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Abstract

Introduction—Drug targeting and controlled drug release
systems in cancer treatment have many advantages over
conventional chemotherapy in terms of limiting systemic
toxicity, side effects, and overcoming drug resistance.
Methods and Results—In this paper, fabricating nanoscale
delivery system composed of magnetic nanoparticles (MNPs)
covered with poly-amidoamine (PAMAM) dendrimers and
using its advantages were fully used to help the chemother-
apeutic drug, Palbociclib, effectively reach tumors, specifi-
cally and stay stable in the circulation longer. In order to
determine whether conjugate selectivity can be increased for
the specific drug type, we have reported different strategies
for loading and conjugation of Palbociclib to different
generations of magnetic PAMAM dendrimers. The best
method leading to the highest amount of Palbociclib conju-
gation was chosen, and the characterization of the Palboci-
clib conjugated dendrimeric magnetic nanoparticles (PAL-
DcMNPs) were performed. In vitro pharmacological activity
of the conjugation was demonstrated by measuring the cell
viability and lactate dehydrogenase (LHD) release. Obtained
results indicated that PAL-DcMNPs treatment of the breast
cancer cell lines, leads to an increase in cell toxicity compared
to free Palbociclib. The observed effects were more evident
for MCF-7 cells than for MDA-MB231 and SKBR3 cells,
considering that viability decreased to 30% at 2.5 uM
treatment of PAL-DcMNPs at MCF-7 cells. Finally, in
Palbociclib and PAL-DcMNPs treated breast cancer cells,
the expression levels of some pro-apoptotic and drug
resistance related genes were performed by RT-PCR analysis.
Conclusion—Our knowledge indicates that the proposed
approach is novel, and it can provide new insight into the
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development of Palbociclib targeting delivery system for
cancer treatment.

Keywords—Palbociclib, Palbociclib conjugated magnetic
nanoparticles, Targeted delivery, Breast cancer, PAMAM
dendrimer.

INTRODUCTION

In the battle against malignant tumors, chemother-
apy is the most common strategy. The inability of
anticancer agents to selectively attack tumor cells re-
mains the most significant obstacle to successful
chemotherapy.'” An ideal approach to overcoming
these problems is encapsulating the drugs into suit-
able drug delivery systems. Several smart nanoplat-
forms are being developed that respond to internal or
external stimuli, such as changes in enzymes, pH,
hypoxia, redox, magnetic field, temperature, light, and
ultrasound.??

Iron oxide-based magnetic nanoparticles (MNPs)
have gained importance as drug targeting systems due
to their simple structure, easy synthesis, and ability to
alter their properties for different biological purposes.
Such nanoparticles carrying anticancer agents can be
condensed in tumor cells with the help of an externally
applied magnetic field.”> However, extensive surface
modifications are required to increase the stability of
the MNPs in the organism and to protect the
nanoparticles from attack by the immune system cells.
Organic polymers such as poly-amidoamine (PA-
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MAM) dendrimer, polyethylene glycol, chitosan, and
aminosilane are widely used polymers for the coating
of these nanoparticles." 2! 2

PAMAM dendrimer is a well-defined, special three-
dimensional structure having a multivalent surface and
internal cavities that can play an essential role in drug
delivery systems.”® These spherically branched poly-
mers with numerous amine or carboxyl-terminal
groups are capable of forming stable complexes with
chemotherapeutic drugs and oligonucleotides. The
drug conjugated PAMAM dendrimers are pH-sensi-
tive. The polymer rapidly cleaved in acidic pH; how-
ever, it was strong enough in physiological conditions.
The pH differences between tumors (pH 5.6-6.8) and
healthy tissues (pH 7.0-7.4) investigated different
microenvironments to release drugs from PAMAM
dendrimers. This form of delivery minimizes payload
exposure to healthy tissues and maximizes the dose to
the site of disease.'? Palbociclib is a type of targeted
drug which is effective in the treatment of different
types of tumors, especially against advanced stage or
metastatic, hormone receptor-positive (ER+, PR+),
HER?2 negative breast cancer.’

