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a b s t r a c t

Oriented for the quantitative diagnosis of HIV infection status of AIDS patients, a cell biosensor based on
electrochemical impedance spectroscopy has been developed for the precise counting of human CD4+

cells. In this new biosensor, the sensing area was composed of densely packed working electrode pixels,
each of which was comparable to a single CD4+ cell in size. CD4+ cells were captured on the chemically
modified electrode pixels, and detected individually by monitoring the interfacial impedance changes
eywords:
D4+

IV
IDS
iosensor

on each independent pixel. The detection of a single cell was achieved by the “on” and “off” states of
electrode pixel, depending on the cell capture status. The cell counting was digitalized by summing the
electrode pixels in the “on” state (captured with a single cell). Compared with peer counting methods, the
biosensor reported here was featured with a small device dimension, a minimal sample consumption, a
finest detection resolution and a highest counting accuracy.

© 2009 Elsevier B.V. All rights reserved.

icroarray

lectrode

. Introduction

Human immunodeficiency virus (HIV) is a lentivirus that leads
o acquired immunodeficiency syndrome (AIDS) (Sepkowitz, 2001;

eiss, 1993). HIV primarily attacks CD4+ T helper lymphocytes,
acrophages, and dendritic cells in the human immune sys-

em (Alimonti et al., 2003). The progressive decline of the CD4+

elper cells eventually leads to the loss of cell-mediated immunity,
aking the infected human bodies vulnerable to life-threatening

pportunistic infections (Holmes et al., 2003). According to the
ecent report (Joint United Nations Programme on HIV/AIDS, 2008),
0–36 million people were living with HIV in 2007, together
ith 2.7 million new HIV infections and 2 million HIV-related
eaths. Since its first recognition in 1981 (Gottlieb, 2006), HIV
as been spread globally nowadays, especially in the developing
ountries in sub-Saharan Africa, where it accounted for 67% of

he total population living with HIV and 75% of AIDS deaths in
007.

The number of CD4+ helper cells correlates with the status of
he HIV infection. Clinically, an adult is considered to be healthy
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(no HIV infection) if the CD4+ helper cells are more than 500 �l−1.
If the cells are below 200 �l−1, the person is defined to have AIDS
as his immune system is considered to be no longer strong enough
to prevent opportunistic infections (Centers for Disease Control,
1993; Feldman, 2005). Therefore the quantification of the amount
of CD4+ helper cells is important for inspecting the HIV infection,
diagnosing the infection stage of AIDS patients and determin-
ing the corresponding antiretroviral treatments (Department of
Health and Human Services, 2005). The standard technique used
for counting CD4+ helper cells is flow cytometry (Landay et al.,
1990). In flow cytometers, fluorescence tagged cells form a line
and pass through a detection gate, scanned individually by a laser
beam. The cell types are distinguished by the fluorescent chemi-
cals that are attached to the cells through specific antigen–antibody
recognitions. However, flow cytometry has its drawbacks such as
sophisticated equipment, expensive costs and complicated opera-
tions. To meet the heavy needs of health care in resource-limited
regions, affordable point-of-care diagnostic tools capable of quanti-
fying CD4+ cells with a minimum volume of whole blood sample are
emphasized to be developed. Towards this direction, CD4+ counting
devices based on different detection methods have been reported

in recent years. In the membrane-based microchip (Rodriguez et
al., 2005), CD4+ cells were harvested on porous polycarbonate
membranes by filtering red blood cells through the membrane
pores. Labeled with type-specific fluorescent antibodies, the CD4+

cells were imaged under fluorescence microscope and were enu-

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:xj22@cornell.edu
mailto:spencer@ece.cornell.edu
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erated by digital image processing. In comparison with flow
ytometry, however, this method exhibited relatively large count-
ng errors. In the microfluidic devices (Cheng et al., 2007a,b), blood
amples flowed through a 50-�m deep microfluidic channel that
as modified with CD4+ antibodies on the surface. The CD4+ cells
ere separated from other types chromatographically and cap-

ured on the channel surface. The cell detection and counting was
chieved by fluorescent labeling. However, the CD4+ cells were
ore readily to be captured at the entrance of the microfluidic

hannel, instead of being uniformly distributed over the entire
hannel surface. In other microfluidic channels (Thorslund et al.,
008, 2007), polydimethylsiloxane (PDMS) was used as the pri-
ary material for the channel construction. Improvements in the

ptical methods included using quantum dots (Jokerst et al., 2008)
s the fluorescent labeling marker, and using a MOSFET structure
s a signal amplifier (Wang et al., 2008) in the CD4+ cell detec-
ion.

