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Microfluidic Biosensor for the In Vitro
Electrophysiological Characterization

of Actin Bundles

Jorge Manrique Castro~, Nilab Azim™, Nicholas Castaneda™, Ellen Kang™,
and Swaminathan Rajaraman™, Member, IEEE

Abstract— The essential cytoskeletal protein actin and its func-
tions are paramount for motility, communication, and locomotive
processes in eukaryotic cells. Detection and quantification of actin
protein is of great interest for in vitro studies potentially eluci-
dating unknown cellular mechanisms affecting drug responses
with an extension to the study of disease states (e.g., study
of neurodegenerative disorders). To this end, development of
biomedical platforms and biosensors plays an important role in
providing reliable and sensitive devices to study such intracellular
constructs. Here, we present for the first time the microfabrica-
tion, characterization, testing, and electrical/interfacial modeling
of a microfluidic biosensor for actin protein characterization. The
device allows for the interaction and characterization of actin
bundles using electrochemical impedance spectroscopy (EIS).
The device was tested with 1 uM and 8 uM actin bundles
concentrations producing shifts in impedance response in the
significant biological frequency of 1 kHz from 17 to 30 kOhm
(k2). Interfacial capacitance and electrical modeling showed
that at increasing actin bundles concentrations, the distance
from the electrode to the diffusion region (Debye length) was
reduced from 386 to 136, and from 1526 to 539 A. Inter-
facial capacitance was evaluated for 1 uM concentration at
two dielectric constants (¢y = 5 and 78) resulting in 3.8 and
15.6 mF/m? respectively. Similarly, for 8 uM concentration,
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interfacial capacitance resulted in 10.1 and 43.3 mF/m? for the
same values of ¢r. Based on these theoretical calculations, the
interface model could accurately predict the quantification of
the actin bundles previously elucidated by the experimental EIS
method. [2023-0180]

Index Terms— Actin, electrochemical impedance spectroscopy
(EIS), interdigitated electrodes (IDE), interfacial capacitance,
microfluidic biosensor, interface modeling.

I. INTRODUCTION

CTIN is the essential protein residing in the cytoskele-

tal network of eukaryotic cells, and is responsible for
important biological functions such as cell motility [1], [2],
organelle transport, phagocytosis, and cell division [3]. Its base
structure, i.e., actin monomers (G-actin), can polymerize to
form double-helical actin filaments (F-actin, linear biopoly-
mers that behave as charged polyelectrolytes [4]. In controlled
microenvironments, F-actin, can be exposed to biochemical
factors like macromolecular crowding [5], [6], [7] and elec-
trostatic interactions [8], and these interactions can result in
the formation of actin bundles [9], [10], [11]. Mechanical and
structural properties of actin bundles are modulated by these
biochemical processes as well as by the network connectivity
[10], [12], [13].

The organization of F-actin into higher ordered bundles
provides cells with mechanical integrity and structural sup-
port. Numerous actin-binding proteins (ABPs) modulate actin
architectures and functions in cells by tightly controlling
actin assembly dynamics and mechanics [2], [14]. Consid-
ering that actin filaments potentially can serve as electric
transmitter by conducting ionic currents [15], actin filament
and bundles assembly/disassembly dynamics and mechanics
may play a central role in cellular electrophysiology. However,
it is unknown how electric stimuli modulate the mechanical
properties of actin bundles, and vice versa.

Although it has been hypothesized that actin filaments
may play the role of an electrical transmitter, currently very
little work has been reported on the interfacing of actin with
electrical stimuli other than theoretical modeling [16]. In order
to develop and study responses of actin to various electrical
stimuli, an optimized development of biomedical sensor plat-
forms is needed. Currently, there are several microfabrication
techniques and characterization methods to produce quantita-
tive and qualitative information from biological entities such
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as the well-known COVID-19 virus [17], [18], [19], [20], elec-
trogenic cells [21], [22], [23], and bacteria [24], [25]. Among
these, 2D and 3D microelectrode arrays (MEAs) [26], interdig-
itated electrodes (IDE) [27], microfluidics [28], and electrical
biosensors [29] are well characterized with established micro-
fabrication processes [30], [31], [32] and electrochemical
principles [33]. Our group, previously explored the develop-
ment of IDE-based BioMEMS platforms optimizing electrode
geometry, spacing and substrate nanostructure to enhance sen-
sitivity and multi-modality of the platform (Electrochemical
Impedance Spectroscopy + Surface Plasmon Resonance) [34].
Smaller electrode gaps and increased surface area were found
to be ideal in order to improve device sensitivity in a tailored
fashion.

Microfluidic systems are suitable structures to run samples
for biochemistry and biomechanical studies of actin protein
as reported in [35]. In order to operate reagents with a
suitable pressure, flow velocity and gain control over actin
dynamics along the microchannel, structures with dimensions
of hundreds of microns wide and tens of microns high are
desired [36].

