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ARTICLE INFO ABSTRACT

Keywords: Aims: The extracellular matrix (ECM) within the tumor nest plays a key role in cancer cell proliferation and
Cancer stem cells invasion. It has been proven that the increased density of ECM, especially collagen network, correlates with the
Collagenase poor distribution of gold-nanoparticles (GNPs) to the tumor mass. Here, for the first time, we examined the
Gold nanoparticles combined effect of collagenase (COL) with metformin (MET)-conjugated GNPs on mammosphere generated from
xzi?;ﬁsiiheres JIMT-1 breast cell line in vitro.

Nanomedicine Main methods: Mammospheres (on days 7 and 14) and monolayer culture were treated with MET, MET-GNPs,

and a mixture of COL-GNPs and MET-GNPs for 5 days. To assess the impacts of the engineered nanoparticles
(NPs) on the survival/apoptosis of cancer cells and cancer stem cells (CSCs), the amount/activity of collagen and
the expression of pyruvate kinase M2, different methods were applied, including MTT, flow cytometry, im-
munofluorescence, ELISA and real-time PCR analyses. Our results confirmed the enhanced cytotoxic effects of
MET-GNPs combined with COL-GNPs on mammospheres compared to the cells treated with MET alone or MET-
GNPs.

Key findings: Upon treatment with the mixture of MET-GNPs and COL-GNPs, the population of the apoptotic cells
was significantly increased. A marked reduction was found in the number of CD24~/CD44% CSCs and the
amount of collagen in the group received a mixture of MET-GNPs and COL-GNPs.

Significance: Based on our findings, the use of COL can improve the cellular interaction/penetration of MET-
GNPs in mammospheres and its antitumor impacts on the CSCs.

1. Introduction

Most of the preclinical examinations are commonly performed using
two-dimensional (2D) in vitro condition for the development and va-
lidation of novel anti-cancer agents. However, such systems have been
criticized for the lack of the cell-to—cell intercommunication, the pau-
city in the extracellular matrix (ECM)-mediated signaling and the for-
mation of a relevant microenvironment [1,2]. By providing a three-
dimensional (3D) condition as a spheroid/organoid model, intercellular
and extracellular digitation among cells might occur much better than
the 2D culture. Therefore, in vitro 3D systems seem to serve as a sui-
table tool, which may not show the limitations associated with the 2D
systems [3]. In the case of solid tumors, a spheroid (the so-called
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tumoroid) provides hypoxic areas with a central necrotic zone after
reaching to 500 um in diameter, representing additional important
hallmarks of solid tumors [4].

The formation of the tumor microenvironment (TME) in solid tu-
mors is a well-documented phenomenon, which facilitates cancer pro-
gression and invasion [5-8]. In the TME, the distribution pattern of
drug molecules in the outer (normoxic area) and inner (hypoxic area)
sites of the tumor mass appears to be uneven, in large part because of
the remodeling of the ECM and the presence of highly pressurized
tumor interstitial fluid [9-11]. Seemingly, within the TME, the hypoxic
layer leads to the upregulation of some genes that might reinforce the
transition of cancer epithelial cells to a much more malignant pheno-
type of cancer cells, the so-called cancer stem cells (CSCs). Metformin
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(MET), a first-line drug for the treatment of diabetes, is proven to play
an important role in suppressing the CSCs in solid tumors such as breast
cancer niches [12-15]. The direct cytotoxic effect of MET has pre-
viously been shown on cancer cells, mainly through the suppression of
pyruvate kinase isozymes M2 (PKM2) expression. PKM2 is a key player
in the modulation of the aerobic glycolytic pathway (so-called the
Warburg effect) in embryonic tissues and solid tumors [16]. This en-
zyme was shown to associate with the tumorigenesis and cancer cell
resistance through both AMP-activated protein kinase (AMPK)-depen-
dent and independent mechanisms under the hypoxic condition [17].
Furthermore, PKM2 can modulate the epithelial-mesenchymal transi-
tion (EMT) of cancer cells [18], increase the CSCs under hypoxia [19],
and promote the tumor angiogenesis through interacting with Oct-4
[20], HIF-1a [21], STAT3 [22], and B-catenin [23] and stimulating
transcriptional activities.

Compelling evidence has revealed that drug diffusion into tumor
mass might decrease with an increase in the collagen content in the
ECM. As a result, only a low amount of administered drug molecules
might reach to the inner area of the solid tumor where the CSCs are
accommodated [24]. Thus, after the first course of the treatment, the
untouched CSCs can trigger the relapse of the disease. It has been re-
ported that the breast cancer niche is 10 times denser than the normal
tissue [25,26]. This condition can promote the emergence and/or
maintenance of CSCs inside the tumor niche, and favor their survival,
metastasis, and migration.

Commensurate with these descriptions, strategies for improving
drug penetration into solid tumors continue to be largely demanded. In
some experiments, it was found that the degradation of collagen using
collagenase (COL) may be considered as an effective strategy to en-
hance the biodistribution of drugs into the inner area of the tumor [27].
The conjugation of COL to the gold nanoparticles (GNPs), which is a
non-toxic nanocarrier, was shown to enhance the capacity of drug pe-
netration [28].

