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The advances of biomedicine and biotechnology demand new approaches to enrich biological
nanoparticles, such as viruses, viral vectors and nanovesicles, in an easy-to-operate fashion.
Conventional methods, such as ultracentrifugation and ultrafiltration, require bulky instruments and
extensive manual operation. Inspired by recent research of thermophoresis of biomolecules and bio-
nanoparticles in agueous solutions, we present a microfluidic design that directly focuses nanoparticles
in a label-free and flow-through process by coupling an engineered swirling flow and a moderate, one-
dimensional temperature gradient. Enrichment of polystyrene particles, HIV and bacteriophage samples

was quantitatively determined, indicating the compatibility of the microfluidic approach with synthetic
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Accepted 14th January 2022 and biological samples. The focusing

results are well predicted using a numerical model. As

thermophoresis is ubiquitous, the microfluidic approach can be applied broadly to bio-nanoparticle

DOI: 10.1035/d1ra03462a enrichment without the necessity of labeling, buffer exchange, or sheath fluids, permitting continuous
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Introduction

Bio-nanoparticles, such as viruses, viral vectors, and nano-
vesicles, are frequently processed as the targets for nano-
medicine development, clinical diagnosis, environmental
surveillance, and drug and food safety monitoring. Enriching
these particles is a critical step towards their detection and
downstream applications. For example, the enrichment of
viruses and lipid nanoparticles is particularly pertinent during
the COVID-19 pandemic to the monitoring of environmental
presence of SARS-CoV-2, diagnosis of infected individuals and
development of nanomaterial-based vaccines.'® While conven-
tional methods, such as high-speed centrifugation, membrane
ultrafiltration, and chromatography, are well established and
widely adopted, these batch processes often have variable
recovery, especially with small sample volumes, dependent on
the sample composition, operators' experience, and separation
mechanisms. They also require bulky instruments, skilled
operators and a long processing time. In addition, aggregation
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retrieval of concentrated species in a simple, controlled flow with little infrastructure needs.

is frequently encountered in the formation of pellets or cakes,
which requires sample re-dispersion and often leads to the
inactivation of biological species. Recently, affinity-labeled
magnetic particles have gained popularity to separate viruses
and nano-vesicles due to the fast speed and simple setup.*
However, the utility is limited to species with known surface
markers to allow affinity tagging, and the labeling of magnetic
beads may interfere with downstream applications.

In the past few decades, microfluidics employing various
fields and microstructures have demonstrated outstanding
potential as lab-on-a-chip platforms to separate cells and
nanoparticles of biological origins.>” These devices employ
various mechanisms, including dielectrophoresis, acousto-
phoresis, the gravitational force, magnetic field, optical twee-
zers, and inertial effects to enrich biological species, especially
cells. However, these approaches are often challenged when
applied to processing bio-nanoparticles due to the robust
Brownian motion of the target species. Nonetheless, several
recent works have demonstrated the separation of submicron
particles in microfluidic devices’° using electrical,"** chem-
ical,” and acoustic fields' as well as hydrodynamic forces."”**
Many of these achieve nanoparticle separation indirectly by
deflecting contaminants of larger sizes to the waste stream
because of weak forces on the bio-nanoparticles. In addition,
the requirements of special buffers and complex devices and
the generation of significant heat in some technologies limit
their wide adoption for biological sample processing. Sepa-
rately, devices incorporating nanomaterials and membranes for
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size-based separation are prone to clogging.*** Immunoaffinity
separation, although enabling target enrichment with
biomarker specificity, requires a known surface ligand of the
target and/or sample labelling.**>

Recently, several investigations suggest the temperature
gradient as an influential driving force to manipulate the
motion of nanoparticles® and macromolecules*** in aqueous
solutions. Numerous studies suggest that the force induced by
a thermal field has a much weaker dependence on the particle
size** than body forces employed in dielectrophoresis, acous-
tophoresis, and inertial focusing do; thus, significant direc-
tional motion can be generated to overcome the random
Brownian motion of nanoparticles in a solution. The directional
drift of small particles and molecules in a solution under
a temperature gradient, called thermophoresis or thermo-
diffusion, has long been realized as a ubiquitous phenomenon
in nature.”* Thermodiffusion was investigated to enrich
isotopes and gas species decades ago,*>** and thermal field flow
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fractionation (TFFF) has been developed commercially for the
separation and analysis of gas and polymer molecules as well as
colloid particles.*” Thermally driven crowding of macromole-
cules and colloid particles in aqueous solutions has been
studied much more recently.**** While the mechanism is
debatable, many believe thermophoresis in aqueous solutions
results from anisotropic interfacial stresses due to the inho-
mogeneous electric double layer and hydration entropy in
a temperature field.>#**>” In addition to applications in sepa-
ration, thermophoresis has been unitized to characterize

receptor-ligand binding,**?® assemble colloids and molecules*
and manipulate particles.*** Thermophoretic enrichment of
nucleotides and proteins has been hypothesized as
a mechanism for prebiotic molecules to accumulate and to
support the molecular evolution of life.**** The last two decades
have witnessed several implementations of thermophoresis in
microdevices,

salt,

42,47

49 the small dimension of which allows the
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Fig. 1 Devices coupling thermophoresis and swirling convection to enrich nanoparticles. (a) Structure and transport processes in a thermog-
ravitational column. Nanoparticles are focused to the bottom right corner of the column (left panel) due to the coupled transport of thermo-
phoresis and a natural convection roll (right panel), both induced by the horizontal temperature gradient. The left panel is from numerical
simulation using the physical properties of 100 nm polystyrene particles, and the green intensity corresponds to local concentration. Both
horizontal and vertical scale bars are 50 pm. The total column height is 1 mm. (b) A photograph and (c) schematic of the microfluidic device used
in this work. The device takes an unprocessed biological sample as the input and focuses nanoparticles to one side in a simple flow-through
process, without sample labelling or sheath fluid. The inset shows the detailed geometrical parameters in the microchannel, including groove
width (w), height (h), spacing (s), tilting angle (f), and channel thickness (H). All length units are in um unless noted otherwise. The schematic
depicts the device orientation for experiments where samples were retrieved and analysed off chip, while the heat source and sink were reversed
to facilitate in situ imaging in Fig. 2. (d) The transport processes in the microfluidic channel. The transport processes in the cross-sectional plane,
thermophoresis and an engineered swirl, resemble those in the thermogravitational column. The axial flow allows nanoparticles to gradually
focus from the inlet to the outlet, facilitating continuous retrieval of the enriched target species.
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establishment of a strong temperature gradient to drive easily-
measurable migration of various species.

