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ARTICLE INFO ABSTRACT

Keywords: Chemotherapy frequently involves combination treatment protocols to maximize tumor cell killing.
Nanoparticles Unfortunately these intensive chemotherapeutic regimes, often show disappointing results due to the develop-
Chemoresistance ment of drug resistance and higher nonspecific toxicity on normal tissues. In cancer treatment, it is critically
];L?:‘Zzli‘:id" important to minimize toxicity while preserving efficacy. We have previously addressed this issue and proposed

a nanoparticle-based combination therapy involving both a molecularly targeted therapy and chemotherapeutic
agent for neutralizing antiapoptotic survivin (BIRC5) to potentiate the efficacy of doxorubicin (DOX). Although
the particles exhibited strong anticancer effect on the lung carcinoma A549 and the cervical carcinoma HeLa
cells, there were lower-level therapeutic outcomes on the colon carcinoma HCT-116, the leukemia Jurkat and
the pancreatic carcinoma MIA PaCa-2 cells. Since targeted therapies are one of the key approaches for over-
coming drug resistance, tailoring the treatment of cancer cells with distinct characteristics is necessary to im-
prove the therapeutic outcome of cancer therapy and to minimize potential pharmacokinetic interactions of
drugs. In the light of this issue, this study examined whether a cascade therapy with low-dose DOX and survivin-
targeted tailored nanoparticles is more effective at sensitizing HCT-116, Jurkat and MIA PaCa-2 cancer cells to
DOX-chemotherapy than simultaneous combination therapy. The results demonstrated that the sequential
therapy with the protocol comprising addition of the nanoparticles after incubation of cells with DOX clearly
advanced the therapeutic outcome of related cancer cells, whereas the reverse protocol resulted in a reduction or
delay in apoptosis, emphasizing the critical importance of formulating synergistic drug combinations in cancer
therapy.

Colon cancer
Pancreatic cancer
Leukemia

and promoting angiogenesis, three key criteria for cancer growth and
progression (Ryan et al., 2009). Since overexpression of survivin plays
an important role in the drug-resistant phenotype of human cancer

1. Introduction

Conventional chemotherapy uses individual anticancer agents or

combinations for the treatment of malignant tumors (Chabner and
Roberts, 2005). However, tumor cells often present challenges to che-
motherapeutic agents due to multiple mutations endowing high levels
of chemoresistance, which is a major obstacle for successful treatment
(Holohan et al., 2013). One of the prominent factors responsible for the
survival of tumor cells is activation of the inhibitor of apoptosis proteins
(IAPs)-dependent antiapoptotic program, which produces resistance to
chemotherapeutic agents (Fulda and Vucic, 2012). Therefore, this fa-
mily of proteins has gained growing interest as drug targets to eliminate
drug resistance. Survivin, a structurally unique member of IAP family,
is one of the most cancer-specific proteins identified to date due to its
biological function in apoptosis inhibition, proliferation enhancement
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cells, it has become an attractive target to re-sensitize cancer cells to
chemotherapeutic agents and provides opportunities for the develop-
ment of targeted cancer therapies (Pennati et al., 2008). AICAR (5-
aminoimidazole-4-carboxamide-1-B-p-ribofuranoside) is a novel small-
molecule inhibitor of the heat shock protein 90 (Hsp90) and can serve
as a nonpeptidic antagonist of the survivin-Hsp90 complex. This is
achieved by mimicking the chemical and conformational properties of
the recently described peptidic antagonist shepherdin; thereby desta-
bilizing survivin by inhibiting the chaperone function which interrupts
functional protein production (Meli et al., 2006). This implies that
AICAR could be of potential value for increasing the sensitivity of
cancer cells to anticancer agents, and could be easily incorporated in
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practice for the downregulation of survivin as a small-molecule in-
hibitor.

Although remarkable efforts have been made in recent years to
show survivin as a potential biomarker and molecular target in cancer
therapy (Duffy et al., 2007; Altieri, 2008), recent studies attribute a role
to survivin in normal physiology, especially in those cells undergoing
self-renewal and proliferation (Fukuda and Pelus, 2006; Li and Brattain,
2006). Therefore, a long time exposure to anti-survivin therapy could
affect the viability of these stem cells and tissue regeneration. In this
context, targeted delivery is necessary for the translation of survivin
therapy to the clinic in order to overcome issues of potential toxicity
and broad side effects (Shapira et al., 2011). On the other hand, ther-
apeutic agents with low molecular weight are rapidly cleared from the
body and often suffer from a short half-life in blood (Markman et al.,
2013). Therefore, another crucial factor ensuring the effectiveness of
therapeutics is their bioavailability at the target site, which can be
significantly improved via bioconjugation with a stable delivery system
as we have reported previously (Daglioglu, 2017), thereby rendering
improved pharmacokinetic performance at specific target sites.

