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ABSTRACT: We have demonstrated a nanoengineered substrate
composed of micropatterned silver nanoparticles to be used for the
label-free mapping of adsorbed biomolecules. We utilized surfaceenhanced Raman scattering (SERS) phenomenon to monitor
the known bioanalytes, protein A and human immunoglobulin
G (IgG). The SERS substrate was composed of a poly(alylamine
hydrochloride) (PAH)/poly(styrenesulfonate) (PSS) layer-bylayer (LbL) nanocoating micropatterned with silver nanoparticles
conﬁned to microscopic stripes. Selective adsorption of biomacromolecules is facilitated by the amine-terminated LbL nanocoating,
which prevents the surface adsorption of positively charged protein A across the surface except on the patterned regions containing
negatively charged silver nanoparticles. Furthermore, adsorption of IgG on predetermined regions is facilitated by the selective
binding of the Fc region of IgG to protein A. This label-free SERS approach provides accurate, selective, and fast detection of protein
A and IgG solutions with a nanomolar concentration, down to below 1 nM for IgG in solution. This method could also be utilized for
the facile detection of proteins in ﬁeld conditions as well as in clinical, forensic, industrial, and environmental laboratories.

’ INTRODUCTION
Biosensing devices are designed to speciﬁcally bind selected
biomolecules and subsequently convert this local event to a
measurable signal.1 The mechanism of biomolecular detection is
frequently based on measuring speciﬁc optical absorption such as
that implemented in the enzyme-linked immunosorbent assay
(ELISA) method,2 surface plasmon resonance (SPR) techniques,3 or ﬂuorescence resonance energy transfer (FRET).4 These
well-known methods, however, do not provide a ready pathway for
facile and direct label-free detection of the biomolecular analytes
within one measuring cycle. These approaches often require a
complex sequence of synthesis of labeled molecules and specimen
preparation, which are costly and time-consuming, rely on synthetic
routines that might or might not work for selected biomolecules,
and must be designed speciﬁcally for the biomolecular system of
interest. This novel, rapid, and simple method for the label-free trace
detection of selected proteins has clear advantages such as no
complicated sample preparation or multiple intermediate steps that
facilitate “user-friendly” and relatively universal biosensing routines.
In addition, such a facile routine should improve the range of
prospective applications, limiting sensitivity, and accuracy of detection for future biosensing approaches.
Among numerous methods of biodetection, surface-enhanced Raman scattering (SERS) has become an area of intense
research as a highly sensitive probe for trace level detection of
small molecules since the demonstration of single molecule
detection.5-7 The highly sensitive vibrational spectroscopic
technique of SERS can potentially provide a method for
label-free sensing and analysis of proteins, down to single molecules, which was previously impossible due to the complexity of
such biomolecules.8-11 To realize potential advantages of this
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approach, there have been various suggested designs to provide
dramatic enhancement for the SERS response. The SERS
phenomenon is possible due to the large electromagnetic ﬁelds
that exist in the small gaps between metal nanostructures called
hot spots.12 The design of the substrate on which the SERS
phenomenon becomes signiﬁcant is the most critical aspect of a
sensitive biomolecular probe.13 Most popular designs involved
various engineered substrates such as roughened metal nanoparticle ﬁlms,14,15 metallic and bimetallic nanostructures,16-19
and 3D porous substrates.20
Among important biological molecules, IgG is the most
abundant immunoglobulin in the blood and is produced in large
quantities during secondary immune responses.21 The binding of
the Fc region of IgG, which coats microorganisms in the blood,
and the Fc receptors of macrophages and neutrophils allows
these phagocytic cells to bind, ingest, and destroy invading
bacteria.22 The accurate and trace detection of IgG is extremely
important in an eﬀort to better understand its role in complement responses in the body and other concentration dependent
roles it may play, as well as provide a precedent for the label-free
detection of other biomolecules. Standard ﬂuorescent-based
methods for IgG detection, such as ELISA, are widely used,
but these methods have certain drawbacks such as photobleaching, time-consuming sample preparation, and a moderate limit of
analyte detection.23 Previous SERS studies have been performed
for IgG,24,25 leading to a characteristic spectrum of this biomolecule. These studies, however, show a range of peaks that are
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Figure 1. Fabrication steps of the micropatterned SERS substrate with silver nanoparticles and subsequent binding of protein A and IgG. The striped
pattern of silver nanoparticles was made via the capillary transfer lithography technique.30

