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A B S T R A C T

Wearable biosensors are of great interest in recent years due to their potential in health related applications.
Multiplex biomarker analysis is needed in wearable devices to improve the sensitivity and reliability. Electronic
barcoding of micro-particles has the possibility to enable multiplexed biomarker analysis. Compared with tra-
ditional optical and plasmonic methods for barcoding, electronically barcoded particles can be classified using
ultra-compact electronic readout platforms. Nano-electronic barcoding works by depositing a thin layer of oxide
on the top half of a micro-particle. The thickness and dielectric property of the oxide layer can be tuned to
modulate the frequency dependent impedance signature of the particles. A one to one correspondence between a
target biomarker and each barcoded particle can potentially be established using this technique. The barcoded
particles could be tested with wearable devices to enable multiplex analysis for portable point-of-care diag-
nostics and real-time monitoring. In this work, we fabricated nine barcoded particles by forming oxide layers of
different thicknesses and different dielectric materials using atomic layer deposition and assessed the ability to
accurately classify particle barcodes using multi-frequency impedance cytometry in conjunction with supervised
machine learning.

1. Introduction

Wearable devices can enable continuous real-time monitoring and
assessment by analyzing biomarkers non-invasively [1–4]. Biomarker-
based analysis has the potential to enable early disease diagnosis,
prognosis, health monitoring, therapy management, and also drug
toxicity [5–8]. Given the heterogeneity across the population in various
disease conditions, the analysis of a multitude of biomarkers in wear-
able biosensor devices using multiplexing technologies is necessary for
improving sensitivity and selectivity of diagnosis [9–11].

Two general modalities available for detection of biomarkers in-
clude optical and electrical detection. Optical detection technologies
are typically more sensitive by nature compared to their electrical
counterparts and have enabled high throughput multiplexing through
use of various barcoding methods. However, the instrumentation tends
to have a large footprint, thus is more suitable for benchtop applications
[12–15]. Common techniques used for particle barcoding include
photo-patterning [16,17], the use of fluorescent colloids [18,19], and
semiconductor quantum dots [20–23]. These technologies have been
demonstrated for multiplex analysis of nucleic acids [24] and proteins
[25]. The Luminex platform is a commercially available benchtop in-
strument for high-throughput multiplexed biomarker analysis which

uses two-photon excitation of fluorescent magnetic microspheres
[26,27].

On the other hand, electrical impedance and electrochemical-based
techniques are usually low cost, low power, lightweight, and easy to
miniaturize. While various electrical technologies have been developed
for highly sensitive biomarker analysis [28–30], they lagged behind
their optical counterparts in terms of throughput due to the lack of
suitable methods for barcoding particles. The most straight forward
method for impedance based multiplex analysis would involve utiliza-
tion of beads of different sizes, however variations in fabrication, along
with bead aggregation would limit the ultimate throughput. Previously,
we (Xie et al.) presented a new impedance based barcoding approach
that works by depositing tunable nano-capacitors on the surfaces of
microspheres [31]. The nano-capacitor consisted of an electron beam
evaporated gold layer on the top half of the sphere, and another atomic
layer deposited oxide layer on top, forming a Janus particle. These
barcodes utilize a well-known, but previously unexplored phenomenon
of Janus particles that the Clausius-Mossotti (CM) factor spectrum shifts
depending on the dielectric half of the microsphere, and also the fact
that the CM factor can be obtained directly by measuring the frequency
dependent impedance for each particle.

In previous work, we have developed a key component that can be
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used as a module in wearable devices for biomolecular detection [32].
In this work, we develop a new fabrication method for the barcoded
particles along with novel data analytics. We fabricate nine barcoded
particles using varying oxide thicknesses and dielectric properties. We
also report a new finding that a single thin-film dielectric layer is suf-
ficient for particle barcoding, eliminating the need for an intermediate
gold layer, thus simplifying fabrication. We performed a basic study of
the fabrication parameters involved in the barcoded particles, and as-
sessed the classification accuracy. As our approach is based on electrical
detection, it has the potential to be implemented in wearable biosensors
for multiplex analysis.