The separation and enrichment effect driven by a tempera-
ture gradient is greatly enhanced by coupling it with a swirling
flow.*> This coupling has been shown to cause extreme DNA
accumulation in hydrothermal pores** and isotope enrichment
in thermogravitational columns (Fig. 1a).** In both cases, the
temperature gradient across a thin slit induces thermophoresis
of target species and promotes accumulation on one side of the
slit. At the same time, the temperature field generates a natural
convection roll to sweep along the accumulation wall, estab-
lishing a corner with a high concentration, which could be
tapped to retrieve the target species. Thermophoresis resists
recirculation and diffusion out of the corner, leading to expo-
nential decay of the concentration from the accumulation
center to the bulk at the steady state. Alternatively, coupled
thermophoresis and swirling have been achieved by infrared
laser heating to promote molecular enrichment.**** These prior
foundational works, nonetheless, are almost exclusively based
on batch processes that are slow and difficult to scale up.
Additionally, using the temperature gradient to drive both
thermophoresis and fluid swirling makes it challenging to
control the two transport actions and optimize their coupling
independently.

Inspired by the physical principle of the thermogravitational
column, we create a microfluidic device (Fig. 1b and c) in which
an engineered 3D swirling flow is coupled with a temperature
gradient to focus nanoparticles sideways along with an axial
flow.”* In the transverse plane normal to the flow axis, convec-
tive swirling and thermophoresis are coupled similarly to those
in the thermogravitational column (Fig. 1d), promoting nano-
particle accumulation in a corner. In the presence of a contin-
uous axial flow in the device, gradual focusing of nanoparticles
occurs as the sample moves towards the outlet. The concen-
trated species are retrieved continuously from a strategically
positioned side outlet, contrasting the accumulation in the
column that occurs with time in a batch process. Since migra-
tion under a temperature gradient is intrinsic to all solvated
species, no labelling or sheath fluid is required in this contin-
uous focusing process, and no buffer exchange is needed for
biological samples. Here, we present the feasibility of this
device for nanoparticle focusing and demonstrate its utility in
virus enrichment. A numerical model is used in parallel to
predict the device's performance and guide its operation.

Results and discussion

Transport processes and the mechanism of nanoparticle
enrichment

In response to a temperature gradient, nanoparticles dispersed
in a suspension display a steady drift velocity vy, which is
calculated as the product of thermal diffusion coefficient Dy
and the temperature gradient VT, i.e., vy = DyVT. Depending on
the sign of Dy, the particles migrate either to the cold (positive
Dy, thermophobic) or warm (negative Dy, thermophilic) side. To
achieve a considerable value of vy, a strong temperature
gradient is desirable, and it is usually generated by applying
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a temperature differential across a narrow gap. As thermopho-
retic species migrate to and accumulate at one side of the gap,
normal diffusion degrades the accumulation with a diffusivity
D. At the steady state, a concentration gradient is established
across the gap, which drops exponentially from the accumula-
tion wall to the depletion wall (Fig. 2a right image) by a decay

. D . . Dr.
constant proportional to ET This ratio ET is defined as Sr, the

Soret coefficient, which characterizes the migration potential of
a species in a thermal field, and it is sensitive to both the
particle and environmental properties. Such a concentration
gradient, however, usually has a limited magnitude due to
counteracting diffusion of nano-species. Moreover, the narrow
gap also hinders retrieval of enriched species from the accu-
mulation wall due to the spatial constraint.

The accumulation is significantly enhanced if a swirling flow
in the gap sweeps the nanoparticles to a corner. An analytical
solution in a two-dimensional device comprised of a linear
temperature gradient and one natural convection roll, e.g.,
a simplified model of the thermogravitational column (Fig. 1a),
indicates an exponential enhancement of mass accumulation,
scaling with the aspect ratio of the column.** Inspired by the
mechanism, we use shallow, slanted microgrooves to generate
a gentle swirling flow (Fig. S4a and bt)* in a thermophoretic
microfluidic channel (Fig. 1b-d). In the transverse plane, the
transport processes mimic those in the thermogravitational
column to promote particle focusing to a corner. Unique to the
microfluidic design, a continuous axial flow is present, along
which nanoparticles advance towards the outlet while focusing
gradually in the span-wise direction. Thus, the process of
nanoparticle accumulation is transformed from the temporal
domain in a thermogravitational column to the spatial domain
in the microfluidic channel, enabling continuous sample pro-
cessing and target particle retrieval from a side outlet.

In this work, a temperature gradient is established by
sandwiching the microfluidic device between a heat sink and
source. Fig. 2b demonstrates the distribution of 100 nm fluo-
rescent polystyrene particles in the microfluidic device through
confocal microscopy imaging (left panel) and numerical anal-
ysis (right panel). The images are from cross-sectional planes
(y—z planes) of increasing distance from the inlet. Nanoparticles
migrate toward the cooled ceiling (z-direction) near the inlet,
driven by the temperature gradient in the channel thickness
direction. As the sample continuously advances to the outlet (x-
direction), the nanoparticles are swept sideways along the
ceiling to the right (y-direction) by the transverse flow, resulting
in a gradual increase of the fluorescence intensity around the
top-right corner and growth of the accumulation zone in the
cross-sections. As the side migration occurs gradually along
with the axial flow, a long microfluidic channel of 32 cm was
designed, which was confirmed by the simulation to allow the
concentration distribution of tested particles to approach fully
developed profiles around the optimal flow rates (Fig. 2d).