There is also a great interest in developing technologies for
intra-cellular measurements in real-time and gain an under-
standing of the evolution of cellular physiology in vivo [37].
However, the in vitro study of intra-cellular proteins such as
actin would elucidate information about the underlying physics
and would ease procurement of electrical signal transductions
emanating from the response of actin to various agents in
a controlled setting. The interest of research in actin pro-
tein arises from the fact that experimental studies do not
correspond quantitatively with predictive models [38]. Actin
filaments are usually the focus of investigation and electrical
modeling for actin bundles is lacking. Expanding the research
to higher-order structures such as bundles would also provide
insights about the conductive behavior of protein networks
with mechano-electrical signaling characteristics [39]. How-
ever, biomedical platforms specifically designed for studies of
actin bioprotein are still lagging.

Herein, we propose for the first time to our knowledge
a simple, easy-to-use, and effective solution to quantify the
electrophysiological properties of actin bundles based on
IDEs integrated within microfluidic channels, i.e., microfluidic
biosensor for the collection of impedance data from EIS upon
actin injection at various concentrations. The fabricated device
will take advantage of techniques for rapid prototyping such as
soft-lithography [40] and laser micromachining [41], allowing
for rapid prototyping modifications, and easy integration of
subcomponents as illustrated in the microfabrication process
flow depicted in the schematic in Fig. 1. Laser microma-
chining advantages such as high precision and quality for
complex designs are ideal for biomedical applications [42].
There is also a financial point of view that makes laser micro-
machining attractive when compared to cleanroom processes
(e.g., photolithography). Time spent in producing prototypes,
specialized training, high cost of mask aligners and photolitho-
graphic tools, and chemical handling are some of the cons
that are overcome by this technology when compared to a
cleanroom setting [43]. Even with the right selection of the

laser and optical system, the attained resolution is comparable
to its photolithographic counterpart [44]. In addition to the
microfabrication process of the microfluidic biosensor, elec-
trical and interface capacitance modeling is proposed to be
explored to correlate actin protein interactions with the IDE
with proposed theoretical ideas.

II. MATERIALS AND METHODS
A. Design (IDE and Microchannel)

IDE and microchannel were designed using (Computer-
Aided Design) CAD software (Solidworks, Dassault Sys-
temes). IDE is composed of two electrodes, 20 fingers each
with 1 mm length, 200 um width, and a gap (i.e., pitch) of
25 pm between them. Two squared contact pads of 5 mm per
side are included in the design to measure in-line impedance.

The microchannel is designed to sit atop the IDE measured
10 mm (length) by 150 wum (width). Microchannel inlet
and outlet ports are 1.5 mm diameter each. Both designs
were exported to the multimodal laser system (QuikLaze
50ST2, New Wave Research Inc.) software, for machining the
design into the respective materials as discussed in following
subsections.

B. IDE Microfabrication

Kapton® film (2 mil thickness) was used to create a stencil
mask and subsequently a gold (Au) deposition process on a
glass slide was performed as presented in optical micrographs
(Fig. 2a-c). As observed in Fig. 2b, the affixing process of
the Kapton mask onto the glass substrate produced gaps on
the stencil-glass interface impacting the edges of the IDE
upon metallization (see Fig. 2d. inset). This lack of intimate
contact caused a shadow masking effect along the borders.
It is important to mention that edges are not relevant to the
device reliability or actin interfacing effects as they are not in
contact with the microfluidic system or biological sample. The
metallization process was performed using a sputtering system
for 300 sec at a rate of 15 nm/min (EMS150T ES, Quorum
Technologies).

Kapton® stencil mask was ablated using the IR laser source
(1064 nm) from the multimodal laser micromachining system
with 90% power, 50 Hz frequency, scan speed 50 wm/sec, and
two passes. After Au metallization, fingers on the IDE were
ablated using green light laser source (532 nm) set to 50%
power, 50 Hz frequency, scan speed 70 um/sec, and one pass
(Fig. 2d).

Precise alignment is required for the ablation of the fingers
on the IDE. In order to facilitate this, a supporting white sheet
of paper with alignment marks kept below the glass slide was
used to match the fingers design on the IDE prior to laser
ablation.