In the current experiment, we aimed to develop the three-dimen-
sional culture of JIMT-1 breast cell-line using the hanging-drop method
to simulate in vivo situation such as cell to cell contacts and cell to ECM
interactions. We investigated whether mammosphere can provide a 3D
model which enrich the growth of rare cell types such as CSCs to ex-
amine the suppressing action of MET against CSCs. In addition, the
effects of ECM network were examined in terms of resistance to pene-
tration of GNPs, which may contribute to the decline of drug efficacy.
Therefore, we worked on enhancing the eradication of the CSCs using
conjugation of MET and COL to the GNPs to improve drug penetration
rate and therapeutic outcomes.

2. Material and methods
2.1. Cell culture protocol

Human breast cancer JIMT-1 cell line (from Pasteur Institute,
National Cell Bank of Iran) was expanded in Dulbecco's Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM-F12) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cells
were maintained in a humidified atmosphere at 37 °C with 5% CO,. For
the subculture of cells, we used 0.25% Trypsin-EDTA. Cells between
passages 3-6 at 80% confluence were used for subsequent analyses. All
materials for the culture medium were purchased from Gibco (Thermo
Fisher Scientific, Waltham, USA).

2.2. Mammosphere culture

Mammosphere was generated employing the hanging drop method
as previously described [29]. For this mean, cells at the initial number
of 400 were mixed with 25 pL of medium containing 25% METHOCEL™
(Sigma, St. Louis, Missouri, USA) and 10% FBS and carefully placed
under the lids of cell culture plate and incubated for a period of 7 to
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14 days.
2.3. Experimental procedure

2.3.1. Synthesis of gold nanoparticles (GNPs)

GNPs synthesis was performed through a modified Stucky method
[30]. Briefly, HAuCl4-3H,0 (1 mM) was added to the mixture of 10 mL
of tetraline banzan and 10 mL of oleylamine at 4 °C and gently stirred.
Then, a reducing solution containing tert-butylamine borane complex
(TBAB) (1 mM), tetraline banzan (1 mL) and oleylamine (1 mL) were
injected to the prepared mixture at 4 °C till a red color appeared. Then,
GNPs were washed (X 3) using 15mL of acetone, collected by cen-
trifugation (4000 X g, 5min), and redispersed in n-hexane. The GNPs
were modified using 11-mercaptoundecanoic acid (MUA). For this
purpose, MUA (0.2 g) was dissolved in 20 mL of chloroform and added
to GNPs solution while stirring. The mixture was allowed to react at
room temperature overnight. Thereafter, MUA-GNPs were precipitated
through centrifugation (4000 X g, 10 min).

2.3.2. Production of metformin (MET)-conjugated GNPs

To synthesize MET-GNPs, the MET-HCL (1.4 mM) (Alborz-Bulk
Pharmaceutical Company; Tehran, Iran) was added to dimethyl sulf-
oxide (DMSO, Merck, Darmstadt, Germany) solution containing 0.1 g of
the modified MUA-GNPs in the presence of N,N’-dicyclohex-
ylcarbodiimide (DCC) (0.8 mM) and N-hydroxysuccinimide (NHS)
(0.8 mM). To eliminate HC, triethylamine substrate was added, and the
mixture stirred gently to form an amide bond. After 24 h, the solution
was centrifuged at 4000 X g for 5min to precipitate the MET-GNPs.

2.3.3. Production of collagenase (COL)-conjugated GNPs

For this propose, 335.3 uL of 100 mg/mL Clostridium Histolyticum
origin COL (Sigma-Aldrich, St. Louis, USA), DCC (0.8 mM) and NHS
(0.8 mM) were dissolved in phosphate buffered saline (PBS) solution.
Thereafter, an equal volume of the modified MUA-GNPs was introduced
to the enzyme solution and allowed to react overnight at room tem-
perature to create an amide bond. COL-MUA-GNPs conjugate was
harvested by centrifuging at 4000 x g for 5 min. To generate total MET-
GNPs and COL-GNPs composition, COL-MUA-GNPs and MET-MUA-
GNPs were mixed (1-10% w/w). The enzymatic activity of COL con-
jugated to GNPs was determined using a colorimetric Collagenase
Activity Assay Kit (Abcam, Cambridge, UK).

2.3.4. Characterization of conjugated GNPs

To determine the conjugating of MET and COL with GNPs, FTIR
spectroscopy (Vertex 70, Bruker, Hamburg, Germany) was performed.
Thus, freeze-dried samples were mixed with potassium bromide (KBr)
to form the standard disks and the FTIR spectra were recorded from 400
to 4000 cm™!. Also, the net charge and size of the particles were
measured using dynamic light scattering (DLS) using a Microtrac par-
ticle analyzer (Nanotrac Wave II Q, Krefeld, Germany) and transmission
electron microscopy (Carl Zeiss, Oberkochen, Germany) as previously
described [31].

