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O
ne of the milestones in molecular
biology is the completion of
the genome project, which has

brought about a better understanding of
cellular functions and disease development
at the molecular level. This has subse-
quently led to various clinical applications,
ranging from the detection of chromosomal
abnormalities to gene therapy.1 Despite
such breakthroughs, the measurements of
gene expression levels alone, though infor-
mative, donot provide complete insight into
the function of a biological system.1 This is
due primarily to the fact that most cellular
activities are regulatedbygeneproducts, i.e.,
proteins.2 Recent studies into the proteome
havenot only revealed the farmore complex
network of protein signaling2 but also ex-
posed the potentiality of proteins as molec-
ular markers.3 It is thus anticipated that a
multiplexedplatform capable of probing the
expression levels of a large panel of proteins
simultaneously could contribute significantly
to both the research-based diagnosis and
the clinical-based diagnosis.4�6

While DNA microarrays have enjoyed
many successes, the development of a pro-
tein array on the other hand has been pla-
gued by many challenges, due mainly to the
high diversity of proteins.1 This implies that a
protein array must bear an even greater
number of biofeatures compared to its DNA
counterpart,1 which could unfortunately and
inevitably compromise the overall detection
sensitivity, in the sense that larger sample
volumes are now required. Additionally, the
microsize biofeatures will lead to impracti-
cally long incubation times (of up to 18 h)
caused by the limited “mass transport”
dynamics.7�10 A solution proposed for these
issues is to pack as many biofeatures as
possible within a small area on the array
through the use of a high-resolution litho-
graphic method such as dip-pen litho-
graphy,11 inkjet and pipet deposition,12 and

nanocontact printing.13,14 However, despite
these developments, the potentiality of a
high-density nanoarray is still compromised
by the lack of a suitable optical readout
system, since the feature sizes are well below
the diffraction limit. Although the technique
of atomic-force microscope (AFM) has been
suggested as an alternative, as demonstrated
by Jaschke and Butt,15 such a serial process is
generally slow aswell as highly demanding in
the overall system design.
In this paper, we propose a novel readout

method based on our observation that the
Raman frequenciesof anantibody-conjugated
SERS-active molecule can be affected when
binding it to its targeted antigen. The
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ABSTRACT

We report an observation of a peculiar effect in which the vibrational frequencies of antibody-

conjugated SERS-active reporter molecules are shifted in quantitative correlation with the

concentration of the targeted antigen. We attribute the frequency shifts to mechanical

perturbations in the antibody�reporter complex, as a result of antibody�antigen interaction

forces. Our observation thus demonstrates the potentiality of an antibody-conjugated SERS-active

reporter complex as a SERS-active nanomechanical sensor for biodetection. Remarkably, our

sensing scheme, despite employing only one antibody, was found to be able to achieve detection

sensitivity comparable to that of a conventional sandwich immunoassay. Additionally, we have

carried out a proof-of-concept study into using multiple “stress-sensitive” SERS reporters for

multiplexed detection of antigen�antibody bindings at the subdiffraction limit. The current

work could therefore pave the way to realizing a label-free high-density protein nanoarray.

KEYWORDS: stress . sensor . SERS . protein . frequency shift . label-free
biodetection
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observed frequency shifts were attributed to structural
deformations in the antibody-conjugated SERS repor-
ter molecule as a result of the binding event. In other
words, a single antibody-conjugated SERS reporter
molecule could behave as a nanomechanical bio
sensor. As such, our method permits detection of
antibody�antigen bindings without the use of a
secondary antibody, i.e., label-free detection;, in great
contrast to previously proposed SERS immunoassay
schemes, which require two antibodies for each anti-
gen. Additionally, owing to the high spectral multi-
plexicity of SERS, individual binding events in
subdiffraction biofeatures can now be detected by
resolving the Raman spectra emanated from the cor-
responding “stress sensors”. To illustrate this point, we
show simultaneous measurements of multiple binding
events within one single laser spot (∼1 μm). While
microcantilevers have previously been utilized to mea-
sure reaction forces between biomolecules,16 we stress
that our approach is relatively more amendable for
miniaturization since subdiffraction patterning of anti-
body-conjugated SERS reporters can be easily accom-
plished using existing nanolithography techniques.
Finally, unlike the serial approach of AFM�readout,
the current scheme allows parallel measurements of
multiple antibody-conjugated SERS reporters owing to
their spectral distinguishability. This is in great contrast
to the LSPR (localized surface plasmon resonance)
sensors, where mutltiplexed detections can become
difficult to achieve at the subdiffraction level.17 To the
best of our knowledge, our study is the first demonstra-
tionofmultiplexed label-freedetectionofproteins using
a nano stress-sensor concept in a SERS-detectionmode.