Considering the potential importance of neutralizing survivin for
enhancing tumor cell response to anticancer agents, we have previously
developed a core/shell type vectorized nanoparticle formulation for
simultaneous delivery of AICAR and DOX, and demonstrated its en-
hanced anticancer capability in five different tumor-derived cell lines
(A549, HCT-116, Hela, Jurkat and MIA PaCa-2) (Daglioglu and
Okutucu, 2016; Daglioglu and Okutucu, 2017). Among all cancer cells
tested, the nanoparticles show stronger anticancer effect on A549 and
HeLa cells, whilst moderately inhibiting the growth of HCT-116, Jurkat
and MIA PaCa-2 cells, most probably due to pharmacokinetic limita-
tions of inhibitor/drug combination (Miao et al., 2017). Since this si-
multaneous combination treatment was found to be less effective in
eliminating the large portion of chemoresistance on HCT-116, Jurkat
and MIA PaCa-2 cells; in the present study, the effect of sequential
combination therapy with low-dose DOX and survivin-targeted tailored
nanoparticles was investigated as an alternative treatment protocol to
determine the most successful synergistic route in cancer therapy. For
this purpose, an improved AICAR delivery platform [Fe;0,@
SiO4(FITC)-BTN/FA/AICAR] with tailored dual-targeting feature was
synthesized to enhance nanoparticle accumulation by simultaneously
targeting multiple receptors on cancer cells, according to the method
previously described (Daglioglu, 2018). In an effort to provide an ex-
tended and safer synergistic inhibition method to increase susceptibility
of cancer cells to chemotherapy, cancer cells were sequentially exposed
to ICso dose of Fe30,@SiO.(FITC)-BTN/FA/AICAR nanoparticles
(50 ng/mL) and a low concentration of DOX (20 nM), which is 5 times
lower than the mean plasma concentration of DOX in patients under
chemotherapy (Minotti et al., 2004), with the following protocols: (1)
DOX alone; (2) the nanoparticles alone; (3) addition of the nano-
particles after incubation of cells with DOX; (4) addition of DOX after
incubation of cells with the nanoparticles. The cell tests demonstrated
that exposure to the nanoparticles after incubation of cells with DOX
significantly increased anticancer activity of DOX when compared with
cells exposed to reverse protocol, and caused an increased rate of
apoptosis compared to simultaneous combination protocol. This con-
firmed that when designing inhibitor/drug combinations, tailoring the
interaction of inhibitors and drugs is of crucial importance to achieve
more effective combination therapy in the treatment of a broad range of
cancers.

2. Material and methods
2.1. Materials
Propidium iodide (PI), RNase A, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), trypsin, proteinase inhibitor
cocktail, bovine serum albumin (BSA), acrylamide, bisacrylamide, TRIS
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base, sodium dedocyl sulfate (SDS), ammonium persulfate (APS), tet-
ramethylethylenediamine (Temed), glycine, Tween-20, non-fat milk
powder, methanol (CH30H) and phosphate buffered saline tablet
(PBST) were purchased from Sigma-Aldrich Chemicals. DMEM growth
medium, RPMI-1640 growth medium, 10% Fetal bovine serum (FBS),
streptomycin, penicillin and L-glutamic acid were purchased from Gibco
Life technologies. BCA protein assay kit, horseradish peroxidase (HRP)
substrate and PVDF membrane were purchased from Thermo Fisher
Scientific. 7-aminoactinomycin (7-AAD) and PE-annexin-V were pur-
chased from BD Biosciences. Caspase-3 colorimetric assay kit was pur-
chased from BioVision, Inc (USA). Anti-mouse survivin antibody, anti-
mouse (-actin antibody and anti anti-mouse HRP-conjugated seconder
antibody were purchased from Cell Signaling Technology (CST). All other
chemicals and reagents were of the highest purity. All the experiments
were performed in deionized Milli-Q water.

