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Abstract

Due to the lack of therapeutics and vaccines, diagnostics of COVID-19 emerges as one of the
primary tools for controlling the spread of SARS-COV-2. Here we aim to develop a theo-
retical model to study the detection process of SARS-COV-2 in lateral flow device (LFD),
which can achieve rapid antigen diagnostic tests. The LFD is modeled as the adhesion of a
spherical nanoparticle (NP) coated with ligands on the surface, mimicking the SARS-COV-2,
on an infinite substrate distributed with receptors under a simple shear flow. The adhesive
behaviors of NPs in the LFD are governed by the ligand receptor binding (LRB) and local
hydrodynamics. Through energy balance analysis, three types of motion are predicted: i)
firm-adhesion (FA); ii) adhesive-rolling (AR); and iii) free-rolling (FR), which correspond
to LRB-dominated, LRB-hydrodynamics-competed, and hydrodynamics-dominated regimes,
respectively. The transitions of FA-to-AR and AR-to-FR are found to be triggered by over-
coming LRB barrier and saturation of LRB torque, respectively. Most importantly, in the
AR regime, the smaller NPs can move faster than their larger counterparts, induced by the
LRB effect that depends on the radius R of NPs. In addition, a scaling law is found in the
AR regime that v o< YyR* (rolling velocity v and shear rate 7), with an approximate scaling
factor a ~ —0.2 £ 0.05 identified through fitting both theoretical and numerical results. The
scaling factor emerges from the energy-based stochastic LRB model, and is confirmed to be
universal by examining selections of different LRB model parameters. This size-dependent
rolling behavior under the control of flow strength may provide the theoretical guidance for
designing efficient LFD in detecting infectious disease.
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1. Introduction

Diagnostics of COVID-19 is the primary tool to control the spread of SARS-COV-2 after
the report of the first case in Wuhan City (China) [1], due to the lack of effective thera-
peutics and vaccines. Current diagnostic methods have three main approaches: nucleic acid
amplification tests (NAATS), antigen-directed virus detection, and serological assays [2, 3, 4].
Among them, rapid antigen diagnostic tests, usually based on lateral flow device (LFD), have
expanded widely due to its inexpensive, fast, qualitative and point-of-care testing [5, 6]. Al-
though LFD demonstrates fast detection, the accuracy and sensitivity are limited compared
to the NAAT'Ss. This low reliability may in part due to the inaccurate control of the flow and
inadequate understanding of the interaction between antibody and antigen under the flow
environment.

To improve the reliability of LFD, attentions are paid to focus on the ligand-receptor
binding (LRB) process [2, 5, 6, 7, 8]. In LFD analysis, the viruses are usually modeled as
nanoparticles (NPs) coated with ligands on the surface, as presented in Fig. 1(a). The detec-
tion is conducted through the capture of ligands by the biological receptors on the substrate.
Typically, there are three types of motion of NPs on the substrate: initial contact; adhesive
rolling on substrate; and final firm-adhesion. These kinetic processes are strongly deter-
mined by the size-dependent physiological (Stokes’ drag) and biophysical (LRB) conditions.
Extensive efforts have been made to study the adhesion behaviors of NPs [9, 10, 11, 12]. Nev-
ertheless, the complex interplay between hydrodynamics, Brownian motion, and stochastic
LRB hinders the progress of investigations on NPs subjected to flow conditions.

Although numerical simulations have been conducted to investigate the transport of NPs
in fluid environment, the focuses are centered around either suspension rheology [13, 14, 15,
16] or thermal fluctuation of a single NP [17, 18, 19]. For instance, [18] adopted the fluctuating
hydrodynamics approach to study the motion of nano-sized spheroid in a cylindrical vessel
flow. The effects of geometries such as shape and aspect ratio of NPs on their velocity and
angular velocity autocorrelations as well as diffusivities have been uncovered. Nevertheless,
corresponding studies that account for the stochastic LRB towards vessel wall have largely
remained unexplored [20, 21].

On the other side, researches on adhesive motion of cells that are much larger than
NPs in the flow condition have attracted extensive attentions during the past decades, due
to its important role in many fundamental biological processes such as cell growth [22],
migration [23] and differentiation [24]. A typical example is the migration and adhesion of
leukocytes during the inflammatory process [25]. The circulating leukocytes in blood flow
initially interact with the endothelium cells through LRB and then roll on the endothelium
until they eventually stop on the inflammatory site. This process involves three types of
motion: free-rolling in blood flow, adhesive-rolling on the endothelium, and firm-adhesion on
the disease site [26]. It is found that the transition from firm-adhesion to adhesive-rolling
can happen when the shear rate exceeds a threshold [27]. However, a lower threshold that
characterizes the transition from adhesive-rolling to firm-adhesion is recently observed [28].
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This bistability is also confirmed by in vitro experiments [29] and theoretical analysis [30].
In the corresponding theoretical work, the models that describe the kinetics of cell rolling
on the vessel wall under laminar shear flow have been established by torque and energy
balance analyses. Although the target is cell instead of NP and the analysis is limited to
two-dimensional circumstance, the theoretical approach such as energy balance may shed
light on the corresponding studies of the adhesive motion of NPs in shear flow.

Inspired by above aspects, we theoretically investigate the adhesion of a spherical NP
on an infinite substrate under LRB and simple shear flow through energy balance analysis.
The motion of NP is assumed to be determined by the interplay of LRB and local hydrody-
namics. Similar to leukocytes, three types of motion are predicted: i) firm-adhesion (FA);
ii) adhesive-rolling (AR); and iii) free-rolling (FR), which correspond to LRB-dominated,
LRB-hydrodynamics-competed, and hydrodynamics-dominated regimes, respectively. More
importantly, we find that small NPs can move much faster than their larger counterparts
in the AR regime, which is contradictory to the Stokes’ prediction that larger particles will
experience larger torque in shear flow and move faster [31]. Through both theoretical anal-
ysis and numerical simulations, we identify that this contradiction is induced by the LRB,
which slows down the movement of large size NPs in shear flow. With the shear rate in-
creasing, the Stokes’ prediction is fully recovered and the motion of NPs is dominated by
local hydrodynamics. This size-dependent rolling behavior may provide theoretical guidance
for broad applications of LFD in detecting various viruses with different sizes such as Severe
Acute Respiratory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS), and
SARS-COV-2 [5].

