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Abstract. In the quest for the development of an all-optical biosensor
for rapid detection and typing of viral pathogens, we investigate bio-
sensing architectures that take advantage of strong photolumines-
cence emission from III-V quantum semiconductors �QS�. One of the
key elements in the development of such a biosensor is the ability to
attach various analytes to GaAs—a material of choice for capping
III-V QS of our interest. We report on the study of biofunctionalization
of GaAs �001� with polyethylene-glycol �PEG� thiols and the success-
ful immobilization of influenza A virus. A diluted solution of biotiny-
lated PEG thiols in OH-terminated PEG thiols is used to form a net-
work of sites for the attachment of neutravidin. Biotinylated
polyclonal influenza A antibodies are applied to investigate the pro-
cess of the immobilization of inactivated influenza A virus. The suc-
cessful immobilization is demonstrated using atomic force micros-
copy and fluorescence microscopy measurements. © 2009 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.3251057�

Keywords: self-assembled monolayers; polyethylene-glycol thiol self-assembled
monolayers on GaAs �001�; inactivated influenza A virus; specific immobilization;
atomic force microscopy; fluorescence microscopy; optical biosensor.
Paper 09152R received Apr. 21, 2009; revised manuscript received Aug. 25, 2009;
accepted for publication Aug. 27, 2009; published online Oct. 26, 2009.
Introduction

he need to identify rapidly and with high sensitivity different
iral/bacterial pathogens, fungi, and toxins is one of the major
orces driving extensive research addressing the development
f biosensors. The conventional detection of viruses has been
arried out with cell culture,1 immunological methods,2–4 and
olecular methods including the polymerase chain reaction.5

hese techniques, however, require much time and
xpertise.6,7 The development of detection methods that are
pecific for targeted biomolecules and are easy to carry out is
ecessary for medical diagnostics, clinical analysis, or even
eld tests.8–10 Biosensors containing organic molecules offer
romising solutions due to their speed, simplicity, and con-
inuous monitoring capability.11 Such sensors could comprise
ntibodies immobilized via organic molecules on glass sur-
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rooke, Québec J1K2R1, Canada. Tel: 819-821-8000-62528; Fax: 819-821-
937; E-mail: jan.j.dubowski@usherbrooke.ca
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face, e.g., of a microstructured fiber,12 the Au surface of a
semiconductor surface plasmon resonance device,13 or a Si
surface.10 Electrical properties of bacteria have also been
taken advantage of in constructing an optoelectrical
biosensor.14 Optical and electronic properties of III-V and
II-VI semiconductor quantum well �QW� and quantum dot
�QD� microstructures are also attractive for building biosens-
ing devices because they can be used to detect miniscule per-
turbations of the semiconductor surface induced by selec-
tively trapped biomolecules. For instance, the bright
photoluminescence �PL� of a colloidal CdSe QD was investi-
gated to develop fluorescent probes in sensing, imaging, im-
munoassay, and some other diagnostics applications.15–22 Re-
cently, we proposed that templates of epitaxial QDs, such as
InAs QDs in a GaAs matrix, could be used to construct a
family of innovative biosensors with a significant potential to
address the rapid detection of numerous pathogens in
parallel.23 Our interest in GaAs is driven both by its strong PL

1083-3668/2009/14�5�/054042/6/$25.00 © 2009 SPIE
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nd its applications as a capping material for IR-emitting InAs
Ds and some other quantum semiconductor microstructures.
onsequently, the ability to immobilize specifically targeted
iomolecules on the surface of GaAs is of high interest for the
evelopment of a proposed biosensor. We recently reported24

n the successful immobilization of avidin on the surface of
aAs.

In this paper, we report on the specific immobilization of
nactivated influenza A virus using an architecture based on
ntibody and a self-assembled monolayer �SAM� of
olyethylene-glycol �PEG� thiol deposited on the GaAs �001�
urface.

Experimental Methods
.1 Materials
afers of GaAs �001�, series VW 10680-53 and 54, were

ought from Wafer Technology Ltd. �Milton Keynes, United
ingdom�. Polyclonal antibodies against the virus of influ-

nza �H3N2� coupled with biotin or coupled with fluorescein
sothiocyanate �FITC� were obtained from ViroStat, Inc.
Portland, Maine�. Polyclonal antibodies against the hepatitis

and herpes simplex virus type 1 �HSV1� FITC conjugated
ere also obtained from ViroStat. PBS 10� �phosphate buff-

red saline, pH 7.4� was bought from Sigma �Oakville,
anada�. Neutravidin was obtained from Molecular Probes