Since the magnitude of the swirl is controlled by the groove
structure and flow condition in the microfluidic channel, ther-
mophoresis and convective sweeping are independently
adjusted, allowing optimization of their coupling. This
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Fig. 2 Steady-state distribution and peak concentration of 100 nm polystyrene particles in cross-sectional planes (y—z planes) normal to the
axial flow. An estimated temperature difference of 10 °C was applied across the thickness of the main channel in all images except for the left
panel of (a). The direction of the temperature gradient points up. (a) Confocal images of nanoparticle distribution in the y—z plane of a channel at
room temperature (left) or with a temperature gradient in the z-direction (right). The sample suspension is static in the channel. (b) Nanoparticle
distribution in y—z planes of different distances from the inlet. The sample flow rate was 0.5 uL min~%. The gradual accumulation of fluorescent
nanoparticles is visible around the top right corner. (c) Nanoparticle distribution in response to different flow rates at the same y—z plane near the
outlet. The left panels in (b) and (c) are confocal images, and the right panels are from simulations (with input concentration defined as 1). The
horizontal scale bar is 80 pm and the vertical scale bar is 50 um. Note that the fluorescent images provide a visual presentation of the particle
enrichment, but the intensity was not calibrated to quantify the particle concentration. (d) Development of peak nanoparticle concentration in
the y—z plane along the x-axis (axial flow direction) with different sample flow rates from numerical analysis. The peak concentration in each y-z

plane was normalized to the input concentration.

contrasts the thermogravitational column in which the
temperature gradient controls both thermophoresis and
natural convection. With a fixed device geometry and temper-
ature gradient in the microfluidic channel, the focusing effect is
controllable by the sample flow rate. Fig. 2c displays the
distribution of 100 nm polystyrene particles with different flow
rates in the same y-z plane near the device outlet, obtained by
confocal imaging (left panel) and numerical analysis (right
panel). The most prominent accumulation is observable at 0.2
and 0.5 uL min ', while faster flow rates lead to smaller accu-
mulation zones and weaker fluorescence intensities around the
top-right corner of the cross-sectional images. This flow rate
dependence results from the transverse velocity scaling with the
stream-wise flow rate (Fig. S4ct), thus faster input flow leads to
stronger swirling, which disturbs the accumulation zone and
promotes nanoparticle recirculation. On the other hand, when
the flow rate is too slow, the accumulation could also be
compromised by insufficient sideway sweeping.

While the images of the cross-sectional planes provide
a visual appreciation of nanoparticle focusing, numerical
simulations further allow quantitative analysis of the accumu-
lation process. Fig. 2d demonstrates the development of peak
concentration in progressive y-z planes from the inlet to the
outlet obtained by numerical analysis under different flow rates.
In all flow rates, the peak concentration in the y-z plane
increases abruptly near the inlet due to thermophoresis-
dominant transport. Further along in the channel, it goes up

4266 | RSC Adv, 2022, 12, 4263-4275

gradually until a plateau is reached, driven by the span-wise
sweeping. The rate of increase is strongly dependent on the
input flow rates. For 100 nm polystyrene particles tested here,
the peak concentration close to the outlet reaches nearly 36
times the input at a flow rate of 0.2 uL min~", or 23 times at

0.5 pL min .

Nanoparticle enrichment by off-chip characterization

To demonstrate the possibility to process samples continuously
and retrieve enriched target species, outflows were extracted
from the trifurcate outlets, and the concentration of nano-
particles was measured by UV-vis spectroscopy. The side
branches retrieve 40% of the total volume (20% each), leaving
60% exits from the middle branch. The concentration and total
amount of particles from Outlet 1, located on the focusing side,
were further calculated and normalized to those in the input.
The two resulting parameters, normalized concentration and
mass yield are expected to reach maximal values of 5 folds and
100%, respectively, if all target species were retrieved from
Outlet 1. A series of simulations at different flow rates were
performed to compare with experimental results. As observed in
Fig. 3a, Outlet 1 yields up to 90% of input polystyrene nano-
particles of 100 nm in diameter. The outflow concentration
from Outlet 1 is up to 4.5 times the input in a simple flow-
through process. This enrichment is achieved at a flow rate of
0.5 uL min~ ", corresponding to an average axial velocity of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Normalized concentration and mass yield of polystyrene
particles retrieved from Outlet 1, in which concentrated samples are
expected. The outflow concentration was normalized to the input
sample. The symbols denote the average experimental measurements
and the error bars represent one standard deviation (n = 3). The dash
lines are from numerical analysis using the same device geometry as
that used in the experiments. Outlet 1 account for 20% of the total
volume eluted; thus, the greatest sample concentration is 5 times the
input, and yield of mass is 100% when all nanoparticles are focused to
Outlet 1. (a) Normalized concentration and mass yield of 100 nm
polystyrene particles from Outlet 1 as a function of flow rates. (b)
Normalized concentration as a function of nanoparticle size under the
flow rate of 1.0 uL min™™,

166.67 um s~ '. Greater or lesser flow rates lead to compromised
concentration and yield from Outlet 1 experimentally. Numer-
ical results share a similar feature of a skewed bell-shaped curve
to experimental measurements, while the normalized mass flux
from Outlet 1 is found to peak at a flow rate of ~0.2 pL min~".
This mismatch is likely due to the approximation of the Soret
coefficient used in the simulation (see Discussion), which the
accumulation is strongly dependent on. Nonetheless, Fig. 3a
verifies that 100 nm polystyrene particles are focused in the
microfluidic channel, and the concentrated species are
continuously retrievable from a side outlet.

As the Soret coefficient has a particle-size dependence, we
next tested focusing of polystyrene particles from 25 nm to
400 nm in diameter (Fig. 3b), using the same sample flow rate of
1 uL min~". Overall, larger particles focus more effectively than

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the smaller ones, indicated both by experimental and simula-
tion results. This is partially attributed to the increasing Soret
coefficient with the particle size under otherwise similar
conditions, producing more robust thermophoretic responses.
Additionally, larger particles have lower diffusivity to degrade
the concentration gradient. Notably, polystyrene particles down
to 25 nm were observed to accumulate in the device, demon-
strating the power of thermophoresis to focus nano-species
directly. While the trends of particle size dependence are
similar between experimental and simulation results, the slight
difference between the two may reflect the deviation of actual St
from those used in the simulation (Table S1%), as further dis-
cussed below.

