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ABSTRACT: Engineering cells with active-ingredient-loaded micro/nanoparticles is becoming increasingly popular for imaging
and therapeutic applications. A critical yet inadequately addressed issue during its implementation concerns the significant
number of particles that remain unbound following the engineering process, which inadvertently generate signals and impart
transformative effects onto neighboring nontarget cells. Here we demonstrate that those unbound micro/nanoparticles remaining
in solution can be efficiently separated from the particle-labeled cells by implementing a fast, continuous, and high-throughput
Dean flow fractionation (DFF) microfluidic device. As proof-of-concept, we applied the DFF microfluidic device for buffer
exchange to sort labeled suspension cells (THP-1) from unbound fluorescent dye and dye-loaded micro/nanoparticles.
Compared to conventional centrifugation, the depletion efficiency of free dyes or particles was improved 20-fold and the
mislabeling of nontarget bystander cells by free particles was minimized. The microfluidic device was adapted to further
accommodate heterogeneous-sized mesenchymal stem cells (MSCs). Complete removal of unbound nanoparticles using DFF
led to the usage of engineered MSCs without exerting off-target transformative effects on the functional properties of neighboring
endothelial cells. Apart from its effectiveness in removing free particles, this strategy is also efficient and scalable. It could
continuously process cell solutions with concentrations up to 107 cellss-mL™" (cell densities commonly encountered during cell
therapy) without observable loss of performance. Successful implementation of this technology is expected to pave the way for

interference-free clinical application of micro/nanoparticle engineered cells.
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B INTRODUCTION

Engineering cells by agent-loaded micro/nanoparticles is a
simple, genomic integration-free, and versatile method to imbue
bioimaging capability and/or to augment/supplement its native
therapeutic properties. Labeling cells with particle-based contrast
agents enables the optimization of cell administration by
monitoring cell biodistribution, status/function, and other
activities post-transplantation.1_3 For example, magnetic reso-
nance imaging (MRI) successfully ascertains the accurate
injection delivery of superparamagnetic iron oxide (SPIO)
labeled dendritic cells as well as its migration behavior within
cancer patient’s lymph nodes.* Furthermore, engineering cells
with microparticles containing transformative agents such as
doxorubicin and antibodies can improve anti-cancer eflicacy
through targeted drug delivery and the manipulation of
intracellular kinase activity.”® Such means of cellular modifica-
tion typically utilize either physical or chemical means to
decorate various cell locations such as the plasma membrane or
the cytoplasm.” Excess concentration levels of particles are
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usually supplied to saturate binding site(s), leaving significant
quantities of unbound particles remaining in solution post-
labeling. Remaining free particles confound precise identification
of particle-engineered cells or potentially complicate therapeutic
outcomes.”” Free particles may cause cytotoxicity and interfere
with other cells. Even bioimaging agents that are FDA-approved
(e.g, indocyanine green) for various applications can be
cytotoxic to certain cell types like retinal pigment epithelium. '’
Exposure to either transformative agents (growth factors,
corticosteroids, etc.) at excessively high concentration levels or
misdirected exposure (acting on nontarget cells) may induce
unintended consequences (as shown herein). Even particulate
carriers comprising “biocompatible” materials [e.g., poly(lactic-
co-glycolic acid), PLGA] can incite potent immune cell responses
under certain conditions.'" Size, morphology, surface character-
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Figure 1. Application of Dean flow fractionation (DFF) for buffer exchange and nanoparticle removal in particle-based cell engineering. (A) Overall
workflow for single-step nanoparticle (NP) removal from suspended and adherent cells postlabeling. Purified labeled cells have reduced bioimaging and
off-target interference. (B) Schematic illustration of DFF in spiral device. The setup utilizes syringe pumps for continuous perfusion of labeled cells at
high throughput (~10°~"-mL™"). Under the influence of Dean drag forces (Fp, yellow arrows), labeled cells in NP-containing buffer solution migrate
from the outer wall toward the inner wall. Larger cells experience additional strong inertial lift forces (Fy, red arrows) and focus near the microchannel
inner wall while NPs and buffer solution recirculate to the outer wall. This facilitates the collection of labeled cells in buffer solution through the cell
outlet, while NPs and other non-cell constituents are collected in the waste channel. Dotted lines (orange) indicate bifurcation positions between two

inlets and outlets.