2.3.5. Analysis of collagenase activity

Collagenase activity was determined by means of a Collagenase
Activity Assay Kit, following the manufacturer's instructions (Abcam,
Cambridge, UK), using 0.1 and 1 mg/mL of COL-GNPs. The activity of
the enzyme in the solution was determined by measuring the absor-
bance of each sample using Synergy HTX plate reader (BioTek
Instruments, Inc., Winooski, USA) and compared to the equivalent
concentration of free COL and GNPs alone as the negative control. The
assay was performed for a period of 5days to confirm the stability of
the enzymatic activity.

2.3.6. Analysis of GNPs penetration in mammospheres
To determine the penetration rate, the accumulation of a designated
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amount of COL-GNPs in spheroid was measured based on changes in
collagen content by means of indirect ELISA. First, proteins were ex-
tracted by pepsin (0.1 mg in 0.5 M acetic acid) at 4 °C from the control,
COL (0.1 and 1 mg/mL), GNPs, and COL-GNPs. Then, proteinase ac-
tivity was inhibited by adding anti-protease cocktail, including 1, 10-
phenanthroline (2mM) and phenylmethylsulfonyl fluoride (PMSF)
(2mM). For the ELISA experiment, a 96-well microplate was coated
with 1pg/mL of extracted protein per well and incubated at 4°C
overnight. After washing (x 3), the wells were blocked with 100 mL of
2% bovine serum albumin (BSA) (Sigma-Aldrich Corp., St. Louis, USA)
in PBS and incubated for 2h at 37 °C. The wells were then washed
several times with PBS and 1 pg anti-collagens I to V antibody (Abcam,
Cambridge, UK) was added per well and incubated at 37 °C for 1h.
Following washing, 1pg/well of AlexaFluor-488 labeled goat anti-
rabbit IgG (Abcam, Cambridge, UK) was used and incubated at 37 °C for
30 min. Finally, the plate was subjected to Cytation™ 5 imaging reader
at 488 nm (BioTek Instruments, Inc., Winooski, USA) and the collagen
content of each sample was determined by comparison to the standard
curve.

2.4. In vitro cytotoxicity assay

In the current experiment, the treated JIMT-1 cells were classified
into six groups as follows: (I) control, (II) GNPs alone, (III) MET alone,
(IV) MET-GNPs, (V) COL-GNPs (collagenase concentration equal to 0.1
and 1 mg/mL), and (VI) mixture of COL-GNPs and MET-GNPs. The cell
survival rate was determined by means of the MTT assay.

For the conventional 2D culture expansion, the cells were cultured
at a density of 3.0 x 10° cells/well in a 96-well plate. In 3D culture
system, 7- and 14- day old spheroids were transferred into the uncoated
v-bottom 96 well plates. The next day, cells were incubated with the
designated concentrations of drug compounds. On day 5, about 200 puL
of 5 mg/mL MTT (Sigma, St. Louis, USA) was added to each well and
kept at 37 °C for 4 h. Following the removal of supernatants, 100 pL of
DMSO was added to each well and shaken. Each sample absorbance was
read at 570nm using a multi-well plate reader, ELx808 (Biotek
Instruments, Winooski, USA). In the current experiment, the cell-cul-
ture media was not changed during the entire period of the treatment.
Further, the multicellular resistance index (MCRI), which represents the
ratio of the ICso in mammosphere to the ICs, in monolayer, was mea-
sured.

2.5. Detection of collagen content in JIMT-1 mammospheres

To confirm the efficiency of synthesized nanopartilces (NPs) har-
boring drug complex in decomposing mammospheres, the immuno-
fluorescence imaging was performed. Spheroids from different groups
were fixed by ice-cooled 4% paraformaldehyde solution for 20 min and
permeabilized by blocking buffer (eBiosciences, Thermo Fisher
Scientific, Waltham, USA) for 10 min. Thereafter, the cells were in-
cubated with polyclonal rabbit anti-human collagen cocktail including
anti-collagens I to V overnight at 4 °C. After three times washing with
PBS (each for 10 min), incubation with AlexaFluor-488 labeled goat
anti-rabbit IgG was performed, also 1ug/mL DAPI ( Sigma, St. Louis,
USA) was used for counterstaining. Finally, spheroids were visualized
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by Cytation ™ 5 imaging reader (BioTek Instruments, Inc., Winooski,
USA).

2.6. CD44%/CD24~ cells immunophenotyping

To evaluate the population of the cancer stem cells (CSCs), we used
flow cytometry analysis. All cells growing in different conditions were
washed with PBS solution, and then, Accutase® was used for the cell
detachment and generation of the single cell suspension. For the im-
munophenotyping of the CSCs, a panel of antibodies was used, in-
cluding FITC-conjugated anti-CD44 ( eBiosciences, Thermo Fisher
Scientific, Waltham, USA) and PE-conjugated anti-CD24 antibodies
(eBiosciences, Thermo Fisher Scientific, Waltham, USA) with the ap-
propriate isotype controls. In short, samples were incubated with a
recommended concentration of antibodies and maintained at 4 °C in the
dark for 30-40 min. After washing with PBS, the cells were examined
using FACS Calibur flow cytometry (Becton, Dickinson and Co.,
Franklin Lakes, USA) and data were analyzed by FlowJo software (ver.
X10.0.712).

