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The effects of the shape anisotropy of nanoparticles on cellular
uptake is still poorly understood due to challenges in the synthesis
of anisotropic magnetic nanoparticles of the same composition.
Here, we design and synthesize spherical magnetic nanoparticles
and their anisotropic assemblies, namely magnetic nanochains
(length ~800 nm). Then, nanoparticle shape anisotropy is investi-
gated on urothelial cells in vitro. Although both shapes of nano-
materials reveal biocompatibility, we havefound significant differ-
ences in the extent of their intracellular accumulation. Contrary to
spherical particles, anisotropic nanochains preferentially accumulate
in cancer cells as confirmed by inductively coupled plasma (ICP)
analysis, indicating that control of the nanoparticle shape geometry
governs cell-type-selective intracellular uptake and accumulation.

Introduction

Magnetic iron oxide nanoparticles have been the subject of
intense research in the field of cancer therapy in the past few
decades." Magnetic nanoparticles for biomedical applications
are usually in the form of small spherical nanocrystals with a
size of less than 20 nm in order to preserve their superpara-
magnetic behavior.> Most of the studies in the past two decades
have thus focused on magnetic nanoparticles with spherical
shape, since they are generally easy to prepare by reproducible
experimental procedures.’ Recently, research interest in mag-
netic nanoparticles with anisotropic shapes has been growing.*
Shape anisotropy and magnetocrystalline anisotropy strongly
affect the behavior of the nanoparticles in a low frequency alter-
nating magnetic field." These features of magnetic nano-
particles enable their remotely controlled rotational or
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vibrational movements and hence represent a novel means for
advanced drug delivery” and cancer treatment based on
magneto-mechanical effect.®

Nanoparticle geometry has an important effect on cellular
uptake and biodistribution." In general, the specific surface
area of nanoparticles is increased when the aspect-ratio of the
nanoparticles is enlarged at a certain particle volume.
Theoretically, non-spherical particles have a larger surface
available for adhesive interactions than their spherical
counterparts.” Therefore, nanoparticles with different mor-
phologies such as cubes, rods,® disks,’ fibers,'>!" flowers,
hollow spheres, worms, stars or tetrapods,® and superpara-
magnetic nanostructures with highly anisotropic shapes, i.e.
nanochains,'” can exert multiple interactions with cell mem-
branes, which might result in a larger extent of nanoparticle
internalization." It is also known that nanomaterials with high
aspect ratio geometries show longer blood circulation times
compared to spherical particles."*® The functionalization of
non-spherical particles can also act in synergy with non-spheri-
cal shape to extend their circulation time.'® A recent study has
shown that iron oxide nanoparticles in the form of nanoworms
are internalized to a larger extent compared to spherical nano-
particles." Thus, elongated iron oxide particles with high
aspect ratio are expected to behave differently in vivo compared
to their spherical counterparts. Anisotropic nanoparticles,
when administered in the blood stream, can interfere to a
larger extent with the blood vessel walls as shear forces push
them towards the endothelium, and this might cause some
defects.'*'® The particle shape in conjunction with other par-
ticle characteristics, such as size, charge, and surface pro-
perties, plays an important role in phagocytosis by immune
cells.”® Thus, sufficiently elongated particles can avoid phago-
cytosis by macrophages.”*'®'” Safari et al. observed signifi-
cantly increased phagocytosis of rod-shaped particles by neu-
trophils and reduced phagocytosis by macrophages, mono-
cytes and dendritic cells."®'® Understanding the correlation
between the geometry of magnetic particles and their effects
on cell membranes is a very challenging task the scientific
community is facing." Hinde et al. investigated how the shape
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A SPHERICAL NANOPARTICLES
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Fig. 1 Schematic representation (A and B) of the internalization process of spherical SNC-PEG (A) and anisotropic CHAIN-PEG (B) nanoparticles in
co-culture of normal (NPU) and cancer (T24) urothelial cells and corresponding fluorescence microscopy images (C and D). T24 cancer cell nuclei
are approximately two times larger than the nuclei of normal NPU cells; therefore, both cell types can easily be distinguished in the coculture. Both
types of nanoparticles, spherical SNC-PEG and anisotropic CHAIN-PEG, were internalized preferentially into T24 cells whereas the extent of intern-
alization of nanochains into T24 cells was larger compared to the spherical nanoparticles.