istics, and geometry are further particle design characteristics that
determine the toxicity profile.'” Furthermore, individuals
suffering from autoimmune diseases (e.g., theumatoid arthritis)
have a greater proportion of T helper type I cells, which
potentially delays nanoparticle systemic clearance.”” Thus,
removing free particles minimizes the toxicity profile and the
risk of misdirected exposure to agent-loaded particles.
Conventional washing procedures do not always purify
engineered cells completely. Conventional gradient centrifuga-
tion can separate engineered cells from free particles but is a
laborious and fragmented process performed in batch. Moreover,
shear stresses experienced by cells during high-speed centrifu-
gation and the constituents of the density gradient medium may
compromise cell integrity and/or influence cell behavior."*
Microfluidic separation technologies are an attractive alternative.
In recent years, several microfluidic strategies for continuous flow
solution exchange have been reported, such as deterministic
lateral displacement (DLD),"® dielectrophoresis,'®'” acousto-
phoresis,18 and inertial microfluidics.”~*' DLD microdevices
have good separation resolution but suffer from low throughput
(<1 pL'min~") and are prone to clogging issues within the
micropillar array. Similarly, dielectrophoresis-based methods are
low-throughput (~1—3 uL-min™') and require differences in
intrinsic dielectrophoretic cell phenotypes or additional cell
labeling steps to achieve separation.’ ® Acoustophoretic particle
washing achieves high buffer exchange efficiency (~99.98%) but
is limited by low particle recovery (~75%)."® A more promising
approach involves inertial microfluidics—the lateral migration of
particles or cells across streamlines to focus at distinct positions
due to dominant lift forces (F.) at high Reynolds number
(Re)”**—and have been employed for buffer exchange
applications by switching particle focusing position in micro-
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channels of different aspect ratios'® or inducing inertial flow
deformation by use of micropillars.””*' However, these
techniques have poor solution exchange performance (~10—
30% contaminant solution remains), as the separated cells
usually remain close to the boundary between original and new
buffer solutions.””™*' More importantly, size distribution of
target cells has to be similar to achieve precise inertial focusing
and separation from original buffer solution and would be an
issue, especially in processing of heterogeneous-sized cell types
such as mesenchymal stem cells.*®

Herein, we introduce a novel approach to efficiently remove
unbound particles (<2 pm) from particle-engineered cells with
high heterogeneity in cell size (10—30 ym) in a continuous and
high-throughput manner (Figure 1). This is based on an inertial
microfluidics technique termed Dean flow fractionation (DFF),
previously developed for isolating circulating tumor cells
(CTCs) in spiral microchannels.” Specifically, the mixture of
engineered cells and free particles post labeling is injected into
the outer wall inlet of a spiral microfluidic device at high
throughput (~10°7-mL™") while the inner wall inlet runs fresh
buffer solution. Under the influence of Dean drag forces in spiral
channels, cells in the mixture migrate laterally from the outer wall
toward the inner wall. The larger-sized cells experience stronger
inertial lift forces and focus near the microchannel inner wall,
while the (smaller) free particles recirculate to the outer wall
following the completion of a full “Dean cycle”. This facilitates
the collection of a pure population of particle-engineered cells
into the cell outlet suspended in buffer solution, while unbound
free particles are retrieved from the waste channel.

DFF bufter exchange microfluidic technology was first applied
to sort labeled suspension cells (THP-1) from unbound
fluorescent dye and/or micro/nanoparticles. Superior separation
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performance compared to conventional centrifugation was
observed, and the mislabeling of nontarget bystander cells by
the free particles was observed to be minimal. The microfluidic
device was then adapted to further accommodate heterogeneous-
sized mesenchymal stem cells (MSCs). By completely removing
free particles, engineered MSCs did not exert off-target
transformative effects on neighboring endothelial cells. This
new cell purification strategy facilitates large-volume cell sorting
and can process up to 10 million cellssmL™, a cell density
amenable for regenerative medicine applications.

B RESULTS AND DISCUSSION

Design Principles of Dean Flow Fractionation Micro-
fluidic Purification. Fluid flow through a spiral channel
generates centrifugal acceleration radiating outward, leading to
two counter rotating Dean vortices forming in the top and
bottom halves of the channel.”” These transverse Dean flow
patterns impose additional lateral drag forces (Fp) that provide
superior separation resolution,”* " since both inertial lift and
drag forces (F; and Fp,) scale nonlinearly with particle size. Their
superposition (F, /Fp) determines the particle’s equilibrium axial
position along the microchannel cross-section.

Based on this theory, a spiral DFF device was fabricated from
polydimethylsiloxane (PDMS) consisting of a two-inlet, two-
outlet spiral microchannel [S00 ym (w) X 115 ym (h)] with a
total length of ~10 cm (Figure 1A). This length was used to
ensure sufficient time for complete Dean migration and
recirculation of nanoparticles toward the outer wall as discussed
previously.”® Because the equilibrium position of particles
depends on the shortest channel dimension (microchannel
height h) due to varying shear rates across the channel cross
section (ap /h>0.07, where a, is particle size), the channel height
was fixed at 115 um so that cells (typical size ~15 ym) can
experience inertial focusing (a,/h ~ 0.1) and equilibrate at a
position of <20% width (<100 ym) from the inner wall. " At
these flow conditions, particles were similarly focused within 20%
(<100 pm) of the opposite channel, adjacent to the outer wall.
During operation, a mixture of cells and particles was perfused
into the outer wall inlet (75 #m width) at 120 gL-min~" while
sheath fluid was perfused through the inner wall inlet (425 ym
width) at a higher flow rate (10X, ~1200 uL-min"") to confine
the sample stream near the outer wall (Figure 1B). As the sample
traverses the spiral channel, cells from the original sample
solution experience Fp, and migrate toward the inner wall. Larger
cells equilibrate near the inner wall, while the sample solution
continues flowing along the Dean vortices and recirculates
toward the outer wall.”® This allows the inertially-focused cells to
be replaced with buffer (sheath fluid) and the sample solution
(containing unbound particles) to be removed as waste. To
achieve complete buffer exchange, the smaller cell outlet (150
um) proximal to the inner wall is designed to recover the cell
suspension, whereas the larger waste outlet (350 #m) ensures the
removal of the non-cell fraction.

