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In the article, a radial sample preconcentration strategy is presented including
numerical and experimental results. The numerical model is based on the Poisson-Nernst
—Planck and Navier-Stokes equations. The details on the development of the simulation
model are presented here, followed by experimental details on the chip assembly and an

analysis of dispersion characteristics of injected plugs.

S-1.1 Modeling Nanochannel Transport within a Nafion Nanoporous

Membrane

Nafion® is a perfluoronated sulfonic membrane composed of a fluorocarbon backbone
and sulfonic acid groups SOsH which dissociate into SO;” and H' in the presence of
water. A hydrated Nafion membrane can be considered as a capillary network where the

sulfonic groups are uniformly distributed at the pore surface giving a constant surface

charge Oyurface -

To model the electric double layer (EDL) the Stern-Gouy-Chapman model is
adopted where the Stern layer is taken as the effective pore boundary. This assumption
necessitates the use of an effective surface charge o where 0 < 0gyrfqce since the
positive charge in the Stern layer will screen some of the surface charge lowering its

1-2

value at the outer Helmholtz plane Within the literature various values of surface
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charge density exist varying from approximately -200mC/m? to -500mC/m? '. In the
present model given the effective membrane conductivity is reduced at lower membrane
thicknesses > there is some uncertainty as to the value of 0. A value of -300mC/m?
was found to provide a good fit to experimental data, was within the range of previously
reported values and was applied in this work. It was assumed that the membrane

hydration does not vary and the effect of varying water content on pore size is negligible.

A constant radius of T, = 2.5 nm was assumed >°.

A
\ 4

Fig. S1 Schematic of the assumed pore geometry employed in the computational model and the

coordinate system.

First the equilibrium concentration and potential profiles within one pore (Fig. S1) are
established, the initial conditions for the membrane are then deduced by up scaling the
model for a given porosity. The distribution of ions within the diffuse part of the double

layer in a charged capillary is given by the Boltzmann distribution

Zielp(rp: Zp))

Ci(ZP) = CiOeXp <_ kT S-1

Where e, k and T are the elementary charge, Boltzmann constant and temperature
respectively. (7, zp) is the field induced by the EDL and c? is the concentration where

mathematically ¥ (7, z,) = 0.
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To relate the channel potential with the variation in concentration, Poisson’s

equation is employed

N

! F
€o€r Z ekt S-2

i=1

Vzlp(rp' Zp) = -

Expanding terms in the cylindrical coordinate system gives

N

1 0 ov(r,, z 0%Y(ry, z 1
—_<Tp lp( P p)> + lp( pz p) = — ZZiFCi S-3
1, 01y, or, 0z, €o€r &

where ¢ is the surface charge density [C/m?] and €, is the relative permittivity of
hydrated Nafion which will be assumed constant and equal to 45 . In long narrow

capillaries (L >> Ry)) the axial variation in potential is negligible compared with the radial
. . o a2 L .
variation and the axial derivative (E) can be neglected. Substituting the concentration

distribution S-1 into equation S-3 gives the Poisson-Boltzmann equation

19 ( v\ _ 1§:F0 (zie¢>
1, 07, " or,) €&y Zibciexp kT S-4

i=1

Appropriate boundary conditions specify symmetry at the centerline (z = 0) and field flux

at the charged surface

dy
—~ =0, =0
dr, v
S-5
dy o
_— - , =R
dr, €0Ey v p

Given the assumption of constant surface charge the model can be reduced to one
dimension by taking area averages of potential and concentration distributions within the

pores. The area average of a function within a cylindrical pore is defines as
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2 (Fr
(f) = FL f(1,)rpdry S-6

p

For the 1D model an expression is required to include the effect of surface charge (o). In
the 1D sense the effect is the same as a fixed charge concentration within the pore. Such
an expression can be obtained by integrating equation S-3 with boundary conditions

specified in S-5. This reduces to an expression for overall electroneutrality

N

20
Zzi<ci)+ﬁ= 0 S-7
i=1 p

The second term on the LHS of equation S-7 can be thought of as the fixed charge

concentration and is how the surface charge density enters the 1D model.

