased the metastatic progression of cells for an extended period. Microparticles were also evaluated for in vivo
toxicity in female BALB/c mice. It was evident that the presence of aptamer decreased the generalized toxicity of
MPS-Apt, as measured by mean body weight loss and blood profiles, keeping all the blood formed elements level
within acceptable limits. The histopathological investigations showed some necrotic and pyknotic bodies. In a
similar fashion, liver function test and renal function tests showed pronounced effects of formulations on vital
organs.

1. Introduction

The non-specificity of inhibitory drugs has become one of the major
limiting factors in cancer treatment [1,2]. The conventional dosage
(either oral or parenteral) forms have also exaggerated this problem
either due to their local or systemic effects by the delivery of drug of
choice to non-specified sites. Therefore, new therapeutic approaches
are heading towards non-conventional dosage forms, such as micro-
particles and nanoparticles [3]. The inhibitory drugs can be loaded in
these particles by entrapment, encapsulation or dissolution [4,5].
Polylactide-co-glycolide (PLGA) has been approved years ago by the
FDA due to its biocompatibility and biodegradability as a carrier
system. The development of functionalized tumor-specific formulations
of PLGA was the prime objective of the current study. These formula-
tions deliver the inhibitory drugs specifically to the tumor, thereby

decreasing the overall toxicity towards healthy tissues [1].
Aptamers are chemically synthesized short sequence RNA or DNA

and like an antibody, can bind by chemical or electrostatic interactions
with specific binding sites. These sites may be specific proteins or re-
ceptors in tissues. However, aptamers are superior as compared to the
antibodies due to their chemical synthesis, ease of modification, little
batch to batch variation, physical stability and less immunogenicity
[6,7]. Moreover, they can be attached with carboxylate, sulfhydryl or
amino group at one of the prime ends. However, nucleases in eu-
karyotic cells destabilize them. To overcome this problem, they can be
conjugated with small proteins, drug molecules directly or attached on
the surface of micro/nanoparticles [8–10].

Amongst the cell membrane receptors, the growth receptors of re-
ceptor tyrosine kinase (RTK) family are responsible for cancerous cell
growth, proliferation and infiltration into other tissues by migration.
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These receptors are also responsible for anti-apoptotic signaling.
Epidermal growth factor family (ErbB) is one of the membrane-bound
receptors of sub-class of RTK, comprising of four member’s viz. ErbB1,
ErbB2, ErbB3 and ErbB4. The targeted delivery of inhibitory drugs
against these receptors is becoming a leading course in the treatment of
cancer [11–13].

Targeted delivery of the microparticles of sorafenib (SFB) using
aptamer against ErbB3 was, therefore, the aim of the current study.
ErbB3 is responsible for cell progression, proliferation, migration and
also inhibition of apoptosis [14]. On the other hand, SFB is a multi-
kinase inhibitor, which inhibits VEGFR and platelet-derived growth
factor receptor. The administration of SFB inhibited angiogenesis and
vasculogenesis [15–17]. Specific inhibition of vessels in tumor micro-
environment decreases cancer growth. Therefore, the combination of
SFB and aptamer may be used for effectively combating cancer.
Moreover, this combination of aptamer and drug may be helpful in
specific targeting of the drug towards the overly expressed ErbB3 re-
ceptors [17–20].

2. Materials and methods

2.1. Materials

RNA aptamer, (Apt) with 5′ cyanine 5 (Cyn 5) and 3′ C6 amino
modifier spacer group

(5′-CAGCGAAAGUUGCGUAUGGGUCACAUCGCAG-3′) was pur-
chased from Eurogentec (Seraing, Belgium). PLGA (R503H, Mw30 kDa)
was obtained from Evonic (Darmstadt, Germany). 1-ethyl-3-(3-di-
methylaminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide
(NHS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT), 2′,7′-dichlorofluorescein diacetate (DCFDA) and tert-butyl
hydroperoxide (TBHP) were purchased from Sigma Aldrich (Darmstadt,
Germany). 2-(N-morpholino) ethane sulfonic acid (MES) was purchased
from Serva (Heidelberg, Germany). Poly-vinyl-alcohol (Mowiol 4–88)
was a gift sample from Kuraray (Hattersheim, Germany). Sorafenib was
purchased from LC Laboratories (Woburn, USA). Ethyl acetate, tetra-
hydrofuran and ethanol were obtained from Chemsolute-Th. Geyer
(Renningen, Germany), Carl Roth (Karlsruhe, Germany) and Fisher
Scientific (Schwerte, Germany) respectively. All the reagents used were
of analytical grade.

2.2. Cell lines and cell culture

Breast cancer cell line MDA-MB-231 expressing ErbB3 was pur-
chased from ATCC Manassas, USA. Cells were cultured in DMEM
(Capricorn Scientific, Ebsdorfergrund, Germany) medium supple-
mented with 10 % fetal bovine serum (Sigma Aldrich). Cells were
maintained at 37 °C and 7 % CO2 under humid conditions.

