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Abstract
Surface plasmon resonance (SPR) biosensing is based on the detection of small changes in the
refractive index on a gold surface modified with molecular recognition materials, thus being
mostly limited to detecting large molecules. In this paper, we report on a SPR biosensing
platform suitable to detect small molecules by making use of the mediator-type enzyme
microperoxidase-11 (MP11) in layer-by-layer films. By depositing a top layer of glucose oxidase
or uricase, we were able to detect glucose or uric acid with limits of detection of 3.4 and
0.27 μmol l−1, respectively. Measurable SPR signals could be achieved because of the changes
in polarizability of MP11, as it is oxidized upon interaction with the analyte. Confirmation of this
hypothesis was obtained with finite difference time domain simulations, which also allowed us to
discard the possible effects from film roughness changes observed in atomic force microscopy
images. The main advantage of this mediator-type enzyme approach is in the simplicity of the
experimental method that does not require an external potential, unlike similar approaches for
SPR biosensing of small molecules. The detection limits reported here were achieved without
optimizing the film architecture, and therefore the performance can in principle be further
enhanced, while the proposed SPR platform may be extended to any system where hydrogen
peroxide is generated in enzymatic reactions.

Supplementary material for this article is available online

Keywords: surface plasmon resonance, atomic force microscopy, biosensing

(Some figures may appear in colour only in the online journal)

1. Introduction

Biosensing with surface plasmon resonance (SPR), [1–3]
where changes in the local refractive index are converted to
an angle (frequency) shift of the resonance, is now widely
used for real-time monitoring of adsorption processes and for
the study of interactions of biological molecules [4–9].
Because of the need for measurable changes in the refractive
index, this technique has been mostly limited to high-mole-
cular weight (large) biomolecules. Attempts to circumvent
this limitation have been made by use of competitive assays,
[10, 11] molecular imprinting polymers [12] and with

electrochemical SPR spectroscopy, [13–16] in which elec-
trochemical reactions are detected around their redox poten-
tial in potential scanning experiments. Small molecules can
then be detected, but this approach requires a complex
experimental setup and control of the electrocatalysis through
an external applied potential. Examples of such usage include
glucose detection [5] with a system made with osmium-poly
(vinylpyridine)-wired horseradish peroxidase and glucose
oxidase, with optimized analytical results being achieved by
controlling assembly parameters. In a similar application,
hydrogen peroxide was detected with a sensor containing a
layer-by-layer (LbL) film of graphene and Prussian blue [16].
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The limit of detection was 1 μmol l−1, within the range from 5
to 50 μmol l−1, and an external potential of −0.1 V was
required for the electrocatalysis to occur.

In order to address the drawbacks in SPR biosensors
mentioned above, we developed a mediator type-enzymatic
SPR biosensor that is capable of detecting small biomolecules,
e.g. glucose and uric acid, even at very low concentrations.
This type of biosensor is well known from electrochemistry,
where peroxidase can be used as a mediator to reduce H2O2

generated by enzymatic oxidation of the substrate, producing a
measurable electrical signal [17, 18]. This signal arises from
modifying the concentration profile of mobile ions upon
changing the redox state of the mediator, [5, 13] which alters
its polarizability and refractive index. The main advantage in
using this concept for SPR biosensing is that no external
potentials need be applied. Here we employed the micro-
peroxidase-11 (MP11) as the mediator, whose bioelec-
trocatalytic activity has been exploited for reduction of H2O2 in
biosensors [17] and biofuel cells [19]. MP11 consists of amino
acid residues 11–21 linked to ferric-protoporphyrin IX through
two thioether bonds with the cysteine residues. The sensing
unit was produced with the LbL technique, which provides a
simple, versatile approach to immobilize biomolecules with
preserved activity and that requires a reduced amount of mat-
erial [20]. To further understand the sensing principle of the
proposed system, finite difference time domain (FDTD)
simulations of morphology changes were carried out to provide
evidence that the mechanism behind biosensing is based on
polarizability changes in MP11.