of nanoparticles influences the rate of intracellular transport.
High aspect ratio nanoparticles, such as rods and worms,
crossed cell barriers to different extents and generated
different intracellular concentration gradients. This showed
that particle shape can be a helpful trigger for achieving site-
specific intracellular drug delivery.">'® Furthermore, it was
shown that shape geometry also affects the site of nanoparticle
accumulation in vivo. The non-spherical nanocarriers (e.g.,
chains, disks, and rods), which show reduced phagocytosis,
mostly exhibit lower accumulation in the liver and increased
accumulation in other organs.">?°**The final goal of research
and development of magnetic nanoparticles is to produce
magnetic nanoparticles, which would differentiate between
healthy and cancer cells and hence be taken up preferentially
by cancer cells (Fig. 1). The main issues in the development of
such structures are related to difficulties with the design and
synthesis of well-defined anisotropic superparamagnetic nano-
particles within the size range of a few tens of nanometers to
one micrometer and with the control of their shape an-
isotropy.* The lack of systematic investigations of the effects of
superparamagnetic nanoparticle shape anisotropy on cellular
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uptake is based on the fact that only a few research groups
worldwide have mastered their complex synthesis.>**** The
reason is related to the superparamagnetism of nanoparticles,
which is preserved only when many spherical SPIONs are clus-
tered into larger superparamagnetic nanoparticle clusters with
a size of around 100 nm and not with the synthesis of individ-
ual iron-oxide nanocrystals with sizes larger than 20 nm.>™>®
Our group developed a dynamic assembly process, which is
based on the magnetic alignment of nanoparticle clusters in
suspension into chain-like nanostructures, i.e. nanochains,
which are fixed by deposition of a silica layer (Fig. 2C and D).
The process is highly adjustable and allows the preparation of
anisotropic superparamagnetic particles with lengths of a few
hundred nm and widths of ~100 nm, which are highly desir-

able for biomedical applications.>*?%3°

Results and discussion

In this study, the effects of the shape anisotropy of superpara-
magnetic nanoparticles on their cellular response in vitro have

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Characterization data of the nanomaterials involved in the study. Representative transmission electron microscopy (TEM) image of spherical
nanocrystal clusters coated with an amorphous silica shell and functionalized with PEG (SNC-PEG): (A) low and (B) high magnification.
Representative TEM image of the CHAIN-PEG: (C) low and (D) high magnification. (E) Room-temperature measurements of the mass magnetization
as a function of magnetic field for as-synthesized maghemite nanocrystals (black curve; MS = 64.8 emu g™%), SNC-PEGs (grey curve; MS = 33.6.8
emu g~%), and CHAIN-PEGs (cyan curve; MS = 29.6 emu g™3). (F) The curves of the zeta potential as a function of pH for a suspension of SNCs (black

squares) and SNC-PEGs (white squares).

