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ABSTRACT

Objective(s): This study aims to enhance 17 a-methyltestosterone loaded human serum albumin nanoparticles
(MT-HSA NPs) bioavailability through a desolvation technique. Dopamine (DA) molecules were conjugated
on the surface of MT-HSA NPs and have the potential to act as tiny proper ligands in a unique treatment
system to cope with cancer in which drug will be transmitted to the cancer area. Herein, we used HSA as
an adaptable carrier of anticancer agents for methyltestosterone transport to the tumor site via DA D1-
D5 receptors. In the present study, sonication of MT-HSA solution was carried out before the desolvation
procedure to increase the drug loading and entrapment efficiency.

Materials and Methods: Various parameters were optimized to characterize NPs including morphology,
size, zeta potential, polydispersity index, drug release profile, and entrapment efficiency.

Results: Under the optimum conditions of HSA and drug (1:41), at pH 9, results demonstrate sizes of 69 nm
and 82 nm for MT-HSA and MT-HSA-DA NPs respectively. For MT-HSA NPs, the polydispersity index was
found to be 0.3 and the average drug loading and encapsulation efficiency were 14% and 91% respectively.
Anticancer activity and the release of drug was investigated through MCEF-7 breast cancer cell line. Results
show that targeted NPs are more effective than non-targeted NPs.

Conclusion: According to these studies, the therapeutic effects against various diseases such as cancers
increase through cellular targeting property of a biocompatible drug delivery system. This is the first report
for methyltestosterone delivery to breast cancer cells based on HSA NPs.
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INTRODUCTION

To date, chemotherapy, radiation therapy, and
surgical intervention or a combination of these
options are applied to cancer treatment options
[1]. However, disadvantages of these strategies
such as low access to drugs at the tumor sites,
renal toxicity, or hepatic toxicity lead to overcome
their benefits. Recently, as an effective anticancer
delivery system, nanoparticulate drug delivery
systems (NDDS) have been established [2]. Their
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tiny size, bioavailability, biodegradability, high
drug loading, the long-term circuit in the blood,
and the capacity to active or passive targeting
of a determined area are desired properties
of NDDS [3]. There are different types of drug
delivery systems including polymeric micelles
[4], liposomes [5], dendrimers [6], and drug
conjugated polymers [7, 8]. There is a promotion
in protein nanocarriers that are developing, in
general, considered as protected drug delivery
instruments because of their biodegradability,
high dietetically value, non-antigenicity, the
excellent binding capacity of different drugs and



T. Noori et al. / Dual-targeted drug delivery system for methyltestosterone drug

abundant renewable sources [9].

Human serum albumin (HSA) is the most
frequent substance in human blood plasma
(almost about 35-50 g/L). The liver has to produce
HSA with a 19-day half-life in the human body [10].
This protein with low tryptophan content and rich
in cysteine is a single polypeptide with 585 amino
acids. HSA with three structural domains (I, I,
and 1lI) can be observed using structural analysis
of X-ray. Each domain is divided into two sub-
domains that named “A” and “B” [11]. Albumin has
a multi-functional ability and high binding capacity
to deliver many fatty acids, hydrophilic and
hydrophobic drugs, bilirubin, ions, and different
hormones due to the different drug-binding sites
in the molecular domains [12]. HSA nanoparticles
(HSA-NPs) are formed by the assembly of HSA
molecules in solution forming intermolecular
disulfide bonds [13]. There are several different
techniques to the production of albumin NPs
that include coacervation, emulsion formation,
and desolvation [14]. In the desolvation method
reproducibility and controlled drug release is high
compared to other techniques [15].

HSA can resist heat up to 60°C for 10 hours and
is stable within the pH range of 4-9 [16]. Various
anti-cancer drugs, such as paclitaxel [17] curcumin
[18] docetaxel [19] and 5-fluorouracil [20] can
deliver to cancer cell via the HSA glycoprotein 60
(GP60) receptor present on the surface of cancer
cells, without causing an immune response, hence
increase the bioavailability and distribution of the
drug [13].