2.3. Preparation of microparticles

PLGA (R503 H) microparticles (MP) were prepared by oil in water
emulsion solvent evaporation method. Briefly, a weighed amount of
PLGA was dissolved in 10ml of ethyl acetate. 0.25 % PVA solution was
prepared in ultra-pure water (Purelab Flex 4, Elga Labwater, High
Wycombe, UK) and filtered using a 200 nm syringe filter. The organic
phase was added drop-wise to 10ml of the aqueous phase. 30ml of
ultra-pure water was added to facilitate organic solvent evaporation
under constant stirring for 24 h. Drug-loaded microparticles (MPS) were
prepared by the same method, except that sorafenib was dissolved in
THF:EtOH (4:1) and mixed with PLGA solution in ethyl acetate, the rest
of the method was same as above.

2.4. Encapsulation efficiency and in vitro release profile

MPS were centrifuged (Eppendorf centrifuge 5418, Eppendorf,

Germany) at 12,000 rcf for 15min. The supernatant was removed and
the pellet was dissolved in DMSO. Samples were analyzed by UV
spectrophotometry (UV mini 1240, Shimadzu, Japan) at 265 nm. A
calibration curve was recorded with known concentrations of SFB. The
solvent background was recorded from microparticles without drug and
encapsulation efficiency was calculated using the following equation:

= ∗EE
Amount of drug in MPS
Amount of drug loaded

(%) 100

The release profile of SFB from PLGA microparticles was evaluated
in PBS (pH 7.4) with 1% v/v Tween 80.1 ml of microparticle suspension
was washed thrice with PBS, followed by centrifugation at 12,000 rcf
for 10min. Pellet was resuspended in 1ml PBS with 1% Tween 80 and
placed into an orbital shaker (KS4000 IC, IKA Werke, Staufen,
Germany) at 150 rpm and 37 ± 0.5 °C. The samples were removed at
designated time intervals. After centrifugation, the pellets were re-
suspended in 1ml PBS (pH 7.4)/1% Tween 80 and returned back to the
shaker. At defined time intervals, pellets were dissolved in 1ml DMSO
and absorbance was measured at 265 nm. The vehicle background was
then subtracted by measuring the pellet of PLGA microparticles without
SFB, prepared under the same conditions.

2.5. Surface modification of microparticles

Surface coupling reaction (EDC/NHS) was employed for modifica-
tion of the surfaces of the microparticles. Microparticles were washed
with ultra-pure water by centrifugation and resuspended in MES buffer
(pH 5.5). They were then treated with 400mM EDC and 200mM NHS
for 30min. NHS group barring microparticles were treated with a pri-
mary amine of aptamer (Apt) at a microparticle:aptamer ratio of 1:12.
After 2 h reaction time, washing was done using ultra-pure water and
microparticles were resuspended in purified water. These modified
microparticles were stored at 4 °C until further use.

2.6. Aptamer coupling

The presence of Apt on the surfaces of microparticles was quantified
by fluorescence assessment of Cyn 5. Freshly prepared surface-modified
microparticles were washed three times with ultra-pure water followed
by centrifugation at 12,000 rcf for 10min. Fluorescence of the super-
natant and the pellet was quantified using FLUOStar Optima plate
reader (BMG Labtech, Offenburg, Germany) at λex/λem630 nm/670 nm
and calculated by using the above-mentioned equation.

2.7. FTIR spectroscopy

The coupling of Apt on the surfaces of microparticles was also as-
sessed by Fourier transform infrared spectroscope equipped with a
single reflection diamond ATR module (Alpha-P, Bruker,
Massachusetts, USA). Freeze-dried microparticles were loaded onto
ATR platinum diamond crystal. Background correction was done in the
absence of any sample. The average of 18 scans at a spectral resolution
of 2 cm−1 was taken automatically to obtain each spectrum. The
spectrum was collected in a range between 4000 cm−1 and 400 cm−1

and was represented as percentage transmittance.

2.8. Physicochemical characterization

For all prepared formulations, the size distribution was measured by
dynamic light scattering (DLS) using Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK). Samples were diluted 1:50 with ultra-pure
water. Before the measurement, the sample temperature was equili-
brated to 25 °C. All measurements were done in triplicates and the sub
runs were adjusted by the instrument automatically. Zeta potential was
assessed by laser doppler velocimetry (LDV) using the same instrument
at a conductivity< 100 μS/cm.
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2.9. Scanning electron microscopy (SEM)

Hitachi S-510 scanning electron microscope (Hitachi-High
Technologies Europe GmbH, Krefeld, Germany) was used for the mor-
phological analysis. Briefly, 20 µl samples were applied onto specimen
stubs with conductive carbon tabs (PLANO Leit-Tabs; Ø 9mm) and left
to dry under a laminar airflow hood. The samples were then sputter-
coated with gold at 13.3 Pa Argon using an Edwards S150 sputter coater
(Edwards Vacuum, Crawley, UK) and were examined under an accel-
erating voltage of 5 kV and a working distance of 12mm under
5.3×10−4 Pa vacuum [21]. The signals were processed digitally by
DISS 5 digital image acquisition system (Point Electronic GmbH, Halle,
Germany).

