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1. Introduction

Tracking cellular uptake, intracellular trafficking
and fate of nanoclay particles in human bone
marrow stromal cells¥

Mohamed Mousa, Nicholas D. Evans, Richard O. C. Oreffo and

Jonathan |I. Dawson*

Yang-Hee Kim,

Clay nanoparticles, in particular synthetic smectites, have generated interest in the field of tissue engin-
eering and regenerative medicine due to their utility as cross-linkers for polymers in biomaterial design
and as protein release modifiers for growth factor delivery. In addition, recent studies have suggested a
direct influence on the osteogenic differentiation of responsive stem and progenitor cell populations.
Relatively little is known however about the mechanisms underlying nanoclay bioactivity and in particular
the cellular processes involved in nanoclay-stem cell interactions. In this study we employed confocal
microscopy, inductively coupled plasma mass spectrometry and transmission electron microscopy to
track the interactions between clay nanoparticles and human bone marrow stromal cells (hBMSCs). In
particular we studied nanoparticle cellular uptake mechanisms and uptake kinetics, intracellular trafficking
pathways and the fate of endocytosed nanoclay. We found that nanoclay particles present on the cell
surface as pm-sized aggregates, enter hBMSCs through clathrin-mediated endocytosis, and their uptake
kinetics follow a linear increase with time during the first week of nanoclay addition. The endocytosed
particles were observed within the endosomal/lysosomal compartments and we found evidence for both
intracellular degradation of nanoclay and exocytosis as well as an increase in autophagosomal activity.
Inhibitor studies indicated that endocytosis was required for nanoclay upregulation of alkaline phospha-
tase activity but a similar dependency was not observed for autophagy. This study into the nature of nano-
clay-stem cell interactions, in particular the intracellular processing of nanosilicate, may provide insights
into the mechanisms underlying nanoclay bioactivity and inform the successful utilisation of clay nano-
particles in biomaterial design.

delivery systems. In addition to their utility in biomaterial
design, we and others have also reported the ability of

Clay nanoparticles, also sometimes referred to as 2D nanosili-
cates, such as the synthetic hectorite LAPONITE® (herein
“nanoclay”) have shown exciting potential for applications in
the biomedical field including in drug delivery’” and regen-
erative medicine.> From a regenerative medicine perspective
nanoclays have been applied in the design of nanocomposites
to enhance the mechanical and biological properties of poly-
meric biomaterials and have also been extensively studied for
their affinity for proteins and their utility as growth-factor
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nanoclay particles to directly induce, in cultured human bone
marrow stromal cells, markers associated with osteogenic
differentiation such as enhanced alkaline phosphatase activity,
calcified bone nodule formation and upregulated expression
of bone-related genes and proteins.*” However, the mecha-
nism(s) underlying this osteogenic bioactivity remains unclear.
An important consideration is how nanoclay particles interact
with cells in culture. In particular, are clay nanoparticles inter-
nalized by cells? If so, how and to what extent? Where are they
transported within the cell and with which intracellular orga-
nelles do they co-localize? How does their internalization
affect cell function? What is their intracellular fate, for
example, are they degraded, released in the cytoplasm or exocy-
tosed? The answers to these questions will give insight into
nanoclay bioactivity and inform the application of these
materials in biomaterial design.®
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When nanoparticles reach the cell membrane, they enter
the cell through various possible endocytosis mechanisms
including phagocytosis, clathrin-mediated endocytosis, Caveolae-
mediated endocytosis, clathrin/caveolae-independent endocy-
tosis, and micropinocytosis.*° Following endocytosis nano-
particles are normally found in membrane-bound endosomal/
lysosomal vesicles although bare/free nanoparticles in the cyto-
plasm or other cell organelles such as nucleus, mitochondria
and endoplasmic reticulum are occasionally reported.”* This
normally leads to significant alteration of cell functions such
as viability, proliferation and differentiation. For example,
endocytosis of nanoparticles such as gold and silica increase
osteoblast differentiation through induction/stimulation of
autophagy and colocalization with autophagosomes.""*?

Since the ability of nanoparticles, in general, to alter cell
function is often dependent on their cellular uptake™™* we
focussed first on the question of whether nanoclay particles
were internalized by human bone marrow stromal cells and, if
so, how, to what extent and at what rate. Previous studies have
provided evidence that nanoclay particles are readily interna-
lised in vitro via clathrin-mediated endocytosis by different
stem cell types®'®™® (e.g. human mesenchymal stem cells &
human adipose-derived stem cells). In the present study we
sought to clarify, using a combination of confocal microscopy
and inductively coupled plasma mass spectrometry (ICP-MS),
the rate and kinetics of nanoclay cellular uptake and in par-
ticular the in vitro biodistribution of nanoclay particles in
terms of the amount of particles endocytosed, adhered to the
cell membrane or remaining in the extracellular space which
may provide clues for how clay nanoparticles exert effects on
cell phenotype in vitro.'® We also set out to track the intracellu-
lar trafficking/transport pathway and fate of endocytosed nano-
clay particles using transmission electron microscopy coupled
to energy dispersive X-ray (TEM-EDX) to find evidence for
whether clay nanoparticles degrade within cells, and how
nanoclay particles may colocalize and possibly interfere with
cell organelle(s)/pathway(s) which may underlie previously
reported osteogenic effects.'® Elucidating the intracellular fate
of endocytosed nanoclay particles may offer new insights into
possible mechanisms for nanoclay bioactivity.

2. Results

2.1. Effect of nanoclay on cell viability

We first confirmed the biocompatibility of nanoclay particles
towards hBMSCs using WST-1 assay combined with
microscopy of cells exposed to nanoclay for 24 hours. We first
started with investigating whether the presence of nanoclay
particles interfere with the WST-1 absorbance readout at
450 nm by directly adding nanoclay particles to the recovered
cell culture media supernatants and we observed no signifi-
cant interference (Fig. S17). After confirming that the presence
of nanoclay did not interfere with the WST-1 assay readout, we
observed that nanoclay particles exhibited no/negligible effects
on the metabolic activity of hBMSCs up to a dose of 100 pg
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mL™" at varying cell densities (Fig. 1A). F-actin staining (FITC-
phalloidin) and phase contrast microscopy confirmed normal
cell spreading and morphology in the presence of Rhodamine
B-labelled nanoclay particles which appeared associated with
the cells in monolayer cultures (Fig. 1B and C).