2.7. Analysis of apoptosis by Annexin V/PI staining

Single cell suspensions either from 3D or 2D cultures were cen-
trifuged at 300 x g for 5min. After washing with PBS, the cells were
exposed to 5uL FITC-conjugated mouse anti-human annexin-V for
30min followed by exposure to 10pL propidium iodide (PI)
(eBiosciences, Thermo Fisher Scientific, Waltham, USA) for 10 min.
Then, the percentage of the early/late apoptotic and necrotic cells were
determined.

2.8. Analysis of pyruvate kinase M2 by real-time PCR

For this propose, total RNA was extracted from 2D cultured cells and
60 mammospheres for each treatment using Trizol® Reagent (Ambion
Inc., Life Technologies, Carlsbad, USA) from different groups. The iso-
lated RNA (2 pg) was reverse-transcribed using a cDNA synthesis kit
(Fermentas, Waltham, USA). The ¢cDNA (10ng) was amplified using
Power SYBR Green PCR Master Mix (Thermo Scientific, Waltham,
USA). Primers were designated by AlleleID ver 7.0 (Table 1). Further,
PBeta-actin was used for sample normalization as an internal control.
Data were analyzed based on the Pfaffl method [32]. Data represent the
replicates of at least three sets of separate experiments.

2.9. Statistical analyses

Statistical analyses were carried out using Prism software version
6.0. Data are represented as mean values + SD. The statistical sig-
nificance was determined using the One-Way ANOVA followed by
Tukey post hoc multiple comparisons test. A p value < 0.05 was con-
sidered statistically significant.

Table 1
Primer sequences used for the real-time PCR analysis.
Gene Accession no Sequence Tm (°C)
PKM2 NM_001206797.2 F 5’-GGGTTCGGAGGTTTGATGAAATC-3" 56.8
R 5-TGAGTAGCACAGATGACAGG-3’
B-Actin NM_001101.3 F 5-TCATGAAGTGTGACGTGGACATCC-3’ 60

R 5-AGGAGGAGCAATGATCTTGATCTTC-3"

F = forward, R = reverse.
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Fig. 1. Morphology of mammospheres and engineered nanoparticles. (A) Formation of mammosphere by hanging-drop method for 14 days. (B) FT-IR analysis of
MET-HCL (a), MUA-GNPs (b), COL-GNPs (c), and MET-GNPs and COL-GNPs mixture (d). (C) TEM images of the synthesized GNPs, COL-GNPs and the mixture of
MET-GNPs and COL-GNPs. (D) The particle size distribution of MUA-GNPs and the MET-GNPs and COL-GNPs mixture by DLS technique.

3. Results
3.1. Mammosphere growth over a period of 14 days

The hanging drop protocol provides a uniform spheroid micro-
structure with an approximate diameter of 500 = 40 and
800 + 20um after 7 and 14 days (Fig. 1A). Based on our experiment,
the addition of 25% METHOCEL™, as a crowding agent, led to the ag-
gregation of cells. Several stages of morphological changes were ob-
served during the formation of spheroid prior to the incubation with
GNPs. On day 1, several small cell clusters along with individual cells
were assembled spontaneously located at the bottom of each drop. On
day 7, non-condensed pre-mature spheroids acquired a smooth and
continuous surface. After 14 days of spheroid formation, a peripheral
highly compact area with a dense cellular network was distinguishable
(Fig. 1A).

3.2. Characterization of AuNPs conjugates

The engineered NPs were characterized using FTIR spectroscopy as
shown in Fig. 1B. The FTIR spectrum of the MUA-GNPs exhibited the
characteristic absorption bands related to stretching vibrations of ali-
phatic C—H at 2925 and 2856 cm ™!, as well as the stretching and

bending vibrations of -NH2 and COO~ at 3432 and 1701 cm™’, re-
spectively (Fig. 1B-b). In the spectrum of MET-HCL, the -NH asym-
metric stretching and CN stretching vibration occurred at 3386 and
1635 cm !, respectively (Fig. 1B-a). Moreover, the sharp peaks of COL-
GNPs structure were notified at 2924 and 2855 cm ™! corresponding to
aliphatic compounds (CH) in collagenase backbone (Fig. 1B-c). Finally,
the sharp peak of MET-GNPs spectrum appeared at 1630cm ™! in-
dicated the formation of an amide bond between carboxyl groups of
MUA and amine group of MET (Fig. 1B-d).

