Engineering Nanoscale Surface Features
to Sustain Microparticle Rolling in Flow
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ABSTRACT Nanoscopic features of channel walls are often engineered to
facilitate microfluidic transport, for instance when surface charge enables electro- (
osmosis or when grooves drive mixing. The dynamic or rolling adhesion of flowing - ‘
microparticles on a channel wall holds potential to accomplish particle sorting or
to selectively transfer reactive species or signals between the wall and flowing

particles. Inspired by cell rolling under the direction of adhesion molecules called
selectins, we present an engineered platform in which the rolling of flowing
microparticles is sustained through the incorporation of entirely synthetic,

discrete, nanoscale, attractive features into the nonadhesive (electrostatically

repulsive) surface of a flow channel. Focusing on one example or type of nanoscale

feature and probing the impact of broad systematic variations in surface feature

loading and processing parameters, this study demonstrates how relatively flat, weakly adhesive nanoscale features, positioned with average spacings on

the order of tens of nanometers, can produce sustained microparticle rolling. We further demonstrate how the rolling velocity and travel distance depend

on flow and surface design. We identify classes of related surfaces that fail to support rolling and present a state space that identifies combinations of

surface and processing variables corresponding to transitions between rolling, free particle motion, and arrest. Finally we identify combinations of

parameters (surface length scales, particle size, flow rates) where particles can be manipulated with size-selectivity.
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motion signature - microfluidics - microcapsules - renewable surfaces - self-cleaning surfaces - polyelectrolyte - surface charge -

electrostatic

he shape of a microfluidic flow chan-

nel and its surface derivatization are

key to microfluidic functions, from the
mixing of streams to electrokinetic trans-
port. Interactions of suspended particles or
cells with the channel wall can facilitate
selective capture, sorting, and detection.
Growing research focusing on reactive
microcapsules' > sparks our interest in
new microfluidic operations such as selec-
tive contact-mediated transfer of reagents
or signals between a wall and microcarriers.
While some microfluidic detectors may sim-
ply require arrest of targeted particles on an
active surface region, more sophisticated
online devices will be made possible by
microfluidic surfaces over which particles
or cells roll continuously to maintain an
actively renewing surface for long exposure
periods. Rolling is a powerful motion signa-
ture because intimate contact is achieved
between a particle and the wall and be-
cause the contact times are well-defined,
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offering control over chemical reactions and
signaling.

An understanding of microparticle rolling
has emerged from studies of flowing white
blood cells that roll within the vasculature
(part of the immune response)®” and from
microsphere models of cell rolling.2~'° Cell
rolling is also relevant to the capture and
manipulation of rare circulating tumor cells
and other cell sorting operations''~'* and
to the harvesting of stem cells from
blood.’®'® In these instances, collecting
surfaces are functionalized with cell adhe-
sion molecules such as selectins or anti-
bodies against cell markers.””~2° Current
understanding of cell capture and rolling
includes the highly specialized response of
force-sensitive selectin bonds?'?? and their
dynamic coupling with hydrodynamics and
cell mechanics.?*** The complex interplay
of many different variables necessitated the
computational development of multidi-
mensional state-space maps to describe
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the interfacial cell motion.>*** Beyond the focus on
immobilized biomolecular fragments to manipulate
cells"*1¢ and particles,?'?® the design of microfluidic
channels for sustained particle rolling is in its infancy.

We expect the next advances in microfluidic manip-
ulation of particles and cells will involve entirely
synthetic functionalization of flow channel walls, en-
gineered for precise dynamic interactions with flowing
particles, microcapsules, and cells. Toward this vision,
we incorporate discrete adhesive surface features
on fundamentally nonadhesive or repulsive surfaces
rather than developing uniform surface chemistries, a
strategy inspired by discrete bonds in the cell rolling
paradigm. Further, our use of relatively flat nanoscale
features that interact via physical forces (van der Waals
and electrostatics) contrasts with the classical tribolo-
gical approach, where surface roughness imparts static
and rolling friction that varies with normal force,
usually from gravity.”” ~2° Gravitational forces on sus-
pended microparticles are often small and normal
forces can vanish, depending on the orientation of
the wall (relative to gravity) and on the density of
particles relative to the fluid. When gravity cannot be
relied upon to produce the normal forces and rolling
friction, physicochemical interactions could prove a
more reliable and more versatile approach.

We previously identified one surface design that
facilitated the rolling of 1 um diameter microspheres
captured on surfaces in shearing flow.>® That work
focused on demonstrating that rolling was, in fact,
occurring. The collecting surface was a negatively
charged glass substrate containing randomly distrib-
uted isolated cationic polymer chains, pDMAEMA
(polydimethylaminoethyl methacrylate) configured as
flatted random coils with diameters of ~10 nm and
average spacings on the order of tens of nanometers.
The background negative surface charge was an
important component of the design, necessary to
overcome substantial van der Waals forces that would
have overwhelmed the impact of the attractive surface
features. The pDMAEMA chains, each comprising an
attractive surface feature, were effectively irreversibly
anchored to the substrate by strong physisorption.3'32
Because of their low surface loadings, the cationic
pDMAEMA chains had negligible influence on the
overall negative charge of the wall;** however, the
cationic pPDMAEMA coils were individually weakly at-
tractive toward flowing negative microparticles, acting
as electrostatically adhesive “nanopatches” that could
bond reversibly to flowing negative particles.>* The
weakly attractive character of individual adsorbed
PDMAEMA “patches” toward approaching microparti-
cles was important in that the interaction of particles
with several patches at once was a requirement for
particle adhesion.