2.2. Nanoclay uptake kinetics and mechanism

In order to track the extent and kinetics of nanoclay particle
cellular uptake, confocal laser scanning microscopy was
applied to position rhodamine-labelled nanoclay particles in
relation to a cell mask-stained cell membrane as per a previous
study by Mihaila et al.'® As shown in Fig. 2, nanoclay particles
are readily internalized by hBMSCs and within 24 h post-clay
addition, almost all cells were observed to be positively stained
for nanoclay. Higher magnification images showed that
nanoclay was present both within the cell and on the cell
membrane as aggregates of various sizes as well as being
present extracellularly.

To quantify the percentage of nanoclay particles in (interna-
lised), on (attached to the cell membrane) and outside the cell
(free in the cell culture medium) we employed ICP-MS to quan-
tify the distribution of nanoclay in various fractions of the cell
culture system based on elemental analysis of lithium - a
structural cation in the nanoclay crystal with relatively low
background levels. Extracellular nanoclay was classed as that
present within the recovered cell culture media, membrane
associated nanoclay was classed as the fraction recovered fol-
lowing subsequent DPBS washes and internalized nanoclay
was classed as the fraction remaining within the cellular frac-
tion following the previous wash step (Fig. 3A).

In agreement with the confocal microscopy data, nanoclay
cellular uptake exhibited a time-dependent significant increase
(P < 0.001). At day 1 clay-cell contact time, around 15 pg of
nanoclay particles were internalized per cell. Levels of internal-
ization reached ~30 pg per cell at day 3 and doubled to ~60 pg
per cell at day 7 (Fig. 3B). Regarding particle distribution in
the cell culture system, around 98-99.3% of the initially
applied clay particles remained within the cell culture media
(not directly interacting with cells), while the conc. of interna-
lized clay particles did not exceed 1.5% (Fig. 3C). Around 0.5%
of total nanoclay applied was found attached/adhered to cell
membrane as measured on the PBS washes during ICP-MS
sample preparation.

Nanoclay cellular uptake has previously been reported to be
via clathrin-mediated endocytosis.'®'® Consistent with this, a
clathrin-mediated endocytosis inhibitor chlorpromazine
hydrochloride CPZ was applied at a concentration optimized
to preserve hBMSC viability (5 ug mL™") as shown in Fig. 4A.
CPZ significantly inhibited cellular uptake of rhodamine
labelled nanoclay when observed by confocal microscopy
(Fig. 4B).

Following confirming the ability of CPZ to block nanoclay
uptake by hBMSCs, we set out to explore whether nanoclay
endocytosis plays a significant role in it’s ability to upregulate
alkaline phosphatase activity — a key early marker for osteogen-
esis which is known to be strongly upregulated by nanoclay

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Effect of nanoclay on hBMSCs viability and attachment. Nanoclay particles are cytocompatible up to a conc. of 100 pg ml™* as shown by
unaltered cell metabolic activity (A) and preserved cell attachment (B&C). Scale bar = 50 um. Red (RB-labelled nanoclay particles); green (F-actin
stained with FITC-phalloidin); blue (nucleus). Statistical analysis was performed using two-way ANOVA followed by Tukey's multiple comparisons

test. Data represent mean + SD, N = 3 experimental replicates. *P < 0.05.

addition.”® Significantly, we found that inhibiting nanoclay
endocytosis  effectively attenuates the dose-dependent
upregulation of alkaline phosphatase activity with nanoclay
addition in both basal and osteogenic media. This provides an
interesting indication that, despite the relatively low fraction
taken up by cells, endocytosis is indeed necessary for the
dose-dependent effects of nanoclay on osteogenic markers
(Fig. 4Q).

2.3. Tracking intracellular journey and fate of nanoclay

Given the importance of endocytosis for nanoclay upregulation
of ALP activity, we undertook TEM analysis to study the inter-
actions and fate of nanoclay within cells. Under TEM, nanoclay
disks present as spindles of about 30 nm length due, presum-
ably, to their low mass thickness contrast when viewed parallel

This journal is © The Royal Society of Chemistry 2023

to the planar surface. Recent work by Carrow et al. and Cross
et al. reported disc shaped nanoclay particles with an average
particle size of 50 nm as shown by TEM and zeta potential of
—25 mV in biological media."®*" Particles were observed dis-
tributed both extracellularly and intracellularly in the form of
clusters/aggregates of around 0.2-2 pm diameter (Fig. 5).
Visual identification of nanoclay was also confirmed by EDX
analysis which detected silicon and magnesium peaks in the
clay-treated groups but not in the clay-free control. In agree-
ment with the confocal microscopy and ICPMS data, the inter-
nalized clay aggregates increased in size and number between
day 3 to day 7 and were found distributed throughout the
cytoplasm from the perinuclear region to near the plasma
membrane. No nanoclay particles were detected inside the
nucleus.

Nanoscale, 2023, 15, 18457-18472 | 18459
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Fig. 2 Tracking cellular uptake of nanoclay particles by confocal microscopy. nanoclay exhibit strong affinity for internalization by hBMSCs in a
time-dependent manner. Scale bar = 20 um. Arrows in magnification confocal imaging demonstrate interaction of nanoclay with hBMSCs as peri-
nuclear aggregates of various sizes distributed across the cell. Green (RB-labelled nanoclay particles); red (cell mask-stained plasma membrane).

Scale bar = 5 pm.

