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Localized surface plasmon resonance (LSPR) combined with immunoassay shows greatly potential in fast
detection of tumor markers. In this paper, a highly sensitive LSPR substrate has been fabricated and
modified for direct detection of alpha-fetoprotein (AFP). The biosensor was prepared by interference
lithography, and modified by covalently immobilizing anti-AFP on the surface of gold nano-mushroom
arrays (GNMA). The modification process was investigated by Vis–NIR reflectance spectra and cyclic
voltammogram measurements. We revealed the optical properties of the modified GNMA by measuring
the Vis–NIR reflectance spectra and simulating its electric intensity field distribution under light illu-
mination. The GNMA substrate was highly sensitive, with a refractive index sensitivity of �465 nm/RIU.
The substrate can be applied to label-free detection of AFP, with the linear range and the limit of de-
tection determined to be 20–200 ng/mL and 24 ng/mL (S/N¼3), respectively. We also demonstrated its
clinical application by directly detecting AFP in human serum samples. It is expected that our biosensor
could be integrated on microfluidic chips for high-throughput detection in portable early diagnosis, post-
operative and point-of-care (POC) in clinical applications.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Rapid detection is of importance in many areas such as clinical
diagnosis (Boehme et al., 2010), food safety (Velusamy et al., 2010)
and environment monitoring (Girones et al., 2010). Especially in
mobile healthcare (Free et al., 2013), the need for fast detection of
trace sample is a key issue to early diagnosis, point-of-care, por-
table medical supervision, and antibody, as well as biomarker
detection/screening for many serious diseases. For example, can-
cer, accounting for 8.2 million deaths among 14 million cases in
2012, for which there is neither a cure nor a good clinical diag-
nostic, has attracted world-wide attention. A cancer biomarker
(e.g. alpha-fetoprotein, AFP) is a ‘molecular signature’ of the phy-
siological state of a cancer at a specific time, because the present at
elevated or depressed concentrations of cancer biomarker in ser-
um, tissue, or saliva can be indicative of disease states. The avail-
ability of rapid detection of tumor biomarkers (TMs) is sig-
nificantly useful to patients suffered from cancer, initiating both
the effective treatment at an as-earlier stage in clinical and the
long-term point of care for post-operative evaluation during
u).
hospitalization and after discharge. Therefore, the reliable, cost-
effective, powerful methods for cancer biomarker detection and
monitoring are extremely important.

A variety of methods have been developed for the detection of
TMs, such as electrochemiluminescent/chemiluminescent im-
munoassay (Liang et al., 2012; Wang et al., 2012), enzyme-linked
immune sorbent assay (Ju et al., 1999; Nagasaki et al., 2007),
fluorescent immunoassay (Christopoulos and Diamandis, 1992;
Yuan et al., 2001), electrochemical immunoassay (Su et al., 2011;
Zhang et al., 2008), and surface plasmon resonance (SPR) im-
munoassay (Scarano et al., 2010; Suwansa-ard et al., 2009; Ter-
amura and Iwata, 2007), etc. Despite the employ of quality and
reliable reagents, these methods are confronted with one or more
shortcomings with respect to sensitivity, detection velocity, and
configure simplicity against rapid analysis of TMs: (1) The sensing
substrates have been previously bio-functionalized to increase the
specificity, which, unfortunately, bring about the undesirable
consequence (e.g. greatly lowing the sensitivities) into some im-
munoassay, such as EC and SPR immunoassay; it becomes a critical
factor for the detection of trace analytes with concentration range
from pM to fM (Estevez et al., 2014). (2) Many strategies (Chris-
topoulos and Diamandis, 1992; Ju et al., 1999; Liang et al., 2012;
Nagasaki et al., 2007; Su et al., 2011; Wang et al., 2012; Yuan et al.,
2001; Zhang et al., 2008) tend to employ a sandwich structure
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where labeled secondary recognition elements are added for
generation and/or amplification signals. However, these measures
inevitably complicated the detection system and lengthened total
analysis time. (3) Though SPR holds the advantages of label-free
and real-time (Estevez et al., 2014; Scarano et al., 2010; Su-
wansaard et al., 2009; Teramura and Iwata, 2007) over the other
methods, its optical path configure is complex and uneconomic
because a prism or a grate must be used to overcome the mo-
mentum mismatch, so that the SPR can be readily excited.
Therefore, a simple and highly-sensitive method for rapid detec-
tion of TMs on a portable device is still a challenge.

