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Anisotropic gold (Au) nanostructures have been widely explored
for various nanomedicine applications. While these nanomaterials
have shown great promise for disease theranostics, particularly for
cancer diagnosis and treatment, the utilization and clinical trans-
lation of anisotropic Au nanostructures have been limited by their
high phagocytic uptake and clearance and low cancer targeting
specificity. Numerous efforts have thus been made toward mitigat-
ing these challenges. Many conventional strategies, however, rely
on all-synthetic materials, involve complex chemical processes, or
have low product throughput and reproducibility. Herein, by inte-
grating cell membrane coating and microfluidic technologies, a
high-throughput bioinspired approach for synthesizing biomimetic
anisotropic Au nanostructures with minimized phagocytic uptake
and improved cancer cell targeting is reported. Through continu-
ous hydrodynamic flow focusing, mixing, and sonication, Au nano-
structures are encapsulated within the macrophage and cancer
cell membrane vesicles effectively. The fabricated nanostructures
are uniform and highly stable in serum. Importantly, the macro-
phage membrane vesicle-encapsulated Au nanostructures can be
preferentially internalized by breast cancer cells, but not by macro-
phages. Overall, this study has demonstrated the feasibility of
employing an integrated microfluidic-sonication technique to for-
mulate uniform and highly stable biomimetic anisotropic nano-
structures for enhanced cancer theranostic applications.

1. Introduction

Nanomaterials of various compositions and shapes have been
actively developed over the years for different theranostic and
nanomedicine applications." > Among these, anisotropic gold
(Au) nanostructures, such as Au nanocages, nanorods, and
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nanostars, stand out because of their distinct physicochemical
properties which may be leveraged for biomedical imaging,
biological sensing, and disease phototherapies."*”"” While an-
isotropic Au nanostructures have demonstrated tremendous
potential for biomedical applications, the utilization and clini-
cal translation of these nanomaterials are still hampered by
numerous obstacles.’®'® One of the most common challenges
associated with the nanomedicine applications of synthetic
nanomaterials like Au nanostructures is their relatively low
theranostic efficacy, which is predominantly influenced by
their poor delivery and targeting efficacy. To date, the delivery
and targeting of theranostic nanomaterials to disease sites,
particularly cancer sites, have been realized through either
passive or active strategies or a combination of both.>*?!
Passive targeting leverages an enhanced permeation and reten-
tion effect of nanomaterials, in which the nanomaterials
permeate through the leaky tumor vasculature to accumulate
passively at the tumor sites.>>>* Active targeting, in contrast,
relies on the surface modification of nanomaterials with
certain targeting moieties (e.g., antibodies, aptamers, and pep-
tides) to improve targeting specificity to disease sites.**?
Unfortunately, a previous work reported that regardless of the
targeting modes, both strategies still have a relatively poor tar-
geting efficacy, which is less than 5%.%°

While many factors contribute to the low delivery and tar-
geting efficacy of nanomaterials,>” > one of the most significant
factors is the recognition of exogenous nanomaterials by the
immune system and the uptake and clearance of these nano-
materials from blood circulation by the mononuclear phago-
cyte system.***' Numerous approaches have been explored to
overcome this challenge. These include the formulation of
nanomaterials with specific shapes or surface charges, surface
modification of nanomaterials with a hydrophilic polyethylene
glycol (PEG) layer, or a combination of both.***> Nevertheless,
increasing studies have reported that PEGylation of nano-
materials induces an accelerated blood clearance phenom-
enon, where repeated systemic administrations of PEGylated
nanomaterials cause their rapid clearance from the circulatory
system.*®” To address this issue, bioinspired and biomimetic
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strategies, notably coating of nanomaterials with natural cellu-
lar components, such as membranes from erythrocytes, leuko-
cytes, platelets, macrophages, and cancer cells, have been
increasingly explored as alternatives.”®**° The cell membrane
coating technique has been shown to endow the modified
nanomaterials with biological properties and functionalities
similar to those of the source cells from which the membranes
are derived, such as immune evasion capability, prolonged
in vivo residence time, and enhanced homologous tumor
targeting.*’ *® For instance, nanomaterials camouflaged with
membranes derived from erythrocytes have been reported to
display improved immune evasion characteristics.**™**
Separately, polymeric nanoparticles coated with cancer cell
membranes have been demonstrated to exhibit much higher
cancer targeting specificity than their bare wuncoated
counterparts.*>*”*® Consequently, the cell membrane coating
technique has emerged as an attractive option to generate bio-
mimetic nanostructures with potentially reduced phagocytic
uptake and enhanced tumor targeting ability.