Endocytosis of nanoclay could be observed by the formation
of cellular protrusions engulfing clay aggregates proximal to
the plasma cell membrane (Fig. 6). Nanoclay particles at this
stage are around 30-50 nm in size. Within the cell, nanoclay
particles could be observed within numerous membrane-
bound endosomal compartments of early maturation stage®
and in these compartments particles typically displayed a
similar particle size and morphology to nanoclay particles
observed outside the cell. Nanoclay particulates and corres-
ponding Si and Mg EDX peaks were also observed within rela-
tively electron-dense lysosomal bodies containing intraluminal
vesicles. In lysosome compartments, particularly those inten-
sely stained for osmium which is indicative of a mature lyso-
some, it is notable that the number of intact nanoclay particles
significantly decreased. This is reflected in an overall decrease
in particles size (<10 nm) and also, interestingly, an increase
in the EDX peak ratio of Si to Mg compared to extracellular
and endosomal clay. This is evidence of intracellular degra-
dation of nanoclay particles in lysosomes corresponding with
endo-/lysosomal maturation.

Finally, it was also possible to observe secretory lysosomal
vesicles containing nanoclay, again confirmed by EDX ana-
lysis, apparently fusing with the plasma membrane. This
suggests that, in addition to lysosomal degradation, exocytosis
of vesicles containing nanoclay particles may also be a feature
of the cellular response to internalized clay (Fig. 7).

18460 | Nanoscale, 2023, 15, 18457-18472

2.4. Cell response to nanoclay internalisation

A prominent feature of nanoclay treated cells was the pres-
ence of double membrane-bound vesicles which were not
observed in the control. A double membrane is a defining
feature of autophagosomes and autolysosomes. The majority
of such autophagosomes contained lamellar/residual bodies
and fused with clay-lysosomes for autolysosome formation
potentially for clay and organelle degradation (Fig. 8A). In
agreement with TEM data, western blot analysis confirmed a
stimulatory effect of nanoclay on hBMSCs autophagy as
shown by nanoclay-enhanced expression of autophagy pro-
teins: microtubule-associated protein light chain 3 (LC3) and
p62 (Fig. 8B).

Finally, we sought to investigate whether the observed
effect of nanoclay on ALP activity was dependent on auto-
phagy activation. To test this link we applied a well-estab-
lished autophagy inhibitor 3-methyladenine 3-MA that inhi-
bits the formation of autophagosomes by inhibiting the
class III phosphatidyl inositol 3-kinase.'’ 3-MA was success-
ful in attenuating the nanoclay associated upregulation of
autophagy markers LC3 and P62. We next tested the effect
of 3-MA (0.5 mM) on nanoclay induced upregulation of alka-
line phosphatase activity. Notably, despite the ability to
inhibit autophagy, co-addition of the inhibitor with nanoclay
failed to significantly attenuate the nanoclay-induced upre-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Cellular uptake kinetics and distribution of nanoclay (LAP) across the cell culture system. (A) Schematic representation demonstrating the
approach adopted for quantifying nanoclay particles in vitro; in, on and outside the cell. (B) The profile of nanoclay particles taken up by cells
increases in a time-dependent manner from 15 pg LAP per cell at day 1 to 60 pg LAP per cell at day 7. (C) The vast majority of the nanoclay particles
applied to cells remained in the extracellular space (98-99%) and only below 1.5% were internalized by cells. Statistical analysis was performed using
one-way ANOVA followed by Tukey's multiple comparisons test. Data represent mean + SD, N = 3. ***P < 0.001; ****P < 0.0001; n.s = non-
significant.

gulation of ALP activity. This suggests against a direct 3 Djscussion and analySiS

association between these two responses to nanoclay
addition under the conditions tested in this study (Fig. 8B In this study the interactions between nanoclay particles
and C). and hBMSCs were tracked in terms of nanoclay uptake kine-
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Fig. 4 Effect of endocytosis inhibitor chlorpromazine hydrochloride on nanoclay cellular uptake and ALP activity of hBMSCs. (A) CPZ was cytocom-
patible up to a dose of 5 pg mL™* which was selected for assessing mechanism of nanoclay uptake. (B) CPZ significantly reduced nanoclay uptake by
hBMSCs indicative of clathrin mediated endocytosis. Cells were incubated with RBITC-labelled nanoclay dispersions in presence or absence of 5 ug
mL~ CPZ for 24 h and particle internalization was visualized by confocal microscopy through z-stacking of detached cell suspension. Scale bar =
20 pm. (C) Blocking nanoclay endocytosis resulted in significant attenuation of nanoclay-induction of ALP activity at day 3 across the nanoclay dose
range tested, implying that nanoclay endocytosis is crucial for its osteogenic character reflected in ALP activity. Statistical analysis was performed
using two-way ANOVA followed by Tukey’s multiple comparisons test. Data represent mean + SD, N = 3. *P < 0.05; ****P < 0.0001; n.s = non-

significant.

tics and mechanism, in vitro distribution, intracellular
trafficking and fate and nanoclay influence on cell auto-
phagy as well as effect of autophagy inhibition on nanoclay
bioactivity. Nanoclay was readily internalized by hBMSCs via

18462 | Nanoscale, 2023, 15, 18457-18472

clathrin mediated endocytosis with kinetics following a
linear increase with incubation time, but did not reach sat-
uration level even after 7 days of nanoclay exposure.
Notably, inhibition of endocytosis was sufficient to suppress

