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Abstract: As the driving force of tumor progression, cancer stem cells (CSCs) hold much
lower cellular stiffness than bulk tumor cells across many cancer types. However, it remains
unclear whether low cell stiffness can be harnessed in nanoparticle-based therapeutics for
CSC targeting. We report that breast CSCs exhibit much lower stiffness but considerably
higher uptake of nitrogen-doped graphene quantum dots (N-GQDs) than bulk tumor cells.
Softening/stiffening ~ cells  enhances/suppresses  nanoparticle  uptake  through
activating/inhibiting clathrin- and caveolae-mediated endocytosis, suggesting that low cell
stiffness mediates the elevated uptake in soft CSCs that may lead to the specific elimination.
Further, soft CSCs enhance drug release, cellular retention, and nuclear accumulation of
drug-loaded N-GQDs by reducing intracellular pH and exocytosis. Remarkably, drug-loaded
N-GQDs specifically eliminate soft CSCs both in vitro and in vivo, inhibit tumor but not
animal growth, and reduce the tumorigenicity of xenograft cells. Our findings unveil a new
mechanism by which low cellular stiffness can be harnessed in nanoparticle-based strategies

for specific CSC elimination, opening a new paradigm of cancer mechanomedicine.

Statement of significance:

Low cell stiffness is associated with high malignancy of tumor cells and thus serves as a
mechanical hallmark of CSCs. However, it remains unclear whether cellular stiffness can be
exploited for specific targeting of soft CSCs. This work reports that soft CSCs exhibit high
N-GQD uptake compared to stiff tumor cells, which is regulated by cellular stiffness. Further,
soft CSCs have enhanced drug release, cellular retention, and nuclear accumulation of drug-
loaded N-GQDs, which enable the specific elimination of malignant CSCs both in vitro and
in vivo with minimal side effect. In summary, our study demonstrates that CSC’s low
stiffness can be harnessed as a mechanical target for specific eradication, which provides a

new paradigm of cancer mechanomedicine.



1. Introduction

Cancer stem cells (CSCs) have been proposed to reside at the apex of tumor cell hierarchy
with high tumorigenic and metastatic potential [1]. These malignant cells exhibit
considerable resistance to conventional chemo-/radio-therapy, which is believed to underlie
the failure of current cancer therapeutics and the incidence of cancer relapse [2]. Therefore,
CSCs hold the essential traits to drive tumor progression, drug resistance, and cancer
recurrence and hence become the major target in cancer therapeutics. However, the unique
traits of CSCs have posed grand challenges to their elimination for effective cancer treatment.

It is thus necessary to devise novel strategies for specific CSC targeting.

Nanoparticles have shown great promise in cancer therapy as the carrier of therapeutic drugs
[3]. Various surface proteins have been identified as functional CSC markers, including
CD133, CD44, CD20, CD90, CD15, and aldehyde dehydrogenase [1]. These markers have
been exploited to functionalize the nanoparticle surface, which can facilitate the delivery of
therapeutic drugs specifically into CSCs via the interaction between the ligands on the
nanoparticle surface and the receptors on the CSC membrane for chemotherapy and
thermotherapy. For example, lipoprotein-mimetic nanoparticles coated with CD15 antibody
can penetrate the blood—brain barrier and deliver the sonic hedgehog inhibitor effectively to
brain CSCs in medulloblastoma [4]. Magnetic nanoparticles with the encapsulation of
chemotherapy drug and the coating of CD20 antibody can be efficiently internalized by lung
CSCs to induce substantial cell apoptosis under an alternating magnetic field due to the
combined effect of chemotherapy and thermotherapy [5]. However, these surface proteins are
dynamically evolving and thus may not be able to faithfully label CSCs during tumor
progression. Many studies have casted doubt on the reliability of these proteins as functional

CSC markers and thus the efficacy of surface marker-based nanoparticle-mediated cancer
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therapy [6,7]. Therefore, it is essential to harness reliable features as faithful CSC markers,
which will facilitate the development of novel nanoparticle-based strategies for specific CSC

elimination.

To improve the efficacy of nanoparticle-based drug delivery in cancer therapy, considerable
advances have been achieved to enhance cellular uptake of nanoparticles by optimizing their
physical dimension and surface chemistry, which can facilitate the targeting of bulk tumor
cells but not CSCs [8—12]. It has become increasingly clear that mechanical cues play
important roles in regulating cellular functions and tumor progression [13,14], including
mechanical properties of cancer cells [15]. Cell mechanics are inversely correlated with
tumor malignancy in many types of cancer: primary cancer cells derived from cancer patients
exhibit less F-actin assembly and lower cellular stiffness than their healthy counterparts [16];
highly metastatic tumor cells are much softer than weakly metastatic cells [17]. Importantly,
malignant CSCs hold considerably lower level of stiffness than bulk tumor cells [18-20].
Recent evidence shows that soft tumor cells isolated by microfluidic sorting exhibit much
higher stemness and tumorigenicity than stiff ones [21]. In addition to the correlation
between cell stiffness and tumor malignancy, cell mechanics critically influence various
cellular functions, including adhesion, proliferation, stemness, and motility [22,23]. Low
stiffness protects CSCs from T cell-mediated cytotoxicity and confers the advantage of tumor
immune evasion [24]. The reduced cellular stiffness enhances the survival of circulating
tumor cells and CSCs in fluid shear flow and facilitates extravasation during hematogenous
dissemination [25,26]. Further, cancer cell cytoskeleton plays important roles in nanoparticle
internalization [27]. Therefore, low cellular stiffness is not only a unique feature of CSCs

across many types of cancer but also an important regulator of tumor cell functions.



However, the roles of cell mechanics in cellular uptake and nanoparticle-based elimination of

soft CSCs remain unknown.