Besides the optical detections, electrical method was also
dopted in the CD4+ counting devices. A cell biosensor based
n electrochemical impedance spectroscopy (EIS) was developed
Mishra et al., 2005). The EIS method is generally advantageous
n charactering interfacial phenomena with desired reliability and
ensitivity. The biosensor was built with a three-electrode sys-
em, in which the working electrode was chemically modified
ith CD4+ specific antibodies, being able to selectively capture
D4+ cells. The electrochemical impedance spectrum between
he working and the counter electrode was monitored upon the
ell capture on the working electrode. The attachment of CD4+

ells on the electrode surface caused an increase of impedance,
specially in the low-frequency end. The impedance increase was
orrelated to the amount of CD4+ cells captured on the working
lectrode.

These reported methods could potentially be integrated in the
uture practical devices. However, one common problem with these

ethods was that, the counting accuracy was not satisfactory yet.
n other words, the counting results were subject to the dynamic
ange of the cell population. The counting error was generally pro-
ortional to the total cell number and could be large when the cell
opulation was high. Therefore, counting cells with a consistent
ccuracy, independent of the dynamic range of the cell popula-
ion, still remains as a challenge. In addition, for the reported
evices, it was difficult to resolve the cells precisely when the
otal cells in the sample were low (e.g. <20 counts). However, for

point-of-care diagnostic tool designed for quantitatively eval-
ating the infection stage of AIDS patients, it is critical to have
he capability of precisely counting sparse CD4+ cells, because of
wo reasons: first, point-of-care tools are required to consume
minimal amount of blood samples; second, the CD4+ cell con-

entration of AIDS patients is significantly lower than the normal
alue.

To address these issues, a novel EIS biosensor based on silicon
ubstrate has been developed here with two important features:
1) a high counting accuracy, independent of the total cell counts;
2) a single-cell detection resolution. The three-electrode system
as adopted in this new biosensor. Instead of being a single large
orking electrode, the sensing area consisted of an array of densely
acked working electrode pixels, each of which had a size compa-
able to a single CD4+ cell. Chemical modifications were applied
n these electrode pixels, making them able to selectively cap-
ure CD4+ cells. Each pixel was electrically independent, being
ble to capture and sense one CD4+ cell only. The cell count-

ng was simply achieved by summing the pixels whose surfaces

ere attached with single CD4+ cells. With this sensor device,
precise counting of sparse CD4+ cells has been successfully

emonstrated by digitalizing the counting at single-cell resolu-
ion.
oelectronics 25 (2010) 1622–1628 1623

2. Experimental

2.1. Pixelated three-electrode system

4-inch double-side polished silicon wafers with an ori-
entation [1 0 0] (Silicon Quest, Inc.) were cleaned in APM
(NH4OH:H2O2:H2O = 1:1:6 at 70 ◦C) for 10 min and in HPM
(HCl:H2O2:H2O = 1:1:6 at 70 ◦C) for 10 min. A 300-nm thick low-
stress Si3N4 film was deposited on the silicon substrate by
LPCVD (DCS:NH3 = 84 sccm:22 sccm, 200 mTorr, 800 ◦C). The adhe-
sion promoter MicroPrime MP-P20 (Shin-Etsu MicroSi, Inc.) was
spun on the wafers at 3000 rpm for 30 s, followed by spin coat-
ing the photoresist SPR955-CM 0.9 (MEGAPOSITTM) at 3000 rpm
for 30 s. After baking at 90 ◦C for 90 s, the photoresist was exposed
by autostep 200 mW cm−2 for 0.25 s. The wafers were then under
the ammonia baking at 90 ◦C for 80 min, flood exposed for 60 s, and
developed in 300 MIF (AZ Electronic Materials, Corp.) for 60 s. To
remove the residual photoresist, the wafers were descumed by oxy-
gen plasma cleaning at 80 ◦C for 1 min. The wafers were deposited
with Cr (Research and PVD Material, Corp.) at 1 Å s−1 for 20 nm,
followed by depositing Au (Research and PVD Material, Corp.) at
2 Å s−1 for 200 nm. The Au electrode pattern was finalized by soak-
ing the wafers in the photoresist stripper 1165 (Rohm and Haas
Electronic Materials, LLC) overnight.

