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Abstract

In many diagnostic assays, specific biomarker extraction and purification from a
patient sample is performed in microcentrifuge tubes using surface-functionalized
magnetic beads. Although assay binding times are known to be highly dependent on
sample viscosity, sample volume, capture reagent, and fluid mixing, the theoretical
mass transport framework that has been developed and validated in engineering has
yet to be applied in this context. In this work, we adapt this existing framework for
simultaneous mass transfer and surface reaction and apply it to the binding of
biomarkers in clinical samples to surface-functionalized magnetic beads. We discuss
the fundamental fluid dynamics of vortex mixing within microcentrifuge tubes as well as
describe how particles and biomolecules interact with the fluid. The model is solved
over a wide range of parameters, and we present scenarios when a simplified analytical
expression would be most accurate. Next, we review of some relevant techniques for
model parameter estimation. Finally, we apply the mass transfer theory to practical use-
case scenarios of immediate use to clinicians and assay developers. Throughout, we
highlight where further characterization is necessary to bridge the gap between theory
and practical application.
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1. Biomarker Assays in Microcentrifuge Tubes

The microcentrifuge tube is prevalent in microbiology, chemistry, bioengineering,
and medicine, and it is arguably the single most commonly used benchtop reaction
vessel. In the field of clinical diagnostics, bioseparations are often performed in
microcentrifuge tubes using a capture reagent that is specific for an epitope or generic
for a class of targets (e.g., proteins, nucleic acids). In biomarker assays, these targets
are captured and the amount of target analyte present is quantified. In some cases, the
capture reagents are adsorbed to the walls of the tube, but to provide a greater surface
area for binding, they are often functionalized onto the surface of a microparticle (Fig.
1). If the microparticle has a
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assays[5-7], including the Figure 1. Schematic of analytes binding to functionalized
beads in microcentrifuge tubes.

isolation of nucleic acids using
silica-coated beads[8-14], cell isolation[15], and the extraction of histidine-tagged
proteins using immobilized metal affinity ligands[16-20].

The overall goal of many diagnostic assays is to quantify the presence of a target
analyte, and the decisions made during assay development usually attempt to balance
accuracy, simplicity, cost, and time. Depending on the processing conditions in a
particular assay (such as relative concentrations, binding kinetics, sample fluid
properties), a wide variety of outcomes can occur. As a result, biomarker assays that
utilize microcentrifuge tubes are typically optimized empirically. This process can be
costly, time and labor intensive, and often the parameter space is too large to explore
completely.

In this report, we review the underlying transport phenomena present in

biomolecular assays that utilize suspended microparticles in microcentrifuge tubes. This



work builds on the extensive development of mass transfer theory in chemical
engineering[21-29] and its successful application to the fields of chromatography[30-34]
and microfluidics[35-37], where it has been useful for scientists with diverse
backgrounds. First we begin with a description of the fluid dynamics of orbital mixing,
which includes the common laboratory approach of vortexing. Next, we develop a model
for simultaneous mass transfer and surface reaction. Two simplifications to the model
result in an analytical solution, and we describe the parameter range in which this
algebraic expression is expected to be most accurate. We discuss how the important
diagnostic assay parameters can be experimentally estimated. Finally, we present how
this approach can be applied in practical use-case scenarios. Throughout, we bring
attention to areas for further study and model limitations. We hope that through critical
review of the theory, as well as meaningful demonstrations, this broadly applicable
framework for biomarker assays will provide a more unifying perspective for the
assortment of terminology and fitting models that are currently used throughout the

literature.

2. Mixing to Improve Biomarker Capture

Molecular diffusion is a prohibitively slow method for mixing diagnostic assay
reagents; therefore, fluid motion is essential. Several laboratory mixing techniques are
frequently utilized, including: orbital shaking, magnetic stirring, and rotisserie-style
mixing. Each of these approaches result in unique fluid flow characteristics that can
affect a biomarker assay[38]. While a similar analysis can be performed for other mixing
techniques, this work focuses on one of the most common methods for rapidly mixing
samples: vortex mixing.
2.1.Fluid Dynamics in Microcentrifuge Tubes

Vortexing fluids in microcentrifuge tubes is heavily influenced by several key
parameters. These classify fluid properties and determine mixing performance. Since it
has a large influence on mass transfer, much attention throughout this work will be
given to fluid viscosity, n, specifically. The viscosity of many clinically relevant fluids

appears to decrease as more shear is applied, and they are labeled “shear-thinning”



fluids[3, 39]. Therefore, when discussing most biofluids, it is more appropriate to speak
of an “apparent viscosity”[40], given by eq. (1).

Napp = K(Veff)m_1 (1)
Here, the apparent viscosity (14,,) is a function of the effective strain rate (y.s) and is
defined by a consistency index (K) and a flow behavior index (m), respectively. While
the amount of particles in a suspension can affect the apparent viscosity of the
suspension[41, 42], in biomarker assays the mass fraction of added surface-
functionalized beads is typically low and this effect is usually negligible. Using the
apparent viscosity from eq. (1), along with the fluid density (p), tube diameter (d;), and

the vortex mixer’s rotational frequency (n), a fluid Reynold’s number (Rer) can be

defined as:
Rey = f’ﬂ . @)
app

This dimensionless
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important in empirical relationships to assist the scale-up of fluid processing vessels.
Examples of these correlations include the Power number, which is a measure of power
input to the fluid by the agitation method, and the Phase number, a measure of the
movement of the bulk liquid compared to the motion of the mixing apparatus[43-45].
The fluid Reynolds number is straightforward to evaluate and can be helpful to classify
the general fluid behavior.

In many clinical diagnostic assays, microcentrifuge tubes act as the processing
vessel. We can visualize the fluid mixing process during vortex mixing using high speed
video (Supplemental Material, still images shown in Fig. 2). Of particular interest are the
mixing frequency and the liquid fill volume; high-speed videos show that these two
parameters play key roles in fluid motion. At low mixing frequencies, the fluid mixing is
“out-of-phase”; the air/liquid interface remains relatively stable during the motion, and
the top portion of the fluid “swishes” around the inner walls of the tube while the liquid at
the bottom of the tube remains mostly stationary (Fig. 2A). As the frequency increases,
“‘in-phase” motion is observed; fluid mixing is seen throughout the entire depth of the
tube (Fig. 2B). Depending on the volume, there is a fundamental difference in the fluid
flow pattern. When a microcentrifuge tube that is one-sixth filled is placed on the vortex
mixer (250 pL in a 1.5 mL tube), the fluid rapidly climbs the side walls of the conical
shaped tube. Throughout the mixing duration, the fluid forms a film that circulates
around the walls of the tube. At larger fill volumes (1000 pL of a 1.5 mL tube), the fluid
also climbs and circulates along the inner tube walls, but more complex flow patterns
are also present. These inertial fluid flow patterns present at higher Reynolds numbers
are expected to homogeneously distribute reagents within the fluid, and hence, improve
mass transfer to suspended microparticles.