Nanoparticles enter living cells through various mechanisms, in which one important
internalization manner is endocytosis [3]. During the process of cellular uptake, nanoparticles
first interact with the components of the cell membrane to initiate endocytosis and are then
wrapped by the cell membrane, which can pinch off to form endocytic vesicles. The
physicochemical properties of nanoparticles, such as shape, surface charge, and size, play
important roles in their interaction with the cell membrane during the endocytosis process.
First, it is easier for living cells to internalize nanoparticles with spherical than anisotropic
shape, since it takes longer time for the cell membrane to wrap nanoparticles with irregular
shape [28,29]. Second, positively charged nanoparticles have a stronger temporary disruptive
effect on the lipid bilayer of the cell membrane, which facilitates the internalization process
[3]. Third, the main endocytosis mechanisms, including clathrin/caveolae-dependent
endocytosis, are based on the inward budding of plasma membrane proteins. It is challenging
for the cell membrane to completely wrap large-sized nanoparticles, which impedes efficient
endocytosis [30]. Therefore, nanoparticles with spherical shape, small size and positive
surface charge, as well as good fluorescence for intracellular tracking can be a good model to

study mechanotargeting of CSCs.

As a new generation of fluorescence nanoparticles, graphene quantum dots (GQDs) have
been widely used as bioimaging agents and drug delivery carriers due to the promising
fluorescence property, small size, spherical shape, tailored surface charge by element doping,
high biocompatibility, and high surface-to-volume ratio for drug loading [31,32]. This study
adopted fluorescent nitrogen-doped GQDs (N-GQDs) as chemotherapy drug nanocarrier and

explored the role of cell mechanics in nanoparticle uptake. Mechanistically, the effect of cell
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stiffness on the endocytosis pathways was examined. Further, drug release, nuclear
localization, and cellular retention of doxorubicin-conjugated N-GQDs (N-GQD@Dox) were
compared between soft CSCs and stiff bulk tumor cells. Finally, the efficacy of N-
GQD@Dox for specific targeting of soft CSCs and cancer therapy was demonstrated in both
in vitro breast CSC model and in vivo xenograft model. Compared with free drugs, N-
GQD@Dox inhibited tumor but not animal growth, and specifically eliminated breast CSCs
in vivo, thereby reducing the tumorigenicity of xenograft cells and potentially suppressing

tumor recurrence.

2. Materials and methods

2.1 Synthesis of nitrogen-doped graphene quantum dots

Nitrogen-doped graphene quantum dots (N-GQDs) were prepared by a bottom-up
hydrothermal method. Briefly, 0.105 g of citric acid monohydrate (CA-H20) and 1 ml of
Ethylenediamine (EDA) were dispersed in 4 ml of distilled (DI) water under vigorous
stirring. The mixture was then added to a 10 ml Teflon-lined autoclave and heated at 200 °C
for 4 h. A yellow solution was obtained after cooling down to room temperature. After
centrifugation, the supernatant was retrieved and passed through a 0.22 pm microporous filter
membrane to further remove the residual large particles. The product was then purified by
dialysis against DI water for 8 h (MWCO=1000) to remove excess reactants. Finally, the
obtained light yellow N-GQD aqueous dispersion was lyophilized for further

characterization.

2.2 Characterization of N-GQD and N-GQD@Dox complex

The shape, size and morphology of the synthesized N-GQDs and N-GQDs@Dox were

characterized with a JEOL-2100F transmission electron microscopy (TEM) equipped with an
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Oxford Instrument energy-dispersive X-ray (EDX) spectrometry system. Fourier transform
infrared spectrum (FTIR) was analyzed using a PerkinElmer Spectrum 100 FT-IR
spectrometer (PerkinElmer Inc., USA). UV—Vis spectra were performed on a UV/Visible
spectrophotometer (Biochrom., England). The excitation and emission spectra were measured

by a FLS920P Edinburgh Analytical Instrument (Edinburgh Instruments, England).
2.3 Drug loading capacity of N-GQD

The loading of Dox molecules onto N-GQD was determined by measuring absorption at 484
nm using a UV—visible spectrophotometer (Ultrospec 2100 Pro., GE). Generally, N-GQDs (1
mg) were stirred and mixed with Dox (Img) in 1 ml of DI water for 48 h. The large
precipitate was removed by centrifugation and the mixture was then purified with 3 kDa
ultrafiltration to obtain N-GQDs@Dox complex. The unbound Dox was quantified via
analyzing the absorbance of the supernatant at the characteristic 484 nm. The drug loading
capacity Q was defined as the following equation:

_(G-G)*r
m

Q

where Co was the initial concentration of drug molecule and C: was the concentration of
unbound drug molecule after adsorption. Co and C: were calculated from the calibrated
relationship between Dox concentration and the absorption spectra at 484 nm. J was the

volume of Dox solution and m was the mass of the sorbent.

2.4 The measurement of Dox release from N-GQD@Dox

The Dox release was measured following the dialysis method. The prepared N-GQD@Dox
solution was sealed into a dialysis tube with a membrane (1 kDa cut-off) in cap and

immersed into PBS at pH 5.5 and 7.0, respectively. The whole setup was then placed in a
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shaker at the speed of 60 rpm. The PBS was collected at the indicated time points and the

amount of released Dox was measured by UV-Vis spectrophotometer at 484 nm.

2.5 Breast cancer cells and culture

Human breast cancer cell line MCF-7, MDA-MB-231, and SKBR3 cells (ATCC) were
cultured in Dulbecco's Modified Eagle Medium (DMEM, HyClone, Logan, UT) with 10%
fetal bovine serum (HyClone) and 1% penicillin/streptomycin (HyClone) at 37°C and 5%
COz2. Normal breast epithelial MCF-10A cells (ATCC) were cultured in DMEM/F12
(Invitrogen#11330-032) with 5% horse serum (Invitrogen#16050-122), EGF (20 ng/ml),
hydrocortisone (0.5 mg/ml), cholera toxin (100 ng/ml), insulin (10 pg/ml), and 1%
penicillin/streptomycin (HyClone). Cells were passaged every 3-4 days with 0.25% Trypsin

(HyClone).