After rinsing with dH2O and drying under N2 gas flow, the wafers
were descumed by oxygen plasma cleaning at 80 ◦C for 60 s. A 2-�m
thick PECVD Si3N4 film was deposited on the wafers as a passivation
layer (IPE system, 200 ◦C for 130 min). To open the electrodes, the
photoresist SPR955-CM 0.9 was spun on the wafers at 4000 rpm
for 30 s and baked at 90 ◦C for 90 s. After exposing by autostep
200 mW cm−2 for 0.25 s, the photoresist was developed in 300 MIF
for 1 min, rinsed with dH2O and dried under N2 gas flow. After des-
cumed by oxygen plasma cleaning at 80 ◦C for 1 min, the wafers
were under a CF4 reactive ion etch for 25 min (chamber pressure:
40 mTorr, RF power: 150 W, CF4 flow rate: 30 sccm) to remove the
Si3N4 on the top of the electrodes. The fabrication schematic is
shown in Fig. 1.

2.2. Cell culture

The cell lines used in the experiments were purchased from
American Type Culture Collection (ATCC). J45.01 cells (ATTC: CRL-
1990) were used as the mimic human CD4+ T lymphocytes. CD19+

Farage cells (ATCC: CRL-2630) were used in the control experiment.
The two types of cells were cultured separately in the RPMI-1640
medium (ATCC) containing 10% fetal bovine serum (FBS) (ATCC),
at 37 ◦C with 5% CO2. The medium was refreshed every 2–3 days.
For EIS measurements, the cells were harvested by centrifuging at
1200 rpm for 5 min. The supernatant fluid was disposed and the
cells were resuspended in PBS buffer (Hyclone®) with a final con-
centration of ∼100 �l−1.

2.3. Cell capture on working electrode

The Au working electrodes were rinsed thoroughly with
acetone, isopropanol, and dH2O in series, followed by dry-
ing under N2 gas flow. Optionally, the electrodes were under
the sonication in ethanol for 2 min. After the cleaning, the
devices were soaked in the freshly prepared mixture of 25 mM
11-mercaptoundecanoic acid (MUA) (Sigma–Aldrich, Co.) and
25 mM 3-mercaptopropionic acid (MPA) (Sigma–Aldrich, Co.)

in ethanol (MUA:MPA = 1:10, v/v) for 15 h at room tempera-
ture. The working electrodes were rinsed with acetone and
dried under N2 gas flow. The electrodes were then soaked
in an aqueous solution of 100 mM N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDAC) (Sigma–Aldrich, Co.)
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Fig. 1. Fabrication of CD4+ cell biosensor. (A) A Si substrate. (B) The Si substrate
deposited with a 300-nm thick LPCVD Si3N4 film. (C) The three-electrode system by
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patterned deposition of 200-nm thick Au film, consisting of a counter electrode
C.E.), a reference electrode (R.E.), and an array of working electrodes (R.E.). (D) The
urface passivation by depositing a 2-�m thick PECVD Si3N4 layer. (E) The Si3N4

emoval on the top of the electrodes by CF4 reactive ion etch.