RESULTS AND DISCUSSION

Conjugating Antibody to SERS-Active Reporters. In the cur-
rent study, we concentrate primarily on phenol- and

purine-based SERS reporter molecules. We begin by
investigating the SERS response of anti-influenza-H1
(anti-H1)-conjugated 4-aminothiophenol (anti-H1/
4-ATP) to mechanical stresses induced upon binding
to the influenza-H1 (H1) antigen. This is achieved
by first coating a self-assembled monolayer (SAM) of
4-ATP on a SERS-active bimetallic Au/Ag surface pro-
duced by deep-UV (DUV) lithography, as depicted
in Figure 1. Immobilization of anti-H1, the capturing
antibody, was realized by first activating the carboxyl
terminal of the crystal segment with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)/N-hydroxy-
succinimide (NHS) and then reacting with the amino
group of the 4-ATP. This ensures that the antibody
is oriented preferentially in the “upright” position,
thereby allowing for access to its binding sites. The
surface functionalization was confirmed by X-ray
photoelectron spectroscopy (XPS),18 as described in
ref 18, performed at a photoelectron takeoff angle
of 90� with a monochromatic Al K-alpha source
(1486.6 eV) as shown in Table 1. Note that, in order to
prevent any artifact that could potentially arise from
the SERS-active nanostructures, XPS spectra were in-
stead collected from the smooth Au area (700 μm �
700 μm) beside the SERS-active region on the sample

Figure 1. Fabrication scheme. (A) Microscopic image of the nanopatterned substrate, showing the dark SERS-active region
and the smooth reflective Au surface on which XPS measurements (points 1 and 2) were carried out. (B) Field-emission
scanning-electron microscope image of the SERS-active nanostructured region. (C) Functionalization of a Au/Ag bimetallic
nanostructure with anti-H1/4-ATP.

TABLE 1. Relative Surface Composition of Various

Surfaces

Au surfacea 4-ATP-Aub anti-H1/4-ATP-Auc

Au 65.5% 9% 5%
C 27.9% 47.2% 63%
N 2.3% 6.7%
O 6.6% 13.9% 13.9%
S 8.1% 6.6%

a Smooth, unmodified Au surface. b 4-ATP-coated Au surface. c Anti-H1 covalently
attached to 4-ATP-coated Au surface.
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(points 1 and 2 in Figure 1A). Since this particular area
was also similarly modified, the corresponding XPS
data were used to infer the functionalization condi-
tions on the nanostructures. 4-ATP functionality was
evidenced from the increased carbon and oxygen
composition as compared to the plain Au surface
(see Table 1). Anti-H1 immobilization was evidenced
from the further increase in the carbon/oxygen ratios
as well as in the nitrogen content. Surface coverage of
anti-H1 is also apparent from the diminishing sulfur
XPS signal arising from the initial 4-ATP layer.