Invitrogen, Burlington, Canada�. Biotinylated PEG �polyeth-
lene glycol� thiols and OH-terminated PEG thiols were ob-
ained from Prochimia Surfaces �Gdansk, Poland�. The mo-
ecular structure of these thiols is shown in Fig. 1. Gamma ray
nactivated viral particles of influenza A �rank 2, stock Texas
/77� were bought from Microbix Bio-Systems �Toronto,
anada�. The inactivation of the virus is achieved due to the
amage of its RNA genome.25 In contrast to conventional
hemical methods of inactivation that use formaldehyde, this
ethod leaves the virus outer shell intact. Nominally anhy-

rous ethanol �98% v/v� was bought from Commercial Alco-
ols, Inc. �Brampton, Canada�. To remove residual oxygen, a
50-mL flask filled with ethanol was purged for 4 h with a
SCFH high-purity nitrogen stream ��99%, Praxair Canada

nc.�. OptiClear, a solvent designed to remove impurities
resent at the surface of optical or electric compounds, was
btained from National Diagnostics �Mississauga, Canada�.
cetone was bought at ACP �Montréal, Canada�; isopropanol

ig. 1 Molecular structure of �a� biotinylated PEG thiol
SH– �CH2�11-EG3-Biotin� and �b� OH-terminated PEG thiol
SH– �CH2�11-EG3-OH�.
ournal of Biomedical Optics 054042-
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�2-propanol� was obtained from Fisher Scientific �Ottawa,
Canada�, acetic acid �CH3COOH� was obtained from Fisher
Scientific, and ammonium hydroxide 28% �NH4OH� was
bought at Anachemia �Richmond, Canada�. All the solvents
were lab grade and all the products were used without addi-
tional purification.

2.2 Preparation of the Samples
A substrate of crystalline GaAs �001� was used to carry out
the procedure of biofunctionalization. Samples of 4�4 mm,
obtained by cleaving GaAs �001� wafers, were cleaned se-
quentially during 5 min in an ultrasonic bath of undiluted
solutions of OptiClear, acetone, and isopropanol, similar to a
previously described procedure.24 The samples were, thereaf-
ter, dried using a flow of compressed nitrogen and etched with
a solution of concentrated ammonium hydroxide for 2 min at
room temperature to remove surface native oxides,26 such as
Ga2O3, As2O5, and As2O3. The samples were then rinsed
with freshly deoxygenized ethanol and immediately incubated
for 20 h at room temperature in a mixture of biotinylated PEG
thiol and OH-terminated PEG thiol �1:15� diluted in the
deoxygenized ethanol to a final concentration of 2 mM. The
production of a biosensor using GaAs substrates primarily
depends on our capacity to prepare the surface of this semi-
conductor so that it facilitates immobilization of targeted bio-
molecules. However, it is also important that the substrate
remains stable and resists oxidation which could modify its
optical and electric properties. The use of thiols helps to ad-
dress this issue as it has been demonstrated that sulphuric
inorganic compounds enable passivation of GaAs surface.27–29

Moreover, ethylene glycol groups, present on the thiol mol-
ecules used, provide an increased affinity of the antibodies for
their antigens30 and decrease nonspecific association of the
antibodies to certain molecules.31 The role of PEG thiols is
also to prevent modification of the viability of the active site
of the antibodies due to the steric hindrance effect8 that could
occur when they are too close to the substrate.

After thiolation, the samples were rinsed with isopropanol
to get rid of superfluous thiol molecules physically adsorbed
to the substrate. Thereafter, they were immersed for 2 h in a
PBS buffer containing a concentration of 200 �g /ml of neu-
travidin. This step was followed by rinsing of the samples
with the PBS buffer and then with deionized water. For the
immobilization of polyclonal antibodies against the influenza
A virus, samples having been exposed to neutravidin were
immersed for 2 h in a solution of biotinylated antibodies di-
luted �1:25� to a final concentration of 160 �g /ml in the PBS
buffer. Once the incubation was completed, the samples were
placed for 2 h in a solution containing 300 ng /ml
�10 HA units /ml� of inactivated viral particles. This was fol-
lowed by rinsing the samples with the PBS solution and stor-
ing them in PBS for characterization or future processing.

The procedure of biofunctionalization and the exposure of
samples to the viral particles are schematically illustrated in
Fig. 2. A series of samples biofunctionalized with antibodies
against influenza A were prepared by exposing them to inac-
tivated influenza A viruses. Additional samples were prepared
by immersing the influenza A virus exposed samples for 2 h
in FITC-conjugated antibodies against influenza A, hepatitis
B, or herpes simplex virus type 1 �HSV1� diluted in PBS
September/October 2009 � Vol. 14�5�2
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uffer. These samples, after rinsing with PBS and deionized
ater to remove residual salts from the surface, were used for
uorescence microscopy experiments.

