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It was recently shown that it is possible to exploit the nanoparticle shape to selectively target endocytosis
pathways found in cancer and not healthy cells. It is important to understand and compare the endocytosis
pathways of nanoparticles in both cancer and healthy cells to restrict the healthy cells from taking up
anticancer drugs to help reduce the side effects for patients. Here, the clathrin-mediated endocytosis
inhibitor, hydroxychloroquine, and the anticancer drug, doxorubicin, are loaded into the same
mesoporous silica nanorods. The use of nanorods was found to restrict the uptake by healthy cells but
allowed cancer cells to take up the nanorods via the macropinocytosis pathway. Furthermore, it is
shown that the nanorods can selectively deliver doxorubicin to the nucleus of breast cancer cells and to
the cytoplasm of pancreatic cancer cells. The dual-drug-loaded nanorods were able to selectively kill
the breast cancer cells in the presence of healthy breast cells. This study opens exciting possibilities of
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Introduction

Understanding the endocytosis pathways of nanoparticles helps
to improve targeting strategies and potentially the efficiency
and safety in therapeutic applications.”” Understanding the
differences in the available endocytosis pathways for nano-
particles in cancer and healthy cells shows that if nanoparticles
can be designed to be taken up only by macropinocytosis
pathway (a consequence of oncogenic alterations of cancer
cells), then this pathway could be targeted to the cancer cells.?
Understanding which endocytosis pathways are available to
cancer cells and to healthy cells can be exploited to design
nanoparticles that are selectively taken up by the cancer cells
over the healthy cells.® This strategy is in contrast to the more
common approach of first synthesising the nanoparticles and
then studying which uptake pathway they employed to allow the
nanoparticles to enter the cells in question. In general, each
endocytosis pathway has an upper size limit for nanoparticles to
be internalised.* For example, clathrin-mediated endocytosis
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targeting cancer cells based on the material shape rather than targeting antibodies.

has an upper size limit of ~120 nm. Therefore, if the nano-
particles are bigger than the upper size limit of clathrin-
mediated endocytosis, these nanoparticles are unlikely to be
taken up by the clathrin-mediated endocytosis pathway.**
Macropinocytosis is one of the hallmarks of cancer cells while
most healthy cells are non-macropinocytic.*® It has been found
that a specific shape of nanoparticles can show a preference for
the macropinocytosis pathways of cancer cells.” For instance,
we® and others™ have shown that mesoporous silica nanorods
with a size of ~180 nm x 60 nm were found to be taken up in
larger quantities via the macropinocytosis pathway compared to
the short or long nanorods and nanospheres. Importantly,
these studies were performed without any drug delivery.
Furthermore, the macropinocytosis pathway has recently
attracted attention as a strategy to achieve nuclear drug
delivery.”"*"” It is suggested that macropinocytosis leads to
a high rate of endosomal and lysosomal escape,'®*® so vital for
effective drug delivery to a cell.”” Combining these two concepts,
developing drug loaded nanoparticles that only enter cells by
endocytosis could be a means of not only targeting cancer cells
over healthy cells but also used to direct where in the cells drugs
are released. In the present study we show how the nanorods
can be used to deliver anticancer drugs to the nucleus of cancer
cells to selectively kill the cancer cells in the presence of healthy
breast cells, which has not been previously reported.
Endocytosis chemical inhibitors are widely used to study the
uptake pathway of nanoparticles.® Cells are typically pre-treated
with the inhibitor before adding nanoparticles. Then the uptake
of nanoparticles into inhibitor-treated cells is compared to that
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Fig. 1 Schematic illustration of drug-loaded mesoporous silica nanorod selection in cancer and healthy cells. Hydroxychloroquine (HCQ) and
doxorubicin (DOX) are co-loaded into mesoporous silica nanorods. HCQ is released first which inhibits clathrin-mediated endocytosis pathways
in both healthy and cancer cells. As the cancer cells can use the macropinocytosis pathway to take the nanorods, the nanorods enter the cancer
cells despite HCQ inhibition. The nanorods allow the delivery of DOX to the nucleus of cancer cells.