nd 25 mM N-hydroxysulfosuccinimide sodium salt (sulfo-NHS)
Sigma–Aldrich, Co.) for 1 h at room temperature. After rinsing
ith dH2O, 1 �l of 0.5 �g �l−1 anti-human CD4+ antibody (BD Bio-

ciences, Inc.) was applied on the array of working electrodes and
ncubated at room temperature for 1 h. Afterwards, the working
lectrodes were rinsed with PBS buffer, followed by applying 1 �l
f 0.1% bovine serum albumin (BSA) solution (Sigma–Aldrich, Co.)
nd incubating at room temperature for 1 h. After rinsing the elec-
rodes with PBS buffer carefully, the J45.01 cells were applied on
he working electrodes and left at room temperature for 30 min.
he excessive cells were removed by dipping the electrodes in PBS
uffer carefully. The devices were then ready for the EIS measure-
ents.

.4. Electrochemical impedance spectroscopy

The cells were detected by measuring the electrochemical
mpedance spectrum changes introduced by the cell attachment.
he impedance measurements were taken under the three-
lectrode mode in the aqueous phase. The counter electrode, the

eference electrode, and the cell-coated working electrode were
onnected through PBS buffer. A polydimethylsiloxane (PDMS)
heet patterned with an open window was placed on the sensor
evice to serve as a buffer container. The window was aligned with
he array of the working electrode in the chip center. The three
oelectronics 25 (2010) 1622–1628

types of electrodes were within the window, being exposed to air.
PBS buffer was added into the window, connecting the three elec-
trodes. Another PDMS sheet was then placed on the top of the
previous one, covering the window completely. This second PDMS
layer was for preventing the evaporation of the PBS buffer. With
this encapsulation, the device was able to last for hours without
drying.

The impedance spectra of the working electrode pixels at the
following stages were also measured for the characterization pur-
pose: (1) the unmodified electrodes, (2) the electrodes after the
MUA/MPA treatment, (3) the electrodes after the sulfo-NHS/EDAC
treatment and (4) the electrodes after the antibody attachment.

The instrument used for the EIS measurements was FAS2 Fem-
tostat from Gamry, Inc. The measurements were operated by the
Gamry software “Framework” version.4.35. The impedance data
were analyzed using the Gamry software “Echem Analyst” Ver-
sion.1.35. The sweeping frequency range was 0.1 Hz to 300 kHz.
The applied ac voltage was 10 mV. The dc bias was set to be 0 V rel-
ative to the open circuit potential. The initial delay for the system
stabilization was set to be 100 s. Impedance data were collected
10 points per decade of the frequency. The measurements were
performed at room temperature with minimized vibration noise.

3. Results and discussion

Fig. 2(A) shows the CAD of the biosensor chip. The overall chip
size was 1.4 cm × 1.4 cm. An array of 200 working electrodes was
located in the center of the chip. The two rectangles near to the
working electrodes were the reference electrodes, each having an
area of 300 �m × 600 �m. Two sets of counter electrodes were
located relatively far away from the working electrodes. One set
was aligned with the center horizontally and the other vertically.
Each counter electrode had a surface area of 300 �m × 300 �m. At
each corner were arranged 50 identical contact pads, connecting
to 50 working electrodes in the center individually through 4-�m
wide conduction lines. Each contact pad was 300 �m × 300 �m in
size. The contact pads for the reference and counter electrodes were
500 �m × 500 �m each, connected to the corresponding electrodes
through 20-�m wide lines. Fig. 2(B) is the image scanned for a
realistic biosensor chip.

Fig. 2(C) is the optical images of the working electrodes located
in the center of the chip. Each working electrode was 7 �m × 7 �m,
with a gap of 2 �m between any adjacent electrodes. The electrode
density was ∼104 mm−2. Since the diameter of CD4+ cells was typ-
ically 8–10 �m, the size of the working electrodes was designed to
be comparable to a single CD4+ cell such that each working elec-
trode would be able to capture one cell only. Therefore, the “on” or
“off” state of each working electrode could be represented by the
binary status of the cell occupancy on the electrode (“occupied” or
“empty”). The 200 working electrodes were arranged in two lanes,
each having 100 electrodes. The entire chip was deposited with a 2-
�m thick Si3N4 layer to passivate all the connection lines. The Si3N4
on the top of the electrodes and the contact pads were removed by
the CF4 plasma etch. The opening windows were identical to the
electrodes in size. The three electrodes were connected through
PBS buffer. All the connection lines were covered with the 2-�m
thick Si3N4 layer, being insulated from PBS buffer.

