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Abstract We present the first in-depth system integration
study of in-plane hydrodynamic focusing in a microfluidic
impedance cytometry lab-on-a-chip. The method relies
on constricting the detection volume with non-conductive
sheath flows and characterizing particles or cells based on
changes in impedance. This approach represents an avenue
of overcoming current limitations in sensitivity with trans-
lating cytometers to the point of care for rapid, low-cost
blood analysis. While examples of integrated devices are
present in the literature, no systematic study of the inter-
play between hydrodynamics and electrodynamics has been
carried out as of yet. We develop analytical and numerical
models to describe the impedimetric response of the sen-
sor as a function of cellular characteristics, physical flow
properties, and device geometry. We fabricate a working
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prototype lab-on-a-chip for experimental validation using
latex particles. We find that ionic diffusion can be a criti-
cal limiting factor even at high Péclet number. Moreover,
we explore geometric variations, revealing that the ionic
diffusion-related distance between the center of the hydro-
dynamic focusing junction and the impedance measure-
ment electrodes plays a dominant role. With our device, we
demonstrate over fivefold enhancement in impedance sig-
nals and population separation with in-plane hydrodynamic
focusing. It is only through such in-depth system studies,
in both models and experiments, that optimal utilization of
microsystem capabilities becomes possible.

Keywords Microsystem integration - Microfluidics -
Impedance cytometry - Hydrodynamic focusing - Diffusion

List of symbols

o (um) Cell diameter

VA (um) Virtual aperture width

Q.. O; (ul/h) Flow rates of sample and focus
streams

FR (1) Flow ratio (sample flow over total
flow)

Z, Zeppry (2) Impedance, empty channel
impedance

IAZl (%) Relative change in impedance
(impedance signal)

AlIAZ] (%) Population separation

3 (%) Population spread

W, Wy (um) Center (sample) and focus channel
width

h (um) Channel height

I, g (um) Microelectrode length and gap

d (um) Distance from focus junction to

electrode
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Subscripts denoting: medium,
electrolyte component of medium,
DI water component of medium,
ions in the medium, cells in the
medium, membrane component of
cell, cytosol component of cell

med, el, DI, ion, cell, mem, cyt

PV (pm3) Particle and electrical interaction
volume

I1(1) Volume fraction of particle in
electrical interaction volume

o (S/m) Conductivity

& (F/m) Permittivity

C(1) Normalized concentration

IS (M) Tonic strength

Ap (Hm) Debye length

Cofserr Camp (1) Concentration profile fit
parameters

Sps S5 (Hm) Concentration profile fit
parameters

£ [, (Hz) Signal and sampling frequency

Pe,Re (1) Péclet number, Reynolds number

RMSE (%) Root-mean-square error

1 Introduction

For a wide range of applications, from medicine to envi-
ronmental monitoring to materials science, the charac-
terization of large populations of individual particles is
of great interest. This is especially true for the analysis of
cells, where blood cell counts have been a core diagnos-
tic marker for over a century (Kottke-Marchant and Davis
2012). The utility of cell studies increases significantly
when not only interrogating counts, but also size, surface
markers, interior composition, etc. (Shapiro 2003). The
laboratory gold standard is flow cytometry, where thou-
sands of cells are rapidly analyzed within a matter of sec-
onds. This technology enables one of the most commonly
performed diagnostic tests, the blood differential, which
categorizes all blood cell types. Today, applications also
extend far beyond, from stem cell research to circulating
tumor cell analysis. In the generally bulky flow cytome-
ters, a blood sample is focused to flow its cells past vari-
ous detectors single-file. Typical methods include laser
light scattering and absorption, fluorescent labels for pop-
ulation-specific surface antigens (e.g., CD4, CDS...), or
impedance measurements. However, the reliance on labels
and complex optics represents a major barrier to trans-
lating this technology to the point of care (Bashir 2004;
Jung et al. 2015). There, it would significantly benefit
both patients and physicians through immediate results,
decreased costs, and increased accessibility, especially in
remote locations.
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The impedance measurement aspect is ideally suited for
translation into small, portable lab-on-a-chip (LOC)-type
devices (Ateya et al. 2008; Cheung et al. 2010; Sun and
Morgan 2010; Chen et al. 2015; Mansor and Ahmad 2015).
Miniaturization of electronics is much more advanced than
for optics, and a commercial integrated circuit impedance
analyzer is available for less than $10 (Analog Devices
2005). Impedance cytometry is an extension of the Coul-
ter principle, where a particle or cell of diameter @ passing
through an aperture of diameter A changes the measured
impedance Z across that aperture by IAZ| oc @°/A? (relative
to the empty aperture impedance Z,,,,) (DeBlois and Bean
1970). Alternating current (AC) interrogates the more gen-
eralized changes in dielectric properties within the interac-
tion volume and thus more cellular information than just
size (Gawad et al. 2001, 2004). Recently, multi-frequency
impedance cytometry has been presented as a promising
method to perform the critical task of differential blood
analysis with LOCs (Holmes et al. 2009; van Berkel et al.
2011; Han et al. 2012; Nguyen et al. 2015; Frankowski
et al. 2015). However, current implementations still suffer
from limited resolution, with differentiation of some white
blood cell types such as monocytes and granulocytes rely-
ing on the addition of chemical reagents to the sample, and
no categorization of granulocyte sub-types demonstrated.

In this paper, we study integration of in-plane hydro-
dynamic focusing with impedance cytometry in an LOC,
an approach that may enable overcoming previous limi-
tations in sensitivity. Hydrodynamic focusing relies on
laminar flow in microfluidics, wherein a sample flow Q. is
constricted (or focused) by introducing additional sheath
flows Q. A theoretical description of the phenomenon has
recently been derived (Lee et al. 2006). For impedance
cytometry, its potential utility becomes apparent when
considering non-conductive sheath fluids. This decreases
the effective electrical interaction volume by providing
a virtual aperture (VA). In the aforementioned simplified
analysis of the impedance signal |AZI, this is equivalent to
a decrease in A, which directly translates to an increase in
sensitivity in terms of cell size and properties. Moreover, in
contrast to physical channel confinement, this is inherently
more versatile—it can be freely adjusted through Oy, to the
first order independent of device geometry and throughput
Q.. Additionally, a virtual rather than physical aperture lim-
its the danger of clogging.