2. Materials and methods

2.1. Experimental

MP11, disodium salt from equine heart cytochrome c, 1925
gmol−1, glucose oxidase (GOx) from Aspergillius niger,
100–250 Umg−1, uricase (UOx) from Bacillus fastidiosus,
14.5 Umg−1, and poly(ethylene imine) (PEI) were purchased
from Sigma-Aldrich and used as received. All reagents were
used without further purification. Ultrapure water from a Sar-
torius arium Lab Water System was used to prepare the saline
phosphate buffer (PBS) 10mmol l−1 with 150mmol l−1 NaCl,
with which all solutions were made. For the LbL assembly,
GOx suspension was obtained in PBS pH 6.3 at 0.2 g l −1. For
the UOx suspension, a stock solution was prepared by dis-
solving it in sodium borate buffer pH 9.0 at 2.0 g l −1. Then, a
1:10 dilution was made in PBS pH 7.4 for final concentration
of 0.2 g l−1. PEI and MP11 suspensions were prepared in PBS
solutions at 0.5 g l−1 and 0.1 g l−1 respectively. Each solution

has its pH adjusted to 6.3 and 7.4 when working with GOx and
UOx systems, respectively.

SPR measurements were made with the BioNavis SPR
Navi 200 system, with the sensing device (gold chips) being
cleaned in a mixture of 5H2O:1H2O2:1NH4OH (v/v) for
10min at 80 °C and washed extensively with ultrapure water.
Before use, gold chips were thiol-functionalized by immersion
into 150mmol l−1 11-mercaptopropionic acid ethanolic solu-
tion overnight and extensively washed with water and ethanol.
The wavelength used was 670 nml = in a Kretschmann [21]
configuration, shown schematically in figure 1. The system
consists of a prism, n 1.514p = , a d 2 nmChr = chromium
adhesion layer with n i2.9512 2.9584Chr = + , a d 50 nmAu =
gold metal film with n i0.1995 3.6525Au = + , and a
d 2 nmTh = thiol layer with n 1.442Th = . Film deposition was
performed in flux injecting PEI, MP11 and enzyme solutions at
10 μl min−1. PBS was run after each solution. In the detection
experiments a new LbL film was built for each concentration of
glucose and uric acid. All sample measurements were per-
formed simultaneously with a reference channel. The morph-
ology of the sensing units was investigated at different steps of
the LbL film formation and after the sensing experiments with
atomic force microscopy (AFM) in a Bruker Dimension Fas-
tScan (Bruker Corp., USA) microscope in the Tapping mode
with scan rate of 0.8 Hz.

2.2. Numerical method

The FDTD method is a numerical technique used in compu-
tational electrodynamics, and based on the finite difference
concept to solve equations in both the time and spatial domains
[22, 23]. In this approximation, Maxwell’s equations are
written in finite differences for the time and spatial derivatives.
In this study, excitation of SPRs was performed in the
Kretschmann configuration, thus we consider transversal
magnetic or p-polarized incident light. To numerically simulate
the system, we consider the stratification along the x-axis, as
depicted in figure 1. Thus, we have to solve iteratively the
electromagnetic fields E EE , , 0x y= ( ) and HH 0, 0, z= ( ) by
using

Figure 1. Pictorial representation of the experimental setup.
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where ε is the relative dielectric permittivity and c is the speed
of light in vacuum. The spatial domain is ended along the y-
axis by using Bloch periodic boundary conditions, while
absorbing perfectly matched layers (PML) were used along
the x-axis. The source was taken as a monochromatic plane
wave. Numerical results were obtained with the software
Lumerical FDTD Solutions, where rough surfaces are directly
available to be customized.