2.2. Particle Behavior During Mixing

Just as fluid motion is necessary to distribute solution phase reagents, a
homogenous distribution of beads is necessary to expose these reagents to the full
surface area of the beads. When fluid moves around a solid spherical particle during
mixing, that particle experiences a number of forces. These particle-fluid interactions
can be characterized by three dimensionless numbers: the particle Reynolds number
(Rey), the particle Froude number (Fr), and the Stokes number (St).



Re, = purdp (3)

Napp
2
Fr =2 (4)
dpg
_ Ppdp*uo
St = FT— (5)

The particle Reynolds number, similarly to its fluid companion, is the ratio of inertial
forces and viscous forces. Here, the characteristic velocity changes to the relative
velocity between the particle and the fluid, u,, and the characteristic length scale is now

the particle diameter, d,,. The particle Froude number indicates the relative scales of

inertia to gravity, which is important in understanding particle sedimentation (u, is a
characteristic velocity, g is the gravitational acceleration constant). The Stokes number
relates the time scale of a particle’s response to a fluid flow to the characteristic time
scale of the fluid flow. Particle Stokes numbers that are very small (« 1), as is typical of
micron-sized beads in biomarker assays, indicate that particles tend to follow fluid
streamlines. Still, a certain amount of power must be applied to the fluid to get the
particles moving with the fluid and overcome gravitational settling.

There is a long history of literature, mostly resulting from studies on industrial
chemistry mixing vessels, that discusses solid particle behavior during mixing
processes[46]. Although this literature primarily focuses on large stirred tanks as mixing
vessels, much can be gained from inspection of the resulting correlations. The most
commonly used criterion for suspension of solid particles in a mixed vessel was
proposed by Zwietering[47]:

N = Sv0tdp"(ghn/p)* 4018 (6)
S = D0.85

Here, N is the critical impeller speed for “just suspended” particles, S is a function of the

mixing impeller in the stirred tank as well as the tank dimensions, v is the kinematic
viscosity of the liquid, d,, is the particle diameter, g is the gravitational acceleration
constant, Ap is the difference between solid and liquid phase densities, p; is the liquid
phase density, x is the mass fraction of the solid phase, and D is the mixing tank
diameter. This “just suspended” condition defines an impeller speed in a stirred tank at
which no particle settles to the bottom of the mixing vessel for more than one
second[28]. While this expression is semi-theoretical in nature and must be evaluated



for each mixer, the dependence on fluid and particle properties follows intuition. If the
mixing impeller speed was changed to an orbital mixing frequency, analogous
correlations could likely be drawn to vortex mixing that would depend on similar
parameters: mixing vessel size and geometry, particle size and density, and fluid
properties.

While “just suspended” particles are important in industrial chemistry, there has also
been a focus on the conditions necessary for complete homogenization of the solid
phase — a more desirable condition in bioassay development. The early studies on
homogenous particle suspension still focused on large impeller-stirred mixing
vessels[48, 49]. Recent studies that used computational fluid dynamics also
investigated this problem, but still for large-scale mixing vessels with mechanical
agitators[50, 51]. More work must still be done that translates these results to smaller
vessels that are mixed by orbital motion, rather than internal impellers. To this end,
since the parameters in the fluid Reynolds number are easier to measure when
compared to the particle Reynolds number, specifically the fluid mixing frequency
instead of the particle-fluid slip velocity, ideally a correlation would be proposed and
validated that identifies criteria for homogenization in terms of parameters tangible to
assay developers (fluid viscosity, particle diameter, mixing frequency, mixing vessel

diameter).

3. Mass Transfer Theory

There are many different modeling approaches that have been taken in the literature
to describe mass transport. These models range from simple empirical fits, to theory-
driven analytical expressions and full-resolution computational fluid dynamics models.
While each of these has an appropriate use, we believe that simpler mathematical
models are more likely to be adopted by clinicians and benchtop assay developers.
With that in mind, in the following section we develop a lumped (dependent variables
are not spatially resolved) theoretical framework that describes simultaneous mass
transfer and surface reaction on non-porous functionalized beads. The mass transfer
theory that is developed in this report is sufficiently general to be applied to a wide

variety of systems, but many of the parameters we apply are specifically relevant to



protein biomarkers of infectious diseases. Numerical solutions were obtained using a
2nd order stiff differential equation solver, in MATLAB (MathWorks, Natick, MA).
Appreciating that our intended audience would prefer the simplicity of algebraic
expressions over coupled differential equations, we show how simplifications can be
made to the model and in what parameter range these simplifications are valid.
3.1.Full Solution

In this system, A, is an analyte in bulk solution that is transported to the surface of a
micron-scale bead. The entire process is illustrated in Figure 1 and summarized by:

Ap v Ag+ L o As- L (7)

Here, we distinguish unbound analyte on the surface of the bead by the subscript s.
The analyte undergoes reversible association to an affinity ligand (L), also on the
surface of the bead, that results in a ligand-bound analyte, As - L. For brevity, we will
drop the subscript “s” and refer to the ligand-bound analyte as A - L.

To develop a mathematical framework for these simultaneous processes, we

perform a macroscopic balance on each biochemical species:

VEAL = —ai(Cap — Cas) (8)
1% d;,;.s = kmai(Cap — Cas) = V(konCasCr — korCaL) (9)
% df;:'L = V(konCasCy — korrCar) (10)
C.=C0—Cyy (A1)

In equations (8-11): V is fluid volume (m3), C, ;, is the concentration of analyte in the bulk
solution (mol/m3), k,, is the mass transfer coefficient between the bulk fluid and the
bead surface (m/s), q; is the surface area of the beads (m?), k,,, is the forward reaction
rate constant of analyte binding to the ligand (1/M*s), C, s is the concentration of analyte
on the surface (mol/m3), C, is the concentration of available ligands for binding (mol/m3),
k,sr is the reverse rate constant when ligand bound analyte dissociates (1/s), C,., is the
concentration of ligand-bound analyte (mol/m3), C? is the initial concentration of ligands
(mol/m3), C, is the concentration of unbound ligands at time ¢t (mol/m3). In this lumped
model, all biochemical species on the surface of the bead have the same units as the
bulk concentration. This resulting system is three first-order, coupled, differential
equations, and one algebraic equation that results from a constant number of total

10



binding sites. While the mass transfer terms are linear, the entire system is non-linear
by virtue of the product of concentrations in the reaction terms.

