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Abstract: Sedimentation is an undesirable phenomenon that complicates the design of microsystems that exploit
dense microparticles as delivery tools, especially in biotechnological applications. It often informs the integration
of continuous mixing modules, consequently impacting system footprint, cost, and complexity. The impact of
sedimentation is significantly worse in systems designed with the intent of particle metering or binary encapsu-
lation in droplets. Circumventing this problem involves the unsatisfactory adoption of gel microparticles as an
alternative. This paper presents two solutions — a hydrodynamic solution that changes the particle sedimentation
trajectory relative to a flow-rate dependent resultant force; and induced hindered settling (i-HS), which exploits
Richardson-Zaki (RZ) corrections of Stokes” law. The hydrodynamic solution was validated using a multi-well flu-
idic multiplexing and particle metering manifold. Computational image analysis of multiplex metering efficiency
using this method showed an average reduction in well-to-well variation in particle concentration from 45% (Q
=1 mL/min, n = 32 total wells) to 17% (Q = 10 mL/ min, n = 48 total wells). By exploiting a physical property
(cloud point) of surfactants in the bead suspension in vials, the i-HS achieved 58% reduction in the sedimentation
rate. This effect results from surfactant phase change, which increases the turbidity (transient increase in particle
concentration), thereby exploiting the RZ theories. Both methods can be used independently or synergistically to

eliminate bead settling in microsystems or minimize particle sedimentation.

Keywords: microfluidics; beads; sedimentation; cloud point; droplet microfluidics; phase change; surfactant;

hindered settling; Richardson-Zaki; stokes law; fluid dynamics; fluid splitting; fluid metering; dense particles

1. Introduction

Interest in using microparticles as delivery systems in various technologies has been widely
researched, especially in combination with microdroplets for biological applications [1-6]. This is
partly due to the high surface-to-volume ratio and the ease of immobilizing bio-recognition molecules
on these materials, as well as the potential for compartmentalized single-molecule assays [7,8]. Unfor-
tunately, challenges with bead settling confound these applications [3,6,9]. Offsetting particle density
poses a challenge when loading microparticles into encapsulation devices because the higher-density
particles sediment in the fluidic channels, causing a non-homogeneous distribution of microparticles
in droplets. One method of resolving this challenge involves suspending the particles in equally
dense fluids or introducing humectants such as glycerol [3,10]. However, an adequate amount of the
humectants for increased bead buoyancy may be required at concentrations that may be inhibitory to
the intended bio-applications, such as nucleic acid amplification technologies [11]. Researchers have
also circumvented sedimentation problems by using gel beads [12-15]. While these have been used
successfully in ensuring the binary distribution of beads in droplets without sedimentation issues, their
non-Newtonian rheological properties make them difficult to handle. The use of channels with aspect
ratios close to the particle diameter is another method for maintaining a single streamline, ensuring
that only one particle is queried by the continuous phase at the point of encapsulation. However,
considering that these beads are hard-shelled, their packing density may prohibit the possibility of
closed packing in narrow channels. Additionally, since sedimentation velocity depends on the mass
and size of the particles, the use of smaller particles is also an option; however, this may impact the
capacity to carry an adequate amount of biomolecules of interest. Price and Paegel [3] presented a
potentially simple solution by exploiting the sedimentation potential of the beads using a hopper
system. However, they found that it took 0.8 h (17 pm TetanGel resin beads) and 3.8 h (2.8 pm
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magnetic beads) to introduce the beads before single-bead encapsulation. Kim et al. [2] successfully
developed a pneumatic system that was capable of trapping and releasing beads, thus creating a
deterministic encapsulation of a defined number of beads per droplet. This system, however, involves
complex implementations of pumps and valves, thus making it unfit for low-cost and low-complexity
applications. Mechanical agitation has also been successfully adopted; however, this complicates
the system and could make integration into a unified product difficult. Applications requiring equal
spatial distribution of particles are also impacted by sedimentation, which is compounded by non-slip
conditions in laminar flow between parallel plates. For particles in such systems, wall lift and drag
forces have been shown to depend on shear rate, especially at very low Reynold’s numbers [16]. In
this paper, simplistic solutions to sedimentation, which can be applied to most particle-based systems,
are exemplified in two different forms. A flow rate-dependent method that alters the sedimentation
trajectory of suspended particles was applied to a microfluidic particle metering system while induced
hindered settling was applied to particles in suspension.