2.10. In vitro cell viability

In vitro anticancer efficacy of formulations was assessed by MTT
assay. Briefly, 10,000MDA-MB-231 cells/well (0.35 cm2) were seeded
in a 96-well plate and were incubated for 24 h. Series of PLGA micro-
particles were made in the media and 100 µl/well was added to 96 well
plates [21]. The untreated cells were considered as a negative control
whereas SFB treated cells were considered as a positive control. After
5 h of incubation, the medium was removed and replaced with fresh
medium and incubated further. Plates were allowed to incubate over-
night. Next day, the medium was removed and replaced with 2mg/ml
MTT reagent containing medium and incubated for 4 h. The resultant
formazan crystals were dissolved using DMSO and absorbance was
measured in a FluoStar Optima plate reader at 570 nm. The experiment
was repeated three times and the percentage cell viability was calcu-
lated. IC50 values were calculated by the concentration of micro-
particles with 50% of the cell survival.

2.11. Apoptosis assay

MDA-MB-231 cells were cultured on sterile coverslips in 24 well
plates at a seeding density of 50,000 cells per well (1.8 cm2) for 24 h.
Cells were washed thrice with cold PBS buffer (pH 7.4). 500 µl of dif-
ferent formulations were added to the wells. After 12 h, cells were
washed again with PBS and fixed using 4 % paraformaldehyde for
15min. Cells were counterstained using DAPI (0.1 mg/ml) solution for
20min. Washing was performed with PBS and cells were examined
using a fluorescence microscope (CKX53, Olympus, Tokyo, Japan).

2.12. Cell migration

Inhibition of cell migration and metastasis was evaluated by wound
healing assay. MDA-MB-231cells were seeded in 24 well plates. After
24 h, cells were treated with formulations containing 5 µM SFB for 2 h
in serum-free medium. A scratch was made with a 200 µl pipette tip.
Cells were then washed twice with ice-cold PBS (pH 7.4) and fresh
medium was added. Wound closure was observed using an inverted
microscope at 0 h, 4 h and 24 h. The raw data was analyzed by
SketchAndCalcTM and Gimp 2.10.6® application software. Cell migra-
tion and percentage wound healing were calculated measuring the
distance between wound closures.

2.13. Reactive oxygen species assessment

Determination of ROS production was done using 2′,7′-di-
chlorodihydrofluorescein diacetate (carboxy-H2DCFDA) conversion
into 2′,7′-dichlorofluorescein (DCF) as previously reported [22].
Briefly, MDA-MB-231 cells grown in 96 well plates for 24 h were wa-
shed (PBS buffer; pH 7.4) and incubated with phenol red-free medium
containing 25 µM of carboxy-H2DCFDA for 30min. The cells were
subsequently washed twice with PBS. Cells were then treated with
formulations containing 1.0 µM and 1.5 µM of SFB. After 45min, cells

were washed again with PBS and lysed using lysis reagent (Promega,
Mannheim, Germany). The fluorescence was observed at λex 485 nm/
λem 520 nm using a FluoStar Optima plate reader.

2.14. Cellular uptake

For cellular uptake studies, MDA-MB-231 cells were cultured on
sterile coverslips in 12-well plates at a seeding density of 90,000 cells
per well (3.5 cm2). After 24 h, the supernatant was removed and wa-
shed three times with PBS (pH 7.4). Cells were incubated for 2 h with
different formulations. After washing with PBS cells were fixed with 4%
paraformaldehyde for 15min. Cell nucleus was then counterstained
with DAPI (0.1 µg/ml) for 10min in the dark. Cells were washed three
times with PBS and the coverslips were mounted on to glass slides and
with FluorSave (Calbiochem Corp, La Jolla, USA). Uptake analysis was
performed using a confocal laser-scanning microscope (LSM700, Carl
Zeiss, Jena, Germany).