C. Microchannel Microfabrication

Template molding technique was carried out using Kapton®
tape (2 mil thickness) onto a petri dish acting as the template
and PDMS micromolding atop this template. To create the
microchannel template mold, the Kapton® sheet was laser
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Fig. 1. Schematic of the fabrication process for the IDE-based actin microfluidic chip sensor. (a) Left: Exploded device detailing microchannel, gold metallized
interdigitated electrode (IDE) and glass substrate. Right: Assembled actin detection platform with inlet and outlet ports for sample injection and exposed
contact pads for electrochemical impedance spectroscopy (EIS) measurements. (c) IDE microfabrication process. Kapton® mask is laser micromachined to
be further used during the metallization process. Gold is sputtered onto the glass substrate at vacuum level. Gold ablation is performed with multimodal laser
to isolate electrodes generating the IDE with minimum gap. (d) PDMS microchannel microfabrication process. Kapton® tape is attached to the bottom of a
petri dish and laser cut in order to left the positive feature of the microchannel on the bottom. PDMS mix is poured into the petri dish to start the molding
process. Sample is put in vacuum to remove any air inside the mix. After heating, the PDMS mold is ready to be released from the petri dish holder. Plasma
surface treatment is performed in the microchannel surface to enhance bonding energies to glass. Lastly, mold is cut to the desired size and is ready for the

final assembly.

cut with UV light source (355 nm) at 50% power, 50 Hz
frequency, 50 um/sec scan speed, and 2 passes (Fig. 3a-b).

PDMS solution was created using the standard ratio of 10:1
(18.2 g: 1.8 g; Base elastomer: Curing agent) and mixed for
2 min, and poured into the petri dish. PDMS solution was
degassed using a bell jar vacuum system (0.8 bar) in order to
evacuate any air bubbles. Lastly, PDMS is cured at 60 °C for
4 hr. and the micromolded channel was released from the petri
dish as depicted in Fig. 3c.

D. Device Assembly

A released PDMS mold and Au metallized glass slide are
placed into an oxygen plasma chamber (Plasma Etch Inc.)
and treated for 20 sec prior to bonding the substrates together.
PDMS mold and isolated IDE structure were carefully aligned
(stereoscope) by placing the microfluidic channel structure

onto the central and longitudinal region of the IDE as observed
in Fig. S1 (Top View). Additional improvement on the bonding
process was carried out by thermally annealing the assembled
biosensor in an oven for 1 hr. at 80 °C.

Inlet and outlet ports are created by using a biopsy punch
(1 mm width) on the PDMS. Photograph of the actual impedi-
metric actin biosensor components are detailed in Fig. S2 in
Supplementary Materials.

E. Actin Sample Preparation and TIRF Imaging

Actin purification and sample preparation followed the
protocol as described [45], [46]. Actin polymerization was
achieved by adding 1/10th volume of 10x KMI buffer (50 mM
KCIL, 2 mM MgCl,, 10 mM imidazole, pH 7.0, 1 mM ATP,
and 1 mM DTT) to achieve 8 uM filament-actin concentration.
F-actin were subsequently diluted with the KMI buffer solution
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Fig. 2. IDE microfabrication process. (a) Kapt0n® mask is created by laser
ablation using 1064 nm source (IR). (b-c) Gold is sputtered in vacuum onto
pre-treated glass slide to generate the non-isolated IDE. (d) Multimodal laser is
used with visible light (Green at 532 nm) to ablate gold and isolate electrodes
in the IDE as depicted in the zoomed view.

to 1 uM. Actin bundle formation occurred at 8 uM with the
addition of MI buffer (30 mM Mg+, 1 mM ATP, | mM DTT,
10 mM imidazole pH 7.0) and subsequently diluted to 1 uM
using the MI buffer solution. The low concentration of actin
bundles was controlled by its dilution with the MI buffer.

Total Internal Reflection Fluorescence (TIRF) microscopy
(Nikon Eclipse Ti) was performed and supported by a Hama-
matsu Image EM X2 CCD camera and a 100X oil immersion
objective (N.A. 1.49) with a pixel size of 0.16 um at room
temperature (~22 °C) After 1 hr. of filament flow in the
microchannel ensuring equilibrium at room temperature, buffer
for bundles polymerization was introduced and the solution
was diluted. Injection of F-actin and actin bundles into the
device was achieved by active flowing with syringes and gentle
positive pressure along the microchannel (Fig. 4).

FE. EIS Characterization

Electrochemical Impedance Spectroscopy (EIS) was per-
formed in-line upon injection of F-actin and actin bundles
to the inlet port of the microfluidic biosensor at 1 uM
and 8 uM concentrations, respectively. An impedance baseline
provided by the KMI and MI buffers was also experimentally
derived. The two-electrodes system is presented in Fig. 5.
Frequency was swept from 1 Hz to 10 MHz using a vector
network analyzer (Bode 100, Omicron Lab). Bode and Nyquist
plots were generated after data processing in Origin 2020b
software with 1kHz impedance values highlighted for each
actin concentration due to its relevancy in biomedical appli-
cations. Electrophysiological measurements were performed
in triplicate for each of the buffer, F-actin, and actin bundle
concentrations.

G. Modeling (Electrical and Interface)

An electrical model from the impedance spectrum for actin
bundles was derived. The electrical model follows the Randles’
electrochemical equivalent circuit representation. This model
comprises a solution resistance Rg, a charge transfer resis-
tance Rct in-series to a diffusion Warburg element W, and
this branch in-parallel to a double layer capacitive element
represented by the Constant Phase Element (CPE). Model
representation is depicted in Fig. 6.