The working electrode pixels were modified with CD4+ anti-
bodies through three steps of chemical crosslinkings. First, the
Au surface was modified with the carboxyl-terminated MUA/MPA

through the Au-thiol affinitive binding. MUA/MPA was sensitive
to moisture, so the reagent needed to be prepared freshly every
time prior to the experiment. Second, with the presence of EDAC,
sulfo-NHS reacted with the carboxyl group on MUA/MPA, form-
ing a carboxylate intermediate. In the last, CD4+ antibodies were
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Fig. 2. Top view of CD4+ cell biosensor. (A) The CAD of the biosensor chip. 200 working electrodes (W.E.) were located in the chip center, each of which was connected to a
contact pad at the corner. Reference electrodes (R.E.) were close to the W.E. array whereas the counter electrodes (C.E.) were far away from the center. A second set of C.E.
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as added for optional use. (B) An image scanned from a realistic biosensor chip. (
ode (3). Each working electrode was 7 �m × 7 �m in size, with an interval distance

nd clean. In mode 3, the connection lines and the squares showed different colors,
y the CF4 dry etch.

ttached to the MUA/MPA by replacing the sulfo-NHS in the car-
oxylate intermediate. The working electrodes were rinsed with
BS buffer and applied with 1 �l of 0.1% BSA solution for 1 h
o minimize the non-specific binding sites. 1 �l of J45.01 cells
ith a concentration of ∼100 �l−1 was applied on the antibody-

oated working electrodes for 30 min at the room temperature.
he CD4+ antibodies selectively captured the J45.01 cells through
he antibody–antigen recognition. The electrodes were slowly
mmersed in PBS buffer to rinse off the cell solution. The work-
ng electrodes coated with the J45.01 cells were inspected under

icroscope in the dark-field mode, shown in Fig. 3(A). In the image,
ach dark square was a single working electrode in the “off” state
no cell attached), whereas each bright spot was an electrode in

he “on” state (attached with one single J45.01 cell on the sur-
ace). Using such densely packed electrode pixels had two great
dvantages: first, as the pixel size was comparable to a single CD4+

ell, each electrode pixel could capture either one cell or none,
herefore achieving a single-cell detection resolution. The detection
optical images of the W.E. array under the bright-field (1), dark-field (2), and DIC
m. The black squares under mode 2 indicated that the working electrodes were flat

sting that the PECVD Si3N4 on the top of the working electrodes had been removed

error of each electrode pixel was minimized by the high signal-
to-background ratio in this binary detection mode. Second, the
entire sensing area was composed of individual electrode pixels.
Each cell in the sensing area was sensed by a local pixel indepen-
dently. Therefore the overall counting accuracy was in principle
independent from the cell concentration and the distribution uni-
formity. It made this counting method robust for a wide range of
the cell sample conditions and the capture characteristics. The cap-
ture selectivity was proven by the control experiment in which
Farage cells (CD19+) were applied on the electrodes modified with
CD4+ antibodies. Since there were no specific bindings between
CD19+ cells and CD4+ antibodies, the cells were not captured on
the electrodes, shown as Fig. 3(B).
As the image shows, all the captured cells were well located
in the center of the working electrode. The success of this precise
alignment was primarily due to the surrounding Si3N4 layer. The
Si3N4 grid between adjacent electrodes served as 2-�m tall bound-
ing walls, which was crucial for centering the cells on the electrodes
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Fig. 3. Cell capture on CD4+ cell biosensor. (A) The working electrodes captured with CD4+ cells. The image was taken under the dark-field mode, showing the electrodes
captured with a single cell on the surface (bright spots), as well as the electrodes with no cells captured (dark spots). The on-and-off state of the working electrodes was
c ectrodes after coating with Farage (CD19+) cells. Since there were no specific bindings
b D4+-antibody-modified electrodes. (C) The cross-sectional profile scanned across a few
e e between adjacent electrode pixels. Because of this grid structure, all the captured cells
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Fig. 4. Impedance spectra of CD4+ cell biosensor. The frequency (f) spectrum of the
impedance (Z) (solid) and the corresponding phase angle (�) (dashed) of a working
electrode with: no chemical modifications (black), MUA/MPA monolayer (green),
learly represented by the binary status of the cell occupancy. (B) The working el
etween CD19+ cells and CD4+ antibodies, CD19+ cells were not captured on the C
mpty working electrode pixels, showing the 2-�m high PECVD Si3N4 grid structur
ere well centered on the working electrodes.