of  non-inhibitor-treated  cells. For  example, if
hydroxychloroquine-treated cells take up fewer nanoparticles in
comparison to non-inhibitor-treated cells, it means clathrin-
mediated endocytosis is involved in the uptake. Hydroxy-
chloroquine reduces the expression of phosphatidylinositol
binding clathrin assembly protein, one of the three most
abundant proteins in clathrin-coated pits,* to downregulate
clathrin-mediated endocytosis.” The clathrin-mediated endo-
cytosis pathway is common in both cancer and healthy cells.”
Recently the clathrin-mediated endocytosis inhibitor hydroxy-
chloroquine was recommended to be repurposed for nano-
medicine research to increase the therapeutic index.”®?” For
example, hydroxychloroquine loaded inside hollow mesoporous
silica nanoparticles significantly enhances the therapeutic effi-
cacy of radiation therapy by effectively inhibiting the radiation-
induced autophagy of cancer cells.® Furthermore,
hydroxychloroquine-conjugated gold nanoparticles can
improve endosomal escape and increase siRNA guide strand
distribution to the RNA induced silencing complex, which is
a crucial obstacle to the potency of siRNA.” Hydroxy-
chloroquine is currently being clinically used as an autophagy
inhibitor in the treatment of cancers.** And the combination of
hydroxychloroquine and doxorubicin is also in clinical trials for
lymphoma treatment.*

The purpose of this paper is to show how mesoporous silica
nanorods, with a size of ~180 nm x 68 nm, can be used to
target the macropinocytosis uptake pathway of cancer cells for
drug delivery. Co-loading of hydroxychloroquine (HCQ) and
doxorubicin (DOX) allowed the delivery of DOX to the nucleus of
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cancer cells (Fig. 1), and selectively kill the breast cancer cells
over healthy breast cells in a co-culture of cancer and healthy
breast cells. In contrast, the same nanoparticles were shown to
preferentially deliver DOX to pancreatic cancer cells over
healthy pancreatic cells, but with the pancreatic cancer cells,
the drug was preferentially delivered to the cytoplasm and not
the nucleus, revealing different behaviours of different cancer
cell types.

Results and discussion

Hydroxychloroquine and doxorubicin-loaded mesoporous
silica nanorods

Mesoporous silica nanorods were prepared using a tetraethyl
orthosilicate (TEOS)-based sol-gel process as described previ-
ously.? The synthesis relies on the hydrolysis of TEOS to form
silica oligomers with the condensation of silica oligomers
around a surfactant template cetyltrimethylammonium
bromide (CTAB), to obtain the final mesoporous structure.® The
size of the nanorods was determined by transmission electron
microscopy and the data of the length and width of nanorods
were extracted using Image]. The size of the nanorods was
~180 nm in length and 68 nm in width (Fig. S1, ESI{). The
surface of the nanorods was modified with polyacrylic acid
(PAA) to limit the aggregation of the nanorods in biological
media and to control the release of the drug at acidic pH. The
nanorods were labelled with Cy5.5 to determine the cellular
uptake into the cells and compare to the site of drug release
later.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Doxorubicin (DOX) and/or hydroxychloroquine (HCQ) were
loaded into mesoporous silica nanorods. To achieve this, HCQ
(0.3 mg) or DOX (0.1 mg) was dissolved in 1 mL of phosphate-
buffered saline (PBS), pH 7.4. The UV-vis absorbance of DOX
and HCQ in PBS buffer is shown in Fig. S2.1 Then 0.5 mL of
pure water containing 5 mg of nanorods was added to the drug
solution and stirred for 48 h at 25 °C. The concentration of HCQ
and DOX before loading into the nanorods was 0.46 mM and
0.123 mM, respectively. For dual-drug loading, 0.15 mg of HCQ
and 0.05 g of DOX were used. To determine the amount of drugs
loaded into the nanorods, the UV-vis absorbance of HCQ and
DOX solutions before and after loading into the nanorods was
measured by using a UV-vis spectrophotometer for absorption
at 342 nm for HCQ and 480 nm for DOX (Fig. S31). The amount
of HCQ loaded in nanorods was calculated to be 0.023 mg in
5 mg of nanorods to obtain a loading efficiency of 4.6% (wt/wt).
The amount of DOX loaded into the nanorods was calculated to
be 0.094 mg in 5 mg of nanorods to obtain a loading efficiency
of 18.8% (wt/wt). The concentration of HCQ and DOX in the
nanorods was therefore 0.035 mM and 0.116 mM, respectively
(Table S1 and Fig. S3, ESIT). The lower loading efficiency of HCQ
compared with that of DOX was attributed to the charge inter-
action between the positively charged DOX and the negative
charge of PAA-modified silica. HCQ in contrast is believed to
enter the pore spaces of the mesoporous silica mainly via
passive diffusion. The drug-loaded Cy5.5 nanorods are referred
to as HCQ-NR-Cy5.5, DOX-NR-Cy5.5, or HCQ & DOX-NR-Cy5.5
depending on their payload. All drug-loaded nanorods were
kept in 1 mL of PBS buffer, pH 7.4 (Fig. S21). The UV-vis
absorbance spectra of DOX-, HCQ-, and HCQ & DOX-loaded
nanorods are shown in Fig. S2h.f The UV-vis absorbance
spectra of NR-Cy5.5 show a characteristic absorption peak at
683 nm corresponding to Cy5.5. With HCQ-NR-Cy5.5, there is
an additional band at 342 nm corresponding to HCQ and with
HCQ-DOX-NR-Cy5.5, a further absorption peak at 480 is
observed corresponding to DOX. The release profile of HCQ and
DOX was obtained in PBS buffer, pH 7.4 and 5.8 (Fig. 2). For the
release experiments, 2 mL of the supernatant was taken peri-
odically from the suspension followed by centrifugation
(9000 rpm, 5 min) and measured by using a UV-vis spectro-
photometer for absorption at 342 nm for HCQ and 480 nm for
DOX. HCQ was released faster than DOX even at pH 7.4 (Fig. 2).
It can be seen that ~80% of HCQ was released after 5 h and the
release was completed after 20 h. The release profile of HCQ is
consistent with the release rate from a previous report.>® As the
purpose of HCQ is to inhibit the uptake of nanorods into
healthy cells, the fast release of HCQ at pH 7.4 is beneficial for
this work. The release profiles of DOX from nanorods at pH 7.4
were <15% after 40 h incubation, whereas the release rate of
DOX at pH 5.8, a pH often associated with the environment of
endosomes or lysosomes in cancer cells, was 65% after 40 h
(Fig. 2). The release profile of DOX is consistent with our
previous work* and the work by others.** Here, DOX-NR-Cy5.5
is expected to be taken by the cells and DOX is released inside
cellular organelles such as endosomes or lysosomes where the
pH is more acidic.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The release profile of DOX and HCQ at pH 7.4 and 5.8. The
figure is represented by B (pH 7.4 for HCQ-NR-Cy5.5), A (pH 7.4 for
DOX-NR-Cy5.5) and @ (pH 5.8 for DOX-NR-Cy5.5). The drug release
percentage is calculated from the weight of the released drug in PBS
solution divided by the weight of the drug in nanorods.