2. Materials and Methods

2.1. Design and Fabrication of Fluid-Metering Chip

The chip was designed as a 16-well manifold for fluid and particle metering devices in which
the metering chambers are separated from a lower storage chamber by a capillary valve (Figure 1A).
Having both chambers was necessary to prevent one of the consequences of manifold systems, which
is sequential filling. This would entail that each well will be filled to the brim before the next, thereby
leaving no headspace to allow further fluid manipulations such as mixing. The lower storage chambers
were perforated at positions modeled to give a convex meniscus at the approximate intended fill
volume. To achieve this on a 3D plane, a 60° hemisphere mimicking the hydrophilic contact angle
between the chip surface and the buffer was used to cut an extrusion of the 3D-model infill until the
desired fill volume was achieved on the model (FiglB). During assembly, the perforations were plugged
with polytetrafluoroethylene (PTFE) membranes such that wicking of the metered volume into the
membranes triggered an increase in the chamber pressure thereby preventing further emptying of the
top metering chamber (Figure 1C). All 3D models were designed using SolidWorks (Dassault Systemes)
and printed using ProFLuidics 285D digital light processing (DLP) 3D printer (CADworks3D).

As illustrated in Figure 1D above, a consequence of increased number of metering wells, n, is an
increase in length of the flow path, I, which consequently leads to a particle concentration gradient, in
which the first well (Figure 1D-ii) contains a significantly greater concentration of suspended particles
than the nth well due to bead settling. This challenge necessitates the need for a mechanism of
counteracting or reducing the sedimentation of the beads to improve metering efficiency (Figure 1D-
{ieiii).
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Figure 1. Minimal illustrations of the chip sub-units showing critical design elements Figure 1D i
Mlustration of the fluidic metering device showing the shared feed channel and the tributary wells
(outflow channels).ii Illustration of undesirable iii desirable effect of bead settling as a result of
sedimentation across the feed channel of length, I.

2.2. Hydrodynamic Interruption of Sedimentation

The interaction of particles of different sizes and shapes have been the subject of many research,
especially in environmental studies. However, there is a dearth of empirical demonstration of hydrody-
namic interruption of particle sedimentation, especially in microfluidic systems. Here, the fabricated
fluidic and particle-metering chips were used to demonstrate this phenomenon. The fabricated chips
were connected to a syringe pump (Legato, KD Scientific) via a modified Eppendorf tube which held
the bead suspension. For each experimental run, the syringe pump was programmed to run at a
defined, arbitrarily chosen volumetric rate, Q =1, 3.5, 5, and 10mL/ min until the feed channel was
completely emptied. Each experimental condition was replicated (for Q=1mL/min, n=2; for Q =3.5, 5
and 10 mL/ min, n=3) to determine the reproducibility of the results. Before each run, the bead vial
was vortexed to ensure uniform bead distribution; and then loaded into the bead vial. Visual data
were collected using Canon M50 Mark II mirrorless camera at 60 frames/ sec for computational image
analysis via the algorithm below.

2.3. Induced Hindered Settling (i-HS)

The Richardson-Zaki modification of Stokes’ law[17,18](equation 1) shows that at higher particle
concentrations, the particle settling velocity decreases due to particle-particle interactions. This
principle suggests that if we could increase the particle concentration in the buffer, we could delay
or overcome particle settling. For biomedical applications, however, the particle concentrations
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are predetermined empirically for optimal performance and cost reasons and, as such, cannot be
indefinitely increased to exploit the Richardson—-Zaki principle. This principle could be exploited only
if there was a way to transiently increase the particle concentration (or increase the turbidity of the
particle-suspending solution) without introducing additional particles. This is the basis of the i-HS
alternative. -
t n

Vo (1-2) 1)

Where V; = settling velocity in turbid fluid,
Wo = settling velocity in clear fluid,
n = exponent of reduction in settling velocity,
@ = volume fraction of suspended particles in the fluid (turbidity)
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Figure 2. Schematic representation of the induced hindered settling and spectrophotometric thermal
gradient analytical protocol.