SERS Responses. To improve the binding specificity
(i.e., to reduce nonspecific bindings), the anti-H1/4-ATP
layer was blockedwith 0.1mMglycine. The response of
the anti-H1/4-ATP to binding events was studied by
exposing it to solutions of H1 prepared at different
concentrations in PBS. Reaction time was kept at
10 min for all reactions. Figure 2a shows the SERS
spectra of the anti-H1/4-ATP as a function of H1
concentrations varying from 0 to 93 nM. Peak assign-
ments are shown in Table 2 as acquired from
Hong et al.18 The most prominent Stokes bands in
the spectra occur at 1080, 1144, 1389, and 1436 cm�1

and at 1572�1586 cm�1, which are assignable to
either a1 or b2 species in-plane vibration modes of
the benzene ring.19 Of these, peaks around 1080 and
1580 cm�1, which correspond to the C�S stretching
and C�C breathing modes, respectively, are particu-
larly responsive to the antibody�antigen binding.
In fact, under a higher spectral resolution of 0.1 cm�1

(obtained with 1800 L/mm grating), we found, by
virtue of curve-fitting, that as the H1 concentration
increases, these bands (see Figure 2b�e) are up-
shifted in a manner characterized by a first-order
antigen�antibody binding isotherm, as shown in
Figure 2d and e.20 In order to ensure the response
indeed stems from binding of the antibody to its target
antigen, a specificity test was carried out. This is shown
in Figure 2f, in which the ability of anti-H1/4-ATP
to distinguish between H1 and BSA (bovine serum
albumin), both in an equal concentration of 1 μM,
is evident. Taking into consideration the errors, we
estimate, as per ref 20, the detection limit (DL) to be
about 2.2 nM. For a comparison, Figure 2g shows the
dose�response curve for anti-H1 as obtained with a
conventional ELISA (see §1 in the Supporting Informa-
tion (SI) for details). The DL for this assay is about 1 nM,
with a saturation point at 40 nM.

Mechanical Explanation of the Observed Frequency Shifts.
Since the antibody molecules are within reach of the
plasmon fields, one may expect postbinding confor-
mations (if any) in the antibody structure to contribute
to the observed frequency shifts. However, such a
possibility can be safely ruled out, for the fact that
the antibody contributes only negligibly to the mea-
sured SERS spectra (see §2 in the SI). In addition, we can
also rule out contributions from the bound antigen,

since the epitope of the antibody is located about
10 nm (the size of the antibody molecule) away from
the Au surface, which is significantly larger than the
3 nm decay length of the plasmon near-fields.21 There-
fore, the question to be confirmed is whether the
observed peak shifts are simply a consequence of
binding-induced variations in the local pH level experi-
enced by the unconjugated 4-ATP molecules in the
vicinity of the antibody-conjugated ones. To this end,
we study the effect of H1 concentrations on the peak-
intensity ratios between I1620, which is indicative of the
protonation state of the NH2 group in unconjugated
4-ATP,22 and I1007 (see Figure 3d). We then compare
these data with the ratio I1620/I1007 derived from the
SERS spectra of pure 4-ATP SAMs (see Figure 3a) im-
mersed in buffer solutions of different pH values
(ranging between 5 and 9). More details relating to
Figure 3a and d can be found in §3 of the SI.

A stark difference can be seen in the pH-induced
changes in I1620/I1007 measured from the 4-ATP SAM
(Figure 3a), when compared with those (Figure 3d)
corresponding to anti-H1/4-ATP. Whereas variation in
the 4-ATP I1620/I1007 is as much as 57.7%, correspond-
ing ratio values from the anti-H1/4-ATP spectra, on the
other hand, are relatively unaffected (∼1%) by the H1
concentration, thereby suggesting that H1�anti-H1
binding should not significantly alter the local pH
value. We note that this is possible for two reasons:
(a) the isoelectric point of the antibody IgGmolecule is
generally at pH 6�7.3, so at the current working pH of
∼7.0, the net magnitude of the positive and negative
changes on the surface of the antibody should be
approximately equal; that is, the antibody is neutral,
regardless of its binding state;23 (b) the binding sites of
the anti-H1 antibody are about 10 nm away from its
base at which it is anchored to the 4-ATP layer. Thus,
the bound antigen could elicit only a minimal effect on
the local pH seen by 4-ATP. It is therefore concluded
that the binding-induced shifts in wavenumbers ob-
served in Figure 2 are likely caused by factor other than
pH. We postulate that mechanical perturbations to the
4-ATP linker in the conjugated anti-H1/4-ATP construct
are responsible for the observed shifts. This is evident
by the fact that neither the 1080 nor the 1580 cm�1