In this study, fabricating Magnetic PAMAM den-
drimers (DcMNPs) and using their advantages were
fully utilized to help the chemotherapeutic drug, Pal-
bociclib, reach tumors specifically and stay stable dur-
ing the systemic circulation period in the body. After
synthesizing DcMNPs, the drug loading/conjugating
on these nanoparticles was examined via various
methods. A critical issue in dendritic drug delivery
systems is achieving a high drug payload. It may be
possible that some of the nanocarrier—drug conjugates
show less therapeutic activity compared to free drugs
due to relatively low drug payload, decoupling imme-
diately after conjugation, or the lack of drug release
from the conjugate.'" *® Therefore, the main focus of
this study was to synthesize DcMNPs conjugates with
relatively high Palbociclib loading and increase the
conjugations’ pharmacological activity inside the can-
cer cell. The cellular internalization and cytotoxicity
effect of these complexes were evaluated in three dif-
ferent breast cancer cell lines, MCF-7 (ER", PR*,
HER27), MDA-MB-231(ER™, PR™, HER2"), and
SKBR-3 (ER~, PR, HER2"). Finally, the expression
patterns of some anti-apoptotic and pro-apoptotic
genes were analyzed in Palbociclib conjugated
nanoparticles-treated breast cancer cells.
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EXPERIMENTAL SECTION

Synthesis of Magnetic PAMAM Dendrimers

Synthesis of PAMAM dendrimers was previously
reported by our group.”” Different generations of
amine and carboxyl end group PAMAM dendrimers
were prepared according to the previously described
procedure. These synthesized nanoparticles have either
positive (with amine end group) or negative (with
carboxyl end group) surface charge with suitable size
distribution and targetability properties under a mag-
netic field.'®

Cell Culture

MCEF7, SKBR3, and MDA-MB231 cell lines were
used in all experiments. Cells were maintained in
RPMI 1640 medium (Lonza, Germany) supplemented
with heat-inactivated fetal bovine serum (FBS) (10%
(v/v)) (Biochrome, Germany) and gentamicin (1% (v/
v)) (Lonza, Germany) in tissue culture flasks (Greiner
Bio-one, Germany). Cells were incubated in a Heraeus
incubator (Hanau, Germany) at 37 °C supplemented
with 5% CO, and subcultured; when they reached
80% confluency.

Cellular Uptake of FITC Modified DcMN Ps

Generation five carboxyl end group (GS5.5)
DcMNPs were conjugated with fluorescein isothio-
cyanate (FITC) in ethyl dimethylaminopropyl car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS)
solutions to observe cellular uptake into breast cancer
cells. The conjugation process was carried out with the
surface activation method of EDC/NHS solutions.” In
this method, 100 L FITC (Sigma Aldrich, Germany)
(1 mg fluorescein was dissolved in 1 mL DMSO) fol-
lowed by the addition of 20 mg EDC (Sigma Aldrich,
Germany) and 4.6 mg NHS (Sigma Aldrich, Ger-
many), which were dissolved in 2 mL of PBS (pH 5.8)
(Sigma Aldrich, Germany) and remained at 4 °C for
2 h.*° G5.5 DcMNPs (5 mg/mL) was added to the
solution and rotated (Biosan Multi RS-60 Rotator) at
100 rpm with 25 s vibration intervals overnight in the
light-protected tubes at 4 °C. After incubation time,
particles were separated via magnetic decantation and
washed several times with PBS until the supernatant
turned colorless. The obtained FITC-DcMNPs were
resuspended in medium to a final concentration of
250 ug/mL.
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Confocal Microscopy Analysis

MCEF-7, MDA-MB-231, and SKBR-3 cells, plated at
a5 x 10° cells/mL density in 6-well plates, were used for
uptake studies. After 24 h of culture, when they formed
confluent monolayers, each cell monolayer was rinsed
thrice and re-incubated with FITC-DcMNPs solution
(250 pg/mL) for 24 h at 37 °C. The experiment was
terminated by washing the cell monolayer three times
with ice-cold PBS. The resultant cells conjugated with
FITC-DcMNPs were visualized by confocal microscopy
(Leica Microsystems DM 2500).

Flow Cytometry Analysis

3.5 x 10° breast cancer cells were cultured in 2 mL
medium in each well of 6-well plates for 24 h in a
humidified environment at 37 °C and 5% CO, until a
70-80% confluence was reached. Then, the medium was
removed entirely and replaced with a fresh medium with
250 ug/mL G5.5 FITC-DcMNPs."? The exposure was
varied for 1, 2, 4, 6, 8, and 24 h with a constant amount
of DcMNPs. After the exposure time, each cell line was
prepared for Flow Cytometry analysis separately. Only
viable cells were collected for analysis. Cells were washed
with PBS and detached with trypsin. After centrifuging,
cells were washed and resuspended at PBS. At least
20,000 events per sample were analyzed. Side scattering
(SSC) and forward scattering (FSC) were measured by
flow cytometry (BD Biosciences, USA).

Loading of Palbociclib on DcMN Ps

Loading studies on PAMAM dendrimer-coated
magnetic nanoparticles to Palbociclib were carried out
in Methanol, PBS (pH 7.2), Tris (pH 7.3), and acetate
(pH 5.0) buffers. The Palbociclib and DcMNPs com-
plexes were prepared by mixing equal amounts of the
drug solution and different amounts of DcMNPs
solution followed by gentle rotating (Biosan Multi
rotator RS-60) at 37 °C for 24, 48, and 72 h to ensure
the complex formation. The nanoparticles loaded with
Palbociclib (Sigma Aldrich, Germany) were separated
by magnetic separation (Loading Method I and
Loading Method II) and ultracentrifuge methods
(Loading Method III). The supernatant was removed
and the absorbance was measured at 218 nm with the
UV spectrophotometer and HPLC to determine the
amount of binding of the drug to the nanoparticles.