likely caused by complex enhancement, which depends upon the
orientation of the polarizable component of the vibration with
respect to the metal surface.26,27
To facilitate highly sensitive detection of trace amounts of
biomolecules and separate numerous secondary contributions, a
new substrate must be designed to allow selective adsorption of
proteins in active regions, thus increasing the selectivity and level
of detection and providing concurrently measured background
for nonselectively adsorbed compounds under identical conditions.28 Micropatterned surfaces are frequently used as SERS
substrates due to their high degree of order, simplicity of
microstamping fabrication, and reproducible results, which cannot be provided by other surfaces.29,30 Soft lithography is a
simple process that can be adopted to fabricate micropatterned
arrays for selective adsorption.31 Micron-sized, long-range ordered metal nanoparticle arrays extended over centimeter scale
areas can be fabricated utilizing capillary transfer lithography.32
The high degree of order provided by micropatterned surfaces
is critically important for separating the SERS-enhanced spectra of
the biomolecule of interest and any background from the substrate
and nonspeciﬁcally adsorbed species. These surfaces also provide
the researcher with the ability to easily tailor the pattern to the
speciﬁc system being studied. Other advantages of the micropatterned substrate are the ease of position control when measurements are taken and the elimination of common diﬃculties in
background subtraction due to the simultaneous analyte and
background measurements. The micropatterned surface allows
for more reliable detection of very small concentrations of
biomolecules due to identical collection conditions for signal
and background and thus more accurate subtraction of substrate
background, which might reach 50% at the lowest concentrations.
Collecting background spectra for surface areas from other specimens in a separate experimental cycle dramatically compromises
the quality of the background removal and thus the overall
sensitivity of the procedure at the lowest concentrations.
In this study, we report on the rapid, label-free mapping of two
selected biomolecules, protein A and IgG, adsorbed on a novel
micropatterned SERS substrate down for nanomolar concentrations of solutions. The model system exploited in this study is the
well-known binding reaction of protein A to the Fc region of
IgG.33 The substrate design suggested here provides a simple
method that is much faster (less than several minutes of total
experiment time) than current optical methods.

’ EXPERIMENTAL SECTION
Silver Nanoparticle Synthesis. Silver nanoparticles were
synthesized by the photoreduction of AgNO3 in the presence of sodium
citrate by irradiation with ultraviolet light at room temperature producing monodisperse 33 ( 5 nm silver nanoparticles.34 AgNO3 (42.5 mg)
and sodium citrate (73.5 mg) were dissolved in 250 mL of Nanopure

water (18 MΩ cm), and an ultraviolet lamp (λ = 365 nm) was used as the
light source for the reduction process with an exposure time of 8 h.
Micropatterned Substrate Fabrication. A micropatterned
silver nanoparticle substrate was prepared using capillary transfer
lithography over a 5 mm  5 mm area. A simple diagram illustrating
the soft lithography process exploited here is shown in Figure 1. Three
bilayers of poly (allylamine hydrochloride) (PAH) (Mw = 70 000)/
poly(styrenesulfonate) (PSS) (Mw = 70 000) and one more layer of
PAH were deposited on a silicon substrate according to the standard
procedure used in our lab.35 [100] silicon substrates (Semiconductor
Processing) with a native silicon oxide layer with 1.6 nm thickness were
cleaned with piranha solution (3:1 concentrated sulfuric acid and
hydrogen peroxide mixture; Caution! Piranha solution reacts violently
with organic matter and should be handled with extreme care),
abundantly rinsed with Nanopure water, and dried with dry nitrogen
stream in accordance with the usual procedure.36 They served as
hydrophilic substrates for spin-assisted LbL film depositions of prelayers
with uniform coverage over the whole surface area.37,38
A 400 nm thick polystyrene (PS) pattern with a periodicity of 10 μm
deﬁned by a poly(dimethylsiloxane) (PDMS) stamp was then deposited
onto the LbL nanocoating. After patterning, silver nanoparticles were
deposited on the patterned surface and the PS pattern was dissolved in
toluene leaving striped regions of silver nanoparticles similar to the
routine reported earlier.39,40