3. Results and discussion

Figure 2 shows the sensorgram depicting the immobilization of
a polymer and biomolecules using LbL films on the SPR sensor
slide. For the LbL film fabrication, a 0.5 g l−1 PEI solution was
first flowed for 15min followed by running PBS until stabili-
zation of the signal. A second layer of MP11 was adsorbed for
25min from a 0.1 g l−1 solution followed by PBS flow until
stabilization. A further PEI layer was deposited as in the pre-
vious one, and finally a GOx (UOx) at 0.2 g l−1 was deposited
for 20 min and washed with PBS. A flux of 10 μl min−1 was
used for each step and PBS at pH 6.3 and 7.4 was used for GOx
and UOx, respectively. For the PEI/MP11/PEI/GOx film in
figure 2(a), the first PEI layer caused a 0.07qD =  in the SPR
angle, with the shift increasing to 0.4qD =  for the next MP11
layer. Upon adsorbing the subsequent PEI layer, the SPR angle
shift dropped to 0.12qD =  and then raised to 0.51qD = 
after deposition of the top GOx layer. For the Au/PEI/MP11/

PEI/UOx film a similar growth pattern was observed in
figure 2(b). The decrease in the SPR angle after injecting PEI
following the MP11 layer may suggest material desorption from
the sensor surface. However, the AFM images taken for each
step of deposition indicated an increased film thickness after
PEI layer. This issue will be further discussed when the AFM
images are described.

In order to obtain an approximation of the refractive index
of the running buffer (RBI), we considered the Au layer as a flat
planar surface. The resonant SPRq value, minimum in the
reflection spectrum, was numerically fitted to the experimental
values using the FDTD numerical method, with which nRBI=
1.3138 and n 1.3161RBI = for the glucose-sensor and uric acid-
sensor, respectively, as shown in figures 3(a) and (b). An ana-
logous procedure was used to determine the refractive indices
for the PEI/MP11/PEI/GOx and Au/PEI/MP11/PEI/UOx
platforms in figures 3(c) and (d), leading to n 1.3181GOx = and
n 1.3194UOx = , respectively.

The adsorption of the MP11 layer, necessary for detec-
tion, leads to considerable film roughness, as indicated in the
AFM images in figure 4 for the PEI/MP11/PEI/GOx SPR
platform. The corresponding root mean square (rms) rough-
ness values are given in table 1. The gold sensor covered with
PEI presented an rms roughness of 3.49 nm (figure 4(a)),
which increases to 153 nm after MP11 deposition
(figure 4(b)). The decrease in the SPR angle after the second
injection of PEI solution, as already mentioned, may suggest
desorption, but in figure 4(c), the maximum height of the
PEI/MP11/PEI film is higher than in the step before,

Figure 2. Real-time SPR sensorgrams for LbL deposition of (a) PEI/
MP11/PEI/GOx (0.5 g l−1 PEI for 15 min, 0.1 g l−1 MP11 for
20 min, 0.2 g l−1 GOx for 20 min in PBS at pH 6.3) and (b) PEI/
MP11/PEI/UOx (0.5 g l−1 PEI for 15 min, 0.1 g l−1 MP11 for
20 min, 0.2 g l−1 UOx for 20 min in PBS at pH 7.4). A flow rate of
15 μl min−1 was used during the procedure.

Figure 3. Dotted and solid lines show a comparison of the
experimental and numerically fitted SPRq for the (a) PBS running
buffer for the glucose-sensor, (b) PBS running buffer for the uric
acid-sensor, and (c) Au/PEI/MP11/PEI/GOx and (d) Au/PEI/
MP11/PEI/UOx platforms.

3
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figure 4(b). This confirms deposition of PEI layer, even if
there is some loss of material. The rms roughness decreased
after consecutive layers following the MP11 layer, probably
because deposition of PEI and GOx molecules fills the voids
of the highly porous MP11.