The dual-targeted delivery systems are
developed to improve the selectivity of drugs to
cancer cells [2]. To date, several ligand-receptor
systems have been studied for targeted drug
delivery.
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In the field of targeted drug delivery, various
ligand-receptor systems have been investigated
such as lipoprotein receptors, transferrin
receptors, lectin receptors, interleukin receptors,
and receptors expressed on the cancer cells [21].
Dopamine (DA) receptors are an example of these
receptors which are overexpressed in some of
the cancer cells, such as human breast cancer
and colon adenocarcinoma [22, 23]. Borcherding
et al., indicated in breast cancer, DA type-1
receptors (D1R) expression identifying receptors
as a novel therapeutic target. Signaling the cGMP-
protein kinase (PKG) pathway through DA and D1R
agonists, threat viability, and invasion of the cell
and finally result in apoptosis in multiple lines of
breast cancer cells [23].

The Food and Drug Administration in 1973
approved the 17a-methyltestosterone (MT) for
the treatment of breast cancer [24].

This drug is a synthetic androgen that is utilized
broadly as a constituent of hormone substitution
therapy with the affinity for the androgen
receptor. MT could influence local estrogen
formation by regulating aromatase expression or
by restraining aromatase activity, the contrary is
not aromatized [25].

In this study, we designed a dual drug delivery
system for MT anti-cancer drug using HSA NPs to
reduce its side effects on the normal cells; DA was
used as a targeting moiety as well.

MATERIALS AND METHODS
Materials

MT was purchased from Aburaihan
pharmaceutical company. N-hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) were obtained from Merck Co.
(Darmstadt, Germany).
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Fig 1. Preparation of MT-HSA NPs using ultrasonication and desolvation methods
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HSA (purity 96%—99%), 8% glutaraldehyde,
and DA were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Preparation of MT-HSA NPs using ultrasonication

MT-HSA  NPs  were prepared using
ultrasonication in the fabrication procedure (Fig
1) using the desolvation method [26]. First, HSA
was dissolved in 2.0 mL of 10 mM NacCl [3, 27].
Second, MT (poorly soluble) was added to HSA
solution and ultrasonicated at 20 W for 30 min
with a probe-type sonicator [28]. Then, the pH
was adjusted to 8 by adding 0.1 M NaOH. The MT-
HSA solution was stirred for proper time with a
magnetic stirrer (550 rpm) at room temperature
to achieve MT adsorption on the HSA complex.
Then, NPs were spontaneously created by adding
ethanol (dropwise) to the MT-HSA solution with a
rate of 1.0 mL/min [3, 29]. To stabilize these NPs, it
was needed to add 120 L of 8% glutaraldehyde. The
crosslinking of NPs was induced for 24 hours under
continual magnetic stirring at room temperature
[30]. Finally, the purification of obtained albumin
NPs and removing unloaded drug was performed
using centrifugation (8,000 g, 30 min) along with
the redispersion process in an ultrasonication
bath. Finally, NPs were dispersed in phosphate
buffered saline (PBS) (0.01 M).

Dopamine conjugation on MT-HAS-NPs

The synthesis of MT-HSA-DA NPs was performed
as a modified technique represented by Kim et al.,
and Lee et al. [31]. 0.3 mg of NHS and 0.5 mg of
EDC were dissolved in 1 mL of PBS (pH 6.6, 0.01
M) for 15 minutes at room temperature to prepare
activation buffer. The activated buffer was added
to MT-HSA-DA NPs dropwise under slow stirring.
After 20 min, 0.2 mg of DA was added, and the pH
was adjusted to 6.8 using 0.01 M HCI. The solution
was incubated for 3 hr. The mixture was dialyzed
using dialysis bag of 12 kDa cut-off placed in 0.01
M phosphate buffer (pH 7.4, 450 mL) three times
at 2 hr intervals to completely expel unloaded DA
molecules from MT-HSA-DA NPs.