Synthesis of Magnetic PAMAM—Palbociclib Conjugate

The linking of the drug to the dendritic chain was
done using a covalent method which consists of several
steps. 24.40 pg Palbociclib (50 pmol) and 150 umol

EDC were dissolved at 1 ml DMSO (Sigma Aldrich,
Germany) and stirred for half an hour at room tem-
perature. 100 umol succinic acid (SA) (Sigma Aldrich,
Germany) was slowly added to the solution and stirred
for 24 h. Excess SA was added to obtain a complete
reaction between the drug and SA. Resulting PAL-SA
was stirred for 3 h at room temperature in the presence
of excess 150 ymol of EDC. Then 1000 pg/mL of
PAMAM G5.5 was added to the reaction mixture and
stirred at room temperature for 2 days (Fig. 1).

The PAL-PAMAM was purified by magnetic sepa-
ration and the HPLC method was used to measure the
amount of drug in the supernatant.’” The column used
in the HPLC study was seclected as Agilent CI18
(250 mm x 4.6 mm, 5 um). A solution containing
acetonitrile (300:700, 0.1% TFA) was used as the
mobile phase. The determined wavelength is 234 nm/
260 nm. The column temperature was set to 40 °C.
The flow rate is 1.0 mL/min and the sample size is
10 uL. HPLC measurements were carried out in
METU Central Laboratory.

Characterization of Drug Conjugated DcMN Ps

The particle shape and size of the synthesis of
nanoparticles loaded with Palbociclib were monitored
by electron microscopy (TEM and SEM). In addition,
the characterization of DcMNPs loaded with Palbo-
ciclib were carried out with potential analyzes of FTIR
and zeta-potential. The FT-IR analysis, Transmission
Electron Microscopy (F.E.I. Tecnai G2 Spirit BioT-
win), SEM, and Zeta-Potential (Malvern NanoZS90)
measurements were carried out in METU Central
Laboratory.

Cell Viability Assay

MCF-7, SKBR-3, and MDA-MB-231 cells (1 x 10*
cells/well) were cultured at 50 4L medium in opaque-
walled white multiwell plates for a day. The cells were
treated with different concentrations (2.5, 5, 15, 25, 30
and 50 uM) of Palbociclib and Palbociclib conjugated
DcMNPs for 96 h. After incubation time, the plate and
its contents were equilibrated to room temperature
(22-25 °C) for approximately 30 min. An equal vol-
ume of CellTiter-Glo® (Promega, G9681) reagent and
cell culture medium was added to each well. The con-
tents were mixed vigorously for 5 min to induce cell
lysis. The plate was incubated at room temperature for
an additional 25 min to stabilize the luminescent sig-
nal. Luminescence was recorded by the SpectraMax
iD3 microplate reader.
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FIGURE 1. Schematic for Palbociclib—Succinic acid—-G5.5 PAMAM conjugation.

LDH Assay

The breast cancer cells were seeded in 96-well plates
(1 x 10* cells/well) in 50 uL of media and then treated
with different concentrations (2.5, 5, 15, 25, 30, and
50 uM) of Palbociclib, PAL-DcMNPs, and bare
DcMNPs. The PAL-MNPs were washed twice by PBS
to remove the excess amount of drug and DMSO after
precipitation by a magnet and resuspended at desired
concentration with 5% RPMI 1640 medium. The
treated cells were then incubated for 24, 48, 72, and
96 h. Then, non-treated (control) and treated cells
(100 uL) were transferred to separate eppendorf tubes
and centrifuged at 1000 rpm for 5 min to remove cell
debris. The total amount of released enzyme was
determined using a Lactate Dehydrogenase (LDH)
Colorimetric Assay kit (Abcam, USA). 5 ulL of all
media was added to 45 uL assay buffer and 50 uL of
reaction mix was added. The absorbance of NADH
Standard, positive controls and samples were mea-
sured immediately at OD 450 nm (T1) on a micro-
plate-reader (SpectraMax iD3 microplate reader) in a
kinetic mode every 2 min for 60 min (T2) at 37 °C
protected from light. The LDH activity in the test
samples was calculated by using Eq. (1).