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Cellular uptake kinetics and extracellular vs. intracellular distribution of nanoclay. Cells were cultured, alongside controls (A & C) with 100 pg
mL* nanoclay dispersion (B & D) for 3 (A & B) and 7 (C & D) days. nanoclay particles were found both extra- and intracellularly in the form of aggre-
gates/clusters which increased in number with incubation time. Intracellular nanoclay aggregates distributed throughout the cytoplasm. EDX ana-
lysis of areas i and iii confirm absence of nanoclay in nanoclay-free cells while areas ii and iv confirm presence of nanoclay in cell lysosomes in days
3 and 7 post-nanoclay addition, respectively. Images were taken at low magnifications of 6000x, using FEI Tecnai T12 Transmission Electron
Microscope at 80 kV voltage. Scale bar = 2 uM. Boxes represent nanoclay-free (i & iii) vs. nanoclay-containing (ii & iv) lysosomes.
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nanoclay dispersion for 7 days. Images were taken using FEI Tecnai T12 Transmission Electron Microscope at 80 kV voltage. L = lysosome; PM =
plasma membrane. i refers to extracellular (intact) nanoclay particles (~30—-50 nm), ii represent nanoclay particles in endosomes, iii shows nanoclay
particles in lysosomes with higher degree of vesicle maturity and iv represents nanoclay particles undergoing degradation within lysosomal bodies
reducing nanoclay particle size to <10 nm. EDX analysis of areas i and iv suggests nanoclay degradation as shown by increased Si/Mg peak ratios in

response to nanoclay uptake and processing within lysosomal bodies.

the nanoclay induced upregulation of alkaline phosphatase
activity — an early osteogenic marker.

Nanoclay particles were found both extracellularly, intra-
cellularly as well adhered on plasma membrane as clusters/
aggregates with the extracellular portion representing the vast
majority of initially applied nanoclay particles. The formation
of these nanoclay aggregates is attributed to the high ionic
strength of cell culture media and the presence of serum pro-
teins which induces an increase in edge-face interactions and

18464 | Nanoscale, 2023, 15, 18457-18472

the formation of nanoclay-protein complexes.”*>** Nanoclay

started its intracellular journey through interaction with
plasma membrane as clusters which were subsequently endo-
cytosed and entrapped within endosomal/lysosomal vesicles.
These nanoclay/lysosomal compartments were distributed
throughout the cytoplasm from the perinuclear to the peri-
pheral regions and in some cases fused with the cell mem-
brane. No nanoclay particles were observed free in the cyto-
plasm or in any other cell organelle such as nucleus, mito-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Potential exocytosis of processed/degraded nanoclay particles. nanoclay-containing lysosomal bodies were found fused with plasma mem-
brane indicating exocytosis of degraded nanoclay particles. Cells were treated with 100 ug mL™ nanoclay dispersion for 7 days then fixed and
imaged using FEI Tecnai T12 Transmission Electron Microscope at 80 kV voltage. Scale bar = 200 nm. EDX analysis confirm presence of nanoclay

elemental peaks (Si & Mq) in selected area i. PM = plasma membrane; L = lysosome.

chondria, endoplasmic reticulum or Golgi apparatus.
TEM-EDX analysis suggested intracellular dissolution and
exocytosis of internalized nanoclay particles through endo-
somal-lysosomal maturation stages. On the other hand, the
cell physiological behaviour was significantly affected by
nanoclay endocytosis as evidenced by induced/enhanced
autophagy.

When in contact with hBMSCs, nanoclay was readily inter-
nalized and appeared well distributed almost across the cyto-
plasmic region. Nanoclay endocytosis is expected given the
physicochemical properties of nanoclay which give it a strong
affinity for cellular uptake.® For example, the cationic edge
charge of nanoclay (Si-OH,") allows direct/electrostatic inter-
action with the anionic glycoproteins and phospholipids of
the cell membrane and thus may also facilitate nanoclay cellu-
lar interaction and uptake.">'®**?® Furthermore, studies of
the effect of nanoparticle size on endocytosis have identified
the optimal particle size for cellular endocytosis is in the order
of 25-30 nm.”” This corresponds exactly with the surface plane
of nanoclay (25-30 nm sheets).>""*® However it is notable that
nanoclay particles present on the cell surface as micrometer
sized aggregates rather than as individual platelets and so the
specific relevance of the particle unit size for uptake efficiency
in this case is not clear. The fact nanoclay interacts with the
cell membrane as aggregates is itself likely to play a role in the
process of internalisation. For example, several studies indi-
cate that nanoparticle clusters may have a higher chance and
rate of internalization than single/individual nanoparticles as
for example the case of silica nanoparticles.®***?° Jin et al
developed an interesting model which showed that nano-
particles diffuse to/on the cell membrane to form aggregates
with a size sufficient to generate a driving force that can over-
come the elastic energy and entropic barriers associated with
endocytosis®® - something that does not occur with single
particles.'!

This journal is © The Royal Society of Chemistry 2023

Overall, these results agree with various recent studies
which reported a strong affinity of nanoclay for interaction
with various cell types including stem and cancer cell models.
For example, nanoclay was readily internalized by human
mesenchymal stem cells within 5 minutes'® and enhanced the
antitumor efficacy of DOX drug primarily due to the observed
increase in cellular uptake of a nanoclay/DOX complex than
that of free DOX.*?

Next, we moved to track the kinetics of nanoclay cellular
uptake which is scarcely explored in literature. It was
observed that while the amount of internalized nanoclay
particles increases linearly with time, it does not appear to
reach saturation level even at day 7 of nanoclay addition.
Interestingly these data contrast with flow cytometry analysis
presented by Carrow et al. - the only study reporting nano-
clay uptake kinetics which implied a more rapid association
of nanoclay particles with cells reaching saturation at only
5 min post-nanoclay addition.'® This might be attributed to
various experimental factors such as the method of nano-
clay-culture media preparation, cell type and seeding
density.® Furthermore, such variation could be attributed to
the technique used for quantifying number of endocytosed
particles per cell. We relied on ICPMS for nanoparticle
quantification while Carrow et al used flow cytometry.
While the first is a sensitive tool based on label-free
elemental analysis, the second is limited by the background
of particle aggregation and dye leaching.

