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A B S T R A C T

Lowering the limit of detection is key to the design of sensors. Conventional transducers generate a signal
proportional to the concentration of the molecule, but low concentrations are still difficult to detect with con-
fidence.
Here we present an inverse sensor that induces a signal that is larger when the target molecule is less con-

centrated. Each sensor consists of a micro-pot reactor with an inner volume for storing the reactants and the cage
walls, over which many silver hotspots are spread, working as optical antenna to produce amplification of the
signal.
The aim is to attain inverse sensitivity during the enzymatic reaction, where reduction of the silver occurs.
We demonstrate the sensitivity and robustness of this approach by detecting glucose concentrations down to

10-12 M.

1. Introduction

Surface plasmon sensing is based on the fundamental principle of
the interaction of polarized light with noble metals. Recently, it has
been shown that the introduction of plasmonic nano-structures onto
surface plasmon resonance (SPR) surfaces results in the introduction of
local phenomenon, which provides a significant increase in sensitivity
(Agrawal et al., 2018). The physical principle behind this improvement
is given by the over-position of the local signals; the nano-structured
surfaces and nano-particles, like an optical nanoscopic antenna, absorb
and concentrate light energy into a very small volume, reducing the
detection limit of SPR sensing to zeptomoles with a consequent en-
hancement of the sensitivity (De Angelis et al., 2008; McFarland and
Van Duyne, 2003; Vance and Sandros, 2014). Besides, the light creates
intense electric fields within a few nanometres of a nano-structured
surface, which enhances the scattering of adsorbed molecules, pro-
viding a rich fingerprint spectrum containing all chemical information
(Rodrigo et al., 2015; Subramanian et al., 2018). It has also been shown
that coupling the nano-structured arrays to a surface or fibres in which
Bragg diffraction gratings have been generated can extend the appli-
cations to multiplexed detection of several different analytes (Machida
et al., 2018). In exploiting the antenna effect generated by the over-

position of the electric fields around the nano-features, more compli-
cated nano-probes can be designed and used in combination with the
SPR to improve the spatial resolution and increment the signal-to-noise
ratio (Schmidt et al., 2012; Liu and Huang, 2013). Moreover, the nano-
structured surface in combination with SPR exhibits the main ad-
vantage of allowing detection of absorption, scattering, and fluores-
cence properties for biosensing (Li et al., 2018; Forato et al., 2019).

Nano-structured surfaces and nano-particles can be used to enhance
the sensitivity as well as the tunability of the resonance. As observed
above, the plasmonic phenomenon depends on the change of the re-
fractive index of the nano-probes, which in turn is influenced by in-
trinsic parameters of the noble metal and by environmental parameters
(Mayer and Hafner, 2011; Rodríguez-Lorenzo et al., 2009) (backbone
and density of the surrounding or immobilized molecules, electron
cavities) (Jeong et al., 2016; Simoncelli et al., 2018). Then, metal na-
nostructures such as crystals, particles, or stars are the starting point for
the design of new biosensors.

Hybrid structures consisting of an organic framework in which
metallic crystals are embedded are promising candidates for a variety of
applications including gas storage/separation, catalysis as well as op-
tical sensing. They provide a large void space that can accommodate
other active species for promoting a red-shift to the near-infrared region
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(Aubry et al., 2010).
In this context, we aimed to develop highly sensitive nano-probes

for the measurement of surface plasmon resonance. These probes con-
sist of a porous shell decorated by countless hotspots and permitting the
sample to enter and be stored into the inner volume.

We evolved this concept by generating silver nanostructures by
growing silver crystals in situ while detecting the reduction reactions
into the micro-pot reactor (Sun and Li, 2018; Wang et al., 2018; Zhang
and Simone, 2019). Then, in our approach, the plasmonic resonance is
tuned by programming crystal growth to favour the formation of a
transducer around the organic framework (Schwartzberg et al., 2006).

It has already been shown that enzymes can react to generate nano-
structures of controlled size by limiting the rate of nucleation (De la
Rica and Matsui, 2008; Kisailus et al., 2006). Glucose oxidase was
shown to affect the rate of crystallization, permitting the design of
nucleation or growth of nanocrystals to tailor the plasmonic behaviour
of silver sensors (Rodríguez-Lorenzo et al., 2012).

Here a proteinaceous caged framework whose network includes
silver nitrate (AgNO3) has been fabricated with the aim of enhancing
plasmonic sensitivity. Fig. 1 shows the scheme of the work. The shell
cages consisted of a protein framework including silver. The cages in-
clude countless silver spots which contribute to enhancing the sensi-
tivity.

For the analysis, the plasmonic microreactors were filled with glu-
cose oxidase and then exposed to the substrate, glucose. The me-
chanism of the reaction schematized in panel (i) of the figure was
triggered and the silver was reduced by the hydrogen peroxide gener-
ated during the reactions of the ions embedded in the matrix.