Effect of various factors on polydispersity index
and size of NPs

In this study, we investigated various
parameters such as pH, the rate of addition of
ethanol, and albumin concentration that are
affecting the polydispersity index (PDI), and the
size of NPs [32] and thus Zetasizer (model 3600,
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Malvern Instruments Ltd., Worcestershire, UK)
was used. For obtaining of zeta-potential, the NPs
suspension was centrifuged to remove the excess
drug and also phosphate buffer and sediment NPs
were separated from the solution, then water with
the same volume was added and probe sonicated.
One of the factors in each step was variable while
the others were fixed and their influences on
particle size and PDI were studied. We aimed to
survey the affecting factors on particle size and
optimize the procedure in such a way to attain
the NPs with minimum particle size and PDI. The
results of the present study have shown that
the size of particles plays a significant role in the
absorption of NPs and is an effective factor for
cellular uptake many cell lines, only submicron
particles can be taken up well instead of the larger
size microparticles, which is in agreement with
published literature [33].

Characterization of MT-HSA NPs

To investigate the structure of MT-HSA NPs,
scanning electron microscopy (SEM; TESCAN,
MIRA Il model) was carried out at an operating
voltage of 15kV. For this purpose, 4-5 drops of
NPs were placed on a glass slide to dry at room
temperature and subsequently scanned through
SEM operating at 25 kV.

Atomic force microscopy (AFM) (MobileS,
Nanosurf, Switzerland) was performed to examine
the structure of MT-HSA NPs with noncontact
mode. A few drops of the sample were deposited
on a glass slide and dried at room temperature,
subsequently scanned. Transmission electron
microscopy was used to inspect and observe
the structure and size of the MT-HSA NPs. A few
drops of NPs were placed on a carbon film-coated
Transmission electron microscopy (TEM) grid and
dried at37 ° C. The device used for sample scanning
was the FEI TECNAI G2 model that acted at a
100 kV accelerator voltage. Differential Scanning
Calorimetry (DSC) of MT, HSA, and MT-HSA NPs
was carried out using DSC (SDT Q 600 V20.9 Build
20). The analysis of samples was performed with
a temperature range of 0-200 °C at a rate of 10 °C/
min.

Determination of drug entrapment efficiency and
drug loading

The drug loading (DL) and encapsulation
efficiency (EE) of MT in MT-HSA NPs were
determined using a UV-vis spectrometer. The
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concentration of MT in NPs was evaluated using
the calibration curve of MT with concentration
between 0.09-0.9 mg/mL (y = 1.254 x + 0.009,
R2= 0.98) at 241 nm. The calibration curve was
obtained from the UV absorbance of several
standard MT aqueous solutions. The freshly
prepared NPs suspensions were centrifuged at
8000 rpm for 30 min. The supernatants were then
removed for the determination of free MT in the
suspensions.

Calculation of DL and EE was performed utilizing
presented formulas:

DL(%) = Total MT — Free MT % 100 o
%)~ MT — HSA NPs weight
EE(%) Total MT — Free MT 100 )
R ————
0 Total MT @

Drug release of MT-HSA NPs

In vitro release study of MT-HSA NPs was done
via the dialysis bag diffusion technique. MT-HSA
NPs were placed in a dialysis bag (cut off 12 kDa).
The dialysis bag was placed in 100 mL of PBS with
different pHs (5.5, 6.8, and 7.4), and maintained
at room temperature with constant stirring at
550 rpm [34, 35]. At distinct time intervals, a 2
mL aliquot of the release medium was removed
and the same volume of fresh buffer was added
into the system. The concentration of MT in the
release medium was calculated from the MT
absorption calibration curves at 241 nm.