The current work focuses on design strategies that
incorporate nanoscale surface functionality to direct
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near-surface particle motion and, in particular, rolling.
Focusing on a typical choice for a single type of
electrostatically adhesive nanoscopic feature, the
current study compares different interfacial particle
behaviors (free flow, rolling, arrest) near a series of
negatively charged surfaces having different densities
of these nanoscopic features. The adhesive features are
single coils of cationic pPDMAEMA on silica, illustrated
schematically in Figure 1. The current study also
examines systematic variations in the ranges of the
attractions and repulsions, flow rates, and particle sizes.
The combined influence of these different material and
engineering process parameters is developed into
state space maps that highlight the confluence of
materials and processing parameters when rolling
occurs. The current study also examines how rolling
velocities and run lengths depend on these materials
and system features.

Aside from the direct significance of this work in
guiding nanoscale surface designs for microfluidic
manipulations of particles, the work is important in
its description of surface features derived from a
synthetic nanoscale object (here a synthetic homo-
polymer coil), instead of biomolecular fragments
or adhesion molecules such as selectins, typically
employed in the manipulation of cell rolling.'*"63*
Synthetic homopolymers, such as the cationic acrylicin
this work, are more economical than biomolecular
fragments and may also be more robust, for instance,
increasing ease of handling or shelf life. While we focus
here on one cationic feature type and on a particular
negative surface (glass), these choices are relevant to
applications and fall in the middle of materials param-
eter space. Then with these materials choices, broad
variations in other surface and processing parameters
demonstrate the broad range of dynamic particle
behaviors. This work demonstrates the use of these
synthetic interfacial features to produce rolling in rigid
nonbiological particles, but we envision extension to
soft synthetic microcapsules and, ultimately, cells.
Beyond microfluidic applications and platforms for
particle-based diagnostics or for fundamental studies
in biology, the fundamental understanding of dynamic
microparticle adhesion afforded by this study may also
facilitate regenerative surfaces,>**” improved surface
polishing and cleaning methods,>®*° new drug deliv-
ery schemes,*"*? and improved understanding of par-
ticulate contaminants in soils.*>**

RESULTS

Suspensions of silica microspheres were flowed
through a laminar slit chamber, and the dynamics of
hundreds to thousands of near-surface particles were
studied by video-microscopy in each run. Suspensions
were relatively dilute with a microparticle concentra-
tion of 0.1 wt %, a level where the concentration did
not influence particle—surface interactions or other
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Figure 1. System schematic: 1 um silica spheres, with a negative surface charge, flow over a negative silica surface containing
sparsely and randomly positioned cationic polymer coils that localize positive charge and are attractive toward the silica
sphere. Bare silica substrate areas repel the approach of silica microspheres. When rolling in shear flow, the electrostatic
interactions at the leading edge form an effective bond that is disrupted in the rear of the particle as it rolls by.

findings. Further, a custom video-microscope oriented
the test surface perpendicular to the floor to avoid
gravitational contributions to normal particle—surface
forces. (Also, gravity-driven particle settling parallel to
the surface but normal to the flow direction adds
negligibly to the torque from the pressure-driven shear
flow.) The test surfaces themselves were silica, onto
which different small amounts of the cationic polymer
pDMAMEA were bound by strong physisorption, as
shown in Figure 1. Prior studies revealed substantial
cationic charge associated with sparsely adsorbed
pDMAEMA coils but a negative charge on other regions
of the silica surface.®®* The pDMAEMA is adsorbed flat
to the surface® in a random distribution and is not re-
moved and does not diffuse laterally during extended
buffer flow'? or exposure to flowing particles.* In
the current work, pDMAEMA coils comprise isolated
nanoscale surface features that localize cationic charge.

Three Behaviors: Rolling, Arrest, and Free Flow. Examples
of particle positions and velocities for these three
behaviors are shown in Figure 2, for typical 1 um
diameter microspheres tracked over surfaces of differ-
ent compositions: arrest on a surface of relatively uni-
form cationic charge, rolling on a surface with nano-
scale cationic features, and free flow past a surface of
relatively uniform negative charge (bare silica). Appar-
ent in these near-surface particle trajectories are quali-
tative differences in the appearance of arrest, rolling,
and free flow. The rolling particle exhibits the smallest
nonzero velocity. Both interesting and typical, when a
freely flowing particle adheres statically or “arrests
firmly” on a surface of uniform opposite charge, it
undergoes a capture process involving rapid and im-
mediate arrest without first slowing or rolling on the

KALASIN AND SANTORE

300 r T T T
y=225"
:Ex_ 250 Free ﬂ’ow -bare silica 4
- §
— & 4
14 200 v=>54.1 pm/s 4
s /
= 1504 4 1
o & Arrest - 7770 coil 2
2 100 & A‘,;JJJ,,;JJ,,;J,\.,,,,,,,;..,,f.,"; -
< & ’
> 50 4 Rolling - 460 coils /um? .,
=) T 263 unLv‘s ‘J_,M_J-r“ 7
0 Heageoses POOAEEETET = 43 s
0 2 4 6 8 10

Time, s

Figure 2. Typical single-particle trajectories on three differ-
ent surfaces, exhibiting different motion signatures. The
wall shear rate is y = 22 s, and the Debye length is ' =
2 nm. The three different surfaces are indicated: bare silica,
silica with 460 pDMAEMA coils/um?, and silica with 7700
pDMAEMA coils/um?.

surface. Any gradual deceleration is not apparent at
30 frames/s.