Enrichment of HIV particles

After validating the physical principle with synthetic particles,
we further tested focusing of HIV particles in the microfluidic
device. The experimental setup and outflow collection follow
those used for polystyrene nanoparticle enrichment. A
commercial p24 ELISA assay was used to determine the virus
concentration in the three outlets, further normalized to the
input concentration. With the Soret coefficient of HIV being
0.17 K~' at room temperature and ~20% lower than that of the
100 nm polystyrene particles, the thermophoretic mobility of
HIV is expected to be slower, resulting in less effective focusing
and the need for a milder flow rate to promote optimal accu-
mulation. This is reflected as an overall reduction of the sample
concentration from Outlet 1 in the numerical analysis and
a shift of the concentration peak occurring at a flow rate below
0.1 puL min~' (Fig. 4a). Experimentally, the normalized
concentration from Outlet 1 decreases with the three flow rates
tested, 0.3, 0.5, and 1 uL min~*, and the magnitude is consis-
tent with the simulation prediction. Fig. 4b demonstrates an
example of the concentration distribution from the three
outlets at a flow rate of 0.3 uL min ™", or an average axial velocity
of 100 pm s~'. The output concentration from Outlet 1 is 3.72 +
0.23 times of the input, accounting for 74 + 5% of the total mass
on average retrieved. The other two outlets yield depleted
samples, with a normalized concentration of 0.36 + 0.07 from
Outlet 2 and 0.19 £ 0.05 from Outlet 3. Numerically, the outflow
concentration along the span-wise direction demonstrates an
exponential decay from the focusing side to the depletion side
(dash line in Fig. 4b). The three outlets, collecting 20%, 60%,
and 20% of the outflow from one side to the other, exhibit
a drop of the concentration profile consistent with the simu-
lated result.

Conventional methods to concentrate virus and vesicle
samples, such as centrifugation and ultrafiltration, have been
reported to damage the membrane structure, leading to variable
recovery yields.** Using shallow microgrooves with large spacing
in the microfluidic device, the peak transverse velocity in the
main channel is only a small fraction of the axial velocity
(Fig. S4ct). Thus, the flow is a creeping flow with a weak swirling
characteristic, and the gentle transport is expected to cause
minimal damage to fragile samples. To verify this hypothesis,
the retrieved outflow from an intermediate flow rate of 0.5

RSC Adv, 2022, 12, 4263-4275 | 4267
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Fig. 4 Enrichment of pseudo-HIV virus retrieved from the microfluidic device. The symbols or bars denote the average experimental
measurements, and the error bars represent one standard deviation (n = 3). The dashed lines in (a) and (b) are numerical results. (a) Normalized
concentration and virus yield retrieved from Outlet 1 as a function of the sample flow rate. The concentration of HIV virus in the input and output
samples was determined by the p24 ELISA assay, and the results from Outlet 1 were normalized to the corresponding input concentration. The
dashed line represents simulation-predicted mass flux vs. the flow rates. (b) Normalized virus concentration collected from the three outlets at
a flow rate of 0.3 pL min~?, determined by the p24 ELISA. The widths of the bars represent the width ratio of the three outputs of 1: 3 : 1. The
dashed line represents simulation-predicted mass flux along the span-wise direction. (c) Normalized virus concentration collected from the
three outlets at a flow rate of 0.5 uL min~?, determined by the p24 ELISA and real-time RT-PCR, respectively. Also shown are the normalized
concentration of hemoglobin spiked into the inflow sample and collected from the three outlets at the same flow rate. Statistical significance is

noted above the bars where ns (p > 0.05) denotes no significant difference from two-tailed paired t-tests (n = 3).

uL min~' was tested for both the HIV capsid protein p24 and
RNA content using commercial ELISA and real-time RT-PCR
kits, respectively. If the viral particles deteriorated in the
focusing process and leaked the molecular content, the RNA
and protein contents are expected to have different fractions in
the three outlets, given Soret coefficients differ among viral
particles, nucleic acids, and proteins.*>** As observed in Fig. 4c,
the concentration of p24 protein and viral RNA both exhibit
exponential decay from Outlet 1 to Outlet 3. No significant
difference is observed in the concentrations of the two viral
molecules in each outlet. The focusing effect disappears when
the temperature gradient is not applied. At the same time,
plasma proteins, such as free hemoglobin spiked in the input,
demonstrate little focusing even with the temperature gradient
and have nearly identical concentrations in the three outlets.
This suggests that the retrieved samples contain intact viral
particles. In addition, the results support that viral particles can
be enriched and purified from contaminating proteins to
reduce the potential interference for downstream viral analysis.

4268 | RSC Adv, 2022, 12, 4263-4275

Confirmative experiments showing integrity of enriched virus
are presented in the following experiments.

Enrichment and activity of bacteriophage

To further verify that the microfluidic focusing device is effec-
tive and biocompatible, bacteriophage was processed and
tested for its plaques forming capability using a sample flow
rate of 0.5 uL min~". Outflow from the three outlets was mixed
with the host bacterium M. smegmatis and plated on separate
agar plates. For comparison, devices were operated with or
without the temperature gradient, which is the driving force for
nanoparticle focusing. As observed in Fig. 5, the total plaque-
forming units from the three outflows are comparable
between the paired devices, injected with similar input
concentrations of bacteriophage. However, the distribution of
phage in the outlets is drastically different. A substantial decay
of the plaque number is associated with the three outflows in
the focusing device with the temperature gradient (bottom

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plague forming capability of bacteriophage retrieved from the device. (a) Images showing the number of plaques formed from the three
outflow samples of a device subjected to no temperature gradient (top panel) or under a temperature gradient (bottom panel). (b) Relative
plaque-forming units (PFU) from the three outlets in devices without (empty bars) and with (solid bars) the temperature gradient. The error bars
represent one standard deviation, and the p-values are from two-tailed Student's t-tests (n = 3).

panel of Fig. 5a). On the other hand, the three outflows yield
a comparable number of plaques if the temperature gradient is
not applied in the device to drive the focusing of bacteriophage
(top panel of Fig. 5a). The normalized plaque-forming units
(Fig. 5b) show no statistical difference among the three outlets
without the temperature gradient. Conversely, Outlet 1 yields
3.56 £ 0.50 times of active phage with the temperature gradient
than without, while Outlets 2 and 3 yield 0.44 £+ 0.19 and 0.10 £
0.07 times of the input, significantly depleted compared to the
same outflow collected from devices without a temperature
gradient. Thus, the focusing process based on the temperature
gradient retains the activity of the biological sample.