been investigated. Thus, spherical and chain-like superpara-
magnetic nanoparticles were first designed and synthesized.
The synthesis of the superparamagnetic nanocrystal clusters
(SNCs) was based on the self-assembly of ~80 superpara-
magnetic iron oxide (maghemite) nanocrystals with a size of
10.4 + 1.4 nm.”” The size of the spherical SNCs coated with an
approximately 25 nm thick silica shell and functionalized with
polyethylene glycol (PEG) was 155 + 18 nm (Fig. 2A and B). The
silica shell was fluorescently labelled by rhodamine B isothio-
cyanate (RB), which was introduced during silica shell for-
mation. RB reacted with amino silane prior to admixing tetra-
ethoxysilane in order to form a covalent bond in a silica shell
and thus avoid the uncontrolled release of free dye from the
silica shell. Anisotropic superparamagnetic nanochains
(CHAINS) functionalized with PEG (CHAIN-PEGs) were syn-
thesized by the dynamic magnetic assembly of a few nanocrys-
tal clusters (an average of 7 SNCs per CHAIN).>> The transient
and magnetically induced chain-like formations of SNCs in
the suspension were fixed with the controlled deposition of a
silica layer forming well-defined CHAINs. The core-shell
nature of the nanochains, with the aligned nanocrystal cluster
cores and amorphous silica shell, can be clearly distinguished
in TEM micrographs (Fig. 2C and D). The mean length of
CHAINSs was ~800 nm and their cross diameter was ~150 nm.

This journal is © The Royal Society of Chemistry 2023

The SNC-PEGs and CHAIN-PEGs showed superparamagnetic
properties (Fig. 2E) and high magnetic responsiveness.* When
the suspension of such particles is exposed to a magnetic field
gradient, the particles are rapidly separated from the suspen-
sion and, as soon as the external magnetic field is removed,
the particles can be easily dispersed back to a stable suspen-
sion. The SNC-PEG and CHAIN-PEG suspensions showed good
colloidal stability in aqueous dispersion with a pH value above
6 because there was no sedimentation detected in two months
of monitoring. The zeta potential measurements of suspen-
sion of spherical SNC-PEG particles revealed a lower absolute
value of zeta potential compared to SNCs with an unmodified
surface, suggesting an efficient PEGylation of the particle
surface (Fig. 2F). The presence of PEG chains on the surface of
SNC-PEG and CHAIN-PEG nanoparticles was also confirmed
by TGA (ESI, Fig. S11).

XRD of the synthesized nanocrystals showed a single spinel
phase, whereas Mossbauer spectroscopy confirmed that the
nanocrystals were composed of maghemite, as reported in our
previous manuscript.”” The SNC-PEGs and CHAIN-PEGs
exhibited superparamagnetic properties (Fig. 2E). Saturation
magnetizations (Ms) of the synthesized nanocrystals,
SNC-PEGs and CHAIN-PEGs, were 64.8, 33.9 and 29.6 emu g™,
respectively (Fig. 2E). Hydrodynamic size measurements by

Nanoscale, 2023, 15, 8611-8618 | 8613
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dynamic light scattering (DLS) were carried out only for spheri-
cal particles, namely SNCs and SNC-PEGs, because the size of
CHAINS, due to their anisotropic shape, cannot be determined
by DLS measurement protocols correctly. The mean hydrodyn-
amic sizes of SNCs and SNC-PEGs in the A-DMEM/F12 cell
culture medium were 206 nm (PDI 0.18) and 171 nm (PDI
0.19), respectively. After 24 h the mean hydrodynamic sizes of
SNCs and SNC-PEGs in A-DMEM/F12 medium were 284 nm
(PDI 0.16) and 156 nm (PDI 0.25), respectively. This shows that
PEGylation contributed to the colloidal stability of magnetic
nanoparticles in a complex medium. The mean hydrodynamic
sizes of SNCs and SNC-PEGs in UroM (+Ca** — SFBS) cell
culture medium were 298 nm (PDI 0.15) and 226 nm (PDI
0.16), respectively. This indicates that the presence of calcium
ions in UroM (+Ca** — SFBS) medium adversely affected the
hydrodynamic sizes of the dispersed nanoparticles.