2.2. Cell cultures

HCT-116 (human epithelial colorectal carcinoma), Jurkat (human
acute T-cell leukemia) and MIA PaCa-2 (human epithelial pancreatic
carcinoma) cell lines were kindly provided by Biotechnology and
Bioengineering Research and Application Centre, Izmir Institute of
Technology, Turkey. HCT-116 and MIA PaCa-2 cancer cells were cul-
tured in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 ug/ml streptomycin, 100 U/ml
penicillin and 2 mM L-glutamic acid; Jurkat cancer cells were cultured
in Roswell Park Memorial Institute-1640 (RPMI-1640) growth medium
supplemented with 10% fetal bovine serum (FBS), 100 pg/ml strepto-
mycin, 100 U/ml penicillin and 2mM t-glutamic acid. All cell lines
were incubated in 5% CO, and 90-100% relative humidity at 37 °C.
Medium renewal was carried out 2-3 times per week, and cells were
subcultured when they achieved 80-90% confluence.

2.3. Synthesis and characterization of nanoparticles

The silica magnetic-fluorescence based biotin (BTN) and folic acid
(FA) functionalized Fe3;04@SiO,(FITC)-BTN/FA/AICAR nanoparticle
platform was synthesized to deliver antitumoral inhibitor AICAR into
cancer cells as described in our previous work (Daglioglu, 2018).
Briefly, Fe;04 nanocrystals were synthesized by a simple co-precipita-
tion of Fe*?/Fe*3 salts which were then encapsulated within a SiO,
shell to provide surface modification and biocompatibility as well as to
act as a host for fluorescent dye (FITC) via microemulsion sol-gel
chemistry. To ensure quick and efficient cellular internalization of the
nanoparticles in tumor cells, the Fe;0,@SiO,(FITC) structure was co-
vectorized with BTN and FA moieties via an esterification reaction for
exploitation overexpressed vitamin receptors on cancer cells with dual-
targeting concept. Lastly, AICAR was successfully attached on the
amine-modified nanoparticles via pH-labile schiff-base formation which
endowed pH-switched inhibitor release property to the nanoparticles.
The efficiency of AICAR conjugation and physicochemical properties of
the nanoparticles were characterized based on the combination of
several techniques as described (Daglioglu and Okutucu, 2016;
Daglioglu, 2018).

2.4. Cellular uptake analysis

Internalization of the nanoparticles and the presence of DOX inside
the cell were visualized using an Olympus IX71 fluorescence micro-
scope equipped with an appropriate filter set. Images were acquired
using a CCD camera and analyzed using ImageJ advanced version
software. HCT-116, Jurkat and MIA PaCa-2 cells (1 x 10° cells/well)
were seeded in 6-well plates overnight before experiments, and then
sequentially exposed to Fe3z04@SiO,(FITC)-BTN/FA/AICAR nano-
particles (50 pg/mL) and a low-dose DOX (20 nM) for 6 h, at intervals of
3h, in 5% CO, at 37 °C. Microscopic images in the green channel for
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detection of the FITC label encapsulated in nanoparticles, in the red
channel for detection of DOX, in the blue channel for detection of DAPI
and in the bright-field were obtained by fluorescence microscopy.

2.5. Cell viability analysis

The cytotoxic effects of the sequential combination protocols with
Fe30,@SiO,(FITC)-BTN/FA/AICAR nanoparticles and a low-dose DOX
were evaluated using MTT cell proliferation assay. HCT-116, Jurkat and
MIA PaCa-2 cells were seeded into 96-well plates at a density of 1 x 10*
per well in 100 pL of media and grown overnight. The cells were then
incubated with different sequential treatment protocols with DOX
(20 nM) and the nanoparticles (50 pg/mL) either alone or in sequential
combination: DOX alone for 48 h; the nanoparticles alone for 48 h; DOX
alone for 24 h and then the nanoparticles for another 24 h; the nano-
particles alone for 24 h and then DOX for another 24 h, at 37 °C under
5% CO,. Following this incubation, cells were incubated in medium
containing 0.5 mg/mL of MTT for 4 h. The medium was discarded, and
the precipitated formazan violet crystals were dissolved in 150 uL of
DMSO to solubilize the formazan. After shaking the plate for 10 min,
the absorbance of the sample was measured at 570 nm by a multi-de-
tection microplate reader. The absorbance of dissolved formazan in the
visible region correlates with the number of intact active cells. The
percentage of viable cells was calculated according to the following
equation:

Cell Viabﬂit}’(%) = (Mnanoparticles/free drugs — Mblank)/(Mcontrol - Mblank)
X 100

where Myanoparticles/free drugs 1S the absorbance of the cells, growth
medium and nanoparticles or free drugs, Mconwrol is the absorbance of
the cell and growth medium, and My, is the absorbance of the growth
medium alone.