Rolling particles are distinguished from freely flow-
ing particles close to the wall by their translational
velocities. For a known particle radius, a, and wall shear
rate, y, there exists a velocity, V., below which the
particle must be engaged with the wall (through
friction or transient chemical bonds) and above which
it must be freely flowing along a near-surface stream-
line. This occurs because when a particle flows freely,
its translational velocity V exceeds the product of its
radius and angular rotation rate, Q. V. is calculated
from the solution to the equations of motion devel-
oped by Goldman et al.*’ For 1 um diameter particles
flowing at a wall shear rate, y, of 22 s in Figure 2,
Vit = 5.3 um/s.
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Figure 3. Distances traveled by particles moving more
slowly than V. for different conditions: 288 particles at
y =110 5" and 770 coils/um?; 139 particles at y = 110 s~
and 7700 coils/um? 186 particles at y = 795 s~' and
770 coils/um?. The Debye length is ' = 2 nm.

Distance of Travel. The velocity-based criterion for
rolling identifies when an individual particle is under-
going a rolling motion. We are interested in describing,
more generally, when surface designs facilitate rolling
of targeted flowing particles. Rolling is, in general,
deterministic, depending on the probability of a parti-
cle encountering an adhesive region and the prob-
ability of a surface—particle bond breaking within a
given time window.'**® In identifying whether a sur-
face is one on which targeted particles tend to roll (for
a given set of flow and processing conditions), it is
useful to impose an additional criterion concerning the
length of travel during rolling: Different particles may
roll for different lengths on a surface, and when
particles roll into and out of the field of view, quantify-
ing the rolling distance can be difficult. A particle that
rolls only for a distance equal to a few of its diameters
(and then arrests or diffuses away) is not undergoing a
useful type of rolling for purposes of microfluidic
manipulation. We therefore chose a cutoff for the
required length of travel to distinguish surfaces that
“facilitate particle rolling”. We chose a travel distance of
50 particle diameters, somewhat arbitrarily, but in a
fashion where the identification of surfaces as “sup-
porting” or “not supporting” rolling is insensitive to the
exact cutoff. We note that this criterion is consistent
with, but more rigorous than, the minimum rolling
distance of ~5 particle diameters that is sometimes
imposed within the cell rolling community."

Figure 3 illustrates typical distributions of rolling
travel distances for 1 um silica spheres flowing in a
buffer having a 2 nm Debye length near a surface with
an adhesive pPDMAMEA feature density of 770 /um?>.
This behavior is compared with flow near more adhe-
sive surfaces containing 7700 pDMAEMA coils/um?.
One always finds particles that, at some instants, are
moving sufficiently slowly to be considered rolling, and
all such particles are included in Figure 3. For the
densely functionalized surface, however, these slow
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Figure 4. (A) Distribution of instantaneous particle veloci-

ties on different surfaces, for 1 um diameter spheres, k1=

2 nm, y = 110 s~ . (B) State space diagram for 1 um silica
spheres, y = 110s™".

particles travel only for short distances before arrest-
ing. On the nanopatterned surface, however, rolling
occurs for protracted distances, often beyond the
240 um field of view. Applying the criterion of a
50-diameter rolling travel distance therefore turns
out to be simple in practice, since large numbers of
particles roll the maximum that is visible. Additionally
in Figure 3, the fraction of particles traveling long
distances increases slightly with flow rate.

Dependence of Rolling on Surface Design. Figure 4A
summarizes the velocities of near-surface, 1 um dia-
meter microspheres in suspensions flowing at a wall
shear rate of y = 110 s~ ' past surfaces with different
densities of cationic polymer coils. These populations
were the slowest moving particles (and therefore the
ones nearest the surface) observed in the 14.2 s time
window, a limitation set by our image analysis pro-
gram. In each 14.2 s analysis period, between 1000 and
10000 velocity measurements (all that were possible)
were made for all the particles in the near-wall region
of focus. Differences in the concentration boundary
layers near the different surfaces were expected and
controlled the number of moving near-surface parti-
cles. Also, more particles were studied (but for shorter
periods of time) in runs with faster flow. Only moving
particles were counted in Figure 4, as arrested particles
accumulated in growing numbers on the more adhe-
sive surfaces. Worth mentioning, the focusing optics
on the microscope imaged the particles touching the
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surface and those slightly off the surface as well, so
some free particles were always included in the data
and are distinguished by their faster velocities.

In Figure 4A, on surfaces having polycation loadings
of 575 and 770 PDMAEMA coils/um?, corresponding to
average coil spacings of 42 and 36 nm, a large fraction
of near-surface particles traveled at velocities consis-
tent with rolling. Not surprising, particles flowing over
less adhesive surfaces such as silica functionalized with
minute amounts of cationic features (for instance 380
pDMAEMA coils/um?, with an average spacing exceed-
ing 51 nm) tended to translate at the free stream
velocities and were not engaged with the surface.
Fascinating, however, is the observation that similarly
rapid translational velocities, corresponding to free
particle flow, were also observed on strongly adhesive
surfaces, with more than 1690 pDMAEMA coiIs/ym2
(with an average spacing of 24 nm or less). The fast
translation past strongly adhesive surfaces is explained
in Figure 2, where the particle arrests abruptly after
rapid free translation.