Certain parameters (e.g., rate constants, surface ligand concentration) must be
experimentally determined, while others, such as the mass transfer coefficient, can be
determined through empirical correlations. Mass transfer to and from particles is a well-
studied phenomenon in chemical engineering where fluidized beds have been widely
utilized in industrial chemical processes. The Sherwood number, Sh, is defined as the
relative ratio of total mass transfer to diffusion over a characteristic length scale, L, and
the resulting correlation (one such example from [21] is given as eq. (12)), can provide
the corollary equations that complete the model:

kmlL 11
Sh=—"=2+ 0.6Re,25c3 (12)
Dap p
Sc = ZDﬂ (13)
AB

The particle Reynolds number, discussed in Section 2, allows mass transfer to account
for particle and fluid motion. The Schmidt number, Sc, is the ratio of momentum
diffusivity to mass diffusivity, and is defined by the fluid properties.

A considerable number of parameters govern the entire system, namely: sample
fluid properties (density, viscosity), ligand surface density, surface area for binding
(bead diameter, bead number density), sample volume, kinetic binding rate, kinetic
dissociation rate, mixing technique, and initial concentration of bulk analyte. If these
parameters are known a priori, and in many cases they are known exactly or can be
estimated, the model can provide insight into appropriate mixing conditions and
incubation times. To simplify analysis, we reduce the model to a two parameter system

with the following dimensionless variables:

~ Cap & Cas A& CalL & Cy, tkma;

C =_"C' =_"C'_ =_’C’ ==, T7=—- 14
A,b Cg'b A,S Cg,b A-L Cg'b L Cg'b v ( )

Insertion of these dimensionless variables into egs. (811) results in the following

dimensionless parameters:

0
Daon = Leablon pyqors — Torr (15)
aikm ajkm
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These two Damkdhler numbers represent the relative rates of reaction (“on” and “off”,

respectively) to the rate of mass transfer. Egs. (8-11) can be re-written in dimensionless

form as:
dac 3 ~
d—:'b = Cas — Cap (16)
dCys — C~A,b _ C~A,s + Da"ffC'AL _ Da""C]C’AlS (1 7)

dt

dCya. <~ = ~
LAL = PaonCyCys — Da%' Gy

C~L = Cl? - CA-L

(18)
(19)

This most general form of the model makes use of the following assumptions: there

are no spatial gradients throughout the system, there is no volume change in the

system, and the interfacial area remains unchanged. While these approximations must

be loosened in certain industrial
chemistry applications, in the context
of surface-functionalized beads,
these assumptions are valid.

The dynamics of a typical system
are shown in Fig. 3. Initially, the bulk
concentration of analyte (C, ) rapidly
decreases and is accompanied by a
small, but rapid rise in the
concentration of the surface species
(Cas) (tr < 0.2). In this time frame,
there is minimal binding of target
analyte to the capture ligand — only
mass transfer from the bulk solution
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Figure 3. Representative time-series of the three
biochemical species in the model. Simulation
parameters: Da’"=2.633x10"*, Da°/7=0.0017,
C2=50000.

to the surface of the microparticle. As the concentration of surface analyte increases,

the bound analyte concentration (C,.;) initially lags slightly behind (r < 0.2). While the

concentration gradient between the bulk and surface species tries to replenish the

surface analyte available for binding, the binding reaction occurs rapidly on the surface

of the bead (0.2 < t < 2). As a result, the bound target continues its increase, and the

surface concentration of analyte is depleted to near zero (2 < t < 6). The bulk analyte

12



concentration decreases, which results in a smaller gradient between the bulk and
surface concentrations. This results in slower mass transfer and a decrease in the
surface concentration. Ultimately, all three biochemical species reach a steady-state
value (7 > 6).
3.2. Approximate Analytical Solution

The unbound surface analyte shown in Fig. 3 never goes higher than 10% of the
initial bulk analyte concentration, and with the parameters used in Fig. 3, it is negligible
after 60 seconds. If the assumption is made that the unbound surface species is at
quasi-steady state (QSS), then the system of egs. (16-19) can be simplified. In addition,
it can often be assumed that the ligand is in great excess compared to the analyte,
which results in further simplifications to the system:

dC~A,b =~

. = Cas— Cap (20)
di:.L = Da’"C,Cas — Da*ll Cyy (21)
~ _ (fA,b+Da°ff(fAL
Cas = Da°nCp+1 (22)
€L = C~l(,) (23)

In many cases, these two assumptions are justified. The unbound surface
concentration may have an initial transient response, but it may quickly reach an
equilibrium value where the rates of mass transfer to the surface and the kinetic rates
balance each other. Substituting egs. (22-23) into eqgs. (20-21) results in two coupled,

but linear ordinary differential equations with the following analytical solution:

—r(DaOff+Da°n62)
~ onz70
~ Da""Coe Da®"Cy+1 Daoff
CA b= L 50 + 50 (24)
, Da°ff+pa°n() Da°ff+paon()
—T(Daoff+Da°nf‘2)

~ ong0 ~
= Dpa°"éle DaRCp+1 Da°néy
Cap = — . ~0 y ~0 (25)

Daoff+Daon(} Daoff+Dpaon(y

While temporal binding data is important, especially in biomarker assays where time-
to-result needs to be minimized, these analytical expressions also give rise to steady-
state concentrations at infinite time. Simply by calculating the Damkd&hler numbers and
the dimensionless ligand concentration, the steady-state amount of analyte that can be
bound can be calculated from the approximate model as:

13



~0
DaonCL

Goo = __DaCE
AL ™ paoff+paonc?