S$-1.1.1 Summary of Initial Conditions

Equation S-4 was solved numerically in Matlab using the BVP4C command to provide
concentration and potential profile distributions. The potential at the wall (i.e. at the stern
layer) was taken as the zeta potential ({) of the pore and used in subsequent pore velocity
calculations. Results were subsequently numerically integrated using the trapezoidal
method in accordance with equation S-6 to obtain area average values. Only solution of
the co-ion species concentration field is required while the condition of electroneutrality

(equation S-7) is used to solve for the counter-ion distribution.

S$-1.2 Hydrodynamics within Nanochannels

Under the influence of an applied field the electrostatic potential at any point in the

. . . .. 8
problem domain can be decomposed into a linear superposition
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®(r,z) = ¢(2) + Y(r,2) S-8
Where ¢(z) is the field due to an applied voltage and (7, z) is the potential due to the
EDL. Newtonian laminar fluid flow with constant properties in a narrow cylindrical

capillary is governed by the Navier-Stokes and continuity equations in cylindrical

coordinates as follows

0P, 19 ( ou iFa(p_o oo
0z urparp rparp . 1Zi ‘oz )
=
Iy $-10
— =90
or,

With boundary conditions

ou

u(Rp) =0; =0 S-11

ory, rp=0
where P is the induced pressure required to maintain system continuity and p is the
viscosity assumed to be constant and equal to 1 X 1073 kg/m - s within the pore.
Equation S-9 has the electrical body force included accounting for the effect of the
externally applied electric field. To avoid solving the full Navier-Stokes equations the
analytical solution to the velocity profile in a capillary will be used. The velocity profile

is a linear superposition of electroosmotic and induced pressure driven flows

1 dP €0€,-¢ Y\ do
=Ry )+ 2 (1-2) 2 s
u(rp) 4/1de( p ™ ) U ( de S-12
The area average of this equation can be taken with the result
R,2dP €46, d¢
1% 0¢r
u,) = — + (1-6)— S-13
(1) 8u dz, U 0z,

where, as per Levine et al.” G is defined as
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2

G=——
Ry”

Rp
f rplp(rp)drp S-14
0

The zeta potential is a function of the local concentration and thus will vary between the
nanofluidic and microfluidic regimes. Additionally, the concentration at the interface
between these two domains varies significantly on account of the exclusion enrichment
effect. To facilitate numerical simulation of this dynamic process the factor {(1 — G) is

calculated over a range of concentrations in the nano regime. Within the microchannel

h
the factor (ih f_zﬁlp(z) dz is calculated (see Table S2 for equations and domain details).
2

Data can then be fit to a curve of the form '°

ZEffectuve = (1 — tanh <_M + a3>> S-15

a
where pH is assumed constant and the Debye length (1) has been introduced as the
concentration dependent parameter. The resultant variation in the effective { with

concentration can be seen in Fig. S2 for the microchannel and nanopore.
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Fig. S2 Effective zeta potential over a range of concentrations at T = 298K for o, = 150 C/m?,

Om = 300C/m?, hy, = 20um, 1, = 2.5nm
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S-1.3 Species Transport

Within the microchannel domain, governing equations for the electric field and velocity
profiles were developed as described in the previous section making careful note of the
change in coordinate system. The overall problem domain (depicted in Fig. 2 in the main
article) was approximated as two infinite parallel discs with varying height between the
microchannel domain (h.,) and membrane domain (h,,), here h., = 20um and
h,, = 50nm. The variation in height and domain properties was modeled as a smoothed

Heaviside function transitioning over a length of 5um. The Vgffective boundary condtion

t
at the central axis is of the form V (1 — e 065s ), where the short time constant was added

to avoid instabilities at the onset of the simulation.
An expression for species transport within a dilute solution is given by the

conservation equation

i L y.y= S-16
ot J=
where the flux J is given by
6(]5 aCi
] =uc; — ViZiFECi - Diﬁ S-17

where c;, v;, z;, and D; are the concentration, mobility, valence number and diffusion
coefficient respectively for the i"ion. F is Faraday’s constant u and % are the velocity
and electric field strength respectively. Tabulated diffusion data was used to calculate the
ion mobilities using Einstein’s relation (vl- = %).