Values for each element are derived through EISSA software
and presented here with its interpretation. EISSA stands for
Electrochemical Impedance Spectroscopy Spectrum Analyser
and was developed by A. Bondarenko and G. Ragoisha [47].
EISSA is a standalone program for analysis and simula-
tion of impedance spectra. The analyzer routine is based
on algorithms of potentiodynamic spectrometry. The soft-
ware is free for noncommercial use and accessible from
http://www.abc.chemistry.bsu.by/vi/analyser/.

Interface phenomena (e.g., interfacial capacitance) is also
modeled along with exponential potential decay expressed by
the Debye length in the electrochemical cell. Capacitive effects
due to species diffusion under AC small signal conditions are
detailed. Interface capacitance and the Debye length from the
space charge layer region are calculated theoretically [48], [49]
using actin-related protein parameters such as condensed and
diffuse solution layers dielectric constant, and bare, hydrated
size of Mg2+ ions reported in the literature [16], [50].

III. RESULTS AND DISCUSSION
A. Physical Characterization

Design to device comparison of the microfluidic biosensor
was performed using laser confocal microscopy and the results
are presented in Fig. 3d-f. A 3D and 2D representation
of the IDE embedded within the microfluidic biosensor is
additionally depicted in Fig. S1, emphasizing microchannel
superposition atop the IDE and its dimensions. Features such
as the microchannel and the IDE were evaluated to analyze
the accuracy of the microfabrication processes and the tools
involved.

1) Laser Confocal Microscopy Characterization: Experi-
mental dimensions on the microchannel and IDE can be
compared to the design on the Table I. To quantify the
reproducibility of the device fabrication, laser cutting error
is characterized. It is observed that laser cutting combined
with soft lithography with PDMS presented 21% and 17%
error respectively during the microfabrication process of the
microchannel for the dimensions of the width and the height
respectively. It is hypothesized that these errors arise from the
laser micromachining on Kapton material for the microchannel
mold (error % in width) and PDMS shrinking (error %
in height) after the curing step [51]. Laser ablation of the
metal (Au) produced an error lower than 10% on the finger’s
dimensions (length and width).

This error, while acceptable, is due to the ablated area
of ~20-30 um produced by the green light source of the
multimodal laser system. The highest error (12%) on laser
ablation was measured in the gap (i.e., pitch) generated for the
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Fig. 3. Microchannel microfabrication process. (a) Petri dish is used as Kapt0n® tape holder to generate the microchannel pattern on the bottom using UV

laser micromachining. (b) Unwanted Kapt0n®

is released from the holder leaving the microchannel pattern only. (c) Soft-lithography technique with PDMS is

implemented in a ratio of 10:1 (silicon elastomer and curing agent), and after curing the mold is released from the petri dish. (d-f) Laser confocal microscopy
microchannel characterization. 3D profile is obtained along the microchannel, and metrics such as height (~57 pum) and width (~167 pum) are evaluated on

the microfabrication process.

Bundles passing through

20mM Mg?*

Bundles fluorescence 2

Fig. 4. Actin protein preparation and sample injection. (a) Flow direction represented by the white arrow along the IDE+microfluidic system from inlet to
outlet. (b-d) TIRF microscopy imaging of actin bundles formation at different concentrations of Mg2+ divalent cation. (e-f) TIRF imaging for comparison of
an empty microchannel and filled microchannel with actin bundles protein flowing as the sample. (g-h) TIRF images confirming presence of actin bundles

inside the microfluidic chip.

green light source during the metal micromachining process.
Differences in these values are referenced to the data delivered
by the manufacturer at the same wavelength and energy range,
which was set to 25 um for trimming gold [52].

2) Surface Roughness: Surface roughness of the metallized
glass slide was measured in order to identify its relation to the
interface phenomena during the impedance measurements. The
mean value of this parameter was 7 um for the Au thin film
using a metal sputter coating system (EMS150T ES, Quorum
Technologies).

Glass slide was prepared for an enhanced metal deposition
using a pre-treatment with an overnight bath of potassium
hydroxide (KOH) followed by rinsing in DI water for 30 mins.
KOH treatment is an aggressive wet-etching technique of
glass resulting in increased roughness of the treated surface
when compared to the thickness of the deposited gold layer
(~75 nm) for this work. Visual schematic representation is
presented in Fig. S3. The surface roughness was obtained in
three different areas along the scribed IDE surface, as repre-

sented in Fig. S1 for the central area. Result of this value is
additionally showcased on Table 1.