2.6 Cell treatment with pharmacologic drugs, plasmids, and siRNAs

Cells were treated with 10 uM Y-27632 (Selleckchem), 6 uM blebbistatin (Selleckchem), 20
nM Jasplakinolide (Tocris #2792/100U), or 1 nM Narciclasine (MedChemExpress #HY -
16563) for 12 h for the modulation of cell mechanics. To inhibit nanoparticle endocytosis, 25
uM Genistein (Selleckchem #S1342), 3 uM Chorpromazine (Selleckchem #S5749), or both
were used to treat cells for 30 min. Breast cancer cells were transfected with constitutive
active (CA)-MLCK, CA-ROCK, and empty plasmids (control) by lipofectamine 3000
Reagent (Thermo Fisher). 50 ng/ml doxycycline (TargetMol) was used to active the plasmids
in the transfected cells for two days. siRNAs (100 nM) were employed to knock down mDial

and MLCK by the transfection of lipofectamine 3000 Reagent (Thermo Fisher) for 48 h.

2.7 The preparation of polyacrylamide gels



Polyacrylamide gels were prepared following the protocol reported elsewhere [33]. The 8-
kPa gel rigidity was determined by the concentrations of bis-acrylamide crosslinker (2%) and
acrylamide (40%) (Bio-Rad). The gel surface was activated by the crosslinker Sulfo-
SANPAH (sulfosuccinimidyl 6-(4’-azido-2'-nitrophenylamino) hexanoate) (Pierce) and then

coated with collagen (200 pg/ml) or fibronectin (20 pg/ml) before plating cells.

2.8 Confocal imaging of N-GQD intensity and quantification

Cells were cultured on 8-kPa PA gels overnight and N-GQDs were added at the
concentration of 80 pug/ml or others as specified and further cultured for 4 h at 37°C. Before
imaging, the cells were gently washed by PBS for 2 times to remove the non-endocytosed
nanoparticles. These cells were then mounted at the stage of Leica TCS SPE confocal
microscope for imaging. The wavelength of the excitation light was 405 nm for N-GQD and
488 nm for Dox and N-GQDs@Dox. The wavelength of the emission light was 430-500 nm
for N-GQD and 530-730 nm for Dox and N-GQDs@Dox, respectively. Bright field images
of the cells were also captured. The fluorescence intensity of N-GQDs or Dox and cell area
were analyzed by Imagel, from which the fluorescence intensity per unit area could be
calculated. For each condition, at least 60 cells were imaged. For 3D confocal imaging, cell
membrane and nuclear were labeled by CellTrackerTM Deep Red Dye (Thermo Fisher
(C34565) and Hoechst 33342 solution (Thermo Fisher 62249), respectively. The images were
taken every 0.5 pum in the direction of cell thickness by confocal imaging and the
reconstruction of 3D cell shape was conducted using the Imaris 3/4D Analysis software

(Oxford Instruments).

2.9 Immunofluorescence staining



Cells were plated on gelatin-coated coverslips in 24-well-plate overnight and then fixed with
4% formaldehyde (Sigma Aldrich) for 30 min at room temperature. The fixed coverslips
were washed 3 times by PBS for 15 min and then incubated with 0.1% Triton X-100 (SAFC)
in 1% BSA for 1 h at room temperature for permeabilization. After washing the cells with
PBS, 1x green fluorescent phalloidin conjugate working solution (AbCam) was added to the
cells for 1 h for F-actin staining. To stain Bmi-1, CXCRA4, clathrin, and caveolin-1, the cells
were incubated with the corresponding primary antibody in 1% BSA overnight at 4°C. The
coverslips were then washed with PBS and incubated with goat anti-rabbit IgG H&L (Alexa
Fluor® 488) (Abcam), goat anti-mouse IgG (H+L) highly cross-adsorbed secondary
antibody, and Alexa Fluor Plus 488 (Invitrogen) in 1% BSA for 1 h at room temperature,
respectively. After gentle washing, the cells were counterstained with DAPI (Thermo Fisher)
for nuclear staining. For each condition, at least 100 cells were imaged using the inverted

fluorescent microscope (Nikon) and the fluorescence intensity was analyzed by Imagel.

2.10 Atomic force microscopy for cell stiffness measurement

Atomic force microscope (AFM, Bruker Catalyst) was used to measure cell stiffness. Cells
were cultured in 68-mm petri dishes overnight and silicon nitride cantilevers with the spring
constant k of 0.02-0.08 N/m at room temperature were chosen. The force F between tip and
cell was the product of the cantilever deflection 6 and k, i.e., F = k x . The force (F) between
the measured cell and the cantilever’s tip was the product of the cantilever deflection 6 and k,
1.e., F=k x . The cell Young’s modulus E could be calculated by fitting the force-indentation
curves with Hertzian model for a pyramidal tip, i.e., F=2/nxtan(a)xE/(1-v*)xd?, where a is
the half tip angle, v is 0.5, and d is the indentation depth. d was kept within 500 nm at 1 Hz to

avoid potential substrate effects and cell damage.

2.11 3D soft fibrin gels for CSC selection
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3D soft fibrin gel (I mg/ml) was used to select tumorigenic cancer stem cells [18,34]. In
brief, single cells were detached by trypsin and suspended in culture medium with cell
density at 6x10°/ml. Fibrinogen (SEA-133) was diluted to 2 mg/ml by T7 buffer (50 nM Tris,
150 nM NacCl, pH7.4). Diluted fibrinogen and cell solution were then mixed equally. 5 pl of
thrombin (SEA-135) with the concentration of 100 U/ml was pre-added to each well in the
24-well-plate. The mixture of cell and fibrinogen was then added and mixed gently with
thrombin. The plate was placed in the cell culture incubator at 37°C for 15 min. After the gel
was solidified, 1 ml of cell culture medium was added into each well. CSCs could be

retrieved from the soft gels after 7-day culture.

