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Abstract: In this paper, we present a stable silver-based surface plasmon resonance (SPR) sensor
using a self-assembled monolayer (SAM) as a protection layer and investigated its efficiency in water
and 0.01 M phosphate buffered saline (PBS). By simulation, silver-based SPR sensor has a better
performance in field enhancement and penetration depth than that of a gold-based SPR sensor, which
are 5 and 1.4 times, respectively. To overcome the instability of the bare silver film and investigate
the efficiency of the protected layer, the SAM of 11-mercapto-1-undecanol (MUD) was used as a
protection layer. Stability experiment results show that the protected silver film exhibited excellent
stability either in pure water or 0.01 M PBS buffer. The sensitivity of the silver-based SPR sensor was
calculated to be 127.26 deg/RIU (refractive index unit), measured with different concentrations of
NaCl solutions. Further, a very high refractive resolution for the silver-based SPR sensor was found
to be 2.207 × 10−7 RIU, which reaches the theoretical limit in the wavelength of 632.8 nm for a SPR
sensor reported in the literature. Using a mixed SAM of 16-mercaptohexadecanoic acid (MHDA) and
a MUD layer with a ratio of 1:10, this immunosensor for the rabbit immunoglobulin G (IgG) molecule
with a limit of detection as low as 22.516 ng/mL was achieved.
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1. Introduction

The surface plasmon wave was first reported by Wood in 1902 [1], and more than 60 years later,
Kretschmann [2] and Otto [3] realized the surface plasmon resonance with the method of attenuated
total reflection in 1968. Then, over the last decades, label-free, real-time and ultra-sensitive surface
plasmon resonance (SPR) sensor has been rapidly developed for the detection of small and large
molecules based on the monitoring of refractive index change of surrounding media [4–7], and it has
been widely used in the field of drug screening [8–10] and other biomedical areas [11]. Practically, the
stability of biosensor chips is significant for repeatable results. To meet this requirement, gold film is
usually used to excite the SPR mode due to its chemical stability.

Silver is another material which can be used for SPR sensors. Silver-based SPR sensors exhibit
higher sensitivity and sharper reflectivity spectrum than those of gold film. The limit of detection
(LOD) or resolution would be significantly improved when silver film is used as the excitation film.
However, the poor chemical stability limits its application. So far, methods to protect silver film from
oxidation and sulfuration mainly involve the use of bimetallic silver/gold layers [12–17], deposition of
dielectric thin films [18–24] or polymers [25], and the use of self-assembled monolayers (SAM) [26–32].
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In the structure of silver/gold film, the silver was protected by an overlay of ca.15 nm-thick gold
film [14], which is directly connected with the air or the sample solution. However, a thicker gold
film could provide a better protection, and the influence of the presence of thin gold film on the
SPR spectrum would be enlarged [16]. Another approach is the use of dense oxide thin films or
polymers [25] and oxide film are the common protection layers, such as TiO2 [21] and SnO2 [19,20].
Those oxide film could effectively protect the silver film and also open a new functionalization method
compared with pure metal film. In addition, thin films of carbon such as grapheme [18] or amorphous
silicon-carbon alloys such as a-Si0.63C0.37 film [23] were also used in the silver-based SPR sensor, and
allowed the convenient functionalization with biomolecules via C-C or Si-C bonds. Further, a base
SiOxCyHz layer could also be deposited on silver film as a protective layer by plasma enhanced
chemical vapor deposition (PECVD) [24].

Although the above methods could effectively protect the silver film, the procedures are
usually complex or time consuming, and the protective layers generally affected the performance
of silver-based SPR sensor adversely. The thickness of SAM is usually several nanometers and can
preserve the optical properties of silver film effectively [17]. In addition, the use of SAM is a more
convenient and facile process, which makes it easier for practical applications. Many researches mainly
focused on monitoring the formation of SAM film on metal film by changing the concentration of the
solution [28,31,33] or the chain length of sulfhydryl molecules through SPR sensors [29]. The red shift
of the dip of SPR spectrum linearly respects to the SAM thickness or the chain length of sulfydryl
molecules. Thus, the concentration of thiol molecules in solution could be detected. With the adsorption
of cysteine on silver nanocubes, the detection level is down to 10 µM, and the SAM of cysteine is also a
protecting layer [27]. Further, the adsorption of fewer than 60,000 1-hexadecanethiol molecules on a
single silver nanoparticles, that is, 100 Zeptomole, is also achieved [30]. However, few reports focus on
the performance of silver film-based SPR sensors using SAM as a protection layer.

Herein, we report the use of SAM as a protection layer for silver film and investigate its efficiency.
Since the hydroxyl group resists nonspecific protein adsorption and the carboxylic acid end groups
enable subsequent derivatization of the SAM [34], carboxylic acid terminated thiol molecules with
longer alkyl chain were further used in the mixed SAMs for the immobilization of biomolecules for
highly sensitive detection of protein, rabbit IgG. Using this configuration, the index resolution for
the silver-based SPR sensor was obtained to be 2.207 × 10−7 RIU and the limit of detection as low as
22.516 ng/mL was achieved for rabbit IgG molecule.

2. Materials and Methods

2.1. Materials

K9 glass substrates (22 × 16 × 0.5 mm3) were bought from Haian Country Xiongying
Photoelectricity Equipment Factory (Nantong, China). 11-Mercapto-1-undecanol (97%, MUD),
16-Mercaptohexadecanoic acid (90%, MHDA) and N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (98%, EDC) were purchased from Sigma Aldrich. Immunoglobulin G (IgG) protein
molecules, rabbit IgG and goat anti-rabbit (GAR) IgG were acquired from Beijing Biosynthesis
Biotechnology Co., Ltd. (Beijing, China). Bovine Serum Albumin (BSA) was obtained from Biosharp
Biotech Co., Ltd. (Hefei, China). Sodium chloride (NaCl) was purchased from Alfa Aesar (Tianjin,
China). Others were obtained from Shenzhen Senke Instruments Co., Ltd. (Shenzhen, China). All the
reagents were used as received without further purification. The 18.2 MΩ/cm Milli-Q water was used
in all of our experiments. 0.01 M PBS buffer (PH 7.4, 8 mM Na2HPO4, 2 mM KH2PO4, 136 mM NaCl,
2.6 mM KCl) and 0.01 M PB buffer (PH 7.4, 8 mM Na2HPO4, 2 mM KH2PO4) were prepared with
Milli-Q water and filtered with 0.2 µm Millex Syringe Filters. The PB buffer was used in the detection
of rabbit IgG molecule.
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2.2. Methods