The electrophoretic mobility of the spherical SNCs was
measured as a function of the medium pH. The silica surface
of SNCs showed a relatively acidic character because its struc-
ture comprised negatively charged hydroxyl groups at pH
values above the isoelectric point at pH 2.8. The zeta potential
of the SNCs reached a high negative value (—23 mV) at a phys-

SNC-PEG

Fig. 3
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iological pH of 7.4 (Fig. 2F). Moreover, the zeta potential of the
SNC-PEGs showed a slightly lower absolute value (—15 mV)
compared to SNCs at a physiological pH (Fig. 2F), due to the
presence of surface bound PEG chains. Relatively high absol-
ute values of the zeta potential ensure strong electrostatic
repulsive forces between particles, resulting in good colloidal
stability of the nanoparticulate suspension in neutral and alka-
line media. However, taking into account DLS and zeta poten-
tial measurements, the PEGylation ensured the steric stabiliz-
ation of colloidal dispersion, since the mean hydrodynamic
size of SNC-PEGs in cell culture media was smaller compared
to that of SNCs. The zeta potential values of CHAINs in sus-
pension were not analyzed due to their anisotropic shape and
hence inconsistency with zeta potential measurement proto-
cols. However, the zeta potential values of CHAINs are
expected to be similar to those of the corresponding SNCs due
to the same protocols being used for surface coating and
functionalization of both nanomaterials.

Investigation of cellular uptake of fluorescently labelled
nanoparticles has revealed different patterns for normal and
cancer urothelial models. The cancer urothelial model of inva-
sive neoplasm T24 cells (Fig. 3) showed a much higher fluo-

CHAIN-PEG

600 nm

(A and E) Phase-contrast microscopy, (B and F) fluorescence microscopy and (C, D, G and H) transmission electron microscopy images of

cancer urothelial cells. Low magnification phase-contrast micrograph of cancer urothelial T24 cells treated with (A) SNC-PEGs and (E) CHAIN-PEGs.
Areas rich in nanoparticles are visible as brown spots. Low magnification fluorescence micrograph of cancer urothelial T24 cells treated with (B)
SNC-PEGs and (F) CHAIN-PEGs. Areas rich in nanoparticles are visible as red spots. TEM micrographs of cancer urothelial T24 cells treated with (C
and D) SNC-PEGs and (G and H) CHAIN-PEGs. (C) SNC-PEGs are localized in the early endosome (red arrow). They are taken up by endocytosis as
individual nanoparticles or small aggregates (asterisk), most likely by macropinocytosis. (D) SNC-PEG-free cell. (G) CHAIN-PEGs are intensely endo-
cytosed and visible in endo-lysosomal compartments. (H) CHAIN-PEGs in the late endosome.

8614 | Nanoscale, 2023, 15, 8611-8618 This journal is © The Royal Society of Chemistry 2023
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Hyperplastic and normoplastic urothelial models in vitro
SNC-PEG CHAIN-PEG
Fig. 4 (A, E and K) Phase-contrast microscopy, (B, F and L), fluorescence microscopy and (C, D, G, H, | and J) transmission electron micrographs of

normal porcine urothelial (NPU) cells in hyperplastic (A—H, yellow framed images) or normoplastic (I-L, green and red framed images) urothelial
models in vitro. Low magnification phase-contrast micrograph of partially differentiated NPU cells treated with (A) SNC-PEGs and (E) CHAIN-PEGs.
Areas rich in nanoparticles are visible as brown spots. Low magnification fluorescence micrograph of partially differentiated NPU cells treated with
(B) SNC-PEGs (red arrows) and (F) CHAIN-PEGs (red arrows). Areas rich in nanoparticles are visible as red spots (red arrows). Transmission electron
micrographs of partially differentiated NPU cells treated with (C and D) SNC-PEGs and (G and H) CHAIN-PEGs. (C) SNC-PEGs are localized in the
early endosome (asterisk). They are taken up by endocytosis as individual nanoparticles. Image (D) is an enlarged section of image C. (G and H)
CHAIN-PEG-free cells. (I) Neither SNC-PEGs nor CHAIN-PEGs are visible in highly differentiated NPU cells. (J) Transmission electron microscopy, (K)
phase-contrast microscopy, (L) fluorescence microscopy of partially differentiated NPU cells (green framed image) in the normoplastic urothelial
model. (K and L) Only in one partially differentiated NPU cell are the CHAIN-PEGs visible (red arrow, red frame). No CHAIN-PEGs are visible at the
ultrastructural level in partially differentiated NPU cells of the normoplastic urothelial model (red framed images).