The reduction of the silver shifts the plasmonic signal according to
the concentration of the substrate and the duration of the reaction.

Each shell particle in the ensemble potentially serves as an in-
dependent sensor, which is promising in applications for measurements
in solution or inside cells and tissues, where fixed arrays are unable to
penetrate.

2. Experimental section

2.1. Materials

Gelatin (type A, Bloom 300, dynamic viscosity: 1.5–6.0mPa), glu-
taraldehyde (50% v/v), Span 83, mineral oil, acetone, ethanol, (3-
mercaptopropyl)trimethoxysilane, and AgNO3 were from Sigma
Aldrich, China, and were used as received. Gelatin was used without

further purification and prepared as 15wt%. Milli-Q-grade water was
used as solvent. GOx and glucose were also received from Sigma
Aldrich, China.

2.2. SPR setup

The study was done using a homemade SPR system. The light beam
from a laser (650-nm red dot laser, 5 mW, Shenzhen Fuzhe Technology
Co., Ltd.) was tuned by variable resistance in the power supply (2-
kOhm resistance, 3590S-2-202 L, Bourns, Inc.). The light was p-polar-
ized by a double Glan-Taylor Calcite Polarizer (Thorlabs Inc.) and then
centred by a microbench alignment plate with a 1-mm hole (Qioptic,
G061680000) before it reached the prism. After internal reflection in
the prism, the light was polarized by a second polarizer (Thorlabs, Glan
Thomson polarizer BBAR: 650–1050 nm, CA: 10.0 mm). The light was
caught by a reflective collimator (Thorlabs Inc. RC12FC-P01) and
measured by an Ocean Optics HR4000 (custom) spectrometer. The
laser, the first polarizer, and the alignment plate were mounted on a
high-precision polarizer mount (Standa, 5PPH50-1). By turning the
polarizer mount, the angle of reflection in the prism changed. The
second polarizer and collimator were mounted on a second and similar
polarizer mount. The angle was determined by sourcing the highest
light intensity. SpectraSuite software plotted the light intensity of the
reflected light against the wavelength (0–1050 nm).

2.3. Particle preparation by droplet generation

The cages were prepared as follows: a mixture of mineral oil (5 mL),
glutaraldehyde (2mL, 50% v/v), and deionized water (20mL) was
prepared in the presence of Span 83 (50 μL). Span 83 was selected as a
surfactant to emulsify the aqueous and oil phases in the selected
amounts.

After stirring at 1000 rpm for 1 h at room temperature, the emulsi-
fication was completed by ultrasonicating the mixture for 240 s at 90%
amplitude under ice cooling. An aqueous solution of the protein (15 wt
%) was prepared by mixing the protein in Millipore water at 40 °C for
1 h. Then, 5% v:v of 0.1M AgNO3 solution was added. Next, the gelatin
and the microemulsion were pumped inside the microfluidic chip. The
microchip and the setup have been widely described elsewhere (Zhang
and Simone, 2019; Simone, 2015; Pepe et al., 2017).

To test the sensitivity of the cages, they were immobilized on top of
a glass slide coated with (3-mercaptopropyl)trimethoxysilane deposited
by vapour (Simone et al., 2010).

Fig. 1. Mechanism of production of the cage. Left: The cross-section of the cage is schematized on top. The grey thickness represents the proteinaceous shell. The
inner part of the shell shows the inner volume and it is represented by a gradient of colours (from pink to white) with the aim to reproduce a 3D sketch. The shell is
made of a proteinaceous framework including Ag salt cubic crystals (AgNO3). After reaction (i) of the reduction of the glucose via GOx, the H2O2 produced the Ag0

(pink stars gelatin matrix on the right of the arrow). Right: The detailed scheme of the reaction is represented. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Next, they were incubated overnight with a solution of 1 unit/mL of
GOx to permit the diffusion and absorption of the enzyme into the inner
cavity. Different concentrations of glucose were then tested.

2.4. Characterization

The morphology and structure of the prepared particles were eval-
uated by Tescan Vega3 scanning electron microscope (Laboratory of
Mechanical Engineering, Northwestern Polytechnical University, Xi'an,
China) at 16 kV (extra-high tension). Samples for scanning electron
microscopy (SEM) were prepared by dropping purified capsule disper-
sions on silicon wafers that were then dried at room temperature. For
the investigations, the samples were sputtered with gold for 2min. The
morphology, elemental composition, and housing of the Ag particles
inside the molecular structure of the gelatin were analysed by trans-
mission electron microscope (Hitachi H-7650) at 200 kV with out-
standing high-resolution transmission electron microscope (TEM) (Xi'a
Jiangton University, Department of Life Science). Energy-dispersive X-
ray spectroscopy EDS analysis was carried on. The samples were em-
bedded in resin and ultramicrotomy was carried out at room tem-
perature. The X-ray diffractometer was used for the crystallographic
analysis (Bruker D8 Discover, Shaanxi Materials Analysis and Research
Center. School of Materials Science and Engineering, Northwestern
Polytechnical University) and the raw data analysed by X'Pert High
Score and the results were analysed by FullPro-Suite software.

