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We investigated the flow dynamics of biotin-conjugated microgel capsules in avidin-conjugated
microchannel constrictions. Microgels were prepared using a microfluidic assembly approach.
Biotinylated microgels passing through avidin-modified constrictions slowed relative to several control
systems. This effect was observed below a critical velocity of the microgels in the channel-at-large. The
reduction in microgel velocity in the constriction occurred for several different sizes of microgels and
orifices. Soft compliant microgels showed a lower velocity in the constriction relative to rigid microgels
with the same concentration of biotin on the surface, due to the ability of the softer microgels to deform
in the orifice and maximize their surface area when in contact with the orifice wall.

Introduction

Micrometre-size particles formed from polymer gels (microgels)
possess a number of attractive features for applications in the
pharmaceutical,’? nutrition,*® and cosmetic industries.®*?
Microgel dimensions, structures, and chemical compositions can
be readily controlled, making them highly versatile for a wide
range of applications. In particular, microgels have been used as
vehicles for drug delivery via the ocular, nasal, pulmonary,
intratumoral, intramuscular, intravenous and transdermal
pathways.*7 The effect of microgel size for each pathway has
been well-studied; however, other factors such as the surface
chemistry and mechanical properties are still being explored as
means of increasing targeting of the microgel to the desired site.

Understanding the flow behavior of microgels in in vivo-like
environments such as constrained geometries or in systems with
strong particle-surface interactions is important for rationalizing
and optimizing the efficiency of site-specific drug delivery.
Furthermore, designing microgels with cell-like properties (i.e.,
structure, size, compliance and surface chemistry) facilitates their
use as a model system in studies of cells. Unlike cells, which are
extremely heterogeneous, microgels can be precisely controlled,
and their properties are constant within the timescale of experi-
ments, so we can study their behavior in an appropriate and
predictable way.

Microfluidics is a useful tool to study the relationship between
the flow behaviors and adhesion properties of microscopic objects
such as microgels or cells because an assortment of environments
can be readily designed and constructed using a combination of
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microfabrication techniques and site-specific surface modification.
Runyon et al'® studied the propagation of blood clotting in
microchannels and found that using high shear rates lowered the
concentration of molecular activators and prevented blood clot-
ting. The authors examined cell confinement but did not extend
their work to study cell-microchannel interactions.”® Other
research groups reported the use of microfluidics to study chemo-
taxis,'? deformation,??* sorting,>*** and infection®® of cells.
Theoretical work has shown that the effect of particle compliance,
and mechanical and topographic patterns in channels, must be
considered when developing new strategies for cell sorting.?

Recently, we reported the effect of electrostatic interactions on
the flow of microgel capsules in constrained geometries.?” We
found that repulsion between the walls of microchannels and the
capsules caused the microgels to move quickly through
constrictions. In contrast, weak electrostatic attraction between
the microgel capsules and the walls of microchannels had
minimal effect on the velocity of microgels.

In the present paper, we describe the effect of receptor-ligand
interactions on the flow of bioconjugated microgels in micro-
channels with dimensions comparable to the size of microgels,
see Fig. 1(A). We used biotin-conjugated alginate microgels and
avidin-conjugated microchannels as a model system. Increased
concentration of biotin altered the velocities of the microgels
as they passed through constrictions. The generality of these
findings was confirmed by a series of control experiments.
Furthermore, we explored the role of microgel compliance on
flow behavior in topographically and chemically patterned
microchannels.

Experimental
Fabrication of microfluidic devices

Microfluidic devices were fabricated in poly(dimethyl siloxane)
(PDMS) by soft lithography*® using a Sylgard 184 Silicone
Elastomer Kit (Dow Corning Corp., Midland, MI). The micro-
channel was 150 um deep and 1 mm wide, and contained a series
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Fig.1 Schematic of (A) a biotin-conjugated microgel entering an avidin-
conjugated orifice, and (B) a multi-orifice channel. The diameter of
microgel sizes, d, was 20, 30 and 40 pm in the experiments conducted in
microfluidic devices with orifice widths, w, of 20, 30 and 40 pm, respec-
tively. 1 = 75 um, h = 1 mm.

of 30 equally spaced orifices with widths of 40, 30 and 20 um
(Fig. 1). The variation in orifice width was 4+ 5% RSD.