hen the cells landed on the surface. This aligned attachment was
mportant for achieving the binary state of the cell occupancy.
ig. 3(C) is the surface profile across a few empty working elec-
rodes, scanned by a profilometer. It clearly showed the periodic
i3N4 grid structure.

The impedance spectrum of a blank sensor device, as well as
hat after each step of the surface modifications, was measured in
BS buffer, within a frequency range from 0.1 Hz to 300 kHz. The
ecorded spectra are displayed in Fig. 4. The overall impedance
pectra had an approximately linear dependence upon the fre-
uency in the log–log Bode plot, ranging from ∼1010 � at the

ow-frequency end to ∼104 � at the high-frequency end. The asso-
iated phase angles (�) were less than −70◦, suggesting that the
otal impedances were dominated by the capacitive component(s)
n the circuit, caused by the electric double layer in the vicinity of
he electrode surface.

As seen from the figure, the impedance spectra before and after
he electrode was attached with a single J45.01 cell were signifi-
antly different. The total impedance (Z) increased by ∼1010 � at
he low-frequency end (0.1 Hz), suggesting that the presence of the
ingle cell on the electrode posed a significant resistance to the
urrent passage at the low-frequency end. The changes of the low-
requency impedance between earlier surface modification steps
steps 1–5) were noticeable. After the Au electrode was coated with

PA/MUA, Z at 0.1 Hz decreased by 2.58 × 109 �, indicating that
he MPA/MUA film facilitated the interfacial charge transport pos-
ibly because of the hydrophilic carboxyl (–COOH) terminals. The
ubsequent modification with sulfo-NHS and EDAC increased Z by

.88 × 109 �. After the CD4+ antibodies were attached Z decreased
y 4.13 × 109 �. The impedance change caused by the further coat-

ng with BSA proteins was small (2.56 × 108 �). Upon the cell
apture, the impedance increase was large (∼1010 �) and consis-
ent, being able to explicitly distinguish the “on” and “off” states of
sulfo-NHS coating (yellow), CD4+ antibody attachment (purple), BSA blocking (blue),
and cell capture (red). The impedance increase upon the cell capture was significant
at the low-frequency end (0.1 Hz). (For interpretation of the references to color in
this figure caption, the reader is referred to the web version of the article.)

the working electrode. Therefore the impedance data at single fre-
quency point (0.1 Hz) were used for the analysis of the cell detection
and counting.
Fig. 5(A) shows the histogram of Z at 0.1 Hz obtained from 30
identical working electrodes. On the left side was the impedances
measured on the electrodes that were coated with CD4+ antibod-
ies and BSA proteins, ranging from 3 × 109 � to 10 × 109 �. The
bars on the right side, ranging from 1.2 × 1010 � to 2.2 × 1010 �,
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Fig. 5. (A) Impedances before and after cell capture. The gray columns show the
distribution of the total impedance (Z) measured from 30 working electrode pixels
before the cell capture (mean: 6.94 × 109 �; �: 1.86 × 109 �). The black columns
show the corresponding distribution after the cell capture (mean: 1.50 × 1010 �;
�
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Fig. 6. Counting accuracy of CD4+ cell biosensor. The plot shows a linear relation
between the cells counted by the optical microscopy and the ones by the pixelated
: 2.05 × 109 �). (B) Impedance change by cell capture. The histogram shows the
istribution of the impedance change (�Z) introduced by the cell capture (mean:
.40 × 109 �; �: 4.18 × 108 �). The data were measured from 30 working electrode
ixels.