2. Theoretical Analysis

In our theoretical model, a spherical NP with radius R and density p°® is placed above an
infinite rigid substrate as shown in Fig. 1(b). The surface of the NP is coated with ligands
and the receptors are distributed on the substrate. The NP is immersed in a semi-infinite
simple shear flow bounded by the substrate. The viscosity and shear rate of the flow are n
and 7, respectively. We fix the environmental temperature of this system at T' = 310 K. It is
assumed that the distributions of ligands and receptors are uniform, and their densities are
ny; and n,., respectively. When the NP moves close to the substrate, the ligands and receptors
can interact with each other and then they might bind together to form biological bonds as
depicted in Fig. 1(b).

Under the shear flow, besides the LRB, the NP also experiences hydrodynamics and
thermal fluctuation. The thermal fluctuation is attributed to the ambient fluid, acting as
heat reservoir with temperature 7. The Péclet number is defined as Pe = 2Rumax/Doo,
where upmax = YR corresponds to the maximum flow velocity around the NP and Do, = 6]?77711%
is the Stokes-Einstein diffusivity. kp is the Boltzmann constant. Since the minimum size of
NP we study here is R = 40 nm and the shear rate of flow has the order ¥ ~ 1074 ns™1,

the Péclet number corresponds to the order Pe = 12227%}%3 ~ 10° that indicates the thermal
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Figure 1: (a) Schematic of diagnostics of respiratory virus infections, adapted from Ref. [5] (Copyright 2020
ACS). (b) Schematic of a spherical NP on substrate under ligand-receptor binding in a simple shear flow. (c)
Theoretical model. The shear rate of the simple shear flow is 4. R is the radius of the NP, v is the moving
velocity of the NP, d.4 represents the equilibrium length of the ligand receptor bond, z is the distance between
ligand and receptor, r is the corresponding radius of the crossed circle and [ is the angle with shear direction.
don 1s the cutoff of the ligand receptor interaction, and A is the corresponding critical position at time ¢, which
has a angle 8o with the shear direction. And at time ¢ + dt, A moves to A’. The ring on the plane is the
projection of the moving area (denoted by red line) in the 3D configuration of spherical NP, which describes
the movement of NP at time dt on the substrate. 6 in the moving part is defined as the angle between the r
and vertical direction.
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fluctuation can be negligible. To confirm this, we still include the thermal fluctuation effect
in the numerical simulations, and we find it contributes to the motion of NPs significantly
only when the shear rate is extremely small (low Péclet number, cf. Appendix B). However,
for simplicity, the thermal fluctuation is not considered in the theoretical analysis. Through
removing the thermal fluctuation, the NP’s motion is governed by the competition between
hydrodynamics and LRB. Through this competition, the NP can present either rolling or
static on the substrate. For the theoretical analysis, we assume the NP keeps rolling with
velocity v on the substrate with no slipping, therefore, v = Rw with the angular velocity w.
The kinetic energy of the NP is
|- 1 2 L. o

E(t) = 5 m (t) + §Icmw (t) = §Jw (1), (1)
where I, is the inertial moment, and J = mR? + I.,,. The hydrodynamic work exerted on
the NP done by the shear flow in the time interval (0,¢) is

Wh(t):/o Fh(T)’U(T)dT-‘r/O My, (7)w(T)dT, (2)

where F}, and M), are hydrodynamic force and torque, respectively.
The work consumed by the LRB can be described as

rt

Wir(t) = /0 Myg(T)w(7)dr, (3)

where My is the torque exerted on the NP due to LRB. We assume the NP is initially static,
then we have the energy balance form:

Wi(t) = E(t) + Wir(?), (4)

which can be expressed as

1 t t
37520+ [ Mun(r)e(ryir = [ B(r(rr

¢ (5)
+/ My (T)w(T)dT.
0
Taking the derivation with respect to t, we have
J dv(t)
— Mir = Fy R+ My, 6
R dt + Mir hit + Mp (6)
Assuming the NP reaches a steady state, saying dz(tt) = (, then we have the governing
equation of the steady motion for the NP
Mir = FRR + M;,. (7)
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In the following, we restrict our discussion to the steady motion of NP unless otherwise stated.
To gain insights into the motion of NP, the concrete expression of the Eq. (7) needs to be
further deduced. Firstly, based on Stokes’ law [32], [31] derived the exact solution of Stokes’
equations for a sphere moving near a plane wall under simple shear flow. According to [31],
the force and torque that the NP experiences in the flow are:
v

Fi = 6mnR(ES3h — Efv), My = SmqRY(T3 — T ) (8)

where FJ and Fy are hindered force coeflicients induced by flow and translation of NP.
Similarly, T} and 7} are hindered torque coefficients led by flow and rotation of NP. Fur-
thermore, the empirical expressions of the coefficients are provided: F} = 1 + %A, Fr =
(1— M) LTr =1— A3 and T) = 1+ A3, where A = R/h, and h is the distance
between the center of NP and the substrate. Although the confinement of the substrate can
affect the motion of NP, it is obvious that, from the force and torque expressions, the nature
of Stokes’ prediction that larger particles will move faster than smaller ones in simple shear
flow is maintained.