Discussion

We present a microfluidic device to focus polymer nanoparticles
and viruses directly in a label-free, continuous flow, and
biocompatible fashion. The focused bio-nanoparticle species
are intact and active for downstream analysis and applications.
Specifically, the microfluidic device uses a temperature field to
drive nanoparticle accumulation and an engineered swirling
flow to augment the enrichment. The separation process is
predictable using a numerical model with information of the
Soret coefficient of target species. Compared to centrifugation,
chromatography, and filtration commonly used for virus and
nano-vesicle separation, the microfluidic approach is minia-
turizable and scalable, allows continuous sample processing,
maintains target particles in a suspended, biologically active
state, and minimizes aggregation and pelleting that contribute
to variable yields.

While various field-driven and field-free mechanisms have
been implemented in microfluidics for physical separation of
biological nanoparticles such as viruses and exosomes,”*®%¢
many achieves the separation indirectly by deflecting larger
contaminating species to the waste streamline.’®*” This is
a result of weak migration of nanoparticles in many fields. For
example, the forces employed in inertial focusing, optical

© 2022 The Author(s). Published by the Royal Society of Chemistry

tweezers, acoustophoresis, and dielectrophoresis scale with the
third or higher power of particle radius,” and the resulting
motion of nanoparticles is negligible compared to random
Brownian motion. On the other hand, the thermophoretic force,
proportional to Sp,*® is related to the power of 1-2 of the
radius.”**® This weak scaling with size leads to significant
mobility of nano-species induced by a thermal field. Using
typical thermophoretic mobility values?® of Dy ~10™% ecm? s *

K ' and a moderate temperature gradient of ~0.2 K um™ " as

used in this work, the thermophoretic velocity is 0.2 um s,
fairly significant compared to the characteristic dimension of
microfluidic devices on the order of 10-100 um. To put the
values into perspective, a g-force of ~10* x g is required to
generate a similar terminal velocity of 100 nm polystyrene
particles in water (relative density with respect to water ~1.05).
Using the above thermophoretic velocity value, a characteristic
dimension of 100 um for the micro-device and diffusivity of
107" m® s7' for 100 nm particles in water around room
temperature, the dimensionless Peclet number for mass trans-
port is on the order of 1. This suggests thermophoresis is able to
compete with diffusion to transport nano-species. The capa-
bility to directly focus nanoparticles saves the needs of sheath or
carrier fluids to confine the sample, and it enables significant
nanoparticle accumulation. In fact, strong directional migra-
tion in a thermal field has long been implemented for the
separation of molecules and even elements.*"* Recently, ther-
mophoresis has also found utility in biomolecule separation in
aqueous solutions.**** Since thermophoretic migration is
intrinsic to all solvated species, no labeling or buffer exchange
is required and the operation temperature can be easily
adjusted to accommodate delicate biological samples. The
label-free aspect is appealing when a surface biomarker is
unknown or untagged samples are desirable, such as those for
gene therapy and drug delivery applications.

In addition to its power in driving the movement of nano-
species without labeling, another advantage of using
a thermal field is that it can be applied off-chip. Contact-free
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operation drastically simplifies the fabrication and operation of
the microfluidic device. Many micro-heaters® and electricity-
free heating mechanisms® have been developed with control-
lable temperature profiles to support portable devices for
nucleic acid amplification. At the same time, cooling technol-
ogies have been advanced, and efficient heat sinks are readily
available.®® Combined, miniaturized setups can be constructed
to generate thermal fields inexpensively and achieve bio-
nanoparticle enrichment in resource-limited settings. For
example, in light of the Covid-19 pandemic, a portable device
could facilitate monitoring and detection of virus present in the
environment and for sensitive diagnosis of SARS-CoV-2
infection.

While nanoparticle focusing was demonstrated as a function
of particle diameter in this work, it is worth noting that the
value of Sy is sensitive to particle sizes, their surface properties,
the solution composition, and the absolute temperature. The
sign of St can even reverse to reflect thermophobic versus
thermophilic responses. The complex dependence results from
competing contributions of ionic shielding and water hydration
entropy to thermophoresis, which have opposite dependence
on temperature.”* The sensitivity of St to many factors may
explain the slight discrepancy between experimental and
simulation results in this study, where constant values from
room temperature measurements were used for numerical
analysis. The accuracy of simulation can be improved as new
theories are developed to formulate Sy as a function of
temperature. Nonetheless, the rich information reflected by
thermophoretic mobility offers excellent versatility for separa-
tion purposes.®

Coupled thermophoresis and swirling flow have been
employed in thermogravitational columns for decades for
separation purposes. Debye et al. derived an analytical solu-
tion® more than half a century ago to calculate the steady-state
concentration enhancement in the column, which includes the
aspect ratio of the column in the exponent. Thus a column with
a high aspect ratio adds a tremendous boost to the accumula-
tion effect. The high aspect ratio serves two functions: the total
mass in the column is proportional to its height; thus, a tall
column has more mass to feed the accumulation corner.
Secondly, the recirculation speed or the magnitude of natural
convection increases with the height of the column, as indi-
cated by the Boussinesq approximation. On the other hand, the
column utilizes the temperature gradient to promote both
thermophoresis and the swirling transport, complicating their
coupling. Furthermore, the column employs a batch process,
and the accumulation corner develops with time; thus, enriched
samples cannot be retrieved continuously.