In vitro cytotoxicity study

MTT method was wused to evaluate
proliferation inhibition effects on the cancer cell
line, using 8, 16, and 32 pg/mL concentrations
of HSA, HSA-DA, MT, HSA-MT, and HSA-MT-D
.In the present study, the MCF-7 (ATCC HTB-
22TM) - the adherent epithelial adenocarcinomas
coming by the mammary glands taken from the
metastatic pleural outflow area was applied. Cell
line has grown in 75-cm2 tissue culture containers
well-kept in Dulbecco’s Modified Eagle Medium
(DMEM) and 10% heat-inactivated fetal bovine
serum, 100 U mL-1 penicillin and 100 pg mL-1
Streptomycin were added. In 2-day intervals, the
medium was revived, and cultivated cells were
kept warm at 37 °C in a humid setting (95% air
and 5% CO2). To achieve proper confluency,
these cells were separated into two parts using
Trypsin-EDTA (0.25%) solution to test the viability
factor. After the adherence, the next step was to
drive out the medium and treat the cells using
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100 pL of HSA, HSA-DA, HSA-MT, and HSA-MT-
DA at concentrations referred to above in culture
media. In the first three days of incubation, cell
samples were investigated to determine their
viability by applying a standard MTT test. 50 pL
of MTT (0.5 mg/mL) was supplemented to the
medium and well-kept in an incubation setting for
4 h. Then the medium was taken away, and 150
pL of DMSO was added to each sample to dissolve
purple formazan crystals. A microplate reader
(Lab System Multiskan, Santa Clara, and Ca) at
the wavelength of 241 nm was applied to assess
the amount of solution absorbed. The formula
presented below was used to compute the cell
viability percentage of HSA, HSA-DA, MT, HSA-MT,

and HSA-MT-DA.
0D of treated cells
X
0D of untreated cells

Cell viability (%) = 100 3)
RESULTS AND DISCUSSION

The aim of the current study was to design a
targeted system of HSA NPs for MT delivery to
breast cancer cells.

® o»A
Receptor
MT

HSA

Schemel. Representation of delivery MT-HSA-DA NPs to
cancer cells
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Fig 2. (a) Effect of the addition speed of ethanol (b) HSA concentration and (c) pH on PDI and particle size

NPs can increase the solubility of hydrophobic
drugs in aqueous solution and can passively
accumulate in tumor tissue through the enhanced
permeability and retention (EPR) effect using
targeting ligands such as human epidermal growth
factor, DA, and folic acid [21, 36].

D1R is overexpressed on breast cancer cells
and it enables DA to enter the cancer cells via
endocytosis (Scheme 1). Modified desolvation was
applied as the main method to create HSA NPs
containing a high amount of MT. Ultrasonication
was applied to increase the EE and DL, moreover,
caused to reduce the interactions of the inner
particle [3, 37]. HSA will avoid MT aggregate
after the elimination of ultrasound because of its
surface-active and stabile character [38]. Ethanol
was used as a dissolving factor since it functions
like an anti-solvent to HSA and it can reduce the
amount of solubility of HSA in water and promotes
the process of forming NPs through precipitation.
Ethanol addition leads to small changes in the
native structure of protein [39]. Ethanol has been
used as a desolvating factor that acts as an HSA
anti-solvent and can facilitate the process of MT-
HSA NPs formation; moreover, it can reduce the
solubility of HSA in the aqueous phase [39, 40].
After desolvation, cross-linking by glutaraldehyde
via reduction of the amino groups on the albumin
NPs which leads to hardening the albumin NPs,
and also diminishes the stability of the carrier
system [10, 11, 37].

Nanomed. . 8(2): 147-155, Spring 2021

The effect of speed of ethanol addition on the
particle size and PDI
To understand the effect of speed of ethanol
addition on the particle size and PDI, ethanol was
added to the albumin solution at different speeds
(0.5,1,1.5and 2 mL/min). Asindicated in Fig 2a, the
early reduction in the particle size was observed
with a rise in the speed of ethanol addition from
0.5 mL to 1 mL/min. However, more increase in
the speed of addition leads to the larger particle
size. This could be due to the fast desolvation
procedure that leads to precipitation of albumin
and other proteins and more aggregations [32, 41].
So, the speed of adding ethanol should be under
control which was kept at 1 mL/min. The results
are in agreement with the previous reports [32].
Also, a more uniform particle size distribution was
observed at a 1 mL/min addition rate. Since faster
addition speed (e.g. 1.5 and 2 mL/min) leads to
non-uniform particles because of insufficient time
for the complete desolvation [32].