To determine the optimal flow conditions for complete
recirculation of particles and original sample buffer to the
channel outer wall, 2 ym beads were used to model Dean
migration of the sample solution, as the beads are much smaller
(ay/h ~ 0.017) and would only be subjected to lateral Dean drag
forces in our device. The Stokes number (Stk) for 2 ym particles
in our system is ~107> (Stk = 7/t,., where 7 = ppdpz/ 18usand t,oq
~ 21’ /v; pg is fluid viscosity; p, and d, are particle density and
diameter, respectively; h is half channel height; and v is kinematic
viscosity).”” Since Stk < 1, it is expected that the particles follow

fluid streamlines closely. Bead solution and sheath fluid were
pumped into the DFF device at a flow ratio of 1:10, and
fluorescence imaging was used to capture their equilibrium
position.

As shown in Figure 2A, the 2 ym beads migrated as a tight
band under the influence of Dean vortices from the inner wall
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Figure 2. Buffer exchange via Dean flow fractionation (DFF). (A)
Average fluorescence intensity line scans, showing the distribution of 2
pm beads across the channel width at increasing flow rates. Approximate
position of the cell outlet (150 ym wide) at inner wall (origin) is
indicated. Corresponding fluorescence images illustrating flow positions
of 2 yum beads at different flow rates are also shown (yellow dashed lines
indicate the approximate position of microchannel walls). (B) High-
speed images at the inlet and outlet show efficient buffer exchange of
representative biomolecule (food dye) solution with 15 ym beads and
THP-1 cells. Food dye (dark colored, blue arrows) are recirculated to
the outer wall and removed as waste, while inertially-focused beads and
cells (red arrows) are replaced with sheath buffer and focused into the
cell outlet. (C) Superior buffer exchange performance of DFF
technology based on ~20-fold increase in biomolecule depletion with
lower cell loss (~4.93%) compared to centrifugation. Values are N = 3,
mean + SD.

toward the outer wall as the perfusion speed increased. At a flow
rate of 1000 pL-min~' and above, all the 2 um beads were
collected in the large waste outlet. We then characterized the
focusing and equilibrium positions of bead at other sizes (2, 5, 10,
and 1S ym) under various flow rate conditions (Figure S1). To
ensure efficient removal of free particles while minimizing any
shear stress on processed cells, the flow rate was fixed at 1200 uL-
min~! for subsequent experiments. In addition to the flow rate,
the specific properties of device design (encompassing channel
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Figure 3. Nanoparticle removal from THP-1 cells via DFF. (A) High-speed and fluorescence images indicating distinct equilibrium positions of THP-1
cells (red arrows) and silica NPs loaded with calcein dye. Yellow dashed lines indicate the approximate position of the microchannel walls. (B)
Separation performance of cells and silica NPs based on flow cytometry analysis. (C) Representative bright field images of purified labeled THP-1 cells
(red arrows) and (D) NPs removal efficiency using centrifuge and DFF. (E) Non detectable fluorescence signal in unlabeled THP-1 cells at bottom well
after 24 h coculture with DFF-purified labeled THP-1 (upper chamber) using Transwell assay (8.0 ym pores). In contrast, high fluorescence signals were
detected in control (NPs only) and centrifuge-purified THP-1 cells. Values are N = 3, mean + SD.

loops/cycles) are also crucial to maintain maximal separation
between 2 and 10 ym beads. Changes to these parameters will
compromise this separation distance and reduce efliciency in
sorting free nano/microparticles from labeled cells.
Quantifying Dean Flow Fractionation Microfluidics
Separation Efficacy. Next, suspension monocyte cells (THP-
1) and 15 pm beads were mixed in a solution containing model
biomolecules [food dye, ~800 Da, or fluorescein isothiocyanate
(FITC)—dextran, 40 kDa] for buffer exchange experiments.
These molecules are suitable for demonstrating solution
exchange applications, as their high Peclet numbers (~1000—
5000) indicate negligible diffusive effects'” (Peclet equation'”).
Their molecular size range also encompasses a broad range of
bioimaging and transformative agent payloads, from steroids
(~500 Da) to proteins (~50—70 kDa), typically loaded into
particles.”® High-speed imaging clearly showed that both THP-1
cells and model 15 ym beads were focused and sorted into the
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cell outlet, while the food dye was directed to the outer region
(Figure 2B). To quantify biomolecule depletion, food dye was
substituted with FITC—dextran and nearly all the biomolecules
were observed to have been removed, resulting in superior
biomolecule depletion efficiency (20-fold) compared to the
supernatant obtained from conventional centrifugation (Figure
2C). Moreover, DFF microfluidics exhibited more efficient
purification performance with significantly lower cell loss
(4.93%) compared to centrifugation (27.1%). This suggests
that DFF purification efficiently removes larger nanoparticles
(NPs) and microparticles used for cell labeling.