(26)
This concentration allows for prediction of the thermodynamic maximum target analyte
that can bind to the surface of the beads. Importantly, this means the unbound bulk
species is non-zero and depends on the equilibrium dictated by the “on” and “off” rates.
In Fig. 4, we present a comparison between the full model (egs. (16-19)) and the
approximate analytical solutions (egs. (24-25)). This enables users to make a quick
calculation of the two Damkdhler numbers to determine if they are in a region of the
phase-space in which the QSS approximation is valid. The color plot in Fig. 4A shows
the root-mean squared error between the two solutions. In green regions of the plot, the
approximations are valid and the simplified model is sufficient; in the red regions of the
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Figure 4. (A) Root mean squared error (red indicates large error, green indicates agreement) between full
model and approximation for a range of Da°® and Da®//, with C; in large excess (C?=50000). (B)-(E)
Transient profiles of the three biochemical species in the mass transfer model for Da®™ and Da®/7,
respectively: (B) 1, 1; (C) 1x10#, 1x1073; (D) 1x102, 1x103; (E) 1x10*, 1x10*. The solid lines represent the
full model; the dashed lines represent the approximate solution (Black, bulk analyte; red, unbound surface
analyte; blue, ligand-bound surface analyte).
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plot, the approximations result in large errors between the simplified model and the full
model. Figs. 4B-E show the transient behavior of the individual biochemical species in
different regions of the parameter space. When there is an accumulation of unbound
analyte on the surface, the approximations used to generate egs. (24-25) are poor. This
typically happens when mass transfer is faster than the forward surface reaction rate, or
when the dissociation rate is relatively high. Importantly, this analytical solution holds
over a broad range of parameters and can be used for approximations of binding times
and steady state concentrations.

3.3. Where More Work is Needed

This lumped model is one approach to understanding mass transfer in biomolecular
assays. The literature is rich with empirical correlations of the Sherwood number[23, 24,
26, 27] (see [28] for a thorough review of particle-liquid mass transfer coefficients in
stirred tank reactors) that could replace eq. (12). However, these empirical Sherwood
number correlations were all determined from large-scale impeller-stirred mixing vessels
in industrial chemistry, and it is unclear if any of these will translate to small, vortexed
microcentrifuge tubes. Recent efforts to characterize bioreactors in a formal engineering
context are an important step towards achieving this clarity[29, 52-56].

The choice of characteristic length and velocity scales is important, and the obvious
choices are between the particle and the fluid scale. Since the mass transfer is
occurring on the particle scale, the bead diameter and particle-fluid relative velocity
would seem appropriate in theory. In practice, however, the use of a particle-fluid
relative velocity in the particle Reynolds number makes it a challenging dimensionless
group to evaluate. Furthermore, the lumped model presented herein does not resolve
mass transfer to an individual particle. Rather, it models mass transfer in the entire
domain; this would seemingly make the appropriate length scale the tube diameter.
Other variations of the particle Reynolds number that are based on the power input to
the mixer or the orbital mixing frequency [28] are easier to calculate and may be
appropriate. However, the use of these other variations of the particle Reynolds number
in any Sherwood number calculation should be appropriately validated in vortexed
microcentrifuge tubes. Once these correlations are well-established and become

standard for vortex mixing in microcentrifuge tubes, it will allow easy comparisons

15



across the literature. The result will be quick dimensionless number calculations that will

enter directly into the framework presented.

4. Determination of Model Parameters
A mass transfer model requires accurate parameter estimation for predictive
capability. In this section, we briefly describe some of the common methods for

determining the necessary parameters (Fig. 5).
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Figure 5. Techniques for mass transfer parameter estimation. (A) A cone and plate viscometer is a
common tool to measure the rheological properties of fluids, including shear-thinning bio fluids. (B)
Schematic of the process to determine divalent metal concentration using ICP-OES. Immobilized
metals are stripped from the solid phase by treatment with EDTA and the chelated metal complex is
introduced to the instrument to quantitatively measure metal concentration using a metal specific
wavelength. (C) Schematic of biolayer interferometry. White light is sent down a fiber optic sensor. It
reflects back to the detector from a stationary reflective layer within the sensor and from the tip of the
sensor. When an analyte binds, the distance between the reflective layer and tip of the sensor
increases, changing the interference patterns at each wavelength and causing a shift in the resulting
interferogram. This phase shift is measured over time and plotted as the binding profile.
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4.1.Sample Rheology

Fluid properties, particularly viscosity, are known to influence both mixing and
heterogeneous mass transfer in bioprocess engineering[43, 57, 58]. Diffusion is one
mode, albeit an inefficient one, of mass transfer. Inspection of the Stokes-Einstein
equation (eq. 27), which relates diffusion to fluid viscosity, illustrates how fluid properties

affect this mode of mass transfer.
kgT
6N appTa

(27)

Dyp =

Here, the diffusion coefficient of molecule A within fluid B (D,z) is proportional to the
Boltzmann constant (kz) and temperature (T), and inversely proportional to the fluid’s
apparent viscosity and the hydrodynamic radius of molecule A (r,). In Section 3 we
showed that, like diffusion, mass transfer is affected by fluid viscosity. Therefore, for a
transport model that requires both a diffusivity and a mass transfer coefficient as inputs,
an accurate viscosity is necessary.

Rheological properties can be determined with a viscometer by applying a constant
strain rate to the fluid and measuring the shear stress. Cone and plate viscometers (Fig.
5A) are driven at a specific torque for a given strain rate, and sensors measure the
resistance to the rotation of a spindle in contact with the fluid. These instruments
typically require ~0.5 mL of fluid sample, and have been commonly used to determine
rheological properties of biological fluids. If the shear stress response to a change in the
strain rate is non-linear, the fluid is categorized as non-Newtonian. As previously noted,
many clinically relevant fluids fit the classification of a shear-thinning fluid[3]; the larger
the applied strain rate, the lower the apparent viscosity of the fluid. This includes blood,
the most-studied biofluid[59-62], and serum, the fluid component of blood after
coagulation. Recently, more attention has been devoted to less-invasive biomatrices,
such as urine and saliva[8]. These are easy to obtain and typically available in high
volumes, which can act to the benefit and detriment of biomarker assays: large volumes
are typically easier to handle, but biomarkers are usually at lower concentrations in
these matrices. Sputum is another sample matrix used in biomarker assays, particularly
for diseases that affect the lungs (e.g. tuberculosis, cystic fibrosis, pneumonia).
Collectively, these sample matrices span a wide array of rheological phenomena: urine
has properties similar to water and buffer[63]; saliva, while not as viscous as whole
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blood, has surfactant-like proteins that make it “frothy” [64]; blood’s non-Newtonian
behavior and elastic red blood cells are well known; and sputum is highly-viscous and
typically requires pre-treatment to allow for processing. Further rheological
characterization of these complex sample matrices will result in more accurate mass
transport models.
4.2. Surface Concentration of Ligand

Conjugation of affinity ligands to microbeads generates hybrid materials that are
stable in many biological environments and are designed to interact with a specific
target. The type of affinity ligand and ligand coverage of a bead governs this bead-
target interaction and determines the binding rate of target molecules. Although intuition
suggests that labeling beads with the highest possible density of affinity ligands will
promote the most effective bead binding to its target, this is often not the case[65-68].
Increasing surface coverage beyond a monolayer is known to induce steric pressure
and crowding without adding active binding sites[69, 70], and thus, it is imperative to
determine optimum affinity ligand coverage.