The selection of DOX-NR-Cy5.5 for targeting the nucleus of
the breast cancer cells over pancreatic cancer cells

DOX inhibits topoisomerase II of cancer cells to prevent cells
from replicating. This requires DOX to be delivered to the
nucleus of cancer cells.** The amount of DOX delivered to the
nucleus of cancer cells was assessed from the fluorescence
intensity after exposing DOX-NR-Cy5.5 to the breast cancer
MCF?7 cells or pancreatic cancer PANC-1 cells (Fig. 3). What is
evident from Fig. 3 is DOX is delivered to the nucleus in both
cell types but there is significantly more DOX delivered to the
nucleus of MCF7 cells compared with that of the PANC-1 cells.
This is despite the fact that, from Fig. 3a and d, it can be seen
that the nanorods are located adjacent to the nucleus of MCF7
cells but do not cross the nuclear envelope. With the PANC-1
cells, the nanorods do not appear to encircle the nucleus to
the same extent and are often located only on one side of the
nucleus (Fig. 3e and h). Based on previous work, we have
compared the endocytosis pathways of nanorods in MCF7 and
PANC-1 cells and found that both MCF7 and PANC-1 cells used
clathrin-mediated endocytosis and macropinocytosis as the
major uptake pathways.® Here, we exploit our previous findings
for drug delivery and selective targeting of cancer cells over
healthy cells. We compared breast cancer cells with pancreatic
cancer cells with the purpose of showing that the intracellular
fate of the nanoparticle drug delivery system is also dependent
on cancer cell types. Both breast cancer MCF7 cells and
pancreatic cancer PANC-1 cells are macropinocytic cells;®**
however, the intracellular trafficking of nanoparticles into these
two cancer cell types is quite different. As shown in Fig. 3
different cancer cell types from different tumour tissues could
lead to significant differences in intracellular trafficking,
localization of nanoparticles in cells, and the release sites of
drugs in the cells. Therefore, understanding the intracellular