A few studies have previously demonstrated the advan-
tages of in-plane hydrodynamic focusing in impedance
cytometry. Bernabini et al. (2011) and Evander et al. (2013)
utilized oil sheaths to enable impedance analysis of very
small particles, specifically bacteria and platelets. However,
the interplay of focusing and sensitivity is only cursorily
discussed in theory or experiments, respectively. Rodri-
guez-Trujillo et al. (2007) implemented deionized (DI)



Microfluid Nanofluid (2016) 20:134

Page 3 of 14 134

water sheaths for particle counting. While their research
considers hydrodynamic aspects in depth, it suffers from
limited experimental data on cytometry performance. In
parallel, a lot of research has been devoted to addressing a
shortcoming of in-plane focusing, namely the lack of con-
finement in the out-of-plane direction (Ateya et al. 2008;
Cheung et al. 2010; Sun and Morgan 2010). This can be
accomplished, e.g., by adding additional sheath flows, an
approach that has been systematically studied in both mod-
els and experiments (Nieuwenhuis et al. 2004; Rodriguez-
Trujillo et al. 2008; Watkins et al. 2009) or by relying on
non-hydrodynamic forces ranging from acoustic to inertial
(Xuan et al. 2010; Golden et al. 2012).

Yet, to date there remains a need for similar systematic
study of the interplay of in-plane hydrodynamic focus-
ing—the foundation of many more elaborate approaches—
and impedance cytometry performance. Here, we present
the first such study on systems integration. In Part A, we
develop analytical and numerical models to understand the
impact of hydrodynamic flow parameters on particle meas-
urements. In Part B, we utilize an LOC platform—shown
in Fig. 1—to experimentally demonstrate the interplay of

Fig. 1 a Photograph of our impedance cytometry LOC. The micro-
fluidic channels are filled with dye to enhance visualization. b Micro-
graph of the region of interest highlighted by the blue dash-dotted box
in a. In-plane hydrodynamic focusing is schematically illustrated by
overlaid numerical simulation for a 1:1 ratio of sample (particles in
electrolyte; red) to focus (DI water; green) flows. The virtual aperture
(VA) sample confinement is conserved downstream, where impedance
is measured across the first gold microelectrode pair, separated from
the junction by distance d. ¢ Numerical impedance cytometry model
corresponding to the red dashed box in b. The cell (center) is sus-

flow rates and sensitivity. For systems integration, investi-
gating limitations from both the theoretical and experimen-
tal standpoints is of critical importance. We further explore
the potential impact of geometric variations, which has
rarely been considered in hydrodynamic focusing. Overall,
our results highlight the potential of this approach in over-
coming previous limitations of LOC impedance cytometers
and yield important guidelines for future implementation.

2 Methods
2.1 Device design

We propose a simple design, shown in Fig. 1, compris-
ing two physical layers. The first layer incorporates co-
planar microelectrodes (I = 25 um width, g = 25 um gap)
for impedance measurements. The microfluidic channels
(h = 20 um height) constitute the second layer. To inves-
tigate geometry variations, we combined focus channel
widths wy, = 25, 50 and 75 pm with constant center chan-
nel width w = 50 um. We made extensive use of modeling

Emed  medium 1Sy /ISp

pended in a microchannel between two electrodes (bottom; gold rec-
tangles). The colors correspond to the current density from blue (low)
to red (high), clearly illustrating the diffusely focused electrolyte, with
conductivity o,,,.4 ranging from high in the center to low on either side.
d Analytical equivalent circuit model corresponding to the red dashed
box in b. Shown for VA > g, this accounts for conduction pathways
from the cell (top), the electrolyte (middle), as well as the ionic double
layer capacitance and the DI water aperture (bottom). e Model of a cell
as a spherical shelled particle consisting of cytoplasm and membrane,
surrounded by liquid medium (color figure online)
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to guide the design process. Critical parameters were cho-
sen based on model optimization combined with experi-
mental and biological constraints.

2.2 Analytical hydrodynamic model

For an analytical description of in-plane hydrodynamic
focusing, we apply the model derived by Lee et al. (2006)
for the relevant case of a central sample stream (flow rate
Q,) met perpendicularly by two symmetric focus streams
(combined flow rate Qy):

s VA
Q = —y(VA,w, h) (1)

Os + Of ow

Therein, the function y is defined as in (Lee et al. 2006),
with w the sample channel width, 4 the channel height, and
VA the virtual aperture width effected by flow focusing.

2.3 Numerical hydrodynamic model

Our numerical models of hydrodynamic focusing were con-
structed in COMSOL Multiphysics (Burlington, MA) uti-
lizing the Creeping Flow and the Transport of Diluted Spe-
cies modules. A central sample flow of fast-diffusing ionic
species [D,,, = 1683 um?*/s; average of dominant sodium
and chloride ion diffusion coefficients (Lide and Kehia-
ian 1994)] and slow-diffusing particles [D . = 0.1 um?/s;
red blood cell diffusion coefficient (Berg 1993)] is met
by focus flows of DI water at a right angle. In the model
solutions, we evaluated the concentration profiles C(x) at
a distance d downstream from the focusing junction. Spe-
cifically, C(x) describes the cross-sectional average (along
the height of the channel) concentration, normalized to the
input concentration (i.e., such that without flow focusing
C = 1). For further analysis, this was fitted in OriginPro
(OriginLab Corporation; Northampton, MA) using a sym-
metric double sigmoidal peak function:
22 +sp tanh 2x — sp)

4sg 4sg

1
C(x) = Coffset + ECamp (tanh
@)

In Fig. 2, we show an example of such a normalized
cross-sectional concentration profile (blue dots) and fit
(orange line) across the width of the channel. Analytically,
diffusion profiles can be described by the sigmoidal error
function. The symmetric double sigmoidal above serves as
an approximation that captured all investigated concentra-
tion profiles well, with maximum fitting root-mean-square
errors at RMSE < 2 %. The parameters, illustrated with
black dashed lines, denote the function’s offset from zero
(Cofiser)> the amplitude of the double sigmoidal peak (Cyyy),
its full width at half maximum (s,), and the width of the
sigmoidal slope (sg; inversely proportional to the steepness
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Fig. 2 Concentration (averaged along the height of the channel and
normalized to the input concentration) as a function of lateral position
in the channel for an exemplary FR = 0.75 (total flow 40 ul/h). The
plot shows both numerical data (blue dots) as well as the correspond-
ing fit with Eq. 2 (orange line). The fit parameters are illustrated with
black dashed lines, and the corresponding VA according to Eq. 3 is
overlaid as an orange rectangle (illustrating a discrete-phase concen-
tration profile resulting in the same VA value) (color figure online)

of the slope). Although VA is not clearly defined, we
approximate it from the four fit parameters as:

Coffset

VA =C Sp+S8g) + ————F—w
amp( P S) Coffset + Camp 3)

The resulting VA for the example in Fig. 2 is illustrated
as a discrete-phase concentration profile with equivalent
VA (shaded rectangle). The first term captures the focused
concentration profile and is roughly analogous to taking the
integral over the double sigmoidal peak (without offset),
then calculating the equivalent width of a discrete phase
that would yield the same integral. The second term cap-
tures non-ideal focusing—the numerator accounts for the
integral over the offset area under the double sigmoidal
peak baseline; the denominator scales the importance of
this “background” to the prominence of the peak. This form
ensures that in the limiting case of no diffusion between
sample and focusing flows (i.e., discrete phases; Cg.; = 0,
Camp = 1, 5, = 0), it reduces to VA = s,,. Conversely, for the
case of complete mixing (i.e., a flat concentration profile;
Camp = 0, C(x) = Cyypee)s 1t reduces to VA = w, reflecting
the equivalence to a simple change in input concentration.

2.4 General cell model

For impedance cytometry purposes, cells can generally be
modeled as spherical shelled particles (Fig. 1e) with a mem-
brane (thickness ¢+ = 5 nm, conductivity o,,.,, = 10 nS/m,
permittivity &,.... = 11.3 g;) enveloping a cytoplasmic com-
partment (o, = 0.6 S/m, &.,, = 60 &), suspended in a liquid
medium (0,4, Emeq = 78 €p) (Morgan et al. 2007). We note
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that the spherical shelled particle approximation neglects a
number of factors, such as cell shape and internal cell struc-
ture. While even analytical—not to mention numerical—
refinements have been published, e.g., for ellipsoids (Asami
et al. 1980), experiments have shown acceptable agreement
with spherical models for a wide range of blood cell types
(Cheung et al. 2005; Holmes et al. 2009).

2.5 Analytical electrodynamic model

Our model integrates a number of separately published
approaches from literature, which account for a complete
equivalent circuit model of a spherical shelled particle via
Maxwell’s mixture theory (Sun et al. 2007a, 2010), the non-
uniform electric field of co-planar electrodes (Sun et al.
2007b), and the interfacial ionic double layer (Morgan et al.
2007). We model the latter using a Helmholtz approximation
of parallel plate capacitors at the electrodes, with capaci-
tance F' = w [ g,,.4/Ap(IS), where Ay is the Debye length as
a function of the respective ionic strength [IS,; = 0.16 M
(Siggaard-Andersen et al. 1984), ISp,; = 0.1 uM]. To account
for hydrodynamic focusing, we assume discrete phases of
particle-suspending electrolyte [o,; = 1.6 S/m (Johnson et al.
2005)] sample flow as well as DI water (op; = 5.5 uS/m)
sheath flow, the latter yielding a parallel conduction path-
way. The resulting equivalent circuit model of capacitors C
and resistors R for the case of VA > @, where the cell is fully
enveloped in electrolyte, corresponds to Fig. 1d.

To further expand our model into the VA < o regime,
where the cell is partially exposed to DI water, we con-
sider the volume fraction IT = P/V. Analogous to @°/A*
in the earlier simplified analysis, it represents the most
significant parameter affecting impedance signals [AZI.
The volume fraction defines the ratio of the particle vol-
ume P = 1/6 m &° to the electrical interaction volume
Vg = k VA h (g + 2 I). The cell constant of the cytom-
eter x is derived by using Schwarz-Christoffel mapping
and serves to account for the non-homogenous electric
field (Sun et al. 2007b). In the VA < & regime, the parti-
cle partially resides in both the electrolyte and the water
phase. Thus, we define two distinct particle volumes
P, = 1/12 n VA (32> — VA?) and Pp; = P — P,; [with cor-
responding V= k (w — VA) h (g + 20)], respectively, cap-
turing the volumes of the central spherical segment inside
VA and the spherical caps outside.

2.6 Numerical electrodynamic model

The numerical electrodynamic model was constructed in
COMSOL Multiphysics utilizing the Electric Currents and
Electrical Circuit modules. The cell is modeled as a homog-
enous sphere with properties derived through Maxwell’s
mixture theory based off the aforementioned spherical

shelled particle model (Sun et al. 2008). To describe the
suspending liquid medium, the normalized variable ion
concentration Cj,(x) from hydrodynamic modeling is
coupled in via Eq. 2. Specifically, a continuous liquid
phase is approximated with laterally varying conductivity
Omed®) = 04 X Ci,n(x). The ionic double layer is modeled
as a series capacitance at the electrodes, with a Helmholtz
approximation for the interfacial capacitances similarly
modified t0 F = [qectrode €med/AD ISDI + IS¢l X Cion (X))
We note that our approach neglects the variation of molar
conductivity with ion concentration (Pitts and Tabor 1970).
However, such a description becomes exceedingly complex
for multi-ionic electrolytes such as PBS or human serum,
and the predicted error of our linear approximation for
Omed(Cion) remains on the order of only 15 % even at high
dilutions for such electrolytes (Johnson et al. 2005).

2.7 Model analysis

To compare models, we utilize the relative (unless other-
wise noted, with respect to the numerical model) RMSE as
calculated in OriginPro. The software was similarly used to
perform partial least squares (PLS) analysis.