Based on the TEM, the average size of GNPs, MUA-GNPs, COL-GNPs,
MET-GNPs, and the COL-GNPs, and MET-GNPs mixture were about
6 £ 08, 82 36 *4 33 *8, and 49 * 6nm, respectively
(Fig. 1C). Furthermore, according to DLS analysis, an increase in the
diameter was observed for GNPs (25 nm) and the COL-GNPs and MET-
GNPs mixture (203 nm) participles (Fig. 1D). The zeta potential ({)
analysis determined the electrokinetic potential of the GNPs, resulting
in improved stability of the samples in the colloidal dispersed state
[33]. It was determined that the zeta potential for MUA-GNPs was
around —18.3mV, indicating the presence of free negatively charged
carboxylic acid group on the surface of the NPs. The zeta potential of
the mixture of COL-GNPs and MET-GNPs was about 20.7 mV.
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Fig. 2. Effects of collagenase (COL) on the collagen content in mammospheres. (A) ELISA analysis of the activity of COL alone and COL-GNPs on the degradation of
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respectively.

3.3. COL-GNPs impacts on collagen contents

To show whether collagenase activity exists in COL-GNPs complex,
we used a colorimetric assay. Based on results obtained from the col-
lagenase activity assay, the COL-GNPs showed enzyme activity
equivalent to the free collagenase group at the same concentration as
compared to GNPs alone (Fig. 2A, p < 0.05). Further, the data show
that the incubation of mammospheres with 0.1 and 1 mg/mL Col-GNPs
resulted in a significant decrease of collagen content inside 7- and 14-
day mammosphere in a similar trend (Figs. 2B, C;p < 0.05). Following
5 days treatment of the spheroids, we found a 2- and a 5-fold decrease
in the collagen content with 0.1 and 1 mg/mL collagenase as compared
to groups treated with the free collagenase (Fig. 2B, C; p < 0.05).

3.4. COL-GNPs effects on the integrity of mammospheres

In order to verify the loose structure of JIMT-1 multicellular
spheroids following the COL treatment, the mammospheres were
stained with an antibody recognizing the collagens (i.e., I-V isoforms)
and imaged by means of fluorescent microscopy. Based on the fluor-
escence visualization, the existence of collagen was approved in the
context of control spheroids (Fig. 2D). The staining confirmed a sig-
nificant reduction in the fluorescence intensity, indicating a decrease of
collagen content in the multicellular spheroids after the exposure to the

COL-GNPs with the same trend for both of 7- and 14-day old mam-
mospheres (Fig. 2D). It seems that the spheroids treated with 1 mg/mL
COL were completely decomposed and a single cell suspension gener-
ated. Due to the impacts of COL-contained NPs on spheroids, cells at the
periphery were evidently detached. These data show that the direct
effect(s) of COL in cooperation with GNPs and MET might abrogate the
integrity of JIMT-1 cells' aggregates.

3.5. Toxicity of MET-GNPs and COL-GNPs in JIMT-1 mammosphere

In the current experiment, we found the ICs, of 8 mM for MET in the
2D culture on day 5 of culture. We also performed MTT assay on JIMT-1
cells on both 2D culture and 3D systems to evaluate the cytotoxicity
effects of MET, MET-GNPs, and the mixture of MET-GNPs and COL-
GNPs on JIMT-1 on day 7 and day 14 (Fig. 1S). Based on the data
obtained from the MTT analysis, no significant difference was observed
in the ICspin 2D culture within different groups (Fig. 3A). In comparison
to the cellviability from 2D culture, the ICso was not achieved with the
increasing concentration of MET from 8 to 320 mM in 14-day old
mammospheres (Fig. 3B) and similar results were obtained for 7-day
old mammospheres (data not shown). Based on our findings, about 20
to 30% reduction in the cell viability was observed after 5 days for 14-
day old mammospheres.

On day 12 (i.e., after 5 days treatment of 7-day old spheroids), the
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ICso of MET cells from mammosphere exposed to MET-GNPs was about
32mM as compared to the mixture of the MET-GNPs and COL-GNPs
(0.1 and 1 mg/mL) resulted in the ICso of 8 mM. Notably, as shown in
Fig. 3C, a 4-fold decrease was observed in the spheroids received the
mixture of COL-GNPs and MET-GNPs as compared to MET-GNPs
(p < 0.05). After 19days (i.e., after 5 days treatment of 14-day old
spheres) of the cultivation, the ICso reached 16 mM in the MET-GNPs
group, while this value was about 8 mM (2-fold lower) in the spheroids
treated with the mixture of MET-GNPs and COL-GNPs (p < 0.01)
(Fig. 3D).

Of note, higher cytotoxic activity was obtained in the mammo-
spheres treated with the MET-GNPs after 19 days (MCRI of 2.3) and
12 days (MCRI of 4.6) compared to the 2D-culture system (Table 2). No
differences were found in the cell cytotoxicity between 0.1 and 1 mg/

Table 2
ICso and multicellular resistance index (MCRI) of culture evaluated for drug
resistance.