Secondly, the LRB is characterized by the biological bonds formed between ligands and
receptors. In our model, the biological bond association and dissociation are governed by
the probabilistic adhesion model developed by [33] based on the Bell model [34]. This model
has been widely used in describing cell and NP adhesive behaviors and has performed well in
terms of the accuracy and simplicity [35, 36, 37, 20]. When a ligand on the NP surface is close
to a receptor on the substrate within a characteristic length d,,, there is a probability P,y
to create a new biological bond between them. Reversely, an existing bond suffers a breakup
probability P,g within a critical length d,g. The probabilities are mathematically defined as

b et ide, [T R < dg )
o 0, I>don T 1, 1>dog’

where ko, and kqg are the association and dissociation rates, respectively. They have the
forms: kon = kO, exp(—%;ﬁw), kot = kD¢ exp(%;ﬁ’)g), where o,, and oo are the
effective on and off strengths, denoting a decrease and increase of the corresponding rates
within the interaction lengths do, and dog, respectively. kg7 is the energy unit. kY and kgff
are association and dissociation rates at the equilibrium length [ = [y between ligand and
receptor, respectively. [y represents the equilibrium length of the biological bond. Thus, the
force of a biological bond is: F” = k(I — ly), which will exert on both receptor and ligand,
but with different directions along with the bond. Here, k4 is the bond strength which is
attributed to the rupture energy FE, = —%ksA:U?n that is required to break up a single bond.
Ax,, is the maximum extension of the bond. At in the expressions is the time step in both
theoretical analysis and computer simulation. Note that only a single bond is allowed to
form at each ligand or receptor. The selection of parameters in the LRB process and the
corresponding references are listed in Table 1.
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Parameters Physical Value References
lo 10 nm [11]
E(—3ksAz2) —45 kpT ~ —17 kgT [38]
don /doft 40 nm [39]
Oon 0.1 pN/nm [40]
Ooff 0.2 pN/nm [40]
KO, 0.8 ns~! [41]
kg 5x107* ns™! [41]
n 0.023 mol/nm? [11]
Ny 0.01 mol/nm? [11]

Table 1: Parameters used in the adhesive model for ligand-receptor binding.

At time t, the NP is in torque-free state and the biological bonds are called ‘closed bonds’
under this state. When the NP starts to move, the LRB torque is induced by the imbalance
between the association torque of leading edge led by newly formed bonds and the dissociation
torque of trailing edge induced by stretching of closed bonds. In the following, we strive to
find the analytical expressions of association torque and dissociation torque by geometrical
analysis. The smallest distance between NP and substrate is defined as deq (cf. Fig. 1(c)).
x denotes the distance of ligand from the substrate and r is the corresponding radius of the
crossed circle. [ is the angle with shear direction as shown in Fig. 1(c). Similarly, 5y is the
angle between the critical position where the ligand has a distance d,, from the substrate
and shear direction. We track the critical point A (distance do, from te substrate ) at the
leading edge of the NP from t to ¢ + dt. At time t + dt, it will move to the position A’
with distance z from the substrate. We project this part (denoted as red line in Fig. 1(c))
of the NP on the substrate, it is nearly a ring region, namely influence region, with intra
radius 7 = \/R? — (R + deq — 2)? and width vdt is the displacement of point A within time
dt. Inside this region, there are new interactions between ligands and receptors. z can be
expressed as R(1 — cos(By — %t)) + 0eq. In the influence region, for a parcel with angle df,
the number of association bonds is

ANy = J1(r -+ vdt)? ~ r]d0Poun,. (10)

Because the ligand density is about two times higher than that of the receptor, receptors in
the influence region are expected to be fully saturated [10], and this estimation is confirmed
in our numerical studies through counting the number of active bonds (cf. Appendix A).
The biological bond, in general, assumes an arbitrary angle with the substrate. For example,
the closed bonds should demonstrate stochastic directions. However, this cannot apply to
the bonds in the influence region. The angle of a bond will be around 7/2 in the influence
region at the leading edge. Because, for a specific ligand on the NP, the newly created bond
forms in the vertical direction with high probability as the distance is minimum under this
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circumstance, leading to a lower energy state of the LRB. Similarly, in the limited influence
region at the trailing edge, the bonds will be stretched compared to their last state. And
those bonds with angles larger or smaller than 7 /2 for specific ligands suffer a high probability
to break up before stretching. Hence, the bonds in the influence regions are assumed to be
in vertical direction (shear direction). To further validate this scenario, the resultant bond
force in the simulation is calculated. It reveals that the bond force in the flow direction is
nearly zero, though there is a small increase for the cases with a large moving velocity of NP
(cf. Appendix A). Therefore, we only consider the bond force in the shear direction and it
can be expressed as F® = ky(z — Jdeq)- The arm of the bond force is L = rsin @, then we have
the torque on NP exerted by the association bonds dM,, = fow dNyLF?. Ignoring the second
order (dt)?, we have association torque

ts
My, = / 2r20 Poyny ks (z — eq )dt. (11)
0
Similarly, we can obtain the dissociation torque
ts
Mg = / 2r20 Py ks (2 — 0eq)dt, (12)
0

but here x = R(1 —cos(By — 5* + ”—I‘ét)) + deq, where 5% = % corresponds to the angle of NP’s
rotation within time ¢s. The integration time t; should reflect the kinetics of interactions
between ligands and receptors. Here, kO, and kY characterize the LRB process. According
to the experiment [41], the association rate k! is typically few orders of magnitude larger
than the dissociation rate k). The fast association process is difficult to capture, and is
not of significant when considering flow with small shear rate. Therefore, kgff is adopted to
quantify the LRB process, and the integration time ¢4 is chosen as 1/ kgff. Eventually, we
obtain the torque due to LRB as

MLR — MOH - M0n~ (13}

3. Numerical Formulation

In the numerical simulation, the Lattice Boltzmann method (LBM) is adopted to solve the
fluid flow, which is an efficient and accurate method for fluid dynamics [42]. The linearized
Boltzmann equation has the form of:

(00 + ciadl) fi =~ (fi = )+ Fo (14

where f;(x,t) is the distribution function for fluid particles with velocity e; at position x
and time t, ff %(x,t) is the equilibrium distribution function and 7 is the non-dimensional
relaxation time, Fj is an external forcing term. In this simulation scheme, D3Q19 model is
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Figure 2: Validation for the motion of a nanoparticle (NP) in thermal-fluid environment. (a) Snapshots of
streamlines around the NP, which freely translates in quiescent flow with initial velocity uo. The contour
presents the pressure of the flow field. (b) Relaxation of normalized NP velocity u¢/uo. (c) Evolution of
diffusion coefficient of NP immersed in the thermal fluid with temperature 7' = 310 K.