Efficient Purification of Labeled Suspension Cells.
THP-1 cells were labeled with either silica (~500 nm) or
poly(lactic-co-glycolic acid) (PLGA, ~ 1 um) NPs through
culture medium incubation. The efficacy of DFF purification of
engineered suspension cells from free particles (silica and PLGA
NPs) was next evaluated. Both particles were fluorescent due to
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Figure 4. Unbound nanoparticle removal from mesenchymal stem cells (MSCs) via DFF. (A) Schematic of channel cross section indicating the
approximate equilibrium position of different-sized beads. At optimized flow conditions, 10 ym beads are inertial-focused at the inner wall, while the 45
pum beads remain closer to the channel center as they experience significant Stokes drag, which impairs their migration to the inner wall. Beads of 2 ym
(and consequently NPs) complete a recirculation back to the outer wall. (B) High-speed images confirm flow positions of 10 and 45 im beads (white
arrows). Inset fluorescence image (blue box) indicates the flow position of 2 ym beads at the same flow rate. (C) Representative high-speed image
illustrating efficient separation of MSCs (red arrows) and PLGA NPs (blue arrows) into different outlets. Yellow dashed lines indicate the approximate
position of the microchannel walls. (D) Separation performance of MSCs from silica and PLGA NPs. Values are N = 3, mean + SD.

the encapsulation of organic dyes (calcein and calcein AM,
respectively). The mixture of labeled cells and free particles
(silica or PLGA NPs) was subsequently introduced into the
spiral DFF separation device. Via high-speed imaging, efficient
purification of THP-1 cells was observed, whereas fluorescence
imaging showed that most of the unbound free silica NPs
(containing calcein) were channeled into the waste outlet
(Figure 3A). To quantify separation efficiency, flow cytometry
was employed to analyze samples from both cell and waste
outlets on the basis of their distinct forward and side scatter
characteristics (Figure S2A). Compared with the unpurified
samples, the cell outlet recovered the majority of THP-1 cells
(95.1% =+ 2.1%) with minimal silica NPs presence, whereas the
waste outlet contained most of the NPs (95.2% + 1.9%) (Figure
3B). Similarly efficient separation was also observed for THP-1
cells labeled with PLGA NPs (Figure S2B). Furthermore, cell
recovery performance remained high (>90%) for both labeling
methods when sample concentration was increased by 100-fold
to 107 cellssmL™" (Figure S3). This is a key improvement over
existing inertial microfluidic cell separation methods, which are
generally limited to 10° cellssmL™" capacity due to cell—cell
interaction and cell overcrowding at equilibrium positions™’
Removal of unbound particles from labeled cells is not trivial,
since common laboratory separation techniques cannot easily
discriminate the constituents of a suspension solution containing
different-sized particles (i.e, unbound particles and labeled
cells). The separation efficiency between DFF and conventional
centrifugation separation was then compared (Figure 3C).
Before purification, representative images showed that inlet
samples consisted of labeled cells suspended in a mixture of free
NPs (silica or PLGA). Following centrifugation, the cell fraction
still contained significant quantities of free particles, whereas free
particles were barely seen following DFF purification.
Fluorescence imaging showed that internalized NPs in the
engineered THP-1 cells were well retained during DFF
purification (insets). Flow cytometric analysis also revealed
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that centrifugation could remove only 11.4% + 1.72% of free
silica NPs and 37.7% + 6.63% of free PLGA NPs (Figure 3D). In
contrast, DFF was much more efficient, removing 96.2% + 1.94%
of free silica NPs and 97.8% + 1.47% of free PLGA NPs. This
clearly demonstrates DFF superior performance over conven-
tional centrifugation in unbound NP removal, a byproduct from
cell labeling.

A benefit of removing unbound particles from labeled cells is
to minimize the mislabeling of nontarget bystander cells. This
was assessed by a coculture assay with Transwell membranes,
whose pores (8 ym) selectively allow unbound NPs to pass
through, whereas cell—cell NP transfer is prevented. Unlabeled
THP-1 cells were seeded in 24 wells before insertion of Transwell
membranes to create a double-chambered well with an upper and
lower deck. PLGA NP-labeled THP-1 cells were then seeded in
the upper chamber (Figure 3E). After 6 h of incubation, free
PLGA NPs from unpurified samples diffused through the inset
membrane and labeled THP-1 cells seeded in the lower chamber.
In the group where conventional centrifugation was used to
purify particle-engineered THP-1 cells, significant fluorescence
signal was observed in the lower chamber cell population that
was unlabeled during experiment commencement. Fluorescence
signal from these cells was expressed at ~50% that of control free
NP cultures. Excitingly, no detectable fluorescent signal was
emitted from these cells if the labeled cells from the upper
chamber were purified by DFF, which demonstrated efficient
removal of NPs loaded with fluorescence contrast agent.