2.2.1. Sputtering Silver or Gold Film on the K9 Substrate

Silver or gold film was prepared by magnetron sputtering (SAJS450, Shenyang Tengao Machinery
Manufacturing CO., Ltd., Shenyang, China) of silver onto a K9 glass substrates cleaned with piranha
solution (note that it is very dangerous; please be careful during operation). Chromium (Cr) was
used as an adhesion layer between the metal film and the substrate and its thickness was set at ca.
2 nm. Both the thicknesses of metal films are about 50 nm and the working condition of the magnetron
sputter is 0.50 Pa (silver) or 0.65 Pa (gold), 50 W with a reverse bias voltage of 150 V.

2.2.2. Formation of SAM and Mixed SAMs on the Metal Film

The deposited silver film chip was immediately immersed into the alcoholic solution of MUD
(4 mM MUD) for 2 h to form an SAM, and was then washed with plenty of alcohol and water. After
drying with a flow of N2, the chip was either subjected to optical experiments or stored at ambient
condition for the stability test. Bare silver film without any modification was used as reference chip
for stability comparison. The formation of mixed SAMs of MUD and MHDA on silver or gold film
was completed using a binary mixture of alcoholic solution of MUD (5 mM) and MHDA (0.5 mM) to
replace alcoholic MUD solution with otherwise identical procedures. The mole ratio of MHDA in the
mixed SAMs was set to 0.1 since the SPR sensor obtains its maximum response at this condition [34].

2.2.3. Angular Spectrum Setup of Silver-Based SPR Sensor

The anti-IgG molecule detection was carried out based on a homemade angular spectrum setup.
As shown in Figure 1, the light source we used was a red LED light (Osram LR W5AP, 5 W) combined
with a bandpass filter (central wavelength 632.8 nm, full width half maximum 3 nm). Transverse
magnetic (TM) mode was obtained by a linear polarizer and different incident angles were acquired
by a cylindrical lens. Finally, the angular spectrum was captured by a CCD (Charge Coupled Device)
camera (QICAM Fast, 1394 × 1040 pixels, QImaging, Surrey, BC, Canada).
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Figure 1. Schematic diagram of angular spectrum setup.

2.2.4. Stability Test for the MUD SAM-Protected and Bare Silver Films

The stability tests include two aspects, continuous stability test and long-term storage stability test.
The angular spectrum was obtained by another homemade angular spectrum SPR sensor, and more
details could be found in our previous works [35–38]. In short, the source light is a HeNe laser and the
angle is accuracy controlled and changed with electronic rotators and translation stage. Further, the
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scanning angle is from 60 to 76 deg, which is large enough to cover the total internal reflection (TIR)
angle and the resonance angle of silver-based SPR sensor in our stability test.

The continuous stabilities of MUD SAM-protected silver and bare silver film were first tested
in both water and 0.01 M PBS buffer, which were pumped into a flow cell (16× 2× 0.15 mm3) by
a syringe pump with a speed of 100 µL/min, and their angular spectra were collected every 5 min,
lasting for 30 min.

In the long-term storage stability test, silver films were stored in ambient atmosphere and the
angular spectra were obtained periodically. The shifts in angular spectra were used as a measure for
the stability of the chip.

2.2.5. Sensitivity and Limit of Detection Experiment

NaCl aqueous solutions with different concentrations (0, 1, 2, 3, 4 and 5 g/L) were used for
solution with different refractive indexes, and were pumped into the flow cell in turn at a speed of
50 µL/min.

2.2.6. Immobilization of GAR IgG molecules on SAM-Modified Metal Film

The immobilization process was monitored with angular spectrum setup as shown in Figure 1.
After activating the carboxyl groups of MHDA molecules on the silver or gold film with EDC PB buffer
solution (10 mg/mL) [39–41] for about 60 min at a speed of 30 µL/min, the chip was then washed
with PB buffer for ca. 25 min at the same pumping speed. After that, 50 µg/mL GAR IgG solution was
pumped in with a speed of 5 µL/min for 1 h and the sensor chip was washed again with PB buffer.
Finally, 3% BSA solution was used to block the residue activated carboxyl groups and other active sites
to prevent non-specific adsorption. The sensor chips was then ready for the detection of rabbit IgG
molecule after washing with PB buffer.

2.2.7. Detection of Rabbit IgG Molecule

Different concentrations of rabbit IgG solutions (1, 2, 5, 10, 20, 50 µg/mL) were prepared with
0.01 M PB buffer, and were pumped into the flow cell at a speed of 30 µL/min. Here, a multichannel
single cycle kinetics (MC-SCK) method was used to reduce the experiment time, and this method will
be more important when the interaction time is longer than 60 min. In our experiment, it takes about
40 min to reach adsorption equilibrium. Thus, two channels were used and channel 1 was flowed
with samples with concentrations of 1, 5 and 20 µg/mL, and channel 2 was flowed with samples with
concentrations of 2, 10 and 50 µg/mL. It should be noted that this method is suitable only when the
nonspecific adsorption could be ignored or a reference channel is introduced.