Following endocytosis, nanoclay particles/aggregates were
observed entrapped within membrane bound endosomal/lyso-
somal vesicles - a similar intracellular trafficking pathway
observed for various nanoparticles including gold,*"* silica,"?
silver®® and anionic nanoclays.>® Some of these vesicles were
found in close proximity in the juxtanuclear region with
different levels of electron density suggesting late endosome-
lysosome fusion.’” We did not detect clay particles in the
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Fig. 8 Effect of internalized nanoclay particles on hBMSCs autophagy. (A) TEM images show nanoclay particles stimulate cell autophagy and colo-
calize with lamellar/residual bodies in autophagosomes for degradation. Cells were treated with 100 ug mL™* nanoclay dispersion for 3 (i) or 7 days
(i). AP = autophagosome; AL = autolysosome. Images were taken at magnifications of 20 500x using FEI Tecnai T12 Transmission Electron
Microscope. Scale bar = 500 nm. (B) Western blot analysis confirm the stimulatory role of nanoclay on hBMSCs autophagy as shown by nanoclay-
induced upregulation of autophagy protein markers p62 and LC3 which was attenuated with the addition of 3-MA. (C) Autophagy inhibitor 3-MA
was co-administered with nanoclay to test whether autophagy play a role in nanoclay bioactivity assayed via ALP activity. No direct association
detected between autophagy and nanoclay-promoted ALP activity. Scale bar = 1 mm. *, **, *** gnd **** indicate P values of 0.01, 0.001, and 0.0001,
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nucleus, free in the cytoplasm, or embedded in other cyto- entrapping lysosomal bodies with plasma membrane indicat-
plasmic organelles (endoplasmic reticulum, Golgi apparatus & ing some degree of nanoclay exocytosis occurs.

mitochondria), which suggests against the possibility of The absence of particles in the cytoplasm, together with
endosomal/lysosomal escape (at least as intact undegraded the active lysosomal processes observed is consistent with
particles).'® However, we observed direct fusion of nanoclay- either, or both, of the following scenarios:'® (i) clay particles
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undergo degradation in lysosomes, which is the terminal
degradative compartment of the endocytic pathway, causing
the release into the cytoplasm of clay dissolution products
Mg, Si, Na & Li; (ii) clay particles are exocytosed, through the
above discussed routes, either as intact or degraded particles.
In fact, we observed various signs of nanoclay particle degra-
dation in lysosomes. For example, TEM imaging showed sig-
nificant reduction in nanoclay particle size in lysosomes
(<10 nm) compared to particles in the extracellular environ-
ment or in early endosomes (~30-50 nm). It's worth noting
that standard nanoclay particle size in aqueous solution is
25-30 nm and in culture media around 100 nm according to
literature.?"*® Similar results were observed with mesoporous
silica in lysosomes and cytoplasm of HUVECs in which
particles underwent significant time-dependent reduction
in their size (<200 nm) compared to original particles
(300-430 nm) initially applied to the cells.*® The authors
inferred particle degradation both in cytoplasm and lyso-
somes which was confirmed by confocal microscopy and
inductively coupled plasma atomic emission spectroscopy
(ICP-OES) analysis of cell lysate supernatant.*® In addition to
particle size change, the increase in Si/Mg weight or atomic
ratio of lysosomal nanoclay (3.8) compared to early
endosomal or extracellular nanoclay (2) is also suggestive of
nanoclay degradation. At pH below 9, as for example the lyso-
somal pH 4.5, H" first attack the edge of the nanoclay crystal
(Mg-OH)*° and the octahedral layer undergoes predominant
and faster dissolution over the tetrahedral network.*® This
will thus lead to quicker Mg>" release than Si** and in turn
higher Si/Mg peak ratio detected by EDX.

In agreement with the results presented in this study, the
degradation of nanoclay nanoparticles at pH < 9 is well docu-
mented in literature.>***! For example, recent work by Tang"
and Yao* et al. provided evidence for nanoclay nanorod and
nanoplatelet degradation in cell culture media (pH = 7-7.4) as
shown by significant time-dependent increase in the concen-
tration of Si, Mg and Li ions in cell culture media extracts
obtained from immersing nanoclay-containing
composites for 7 days. Moreover, Brokesh et al. reported the
vulnerability of nanoclay particles for degradation at both pH
7.4 (mimicking extracellular environment) and pH 5.5
(mimicking endosome microenvironment) in a time-depen-
dent manner.** Moreover, anticancer drugs loaded on/in nano-
clay followed higher release rate in acidic lysosomal-mimicking
pH conditions than in physiological conditions®**® which
might again be attributed to acid-enhanced nanoparticle
degradation under these low pH conditions. The equation for
this pH dependent dissolution is shown by Thompson and
Butterworth equation below.>%*!

nano-

Nay gSigMg; ,Lig.402(0H), + 12H' + 8H,0
— 0.8Na™ + 8Si(OH), + 5.4Mg?" + 0.4Li".

When reviewing the literature we observed that other stem

cell populations exhibited a similar interaction pattern with
nanoclay although the intracellular journey was not clearly
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detailed as in our study. For example, Carrow et al. and
Mihaila et al., reported nanoclay uptake by mesenchymal stem
cells and adipose-derived stem cells via clathrin-mediated
endocytosis and nanoclay colocalization with lysosomes as
demonstrated by confocal microscopy.’®'® Other nanoclay
types such as kaolinite and anionic clays, commonly used in
drug delivery, are entrapped in lysosome of cancer cells for
nanoclay degradation. Together, these data suggest a similar
intracellular pathway of nanoclay in other cell types such as
cancer and normal cells and necessitate the need to elucidate
this pathway in other cell types.*®

An interesting finding of this study is the indication that
cellular uptake of nanoclay induces cell autophagy. This is
suggested by the appearance of double membrane vesicles - a
typical feature of autophagosomes/autolysosomes®* and the
upregulation of autophagy protein markers in nanoclay-treated
cells. Furthermore, nanoclay particles were observed in autoly-
sosomes resulting from fusion of autophagosomes with
nanoclay-entrapping lysosomes. Such nanoparticle-induced
autophagy was also observed with other nanoparticles such as
gold,"" silica'® and silver.*® Interestingly, autophagy, which is
a lysosome-based degradative pathway, has been linked to
osteoblast differentiation in vitro and bone formation
in vivo”*® and various nanoparticles have been shown to
stimulated cell osteogenic differentiation through autophagy-
induction pathways. For example, addition of autophagy
inhibitors 3-methyladenine (MA) and chloroquine (CQ) signifi-
cantly reversed the gold'' and silver*® nanoparticles-enhanced
ALP activity and mineralization of mesenchymal stem cells
bringing back to control levels compared to nanoparticles
alone and silica nanoparticles were found in autolysosomes of
differentiating osteoblasts.'” Interestingly, while nanoclay
addition causes a strong upregulation of both ALP activity and
autophagy markers, in our hands 3-MA inhibition of auto-
phagy did not appear to influence and ALP response
suggesting alternative pathways are at play.'*