2.12 Quantitative RT-PCR

Aurum Total RNA Mini Kit (Bio-Rad) was used to extract the total mRNA. The
complementary DNA was synthesized by RevertAid First Strand cDNA Synthesis Kit
(Thermo) according to the supplier’s protocol. Forget-Me-Not EvaGreen qPCR Master Mix
with Rox (Biotium) and CFX96 Real-Time System (Bio-Rad) were used for quantitative RT-
PCR analysis. All the primer sequences were listed in the Supplementary Table 1. The
expressions of all genes were normalized against human glyceraldehyde 3-phosphate

dehydrogenase (GAPDH).

2.13 Western Blot

Proteins were extracted from the lysed cells by Men-PerTM Plus membrane protein
extraction kit (Thermo Fisher #89842). Trans-Blot Turbo (Bio-Rad) was used to transfer
proteins from 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel (SDS-
PAGE) to a PVDF western blot membrane. The transferred membrane was incubated with

3% BSA and then the primary antibodies of clathrin and caveolin-1 (AbCam) at 4°C
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overnight and with secondary antibodies, goat anti-mouse IgG (H+L)-HRP conjugate and
goat anti-rabbit IgG (H+L)-hRP Conjugate (Bio-Rad) for 2 h. GAPDH (AbCam) was used
for reference. The membranes were then incubated with ClarityTM and Clarity MaxTM
Western ECL Blotting Substrates and images were captured using ChemiDocTM Imaging

System (Bio-Rad).

2.14 Soft agar colony formation assay

Soft agar assay was used for the measurement of colony formation ability. Briefly, 3% of
agarose (Sigma #A4018) was autoclaved and diluted to 1% using DMEM. 2 ml of the
agarose solution was added to each well of the 6-well-plate and allowed to cool down for 30
min at room temperature. Cells were then mixed with 3% of agarose, DMEM, and FBS at
appropriate ratios to achieve 0.4% agarose and 10% FBS. Each well contained 5000 cells.
The gels were then allowed to cool down at room temperature for 30 min. 300 ul of cell
culture medium was added to each well every 5-6 days. The cells were cultured in soft agar
up to 28 days and then stained with 0.005% Crystal Violet for 1 h in darkness. The colony

number of each well was counted under microscope.

2.15 Animal experiment

The Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
was strictly followed in all animal experiments. The experimental protocol was approved by
the Animal Subjects Ethics Sub-Committee (ASESC) of the Hong Kong Polytechnic

University. Every effort was made to minimize the pain and suffering of animals.

For the 1* generation of tumor xenografts, female BALB-nude mice (5-week old) were used
for the animal experiment and treated with B-estradiol (ApexBio) two days before tumor cell

injection. 5x10% of MCF-7 cells were mixed with the same volume of matrigel solution
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(Corning® Matrigel® Matrix Phenol Red-free, #356237) and then subcutaneously injected
into the right hind flanks of mice. The tumors were allowed to grow for 7 days to reach the
volume of around 100 pm?. The mice were then randomly grouped into 4 groups, i.e.,
Control, Dox, N-GQD, and N-GQD@Dox, and there were at least 6 mice for each group.
PBS, Dox (5 mg/kg), N-GQD (5 mg/ml), and N-GQD@Dox (5 mg/kg) was intraperitoneally
injected into the mice every 4 days up to 28 days. Tumor size and animal body weight were
measured every 4 days and the tumor volume was calculated as Volume=1/2xwidthxlength?.
All mice were euthanized at the end of the experiment and tumor tissues were retrieved and
weighed. The xenografts were then cut into small pieces and dissolved by collagenase
solution. Single cells were obtained for further experiments. For the 2™ generation of tumor
xenografts, 5x10° of tumor cells derived from the 1% generation of tumor xenografts in each
group (i.e., Control, Dox, N-GQD, and N-GQD@Dox) together with the same volume of
matrigel solution were subcutaneously injected into the right hind flanks of nude mice. The

size of the generated tumors was measured at day 45 after injection.

2.16 MTS for cell viability measurement

Cell viability was detected by MTS assay. 100 pl of cell solution with the density of
5x10*ml was plated into each well of the 96-well plate overnight. After removing the
medium, 20 pl of sterilized CellTiter 96 Aqueous One Solution (5mg/ml, Promega) was
added to each well. After 4 h incubation in darkness at 37°C, the absorbance of each well was
measured at 490 nm by the Benchmark Plus microplate reader (Bio-Rad). The experiment

was carried out 3 times with at least 3 wells for each condition.

2.17 Intracellular pH measurement

13



The intracellular pH of cancer cells was measured following the manufacturer’s protocol
(Thermo Fisher). The curve of the pH and the fluorescence intensity of the indicator was
calibrated using the Intracellular pH Calibration Buffer Kit (Thermo Fisher #35379). In brief,
cells were plated on 8-kPa polyacrylamide gel overnight and then incubated with pHrodo™
Green AM Intracellular pH Indicator (Thermo Fisher #35373) for 30 min. To determine the
calibration curve, three groups of cells were incubated in the Intracellular pH Calibration
Buffer with 10 uM Valinomycin and 10 uM Nigericin at pH5.5, 6.5, and 7.5 for 5 min,
respectively. The fluorescence intensity of the indicator was measured under the Leica TCS
SPE confocal microscope. The intensity was analyzed by Image] and the relationship
between the intracellular pH and the fluorescence intensity of the indicator was established
by fitting the data linearly. The cells after various treatments were then treated similarly as
described above and the fluorescence intensity of the indicator was measured. The

intracellular pH was obtained from the calibrated pH-fluorescence curve.