The influence of different HSA concentration on
the size and PDI

The influence of different HSA concentration
on the size and PDI was investigated similar to
other articles [29, 33, 42]. Fig 2b shows that a rise
in the concentration of albumin ranging from 2.5-
10 mg/mL results in an increase in the size of the
NPs. However, 5 mg/mL was the most effective
concentration in size. Nevertheless, results show
that this factor does not affect the PDI.
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The investigation of the pH effect

For the investigation of the pH effect, the pH
value of the HSA solution before the desolvation
procedure was measured as the major factor
determining particle size [42]. Increasing pH has
led to a decrease in the size of the NPs, which is
in agreement with the literature [33] (Fig. 2c). As
indicated, the smallest NPs were obtained at pH
9, however, this factor does not affect PDI. The
effect of the pH was investigated between 4-9,
because albumin is stable in this range [43].

Fig 3. (a) SEM, (b) TEM and (c) AFM images of MT-HSA NPs

Characterization of MT-HSA and MT-HSA-DA NPs

In this study, we investigated the influence of
the different factors on the size and PDI of NPs,
such as the pH solution, the speed of ethanol
addition, and the HSA concentration. Following
carrying out optimization, the final process of
NPs production was selected. The same particles
with small size distribution and PDI were
obtained at pH 9, HSA concentration of 5 mg/
mL, and the addition rate of 1 mL/min. With the
modified desolvation technique reported in the
present study, we achieved MT-loaded HSA NPs
of diameters between 60-70 nm and PDI of 0.3.
The size of MT-HSA NPs was increased from 69
to 82 nm after DA conjugation on the surface of
these NPs. Also, the zeta potential of these NPs
reduced from —17.28 + 0.3 to —14.37 £ 2.61 mV
due to the DA functionalization of MT-HSA. By the
attachment of the DA molecules, unloaded amino
groups on the MT-HSA NPs are reduced. Particle
size, PDI, and zeta potential for DA functionalized
and non-functionalized MT-HSA NPs are shown in
Table 1.

Table 1. Physico-chemical characters of MT - HSA NPs and MT-

HSA-DA NPs
Sample name Size (nm) PDI Zeta potential (mV)
MT-HSA 69 0.3 -17+1.12
MT-HSA-DA 82 0.3 -14.37+2.61

The morphology of the obtained NPs was
analyzed using scanning electron microscopy
and transmission electron microscopy. The SEM
and TEM images (Fig 3a, b) indicate that NPs
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shape is smooth and spherical with uniform size
distribution in the desirable range of their size. The
size of NPs by SEM and TEM is 69 nm and 60 nm
respectively. Also, the atomic force microscopy
was performed to examine the topography of NPs
that shows the smooth surface of the NPs (Fig 3c).
NPs are well-suited to the gates which are opening
at the cellular and sub-cellular levels since both of
them are nanoscaled. The narrowest capillaries
are about 2,000 nanometers in diameter;
therefore NPs with less than 300 nm are effective
for transfer across capillaries. Thus the ability of
NPs to enter cells increases with improving their
bioavailability to cross capillary walls [44].

The pure MT thermogram at 163.25 ° C showed
an endothermic peak that is related to its melting
point (Fig 4).

~—— Drug-HSA NPs
— Drug
HSA
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8

Fig 4. DSC of pure MT, HSA and MT- HSA NPs

The HSA thermocouple peak is also shown at
100 ° C. For NPs, the absence of crystalline MT in
calorimetric cure indicates that the drug is present
in the amorphous phase and is loaded in the NPs
[45-47] .