used [43]. The equilibrium distribution function f;?(x,t) can be calculated as: f;%(x,t) =
wip [1 + e—égg + %;ﬁ - %} , where the weighting coefficients w; = 1/3 (1 = 0),w; = 1/18 (i =
1—6),w; = 1/36 (: = 7 — 18). The term ¢4 represents the sound speed which equals
Az /(v/3At). The relaxation time is related to the kinematic viscosity in Navier-Stokes equa-
tion in the form of v = (7 — 1)c2At. The external forcing term can be discretized as [44]:
F=(1-2%)w [%}3 + (igiu—)ei] -F. Eq. (14) is solved by the integration algorithm proposed
by [45]. Once the psarticle (siensity distributions are known, the fluid density and momentum
are calculated as

p= Z fi, pu= Z fie; + %FAt. (15)

The NP is represented by a rigid spherical shell with surface uniformly discretized into
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N nodes, e.g, N = 726 for R = 40 nm. To couple the NP with surrounding fluid flow, a
dissipative force Fg = {(v — u) is introduced and exerted on both fluid nodes and NP nodes.
¢ is the damping coefficient. v is the velocity of the NP node, and u is the velocity of the
fluid at the same location as the NP node. Because the fluid flow is described in Cartesian
mesh and the fluid nodes are fixed, u should be interpolated by the surrounding fluid nodes.
Based on the immersed boundary method [46], a smoothing kernel is adopted to interpolate
the surrounding fluid nodes to the location of NP nodes.

(X, 1) = /Q u(x, )3(x — x(X, 1)), (16)

where x and X denote fluid node and NP node, respectively. We use a 4 point approximation
to the Dirac delta function, providing a support of 64 grid nodes

(3 =2[z| 4+ /1 + 4|z] — 4a?), 0< |zl <1,

8a)=1  $6 -2+ /-T+12f[—42?), 1<z <2, (17)
0, 2 < |z|.

The dissipative force Fy is directly applied to the NP nodes, and the motion of NP is
driven by the resultant force and torque. In addition, to reflect the existence of a NP in
the fluid flow, Fg is also spread into the surrounding fluid nodes. And the same smoothing
kernel as the interpolation of velocity should be used. Although this numerical scheme about
the particle-fluid coupling has been validated in [43] and our previous works [47, 48, 20], we
further validate it using the case of translation of a single NP in quiescent fluid. The NP is
placed in the center of a cubic domain of side length 24 R with initial velocity ug. As shown
in Fig. 2(a), at time ¢ = 5 ns, a starting recirculation flow structure is observed, which is also
reported in [49]. It demonstrates the strong momentum transfer between the flow and NP. At
t = 20 ns, the momentum transfer becomes weak, and the radius of curvature of streamlines
becomes larger. Eventually, at time ¢t = 100 ns, the streamlines become parallel to each
other, and there is no momentum transfer between the NP and surrounding fluid flow. We
plot the evolution of NP’s velocity in Fig. 2(b). It indicates that, for a short time ¢ < 40, the
velocity of NP presents analytical exponential decay exp(%), where m is the mass of NP. In
the long time regime, we also find the power decay t~3/2, which was pointed out in [49]. This
long-time tail decay behavior is due to the hydrodynamic interaction between the NP and
flow field. These good agreements demonstrate the accuracy of the hydrodynamic coupling
between NP and fluid field. More details about our numerical scheme and implementation
can be found in [48].

The thermal fluctuation of the system is accounted for by introducing Gaussian white
noise [50]. The fluctuation stress tensor s,z satisfies a fluctuation dissipation relation with
the form

(5a3(r,t) 8y (r', 1)) = 2nkBT (6008, + Sardpy)d(x-r")5(t — 1), (18)

where r is the position of the fluid node and 4;; is the Kroneckers symbol. With the same setup
of the movement of NP in quiescent fluid, we apply thermal perturbation with temperature

10
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T = 310 K instead of initial velocity ug. With the thermal effect, the NP will make stochastic
motion, and we calculate the time-averaged mean squared displacement (A SD) with the
definition MSD = ((r; — rg)?). ( - ) represents the ensemble average of experiments for a
single particle in the fluid flow. For a self-diffused Brownian particle in quiescent fluid, the
diffusion coefficient Dy, is predicted by the theoretical analysis in [51] that Di,eo = kT /€.
We also calculate the diffusion coefficient Dy, in the simulation with Dg,,, = M SD/6t, and
the evolution of Dy is presented together with Dipe, in the Fig. 2(c). It is found that, after
a short transition, Dy, converges to the theoretical prediction Dipeo. This confirms that the
thermal perturbation added into the fluid model is accurate to capture the Brownian motion
of the NP. Other validations for the thermal fluctuation are referred to [43].

For the LRB process, each node distributed on the NP surface denotes a ligand. And
the receptors are illustrated by the nodes distributed with a square pattern on the substrate.
The biological bonds formed between ligands and receptors are controlled by the stochastic
model (Eq. (9)). The specific validations of this model have detailed in the work of [47].

4. Results and Discussion

4.1. Motion of the NP on the substrate

According to Eq. (7), the motion of NP is governed by the balance between LRB torque
and hydrodynamic torque. To quantify the torques with relation to NP’s velocity v, we first
integrate the expression of My, and Mg from analytical equations Eq. (11) and Eq. (12),
respectively. Fig. 3(a) shows the results of a typical case of R = 80 nm, E, = —45 kT and
other parameters given in Table 1. It is found that the association torque M, demonstrates
three stages with the increment of moving velocity v: i) extremely small when v < 0.01 nm/ns;
ii) continuous increase in the regime 0.01 nm/ns < v < 0.035 nm/ns; and iii) approximately
constant when v > 0.035 nm/ns. In the stage of extremely small, because v is very small,
the influence region is narrow and the newly formed bonds are limited. Furthermore, part
of the formed bonds will quickly become closed bonds due to the very large association rate
k0.. Hence, the association torque M, exerted on the NP is extremely small. With the
increment of v and enlargement of influence region in the stage of continuous increase, more
and more active bonds form in the leading edge, which makes the association torque Mo,
become significant and continuously increase. However, a further increase of v will lead to the
saturation of newly formed bonds, resulting in the plateau of My, (stage of approximately
constant).

