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Antibody-functionalized Au-gated AlGaN/GaN high electron mobility transistors (HEMTs) were
used to detect prostate specific antigen (PSA). The PSA antibody was anchored to the gate area
through the formation of carboxylate succinimdyl ester bonds with immobilized thioglycolic acid.
The AlGaN/GaN HEMT drain-source current showed a rapid response of less than 5 s when target
PSA in a buffer at clinical concentrations was added to the antibody-immobilized surface. The
authors could detect a wide range of concentrations from 10 pg/mlto 1 wg/ml. The lowest
detectable concentration was two orders of magnitude lower than the cutoff value of PSA
measurements for clinical detection of prostate cancer. These results clearly demonstrate the
promise of portable electronic biological sensors based on AlGaN/GaN HEMTs for PSA
screening. © 2007 American Institute of Physics. [DOL: 10.1063/1.2772192]

Prostate cancer accounts for around 10% of all deaths
from cancer and is the second most common cause of cancer
death among men in the United States.' The prostate specific
antigen (PSA) is the best serum marker for diagnosis of pros-
tate cancer and has been widely used for early detection of
prostate cancer for several decades.” Most PSA testing
methods have limitations due to the laboratory-oriented na-
ture of the measurements requiring sample transportation,
time consuming analysis, and high cost of detection. Several
different electrical measurements have been used to detect
PSA rapidly with high accuracy.479 Electrochemical devices
have attracted attention due to their low cost and simplicity.
Although electrochemical measurements based on imped-
ance and capacitance can be used as an accurate sensor plat-
form, significant improvements in their sensitivities are
needed for use with clinical samples.4’5

The electrical measurement of resonant frequency
change of an anti-PSA antibody coated microcantilever en-
ables the detection of PSA in solution at concentrations as
low as 10 pg/ml but the microbalance method suffers from
an undesirable resonant frequency change due to viscosity of
the medium and cantilever damping in the solution
environment.*” Nanowire field effect sensors coated with an-
tibody have been used for the real time, highly sensitive
detection of PSA.%® However, the low write speed of the
electron-beam lithography used to control the exact position
of the nanowire arrays increases the processing cost and has
reduced potential for scale-up. GaN/AlGaN high electron
mobility transistors (HEMTs) are attractive for these applica-
tions, since they include a high electron sheet carrier concen-
tration channel induced by piezoelectric polarization of the
strained AlGaN layelr.lo_21

In this letter, we report the use of antibody-
functionalized Au-gated AIGaN/GaN HEMTs for detecting
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PSA. The PSA was specifically recognized through PSA an-
tibody, anchored to the gate area in the form of carboxylate
succinimdyl ester. We investigated a wide range of concen-
trations from 1 ug/ml to 10 pg/ml, which is lower than the
cutoff value of clinical PSA measurement requirements re-
cently reported at 2.5 ng/ ml.?

The HEMT structures consisted of a 3 um thick un-
doped GaN buffer, 30 A thick Aly;Gay,N spacer, and 220 A
thick Si-doped Alj;Gagy,N cap layer. The epilayers were
grown by metal organic chemical vapor deposition on thick
GaN buffers on sapphire substrates. Mesa isolation was per-
formed with an inductively coupled plasma (ICP) etching
with Cl,/Ar based discharges at —90 V dc self-bias, ICP
power of 300 W at 2 MHz and a process pressure of
5 mTorr. 10X 50 wm? Ohmic contacts separated with gaps
of 5 um consisted of e-beam deposited Ti/Al/Pt/Au pat-
terned by lift-off and annealed at 850 °C, 45 s under flowing
N,. 400-nm-thick 4% polymethyl methacrylate was used to
encapsulate the source/drain regions, with only the gate re-
gion open to allow the liquid solutions to cross the surface.
The source-drain current-voltage characteristics were mea-
sured at 25 °C using an Agilent 4156C parameter analyzer
with the gate region exposed. ac measurements were per-
formed to prevent side electrochemical reactions with modu-
lated 500 mV bias at 11 Hz.

A plan view photomicrograph of a completed device and
schematic cross section of the device is shown in Fig. 1. The
Au surface was functionalized with a specific bifunctional
molecule. We anchored the thioglycolic acid, HSCH,COOH,
an organic compound and containing both a thiol (mercap-
tan) and a carboxylic acid functional group on the Au surface
in the gate area. A self-assembled monolayer of thioglycolic
acid molecule was adsorbed onto the gold gate due to strong
interaction between gold and the thiol group. The devices
were first placed in an ozone/UV chamber for 3 min and then
submerged in 1 mM aqueous solution of thioglycolic acid for
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FIG. 1. (a) Plan view photomicrograph of a completed device with a 5 nm
Au film in the gate region. (b) Schematic of AlGaN/GaN HEMT. The
Au-coated gate area was functionalized with PSA antibody on thioglycolic
acid.