Cell culture MET-GNPs MET-GNPs MET-GNPs
system COL (0.1 mg)-GNPs COL (1 mg)-GNPs
ICso (mM) MCR ICso (mM) MCR 1Cs (mM) MCR

2D culture 69 x1 6.3 = 0.6 59 * 0.4

7-day old 32 £ 3 4.6 8 £ 25 1.2 8 + 0.7 1.3
spheroids

14-day old 16 = 2 2.3 8 + 1.94 1.2 8 + 0.45 1.3
spheroids
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Table 3
CD44 ™" /CD24~ population in JIMT-1 cells in 2D and 3D systems pre- and post-drug compound treatments.
Cell culture system Control (%) MET (%) MET-GNPs (%) MET-GNPs MET-GNPs
COL (0.1 mg)-GNPs (%) COL (1 mg)-GNPs (%)
2D culture 17 = 1.1 10.69 = 0.54 10.27 = 0.28 9.32 = 1.14 8.95 = 0.58
7-day old spheroids 25.45 + 0.84 15.76 = 0.3 2.55 = 0.47 2.26 = 0.38 1.74 = 0.27
14-day old spheroids 37.86 = 1.3 37.42 = 0.54 11.41 = 1.89 11.29 = 0.27 7.87 = 0.19

* Statistical significance (p < 0.05) between control cells and treatment groups.

mL concentrations of COL and between the 2D and 3D (MCRI of 1.2).
The COL-GNPs and GNPs in the 2D and 3D cultures showed no/trivial
cytotoxic effects (Fig. 3E). Overall, we found that the tumoricidal effect
of MET was decreased in the 3D culture. The application of COL and
GNPs might synergize the detrimental effects of MET.

3.6. Inhibition of CD44™" /CD24™ cells by MET-GNPs and COL-GNPs

The flow cytometry analysis revealed an increase in the percentage
of the CD44" /CD24 " cells in the 3D culture system (reaching up to
25.45% and 37.86% in 7- and 14-day old mammospheres, respectively)
as compared to the 2D culture with 17.1% CSCs (Fig. S2A; Table 3).
These data support the notion that the population of the CD44"/
CD24" cells increased in spheroids in a time-dependent manner and
reached the maximum level at day 14, indicating possible induction of
CSCs-like phenotype. To examine the impacts of the treatments on the
CD44% /CD24~ cells population, both 2D and 3D cultures were exposed
to the different treatments of MET, MET-GNPs and the mixture of MET-
GNPs and COL-GNPs. Based on our findings, a downward trend was
found in the amount of CSCs in both 2D and 3D culture systems as
compared to the untreated control cells (p < 0.05). In the 2D culture,
statistically insignificant (p > 0.05) differences were found in the
number of the CD44"/CD24~ cells in the groups treated with MET
alone, MET-GNPs, and the mixture of MET-GNPs and COL-GNPs
(Fig. 4A). In the 3D culture spheroids, MET had no significant
(p > 0.05) effect compared to the untreated control (Fig. 4A). As ex-
pected, MET, in combination with GNPs and COL-GNPs, could sig-
nificantly (p < 0.05) decrease the percentage of the CD44 " /CD24~
cells compared to the control (Fig. 4A). On days 12 and 19 (i.e., 5 days
treated 7- and 14-day old spheres), the most reduction in CSCs was
indicated in the JIMT-1 cells treated with a mixture of COL-GNPs and
MET-GNPs.

3.7. Induction of apoptosis in cells treated with MET-GNPs and COL-GNPs

The extent of apoptosis was evaluated by the flow cytometry ana-
lysis using FITC-labeled annexin-V/PI kit (Fig. S2B). Following the ex-
perimental procedure, the percent of early and late apoptotic cells was
increased in the 2D and 3D cultures as compared to the control. In the
2D culture, no significant (p > 0.05) difference was found between the
cells treated with MET alone and MET-GNPs. Further, no significant
difference was found in the cells treated with the mixture of MET-GNPs
and COL-GNPs between 0.1 and 1 mg COL, while the addition of COL
made slight increase in the apoptosis (Fig. 4B). In the 3D culture, except
for the cells treated with MET alone, we found significant (p < 0.05)
increase in the number of apoptotic cells in the treated spheroids with
MET-GNPs and the COL-GNPs and MET-GNPs mixture as compared to
the untreated control after 12 and 19days of cultivation (Fig. 4B).
Notwithstanding, the addition of collagenase to MET-GNPs complex
markedly (p < 0.05) increased the rate of apoptotic cells (i.e., both
early and late apoptosis) up to 74 = 5.5% on day 12 and 79 * 9.4%
on day 19 (Table 4). While we observed no cells entering the necrotic
stages, the cells (in both the 2D and 3D systems) treated with the COL-
GNPs and MET-GNPs mixture entered the late apoptosis stage, in which
some population of cells appeared to show somewhat initial necrotic

changes in the longer period of treatments.