2.18 Flow cytometry measurement

For each condition, cells were detached by 0.2% EDTA and incubated with CD133 antibody
(BioLegend #301706) diluted by 2% FBS in PBS at 4°C for 30 min. The percentage of
CD133+ subpopulation in each condition was then detected by BD Accuri C6 flow cytometer

(BD Biosciences, USA).

2.19 Data analysis

All the results were represented by mean + standard error of the mean (SEM). The statistics
between two conditions and among three or more conditions were analyzed by two-tailed

Student’s t-test and analysis of variance (ANOVA), respectively. The post hoc Tukey or
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Bonferroni test was adopted in the ANOVA analysis for the comparisons with equal or

unequal sample sizes. *, p<0.05; **, p<0.01; *** p<0.001.

3. Results and discussion

3.1 Synthesis of N-GQD@Dox nanocomplex for specific CSC targeting

N-GQDs were synthesized using a hydrothermal approach and monodispersed with an
average size of ~2.7 nm measured by TEM (Fig. 1A) [32]. The X-ray photoelectron
spectroscopy analysis shows that N-GQD was composed of C, N, and O elements (Fig. 1B-
D). The Fourier-transform infrared spectroscopy analysis shows the peaks at 1335 cm™! and
1012 cm™, indicating the presence of CN and CO oxygen-containing groups, respectively
(Fig. 1E). N-GQDs emitted a strong fluorescence signal at ~460 nm under the excitation of
360 nm that was independent of the excitation wavelength (Fig. 1F). After loading
doxorubicin (Dox) to N-GQDs, the complex showed two peaks at 346 nm and 484 nm (Fig.
1G), indicating the formation of N-GQDs@Dox. The conjugation of Dox to N-GQDs slightly
increased the nanoparticle size from 2.7 nm to 3.3 nm measured by TEM (Fig. 1A) and from
30.5 nm to 32.5 nm measured by nanoparticle tracking analyzer (Fig. S1A). It is known that
nanoparticle tracking analysis measures the hydrodynamic size of nanoparticles, which is
larger than the size measured by TEM [35]. N-GQDs and N-GQD@Dox exhibited similar
positive Zeta potential (around +16 mV) (Fig. S1B). Further, N-GQD and Dox served as
donor and acceptor in N-GQD@Dox according to the principle of fluorescence resonance
energy transfer (FRET) (Fig. 1H). The emitted light of N-GQD was transferred to the
attached Dox molecules, which was attenuated when Dox was released from N-GQD surface

(Fig. 11). By monitoring the ratiometric FRET signal change of two emission channels, the
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drug release process can be determined. The cumulative Dox release profiles of N-
GQD@Dox show that the drug release rate at pH 5.5 was ~2 times of that at pH 7.0 (Fig. 1J),
suggesting the dependence of drug release on the pH. Further, the cytotoxicity assay shows
that cell viability was higher than 95% even at high concentrations of N-GQDs (Fig. 1K),
suggesting the excellent biocompatibility. In summary, the small size, excitation-independent
emission, low cytotoxicity, positive surface charge, and pH-dependent drug release make N-

GQD an excellent carrier for drug delivery.

3.2 Nanoparticle uptake is inversely associated with tumor cell stiffness

We next explored the relationship between cellular uptake and cell stiffness. Breast cancer
and normal cells were co-cultured with N-GQDs on 8-kPa polyacrylamide (PA) gels coated
with collagen that mimicked the mechanical microenvironment of breast tumors [36].
Confocal imaging shows that N-GQDs were internalized into the cell body instead of stuck to
the cell membrane (Fig. S2A, Movie S1). The fluorescence intensity of N-GQDs per unit cell
area was used to represent cellular uptake. Nanoparticle uptake was saturated after co-
culturing tumor cells with N-GQDs for 4 h (Fig. S2B-D), which was adopted in this study.
We found that breast cancer cells exhibited less F-actin assembly and lower stiffness but
much higher uptake of N-GQDs than normal breast cells (Fig. 2A-D, Fig. S2E-F). Further,
breast CSCs selected by 3D soft fibrin exhibited higher stemness (Fig. S3) [18,34] and lower
levels of F-actin assembly and mechanical stiffness but took up more N-GQDs than bulk
tumor cells on collagen-coated 8-kPa PA gels (Fig. 2E-F), suggesting that soft cancer cells
have enhanced cellular uptake. To test the possibility that the enhanced nanoparticle uptake
in soft CSCs depends on specific ligand, breast cancer cells and CSCs were further cultured
on fibronectin-coated 8-kPa PA gels. We found that nanoparticle uptake was still higher in

soft CSCs than stiff bulk tumor cells (Fig. S4A-B), suggesting that the finding of high
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cellular uptake in soft CSCs is not ligand-dependent. The concentrations of both serum and
nanoparticle influenced N-GQD internalization, while soft CSCs always had higher cellular
uptake than bulk tumor cells under the same condition (Fig. S4C-F). All these results suggest

that cellular uptake of nanoparticles is inversely associated with cellular stiffness.