3. Results and Discussion

3.1. Optimization and Comparison of Silver and Gold Based SPR Sensors

Silver and gold are normal materials for SPR sensors due to their excellent optical characteristics.
In our study, the angular spectrum was calculated using Fresnel theory [42] and the refractive indexes
of silver and gold are adopted as 0.0801 + 4.2210i and 0.2201 + 3.2209i [43,44], respectively. Although
the adsorption of MUD SAM layer would caught a red shift of the resonance angle of SPR spectrum,
a simple three-layer model (glass layer, metal layer and medium layer) without modeling the MUD
SAM layer was used. The effect of SAM layer on the comparison of silver- and gold-based SPR sensors
could be ignored since it has a low refractive index and an ultra-thin thickness, which are ca. 1.4 and
ca. 2 nm, respectively. The coupling coefficient was calculated from the reflectivity in the resonance
angle. Additionally, the average field enhancement factor was calculated within 50 nm depth into
the water environment, which is enough for detection of large molecules. As shown in Figure 2a, the
coupling coefficient of silver-based SPR sensor reaches the maximum at a metal thickness of ca. 50 nm.
In addition, the average field enhancement factor also reaches its maximum at nearly the same metal
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thickness. The sensitivity will be improved when there is more light energy penetrating into the
sample solution. Thus, the optimization of silver-based SPR sensor for silver thickness is ca. 50 nm.
Similarly, the gold thickness is optimized to ca. 45 nm.

It is obvious that the average filed enhancement factor of silver-based SPR sensor is nearly five
times larger than that of gold-based SPR sensor at the optimized metal thickness as shown in Figure 2a.
Further, the filed enhancement factor against the penetration distance was calculated using the matrix
theory of electromagnetic field based on Fresnel theory [42]. As shown in Figure 2b, the electric
field intensity attenuates exponentially with penetration distance into the solution for either gold
or silver-based SPR sensor. In other words, the maximum intensity appears on the metal surface.
In addition, the penetration depth into water could be calculated to 214 nm for silver-based SPR sensor
and 157 nm for gold-based SPR sensor, at the wavelength of 632.8 nm, according to the formula seen as

δ =
λ

2π
|ε
′
m+εc

ε2
c
|1/2 (1)

where λ represents the wavelength of incident light, ε′m is the real part of the dielectric constant of
metal material and εc expresses the dielectric constant of cover layer. Obviously, in such conditions,
the penetration depth of silver-based SPR sensor is deeper than that of gold-based SPR sensor, which
is consistent with our calculation, as shown in Figure 2b. Thus, silver-based SPR sensor will present a
better optical performance than that of the gold-based sensor.
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3.2. Stability Test of Silver-Based SPR Sensor

Because of the poor stability of silver, gold-based SPR sensors are more acclaimed in practice.
Therefore, the question as to how to make the silver-based SPR sensor more stable in practical
use is significantly important. Herein, we used a MUD SAM layer to protect the silver film from
being oxidized.

Figure 3a shows the spectrum changes of bare silver-based SPR sensor with a cover layer of water
in continuous pumping at a speed of 100 µL/min for 0, 5, 10, 15, 20, 25 and 30 min. The spectrum is
obviously broadened and the resonance angle appears to be red shifted, indicating the bare silver film
could be easily deteriorated in such condition. In contrast, the silver film protected with SAM could
bear such condition as shown in Figure 3c since the spectra obtained at different time remain the same.

In real biodetection experiments, the bioreagent is normally dissolved in buffer solution, a kind of
salt solution, such as 0.01 M PBS buffer. Thus, if the protected silver film could bear salt solution, it
will be suitable for practical use in biodetection. Figure 3b shows the spectra of bare silver-based SPR



Sensors 2017, 17, 2777 6 of 14

sensor measured with 0.01 M PBS buffer. One can obviously find that the spectrum is broadened more
seriously and the red shift of resonance angle is larger than that measured in water. Thus, the bare
silver film is more unstable in salt solution. However, the protected silver film remains stable in such
conditions, as shown in Figure 3d. All of those results could be ascribed to the protection of SAM layer
which has certain thickness and hence some screening effect.
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environment without an 11-mercapto-1-undecanol (MUD) self-assembled monolayer (SAM) protection
layer; (b) in 0.01 M PBS buffer environment without a MUD SAM protection layer; (c) in a water
environment with a MUD SAM protection layer; (d) in 0.01 M PBS buffer environment with a MUD
SAM protection layer.

We also carried out the comparison of protected silver film and bare silver film for long-term
storage in an ambient environment. Keep in mind that the silver film was stayed in water environment
only when measuring the angular spectrum. Figure 4a indicates that angular spectra are nearly the
same after a storage time of 10 days for SAM-protected silver film. On the contrary, as shown in
Figure 4b, the angular spectra represent a red shift like those showed in Figure 3a,b for a bare silver
chip. However, one can conclude that the silver film is more stable in ambient environment as the
shift is less than that in water or PBS buffer. The resonance angle against storage time was plotted as
shown in Figure 4c and those conclusions were more obviously shown in this figure. The little change
of resonance angle for the MUD SAM-protected silver-based SPR sensor might result in the artificial
error and mechanical error in different tests.
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The standard deviations of resonance angle measured in long-term stability test were calculated
and shown in Figure 5a. From which one can obviously find that the resonance angle standard
deviation of long-term stored silver-based SPR chip with protection of MUD SAM layer is nearly
four times lower than that of which without protection of MUD SAM layer. Further, in continuous
experiments, the corresponding multiples of resonance angle standard deviation are 327 and 448 for
those measured in water and 0.01 M PBS buffer, respectively, as shown in Figure 5b. One can also
obviously find that these multiples are significantly bigger than that obtained in ambient environment.
This reason could be that, in a continuous test, the sensor chip would not be disassembled once being
installed. Thus, the artificial error was reduced to a very low level. However, the mechanical error
existed for all of stability tests. In conclusion, all of those indicate that the stability of silver film is
greatly improved with the protection of MUD SAM layer. As shown in Figure 5b, one can also find
that silver film are more stable in water than that in 0.01 M PBS buffer. This might be ascribed to the
presence of chloride ion, which will attack the silver atom [45]. This suggests that the use of PB buffer
rather than PBS buffer is preferable in the long-term detection of rabbit IgG molecule.
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3.3. Sensitity Factor (SF) and Limit of Detection (LOD) Tests

The figure of merit (FOM) is an important evaluation factor of SPR sensor [35]. In this paper, the
FOM we used is combined sensitivity factor (CSF), which is the product of sensitivity factor (SF) and
sensor merit (SM), seen below [46]:

CSF = SF× SM =
∆θR

∆n
× Rmax − Rmin

Γ
, (2)

where ∆θR and ∆n represent differences of resonance angles and refractive index of covered layers,
respectively; Γ expresses the full width at half maximum (FWHM) of angular spectrum.