Efficient Purification of Mesenchymal Stem Cells. We
next adapted the microfluidic DFF technology to purify cells with
greater therapeutic relevance. Unlike THP-1 cells, which are ~15
um and relatively homogeneous in size, MSCs have a highly
heterogeneous distribution, ranging between 16 and 28 pm in
diameter.”>** In preclinical studies, they are also a popular
candidate to engineer with micro/nanoparticles to track their
biodistribution following implantation®*™*® or to endow
augmented therapeutic properties.”’~** To accommodate high
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cell recovery of the heterogeneous-sized MSCs, minor
modifications were made to the spiral device dimensions and
its operating characteristics. Specifically, the channel height was
increased from 115 to 130 um to enable inertial focusing of larger
MSCs. The ratio between cell and waste outlet channels, key to
the efficient collection of partitioned cells and unbound NPs, was
determined by assessing particle focusing behavior between three
different types of beads.

The adapted device was assessed with a mixture of 2, 10, and
4S pm beads: 10 and 45 ym beads represent the minimal and
maximal MSC dimensions, while 2 ym beads represent unbound
particles to be removed as waste. As discussed above (Figures 2
and 3), inertial focusing in the spiral channel tends to focus larger
particles closer to the inner wall. However, 45 ym beads (ap/ h~
0.35) experienced significant Dean drag forces (Stokes drag; Fy,
~ a,) that slowed down their migration and prevented migration
to the inner wall (Figure 4A). Thus, large beads (i.e., 10 and 45
um beads) remained focused closer to the channel center while
the smaller 2 yym beads completed a Dean cycle back to the outer
wall and could be efficiently channeled into the waste outlet
(Figure 4B). To facilitate efficient cell collection, the ratio
between cell and waste outlet was modified to 3:2 (300 and 200
um, respectively) as opposed to 3:7 (150 and 350 um,
respectively) during THP-1 cell purification.

The modified DFF microfluidic device was next used to purify
MSCs. Similar to the above experiments with THP-1 cells, MSCs
were labeled with silica or PLGA NPs. Following trypsin
dissociation, the mixture was processed in the DFF spiral device.
Figure 4C, a representative image during the purification of the
MSC and PLGA NP mixture, distinctly showed that labeled
MSCs were well separated from unbound particles. Efficient
separation of MSCs from the particles can be better seen in the
accompanying video (Supporting Information). High MSC
recovery (~90%) was achieved at the cell outlet, and the removal
of silica NPs and PLGA NPs into the smaller waste outlet was
similarly efficient at 88.5% and 97.8%, respectively (Figure 4D).

Dean Flow Fractionation Microfluidic Purification
Restores Endothelial Cell Migration. During THP-1
purification, we showed how the successful removal of free
fluorescent particles from labeled cells minimized the mislabeling
of nontarget bystander cells (Figure 3, above). In the case of
MSCs, we shifted our focus to demonstrate that free particle
removal from engineered cells could reduce undesirable
interference with bystander cell function. Another significant
difference between THP-1 and MSC purification is that the
former are suspended whereas the latter are anchorage-
dependent cells. Thus, the bulk of free particles from MSC
labeling can be removed by washing/medium exchange. In this
case, we evaluated whether DFF purification further reduced
interference resulting from free particles that enter solution
during processing (washing, dissociation, and collection) of
adherent cells into a cell suspension.

Dexamethasone (DEX) is a widely used synthetic glucocorti-
coid compound. Although it has numerous benefits for MSC
culture,*’~* DEX can also interfere with endothelial cell
migration, function, angiogenesis, and wound healing.‘M’ArS
MSCs have been proposed as a cell-based carrier to achieve
spatiotemporal controlled drug delivery by loading PLGA NPs
with DEX (DEX-PLGA NPs).”*”* Given its potent anti-
inflammatory activity,*>*” inadvertent introduction of free DEX-
PLGA NPs alongside engineered MSCs may cause off-target
effects, disrupting normal endothelial function."®

By use of the Transwell coculture system, human umbilical
vein endothelial cells (HUVECs) were grown to confluence in
the lower chamber before DEX-PLGA NP-labeled MSCs were
seeded in the upper chamber. A scratch wound assay was
performed on HUVECs just prior to seeding the labeled MSCs.*’
To visualize the migrating cells and DEX-PLGA NPs, HUVECs
were labeled with the carbocyanine dye DiB (blue), whereas
DEX-PLGA NPs were coloaded with red-shifted Dil dye (red).
As shown in Figure S, the extent of HUVEC migration after 24 h
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Figure 5. HUVEC migration assay after coculture with mesenchymal
stem cells (MSCs) labeled with dexamethasone-loaded nanoparticles
(DEX NPs). (A) Representative phase-contrast and fluorescence images
of HUVEC migration after 24 h when cocultured with MSCs from
control, inlet (before purification), and DFF-sorted (after purification)
samples. Yellow dotted lines represent the original separation following
the inflicted “wound” on the confluent cell monolayer at time = 0. Cells
are stained blue with DiB, and DEX NPs are stained red with Dil. (B)
Normalized migration distance under different conditions. A significant
increase in migration distance was observed in HUVECs cocultured
with DFF-purified MSCs from cell outlet as compared to inlet MSCs
(containing free DEX NPs). Values are N = 3, mean + SD. **¥P <
0.001.