Recently, much interests has been shown in utilizing machine
learning techniques to enhance both sensitivity and classification of
biosensors [33–35]. Without being explicitly programmed, machine-
learning algorithms could help classify different biomolecules. Su-
pervised machine learning allows for training a classifier with labeled
data described by many features, whereby the classifier determines the
optimal boundary for accurately classifying the data. The accuracy of
the classifier is then assessed using test data with known values. The
support vector machine (SVM) is a broadly used supervised machine
learning algorithm technique for classification and regression analysis
[36,37]. We previously demonstrated the utility of machine learning in
classification of drug-sensitive cancer cells.[43] In this work, we per-
form measurements of barcoded particles using multi-frequency im-
pedance cytometry and utilize the amplitude of the barcoded particles
at each frequency as features for the SVM classifier to enhance our
ability to accurately classify particle barcodes.

2. Methods and materials

2.1. Barcoded particle fabrication

The fabrication process of barcoded particles is showed in Fig. 1. It
starts with forming a single layer of 3 μm polystyrene beads on a glass
substrate by drop-coating. As the liquid evaporates, the bead gradually
assembles together under inter-particle forces. After wiping off the
polystyrene beads accumulated on the back side, atomic layer deposi-
tion (ALD) was performed to deposit a layer of oxide on top of poly-
styrene beads on the front side. To avoid melting of the polystyrene
particles, the operation temperature of ALD was set to 150 °C. We
simplified the fabrication method by eliminating the deposition of in-
termediate gold layer before coating the oxide. In this work, we deposit
different oxides (alumina, hafnia and titania) of different thicknesses
(10 nm, 20 nm and 30 nm) on bare polystyrene beads to form different
barcoded particles. At last, barcoded particles are collected in phos-
phate buffered saline (PBS) with ultrasonication for agitation.

2.2. Sensor design and fabrication

The sensor is designed to measure the electrical impedance of bar-
coded particles at multiple frequencies. It consists of two parts, sensing

electrodes and a microfluidic channel, as shown in Fig. 2A and B. Two
coplanar electrodes are designed as 20 μm in width and the gap be-
tween two electrodes is 30 μm. To improve the sensitivity while mini-
mize clogging, the microfluidic channel size is set as 15 μm in height
and 30 μm in width. Sensing electrodes are fabricated through a stan-
dard photolithography process on a 3 inch glass wafer. The first step is
patterning the photoresist, which includes cleaning the wafer, spin
coating photo resist, pre-bake, aligning the mask and wafer, exposing
UV light, development, and post-bake. Then, 5 nm chromium and
100 nm gold are deposited sequentially on the wafer using electron
beam evaporation. At last, unintended metal is removed by lift off
process.

The microfluidic channel is fabricated using soft lithography. The
channel mold is made by patterning a layer of SU-8 on a 3-inch silicon
wafer using a similar process as described above. We then transfer the
channel pattern from channel molding to a polydimethylsiloxane
(PDMS) slab. The process includes mixing pre-polymer and curing agent
at a ratio of 10:1 sufficiently, pouring the mixture onto the channel
mold, degassing for 15 min to remove bubbles and baking at 80 °C
around 30 min for curing. Afterwards, a 5 mm inlet well and 1.2 mm
outlet well are punched. At last, the microfluidic channel is bonded
onto the electrode patterned glass wafer using oxygen plasma.

2.3. Frequency-dependent impedance modulation

By depositing oxides of different materials and thicknesses on the
particles, the overall frequency-dependent impedance of the particle is
tuned. Previous work [31] has shown that an insulative layer can
modulate the Claussius-Mossotti (CM) factor, which describes the fre-
quency dependence of the effective polarization, given by Eq. (1).
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The CM factor is determined by the complex permittivity of the
barcoded particle ( p̃) and the buffer medium (˜m). The complex per-
mittivity consists of both the dielectric constant (ε) and conductivity
(σ). The barcoded particle is asymmetric and the CM factor can be
calculated as the average of CM factors of a sphere and a layered par-
ticle [38]. The complex permittivity of a layered particle is given by the
following equation [39]:
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where ẽff is the effective complex permittivity of entire particle, ˜out , ĩn
are the complex permittivity of the outer layer and the inner core re-
spectively. Rout is the radius of the entire particle (including the inner

Fig. 1. Fabrication process of barcoded particles. 1) Formation of self-assembled monolayer on glass by dip-coating glass slide. 2) Deposition of oxide layer using
atomic layer deposition. 3) Re-suspension of particles to solution using ultrasonication.
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core) and Rin designates the radius of inner core. Previous studies de-
monstrated that the CM factor is directly related to the impedance [40].
Hence, the impedance will be affected as the CM factor is altered. This
could be expressed by Eq. (4),

=Z
j

f( )
˜

(1 3 )
m

CM (4)

where κ is a geometric constant, given by the ratio of electrode area to
electrode separation and ϕ is the volume fraction occupied by the
particle.