Chem. Sci., 2021, 12, 15407-15417 | 15409
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Fig.3 DOX-NR-Cy5.5 was incubated with breast cancer MCF7 cells or pancreatic cancer PANC-1 cells after 24 h. (a—d) MCF7 cells. (e—h) PANC-
1 cells. (a and e) Cy5.5 channel. (b and f) DOX channel. (c and g) Merged two channels. In a, b, ¢, e, f, and g, the 20 x lens was used. In d and h, the
100x lens was used. The white arrows indicate the location of DOX in the nucleus of the two cell lines. (i) Comparison of the fluorescence
intensity of Cy5.5 in the cytoplasm and DOX in the nucleus of MCF7 and PANC-1 cells. Cy5.5-labelled nanorods are represented with the red
emission color. DOX is represented with the green emission color. The scale bar is 10 pm.

trafficking of the nanoparticle drug delivery system for a specific
cancer type is very important to choose the right drug.

The reasons for differences in drug delivery locations
between the two cell types using nanorods are complicated. We
have compared the effect of other shapes of nanoparticles on
the endocytosis and the reason the nanorods could selectively
deliver doxorubicin to the nucleus of breast cancer cells could
be explained. Previously, we found that the nanorods can
escape the lysosomes and locate adjacent to the nucleus of
MCF7.? We also use nanospheres with a similar size to compare
with the nanorods. The nanospheres are either 190 nm in
diameter or 56 nm in diameter to approximately match the
length and the width of nanorod dimensions. When 190 nm
nanospheres were incubated with MCF7, the fluorescence was
hard to detect in the cytoplasm above the background.
Increasing the concentration of the 190 nm nanospheres ten
times did not result in an increase of nanospheres entering the
cells. And the MCF7 cells were observed to exhibit a strong

15410 | Chem. Sci,, 2021, 12, 15407-15417

preference for the uptake of nanorods over the nanospheres (56
nm). The fluorescence intensity of nanorods in MCF7 cells was
about four times higher than that of nanospheres (56 nm) in
MCEF?7 cells.

A common feature of clathrin-mediated endocytosis and
macropinocytosis pathways is that the majority of cargo they
internalize is trafficked through lysosomes.>® It has been re-
ported that nanoparticles are internalised into intracellular
compartments (endosomes or lysosomes) with high heteroge-
neity within and between different tumour types and cancer cell
types.®® In particular, the accumulation of binary ratiometric
reporter nanospheres in six animal tumour models including
breast and pancreatic tumour types, and the endocytosis
kinetics of these nanoparticles in the breast and pancreatic
cancer cells were highly heterogeneous.*® Furthermore, differ-
ences in the endosomal compartments between cell types exist
which may also result in differences in the protein corona
formed around the nanoparticles. Again this may change the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Comparison of the amount of DOX in the nucleus of MCF7 cells
and inhibitor-treated MCF7 cells. Hydroxychloroquine (HCQ) or
chlorpromazine (CPZ) was used to inhibit the clathrin-mediated
endocytosis (CME) pathway so that the cancer cells can use the
macropinocytosis pathway. Amiloride was used to inhibit the macro-
pinocytosis (M) pathway so that the cancer cells can use the clathrin-
mediated endocytosis pathway. (@) MCF7 cells were incubated with
DOX-NR-Cy5.5. (b) Hydroxychloroquine-treated MCF7 cells were
incubated with DOX-NR-Cy5.5. (c) Chlorpromazine-treated MCF7
cells were incubated with DOX-NR-Cy5.5. (d) Amiloride-treated MCF7
cells were incubated with DOX-NR-Cy5.5. (e) Amiloride and hydrox-
ychloroquine-treated MCF7 cells were incubated with DOX-NR-
Cy5.5. (f) Comparison of the amount of DOX in the nucleus of these
cells. All the cells were incubated with nanorods for 24 h. The scale bar
is 10 pm.
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endosomal escape properties of nanoparticles.”” What's more,
the endosomal and lysosomal escape varies between different
cancer cell types®”*® and the ability of the endosomal and lyso-
somal escape of nanoparticles is believed to be dependent on
the position and the size of endosomes and lysosomes within
the cell.**** Lysosomes located near the cell membrane were
found to be less acidic than the lysosomes located near the
nucleus.* Note that pH plays a major role in the proton sponge
hypothesis, and low pH could have a significant impact on
helping the nanoparticles escape the intracellular compart-
ments.** Therefore, it is far from trivial to determine which of
these variables or a combination of them is responsible for the
difference in the distribution of the nanorods in MCF7 and
PANC-1 cells, or the site of DOX release, of endocytosed DOX-
NR-cy5.5 in the two cell types (Fig. 3b and f). What is clear is
that the fluorescence intensity of nanorod-Cy5.5 in the cyto-
plasm of the MCF7 cells was ~1.4 times greater than that in
PANC-1 cells. Even more importantly, the fluorescence intensity
of DOX in the nucleus of MCF7 cells was ~18.3 times greater
than that of the DOX in the nucleus of PANC-1 cells (Fig. 3i).
These results indicate that the nanorods preferentially delivered
doxorubicin to the nucleus of breast cancer cells compared to
pancreatic cancer cells. Our results indicate that the intracel-
lular trafficking must be taken into consideration for drug
delivery into each specific cell type.