24 h at room temperature, resulting in binding of the thiogly-
colic acid to the Au surface in the gate area with the COOH
groups available for further chemical linking of other func-
tional groups. X-ray photoemission spectroscopy and electri-
cal measurements confirming a high surface coverage and
Au-S bond formation on the GaN surface have been pub-
lished previously.21 The device was washed with de-ionized
water to remove unlinked thioglycolic acids. The carboxylic
acid functional group was then activated by submerging
the device first in a 0.1 mM solution of N,
N'-dicyclohexylcarbodi-imide in dry acetonitrile for 30 min
and then in a 0.1 mM solution of N-hydroxysuccinimide in
dry acetonitrile for 1 h.? These functionalization steps re-
sulted in the formation of succinimidyl ester groups on the
gate area of AlGaN/GaN HEMT. The device was incubated
in a phosphate-buffered saline (PBS) solution of PSA mono-
clonal antibody for 18 h before real time measurement of
PSA, and the PSA antibody was functionalized on the gate
area of the device, as shown in Fig. 1(b).

After incubation in a PBS buffered solution containing
PSA at a concentration of 1 ug/ml, the device surface was
thoroughly rinsed off with de-ionized water and dried by a
nitrogen blower. The source and drain current from the
HEMT were measured before and after PSA incubation, as
shown in Fig. 2(a). The electrons in the two-dimensional
electron gas (2DEG) channel of the AIGaN/GaN HEMT are
induced by piezoelectric and spontaneous polarization ef-
fects. This 2DEG is located at the interface between the GaN
layer and AlGaN layer. There are positive countercharges at
the AlGaN surface layer induced by the 2DEG. Any slight
changes in the ambient of the AlIGaN/GaN HEMT affect the
surface charges of the AIGaN/GaN HEMT. These changes
in the surface charge are transduced into a change in the
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FIG. 2. (a) I-V characteristics of AlIGaN/GaN HEMT sensor before and
after PSA incubation. (b) Drain current vs time for PSA when sequentially
exposed to PBS, BSA, and PSA.

concentration of the 2DEG in the AlGaN/GaN HEMTs,
leading to the slight decrease in the conductance for the de-
vice after PSA incubation.

Figure 2(b) shows the real time PSA detection in PBS
buffer solution using the source and drain current change
with constant bias of 500 mV. No current change can be
seen with the addition of buffer solution at around 100 s and
nonspecific bovine serum albumin (BSA) around 200 s,
showing the specificity and stability of the device. By sharp
contrast, the current change showed a rapid response in less
than 5 s when target of 10 ng/ml PSA was added to the
surface. The abrupt current change due to the exposure of
PSA in a buffer solution could be stabilized after the PSA
diffused into the buffer solution. Further real time tests to
quantify the detection limit of PSA were carried out, as
shown in Fig. 3(a). Three different concentrations of the ex-
posed target PSA in a buffer solution were detected, from
10 pg/ml to 1 ng/ml. In the case of 1 ng/ml, the amplitude
of current change for the device exposed to PSA in a buffer
solution was about 3%, as illustrated in Fig. 3(b). The clear
current decrease of 64 nA at 10 pg/ml of PSA also indicated
that the detection limit could be lowered up to a few pg/ml,
showing the promise of this portable electronic biological
sensor for PSA screening.

In summary, we have shown that through a chemical
modification method, the Au-gated region of an AlIGaN/GaN
HEMT structure can be functionalized for the detection of
PSA with a limit of detection of 10 pg/ml. This electronic
detection of biomolecules is a significant step toward a com-
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FIG. 3. (a) Drain current vs time for PSA from 10 pg/ml to 1 ng/ml. (b)
Plot of change of source and drain current vs different concentrations from
10 pg/ml to 1 ug/ml of PSA.

pact sensor chip, which can be integrated with a commer-
cially available handheld wireless transmitter to realize a
portable, fast response, and high sensitivity prostate cancer
detector.

This work at UF is partially supported by ONR Grant
No. N000140710982 monitored by Igor Vodyanoy, NASA
Kennedy Space Center Grant No. NAG 3-2930 monitored by
T. Smith, and by NSF DMR 0400416 and State of Florida,

Appl. Phys. Lett. 91, 112106 (2007)

Center of Excellence for Nano-Bio Application.