2.4. Multi-frequency impedance cytometry

Different thicknesses of the oxide layer and different oxide materials
modulate the particle surface conductance, permittivity, and charging
profile, thus tuning the CM factor and changing the frequency depen-
dent impedance. Using a micro-impedance cytometer (sensor), which
contains micro-electrodes integrated with a micro-channel, in con-
junction with a multi-frequency lock-in amplifier (Zurich Instruments
HF2A, Zurich, Switzerland), we captured the impedance responses of
barcoded particles at multiple frequencies. The schematic diagram is
shown in Fig. 2C. We obtain impedance data at 4 frequencies si-
multaneously in one measurement and implemented 4 different mea-
surements for each type of barcoded particles (16 frequencies in total
ranging from 100 kHz to 30 MHz). We limited the measurement to 4
frequencies to prevent electrodes from burning out, as more current is
pumped into the electrodes per each extra frequency is added to the
measurement. In each frequency measurement, 500 kHz was used as a
standard frequency for control. The electrodes get stimulated by a
combination of 4 different frequency AC signals generated by the lock-
in amplifier.

The experiment starts by making the microfluidic channel hydro-
philic using oxygen plasma. We fill the channel with PBS to preserve the
hydrophilicity until the measurement begins. Particles are introduced
to the channel from inlet well after removing the PBS. Under gravity

and the pressure gradient in the channel, caused by the inlet and outlet
fluid height difference, particles continuously flow through the channel.
When the particle passes the sensing region, it partially occludes the
ions conducting between electrodes and thus changes the impedance
across the electrodes. This change is captured by the lock-in amplifier
and the signal is demodulated at the same frequency used for stimu-
lation. To screen the noise and interference from the environment, the
device was placed in a metal box during the experiment.

2.5. Machine learning analysis

To enable better classification of different barcoded particles, we
employed a standard off-the-shelf supervised machine learning classi-
fier, the support vector machine (SVM). For each particle barcode, we
performed multi-frequency impedance measurements. The peak in-
tensity at each frequency is used as a feature. We train the SVM model
with half of the data (around 200) and test with the other half data
(around 200). A 5-fold cross validation is implemented to protect
against overfitting. A Gaussian kernel is chosen for SVM training and
testing. By comparing the predicted category and the true class, we are
able to determine the accuracy of the SVM classifier, which, in turn,
also depicts the impedance difference between different barcoded
particles. The analysis is implemented in MATLAB (Mathworks, MA,
USA) using Classification Learner toolbox.

3. Results

We fabricated different barcoded particles using atomic layer de-
posited oxides of varying thickness and dielectric permittivity. Nine
different particles were tested, including bare polystyrene beads,
polystyrene beads coated with 10 nm, 20 nm and 30 nm alumina,
polystyrene beads coated with 10 nm, 20 nm and 30 nm hafnia and
polystyrene beads coated with 10 nm and 20 nm titania.

Fig. 2. Strategy overview. A) Image of the
device in which a soft-lithography fabri-
cated PDMS micro-channel is integrated
with the electrode patterned on the fused
silica wafer. B) Microscope image of elec-
tronic barcoded particles flowing through
the sensor region. C) Schematic diagram of
a multi-frequency impedance flow cyt-
ometer for classifying nanoelectronic bar-
coded particles. Beads are injected into the
inlet well using a micro-pipette. As beads
flow through the pore, the impedance
change is captured by the lock-in amplifier
at multiple frequencies. Data are recorded
and analyzed in Matlab using a machine
learning algorithm.
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3.1. Impedance response of particles at multiple frequencies