Optical and Fluorescent Microscopy and Ellipsometry.
The striped pattern of silver nanoparticles was confirmed by optical
microscopy operating in the dark field mode (Leica DM4000M).
Utilizing the optical microscope in the fluorescent mode, we collected
a fluorescent field image of fluorescein-labeled protein A on the silver
nanoparticle array and a fluorescent field image of rhodamine-labeled
IgG on a silver nanoparticle array. Both fluorophore-conjugated and
unconjugated protein A and IgG were purchased from Rockland
Immunochemicals and used as received. The substrate was exposed to
a 10-6 M protein A solution and a 0.5  10-6 M IgG solution for 30 s
each and washed thoroughly with Nanopure water between each
solution exposure for preliminary studies. Effective thicknesses were
obtained with M-2000U spectroscopic Ellipsometer (Woolam).
UV-Vis and Fluorescent Spectroscopy. UV-vis spectra of
the nanoparticles in solution were recorded in 1.5 semimicro plastic
cuvettes (PlastiBrand, Germany) using a UV-2450 spectrophotometer
(Shimadzu). UV-vis spectroscopy of the micropatterned surface was
completed using a Craic QDI 202 microscope spectrophotometer
attached to Leica microscope with a 50 objective. Fluorescence spectra
of the silver nanoparticle-micropatterned samples following fluoresceinconjugated protein A and rhodamine-conjugated IgG adsorption were
recorded on a RF-5301PC spectrofluorophotometer (Shimadzu).
AFM Studies. Atomic force microscopy (AFM) scanning with a
Dimension 3000-Nanoscope IIIa microscope of the silver nanoparticle
array before and after protein A and IgG deposition was conducted
with a rate of 0.5-1.0 Hz for surface areas of 50 μm  50 and 20 μm 
20 μm according to usual procedure adapted in our lab.41,42 Silicon
nitride tips were used with tip radii of about 10 nm and spring constants
of 42 N m-1. High resolution AFM was performed with a Dimension
3199
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AFM images of several different areas of the sample were collected
and representative images were selected.
Raman Studies. For the detection of protein A and IgG on the
SERS array, a confocal Raman microscope (Alpha 300 R) (WITec) with
a 514 nm Nd:YAG laser was employed as the incident light beam.43 The
image was acquired line by line with an Avalanche photodiode detector
(APD) in the single photon counting mode by fast imaging with lateral
resolution of ∼500 nm and vertical resolution of 1 μm with a 50
objective lens. For detection limit studies, the SERS substrate was
exposed to protein solutions with a series of concentrations down to a
10-10 M for 30 s each and washed thoroughly with Nanopure water
before collections of Raman spectra.

’ RESULTS AND DISCUSSION

Figure 2. UV-vis spectra of the silver nanoparticles in solution and
after aggregation on the micropatterned substrate.

Nanoparticle and Substrate Characterization. The soft
lithography technique used to fabricate the micropatterned
susbstrate is shown in the schematic in Figure 1. The UV-vis
absorption spectra of the particles before and after adsorption on
the micropatterned surface are shown in Figure 2. The silver
nanoparticles synthesized here show a strong absorption band at
430 nm, which is expected for nonaggregated silver nanoparticles
with a citrate shell.34 The position of the absorption band
corresponds to nanoparticles of about 35 nm in diameter.44 Upon
adsorption and aggregation on the surface of the micropatterned
substrate, the plasmon band shifts to a longer wavelength, which