Innovative of the microfluidic device, parallel microgrooves
engraved on the channel surface are used to induce an engi-
neered swirling flow (Fig. S4b7) independent of the temperature
gradient. Surface-structured microfluidics are popular options
to create swirling patterns and mixing streams in a laminar
flow.”* Analytical and numerical models are readily available to
predict the resulting velocity and mixing quality.®® Here, simple
parallel microgrooves are used to de-mix a nanoparticle
suspension. The grooves generate a transverse component that

4270 | RSC Adv, 2022, 12, 4263-4275

View Article Online

Paper

recirculates back across the opposite side of the channel,
leading to helical streamlines in the entire flow. The profile and
magnitude of the swirl are controllable by the groove structure,
which is designed to possess shallow thickness and wide
spacing, promoting a gentle transverse flow. The resulting
magnitude of transverse velocity used in this work is in the
range of 10-100 um s~ ', a small fraction (<1/10) of the axial
velocity on average (Fig. S4ct), and gentle enough to cause
minimal damage to viral samples.

While the transverse flow (Fig. S4ct) in the microfluidic
device serves a similar function to the convection roll in the
column to sweep the accumulation wall and augment nano-
particle focusing, the flow pattern in the microchannel is much
more complex. It demands a numerical model to assists the
understanding of the transport process and device optimiza-
tion. It is observed that the grooves and ridges generate
repeated concentration fluctuation. Thus, the device orienta-
tion has been selected to promote enrichment along the flat
wall, reducing the variations of the surface structures to velocity
and concentration profiles. The computational analysis also
suggests that maximal accumulation happens when the ther-
mophoretic and convective transport have comparable magni-
tudes.® Under such a condition, sufficient span-wise sweep is
generated, while it is not too strong to disturb the focusing
region significantly. Experimentally, this optimal condition is
achievable through groove geometry and sample flow rate. With
one selected device structure in this work, enrichment is
strongly dependent on the sample flow rate (Fig. 2¢ and d and
3a) since the swirling magnitude scales with the input flow rate
(Fig. S4ct).

With the guidance of the numerical analysis, versatile
operation modes could be evaluated for different applications.
For example, narrowing Outlet 1 would produce greater outflow
concentration if mass yield could be compromised. On the
other hand, increasing the outlet width and cascading devices
for multiple stages of focusing could boost both accumulation
and yield. Furthermore, the microfluidic channel can be directly
integrated with biosensors by strategically placing the sensors
on the enrichment edge to allow a sensitive on-chip analysis of
nanoparticles.

It should be noted that the microfluidic device distinguishes
from thermal field flow fractionation (TFFF), which is
commonly used for the analysis of polymer and colloid
mixtures.*”*® In typical TFFF, macromolecules and colloid
particles in a temperature field adopt a unique parabolic
velocity field distribution established across a thin gap. This
leads to different stream-wise velocity and residence time in the
device, analyzed as differential arrival time at a detector. While
TFFF requires a plug sample to prevent different species from
overlapping axially,*>*” the device presented here allows
continuous sample inflow and retrieval of enriched samples
from a side outlet. More recently, field flow fractionation has
been advanced to accommodate continuous sample feed®®
through split-flow thin fractionation (SPLITT), yet the use of
a carrier solution dilutes the sample. Instead, our device is
compatible with raw biological samples without buffer
exchange or carrier solutions. The main separation axis is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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converted from the shallowest dimension of the channel, where
the external field is applied, to a much wider span-wise direc-
tion that is orthogonal to the thermal field. Not only does it
permit significant concentration enhancement not achievable
in SPLITT, but the setup is also much simpler for outflow
retrieval. While sample focusing is demonstrated in this work,
the variable focusing potential of different species provides the
opportunity for particle sorting, for example, by retrieving
outflows at different distances from the inlet.**

Experimental
Device fabrication

Standard soft lithography techniques were used to fabricate the
microfluidic devices. Briefly, the master mold was made by
spin-coating SU-8 2010 and SU-8 2035 (MicroChem, West-
borough, MA) negative photoresist on a 3-inch silicon wafer
(Silicon Inc., Boise, ID) and exposing the photoresist to UV light
through photomasks with the channel geometry. The height of
the channel and grooves were 50 pm and 10 pum, respectively.
Afterwards, a mixture of Polydimethylsiloxane (PDMS) prepol-
ymer and curing agent (Sylgard® 184 Silicone Elastomer Kit,
Dow Corning, Midland MI) was mixed in a 10 : 1 ratio and spin-
coated onto the master mold at 650 rpm for 60 seconds to get
a 120 um PDMS layer. The coated silicon wafer was incubated
for 1 hour at 100 °C to allow curing to complete prior to device
assembly. Next, the PDMS layer was peeled off from the wafer
and sandwiched between two slices of cover glasses (Corning
Cover Glass, no. 1, Corning, NY). The bonding between the
PDMS and the glass coverslips was achieved through oxygen
plasma (March instruments PX-250, Nordson March, Westlake,
OH). The cover glass facing the channel was pre-drilled with
inlet and outlet holes using a laser cutter. Rigid glass held the
channel from collapsing, and the overall device thickness of
~350 pm allowed the establishment of a temperature gradient
on the order of 0.1 K um™* in the channel. The last assembly
step consisted of bonding PDMS blocks over the inlet and outlet
ports for tubing attachment. A photograph of the assembled
device is shown in Fig. 1b.

The microfluidic channel used in this work has a geometry
shown in Fig. 1c. The channel width (W) and height (H) are
1 mm and 50 pm, respectively and the length is ~32 cm. The
slanted grooves have a height () of 10 pm, width (w) of 25 pm
and spacing (s) of 200 um. The slanting angle () and overall
thickness of the PDMS film are 45° and 120 pum. In contrast to
surface microgrooves to induce mixing,” the grooves here
possess shallow thickness and wide spacing, creating a weak
three-dimensional helical flow. The magnitude of the span-wise
velocity is controlled by the groove structures and scales with
the stream-wise velocity (Fig. S4ct).