Recently, localized surface plasmon resonance (LSPR) nano-
sensors enjoy a reputation for powerful quantitative assay (Anker
et al., 2008; Haes et al., 2005; Yang et al., 2014; Zhou et al., 2011),
as they are simple, cost-effective and suitable for detecting pro-
teins. Many efforts have been made to improve the sensing per-
formance of the LSPR sensor by changing the size and shape (Lee
and El-Sayed, 2006; Nehl et al., 2006), and/or the spatial ar-
rangement (Atay et al., 2004; Hatab et al., 2010) of the noble metal
nanoparticles and nanostructure. In our previous work, we have
demonstrated that gold nano-mushroom arrays (GNMA) substrate
possesses excellent refractive index (RI) sensitivity (Shen et al.,
2013) approaching the theoretical limit. The GNMA substrate
therefore is a promising candidate as a RI nanosensor for rapid
detection of TMs. For the specific immunoassay, the metal surface
of LSPR sensors commonly should be functionalized with anti-
body, and their plasmonic optical properties therefore would be
tuned (Min et al., 2009). To the best of our knowledge, the LSPR
feature of the functionalized sensor, indeed, characterizing the
authentic immunoassay performance, has been barely investigated
yet.

Herein, we prepared an antibody-functionalized GNMA nano-
sensor with high sensitivity, and applied it to proof-of-concept
direct detection of AFP. The GNMA substrates were fabricated as
described before. As showed in Scheme 1, the GNMA substrate
was covalently functionalized with AFP antibody. We investigated
the authentic LSPR sensing performance of the modified GNMA
substrate by investigating its LSPR feature, and found that it was
highly sensitive and quick-response to RI changes of the adjacent
environment. After that, we applied the GNMA biosensor to label-
free detection of AFP with ultralow concentration, and obtained a
limit of detection (LOD) estimated to be 24 ng/mL. Furthermore,
we demonstrated its clinical application by directly detecting AFP
in human serum samples. We believe the anti-AFP functionalized
GNMA substrate is available to rapid detection of AFP in mobile
healthcare.
Scheme 1. Schematic diagram shows that the GNMA substrate was functionalized with
was supervised by UV–vis–NIR spectrometer under 30° incidence wave.
2. Materials and methods

2.1. Materials

11-Mercaptoundecanoic acid (MUA) and 3-mercaptopropionic
acid (MPA) were from Alfa Aesar (US). 1-Ethyl-3-[3-dimethylami-
nopropyl] carbodiimide hydrochloride (EDC) was purchased from
Fluka Analytical (US). N-Hydroxysuccinimide (NHS) and 6-mer-
capto-1-hexanol (MCH) were supplied by Sigma Aldrich (US).
NaH2PO4 and Na2HPO4 were from Da-Mao chemical reagent
(Tianjin, China). All chemicals and solvents were of analytical
grade and were used as received. Phosphate buffer solutions (PBS,
0.1 M) were prepared by mixing the stock solutions of NaH2PO4

and Na2HPO4, and then adjusting the pH to 7.2. AFP monoclonal
antibody and AFP standards were all from Biocell Biotechnology
(Zhengzhou, China) and stored at 4 °C as received. Double distilled
water was used throughout all experiments.

2.2. Fabrication of the GNMA biosensor

The GNMA biosensor was prepared by antibody-functionalizing
the GNMA substrate. The GNMA substrate was generated through
interference lithography (IL) and then gold deposition (Shen et al.,
2013). In brief, a thin positive photoresist (AZ 3740, Allresist) film
(�500 nm thickness) was spin-coated on a quartz slide, baked,
and then applied to IL to generate a periodical pillars array. The
GNMA was obtained after sequential thermal evaporation of 5-nm
nickel and 110-nm gold on the photoresist pillars array.