Figure 3. AFM topographical images of the micropatterned substrate with (a) 50 μm  50 μm, (b) 20 μm  20 μm, and (c) 1 μm  1 μm scan sizes,
and (d) a cross-section of individual nanoparticles. The z scale of all images is 200 nm.
3200
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Figure 4. Diagram illustrating suggested sequential adsorption of
protein A and IgG to the silver nanoparticle micropatterned SERS
substrate.

is close to the wavelength of the laser used for the SERS
measurements (514 nm), maximizing the SERS enhancement.
The red shift of the silver nanoparticle plasmon band is a result of
the coupling of the surface plasmons of the individual nanoparticles upon aggregation and has been well-documented in previous studies.45-47
AFM scanning conﬁrmed highly selective adsorption of silver
nanoparticles on amine-terminated areas (Figure 3a,b). The
optimal concentration of AgNPs adsorbed on the patterned
substrated was determine by sequential deposition cycles of
AgNPs from solution. The maximum SERS intensity was seen
at approximately 60% surface coverage. Further deposition cycles
of AgNPs resulted in nonuniform multilayers of nanoparticles
with no further SERS intensity increase. To further characterize
the diameter of silver nanoparticles, high resolution AFM was
completed for selected surface areas with uniform nanoparticle
distribution within selected striped areas (Figure 3c). Cross
sections through individual nanoparticles revealed an average
diameter of 33 ( 5 nm, which corresponds closely to that
suggested from the position of absorption band in UV-vis
spectra (Figure 3d).
Patterning of Protein A and IgG. As introduced above, the
different surface elements of the SERS substrate were designed to
allow selective adsorption of protein A on regions of the
patterned surface containing silver nanoparticles (Figure 4).
The robust and uniform amine-terminated LBL nanocoating
contributed to the specific adsorption of protein A on the SERSactive silver nanoparticles by preventing nonspecific adsorption
through electrostatic repulsion. As expected, IgG should subsequently bind to the substrate only on selected surface regions by
the well-documented specific binding of protein A to the Fc
region of IgG (Figure 4). The adsorption of protein A was
conducted at pH 5 where protein A exists as a more positively

Figure 5. Fluorescent microscopy images of the silver nanoparticle
micropatterned substrates (a) dark ﬁeld before protein adsorption, (b)
after ﬂuorescein-conjugated protein A adsorption, and (c) after Rhodamine-conjugated IgG adsorption.

charged species.48 The pH for the adsorption of IgG was
increased to pH 7 to prevent any electrostatic repulsion between
protein A and IgG which can occur at low pH where both
molecules are more positively charged. The selective binding of
the biomolecules is one of the most critical factors for SERS
detection because the analyte must be present near the enhanced
electromagnetic field located at metal nanostructure junctions.
The electrostatic attraction of protein A to the silver nanoparticles and the biochemical binding of the Fc region of IgG to
protein A provides a clear pathway for the specific detection of
the biomolecular species via SERS.
In fact, by using ﬂuorescein-labeled protein A and rhodaminelabeled IgG, it was possible to determine a sequence of the
speciﬁc adsorption and binding of the biomolecules in striped
regions containing silver nanoparticles by following diﬀerent
ﬂuorescent bands (Figure 5). The two diﬀerent ﬂuorophores
selected for proper labeling, ﬂuorescein and rhodamine, have two
very diﬀerent excitation wavelengths and emission wavelengths,
which allows for the protein A and IgG adsorption to be
separately monitored to verify the presence of each biomolecules.
The characteristic emission colors of ﬂuorescein and rhodamine
3201
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Figure 6. Fluorescent spectra after the adsorption of protein A and IgG
on the micropatterned substrate indicating the presence of both
ﬂuorophores after ﬁnal adsorption stage. The 538 nm peak indicates
the emission of ﬂuorescein-conjugated protein A obtained at an excitation wavelength of 495 nm, and the 578 nm peak indicates the emission
of Rhodamine-conjugated IgG obtained at an excitation wavelength of
550 nm.