We further confirmed that macropinocytosis was the domi-
nant pathway by which DOX-NR-Cy5.5 entered the MCF-7 cells
by treating the cells with endocytosis inhibitors before adding
DOX-NR-Cy5.5 (Fig. 4). The nanoparticle uptake was compared
via the amount of DOX in the nucleus of the cells. It is apparent
that the clathrin-mediated endocytosis inhibitors (hydroxy-
chloroquine and chlorpromazine) and macropinocytosis
inhibitor (amiloride) decrease the uptake of DOX-NR-Cy5.5 in
the MCF7 cells. The clathrin-mediated endocytosis inhibitors
(hydroxychloroquine and chlorpromazine) reduced the amount
of DOX in the nucleus of the cancer cells by about 20% (Fig. 4b,
c and f). In contrast, the macropinocytosis inhibitor (amiloride)
reduced the amount of DOX in the nucleus by about 75%
(Fig. 4d and f). It is apparent from these results that macro-
pinocytosis largely contributes to the delivery of DOX into the
nucleus compared to the clathrin-mediated endocytosis
pathway. Our observation is consistent with other reports.'®*
For example, siRNA-loaded lipid nanoparticles were found to
enter the cancer cells via macropinocytosis and clathrin-
mediated endocytosis, and macropinocytosis provided
a major contribution to gene silencing activity (up to 60%) while
clathrin-mediated endocytosis resulted in ~10% of gene
silencing.'”® Designing nanostructures to induce macro-
pinocytosis uptake in cancer cells has been utilised in vitro'®
and in vivo." For example, Chen et al. developed a biologically
inspired lipoprotein-biomimetic nanostructure to induce
cancer cells to ‘drink drugs’ via the macropinocytosis pathway
and deliver drugs to the nucleus of the cancer cells.">** In vivo,
the accumulation of albumin bound drug nanoparticulates into
the tumour was found to therapeutically improve by enhancing
the macropinocytosis uptake of cancer cells.**
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fluorescence intensity was measured as shown in the green square. The data were extracted in (h). The scale bar is 10 um.

HCQ-loaded nanorods can restrict the uptake of nanorods
into healthy cells

Healthy breast epithelial MCF10A cells were used as a non-
cancer cell model to compare with MCF7 cells on the uptake
of HCQ-NR-Cy5.5. It was hypothesised that when HCQ-NR-
Cy5.5 was exposed to the cells, HCQ would be released and
restrict the MCF10A cells from taking nanorods but allow the
MCF?7 cells to take the nanorods via the macropinocytosis
pathway. To clarify this, we compared the extracellular and
intracellular fluorescence intensity of NR-Cy5.5 in MCF10A
and MCF7 cells at 30 min, 20 h, and 48 h of incubation after
exposure. At 30 min after exposure, the extracellular fluores-
cence intensity of nanorod-Cy5.5 was higher than the intra-
cellular fluorescence intensity of nanorod-Cy5.5 in both MCF7
and MCF10A cells (Fig. 5a and d). At 20 h after exposure, it was
evident that with the MCF7 cells, the intracellular fluores-
cence intensity of nanorod-Cy5.5 was higher than the extra-
cellular fluorescence intensity of nanorod-Cy5.5 (Fig. 5e)

15412 | Chem. Sci,, 2021, 12, 15407-15417

whilst with the MCF10A cell sample, the extracellular fluo-
rescence intensity of nanorod-Cy5.5 was higher (Fig. 5b and
S4t). At 48 h after exposure, the extracellular fluorescence
intensity of nanorod-Cy5.5 was hardly detected for the MCF7
cells (Fig. 5f) and the amount of nanorods in MCF10A cells
was significantly lower than the amount of nanorods in MCF7
cells (Fig. 5g and h). Taken together, these results show that
HCQ can restrict the uptake of nanorods into MCF10A cells.
Note that the inhibition by HCQ can have time-dependent
effects on the inhibitor.** In this system the release of HCQ
from nanorods was completed after 20 h (Fig. 2d). It is
hypothesized that after 20 h of incubation, the effects of HCQ
on the MCF10A cells were reduced.