For the example case in Figure 4 with a wall shear
rate of 110 s ' and a Debye length of 2 nm, surfaces
that enabled rolling of 1 um particles were found to
have spatial distributions of adhesive functionality and
surface length scales in the range 30—45 nm. Surfaces
with average feature spacings outside this window did
not support rolling at these flow rates and ionic
strengths. By comparison, on more densely cationic
surfaces (containing polycationic loadings greater than
1690 pDMAMEA coiIs//tm2 or average feature spacings
less than 24 nm), silica particles arrested immediately,
as shown in Figure 2. The free particle velocities before
arrest, however, were similar to those seen on the non-
adhesive bare silica surface. Apparent in Figure 4A is
the relatively sharp distinction between surfaces on
which particles exhibit rolling versus arrest or free flow:
Intermediate behavior, for a loading of 1000 polycation
coils/um?, is distinct and lies at the boundary between
rolling and arrest.

Data from Figure 4A, along with additional mea-
surements made at different ionic strengths and dif-
ferent surface loadings, are summarized in Figure 4B,
all for a wall shear rate of y = 110 s~ . This representa-
tion is termed a “variable state space map”. The x-axis
of Figure 4B is the Debye length. The y-axis describes
the surface loading of adhesive cationic polymer coils.
In the context of these parameters, particle behavior
is described as nonadhesive, dynamically adhesive
(rolling), or firmly adhesive (arrest). The error bars cor-
respond to a few percent surface loading of pPDMAEMA
coils and represent the uncertainty both in surface
fabrication and in applying the rolling criteria dis-
cussed in the context of Figures 3 and 4A. This type
of state space map, following the concept of the
neutrophil rolling literature,®***> describes behavior
for a single type of adhesive element and background
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Figure 5. Superposed state spaces for 1 um particles at
y =39,110,and 795 s~ .

surface composition, along with fixed choices for
particle size and flow rates. Additional maps would
be needed to describe the impact of these additional
parameters.

In addressing the question of when rolling of 1 um
silica spheres is sustained, Figure 4B demonstrates that
surface design is not the sole consideration. Consider
in Figure 4B a vertical path, for instance at a fixed
Debye length of 5 or 6 nm, traversing particle behav-
jors on a series of surfaces of increased loading of
cationic adhesive features. As the surface is made
stickier in this way, the system moves from a regime
where microparticles flow freely to one where they
arrest quickly without rolling as they flow past and
diffuse toward the surface. For relatively large Debye
lengths or longer ranges in the surface forces, no
matter how adhesive (or not) the surface, particles
are not observed to undergo rolling. Striking, however,
is the observation that rolling becomes a possibility for
appropriately designed surfaces, as long as the Debye
length, describing the range of both attractions and
repulsions, is sufficiently small.

Effect of Flow. For 1 um silica spheres, Figure 5
superposes several variable state space diagrams for
wall shear rates of y = 39, 110, and 795 s~ '. In
combining three variable state space maps into a
single diagram, the same surface compositions and
ionic strengths were tested for each state space map
(at each flow rate/particle size combination) as exem-
plified by the multitude of points in Figure 4B; how-
ever, the data points themselves could not be drawn in
Figure 5 because of the different boundaries for the
different velocities and transitions. Figure 5 therefore
focuses on the boundaries between the different
regimes of particle behavior and how these transitions
in dynamic behavior shift with flow rate. Error bars on
the boundaries reflect a 2% uncertainty in the loadings
of polycation coils.

Figure 5 quantifies how shear makes particle adhe-
sion more dynamic: The size of the nonadhesive region
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Figure 6. Superposed state spaces for 1 and 2 um particles
with y = 795 s~ '. Area shaded gray is where small particles
adhere but big ones do not. Checkered area where big
particles roll but small arrest. Striped area is where small
particles roll, but big ones are rejected.

of the state space is increased with increased wall
shear, quantifying how adhesion is opposed by hydro-
dynamic force. At large Debye lengths the surface
functionality needed for particle capture from flow
increases weakly with flow. Flow dramatically increases
the variable space that enables particle rolling.

Effect of Particle Size. Figure 6 superposes state dia-
grams for two different monodisperse particle sizes,
1 and 2 um, flowing past surfaces with a wall shear rate
of 795 s™'. These two sizes were chosen, rather than a
pair with greater size differences, to address the reso-
lution in separating or discriminating the dynamic
behavior of closely sized particles. At the same time,
comparison of 1 and 2 um particles reveals the quanti-
tative impact of particle diameter: larger particles tend
to be less adhesive than smaller ones. One reason is
that, with the hydrodynamic shear force on a particle
scaling as the particle radius squared, greater attrac-
tions are needed to retain large particles on a surface.
Figure 6 also quantifies how large particles generally
roll more readily than small ones, with a greater por-
tion of the variable space supporting rolling of large
particles.