To ascertain the feasibility of the i-HS, the cloud point of the surfactant in the bead suspension
buffer was exploited. As a preliminary analysis of this concept, the buffer was modified with and
without ECOSURF EH-9 and designated with the prefixes -WS and -NS, respectively, and analysed via
a spectrophotometric thermal gradient (STG) using Agilent BioTek Epoch 2 in a 96-well plate (Figure 5).
Hypothetically, an increase in the turbidity of the -WS bulffer relative to the turbidity of the -NS buffer
would signal the feasibility of the concept.

Subsequently, bead suspensions of the same concentration as in previous experiments were added
to clear glass vials and grouped according to the experimental protocol (Figure 5). This setup enabled
the investigation of the effect of the surfactant cloud point on bead settling. Test temperatures which
can be tolerated by downstream processes (50+10°C), and at which cloud point was induced were
chosen from different temperature points on the STG data.
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2.4. Data Acquisition and Analysis

Replicate (n=12) turbidimetric measurements at different temperatures and data collection were
achieved using a spectrophotometer at a near-infrared (NIR) wavelength of 850 nm. For bead settling
experiments, heating of the glass vials for bead settling was performed using a Benchmark Multitherm
shaker and cooling device. Visual data in the form of video recordings (Canon M50 Mark II Mirrorless
camera at 60 frames per second) were collected for the assessment of bead settling and suspension
homogeneity in the vials. Each test was run in duplicates.

The collected videos were analysed using the Python computer vision library (OpenCV) following
the algorithm shown in Figure 2. To determine the bead settling velocity in the vials, the intensity of the
pixels within the region of interest (region covered by the bead suspension) was monitored throughout
the video timeline. By monitoring the pixel intensity over time, the presence and later absence of beads
within a pixel signals the settling of the beads. The sedimentation rate was determined as the rate of

change of gray value (Equation 2).
oG
a5 = Vs (2)

Where aa—f= rate of change of gray values over time, %—S= rate of change of gray values with respect
to height, V;= sedimentation rate.

The pixel intensity (mean gray value) refers to the brightness of a pixel in an image. From
the grayscale images, the intensity was measured on a scale of 0-255, where 0 represents black and
255 represents white. The mean gray values correspond to the concentration of the beads or the
homogeneity of the bead suspension.
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Figure 3. Still and video image processing algorithm for feature extraction and numerical data retrieval.
3. Results

3.1. Fabrication of Particle Metering Chip

To prevent premature emptying of the top metering wells, the dimensions of the feed channel
were modeled using SolidWorks Flow Simulations software (Dassault Systemes). The capillary stop
valves were designed to have a Laplace pressure of 403 Pa calculated using equation 1.

AP-Z*’y(ZlU—i— i)cos@c (3)
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Where 0. = fluid cotact angle = 2, w = valve width = 0.5mm, h = valve height = 1.25mm, v =
Ywater Sur face tension = 0.072 N/m

After printing, the geometric conformance of the 3D-printed capillary valves to the CAD model
was determined using optical metrology (Keyence). This was determined to be 0.49+0.02mm (n=10),
thus conforming with the design parameters (equation 3).

A major consequence of manifold splitting results from the interaction between the buffer, the
shared walls between wells, the material surface properties, and the flow regime (Figure 4). This
interaction led to an undesired siphon effect whereby asynchronously emptied wells drew fluid from
neighboring wells, leading to metering inefficiencies. This was resolved by reprogramming the flow
regime to ensure synchronous emptying of the wells via an instantaneous increase in Laplace pressure
(Figure 4 iv).

s Te " Tm Y~

TFMETS

Volumetric Flow Rate, Q (ul/ min)

l Time (5econds.:|

Figure 4. i-iii shows the effect of asynchronous emptying of the metering wells. /v shows the pump
ramp program:[2] Ramp from 0.ImL/ min to ImL/ min in 5 secs [3] Hold at ImL/ min for 72 secs
(72secs is the time required to completely empty the surrogate elution chamber — per my setup - + time to empty
the feed well ) [4] Ramp from 1mL/ min to 10 mL/ min in 5secs (5 secs — arbitrarily chosen — being careful
to ensure the syringe pump could handle that ramp) [5] Hold at 10 mL/ min for 6 secs (10 mL/ min for 6
seconds ensures 690 1L is pushed from the all metering wells while keeping the unit pressurized). The
positive pressure is important momentarily to ensure all wells are emptied simultaneously.