Comparison of the uptake of HCQ & DOX-loaded mesoporous
silica nanorods by cancer and healthy cells

Next, HCQ and DOX were loaded into nanorods to selectively
kill the breast cancer cells over the breast healthy cells. As

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc04656j

Open Access Article. Published on 18 November 2021. Downloaded on 10/22/2025 6:23:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

Cy5.5 Merged

»nu
= cyTo

[ 1DOX in nucleus
[_1DOX in cytoplasm

DOX
»ny
=) cyTo

— ~MCF7

500000 -

400000 -

300000 : ’

n

o

=1

o

=3

(=]
N

DOX fluorescent intensity (a.u)

MCF10A

L o MeE7

© MCF10A o : v
T B e\ T G,

Lt o -  MCF10A

| DOX outside nucleus

- ¥

Fig. 6 Cellular uptake of HCQ & DOX-NR-Cy5.5. (a) MCF7 and (b)
MCF10A cells after 24 h incubation. (c) Fluorescence intensity of DOX
in the whole cells and nucleus of MCF7 and MCF10A cells. The shorter
white arrows indicate the location of DOX in the nucleus (NU) of the
two cell lines. The longer white arrows indicate the location of DOX in
the cytoplasm (CYTO) of the two cell lines. (c) Comparison of the
amount of DOX in the whole cells and the nucleus of these cells. (d and
e) Mixed culture of MCF7 and MCF10A cells was incubated with HCQ &
DOX-NR-Cy5.5 after 48 h and 72 h. The MCF7 cells were stained with
cell tracker violet in d and e. NU represents the nucleus. CYTO
represents the cytoplasm of the cells. DOX is represented with the
green emission. The Cy5.5 nanorod is represented with the red
emission color. Cell tracker violet is represented with blue emission
color. The scale bar is 10 um.

mentioned above, DOX is most effective if delivered to the
nucleus of cancer cells. It can be seen in Fig. 6a-c that more
DOX was found in the nucleus of MCF7 than in the nucleus of
MCF10A cells. To see whether HCQ & DOX-NR-Cy5.5 can
selectively kill the MCF7 cells over MCF10A cells, a mixture of
MCF7 and MCF10A cells in a co-culture system (Fig. 6d and e)
was prepared. The MCF7 cells were stained with cell tracker

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 HCQ & DOX-NR-Cy5.5 incubated with (a) MCF7 and (b)
MCF10A after 72 h. The cell viability of HCQ & DOX-NR-Cy5.5 in MCF7
and MCF10A (c). The cell viability was quantified using a LIVE/DEAD
Viability/Cytotoxicity Kit for mammalian cells based on staining the live
cells with calcein-AM (0.5 uM) and dead cells with ethidium homo-
dimer-1 (1 uM) dyes. Images of live (green) and dead (red) cells were
acquired using the LSM780 with the 20x objective lens. The white
arrow in (a) shows the stressed cancer cells after being treated with
HCQ & DOX-NR-Cy5.5 for 72 h. The scale bar is 10 pm.

violet. It was observed that DOX travels into the nucleus of
MCF?7 cells in the co-culture and hinders the MCF7 cells from
spreading, leading to their death after 72 h. HCQ & DOX-NR-
Cy5.5 do not cause significant toxicity in MCF10A cells.
Details of the cytotoxicity are presented in Fig. 7.

HCQ & DOX-NR-Cy5.5 stop the cancer cells from spreading.
Cytotoxicity experiments were performed according to the
literature.*® Fig. 7a shows that the cancer MCF7 cells cannot
spread nor divide after 72 h incubation. In contrast, MCF10A
cells can grow and proliferate (Fig. 7b). The HCQ & DOX-NR-
Cy5.5 can selectively kill ~80% of the cancer cells (Fig. 7c).
Overall, these results demonstrate how HCQ & DOX-NR-Cy5.5
can selectively target the cancer cells while exhibiting only
marginal cytotoxicity towards healthy cells.