2.15. Acute toxicity assessment

Female BALB/c (8–10weeks old) mice weighing 31.1 ± 2.6 g, were
divided into 6 groups (n=3) and with free access of food and water (ad
libitum). Experimental protocols were approved by the GC University
animal experiment and ethical committee and were performed in col-
laboration with the in-house facility of My Pets clinic for clinical in-
vestigations. The animals were kept at 40% humidity and a temperature
of 22 ± 2 °C. The dose of the microparticles was equivalent to the
10mg/kg dose of SFB. The first group was treated with MP, second with
MP-Apt, third with MPS and fourth with MPS-Apt. One group was ad-
ministered with the aptamer. Normal saline-treated group was con-
sidered as control. The particle suspension was injected in the perito-
neal cavity using a 26G syringe needle in two equally divided doses on
day 1and day 3. The mice were kept under observation for 7 days for
alteration in body weight and visual observations for mortality, skin,
sleek of fur, urine color, feces, salivation, respiration, eyes and sleep
pattern and day-by-day signs of illness. On day 7, complete blood
analysis was done and mice were euthanized for tissue histology stu-
dies. The vital organs (heart, liver, kidneys and lungs) were removed,
carefully washed with normal saline and weighed. The comparison was
made with weights of control, and the visceral index was calculated by
the following equation:

= ×Visceral Index
Organ Weight
Body Weight

100

2.15.1. Blood biochemistry
Blood was drawn by intra-cardiac injection before euthanizing the

mice. The effect of administration of microparticles on the biochemical
markers of the blood was observed on the 7th day. These markers in-
clude complete blood count (CBC), liver function test (LFT), renal
function test (RFT) and total plasma protein.

2.15.2. RBC aggregation test
To determine the compatibility of the formulations with blood, mice

erythrocytes were incubated with different formulations. Briefly, red
blood cells (RBC) were obtained by centrifugation of fresh blood in
tubes containing EDTA. The RBC pellet was washed thrice with PBS (pH
7.4) and diluted to 1:10 with the same. The RBC were incubated with
the formulations for 30min at 37 °C. Centrifugation was done at 500 rcf
and the pellet was washed with PBS [23]. The cell suspension was di-
rectly observed under a light microscope.

2.15.3. Histopathology
Heart, liver, kidney and lungs were removed after euthanizing the

mice and washed with PBS (pH 7.4). These organs were visually
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inspected for lesions and any abnormality. The organs were placed in
4% formalin solution for 24 h. Dehydration with gradient ethanol and
fixation in paraffin wax blocks was done. Sections of 1 µm were cut
carefully with a rotary microtome (Hunan Kaida Scientific Instruments,
China) and were transferred to a glass slide. Staining was done with H &
E stains and tissues were observed under a microscope (Olympus
BX51M, Tokyo, Japan) for any sign of toxicity [24].

2.16. Statistical analysis

GraphPad Prism, v.8.0.1 was used for statistical analysis and com-
parison. All the values were presented as mean ± standard deviation
unless otherwise stated after repeating all the experiments three times.
One way ANOVA was performed to identify statistically significant
differences with probability values of < 0.05. Statistical differences
were denoted as “∗” p < 0.05, “∗∗” p < 0.01 and “∗∗∗” p < 0.001.

3. Results and discussion

3.1. Encapsulation efficiency and in vitro release profile

The encapsulation efficiency of SFB in microparticles was
74.0 ± 5%. Once incorporated, the amount of SFB, released from MPS,
was calculated in percentage. It is clear from Fig. 1A that nearly 70% of
SFB was released from MPS within the first 24 h. This represented the
initial burst release of drug from the surfaces of microparticles. Ap-
proximately, 10% SFB was released in the remaining time of release
study. This second phase of release represented the combination of
diffusion and erosion process of PLGA polymeric chains in micro-
particles as reported previously [25–27].

3.2. Aptamer coupling

Binding of Apt on the surface of microparticles was evaluated by
fluorescence analysis. The fluorescence analysis at λex 610 nm and λem

650 nm confirmed the attachment of Cyn 5 tagged Apt on the surfaces
of microparticles. The results showed that 68.36 ± 2.69 and
60.75 ± 1.02% of Apt was present on the surface of MP and MPS re-
spectively (Fig. 1B).

3.3. FTIR spectroscopy

Identification of different functional groups was done by ATR-FTIR.
Hence, the presence of SFB and Apt was also confirmed from the FTIR
spectrum. MP showed a characteristic peak of the carboxylic acid of
PLGA at 1750 cm−1. The stretching peak of alkene of SFB was present
at 1501 cm−1in MPS. Moreover, conjugated carboxylic acid stretching
peaks seen at 1700 cm−1 along with imine peaks at 1648 cm−1 con-
firmed the attachment of Apt on the surfaces of MP-Apt and MPS-Apt
(see supplementary data, S1). The results show the presence of Apt as
well as SFB in different formulations. This confirms the formation of
microparticles along with successful surface modification.