The formulation of cell membrane-coated nanostructures
typically involves the synthesis of nanostructures, preparation
of cell membrane vesicles, and coating of the membrane vesi-
cles on nanostructures, which until now, has been largely
achieved through two approaches, i.e., sequential mechanical
extrusion and ultrasonication.*®*° While these approaches can
assemble membrane vesicles around nanomaterials to form
core-shell nanostructures, the methods suffer from several
drawbacks, notably laborious and time-consuming formu-
lation processes, low product throughput, and substantial
batch-to-batch variations. Furthermore, most of the studies
that employed these methods have focused on isotropic nano-
materials. Less attention has been placed on the coating of cell
membranes on anisotropic nanostructures. As such, active
efforts have been geared toward developing more effective
methods capable of formulating highly uniform cell-mimick-
ing nanomaterials in high yield. One such strategy that has
gained traction recently is the microfluidic-based method.**>°
As opposed to other nanomaterial formulation strategies, the
microfluidic-based method offers numerous advantages,
including a highly controlled and automated process, precise
manipulation of the sample volume and mixing rate, shorter
formulation time, higher throughput, ease of scale-up, and
improved product quality, consistency, and
reproducibility.>™* Specifically for the formulation of cell
membrane-coated nanomaterials, recent studies have demon-
strated that, in contrast to the typical batch synthesis strat-
egies, for comparable coating quality and product size, the
microfluidic-facilitated approaches can significantly accelerate
the formulation process from hours down to milliseconds to
seconds.*®*® Moreover, combining the hydrodynamic forces
within the microfluidic channels with external force fields may
enhance the applicability of microfluidic platforms to assem-
ble a wider variety of cell membrane-coated nanostructures. As
shown in previous reports,’>>**> a higher microscale mixing
efficiency can be achieved by integrating microhydrodynamic
mixing with external forces like sonication. This, in turn, may

This journal is © The Royal Society of Chemistry 2024

View Article Online

Communication

be beneficial for realizing a more uniform and reproducible
cell membrane coating on nanomaterials.

Motivated by this, herein, a one-stage continuous flow
microfluidic platform was developed to formulate highly stable
biomimetic cell membrane vesicle-coated Au nanostructures.
Microfluidic hydrodynamic flow focusing was combined with
sonication to realize uniform coating of membrane vesicles
derived from macrophages and cancer cells onto anisotropic
Au nanostructures. These biomimetic nanostructures were
highly stable and experienced minimal aggregation in serum.
In particular, the macrophage membrane vesicle-encapsulated
Au (MMV-Au) nanostructures were minimally taken up by
macrophages but preferentially internalized by breast cancer
cells. Overall, this work demonstrates the feasibility of lever-
aging microfluidics to realize high-throughput and uniform
synthesis of cell membrane-camouflaged anisotropic nano-
structures for a range of disease theranostic and nanomedicine
applications.

2. Results and discussion

Microfluidic-mediated assembly and characterization of cell
membrane-camouflaged Au nanostructures

The one-stage continuous flow microfluidic platform used for
the formulation of cell membrane vesicle-encapsulated aniso-
tropic nanostructures was designed using a computer-aided
design software (Fig. 1). Architecturally, the microfluidic
device consists of three inlet channels, a serpentine-shaped
mixing region, and an outlet channel. The nanomaterial cores
would be introduced into the middle inlet channel, while the
cell membrane vesicles would be introduced into the two side
inlet channels. These two distinct components would interact
in the mixing region and undergo hydrodynamic focusing and
mixing under a continuous flow condition. Sonication would
be employed throughout the synthesis process to enhance the
mixing efficiency and eventually, the membrane vesicle-encap-
sulated Au nanostructures would be collected from the outlet
channel.