3.2. Hydrodynamic Interruption of Sedimentation

As shown in Figure 5A, at a volumetric flow rate of Q = 1 mL/min, much of the beads eluted early
in the experimental run, forcing the mean gray value (MGV) of wells 1 through 7 to be significantly
lower (higher bead concentration) than that of wells 8-16 (Figure 5C). Pairwise comparisons (Student’s
t test, alpha = 0.05) of the MGVs of the 16 wells from Q=1 mL/min to the other tested Qs revealed a
significant difference between them, with p values <0.0001 (Figure 5B). While increasing Q from 3.5
mL/min to 10 mL/min did not significantly affect the average concentration of the beads (p values:
Q3.5 - Q10 = 0.107; Q5 — Q10 = 0.231; Q3.5 — Q5 = 0.675), analyses of the data from each flow rate
showed improved bead distribution (Figure 5C). For Q = 3.5 mL, wells 14-16 had significantly lower
bead concentrations; for Q = 5mL/min, wells 15 and 16 had significantly lower bead concentrations;
and for Q = 10 mL/min, only well 16 had a significantly lower bead concentration.
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Figure 5. A Distribution pattern of suspended beads in response to changes in the volumetric flow rate.
B . Comparison of the effect of flow rate on the mean bead concentration C . Pairwise comparison of

well-to-well bead concentrations.

3.3. Sedimentation Offset via Induced Hindered Settling

Phase separation in the particle suspension buffer was induced and confirmed via spectropho-
tometric analyses, which showed a temperature-driven increase in turbidity (Figure 6A). Since this
change is reversible[19], it offers a perfect solution for increasing the probability of particle-particle
interactions and, consequently, hindering settling. Incubation of the WS buffer at 55°C resulted in a
~45% increase in turbidity (Figure 6B).

As shown in Figure 6C&D, this phenomenon translated to a reduction in bead settling velocity. In
accordance with the theory of hindered settling, an increase in the bead suspension buffer temperature
and, consequently, the cloud point of the surfactant reduced the sedimentation rate of the beads by 58%
(Figure 6 D&E). Continuous or controlled heating of the beads in a vial (Fig.7) showed similar result of
improved particle metering (data not shown). Notably, the presence of surfactants, while necessary for
fluid flow, increases the bead settling velocity as shown in Figure 6C-E - WS_RT (slope = 0.4341) vs
NS_RT (slope = 0.2744). As shown in Figure 6E, there was no significant difference in sedimentation
rate between -NS buffer at room temperature and one heated to 46°C (NS_46°C vs NS_RT); however,
increasing the heating temperature to 55°C led to an increase in the rate of sedimentation (NS_46 —
slope:0267, NS_55 — slope:0.296).
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Figure 6. Figure 6. A . Spectrophotometric thermal gradient (STG) analysis of buffers with (-WS) and
without (-NS) surfactants. B. Pairwise comparison of STG results. C. Timelapse images showing bead
sedimentation in glass vials. D. XY plots of different experimental conditions showing the temporal
rate of change in pixel intensity. E. Analysis of means (ANOM) of the sedimentation gradients (x =
0.05).

4. Discussion

4.1. Hydrodynamic Interruption of Particle Sedimentation

Particle sedimentation occurs because of the action of gravitational pull on the particles. The rate
at which particles sediment, V;, is influenced by factors such as particle volume and the density of the
suspending fluid.

B 2r2 mp
Vs—g%(g— Pf) (4)

Vs = Sedimentation velocity at infinite dilution, r = particle radius, 7y= viscosity of suspending
fluid,m, = mass of particle, v,= volume of particle,p = density of suspending fluid, g = I gl =9.8m/ s2.

These, in turn, also influence the drag force, (F;), which in simple terms, the drag force refers to
the resistance force exerted by a fluid to the downward motion of the particles.