Practical applications of HCQ & DOX-NRs

The HCQ & DOX-NRs are specifically designed for injectable
local drug delivery at the tumor site for in vivo delivery, and
particularly designed to target the cancer cells located within
the tumor. Injectable local drug delivery at the tumor site is one
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Table 1 MIRIBEL checklist for nanoparticle characterization and cell
preparation

Component Data

Materials characterization

Synthesis See the Methods section
Composition Silica

Size 180 x 68 nm

Shape Rod

Zeta potential —31.4 mV

Labelling Cy5.5

Targeting Passively targeted

Biological characterization
Cell seeding

Cell line authentication
Passage number
Mycoplasma testing
Background signal

See the Methods section

MCF7, MCF104, and PANC-1

MCF7 < 30, MCF10A < 20, and PANC-1 < 30
Yes

per cell

Experimental protocol details

Culture dimensions mL

Administered dose 0.2 gmL "

Imaging details See the Methods section
Signal of cells Signal per time point
Data analysis See the methods section

of the solutions for low delivery efficiency problems of nano-
medicines and could prevent cancer recurrence after surgical
therapy.***” As such the rapid release of HCQ prior to the
release of DOX is advantageous to suppress the clathrin mediate
endocytosis before the therapeutic nanoparticles are taken into
the cells by macropinocytosis. For future practical applications,
HCQ & DOX-NRs are suggested to be injected into the tumours
such as breast tumors in animal models.

Our HCQ & DOX-NRs are recommended to target the cancer
cells located within the tumor where many drug delivery
systems are unable to reach. This is because the cancer cells
located in the core of the tumor were found to perform the
highest levels of macropinocytosis uptake.'>** Further study on
using HCQ & DOX-NRs to target macropinocytic cancers at the
core of the tumor will be needed.

Conclusion

We developed a simply designed nanoparticle drug-delivery
vehicle that can transport the maximum amount of drugs
into the nucleus of the cancer cells and is less harmful to
healthy cells. Here we used mesoporous silica nanorods in
combination with the FDA-approved drugs-
hydroxychloroquine and doxorubicin. Our study is a prom-
ising approach for targeting cancer cells over healthy cells.
Our findings of co-loading hydroxychloroquine and doxoru-
bicin into mesoporous silica nanorods offer two new func-
tions, restricting the uptake of anticancer drugs into healthy
cells, and allow the delivery of anticancer drugs to the
nucleus of cancer cells. This contributes to reducing the side
effects of anticancer drugs and maximising the chemo-
therapy effects in the future.

15414 | Chem. Sci,, 2021, 12, 15407-15417
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Method

Synthesis of mesoporous silica nanorods

The nanorods were prepared according to the literature.*
Briefly, 0.45 g of CTAB was dissolved in 110 mL of deionized
water and stirred for 30 min before adding 1.7 mL of ammo-
nium hydroxide. The mixture was kept stirring for another
hour, and then 940 pL of TEOS was added to the solution. The
reaction mixture was kept stirring for 1 h at room temperature.
The nanorods were centrifuged and washed with 70% ethanol
three times. The nanorods were kept in 50 mL of 70% ethanol.
To remove CTAB on the surfaces of the mesoporous silica, 5 mL
of HCI (35%) was added to the nanorod solution and stirred for
48 h. Finally, the nanorods were kept in 10 mL of 100% ethanol
for further use.

Surface modification

Polymer functionalization of mesoporous silica nanorods
(PAA-nanorods) was conducted according to the literature.*
Mesoporous silica nanorods were transferred to 100%
ethanol by centrifugation and redispersion in ethanol. Then,
1 mL of the nanoparticle solution (5 mg mL™ ') was added to
a mixture of 1 mL of APTES and 50 mL of ethanol. The
mixture was vigorously stirred for 10 h. The obtained amine-
modified nanorods (nanorod-NH,) were centrifuged and
cleaned with ethanol, and kept in water. Conjugation of
polyacrylic acid (PAA) with nanorod-NH,: 50 mg of PAA was
dissolved in 5 mL of deionized water and sonicated for
30 min. At the same time, a mixture of 200 mg of NHS and
30 mg of EDC was dissolved in 5 mL of 10 x PBS buffer. The
carboxyl group of PAA was activated by adding the PAA
solution to the EDC/NHS mixture for 30 min. Then the
nanorod-NH, were added to the PAA mixture and was left to
react for 1 h. Finally, the PAA-mesoporous silica nanorods
were centrifuged and washed with water three times.