After designing the microfluidic device, it was then fabri-
cated in polydimethylsiloxane (PDMS) through a soft lithogra-
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Fig. 1 Schematic of the microfluidic device used for the synthesis of
the cell membrane vesicle-encapsulated anisotropic Au nanostructures.
The device consists of three inlet ports and an outlet port connected by
a serpentine-shaped mixing region. It was immersed in a bath sonicator
throughout the nanostructure synthesis process.
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phy process and bonded to a glass slide (Fig. 2a). Next, two an-
isotropic Au nanostructures with different tip-to-core ratios
were synthesized and characterized. Au nanostructures with a
lower tip-to-core ratio, termed here as Au nanonuggets
(AuNNs), were synthesized using an ascorbic acid-mediated
process. On the other hand, a 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) buffer-facilitated process was
employed to prepare Au nanostructures with a higher tip-to-
core ratio, termed here as Au nanostars (AuNSs).
Characterization of the morphology of AuNNs and AuNSs
using transmission electron microscopy (TEM) showed that Au
nanostructures with varying tip-to-core ratios were successfully
prepared (Fig. 2b, bare row). Both Au nanostructures possessed
an average hydrodynamic size of around 70 nm (Fig. 2¢) and a
negative zeta potential from —40 to —45 mV (Fig. 2d). Besides,
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AuNNs exhibited an absorbance peak at around 585 nm, while
that of AuNSs centered at roughly 765 nm (Fig. S17).

Following the synthesis and characterization of the bare an-
isotropic Au nanostructures, MMVs were prepared for the
microfluidic-assisted formulation of membrane vesicle-coated
AuNNs and AuNSs, ie., MMV-AuNNs and MMV-AuNSs,
respectively. The membrane vesicles from macrophages were
specifically selected in this study due to their outstanding reti-
culoendothelial system evasion and tumor homing capability.
Characterization of MMVs revealed that they had an average
hydrodynamic size of about 200 nm and a zeta potential of
roughly —26 mV (Fig. 2c and d). These membrane vesicles were
next introduced into the two side inlet channels of the micro-
fluidic device at a flow rate of 14 mL h™', while either AUNNs
or AuNSs were simultaneously injected into the middle inlet
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Fig. 2 Physicochemical characterization of the macrophage membrane vesicle-encapsulated Au nanostructures. (a) Photograph of the fabricated
microfluidic device. (b) Surface morphology, (c) hydrodynamic size, (d) zeta potential, and (e) protein expression of the bare and macrophage mem-
brane vesicle-encapsulated Au (MMV-Au) nanostructures. Scale bars are 40 nm. The white arrows indicate the presence of macrophage membrane
coating. Lanes 1-7 of the polyacrylamide gel represent the protein marker (lane 1), cell lysate (lane 2), AuNNs (lane 3), AuNSs (lane 4), MMVs (lane 5),
MMV-AuNNSs (lane 6), and MMV-AuNSs (lane 7). (f-i) Stability of the MMV-Au nanostructures based on the variations of: (f) hydrodynamic size, (g
and h) size distribution, and (i) zeta potential over time. n = 3, mean + standard deviation.
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channel at a flow rate of 7 mL h™". After going through hydro-
dynamic focusing and mixing under a continuous flow con-
dition in the presence of sonication, MMV-AuNNs or
MMV-AuNSs were eventually formed and collected from the
outlet channel. TEM evaluation of the surface morphology of
the resulting biomimetic Au nanostructures showed the exist-
ence of thin membrane layers wrapping AuNNs and AuNSs (as
indicated by the white arrows), essentially forming core-shell
nanostructures (Fig. 2b, +MMV row). These nanostructures
possessed an average hydrodynamic size of approximately
85 nm (Fig. 2¢) and a zeta potential between —25 and —30 mV
(Fig. 2d), which was close to that of MMVs. Characterization of
the membrane protein expression of both MMV-AuNNs and
MMV-AuNSs revealed that most of the membrane proteins of
MMVs were still retained on the biomimetic nanostructures
(Fig. 2e). Finally, evaluations of the evolution of hydrodynamic
size (Fig. 2f), size distribution (Fig. 2g and h), and zeta poten-
tial (Fig. 2i) over time confirmed that both MMV-AuNNs and
MMV-AuNSs were highly stable over at least six days, where
minimal variations were observed.