3.4. Physicochemical characterization

SFB is a poorly water-soluble drug which is readily soluble in
DMSO. Its solubility may be increased by co-solvency. Therefore,
THF:EtOH (4:1) was used to solubilize SFB and an o/w emulsion was
prepared for microparticle preparation. The particle diameter (hydro-
dynamic diameter as a function of intensity) measured by DLS showed
an increase with the addition of drug and aptamer (Fig. 2A). On the
other hand, the zeta potential measured was negative in all cases with a
maximum of −25.3 ± 2.2 for MP-Apt. Hydrodynamic diameter and
zeta potential are influenced by pH and ionic concentrations. Therefore,
the presence of SFB changed the diameter and zeta potential of for-
mulations. On the other hand, the amide bond formed between the
carboxylic group of PLGA and the amine of aptamer resulted in the
attachment of aptamer onto the surface of particles (as shown by FTIR
results). This is evident from the change in diameter and zeta potential.

Morphological characterization was done by scanning electron mi-
croscopy. Samples were dried under laminar airflow hood on con-
ductive carbon tabs. This resulted in the settlement of microparticles
while at the same time maintaining their structure. SEM analysis re-
vealed a smooth surface with a diverse range of sizes was seen in the
micrographs (Fig. 2B, 2C). The sizes were between 0.5 and 0.7 µm,
which were smaller than those measured by DLS. This was due to the
presence of an electrical double layer on the surface of microparticles
when measured in suspension form by DLS, whereas for SEM, the
particles are measured in vacuum.

3.5. In vitro cell viability

The assessment of cell viability in the presence of formulations was
done by MTT assay. The presence of both SFB and Apt resulted in a
decrease in cell viability, with maximum effect at highest concentra-
tions (3 µM SFB or equivalent). This response was dose-dependent i.e.
increasing with decreasing the dose of the microparticles and vice
versa. Therefore, the lowest dose of the formulations (0.19 µM SFB or
equivalent) showed a viability of 84.6 ± 2.3% for MPS-Apt and to
92.2 ± 1.5% in the case of MP-Apt. The inhibitory response was
strongest in all cases when compared with MP at highest concentration
with p < 0.001 and showed p < 0.01 at the lowest concentration. The
IC50 value was 1 µM for MPS-Apt. Moreover, MP showed more than
80% cell viability even at the highest concentration (Fig. 3A). This
suggested that formulations are relatively safe in the absence of SFB or
Apt. Pure SFB (in THF:EtOH) and MPS-Apt itself showed nearly 20%
and 42% cell viabilities respectively at highest concentrations. On the

Fig. 1. (A) Release profile of Sorafenib from PLGA microparticles. (B)
Fluorescence analysis of Apt at λex/λem 610/650 nm on blank microparticles
(MP) and sorafenib-loaded microparticles (MPS), the fluorescence of Cyn 5 of
pure Apt was considered as a reference.
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other hand, the solvent THF:EtOH alone showed nearly 66% cell via-
bility (data not shown). Conclusively, the presence of SFB in MPS-Apt
showed nearly similar cell viability to that of SFB. The presence of
aptamer in the formulations showed an increase in the inhibitory effect
due to the presence of the drug on one hand and due to targeted de-
livery of the formulations in the presence of aptamer [28–30]. The
combination of SFB and Apt exhibited targeted SFB microsphere de-
livery towards ErbB3 rich cells thereby addressing the problem of
generalized toxicity due to non-specific drug delivery.

3.6. Apoptosis assay

DAPI was used to analyze the cell death mechanism. DAPI is a nu-
clear stain, which binds to double-stranded DNA and can detect the
chromatin or nuclear condensation and helps localize the formation of
apoptotic bodies, which result ultimately in the death of cells. Cell
shrinkage, loss of cell membrane, blebbing and chromatin along with
nuclear condensations can be observed using this assay [31,32]. The
untreated cells did not show any sign of apoptotic body formation. On
the other hand, MP showed some cells with nuclear condensation. The
cells treated with microparticles in the presence of SFB and/Apt showed
nuclear condensation and chromatin degradation [33]. Nuclear

blebbing was also prominent due to the presence of SFB and Apt
(Fig. 3B). Therefore, the formation of apoptotic bodies was potentiated
in the presence of both SFB and Apt, revealing the synergism amongst
them.

3.7. Cell migration

Cell migration assay was performed to investigate the effectiveness
of SFB and Apt in inhibition of cell proliferation. This was directly
observed by an inverted microscope and percentage migration was
calculated. It was obvious from the results that the presence of either
SFB or aptamer caused the inhibition of migration. The inhibition was
strongest at 24 h (p < 0.001) for MPS-Apt when compared with control
(untreated cells). In the absence of aptamer, after 24 h, cells treated
with MPS showed more migration (Fig. 4). These results depicted the
synergistic effect of SFB and aptamer together. Both SFB and aptamer
complemented the effects of each other. The absence of SFB and Apt
resulted in complete healing of wound within 24 h of scratching. The
blank formulation (MP) also caused inhibition of wound healing up to
24 h. This was in accordance with cell proliferation assay showing de-
creased cell viability in the presence of MP (80%).