2.8 Device fabrication

The devices were fabricated following standard photo-
lithography (Ben-Yoav et al. 2014) and soft lithography
(Meyer et al. 2015) procedures. In brief, electrodes were
wet-etched in gold/chrome (190 nm/20 nm) e-beam depos-
ited on Borofloat 33 glass wafers (University Wafer, Boston,
MA). Microfluidics were cast in poly(dimethylsiloxane)
(PDMS; Sylgard 184; Dow Corning, Washington, DC)
from a SU8-2015 (MicroChem, Westborough, MA) nega-
tive mold on a silicon wafer substrate (Ultrasil, Hayward,
CA). After dicing, the separate layers were aligned and
oxygen plasma-bonded to place the active electrode pair a
distance d = 170 pm downstream from the hydrodynamic
focusing junction, as shown in Fig. 1b. The other microe-
lectrode pairs are not utilized in this study. All component
dimensions were verified to be within 10 % of the design
parameters using contact profilometry (Dektak 6 M; Veeco,
Plainview, NY), optical profilometry (NT1100; Veeco), and
optical microscopy.

2.9 Flow conditions

For our theoretical and experimental study, we choose a
constant total flow rate of Q, + Oy = 40 pl/h. By adjust-
ing the relative ratio between flow rates, flow ratios from
FR = 0.875 down to 0.075 were explored. While the
chosen flow rates are significantly slower than those in
many application-driven microfluidic cytometers in the

@ Springer
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literature (Cheung et al. 2010), our experimental condi-
tions ensure creeping flow (Re < 1; ¢f. Online Resource 1)
and allow us to more closely study systems interplay
parameters. We note that the slower flow rate also reduces
requirements concerning readout equipment, opening up
the real possibility of integration with a low-cost com-
mercial integrated circuit impedance analyzer (Analog
Devices 2005).

2.10 Measurements

The LOC fluidic ports were connected to syringes
(inlets) and a waste reservoir (outlet) utilizing Tygon
tubing (0.19 mm ID, 2.03 mm OD; Cole-Parmer, Ver-
non Hills, IL). Sample and DI water flow was provided
by NE-1002X syringe pumps (New Era Pump Sys-
tems, Farmingdale, NY). Prior to use, the LOCs were
rinsed with human serum (Sigma-Aldrich, St. Louis,
MO) to reduce PDMS hydrophobicity. For the sample
stream, polystyrene particles (g = 6 and 10 pum; sul-
fate-type; Life Technologies, Carlsbad, CA) were sus-
pended in phosphate-buffered saline (PBS; 1 x from
tablet) with 10.9 % (w/w) sucrose (Fisher Scientific,
Waltham, MA). The added sucrose served to reduce
the particle settling velocity through density match-
ing. The LOC was connected to an E4980A Precision
LCR Meter (Agilent, Santa Clara, CA) using spring-
loaded pins and coaxial cables. Experiments were con-
ducted at an applied AC potential U = 1 V with fre-
quency f = 100 kHz, with a sampling frequency for Z
of f, ~ 180 Hz. Flow control and data recording was
implemented through LabView (National Instruments,
Austin, TX). Data were collected for 0.5-2 h depending
on Q, to ensure sufficient statistical sample size >1000
particles for each device and FR.

2.11 Experimental analysis

The background signal Z,,, was determined from the raw
recorded Z using MATLAB (MathWorks, Natick, MA) by
applying a temporal 9 Hz low-pass filter after eliminat-
ing obvious peaks and outliers (cut-off based on second
derivative). Subsequently, IAZl was calculated, peaks were
detected using MATLAB’s algorithms, and the data were
transformed into histograms. Population averages and
spreads were calculated using Gaussian histogram peak
fits between the first and second minima in the distribu-
tion with OriginPro. To compare models and data fits, we
utilize the relative (unless otherwise noted, with respect to
the model) RMSE. The software was similarly utilized to
perform analysis of variance (ANOVA), reported in terms
of p values.

@ Springer

3 Results and discussion
3.1 Part A: theory

The purpose of our models is to predict the impact of
external control parameters on impedance cytometry per-
formance. This is characterized as the relative change
in impedance |AZl = (Zyyicle — Zempty)Zempyy caused
by a cell or particle passing through the detector and as
the separation between different cell populations i and j,
AIAZI = |AZ)l; — |AZ;. Intuitively, the main parameters of
interest are the flow rates Q, and Oy, but the models can also
be utilized to reveal other dependencies, such as geometri-
cal ones. These theoretical models of systems interplay are
essential for both guiding device design and elucidating the
physical underpinnings of experimental observations. To
the best of our knowledge, we present the first such models
and analysis.

3.1.1 Hydrodynamic models

As previously discussed, the virtual aperture (VA) provided
by non-conductive sheath flows to confine the sample flow
is expected to be the critical parameter affecting impedance
cytometry with in-plane hydrodynamic focusing. Control
of VA, however, is not direct but relies on control of the
respective flow rates Q; and Q. This hydrodynamic prob-
lem has previously been studied in theory and experiments
(Lee et al. 2006; Watkins et al. 2009; Nasir et al. 2011;
Kunstmann-Olsen et al. 2012). However, before proceeding
to analyze the coupled hydrodynamic/electrodynamic sys-
tem, we still need to consider this aspect separately. Criti-
cally, we need to consider the difference in prediction of
VA between analytical and numerical models—comparing
this effect size to that observed in the impedance cytom-
etry models will allow us to isolate purely hydrodynamic or
electrodynamic effects from those arising through systems
interactions.

The aforementioned previous studies of in-plane hydro-
dynamic focusing include an analytical description, given
here in Eq. 1 (Lee et al. 20006). It reveals that the flow ratio
of sample to total flow FR = QJ/(Q, + Q) is the main
determining factor for VA—and thus, intuitively, imped-
ance cytometry sensitivity—for a given channel geometry,
and assuming laminar flow. At the same time, we note that
the throughput, equal to Q, remains decoupled.

In contrast to the analytical model, our numerical model,
overlaid in Fig. 1b, accounts for diffusion both for ions—
which determine conductivity and thus ultimately define
VA—as well as for the cells themselves. Moreover, the
numerical approach allows for variation of geometrical
parameters that the analytical model does not consider,
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such as the focus channel geometry (e.g., focus inlet width
wg.). With diffusion eliminating the discrete nature of the
liquid phases, however, VA is not clearly defined. Instead,
we approximate VA based on a parametric description of
the cross-sectional ion concentration profiles in the detec-
tion region (Eq. 3).