The SPR sensing data for glucose and uric acid are
shown in figure 5. We injected 100 μl of glucose (uric acid)
solutions in PBS with pH 6.3 (PBS with pH 7.4 for uric acid),
for different concentrations in flux, and changes in SPRq were
monitored, as shown in figures 5(a) and (c). The sensing
mechanism is related to H2O2 being generated and reduced by
MP11 as glucose is oxidized by GOx, consistent with con-
clusions from electrochemical experiments [17]. For glucose,
this chemical process is described as

D Glucose O Gluconic acid H O , 42
GOx

2 2b + +‐ ‐ ⟶ ( )

MP Fe H O MP Fe H O
MP H O, 5

3
2 2

3
2 2

Ox1 2

+ -
+

+ +‐ ⟷ [ ‐ ]
⟶ ( )

eMP H MP , 6Ox1 Ox2+ +- + ⟶ ( )

eMP H MP Fe H O, 7Ox2
3

2+ + +- + +⟶ ‐ ( )

where MPOx1 and MPOx2 are intermediate forms of MP11.
In the case of uric acid, it is oxidized according to

Uric acid O Allantoin H O , 82
UOx

2 2+ +⟶ ( )

after which the process is again described by equations (4)–
(7). In equation (5) MP11 is initially in its reduced form (por-
Fe+3), where MPOx1 is produced by heterolytic cleavage of
HO–OH in peroxidase/H2O2 complex, with a high valent
iron-oxoferryl moiety and a π-radical cation on the proto-
porphyrin ring (por +· -FeIV=0 form).

The reasons why the sensing mechanism above yields
measurable SPR signals are as follows. Reduction of H2O2 by
MP11 induces formation of MPOx1, in accordance with
equation (5), as supported by the changes in the UV–vis
absorbance spectrum for MP11 in solution (figure S1 in the
supporting information, available online at stacks.iop.org/
NANO/28/145501/mmedia). Hence, the mobile ions in
MP11 are rearranged in the redox state to keep charge neu-
trality, thus affecting the MP11 polarizability (refractive
index). As a consequence the change in SRP angle varied
linearly with glucose or uric acid concentration in liquid
solutions, as shown in figures 5(b) and (d), respectively. This
relationship could be written as

m C b, 9qD = +· ( )

where m and b are the slope and intercept, respectively. We
have found m 2.6038 10 4= - ´ - and b 6.46 10 3= - ´ -

for glucose (R2=0.953 88), and m 4.36 10 3= - ´ - and
b 4.04 10 3= - ´ - for uric acid (R2=0.980 21). The
detection limit based on the concentration, corresponding to 3
times the noise response (S/N=3), was 3.4 μmol l−1 for

Figure 4. AFM images illustrating the changes in morphology as the
PEI/MP11/PEI/GOx LbL film is built. Steps of deposition of
(a) PEI, (b) PEI/MP11, (c) PEI/MP11/PEI and (d) PEI/MP11/
PEI/GOx on gold sensor.

Table 1. Root mean square (rms) roughness for each step of the SPR
platform growth.

Nanostructure Rms (nm)

PEI 3.49
PEI/MP11 153
PEI/MP11/PEI 136
PEI/MP11/PEI/GOx 46.6
PEI/MP11/PEI/GOx-Glucose (200 μmol l−1) 27

Figure 5. Sensorgrams for glucose (a) and uric acid (c) at different
concentrations. The dependence of SPRqD on the concentration is
shown in (b) for glucose and in (d) for uric acid, where the dashed
lines correspond to linear fitting.
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glucose and 0.27 μmol l−1 for uric acid. One should mention
that at much higher concentrations the assumption in the
simulations of a linear behavior is likely not valid, as some
saturation is expected.

It is concluded that the extent of change in MP11 polar-
izability, as it is oxidized, is responsible for the SPR platforms
being able to detect small analytes, even at low concentrations.
This we have confirmed with control experiments, in which
Au/PEI/GOx and Au/PEI/UOx were built and used for SPR
sensing, as shown in figure 6(a). Note that measurable SPR
signals could only be obtained in the presence of MP11.
Moreover, we evaluated the specificity of the SPR sensing
platforms by injecting different carbohydrates and uric acid
solutions on the PEI/MP11/PEI/GOx sensor, and negligible
non-specific signals were observed in figure 6(b).