To further evaluate the performance of the developed micro-
fluidic platform, the standard sequential physical extrusion
method was employed to coat the anisotropic Au nanostructures
with MMVs, which were then compared against those obtained
using the microfluidic-sonication process (Fig. S2-S4t). The for-
mation of core-shell nanostructures could be clearly seen based
on TEM imaging (Fig. S21). The average hydrodynamic size of
the extrusion-obtained MMV-AuNNs and MMV-AuNSs was
about 105 nm (Fig. S31), while their average zeta potential was
approximately —32 mvV, which was close to that of the MMVs
used in the extrusion process (Fig. S41). This suggests that the
biomimetic nanostructures acquired through the microfluidic-
sonication formulation process and the sequential mechanical
extrusion process had comparable size and surface charge.
Nevertheless, it is noteworthy that the microfluidic-assisted for-
mulation method has a much higher product throughput and
is more automated, controlled, and less laborious than the
physical extrusion approach.

Next, the feasibility of utilizing the continuous flow micro-
fluidic device to coat cancer cell-derived membrane vesicles
(CCMVs) on AuNNs and AuNSs was assessed (Fig. S5-S117).
The CCMV-Au nanostructures were synthesized and character-
ized similarly to the MMV-Au nanostructures. Both
CCMV-AuNNs and CCMV-AuNSs had core-shell structures
(Fig. S5t), an average hydrodynamic size of between 100 and
110 nm (Fig. S61), a negative zeta potential of around —25 mV
(Fig. S71), and membrane protein expressions similar to that
of CCMVs (Fig. S81). The CCMV-Au nanostructures also dis-
played excellent stability in terms of the hydrodynamic size
(Fig. S9%1), size distribution (Fig. S101), and zeta potential
(Fig. S11}) over at least six days. As a comparison, sequential
physical extrusion was employed to coat CCMVs onto AuNNs
and AuNSs and their properties were found to be similar to
those of the microfluidic-acquired CCMV Au nanostructures in
terms of the surface morphology, (Fig. S127), hydrodynamic
size (Fig. S13t), and zeta potential (Fig. S147).
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Altogether, the obtained experimental data have demon-
strated the feasibility of employing the developed microfluidic-
sonication platform to process and coat different cell mem-
brane vesicles onto anisotropic nanomaterials for the formu-
lation of highly stable biomimetic core-shell nanostructures.

Interactions of biomimetic Au nanostructures with serum

Most of the theranostic and nanomedicine applications of
nanomaterials require their introduction into the body, which
will expose them to a plethora of biomolecules in the physio-
logical system. The nanomaterials may then interact almost
immediately with biomolecules, leading to non-specific bio-
molecule adsorption on the nanomaterial surfaces.>®™>®
Consequently, the integrity, properties, and functionalities of
the nanomaterials may be altered. In fact, many studies have
shown that biomolecule adsorption and protein corona for-
mation around nanomaterials may influence their uptake by
mammalian cells.”®®® As such, it is essential to elucidate the
interactions between the biomolecules in serum and the Au
nanostructures and how these interactions will affect their cel-
lular uptake, particularly by immune and cancer cells.
Motivated by this, after formulating MMV-AuNNs and char-
acterizing their physicochemical properties, their interactions
with the biomolecules in serum were examined. Specifically,
the recruitment of non-specific biomolecules in cell culture
medium by MMV-AuNNs and how this would affect their stabi-
lity in terms of the hydrodynamic size and zeta potential were
assessed. The surface morphology of the bare and MMV-
encapsulated AuNNs in the absence and presence of serum
was first qualitatively characterized through TEM imaging
(Fig. 3a). It is evident that the bare AuNNs aggregated substan-
tially in serum, which led to a significant increase in their
size. Conversely, although MMV-AuNNs also aggregated in the
presence of serum, this aggregation appeared less substantial,
as evidenced from the morphology of MMV-AuNNS in serum.
Quantitative analysis of the hydrodynamic size of AuNNs and
MMV-AuNNs over time confirmed the increased size of both
nanostructures in serum (Fig. 3b). It is important to note that
while the size of these nanostructures increased in serum, the
extent of size change was different (Fig. 3d). In particular, the
percentage change of the hydrodynamic size of AuNNs was
consistently higher than that of MMV-AuNNs over the observed
period of 6 h. The difference in size variation was the largest
immediately after the introduction of nanostructures into
serum, where AuNNs experienced close to 50% size change
while MMV-AuNNs had less than 10% size change. At 6 h, the
percentage change of the size of AuNNs was almost twice that
of MMV-AuNNSs. The zeta potential of AuNNs also varied sig-
nificantly in the presence of serum throughout the observation
period (Fig. 3c). In fact, the average zeta potential of the bare
AuNNs increased from about —41 mV to —24 mV in serum.
Intriguingly, certain level of zeta potential variation was also
observed from MMV-AuNNs Specifically, AuNNs in serum
experienced approximately 40% change in their zeta potential,
while the percentage change in the zeta potential of
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Au nanostructures with serum. (a) Representative TEM images showing the