Fig. 3 shows representative multi-frequency (7.5 MHz, 10 MHz and
15 MHz) time series data of bare polystyrene beads and polystyrene
beads coated with 20 nm alumina in a time window of 5 s. The lock-in
amplifier measures the current flowing out of the electrode. Then the
current is converted to the voltage and the signal is demodulated at the
desired frequency. Thus, the voltage is proportional to the impedance
across two electrodes. The voltage is normalized to the baseline for ease
of comparison. As shown in the figure, the voltage peak intensity de-
creases as frequency increases. This can be attributed to the surface
capacitance of the beads, which gets shorted gradually as frequency
increases and hence the overall impedance decreases. The barcoded
particles have smaller impedance peak intensity at higher frequencies
compared with bare polystyrene beads because of the larger surface
capacitance [31,41]. As the data indicates, analyzing impedance at
multiple frequencies can allow differentiation of barcoded particles
from each other.

3.2. Effect of oxide layer thickness

We studied the effect of oxide layer thicknesses on impedance
modulation. In the case of particles with a deposited alumina or hafnia
layer, we studied 10 nm, 20 nm, and 30 nm. In the case of titania, we
studied 10 nm and 20 nm. Fig. 4 shows the impedance responses of
different materials with different thickness. The peak amplitude refers

to the intensity of impedance change resulting from a particle passing
through the sensing region in the channel. Different frequencies were
chosen to show the best separation of different barcoded particles.
Fig. 4A shows the scatter plot of peak intensities of alumina barcoded
particles of 3 different thicknesses at two different frequencies
(f = 500 kHz and f = 15 MHz). 20 nm alumina barcoded particles
exhibit the largest voltage peak on average at 500 kHz, while 10 nm
alumina barcoded particles demonstrate the largest voltage peak on
average at 15 MHz. In Fig. 4B, the impedance responses of different
thicknesses of hafnia at f = 500 kHz and f = 5 MHz are depicted. The
impedance responses of 20 nm and 30 nm hafnia barcoded particles
overlap with each other, yet they are both distinguishable from the
impedance of 10 nm hafnia barcoded particles. The thickness of titania
has a larger effect on impedance response, as shown in Fig. 4C. The
peak amplitude of particles coated with 20 nm titania is on average
larger than that of particles coated with 10 nm titania at both
f = 500 kHz and f = 2 MHz. This is because the dielectric constant of
titania is much larger than the other oxides, and thus result in larger
impedance change for the same increase in oxide thickness compared
with hafnia or alumina.

Machine learning analysis is implemented to enhance the classifi-
cation ability. The bar graphs in Fig. 4D and E demonstrate the accu-
racy of the SVM model in differentiating between barcoded particles
with the same dielectric, yet different oxide thicknesses. The accuracy
in discriminating between particles coated with 10 nm titania from
20 nm titania is 96%. Overall, the SVM classifier could distinguish

Fig. 3. Representative data of different beads passing through the sensing region measured at 7.5 MHz, 10 MHz, and 15 MHz respectively. A) Bare polystyrene beads
B) Barcoded beads.
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alumina and hafnia barcoded particles from each other with high ac-
curacy, with the exception of particles deposited with 20 nm and 30 nm
hafnia, whose impedance responses also significantly overlap with each
other in the scatter plot. Based on this information, it implies that when
developing a multiplexed assay, it is important to properly select only
the barcodes that can be classified with high levels of accuracy.

3.3. Distinction between particles coated with different dielectric layers

Besides oxide layer thickness, we also studied the effect of oxide
permittivity on impedance modulation. We compared the impedance
responses of particles coated with oxide layers of the same thickness but
different dielectric materials. The scatter plot of peak intensity at two
different frequencies is shown in Fig. 5. Different frequencies were
chosen to show the best separation of different barcoded particles. In
Fig. 5A, the responses of particles deposited with 10 nm of different
oxides are depicted. The particles coated with alumina has the largest
voltage peak amplitude on average at both 500 kHz and 20 MHz, while
particles coated with hafnia or titania experience smaller current drop
when spassing through the sensing region. In Fig. 5B, particles coated
with 20 nm hafnia or titania show a response similar to the 10 nm si-
tuation. However, the peak intensity of particles coated with alumina is
smaller than hafnia and titania at both 500 kHz and 5 MHz. In Fig. 5C,
the particles coated with the 30 nm oxide layer can be easily dis-
tinguished from each other at both 500 kHz and 15 MHz.