We plot the predicted virtual aperture width VA for a
range of flow ratios FR from both analytical (dotted line)
and numerical (crosses) modeling at the subsequently
used experimental conditions in Fig. 3a. Cellular confine-
ment from numerical modeling is also indicated (circles).
As intuitively expected, a lower FR effects a narrower VA,
with the higher contribution of the focusing flows confin-
ing the sample flow more and more. The plot also shows
noticeable deviation between the analytical and numerical
predictions for ions, with the latter consistently predict-
ing a wider VA. As expected, the cells match the analytical
model more closely due to the decreased importance of dif-
fusion. Statistical analysis quantifies the deviation from the

(a) Fr +~r+~rr 1. rrrr 1 ¢ r 1 1 11
50 @ ]
= I\ ]
RN AN ]
SA0E N ]
= | o, _
23 ]
S 30f o ]
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2 [ g ]
20 | .. ]
0] r ~ ]
% ° \”u\
© [ . -
R analytical *~-3\ ]
S [ + numerical (ions) e ]
[ o numerical (cells) a‘u.,’
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Fig. 3 Hydrodynamic analytical (dotted line) and numerical (orange
crosses) models revealing the dependence of the virtual aperture
width VA on: a the flow ratio FR in the experimental regime (con-
stant total flow), with numerical results for slow-diffusing cells (red
circles) also presented for comparison; b the sample flow rate Q, for
a representative, fixed FR = 0.25; ¢ the focus channel width wy, for a
representative, fixed FR = 0.25 (color figure online)

analytical prediction as RMSE = 17.6 % (ions) and 8.9 %
(cells). The speculative nature of Eq. 3 likely contributes to
especially the underestimation of VA for cells, where bet-
ter agreement might be expected between the models. Still,
the magnitude of the deviation between cells and ions is
less sensitive in this regard and can serve as a first-order
approximation, as evidenced also later in considering the
empty channel impedance. Thus, we might expect ionic
diffusion to ultimately show similar, appreciable yet lim-
ited effect size in impedance cytometry performance.

To further consider the impact of diffusion, we look at
the impact of the sample flow rate O, on VA for a repre-
sentative flow ratio FR = 0.25 in Fig. 3b (the full interde-
pendency is explored in Online Resource 1). As the flow
rate increases, the time for diffusion of ions from the sam-
ple stream into the focus streams decreases, leading to a
more well-defined virtual aperture. Indeed, the numeri-
cal model prediction (crosses) rapidly falls from the upper
limit of VA = 50 um—corresponding to complete interdif-
fusion across the channel width w—toward the lower limit
of the analytical model (dotted line). The experimental
Q. = 10 pl/h falls in the asymptotic approach to the latter,
with large additional increases only yielding minor changes
in VA.

In Fig. 3c, we also explore the impact of geometrical
variations—specifically in the width of the focus channel
wg—on VA at a representative FR = 0.25. The numerical
model reveals a positive correlation between the param-
eters. However, from the almost two order-of-magnitude
difference in y-axes scales between this plot and Fig. 3a,
b, these variations appear insignificant compared to those
achievable through the flow ratio FR. Indeed, the variation
with wg, of RMSE = 1.4 % around the mean is well below
the expected inherent experimental variability in FR due to
syringe pump stepping. The negligible impact of the focus
channel width wg, on VA predicted here is in contrast to
the few other studies on in-plane hydrodynamic focusing
geometry, which considered confluence angle (Nasir et al.
2011; Kunstmann-Olsen et al. 2012). This angle was dem-
onstrated to have significant impact, with VA widening by
up to 50 % at an angle of 10° versus 90°. The result that
90° proved optimal for flow focusing over sub-millimeter
distances also motivated our choice of this geometry for the
work presented here.

3.1.2 Electrodynamic models

On top of the description of hydrodynamics, we require a
relation of the virtual aperture width VA, as well as vari-
ous geometrical parameters, to the impedance cytometry
performance. The analytical electrodynamic model for that
purpose, further detailed in the Methods, reduces the rel-
evant components of the impedance cytometer and the cell
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into an equivalent circuit model of capacitors C and resis-
tors R (Fig. 1d) between the electrodes. Combining the
hydrodynamic and electrodynamic models, we obtain the
first comprehensive analytical model for impedance cytom-
etry with in-plane hydrodynamic focusing, available as
Online Resource 2. It predicts impedance signals |IAZ] as a
function of flow rates, sample channel geometry, electrode
geometry, cell properties, etc.

To numerically model impedance cytometry, we set up
3D simulations as shown in Fig. 1c. The model applies an
AC potential across the electrodes inside a microfluidic
channel section with a cell centrally suspended in liquid.
Coupling in the cross-sectional ion concentration profile
from hydrodynamic modeling (corresponding to VA; cf.
Methods) for a continuous description of the electrolyte
yields a comprehensive numerical model. The biggest
advantage over the analytical model is that it accounts for
diffusion effects, but it can also be applied to explore ana-
lytically inaccessible parameters like cell positioning.

For subsequent considerations—both theoretical and
experimental—in our comprehensive impedance cytom-
etry study, we will focus on a solely cell size-sensitive fre-
quency of 100 kHz. In this frequency regime, cells (or other
complex core/shell particles) interact with the electric field
as insulating spheres, as illustrated in Online Resource 1.
This allows us to treat cells and polystyrene particles equiv-
alently, simplifying experimental procedures while not
compromising the general nature of our models. The cho-
sen diameters of @ = 6 and 10 um correspond roughly to
red (Cheung et al. 2005) and white (Holmes et al. 2009)
blood cell sizes, respectively.

In Fig. 4a, b, we evaluate the potential benefits of inte-
grating in-plane hydrodynamic focusing with impedance
cytometry. We plot the relative impedance signal IAZl for
cells of diameter & = 6 um (a), as well as the separation
between the o = 6 and 10 um cell diameter populations

AIAZI (b), as a function of flow ratio FR from both the ana-
lytical (dotted lines) and the numerical (squares, crosses)
models. The enhancement in impedance cytometry perfor-
mance becomes immediately apparent from the increase in
both IAZl and AIAZI with decreasing FR for both models.
These trends are also conserved for membrane and cyto-
plasm properties at higher frequencies (not shown). The
results fit with the initial hypothesis of enhanced imped-
ance cytometry performance with hydrodynamic focusing.