3.8. Effect of MET-GNPs on PKM2 expression in mammospheres

To monitor the effect of the mixture of MET-GNPs and COL-GNPs on
the tumor energetic pathway and lactate production, the transcription
level of PKM2 was evaluated by the real-time PCR in both the 2D and
3D systems. Our findings showed that the MET-GNPs combined with
COL-GNPs could significantly (p < 0.05) inhibit the expression of
PKM2 as compared to untreated samples (Fig. 4C). In the 3D culture, it
seems that MET alone or in combination with COL could slightly sup-
press the expression of PKM2, while such impact was significantly
(p < 0.05) greater upon the treatment of the spheroids with the mix-
ture of MET-GNPs and COL-GNPs (Fig. 4C). These data suggest that the
inhibitory effect of MET was improved in the 3D system via simulta-
neous use of COL (either 0.1 or 1 mg/mL) and GNPs.

4. Discussion

Previous studies have demonstrated that cancer therapy using na-
noparticle have limitation due to restricted drug penetration in tumor
areas, in large part because of excessive rigidity of the ECM as a phy-
sical barrier to drug delivery [34,35]. It should be noted that the cur-
rently used anticancer therapeutics and even nanoscaled medicaments
might fail to diffuse or penetrate into the hypoxic area of solid tumors
where CSCs could remain untouched [37]. To tackle this limitation,
solid tumors can be primed using ECM-modulating enzymes. In fact, the
degradation of ECM, especially collagen network can be performed
through COL enzyme as an effective and safe strategy to improve the
tumor therapy [36]. However, there are several pitfalls in terms of the
management of free COL molecules as adjuvant therapy, including
undesired side effects of COL on healthy tissues. The use of COL-GNPs
might moderate the degradation of localized ECM in solid tumors with
minimal side effects imposed by the free COL.

Interestingly, some studies clarified that the cytotoxic effect of MET
and breast cancer cells sensitivity might be increased under the hypoxic
condition [38]. As a matter of fact, one could hypothesize that the MET
tumoricidal effect could be mediated via modulation of the hypoxic
area and imposing cytotoxic effects on the CSCs. This work investigates
the penetration of MET-GNPs along with COL-GNPs in the 3D mam-
mosphere as a more realistic model looking at the integrity changes in
ECM. To the best of our knowledge, there are no reports regarding the
combined use of MET-GNPs along with COL-GNPs in the 3D culture
system, which highlight the importance of this current study.

In this study, the NPs were characterized using different techniques
(Fig. 1), in which the sizes of NPs assessed by TEM analysis were
somewhat smaller than those acquired by DLS, perhaps due to the two
following reasons. First, the TEM analysis requires the dried NPs, while
solvated NPs are used for DLS analysis. Second, the TEM analysis re-
presents the number-average diameter, while the DLS examination
demonstrates an intensity-weighted diameter [39,40].

Upon the conjugation of COL (0.1 and 1 mg/mL) onto GNPs, and
treatment of the mamospheres, the collagen content was decreased
approximately 2- and 5-fold as compared to that of the COL alone
(Fig. 2). These results show that the use of COL-GNPs might result in an
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Fig. 4. Flow cytometry and real-time PCR analyses. (A) Flow cytometry of CD44*/CD24~ cells population in the 2D and 3D cultures of JIMT-1 cells before and after
exposure to MET, MET-GNPs and the mixture of MET-GNPs and COL-GNPs after 7 and 14 days. (B) Analysis of apoptosis by annexin V/PI double-staining of JIMT-1
cells in the 2D and 3D system after 7 and 14 days. (C) PKM2 expression before and after treatments in the 2D and 3D cultures. * and * represent statistically
significant (p < 0.05) difference with the control and MET, respectively.

Table 4
JIMT-1 cells entering apoptosis in 2D and 3D culture after 12 and 19 days of treatment with drug compounds.

Cell culture system Apoptosis Control (%) MET (%) MET-GNPs (%) MET-GNPS MET-GNPs COL 1 mg-GNPs (%)
COL 0.1 mg-GNPs (%)

2D culture Early 1.4 £ 0.15 30.2 = 0.83" 24.08 £ 0.9" 21.5 = 0.08" 17.9 + 0.01*
Late 3.55 = 0.14 21.7 £ 0.42" 34.8 £ 0.3" 53.6 + 1.6 68.5 £ 0.82"
7-day old spheroids Early 4.8 = 0.001 21.2 + 0.73" 35.8 + 0.04" 31 = 0.6" 41.9 + 2.89"
Late 3.7 = 0.07 2.37 * 0.06" 1412 + 0.4 27.3 = 0.07* 26.6 * 2.7¢
14-day old spheroids Early 291 = 0.02 36.8 = 0.03" 58.8 + 1.3* 46.4 = 1.2¢ 56.2 = 0.5*
Late 0.91 * 0.045 0.26 * 0.004" 9.86 * 0.01" 21.5 = 0.3" 13.6 + 8.9

* Statistical significance (p < 0.05) between control cells and treatment groups.
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enzymatic modulation of ECM in the inner area of the tumor mass,
indicating improved delivery of COL to the inner core of the tumor.
Therefore, the penetration of MET in the presence of COL is possibly
facilitated to the cells located in the inner parts of spheroids, where
CSCs are belived to reside.