LDH activity = (AT » V) x D = nmol/min/mL

=mU/mL,

(1)
where f is the amount of NADH in sample well cal-
culated from standard curve (nmol), AT is the reaction
time (minutes), V' is the original sample volume added

into the reaction well (mL) and D is the sample dilu-
tion factor.
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RNA Isolation, cDNA Synthesis, and Real-Time
Polymerase Chain Reaction (RT-PCR) Test

After treatment of the cells with 15 uM Palbociclib
and incubation for 96 h, total RNA was extracted
using a high pure RNA isolation kit (Roche, Germany)
according to the manufacturer’s instructions. Then
1 mg of total RNA was reverse transcribed into cDNA
by the high-capacity cDNA reverse transcription kit
(Thermofisher, Katalog No: 4368814). Finally,
expressions of some essential apoptotic genes such as
Bax, Bcl-2, CDH1, MDR1, and mTOR were examined
by RT-PCR analysis. The SYBR Green Master Mix
(Roche Diagnostics, Switzerland) was used to perform
RT-PCR according to the manufacturer’s instructions
on a LightCycler® 480 instrument (Roche Diagnostics,
Switzerland). Fold changes of Bax, Bcl-2, Puma,
CDHI1, MDRI1, and mTOR genes were normalized to
the internal control gene GAPDH and calculated for
each sample relative to a no-treatment control. Rela-
tive fold changes in mRNA levels compared to con-
trols were measured using the 2 %" calculations
(AAC[ — Acttreated _ Actcontrol)'

RESULTS AND DISCUSSIONS

Cellular Uptake of FITC Modified DcMN Ps
by Confocal Microscopy

The efficacy of drug-loaded nanoparticles depends
on the cellular uptake and the released dose of the drug
from the internalized nanoparticles within the cells. In
order to determine cellular internalization, FITC con-
jugated DcMNPs were prepared (Fig. 2). A fluorescent
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FIGURE 2. Schematic representation indicating conjugation of G5.5 DcMNPs with FITC in EDC/NHS solutions.

FIGURE 3. Cellular uptake of FITC-DcMNPs by (a) MCF-7 cells by confocal microscopy (40 X1 and 40 X2 zooms), (b) MDA-MB-231
(40 X1 florescent and bright field).

dye acts as a probe for DcMNPs and offers a sensitive
method to assess intracellular uptake. A similar label-
ing method was used earlier by Arya et al. to investi-
gate the uptake of chitosan nanoparticles in the human
pancreatic cancer cell and embryonic kidney cell lines.”

The cellular uptake of FITC conjugated GS5.5
DcMNPs were visualized in MCF-7, MDA-MB231,
and SKBR-3 breast cancer cell lines by confocal mi-
croscopy; (Fig. 3). The reflection of bright green dots
inside and around the nucleus indicates the nanopar-
ticles’ intracellular localization, expressing the efficient
cellular uptake of the particles. In contrast, the bright-
field images show no visible particles on the outside or
the surface of the cells.

Detection of FITC Labeled Magnetic Nanoparticle
Internalization in Breast Cancer Cells by Flow
Cytometry

Flow Cytometry analysis is a fast and reliable
method to study the uptake of modified nanoparticles
by cancer cells. The magnetic nanoparticle-exposed
and unexposed cells running in flow Cytometry can be
distinguished regarding their light scattering and fluo-
rescence signals. The side scattering correlates with the
internal granularity of the cells and provides infor-
mation about the cellular effects after nanoparticle
internalization."?
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FIGURE 4. Density plot of SSC and FSC signals of MCF-7, MDA-MB-231, and SKBR-3 cells. Cells were incubated with 250 ug/mL

DcMNPs for 24 h.

As shown in Fig. 4, significant side scattering signals
(SSC) changes were displayed in DcMNPs treated cells
compared to the control cells. The cytotoxic effects of
empty DcMNPs up to 250 ug/mL concentration were
evaluated previously by our group.?” Bare nanoparti-
cles showed no significant cytotoxicity on MCEF-7,
SKBR-3, and MDA-MB-231 cells. Treatment with
constant FITC-DcMNPs concentrations (250 ug/mL)
for all cell types showed an increasing time dependence
on SSC signals. The exposure was carried out for 1, 2,
4, 6, 8, and 24 h with a constant amount of DcMNPs.
All cell lines show the highest uptake efficiency within
24 h of incubation regarding uptake kinetics.

All cell lines show an extremely high uptake rate
during the first eight hours of incubation. Between one
and eight hours of incubation, the signal intensity was
increased, and between eight and 24 h, the signal
intensity decreased slightly at MCF-7 and MDA-
MB231 cell lines. A redistribution of the nanoparticles
during cell division might explain the decrease in
scattering after 24 h. Jochum et al. showed the same
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uptake kinetic for FITC-TiO2 nanoparticles at A549
and NIH/3T3 cell lines."?