The GNMA substrate was antibody-functionalized by covalently
immobilizing anti-AFP onto the thiolated modified gold surface of
the substrate. The gold surface was firstly thiolated with MUA
(Wilbur et al., 1996). A MUA solution (20 mM) was applied to a flat
PDMS; the PDMS slab was dried in a stream of nitrogen for
�1 min and brought into contact with the surface of gold sub-
strate. After �30 s, the thiol molecules self-assembled onto the
gold surface rapidly through covalent bonding to form a mono-
layer, and the PDMS slab and gold substrate were carefully sepa-
rated. After that, the GNMA-MUA surface was covered by MPA
solution (2 mM) for �12 h. These treatments ensured that the
gold surface of the GNMA substrate was covered by a self-as-
sembly monolayer (SAM) of molecules containing pendent –COOH
groups via covalent thiol chemistry. The un-reacted MUA and MPA
molecules were washed away by PBS and deionized water. After
thiolation, AFP antibody was covalently bonded to the ‒COOH
groups. The ‒COOH groups were further activated by exposing
them to 20 μL of freshly prepared EDC (400 mM) and NHS
(100 mM) mixture solution, and the reaction solution was washed
off after �30 min; this was immediately followed by 2-h
anti-AFP, and then was applied to one-step detection of AFP. The reflectance signal



Fig. 1. Scanning electron microscope (SEM) image of the GNMA substrate.
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incubation with 20 μL of AFP antibody (0.5 mg/mL) at room tem-
perature. After washing, the AFP antibody modified surface was
incubated in MCH (0.1 v/v%) for 30 min to eliminate nonspecific
binding.

2.3. LSPR and electrochemical (EC) measurements

Both LSPR and EC measurements were performed to char-
acterize the bare GNMA surface, -COOH functionalized GNMA
surface and AFP antibody modified GNMA surface over the anti-
body-functionalization process. The reflectance spectra were
monitored by UV–vis–NIR spectrometer (Lambda 950, Perki-
nElmer). The measurements were carried out in air after the
GNMA substrate was rinsed with deionized water and dried with
nitrogen flow during the modification process. The incidence angle
of the spectrometer was 30°. A Glan-Taylor prism was employed in
the optical path to generate polarized incident waves.

To examine the changes on gold surface during modification
process by EC, a gold electrode was employed as a work electrode.
A platinum wire and a saturated calomel electrode were served as
auxiliary electrode and reference electrode, respectively. EC mea-
surements were conducted on a Chenhua 627D electrochemical
analyzer (Shanghai, China). The gold surface (Φ¼2 mm) of the
electrode was firstly polished repeatedly with 0.3 μm alumina
slurry to mirror-like, and ultrasonic cleaned sequentially in etha-
nol, acetone, and deionized water, each for 1 min. Then the clean
electrode was immersed in a solution of 0.5 M H2SO4, and 20
voltammetric cycles were carried out between 0.2 and 1.6 V at
50 mV/s. After that, the gold surface was washed with deionized
water, and sequentially modified with MUA and AFP antibody
according to the GNMA functionalization process. The EC beha-
viors of the bare gold surface, ‒COOH functionalized gold surface
and AFP antibody modified gold surface were investigated.

2.4. FDTD simulations

We performed the finite difference time domain (FDTD) si-
mulations using commercial software (FDTD solutions, Lumerical
Solutions). Mesh size for the metal region was set to 5 nm (x-, y-,
and z-directions). The used RI of photoresist, PMMA, quartz, MUA,
and AFP antibody protein were 1.60, 1.49, 1.48, 1.5, 1.45, respec-
tively. The thickness of the MUA layer and antibody layer were
1.0 nm and 2.5 nm, respectively. Each unit in the array was mod-
eled as a rounded gold cap located on a photoresist pillar with
circular side walls. All the sizes were set according to the mea-
sured ones from the SEM images. The structure was excited with a
30° incidence wave.