By contrast, only two stages are found for the dissociation torque Myg. The first stage is
characterized by the dramatic increase of Mog with the increment of v (v < 0.016 nm/ns).
And the second stage for Mg keeps almost constant and is unrelated to NP’s velocity v,
similar to the last stage of association torque My,. In the first stage, the increase of moving
velocity v, on the one hand, enlarges the influence region and thus more closed bonds are
stretched, on the other hand, makes a single closed bond more stretched. These two factors
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result in the dramatic increase of M,g. Besides, a further increase of v makes the stretched
bonds saturated and leads to saturation of Myg.

In order to compare the LRB torque Mir and hydrodynamic torque My, = Fp R + M,
the Mg is first obtained by Eq. (13) and presented in Fig. 3(a). Mg is found to have three
stages: 1) dramatic increase; ii) small decrease; and iii) approximately constant with the
increase of v. Among them, the stage of dramatic increase is dominated by the dissociation
torque Myg and the stage of small decrease is attributed to the increase of association torque
Moy.

Furthermore, the hydrodynamic torque My, for cases with the same sized NP, but differ-
ent flow strengths (shear rate %) are demonstrated in the same figure of My (cf. Fig. 3(a)).
Here, the shear rate 4 is normalized by k:gff that characterizes the time scale of LRB pro-
cess. According to Eq. (8), My, monotonically decreases with the increase of v as shown in
Fig. 3(a), and this makes the Mg and My, curves intersect at a specific point. The intersec-
tion means the balance of torques exerted on the NP and represents the steady state. Also, to
investigate how the moving velocity evolves, we recall the time-dependent governing equation
Eq. (6) and numerically integrate it. The evolution of moving velocity v is shown in Fig. 3(b)
for corresponding cases. From Fig. 3(a), we find that when the flow is weak (¥ = 0.4 kY),
the moving velocity v of NP is extremely low, and this steady state is called firm-adhesion
(FA), in which the NP can hardly roll on the substrate. Under this circumstance, an initially
high velocity of NP will continuously decrease and finally, it reaches the static state (FA, see
Fig. 3(b)). When the shear rate increases to moderate (¥ = 2.2 kY;), the flow strength is
comparable with the strength of LRB, and the movement of NP becomes significant. The NP
can always reach a steady rolling state, which is irrelevant to the initial velocity (high (P7)
or low (PT), cf. Fig. 3(b)). We name this type of motion as adhesive-rolling (AR). With
the further increase of flow strength, the intersection enters the regime where the Mg is
approximately constant and becomes irrelevant to the moving velocity v. Therefore, stronger
flow (¥ = 3.2 k:gff) will lead to the hydrodynamics-dominated regime where the NP motion
is determined by Miy,. In this regime, even though the initial velocity is small, the strong
flow will drive the NP to move and accelerate until the NP reaches a steady state (Fig. 3(b)).
This freely moving motion is named free-rolling (FR).

4.2. v — 4 curve: transitions of FA-to-AR and AR-to-FR

To further understand the relation between flow strength 4 and moving velocity v of NP,
we rewrite the governing equation Eq. (7) to isolate the LRB and hydrodynamics effects, and
obtain the y — v relation:

N Migr(v) as ;
7T7](11R2 (R + 5eq) al(R + 5eq) ’

(19)

where a; = 6F; + 8T, and ay = 6F; + 8T;. In Eq. (19), we define ¥ = 4; + 43, where

Y = m%‘gi% and vy, = #jéeq)v characterize the LRB and hydrodynamics effects,
respectively.
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Figure 4: v — % curve. Symbols represent the numerical simulation results. 4,n shows the critical shear rate
that NP starts to move on the substrate from static state. The critical point (4., v.) denotes the transition
from AR to FR for the spherical NP. The black dashed line is the v — 4 curve under the hydrodynamics
without LRB.

We integrate the Eq. (19), and the analytical v — 4 curve is presented in Fig. 4. To
demonstrate 4, and *;, we also plot the v — 4 curve for free-rolling of NP (black dashed line)
under the circumstance that the NP is driven to freely move on the substrate only by shear
flow. Then we can identify 45 and +; as shown in Fig. 4. Furthermore, the simulation results
(symbols) are presented in the same figure, which are in good agreement with theoretical
predictions. The v — 4 curve can be separated into three parts: i) v is very small; ii) v
continuously increases; and iii) v dramatically increases with the increment of flow strength
4. These three parts exactly correspond to the three types of motion: FA, AR, and FR
respectively, which will be discussed below.

It should be noted that, in the FA regime, the simulation result demonstrates that the NP
maintains its averaged static state under a low shear rate, which is slightly inconsistent with
the theoretical analysis. This discrepancy is caused by the assumption that, in the theory,
the NP is always expected to move on the substrate. However, the NP can start to move
only when the flow strength exceeds a critical value (¥ > 4on). It can be explained as follows.
Without shear flow, the torques on the trailing and leading edges of NP are balanced in the
static state. However, when the NP tends to move with the increment of the flow strength,
the biological bonds on the trailing edge are strongly stretched while those on the leading edge
are compressed, in comparison with their equilibrium state. The torque exerted on the NP
induced by the biological bonds on the trailing edge is larger than that on the leading edge.
This imbalance is named LRB barrier that hinders the start of the NP. Therefore, before NP
can move, the LRB barrier should be overcome by the compensation from hydrodynamics
through continuously increasing the flow strength, which is like mechanical static friction.
Furthermore, we find that the critical shear rate 4., will decrease if the thermal fluctuation
is considered in the simulation, which indicates the thermal fluctuation can lower the LRB
barrier through introducing thermal torque (cf. Appendix B).
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Figure 5: Illustration of the stochastic probability distribution against the bond length for ligand-receptor
binding. P,n and P.g represent the association and dissociation probabilities, respectively. The intersection
point between them denotes the position of Zmin that is the minimum length of biological bond in the influence
region.