B. Actin Protein Impedance-Based Characterization

1) Actin  Bundles and Filament Spectrum: In-line
impedance measurements showed an increased tendency in
the formation of the kinetic region in the impedance spectrum
upon injection of actin bundles at higher concentrations into
the system. Specific values at 1 kHz frequency were recorded
and averaged as presented in the Bode plots from Fig. 7.
It can be observed that the baseline (MI Buffer) showed a
value of ~1 k2. Once actin bundles at 1 M concentration
was introduced into the sensor, specific-frequency impedance
magnitude increases approximately 20-fold to ~17 k€.
Subsequently, an increase of approximately 30-fold for 8§ uM
actin bundles is registered with values close to ~30 k€.

Furthermore, Nyquist plots depict a clear shifting from
the diffusion region (tilted line) to the kinetic region (semi-
circle) of the electrochemical cell in all cases: MI buffer,
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TABLE I
SURFACE ROUGHNESS AND DEVIATION ON THE MICROFABRICATION PROCESS OF MICROCHANNEL AND IDE FOR THE ACTIN BIOSENSOR
Design Device
Samples Feature Mean Surface Dimension Dimension Error (%) Microfabrication process
() Roughness (pm)
(um) (1m)
3 Au-metallized IDE 7.708 - - - Metal Sputtering
1 IDE Finger (Length) - 1000 995 0.5 Laser Ablation
1 IDE Finger (Width) - 200 219 9.5 Laser Ablation
1 IDE Fingers (Gap) - 25 28 12 Laser Ablation
3 PDMS Microchannel (Width) - 150 182 21 Laser Cutting + Soft-Lithography
8 PDMS Microchannel (Height) - 51 60 17 Laser Cutting + Soft-Lithography
‘ F-actin is a charged polyelectrolyte displaying a high
e iditace] . .
o P ¥R charge density where ions condense along the length of
el i T SEL &8 '; 3 the polymer [15], [53], [54], [55]. Molecular modeling has
% 55 5 lti:.

._",&, "“:-M‘-&' M

Fig. 5. (a-b) Actual actin sensor platform and electrical characterization.
Connection of the system to the vector analyzer for real time measurements
is performed on the two contact pads with the alligator clips. (c) Sample
flowing along the IDE+4-microfluidic chip during the EIS characterization.

1 and 8 uM actin bundles concentration. At the lower con-
centration (1 uM) the onset of the semicircle for the kinetic
region is observable. Similarly, at the higher concentration of
actin bundles (8 M), a well-defined and larger semicircle is
observed representing a higher rate of charge transfer events
occurring at the electrode interface. Conversely, for MI buffer
no kinetic region is depicted. This result is in agreement with
the increased trend in charge transfer resistance, which was
found experimentally and modeled for the aforementioned
concentrations of actin bundles. This can be explained by the
fact that ions at different concentrations have a different free
space available to flow easily towards the electrode surfaces
upon the application of small AC voltage during EIS.

On the other hand, F-actin diffusion events were not readily
detected at concentrations similar to actin bundles (e.g., 1 uM
and 8 uM). Bode plots didn’t show significance shifting in
the formation of the kinetic region of the impedance spectrum
as observed on Fig. S4 in Supplementary Materials. From
the baseline given by the KMI buffer (916 €2), only a 2.7%
change (891 ) and 3.3% change (885 2) of the 1kHz
impedance value was observed for the 1 ©M and 8 uM F-actin
concentration respectively.

demonstrated that F-actin can sustain a propagation of ionic
waves along its length behaving as “electrical wires” due to
F-actin’s double stranded helical structure [38], [55]. However,
the presence of high cation concentration leads to condensation
of cations forming a charge density wave bundling F-actin and
altering bundle structure and filament helical symmetry [54].
Therefore, minimal alterations to impedance for F-actin are
potentially exhibited through sustained propagations of ionic
waves along the filament structure, non-condensed filaments
that would display minimal alterations to structure and helical
twist. In addition, charge transfer phenomena remained the
same for this case suggesting that the IDEs are not sensitive
enough to capture differences in F-actin concentrations.

It is evident that the microscale-IDE developed in this work
was insufficient to get significant F-actin protein coverage
onto the electrodes. This affected the sensitivity of the device
for in-line impedance measurements. Nanoscale-IDEs might
overcome this issue providing a better interfacing area for the
protein at that state, and ultimately producing a measurable
impedance response at different concentrations of F-actin.

Further the Nyquist plots of the actin filaments and the
control buffer were similar and the extracted initial value on
the real component of impedance for the buffer and the two
concentrations was approximately 12 k2 for all conditions.
Charge transfer phenomena remained the same for this case
suggesting possibly that the IDEs are not sensitive enough to
capture differences in F-actin concentrations. The reason for
this phenomenon is currently being studied.