Comparing numerical and analytical models, we find
similar trends from flow ratio FR = 1 down to 0.5, but
large deviation toward lower values. In the analytical mod-
els, toward very low FR, the signals saturate only once
VA < @, where a further narrowing of VA decreases not
only the denominator (electrical interaction volume V)
but also the numerator (effective particle volume P,)) in
the volume fraction I71. In the numerical model, however,
saturation sets in much earlier and significantly hampers
the enhancement in both IAZl and AIAZl—down to 2.8-
fold from up to tenfold in the analytical model. Expressing
the deviation in AIAZl between numerical and analytical
models quantitatively in terms of RMSE, we obtain 41 ver-
sus 203 % in the high (1-0.5) and low (0.5-0) FR regimes,
respectively. We attribute this to diffusion effects, the main
difference between the models. Overall, while we expect
similar behavior in experiments, we acknowledge that all
our models neglect more complex hydrodynamic effects.
This includes variations along the height of the channel as
well as the boundary layer that would form around the cell
or particle, which would likely impact the particulars of
these trends.

To again consider diffusion effects further, we plot the
population separation AIAZ| as a function of sample flow
rate Q, at a representative, fixed FR = 0.25 in Fig. 4c.
We see that the numerical model data (crosses) rises only
gradually toward the upper limit of the analytical solution
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Fig. 4 Analytical (dotted lines) and numerical (blue triangles, black
crosses) models of impedance cytometry performance as a function
of (a, b) hydrodynamic focusing in terms of the flow ratio FR or of
(c) sample flow rate Q, at a representative, fixed FR = 0.25 (numeri-
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sample flow rate Q_(ul/h)

cal limit for FR = 1 indicated with black dashed line). Performance
is shown in terms of (a) impedance cytometry signals |AZl for cells
of diameter & = 6 um and of (b, ¢) population separation AlIAZI
between & = 10 and 6 um diameter cells (color figure online)
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(dotted line) for faster flow rates, which imply shorter dif-
fusion times and, in turn, a more well-defined virtual aper-
ture (VA). At low flow rates, the nearly complete interdif-
fusion between streams is equivalent to a simple change in
conductivity o, the cytometry performance thus approach-
ing the limit of no flow focusing, i.e. FR = 1 (dashed line).

The trends here bear comparison with the hydrodynamic
model ones in Fig. 3a, b. There, disagreement between
models grows (in relative terms) gradually with flow ratio
FR. This contrasts with the electrodynamic models, where
model differences drastically increase below FR = 0.5. In
the latter case, relative deviation moreover surpasses the
approximately 20 % seen in hydrodynamic modeling by
an order of magnitude. Conversely, hardly any deviation
is apparent for the empty channel impedance Z,, (not
shown), where we find good overall agreement between
analytical and numerical models at RMSE = 5.6 %. Z,, .,
is expected to be directly proportional to the conductive
volume and thus to the virtual aperture width VA. In terms
of the sample flow rate Q,, the hydrodynamic models con-
verge rapidly with increasing speeds, while the approach is
very gradual in the electrodynamic ones. The experimen-
tal conditions fall close to the analytical limit in the former
case, while not even clearing the half-way point between
lower and upper limits for the latter one.

All of this establishes a rather curious implication: for
an empty channel, the impact of ionic diffusion is even less
than expected from hydrodynamic model considerations,
while its impact significantly exceeds those expectations
once a cell is introduced. The role of ionic diffusion thus
appears much amplified where impedance cytometry is
concerned, especially for low flow ratios FR < 0.5, com-
pared to considering hydrodynamic focusing alone. From
a modeling standpoint, these considerations imply that the
formulation of Eq. 3 captures the virtual aperture width
VA well with regard to the overall hydrodynamic focus-
ing effect. However, the dominant factors with respect
to impedance cytometry appear not suitably accounted
for. Partial least squares (PLS) analysis indicates that
the relative importance of the parameters scales as Cg.
set > 8p 2 Cypp > s in terms of their impact on the numeri-
cally modeled AIAZI. However, more work is required to
fully explore the model interdependencies. We note that the
impact of ionic diffusion in microfluidics appears to often
be underappreciated, receiving attention in only few works
on similar systems (Nasir et al. 2010; Golden et al. 2012).
For our device, the typical measure of the relative impor-
tance of convection versus diffusion, the Péclet number, is
Pe = 4(Q, + Qp/Q2(w + h) x D,,,) = 189. Clearly much
larger than 1, this would lead to the ab initio expectation
of negligible diffusive effects, an assumption that is refuted
throughout this work.

3.2 Part B: device experiments

In the theoretical discussions of Part A, we have observed
interesting correlations between parameters, but also faced
limitations for both analytical and numerical models. In
Part B, we now seek to enhance our understanding of the
phenomena at play employing the LOC platform shown in
Fig. la. Utilizing the solely diameter-sensitive frequency
of 100 kHz allows us to substitute polystyrene particles
of similar diameters as red and white blood cells without
compromising the general applicability of our work. As in
Part A, we investigate the impact of the flow ratio FR, as
well as the focus channel width wy, as an exemplary geo-
metric parameter on impedance cytometry performance.
Moreover, we consider the unexpected, model-predicted
large impact of ionic diffusion. Only through experimen-
tal data—and its comparison with the models—can we
ensure that our insights on the interplay between in-plane
hydrodynamic focusing and impedance cytometry are well
founded.

3.2.1 Exemplary impedance data

We illustrate the operation of our LOC in Fig. 5a with
representative impedance signal |AZl measurements of
@ = 6 um diameter particles over time for the lowest inves-
tigated flow ratio FR = 0.875. The processed data show
a highly populated background at IAZl = 0 %, as well as
distinct points |AZl > 0 % corresponding to particles pass-
ing between the electrodes, with clustering into a distinct
band visually apparent. This is readily quantified through
the subsequent transformation of the entire 30-min dataset
into a histogram (Fig. 5b), where we determine the popu-
lation average IAZl = 0.16 % as well as the correspond-
ing population spread § = 0.02 % through Gaussian peak
fitting between the first and second distribution minima,
which serves as a reasonable first-order approximation. The
signals observed inbetween the particle band and the back-
ground can be attributed to the instrumentation’s transfer
function adding a negative skew to the signal distribution,
while those at IAZl ~ 0.3 % are due to coincident detec-
tion of two particles, a phenomenon that cannot be entirely
eliminated. As hydrodynamic focusing does not affect par-
ticle count results, these are not considered in our study.