rescence intensity compared to the normal urothelial model
with partially (Fig. 4) and highly differentiated NPU cells
(Fig. 5), indicating a higher uptake of nanoparticles into
cancer cells. This is consistent with our previous studies on
the uptake of rhodamine B-labelled polyacrylic acid-coated
cobalt ferrite nanoparticles in biomimetic urothelial in vitro
models.*"

The number of internalized SNC-PEGs (i.e. areas containing
SNC-PEGs) was lower than the number of internalized
CHAIN-PEGs (i.e. areas with CHAIN-PEGs), 561 and 5105, 701
respectively. The apparent average particle size was 38 px for
SNC-PEGs and 139 px for CHAIN-PEGs. The image surface 60
area covered by the SNC-PEG particles was 0.43% and that
covered by the CHAIN-PEG particles was 14%. Transmission 8 . . . . .
electron microscopy (TEM) enabled us to distinguish between & & < & & >
internalized nanoparticles and nanoparticles caught in the x ‘G?“} 0:"‘\ &
intercellular space (Fig. 3). SNC-PEGs were observed in the 4 *

1104

100+

90+

Viability
(%)
3

intercellular space of the T24 urothelial model and only
occasionally were they found internalized. Cells without
SNC-PEGs were predominantly detected. In the cancer urothe-

This journal is © The Royal Society of Chemistry 2023

Fig. 5 Viability of cancer (T24) and normal (NPU) urothelial cells after
24 h of exposure to 100 ug mL™* of SNC-PEG or CHAIN-PEG. The
results are presented as percentages of viable cells in the cell culture.

Nanoscale, 2023,15, 8611-8618 | 8615
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Table 1 Cell viability and ICP-OES analysis
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Cell viability Cre Corrected Cre Total mass of Fe (pg) Calculated mean mass of

Sample (% + SE) (ng mL™Y) (ng mL™Y) based on corrected Cge Fe (x107** g) per cell
NPU 98.0 £ 0.3 <0.10 — — —

NPU + SNC-PEG 88.6 £ 0.2 <0.10 0 — —

NPU + CHAIN-PEG 94.3 £0.3 <0.10 0 — —

T24 94.3+1.3 0.19 £ 0.05 — — —

T24 + SNC-PEG 91.4+0.3 0.49 + 0.00 0.30 £ 0.05 3.60 = 0.60 2.276

T24 + CHAIN-PEG 90.5+1.5 0.74 + 0.02 0.55 +0.05 6.60 + 0.60 3.561

lial model, SNC-PEGs and CHAIN-PEGs were taken up by endo-
cytosis (Fig. 3C, G and H) and underwent the intracellular
endo-lysosomal pathway, as suggested by the nanoparticles
observed in different endosomal compartments (Fig. 3C, early
endosome, red arrow and Fig. 3H, late endosome, red arrow).
Neither SNC-PEGs nor CHAIN-PEGs were found to be free in
the cytosol or in association with any other intracellular
organelle.