1
Fy = E[PdeAVf] )

where F; = drag force, V. = particle velocity, A = particle area, C; = drag coef ficient =
12{% for spheres[20], therefore: ,
_ qpPrAYs

F;= 12] R ] (6)

Substituting g% (73—5 —p f) for V; in equation (5)

2 ,m 2
prAlgS- (S = pf) ]

£y = 12] 2o

|WhereRe = Reynold’snumber 7)
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As shown in equation 5, several factors contribute to the drag force exerted on the particles.
Consider particles at steady state, as illustrated in Figure 7, the particles sediment in response to the
resultant of opposing forces, drag force and gravity.

/
Fy= Fy— Fy (8)

However, in fluidic state, the rate and direction of sedimentation is largely determined by the
magnitude if the force, F,, applied to the particle due to pumping.

Flow Channel

Flow Directi
ow Direction

- L
."n‘. =
"& Qo
. @ . E
9 = tan' (Fg /Fp) H l‘*.'.’

When the fluid is being pumped, an additional force, F,, is exerted on the particles such that the
rate of sedimentation and resultant direction of the particle motion is dictated by the resultant
force, Frand 8. 8 increases with increase in F,

Figure 7. Working Theory for Hydrodynamic Interruption of Particle Sedimentation.

Since the deviation of the particle from a straight downward sedimentation is given by:

/

F,
0 = tan (=2) )
F p
Theoretically, at constant | g’ |, increasing F,would result in a concomitant increase in 6 towards
90°.
lim 6(F,) = 90" (10)
Fp—ro0
© de
—-dF, =90° — 6(F, 11
[ SFdF =90 = 0(F) )

Fluid Velocity F
P

Considering this theory, since F, = ma, where m=mass; and a = acceleration = e

can be increased via the volumetric flow rate.

Empirical findings from the data above validate the working theory as stated in equations 9-
11; thus, as the acceleration of the beads in solution increase as a result of the increase in Q of the
suspending fluid, gravitational pull on the particles is counteracted. The particles therefore remain
homogenized in solution long enough to be evenly distributed. This method, although simplistic and
easy to implement in most systems, may be impractical for shear-averse processes where high flow
rates (deviation from laminar flow) could impact the structural integrity of the suspended particles.
Additionally, as shown in Figure 5B, increasing Q beyond a certain threshold yields very minimal
improvement, which may not justify the high volumetric flow rate requirement. These limitations
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therefore necessitate the need for a more shear-tolerant alternative that would not only alter the
sedimentation trajectory but also significantly reduce it.

4.2. Induced Hindered Settling

It was found that heating the bead suspension (containing non-ionic surfactants) to temperatures
above the surfactant cloud point (T.) could induce a phase change[21]. This phase change results
in the formation of surfactant micelles that interact with the particles, thereby conforming to the
Richardson—Zaki theory. Although this phase change can also be induced chemically via the addition
of ionic surfactant and electrolytes, for this application, micellar aggregation occurred because of
thermally induced reduction in the hydration of oxyethylene oxygen in hydrophilic groups, which
leads to micellar aggregation. This phenomenon has been widely adopted in environmental studies
and in separation science as a form of cloud point extraction (CPE)[21-25]. While encouraging, most
applications requiring microparticle manipulation may not be tolerant to heating. For such applications,
the choice of surfactants with cloud points closer to tolerable temperatures or chemical tuning[26] of
the surfactant cloud point may be ideal.

5. Conclusion

Various biomedical applications, especially in microfluidic systems, require microparticle han-
dling. The development of specialized devices for continuous mixing or a complete switch to gel beads
has been mostly adopted due to the challenge of bead settling. However, these factors increase the cost
and complexity of the system. This paper presents two simplistic solutions, hydrodynamic and i-HS
solutions. Both solutions exploit rudimentary components in biomedical platforms, thereby not adding
to the cost. While they can be applied independently, they can also be combined to achieve a uniform
distribution of particles of various sizes or to lower their settling velocity for fluidic applications. This
was successfully applied in particle metering and distribution manifold (data not shown). A limitation
of both systems is the requirement for an initial homogenization step and continued heating for the
i-HS (optional). Moreso, thermal induction of hindered settling as demonstrated in this research may
not be ideal for most biomedical systems. However, thermal i-HS may not be necessary considering the
possibility of non-thermal cloud point tuning [26]. These principles can be adopted in particle-laden
flows involving the need for mechanistic encapsulation of microparticles.

Conflicts of Interest: The author declares no conflict of interest.

Data Availability Statement: The published research data is available from the author upon request.
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