3.3 Softening/stiffening tumor cells enhances/suppresses cellular uptake

We further explored the influence of cellular stiffness on nanoparticle uptake. Pharmacologic
treatment of breast cancer cells by Blebbistatin (myosin II inhibitor) or Y-27632 (Rho-
associated coiled-coil containing kinases or ROCK inhibitor) significantly reduced F-actin
assembly (Fig. 3A, Fig. S5A and F) and cellular stiffness (Fig. S6A, Fig. S4G). Importantly,
softening cells considerably enhanced cellular uptake of N-GQDs to the similar level of soft
CSCs (Fig. 3B, Fig. S5H, J, and K), which was not due to the increased cell apoptosis (Fig.
S5E and I). Note that moderately softening bulk tumor cells by 2 and 6 uM Blebbistatin
progressively increased nanoparticle uptake, while considerably softening them by 20 uM
Blebbistatin reduced cellular uptake (Fig. S6E). Similarly, softening CSCs enhanced N-GQD
uptake in the presence of 2 uM Blebbistatin, while exhibited no or even suppressive effect
with 6 and 20 uM Blebbistatin, respectively (Fig. SS5L, Fig. S6F). Silencing myosin light
chain kinase (MLCK) or mDial significantly reduced F-actin assembly (Fig. 3C, Fig. S5B)
and cell stiffness (Fig. S6B) but considerably increased nanoparticle uptake (Fig. 3D). These
findings suggest that softening cancer cells increases cellular uptake. Further, pharmacologic
treatment by Jasplakinolide (F-actin stabilizer) or Narciclasine (Rho signaling activator)
significantly increased F-actin assembly (Fig. 3E, Fig. S5C, M) and cellular stiffness (Fig.
S5N, Fig. S6C). Importantly, stiffening cells considerably suppressed cellular uptake of
fluorescent N-GQDs (Fig. 3F, Fig. S5M, O). Further, overexpressing constitutive active (CA)

form of MLCK or ROCK significantly enhanced F-actin assembly (Fig. S5D, P, and T) and
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cellular stiffness (Fig. S6D). Stiffening bulk tumor cells significantly suppressed the
internalization of N-GQDs (Fig. 3G, H, Fig. S5P, Q). Similarly, stiffening breast CSCs
substantially reduced cellular uptake, while concurrently softening these cells rescued this
inhibitory effect in both bulk tumor cells and CSCs (Fig. 3G-I; Fig. S5R, S). The altered
uptake was not due to the treatment effect on cell apoptosis (Fig. SSE, I, and T). These results
indicate that stiffening cancer cells suppresses nanoparticle uptake. In summary, all these

findings suggest that cell mechanics regulate cellular uptake of nanoparticles.

3.4 Cell mechanics regulate cellular uptake partially via clathrin-/caveolae-mediated

endocytosis

We next set to unveil the mechanisms underlying cell mechanics-dependent nanoparticle
uptake. Since nanoparticles enter living cells through various mechanisms, including clathrin-
and caveolae-dependent and/or independent endocytosis [3], the protein expressions of
clathrin and caveolin-1 were thus compared between soft and stiff cancer cells. Softening
cells enhanced the expressions of clathrin and caveolin-1 proteins (Fig. 4A-C, Fig. S7TA-C),
while stiffening cells suppressed their expressions, which were supported by immunoblotting
(Fig. 4D and E). Further, soft CSCs expressed higher levels of clathrin and caveolin-1
proteins than stiff bulk tumor cells (Fig. 4F-G, Fig. S7D-E). These results suggest that cell
mechanics influence clathrin- and caveolae-mediated endocytosis pathways. To explore
whether cell mechanics regulate nanoparticle uptake through endocytosis, the intracellular
locations of nanoparticles, clathrin, and caveolin-1 were examined. Softening cancer cells
increased the colocalization between N-GQDs and clathrin/caveolin-1 to the levels of CSCs,
while stiffening cells reduced the colocalization (Fig. S8). Further, breast cancer cells were
treated with Genistein and Chlopromazine, which inhibits caveolae- and clathrin-mediated

endocytosis, respectively. Inhibiting these endocytosis pathways suppressed nanoparticle
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uptake (Fig. S7F-G). Importantly, softening cells enhanced cellular uptake, while
concurrently silencing caveolae- or clathrin-dependent endocytosis reduced nanoparticle
uptake to the similar level of control group (Fig. 4H-I, Fig. S7H-I). Further, silencing either
endocytosis pathway reduced cellular uptake of breast CSCs to the similar level of bulk
tumor cells (Fig. 4J, Fig. S7J). The alteration in cellular uptake after the inhibition of the
endocytosis pathways was not due to the effect of pharmacologic treatment on cell viability
(Fig. S9). All these results suggest that cell mechanics regulate cellular uptake partially via

the effects on caveolae- and clathrin-dependent endocytosis.

3.5 Soft CSCs enhance drug release and intracellular retention of N-GQD-delivered drugs

According to the FRET principle illustrated in Fig. 1H, the emission ratio of N-GQD/Dox
represents the relative drug release rate. The data show that CSCs had higher cellular uptake
of N-GQD@Dox than bulk tumor cells (Fig. 5A-B, Fig. SI0OA-B). The fluorescence intensity
of N-GQD and N-GQD/Dox ratio were time-dependent and significantly higher in CSCs than
in bulk tumor cells (Fig. 5C-D, Fig. S10C-D), suggesting higher level of drug release in
CSCs. The pH is known to influence drug release [37]. Soft CSCs had lower intracellular pH
than stiff bulk tumor cells (Fig. S11A-C). Softening bulk tumor cells reduced the pH to the
similar level of CSCs, while stiffening cells enhanced the intracellular pH. These findings
suggest that soft CSCs may enhance drug release possibly through lowering down the

intracellular pH.

Drug-resistant cancer cells and CSCs have the ability to expel out drugs [2]. To test this
possibility, cellular retention of N-GQD@Dox and free Dox was examined after removing
the extracellular nanoparticles and free Dox. Soft CSCs exhibited higher uptake of free Dox

in the beginning but lower total and normalized amount later than stiff bulk tumor cells (Fig.