Device setup for confocal microscopy imaging of nanoparticle
distribution in the flow channel

For confocal microscopy imaging, the roof of the microfluidic
device was attached to a custom-designed rectangular brass
tube using a ceramic thermal adhesive (TP-1, Thermal Paste, TE
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Technology, Traverse City, MI). The brass tube was connected
with a recirculating chiller (VWR International, Radnor, PA) to
circulate a mixture of water and glycerol at a preset temperature.
The temperature measured from the brass tube was —3.5 °C.
This heat sink temperature was selected to minimize frost
buildup and channel freezing, sometimes observed with lower
temperature settings. A heat gun was used to blow hot air and
maintain the bottom of the device at 40 °C, indicated by an
attached thermistor (MP-2444, TE Technology). The heat source
of 40 °C was used to protect biological samples. Note that the
roof and bottom of the device correspond to the featureless and
grooved sides of the channel respectively, which is opposite
from the schematic in Fig. 1c. The establishment of a stable
vertical temperature gradient occurred within ~10 minutes,
confirmed by a temperature-sensitive fluorescent dye 2',7’-bis-
(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF, Thermo
Fisher Scientific, Waltham, MA) at a concentration of 1 mM in
DI water.”® The fluorescence intensity of BCECF decreases
nearly linearly with temperature; thus, a steady temperature
gradient corresponds to a steady gradient of fluorescence
intensity in the cross-sectional plane (y-z plane).

To image the distribution of nanoparticles in the channel,
100 nm polystyrene particles internally dyed with Firefli Fluo-
rescent Red (R100, Thermo Fisher Scientific) at a concentration
of 0.1% (v/v) in water was injected into the channel through
a syringe pump (Fusion 100, Chemyx, Stafford, TX) at various
flow rates from 0.2 pL min~' to 2.0 pL min~' for at least 30
minutes before image acquisition. Z-stack images at various
locations from the inlet were acquired using an inverted Zeiss
LSM880 scanning confocal microscope (Zeiss, Oberkochen,
Germany) to construct images of nanoparticle distribution in
the y-z plane normal to the primary, axial flow.

Device setup for polystyrene nanoparticle retrieval

A slightly different setup with a more robust temperature
control was used to retrieve nanoparticles and biological
samples from the flow channel (Fig. 1c). The rectangular brass
tube attached to the recirculating chiller was still used as the
heat sink. A TE-195 Peltier plate (TE Technology, Traverse City,
MI) glued to a custom-made copper block with an integrated
thermistor was used as the heat source. The Peltier plate and
thermistor were connected to a temperature controller (TC-48-
20, TE Technology, Traverse City, MI) set to 40 °C. The recir-
culating chiller was preset so the temperature measured on the
brass tube was —3.5 °C. The orientation was reversed from the
one described above for imaging, i.e., the heat source was above
the heat sink, to facilitate assembly of the sandwich structure of
the brass tube, microchannel and Peltier plate. A similar setup
has been described in details in our prior work.®® The operation
mechanism remained the same in both orientations as the
gravitational force on polystyrene nanoparticles and viruses was
negligible. Natural convection, although included in the simu-
lation, was also negligible since the Rayleigh number Ra =
0.02, which is much smaller than the threshold for natural
convection to occur. The energy equation was solved in ANSYS
Fluent to analyze the temperature distribution (Fig. S1at) in the
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entire apparatus, including all regions. The result showed that
a 12 °C temperature difference, from 4 °C to 16 °C, was estab-
lished on the fluid layer of the 50 um thick channel plus 10 pm
thick grooves with a quasi-linear profile (Fig. S1bt), corre-
sponding to a temperature gradient of ~0.2 K pm ™", It should
be noted that the Peclet number of heat transfer is small (Pe ~
10~7); thus, the temperature profile can be considered steady in
the steady flow. Using the known Soret coefficient and diffu-
sivity of 100 nm polystyrene particles in water (Table S1t), the
thermophoretic velocity is ~2 x 107" m s ™.

The microfluidic device was sandwiched between the heat
source and sink, with liquid gallium filling the interfaces. A
trifurcated outlet of 1 : 3 : 1 length ratio was designed to retrieve
20% of the outflow from the two side outlets and 60% of the
outflow from the center. Three capillary tubes were inserted into
the PDMS blocks attached to the outlets. The capillary tubes
were oriented downwards and drained into a liquid reservoir to
equalize hydrostatic pressure and minimize surface tension at
the outlets. Nanoparticles of various diameters (25, 50, 100, 200,
300 and 400 nm, R25-R400, Thermo Fisher Scientific, Waltham,
MA) and 100 pL volume at 0.1% (v/v) in water were flowed
through the device using a syringe pump at various flow rates,
ranging from 0.3 pL min " to 2.0 uL min~*. These particles were
all internally dyed with Firefli Fluorescence Red. The absor-
bance of all three outflows collected by the capillary tubes was
measured with a NanoDrop 2000 UV-vis spectrometer (Thermo
Fisher Scientific, Waltham, MA), and particle concentration was
quantified using pre-determined calibration curves at selected
wavelengths. Mass conservation was confirmed by comparing
the total amount of particles flowing in and out of the devices.