Site-specific patterning of microchannels

The surfaces of orifices in microchannels were modified via
a two-step procedure. First, polyacrylamide (PAAm) was grafted
to the surface of PDMS via site-specific photoinitiated graft-
polymerization.? Second, the amide groups were functionalized
with fluorescein isothiocyanate (FITC)-labeled avidin.3*33

All chemicals were purchased from Aldrich Canada and used
as received. In the first step, a modification solution containing
17 wt% acrylamide, 9.7 wt% 2-butanol, 0.3 wt% benzophenone,
0.3 wt% Pluronic F-68, and 72.7 wt% deionized (DI) water was
used. Prior to channel modification, the devices were incubated
overnight in an oven at 75 °C. The microfluidic device was
filled with the modification solution and the orifice regions
were exposed to UV-radiation through a photomask (3 min,
200 mWatt/cm?). Following UV-exposure, the microchannels
were rinsed with deionized water and then filled and incubated
(2 hr, RT) with a mixture of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) (5 mg/mL) and FITC-avidin (2.5 mg/mL) in
0.05 M phosphate buffer (pH = 7.0).>* Following the incubation,
the channels were rinsed again with DI water to remove excess
FITC-avidin. The patterned microfluidic devices were stored in
the dark at room temperature until use.

Fig. 2A-B shows representative bright-field and fluorescence
microscopy images of a modified region in a microchannel. The
fluorescence micrograph demonstrates good pattern fidelity. To
confirm presence of the avidin on the surface, a planar PDMS
substrate (with no topographical features) was modified in
a separate experiment under identical conditions and character-
ized using FTIR spectroscopy (Bruker, Canada) using a Hype-
rion 15x reflection microscope with left exit detection. The
signals from the background and sample were averaged over 32
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Fig. 2 Optical (A) and fluorescent (B) images of an orifice in a micro-
channel following attachment of FITC-avidin (top view). The dotted
lines (A) indicate the area of PDMS exposed to UV radiation for graft-
polymerization of PAAm. (C) FTIR spectra of non-modified PDMS,
PDMS modified with PAAm, and PDMS modified with PAAm and
conjugated with FITC-avidin.

scans in the range from 4000 to 400 cm~' with a resolution of
4 cm'. Fig. 2C shows FTIR spectra of the bare PDMS, the
PDMS modified with PAAm, and the PDMS modified with
PAAm and functionalized with FITC-avidin. Peaks at 1666 and
1620 cm ' are representative of the amide 1 and amide 2 stretches
in PAAm.* The peaks at 1305 and 1184 cm™! indicate the amide
3 and OH stretches in avidin.*®¥” The thickness of the dry
PAAm layer was measured to be approximately 200 nm using
a GETEST ellipsometer (Sopra, France).

Preparation of microgels

Prior to forming microgels, alginate was biotinylated using the
method of Dhoot et al*® Briefly, sodium alginate powder was
dissolved in 2-morpholino-ethane sulfonic acid (MES) buffer
(0.1 M, pH 6.5) containing 0.3 M NaCl to a 2 wt% solution.
Then, 0.05 g of EDC and 0.028 g of N-hydroxysuccinimide
(NHS) were added and stirred for 15 min; 0.06 g of biotin was
then added and stirred for 24 h. The solution was dialyzed for 4
days in 20 L of deionized water. After dialysis the solution was
dilute, therefore the solution was evaporated to obtain a 2 wt%
solution of alginate in the buffer. The weight ratio of biotin to
alginate, o, was determined using an Optima 3000 inductively
coupled plasma atomic emission spectrometer (ICP AES, Perkin
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Elmer, UK). Solutions of 2 wt% alginate functionalized with
0 (non-modified alginate), 1.0, 3.0, 6.0, 7.3, and 17.0 wt% of
biotin were prepared.

Biotinylated alginate was then used in the preparation of
microgel capsules using the approach of Zhang et al.*® Briefly,
a 2 wt% aqueous solution of biotinylated alginate was emulsified
in a microfluidic flow-focusing device and gelled in situ with Ca**-
ions to produce microgel capsules.*® Particles were transferred
from the oil to a solution of 0.01 M phosphate buffer (pH 7.4) by
centrifugation at 500 rpm for 10 min. Optical microscopy images
were collected and analyzed using a light microscope (Olympus
BX51) with a high-speed camera (Olympus U-CMAD?3) and
Image Pro Plus software (Media Cybernetics, Silver Springs,
MD, USA). The polydispersity of the microgels (determined as
coefficient of variation) was below 5%.

Mechanical properties of the microgel capsules were evaluated
using the micropipette aspiration (MA) technique, as described
by Hochmuth.*! The instantaneous shear moduli of the microgel
capsules were determined by fitting experimental force-defor-
mation data to a numerically-derived model that accounts for
large deformation and gel and pipette geometries.*?