We performed SVM analysis to quantify the ability to discriminate
between barcoded particles with different dielectric layers. The accu-
racy in discriminating between particles coated with 30 nm alumina
from 30 nm hafnia is 91%. As shown in Fig. 5D and E, the SVM result
also indicates that the difference between hafnia and titania is smaller
than others, which is consistent with the response seen in the scatter
plots. From the results, barcoded particles with a 20 nm oxide layer can
be more easily distinguished from that of a 10 nm oxide layer, which
suggests we should use particles with thicker oxide layers in multi-
plexed analysis for better discrimination.

4. Discussion

The results presented in this paper demonstrate the ability to tune
the impedance spectrum of particles by depositing insulation layers of
varying thickness and dielectric materials. Supervised machine learning
in conjunction with multi-frequency impedance cytometry can be used
for readout and classification of the particles. The additional novelty of
this work is that we demonstrated that a single thin-film dielectric layer
is sufficient for particle barcoding, and one can omit the use of an in-
termediate gold layer, thus simplifying the fabrication process. We
fabricated 9 single dielectric layer barcoded particles using this sim-
plified process. By utilizing supervised machine learning , we enhanced
the classification ability to distinguish barcoded particles. As a result,
these particles can be selected and utilized as barcodes in a functional

Fig. 4. The impedance responses of barcoded particles with different thickness oxides. A) Scatter plot of peak amplitude @ 500 kHz vs. peak amplitude @ 15 MHz of
particles with different aluminia thickness. B) Scatter plot of peak amplitude @ 500 kHz vs. peak amplitude @ 5 MHz of particles with different hafnia thickness. C)
Scatter plot of peak amplitude @ 500 kHz vs. peak amplitude @ 2 MHz of particles with different titania thickness. D) The accuracy of SVM model differentiating
particles with different thickness of alumina. E) The accuracy of the SVM model differentiating particles with different thickness of hafnia.
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biomarker assay to improve the throughput in the future.
For future work involving a multiplexed assay, our results provide

guidance for selection of particles: 1) 20 nm hafnia and 30 nm hafnia
particles should not be used together in the same assay. 2) Similar
thickness of hafnia and titania particles should be avoided in the same
assay mixture. 3) When using insulators of the same thickness but dif-
ferent permittivity in a single assay, 20 nm particles can provide better
discrimination compared with 10 nm.

Another notable result is that the change in impedance does not
necessarily change linearly with oxide thickness change. The under-
lying reason behind this requires further study. For particles coated
with 20 nm hafnia and 30 nm hafnia, the impedance responses are si-
milar. One possibility is that there is a threshold thickness for each
dielectric, beyond which the impedance will not further change. Future
efforts will be dedicated to gaining a more clear understanding of these
questions and applying the particles to performing multiplex protein
biomarker assays. This manuscript is focused on electronically dis-
criminating between the different barcodes. Potential methods for
quantification of the biomarkers using these barcodes has previously
been discussed elsewhere [29,31,42]. The wearable platform for de-
tection is reported in another paper [32].

5. Conclusion

In this paper, we fabricate nine barcoded particles by depositing

different thicknesses and types of oxide layers on top of bare poly-
styrene beads. We demonstrated that a single oxide layer can suffi-
ciently modulate the frequency dependent impedance and thus elim-
inate the need for the intermediate gold layer and simplify particle
fabrication. A micro-impedance cytometer (sensor) was designed and
fabricated to perform multi-frequency impedance cytometry, where the
PDMS-based microfluidic channel was covalently bonded onto the
surface of electrode glass chip. By implementing impedance measure-
ments at multiple frequencies in conjunction with machine learning
analysis, we demonstrate the capability of our sensor to detect different
particle barcodes. Finally, we provide systematic guidelines for selec-
tion of particle barcodes to be used in a multiplexed biomarker assay in
the future.
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Fig. 5. The impedance responses of barcoded particles with different dielectric oxides. A) Scatter plot of peak amplitude @ 500 kHz vs. peak amplitude @ 20 MHz of
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10 nm different oxides. E) The accuracy of SVM model differentiating particles with 20 nm different oxides.
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