2.5. RI sensitivity measurements

The RI sensitivity of the biosensor was determined by mea-
suring the reflectance spectra when the GNMA surface was cov-
ered with different concentrations of glycerin aqueous solutions
(0, 12, 24, 36, 48 and 60 wt%). Their RIs are 1.333, 1.347, 1.363,
1.379, 1.395 and 1.413, respectively. The GNMA surface was rinsed
thoroughly with deionized water after each measurement. Three
spectral measurements at each concentration were performed for
the standard deviation (s.d.) calculation.

2.6. Detection of AFP in buffer solution

A newly prepared GNMA biosensor was wash with PBS and
deionized water. After dried with nitrogen flow, the reflectance
spectra of the GNMA biosensor was measure and taken as the
reference for AFP detection. For AFP detection, the surface of AFP-
antibody modified GNMA biosensor was treated with 20 μL of AFP
solution for 0.5 h, and the residual organic molecules and salt ions
was thoroughly washed off with the buffer and deionized water
sequentially. The reflectance spectrum was measured in air after
the surface was dried with nitrogen flow. AFP solutions with dif-
ferent concentrations of 10, 20, 50, 100 and 200 ng/mL were em-
ployed for the concentration-dependent measurements. At each
concentration, three spectral measurements were carried out for
the s.d. calculation.

To determine the selectivity for AFP detection, the modified
GNMA sensor was incubated in phosphate buffer (pH¼7.2),
50 ng/mL AFP solution, and a mixture of 50 ng/mL AFP, 5 mM
glucose and 1.75 μM Cyt c solution successively. At each step, the
gold surface was washed with the buffer and deionized water, and
dried with nitrogen flow, after that, the reflectance spectra were
measured.

2.7. Diagnosis of AFP in serum

Serum samples were collected from the First People's Hospital
of Guangzhou (Guangzhou, China), after the patients gave in-
formed consent. After clotting, the serum and packed cells were
separated by centrifugation at 1500 rpm. The serum samples were
then stored at �80 °C. The diagnosis of AFP in serum was carried
out at room temperature after it was thawed. The surface of
modified GNMA biosensor was covered with serum for 30 min,
and then washed thoroughly with the buffer and deionized water.
After the surface was dried, the reflectance spectrum was
recorded.
3. Result and discussion

3.1. Fabrication of the plasmonic GNMA substrate

The plasmonic GNMA substrate was prepared through IL and
then gold deposition. As shown in Fig. 1, gold caps were lifted by
dielectric photoresist pillars, and each pillar was located in a na-
nohole on ordered porous gold membrane. The entire structure
looks like a periodic array of nano-mushrooms grown on a gold
film with a periodic array of holes. The lifted gold caps serves two
major benefits: (1) there are much spatial regions with plasmon-
enhanced electric fields that will be accessible by the target mo-
lecules, therefore the sensitivity and the penetration depth of the
GNMA substrate as a RI sensor could be greatly enhanced and
(2) in addition, it can be deduced that, when integrated on a



Fig. 2. (A) Reflectance spectra of (a) bare GNMA substrate, (b) MUA/MPA modified GNMA substrate, and (c) AFP antibody modified GNMA substrate. (B) CV of (a) bare gold
electrode, (b) MUA/MPA modified gold electrode, and (c) AFP antibody modified gold electrode in 5 mM K3[Fe(CN)6] solution. The scan rate was 100 mV/s.
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microfluidic chip, the GNMA substrate in microchannel tends to
response quickly to the environment, because pillars array dis-
turbs the laminar flow and impels lateral mixing in a microfluid,
resulting in rapid solution substitution. These features suggest that
GNMA substrate is a promising candidate for fast detection as a RI
sensor.