peak in the 4-ATP SERS spectra is sensitive to pH
changes (see Figure 3b and c and also details in §3 of
the SI). We have also ruled out the possibility that other
postbinding chemical effects were responsible for the
observed shifts. This is based on our previous studies
that no binding-induced frequency shifts could be
observed if the antibody and the reporter molecules
were adsorbed separately onto the Au surface (i.e.,
immobilized but not attached to each other).24

Further evidence that points to our mechanical
theory can be derived by monitoring changes in the
1080 and 1580 cm�1 peak position when the antibody
is covalently attached to the 4-ATP linker. This is shown
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in Figure 3e and f. As can be seen, a significant down-
shift in both peaks is observable following anti-H1

conjugation, signifying tensile deformation in the
C�S bond (1080 cm�1) as well as in the benzene ring

Figure 2. Responses of the anti-H1/4-ATP to H1 concentrations. (a) Average SERS spectra at different H1 concentrations.
(b�e) Shifts in SERS peak position at around 1080 and 1580 cm�1 in response to the H1 binding. (f) Specific test showing
selectivity of the two peaks. Error bars = 0.02%. (g) Dose�response curve for anti-H1 as obtained with ELISA. Note that, for
clarity, SERS spectra shown in a�c have been offset vertically.
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(1580 cm�1), as illustrated in Figure 4a, b. In fact, a
similar observation of changes in the 1580 cm�1 peak
toward a lower wavenumber was observed in poly(p-
phenylenebenzobisoxazole) fiber under a tension
load.25 However, upon introducing H1 antigen, both
the 1080 and the 1580 cm�1 peaks recover to their
initial spectral positions, suggesting that the H1�anti-
H1 binding leads to a relaxation of the stress within the
4-ATP (Figure 4b, c). While the exact origin of stresses
induced when an adsorbent interacts with a funcito-
nalized surface is unclear at the current stage, and
remains a debated topic,26 here we invoke an explana-
tion as outlined by Moulin et al.23 It is possible that the
initial stretching of the 4-ATP linker after the anti-H1
conjugation is caused by intermolecular repulsion
between the immobilized antibodies owing to steric

hindrance (shown as a dotted line in Figure 4). It

would be instructive, at this point, to estimate the

amount of energy required to generate tensile

Figure 3. pH responses of 4-ATP. (a) pH responseof intensity ratio I1620/I1007 of a pure 4-ATP SAM. (b, c) Shifts in the 1580 cm�1

peak and 1080 cm�1 peak, respectively, derived from a pure 4-ATP SAM against pH changes. (d) Changes in the intensity
ratio I1620/I1007 of anti-H1/4-ATP against H1 concentrations. (e, f) Response of the 1580 cm�1 peak and 1080 cm�1 peak,
respectively, to anti-H1 conjugation and H1�anti-H1 binding. Error bars = 0.02%.

TABLE 2. Vibration Modes Observed by SERS Spectro-

scopy on a 4-ATP-Modified SERS Substratea

wavenumber (cm�1) vibrational assignment

1620 F(NH2)
1586 ν(CC), 8a (a1)
1580 ν(CC), 8a (b2)
1505 F(NH2)
1489 ν(CC) þ δ(CH), 19a (a1)
1427 ν(CC) þ δ(CH), 19b (b2)
1386 F(CH) þ ν(CC), 3 (b2)
1303 ν(CC) þ δ(CH), 14 (b2)
1179 δ(CH), 9a (a1)
1141 δ(CH), 9b (b2)
1081 ν(CS), 7a (a1)
1007 γ(CCC) þ γ(CC), 18a (a1)
816 π(CH), 11 (b1)
705 π(CS) þ π(CH) þ π(CC), 4 (b1)
639 γ(CCC), 12 (a1)

a ν: stretching; F: rocking;δ: bending. For ring vibrations, the corresponding vibrational
modes of benzene and the symmetry species under C2v symmetry are indicated.
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deformation within the anti-H1-conjugated 4-ATP. For

this purpose, we use the mechanical model of the C�S

bond shown in Figure 4 as a demonstrative example.