ere measured from the same electrodes after they each were
ttached with a single cell. The two groups of data were located
ith a significant separation distance, representing the “empty”

nd “occupied” states, respectively. Fig. 5(B) shows the distribu-
ion of the impedance change (�Z) caused by the cell attachment.
he majority of the impedance changes fell in a narrow range, from
.5 × 109 � to 9.5 × 109 �. Therefore a value of 5 × 109 � could
erve as a reasonable threshold point for determining the binary
tatus of the cell occupancy on the electrode.

In this biosensor, the cell counting was essentially digitalized.
he total amount of the J45.01 cells captured by the electrode
rray was simply the sum of the electrode pixels in the “on”
tate. To verify the correlation between the impedance signals
nd the cell occupancies, the electrode array after the cell cap-
ure was inspected optically. The electrodes attached with cells
ere counted manually under microscope. Fig. 6 is the compari-

on between the optical enumeration and the impedance detection.
he linear relationship demonstrated the single-cell detection res-
lution and the accurate cell counting by the use of the pixelated
orking electrodes.

The novelty of this biosensor was the digitalization of the

ell counting by using pixelated electrodes. The counting was in
rinciple independent of the cell population. As demonstrated, it
recisely enumerated a low amount of CD4+ cells. It could be use-
ul for the quantitative clinical staging of HIV infection for AIDS
atients. The device could also be used for diagnosing normal
impedance sensor, demonstrating a single-cell detection resolution and an ideal
counting accuracy from the pixelated impedance sensor. The threshold of the binary
detection was set to be 5 × 109 �. Based on Fig. 5(B), the reading confidence was
larger than 8�.

people as well who have higher CD4+ cell concentrations. Count-
ing large number of cells would be possible for this biosensor by
designing more electrode pixels on the chip or reducing the sample
volume. In addition, as the sensor device demonstrated an excel-
lent counting precision when the cell amount was low, handling
large number of cells could also be worked out simply by using
diluted samples. Being able to process diluted samples would be an
attractive advantage in practice because it would require much less
original samples. In this work the chemical modification was a gen-
eral approach for immobilizing antibody proteins on gold surface,
meaning that the device could be generalized to detect other types
of immune targets by choosing an appropriate antibody–antigen
pair and coating the corresponding antibodies on the electrode
surface. The fabrication of the sensor device was simple, only con-
taining two layers of processes. To reduce the fabrication cost, the
Si/Si3N4 substrate could be substituted with cheaper materials such
as glass. With the very-large-scale integration and the mass pro-
duction, future practical devices could be expected to sufficiently
inexpensive to be disposable.

4. Conclusion

A microchip biosensor based on electrochemical impedance
spectroscopy has been developed for precise counting human CD4+

lymphocyte cells. The key feature of the sensor device was an array
of densely packed working electrode pixels. Each of them was as
small as a single CD4+ cell. These working electrodes were chem-
ically modified with CD4+ antibodies on the surface, being able to
selectively capture one single CD4+ cell on each electrode. A Si3N4
grid structure was built along with the working electrode pixels,
playing an important role in aligning cells on the electrodes. The
“on” and “off” states of each electrode pixel, depending on the cell
capture status, was monitored by measuring the electrochemical
impedance spectrum between the working and counter electrodes.
The experimental data showed that the cell capture on an electrode
pixel increased the interfacial impedance by at least 7 × 109 �. The

cell counting by this pixelated electrode system agreed well with
the optical counting. The impedance biosensor had a single-cell
detection resolution while the counting precision was independent
of the cell population. The binary detection mode digitalized the cell
counting, making the system reliable and robust to environmental
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oises. The device presented a new approach for the precise quan-
ification of CD4+ cells, oriented for future portable point-of-care
ools for the HIV infection diagnosis.
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