3.2. Modification of the GNMA substrate with AFP antibody

To check whether the AFP antibodies were successfully im-
mobilized onto the gold surface, we performed both the LSPR and
cyclic voltammogram (CV) measurement at each modification
step. The reliable immobilization of active antibodies onto gold
surfaces at a sufficiently surface density is fundamental to detec-
tion. With this aim, we immuno-functionalized the sensing in-
terface with antibody using a self-assembly and then covalent-
bonding strategy, including the carboxylation of gold surface and
antibody immobilization. Reflectance spectra of the GNMA sub-
strate at each modification step were recorded. As shown in
Fig. 2A, the spectra redshifted �2.3 nm (Fig. 2A, curve a) and
�9 nm (Fig. 2A, curve b) after the GNMA substrate was treated
with MUA and anti-AFP solutions, respectively. We also assessed
the antibody-functionalization procedure using a gold electrode as
an alternative of GNMA. It is simple and easy to determine the
behavior of the gold surface after each modification step by means
of CV, as indicated in Fig. 2B. K3[Fe(CN)6] served as the electro-
chemical probe. The bare electrode carried out well-defined CVs
(Fig. 2B, curve a), characterizing the diffusion-limited redox pro-
cess. The peak current decreased substantially as MUA were
Fig. 3. (A) Reflectance spectrum of the antibody-modified GNMA biosensor under 30° in
(B) Simulated electric field intensity distribution for D2, at the linear scale.
immobilized on the gold surface (Fig. 2B, curve b). The reason is
that, the non-conductive MUA with long chain and its negative
charge repelled the [Fe(CN)6]3� ions diffusion to the electrode
surface. After anti-AFP linked, the electrode surface became neu-
tral, and the CV signal repolarize a little (Fig. 2B, curve c). Taken
together, the results reveal that the three molecules have been
immobilized on GNMA substrate step-by-step as anticipated.

3.3. Resonance modes of the antibody-functionalized GNMA
substrate

To understand the spectral features of the modified substrate as
a LSPR biosensor, we measured the reflectance spectrum of the
GNMA under s-polarized light when the incident angle was fixed
at 30°. The measurement geometry was showed in Fig. S1. Because
of the simple measurement configure and the highly minimized
transducer spot, the GNMA is therefore potentially developed to
be a high throughput RI sensing platform. The reflectance spec-
trum at the incident angle of 30° is shown in Fig. 3A. There are
typically two dips on the spectrum. The dip D1 is ascribed to the
interaction between the LSPRs of the gold caps array and perfo-
rated gold film. The narrower dip D2 is located at longer wave-
length, and shows a Fano-like lineshape which is formed by the
interference between (1, 0) Wood's anomaly and the scattered
light from the gold caps; moreover, this also leads to a narrower
dip width of D2 compared with those at other incident angles
(Shen et al., 2013). To further investigate the resonance mode of
the GNMA when the organic molecules were coated onto its gold
surface, we performed the FDTD simulation of the structure. The
cidence wave. The arrowhead indicates the dip (at 870–960 nm) for AFP detection.



W. Li et al. / Biosensors and Bioelectronics 68 (2015) 468–474472
thickness and RI of each coated organic layer was set according to
literature (Vörös, 2004; Zhao et al., 2011). Fig. 3B shows that the
electric field intensity at D2 was concentrated around the cap.
There is no remarkable difference between the antibody modified
GNMA substrate and the bare GNMA substrate (Fig. S2). Because
D2 possessed (1) a smaller dip width which will increase the fig-
ure of merit value, and beneficial to the dip shits readout with less
personal errors during the detection; also, (2) compared with dip
D1, D2 held a higher RI sensitivity (Chen et al., 2008). Therefore,
we adopted D2 at a measuring angle of 30° for RI biosensing.