of coculture with unmodified MSCs was similar to those
cocultured with DFF-purified DEX-PLGA NP-labeled MSCs. In
both cases, HUVECs restored the separation distance by 80—
85% within 24 h. Moreover, free DEX-PLGA NPs (red) were not
visible when HUVECs were cocultured with DFF-purified
labeled MSCs (Figure SA). On the other hand, both DEX-
PLGA NPs (waste) and unpurified DEX-PLGA NP-labeled
MSCs (inlet) attenuated the migration distance of HUVECs to
55—60% (Figure SB). Significant DEX-PLGA NPs (red signal)
was also observed in the HUVEC samples cocultured with either
the contents of the “waste” outlet (mainly DEX-PLGA NPs) or
contents of the “inlet” (unpurified MSCs) (Figure SA). This
suggests that free particles were further released despite the
washing/medium exchange when adherent MSCs were
processed into a cell suspension. The presence of red particles
in control and DFF-purified cells was not observed. Thus, DFF
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Figure 6. THP-1 adhesion assay after coculture with mesenchymal stem cells (MSCs) labeled with dexamethasone-loaded nanoparticles (DEX NPs).
(A) Representative bright-field and fluorescence images of TNF-a-treated HUVEC monolayer, illustrating adhesion of THP-1 cells (stained with
MitoGreen). (B) Normalized fluorescence signal indicating THP-1 cell adhesion to HUVEC monolayer when cocultured with MSCs from controls,
inlet (before purification), and DFF-sorted (after purification) samples. A significant increase in THP-1 adhesion on HUVECs was observed when they
were cocultured with DFF-purified MSCs from cell outlet as compared to inlet MSCs (containing free DEX NPs). Values are N = 3, mean + SD. ***P <

0.001.

microfluidics efficiently purified labeled cells of free DEX-PLGA
NPs to facilitate normal HUVEC migration.

Dean Flow Fractionation Microfluidic Purification
Restores Endothelial-Leukocyte Cell Adhesion. We
sought to investigate whether other endothelial cell functions
apart from migration are impeded by exposure to the unbound
DEX-PLGA NPs after MSC engineering. Leukocyte adhesion
with endothelial cells is another critical function that facilitates
immune cells’ first response to bacterial infections and wound
healing.*® This physiological trait facilitates leukocyte adherence
to mount an immune response. Endothelial—-leukocyte cell
adherence depends on the expression of adhesion molecules
[endothelial leukocyte adhesion molecule 1 (ELAM-1),
intercellular adhesion molecule 1 (ICAM-1), etc.’'], which
increase expression during exposure to inflammatory factors
[e.g., tumor necrosis factor @ (TNF-a)] for enhanced capture
and binding between leukocytes and inflamed endothelial cells.
However, misdirected anti-inflammatory DEX from free particles
could inhibit endothelial—leukocyte cell adherence.

We next studied whether exposure to anti-inflammatory DEX
from free NPs had any influence on leukocyte adhesion."*>>>?
Moreover, we attempted to identify whether DFF purification
would ameliorate this interference on bystander endothelial cells,
if any. Transwell assays were used to coculture DEX-PLGA NP-
engineered MSCs (upper chamber) with the HUVEC
monolayer (lower chamber) for 24 h. Thereafter, HUVECs
were treated with TNF-a for 4 h to stimulate inflammation,
followed by the addition of MitoTracker Green-labeled THP-1
cells for adhesion. Unattached cells were stringently removed by
thorough washing before imaging was performed immediately to
determine the quantity of attached THP-1 cells. Acquired
fluorescence signal was used to indirectly quantify attached
monocytes.

As seen in Figure 6B, TNF-a treatment increased THP-1
adhesion on the HUVEC monolayer as judged by the ~45-fold
increase in fluorescence emission, presumably through upregu-
lated adhesion moieties.* However, when THP-1 cells were
introduced after exposure to DEX-PLGA NPs (“waste” outlet),
the fluorescence signal decreased by ~40%. Similar attenuation
was observed when THP-1 cells were introduced to TNF-a-
treated HUVECs together with unpurified MSCs. However,
when DFF purification was performed to remove unbound DEX-

20861

PLGA NPs, the THP-1 cells retained adhesion with HUVECs.
These results demonstrate how unbound anti-inflammatory
DEX-PLGA NPs attenuate TNF-a stimulation of HUVECs and
subsequently reduce THP-1 cell adhesion, which signifies
interference with normal HUVEC behavior. On the other
hand, efficient removal of unbound DEX-PLGA NPs by DFF
purification removes interference and restores leukocyte—
endothelial cell adhesion, a critical immune cell response.

B CONCLUSIONS

Engineering cells with micro/nanoparticles is becoming a widely
used, facile, and versatile method to enable cell tracking as well as
augment native cell therapeutic properties. However, we reveal
critical concerns regarding the unintentional transfer of imaging
signal (PLGA-CAM) and transformative agents (DEX) onto
bystander nontarget cells. Remnant NPs following cell labeling
cannot be readily separated by conventional centrifugation. To
address this issue, a novel cell purification strategy using inertial
microfluidics in a spiral microchannel (DFF) was applied to
efficiently remove unbound particles from labeled cells in a rapid,
safe, and continuous manner. Unlike other inertial microfluidics-
based buffer exchange strategies,19_21 the developed DFF
technique was able to exchange buffer solution from target
cells with ultrahigh efficiency (>99.9%) due to the large channel
width (500 um) for buffer and small particles to migrate further
away from the labeled cells prior separation.