Table 1 shows the result calculated by angular spectra obtained with covered layers of water and
5 g/L NaCl solution, as shown in Figure 6a,b. The experimental and theoretical SF of silver-based SPR
are calculated to 130.4539 and 115.9590 deg/RIU, respectively, and the corresponding CSF are 84.8342
and 85.7865 RIU-1, respectively. The relative relation is in accordance with the reported literature [46].

Table 1. The characteristics of silver-based SPR sensor measured with water and 5 g/L NaCl solution.
Sensitivity factor (CSF); sensitivity factor (SF); sensor merit (SM).

Silver-based SPR SF (deg·RIU−1) SM (deg−1) CSF (RIU−1)

Experimental data 130.4539 0.6503 84.8342
Theoretical value 115.959 0.7398 85.7865
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Figure 6. (a) Angular spectrum of silver-based SPR sensor measured with water and 5 g/L NaCl
solution; (b) Angular spectrum of silver-based SPR sensor calculated with water and 5 g/L NaCl
solution; (c) Resonance angle shift plotted against the experiment time for NaCl solutions (0, 1, 2, 3, 4,
5 g/L ); (d) Linear fitting of experiment result from (c). Error bars indicate the standard deviations.
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Figure 6c shows the kinetic curve of NaCl solutions with concentrations of 0, 1, 2, 3, 4, 5 g/L.
Moreover, the inset is the water baseline within 270 s. The pump speed was set to 50 µL/min. The
refractive index change of NaCl solution compared to water is ∆n = 1.24947× 10−4C+ 2.32129× 10−6C2

at the wavelength of 632.8 nm at ambient temperature [47]. The refractive index for water solution was
calculated to be 1.3304 according to the total internal reflection angle obtained by pumping water into
the flow cell. The resonance angle versus refractive index was then well fitted in linear relationship as
seen in Figure 6d. The sensitivity of silver-based SPR sensor is fitted to 127.26 deg/RIU; in addition,
one can obviously calculate the refractive index resolution to be 2.207× 10−7 RIU with the baseline
deviation of 2.808× 10−5 deg, as shown in inset of Figure 6c. This result reaches the limit of theoretical
resolution of SPR sensor in the wavelength of 632.8 nm predicted in the literature [48].

3.4. Real-Time Monitoring Biomolecule Interaction

To check the silver-based SPR sensor in real detection of biomolecules. GAR IgG and rabbit IgG
were used to study the specific binding of antibody and antigen.

Figure 7a shows the detailed process of modifying silver-based SPR sensor chip. The curves
of channel 1 and channel 2 are nearly identical since the modification process are the same. Thus,
hereinafter, we simply need to analyze the curve of channel 1. After pumping with 10 mg/mL EDC
solution for about 1 h, the shift of resonance angle is ca. 0.1 deg, which indicates that the carboxyl
group is successfully activated. And the GAR IgG molecule also successfully attached onto the silver
sensor chip since a larger resonance angle shift was observed and the binding affinity is strong since the
resonance angle comes back little after washing with 0.01 M PB buffer for at least 30 min. However, the
resonance angle shifted back slightly when 3% BSA solution was continuously pumping in. The reason
for this phenomenon could be ascribed to that BSA molecules replaced some GAR IgG molecules
which are nonspecific adsorbed.

As shown in Figure 7b, two channels were pumped with different concentrations of rabbit IgG
solutions. This MC-SCK method not only reduces the experiment time but also makes the rising trend
more evident due to the larger difference of concentrations in every channel than that using just one
channel for detecting the same number of samples.

For studying the influence of nonspecific adsorption, a reference channel was used.
After activating the carboxyl group, the sample channel was pumped into 50 µg/mL GAR IgG
solution, and the reference channel was still pumped into PB buffer. Then, both channels were blocked
with 3% BSA solution before 30 µg/mL rabbit IgG solution was pumped in. As shown in Figure 7c,
when the adsorption reaches the dynamic equilibrium, the angle shift of sample channel is 0.153 deg
and reduces to 0.123 deg after washing with PB buffer for 30 min, which are 3.2 times and 11.6 times
larger than those of the reference channel, in which the corresponding data are 0.0475 and 0.0106 deg.
The former decreased by 19.61% while that of the latter is 77.68%, indicating the specific adsorption
in the sample channel is overwhelming, while the binding affinity in the reference channel is much
weaker due to its nonspecific adsorption nature. It is therefore reasonable to ignore the nonspecific
adsorption in the sample channel and adopt the MC-SCK method as described above.

Figure 7d shows a Langmuir fitting of MC-SCK data obtained at the dynamic adsorption
equilibrium, according to the 1:1 binding model of Langmuir adsorption, expressed as [49,50]:

∆θR

∆θmax
=

Ka,surf[RIgG]

1 + Ka,surf[RIgG]
(3)

where ∆θR is the resonance angle shift, ∆θmax is the maximum resonance angle shift, Ka, surf is
the surface-confined thermodynamic affinity constant and [RIgG] is the concentration of rabbit
IgG solution.
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Figure 7. (a) Real-time monitoring the modification of silver-based SPR sensor with A is 10 mg/mL
EDC solution, B is 50 ug/mL GAR IgG and C is 3% BSA solution; (b) The resonance angle shift for
detecting different concentrations of rabbit IgG (1, 5, 20 µg/mL for channel 1 and 2, 10, 50 µg/mL
for channel 2) and the inset shows resonance angle shift curve after detecting rabbit IgG; (c) Test on
influence of nonspecific adsorption; (d) Langmuir fitting with data measured from (b).