3.4. RI sensitivity of the antibody-functionalized GNMA substrate

Though the bare GNMA substrate is highly sensitivity (Fig. S3),
we cannot assert that, it works with the sensitivity in the same
merit order after antibody-functionalization, because the max-
imum local field factor of LSPR varied with the thickness and the
dielectric constant of the coated layers. To check the RI biosensing
performance of the antibody-modified GNMA substrate, we mea-
sured the reflectance spectra when the modified substrate was
dipped into the glycerin–water solutions with different mixture
ratio (Fig. 4), which changed the refractive index of the sur-
rounding environment near GNMA. It is clearly that, with the in-
crease of the refractive index, the dip position moves to longer
wavelength (Fig. 4A). The spectral position of D2 with the increase
in the RI of the surrounding environment is plotted in Fig. 4B. The
error bars are too small to be observed. The modified biosensor
shows a sensitivity of �465 nm/RIU, which is lower than that of
the bare GNMA substrate (Fig. S3). Even so, it is a very high sen-
sitivity value in comparison with recently reported values (Cattoni
et al., 2011; Lodewijks et al., 2012; Sun and Xia, 2002).

3.5. Label-free and one-step detection of AFP

AFP is the most specific tumor marker to hepatocellular carcino-
ma (Abelev, 1971); its normal concentration in plasma is r25 ng/mL,
but its level increases markedly when people suffered from liver
cancer. It is necessary to measure AFP in the early diagnosis and
postoperative monitoring of original liver carcinoma. For AFP detec-
tion, we dipped the biosensor directly into a 50 ng/mL AFP solution
for 30 min, and the normalized reflectance spectrum redshifted
1.3 nm (Fig. 5A, curves a and b). Then, the biosensor was exposed to a
mixture solution containing 50 ng/mL AFP, 5 mM glucose (Glc) and
1.75 μM Cyt c for 30 min. No further spectra shift was observed
(Fig. 5A, curves b and c), suggesting that nonspecific binding of
glucose and Cyt c were successfully suppressed, and the modified
GNMA biosensor specifically captured AFP antigen in the mixed so-
lution. We also found that the EC method did not qualify for direct
Fig. 4. Refractive index sensitivity of the anti-AFP modified GNMA biosensor. (A) Norm
(B) Relationship between the wavelength of D2 and the refractive index. The line is a li
label-free immunoassay in this situation (Fig. S4); because the sur-
face of the antibody-modified gold electrode was almost blocked,
and the [Fe(CN)6]3� ions cannot reach the electrode surface to gen-
erate electrochemical signals. To study the immuno-binding kinetics,
we measured time-resolved dip shift of the reflectance spectrum
when the biosensor was dipped into the AFP solution (�50 ng/mL)
over 50 min (Fig. S5). The total consumed time for AFP detection was
optimized to be 25 min, which is shorter than that of conventional
biosensors (Christopoulos and Diamandis, 1992; Ju et al., 1999; Liang
et al., 2012; Nagasaki et al., 2007; Su et al., 2011; Yuan et al., 2001;
Zhang et al., 2008).

To demonstrate the quantitative immunoassays for AFP, we
incubated the modified GNMA with different concentrations of
AFP standards ranging from 10 ng/mL to 200 ng/mL. Fig. 5B sum-
marizes the concentration-dependent dip shift, in which the dip
shift increased proportionally to the AFP concentration from 20 to
200 ng/mL, with the LOD determined to be 24 ng/mL (S/N¼3). The
LOD is below the critical concentration (�25 ng/mL) in normal
plasma suggested by Sun Yat-sen University Cancer Center. It is
worth mentioning that, when the immunoreaction reached sa-
turation, the GNMA substrates were washed thoroughly with PBS
and water. Then all the measurements were carried out in air after
the GNMA substrates were dried. Compared to the measurements
in liquid, measurements in air were expected to be more accurate,
sensitive and convenient (as shown in Fig. S6): (1) In-air mea-
surements avoided the target molecules from interfering by the
presence of other physiological molecules (e.g. surfactant and
ions), which might be attracted or adsorbed onto the sensing in-
terface (modified GNMA surface) through electrostatic and/or
hydrophobic force. (2) In-air measurements were performed at a
fixed the incident angle and were exempt from systematic errors
caused by the unknown RI changes in the sample liquid. (3) The RI
changes caused by molecular recognition in air are larger than that
in liquid, therefore the detection sensitivity is comparatively high.
(4) Moreover, in-air measurement needed no extra accessories,
such as fluid cell or channel. As a result, the anti-AFP-functiona-
lized GNMA offered an excellent sensing capability for label-free,
convenient and sensitive detection of AFP.