In the second part of the v — 4 curve (AR regime), the moving velocity v continuously
increases with the increment of 4. Comparing 4, with 4;, we can see 4; dramatically in-
creases, while 4, increases linearly, which subjects to free rolling motion. This means that
the hydrodynamic torque increases to be comparable with the LRB torque. At this stage,
only a small portion of the hydrodynamic torque is consumed to maintain the free-rolling-like
motion, while the majority is used to balance the LRB torque.

However, the curve in the third part (FR regime) is found to be parallel to the free-
rolling curve (black dashed line). In this part, the 4; will be constant, which corresponds
to the plateau stage of the LRB torque. On the contrary, the 4, will continuously, though
linearly, increase and exceed the 4;. Therefore, hydrodynamics will dominate the motion of
free rolling.

In the transition from AR to FR, there should exist a critical velocity point (4, v.). After
this point, the moving of NP becomes irrelevant to LRB, which is due to the saturation of
LRB torque and continuous increase of hydrodynamic torque with the increment of moving
velocity shown in Fig. 3(a). Therefore, the critical velocity v. corresponds to the maximum
LRB torque. We have known that the dissociation torque M, g increases with the increment
of v, and eventually reaches plateau regime. While association torque M, slightly increases
with the increment of v only after v reaches the relatively large value, and then also becomes
approximately constant. Hence, the maximum of LRB torque occurs when Mg reaches
maximum and My, slightly increases. To determine this critical point, we consider the
essential parts of association and dissociation probabilities P, and P.g. Fig. 5 presents
the probabilities that are dependent on the length of biological bond. We define z, as
the length of bond where P,, = P,y and xp;, that corresponds to £* which points to the
minimum length of biological bond in the influence region on trailing edge. At velocity
v = ve, We let Zyin = To. When v increases, xpin will be smaller than x,. Although Pug is
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Figure 6: (a) v — % curves for NPs with R = 40, 60,80, and 100 nm, and simulation results are denoted by
symbols. The v — % plane are split into three parts: FA (red); AR (green); and FR (grey). The arrows guide
the direction for the increase of NP size in AR and FR regions. The inserted figure represents the zoom-in
of memory zone between NPs of R = 40 nm and R = 100 nm. (b) The shear rates for critical point 4. and
intersection point 4in against the radius of NP.

lower, the influence region will enlarge a little and dissociation torque Myg will have a small
increase. However, the association probability F,, has a substantial increase, which leads
to the significance of association torque M,,. Therefore, LRB torque will decrease under
this circumstance. When v decreases, xy,i, will be larger than x,. Although P.g increases,
the influence region will shrink and less closed bonds will be stretched, which results in the
decrease of dissociation torque Myg. And the decrease of P,, makes the association torque
Moy, negligible. Hence, LRB torque will also decrease in this case. Combining the above two
aspects, we can determine that the bond length at the intersection point between P, and
P,g should be the minimum length of biological bond (i) in the influence region, which
corresponds to the maximum LRB torque. Furthermore, according to the relation between
B* and xpmin, we can obtain the critical velocity

ve(R) = ?(ﬁo — arccos(1 — xmmTf‘s‘f‘l)). (20)

It is found that the critical velocity v, is strongly dependent on the radius R of NP, which
means different sized NPs have different critical velocity points for the transition from AR
to FR. In the next section, we will further study the effect of NP size in both AR and FR
regimes.

4.8. Size dependence: smaller moves faster

To quantify the motion of different sized NPs, we conduct three more cases with the
radii R = 40,60, and 100 nm. The corresponding v — % curves are presented in Fig. 6(a).
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Except for the FA regime, they have different performances in both AR and FR regimes. In
the regime of AR, we find that the smaller NP moves faster than the larger ones under the
same flow strength. This is counter-intuitive as Stokes’ prediction says the larger particle will
move faster than the smaller one in the same flow. However, the inclusion of LRB process
breaks this prediction and predicts the opposite result in the AR regime. Furthermore, the
critical points of the transition from AR to FR vary with the radius of NP, which has been
confirmed by Eq. (20). The corresponding critical shear rates 4. are also calculated based
on the expression of v. (Eq. (20)). It is plotted against the radius of NP in Fig. 6(b). We
find that the larger the NP is, the higher the critical shear rate will be, which indicates the
stronger flow is needed to drive the larger NP to move with the same velocity as the smaller
one.

The critical points for different sized NPs together consist of the critical v — 4 curve. We
put this curve in Fig. 6(a) and it illustrates the boundary between the AR and FR regimes.
The v — 4 plane is further split into two main regions: AR (green) and FR (grey) plus a
narrow FA region (red).

In the FR region, the motion of NP is dominated by the hydrodynamics, which recalls
the Stokes’ prediction that larger NP moves faster than the smaller one. However, it is not
true in the whole FR region. Since the critical point depends on the size of NP, larger NP
has higher moving velocity when entering FR region compared to the smaller one. Therefore,
at the initial stage of the FR region where different sized NPs enter FR regime, the smaller
one can still move faster than the larger one. For example, we zoom into the initial stage
of FR region for the cases R = 40 nm and R = 100 nm. It is clear that, for the same flow
strength, the smaller NP (R = 40 nm) moves faster than the larger one (R = 100 nm).
However, further increment of the flow strength will make the larger NP exceed the smaller
one. Therefore, there is a closed region between the critical v — %4 curve, the v — 4 curve for
R = 40 nm and the v — % curve for R = 100 nm, as denoted in the inserted zoom-in figure.
We name this region as memory zone where LRB torque still exists and contributes to the
motion of NP, though it keeps constant. It is found that the larger size difference between
NPs is, the larger the memory zone will be. It means that, compared to a specific small NP
(R = 40 nm), if the size of the other NP is larger, higher hydrodynamic torque is required to
compensate for the LRB torque and eliminate the memory.

However, the memory of LRB will become negligible when the hydrodynamic torque fur-
ther increases and Stokes’ predication is fully recovered. It is characterized by the intersection
of two v — 4 curves of different sized NPs. Assuming two NPs with radii R; and Rs, their
shear rates can be expressed as

. A : .
TR = E’U + IYC|U:1)C(RZ-)7 1=1,2, (21)
(
where A = ag/ay. At the intersection point, 4r, = Jr,, then we have the velocity

_ FelB2) — e(Ry).