Assuming, for simplicity, equal spring constants,

k1 = k2 = k, one can express changes in the spring

length as Δr = ((E0/E)1/2 � 1)r, where E and E0 are,
respectively, the potential energies of each spring

before and after being stretched (i.e., before and after

antibody conjugation) and r is the initial length of the

spring before conjugation. In such a scenario, about

0.5% of the total binding energy (∼334 kJ/mol) derived

from the anti-H1-to-4-ATP conjugation is sufficient to

induce a 0.23 pm (with r = 100 pm) extension in the

C�S bond, which would correspond to a 2�8 cm�1

downshift in the Raman frequency,27 as observed in

our experiment.
Upon binding to theH1 antigen, however, the steric

repulsion could be overcome by the attractive hydro-
phobic interactions between the bound antigens
(Figure 4c), thereby causing the antigen�antibody
complexes to pack slightly closer and relaxing the
tensile deformation within the 4-ATP structure, which
in turn upshifts both the 1080 and 1580 cm�1 peaks
(see Figure 4c). Note that a reduced steric hindrance
between antigen�antibody complexes is imaginable,
given the fact that the antigen used (∼53 kDa) is
about 3 times smaller than the antibody (∼150 kDa).
In fact, mutual attractions between absorbent molecules

Figure 4. Mechanical deformation in an anti-H1/4-ATP sen-
sor. (a) A pure 4-ATP SAM. (b) Conjugation of anti-H1
leads to stretching of the 4-ATP molecule. (c) Binding of
H1 leads to reductions in the center-to-center distance
between antibody molecules, thereby leading to mechan-
ical relaxation in 4-ATP. Note that molecules shown are not
drawn to scale. Inset: Mechanical model of the �C�S�
bond.

Figure 5. Pressure experiment with a 4 μm plain-surface polystyrene microsphere. Inset: Polystyrene microsphere on anti-
H1/4-ATP-functionalized SERS-active nanostructure. Graph: SERS spectrameasured from anti-H1/4-ATPwith andwithout the
bead. Note that the spectrum obtained through the bead has been scaled down by 2.5 times. Bar = 4 μm. Arrow indicates the
1000 cm�1 peak arising from the polystyrene bead.
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have been observed previously on functionalized
microcantilevers.23,26,28

To further ascertain our mechanical theory, we
carried out another experiment in which a 4 μm
plain-surface polystyrene microsphere was placed on
the sensing surface (inset in Figure 5). This allows the
weight of the microsphere to exert a downward
mechanical pressure on the anti-H1/4-ATP layer at
the point of contact (POC). Ramanmeasurements were
then performed with the laser beam focused at the
POC through the microsphere, followed by another
measurement with the sample slightly translated lat-
erally (so the beam is no longer focused at the POC).
The SERS spectra corresponding to the two beam
positions are shown in Figure 5. Note that spectral
intensities obtained through the bead are generally
higher owing to the formation of an optical nanojet at
the POC.29 The peak at 1000 cm�1 (arrow in Figure 5) in
the spectrum obtained from the POC is attributable to
the polystyrene bead. It is observed that both the 1080
and 1580 cm�1 peaks are red-shifted by∼5 and 3 cm�1

when measured through the bead, which can be
attributed to pressure forces exerted by the micro-
sphere at the POC. Such a direct observation of pres-
sure-induced shifts is significant, given the simplicity
and convenience of the test. We subsequently re-
peated the experiment at various buffer pH's ranging
between 5 and 10. Similar observations were again
obtained, verifying that the peak shifts must be of a
physical effect rather than a chemical one.