2.6. Detection of apoptotic cells by flow cytometry

The percentage of cells undergoing apoptosis induced by the se-
quential combination protocols was measured using flow cytometry
with 7-AAD and PE-annexin-V staining. HCT-116, Jurkat and MIA
PaCa-2 cells (1 x 10° cells/well) were seeded in 6-well plates with 2 mL
of medium overnight before experiments. The cells were then incubated
with different treatment protocols with low-dose DOX (20 nM) and the
nanoparticles (50 pg/mL) either alone or in sequential combination:
DOX alone for 6 h; the nanoparticles alone for 6 h; DOX alone for 3h
and then the nanoparticles for another 3 h; the nanoparticles alone for
3h and then DOX for another 3h, at 37 °C under 5% CO,. Before
analysis, the cells were carefully washed with cold PBS, digested with
trypsin (except Jurkat) and collected by centrifugation. The cells were
washed twice with cold PBS, resuspended in 200 pL of annexin binding
buffer and stained with 10 pL of 7-AAD and PE-annexin-V. The stained
cells were first incubated for 15 min at room temperature in the dark,
and then analyzed by flow cytometry. The untreated cells incubated
with medium alone were used as the controls. Unstained cells, cells
stained with PE-annexin-V alone and cells stained with 7-AAD alone
were used to set up compensation and quadrants. Flow cytometric
analysis was performed on a FACS (Facscanto; Becton Dickinson, San
Jose, CA) by counting 10,000 events.

2.7. Caspase-3 catalytic activity assay

Changes in caspase-3 enzyme activity of the cells are an important
sign of apoptosis. To assess the effect of the sequential combination
protocols on cell death, caspase-3 activity was analyzed fluorome-
trically by means of the Caspase-3/CPP32 colorimetric assay kit ac-
cording to the manufacturer’s instructions (BioVision Inc, USA). The
cancer cells (5 x 10° cells/well) were treated with low-dose DOX
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(20nM) and the nanoparticles (50 pg/mL), as follows: DOX alone for
48 h; the nanoparticles alone for 48 h; DOX alone for 24 h and then the
nanoparticles for another 24 h; the nanoparticles alone for 24h and
then DOX for another 24 h, at 37 °C under 5% CO,. This method is
based on the hydrolysis of the peptide substrate N-acetyl-Asp-Glu-Val-
Asp-p-nitroanilide (DEVD-pNA) by caspase-3, resulting in the release of
the p-nitroaniline moiety. p-Nitroaniline was measured at 405 nm using
plate reader.

2.8. Western blot analysis

The downregulation of survivin induced by the sequential combi-
nation protocols was determined by western blotting. HCT-116, Jurkat
and MIA PaCa-2 cells were seeded in 75cm? flasks at a density of
5 x 10° cells and grown overnight. The cells were then treated with
low-dose DOX (20 nM) and the nanoparticles (50 pg/mL), as follows:
DOX alone for 48 h; the nanoparticles alone for 48 h; DOX alone for
24h and then the nanoparticles for another 24 h; the nanoparticles
alone for 24 h and then DOX for another 24 h, at 37 °C under 5% CO..
After this incubation, the cells were homogenized in lysis buffer sup-
plemented with proteinase inhibitor cocktail for 30 min on ice, and the
supernatant was collected after centrifugation at 12,000 rpm. Protein
content was determined using the BCA protein assay kit. Lysates (20 ug)
were separated using 5-15% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto PVDF membranes. Membranes
were blocked in 5% non-fat milk in PBST (PBS with 0.05% Tween-20)
buffer for 1 h at room temperature. After blocking, the membrane was
incubated overnight at 4 °C in PBST buffer containing a mouse primary
antibody to survivin (1:2000). The membrane was then washed three
times with PBST buffer and incubated with secondary antibody (anti
anti-mouse HRP-conjugated seconder antibody) with a 1:10000 dilu-
tion for 2 h. Survivin protein was detected using HRP substrate solution
by chemiluminescence system according to the manufacturer’s in-
structions (PerkinElmer, Waltham, MA). B-Actin protein expression
served as an internal control.