C. Modeling

1) Electrical Model: Extraction of parameters in the equiv-
alent electrical circuit for actin protein in both states (bundles
and filaments) are presented in Table II. A comparison
between the experimental results, theoretical calculations, and
the fitted data using an impedance model was evaluated.
Significant variations in the electrical parameters Rct, W, and
CPE (Q and «) for actin bundles at different concentrations
is observed. Circuit representation is shown in Fig. 6a and its
impedance equation is provided as [56]:

Rer + Zw
14+ (jw)* Q(Rer + Zw)

Z = Rs + e
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Fig. 6. Electrical modeling and double-layer structure of the interface. (a) Randle’s based electrical equivalent circuit (EEC) displaying the solution resistance
(Rg), kinetic components such as constant phase element (CPE) and charge transfer resistance (Rct), and the Warburg diffusion element (W). Two frequency
spectrum responses (Bode and Nyquist) are depicted to showcase the impedance analysis from the experimental data and modeling approach based on
impedance analysis techniques. (b) Visual model of the electrode-solution interface and its double layer capacitance region (drawing not to scale nor actual
representation of electrode shape, it is intended to illustrate concepts within the electrochemical cell). Specifically absorbed bare ions near the electrode surface
represent the first layer with limits on the Inner Helmholtz Plane (IHP). Nonspecifically absorbed ions referred here as solvated ions create a locus in an
extended region with its limit being the Outer Helmholtz Plane (OHP). From this locust to the bulk of solution, Actin bundles protein is found forming thus
the second layer or diffusion region. From the OHP to the Debye length (Ap), there is an exponential decay in the electric potential given by the species
concentration and dielectric properties on the sample.
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Electrochemical impedance measurements for actin bundles protein. (a-c) Bode plots from 1 Hz to 10 MHz for the buffer (reference), and 1 M

and 8 uM actin bundle concentration. Impedance magnitude is evaluated at the specific biological frequency of 1 KHz depicting an increased trend upon
concentration increase. (d-e) Similarly, Nyquist plot is generated to evidence charge-transfer and species diffusion phenomena upon injection of actin bundles
into the microfluidic chip. At 8 uM concentration a clear semicircle on the kinetic region is observed given by the protein film formation. Dotted lines in all

the plots is the spectrum given by the EEC model found in each case.

where Warburg (W) and Constant Phase Element (CPE)

impedances are defined as [49], [57], [58]:

Here W is the diffusion coefficient, f is frequency in
Hertz, and Q is representing an interfacial charging between

Zy

ZcpPE =

w
v

1
Q(jw)*

2)

3)

the surface and the electroactive species. Q is directly pro-

portional to the active area. Constant values of o range
from O to 1 depending on the tendency of the element to

near to 1).

be more resistive (values near to 0) or capacitive (values

A previous work of our group showcased how this element

might be flexible enough to be used as a substitute for a

diffusion element such as the Warburg element in the analysis
of 3D microelectrodes [59].

Authorized licensed use limited to: University of Central Florida. Downloaded on July 30,2024 at 18:26:24 UTC from IEEE Xplore. Restrictions apply.



MANRIQUE et al.: MICROFLUIDIC BIOSENSOR FOR THE IN VITRO ELECTROPHYSIOLOGICAL CHARACTERIZATION

357

TABLE 11
EXTRACTED PARAMETERS FROM THE FITTED ELECTRICAL IMPEDANCE MODEL FOR THE BUFFER, I;Lm AND 8;1,m CONCENTRATION OF ACTIN PROTEIN
Actin Rs Rer w Q Zexp ® Zwmon"® Zrue©
State Q) Q) Q.5 (Q'.m?s% ¢ Q) Q) Q

Buffer
Bundles 339 1.33E5 6.62E4 5.37E-7 0.87 1.02E3 1.03E3 1.04E3
Filament 156 1.58E5 34000 5.00E-7 0.88 916 925 NA

1 uM
Bundles 339 12.28E3 5.61E5 2.13E-7 0.44 1.71E4 1.74E4 2.44E4
Filament 158 1.34E5 39000 6.09E-7 0.86 891 895 NA

8 uM
Bundles 380 21.22E3 5.12E5 5.79E-9 0.63 2.94E4 2.78E4 2.92E4
Filament 154 1.28E5 37000 6.30E-7 0.85 885 888 NA

b ¢Impedance magnitude at 1 kHz frequency.

According to the results obtained in this modeling, CPE
impedance behavior increases upon addition of actin bundles
at 1 uM and 8 uM concentrations, influencing mass transport,
and decreasing active area which is proportional to the param-
eter Q. Q value started at 5.37E-7 for the buffer, and ended up
two orders of magnitude lower at 5.79E-9 Q~!.m™2.s%. This
is in agreement with the increase in the total impedance value,
which is being driven by a charge-transfer resistive behavior of
the electrochemical cell. The proof for this interfacial behavior
lies in the decreasing tendency in the phase angle from —58°
for the buffer up to —19° for the highest concentration of actin
bundles observed in the Bode plots of Fig. 7.