Several methods have been employed to quantitatively evaluate ligand coverage.
Indirect methods quantify the total number of affinity ligands per bead through
supernatant-based assays. In these assays, the number of immobilized affinity ligands
per bead can be determined by quantifying the affinity ligand left in the supernatant
following a functionalization cycle and comparing this to the initial amount of ligand
utilizing mass balance calculations. The number of immobilized affinity ligands per bead
can be calculated by dividing the amount of immobilized affinity ligand by the known
number of beads. Initial and supernatant affinity ligand concentrations can be
determined using biochemical assays such as the bicinchoninic acid assay (BCA assay)
and Easy-Titer Antibody Assay Kits. If the affinity ligands absorb in the UV or visible
light ranges, such as proteins and nucleic acid sequences, absorbance-based
determination can be conducted. According to the Beer-Lambert Law, the amount of
light absorbed is proportional to the concentration of the absorbing molecule.

In contrast to supernatant-based assays, direct techniques measure the amount of
affinity ligand bound to the surface of the beads. Depending on the size of the capture

bead and the affinity ligand being detected, several analytical methods can be used to
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quantitatively determine ligand density on the bead. Methods such as gel
electrophoresis, which separates complexes based on size and charge, have potential
to not only to quantify the amount of affinity ligand on the surface when compared to
reference standards, but also to purify[71]. If immobilized metals such as those
commonly used in purification of histidine-tagged proteins[16, 20], are used as affinity
ligands, inductively coupled plasma optical emission spectrometry (ICP-OES) can be
employed to determine metal concentrations. Beads can be treated with a chelating
agent, such as ethylenediaminetetraacetic acid (EDTA), to strip all metals from the bead
in preparation for analysis (Fig. 5B). Once the metal affinity ligand has been removed
from the surface of the bead, a magnet can be used to separate the chelated ligand in
solution from the magnetic beads. Figure 5B shows a schematic of this process,
followed by metal content analysis with ICP-OES.

While amount of capture ligand on the surface of the beads is an important
parameter, the number of active ligands as well as their orientation can affect their
apparent kinetics. Therefore, a full characterization of a magnetic bead will include
surface ligand quantification, as well as kinetic experiments that will measure the
binding performance of a functionalized micropatrticle.

4.3. Kinetic Parameters

Estimating the kinetic parameters between an analyte and binding ligand is helpful
for designing bead-based isolation systems. Selecting binding ligands with the most
favorable kinetic parameters can lead to high-affinity interactions that reduce reaction
time. There are two types of experiments used to estimate the affinity of biomolecular
interactions: (1) equilibrium experiments, and (2) kinetic experiments. In equilibrium
experiments, the concentration of one reactant is varied, and the extent of reaction at
equilibrium is measured. These steady-state experiments allow one to calculate the
equilibrium constant for a reaction (K., Kp).

A+B< A-B (28)

1 k Ca
K,y=—=-"2"= ZAB (29)
9  Kp kosr CaCh

In kinetic experiments, the concentration of one reactant is varied, and the change in
reaction rates of the forward and reverse reactions are measured. These transient

kinetic experiments are more informative than their equilibrium counterparts, because
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analysis of these data yields association and dissociation rate constants (k,, k) as
well as the equilibrium constant[72]. This section will only cover determination of
parameters via transient kinetic experiments.

There are several methods by which transient kinetics can be measured. Quartz-
crystal microbalance (QCM),[73-76] ellipsometry,[77] surface plasmon resonance
(SPR),[78-80] and biolayer interferometry (BLI),[81-83] among others, have all been
used to determine kinetic parameters of biomolecular interactions. Commercialization of
SPR (BlAcore) and BLI (Fortebio Octet) specifically for application to presteady state
kinetic experiments has popularized these techniques for determining kinetic
parameters. In SPR, a microfluidic channel delivers analyte to a thin layer of gold
functionalized with an affinity ligand. When the analyte binds to the sensor surface, the
refractive index at the surface is altered, shifting the phase of the resonant absorbance
proportionally[84]. The resulting phase shift is plotted versus time for subsequent data
analysis. For BLI (Fig. 5C), white light is sent down a functionalized fiber-optic sensor tip
and reflected from a stationary reflective layer within the sensor as well as from the
surface of the tip. When analyte binds to the sensor, the distance between the reflective
layer and the tip of the sensor increases, shifting the resulting interference pattern[84].
This shift in wavelength can be plotted versus time for subsequent data analysis. In both
BLI and SPR, association and dissociation kinetics are observed.

The conditions used in these experiments are idealized and allow for data fitting to
simplifications of the mass transfer model that we presented in Section 3. For instance:
to determine the forward rate constant for the second-order association reaction in a
transient kinetics experiment, sensorgrams are generally fit with pseudo-first order
constraints. In this approximation, it is assumed that one reactant (the affinity ligand, B)
is at much lower concentrations than the analyte, A. These simplifications to a complete
theoretical model are justified due to the experimental conditions and are desirable
when compared to simultaneously fitting a large number of parameters in the full model.
4.4. Where More Work is Needed

These tools provide an experimental framework that is necessary to provide valid
parameters for mass transfer models. The common expression with numerical models

holds true: “garbage in, garbage out”. While order of magnitude parameters may be
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sufficient to approximate assay outcomes with a model, better parameter estimation will
result in greater predictive capabilities. As these tools become even more
commonplace, a broader catalog of biomolecular kinetic parameters will become
available.

Most of these parameters (1q,p, P, Dags kon, Korr) are functions of other variables,
including temperature and solution composition. Many biological reagents behave
differently in physiological conditions than they do in ambient conditions. For instance,
rheological properties of fluids and protein-antibody kinetics are well-known to be highly-
dependent on temperature. As a first approximation, and since most diagnostic assays
take place in ambient benchtop conditions, these parameters can be measured at room
temperature and treated as constants. However, characterization that includes these
variables would identify if non-ambient conditions are more optimal. In further regard to
kinetic rate constants, to be more beneficial for biomarker assay development, these
experiments should include some variation of mixing history (mixing intensity and
duration). Correlations of the form
konorr = f(Rep, MW, structure) (30)
that relate the kinetic binding rate constants to the potential adverse effects of a
biomolecule’s mixing history along with its properties (size, molecular weight, structure),
could be readily implemented in the model presented in this work. These studies would
involve a few additional experiments, but would provide a large return on the time and

resource investment.