2.9. Cell cycle analysis by flow cytometry

To determine the antiproliferative effects of the sequential combi-
nation protocols against HCT-116, Jurkat and MIA PaCa-2 cells, cell
cycle distributions were analyzed by flow cytometry-based propidium
iodide (PI) staining. The cells (2 X 10° cells/well) were seeded in 6-
well plates with 2 mL of medium overnight before experiments and then
incubated with different sequential treatment protocols with low-dose
DOX (20 nM) and the nanoparticles (50 ng/mL), as follows: DOX alone
for 24 h; the nanoparticles alone for 24 h; DOX alone for 12 h and then
the nanoparticles for another 12 h; the nanoparticles alone for 12 h and
then DOX for another 12 h, at 37 °C under 5% CO,. After the incubation,
the cells were trypsinized, washed once with PBS and fixed in 80%
ethanol overnight at —20 °C. The next day, after centrifugation of fixed
cells, the pellet washed with cold PBS and then resuspended in DNA
staining solution [200 uL 0.1% Triton X-100 in PBS, 20 uL (200 ng/mL)
RNase A and 20 pL (1 mg/mL) propidium iodide] for 30 min at room
temperature. The stained cells were analyzed using flow cytometer.

2.10. Statistical analysis

All data were represented as means * standard deviation (SD).
Statistical analysis was performed with the Student's t test by comparing
two groups. A P value of <0.05 was considered statistically significant.
3. Results and discussion

3.1. Synthesis and characterization of nanoparticles

The Fe304@SiO5(FITC)-BTN/FA/AICAR nanoparticles consisted of
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Fe;0,@Si0,
(FITC)-NH,

silica-coated luminomagnetic nanomaterials (serving as both a mag-
netic and an optical contrast agent), triple conjugated to BTN, FA and
AICAR as described Daglioglu and Okutucu (2016); Daglioglu (2018).
To increase the cellular uptake and accumulation, the outermost layer
of nanoparticles was functionalized with BTN and FA molecules by
means of an esterification reaction. The silica surface was then con-
jugated with AICAR by pH-labile imine linkage for environmentally
responsive drug release, with the expectation that this acid-sensitive
linkage would promote AICAR release into the more acidic endosome of
cancer cells instead of in the systemic circulation environment. The
quantitative study of AICAR conjugation on the silica surface showed
that 6.1 uM of AICAR were conjugated per mg Fe;0,@SiO4(FITC)-BTN/
FA/AICAR nanoparticles. The average hydrodynamic diameter of the
nanoparticle formulation was about 50 nm with narrow size distribu-
tion (Fig. 1).

3.2. Cellular uptake

The cellular uptake of Fe;0,@SiO,(FITC)-BTN/FA/AICAR nano-
particle vector and low-dose DOX by HCT-116, Jurkat and MIA PaCa-2
cells was studied by fluorescence microscopy. DAPI was used as a nu-
clear counterstain to follow the intracellular internalization. As seen in
Fig. 2, the spatial localization of the nanoparticles was confirmed by the
appearance of green fluorescence in all cells, which clearly indicated
the successful penetration of the vectors into the cells in 3h. The
overlap of green FITC fluorescence and red DOX fluorescence was ob-
served from the merged images of the nanoparticles and free DOX at 6 h
(total 3h DOX and 6 h NPs incubation, and vice versa), confirming the
endocytotic uptake of both the nanoparticles and DOX in the cancer
cells. After additional 3 h incubation periods of both the nanoparticles
and DOX to 6 h, the fluorescence intensity of the nanoparticles and DOX
were increased due to the greater accumulation of the compounds. It
should be noted that no significant difference in the cellular uptake of
the nanoparticles was observed between the cancer cells, which was
consistent with our previous findings of the ability of dual-targeting
function that simultaneously target multiple receptors on cancer cells
resulting in a strong cellular uptake of nanoparticles (Daglioglu, 2018).
Importantly, enhanced cellular uptake of nanoparticles would un-
doubtedly facilitate the sensitization effect of AICAR and thereby im-
proving the therapeutic efficacy of DOX.

3.3. Cell viability analysis

To examine how the sequential combination therapy of Fe;0,@
SiO4(FITC)-BTN/FA/AICAR nanoparticles with a low-dose DOX af-
fected the cytotoxic activity, the proliferations of HCT-116, Jurkat, and
MIA PaCa-2 cells treated with different protocols were evaluated using
MTT cell proliferation assay. Since the cancer cells had similar ICsq
values (~50pg/mL: the concentration required for 50% cell death)
after 48 h exposure the nanoparticle formulations ranging from 0.1 to
200 pg/mL (Daglioglu and Okutucu, 2016), in this study all subsequent
experiments were carried out at 50 pg/mL concentration of the nano-
particles in sequential combination with low-dose DOX (20 nM). It was