According to our Langmuir fitting, ∆θmax is 0.15887 deg and the Ka, surf is 1.2535× 105 mL/g, that
is 1.8803× 107 M−1, which is consistent with the binding affinity reported in those literature [51–53].
A standard deviation of 1.4904× 10−4 deg was obtained with 0.01 M PB buffer, as shown in inset of
Figure 7b. Taking the detection limit as three times this value, the LOD of our silver-based SPR sensor
for rabbit IgG is thus calculated to be 22.516 ng/mL. This value is much improved compared to those
obtained with an optical fiber sensor [54] and a surface plasmon resonance imaging platform [55],
which are 70 ng/mL and 1.33 nM, respectively.

For comparison with the gold-based SPR sensor, the detection of rabbit IgG for the gold-based
SPR sensor was also carried out with the same condition and procedure. As shown in Figure 8a,b,
kinetic adsorption curves obtained by the gold-based SPR chip were similar with those obtained by
silver-based SPR chip. As shown in Figure 8c, for the gold-based SPR sensor, ∆θmax and Ka, surf are
0.31678 deg and 3.4094× 105 mL/g, respectively, which are all larger than those of the silver-based SPR
sensor. The LOD of the gold-based SPR sensor chip for rabbit IgG is also calculated to be 30.635 ng/mL
with a standard deviation of 1.101× 10−3 deg. Thus, our silver-based SPR sensor showed lower LOD
and higher stability for rabbit IgG detection than the gold-based SPR sensor.
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Figure 8. (a) Real-time monitoring the modification of the gold-based SPR sensor with A is 10 mg/mL
EDC solution, B is 50 ug/mL GAR IgG and C is 3% BSA solution; (b) The resonance angle shift for
detecting different concentrations of rabbit IgG (1, 5, 20 ug/mL for channel 1 and 2, 10, 50 ug/mL for
channel 2) and the inset shows resonance angle shift curve after detecting rabbit IgG; (c) Langmuir
fitting with data measured from (b).

4. Conclusions

In this paper, we make a comparison of SPR sensor based on silver film and gold film. The former
has a better performance in the field enhancement and penetration depth, which is 5 times and 1.4 times
higher than that of the gold film-based sensor, respectively. To overcome the instability of silver film
and investigate the efficiency of the protected layer, a SAM of MUD was used as the protecting layer,
and the results show that the protected silver film exhibited a perfect SPR angular spectrum either
in water or in 0.01 M PBS solution, or after long-term storage in an ambient environment. On the
contrary, the bare silver film are seriously deteriorated even in water for less than 10 min. Using
the SAM-protected silver film for the SPR sensor, the sensitivity factor (SF) and combined sensitivity
factor (CSF) were measured to be 130.4539 deg/RIU and 84.8342 RIU−1, respectively. While the
corresponding theoretical values are 115.9590 deg/RIU and 85.7865 RIU−1. In addition, the refractive
index sensitivity was calculated to 127.26 deg/RIU, and the refractive index resolution as high as
2.207× 10−7 RIU was obtained. As an immunosensor, an LOD as low as 22.516 ng/mL for rabbit IgG
was achieved.

Acknowledgments: This work was supported by the National Science Foundation of China (grants No. 21573124,
21273126) and Fundamental Research Program of Shenzhen (JCYJ20170413104646428, JCYJ20160317152359560
and JCYJ20170307153548350). W.L. thanks support from Science and Innovation Committee of Shenzhen
(CXZZ20151009102246360).

Author Contributions: S.S. and G.W. conceived and designed the experiments; G.W. and R.Y. performed the
experiments; G.W., C.W. and W.L analyzed the data; G.W. and S.S. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Wood, R.W. XLII. On a remarkable case of uneven distribution of light in a diffraction grating spectrum.
Phil. Mag. 1902, 4, 396–402. [CrossRef]

2. Kretschmann, E.; Raether, H. Notizen: Radiative decay of non radiative surface plasmons excited by light.
Z. Naturforsch. A 1968, 23, 2135–2136. [CrossRef]

3. Otto, A. Excitation of nonradiative surface plasma waves in silver by the method of frustrated total reflection.
Z. Phys. 1968, 216, 398–410. [CrossRef]

4. Eng, L.; Nygren-Babol, L.; Hanning, A. Label-enhanced surface plasmon resonance applied to label-free
interaction analysis of small molecules and fragments. Anal. Biochem. 2016, 510, 79–87. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/14786440209462857
http://dx.doi.org/10.1515/zna-1968-1247
http://dx.doi.org/10.1007/BF01391532
http://dx.doi.org/10.1016/j.ab.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/27325502


Sensors 2017, 17, 2777 12 of 14

5. Li, J.; Lu, D.-F.; Zhang, Z.; Liu, Q.; Qi, Z.-M. Hierarchical mesoporous silica film modified near infrared SPR
sensor with high sensitivities to small and large molecules. Sens. Actuators B Chem. 2014, 203, 690–696. [CrossRef]

6. Homola, J.; Yee, S.S.; Gauglitz, G. Surface plasmon resonance sensors: Review. Sens. Actuators B Chem. 1999,
54, 3–15. [CrossRef]

7. Pattnaik, P. Surface plasmon resonance. Appl. Biochem. Biotechnol. 2005, 126, 79–92. [CrossRef]
8. Fabini, E.; Danielson, U.H. Monitoring drug–serum protein interactions for early ADME prediction through

Surface Plasmon Resonance technology. J. Pharm. Biomed. Anal. 2017. [CrossRef] [PubMed]
9. Karlsson, R.; Kullman-Magnusson, M.; Hämäläinen, M.D.; Remaeus, A.; Andersson, K.; Borg, P.;

Gyzander, E.; Deinum, J. Biosensor analysis of drug–target interactions: Direct and competitive binding
assays for investigation of interactions between thrombin and thrombin inhibitors. Anal. Biochem. 2000, 278,
1–13. [CrossRef] [PubMed]