It is the population average |AZl, the population spread
8, and the population separation A|AZ] that determine the
sensitivity of the LOC. To investigate the interplay of flow
focusing and impedance cytometry, we collect at least 1000
particle signals at each of a range of flow ratios FR with
each device and analyze the data accordingly. In Fig. 5Sc,
we show population averages and spreads (symbols and
error bars, respectively) from a representative device for
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Fig. 5 a Representative processed experimental impedance cytome-
try signals IAZ] from @ = 6 um diameter particles at the lowest inves-
tigated FR = 0.875. b Corresponding histogram for the entire 30-min
dataset, where population average |AZl and spread § (overlaid blue
triangle and error bar, respectively) can be determined from Gauss-

both @ = 6 and 10 pm particles, plotted with a logarithmic
y-axis to present trends for both populations. The over five-
fold increase in impedance signals |AZ| with increasing flow
focusing (i.e., decreasing FR) is readily apparent, as is the
clear separation between populations, validating the general
hypothesis. Since experiments using just a single LOC can
suffer from outliers such as the large spreads § seen here
at low FR for the 10 um population, we generally consider
aggregate data across devices in our further analysis of
impedance cytometry performance in Sects. 3.2.2 and 3.2.3.
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Fig. 6 a (left axis) Experimental impedance cytometry population
averages |AZl of @ = 6 um diameter particles (symbols) from all
LOCs as a function of the flow ratio FR. Each data point here rep-
resents an average of at least 1000 particle passages. Connecting
solid lines are visual guides only. (right axis) Corresponding analyti-
cal (dotted) and numerical (dashed) model predictions are overlaid,
scaled by a factor of 3 to highlight trends. b Population separation
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3.2.2 Comparison of experiments and models

In Fig. 6a, we plot experimental population averages |AZI
as a function of flow ratio FR for & = 6 pym particles from
each device (symbols). The corresponding analytical
(dashed line) and numerical (dotted line) models are over-
laid. We plot data along different y-axes (left—experiments;
right—models), scaled by a factor of 3, to emphasize trends
rather than absolute magnitudes. Looking first at the exper-
imental data, we observe an over fivefold enhancement in
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lation averages in a across all devices (hexagons) shown separately
for clarity. Error bars represent standard errors of the mean (color
figure online)
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@ = 6 um signals in all devices, from |IAZl = 0.17-0.87 %
at FR = 0.125 (averaged across devices).

The comparison between models and experiments
proves interesting. The experimental |AZl population aver-
ages lag behind predicted ones by a factor of approxi-
mately 3 (0.5, depending on the model) at high FR > 0.5,
reflected in the different y-axes scales. However, they
approach—and for some devices, surpass—the numerical
model predictions at low FR. We attribute a large part of
the generally lower signals to a transient averaging effect.
The particle residence time within the interaction volume
V, i.e. approximately (Q, + Q)/V, is on a similar magni-
tude as the instrument sampling time 1/f;. Thus, the instru-
mentation circuitry captures an average |AZl of the particle
moving across the electrodes, rather than the modeled ideal
IAZl of a stationary particle suspended centrally between.
Transient numerical studies, validated by experiments
at low flow rates, indicate this transfer function effect
accounts for a factor of ~1.7. We attribute the remaining
deviation to parasitic effects from the (compared to chan-
nel width w) long on-chip electrode traces and large con-
nection pads, which the models ignore, as well as to likely
underestimation of the medium conductivity (for low ionic
concentration) and the ionic double layer capacitance from
the employed approximations.

More important than the magnitudes, however, are the
observed trends in |AZl. In this respect, we find that experi-
ments actually follow the analytical model trend more
closely than the numerical one in the low FR < 0.5 regime.
This unexpected observation indicates that the latter does
not fully describe the system; rather, it may provide a lower
bound for predicted IAZI, once parasitic and transient effects
are accounted for. The analytical model, conversely, yields
an upper bound. We hypothesize that neglected higher-order
hydrodynamic effects yield an experimental trend that falls
between the extremes of the two modeling approaches.

In Fig. 6b, we plot the separation between the o = 6
and 10 um diameter particle populations AlIAZl as a func-
tion of flow ratio FR. Experimental data (averaged across
devices; crosses) are overlaid by corresponding analytical
(dashed line) and numerical (dotted line) models. As pre-
viously, the y-axes are distinct for experimental (left) and
model (right) data, with a scaling factor of 3. The popula-
tion separation performance metric exhibits a similar trend
to IAZI, with an over fivefold increase from AIAZl = 0.48—
2.65 % toward the lowest FR. The comparison with model
data follows nearly identical patterns to those in Fig. 6a for
IAZl. These observations validate the conclusions drawn
above, as AlIAZl additionally incorporates the independent
@ = 10 um data in the analysis. Importantly, these results
serve to highlight the real advantages in terms of sensitivity
of integrating impedance cytometry with in-plane hydrody-
namic focusing.

3.2.3 Impedance signal spread

Population spreads § corresponding to the population aver-
ages in Fig. 6a are displayed separately in Fig. 6¢c, in terms
of relative §/|AZl averaged across devices. The trend proves
practically constant with a mean 8/IAZl = 16 % across
all FR. The visual observation is statistically backed up
by linear regression model ANOVA yielding a p value of
p = 0.15, i.e. an insignificant trend. This indicates that the
observed population spreads are dominated by two fac-
tors. First, there is inherent variation in particle diameters
around their nominal specifications, specifically 22 % in
terms of volume (which is proportional to the measured
impedance changes). Second, the stochastic positioning of
particles in the vertical z dimension results in unavoidable
signal variations due to the non-homogenous electric field,
more pronounced for our case of co-planar electrodes. For
this type of geometry, Gawad et al. (2001) predict on the
order of 30 % spread for = 10 pum particles. Compared to
both this prediction and the intrinsic particle volume varia-
tion, our figures are not unfavorable. Both of the aforemen-
tioned factors are proportionally amplified by enhanced
sensitivity and thus match our observed constant 6/IAZl. If
the third likely candidate for noise in the system—syringe
pump stepping causing fluctuations in FR—were dominant,
an increasing trend with decreasing FR would be expected,
being independent of IAZI. We note that although the signal
spreads are relatively large, they do not infringe upon our
broader conclusions, which are otherwise based on the pop-
ulation means and their standard errors of less than 5 %.