'G. 1. Kelloff, D. S. Coffey, B. A. Chabner, A. P. Dicker, K. Z. Guyton,
P. D. Nisen, H. R. Soule, and A. V. D’ Amico, Clin. Cancer Res. 10, 3927
(2007).

.M. Thompspn and D. P. Ankerst, Can. Med. Assoc. J. 176, 1853 (2007).
D. C. Healy, C. J. Hayes, P. Leonard, L. McKenna, and R. O’Kenndy,
Trends Biotechnol. 25, 125 (2007).

47, Wang, Biosens. Bioelectron. 21, 1887 (2006).
°C.E Sanchez, C. J. McNeil, K. Rawson, and O. Nilsson, Anal. Chem. 76,
5649 (2004).
°K. S. Hwang, J. H. Lee, J. Park, D. S. Yoon, J. H. Park, and T. S. Kim,
Lab Chip 4, 547 (2004).

K. W. Wee, G. Y. Kang, J. Park, J. Y. Kang, D. S. Yoon, J. H. Park, and
T. S. Kim, Biosens. Bioelectron. 20, 1932 (2005).
8G. Zheng, F. Patolsky, Y. Cui, W. U. Wang, and C. M. Lieber,
Nat. Biotechnol. 23, 1294 (2005).
°C. Li, M. Curreli, H. Lin, B. Lei, F. N. Ishikawa, R. Datar, R. J. Cote,
M. E. Thompson, and C. Zhou, J. Am. Chem. Soc. 127, 12484 (2005).

'°A. P. Zhang, L. B. Rowland, E. B. Kaminsky, V. Tilak, J. C. Grande,
J. Teetsov, A. Vertiatchikh, and L. F. Eastman, J. Electron. Mater. 32, 388
(2003).

0. Ambacher, M. Eickhoff, G. Steinhoff, M. Hermann, L. Gorgens,
V. Werss, B. Baur, M. Stutzmann, R. Neuterger, J. Schalwig, G. Muller,
V. Tilak, B. Green, B. Schafft, L. F. Eastman, F. Bernadini, and V.
Fiorienbini, Proceedings of ECS 02-14 (Electrochemical Society, Penning-
ton, NJ, 2002), p. 27.

2R, Neuberger, G. Muller, O. Ambacher, and M. Stutzmann, Phys. Status
Solidi A 185, 85 (2001).

137, Schalwig, G. Muller, O. Ambacher, and M. Stutzmann, Phys. Status
Solidi A 185, 39 (2001).

G. Steinhoff, M. Hermann, W. J. Schaff, L. F. Eastman, M. Stutzmann, and
M. Eickhoff, Appl. Phys. Lett. 83, 177 (2003).

Sum. Eickhoff, R. Neuberger, G. Steinhoff, O. Ambacher, G. Muller, and M.
Stutzmann, Phys. Status Solidi B 228, 519 (2001).

168, s. Kang, S. Kim, F. Ren, J. W. Johnson, R. Therrien, P. Rajagopal, J.
Roberts, E. Piner, K. J. Linthicum, S. N. G. Chu, K. Baik, B. P. Gila, C. R.
Abernathy, and S. J. Pearton, Appl. Phys. Lett. 85, 2962 (2004).

17S. I. Pearton, B. S. Kang, S. Kim, F. Ren, B. P. Gila, C. R. Abernathy,
J. Lin, and S. N. G. Chu, J. Phys.: Condens. Matter 16, R961 (2004).

3G. Steinoff, O. Purrucker, M. Tanaka, M. Stutzmann, and M. Eickoff,
Adyv. Funct. Mater. 13, 841 (2003).

G. Steinhoff, B. Baur, G. Wrobel, S. Ingebrandt, A. Offenhauser, A.
Dadgar, A. Krost, M. Stutzmann, and M. Eickhoff, Appl. Phys. Lett. 86,
033901 (2005).

2B, s. Kang, F. Ren, L. Wang, C. Lofton, Weihong Tan, S. J. Pearton, A.
Dabiran, A. Osinsky, and P. P. Chow, Appl. Phys. Lett. 87, 023508
(2005).

2IB. S. Kang, J. J. Chen, F. Ren, S. J. Pearton, J. W. Johnson, P. Rajagopal,
J. C. Roberts, E. L. Piner, and K. J. Linthicum, Appl. Phys. Lett. 89,
122102 (2006).

Downloaded 13 Dec 2007 to 128.227.55.199. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