The internalization of SNC-PEGs or CHAIN-PEGs was rare
and detected only in some partially differentiated normal
urothelial cells of the hyperplastic urothelial model in vitro
(Fig. 4A-H, red arrows in B and F, and asterisks in C and D)
and only in one cell were the CHAIN-PEGs visible in a normo-
plastic urothelial model in which very few NPU cells were par-
tially differentiated (Fig. 4J-L, red arrow in L). No SNC-PEGs or
CHAIN-PEGs were found in highly differentiated urothelial
cells (Fig. 41), which is consistent with our previous findings
that the endocytotic activity of bladder urothelial cells is inver-
sely related to their differentiation stage.*'°

In order to further quantitatively determine the amount of
Fe in each sample, inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) analysis was performed, and the
obtained values are listed in Table 1. The highest mean value
of Fe content was detected in cancer urothelial cells T24 +
CHAIN-PEG, which was 3.561 x 10~ ¢ per cell, followed by
T24 + SNC-PEG (2.276 x 10~ " g per cell). The iron content in
NPU cells treated with nanoparticles was below the detection
limit in all analyzed samples. It is known that magneto-lipo-
somes containing magnetic nanoparticles in the bilayer are
preferentially taken up by cancerous T24 cells, which leads to
an improvement in the contrast and an easier distinction
between the healthy and cancerous cells.?®

In summary, we have presented the results obtained in vitro
in biomimetic and co-culture models. These results are extre-
mely important as we additionally show the ultrastructure of
the cells and also the localization of the nanoparticles in
cancer cells and partially differentiated normal urothelial cells
(Fig. 3 and 4). Furthermore, the fluorescence images sup-
plemented with TEM, the comparison of NP uptake into
normal and cancer cells in co-culture and finally the ICP-MS
analysis clearly show the differences in the internalization of
magnetic nanoparticles of different shapes in cancer cells
(Fig. 1) This is in line with a previous study which reported
that the route of particle internalization depends on the par-
ticle shape.®”

8616 | Nanoscale, 2023, 15, 8611-8618

The investigation of the effects of magnetic nanoparticles
on cell viability revealed that after 24 h of exposure, the pres-
ence of both types of magnetic nanoparticles, namely
SNC-PEG and CHAIN-PEG, did not affect the viability of either
normal or cancer urothelial cells (Fig. 5). Thus, our results
clearly demonstrate that nanochains are not toxic to cells
in vitro and preferentially accumulate in cancer cells. These
findings are very promising for potential novel application
development using the presented features of nanochains. The
exposure of nanochains to a low frequency rotating magnetic
field has been reported to enable the control of drug delivery
where rotational movements of nanochains accelerate the
release of carried drugs which cause synergistic effects in
cancer treatment.’ Interestingly, similar chain-like magnetic
particles (magnetosome chains) are also found in nature in
some organisms as simple as magnetotactic bacteria.*® They
use these magnetic assemblies for their navigation in a geo-
magnetic field. However, there are some important differences
between our artificial nanochains and the magnetosome
chains in terms of magnetic properties and the possibility of
surface functionalization as demonstrated in our recent
review.”® The application of magnetosome chains in biomedi-
cine is still under investigation, but the millions of years of
their evolution indicate the intracellular compatibility of such
magnetic nano-assemblies, and the acceptance and exploita-
tion of anisotropic magnetic nanostructures by
organisms.

living

Conclusions

In summary, we designed and synthesized anisotropic mag-
netic nanochains and investigated the effects of magnetic
nanoparticles’ shape anisotropy on cellular uptake. Currently,
the effects of nanoparticles’ shape anisotropy on cellular
uptake are still poorly understood due to challenges in the syn-
thesis of anisotropic magnetic nanoparticles of the same com-
position. Here, we investigated the cellular uptake of differ-
ently shaped magnetic nanoparticles in urothelial cells in vitro.
Although both shapes of nanomaterials reveal biocompatibil-
ity, we have found significant differences in the extent of their
intracellular accumulation. Contrary to spherical particles, an-
isotropic nanochains preferentially accumulate in cancer cells,
indicating that control of nanoparticle shape geometry governs
cell-type selective intracellular uptake and accumulation. Our

This journal is © The Royal Society of Chemistry 2023
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findings thus open a new perspective for potential selective
cancer treatment utilizing the differences in nanoparticle
shape anisotropy.
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