Fluorescence-labelled nanoparticles: the polyacrylic acid
conjugated nanorods were labelled with Cy5.5-hydrazine via
crosslinking with amine groups on the fluorescent dyes and
carboxyl groups on the polyacrylic acid. The EDC coupling
reaction conditions were the same as those used for the
conjugation of polyacrylic acid.

Drug(s)-loading into mesoporous silica nanorods

Hydroxychloroquine (HCQ) sulphate was loaded according to
ref. 28. Briefly, 0.3 mg of HCQ was dissolved in 1.5 mL PBS
buffer at pH 7.4 containing 5 mg of nanorod-Cy5.5 and stirred
for 48 h at 25 °C. Then, the final product was washed with PBS
buffer, pH 7.4. HCQ-loaded nanorod-Cy5.5 (HCQ-NR-Cy5.5) was
stored in PBS buffer, pH 7.4.

Doxorubicin (DOX) hydrochloride was loaded according to
ref. 50. Briefly 0.1 mg of DOX was dissolved in 1.5 mL PBS
buffer, pH 7.4, containing 5 mg of nanorod-Cy5.5 and stirred for
48 h at 25 °C. Then, the final product was washed with PBS
buffer, pH 7.4. DOX-loaded nanorod-Cy5.5 (HCQ-NR-Cy5.5) was
stored in PBS buffer, pH 7.4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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HCQ and DOX were co-loaded into nanorods through the
following steps. 0.15 mg of HCQ and 0.05 mg of DOX were
dissolved in 1.5 mL PBS buffer, pH 7.4, containing 5 mg of
nanorod-Cy5.5 and stirred for 48 h at 25 °C. Then, the final
product was washed with PBS buffer, pH 7.4. HCQ and DOX-
loaded nanorod-Cy5.5 (HCQ & DOX-NR-Cy5.5) was stored in
PBS buffer, pH 7.4.

The measurement of drug loading efficiency

The measurements were conducted according to ref. 33.

To determine the amount of drugs loaded into the nanorods,
the UV-vis absorbance of HCQ and DOX solutions before and
after loading into the nanorods was measured by using a UV-vis
spectrophotometer for absorption at 342 nm for HCQ and
480 nm for DOX.

Stimulated drug release

Drug release studies were conducted according to ref. 32. Drug-
loaded nanorods prepared above were dispersed in 20 mL of
PBS buffer, pH 5.8 and pH 7.4. Subsequently, 2 mL of the
supernatant was taken periodically from the suspension at
25 °C followed by centrifugation (9000 rpm, 5 min).

Measurement of drug release

The release of drugs from the nanorods to PBS buffer at pH 7.4
and 5.8 was determined by using a UV-vis spectrophotometer
for absorption at 342 nm for HCQ and 480 nm for DOX.

Cell preparation

MCF-7 cells (confirmed to be mycoplasma negative) were
grown in high glucose DMEM (Dulbecco's Modified Eagle's
medium) medium from Invitrogen, supplemented with 10%
fetal bovine serum, 5 mL of Pen-Strep and HEPES at 37 °C
and in 5% CO,. MCF-10A cells (confirmed to be mycoplasma
negative) were grown in HuMEC ready medium, which
contains HuMEC basal serum free medium, HuMEC
supplement, and bovine pituitary extract from Invitrogen at
37 °C, and in 5% CO,. PANC-1 cells (confirmed to be myco-
plasma negative) were grown in DMEM medium containing
10% fetal bovine serum and r-glutamine (2 mM) as previ-
ously described.** For live imaging, the MCF-7 or MCF-10A
cells were plated 24 h before experiments onto 35 mm
glass-bottomed dishes (No. 1 0.17 mm thickness). The
passage number of MCF10A and MCF7 cells in the experi-
ments was always smaller than 20 and 30, respectively.
Antibiotics were applied in media of both MCF10A and
MCF7.

The microscopy measurements were performed on a Zeiss
LSM780 Quasar laser scanning microscope. Cy5.5 was excited
with the 633 nm emission line of a helium-neon laser. The cells
were incubated under the conditions of 37 °C with 5% CO,
during line scan acquisition. For visualizing the Cy5.5-modified
nanorod, Cy5.5 was measured sequentially in the ~730 nm
emission range.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Nanoparticle characterization and cell preparation followed
the MIRIBEL guidelines (Table 1).*
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