morphology of the bare and MMV-Au nanostructures in the presence of serum. Scale bars are 40 nm. The white arrows indicate the presence of
macrophage membrane coating. (b) Hydrodynamic size and (c) zeta potential evolution of the bare and MMV-Au nanostructures in the absence and
presence of serum over time (i.e., 0, 0.5, 1, 3, and 6 h). The yellow and blue strips indicate the properties of the bare and MMV-Au nanostructures,
respectively, in the absence of serum. (d and e) Percentage change of: (d) hydrodynamic size and (e) zeta potential of the bare and MMV-Au nano-

structures in the presence of serum with respect to controls.

MMV-AuNNs under the same condition was consistently less
than 10% (Fig. 3e).

Overall, these findings suggest that the MMV-camouflaged
AuNNs possessed better stability in serum than the bare
AuNNs in terms of changes in their surface morphology,
hydrodynamic size, and zeta potential, which might facilitate
MMV-AuNNS s to avoid immune uptake and clearance.

Immune evasion and cancer cell uptake of biomimetic Au
nanostructures

One of the key criteria in realizing theranostic nanostructures
with improved delivery and targeting efficacy is a sufficiently
long circulation lifetime for accumulation at the target
sites,®’®* which depends predominantly on the ability of the
nanostructures to avoid immune uptake and rapid body
clearance.®»®® Because of this, after verifying the lower non-
specific biomolecule adsorption on MMV-AuNNs than on the
bare AuNNSs, the phagocytic uptake of MMV-AuNNs was inves-
tigated. Specifically, RAW 264.7 macrophages were incubated
with AuNNs and MMV-AuNNs and their macrophage uptake
and cellular effects were examined. Bright-field microscopy
images obtained after treating macrophages with both Au
nanostructures over 12 h revealed a lower uptake of
MMV-AuNNs by macrophages than the bare AuNNs (Fig. 4a
and Fig. S15%). Indeed, semi-quantitative analysis of the
bright-field images showed that MMV-AuNNs consistently
exhibited a lower macrophage uptake than their bare counter-
parts (Fig. 4b). This difference in macrophage uptake was

7878 | Nanoscale, 2024, 16, 7874-7883

evident as early as 3 h after both Au nanostructures were intro-
duced into the macrophage cultures. Separately, the cell
spreading areas and circularity, which are typically used to
evaluate cellular health and proliferation,®® of the AuNN- and
MMV-AuNN-treated macrophages over time were similar
(Fig. 4c and d). On the same note, the difference in cell solid-
ity, which measures the density of a cell, of both nano-
structure-treated macrophages was negligible (Fig. S167). This
suggests the minimal effect of MMV-AuNNs on the spreading
and proliferation of macrophages.

In addition to having a reduced immune uptake and clear-
ance, theranostic nanostructures need to be able to target
specific cancer cells and induce preferential uptake by these
cells to realize the intended theranostic effects.””®® To this
end, after establishing the more pronounced immune evasion
ability of MMV-AuNNs as compared to the bare AuNNs, the
uptake of MMV-AuNNs by cancer cells was investigated. Here,
the triple-negative MDA-MB-231 breast cancer cells were
selected as the model cancer cells. These cells were first incu-
bated with both AuNNs and MMV-AuNNs for 1, 3, 6, and 12 h
and the cellular uptake of these nanostructures was then eval-
uated. Bright-field microscopy images showed that both Au
nanostructures could be taken up easily by MDA-MB-231
breast cancer cells over time (Fig. 4e and Fig. S177).
Nevertheless, it appeared that MMV-AuNNs could be interna-
lized more easily by the cancer cells as compared to the bare
AuNNS . This was verified through semi-quantitative analysis of
the acquired bright-field images, where the higher cellular