Physical stability of NPs

Changes in the size and zeta potential of NP
are defined for the physical stability of NPs [46].
Stability studies of MT-HSA NPs were carried out.
The sizes of particles were measured to estimate
their stability. Measuring of the physiochemical
characteristic of NPs has been done through DLS
after a 6-month-term of storage. The samples
were stored at 4° C for six months. The sizes of
particles were increased to 80-85 nm, while
particles were stable as well.

In vitro drug release studies

Small particles have large surface areas, which
allow the drugs to be localized near the particle
surface that subsequently results in faster drug
release. Large particles have large cores in which
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the drugs are encapsulated easily and slowly
diffuse out [39]. In this study, drug release from
NPs with a size of 69 nm is considered. The release
profiles of MT loaded HSA in PBS at three different
pHs are shown in Fig 5. The results show that the
drug release after 80 h, at pH values of 5.5, 6.8, and
7.4 are close to 89%, 78% and 69%, respectively,
that demonstrate higher acidity cause to higher
drug release from HSA NPs. Thus, one can
conclude that release behavior is depended on
the pH value.

100 A
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2 60
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& 40
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Fig 5. Percentages of the release of MT from MT - HSA NPs at
pH5.5,6.8,and 7.4

The drug entrapment efficiency and drug loading

The drug entrapment efficiency and drug
loading are two characteristics of NPs. Several
factors such as the natures of encapsulated
molecules and NPs, and the type of drug loading
method affect the DL and EE. In our study, EE was
calculated using UV-Vis spectroscopy. The amount
of MT present in the supernatant was determined
using a calibration curve at 241 nm. Then, after
drawing of the calibration curve, DL and EE were
calculated according to the MT calibration curve,
their equations and the amounts of MT loaded
HSA NPs weight. Results showed about 91% EE for
MT in MT loaded HSA NPs and DL was 14%.

In vitro cytotoxicity assay

The amount of MTT depends on the division
of soluble yellow tetrazolium rings and the
emergence of insoluble purple formazan crystals
through the mitochondrial enzyme in alive cells.
Therefore, the number of alive cells has a direct
effect on formazan formation. The toxicity of HSA,
HSA-DA, MT, HSA-MT, and HSA- MT-DA in the
MCF-7 cell line is presented in Fig 6 after 24 h.
According to Fig 6 MT does not affect cancer cells
significantly but MT loaded HSA NPs and MT-HSA-
DA NPs kill the breast cancer cells more efficient
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than MT alone. It probably is due to higher uptake
of nanocarrier via HSA and DA receptors on the
cell surface and it can be mentioned that entering
of nanocarrier to the cells is improved by DA as
a targeting molecule on its surface [21] and the
presence of GP60 receptor of HSA on cancer cells
[13]. MTT test revealed that 32 ug/mL of free MT,
MT loaded HSA, and HSA-MT-DA lowers the cell
growth to 23.66 + 1.52, 23.33 £ 3.5, and 8.66 *
0.45 (%), respectively and HSA, and HSA-DA were
not toxic to breast cancer cell line.
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Fig 6. The effect of HSA, HSA-FA, MT, HSA-MT, and HSA-MT-
DA concentrations on the viability of MCF-7 cell line after 24 h

CONCLUSION

In our study, by the modified desolvation
method, DA targeted HSA—MT conjugated NPs
were synthesized as a desirable targeted drug
delivery system to encapsulate MT, improve
therapeutic effects of MT, and decrease its
complication effects. Encapsulation of MT into
HSA NPs led to the enhancement of its solubility
and stability. MT-HSA- DA NPs with size less
than 100 nm were produced using the optimized
process. Due to overexpression of DA receptors,
DA targeted MT-HSA NPs could be taken up by the
cancerous cells. Also, MTT assay with free MT, MT
loaded HSA and HSA-MT-DA showed diminishes
in the cell viability after 24 h. It is considered that
the dual-targeted drug delivery system designed
in the present study could improve the efficiency
of drug and decreases its undesirable side effects.
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