The DFF microfluidic device operates at ultrahigh cell
throughput (<10° cells'-min™") and has the requisite resolution
and versatility to separate cells of differing dimensions merely
through the minor adjustment of device geometry and operating
conditions. This was evident during the transition from purifying
homogeneous-sized monocytes to heterogeneous-sized MSCs.
Furthermore, the process is scalable, since cell concentration can
be increased 100-fold without compromising performance
(Figure S3). We show that the inadvertent transfer of unbound
particles to bystander nontarget cells is an undesirable trait that
occurs as a result of cell labeling. Via DFF microfluidic
purification, unbound fluorescent particles (silica and PLGA
NPs) could be removed from monocytic suspension cells (THP-
1), eliminating fluorescence signal transferred to unlabeled cells.
Unbound particles loaded with transformative agents (e.g.,, DEX)
also risk generating off-target effects. We showed that unpurified
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engineered MSCs containing unbound DEX-PLGA NPs
attenuate physiological (migration assay) and pathological
(leukocyte adhesion assay) responses in endothelial cells. Yet
these properties were restored following DFF purification of
DEX-PLGA NP-engineered MSCs.

Given that DFF microfluidics utilizes fluid mechanics (fluid
flow and spiral design properties) as a basis for particle
separation, it is unequipped to sort cells on the basis of
expression of particular cellular properties. These could include
cell surface markers, viability, or any other cell biomarkers. The
inclusion of other sorting mechanisms that utilize “active”
separation techniques such as magnetic, acoustic forces, and
optical signals in combination with biomolecule recognition
(e.g, antibodies, aptamers) can facilitate higher resolution
separation of a given target cell population. While diminished
cell viability due to shear stress from DFF is a possible source for
concern, this is likely to be an unfounded concern due to the
short residence time (<1 s) within the microfluidic channel.
Previous studies using similar DFF separation devices also
demonstrated no differences between cell viability for sorted and
unsorted cells.”

In summary, conventional centrifugation has limited efficacy in
removing unbound particles during cell engineering with micro/
nanoparticles. Besides giving rise to false-positive imaging
contrast, free drug-loaded particles also become inadvertently
transferred to nontarget cells. DFF microfluidic technology offers
an elegant and efficient solution to remove unbound micro/
nanoparticles in a continuous manner. Its successful implemen-
tation allows the interference-free usage of particle-based cell
engineering for therapy.

B MATERIALS AND METHODS

Cell Culture. THP-1 cells (ATCC), a human monocytic cell line,
were cultured in Roswell Park Memorial Institute (RPMI) 1640
medium (Lonza) supplemented with 10% fetal bovine serum (FBS;
Gibco) and 0.05 mM 2-mercaptoethanol (Sigma). Human umbilical
vein endothelial cells (HUVEC; Lonza) were cultured in endothelial cell
growth medium (EGM) (Lonza) supplemented with 10% FBS.
Meanwhile, mesenchymal stem cells (MSC; Lonza) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Lonza) supplemented
with 10% FBS. They were all maintained at 37 °C in a humidified 5%
CO, atmosphere and were fed thrice weekly.

Nanoparticle Fabrication. Silica NPs (~500 ym) were purchased
from Sigma and loaded with calcein dye through overnight stirring (500
rpm) in concentrated calcein solution (200 #M). PLGA particles (i.e.,
CAM-PLGA, DEX-PLGA, and DEX/Dil-PLGA) were synthesized by a
single emulsion procedure.® Initially, solutions containing either 250 g
of CAM, 10 mg of DEX, or 10 mg DEX with 20 uL of Dil (100 M) in 2
mL of chloroform was mixed with 100 mg of PLGA (50:50) at 4 °C.
Each mixture was then added dropwise to 3% (w/v) poly(vinyl alcohol)
(PVA) aqueous solution before homogenization (Tissue Master 125,
Omni International) at 24 000 rpm for 60 s. The emulsion was placed in
the chemical hood for at least 3 h to allow chloroform evaporation.
Finally, NPs were collected through centrifugation at 6000 rpm for S
min and washed three times with double-distilled water before freeze-
drying (—80 °C). Lyophilization was performed to prolong NP storage
and samples were stored in —20 °C until just prior to usage.

Cell Labeling with Particles. Cells were seeded 24 h in advance at
>80% confluency. Prior to cell labeling, CAM-PLGA NP (1 mg), silica
NP (150 pg), DEX-PLGA (0.1 mg), or DEX/Dil-PLGA (0.1 mg) was
incubated in 0.01% poly-L-lysine (PLL) solution (Sigma) at room
temperature for 15—20 min. After centrifugation and removal of excess
PLL supernatant, NPs were resuspended in 1 mL of culture medium and
incubated together with cells for approximately 24 h (0.1 mg-mL™"
labeling concentration). Finally, the labeled cells were dissociated by use
of trypsin (5 min, 37 °C) and collected for subsequent analysis.