19



SE, F, and H, Fig. S10E, F, and H). In contrast, CSCs had significantly higher total and
normalized amount of intracellular N-GQD@Dox than control cells (except at 16 h in Fig.
5G; Fig. 5G, I, Fig. S10G and I). The endocytosed free Dox and N-GQD@Dox were excreted
gradually along with time (Fig. SF-1, Fig. S10F-I), while N-GQDs were stably retained in
both breast cancer cells and CSCs (Fig. S10J, K). These results suggest that soft CSCs
enhance cellular retention of N-GQD@Dox, which may be ascribed to the suppression of
CSC’s excretion ability. To test this idea, we compared the expressions of exocytosis-related
Rab GTPases Rab27a and Rab33b that promotes and suppresses exocytosis, respectively
[38,39]. CSCs expressed higher Rab27a than bulk tumor cells (Fig. S11D, E). Free Dox up-
and down-regulated Rab27a and Rab33b in both CSCs and bulk tumor cells, respectively,
while CSCs exhibited higher Rab27a and lower Rab33b, which may explain the reduced
cellular retention of free Dox in soft CSCs. In contrast, N-GQD@Dox increased and
decreased the expression of Rab27a in bulk tumor cells and CSCs, respectively, but up-
regulated Rab33b in both cells. The decrease/increase in pro-/anti-exocytosis genes may

partially explain the enhanced cellular retention of N-GQD@Dox in soft CSCs.

3.6 Drug-loaded nanoparticles specifically eliminate soft CSCs and suppress tumor growth

and xenograft tumorigenicity

To test the potential of N-GQD@Dox in specific CSC targeting, the endocytosed
nanoparticles need to be localized in the nucleus. N-GQD@Dox had higher levels of nuclear
accumulation in CSCs than bulk tumor cells, while free Dox exhibited the opposite trend (Fig.
S12). Therefore, the elevated cellular uptake, retention, drug release, and nuclear
accumulation in CSCs may endow N-GQD@Dox with the ability to specifically eliminate
these soft and malignant cancer cells. To test this idea, breast cancer cells and CSCs were

treated with PBS, N-GQD, free Dox, and N-GQD@Dox, respectively. CSCs exhibited higher
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cell viability than bulk tumor cells under free Dox (Fig. 6A), probably due to the higher drug
excretion ability in CSCs. In contrast, breast CSCs had considerably lower viability than
control cells in the presence of N-GQD@Dox. When the overall amount of Dox in N-
GQD@Dox was equivalent to free Dox, cell viability was higher in N-GQD@Dox (Fig. 6A),
which may be due to the partial drug release. We next tested the ability of N-GQD@Dox to
specifically target CSCs in the whole breast cancer population. Compared to N-GQDs, free
Dox increased the portion of breast CSCs CD133+ cells from 1.7% to 4.8% [1], while N-
GQD@Dox decreased this portion to 0.9% (Fig. 6B-C), which may be due to the fact that
CD133+ cells take up more N-GQD@Dox than CD133- cells (Fig. S13A). Further, free Dox
enhanced tumor colony formation of the treated cells in soft agar, while N-GQD@Dox
considerably suppressed this ability (Fig. 6D, Fig. S13B, C). In addition, the expressions of
breast CSC markers Bmi-1 and CXCR4 were up-/down-regulated in the presence of free
DOX and N-GQD@Dox (Fig. S13D-H). These results suggest that N-GQD@Dox has the

ability to specifically eliminate while free Dox enriches soft CSCs in vitro.

Further, we examined the ability of N-GQD@Dox for specific CSC targeting in breast tumor
xenografts. The biodistribution shows that free Dox had high accumulation in the heart,
spleen, liver, lung, and kidney, while N-GQD@Dox was more localized in the tumor tissues
(Fig. 6H), suggest that N-GQD@Dox may target cancer with minimum side effects. Both
free Dox and N-GQD@Dox significantly suppressed tumor growth and reduced tumor
weight to the similar extent compared to N-GQDs (Fig. 6E-F, Fig. S14A). Remarkably, N-
GQD@Dox considerably reduced the CD133+ subpopulation in the treated tumors from
3.3% to 2.3% compared to N-GQD, while free Dox increased this fraction to ~9.0% (Fig. 6G,
Fig. S14B). The CSC marker Bmi-1 was enhanced in tumor xenografts treated with free Dox

but suppressed in the tumors treated with N-GQD@Dox (Fig. S14D). Importantly, N-
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GQD@Dox had no obvious side effect on the body weight of the treated mice, while free
Dox considerably suppressed animal growth (Fig. 6I). Further, N-GQD@Dox-treated
xenograft cells generated smaller tumors than N-GQD, while Dox-treated tumor cells formed
larger xenografts (Fig. 6J), suggesting that N-GQD@Dox suppresses the tumorigenicity of
xenograft cells. There was no significant difference in animal body weight among different
conditions (Fig. S14C). All these findings suggest that drug-loaded N-GQDs specifically
eliminate soft CSCs and suppress tumor growth and xenograft tumorigenicity without

obvious side effects on animal growth.

3.7 Discussion

As an essential step in drug delivery, the entry of nanoparticles into cancer cells depends on
the mechanics of both the microenvironment and nanoparticles [13,40]. Stiff substrates
increase cell spreading and contractility that dictate low uptake of nanoparticles [41,42]. Low
rigidity of microparticles enhances their endocytosis and drug delivery efficiency [43].
Compared to stiff ones, soft nanolipogels exhibit tumor accumulation and preferential
internalization by tumor cells [44], while soft polyethylene glycol-based nanoparticles show
increased circulation time and lung targeting but reduced cellular uptake in cancer cells [45].
Although the mechanics of tumor cells have been intensively investigated and correlate with
cancer malignancy and stemness, their roles in nanoparticle uptake and cancer targeting
remain unknown. This study has demonstrated that soft CSCs take up more nanoparticles per
unit area than stiff bulk tumor cells. Softening bulk tumor cells significantly increases
cellular uptake, while stiffening bulk tumor cells and CSCs considerably suppresses
nanoparticle endocytosis. These findings together with many others suggest that the softness
(the inverse of stiffness) of not only substrate and nanoparticle but also cancer cells enhances

cellular uptake. Interestingly, moderately softening both bulk tumor cells (up to 6 uM
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Blebbistatin) and CSCs (up to 2 puM Blebbistatin) enhances cellular uptake, while
considerably softening them (20 uM Blebbistatin) suppresses nanoparticle internalization.
This finding suggests that certain levels of cytoskeleton and myosin activity may be required
for N-GQD uptake, which is supported by previous reports that cytoskeleton is involved in
the entry of nanoparticles into living cells [3,27,46]. Note that the treatment by 6 uM
Blebbistatin facilitates cellular uptake in bulk tumor cells while shows no effect on soft CSCs,
which might be due to two possibilities. One is that CSCs already exhibit relatively weaker
cytoskeleton and lower stiffness than bulk tumor cells. Another possibility may be that in
addition to low cellular stiffness, CSCs hold several other unique properties, including high

stemness, which may also contribute to the characteristic behavior in nanoparticle uptake.