Of great potential for microfluidic operations are
the three shaded regions highlighted in Figure 6. Here
near-surface particle behavior is dynamically selective.
For example, at Debye lengths exceeding about 5 nm,
there exist surface compositions containing about
2200—2400 polycationic coils/um? that selectively cap-
ture and arrest 1 um particles, while the 2 um particles
flow freely past. At Debye lengths smaller than about
5 nm and surface compositions between 1200 and
2400 polycation coils/um?, the hatched shaded area is
a region of state space where 1 um particles adhere
firmly but 2 um particles roll over the surface. Finally,
the narrow region shaded with stripes indicates a
combined range of Debye lengths (below about
5 nm) and corresponding polycation loadings, below
1700 coils /um?, where 1 um particles roll along the
surface, but 2 um particles are nonadhesive. Worth
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noting, the variable state space map anticipates these
selective behaviors based on studies of suspensions
containing single particle types. While studies with
mixtures would be needed to confirm these predic-
tions, we expect them to hold to the extent that the
state space represents the behavior of individual par-
ticles in dilute suspension, without particle—particle
interactions. Indeed our prior work has shown a rigor-
ous translation of single-particle behavior to that in
dilute mixtures,*® along with the ability to access
narrow windows of selective behavior with modest
efforts to fabricate surfaces with precision.>°

The influence of particle size on the boundaries in
state space parallels the influence of flow rate because
hydrodynamic forces scale as the square of the particle
size. Hydrodynamic forces influence both the ability of
particles to roll (as oppose to arrest) and to be captured
in the first place. The particle diameter also comes into
play through the effective particle—surface interaction
area,* illustrated in the inset of Figure 6. More gradu-
ally curved (larger) particles interact with a greater area
of the wall, with the radius, R,y of this interactive
“zone” scaling as the square root of the particle radius,
a, and Debye length, «~'. The impact of the different
effective contact on attractions and repulsions is dis-
cussed below. Implicit in this definition of R,; is that
the attractive and repulsive electrostatic forces have
the same range, which is the case for our surfaces, since
the attractions and repuslsions are both electrostatic in
nature. It is clear, however, that the large contact areas
involving larger flowing particles ensure that the par-
ticle experiences the more average character of the
wall, in these cases net electrostatically negative and
repulsive to negative particles. Smaller flowing parti-
cles interact with smaller regions of the wall and are
more susceptible to the fluctuations of attractions and
repulsions. While the radius of the interactive zone is
included as a second x-axis in Figures 4B and 5, it could
not be included in Figure 6 because the two particle
sizes experience different interactive zones. Also,
replacing the Debye length with R,; failed to collapse
the state space maps for the two particle sizes to a
master map.

DISCUSSION

This work demonstrates a strategy to engineer
surfaces that facilitate rolling of flowing spherical
microparticles and it identifies conditions, for the
particular class of surfaces, where such rolling can
and cannot occur. Inspired by the concept of discrete
ligand—receptor bonds responsible for cell capture
and rolling in blood, the work focuses on surfaces that
electrostatically attract microparticles via discrete
nanoscale features. Equally important is the negative
charge on the rest of the surface, providing a back-
ground repulsive field that must be overcome by the
adhesive surface elements in capturing the particles.
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Without the background repulsion, van der Waals
forces would dominate adhesion, masking any impact
of the cationic adhesive nanofeatures. It also turns out
to be important to the quantitative results here that the
discrete electrostatic attractions and the background
repulsion are in the same range, the Debye length.
(One might imagine other repulsive mechanisms, for
instance steric repulsion, which would be decoupled
from the length scales of the attractive features. Such a
system might begin to be understood from the current
work.) Thus, variations in the Debye length, on the
x-axis of the state spaces of Figures 4B, 5, and 6,
produce the same increases in the zone of influence,
R,oi, for the interactive area applicable to both attrac-
tions and repulsions. Further, it is important that the
adhesive surface features are randomly distributed
on the surface. Because the individual pDMAEMA—
microparticle interactions are weak, several immobi-
lized pDMAMEA coils must interact with a microparti-
cle to facilitate its capture. The probability of this
happening depends on the random distribution of
the pDMAEMA coils and on the size of the interactive
zone. Particles are captured on regions of the surface
having greater than average local densities of adhesive
features.>*

While this study employed a single type of adhesive
element, the capture behavior of silica microspheres
(summarized in the state space as the boundary be-
tween free flow and either type of adhesion) is con-
sistent, except for quantitative details, with prior
reports of capture on surfaces containing immobilized
cationic nanoparticles® or a molecular weight range of
pDMAMEA chains of 16 000—100000 g/mol.>' While
we did not quantify rolling in those other studies, we
believe that the current state spaces qualitatively
describe behavior that could be found in other related
systems and that the current report is not a unique case.

An important take-home message from this study is
that, while nanoscopic surface features can be de-
signed and arranged to ensure the rolling of particles
captured from a flowing suspension, the choice of
surface parameters must take into account system
features such as particle size, flow rate, and the range
of both attractions and repulsions, for instance via the
ionic strength. Surfaces that enable particle rolling are
not “one-size-fits-all”. Further, it is not possible to
identify a single scaling relationship involving funda-
mental variables such as particle size and flow rate,
because the different physical mechanisms acting on
flowing particles scale differently with these system
variables. (Hydrodynamic forces scale as a°, van der
Waals forces scale as a, and electrostatic interactions
have a more complicated dependence on particle size,
depending on the Debye length.) Other length scales
such as the zone of influence, which collapses the Debye
length and particle size into a physically meaningful
term, still cannot provide a single simple relationship for
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predicting rolling. For this reason the variable state
space approach works well to help conceptualize the
regimes of different particle behavior in terms of the
different length scales.