.3 Interface and Surface Characterization

.3.1 Fourier transform infrared �FTIR� spectroscopy
o verify the process of PEG-thiol SAMs formation on the
aAs �001� surface, FTIR absorption was investigated in the

egion characteristic of the CH2 stretching vibrations
2800 to 3000 cm−1�. The spectra were collected using an
TIR Bruker Optics Hyperion 2000 microscope coupled with
spectrometer �Bruker Optics Tensor 27�. The analyzed area
as approximately 2 mm in diameter and the spectral reso-

ution was 4 cm−1. A sample that was etched and incubated in
thanol was used to determine a baseline for the spectroscopy
easurements.

.3.2 Atomic force microscopy �AFM�

urface morphology of processed samples was investigated
sing a Bioscope AFM �Veeco Metrology, Inc., California�
perating in a contact mode. The biofunctionalized samples
ere never exposed to the atmosphere and their characteriza-

ion was carried out in a PBS buffer solution. A MLCT-
UHW type tip �Veeco Metrology, Inc.� was used with a

antilever spring constant of 0.03 N /m. The AFM measure-
ents of a reference GaAs sample �etched only� were carried

ut in an air ambient with contact mode using a Nanoscope E
FM �Veeco Metrology, Inc.�.

.3.3 Fluorescence microscopy
he fluorescence emitted by FITC fluorochrome
518 to 523 nm� attached to antibodies against influenza A
as observed using fluorescence microscopy �Olympus IX71

nverted microscope with a DP71 digital camera�. The excita-

ig. 2 Schematic illustration of the biofunctionalization steps applied
hat having been etched with NH4OH was passivated using a 2 m
eutravidin �c�. Biotinylated antibodies against influenza A were immo
irus particles from a solution �e�.
ournal of Biomedical Optics 054042-
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tion of the FITC fluorochrome was carried out with a blue
light source emitting between 450 and 490 nm.

3 Results and Discussion
3.1 PEG Thiol SAM Formation on GaAs �001�

The formation of PEG thiol SAMs on the surface of GaAs
�001� was investigated by examining the spectral location and
intensity of the FTIR peaks corresponding to stretching vibra-
tions of CH2 molecules. Figure 3 shows the FTIR spectra
obtained for three different samples fabricated under nomi-
nally the same conditions. For each sample investigated, two
peaks are observed near 2924 and 2853 cm−1, which corre-

immobilization of the influenza A virus on GaAs �001� substrate �a�
tion of mixed PEG thiols �1:15� �b� and incubated in a solution of
on the neutravidin-coated substrate �d�, which enabled immobilizing

Fig. 3 FTIR spectra of SAMs deposited on three different GaAs �001�
samples �lines �a�, �b�, and �c��, demonstrating the reproducibility of
the thiolation process.
for the
M solu
bilized
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pond respectively to the asymmetric and symmetric stretch-
ng mode vibrations of CH2. The lack of spectral definition
akes the peak locations difficult to specify precisely, and
oreover, the absorption intensity is more than 2 times
eaker than that observed in dodecanethiol SAMs, which
ave the same �n=11� alkane number but that do form well-
rdered SAMs.32,33 A recent study has shown that an addi-
ional IR enhancement factor of up to 6 times applies for the
ase of highly ordered n-alkane SAMs in transmission
easurements.34 This carries the implication that SAMs hav-

ng an increased degree of conformational disorder may belie
he extent of the actual surface coverage by virtue of lower IR
ntensities observed, since the coverage and intensity will
ary in a nonproportional manner. It is also expected that the
EG group will hinder ordering and surface coverage to some
egree, but to just what extent is difficult to derive from our
esults for the reasons stated. More effort will result in a better
haracterization of the surface, but ultimately, the value of
his interface will be determined by its functionality.

.2 Surface Morphology and Biofunctionalization

he surface morphology of an etched GaAs �001� sample is
hown by an AFM micrograph in Fig. 4�a�. The root-mean-
quare roughness amplitude of the investigated 3.25-

3.25-�m area is 0.3 nm. This value is expected for the
igh-quality GaAs �001� surface, and it is comparable to the
esults reported in literature.35 Figure 4�b� is an AFM micro-
raph of the GaAs �001� surface biofunctionalized with the
nfluenza A antibody �as illustrated by the step represented in
ig. 2�d��. The micrograph shows a granular microstructure
omposed of nanoparticles, each between 5 and 15 nm in
iameter. These could represent neutravidin, the largest size
iomolecule present in the studied sample. However, we have
bserved that samples exposed exclusively to the PBS buffer
olution exhibited qualitatively a similar surface morphology
o that represented in Fig. 4�b�. This suggests that some PBS
anoparticles precipitate on the surface of samples studied by
iquid-phase AFM, making it difficult to distinguish nanopar-
icles of different origin. An AFM micrograph of a fully bio-
unctionalized GaAs �001� sample that was exposed to the
nfluenza A virus is shown in Fig. 4�c�. A significantly differ-
nt surface morphology in this case is characterized by the
resence of large nanoparticles, typically 120 to 250 nm wide
t the base and 50 to 100 nm tall. It is known that the influ-
nza virus is a quasispherical object, approximately
00 to 120 nm in diameter.36,37 Therefore, it seems reason-
ble to assume that the large nanoparticles in Fig. 4�c� repre-
ent either individual or clustered influenza virus particles.
he tip convolution effect makes the viral particles detected
ppear larger than 120 nm and a higher magnification experi-
ent would have to be carried out to view details of the viral