A binary symmetric buffer is assumed providing two dominant ionic species (i =

1,2) along with a negatively charged tracer, or analyte of interest (i = 3). As per
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Pennathur and Santiago '' the dilute binary solution approximation is still valid for low

concentrations of tracer species. Integrating the expression over the channel height

h h h h
2 2 ap ([ (2 2 dc;

f_ﬁ] dz = fﬁur Cl'dZ - viZiFE f_ﬁci dz | — Di f_ﬁa dz 918
2 2 2

In this reference frame the area average function is defined as
h
1(2
(9) =E'[_Eg(7ﬁz)dz S-19
2

Expressing S-17 in terms of area averaged quantities

B do d{c;)
() = h{u){c;) — ViZiFEh“i) — Dih F S-20

Two simplifications have been made in equation S-20, first the convective term has been
simplified (uc;) = (u)(c;) which equates to neglecting axial dispersive terms °. The
simplification is justified by the work of Bernardi and Verbrugge % who showed within a

Nafion membrane the velocity is essentially constant. The second simplification is the

oh{c;) _

diffusion term 22 = p X,

o Again, this simplification is justified in the case that

dh C
|E| &« 1 which is the case here.

Poisson’s equation is again used to relate the channel potential with the

concentration distribution, in the modified coordinate system

1 a< a¢>+62¢_ F EN:
rar\ ar 022 €€, Zici S-21

i=1

Taking the area average of S-21 with boundary conditions
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dy
— =0, =0
dz “
S-22
d_l/) - _ Och 7 = —
dz €€y 2
Results in
N
16(6¢)_ Fz +Zach
rar\ ar) = €0Ey zici) henF S-23

i=1
Equation S-23 relates the radial variation in concentration to the field strength.

S-1.4 Relations to Porous Domain

Concentration within a nanopore is related to the membrane concentration via the
porosity €,,. Likewise from continuity the velocity within a pore can be related to the
superficial velocity, that is the velocity through the membrane assuming no porous
structure existed. The expressions relating the microchannel domain with the membrane

and pore domain are

Cm = €wCp,

' =Ugphoy = unh, =q'
q ch ch'tch m'tm qdm S04

Qm = Qpew = upApEW

where cpand ¢, are the concentrations in the pore and membrane respectively and
Uch, Uy and u, are the velocities in the channel, membrane and pore respectively.
q'ch»q'm» Qm and Q, are the per unit depth and total flow rates within the channel,

membrane and pore. A, is the cross sectional area of the cylindrical pore.
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S-1.5 Summary of Model Properties

In this section the properties and final form of the equations implemented in the
commercial multiphysics software Comsol 3.5 are detailed. Justification for the

concentration values employed is also presented.

S$-1.5.1 Electrolyte Properties

In experimental trials 10mM TAE buffer at pH = 8.1 is used as the background
electrolyte (BGE). 10 mM TAE consists of 20 mM of Tris base (pKa = 8.1), 10 mM of
Acetic Acid (pKa = 4.8) and 0.25 mM of EDTA. EDTA is used to sequester divalent
cations that may interfere with biological studies and will be neglected in the model. For
a partially ionized univalent weak electrolyte in dilute solution the effective mobility
(Verr) 12 is given by

Verf = @V S-25

Where a is the degree of dissociation and v is the fully ionized mobility.
The Henderson-Hasselbach equation applied to the acid dissociation equilibrium

HA = H* + A~ gives an indication as to the magnitude of @

[A7]

pH ='pKa+logﬁ 326

Where [A7] is the concentration of the conjugate base and [HA] is the concentration of

the acid. In the case of Acetic Acid pKa < pH the ratio % is large and it can be

assumed that the acid is in its fully ionized state (¢ = 1). In the case of a base the

equilibrium is BH* = B + H™ and equation S-26 is modified as follows
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— (B]
pH = pKa + log BH] 307
For the case where pH = pK, as with the case of Tris base the ratio [B[fl]*'] ~ 1 and equal

parts base and conjugate base are present giving @ = 0.5. Concentrations of positive and

negative ions can thus both be taken as 10 mM (10 mol/m?).