Device Fabrication. The spiral microfluidic devices were fabricated
by standard soft lithography methods with polydimethylsiloxane
(PDMS).”® Briefly, PDMS prepolymer was mixed with curing agent
in a 10:1 ratio and silicon wafer patterned with channel design was used
as template for replica molding. The PDMS mixture was cured after
baking at 80 °C for 2 h and peeled from the master. Holes (1.5 mm)
were punched for the inlets and outlets of the microchannels and the
PDMS device was subsequently bonded to a 1-mm-thick glass slide by
use of an air plasma machine (Harrick Plasma Cleaner).

Device Characterization. Fluorescent polystyrene beads (~10°~-
mL™") of defined sizes (2, 5, 10, and 15 um) were tested at different flow
rates (1000, 1200, 1300, and 1400 uL-min~') and imaged by
fluorescence microscopy. During operation, sample and sheath buffer,
phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin
(BSA), were injected into the channel inlets at a flow ratio of 1:10 by
separate syringe pumps (Chemyx Inc.). An inverted phase-contrast
microscope (Nikon Eclipse Ti) with Metamorph software (Molecular
Devices) was used to capture equilibrium positions of different bead
sizes during flow. Once flow-rate conditions were optimized, mixtures of
labeled cells with free particles were similarly injected into the device for
separation, and phase-contrast bright-field videos were captured by use
of a high-speed camera (Phantom V9.1).

Flow Cytometry. Eluents from both cell and waste outlets were
collected and compared with inlet sample (~10° labeled cells-mL™") by
use of flow cytometry (N > 4, with >10 000 events taken into account).
For centrifuge comparison, the same cell samples were separately
purified by conventional benchtop centrifugation (operated at 350g). A
BD LSR Fortessa flow cytometer (BD Biosciences) was used to analyze
the recovery of labeled cells and the removal efficiency of free particles.

Quantifying Biomolecule Depletion. To determine buffer
exchange efficiency, FITC—dextran (40 kDa) solution (10 mg-mL™",
Sigma—Aldrich) was processed by use of the spiral device. Eluents from
the cell outlet and waste outlet were collected and analyzed on a
microplate reader (BioTek). A standard fluorescence curve for
predefined concentrations of FITC—dextran 40 was obtained, and
biomolecule depletion factor was calculated on the basis of fluorescence
signal of cell outlet/inlet sample ratio. For high-speed imaging, food dye
(Apple green, molecular mass = 800 Da, 1:100) was used as a means to
visualize lateral migration within the microchannel during DFF
processing.

Transwell Assays. The experiments were typically performed by
introducing a given condition of cells (e.g. unmodified sample, DFF-
purified, centrifuge-purified, etc.) into the upper compartment to assess
its effect on unlabeled cells (THP-1, HUVECs) in the lower
compartment.

CAM-PLGA Nanoparticle Labeling Transwell Assay. To evaluate the
usage of this device to prevent fluorescent particle transfer, THP-1 cells
(~10° cells/mL) labeled with CAM-PLGA NP (1 mg-mL™) were
seeded on 8 um pore Transwells (Corning) that overlaid a layer of
unlabeled THP-1 cells (~10° cellss-mL™"), prior to and after
centrifugation as well as DFF free particle purification. Six hours
postseeding, fluorescence images were obtained on a LX71 inverted
fluorescent microscope (Olympus) and quantified for average cell
fluorescent intensity by Image] software (n > 200 cells).

Migration Transwell Assay. DEX/Dil-PLGA NP (1 mg-mL™)
labeled MSCs (~10° cells) were introduced to the Transwell assays with
or without prior DFF purification. Prior to experimental commence-
ment, a confluent layer of HUVECs below was scratched with 200 yL
pipet tips along the entire length of a 24-well plate well to simulate a
“wound” to facilitate HUVEC migration response.*” The widths of the
wounded area were measured after 12 and 24 h and normalized against
the initial width to obtain the migration distances of the HUVECs
(ImageJ). Additionally, the HUVECs on the bottom layer were stained
with 4 uM DiB for 10—1S min to facilitate cellular boundary
identification during fluorescent imaging.

Monocyte Adhesion Transwell Assay. Transwell inserts were placed
on the top of a confluent layer of HUVECs. Each assay (24-well and
insert) was seeded with dissociated DEX-PLGA NP-engineered MSCs
(~10° cells) with and without DFF purification for 24 h. Transwell
inserts were removed and HUVECs were treated with TNF-a (10 ng:
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mL ™" in EGM) for 4 h to induce inflammation. THP-1 monocytes were
labeled with MitoTracker Green FM (100 nM, Invitrogen) at 37 °C for
30 min. Labeled THP-1 cells were then incubated at a density of 2 X 10°
cells-well™" (500 uL of EGM) for an hour and imaged after thorough
washing with PBS to remove any nonadherent cells. Fluorescence
images were captured at 10X and 20X magnifications on a fluorescent
microscope, and fluorescence signal intensity (indicative of THP-1
adherence) was quantified by use of Image] software.
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