4. Conclusion

This study answers key questions regarding the fate of nano-
clay following interaction with human bone marrow stromal
cells which is critical for the successful control and manipu-
lation of these nanomaterials not only for the regenerative
medicine field but also for biomedical applications in general.
Nanoclay was readily internalized by hBMSCs in a time-depen-
dent manner and the amount of nanoclay distributed across
the cell culture system was in the order extracellular > intra-
cellular > surface bound. Nanoclay started its intracellular
journey through endocytosis followed by entrapment exclu-
sively in endosomal and lysosomal vesicles. This study also
provides new evidence that nanoclay undergoes degradation in
lysosomes and exocytosis through direct lysosomal fusion with
cell membrane and that endocytosis but not autophagy is
necessary for the widely reported osteogenic effects of nano-
clay on osteoprogenitor cell populations.
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5. Materials and methods

5.1.
cells

Isolation and culture of human bone marrow stromal

Experiments in this study were conducted using human bone
marrow stromal cells (hBMSCs). HBMSCs were isolated from
femoral bone marrow samples obtained from haematologically
normal osteoporotic or osteoarthritic patients undergoing hip
replacement surgery at Southampton General Hospital or Spire
Hospital Southampton, with the approval of the appropriate
Local Research Ethics Committee (LREC 194/99/1). Briefly,
bone marrow aspirate from patient’'s femur undergone
repeated washes/perfusion steps with a-MEM followed by cen-
trifugation at 1100 rpm for 5 minutes. The cell pellet was
resuspended in o-MEM and filtered through 70 um cell strai-
ner to isolate the cell population from the residual bone chips
and remaining unwanted tissues. Cells were seeded at low
density (5 x 10° cells per cm?) in growth medium («-MEM with
supplements of 10% (v/v) FBS and 100 pg m1™" penicillin/strep-
tomycin) and incubated in monolayer at 37 °C and under
humidified 5% CO, for 3 hours. Culture media change was
performed to remove nonadherent cell fraction (red blood
cells) while the adherent cells were further grown under the
same conditions for 12-14 days, before being passaged for
culture expansion. Cells with colony-forming ability were har-
vested and used in subsequent experiments. Culture medium
was changed every 3—-4 days. For all experiments, the obtained
hBMSCs were used before passage 4.

5.2. Preparation of nanoclay dispersion in cell culture
medium

Nanoclay used in this study (XLG; batch number SR4871) was
kindly gifted from BYK-ALTANA. Freshly prepared nanoclay
dispersions were used for all experiments. Briefly, nanoclay
powder (standard/unlabeled or labelled with Rhodamine B iso-
thiocyanate) was dispersed in d-H,O (18.2 MQ) at concen-
tration of 5% (w/v) and filter sterilised before being applied to
cell culture medium. Cell culture media (basal or osteogenic)
was allowed to stir at 700 rpm forming a vortex then nanoclay/
H,O solution was added in a very slow manner, to avoid par-
ticle agglomeration, up to a final conc. of 100 pg mL™". For
negative control, nanoclay-free H,O was added. The resultant
nanoclay dispersions in cell culture media were allowed to stir
for 30 minutes before being diluted to the appropriate concen-
tration in media and applied to cells. Basal media consisted of
o-MEM (Lonza) containing 10% FBS and 100 pg ml™" penicil-
lin/streptomycin (Sigma), while osteogenic media was prepared
of basal media supplemented with 100 uM ascorbate-2-phos-
phate, 10 mM p-glycerophosphate and 10 nM dexamethasone
(Sigma).

5.3. Effect of nanoclay on cell viability

Nanoclay cytotoxicity was determined using WST-1 colori-
metric assay (Roche, Germany). The technique is based on
the cleavage of tetrazolium salts to formazan dye by mito-
chondrial dehydrogenases produced by viable cells. Cells
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were seeded in clear flat-bottom 96-well plates at varying den-
sities of 3 x 10°-12 x 10> cells per cm” in basal medium and
allowed to adhere for 24 hours at 37 °C and 5% CO,. Next,
existing culture media was changed with fresh basal media
supplemented with nanoclay particles at a final conc. of
0-1000 pg mL™'. After 24 hours incubation, 10 pL WST1
reagent was added for each well and incubated for 1 hour.
The absorbance was measured using EL-800 Universal
Microplate Reader (BioTek Instruments Inc., Winooski, USA)
at 450 nm. The absorbance/colour intensity produced by for-
mazan product correlates with the number of viable cells in
the samples.

The biocompatibility of nanoclay particles was confirmed
using confocal and phase contrast microscopy. Cells were
seeded at 10* cells per cm® and allowed to adhere overnight
then treated with 100 pg mL ™" and cells were imaged following
24 h of nanoclay exposure.

5.4. Tracking nanoclay uptake kinetics using confocal
microscopy

For assessing nanoclay uptake kinetics by hBMSCs, cells were
treated with Rhodamine B-labelled nanoclay particles and
imaged using confocal microscopy. First, nanoclay powder
was fluorescently labelled with Rhodamine B isothiocyanate
RBITC dye (20653, Cayman Chemicals, USA). Briefly, 0.5 g
nanoclay powder was dispersed in 25 mL of 1 mg mL™*
RBITC  solution, prepared in anhydrous DMSO
(ThermoFisher). The mixture was kept under continuous stir-
ring overnight in dark conditions. Repeated washing-centrifu-
gation steps with absolute ethanol were performed until
supernatant appeared colorless indicating complete removal
of excess dye. The resulting nanoclay-RBITC powder was sep-
arated via filtration using Buckner funnel, air dried at room
temperature and stored, protected from light, until further
use.