A corollary to the message about the utility of
variable states' space and the choice of surface vari-
ables is that conditions exist, for instance at large
Debye lengths, where it seems not possible to achieve
particle rolling with any member of the surface library
in this study. It is fascinating that, as one increases
particle—surface adhesion strength by titrating more
adhesive features onto the surface, the transition from
free flow to particle arrest occurs abruptly with no
rolling window. At small Debye lengths, however,
increased particle—surface adhesion is manifest by
two transitions, one from flow to dynamic rolling
adhesion and a second from rolling to arrest. The
Debye length affects particle—surface interactions in
complex ways in these systems with heterogeneous
walls. Not only does it control the range of attractive
and repulsive electrostatic particle—surface interac-
tions, it also affects the area of the wall exerting force
on the particle in a fashion similar to particle size, and it
affects the apparent heterogeneity of the wall: cationic
patches, situated closer than a Debye length to each
other, cannot be distinguished by an approaching
object. (In the current study, however, the electrostatic
isolation of the cationic patches is generally met
throughout the variable state space.)

The state space boundary between free flow and
arrest or rolling, as a function of Debye length, is
determined by the probability of a flowing particle
being captured into a rolling or arrested state. Such
capture requires that the flowing particle encounter,
locally, a sufficient number of adhesive coils in the zone
of influence (exceeding the average number of
pDMAEMA coils/area) to overcome hydrodynamic in-
teractions and the background electrostatic repulsion.
If the attractive and repulsive potentials grow similarly
with Debye length, one might estimate that a fixed
local number of adhesive elements per unit area would
be needed for capture, independent of Debye length,
as was confirmed for similar systems.>* However, as the
R,oi is increased via the Debye length, the repulsion per
particle grows as R,;2. The attraction per particle grows
less slowly with increases in R,.; (via the Debye length)
as a result of the random distribution of the attractive
elements: It becomes more difficult to locate such a
critical “hot spot” in the distribution of adhesive ele-
ments when the interaction area is larger. The resulting
increase in the capture boundary of state space with
Debye length follows: the surface must be more
densely loaded with adhesive features to capture
microspheres. Without distinguishing between rolling
or arrested particle fate, we previously established
that a Poisson distribution for the arrangement of
adhesive patches on a repulsive surface adequately
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predicted the surface compositions for the onset of
particle capture.*

The fates of captured particles (rolling or arrest) is
determined by a second boundary in state space and is
most sensitive to flow than to other parameters
studied: Increased flow pushes particles over the surface
and provides rotational motion (torque), key to rolling.
A more subtle distinction, however, between para-
meters that support rolling as opposed to arrest comes
from the distribution of local adhesive elements rela-
tive to other length scales. When a particle rolls,
“bonds” in the rear of the particle are broken and
new ones in front must quickly form, maintaining
sufficient numbers to keep the particle captured. With
sufficient hydrodynamic force to break the bonds in
the rear of the particle, the surface in front of the
particle must present sufficient probability for the
particle to find new “bonds”. In the limit of small Debye
lengths and small R,,;'s, only a few such bonds need to
form as the particle moves forward. Larger numbers of
bonds are needed at larger Debye lengths and larger
zones of influence.>* The probability of finding an
adequate number of interactive groups to meet the
requirements at large Debye lengths may be smaller
unless the surface is loaded more densely to begin
with. In this case, however, the particle may be held too
firmly to move forward. These ideas concerning the
interplay of surface and hydrodynamic forces along
with the statistical probability of bond formation are
being developed in ongoing work.

The findings reported here are significant in both
their fundamental implications and their technological
potential: The current work demonstrates design rules
for sustained rolling in an entirely synthetic (non-
biological) system including the particles themselves.
This contrasts with the role of specialized adhesion
molecules in directing cell rolling and the rolling of
particle models for cells. Potentially of great techno-
logical power is that the current model system exhibits
sustained rolling under the control of electrostatic
forces, which are a fairly ubiquitous type of interaction
in aqueous suspensions and microfluidics. It is the tight
nanoscale manipulation of the in-plane and surface-
normal nanoscale length scales of these forces that is
the key to achieving rolling. Further, in achieving roll-
ing for a broad range of flow rates (and hydrodynamic
forces), we have not targeted an interfacial design with
a force-sensitive disbonding rate. By contrast, the force
sensitivity of the disbonding rate of the selectins is an
important feature of the cell rolling mechanism.”?%%*

This work has demonstrated how clustering and
spatial modulation of electrostatic charge can facilitate
rolling of negative spherical particles. It remains an
open question the extent to which the variable state
spaces presented here can be applied to other related
systems, for instance cells or bacteria that are not
perfectly spherical, that are deformable to varying
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extents, and that present, in addition to negative sur-
face charge, other surface chemistries and inherent
length scales for these surface chemistries (contrasting
the uniform negative character of our model silica
microspheres). It may be possible that related variable
state spaces could result by simply shifting the bound-
aries on the current state space or that an addition
dimension to the state space would need to account
for the mechanical properties of soft spherical objects.