(- B
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Fig. 1. Schematic representation of Fez0,@
SiO,(FITC)-BTN/FA/AICAR  nanoparticles.  *The
core-shell structure of the nanoparticle (white core-
gray shell) was obtained from the scanning trans-
mission electron microscopy (STEM). (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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found that the sequential therapy with the protocol comprising addition
of DOX prior to the incubation of nanoparticles significantly inhibited
cancer cell growths as compared to cells exposed to each drug alone and
reverse protocol (Fig. 3). This protocol showed high cytotoxicity to all
the cells tested, whereas the reverse protocol attenuated DOX-mediated
cytotoxicity in HCT-116 cells, demonstrating that the potentiation ef-
fect of AICAR on DOX-mediated cytotoxicity in the colon carcinoma is
subject to sequence-dependent treatment. This synergy also occurred
almost with the same levels in Jurkat cells. Moreover, MIA PaCa-2 cells
responded to both protocols but gave better result with the first pro-
tocol and increased the efficacy of chemotherapy. A siRNA/DOX based
sequence-dependent combination therapy has also been reported in
breast and pancreatic adenocarcinomas (Ghosh et al., 2014). This de-
monstrated prominent sequence dependence in neutralizing the actions
of survivin with the same course as seen in HCT-116 and Jurkat cells. In
contrast, another siRNA/DOX based study reported that exposure to
DOX after incubation of cells with survivin siRNA significantly in-
hibited cell growth in several drug-resistant lung cancer cells (Yonesaka
et al., 2006). These observations suggest that DOX induced cytotoxicity
in the drug-sensitive cancer cells, but it also caused upregulation of
survivin, reducing its cytotoxic effect. The subsequent depletion of
survivin resulted in efficient cell death, which may also prevent cells
from becoming resistant. On the other hand, pretreatment with a sur-
vivin inhibitor before DOX chemotherapy might promote cell death by
increasing sensitivity to anticancer drugs especially in drug-resistant
cancer cells and could lead to an obvious resistance reversing, con-
firming the vital importance of tumor-type-dependent cancer therapy.

3.4. Detection of apoptotic cells by flow cytometry

The impact of the sequential combination therapy on proapoptotic
activity against HCT-116, Jurkat, and MIA PaCa-2 cells was in-
vestigated by analyzing the proportion of apoptotic cells by flow cy-
tometry with 7-AAD/PE-annexin-V double staining. The treatment
protocol comprising addition of the nanoparticles after incubation of
cells with DOX, versus the other treatments, strongly increased the
percent of double positive (PEannexin-V*/7-AAD ") apoptotic cells in
HCT-116, Jurkat, and MIA PaCa-2 cells to 92.8 / 90.0 and 67.1%, re-
spectively, which are improved percentages compared to simultaneous
combination treatment (60.5/59.4 and 45.0%, respectively) as pre-
viously described Daglioglu and Okutucu (2017). The treatment with
reverse protocol lowered the number of late apoptotic cells in HCT-116
(82.5%), Jurkat (72.4%) and MIA PaCa-2 (55.4%) cells, demonstrating
that the reverse protocol led to prolonged initial phase of apoptosis and
resulted in a delay or reduction in apoptosis (Fig. 4). These results
suggested that exposing the cancer cells to the low-dose DOX after in-
cubation of nanoparticles caused upregulation of survivin, and its in-
hibitory effect on apoptosis correlates with expression levels of survivin
in different tumor types. Based on these observations, it has been pre-
viously reported that the combination of a survivin mutant gene with
DOX was not more effective than each drug alone in enhancing apop-
tosis in breast and colorectal adenocarcinomas (Mesri et al., 2001),
suggesting that the synergistic potential of therapeutics against
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Fig. 2. Fluorescence microscopy images of (a) HCT-116, (b) Jurkat and (c) MIA PaCa-2 cells after incubation with Fe;0,@SiO4(FITC)-BTN/FA/AICAR nanoparticles
and free DOX for 3 and 6 h (DOX alone for 3 h and then the NPs for another 3 h; the NPs alone for 3 h and then DOX for another 3 h). The nanoparticles were observed
as green fluorescence, DOX was observed as red fluorescence and DAPI was observed as blue fluorescence. For columns: 1, bright-field images; 2, fluorescence images
of NPs; 3, fluorescence images of DOX; 4, the stained nuclei of cells with DAPI; 5, the merger of NPs, DOX and DAPI; and 6, overlay of bright-field images and
fluorescence images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

apoptosis may exhibit a cell-type-dependent manner related to bio-
chemical profiles of cancer cells or drug pharmacokinetics.