article.38 The slightly reduced height of the viral particles
bserved in this experiment could be explained by the pos-
ible flattening occurring due to the pressure exercised by the
FM cantilever tip. Using AFM images, we have estimated

hat the average density of Influenza A particles covering the
iofunctionalized GaAs �001� surface is approximately at 45
er 100 �m2.
ournal of Biomedical Optics 054042-
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Fig. 4 AFM images and cross-sectional scans of �a� a reference GaAs
�001� sample, �b� the GaAs �001� sample biofunctionalized with PEG
thiols and neutravidin, and �c� the sample that following the function-
alization with the influenza A antibody was exposed to a solution of
inactivated influenza A virus.
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.3 Fluorescence Tests on Virus Exposed Samples
n example of the fluorescence microscopy image from the

nfluenza A antibody biofunctionalized sample that was ex-
osed to the inactivated influenza A virus and to the FITC-
onjugated antibodies against influenza A is shown in Fig. 5.

network of bright spots emitting at about 518 nm can be
een in this image. In contrast, the similar experiment with
amples exposed to hepatitis B and herpes simplex virus
ITC-conjugated antibodies provided images free of green
uorescence. An example of the control fluorescence image
bserved in the experiment with the FITC-conjugated hepati-
is B antibodies is shown in the inset of Fig. 5. This result
orroborates our AFM experiments and it provides further
vidence of the inactivated influenza A virus specifically im-
obilized at the surface of investigated GaAs �001� samples.
he density of influenza A particles covering the surface has
een estimated, according to the fluorescence measurements,
t approximately 25 per 100 �m2. The reduced density of
iral particles given by the fluorescence microscopy imaging
n comparison to that obtained from the AFM experiments
ould be attributed to the lower binding efficiency of the FITC
olyclonal antibodies to the viral particles. Indeed, it has been
eported that biotin can be coupled to proteins, such as anti-
odies, with no significant loss of their binding affinity.39,40

owever, it has been observed that labeling antibodies with
uorescent molecules, such as FITC, often results in a signifi-
ant loss of immunoreactivity.41 The spatial resolution of the
uorescence imaging is significantly inferior to that of the
FM technique. Thus, it is possible that more than one viral
article could be associated with an individual emission spot
bserved in Fig. 5. Regardless of this discrepancy, it seems
easonable to expect that the optimized process of immobili-
ation could yield even greater concentrations of viral par-
icles specifically attached to the surface of GaAs �001�.

In conclusion, we investigated biofunctionalization of the
aAs �001� surface with the aim to immobilize influenza A
irus. Samples with an architecture comprising PEG thiols,

ig. 5 Fluorescence microscopy image of a GaAs �001� sample that,
ollowing the specific immobilization of the influenza A virus, was
xposed to FITC-conjugated antibodies against the influenza A virus.
nset shows a control fluorescence image observed if FITC-conjugated
nfluenza A antibodies were replaced with FITC conjugated hepatitis

antibodies.
ournal of Biomedical Optics 054042-
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biotin, and neutravidin provided surface sites suitable for the
attachment of biotinylated influenza A antibodies. Following
this step, the samples were exposed to a 300 ng /ml solution
comprising � radiation-inactivated influenza A particles. With
the AFM measurements, we identified the presence of viral
nanoparticles on such samples. The surface density of immo-
bilized particles was estimated as 45 per 100 �m2. Using
fluorescence microscopy, we were able to verify the nature of
these nanoparticles. Indeed, bright fluorescence images were
observed following the exposure of samples with immobilized
influenza A virus to FITC-conjugated influenza A antibodies.
No measurable fluorescence was recorded for the samples
with immobilized influenza A virus that were exposed to
FITC-conjugated both herpes and hepatitis antibodies. Based
on the fluorescence microscopy measurements, the density of
influenza A particles specifically immobilized on the biofunc-
tionalized GaAs �001� surface was estimated as at least 25 per
100 �m2. To the best of our knowledge, these results are the
first evidence of controlled immobilization of viral particles
on GaAs. We consider this achievement to be an important
step toward demonstration of a III-V semiconductor-based
photonic biosensor.
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