Vin = 1 1
Al — &)

(22)
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Figure 7: v — ¥ scaling with respect to radius R of NP. The scaling laws are ~ R® and ~ R in AR and FR
regions, respectively.

Finally, we can have the 4, based on the v — ¥ relation. Furthermore, we adopt the case of
Ry = 500 nm as a reference, and plot the 4, against the radius of NP in Fig. 6(b). It is
found that 5, increases with the increment of NP radius, which illustrates that the smaller
NP will be easier to exceed the referenced one (Ry = 500 nm) in the FR regime.

4.4. Universal size scaling law

The NP size has demonstrated different influences in the AR and FR regions. Compared
to the relation v o< 4R in the FR region, the v — 4 relation in the AR region remains to
be further explored due to the complex expression of LRB torque with respect to v. In the
v — 4 plane, the v — %4 curves of different sized NPs are scaled with respect to the reference
(R =100 nm). By fitting both theoretical and numerical results, we find that there exists a
scaling factor o &~ —0.240.04 that can make all v —% curves approximately collapse into that
of the referenced NP. Furthermore, to have a consistent view, the v —+ curves are also scaled
in the FR region according to scaling ~ R. And we find all the v — 4 curves will be parallel
to each other. The vertical shift between the scaled curves is caused by the different critical
points (vc,*.) that depend on the radii of NPs. Nevertheless, they can collapse together
through vertical shifting with the distances that are determined by the critical points. And
the final results are presented in Fig. 7 with simulations results represented by symbols.

We have known that R scaling in the FR region stems from the hydrodynamics based on
Stokes’ prediction. To gain insights into R® scaling in the AR region, we recall the expression
of Mpr. It mainly consists of three parts that are relevant to the radius of NP: (i) area of
influence region ¥; (ii) length of bond x; and (iii) association and dissociation probabilities
P, and P.;. Firstly, the area of influence region ¥ scales to r2, hence, we have ¥ x RZ.
Secondly, the length of bond # o< R. According to Eq. (19), these two parts cancel R? and
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Figure 8: v — 4 curves for NPs with different (a) dissociation rates kg at equilibrium length, (b) effective oft
strengths oo, (¢) receptor densities n,, and (d) rupture energies E, of a single bond. Symbols in the figures
represent the simulation results.

the scaling R* should be mainly dependent on the last part — contributions of association
and dissociation probabilities P,, and F,g. In this work, the probabilities are established
based on the energy of the bond E},, which is related to (I — lp)2. The dependence of R on
the length of bond [ — [y in these probabilities leads to the scaling factor «. Based on this
analysis, the scaling can be also extended to the force-based adhesion model, in which the
force is defined as F = ky(I — Iy). Although the scaling factor « is an approximation, it can
still predict that smaller NP should move faster than the larger counterpart. This universal
scaling law should direct all the stochastic model-based adhesive motion of NPs.

According to above discussions, the scaling law is determined to be relevant to the stochas-
tic model of LRB. We further investigate the influence of important parameters in the prob-
ability model of LRB. Because the dissociation torque on the trailing edge dominates the
LRB process, the dissociation rate kgff at the equilibrium length and effective off strength
oo are systemically varied. The corresponding v — 4 curves are presented in Fig. 8(a) and
(b), respectively. In Fig. 8(a), it is found that kJ; has negligible effect in the AR regime,
while it affects the critical points of AR-to-FR transition. In Eq. (12), with the increase of
dissociation rate kgﬁ, the dissociation probability P,g will increase. However, the integration
time ts = 1/kog that characterizes the LRB timescale will decrease. Therefore, the increase of
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Figure 9: Influence of parameter selections on the v —+ scaling laws with respect to NP radius R: (a) effective
off strength oog and (b) rupture energy E,. Symbols in the figures represent the simulation results.

kgff cannot significantly affect dissociation torque. For the association torque on the leading
edge, when NP’s moving velocity is not large, the association probability P,, is small and
the association torque can be negligible (cf. Fig. 3). Hence, when v is not large enough, kgﬁ
has negligible effect on the v —+ curve in the AR regime. However, when the moving velocity
v increases to be close to the critical point, the association probability becomes significant.
And the association torque decreases due to the decrease of the integration time ts. Hence,
the maximum LRB torque enhances with the increase of kgff, which leads to the raise of the
critical point. In Fig. 8(b), the effective off strength only affects the dissociation probability.
When the moving velocity v is small, the term exp(%&o)z) is small. The change of oy
has negligible effect on P,g and thus has minimal effect on v — 4 curve in the AR regime.
However, when the moving velocity v is close to that at the critical point, the increase of
oot Will result in the significant increase of dissociation probability and the maximum LRB
torque, which makes the right shift of the critical point as shown in the figure.

To further exclude the dependence of parameter selections, we study effects of receptor
density n, and rupture energy F, as shown in Fig. 8(c) and (d), respectively. It is found
that the receptor density n, plays an important role in the AR region. For the same flow
strength, the moving velocity v decreases with the increase of the receptor density. The
increase of n, leads to more bonds formed on the leading edge and more bonds are stretched
on the trailing edge, which enlarges the LRB torque that inhibits the moving of NP on the
substrate. Also, in Fig. 8(d), the rupture energy F, denotes the strength of a single bond
and higher rupture energy means stronger biological bond. The stronger bond will result in
the larger LRB torque with the same number of bonds. Therefore, the moving velocity v of
the NP will decrease with the increase of the rupture energy E, for the same flow strength.

As o, and kgff have the same effects on the motion of NP in the AR region, we adopt
ooff to examine its dependence on the size scaling. Fig. 9(a) presents the size scaling result
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for oo, = 0.15 pN/nm. It is found that the scaling factor « also works well, which illus-
trates that the scaling law is irrelevant to the parameter selection of the probability model.
Furthermore, we investigate the dependence of rupture energy F, as a typical example of
parameter selection in the model of torque Mir. The scaling law is shown in Fig. 9(b) for
E, = =30 kgT. We find that the v — % curves also collapse together with the factor « in
the AR region. The examinations of parameter selections further confirm the universal size
scaling law of NPs in the AR region as v « yR* and o ~ —0.2 4 0.05.