We also note that recently an antibody functionalized quartz-
crystal microbalance for sandwich-type detection of parathion and
patulin was reported (Funari et al., in press). This immunoassay
method is fast and sensitive, and can be thought of as another
form of one-step detection because the detection output is read
out once the immuno-capture of the pre-labeled antigens got sa-
turated. However, this method suffers inherent drawbacks of
possible false-negative and uneconomic, as mentioned in the pa-
per. Direct label-free assays in our case are inherently more
timesaving and economic than sandwich-assays because they
alized reflectance spectra for D2 in glycerol solution with different concentrations.
near fit, with the refractive index sensitivity determined to be 465 nm/RIU.



Fig. 5. Label-free and one-step detection of AFP. (A) Normalized reflectance spectra measured when the anti-AFP modified GNMA substrate was exposed to phosphate buffer
(pH¼7.2) (a) without AFP, (b) containing 50 ng/mL AFP solution, and (c) containing a mixture solution of 50 ng/mL AFP, 5 mM Glc and 1.75 μM Cyt c successively.
(B) Relationship between the dip shifts and the AFP concentrations ranging from 10 ng/mL to 200 ng/mL. The line is a linear fit. The error bars in B represent s.d. calculated
from three data points measured at each concentration. (C) Normalized reflectance spectra of the GNMA biosensor before (a) and after (b, c and d) it was exposed to a human
serum sample three times.
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require only single antibody and provide direct detection without
extensive protocols.

The feasibility for the quantification of AFP in real sample was
tested by the serum samples collected from the patients suffered
from liver cancer, and the results were compared with those of
electrochemiluminescence immunoassay (ECLIA, measured by
Roche E170) obtained from First People's Hospital of Guangdong
(Guangdong, China). As reported in Fig. 5C, the spectrum shift is
�1.8 nm for a positive sample, converting into 90 ng/mL according
to the calibration curve. The reflectance spectra behaved little dip
shift when exposed the GNMA biosensor to negative serum. The
results were consistent with the ones measured by Roche E170,
suggesting that the GNMA biosensor qualified in direct detection
for clinical application. It is necessary to mention that, the GNMA
surface should be previously blocked using BSA or normal human
serum to suppress the nonspecific absorption of molecules in
serum, such as proteins and nucleotides; otherwise, the AFP con-
centration detected by the GNMA biosensor would be relatively
higher than the results from Roche E170.
4. Conclusion

In summary, we have fabricated an antibody-modified GNMA
biosensor with high sensitivity for rapid detection of AFP in serum.
The biosensor was prepared through functionalizing the GNMA
substrate with AFP antibody, and applied to specific and label-free
one-step detection of AFP, with the linear range and the LOD de-
termined to be 10 to 200 ng/mL and 24 ng/mL, respectively.
Compared with conventional sandwich immunoassay sensors, the
antibody modified GNMA offers several advantages as a biosensor
for rapid detection: (1) The modified GNMA is able to label-free
and one-step detection of AFP, which is timesaving and economic;
it also greatly limits the errors in operation, because it requires
only single antibody and provides direct detection without ex-
tensive protocols. (2) The lifted-up gold caps greatly enhance both
the RI sensitivity and the penetration depth, therefore the mole-
cules nearby can be easily detected, and are expected to be pre-
cisely quantified. (3) The spectral measurements are performed in
air, which are more accurate, sensitive and convenient than those
performed in liquid cells. Taken together, the GNMA substrate is
potential to be integrated into medical devices as a cost-effective
biosensor for clinical diagnosis in mobile healthcare. It also offers
an outstanding platform for label-free chemical and biomedical
sensing, and high-throughput screening of antibodies and bio-
markers in various cases after corresponding functionalization.
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