are green and red, respectively, as can be revealed by excitation
with diﬀerent wavelengths (see discussion below and corresponding UV-vis spectra in Figure 6).
The nanoparticle micropatterned surface was ﬁrst exposed to a
solution of ﬂuorescein-labeled protein A. The ﬂuorescent microscope image in Figure 5b clearly shows that the ﬂuorescein is
present only in regions containing nanoparticles, as conﬁrmed by
comparison to the dark ﬁeld image in Figure 5a. This detection is
possible because an excitation wavelength of 495 nm was used,
which is the wavelength associated with ﬂuorescein. This result
indicates that protein A is selectively binding to the silver
nanoparticles on the substrate. This will subsequently allow for
speciﬁc adsorption of IgG onto the nanoparticles, resulting in the
optimum condition for SERS detection of the biomolecules. The
ﬂuorescent emission of rhodamine molecules can also be clearly
seen using an excitation wavelength of 550 nm following
rhodamine-labeled IgG adsorption to the surface (Figure 5c).
Both ﬂuorescence images show that the proteins speciﬁcally bind
in regions containing nanoparticles, meaning that the proteins
are in optimal locations on the sample for SERS enhancement.
To ensure that IgG was binding to protein A and not replacing
it on the surface, additional measurements were performed. In
these measurements, ﬂuorescent spectroscopy was conducted to
conﬁrm the presence of both ﬂuorophores on the substrate at
two diﬀerent excitation wavelengths (Figure 6). The presence of
two strong bands (corresponding to ﬂuorescein and rhodamine)
on the ﬂuorescent spectra of the ﬁnal micropatterned substrate
containing both ﬂuorescein-labeled protein A and rhodaminelabeled IgG conﬁrms the presence of both biomolecules following the ﬁnal adsorption step. The characteristic ﬂuorescent
emission peaks for ﬂuorescein (538 nm) and rhodamine (578
nm) are both present after sequential adsorption with protein A.
This indicates that both proteins remain on the surface due to
strong tethering between oppositely charged groups. It is speculated that the shouldering that is present on the Rhodamine-IgG curve may be the result of the complex interactions

Figure 7. High resolution AFM topographical and phase images of the
silver nanoparticle regions of the micropatterned substrate (a) before,
(b) after protein A adsorption, and (c) after IgG adsorption. The z scale
of all images is 80 nm. The scale bar in the single particle inset is 45 nm.

between the ﬂuorophores and proteins present on the substrate.
This spectroscopic result shows that both protein A and IgG
remained tethered to the silver nanoparticles after the ﬁnal protein
binding sequence and thorough washing cycles (Figure 4, bottom
panel).
High resolution AFM images of the micropatterned regions
were additionally collected to determine the diﬀerence before
and after adsorption of protein A and IgG on/between silver
nanoparticles (Figure 7). Figure 7a shows the region of the
micropatterned substrate before exposure to the biomolecular
analytes. Smooth and round silver nanoparticles demonstrate
uniform phase response of their surface prior to biomolecule
adsorption. Following protein A adsorption on the substrate
(Figure 7b) there is little apparent change in the surface of the
particles in either the height or phase images. This is likely due to
the small size of protein A compared to the silver nanoparticles
and the possibility that the protein has collapsed on the surface of
the particles as a result of strong electrostatic interactions.
Finally, the high resolution AFM images following IgG
adsorption show roughened nanoparticles, conﬁrming that multiple small globules are bound to the surface of the nanoparticles
after adsorption with several patches clearly visible on each
3202
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Figure 8. SERS mapping of the substrate following (a) protein A and
(b) IgG adsorption and (c) an optical image of the substrate to indicate
the location of the striped regions in the SERS maps. The peak mapped
for protein A was 1507 cm-1, indicative of lysine found in protein A, and
the peak mapped for IgG was 1649 cm-1, indicative of the tryptophan v
ring stretching.