10. Nonobe, Y.; Yokoyama, T.; Kamikubo, Y.; Yoshida, S.; Hisajima, N.; Shinohara, H.; Shiraishi, Y.; Sakurai, T.;
Tabata, T. Application of surface plasmon resonance imaging to monitoring G protein-coupled receptor
signaling and its modulation in a heterologous expression system. BMC Biotechnol. 2016, 16, 36. [CrossRef]
[PubMed]

11. Liang, Y.-H.; Chang, C.-C.; Chen, C.-C.; Chu-Su, Y.; Lin, C.-W. Development of an Au/ZnO thin film surface
plasmon resonance-based biosensor immunoassay for the detection of carbohydrate antigen 15-3 in human
saliva. Clin. Biochem. 2012, 45, 1689–1693. [CrossRef] [PubMed]

12. Ehler, T.T.; Noe, L.J. Surface plasmon studies of thin silver/gold bimetallic films. Langmuir 1995, 11,
4177–4179. [CrossRef]

13. Sharma, A.K.; Gupta, B. On the performance of different bimetallic combinations in surface plasmon
resonance based fiber optic sensors. J. Appl. Phys. 2007, 101, 093111. [CrossRef]

14. Wang, Z.; Cheng, Z.; Singh, V.; Zheng, Z.; Wang, Y.; Li, S.; Song, L.; Zhu, J. Stable and sensitive silver surface
plasmon resonance imaging sensor using trilayered metallic structures. Anal. Chem. 2014, 86, 1430–1436.
[CrossRef] [PubMed]

15. Li, C.-T.; Lo, K.-C.; Chang, H.-Y.; Wu, H.-T.; Ho, J.H.; Yen, T.-J. Ag/Au bi-metallic film based color surface
plasmon resonance biosensor with enhanced sensitivity, color contrast and great linearity. Biosens. Bioelectron.
2012, 36, 192–198. [CrossRef] [PubMed]

16. Ong, B.H.; Yuan, X.C.; Tjin, S.C.; Zhang, J.W.; Ng, H.M. Optimised film thickness for maximum evanescent
field enhancement of a bimetallic film surface plasmon resonance biosensor. Sens. Actuators B Chem. 2006,
114, 1028–1034. [CrossRef]

17. Zynio, S.A.; Samoylov, A.V.; Surovtseva, E.R.; Mirsky, V.M.; Shirshov, Y.M. Bimetallic layers increase
sensitivity of affinity sensors based on surface plasmon resonance. Sensors 2002, 2, 62–70. [CrossRef]

18. Dash, J.N.; Jha, R. On the Performance of Graphene-Based D-Shaped Photonic Crystal Fibre Biosensor Using
Surface Plasmon Resonance. Plasmonics 2015, 10, 1123–1131. [CrossRef]

19. Manesse, M.; Sanjines, R.; Stambouli, V.; Boukherroub, R.; Szunerits, S. Preparation and characterization
of antimony-doped SnO2 thin films on gold and silver substrates for electrochemical and surface plasmon
resonance studies. Electrochem. Commun. 2008, 10, 1041–1043. [CrossRef]

20. Manesse, M.; Sanjines, R.; Stambouli, V.; Jorel, C.; Pelissier, B.; Pisarek, M.; Boukherroub, R.; Szunerits, S.
Preparation and Characterization of Silver Substrates Coated with Antimony-Doped SnO2 Thin Films for
Surface Plasmon Resonance Studies. Langmuir 2009, 25, 8036–8041. [CrossRef] [PubMed]

21. Jin, Z.; Guan, W.; Liu, C.; Xue, T.; Wang, Q.; Zheng, W.; Cui, X. A stable and high resolution optical waveguide
biosensor based on dense TiO2/Ag multilayer film. Appl. Surf. Sci. 2016, 377, 207–212. [CrossRef]

22. Lin, W.B.; Lacroix, M.; Chovelon, J.M.; Jaffrezic-Renault, N.; Gagnaire, H. Development of a fiber-optic sensor
based on surface plasmon resonance on silver film for monitoring aqueous media. Sens. Actuators B Chem.
2001, 75, 203–209. [CrossRef]

23. Touahir, L.; Niedziolka-Joensson, J.; Galopin, E.; Boukherroub, R.; Gouget-Laemmel, A.C.; Solomon, I.;
Petukhov, M.; Chazalviel, J.-N.; Ozanam, F.; Szunerits, S. Surface Plasmon Resonance on Gold and Silver
Films Coated with Thin Layers of Amorphous Silicon-Carbon Alloys. Langmuir 2010, 26, 6058–6065.
[CrossRef] [PubMed]

24. Manickam, G.; Gandhiraman, R.; Vijayaraghavan, R.K.; Kerr, L.; Doyle, C.; Williams, D.E.; Daniels, S.
Protection and functionalisation of silver as an optical sensing platform for highly sensitive SPR based
analysis. Analyst 2012, 137, 5265–5271. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.snb.2014.07.033
http://dx.doi.org/10.1016/S0925-4005(98)00321-9
http://dx.doi.org/10.1385/ABAB:126:2:079
http://dx.doi.org/10.1016/j.jpba.2017.03.054
http://www.ncbi.nlm.nih.gov/pubmed/28392047
http://dx.doi.org/10.1006/abio.1999.4406
http://www.ncbi.nlm.nih.gov/pubmed/10640347
http://dx.doi.org/10.1186/s12896-016-0266-9
http://www.ncbi.nlm.nih.gov/pubmed/27068216
http://dx.doi.org/10.1016/j.clinbiochem.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/22981930
http://dx.doi.org/10.1021/la00010a088
http://dx.doi.org/10.1063/1.2721779
http://dx.doi.org/10.1021/ac402126k
http://www.ncbi.nlm.nih.gov/pubmed/24372308
http://dx.doi.org/10.1016/j.bios.2012.04.016
http://www.ncbi.nlm.nih.gov/pubmed/22560104
http://dx.doi.org/10.1016/j.snb.2005.07.064
http://dx.doi.org/10.3390/s20200062
http://dx.doi.org/10.1007/s11468-015-9912-7
http://dx.doi.org/10.1016/j.elecom.2008.04.036
http://dx.doi.org/10.1021/la900502y
http://www.ncbi.nlm.nih.gov/pubmed/19594181
http://dx.doi.org/10.1016/j.apsusc.2016.03.123
http://dx.doi.org/10.1016/S0925-4005(01)00762-6
http://dx.doi.org/10.1021/la903896m
http://www.ncbi.nlm.nih.gov/pubmed/20131832
http://dx.doi.org/10.1039/c2an35826c
http://www.ncbi.nlm.nih.gov/pubmed/23037590