3.5. Caspase-3 activity assay

To additionally test the apoptotic effects of the treatment protocols
on HCT-116, Jurkat and MIA PaCa-2 cells, the cells were evaluated by
measuring caspase-3 activity, since survivin binds to caspase-3 and
inhibit its activation (Tamm et al., 1998). Consistent with the analysis
of apoptosis by flow cytometry, an increased caspase-3 activity was
observed in the all cells exposed to DOX for 24 h followed by the na-
noparticles treatment for another 24 h, whereas the reverse protocol
induced less caspase-3 enzyme activity, explaining the reason of pro-
longed initial stage of apoptosis in flow cytometry results (Fig. 5). On
the other hand, when compared with the simultaneous combination
treatment, the caspase-3 activity was increased from approximately
170% to 220% in HCT-116 cells, but no significant differences were
obtained in Jurkat and MIA PaCa-2 cells (Daglioglu and Okutucu,
2017). As expected, these results also revealed that the sequence of
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administration (drug application) is important for sensitizing cancer
cells to chemotherapy and the course is strictly depends on the char-
acter of each cell type.

3.6. Western blotting

To determine the survivin downregulation effects of the sequential
combination treatments on HCT-116, Jurkat and MIA PaCa-2 cells, the
cell lysates were analyzed for survivin by western blot. The sequential
therapy with the protocol comprising addition of DOX prior the in-
cubation of nanoparticles exhibited reduced expression of survivin at
high level on HCT-116 and Jurkat cells, and moderate level on MIA
PaCa-2 cells, whereas the reverse protocol attenuated the effect of na-
noparticles and caused upregulation of survivin in all the cancer cells
tested. Moreover, the nanoparticles treatment successfully inhibited
expression of survivin as compared to low-dose DOX treatment (Fig. 6).
These results corroborated that low-dose DOX plays an important role
in inducing the expression of survivin and thus lowering the effect of
nanoparticles against cancer cells as seen in the reverse protocol
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Fig. 3. Cell viability of HCT-116, Jurkat and MIA PaCa-2 cells treated with DOX
alone for 48h; Fe;0,@SiO(FITC)-BTN/FA/AICAR nanoparticles alone for
48 h; DOX alone for 24 h and then the nanoparticles for another 24 h; the na-
noparticles alone for 24h and then DOX for another 24 h. The results are ex-
pressed as percentage of cell viability or cell number obtained in the untreated
controls. Each column represents the mean *+ SD of three independent ex-
periments performed in triplicate normalized to non-treated cells (taken as
100%), *p < 0.05 in comparison with DOX or NPs.

experiments, which is in line with the previous studies that have de-
monstrated that an anti-survivin agent potentiates the anticancer ac-
tivity of low-dose DOX in a sequence dependent manner (Ghosh et al.,
2014).
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Fig. 5. Effects of the sequential combination therapies on caspase-3 activation
of HCT-116, Jurkat and MIA PaCa-2 cells. Caspase-3 activity was measured in
cell lysates treated with DOX alone for 48h; Fe;04@SiO,(FITC)-BTN/FA/
AICAR nanoparticles alone for 48 h; DOX alone for 24h and then the nano-
particles for another 24 h; the nanoparticles alone for 24 h and then DOX for
another 24 h. Caspase-3 activity was analyzed fluorometrically by means of
hydrolysis of fluorogenic substrate N-acetyl-Asp-Glu-Val-Asp-pNA (DEVD-
PNA). Each column represents the mean values ( = SD) of three independent
experiments normalized to non-treated cells (taken as 100%), **p < 0.01 and
*p < 0.05 as compared to no treatment.