HBMSCs were seeded at density 10* cells per cm? in a
24-well plate on # 1.5 sterilized glass coverslips. Cells allowed
to adhere in basal medium for 24 hours. RBITC-labelled nano-
clay dispersion in basal culture medium at 100 pg mL™" was
prepared as previously mentioned in section 5.2. Cell culture
media was replaced with nanoclay-containing vs. nanoclay-free
basal media for clay-treated vs. negative control groups,
respectively. Cells were incubated with nanoclay at 37 °C, 5%
CO, for 1, 3 and 7 days. For cells exposed to nanoclay for 7
days, nanoclay was added at a single dose (time point 0) and
cells incubated with nanoclay for complete 7 days without
media change to allow enough time for the particles to be pro-
cessed by the cells.

At each selected timepoint, culture media was discarded
and cells were washed twice with phosphate buffered saline
(DPBS). Then, cells were incubated with Cell Mask™ Deep Red
plasma membrane stain (C10046, Invitrogen), at 1/1000
dilution in DPBS of 5 mg mL™" stock solution in DMSO, for
10 minutes at 37 °C. Cell mask stain was removed, cells were
washed twice with DPBS and detached though incubation with
trypsin/EDTA 1x for 5 minutes at 37 °C, 5% CO,. Basal media

This journal is © The Royal Society of Chemistry 2023
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was added to detached cells to deactivate trypsin action then
transferred to Eppendorf tube for centrifugation at 400 RCF
for 5 minutes at 21 °C. Supernatant was discarded and cell
pellet was resuspended and fixed in 4% paraformaldehyde and
for 10 minutes at room temperature. Fixed cell suspension was
transferred into p-Slide 8 Well Glass Bottom chamber (80827,
Ibidi). Cells were imaged by Leica TCS-SP8 Confocal
Microscope equipped with Leica LAS-X software at the follow-
ing excitation/emission wavelengths: 570/595 nm for RBITC
and 649/666 nm for cell mask deep red stain.

5.5. Tracking mechanism of nanoclay uptake by hBMSCs and
role of endocytosis in nanoclay bioactivity

For assessing the effect of CPZ on nanoclay endocytosis,
hBMSCs were treated with and without 5 pg mL™" for 2 hours.
Then, nanoclay particles were dispersed in basal culture media
at final conc. of 100 ug mL™" and supplemented with either
CPZ or dH,O for CPZ-treated and CPZ-free sample groups
respectively. Therefore, 3 sample groups were generated
including cells alone (without nanoclay & without CPZ), cells +
nanoclay (without CPZ) and cells + nanoclay + CPZ. Cells were
cultured for 24 hours at 37 °C, 5% CO, followed by confocal
imaging of cell nucleus (DAPI), nanoclay (Rhodamine B), and
cell membrane (cell mask deep red) as described above. DAPI
was excited at 358 nm.

For investigating the effect of endocytosis inhibition on
nanoclay induction of alkaline phosphatase ALP activity,
hBMSCs were seeded at 10* cells per cm? in basal medium and
allowed to adhere overnight. Culture media was discarded,
cells were washed twice with DPBS then incubated with or
without CPZ in basal media at 5 pg mL ™" for 2 h. Then, nano-
clay nanoparticles were dispersed in basal and osteogenic
culture media at final conc. of 100 pg mL~" which then was
supplemented with either CPZ (final conc. is 5 pg mL™") or
dH,O for CPZ-treated and CPZ-free sample groups respectively.
Therefore, 4 sample groups were generated including cells
alone (without nanoclay & without CPZ), cells + CPZ (without
nanoclay), cells + nanoclay (without CPZ) and cells + nanoclay
+ CPZ. Then, the as-prepared basal and osteogenic culture
media with or without nanoclay/CPZ were added to the corres-
ponding cell wells and incubated at 37 °C, 5% CO, for three
days. At day 3, ALP activity was quantified using an end-point
colorimetric assay based on the conversion of p-nitrophenol
phosphate (pNPP) to yellow p-nitrophenol (pNP) by ALP
enzyme according to manufacturer protocol.

5.6. Quantifying intracellular vs. extracellular nanoclay using
ICPMS

HBMSCs were seeded in 6-well plates at density of 10* cells per
cm? in basal medium and left to adhere for 24 hours at 37 °C
and 5% CO,. Next, existing culture media was changed with
fresh basal media supplemented with nanoclay nanoparticles
at a final concentration of 100 pg mL™". For negative control
nanoclay-free medium was used. Cells were incubated with
nanoclay at 37 °C, 5% CO, for 7 days. Selected time points are
day 1, 3 and 7 and each sample was run in triplicates.
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At each selected time point, cell culture media was collected
in Falcon tubes - this represents extracellular nanoclay free in
the system. Then, cells were washed 3 times with DPBS to
collect non-internalised particles adhered on cell membrane.
To collect internalized nanoclay particles cell monolayer was
detached by incubation with trypsin/EDTA 1x for 5 minutes.
Cell suspension was transferred to collection tubes, mixed very
well and cells were counted using the haemocytometer
chamber. Centrifugation was performed at 400 RCF for 5 min
at 21 °C to separate the cells. Supernatant was removed and
cell pellet was resuspended in dH,O. It’s worth noting that the
above-mentioned steps were performed in clean fume hood to
avoid contamination by atmospheric particulates which might
contain one or more the elements under investigation such as
silicon.