Fig. 2. Physicochemical characterization of microparticles: (A) size and zeta potential of microparticles (MP), surface-modified microparticles (MP-Apt), sorafenib-
loaded microparticles (MPS) and sorafenib-loaded surface-modified microparticle (MPS-Apt); (B) SEM micrographs, of MP and (C) MP-Apt. Scale bar represents 2 µm
for the micrograph and 1 µm for the inset.
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3.8. Reactive oxygen species assessment

Reactive oxygen species (ROS) can convert carboxy-H2DCFDA into
DCF. The results showed dose-dependent ROS production in the pre-
sence of both drug only and drug-aptamer formulations (Fig. 5). In the

presence of both the SFB and aptamer, ROS was significantly high
compared to the blank formulation (MP). The release of the SFB inside
cells caused the production of ROS due to the production NADPH oxi-
dase in mitochondria. This is the proposed mechanism of ROS pro-
duction in the presence of SFB [34]. However, in the presence of a

Fig. 3. (A) In vitro cell viability. (B) Apoptosis assay showing nuclear condensation and chromatin fragmentation of microparticles (MP), surface-modified micro-
particles (MP-Apt), sorafenib-loaded microparticles (MPS) and sorafenib-loaded surface-modified microparticle (MPS-Apt). Statistical differences are denoted as “∗∗”
p < 0.01 and “∗∗∗” p < 0.001.
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higher concentration of SFB, low amounts of ROS were produced. This
was the result of the cell death caused by the higher concentrations of
SFB. The presence of anti-ErbB3 Apt caused increased production of
ROS in combination with SFB [35].

3.9. Cellular uptake

Cellular uptake was visualized by confocal laser scanning micro-
scopy (CLSM). Cyn 5 was attached to 5′ end of the aptamer, which was
bound to surface of microparticles. The nucleus of the cell incubated
with the formulations was stained with DAPI. CLSM images showed the
presence of surface-modified microparticles within the cells. The red
fluorescence of aptamer can be seen throughout the cytoplasm, parti-
cularly near the nucleus.

ErbB3 receptor-mediated internalization might be the possible

mechanism for the toxicity of SFB. These endosomes containing the
microparticles released their contents inside the nucleus. This nuclear
trafficking of ErbB3 by the endocytosis has been previously reported
[36,37]. The z-stack images showed the presence of Cyn 5 labeled ap-
tamer within the nuclear region (Fig. 6A). The intensity plot for co-
localization shows DAPI on the x-axis and Cyn 5 on the y-axis. Co-lo-
calization coefficient was measured by ZEN software (Carl Zeiss, Jena,
Germany). This ranges from 0 to 1, where 0 shows no co-localization
and 1 shows 100% co-localization. Co-localization coefficients were
above 0.7 in all cases. This explains nearly co-localized particles in the
nuclear region. The intensity plot depicted the more intense fluores-
cence of Cyn 5 channel in case of aptamer treated cells whereas the
opposite was true for MPS-Apt treated cells. However, in the MP-Apt
treated cells, these channels were almost equally co-localized (Fig. 6B).
Aptamer delivered the microparticles to the nucleus, therefore DAPI

Fig. 4. Effect of formulations on cell migration; scratch was applied using 200 µl pipette tip: (A) wound healing by scratch test; (B) Time-dependent wound healing of
microparticles (MP), surface-modified microparticles (MP-Apt), sorafenib-loaded microparticles (MPS) and sorafenib-loaded surface-modified microparticle (MPS-
Apt). Statistical differences are denoted as “∗∗” p < 0.01 and “∗∗∗” p < 0.001.
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and Cyn 5 fluorescence was nearly equally co-localized in case of MP-
Apt. The aptamer, therefore, resulted in enhanced delivery of SFB to the
cells rich in ErbB3 receptors.

3.10. In vivo acute toxicity

Female BALB/c mice were injected (intra-peritoneal) with different
formulations of microparticles; aptamer and normal saline were used as
controls. Mice were observed for 7 days after injection for any abnormal
behavior, skin, sleek of fur, urine color, feces, salivation, respiration,
eyes and sleep patterns. All the mice survived and showed no physical
or behavioral changes. A record of body weight was performed to cal-
culate percentage change on day 7. All these parameters remained
unchanged in all cases, except for MPS treated group. The body weight
on day 7in MPS treated group decreased by 3.30%. In all other groups,
there was an increase in the body weight from nearly 3 to 8% con-
firming the safety of the formulations (Table 1A). The second assess-
ment was the effect of formulations on body viscera. The presence of
SFB and Apt produced a pronounced effect on the visceral index
(Table 1B). There was little increase in visceral indices of heart and
liver in case of the aptamer, MP-Apt and MPS-Apt groups.