A final thought concerning rolling of microparticles
is worth emphasizing. Rolling is a common every day
behavior seen with macroscopic objects including car
wheels, toy balls, and rocks on a hillside, and so it is
easy to assume that rolling is also a preferred type of
interfacial motion for microparticles in flow near a
surface. With this (incorrect) intuition, the results of
the current study would seem of negligible signifi-
cance, in that one would expect microparticles to roll
onjustabout any surface, as long as adhesion is not too
strong or too weak. The state spaces of Figures 4B, 5,
and 6 refute this intuition for microparticle behavior, at
the same time explaining why rolling is more common
for large particles: Bigger particles experience larger
windows of variable space that support rolling. Con-
versely, the combinations of variables that support
rolling for small microparticles are quite limited and
become increasingly small as one extrapolates the
state space diagrams to smaller length scales. While
the literature contains accounts of the “rolling” of nano-
scale objects (micelles or proteins for instance),®*>* the
behavior may not constitute true rolling: Vorticity will
cause an object to rotate, but dynamic adhesion must
be appropriately tuned for that rotation to produce
rolling travel along a surface. Indeed direct evidence
for an actual rolling motion or appropriate near-surface
velocity is rarely provided in the case of micelles.
Smaller objects require greater shear fields in order
to experience rolling because small objects span more
nearly similar streamlines at an interface and therefore
will be less likely to experience sufficient torque to
overcome Brownian forces.

CONCLUSIONS

This study examined the use of weakly adhesive
nanoscale features, placed randomly on the electrostat-
ically repulsive wall, to facilitate rolling of negatively
charged microparticles in shear flow. The use of rela-
tively flat nanoscopic features to produce forces critical
to particle rolling in the absence of substantial gravita-
tional normal forces contrasts with classical systems in
the field of tribology (including studies of roughness
and rolling friction). Likewise, the use of a synthetic
homopolymer as the adhesive surface element con-
trasts with the surface immobilization of selectins and
other biomolecules exhibiting complex functionality.

Microparticle rolling was identified and quantified
in a series of systems dominated by electrostatic
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interactions. The motion of near-surface particles was
characterized and velocities and near-surface travel
distances were measured for negative microspheres
of two sizes. Many variables were systematically
studied: the surface loadings of adhesive nanoscale
features, the range of attractive and repulsive interac-
tions, and variations in flow. It was found that, in order
to sustain particle rolling, surface designs needed to
account not only for the nature of the particles them-
selves but also for the flow and the ionic strength.
There was no simple rule of thumb or design equation
that could predict rolling and collapse all the relevant
system variables. It was, however, enlightening to
describe the behavior of particle motion in a multi-
variable state space, which delineated the combina-
tions of variables producing particle rolling, firm arrest,
and free flow.

For a particular choice of particle and flow rate, if
rolling were to be supported, it required surfaces with
small amounts of adhesive nanoscale features. The
Debye length, which set the range of particle—surface
interactions, was critical in establishing whether rolling
could be sustained. While rolling could proceed on
appropriately designed surfaces (for targeted particles
and a given flow rate) at small Debye lengths, rolling
did not occur when the Debye length was large, re-
gardless of the surface design. At large Debye lengths,
as particle—surface adhesion was made increasingly
attractive by the incorporation of increased amounts of
adhesive nanoscale functionality on the collecting
surface, particle behavior transitioned directly from
free flow to firmly arrested adhesion. By contrast at

MATERIALS AND METHODS

The 1 um silica microspheres were purchased from GelTech
(Orlando, FL, USA) and used as received. The 2 um silica micro-
spheres were purchased from Bang's Laboratories and used as
received. Both were tightly monodisperse. The relatively similar
sizes allowed us to probe the potential selectivity of our
surfaces. While a wide range in sizes might ultimately be desired
to address the full size range in a physical study, limits are set by
the Stober process and by our ability to track particle velocities
at the low magnifications needed to also track long particle
trajectories. While submicrometer particles are regularly
imaged optically these days, a large travel field requires low
magnification, which is at odds for visualizing submicrometer
particles.

Engineered surfaces were made by adsorbing pDMAEMA on
microscope slides that had been soaked in concentrated sulfu-
ric acid overnight to produce a silica surface. The pPDMAEMA,
31300 in molecular weight and with a polydispersity near 1.2,
was a gift from DuPont. It was transferred from its original THF
solution to an aqueous solution by rotary evaporation. The
absence of THF was confirmed by "H NMR spectroscopy.

pPDMAEMA deposition and subsequent silica particle adhe-
sion from flow were studied sequentially in the same slit-shear
flow chamber (1 cm x 3 cm x 0.5 mm) without removal of the
substrate or exposing it to air. Targeted amounts of pPDMAEMA
were deposited from flowing pH 6.1 phosphate-buffered solu-
tion, having an ionic strength of 0.026 M and a Debye length of
2 nm. This buffer was made from 0.0234 M KH,PQO,, with an
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small Debye lengths, as adhesion to the collecting
surface was potentially strengthened by increasing
the adhesive feature density, the particle motion tran-
sitioned from free flow, to rolling, and finally to arrest.
The result argues for a complex interplay of dynamic
length scales, forces, and time scales in determining
particle rolling. Without a large literature on the control
of particle rolling and arrest via discrete chemical
surface features, we are cautioned in generalizing
these results. However, we note that negatively
charged surfaces, such as those in the current system,
abound in microfluidic devices and the electrostatic
repulsion was a key component in our surface design.
Also potentially important in defining the regimes
where our observations apply, with flat electrostatically
attractive features on an otherwise electrostatically
repulsive surface, variations in Debye length changed
the ranges of the attractions and repulsions together
and to the same extent. Interfaces with different
physicochemical origins for the attractions and repul-
sions (e.g., one electrostatic and the other steric) would
experience different relative variations in the ranges of
the attractions and repulsions and might behave
somewhat differently than the surface designs pre-
sented here.