$-1.5.2 Equations and Parameters
Tables S1 and S2 break down the model and present relevant domain equations,
parameters and initial conditions.

Diffusion parameters for the Acetate ion (D™) and Tris Base (D) are based on refs 13-
' The fluorescein tracer diffusion coefficient (Dyyqcer) is based on ref. °. A factor of
0.5 was applied for the diffusion coefficients in the membrane to account for the
tortuosity in the membrane. The value of surface charge density was taken by halving the
Nafion surface charge density (effectively averaging surface charge of the top PDMS

surface and bottom Nafion surface).

Table S1: Initial Conditions

Microchannel Membrane

Ci = CO CZ = ECp
2€,,0
i =¢Cp +
1 2 Fry
p=0 P = 6-wl'bp

P=0 P=0
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12

Table S1: Model Equations by Domain
Parameter | Microchannel Membrane Nanopore
19/ b F o< 2 19/ db F v 2¢
S (Pia A (o) 4 22¢h Sy (Vs 4 B (o) + ZEwOerf
¢ T or (r 6r> €0Er Z ziei) + hen F T or (r 67‘) €0Er Z C R,*F -
dpP
up =—(Rp* —1,2) —
1, R? dP+606r((1 1/))d¢ T dz
uCh_Zu 2 7% ) ar U ¢/ adr ﬂ( _f)d_q,’)
4y ¢/ dz,
h? dP €46, do _
u - _ -~ (Up,) = €,{uy)A h 2
(ucn) 120 dr p 1-Gg) 0 m pApim @ )=Rid_P+EOEr( (1- d¢o.
R PP 8u dz 4u dz
Gor = 5 ¢ 2 (o
hn = >, Z)az
“¢h)n G, =(Rp2fo Y (n,)dr,
10/ ov
d(c;) _ d(c,) B ——(r,, _>
. T +V-(H=0 ot +V-()=0 1, 0T, E?Vrp
l ) = hua)ed — vz 2L hie) = i kL | gy = hu)ied — vizF ey = D h B | 2 ziey
- ch i i4i dr i ich dr - m i i4i dr i im dr = _EOETZZiFC exp (— kT)
i=1

V-(ue) =0

V- (up) =0
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S-1.6 Equivalent Circuit Model for Determining Effective Voltage

VSom‘ce R(i‘.h
+—A\\N

+—WW—W

RFihu RO RNano RFilu] l
\& Vi

T

VEffec-tive ~ VI - VG

Fig. S3 Equivalent circuit model. Ry, is the upper channel resistance, Ry, is the punched hole
resistance, R; is the inner chamber resistance, Ry, is the Nafion film resistance, Ryay, 18 the active nano
membrane resistance, R is the outer radial channel resistance and Rg is the resistance of the channel

leading to ground.

For experimental trials the source voltage is on the order of 200-1000V, however the effective
voltage difference across the preconcentration layer will vary from this applied voltage due to the
various resistances within the microfluidic network. To estimate the effective voltage an
equivalent wiring diagram was used (Fig. S3) where resistances are calculated in a similar

manner to Ref.'® using the relationship
1
Ri = — X — S-28

Where R; is the resistance, k, L; and A; are the conductivity, path length and cross sectional
area respectively. The conductivity of the BGE was measured using a conductivity meter as

488 uS/cm. The currents within the inner radial chamber and the grounding channel have two
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paths through which to travel, the bulk solution or the Nafion film. The resistance here is
calculated as an equivalent resistance of two resistors in parallel. The same equivalence is not
performed for the outer radial channel since this is on the enrichment side of the membrane and
thus the solution will see an increase in conductivity and should dominate as the preferential
current path. The voltage difference across the microfluidic network can be calculated using a
voltage divider formula