3.2.4 Impact of geometry and ionic diffusion

Looking again at the impedance signals |AZ] for the vari-
ous devices in Fig. 6a, although the trends are similar,
we nevertheless observe discrepancies between LOCs of
RMSE = 9.5 % (relative to the respective average |AZI,
across all FR). This may point toward the impact of geo-
metrical variations between those devices. The main geo-
metrical design parameter to be investigated in this study
with respect to its impact on in-plane hydrodynamic focus-
ing and impedance cytometry is the focus channel width
wy.. Thus, we consider the |IAZ] data presented in Fig. 6a
as a function of wy, at each flow ratio FR. While modeling
did not predict a significant impact of this parameter on
IAZ], it is, nevertheless, the prime candidate to explain the
cross-device variability seen in Fig. 6a. However, the corre-
lation of impedance signals IAZl with focus channel width
Wy, proves insignificant. Linear regression model ANOVA
yields an average p value (across all FR) of p(wg,) = 0.40.
This experimentally verifies the model prediction that wy,
does not significantly impact hydrodynamic focusing or
impedance cytometry.
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Fig. 7 Experimental impedance cytometry population averages |AZI
of 2 = 6 um diameter particles recorded using different LOCs as a
function of the distance d’ = d + w;/2. The geometrical parameter
is highlighted in the schematic drawing of the device layout. FR is
listed on the left for each set of data and decreases from 0.875 (black
squares) to 0.125 (purple diamonds). Linear fits to the data are shown
as dotted lines, and p values of corresponding ANOVA models are
listed on the right (color figure online)

Since models did predict a significant impact of diffu-
sion, we consider related device parameters to explain the
cross-LOC variations from Fig. 6a. In particular, the dis-
tance d from the downstream edge of the focusing junction
to the center of the electrodes is expected to be proportional
to ionic diffusion effects. A longer d equals more time for
diffusion of ions from the sample flow into the pure water
sheath flows prior to measurement, weakening the virtual
aperture (VA). Thus, we utilize the fabrication verification
data for each device to consider the impact of variations in
d from manual alignment of the top and bottom layers (as
per the specifications within 10 % of d = 170 pm). Still,
we do not observe a dependence of device performance
in |AZl with d itself. Curiously, when we consider instead
the distance d’ = d + wy/2, i.e. measured from the center
of the focusing junction to the center of the electrodes,
we observe a strong negative correlation with |AZIl, espe-
cially at low flow ratios FR. This is illustrated in Fig. 7,
where experimental impedance signals |AZl are plotted
as a function of d’. Conversely—like d itself—the third
intuitive option for expressing the downstream distance as
d” = d + wy, fails to show an appreciable trend. Linear
regression model ANOVA supports our analysis, with p
(d) =0.22, p(d’) = 0.06, and p(d’) = 0.13. While slightly
above the traditional significance level, d’ represents the
only parameter with consistent p < 0.05 for each flow ratio
FR < 0.75, where any geometrical effects on diffusion
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would be expected to be more pronounced due to the nar-
rower virtual aperture (VA). Although a linear regres-
sion model may not fully capture the correlation of d” and
IAZIl, we posit that it is a sufficient approximation over the
range of parameters investigated. We note that the impact
of variations in channel height & due to photoresist spin-
ning, which could also be expected to impact sensitivity
through altering the interaction volume V, is insignificant
at p(h) = 0.93.

Overall, this result experimentally validates the theo-
retically predicted importance of diffusion even at high
Péclet number with regard to impedance cytometry. The
previously unobserved correlation of performance with
the center-to-center distance d’ aligns with other research
on geometrical effects, where inertial flow effects were
shown play a large role in hydrodynamic focusing (Nasir
et al. 2011; Kunstmann-Olsen et al. 2012). Such inertial
effects would be expected to correlate strongly with the
channel centers, where the linear flow speeds are highest.
For impedance cytometry sensitivity, this implies that, indi-
rectly, focus channel width wy, has an impact after all and
that minimal d’—i.e., both a short d as well as a narrow
wy—is required for optimization.

4 Conclusions

In conclusion, our in-depth study of systems integration
showcases the interplay of impedance cytometry and in-
plane hydrodynamic focusing. Compared to physical chan-
nel constriction, this approach offers a distinctly lower risk
of clogging and provides tunable, rather than static, sensi-
tivity and throughput. We explore it from both theoretical
and experimental perspectives, developing novel modeling
approaches, and providing a simple yet efficient platform
with our device. We demonstrate an over fivefold enhance-
ment in impedance signals as well as in population sepa-
ration. We find that ionic diffusion must not be neglected
for such systems even at high Péclet number. This is in line
with previous work preferring immiscible two-phase flows
of oil and water, albeit without much underlying discus-
sion (Bernabini et al. 2011; Evander et al. 2013), a scenario
where our analytical model should prove highly descrip-
tive. Still, we posit that our approach in utilizing pure water
is preferable for point-of-care applications. The aforemen-
tioned immiscible two-phase flows can suffer from inter-
facial instabilities, making hydrodynamic control more
challenging (Nieuwenhuis et al. 2004; Golden et al. 2012).
Moreover, pure water reduces the reagent requirements of
the device; DI or distilled water is cheap, readily available,
and even in very resource-poor settings could be produced
on location. Here, analytical and numerical model trends
serve as upper and lower bounds for the experimentally
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observed one. Our study of geometry variations in hydro-
dynamic focusing reveals limited direct impact on imped-
ance cytometry. However, we show that the distance of
cytometry electrodes from the focusing junction center,
rather than its downstream edge, strongly correlates with
performance. Indirectly impacted by the channel geometry,
this phenomenon can be related to inertial flow effects and
furthermore highlights the importance of ionic diffusion.
Our design allows for straightforward expansion to multi-
frequency signal recording, and our in-plane study provides a
foundation for a range of out-of-plane focusing approaches.
This will ultimately provide high-resolution multi-dimen-
sional particle characterization toward an integrated
microsystem capable of full differential blood cell counting.
Furthermore, our approach illustrates the benefits of model-
guided design as well as in-depth examination of systems
interplay in LOC devices. With many examples of exciting
LOC technologies—sensors, blood-handling components,
microfluidic components—published in the literature, we
believe it is only through such studies that they can be opti-
mally realized in integrated point-of-care microsystems.
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