Experimental design

We examined the flow characteristics of non-modified alginate
microgels and biotinylated alginate microgels. Dispersions of
microgels (50 000 mL~") were introduced into the microchannel
via polyethylene tubing connected to a reservoir. Fluid velocity
was controlled by varying the height of the feeding reservoir
(which was mounted on a vertical translation stage) with respect
to the height of the microchannel. Unless specified, microgel
velocities in the channels-at-large (outside the orifices) were kept
at 125 & 15 pm s~'. The total residence time of the swollen
microgel in the channel was 4 min, which is significantly shorter
then the time it takes microgel particles to sediment.

The motion of the microgels through orifices was monitored
under 200 x magnification. To determine linear velocities of
microgels, the microchannel was divided into 13.4 pm-wide
regions aligned perpendicular to the direction of fluid flow. The
velocity of microgel particles was determined in each region and
plotted as a function of the distance from the centre of the orifice
(taken as the origin). For every experimental condition, the
velocity profiles of the microgels were normalized with respect to
their velocity in the channel-at-large (calculated as the average of
the velocities measured in the region of 281 4+ 27 pum from the
center of the orifice). The normalized velocity profiles were
averaged for at least 50 microgel particles.

Results and discussion
Flow characteristics of the microgels

In the present work, we studied the flow of biotinylated microgels
with three diameters, 40, 30 and 20 pm, through avidin-modified
orifices with matching widths (i.e., 40, 30 and 20 um). We also
evaluated two control systems: non-modified alginate microgels
with avidin-modified orifices, and biotinylated microgels with
non-modified orifices. The microgels had a density similar to that
of the phosphate buffer, and their diameters were significantly
smaller than the height of the microchannels. Thus we assumed

that the microgels flowed in the center of the channels without
touching the top or bottom surfaces.

We first examined the flow of microgels in native PDMS
channels. Fig. 3(A) shows the normalized velocity profiles of
40 pm-diameter microgels traveling through 40 pm-wide
non-modified orifices. We denoted the average microgel velocity
in the orifice region of the velocity profile, as the maximum
normalized velocity, v,... We found that the values of v, of
all microgels ranged from 9.6 + 2.0 for oo = 10 wt% to 10.6 + 1.7
for o = 17 wt%. A paired t-test of these data indicated that
there were no significant differences between the populations
(P = 0.31). Thus, we conclude that no specific interactions
between the microgels and orifice surface occurred in the control
system.

Fig. 3(B) shows the normalized velocity profiles of 40 pum-
diameter microgels traveling through 40 pm-wide avidin-modi-
fied orifices. The values of v, of the microgels with o = 0 and
1.0% were 12.2 £ 2.0 and 11.5 £ 1.8, respectively. The similarity
of these data to each other and to those in Fig. 3(A) suggested
that 1.0% biotinylation did not have a notable effect on the flow
behavior. In contrast, the values of v, of microgels with o of
3.0, 6.0, 7.3, and 17.0 wt% were 6.5 0.9, 5.5 £ 1.2, 54 + 1.1,
and 5.0 £ 1.1, respectively. These data suggest that the addition
of biotin to alginate in amounts equal to or exceeding 3% is
sufficient to cause specific avidin-biotin interactions between
the microgels and the surfaces, which slows them as they flow
through the orifices. There is no significant difference between
the flow of microgels with o of 3.0, 6.0, 7.3, and 17.0 wt%. This
indicates that the available avidin binding sites on the orifice
surface are used to their maximum capacity at o equal to
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Fig. 3 Experimentally measured profiles of normalized velocity of
40 pm-diameter microgels at o, wt%: 0 (H), 1.0 ([J), 3.0 (#), 6.03 (),
7.3 (A), and 17.0 (A) flowing through: (A) a 40 pm-wide orifice of
non-modified PDMS; and (B) a 40 um-wide orifice conjugated with
FITC-avidin.
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3.0 wt%, therefore when o is greater then 3% the additional
biotin ligands cannot be used to slow the flow of the microgel.

A second notable difference between microgels formed with
low (0-1 wt%) and high (=3 wt%) levels of biotin was the shape
of the velocity profiles: the latter population had velocity profiles
with flat maxima, while the former had sharper peak-shapes. The
flat shape, indicating constant intra-orifice velocity, agrees with
the computational model of the flow of a compliant capsular
particle through an orifice of comparable dimensions.** This
feature provided additional evidence of interactions between the
orifice and the microgel surfaces.

Effect of initial velocity of the microgels on flow profile

We examined the effect of initial velocity on the flow charac-
teristics of 40 pm-diameter microgels comprising 17.0 wt% of
biotin in microchannels with 40 pum-wide avidin-modified
orifices. To study this effect, we determined the normalized
maximum velocities, v, (bio) and vy, (non-bio), correspond-
ing to the biotinylated and the non-modified alginate microgels,
respectively. Fig. 4 shows the variation in Avp.y = [Vmax (nON-
bio) — Vpax (010)])/vmax (bio), plotted as a function of the initial
velocity of microgels. Under forced flow, up to initial velocity of
ca. 170 pm/s, biotin-avidin interactions were sufficiently strong
to affect the motion of the microgels. As flow rates were
increased, the effects of specific interactions on the velocities
of the microgels (relative to the control system) decreased, and
at a microgel initial velocity exceeding 200 pm s~' negligible
differences in microgel flow were observed.