The effect of microparticles on the blood profiles of the mice was
also investigated (Table 1C). There were major differences in the values
of total leukocyte count (p < 0.001). Hemoglobin concentrations also
changed, but only slightly with significantly lower levels in case of
MPS-Apt (p < 0.001) and MPS (p < 0.001). However, in the case of
the aptamer change was less significant (p < 0.05) indicating a less
pronounced effect on hemoglobin. These results showed that the for-
mulations altered the normal physiological values of mice used in the
study. As reported previously, the presence of anti-ErbB3 agents (ap-
tamer in our case)altered the immune response and was responsible for
decreased TLC levels, causing a decrease in the inflammatory response
[38,39]. This surface-functionalized therapy can be safe for i.v admin-
istration because all the changes were within acceptable limits.

3.10.1. Blood biochemistry
The effects of different formulation on the blood clinical markers i.e.

liver function test and kidney function test were investigated (Fig. 7).
Nearly in all the treatment groups, alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) increased significantly (p < 0.001).
Exceptions were in the case of MP (ALT) and MP-Apt (AST), where no
profound change was observed. These elevated levels after treatment

were representative of cardiac problems and non-alcoholic fatty liver.
Moreover, AST to ALT ratio was more than 3, which was indicative of
liver inflammation, fatty liver and cardiac injury. These results were in
accordance with the results of body visceral indices. A decrease in total
serum proteins and a slight increase in bilirubin also predicted liver
malfunctioning, usually associated with fatty liver [40,41]. Kidney
function tests (Fig. 7B) included uric acid, creatinine and blood urea
nitrogen (BUN). The values changed significantly (p < 0.01 or
p < 0.001) in all cases, except MP-Apt in the case of uric acid. The
concentrations of these markers indicated the poor kidney function or
malfunctioning of the liver [41]. Liver and heart muscles are usually
rich in ErbB3 receptors. Therefore, the attachment of aptamer on the
surface of microparticles mediated their delivery to the organs rich in
ErbB3 receptors, resulting in a change in the normal physiology of these
organs.

3.10.2. RBC aggregation test
Red blood cell (RBC) aggregation test was performed to monitor the

effect of formulations on erythrocytes. The presence of SFB and Apt
showed minor structural and morphological changes in RBCs (see
Fig. 8A and S2). These results were in accordance with the ROS assay.
ROS induced RBCs damage is one of the well-known mechanisms. A
synergistic effect was observed in the presence of both SFB and Apt.
However, the damage was not too much to damage the RBC mor-
phology completely. The results of the RBC aggregation test were
comparable to those of the CBC profile (Table 1C). CBC profile showed
a small decrease in RBC count in case of formulations containing SFB
and Apt. Their presence caused an increase in RBC aggregation and
destruction; hence hematocrit increased. However, these were within
the normal range [42,43].

3.10.3. Histopathology
The histopathological investigation was done for heart, liver, kidney

and lung (see Fig. 8B and S2). It was obvious from the results that mild
to moderate toxicity was seen in the case of heart muscles. Necrosis,
infiltration of leukocyte, mild granulative tissue and collagen accumu-
lation were observed in the case of aptamer and formulations con-
taining either both SFB and Apt or alone. These results were in ac-
cordance with the body visceral index and plasma profile as heart
weight increased in these cases as compared to the control group. Liver
showed signs of fibrosis, pyknosis (condensation of nuclei due to
apoptosis) and micro and macrovesicular fatty changes. The anisokar-
yosis (larger nuclei) and binucleated hepatocytes suggested re-
generative responses as well as the fatty degeneration mostly in case of
MP-Apt and MPS-Apt [44]. Some brown necrotic bodies were also
visible. Kidneys did not show any major changes in any of the treatment
groups. These findings demonstrated the presence of mild nephritis. On
the other hand, no major change in lung histology was also obvious.
Normal alveolar structures were observed and arterioles were normal.
These investigations reported the safety of this surface-functionalized
system.

4. Conclusion

The aim of this study was to formulate functionalized PLGA-SFB
microparticles for targeted therapy. The microparticles were modified
with the aptamer against ErbB3 receptors, aiming to diminish the
toxicity of SFB due to non-specific delivery. Physicochemical and
morphological studies revealed a sub-micron range formulation with a
spherical and smooth surface. Synergistic dose-dependent cytotoxicity
was demonstrated using SFB and Apt formulations. This effect was also
evident in apoptosis assay showing nuclear condensation as a possible
mechanism of cell death. Inhibition of cell migration by SFB and Apt
containing formulations was also revealed from the scratch test.
Increased levels of ROS were observed in cells treated with formula-
tions containing both SFB and Apt. The presence of particles, inside