Sensors 2017, 17, 2777 13 of 14

25. Papagiannopoulos, A.; Christoulaki, A.; Spiliopoulos, N.; Vradis, A.; Toprakcioglu, C.; Pispas, S.
Complexationof Lysozyme with Adsorbed PtBS-b-SCPI Block Polyelectrolyte Micelles on Silver Surface.
Langmuir 2015, 31, 685–694. [CrossRef] [PubMed]

26. Cheng, Z.; Wang, Z.; Gillespie, D.E.; Lausted, C.; Zheng, Z.; Yang, M.; Zhu, J. Plain silver surface plasmon
resonance for microarray application. Anal. Chem. 2015, 87, 1466–1469. [CrossRef] [PubMed]

27. Elfassy, E.; Mastai, Y.; Salomon, A. Cysteine sensing by plasmons of silver nanocubes. J. Solid State Chem.
2016, 241, 110–114. [CrossRef]

28. Love, J.C.; Estroff, L.A.; Kriebel, J.K.; Nuzzo, R.G.; Whitesides, G.M. Self-assembled monolayers of thiolates
on metals as a form of nanotechnology. Chem. Rev. 2005, 105, 1103–1169. [CrossRef] [PubMed]

29. Malinsky, M.D.; Kelly, K.L.; Schatz, G.C.; Van Duyne, R.P. Chain length dependence and sensing capabilities
of the localized surface plasmon resonance of silver nanoparticles chemically modified with alkanethiol
self-assembled monolayers. J. Am. Chem. Soc. 2001, 123, 1471–1482. [CrossRef]

30. McFarland, A.D.; Van Duyne, R.P. Single silver nanoparticles as real-time optical sensors with zeptomole
sensitivity. Nano Lett. 2003, 3, 1057–1062. [CrossRef]

31. Peterlinz, K.A.; Georgiadis, R. In situ kinetics of self-assembly by surface plasmon resonance spectroscopy.
Langmuir 1996, 12, 4731–4740. [CrossRef]

32. Wang, L.; Sun, Y.; Wang, J.; Zhu, X.; Jia, F.; Cao, Y.; Wang, X.; Zhang, H.; Song, D. Sensitivity enhancement of
SPR biosensor with silver mirror reaction on the Ag/Au film. Talanta 2009, 78, 265–269. [CrossRef] [PubMed]

33. Jung, L.S.; Campbell, C.T.; Chinowsky, T.M.; Mar, M.N.; Yee, S.S. Quantitative interpretation of the response
of surface plasmon resonance sensors to adsorbed films. Langmuir 1998, 14, 5636–5648. [CrossRef]

34. Yang, Z.P.; Frey, W.; Oliver, T.; Chilkoti, A. Light-activated affinity micropatterning of proteins on
self-assembled monolayers on gold. Langmuir 2000, 16, 1751–1758. [CrossRef]

35. Ding, Y.; Fan, Y.; Zhang, Y.; He, Y.; Sun, S.; Ma, H. Fabrication and optical sensing properties of mesoporous
silica nanorod arrays. RSC Adv. 2015, 5, 90659–90666. [CrossRef]

36. Fan, Y.; Ding, Y.; Ma, H.; Teramae, N.; Sun, S.; He, Y. Optical waveguide sensor based on silica nanotube
arrays for label-free biosensing. Biosens. Bioelectron. 2015, 67, 230–236. [CrossRef] [PubMed]

37. Fan, Y.; Ding, Y.; Zhang, Y.; Ma, H.; He, Y.; Sun, S. A SiO2-coated nanoporous alumina membrane for stable
label-free waveguide biosensing. RSC Adv. 2014, 4, 62987–62995. [CrossRef]

38. Fan, Y.; Hotta, K.; Yamaguchi, A.; Ding, Y.; He, Y.; Teramae, N.; Sun, S.; Ma, H. Highly sensitive real-time
detection of DNA hybridization by using nanoporous waveguide fluorescence spectroscopy. Appl. Phys. Lett.
2014, 105, 031103. [CrossRef]

39. Sensors and Actuators B: ChemicalAlvarez-Lorenzo, C.; Blanco-Fernandez, B.; Puga, A.M.; Concheiro, A.
Crosslinked ionic polysaccharides for stimuli-sensitive drug delivery. Adv. Drug Delivery Rev. 2013, 65,
1148–1171.

40. Jain, K.; Gupta, U.; Jain, N.K. Dendronized nanoconjugates of lysine and folate for treatment of cancer. Eur. J.
Pharm. Biopharm. 2014, 87, 500–509. [CrossRef] [PubMed]

41. Zhu, L.; Li, G.; Sun, S.; Tan, H.; He, Y. Digital immunoassay of a prostate-specific antigen using gold nanorods
and magnetic nanoparticles. RSC Adv. 2017, 7, 27595–27602. [CrossRef]

42. Hansen, W.N. Electric fields produced by the propagation of plane coherent electromagnetic radiation in a
stratified medium. JOSA 1968, 58, 380–390. [CrossRef]

43. Palik, E.; Ghosh, G.; Prucha, E. Handbook of Optical Constants of Solids; Academic Press: New York, NY,
USA, 1985.

44. Xia, L.; Yin, S.; Gao, H.; Deng, Q.; Du, C. Sensitivity enhancement for surface plasmon resonance imaging
biosensor by utilizing gold–silver bimetallic film configuration. Plasmonics 2011, 6, 245–250. [CrossRef]

45. Quaroni, L.; Chumanov, G. Preparation of polymer-coated functionalized silver nanoparticles. J. Am.
Chem. Soc. 1999, 121, 10642–10643. [CrossRef]