nanoparticle (Figure 7c). The drastic change in both the height
and the phase image indicates that IgG is binding to the surfaces
of the silver nanoparticles and not just adsorbed on surrounding
surface areas. The binding of the biomolecules in close proximity
to or on the surface of the nanoparticles is necessary for SERS
enhancement to occur. These images indicate that IgG readily
binds to the nanoparticles even with the modest concentration (5
 10-7 M) and short exposure time (30 s) of the IgG used in
these experiments.
When concentration and exposure time were increased, multiple layers and complete coverage of the silver nanoparticles on
the substrate was observed, which completely masked initial
domain morphology. The typical Y-shape of IgG is not always
visible using AFM because the biomolecule does not always exists
in this state as a bound molecule.49 Globular conformations of
bound IgG on surfaces similar to the bound protein shown in
Figure 7c have been previously shown.50 The obvious change in
the surface topography of the regions of the micropatterned
sample containing nanoparticles combined with the previously
discussed ﬂuorescence studies clearly indicates that the biomolecular analytes in this study are bound to silver nanoparticles.
Raman Mapping of Adsorbed Biomolecules. Raman mapping visualized the selective surface distribution of the adsorbed
biomolecules (Figure 8). The significant enhancement of the
Raman signal of protein A and IgG on SERS substrate is clearly
shown in the mapping images. The stripes from the micropatterned substrate can be seen in the mapping images. The peaks of
highest intensity in the Raman spectra of the two biomolecules
used in this study were mapped across the substrate surface. The
peak mapped for protein A (Figure 8a) was the 1507 cm-1 peak
and the peak mapped for IgG (Figure 8b) was the 1649 cm-1
peak. Figure 8c shows an optical microscope image concurrently
obtained for the patterned substrate to guide to the location of
the striped regions in the Raman maps. The regions of the stripes
shown in the figure that do not exhibit a complete and uniform
response are due to the low concentration of protein A and IgG
used in this test.
The low concentrations of protein solutions used in this study
and the very low exposure time (30 s) to the substrate prevented
clogging the micropatterned substrate and the formation of

Figure 9. SERS spectra of (a) protein A and (b) IgG on the silver
nanoparticle substrate compared to references of the neat micropatterned substrate and the substrate following buﬀer exposure. The
characteristic peak of IgG at 1649 cm-1, which is used for limit of
detection measurements, is shown at larger scale (c).