A theoretical calculation for the interface impedance (Zj)
was performed using electrical impedance concepts at a spe-
cific biological frequency. Derivation of Zj is obtained from
equation (1), input parameters are extracted from the EISSA
fitting process and the actual actin bundles concentrations that
were obtained experimentally (e.g., 1 uM and 8 uM). Thus,
interfacial impedance was determined in three different ways:
from theory (Ztyg), modeling (Zmop), and experimentally
(Zgxp). A one-to-one comparison of this modeling to its
experimental value (Zgxp) at 1 kHz frequency as presented
in Table II for actin bundles.

Derived from equation (2), Warburg impedance results were
computed at 2 k€2, 17.7 k2, and 16.2 k2 for MI buffer,
1 uM, and 8 uM actin bundles concentrations respectively.
Following the same sampling order, and using the Warburg
impedance for calculations, theoretical interface impedance
(Ztue) was computed as 1.04 k2, 2.44 k2, and 2.92 kQ.
Those Ztyg values are in great correlation with the Zgxp
experimental data (1.02 k€2, 1.71 k€2, and 2.94 k<2 for buffer,
1 uM, and 8 uM concentrations respectively), preserving
the same order of magnitude, and low deviation at increased
concentration. There is a difference between Zyop and ZTHE
for the 1 uM bundle concentration case (17.4 k2 vs 24.4 k2).
It is believed this is due to inherent variability during the
actin bundle preparation. Purification, polymerization of actin
filaments and subsequent aggregation of these into bundles
for low concentrations is quite sensitive to extraneous factors

such as precise delivery of reagents (volume & concentration),
temperature, pH, reaction time, and crowding agents. Zyop
is fitted from experimental data with numerical methods by
running 300 iterations of the Powell minimization algorithm
for amplitude as weight function [60]. ZTyg uses exact values
of the concentration parameters. The highest concentration
represented the lowest deviation (0.6 % error) from experi-
mental data at 1 kHz.

2) Interfacial Model: Charge transfer phenomena between
the metallized electrode and the solution containing the actin
bundles was studied by its capacitive effects and potential
decay. Debye length, diffuse layer capacitance, and related
parameters are calculated from the model described below.

As depicted schematically in Fig. 6b, interface between the
electrode surface and solution/sample within the cell might
be represented physically by a double-layer region containing
two specific loci known as Helmholtz planes (inner: IHP,
and outer: OHP), and one varying distance representing the
diffusion layer. This distance is referred to as the Debye length
(Ap). IHP, OHP, and Ap along the dielectric constants of
the media/actin-species are used to calculate the interfacial
capacitance (Cp) combining the linear potential drop within
the Helmbholtz region, and the exponential drop beyond the
OHP.

Double-layer capacitance model proposed by Stern [61]
was used to analyze capacitive effects on this interface and
the exponential decay on the electric potential. This model
proposes that the interface capacitance (Cy) is driven by the
combination in series of the Helmholtz capacitance (Cg), and
the Gouy-Chapman capacitance (Cg). This way, the capacity
of the system takes into consideration the ionic cloud behavior
under applied potential. Depending on this potential, and the
ion concentration, which is modulated by the acting bundling
process, a shift in the Debye length is expected. Thus, the
rectification made by Stern to the Gouy-Chapman model
suggests this definition for the interfacial capacitance in F/m?:

= 4)
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In order to calculate Cy, Inner Helmholtz Plane (IHP) is
determined by the size of the specifically absorbed bare ions
on the electrode surface. Actin bundles solution is composed
of divalent cations Mg>" and sizes for bare and solvated
states which are approximately 0.72 and 4.28 Angstrom A)
respectively [50]. Using the former parameters, the Helmholtz
capacitance (Cy) in F/m? can be derived from Borkholder [49]
as:

Cy = ot ér (5)

doup

where ¢, is the permittivity in vacuum (8.854 x 1012 F/m),
dogp 1s the distance from the electrode surface to the
Outer Helmholtz Plane (OHP) in A (0.72 + 4.28 = 5 A),
and ¢, is the solution/sample dielectric constant. Two values
(e.g. 5 and 78) for the dielectric constant (¢,) of actin protein
solution referenced from the work of Hunley [16] were used in
this research. For the reference buffer saline, the value used for
the dielectric constant was 80, similar to water-based medium
experiments [62] due to negligible change in this property for
these solutions [63].

Determination of Cg requires the Debye length as defined
by the following equations [48], [49], [61]:

&r€o zV,
Co = cosh 6
“= %0 (zv, ) ©
&6, Vs
Ap = 7
D oy (7

With V,, being the electrical potential applied to the system
(50 mV) emanating from the electrochemical instrumentation,
and V; is the thermal voltage at room temperature given
by kT/q (~26 mV). The additional involved variables are
elementary charge (¢:1.602 x 10~1°C), valence of species (z),
and ion concentration (n°, in ions/m?).

Debye length of a buffer solution (no calcium, no mag-
nesium mix) was calculated taking into consideration NaCl
species alone, with a concentration of 138 mM, and producing
a Ap = 8 A. With respect to the actin bundles at 1 uM
and 8 M concentrations, Mg>" species were considered as
the divalent cation required for bundles formation.