The decrease of scattering intensity under 2,500,000
signals in all cell lines demonstrated the time-depend-
ing internalization of nanoparticles. MCF-7 and
MDA-MB-231 cell lines show higher uptake than
SKBR-3 between 1 to 8 h of incubation (Fig. 5).
However, after 24 h, the internalization amount is the
same at all cell lines.

Loading of Palbociclib on DcMN Ps

Loading studies of Palbociclib on DcMNPs have
been optimized using different buffer solutions (dH20,
PBS, Methanol, TRIS-HCL, and Potassium phos-
phate) and different generations (3, 3.5, 4, 4.5, 5, 5.5, 7,
and 7.5) of DcMNPs. In order to find appropriate
DcMNPs generation, the various concentrations of the
drug and 2.5 mg/ml of different generations of
DcMNPs mixtures were prepared. Solutions were
incubated on a rotator for 24, 48, and 72 h at room
temperature while protected from light. The nanopar-
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FIGURE 5.

ticles loaded with Palbociclib were separated by the
magnetic separation method and the absorbance was
measured from the supernatant at 218 nm with both a
UV spectrophotometer and HPLC methods. By these
methods, it was detected that less than 30% of Pal-
bociclib loaded onto different generations of DcMNPs.
The data obtained from loading studies showed that
Palbociclib was most loaded to DcMNPs in methanol.
The nanoparticle generations in which the drug was
best loaded were identified as G5 and G5.5. According
to the literature, since the terminal carboxyl groups of
the G5.5 generation were less toxic than the amine
groups in G5, G5.5 nanoparticle generation was se-
lected, and the subsequent studies were continued with
this generation.?

To find a proper concentration of G5.5 DcMNPs,
which the drug was most loaded in methanol, different
concentrations of DcMNPs (1-800 ug/mL) were pre-
pared and all mixed with the same amount (5 pug/mL)
of Palbociclib. The best result was 45% with 500 pg/
mL DcMNPs. To increase the percentage of loading
drug to DcMNPs, ultracentrifugal separation method
was also used. The same amount of PAMAM-coated
MNPs and Palbociclib were mixed for 24 h and then
applied to 20,000, 80,000, 100,000, and 150,000xg
ultracentrifugation to increase the precipitation effi-
ciency of the particles. It was observed that 5 ug/mL
Palbociclib was bound to 500 ug/mL DcMNPs at
100,000xg with an encapsulation efficacy of 51%.
Thus, the loading percentage increased from 45 to 51%
after Ultracentrifugation.

Conjugation of Palbociclib to DcMN Ps

Since the loading of the drug showed a maximum
drug payload of approximately 50%, we tried different
conjugation methods to increase the Palbociclib pay-
load on the G5.5 DcMNPs. Several methods were used
to prepare the new conjugates. The covalent method
for linking the Palbociclib to the PAMAM dendrimer
consists of several steps, and we developed a new tar-
geting delivery system for Palbociclib.

T
1,000,000

SSC-A

T T a T
2,500,000 0 1,000,000 2,500,000 o 1,000,000 2,500,000
SSC-A SSC-A

Intensity analysis at different incubation time for MCF-7, MDA-MB-231 and SKBR-3 cell lines.

Palbociclib (50 umol) and EDC were dissolved at
DMSO. Succinic acid (SA) was slowly added to the
solution, which links Palbociclib and PAMAM den-
drimers. Figure 1 illustrates the steps of the synthesis
of the PAMAM-drug-PAL conjugate. The HPLC
method was used to measure the amount of drug in the
supernatant. Using this method, we achieved the
highest conjugation efficacy as 75%, so we continued
characterization and further experiments by using this
method.

Khandare et al. showed that EDC and other car-
bodiimides could be used for synthesizing biomolecules
and their functionalization with other molecules.'> The
ionic bond interaction between Palbociclib and suc-
cinic acids causes the preparation of co-amorphous
drug systems (Fig. 1). This system improved Palboci-
clib’s solubility, stability and dissolution rate.>' Fur-
thermore, organic acid-conjugated drugs could bind to
OH groups of dendrimers.'”

The toxicity of SA bound Palbociclib was the same
as a free drug in breast cancer cell lines (MCF-7 and
MDA-MB-453). Meanwhile, the co-amorphous drug
did not have toxic side effects on normal breast cancer
cells (MCF-10A) and renal epithelial cells (293 T).*'!
Conjugation of the drug by pH-sensitive linker pro-
vided the release of the drug after hydrolysis in a tumor
acidic environment and after entering the lysosomes.
Marcinkowska et al. showed PAMAM- Docetaxel/
Paclitaxel conjugates by this method and also showed
the toxicity of the drug conjugated nanoparticles in the
SKBR-3 and MCF-7 cells. Analyses of cytotoxicity,
cellular uptake and internalization of the conjugates by
this group suggest that they represent promising vehi-
cles for HER-2-expressing tumor-selective delivery.*