5. Practical Applications and Limitations

Clinicians and bioassay developers will likely be most concerned with practical
applications of the theory. In the next section, we show an example from literature that
highlights how this theoretical framework was used to design an inexpensive portable
mixer for use in bioassays. Next, we solve the complete model under various scenarios
pertinent to clinical diagnostics performed in microcentrifuge tubes. This demonstration
shows the versatility of this theoretical approach.

22



5.1.Characterization of an Orbital Mixer for Diagnostics

A similar theoretical analysis to

A.
the one presented in Section 3 was
recently used to characterize a
handheld orbital mixer used in
bead-based capture and diagnostic
assays (Fig. 6A)[4]. This study used
magnetic microbeads with a metal
affinity ligand on the surface to
capture a histidine-tagged peptide,
and the analysis fit mass transfer B.
coefficients at different viscosities to 1 o 096cP
the dimensional equivalent of eq. ? o 1.69cP
o 5075- ¢ 295cP
(24). Qualitatively, the mass transfer | 5 Y-/ [l 1 A 713 cP
. . o N —1.213E-5 m/s
coefficient gets smaller at higher w T :

o 5 051\ L — — 2572E-6 mis
viscosities, as expected. The results § \\ ".'4 —.—-1.559E-6 m/s
show that the model fits the § 0.25 :li%\ ¢ L """ 5.334E-7 m/s
experimental kinetic results well mlpﬂ $ » o A A

. . 0 ~ e~ o _— . =
over a clinically important range of 0 30 60 90 120 150 180
viscosities. However, there is some Time (seconds)

. . Figure 6. (A) handheld orbital mixer for use in
disagreement in the steady-state biomarker assays in low-resource settings taken from

) ) [4]. (B) The kinetics of biomarker binding in different
unbound fraction (at long times). viscosity fluids. Using fitted mass transfer coefficients
T in the dimensional equivalents of eq. (24), the mass
This discrepancy could be a result transf_er model shows good agreement with the
of the model assumptions, experimental results.

particularly the constant capture ligand concentration, or the reduction in kinetic activity
in a high shear rate mixer. Nonetheless, this shows how a mass transfer model can be
used to characterize a new device used in biomarker assays.
5.2. Effect of Convective Mixing

The necessity of convective mixing to shorten assay times is widely appreciated in
biomarker assays. This is illustrated by the transient responses of bound analyte (C, ;)

over orders of magnitude changes in Reynolds number, shown in Figure 7. Molecular
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diffusion requires no energy input
and therefore is the easiest to
implement; however, it is a slow
process, even in small diameter
microcentrifuge tubes. In our
model system, less than 20% of
the target has been bound from
solution after 120 seconds of only
diffusion (Re=0). Recall from
Section 2 that given a particular
fluid and a specific size tube,
increasing the frequency of the
vortexer (or more generally,
mixing speed) increases the
Reynolds number. Even a small
increase in fluid motion can
provide a large improvement in
the amount of biomarker that can

be captured. To this point, in our

1007 7 o —
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Figure 7. Simulations of the complete mass transfer
model showing the importance of convective mixing on

bound analyte (C, , = 100% X E‘.}—"’). Simulation
Ab

parameters: Re,=0-1000, V=250 L, k,,=3.07e4 1/MIS;
kopr=4.05x10% 1/s; €?=10.0017x10° M; C7,=200 pM;
Dap=7.1795x10""m/s; Vg1, =10 pL; py=1.025x10°
beads/pL; d,,=30 um. Here, V., is the volume of the
bead slurry added to the sample, py is the number
density of beads in the slurry. Together with d,, these
allow for explicit calculation of total bead surface area,
a;. Using this information, Sh and k,,, are calculated by
eq. (12). Da°™ and Da®/ calculated by eq. (15). The
characteristic length scale used for eq. (12) in these
simulations was the tube diameter.

120

model system, a Reynolds number of 1 binds more than 75% of the biomarker after 120

seconds. Increasing the Reynolds number further results in more rapid binding, for

instance a Reynolds number of 100 binds >99% of the biomarker in less than 60

seconds. Ultimately, the same steady-state concentration will be reached regardless of
the mixing type. However, total assay time is a concern in most clinical diagnostics, and
long incubation steps can be avoided by improving the mixing of the beads in the fluid.
5.3.Large Excess of Binding Sites

Surface functionalized beads are typically purchased from a commercial vendor.
Unless these beads are modified or fabricated in the lab, the amount of affinity ligand on
the surface of the beads is fixed. Therefore, the easiest variable to manipulate in a
biomarker assay to obtain more active surface binding sites is the volume of the bead

slurry added to the sample. Intuition would suggest that adding more beads to the
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sample would result in more rapid 100 ¢

capture, and the transient binding = 80
results with various bead volumes %
shown in Figure 8 confirm this. In %‘ 60

C

<
the model system that we E 40|
simulated, 100 nL of beads results 3

20t
in less than 35% of bound -
iomarker (C, ;). In this instance, 0 ' ' ' :

biomarker (C,,). In thi 0 30 60 90 120
the transfer to the beads is limited Time (seconds)

due to the lack of total binding sites. Figure 8. Simulations show increasing the volume of

beads added to the sample more rapidly binds target
analyte

of beads, and therefore the number (Cap = 100% x %). Simulation parameters are the
Ab

of total surface binding sites, results same as those used in Figure 7, with the following
exceptions: Re is fixed at 1000, and V-, is varied.

As expected, increasing the number

in more rapid biomarker capture
(Fig. 8). While this is desirable, there is a financial consideration as well; larger volumes
of functionalized beads come with a higher cost per assay. For instance, comparison of
the temporal profiles with 5 yL of beads compared to 10 yL of beads illustrates the
diminishing returns of additional binding sites. In this case, doubling the bead volume,
will most certainly increase the assay cost; however, doubling the number of available
binding sites does not have a substantial impact on the biomarker capture rate.
Depending on the surface ligand, which can range from readily available to scarce and
valuable, smaller amounts of beads might be necessary to keep total costs low.
5.4. Effect of Sample Matrix Viscosity

To emphasize the dependence of overall assay time on mixing and sample viscosity,
we have solved the full mass transfer model over a range of slip velocities for four
clinically relevant biomatrices (Fig. 9). The diffusivity for each fluid was calculated using
Stokes-Einstein and is therefore dependent on viscosity. However, viscosities were left
as constants in this simulation. Since each of these biofluids are shear-thinning, these
are conservative estimates of binding times.