3.7. Cell cycle analysis by flow cytometry

To further investigate whether the sequential combination protocols
would promote the antiproliferation of cancer cells, analysis of cell
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Fig. 4. Apoptosis analysis of HCT-116, Jurkat and MIA PaCa-2 cells treated with DOX alone for 6 h; Fe304@SiO,(FITC)-BTN/FA/AICAR nanoparticles alone for 6 h;
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flow cytometric graphics. Non-treated cells were used as control.
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Fig. 6. Downregulation of Survivin after the sequential combination treat-
ments. HCT-116, Jurkat and MIA PaCa-2 cells were exposed to DOX alone for
48 h; Fe30,@SiO,(FITC)-BTN/FA/AICAR nanoparticles alone for 48 h; DOX
alone for 24h and then the nanoparticles for another 24 h; the nanoparticles
alone for 24 h and then DOX for another 24 h. The lysate proteins were ana-
lyzed for survivin and B-actin expression by western blotting. The expression of
B-actin served as an internal control.

cycle phase distribution was performed using flow cytometry (Fig. 7).
The sequential therapy with the protocol comprising addition of the
nanoparticles after incubation of cells with DOX significantly increased
the cell population at Go/M phase (from 13.7 to 55.5% in HCT-116;
from 14.7 to 81.0% in Jurkat; from 20.8 to 48.4% in MIA-PaCa2),
whereas the reverse protocol exhibited lower portion of arrest in the
G>/M checkpoint (40.3% in HCT-116; 71.8% in Jurkat; 42.3% in MIA-
PaCa2) due to the delayed progression in S phase, which is consistent
with the result of apoptosis. However, both sequential therapies did not
enhance cell cycle arrest in the cancer cells, compared to the simulta-
neous combination treatment in our previous work (Daglioglu and
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Okutucu, 2017). The simultaneous combination treatment arrested
more cells at the Go/M phase (60.0% in HCT-116; 96.1% in Jurkat;
70.5% in MIA-PaCa2) compared to both sequential therapy, could be
attributed to the cellular uptake capacity of free DOX is lower than its
conjugated form. The population of G»/M phase (63.6% in HCT-116;
84.5% in Jurkat; 65.0% in MIA-PaCa2) induced by conjugated DOX
treatment was more than 2-fold compared to the population of Go,/M
phase (24.5% in HCT-116; 28.8% in Jurkat; 29.3% in MIA-PaCa2) in-
duced by free DOX treatment. On the other hand, the cell cycle dis-
tribution of the cells exposed to the nanoparticles alone was found to be
similar with the untreated cells. However the nanoparticle treatment
shifted cells to the subG1 phase, a hallmark of late-stage apoptosis, and
demonstrated that proliferating cells engaged in apoptosis. It has been
previously reported that survivin binds and inhibits caspase-3, con-
trolling the Go/M checkpoint of the cell cycle by inhibiting apoptosis
and promoting proliferation (Li et al., 1998; Li et al., 1999).

4. Conclusion

Herein the efficacy of sequential therapy format of survivin-targeted
tailored Fe30,@SiO-(FITC)-BTN/FA/AICAR nanoparticles and low-
dose DOX was investigated to determine the optimal combination
cancer therapy for the colon carcinoma HCT-116, the leukemia Jurkat
and the pancreatic carcinoma MIA PaCa-2 cells. These cascade thera-
pies were examined by using flow cytometric analyses of apoptosis with
7-AAD/PE-annexin-V staining and cell cycle with propidium iodide
DNA staining. In addition, caspase-3 activity and western blot assays
were performed to reveal activation levels of caspase-3 and down-
regulation of survivin, supporting the flow cytometric data.
Furthermore, fluorescence microscopy and cytotoxicity studies con-
firmed intracellular accumulation of drugs and their antitumor activity.
The results indicated that exposure to the nanoparticles after incubation
of cells with DOX clearly advanced the therapeutic outcome of cancer
cells and exhibited improved antitumor activity. The reverse protocol
resulted in a reduction or delay in apoptosis due to the upregulation of
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Fig. 7. Effect of the sequential combination therapies on the cell cycle distribution of HCT-116, Jurkat and MIA PaCa-2 cells treated with DOX alone for 24 h; Fe;0,@
SiO4(FITC)-BTN/FA/AICAR nanoparticles alone for 24 h; DOX alone for 12h and then the nanoparticles for another 12 h; the nanoparticles alone for 12 h and then
DOX for another 12h, determined by flow cytometry-based PI staining. Non-treated cells were used as control. SubG1 shows the degree of late stage apoptosis.
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survivin after low-dose DOX treatment, which led to inhibition of cas-
pase-3, a crucial component of apoptotic cell death. On the other hand,
the reverse protocol (pretreatment with nanoparticles before DOX
chemotherapy) may be more effective against drug-resistant cancer
cells and might promote sensitivity to DOX by reversing drug resistance
with pre-inhibition of survivin (20). In conclusion, the present results
demonstrate the importance of systemic administration of drug com-
binations, and have the potential for the identification of possible new
uses of already known drugs in improving the therapeutic outcome of
cancer therapy.
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