Characterization of Palbociclib conjugated G5.5
PAMAM DcMNPs

FTIR, TEM, SEM, and Zeta ({) Potential analyses
were performed to characterize Palbociclib conjugated
G5.5 PAMAM DcMNPs obtained by Conjugation
Method.
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Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analyses were performed to compare the
structures of bare G5.5 PAMAM magnetic nanopar-
ticles, Palbociclib conjugated G5.5 PAMAM magnetic
nanoparticles and free Palbociclib (Fig. 6). A signifi-
cant difference was observed in the FTIR spectrum of
bare G5.5 DcMNPs and Palbociclib conjugated
DcMNPs between 1180-1250 and 1330-1410 cm ™.
The 1180-1250 cm ™' range indicates the C-O bonds,
while the aromatic groups, O—H and C-N bonds, were
observed between 1330-1410 cm ™.

The peak vibrations between 1700-1820 cm ™' show
the groups of cyclohexane and cyclopentane.
Cyclopentane groups were observed in the Palbociclib
conjugated DcMNPs (Fig. 6d). For free Palbociclib,
the vibrations of N—H and C-H bonds were observed
between 2750-3020 cm ™!, whereas in Palbociclib con-
jugated DcMNPs, these bonds were seen between
2800-3080 cm~'. Also, PAL-SA had a peak between
these ranges at Pal-DcMNPs conjugation (Fig. 6e).>>
Thus these results confirm that Palbociclib was suc-
cessfully conjugated onto the G55 PAMAM
DcMNPs.

Transmission Electron Microscopy and Scanning Elec-
tron Microscopy

The particle shape and size of the G5.5 DcMNPs
conjugated with Palbociclib were observed by TEM
analysis. According to TEM analysis, the average
particle size of the bare G5.5 generation is around 11—
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13 nm*® and drug-conjugated nanoparticle dimensions
were determined to be 12-14 nm (Figs. 7a and 7b).

SEM images of bare G5.5 PAMAM DcMNPs and
Palbociclib conjugated G5.5 DcMNPs indicate the
surface properties and size distribution of nanoparti-
cles. According to the results, it was determined that
G5.5 PAMAM MNPs showed a homogeneous distri-
bution on the surface and the particle size was
approximately 20 nm. The size of the nanoparticles
conjugated with the drug was found to be 45 nm
(Figs. 7c and 7d).

Zeta () Potential

The zeta potential values of drug conjugated MNPs
were measured in deionized water (pH 7.5) with Zeta-
sizer Nano. The data obtained from Zeta Potential
Analysis showed that bare G5.5 generation was nega-
tively charged (— 11.6 mV) at neutral pH. This indi-
cates that terminal carboxyl groups are present in the
G5.5 generation. Furthermore, the zeta potential of
Palbociclib conjugated G5.5 DcMNPs was determined
as + 38.2 mV. The conjugation of Palbociclib on G5.5
DcMNPs could explain this significant increase in zeta
potential from — 11.6 to + 38.2 mV and neutraliza-
tion of the negative charge on the nanoparticle surface.

The zeta potential indicates the degree of repulsion
between adjacent, similarly charged particles in the
dispersion. For particles that are small enough, a high
zeta potential will confer stability, i.e., the solution or
dispersion will resist aggregation. Conversely, when
the zeta potential is low, attraction exceeds repulsion
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FIGURE 7. TEM images of (a) bare G5.5 PAMAM DcMNPs and (b) Palbociclib conjugated G5.5 PAMAM DcMNPs. SEM images of (c)

bare G5.5 DcMNPs and (d) Palbociclib conjugated G5.5 DcMNPs.

and the dispersion will break and flocculate. So, col-
loids with high zeta potential (negative or positive) are
electrically stabilized, while colloids with low zeta-
potentials tend to coagulate or flocculate.?’

LDH Cytotoxicity Assay

LDH release assay was used for cytotoxicity anal-
ysis. Measurements were made at 24, 48, 72, and 96 h
of incubation. The release of LDH into the medium
demonstrated cell death.'* It is possible to distinguish
between cell death and growth inhibition using an
LDH cytotoxicity assay based on modified LDH.*
When a cell loses membrane integrity, it releases LDH,
which is then used as a catalyst to promote a two-step
reaction. The first step is the oxidation-reduction
reaction between NAD™ and lactate. This is followed
by the reduction of a tetrazolium salt (INT) to a col-
ored formazan. The colored formazan product can be
detected colorimetrically through the absorbance
maximum at 450-520 nm.