Of principle concern in assays is the time required to bind nearly all of the target
biomarkers out of solution, and as such, we have simulated the time required to bind
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95% of the target analytes to the
surface of beads. Molecular
diffusion, with no fluid motion, is
substantially slower at all clinically
relevant viscosities. As an example,
in relatively non-viscous saliva,
molecular diffusion (as slip velocity
goes to 0) would require nearly 1
hour to bind 95% of the target
analyte. Increasing the particle-fluid
relative velocity, presumably with
faster vortex speeds, beyond 102
m/s reduces this time to 95%
binding to approximately 10
minutes. In blood, increasing the
slip velocity from 104 m/s to 10"
m/s rpm can decrease tgsy, from
more than 200 minutes to less than

r Sputum

f Saliva

toso, (minutes)
o
N

10"k Buffer

10° B —
10° 10° 10 10 102 107" 10°
Slip Velocity (m/s)

Figure 9. Theoretical time to 95% binding as a function
of particle-fluid slip velocity for four clinically relevant
biomatrices (buffer, saliva, blood, sputum). The
apparent viscosity of each biomatrix was taken from
literature[3] and calculated at an apparent shear rate of
10 s; all of these biofluids are shear-thinning fluids,
and in these simulations the apparent viscosity was not
adjusted to account for this. Simulation parameters are
the same as those used in Figures 7 and 8, with the
following exceptions: Vg, is kept at 10 yL, and Re
varies with slip velocity as given by eq. (3). The length
scale used in the Sherwood number correlation is the
tube diameter.

20 minutes, which is a much more reasonable sample preparation time for assays in the

field.

This demonstrates the potential for mass transfer theory to assist healthcare

technicians in selection of appropriate conditions (vortexing frequency, sample dilution

to lower viscosity) to meet a target assay time. Additionally, this insight is particularly

applicable outside of well-equipped diagnostic laboratories in developed countries. In

these resource-limited environments, where high frequency vortexing may not be a

viable option, it appears that even a small amount of fluid agitation can result in

substantial improvement in biomarker binding. These results also highlight where

correlations that relate particle-slip velocity (in the particle Reynolds number) to a more

tangible parameter, such as vortex mixer frequency (in the fluid Reynolds number), are

appealing and would result in broader model usage.

26



5.5. Biomolecule Stability During Mixing

The results from the previous sections suggest that the healthcare technician should
always set their laboratory vortexer to its maximum setting. Unfortunately, biological
reagents can be sensitive to various flow conditions. For instance, there have been
reports on the negative correlation between mammalian cell viability and increasing
shear[85], as well as reports on shear-induced plasmid DNA degradation[86-88].
Proteins are generally more tolerant of shear, but have been shown to exhibit partial
unfolding and eventual aggregation[89-92] or denaturation[93, 94] when partitioned to
an air-water interface. This particular problem is a noted challenge in the development
of pharmaceuticals and therapeutics[95]. So while increasing the vigor with which a
sample is mixed seems ideal, it remains an exercise in empiricism to determine the

viability of any biological reagents with the assay.
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To illustrate this point, we
performed a simple experiment
where we measured the effect
of harsh mixing on
recombinant Plasmodium
lactate dehydrogenase
(rcoLDH) (experimental details
shown in Appendix). Human
LDH levels are measured in
liver battery assays[96], but the
Plasmodium form of LDH is
used as a malarial
biomarker[97]. It is known to
have a complex tertiary and
quaternary structure (Fig. 10A),
and when recombinantly
produced, it is thought to have
a deglycosylated form[98]. We
anticipated that the
combination of these factors
would make rcpLDH sensitive
to harsh mixing. These results
reinforce findings by others
that above some threshold,
biomolecules of interest can be
altered by mixing. As the
rcoLDH was vortexed for
longer times, there is a clear
decrease in the kinetic “on”
rate (Fig. 10B). This decrease

in binding kinetics results in
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Figure. 10. (A) The biological assembly of pLDH shows a
complex tertiary and quaternary structure[1, 2]. (B) As pLDH
is vortexed under sub-optimal conditions with a large fluid-air
interfacial, the kinetic on-rate of pLDH decreases. (C) This
kinetic decrease carries through to diagnostic assays that
incorrectly give the appearance of lower biomolecule
concentrations.
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lower signal during a diagnostic enzyme linked immunosorbent assay (ELISA) (Fig.
10C). The operating parameters of this experiment were designed to show a dramatic
response: 100 yL of total fluid in a 1.5 mL microcentruge tube and vortexing at a
frequency of 3200 rpm. As shown in Fig. 2, small fill volumes mixed at high speeds will
result in large air/water interfacial area and that is expected to result in adverse effect
on biomolecules. However, this result should inspire caution in the assay developer that

wants to leave their benchtop vortexer at its maximum setting.

6. Conclusions

Processing samples with surface-functionalized magnetic beads inside of
microcentrifuge tubes is ubiquitous in clinical biomarker diagnostic assays. The capture
of a target biomarker is determined by the rates of mass transfer and surface reaction,
which are functions of the reagents and the surrounding sample matrix. In this work, we
apply a comprehensive theoretical understanding of combined mass transfer and
reaction to bead-based analyte capture within a microcentrifuge tube. We have
reviewed strategies for estimation of input parameters, relevant model simplifications
based on the relative values of these parameters, and the important consequences of
the theory. To complete this model and allow easy-to-use expressions for assay
developers, further research must be performed to validate correlations for the
Sherwood number in small orbitally mixed vessels. In addition, a greater understanding
of biomolecule stability in shear flows is needed.

Theoretical modeling efforts and the approximate analytical solutions derived from
them, such as the model presented in Section 3 and applied in Section 5, can offer
predictive capability and will assist assay developers in choosing operational or
fabrication parameters. The system that we have presented should serve as a starting
point for future studies on assay development and can be readily modified to include
multiple competing reactions or general non-specific interactions that slow the binding
or reaction process. As we have demonstrated, this theoretical approach has practical

applicability that will be immediately useful to clinicians and assay developers.
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9. Appendix: Lactate dehydrogenase stability experimental design

9.1. Materials

Plasmodium falciparum lactate dehydrogenase (PAL.DH) was purchased from CTK
Biotech (#A3005). Anti-pLDH antibodies were purchased from Vista Diagnostics (1997
and 1201). Horseradish peroxidase was conjugated to 1201 (1201:HRPx) using a
conjugation kit (ThermoFisher 31497). For the BLI experiment, 1997 was biotinylated
using EZLink NHS-PEG4-Biotin (ThermoFisher #21329) according to the

manufacturer’s protocol.
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9.2. Methods

Microcentrifuge tubes (1.5 ml, Fisher 05-408-129) containing 100 ul of 1 uM PALDH
in PBS were placed on a Benchmark Vortex Mixer (BV1000) at 3200 rpm for 0, 10 s, 30
s, 1 min, 2 min, 5 min, 10 min, or 30 min.