Enrichment of HIV and bacteriophage through the device

Lab stocks of cultured pseudo-HIV virus and mycobacterium
phage D29 were pumped through the device using the same
setup as described above for nanoparticle retrieval. The HIV virus
was prepared by transfecting HEK 293T/17 cells (ATCC, Mana-
ssas, VA) as previously described” and culturing the cells in
a complete growth medium of DMEM (30-2002, ATCC, Manassas,
VA) supplemented with 10% fetal bovine serum (30-2020, ATCC)
for 48 hours. Afterward, the virus was harvested by collecting the
cell culture supernatant, spinning down the cell debris and
filtering through a 0.45 mm filter (Thermo Fisher Scientific,
Waltham, MA). Without further purification, a 100 pL-virus
sample was pumped into the device at flow rates of 0.3, 0.5,
and 1 uL min~ " and exposed to the same temperature conditions
described for nanoparticle processing. The outflows were
collected from the three capillary tubes and stored at —20 °C until
further analysis. The concentration of HIV viral particles was
determined using two commercial kits following manufacturer-
recommended protocols. The Alliance® HIV-1 p24 Antigen
ELISA kit (PerkinElmer, Waltham, MA) and Tecan Infinite M200
PRO microplate reader (Tecan Group Ltd, Switzerland) were used
to measure the amount of p24 capsid protein. The HIV Quanti-
tative RT-PCR Detection kit (33 740, Norgen Biotek, Thorold, ON)
and Applied Biosystems 7300 qRT PCR machine (Thermo Fisher
Scientific, Waltham, MA) were used to quantify virus RNA.
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To evaluate the activity of biological samples after enrich-
ment, mycobacterium phage D29 was enriched in the device.
The phage was generously provided by Dr Ware at Lehigh
University and prepared by infecting Mycobacterium smegma-
tis strain MC® 155 in a liquid culture according to previously
reported protocols.” Afterwards, the bacteria debris was spun
down, and the lysate containing phage was used in this work
without further purification. The phage sample of 100 pL
volume was pumped into the device at 0.5 pL min~". The device
was subjected to the same temperature condition as described
for nanoparticle processing unless otherwise noted. The
outflows were collected from the capillaries, diluted and mixed
with liquid cultures of M. smegmatis. The mixture was then
plated on a LB agar plate, and the number of plaques formed
was counted after 24 hours. The relative concentration of PFU
was obtained by first normalizing the plaque number from each
plate to the total number of plaques from the three outlets of
the same device and then dividing the result by the expected
volume fraction of that outflow.

Statistical analysis

Each experimental condition was repeated at least three times
using independent microfluidic devices. The results were
analyzed by calculating the means and standard deviations. In
addition, two-tailed Student's t-tests or paired ¢-tests were per-
formed to check if significant differences exist between two
groups, as described in the Results section.

Computational simulation

Computational fluid dynamics simulations characterized the
temperature and flow profiles and mass transport within the
microchannel. A partial channel geometry was extruded from
the AutoCAD drawing of the photomask and imported into the
Ansys Fluent program (Ansys, Canonsburg, PA). Since the
centrifugal force at the channel bends was negligible, the
geometry was approximated using a long straight channel of
32 cm to reduce the complexity of mesh generation. Cut cell
meshes based on hexahedral cells were built with refinement
near groove regions and zones with expected high concentra-
tion gradients (Fig. S2t). According to the convergence study,
the final mesh contained 280 million cells. It was decomposed
in 320 sub-domains to execute in parallel, which was confirmed
to achieve the balance between computational accuracy and
speed.

The steady-state temperature profile within the entire appa-
ratus between the heat source and sink was first simulated
using the Energy Equation Module in Ansys Fluent. Thermal
conductivities corresponding to glass, PDMS, water, and
experimentally measured thickness of each layer were used in
the simulation (Fig. S1at). Continuous temperature and heat
flux were applied to interfaces between all layers. Two-stage
simulation in the fluid domain was performed with Open-
FOAM by utilizing the calculated temperature field of the whole
system (Fig. S1bt). In the first stage, coupled mass, momentum,
and energy conservation equations (ESIt: Mathematical Model)
were solved to determine the profiles of velocity U, pressure p,
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and temperature T. In the second stage of the simulation, the
normalized concentration C was solved by the transient mass
transport equation with an additional thermophoresis term.
The input concentration was uniform and defined as one. The
two-stage simulation was carried out considering that the time
scale for the flow and temperature fields to reach steady state,
on the order of seconds, was much shorter than and negligible
compared to the time scale of mass transport, on the order of 10
minutes. Thus, the velocity and temperature field could be
assumed to be at the steady state while the concentration field is
evolving, which reduced a 4-fields coupled problem into two
stages (3- and 1-field problems) to save computational
resources. Diffusion coefficient D corresponding to different
nanoparticle sizes in water was evaluated as a function of
temperature by the Stokes-Einstein equation and viscosity
equation. The Soret coefficient St for each type of particles was
assumed to be a constant in this narrow temperature range and
did not appreciably depend on T. This assumption was made
due to the lack of a well-formulated relationship between the St
and T despite reports of the temperature dependence of Sy.**
The constant values of St for each type of particles were either
experimentally determined around room temperature” or
interoperated using a power function (Table S17),” considering
fluids in the microfluidic channel was not far from room
temperature (Fig. S1t). Detailed equations for the simulation
are included in the ESL¥

The peak concentration at each y-z plane was determined
and normalized to the input concentration (Fig. S31 top). Since
the input concentration was set to be unity in the simulation,
the dimensionless concentration at each coordinate also rep-
resented the accumulation factor relative to the input. The
average outflow concentration over a selected area was evalu-
ated by the integrated mass flux divided by the volume flux over
the area. To match the experimental device, a cross-sectional
area of the channel thickness and 20% channel width on the
focusing side was selected numerically as the integral domain
(Fig. S3t bottom), consistent with the sample concentration
retrieved from Outlet 1 in experiments. The outflow concen-
tration in the span-wise direction was calculated by integrating
the mass flux over 100 pm wide windows sliding along the y-axis
in the cross-sectional surface, followed by the volume flux
division over the same area.

Conclusions

A label-free, continuous flow method was described for nano-
particle focusing by coupling thermophoresis and engineered
helical convection, and its utility was demonstrated using
synthetic nanoparticles and viruses. The capability to process
viral samples under continuous sample feed in the original
media without labeling is appealing for downstream analytical
and biomedical applications. The device performance,
including yield, accumulation factor, and preservation of
sample bioactivity, promises gentle, biocompatible yet effective
focusing of biological nanoparticles. The device optimization
for specific applications is warranted through a predictive
numerical model. Given comparable physical characteristics
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between viruses and other nano-vesicles, such as exosomes and
liposomes, the device is expected to find broad applications in
microorganism detection and development of nanomedicine.
While a thermal field is used in this work, coupling a driving
field and a helical flow to amplify the accumulation could be
generalized to other mechanisms for nanoparticle enrichment.
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