Demonstration of the Versatility of the Current Detection
Scheme. Next, we demonstrate the versatility of our
scheme by using a different linker molecule and a
capturing antibody completely unrelated to the above
one. In this second set of experiments, anti-p53 was
chemically attached to 6-mercaptopurine (6-MP) via
EDC/NHS coupling. In a similar manner to that above,
SERS spectra were obtained for p53 concentrations
ranging from 0 to 90 nM. Peak assignments are
acquired from the reference Chu et al.30 and shown
in Table 3. Three peaks, situated at 865, 1000, and
1290 cm�1, were found to be responsive to binding-
induced stresses, in a fashion qualitatively describable
by a first-absorption isotherm as shown in Figure 6d�f.
The average detection limit in this case is estimated to
be about 2.5 nM. The specificity test for anti-p53/6-MP
sensor is shown in Figure 6g, with the 1290 cm�1 peak
showing the highest distinguishability between p53
and BSA. For comparison, Figure 6h shows a dose�
response curve for anti-p53 as obtained with a con-
ventional ELISA. The DL for this particular assay is about
2.4 nM, with a saturation point at 20 nM.

Multiplexed Detection. Following the above studies,
we subsequently ask whether multiplexed detection
can be achieved in a mixed SAM of anti-H1/4-ATP
and anti-p53/6-MP. Initial experiments carried out on
mixed layers synthesized via coadsorption from a

solution containing a mixture of anti-H1-conjugated
4-ATP and anti-p53-conjugated 6-MP failed to show
antigen selectivity. A two-step fabrication method was
later tried, in which the SERS substrate was first im-
mersed in 100 nM 4-ATP solution prepared in ethanol
for 1 h to form a submonolayer of 4-ATP. Subsequently,
anti-H1 antibody was conjugated to the 4-ATP sub-
monolayer via EDC/NHS. This is then followed
by functionalization with anti-p53/6-MP complex.
Figure 7a shows a typical composite SERS spectrum
derived from themixed SAM, inwhich peaks belonging
to 4-ATP and 6-MP are clearly discernible. Detections of
binding events in each type of sensor (anti-H1/4-ATP
and anti-p53/6-MP) are illustrated in Figure 7b and c,
whereby peak shifts at 1080 cm�1 in the composite
spectrum are used for quantitating the bindings in the
anti-H1/4-ATP sensor, while those at 1290 cm�1, in the
anti-p53/6-MP sensor. Note that two set of measure-
ments were being carried out here, with each set using
either H1- or p53-protein as the antigen. Also note that,
for ease of comparison, fractional shifts, defined as the
ratio of the binding-induced shift to the maximum
achievable shift, are used. As can be seen, in each case,
only the sensor specific to the antigen used produces
the largest response, while responses in the other
are suppressed, indicating some level of selectivity.
To evaluate the amount of cross-talk between the anti-
H1/4-ATP and the anti-p53/6-MP “channels”, we de-
fined percentage bleed-through as the percentage of
the frequency shifts in a given sensor when presented
with a nontargeted antigen, relative to the shifts
attainable when presented with the targeted one.
From the graphs, we calculate the percentage bleed-
through at the maximum protein concentration
(90 nM) to be 34% for the anti-H1/4-ATP and 16% for
the anti-p53/6-MP. Although these values are signifi-
cantly higher than the ideal value of 0%, the observa-
tion of binding selectivity in the mixed SAM is worthy
of discussion. The fact that selectivity was attained in
the SAMs prepared with the two-step fabrication

TABLE 3. Vibration Modes Observed by SERS Spectro-

scopy on a 6-MP Modified Nanostructurea

wavenumber (cm�1) vibrational assignment

1572 δ(CH) þ δ(CN) þ δ(NH) þ σ(CCN) þ δ(NC)
1432 ν(CH) þ ν(NH) þ σ(NC) þ ν(CC)
1382 δ(NH) þ ν(CH) þ ν(NH) þ br(imid) þ σ(CC)
1290 σ(NCC) þ δ(NH) þ δ(CH)
1214 ν(CH) þ ν(NH) þ σ(CS) þ σ(NC)
1147 br(pyrim) þ σ(CS) þ δ(NH)
996 ν(CH) þ ν(CNC) þ ν(NH) þ br(imid) þ σ(CS) þ δ(NC)
862 v(CH)
787 tw(pyrimþimid) þ δ(CH) þ δ(NH)
689 br(pyrim) þ δ(CS)
623 ν(NH) þ σ(NC) þ σ(CCC)