5. Conclusion

In the present work, both theoretical and numerical analyses are utilized to study the
adhesive motion of a spherical NP on the substrate under LRB and shear flow. In the
theoretical formulation, the motion of NP is governed by the interplay of hydrodynamics
and LRB. The governing equation is subsequently derived through geometrical analysis and
energy balance. It predicts three types of motion: FA, AR, and FR with the increase of
flow strength. When the flow is weak (low %), the hydrodynamics is small compared to the
LRB and the flow cannot drive the moving of NP. Moderate flow strength will make the
hydrodynamics comparable with the LRB, which results in adhesive-rolling of NP. The FR
regime is characterized by the strong flow strength that dominates the motion of NP. In this
regime, the NP can freely move, which is like the motion of NP only under simple shear flow.

Between these three types of motion, two transitions are identified. The first transition
is FA-to-AR. The reason why weak flow cannot drive the NP to move is the existence of
LRB barrier. Only when the hydrodynamics overcomes the LRB barrier, the NP can start
to move. The second transition is AR-to-FR. Due to the saturation of LRB torque, a contin-
uous increase of flow strength will make hydrodynamics overwhelm the LRB, triggering the
transition from AR to FR.

The motion of NP is also found to be strongly dependent on its radius. In particular, in
the AR regime, the smaller NPs move faster than their larger counterparts. This conflicts
with the Stokes’ prediction that larger NP will move faster than the smaller one in the same
shear flow. Furthermore, this contradiction is found to extend to the initial stage of the FR
regime. Since the critical point that characterizes the transition of AR-to-FR depends on
the size of NP, different sized NPs have different critical velocities. Therefore, there exists
LRB memory zone between two different sized NPs. Stronger flow strength is required to
eliminate the LRB memory for larger NP to pursue and exceed the smaller one. Finally, the
Stokes’ prediction can be fully recovered in the FR regime.

Besides, the size scaling law is found in the AR regime. Compared to the classical size
scaling of ~ R in the FR regime, an approximate scaling of ~ R® is proposed and the scaling
factor a ~ —0.2 £ 0.05 is quantified through fitting both theoretical and numerical results.
By analyzing the expression of LRB torque, the size scaling is found to be relevant to the
energy-based stochastic model. Furthermore, the size scaling is demonstrated to be universal
regardless of the selection of parameters either in the LRB process or the shear flow.
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According to the motion type of the NP under different shear rates, for a specific sized
NP, such as SARS-COV-2 virus [2], the signal intensity can be enhanced through control of
the shear rate to make more virus adhere or slowly moving within the observation window,
instead of utilizing external stimulus like laser to amplify the signal. A corresponding design
of LFD will help improve the reliability and quantification in the rapid antigen diagnostic
tests. Furthermore, The size-dependent rolling behavior may open a broad application of
LFD to detect various viruses with different sizes.
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Appendix A. Validation of theoretical assumptions

In the setup of parameters related to the LRB process, the density of receptors on the
substrate is two times lower than that of ligands on the NP surface. Therefore, we assume
receptors on the substrate are saturated, which means that, inside the region on the substrate
where receptors can interact with ligands, all the receptors will form bonds with corresponding
ligands. Through projection of NP on the substrate, we can calculate the projection area
Ap, hence, the number of active biological bonds should be Nacive = n-Ag in the steady
adhesive rolling state according to the theoretical assumption. To confirm this aspect, in the
numerical simulations, we count the number of active biological bonds when the NP reaches
steady state, and collect the results for different sized NPs, which is shown in Fig. A.10(a).
From the comparison, the numerical results are consistent with the theoretical predictions,
which confirms our theoretical assumption on saturation of receptors in the steady state
regime.
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Figure A.10: (a) Comparison of theoretical predictions and numerical results of averaged number of active
bonds for different sized NPs with radius R. (b) Resultant bond force f, in the flow direction for different
sized NPs under the steady motion with moving velocity v. The blue line denotes the Stokes drag force F; of
NP moving with velocity v.

The formation of biological bond between ligand and receptor is a stochastic process,
therefore, the direction of the bond should be, in principle, assumed arbitrary. However, this
has limited application to the bonds in influence region. The angles of these bonds should be
around 7/2 in the influence region on the leading edge, because those with other angles will
break up due to larger length than the critical length d,,. This is also true for the bonds in the
influence region on the trailing edge. To validate this aspect, in the simulation, we calculate
the resultant bond force and show the force in the flow direction f; in the Fig. A.10(b). It
is found that, for different sized NPs, the force f, is nearly zero, despite of the limited force
for NPs moving with large velocity. For comparison, we also plot the Stokes’ drag F; of the
NP with size R = 40 nm moving in the flow. It is obvious that the bond force that the
NP experiences in the flow direction is negligible compared to the Stokes’ drag. Therefore,
it validates the assumption that the ligand-receptor bonds in the influence region is nearly
vertical.

Appendix B.

In the simulation, we find that when the shear rate is lower than a critical value 4,
the NP demonstrates averaged static state as shown in Fig. B.11. This is not predicted in
the theoretical analysis due to the assumption that NP is moving with velocity v. When
4 > 4%,, the numerical results are consistent with the theoretical predictions. Furthermore,
we consider the thermal fluctuation of the fluid. It is found that only when the moving velocity
of NP is small, the thermal fluctuation has a significant effect on the motion of NP. This is
because the Péclet number is small for low shear rate (slow moving particle). In addition, we
find the critical shear rate 4oy, is smaller than that without thermal fluctuation (Yon < Aay,). It
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Figure B.11: Thermal fluctuation effect on the v — ¥ curve.

means the NP is easier to move under thermal fluctuation, which presents that the thermal
fluctuation can help NP overcome the LRB barrier. With the increase of shear rate, the
hydrodynamics is much stronger than thermal fluctuation. The thermal fluctuation effect
cannot contribute to the regular motion of NP. Therefore, there is no significant difference
between those with and without consideration of thermal fluctuation after NP starts to move.
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