Requiv,l + RNano + RO + Requiv,G

V= YR, X Vsource S-29
and likewise for Vg
Requiv,G
Ve = W X Vsource S-30

As the depletion region develops within the radial chamber one would expect V; to increase as
the conductivity within the solution drops. Through modeling simulations the conductivity was
estimated to decrease by a factor of 200 within the depletion region. The effective voltage,
VEfrective» Was calculated for the initial experimental condition where the radial chamber is filled
with buffer (high conductivity) solution and the end condition where the radial chamber is filled
with the depleted buffer (low conductivity) solution. The conductivity of Nafion is known to be
suppressed in recast films* so Ky rion Was used as a fitting parameter within the model with the
value being determined as Kygfion = 0.00145S/cm.  Such a value is in line with results
reported within Ref. * for nanometer thick films at room temperature. With given values and a
source voltage of 400V the voltage varied little between the non-depleted (~94 V) and depleted
(~95 V) times. An accurate fit to experimental data could thus be gained by applying a constant

voltage boundary condition Vggreive taken as 95V.
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S-1.7 Device Fabrication

The microfluidic chip was fabricated in poly-dimethylsiloxane (PDMS) (Sylgard, Dow Corning

1718 Inlet and outlet

Corporation, Midland, MI) using established soft-lithography techniques.
holes were punched in the PDMS at the reservoir locations, an additional small diameter hole
was punched at the center of the circular chamber using a 25 gauge needle (ID = 241.3um) with
the end ground flat. For the protein experiments the PDMS chip was washed with isopropyl
alcohol and dried prior to being treated in a plasma cleaner (Harrick PDC 32-G) for 60 seconds
to ensure a hydrophilic surface condition. Following plasma treatment the chip and substrate
were exposed to a BSA blocking solution for one hour. After blocking, the chip was brought
into contact with the Nafion® coated substrate and clamped between two PMMA plates. Fig. S3
shows the assembly of the microfluidic chip. For difficult geometries a drop of the working
solution was placed on the Nafion prior to placing the PDMS chip on top, this allowed the fluid
to fill difficult spaces, assembly then commenced as normal. Any entrapped air bubbles were

removed using the vacuum assisted filling techniques detailed in Ref. '*. Once filled chips sat

for a minimum of 20 minutes to allow the Nafion to hydrate.
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PDMS Top Channel/
Reservoirs

PDMS

Preconcentration Chip ————— @

PMMA Plate —

Fig. S3 Chip Assembly

S-1.8 Dispersion of Injected Plugs

Within the present electrode scheme the sample was seen in several cases to disperse and split in
two once injected into the top microfluidic analysis layer. Due to the variance in the effective
zeta potentials (see Fig. S2) the flow rate induced in the nanopores is less than the flow rate in
the microchannel due to the high electro-viscous retarding forces seen in the nanopores where
dimensions approach the Debye length. The result is an induced back pressure at the micro-nano
interface that builds with time creating a pressure driven component to the flow field '°. Once
the concentrated plug reaches the microfluidic analysis layer the induced pressure driven flow
drives the plug in the channel causing the dispersive effects typical of these types of flows. To
avoid these secondary pressure driven flows a voltage switching scheme would be implemented
in practice. In practice this back-pressure would be avoided by floating the ground channel and
effectively turning off the concentration mechanism once the sample is in the analysis channel.

Of note in the case of the finned chamber is the reduced dispersion of the injected plug.
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Fig. 7a of the main text shows the concentrated plug loses little of its concentration increase
while traveling through the channel. This can be explained by looking at the expression for

flow rate within the microchannel. Solving for the pressure term

dP 12u
T (Qch — hUgo) S-31

where Q. is the flow rate in the microchannel and Ug, is the electroosmotic velocity. The
flow rate through the membrane is the rate determining factor so assuming Q. does not vary
with an increase in channel height it’s seen that a reduction in the induced pressure gradient
must occur to satisfy continuity. Since pressure scales to the third power of the
microchannel height the effective pressure is dramatically reduced resulting in the reduced

dispersion of the ejected plug.
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