a ν: out-of-plane bending vibration; σ: stretching vibration; δ: in-plane vibration;
br: ring breathing; tw: twisting vibration; pyrim: pyrimidine; imid: imidazole.
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approach, as opposed to coabsorption from solution,
suggests some degree of antibody segregations into
separate nanodomains. We schematically illustrate this
in Figure 7d. It is likely that the initial submonolayer of
4-ATP has self-organized into nanoislands, as observed
previously,31�33 leading to the anti-H1 self-assembled
into domains upon conjugating to this 4-ATP layer.

Subsequent functionalization with the anti-p53/6-MP
complex then fills up the remaining unoccupied sites
on the Au surface. This creates submicrometer regions
of anti-H1/4-ATP and anti-p53/6-MP, between which
binding events do not interfere, hence the selectivity.
Nonetheless, we believe cross-talks between the
anti-H1/4-ATP and the anti-p53/6-MP can be further

Figure 6. Responses of the anti-p53/6-MP to p53 concentrations. (a�c) Average SERS spectra at different p53 concentrations,
showing shifts at 865, 1000, and 1290 cm�1. (d�f) Response curve of SERS peaks at 865, 1000, and 1290 cm�1 to H1
concentrations. (g) Specific test showing selectivity of the three peaks. Error bars = 0.02%. (h) Dose�response curve for anti-
p53 as obtained with ELISA. Note that, for clarity, SERS spectra shown in a�c have been offset vertically.
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improved through deterministic patterning with
dip-pen nanolithography.11 This shall be discussed in
our future paper.

CONCLUSIONS

In this study, we showed that Raman-active
purine as well as a phenol derivative can be used as
SERS-active molecular nanostress sensors for the
sensitive detection of proteins. We demonstrated that
the vibration frequencies of antibody-conjugated SERS
reporter molecules responded to the concentration
of the targeted antigen in a quantitative fashion.

Our stress sensors are found to exhibit a similar order
of magnitude in detection limit as compared to con-
ventional ELISA. Finally, we have demonstrated multi-
plexed subdiffraction measurements of two molecular
sensors within one single laser spot. The detection limit
of our sensor can be improved by optimizing the
concentration of the Raman reporter SAM on a SERS
substrate, and this will be considered in future studies.
We anticipate that properly designed stress-sensitive and
SERS-active reporters could lead to a novel way to detect
binding events in submicrometer biofeatures, thereby
bringing high-density protein sensing closer to reality.

EXPERIMENTAL SECTION
Materials. 4-Aminothiophenol, 1-ethyl-3-(3-dimethylamino-

propyl) carbodiimide/N-hydroxysuccinimide, glycine, and bovine
serum albumin were purchased from Sigma-Aldrich. Influenza
A virus hemagglutinin H1 protein (H1, ab69741) and anti-H1 anti-
body (ab61986) were purchased fromAbcam,while recombinant
human p53 protein (556439) and anti-human p53 (554294) was
purchased from BD Pharmingen.

Methods. Fabrication of SERS-Active DUV Au/Ag Bimetallic
Nanostructures. The ordered and highly periodic nanogap
arrays were fabricated on a Si wafer, according to previous
reports.34,35 Briefly, the fabrication process began with a deep

UV photolithography transfer of the nanopattern onto a posi-
tive photoresist layer (410 nm thick and baked at 130 �C for 90 s)
on the Si substrate. The gap size was adjusted by controlling the
exposure dosages; a large exposure dosage would lead to
smaller gap sizes. This is followed by silicon etching with SF6
and C4F8 chemistry using an inductively coupled deep reactive
ion etching system. Oxidation of the etched substrate was then
performed at 900 �C between 2 and 6 h. Finally, the fabricated
structures were first coated with an Ag layer (30 nm), followed
by an Au layer (15 nm) using an e-beam evaporation system.

