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S1. Experimental device geometry and operation:

The overall device geometry is shown in Figure S1
[S1]. As per the cross-section view in Figure Slc,
and top view in Figure Sla, four reservoirs lead to a i [ | 8 .
microchannel of 5 um depth and a nanoslit with 200 ) B o | L&

channel
{ Nano-slit

nm depth, 30 um width and 300 um length. As per “ o

Figure Slc, a sharp lateral constriction down to a . Nanoslit

constriction gap of ~40 nm is used to create the FroCanne]

surface charge non-uniformity. All experiments (¢) AC: 70V, fcm at 1 MHz + 1.5 Vyfem
were conducted in a supporting electrolyte of

phosphate buffer saline (PBS; 0.1 M, pH 6.5) of Inlet/Outlet

~1.6 S/m conductivity. Terminals 1 and 3 are tied o F‘Z/ 1xkRS | |
together and terminals 2 and 4 are tied, so that a ' 2 B
180-degree out of phase AC field (70 V,,/cm at 1 e s
MHz) can be applied offset by a 1.5 Vpc/cm field, Microchannel Nanoslit  Microchannel

with terminals 2 &4 forming the cathodic terminals.  Figure S1: (a) Top view of overall device,

The data described herein is shown for the (b)View of the nanoslit, and (c) Cross-section view.
constriction within the red box of Figure S1b.

S2: Dynamic ellipsoidal model of polarization dispersion for colloids

Sizes of the proteins are much smaller than the special non-uniformity of the electric field distribution
within nano-channels, and consequently the overall shape of the protein is seen by the external field
distribution. Multiple studies show that spheres or ellipsoids can approximate the overall shape of
proteins [S2- S7]. These models have also been successfully used in different studies to validate the
behavior of proteins [S8 — S11].

In this study we define a dynamic structure for the proteins, where the properties of the surrounding
double layer actively changes in response to external electric field’s frequency.

While the overall shape of the proteins is modeled through an ellipsoidal core with 3 degrees of freedom
(axis along different directions), the effects of small structural differences within protein structures or on
the surface are reflected in dielectric properties of core, and the active surrounding layer.

We use an ellipsoidal structure as the basis of our protein model to better capture the general asymmetry
of the protein structure in different directions. Due to asymmetry, ellipsoidal particles experience different
levels of polarizability in different directions under external electric field, which influences their behavior
at different directions. This difference in polarizability manifests itself in a factor called depolarization

factor Ai, where i = X,¥,Z. Depolarization factor is the ratio of the internal electric field induced by the
charges on the surface of a dielectric under an external field to the net polarization of the dielectric. The
following sum is valid for particles of various shapes.

A+ A+ A,=1..Eq.(S1)

For a sphere with omnidirectional symmetry, the depolarization factor is: 1/3, i.e. equal in all directions.
The DEP force on ellipsoidal particles can be analytically found in a similar way to spherical particles by
change of variables [S12]. The DEP force on a prolate spheroid oriented with its major axis (x: as denoted

by subscript on Kx,O) along the electric field direction is given by:
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Fpgp=2meabcRe[K |- V(E.E)...Eq. (S2)

Here: a > b, ¢ are axis lengths along x, y, and z directions, respectively; and: KX,O, is the net complex
spheroidal Clausius-Mossotti factor of particle with no shell (denoting subscript: “0”) is defined as:

1
Kx,() (w) = _

3 ..Eq. (83)

g, + Ax(ep* —sm*)

Ayis depolarization factor along major axis (x), and is defined as:

2 1—e2l 1+e 5
= og |——| - 2e
g 2e3[ g(l—e)

bc
= 1-—
Here: @ . is the particle eccentricity.

Next, we consider nanocolloidal biomolecules as composed of an insulating core with a net Clausius-
K

..Eq. (§4)

Core,x

Mossotti factor of: Kcorex and a conducting double-layer (subscript: d/) of thickness «!. The term:

is formulated similar to Kx,O, but with the corresponding dielectric properties of the core versus the

double-layer, whereas K

x1, is the net complex Clausius-Mossotti factor of the spheroidal colloid with one
shell (denoting the “1” in the subscript). These Clausius-Mossotti factor terms are analogous to foy for
spherical particles. The DEP behavior of this spheroidal single-shell core with a confocal shells to model
the surrounding double layer is used to compute the complex spheroidal dipole coefficient along the

major axis (X) as:

1 (a” —&n" ) + 3Kcore x Pleq” + Aqalen” —€47)

K, 1(w) = 3 " " - - - ..Eq. (S5)

& T Adl,x(gdl ~&n ) + 3Kc0re,xp Adl,x(l - Adl,x) (Edl ~&m )

1 Ecore - €1 '
Kiorex (@) = = - . - ..Eq. (56)

3 &t Ax(gcore ~&al )
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Agy = 3 [log (1 o | zedl]

Here: €al d is the depolarization factor of the biomarker and its surrounding

_(b+x'1)(c+x‘1)
(a+ K_l)z

Car = \/
double layer, with eccentricity defined as . The volume ratio (p) is:

a.b.c

Eq.(S7)

Py = .
@+ ) e e+
Based on this, the dispersion of Kea s computed for an ellipsoid (major to minor axis of 4:1) versus a

sphere. The diameter of the sphere is the same as the major axis of the ellipsoid.

While an ellipsoidal model was developed to model the overall structure of the protein and capture its
overall asymmetry, the surface properties and miniature structural variations in the protein structure are
captured through the dynamic surrounding layer in our ellipsoidal model.



The basis of the dynamic surrounding layer in our model is Schwarz model of diffused double layer
polarization, where ions can move freely in the double layer around the particle surface [S13], but cannot
leave the double-layer. Based on this model the current density in our surrounding layer has two
components; (1) flux of ions at the surface; and (2) diffusion flux acting against it. Derived current
density in this model can be used to find the charge density perturbation at the interface, which in turn can
be used to find the potential around the particle. Solving these equations will result in a frequency
dependent surface conductance:

K. = s 1497 \ g (58)
s \a ( 1+iwr)"' ¢

Based on this, the complex permittivity of the double layer can be defined as:

2k, T 2k wT
e = (_)(—2 2) —i((—)(l +ﬁ))---Eq- (9
a J\1+ w’t a 1+ wt

To a good approximation, we can consider epsilon of the double layer to be invariant with frequency for <
10 MHz range. The frequency dependent conductivity of double layer can be defined as [S14]:

2k$ (1)2T

a 1+ wt

Here, dynamic behavior of the double-layer conductivity versus frequency is determined by a time
constant defined as the following [S14]:

27r(a+1<'1)2
T= -

“Eq. (511
D q. (511)

D is diffusion coefficient and k! (or: A) is ionic strength-dependent thickness of electrical double-layer.
These equations are used to compute the dispersions plotted in Figure 3 and Figure 4 of the manuscript.

All simulation parameters are similar to those used for Figure 3. It is apparent from Figure S2 that an
ellipsoidal shape causes higher pDEP levels and widens the pDEP magnitude, as explained within the
manuscript.
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Figure S2: Simulated dispersion of ellipsoidal versus spherical particles with
equivalent major axes. Simulation parameters are the same as in Figure 3.
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