The G5.5 PAMAM dendrimer was conjugated to
Palbociclib by the pH-depended linker. This drug
conjugation method is stable in extracellular media.?
The carboxyl-terminal dendrimer is transported to the
cell by an absorptive endocytosis mechanism.'> The
drug is released in the acidic environment of the lyso-
some.

The responses of all cell lines to the increasing
concentration of Palbociclib and PAL-DcMNPs are
shown in Fig. 8. The results showed the rising release
of LDH due to the treatment of PAL-DcMNPs after
96 h. However, no significant LDH release was seen
due to treatment with an increasing concentration of
bare DcMNPs (the same amount as PAL-DcMNPs) at
96 h.

Cell Viability Assay

The determination of ATP production is a method
to analyze cellular viability in anticancer studies. In
this study, the CellTiter-Glo® Cell Viability Assay is
used to determine the number of viable cells in cell
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FIGURE 8. LDH activity of Palbociclib, PAL-DcMNPs and bare DcMNPs on (a) MCF-7, (b) MDA-MB-231, (c) SKBR-3.

culture after 96 treatments with Palbociclib and PAL-
DcMNPs. The metabolic activity of the cell was mea-
sured by the production of ATP, and it is based on the
conversion of luciferase into oxyluciferin in an ATP-
dependent reaction that generates light. Thus, the level
of ATP correlates with the amount of light emission.
Cell viability can then be correlated to an increase in
the overall amount of ATP produced in a population
of exponentially growing cells. This assay is particu-
larly useful because it is sensitive enough to repro-
ducibly detect ATP production from a single
mammalian cell. An additional benefit is the extended
dynamic range of this assay, as a concentration of ATP
and cellular viability are directly proportional to cell
numbers between one and one hundred million cells.
The cytotoxicity of Palbociclib and PAL-DcMNPs
were dose-dependent (Fig. 9). At the higher concen-
trations (30-50 uM), free Palbociclib has a more
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cytotoxic effect on MCF-7, MDA-MB-231, and
SKBR-3 breast cancer cell lines. However, with Pal-
bociclib conjugated DcMNPs treatment, it has been
observed that drug doses that inhibit 50% of the cell
viability can be achieved with even lower drug con-
centrations with respect to free Palbociclib for all of
the breast cancer cell lines. These results show that
conjugation of Palbociclib with DcMNPs improved
the cytotoxic effect in lower drug concentrations. The
observed effects were more evident for MCF-7 cells
than for MDA-MB231 and SKBR3 cells. In addition,
the association between cell viability data and LDH
release was also observed at a lower dosage of PAL-
DcMNPs. The values of LDH are relatively high,
considering that viability decreased to 30% at 2.5 uM
treatment of PAL-DcMNPs at MCF-7 cells.
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Quantification of the expression level of Bax, Bcl-2,
CDHI, MDRI, and mTOR Genes in Untreated
and Treated Breast Cancer Cells

To elucidate the difference in apoptotic status
between untreated and treated breast cancer cells, the
expression pattern of the genes related to apoptosis
(Bax, Bcl-2), migration (CDHI1), drug resistance
(MDR1), and cell proliferation (mTOR), in MDA-
MB231, SKBR3, and MCF7 cell lines was examined
by qRT-PCR before and after treatment of the cells
with 15 uM Palbociclib, bare G5.5 PAMAM
DcMNPs, and Pal-DcMNPs for 96 h.

Apoptosis is the orderly and tightly regulated cel-
lular programmed cell death involving signal trans-
duction pathways that induce cells to self-destruct
during embryonic development or in response to
environmental hazards or anticancer therapeutics. In
evaluation of expression analysis of Bcl-2 and Bax, the
ratio of pro-apoptotic Bax to anti-apoptotic Bcl-2
expression was considered as an apoptotic parame-
ter.”® According to Fig. 10, Bax/Bcl-2 ratio increased,
followed by Pal-DcMNPs stimulation at the mRNA
level in all three cell lines, MDA-MB231, SKBR3, and

MCF7. Increased ratio might be correlated to
decreased cell viability of these cell lines after treat-
ment with Pal-DcMNPs. These results could validate
our data obtained from the cell viability analysis,
which showed that treating with Pal-DcMNPs causes
cell death in the breast cancer cell lines.

CDHI (E-cadherin) is considered as a calcium-de-
pendent transmembrane protein that facilitates the
assembly of the specialized intercellular junctions
required for the adherence of epithelial cells.”* *°
According to various in vitro experiments, CDHI
expression is downregulated in colon cancer cell lines
which leads to cell migration and invasion.'® Other
studies have indicated that loss of CDHI expression is
related to the metastasis of lymph nodes,® '* 17 distant
metastasis, and increased mortality.® '

The results of our study revealed that the CDHI
gene was significantly upregulated in all the treatment
groups, in comparison to the untreated control group
(Fig. 11). However, the rise of CDHI expression was
higher in the case of Pal-DcMNPs treated cell lines.
Combined with the findings of previous studies, it can
be said that CDHI may participate in the Pal-
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DcMNPs-mediated inhibition of cell proliferation and
metastasis.