Functionlization of the SERS-Active DUV Au/Ag Bimetallic
Nanostructures with an Anti-H1/4-ATP Layer. DUV Au/Ag

Figure 7. Multiplexed detection of H1 and p53 with a mixed SAM of anti-H1/4-ATP and anti-p53/6-MP. (a) Typical composite
SERS spectrum derived from a mixed SAM of anti-H1/4-ATP (*) and anti-p53/6-MP (Δ). (b, c) Responses of the 865 and
1080 cm�1 peaks to different antigen (H1 andp53) concentrations. (d) Cartoon showing the compartmentalization of anti-H1/
4-ATP and anti-p53/6-MP. Error bars = 5%.
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SERS-active substrates were cleaned thoroughly with ethanol.
These substrates were then immersed in a 10 mM 4-ATP
solution prepared in ethanol for 1 h. The substrates were then
removed from the solution and washed thoroughly with etha-
nol to remove unbound 4-ATP, followed by rinsing with PBS.
Anti-H1 solution was prepared by diluting 1 μL of anti-H1 stock
(3.25 mg/mL) in 0.5 mL of PBS. The carboxyl terminal of the
crystal segment of the antibody was activated by adding to the
anti-H1 solution 5 μL of EDC/NHS (EDC = 171 mM/NHS =
427.5 mM) solution. The mixture was allowed to react for about
5 min. For anti-H1 conjugation, the 4-ATP-coated Au/Ag sub-
strates were incubated in the mixture for 2 h at room tempera-
ture. Finally, the conjugated substrates were removed from the
mixture and washed thoroughly with PBS. The substrates were
then blocked with 1 mM EDC/NHS-activated glycine prepared
in PBS for about 8 h. Upon completion of the incubation, the
substrates were thoroughly washed with PBS.

Fabrication of Mixed SAM of Anti-H1/4-ATP and Anti-p53/
6MP. DUV Au/Ag SERS-active substrates were cleaned thor-
oughly with ethanol. These substrates were then immersed in a
100 nM 4-ATP solution prepared in ethanol for 1 h to form
a submonolayer of 4-ATP. The substrates were then removed
from the solution and washed thoroughly with ethanol to
remove unbound 4-ATP, followed by rinsing with PBS. Anti-H1
was then conjugated to the 4-ATP submonolayer in a similar
manner as in §2 (SI). Anti-p53-conjugated 6-MP was prepared
by mixing diluted anti-p53 solution (1 μL of anti-p53 stock
(Pharmingen) in 0.5 mL of PBS) with 100 μM 6-MP. This is
followed by activation with EDC/NHS (171 mM/427.5 mM) for
8 h at room temperature. Themixturewas then applied onto the
anti-H1/4-ATP-coated SERS-active substrate and reacted for 2 h
at room temperature. Finally, the conjugated substrates were
removed from the mixture and washed thoroughly with PBS.
The substrates were then blocked with 0.1 mM EDC/NHS-
activated glycine prepared in PBS for about 8 h. Upon comple-
tion of the incubation, the substrates were thoroughly washed
with PBS.

Raman Measurements. Raman spectra were recorded with
the entire substrate immersed in the H1 solution using a
Renishaw inVia Raman microscope with 633 nm excitation
wavelength at about 2 mW on the sample. Backscattered light
was collected using a 50� objective lens with a 10 s integration
time. Rayleigh scattering was blocked with a notch filter. For
each H1 concentration, several scans were collected at various
spots on the SERS-active region, and the acquired data were
averaged. Background corrections and curve fittings of all SERS
spectra were carried out using the Renishaw software, WiRE
2.0. All raw spectra were background subtracted by a 6-order
polynomial fit before the curve-fitting procedure. All peakswere
fitted byGaussian curves to a tolerance of 0.01 based on an even
weighting model.
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