It was additionally demonstrated that for variable
combinations producing rolling, the rolling travel
length was may times the particle diameter and in-
creased with flow rate. A sensitivity of rolling to particle
size was also demonstrated, and regions of state space
were identified where targeted particles could be
made to roll selectively.

extremely small amount of 0.000267 M NaOH added, if needed,
to adjust the pH. After buffer flow over the surface at 5 s the
solution was switched to 20 ppm pDMAEMA for varied amounts
of time, on the order of a few seconds or a few minutes, and
then switched back to buffer to halt the adsorption at the
desired point. Buffer continued to flow for 10 min. In the current
study, the pDMAEMA adsorption was not monitored in situ. Its
adsorption rate and retention on the surface had, however,
been previously studied exhaustively via optical reflectometry,
such that controlled amounts could be deposited within 2%
error by timed flow.3**® These reproducible adsorption curves,
measured by reflectometry, provide a calibration curve for the
timed deposition in the current work. Following the polymer
adsorption step, any necessary changes in buffer ionic strength
or flow rate were made, and the system was allowed to reach
steady state at the new conditions. Subsequently, particle flow
experiments commenced. The ionic strength or Debye length
was set by using different buffers. For instance, the stock buffer
(I=10.026 M, used during pDMAEMA adsorption) was diluted in
DI water, to produce buffers with large Debye lengths. A pH 6.1
buffer with a 1 nm Debye length was made using 0.0936 M
KH,PO, and adjusting the pH with a very small amount of dilute
NaOH.

Silica microparticle flow and adhesion employed 0.1 wt %
suspensions of 1 or 2 um diameter microspheres. The flow
chamber was mounted in a custom-built lateral microscope
with the substrate perpendicular to the floor. The microscope
configuration employed a 10x Nikon phase contrast objective,
illumination from behind, and a video camera, which recorded
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images at the standard rate of 30 s~'. Data stored on DVD were
subsequently analyzed using ImageJ) and IDL software. This
provided counts of particles in each frame and allowed the
identities of particles in one frame to be correlated with those in
the next frame so that instantaneous velocities could be
determined. Each particle position and the velocity of each
particle between each frame in a stack of 200 frames (the limit of
the software) were recorded in a spreadsheet.

The analysis programs yielded several perspectives on the
capture of flowing particles on these surfaces. One type of direct
result was a count of the increasing number of particles on a
surface as a function of time. A second level of analysis tracked
particle motion, allowing a determination of whether or not
each particle was engaged with the surface. Regarding the
accumulation of microparticles as a function of time, this study
focused on relatively short times within each run, where the
surface was sufficiently empty of captured particles such that
those already on the surface did not alter the capture rate or
surface behavior of new particles.>® This led to a linearity in the
number of captured particles as a function of time, a feature that
persisted well beyond the first 10 min of each run. Also, control
studies of particle rolling involved analyzing different 200-frame
stacks of data, comparing behaviors taken shortly after the
initiation of a run with those several minutes, up to 10, into the
run. Particle accumulation of the “rolling surfaces” was minimal.
Particle accumulation on the “arrest surfaces” was substantial
but, because of the precautions taken, did not influence the
reported measurements.

Polymer adsorption studies of pPDMAEMA on silica revealed
features of the interface relevant to this particle rolling study. Of
primary importance, the adsorbed pDMAEMA was not removed
in buffer or particle flow at any of the conditions in this
study,®’>* nor could we detect lateral diffusion of the polymer
or exchange between adsorbed chains with those free in
solution during separate challenge studies at conditions like
those discussed here. Also worth noting, the pDMAEMA coils
were individually shown to be adsorbed flat to the surface®® and
are thought to have a random coil configuration with a
diameter less than 10 nm, based on dynamic light scattering
studies of the solution. Saturated adsorbed layers of pDMAEMA
(approximately 0.4 mg/m?on silica) exhibited substantially
positive zeta potentials depending on ionic strength, indicating
that the individual coils were positively charged at the
interface.>® At the surface loadings in the current study, how-
ever, the adsorbed amount of PDMAEMA is relatively low so that
the zeta potentials were all net negative.”® Indeed the small
amounts of adsorbed pDMAEMA needed to produce rolling did
not substantially alter the overall negative surface charge on the
collecting surface. Finally, the average spacings between ad-
sorbed pDMAEMA coils result from knowledge of the adsorbed
pDMAEMA mass and molecular weight. The mass per area is
converted (via molecular weight) to numbers of coils per area,
and this term is inverted to give the area per coil. The square
root is the average center—center spacing between the coils.
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