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Immune evasion and cancer cell uptake of the macrophage membrane vesicle-encapsulated Au nanostructures. (a and e) Representative
bright-field images of the uptake of AUNNs and MMV-AuNNs by (a) RAW 264.7 macrophages and (e) MDA-MB-231 breast cancer cells after 12 h of
incubation. The white arrows on the bright-field images indicate the presence of Au nanostructures. All scale bars are 20 pm. (b and f) Corresponding
semi-quantitative estimation of the uptake of different Au nanostructures by (b) macrophages and (f) breast cancer cells over time. (c and g) Spreading
areas and (d and h) circularity of (c and d) macrophages and (g and h) breast cancer cells after different Au nanostructure treatments over time. n = 30
cells. * p < 0.05; ** p < 0.01; *** p < 0.001 based on either the parametric student’s t test or non-parametric Mann—-Whitney test.

uptake of MMV-AuNNSs occurred as early as 1 h after the intro- cancer cells. Analysis of cell spreading areas and circularity
duction of Au nanostructures (Fig. 4f). This indicates the pre- after nanostructure treatments up to 6 h revealed that both Au
ferential uptake of the biomimetic Au nanostructures by breast nanostructures appeared to induce negligible influence on the
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health and proliferation of breast cancer cells (Fig. 4g and h).
However, at 12 h post-nanostructure treatments, as compared
to the AuNN-treated breast cancer cells, those incubated with
MMV-AuNNs experienced a significant decrease in spreading
areas and a substantial increase in cell circularity. This
suggests that MMV-AuNNs might alter the morphological
integrity of breast cancer cells more effectively than AuNNs.
Furthermore, evaluation of cell solidity at various time points
uncovered a significant difference in the distribution of the
solidity of the nanostructure-treated breast cancer -cells,
suggesting that MMV-AuNNs elicited a more pronounced
effect on the density of breast cancer cells than the bare
AuNNs (Fig. S187).

Altogether, the immune evasion capability and preferential
cancer cell uptake of MMV-AuNNs could be leveraged to poten-
tially enhance the cancer targeting of anisotropic Au nano-
structures for various cancer theranostic applications.

3. Conclusion

In summary, a one-step continuous flow microfluidic-soni-
cation method was developed for the formulation of cell mem-
brane vesicle-encapsulated anisotropic Au nanostructures. The
encapsulation of Au nanostructures within the macrophage
and cancer cell membrane vesicles was realized through the
combined effect of hydrodynamic flow focusing, mixing, and
sonication. The formulated biomimetic Au nanostructures dis-
played core-shell structures with a hydrodynamic size of
<100 nm, a negative zeta potential, and excellent stability in
serum over time. These biomimetic nanostructures also exhibi-
ted immune evasion property, where their uptake by macro-
phages was significantly less than that of their bare counter-
parts. Importantly, as compared to the uncoated Au nano-
structures, the membrane-camouflaged Au nanostructures
could be preferentially internalized by breast cancer cells due
to the higher cancer targeting specificity of the biomimetic
nanostructures. Altogether, it is anticipated that this study will
further expand the library of approaches available for the syn-
thesis of cell membrane-camouflaged nanostructures for ther-
anostic and nanomedicine applications.

4. Methods

Design and fabrication of the microfluidic device

The microfluidic device used for the synthesis of cell mem-
brane vesicle-coated Au nanostructures consists of three inlet
channels, a mixing region, and an outlet channel for collecting
the final products. The total length of the microfluidic device
from the middle inlet port to the outlet port is 3 cm. All micro-
channels have a uniform height of 50 um. Each inlet channel
has a width of 100 pm, while the mixing region and outlet
channel have a width of 300 pm. The microfluidic device was
fabricated in polydimethylsiloxane (PDMS) based on a soft
lithography process.

7880 | Nanoscale, 2024,16, 7874-7883
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Synthesis of Au nanostructures