46. Bahrami, F.; Maisonneuve, M.; Meunier, M.; Aitchison, J.S.; Mojahedi, M. An improved refractive index
sensor based on genetic optimization of plasmon waveguide resonance. Opt. Express 2013, 21, 20863–20872.
[CrossRef] [PubMed]

47. Lu, W.; Worek, W. Two-wavelength interferometric technique for measuring the refractive index of salt-water
solutions. Appl. Opt. 1993, 32, 3992–4002. [CrossRef] [PubMed]

48. Piliarik, M.; Homola, J. Surface plasmon resonance (SPR) sensors: Approaching their limits? Opt. Express
2009, 17, 16505–16517. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/la504873h
http://www.ncbi.nlm.nih.gov/pubmed/25525817
http://dx.doi.org/10.1021/ac504110t
http://www.ncbi.nlm.nih.gov/pubmed/25583410
http://dx.doi.org/10.1016/j.jssc.2016.06.002
http://dx.doi.org/10.1021/cr0300789
http://www.ncbi.nlm.nih.gov/pubmed/15826011
http://dx.doi.org/10.1021/ja003312a
http://dx.doi.org/10.1021/nl034372s
http://dx.doi.org/10.1021/la9508452
http://dx.doi.org/10.1016/j.talanta.2008.11.019
http://www.ncbi.nlm.nih.gov/pubmed/19174236
http://dx.doi.org/10.1021/la971228b
http://dx.doi.org/10.1021/la9908079
http://dx.doi.org/10.1039/C5RA18629C
http://dx.doi.org/10.1016/j.bios.2014.08.021
http://www.ncbi.nlm.nih.gov/pubmed/25175877
http://dx.doi.org/10.1039/C4RA08839E
http://dx.doi.org/10.1063/1.4890984
http://dx.doi.org/10.1016/j.ejpb.2014.03.015
http://www.ncbi.nlm.nih.gov/pubmed/24698808
http://dx.doi.org/10.1039/C7RA00575J
http://dx.doi.org/10.1364/JOSA.58.000380
http://dx.doi.org/10.1007/s11468-010-9195-y
http://dx.doi.org/10.1021/ja992088q
http://dx.doi.org/10.1364/OE.21.020863
http://www.ncbi.nlm.nih.gov/pubmed/24103959
http://dx.doi.org/10.1364/AO.32.003992
http://www.ncbi.nlm.nih.gov/pubmed/20830041
http://dx.doi.org/10.1364/OE.17.016505
http://www.ncbi.nlm.nih.gov/pubmed/19770865


Sensors 2017, 17, 2777 14 of 14

49. Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.C.; Zhao, J.; Van Duyne, R.P. Biosensing with plasmonic
nanosensors. Nat. Mater. 2008, 7, 442–453. [CrossRef] [PubMed]

50. Haes, A.J.; Chang, L.; Klein, W.L.; Van Duyne, R.P. Detection of a biomarker for Alzheimer’s disease from
synthetic and clinical samples using a nanoscale optical biosensor. J. Am. Chem. Soc. 2005, 127, 2264–2271.
[CrossRef] [PubMed]

51. Chevrier, M.-C.; Châteauneuf, I.; Guérin, M.; Lemieux, R. Sensitive detection of human IgG in ELISA using a
monoclonal anti-IgG-peroxidase conjugate. Hybrid. Hybrid. 2004, 23, 362–367. [CrossRef] [PubMed]

52. Murphy, R.; Slayter, H.; Schurtenberger, P.; Chamberlin, R.; Colton, C.; Yarmush, M. Size and structure of
antigen-antibody complexes. Electron microscopy and light scattering studies. Biophys. J. 1988, 54, 45–56.
[CrossRef]

53. Yu, C.; Irudayaraj, J. Quantitative evaluation of sensitivity and selectivity of multiplex nanoSPR biosensor
assays. Biophys. J. 2007, 93, 3684–3692. [CrossRef] [PubMed]

54. Lin, W.B.; Jaffrezic-Renault, N.; Chovelon, J.M.; Lacroix, M. Optical fiber as a whole surface probe for
chemical and biological applications. Sens. Actuators B Chem. 2001, 74, 207–211. [CrossRef]

55. Guner, H.; Ozgur, E.; Kokturk, G.; Celik, M.; Esen, E.; Topal, A.E.; Ayas, S.; Uludag, Y.; Elbuken, C.;
Dana, A. A smartphone based surface plasmon resonance imaging (SPRi) platform for on-site biodetection.
Sens. Actuators B Chem. 2017, 239, 571–577. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nmat2162
http://www.ncbi.nlm.nih.gov/pubmed/18497851
http://dx.doi.org/10.1021/ja044087q
http://www.ncbi.nlm.nih.gov/pubmed/15713105
http://dx.doi.org/10.1089/hyb.2004.23.362
http://www.ncbi.nlm.nih.gov/pubmed/15684663
http://dx.doi.org/10.1016/S0006-3495(88)82929-1
http://dx.doi.org/10.1529/biophysj.107.110064
http://www.ncbi.nlm.nih.gov/pubmed/17660314
http://dx.doi.org/10.1016/S0925-4005(00)00735-8
http://dx.doi.org/10.1016/j.snb.2016.08.061
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Sputtering Silver or Gold Film on the K9 Substrate 
	Formation of SAM and Mixed SAMs on the Metal Film 
	Angular Spectrum Setup of Silver-Based SPR Sensor 
	Stability Test for the MUD SAM-Protected and Bare Silver Films 
	Sensitivity and Limit of Detection Experiment 
	Immobilization of GAR IgG molecules on SAM-Modified Metal Film 
	Detection of Rabbit IgG Molecule 


	Results and Discussion 
	Optimization and Comparison of Silver and Gold Based SPR Sensors 
	Stability Test of Silver-Based SPR Sensor 
	Sensitity Factor (SF) and Limit of Detection (LOD) Tests 
	Real-Time Monitoring Biomolecule Interaction 

	Conclusions 