In literature, there are some data indicating the
involvement of Cdhl in apoptotic cell death which is
initially reported in B-lymphoma and also, overex-
pression of Cdhl can dramatically cause cell suscepti-
bility to natural killer cell (NK) cytotoxicity.'
Regarding these results, there could be a possible
association between CDHI1 overexpression and
decreased cell viability in MDA-MB231, SKBR3, and
MCEFT7 cell lines after treating with Pal-DcMNPs in our
study.

P-glycoprotein 1 (multidrug resistance protein 1,
MDR1), is considered as an important cell membrane
protein which pumps out many foreign substances
from the cells. Consequently, overexpression of P-gp is
related to the main mechanism leading to decreasing
intracellular drug accumulation and developing of
multidrug resistance in human multidrug-resistant
(MDR) cancers. According to the results of our study,
we found that after treatment with Palbociclib conju-
gated DcMNPs, MDRI1 gene expression levels did not
significantly change in MDA-MB231 and MCF7 cell
lines (Fig. 12). However, in SKBR3 cells, a statistically
significant decrease was observed in Palbociclib-con-
jugated DcMNPs cells compared to untreated cells
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(» < 0.05), and it was not altered when treated with
Palbociclib and DcMNPs alone, suggesting that this
chemotherapeutic drug can decrease the mRNA
expression of the MDRI1 gene when conjugated with
DcMNPs. Our results in MCF7 cells are in consistent
with the study performed by Chen et al. (Everolimus
Reverses Palbociclib Resistance in ER+ Human
Breast Cancer Cells by Inhibiting Phosphatidylinositol
3-Kinase (PI3K)/Akt/Mammalian Target of Rapamy-
cin (mTOR) Pathway), which indicated that there is no
significant change in MDR1 gene expression either in
mRNA or in protein level in Palbociclib-treated MCF7
cell line.

It is well known that mTOR is one of the Phos-
phoinositide 3-kinase (PI3K) downstream molecules
which regulates cell proliferation, apoptosis and
autophagy.®> According to the studies, an increase in
tumor progression and often a decrease in patient
survival is indicated followed by mTOR signaling
activation.® The activity of mTOR is frequently
upregulated in human cancer.” In a study, noncanon-
ical downregulation of mTOR by Palbociclib treat-
ment was indicated in patient-derived SF7761 and
SF8628 glioma cell lines and it was shown that com-
bined used of CDK4/6 and mTOR inhibitors induce
synergistic growth arrest.’ Another study recently
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reported that Palbociclib treatment increases the acti-
vation of AKT/mTOR signaling.* ** In our study, it
can be seen an upregulation in the expression of
mTOR in MDA-MB231, SKBR3, and MCEF7 cell lines
treated with free Palbociclib (Fig. 13). These results are
in consistent with the data obtained from the study
performed by Cretella et al., in which Palbociclib in-
duced a dose-dependent up-regulation of the phos-
phorylation levels of mTOR protein and its activation
in MDA-MB231 and HCC38 cells.” Our results indi-
cated upregulation of mTOR after treatment with
Palbociclib conjugated DcMNPs in MCF7 cell line.
However, downregulation of mTOR in MDA-MB231
cell line by Palbociclib conjugated DcMNPs treatment
was indicated in our data obtained from qRT-PCR
assay. In SKBR-3 cell line, no change has been seen
after treating by Pal- DcMNPs.

CONCLUSIONS

DcMNPs maintain a suitable drug delivery system
due to their surface functional groups, small sizes, and
targeting ability under the magnetic field. The present
study presents many loading and conjugation methods
that indicate different amounts of Palbociclib with

various generations of PAMAM dendrimers. Accord-
ing to the HPLC and characterization results, the most
efficient Palbociclib conjugation to magnetic PAMAM
dendrimers was approximately 75 percent. The syn-
thesized PAL-DcMNPs have a high potential to be
used as a tumor-targeting and pH-responsive drug
delivery system due to pH-sensitive linkers. Therefore,
it can be an efficient system to reduce the side effects of
drugs and also eliminate drug resistance in cancer cells.
It has been observed that PAL-DcMNPs treatment can
inhibit 50% of the cell viability even in lower drug
concentrations in the MCF-7, MDA-MB-231, and
SKBR3 breast cancer cell lines. This effect may be by
regulating the expression of apoptosis- and drug
resistance-related genes. Thus, PAL- DcMNPs may be
a potential candidate as a therapeutic agent for breast
cancer, considering their ability to stimulate apoptosis
which may inhibit the growth of cancer cells.
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