We further show that cell mechanics regulate nanoparticle uptake partially through the effect
on caveolae-/clathrin-dependent endocytosis pathways, consistent with the previous finding
that cellular contractility suppresses nanoparticle endocytosis per unit area [41,42]. However,
it is still not clear how cell mechanics influence the caveolae-/clathrin-dependent endocytosis.
Note that inhibiting both caveolae-/clathrin-dependent endocytosis only decreases the
internalization by ~40%, suggesting that these endocytosis pathways partially contribute to
nanoparticle uptake. This may be due to several reasons. First, low doses of the drugs that
inhibit clathrin and caveolae-mediated endocytosis are utilized in this study, since high doses
are cytotoxic to tumor cells. Second, in addition to these endocytosis pathways, nanoparticle
uptake could be mediated by other mechanisms [3,47], such as clathrin-independent but
dynamin-dependent = pathway, clathrin and  dynamin-independent  endocytosis,
macropinocytosis, and phagocytosis. Third, the size of quantum dots is about 3 nm,

comparable with the membrane bilayer dimension. It is possible that the spontaneous
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transmembrane penetration cooperates with various endocytosis mechanisms in the N-GQD

internalization [48].

This study demonstrates that drug-loaded N-GQDs are preferentially internalized by soft
CSCs with enhanced drug release, cellular retention, and nuclear accumulation compared to
stiff bulk tumor cells. This nanocarrier-drug complex specifically eliminates CSC fraction
both in vitro and in vivo and suppresses the growth and tumorigenicity of tumor xenografts
but not animal body growth. In contrast, free Dox markedly enriches CSCs within the tumor,
suppresses body growth, and promotes the tumorigenicity of xenograft cells. These results
suggest that low cellular stiffness is required for efficient nanoparticle uptake in malignant
CSCs and can be harnessed for the specific elimination of CSCs within the heterogeneous
tumor with minimum side effect. Drug-loaded N-GQDs can specifically target soft CSCs,
suppress primary tumor growth, and probably reduce the risk of tumor recurrence and
metastasis, which needs to be examined in the future. In addition to low cell stiffness, it is
possible that other unique properties of CSCs are also involved in the enhanced nanoparticle
uptake, cellular retention, drug release, and nuclear accumulation, and eventually in CSC
targeting. Therefore, drug-loaded N-GQDs preferentially eradicate soft CSCs partially by
targeting their low cellular stiffness and suppress tumor growth. Nevertheless, although low
stiffness of CSCs is not limited to breast cancer, whether the nanoparticle-based
mechanomedicine can specifically eliminate soft CSCs in other types of cancer still requires
rigorous investigation. Moreover, it remains unclear whether the role of cell mechanics in
cellular uptake, retention, and nuclear accumulation is GQD-specific or can be further
extended to other types of nanoparticles. Interestingly, free Dox enriches CSCs both in vitro
and in vivo, consistent with the previous studies that chemotherapy drug paclitaxel greatly

increases the CSC frequency by >10 fold in the patient-derived xenografts and enhances the
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tumor sphere formation ability of drug-treated xenograft cells by 2-3 fold [49]. It is well
known that CSCs are resistant to chemotherapy and contribute to chemoresistance and cancer
relapse [50—54]. This study demonstrates a new strategy that cell softness can be harnessed as

a unique biophysical feature for CSC eradication and the prevention of chemoresistance.

Anti-cancer drugs become effective after the release from the carrier. Cancer cells have lower
extracellular pH (pHe: 6.7-7.1) and higher intracellular pH (pHi: ~7.6) than normal cells
(pHe: ~7.4; pHi: ~7.2) [55]. The extracellular acidosis and intracellular alkalization suppress
drug release and thus reduce the efficacy. We show that soft CSCs have lower intracellular
pH than stiff bulk tumor cells and softening/stiffening cells decreases/increases cellular pH.
The reduction in the intracellular pH may facilitate the disruption of the m-m interaction
between drugs and N-GQDs and thus enhance the release rate [32]. It remains unclear how
the mechanics of soft CSCs induce low intracellular pH. After cellular uptake and drug
release, some cancer cells have the ability to excrete the internalized drugs [56]. Soft CSCs
exhibit high cellular uptake and retention of N-GQD@Dox but not free Dox, which may be
due to the reduced exocytosis. Note that both soft CSCs and bulk tumor cells stably retain the
endocytosed N-GQDs, suggesting that N-GQD alone may overcome tumor cell excretion. In
comparison, free Dox affects exocytosis in the opposite manner. These findings suggest that

N-GQD@Dox has inhibitory effect on the excretion of delivered drugs in soft CSCs.

4. Conclusion

This study has demonstrated that cell mechanics regulate N-GQD uptake partially through
the effect on caveolae-/clathrin-dependent endocytosis. Low cellular stiffness enhances drug
release, nuclear localization, and cellular retention of drug-loaded N-GQDs in CSCs possibly

due to the decrease in intracellular pH and the repression of exocytosis. Compared to free
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drugs, drug-loaded N-GQDs specifically eliminate soft CSCs both in vitro and in vivo and
suppress tumor growth with minimum side effect. These findings demonstrate the regulatory
role and therapeutic significance of cell mechanics in nanoparticle-mediated specific CSC

targeting.
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Fig. 3
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