Binding between the vortexed PA.DH samples and anti-pLDH antibody 1997 was
visualized using a Fortebio Octet Red96 system. All solutions were made in 1x
phosphate buffered saline (PBS) with 0.02% Tween-20 and 0.1% BSA (Octet buffer)
and placed in a black 96-well plate (Griener 655209) 200 pl/well. The BLI experiment
consisted of 5 steps: (1) streptavidin biosensors were equilibrated in Octet buffer for 120
s, (2) biotinylated 19g7 (0.5 pg/ml) was loaded onto the tip for 400 seconds, (3) the
sensors were placed in Octet buffer for 60 s to achieve a baseline signal, (4) vortexed
PA_DH samples (100 nM) were associated to the 19g7-funcitonalized sensors for 400 s,
and (5) The sensor tips were placed in Octet buffer for dissociation of PALDH for 900 s.
The experiment was performed at 26C, and the plate was shaken at 1000 rpm to
ensure the reaction was not mass transfer-limited.

An ELISA was also performed in order to determine the effect of vortexing on assay
signal. Briefly, 100 pl of 2 ug/ml 19g7 in PBS was incubated in an Immulon 2HB 96-well
plate for 1 hr. The plate was washed 3x with 1x PBS containing 0.1% Tween-20
(PBST). Next, 300 pl of 15% nonfat dried milk was added to each well, and the plate
was incubated for 2 hr. After washing 3x with PBST, 100 pul of vortexed PALDH samples
(500 pM) as well as a PALDH standard curve (0 — 1.2 nM) in PBST with 0.1% BSA was
added to the plate in triplicate and incubated for 2 hours. The plate was washed 5x
before 100 ul of 2 ug/ml 1201:HRPx in PBST with 0.5% BSA was added to each well.
The plate was covered with foil and incubated for 1 hr before washing 5x with PBST.
Finally 100 pl of TMB One solution (Promega G7431) was placed in each well for 10
minutes. The reaction was stopped with 100 pl of 2M H2S0O4 and absorbance was

measured at 450 nm.

10.Figure Captions

Figure 1. Schematic of analytes binding to functionalized beads in microcentrifuge
tubes.
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Figure 2. Still images captured from high-speed video of fluid mixing in microcentrifuge
tubes at different liquid fill volumes and mixing frequencies: A. 1000 rpm, and B. 2500
rpm.

Figure 3. Representative time-series of the three biochemical species in the model.
Simulation parameters: Da°"=2.633e-4, Da®/7=0.0017, €?=50000.

Figure 4. (A) Root mean squared error (red indicates large error, green indicates
agreement) between full model and approximation for a range of Da°" and Da®// | with
C, in large excess (C2=50000). (B)-(E) Transient profiles of the three biochemical
species in the mass transfer model for Da°™ and Da°//, respectively: (B) 1, 1; (C) 1e-4,
1e-3; (D) 1e-2, 1e3; (E) 1e-4, 1e4. The solid lines represent the full model; the dashed
lines represent the approximate solution (Black, bulk analyte; red, unbound surface
analyte; blue, ligand-bound surface analyte).

Figure 5. Techniques for mass transfer parameter estimation. (A) A cone and plate
viscometer is a common tool to measure the rheological properties of fluids, including
shear-thinning bio fluids. (B) Schematic of the process to determine divalent metal
concentration using ICP-OES. Immobilized metals are stripped from the solid phase by
treatment with EDTA and the chelated metal complex is introduced to the instrument to
quantitatively measure metal concentration using a metal specific wavelength. (C)
Schematic of biolayer interferometry. White light is sent down a fiber optic sensor. It
reflects back to the detector from a stationary reflective layer within the sensor and from
the tip of the sensor. When an analyte binds, the distance between the reflective layer
and tip of the sensor increases, changing the interference patterns at each wavelength
and causing a shift in the resulting interferogram. This phase shift is measured over
time and plotted as the binding profile.

Figure 6. (A) handheld orbital mixer for use in biomarker assays in low-resource
settings taken from [4]. (B) The kinetics of biomarker binding in different viscosity fluids.
Using fitted mass transfer coefficients in the dimensional equivalents of eq. (24), the
mass transfer model shows good agreement with the experimental results.

Figure 7. Simulations of the complete mass transfer model showing the importance of
convective mixing on bound analyte (C,, = 100% X L”) Simulation parameters: Re,=0-
Ab

1000, V=250 pL; k,,=3.07e4 1/MIS; k,;r=4.05e-5 1/s; C/=10.0017e-6 M; C2,=200 pM

Dap=7.1795x10"""m/s; Vg, =10 WL; py=1.025€6 beads/pL; d,=30 um. Here, Vpry is
the volume of the bead slurry added to the sample, py is the number density of beads in
the slurry. Together with d,,, these allow for explicit calculation of total bead surface
area, a;. Using this information, Sh and k,,, are calculated by eq. (12). Da°™ and Da°/f
calculated by eq. (15). The characteristic length scale used for eq. (12) in these
simulations was the tube diameter.
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Figure 8. Simulations show increasing the volume of beads added to the sample more

rapidly binds target analyte (C4, = 100% X %). Simulation parameters are the same as
Ab

those used in Figure 7, with the following exceptions: Re is fixed at 1000, and Vg is
varied.

Figure 9. Theoretical time to 95% binding as a function of particle-fluid slip velocity for
four clinically relevant biomatrices (buffer, saliva, blood, sputum). The apparent viscosity
of each biomatrix was taken from literature[3] and calculated at an apparent shear rate
of 10 s1; all of these biofluids are shear-thinning fluids, and in these simulations the
apparent viscosity was not adjusted to account for this. Simulation parameters are the
same as those used in Figures 7 and 8, with the following exceptions: Vg, is kept at
10 yL, and Re varies with slip velocity as given by eq. (3). The length scale used in the
Sherwood number correlation is the tube diameter.

Figure. 10. (A) The biological assembly of pLDH shows a complex tertiary and
quaternary structure[1, 2]. (B) As pLDH is vortexed under sub-optimal conditions with a
large fluid-air interfacial, the kinetic on-rate of pLDH decreases. (C) This kinetic
decrease carries through to diagnostic assays that incorrectly give the appearance of
lower biomolecule concentrations.
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