For sample digestion and analysis by ICPMS, each sample
was homogenised by vortexing and transferred to digestion
Teflon vessel. Then, each sample was soaked in conc. HNO;
and 30% H,O, overnight and heated gradually to 130 °C until
the solution was colourless and clear indicating complete
sample digestion. Vessels containing HNO; and H,O, but no
nanoclay was used as blank controls. Samples cooled down
and diluted with In/Re spiked 3% HNO; (dilution factor =
10). Finally, the Si and Li content were analysed using
Thermo Scientific ELEMENT XR HR-ICPMS with indium as
an internal standard. The amount/percentage of nanoclay
(LAP) internalized, adhered on cell membrane, and remained
free in extracellular space was calculated according to the fol-
lowing formula:

Conc. of LAP (pg per cell)
= measured conc. of Li(pg per cell) x (1/0.0027).

Based on LAP structural formula Na'y; [(Mgs.sLios)
Sig0,0(OH)4] % each 1 pg LAP contain 0.0027 pg Li.

For converting the measured nanoclay conc. per cell into
number of nanoclay particles per cell, we followed the calcu-
lations below:

The unit cell formula for nanoclay is: Na'y; [(Mgs.5Lig.3)
Sig0,0(OH)4] %7

The M.W of each unit-cell = 764.55379 g mol ™" (calculated
from the above unit-cell formula)

Therefore, each 764.55379 g nanoclay contains 6.022 x 10>
unit cells (Avogadro’s number)

Therefore, for the used concentration (100 pug ml™"), each
1 ml contains (0.0001 g x 6.022 x 10°*)/(764.55379 g) = 7.876 x
10"® unit cells

Considering that, and according to literature every
nanoclay particle contains around 1000 unit cells, then there
will be 7.876 x 10" nanoclay particles per ml for the previous
clay conc. (100 pg ml™"). And the nanoclay particle density =
(7.876 x 10'%)/(0.0001 g) = 7.876 x 10"” nanoclay particle per
gram of nanoclay, which is in good agreement with Felbeck
et al® (7.04 x 10" particle per g), considering nanoclay
density of 2.58 g cm ™ and unit cell dimensions of a = 0.53 x b
=0.92 x¢c=1nm, f=99°.

39,50
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No. of nanoclay particles per cell (particle per cell) =
measured conc. of nanoclay (ng per cell) x 7.876 x 10",

It’s worth noting that a parallel study was performed to
determine which element (Si vs. Li) best fit as a reliable
marker for nanoclay concentration measurement by ICPMS.
Nanoclay standards (0-100 pg mL™') were prepared in basal
culture media as discussed in section 4.2 and the concen-
tration of Si and Li analysed by ICPMS as described above.
Lithium was selected as it showed a higher degree of corre-
lation (R* = 0.98) and discrete difference between expected and
measured value (data shown in ESIf).

5.7. Tracking intracellular journey and fate of nanoclay using
TEM-EDX

Cellular uptake, intracellular trafficking and fate of nanoclay
particles were investigated using FEI Tecnail2 (ThermoFisher,
Netherlands) coupled with energy dispersive X-ray unit based on
protocol developed by the biomedical imaging unit, University of
Southampton and modified from an earlier study.*> HBMSCs
were seeded in 6-well plates at density of 5 x 10° cells per well in
basal media and incubated for 24 hours. Next day, culture media
was replaced with nanoclay-containing (100 pg mL ™) and nano-
clay-free fresh basal media for the clay-treated and negative
control samples, respectively. Samples were run in triplicate and
incubated with nanoclay at 37 °C and 5% CO, for 1, 3 and 7
days. Samples were processed at day 1, 3 and 7 for TEM-EDX
imaging and analysis as discussed below.

At each selected time point, cell culture media was dis-
carded, cells were washed with phosphate buffered saline and
incubated with trypsin/EDTA 1x for 5 min at 37 °C, 5% CO, to
detach cell monolayer. Basal media was added to deactivate
trypsin action and cell suspension was transferred to 2 mL col-
lection tubes for centrifugation at 400 RCF for 5 min at 21 °C
to collect cell pellet. Supernatant was discarded and cell pellet
fixed in 3% glutaraldehyde and 4% formaldehyde in 0.1 M
PIPES buffer at pH 7.2 for 1 hour at room temperature.
Samples moved to sectioning and imaging in the biomedical
imaging unit, University of Southampton.

For sample processing/sectioning, cells were rinsed twice
(10 min per time) in 0.1 M PIPES buffer at pH 7.2 followed by
post-fixation in 1% osmium tetroxide in 0.1 M PIPES buffer at
pH 7.2 for 1 hour. Samples were rinsed twice again in 0.1 M
PIPES buffer at pH 7.2 (10 min per time) followed by distilled
water and 2% aqueous uranyl acetate for 30 seconds and
20 minutes, respectively. Next, the samples undergone de-
hydration in graded series of ethanol and eventually
embedded in epoxy resin before being sectioned/cut into
90 nm sections using ultra-microtome. Ultrathin sections were
examined using TEM-EDX at an accelerating voltage of 60 kV
and magnifications 6-60 000x.

5.8. Western blot analysis of cell autophagy response to
nanoclay

HBMSCs were seeded at density of 5 x 10° cells per cm?® per
Petri dish in basal medium and left to adhere for 24 hours at
37 °C and 5% CO,. Next day, basal culture media was replaced
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with fresh nanoclay containing vs. nanoclay-free media used
as control. Nanoclay doses tested were 25, 50 and 100 pL. Cells
were allowed to interact with nanoclay for 3 days then cell
lysate was collected for analyzing expression of p62, LC3-I and
LC3-II. B-Actin was used as internal control. To test for a
potential link between autophagy activation and nanoclay
osteogenic bioactivity, we applied 3-MA autophagy inhibitor at
0.5 mM. Cells were treated with nanoclay in absence and pres-
ence of 0.5 mM and ALP activity was assayed at day 3 using an
end-point colorimetric assay as described above.

5.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.4.3.
Data in graphs are expressed as the mean + SD. ICPMS experi-
ments were performed in triplicate using cells from a single
donor source. Comparisons between experiment groups were
performed using one-way ANOVA. Tukey’s multiple compari-
sons test was used to determine significant differences
between groups, where significance is set at P < 0.05.
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