Reduction in the Debye length by approximately threefold
was calculated upon an increase in actin bundles concentration.
Values calculated represented a reduction from 386 to 136 A
for &, = 5, and from 1526 to 539 A for & = 78. This finding
is in agreement with Kovacs [48], where at increased con-
centration of ionic species, the space charge region becomes
more compact, thus increasing the magnitude of the interface
capacitance. This parameter increased from 0.0038(e, = 5)
to 0.0101(s, = 78) F/m?, and from 0.0156(s, = 5) to
0.0433(e, = 78) F/m? for 1 uM and 8 uM concentrations
respectively. There is an evident increasing trend in the value
of interface capacitance at increased concentrations of actin
bundles as measured by the biosensor.

As far as our knowledge goes, these values are being
presented for the first time and building on this work in future
studies could ascertain valuable information about this vital
protein including interpretation of physiological intracellular
states and events such as cytoplasm stiffening, confinement,

TABLE III

DEBYE LENGTH (Ap), INTERFACE CAPACITANCE, AND MODELING
PARAMETERS FOR BUFFER SALINE, 1pum AND 8um CONCENTRATION
OF ACTIN BUNDLES PROTEIN

& ]\lfagr: h;\(/i[rg;ed A G Ce Cre
A) A) A | EFm) | FEm) | (Fm)
Buffer
80 ‘ NA | NA | 8 | 1.40 l 1.33 ‘ 0.68
1 uM
54 0.72 4.28 386 0.09 0.004 0.0038
78°¢ 0.72 4.28 1526 1.38 0.016 0.0156
8 uM
54 0.72 4.28 136 0.09 0.011 0.0101
78°¢ 0.72 4.28 539 1.38 0.045 0.0433

* Helmholtz capacitance. ® Gouy-Chapman capacitance. © Interface capacitance.
Permittivity of the actin protein solution in the ¢ condensed, and © diffuse layers
respectively.

and induction of molecular crowding, all measured in vitro.
Complementary studies developed by the Marucho’s research
group have provided computational characterization of F-actin
as polyelectrolyte from molecular structures and finite element
modeling [64]. This characterization elucidated the electrical
behavior of actin filaments, which is dependent on surface
charge density along its irregular structure and surrounding
environment. Our future research efforts are aimed to develop
a new set of biosensors with increased sensitivity and affinity
to actin-F fabricating nano-scale electrodes, to later contrast
new findings with computational modeling. The summary of
all the calculations for the double-layer structure, and electrode
processes in actin bundles are presented in Table IIL.

IV. CONCLUSION

A microfluidic biosensor for the in vitro detection and
flow control of actin filaments and bundles was successfully
microfabricated and packaged with demonstrated sensitivity to
actin bundles. Integration of laser micromachining techniques
such as ablation and scribing along with soft lithography
to fabricate the microfluidic biosensor allowed to record
impedance values at the critical 1 kHz frequency of 17 k2
increasing to 30 k€2 upon injection of actin bundles that
correlate to protein concentration levels from 1 uM to 8 uM
respectively.

Au IDE microelectrodes and PDMS microchannel integra-
tion made possible for rapid flow control of actin protein,
and real time recording of electrical activity through EIS
measurements. Electrical model based on Randles’ equivalent
circuit of the biosensor was developed from the interface
phenomena, providing insights on actin kinetics and electrode
materials. Additional efforts in that direction are expected to
make possible detection and quantification of actin filaments
with nanofluidic channels.

Precise representation of the electrical behavior of the
biosensor can be extracted by the parameters from EISSA
model along with fitted curves in close proximity to the
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experimental results. Physical analysis such as the effect of
increased impedance upon injection of actin bundles pro-
tein at higher concentrations is derived from values of total
impedance, phase angle, and CPE sub parameters. It was found
that for 8 ©M bundles concentration the interface impedance
provided accurate values when comparing theoretical and
modeling approaches to the experimental data. The lowest
variation for the data in these approaches was 0.6%.

Understanding interface capacitance behavior at different
concentrations and dielectric constants is important to identify
differences of the electrochemical system when not only
electrical forces are acting on the solvated Mg>* ions, but also
thermal forces on the nonspecifically absorbed actin bundles in
solution. At increased actin bundles concentration, interfacial
capacitance increased due to the reduction of the Debye length,
which is explained by the low diffusion within the electrolyte.
On average, an increase of 272% was obtained for C; when
concentration was increased from 1 uM to 8 uM.

This study reports for the first time to our knowledge that
actin bundles concentration can be characterized by electro-
chemical impedance spectroscopy, and interfacial capacitance
analysis integrating microfluidics, and IDE into a single
device. This opens new methods of non-invasive analysis of
human bioproteins and their implications to disease states
among other fundamental studies.

APPENDICES

Appendix A. Supplementary information.
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