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The production rate equations

In the above concentration-governing equations, the concentration production rates Fj,,

Fiy > Fypa, > and Fy,,  correspond to complexes PA, RA, and RPA in Egs. (1-4). Based
on the chemical reaction kinetics, the reagent production rates Fy,, Fy,, Fyp,, > and Fyp,

correspond to Egs. (1-4), respectively and are given as follows:

F,, =k,-C,-C, -k, -Cy, \* MERGE
FORMAT (14)
Foy =K, (Cy, = Coy = Cpy } € —K, - Cy \* MERGE
FORMAT (15)

Fuon, =K, (Cr, =Ciw = Crrn ) Co —Ky - Cra \* MERGEF
ORMAT (16)

Frpa, =K, Crp G Ky - Crpy \*
MERGEFORMAT (17)

According to the nucleic acid hybridization kinetics model 3], k, and k, are evaluated to be
the same in the Egs. \* MERGEFORMAT (1) to \* MERGEFORMAT (4). k,and k, are

calculated to be 3.0x107° (nM!-s7!) and 1.0x1077 (1/s), respectively. Furthermore, the F,,, ,

which are produced by the above two approaches shown in Eqgs. (16-17) are expressed as

follows:
Froa=Frea, + Frea, \* MERGEFOR

MAT (18)

Discretization and solution procedure

The two dimensional calculation domain is discretized by using the inner node method with
uniform grid spacing (Fig. S1). The concentration-governing equations (9)—(18) and the
initial and boundary conditions Eqgs. (19)—(23) are discretized by finite control volume

method. The implicit scheme is applied for unsteady terms. Therefore, the discretized
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concentration-governing equation of target analyte A is expressed as:

k+1 k k+1 k+1 k+1 k+1 k+1 k+1
CAi,j _CAi,j -D CAi+1,j _2CAi,j +CAi—1,j D CAi,j+1 _2CAi,j +CAi,j-1
At A sz A Ay2
(S
C k+l C k+1
U Aitl,j Ailj o kel
2Ax PAi,j
The discretized concentration-governing equation of report particle P is given as:
k+1 k k+1 k+1 k+1 k+1 k+1 k+1
CPi,j - CPi,j CPi+1,_j - 2CPi,j + CPi—l,_j CPi,j+1 - 2CPi,j + CPi,jfl
YR A O A
k+1 k+1 y (Sz)
+ +
Cpm,/’ - CPi—],j k+l
-U———"-F,, "
2Ax v
The discretized concentration-governing equations of complex PA are written as:
CPA:'(,;I - CPAf,j -D CPAtI'{:ll,j B 2CPA:'{,;1 + CPAf:rll,j D CPAf,;il B ZCPAf,;l + CPA?.;l—l
i 2 + P 2
At Ax Ay (S3)
C :’Tl'—C fjl k+
_y A I,ZAx PAI-1, ) +FPAxl‘:j1
Correspondingly, the discretized balance equation of production rate of RA is given as:
Conltl = Cp k.
i,Jj RAL k+1 k+1
At _FRAi,j _FRPAzi,j (84)
The discretized balance equations of production rates of RPA are expressed as:
Copri ' = Cop
RPAi,j RPAi,j _ k+1
At = FRPAi,j (S5)
The discretized production rates of complex PA are given as:
k k k k
FPAi,j = ka 'CAi,j 'CPi,j _kd .CPAi,j (S6)
The discretized production rate of complex RA is written as:
k k k k k
FRA[,j = ka : (CRO - CRAi,j - CRPAi,j ) CAi,j _kd : CRA[,j (87

The discretized production rates of complex RPA produced by the three methods shown in
Egs. (2c—d) are given as:
FRPAlz]'{,j = ka '(CRO - CRAII'(,j - CRPAzl'C,j ) CPAZ‘C,j _kd 'CRPAZ‘C,j (S8)
k k k k
FRPAzi,j = ka 'CRAi,j 'CPi,j _kd 'CRPAnz;j (59)
The discretized production rates of the total complex RPA produced by the above two

methods are given as:



K o_ k k
FRPAi,j _FRPAli,j +FRPA21',_/' (SIO)
Initial conditions:
CAgl:O, C,,j.{j:o, CRA?J.:O, CPAEJ.:O&CRPA?’J:O t=0 (S11)
Left boundary conditions:

Cur;=Cs,» Cp1;=Cy, » Cpar ;=0 nM x=0 (S12)

Right boundary conditions:

CAIZL]‘ - CAIZZ,j _ CPIZLj - CPIZZ,j _ CPA]zl,j - CPA]ZZ,j —0 x=1 (Sl3)
Ax b b
Up boundary conditions:

Coian=Coiarr o G =Gz o Cowian=Coniann Loy (g1a
Ay Ay Ay

Down boundary conditions:
C.l-Cr Cp —Cy Cont1 = Copr

Aill A2 _ , Pi,l P2 _ () ' PA,l PAL2 _ () y=0 (S15)
Ay Ay Ay

The reaction rates of the complex RA, RPA, and RPA, on the fiber surface at test line are

given as:
k k k k
D CA[,_/‘ _CAi,_j—l _F D CPi,j _CPi,_/‘—l _F
A Ay — LRAiLj P Ay — L'RrA2i,) >
Cort =C,, 5
PAi,j PAi,j-1 _ _
—Dp———=Fppn1s, X, <X<=X, (S15)

Ay

The above discretized equations are solved simultaneously with the SIMPLE algorithm [1].
As shown in Figure S2, the solution procedure includes the inner iteration for solving the
governing and boundary equations at each time level and the outer iteration for the evolving
time steps. The inner iteration is terminated until the convergence criterion of Eq. (S16) is

satisfied. The convergence values then evolve to another time step for the outer iteration.

k(n) k(n-1)

_ [ RPAi,j RPAi,j

max|ACy, | = 5 J <107 (S16)
RPAI,j




Numerical investigation on distribution formats of capture probe

To investigate the influence of capture probe distribution, we performed simulations by using

different slope distributions of capture probes (e.g., k=a)(Y)=1.03><10‘7, 7.33x108,

2.93x108, 0 mol/m? in Eq. (25)) to detect a series of inlet target HIV concentrations (e.g.,

C,..=1, 5,10, 50, and 100 nM) (Fig. S3a). With the same slope k, the signal on the top

surface S;,, 1s directly proportional to the target HIV concentration, which presents an

agreement with the observation when the target HIV concentration remains a relative low

value (Fig. S3b). With a fixed C a larger k will produce a higher S,,,, because more

A-in °
capture probe immobilized near the top surface of test line can provide stronger capture
capacity to form RPA . To give an intuitive explanation, we presented the distributions of
amount of RPA in different layers for various slope distributions of capture probes (Fig.
S3¢). Obviously, the amount of RPA in the top layer (13 layer) is increased with an

increasing slope k. This result indicates that §.,, depends on the amount of capture probe

TOP

on the top layer. In addition, § at 13" layer is smaller than § at 12% layer. This is mainly
because that a relative low velocity appears at the top boundary, resulting a small amount of
reagents (A ,PA) passing through the region above 13t layer and a reduced production of
RPA .
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Figure S1. Spatial discretization diagram



( Initial Cy; J-U:O, Cm,ja:Os CRALJG:Os CPAL,‘U:Oa CRPAIJU:O

To calculate the CAij[n), Cpidk(n), CRAi\ik(n), CpAi‘jkm) and
Crpa, " in the governing and boundary equations with
SIMPLE algorithm

(Updatc the signal StoraL and Stop in test line )

No
- Satistying Eq. (Eq. S16)_—
e
Yes

kin) k(n) k(n) k)
Save CAU 5 C}:U 3 CRAU s CPAJj and
Crpaiy ™ as new initials

Figure S2. Solution procedure
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Figure S3. Numerical investigation on the effects of capture probe’s distribution. (a) The
capture probe distributions with various slope in thickness direction of T-line; (b)
Comparison of the top signal intensity between different slopes of capture probe distributions;

(c) The signal intensity in different layers under various slopes of capture probe distributions.