Effect of size on microgel-orifice interactions

To demonstrate the generality of the observed trends, we eval-
uated two other systems in which the diameters of microgels were
commensurate with the widths of the orifices. Fig. 5 shows the
variation in v,, for 20, 30, and 40 pm-diameter microgels
plotted as a function of biotin concentration in the alginate
polymer. For all microgel particles two flow regimes were
observed: a fast flow regime, for microgels in which the
biotinylation was less than 1 wt%, and a slow flow regime in
which biotinylation of microgels was greater than 3 wt%. In the
slow flow regime, the interactions between the microgels and the
surface were presumably determined by the number of avidin
functional groups on the surface of the orifice, so that they did
not change at increasing degree of biotinylation.
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Fig. 4 The dependence of Ay« on the initial velocity of the microgel.
Avpax Was calculated as [vax (n0n-bio) — vy (b10))/vmax (bio). The
diameter of microgels is 40 um.
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Fig. 5 The dependence of v, on the variation in o for 40 pm-wide (),
30 um-wide (M), and 20 um-wide (A ) orifices. Inset: variation in vy,
scaled to the change in fluid velocity in the orifice. Lines are added to
guide the eye.

We note that a difference between the values of maximum
normalized velocities of three types of microgels was observed,
which was explained as follows. As fluid travels from the
1000 um-wide upstream channel to an orifice with a width of 40,
30, or 20 pum, the velocity of the fluid is expected to undergo a 25,
33, and 50-fold increase, respectively (which is related as 1 : 4/3 :
2). Accordingly, the value of v, of microgels dispersed in the
fluid should exhibit a similar trend. Fig. 5 (inset) shows v, for
40, 30, and 20 pm-sized microgels after normalization by 1 : 4/3 :
2, respectively. As shown, the difference between the flow of the
microgels in the different size regimes was negligible. This result
suggests that the biospecific interactions between the microgels
and the walls of the channels scales with changes in velocity,
and that the variation in the flow properties of microgels can be
generalized for constrictions with dimensions commensurate
with microgel size.

Effect of the mechanical properties of microgels

Soft objects such as microgels or cells do not follow streamlines
when they pass through constrictions, as rigid particles do.**
When soft particles pass through constrictions, the shear deforms
these objects, which causes drift towards the center of the
channel, a phenomenon termed as the Fahraeus effect.*” To
examine the effect of deformability of microgels, we tuned their
compliance by varying the crosslinking density of alginate in the
microgel particles. We prepared two types of 40 pm-diameter
microgels which contained 1 and 4 wt% of biotinylated alginate
to evaluate the effect of microgel compliance on the maximum
normalized velocity in a 40 pm-wide orifice. The normalized
velocity profiles of these microgels are shown in Fig. 6. The soft
microgels (shear moduli of 1.63 kPa) had v, of 7.3 & 1.4, while
the rigid microgels (with shear moduli 2.99 kPa), had a v, of
14.4 £ 1.3. A paired t-test of these data indicated that there was
a significant difference between the populations (P = 0.00014).
We conclude from this data that increasing the rigidity of
biotinylated microgels decreases the extent to which they deform
in the orifice in the direction of flow and therefore decreases
the area of contact of the microgels with the avidin-modified
surface of the orifice.
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Fig. 6 Experimentally measured profiles of normalized velocity of 40
um-diameter rigid () and soft (@) biotinylated microgels passing
through a 40 um-wide orifice modified with avidin.

Conclusions

We report the results of experiments exploring the effect of
receptor-ligand interactions in confined geometries under forced
flow. The extent of these interactions was probed by measuring
the velocity profile of the microgels in the microchannel orifices.
Biotin/avidin interactions caused the microgels to move slowly,
in comparison with control systems (lacking modification of the
microgel or the surface of the orifice). In addition, the velocity
profiles of the modified microgels flowing through functionalized
orifices were flattened, indicating such that the microgels had
constant velocities. The effect of the biotin-avidin interactions on
the microgel flow depended on the initial velocities of the
microgels in the microchannel-at-large: the interaction had the
greatest effect when the initial velocity was slow. These results are
an important first step in evaluating the manipulation of flow of
soft particles experiencing receptor-ligand binding which we
expect to be useful for a wide range of applications.
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