Fig. 5. ROS assay measuring the production of 2′, 7′-dichlorofluorescein (DCF)
of microparticles (MP), surface-modified microparticles (MP-Apt), sorafenib-
loaded microparticles (MPS) and sorafenib-loaded surface-modified micro-
particle (MPS-Apt). Tert-butyl hydroperoxide (TBHP) was used as a positive
control. Cells indicate untreated cells. Statistical differences are denoted as “∗∗”
p < 0.01 and “∗∗∗” p < 0.001.
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cells was visualized using CLSM and showing particle localization in-
side the nuclear region (co-localization coefficient> 0.7). The in vivo
assessment of the blood profiles along with serum biochemistry de-
monstrated the safety of the formulations. Heart and liver-specific
toxicities were however evident in the presence of SFB and Apt. The
combination of SFB and Apt together with a submicron-ranged delivery
system could prove to be a powerful tool in anticancer therapies. The

presence of a targeted aptamer will solve the problem of non-specific
effects of SFB by specifically delivering the drug to resistant tumors.
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Table 1A
Bodyweight changes in mice in different treatment groups.

Treatments Body Wt. Start
(gm ± SD)

Body Wt. End
(gm ± SD)

Change (%)

MP 34.13 ± 1.54 35.07 ± 1.77 2.66
MP-Apt 30.43 ± 1.18 32.43 ± 2.59 6.17
MPS 32.30 ± 4.90 31.27 ± 4.82 −3.30
MPS-Apt 27.01 ± 1.27 30.57 ± 3.00 8.51
Apt 28.54 ± 2.82 30.10 ± 3.64 5.17
Control 33.47 ± 2.49 34.60 ± 1.61 3.28

Table 1B
Body visceral Index of mice after treatment with formulations.

Treatments Weight (%) ± SD

Heart Liver Kidney Lungs

MP 0.49 ± 0.04 4.94 ± 0.27 0.72 ± 0.06 0.78 ± 0.04
MP-Apt 0.61 ± 0.02 6.41 ± 0.57 0.80 ± 0.01 0.79 ± 0.05
MPS 0.49 ± 0.04 6.21 ± 0.33 0.71 ± 0.05 0.80 ± 0.06
MPS-Apt 0.63 ± 0.02 7.09 ± 0.03 0.77 ± 0.01 0.97 ± 0.02
Apt 0.64 ± 0.05 5.87 ± 0.46 0.73 ± 0.03 0.70 ± 0.03
Control 0.55 ± 0.023 4.38 ± 0.15 0.74 ± 0.03 0.74 ± 0.03
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Table 1C
Complete blood count of mice after treatment with formulations.

Treatments Hemoglobin (g/dl) TLC (*109/l) RBC (*1012/l) HCT (PCV) (%) MCV(fl) MCH (pg) MCHC (%) Platelets (*109/l)

MP 12.20 ± 0.10 9.60 ± 0.50 6.99 ± 0.03 43.60 ± 0.53 54.27 ± 0.38 15.27 ± 0.06 28.33 ± 0.58 652.00 ± 2.08
MP-Apt 11.27 ± 0.15 7.27 ± 0.12 5.55 ± 0.04 42.00 ± 0.10 62.23 ± 0.12 17.50 ± 0.10 28.23 ± 0.06 1015.33 ± 5.51
MPS 11.27 ± 0.21 7.20 ± 0.10 5.60 ± 0.03 39.91 ± 0.10 49.60 ± 0.10 14.67 ± 0.06 29.73 ± 0.06 910.67 ± 0.58
MPS-Apt 11.90 ± 0.10 5.70 ± 0.10 5.98 ± 0.03 42.50 ± 0.20 63.60 ± 4.59 16.80 ± 0.26 28.33 ± 0.21 1167.00 ± 5.69
Apt 12.33 ± 0.21 6.53 ± 0.06 6.99 ± 0.01 43.13 ± 0.32 62.27 ± 0.15 17.93 ± 0.06 28.80 ± 0.10 959.00 ± 9.85
Control 12.83 ± 0.31 9.67 ± 0.85 6.07 ± 0.29 44.23 ± 0.61 49.93 ± 1.17 13.90 ± 0.53 26.07 ± 0.85 1274.00 ± 20.66

Total leukocyte count (TLC).
Red blood cells (RBC).
Hematocrit (HCT).
Mean corpuscular volume (MCV).
Mean corpuscular hemoglobin (MCH).
Mean corpuscular hemoglobin (MCHC).

Fig. 7. Effect of microparticles (MP), surface-modified microparticles (MP-Apt), sorafenib-loaded microparticles (MPS) and sorafenib-loaded surface-modified mi-
croparticle (MPS-Apt) on blood biochemistry. Statistical differences are denoted as “∗∗” p < 0.01 and “∗∗∗” p < 0.001and were calculated using controls in each
case.
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