Finally, we have also noted that sensing of glucose or uric
acid led to large changes in rms roughness of the SPR plat-
forms. For instance, for 200 μmol l−1 of glucose (100 μmol l−1

of uric acid), the roughness changed from 46.6 to 27 nm (57.2
to 37.5 nm for uric acid). One might have inferred that this
change in morphology could be responsible for the sensing,
instead of a change in MP11 polarizability. We have ruled out
this hypothesis, though, using FDTD simulations, whose
results are shown in figure 7. Dashed and dotted lines in
figure 7(a) correspond to results with rms=46.6 and
rms=27 nm, respectively. The solid line is for a flat planar
surface, i.e., rms =0, obtained from the well-known scattering
matrix technique [24, 25]. As it can be seen, there are no
differences due to roughness or roughness changes. In
figure 7(b) we compare the evanescent field eE E k x

0
Im x= -∣ ( ) ∣

from the FDTD calculations (dashed line) with the one from
the SPR condition (solid line). Results from SPR condition
were obtained by assuming an effective medium below the Au
plane, with the corresponding effective refractive index, neff ,
calculated by numerically solving the equation k kySP = . In
figures 7(c) and (d) we show the corresponding field profiles, E
for rms=46.6 nm, as a function of x y, 0, q=( ) and
x y, , 69.273q = ( ), respectively, by using the above calcu-
lated nRBI and nGOx, where no distortion of profiles due to
roughness effects is observed. We assumed 200 nm for the

thickness of the PEI/MP11/PEI/GOx platform based on the
AFM images in figure 4. This large thickness was not expected
owing to the small dimensions of a microperoxidase monomer
(1.1 1.7 3.3´ ´ nm). However, microperoxidases are very
susceptible to aggregation, forming structures with high
molecular mass (>10 kDa). Aggregation via peptide–heme
interaction starts at 1 μmol l−1, which has been supported by
theoretical [26] and experimental [27] studies. Therefore, we
believe that the thickness used is compatible with aggregated
microperoxidases transferred onto a solid substrate.

4. Conclusions

We have demonstrated an approach in which mediator-type
enzymes are used to improve SPR biosensing. In particular,
we developed an indirect mechanism to detect small mole-
cules through the changes in polarizability of MP11, a med-
iator-type enzyme. The approach is advantageous compared
to previous ones because it does not require external poten-
tials. The experiments were performed for uric acid and
glucose, but this platform should work with any compound
that produces peroxide via enzymatic reactions. It is worth
mentioning that low detection limits were already achieved
without a systematic search for conditions to optimize sensing
performance. Then, one may envisage even higher sensitivity
by optimizing SPR platforms where the number of layers in

Figure 6. (a) Sensorgram for glucose detection with a Au/PEI/GOx
platform. The solid, dotted and dashed–dotted lines correspond to
measurements for 500 μmol l−1, 1 mmol l−1, and 10 mmol l−1 of
glucose. The vertical dashed line is used to separate the process
before and after glucose injection in the flow channel. (b)
Sensorgram of Au/PEI/MP11/PEI/GOx under injections of
100 μmol l−1 of fructose, lactose, sucrose and uric acid.

Figure 7. Numerical results for the roughness effects on the PEI/
MP11/PEI/GOx SPR biosensing after interaction with 200 μmol l−1

of glucose. Dashed and dotted lines in (a) correspond to the rms
values 46.6 nm and 27 nm, respectively, while the solid line depicts
the results for a perfect planar surface obtained from SMM.
(b) Comparison of the Ex evanescent field profiles from the FDTD
(with rms=46.6 nm) and the SPR condition, respectively. (c) and
(d) show the corresponding field profiles E 2∣ ∣ and ERe x( ), for
rms=46.6 nm, as functions of x y, 0, q=( ) and
x y, , 69.273q = ( ), respectively.
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the LbL films is varied and/or fabricated with other poly-
electrolytes under other experimental conditions.
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