AuNNs with a lower tip-to-core ratio were prepared based on a
seed-mediated process.®® In brief, 2 mL of 25 mM gold(m)
chloride (MilliporeSigma, USA) solution was diluted in 200 mL
of deionized water. Next, 6 mL of ice-cold 100 mM NaBH,
(MilliporeSigma, USA) solution was introduced into the
mixture under continuous stirring for 30 s, followed by further
dilution of the mixture in deionized water to a volume of 1
L. The resulting Au seeds were stored at room temperature for
further use. 2 mL of 400 mM gold(m) chloride
(MilliporeSigma, USA) aqueous solution and 7 mL of Au seeds
were introduced into 1.8 L of 200 mM ascorbic acid
(MilliporeSigma, USA) aqueous solution at 4 °C under turbu-
lent mixing. The resulting mixture was subsequently centri-
fuged at 4000g and 0 °C for 20 min. After the removal of the
supernatant, the liquid pellets were collected in a 15 mL dialy-
sis cassette (MWCO 20000, Thermo Fisher Scientific Inc., USA)
and subjected to dialysis for 3 days. The acquired AuNNs were
then characterized and used for subsequent experiments.
A 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
(HEPES) buffer-driven process was used to prepare AuNSs with
a higher tip-to-core size ratio.”® In brief, 10 mL of 20 mM
aqueous solution of gold(m) chloride (MilliporeSigma, USA)
was introduced into a 1 L solution of 200 mM HEPES buffer
pH 7.2 under continuous stirring. After the stirring was
stopped, the mixture was stored at room temperature over-
night. The acquired AuNS solution was then centrifuged at
4000g and 0 °C for 20 min. After the removal of the super-
natant, the liquid pellets were collected in a 15 mL dialysis cas-
sette (MWCO 20000, Thermo Fisher Scientific Inc., USA) and
subjected to dialysis for 3 days. The acquired AuNSs were then
characterized and used for subsequent experiments.

acid

Cell lines and culture

RAW 264.7 murine macrophages and MDA-MB-231 human
breast cancer cells were purchased from American Type
Culture Collection (ATCC). All cells were grown and main-
tained in T75 flasks containing Dulbecco’s modified Eagle’s
medium (DMEM) (Corning Inc., USA) supplemented with 10%
fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific Inc.,
USA) and 1% antibiotic-antimycotic (Gibco, Thermo Fisher
Scientific Inc., USA). All cells were cultured in a 37 °C humidi-
fied incubator supplemented with 5% CO,.

Preparation of cell membrane vesicles

After growing to confluency in the culture flasks, the cells were
detached using 0.25% trypsin-ethylenediaminetetraacetic acid
(EDTA) (Gibco, Thermo Fisher Scientific Inc., USA). The cell
suspensions were then centrifuged at 1500 rpm for 5 min to
remove the supernatants, followed by washing with phosphate-
buffered saline (PBS) 1x (MilliporeSigma, USA). The collected
cell pellets were then resuspended in a hypotonic lysis buffer
comprising 20 mM Tris-HCl pH 7.5 (Teknova Inc., USA),
10 mM KCl (Teknova Inc., USA), 2 mM MgCl, (New England
Biolabs Inc., USA), and 1 EDTA-free mini protease inhibitor
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tablet (Roche Diagnostics GmbH, Germany) per 10 mL of solu-
tion. The cell suspensions were subjected to 5 cycles of freeze—
thaw treatment, followed by centrifugation at 700g for 10 min
to remove cell debris. The supernatants were then collected
and subjected to centrifugation at 20 000g for 30 min. After the
removal of the supernatants, the pellets containing cell mem-
brane materials were then stored immediately at —80 °C for
future use or suspended in PBS 1x for subsequent experi-
ments. To generate membrane vesicles, the suspended mem-
brane materials were sonicated for 4 min or physically
extruded through a 200 nm polycarbonate membrane (Avanti
Polar Lipids Inc., USA) for 13 passes using a mini-extruder
(Avanti Polar Lipids Inc., USA).

Synthesis of cell membrane vesicle-encapsulated Au
nanostructures

Au nanostructure and cell membrane vesicle solutions were
first loaded into syringes (BD, USA) installed on syringe pumps
(Harvard Apparatus, USA and KD Scientific Inc., USA) and con-
nected with tubing (ID 0.02 inch and OD 0.06 inch) (Tygon®,
Saint-Gobain Performance Plastics Corp., USA) to the appropri-
ate ports of the microfluidic device. The device was immersed
in an ultrasonic bath (CPX1800, Thermo Fisher Scientific Inc.,
USA) operating throughout the synthesis process. The flow rate
of the middle inlet channel where Au nanostructures were
introduced was set at 7 mL h™', while the flow rate of the two
side inlet channels where cell membrane vesicles were injected
was set at 14 mL h™". The synthesized products were collected
from the outlet channel and centrifuged at 2000g for 20 min.
After the removal of the supernatants, the pellets containing
membrane vesicle-coated nanostructures were resuspended in
deionized water to appropriate concentrations for characteriz-
ation and subsequent experiments. For comparison, cell mem-
brane vesicle-encapsulated Au nanostructures were also pre-
pared through sequential physical extrusion. In brief, the Au
nanostructures and cell membrane vesicles were mixed and
then co-extruded through a 200 nm polycarbonate membrane
(Avanti Polar Lipids Inc., USA) for 21 passes using a mini-extru-
der (Avanti Polar Lipids Inc., USA). The processed samples
were then centrifuged and the collected pellets were resus-
pended in deionized water.