The survival assay confirmed that MET could result in moderate
cytotoxicity in JIMT-1 cells in the 2D cell culture system (Fig. 3), while
this effect was relatively slight in the mammospheres, in large part
because of lack of sufficient penetration of MET molecules into the
tumor mass of the 3D culture. In fact, the cells located at the center of
spheroids or juxtaposed to the sub-marginal region might be devoided
the MET impacts. Commensurate with these findings, we observed that
the cells at the periphery of spheroid were detached and subsequently
undergone a cell death program. Besides, the penetration of MET-GNPs
into the mammosphere was limited in the absence of COL treatment, in
which most NPs remained concentrated at the spheroid edge. Based on
our findings, due to an efficient drug penetration after the use of COL at
doses 0.1 and 1 mg/mL, a decrease in ICso of MET was found as com-
pared to MET-GNPs (Table 2, Fig. 3). It seems that COL at a dose of
0.1 mg/mL might be suitable for the effectiveness of MET- GNPs
treatment. We found a slight cell-to-cell disintegration at the outer
spheroid surface during the treatment with 1 mg/mL of COL, which
could abruptly decompose the spheroid structure [41]. It should be
stated that the higher doses of COL were shown to efficiently affect the
integrity of the mammospheres, resulting in further metastasis of un-
touched cancer cells and possible paraneoplastic phenomenon [42,43].
Such phenomena seem to be consistent with previous reports even
though COL per se appears to be nontoxic to the cells [44]. In support of
this claim, COL is believed to have no detrimental effects on the normal
functions of cells, and hence, it has commonly been used for the de-
tachment of cells. The result of the MCRI value showed that MCRI of the
7-day old spheroids was more than the 14-day old counterpart
(Table 2). One explanation would be that the spheroids with a small
diameter size have thin hypoxic layer compared to the large size
mammospheres [45]. We also noticed a higher cytotoxic effect of MET-
GNPs on the day 19 than that of the 12-day old 3D culture. In spite of
higher collagen synthesis by the culture time (15.62 * 1.52ng at 12-
day old spheroid versus 22.32 + 1.15 at 19-day old spheroids), the cell
survival was higher in the mammospheres after 12 days compared to
spheroids on the day 19. Consistent with our result, Auvergne and
colleagues reported that the treatment of the 7-and 14-day old human
chondrosarcoma HEMC-SS cell spheroids with drug TH-302 imposed
higher cytotoxicity in cells from day 14 [45]. This result is possibly
related to the fact that the population of the hypoxic cells is increased
after a prolonged culture period with a higher rate of sensitivity to MET
[46]. The mechanism of the resistance seems to be an important factor
in the efficiency of the anti-cancer agent [9]. Also, it was demonstrated
the induction of collagen content by time, as confirmed in the current
experiment, could markedly induce the expression of ECM degrading
enzymes such as metalloproteinase, which may increase the penetration
of MET-GNPs on the day 14 [47].

According to the great body of the experiment, CD44* /CD24~ are
conceived as a biomarker for the identification of breast CSCs [48]. The
latter phenomenon is speculated to emerge because of the functional
presence of CSCs. Similar to other reports, our study showed the
number of CSCs increased upon cultivation in the 3D condition [49].
The addition of COL to MET-GNPs complex could decrease the CD44 " /
CD24~ cell population in tumor mass, showing a gradual loss of
stemness trait in the tumor foci (Table 3). This supports the possible
reduction of CSCs that might decrease the tumor resistance to che-
motherapeutic agents [50]. In support of this claim, the number of
apoptotic cells was shown to increase after the treatment with GNPs
conjugated with collagenase coincided with the downregulation of
PKM2 (Fig. 4, Table 4). The decrease of PKM2 was shown to correlate
with the cytotoxic effect of MET on the proliferation of cancer cells
[51,52]. The reduction of PKM2 may limit the generation of ATP in
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cancer cells by inhibiting the transformation of phosphoenolpyruvate to
pyruvate, and as a consequence, declining tumor growth [53]. Further,
it should be stated that the lack of necrosis phenomena in our study
might be related to the use of the immortalized cells that might possess
trivial necrotic core in mammospheres [54]. As a result, we speculate
that the longer incubation time with a much higher dose of MET-GNPs
might lead some part of the cells in mammospheres to become necrotic,
which demands further experimentations to be proven.

5. Conclusions

Mammospheres provide the 3D model systems, which can enrich
the growth of rare cell types such as CSCs. Such models can be used for
examining the therapeutic impact of compounds such as MET in cancer.
Our findings support the role of ECM in terms of cancer cells' resistance
to chemotherapeutic agents, which may result in the decline of drug
efficacy and failure of cancer therapy. Taken all, it is proposed that the
enzymatic modulation of ECM with collagenase-conjugated NPs (e.g.,
COL-GNPs) may enhance the penetration of chemotherapeutic agents
and macroomolecules/NPs (e.g., MET-GNPs) into the solid tumor, and
hence, result in improved therapeutic outcomes. Further, the use of
gold NPs for the conjgation of collagenase may provide a great possi-
bility for the phothermal therapy of solid tumors.
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