relatively thick bioﬁlms with an incomplete monolayer of biomolecules formed on the surface of the nanoparticle-decorated
areas. Indeed, cross sections of AFM images show that the
average nanoparticle height increased from 33 ( 4 to 38 ( 3
nm following protein A and IgG adsorption, indicating that only
about 4 nm of IgG could have adsorbed on the nanoparticle
surface, which is less that the diameter of the native biomolecules.
Moreover, independent measurements with ellipsometry also
conﬁrmed that the increase of the eﬀective thickness associated
with adsorbed protein was less than 5 nm, thus additionally
conﬁrming low surface coverage with biomolecules. When large
amounts of IgG were used, the SERS intensity reached a point at
which there was no change in intensity on the patterned regions.
The substrate was designed for the trace detection of biomolecules so there was limited testing at higher concentrations.
Limit of Detection of Protein A and IgG. A limit of
detection study of protein A and IgG was also conducted using
the micropatterned SERS substrate to demonstrate that fast,
label-free, and trace detection is possible with this substrate
(Figure 9). The limit of detection of the substrate was determined on the basis of the principle that the peak intensity of the
analyte must be greater than background variation by more than
a factor of 3.11 Spectra from the SERS substrate were taken in
reflection mode after protein A adsorption and subsequently
after IgG adsorption on the surface.
For the IgG limit of detection, the substrate was exposed to a
protein A solution of 10-8 M to prevent the very intense peaks of
protein A from interfering with IgG detection. The peak assignment in the SERS spectrum of protein A is proposed on the basis
of knowledge of the amino acid sequence of protein A and
literature data on characteristic vibrations for diﬀerent amino
3203
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acids (Figure 9a).51 The spectral peaks of 1150 and 1507 cm-1
can be attributed to lysine and the peak at 1272 cm-1 can be
assigned to glutamine and asparagine. These three amino acids
exist in high concentration in protein A. As a result of the positive
charge of lysine, it is thought that this residue of protein A exists
in closest proximity to the negatively charged SERS hot spots
leading to a greater contribution to the overall spectrum of
protein A from lysine than other residues present.
The characteristic SERS bands of IgG can be also found
following IgG adsorption (Figure 9b,c). Raman peaks at 1366,
1511, 1574, and 1649 cm-1 are indicative of the tryptophan v
ring stretching and the peaks at 1511 and 1574 cm-1 also
indicate the tyrosine v ring stretching, which are both the
characteristic Raman-active amino acid sequences of IgG.25
The peak at 1649 cm-1 is the most consistent peak seen in the
IgG spectra but seems to be shifted slightly in comparison to
literature values. This may be a result of the presence of protein A
as an intermediate biding agent, as well as the fact that residues
that include R-helical amide I groups from IgG may be bound
close to the silver nanoparticle hot spots than other parts of the
IgG molecule.52 The SERS enhancement of protein A and IgG
allows for accurate detection of the presence of these biomolecules while the micropatterned surface provides a platform that
speciﬁcally binds protein A and IgG in silver nanoparticle hot
spot regions. The limit of detection was measured for a stepwise
decreasing of protein solutions concentration to 100 fM
(Figure 9). For protein A the low limit of detection was
determined to be around 5 nM, as estimated from peak at
1507 cm-1 in accordance with a general procedure described
above for IgG protein.
For IgG protein, the Raman peak at 1649 cm-1 was used to
follow the adsorption process with a very intense peak observed
at 10-6 M concentration and only random background observed
for 100 fM solution. Increasing the concentration to 10 nM
results in the appearance of a strong peak at 1649 cm-1. The peak
is less intense but exceeds the random background level by a
factor of 4 at 1 nM and thus gives the evaluation of the lowest
detection limit achievable here as well below 1 nM (close to 500
fM). Such a very low limit of detection of nonlabeled IgG
solution is within common limits of detection of these biomolecules reported in literature with diﬀerent methods all of which
require additional labeling procedure.53

’ CONCLUSIONS
In conclusion, we demonstrated that a nanoengineered substrate composed of micropatterned metal nanoparticles can be
exploited for the SERS detection of the known bioanalytes,
protein A and human immunoglobulin G (IgG). The amineterminated nanocoating prevents the surface adsorption of
positively charged protein A across the surface except the
selective patterned regions containing negatively charged silver
nanoparticles. In turn, protein A facilitates subsequent selective
adsorption of IgG on predetermined regions. SERS detection
was made possible by the high concentration of hot spots, which
occurred between the densely packed silver nanoparticles.
This design possesses advantages over current methods such
as ELISA, SPR, and FRET which include label-free and fast
detection using a simple and cost-eﬀective substrate fabrication
technique. This approach might provide accurate, sensitive, and
more selective detection of protein A and IgG than current
protein detection methods with the lowest limit of detection for
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IgG protein solution of below 1 nM, which is comparable to the
sensitivity of traditional optical biosensing methods. An additional clear advantage of this highly sensitive SERS method on an
engineered substrate is the speed of detection and simple
substrate preparation. Moreover, this method does not require
several binding and puriﬁcation steps as in ELISA which can take
hours to complete. Simple exposure of the substrate to the
biomolecule solution allows for rapid SERS detection in less than
several minutes. This method is also cost-eﬀective in that
ﬂuorescently labeled proteins are not required for detection.
The robust and label-free detection of the positively charged
protein A is based on electrostatically driven selective bounding
to regions containing the negatively charged silver nanoparticle
hot spots and thus can be applied to a wide variety of proteins
properly (positively, for this design) charged. This method has
the potential to provide a simple, fast, label-free, selective, and
economical substrate for the Raman mapping of a wide range of
adsorbed biomolecules. We suggest that this method also could
be utilized for the detection of low concentration protein
solutions in clinical, forensic, industrial, and environmental
laboratories.
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