Characterization of Au nanostructure properties

A UV-is spectrophotometer (UV-2600, Shimadzu Scientific
Instruments Inc., USA) was used to measure the UV-vis absor-
bance of the Au nanostructures. Transmission electron
microscopy (TEM) (JEOL USA, Inc., USA) was used to character-
ize the surface morphology of the bare and membrane vesicle-
coated Au nanostructures. Their hydrodynamic size and zeta
potential were characterized using dynamic light scattering
(DLS) (Malvern Panalytical Ltd, USA). The protein expressions
of cell membrane vesicles and membrane vesicle-coated Au
nanostructures were visualized using one-dimensional sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Briefly, each sample was mixed with Laemmli sample buffer
2x (Bio-Rad Laboratories Inc., USA) and heated at 100 °C for
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7 min. 10 pL of each mixture was then loaded into 4-20% MP
TGX polyacrylamide gel (Bio-Rad Laboratories Inc., USA)
installed in an electrophoresis cell (Bio-Rad Laboratories Inc.,
USA), which was then operated at constant 200 V for 40 min in
SDS running buffer 1x (Bio-Rad Laboratories Inc., USA). The
polyacrylamide gel was then stained with Coomassie Brilliant
Blue R-250 staining solution (Bio-Rad Laboratories Inc., USA)
for 2 h and washed with destaining solution (Bio-Rad
Laboratories Inc., USA) overnight to visualize the protein
expressions of different Au nanostructures.

Evaluation of the stability of Au nanostructures in serum

25 pL of 0.02 nM of each Au nanostructure solution was mixed
with 25 pL of complete cell culture medium (DMEM (Corning
Inc., USA) supplemented with 10% FBS (Gibco, Thermo Fisher
Scientific Inc., USA) and 1% antibiotic-antimycotic (Gibco,
Thermo Fisher Scientific Inc., USA)). The different mixtures were
incubated at room temperature over varying durations (i.e., 0, 0.5,
1, 3, and 6 h). The Au nanostructure stability in serum was
assessed according to changes in the nanostructure morphology
using TEM (JEOL USA Inc., USA) and the hydrodynamic size and
zeta potential using DLS (Malvern Panalytical Ltd, USA).

Imaging and semi-quantitative analysis of the cellular uptake
and effects of Au nanostructures

10 000 cells in 100 pL of medium were first cultured in 96-well
plates (Falcon, Corning Inc., USA) overnight. The culture
medium was then replaced with the solutions of bare or mem-
brane vesicle-coated Au nanostructures diluted in fresh
medium. The uptake of different Au nanostructures by macro-
phages and breast cancer cells was visualized using inverted
bright-field microscopy (Olympus CKX41, Olympus Corp.,
Japan) after incubating the cells with Au nanostructures for 1,
3, 6, and 12 h. Semi-quantitative evaluations of the cellular
uptake of Au nanostructures, cell spreading areas, cell circular-
ity, and cell solidity were performed using Image] software
(National Institutes of Health, USA). A total of 30 cells were
randomly selected from bright-field images for each semi-
quantitative evaluation.

Statistical analysis

The experimental data were presented as the average + stan-
dard deviation. GraphPad Prism 9.1 (GraphPad Software Inc.,
USA) was used to analyze all data. The normality of data was
first evaluated based on the Shapiro-Wilk normality test. The
data that were normally distributed were analyzed using the
parametric student’s ¢ test. On the other hand, the non-para-
metric Mann-Whitney test was used to analyze the data that
were not normally distributed. The difference between com-
pared groups was considered statistically significant for *p <
0.05, **p < 0.01, and ***p < 0.001.
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