3. Results and discussion

3.1. Design and synthesis

The scheme of preparation of the shell particles including the Ag
nitrate is shown in Fig. 2 (left). The precursor of the particles consisted
of a mixture of the proteinaceous molecules and AgNO3, which was
injected inside a fluidic microchannel for the generation of droplets.
The procedure for the typical production of the cages has already been
explained (Zhang and Simone, 2019). The mixture and oil were pumped
inside the microfluidic T-shaped channel and a third side channel was
used to pump an emulsion including the crosslinker. In contact with the
droplets, the emulsion including the glutaraldehyde crosslinked the
protein cages (Simone, 2015; Pepe et al., 2017). The aqueous glutar-
aldehyde and oil mixed with the surfactant, generating a nano-emulsion
which controlled the mechanism of the crosslinker diffusion across the
thickness of the droplets. The aqueous solution of crosslinker and oil
formed micelles, owing to the hydrophobic interaction between the oil
and the alkyl chains of the surfactant. This one-vessel and sans-template
protocol allowed collection of the spheroidal proteinaceous cages,
which were shown to have a controllable aspect ratio (Fig. 2, right)
(Zhang and Simone, 2019).

SEM images of the spheroidal cage revealed countless crystals of
silver tiling on the surface of the shell (Fig. 3a). The AgNO3 coating the

shell was uniform (Fig. 3b), and the elemental composition, as de-
termined by energy-dispersive X-ray spectroscopy and expressed in
mass fractions, was 4.3% Ag, 40.5% C, 15.5% O, and 30.2% F (Fig. 3c).
The fluorine was a residual of the carrier oil used for the preparation of
the cages. To assess the ability of the cages to shield the internal cavities
and allocate the metal nitrate into the cage walls, an investigation of
the Ag entangled in the proteinaceous caged framework was carried out
by TEM, after ultramicrotomy of the sample. This made it possible to
compare the surface analysis provided by the SEM with the bulk
properties. The transmission electron micrographs in Fig. 3d represents
the sample observed at high resolution. The crystals (black dots) in the
form of single structures decorated the proteinaceous matrix in corre-
spondence of thin thickness of the framework. An overview of the bulk
crystals of silver confirmed that they were constructed in the network
and had a median size equal to 1.4 nm (Fig. 3e). The analysis also
evidenced the presence of porosity available to host the silver during
the process of cage formation and to provide a 3D network (the white
spot in the matrix) for templating the crystal growth during the fol-
lowing steps (De Angelis et al., 2010). The elemental composition ex-
tant in the network was measured as containing 0.17wt% Ag (Fig. 3f)
and the crystallographic configuration of the silver nitrate tiling the
surface of the polymeric framework showed the characteristic dif-
fractometric peaks at 2θ=29.87° for the {-10-1} crystal plane,
2θ=41.90° for the {00-2} crystal plane, 2θ= 52.31° for the {-200}
crystal plane, and finally 2θ= 73.03° for the {2-10} crystal plane.
(Fig. 3g).

3.2. Plasmonic sensing

The sensitivity was examined in a homemade surface plasmon re-
sonance spectrometer under red-light illumination (Fig. 4a), where the
reflected light was spectrally resolved with an optical sensor.

Before testing the behaviour as a plasmonic sensor, the reflectance
of the cage with the light incidence angle was measured for detecting
the maximum of the absorbance (Fig. 4b); the resonance was observed
at an angle of 64.67°. The spectrum intensity of the reflected light was
fitted to a Lorentz function, which could be used to extract the full
width at half maximum (FWHM, 4.85±0.03 nm) (Fig. 4c).

Then, the cages were used as reactors to track the enzymatic reac-
tion between the GOx and the glucose. They were filled with the two
solutions of glucose (several concentrations) and GOx by the mechan-
isms of both diffusion through the porous framework and absorption
(Zhang and Simone, 2019). As an advantage, each cage could work as
an independent micro-reactor with its walls coated by countless silver
spots enhancing the plasmonic signal. The cages were positioned under
the plasmonic setup (Schasfoort, 2017a) to be used as a plasmonic
transducer of GOx activity when the Ag localizes the low-energy
plasmon mode, which results in a dominant SPR band, as observed in
Fig. 4b. After activating the enzymatic reaction, the production of hy-
drogen peroxide began according to the scheme reproduced in Fig. 1.

Fig. 2. Left: Description of the fabrication process. The green arrows show the direction of diffusion. Right: Cage with the Ag crystals. Scale bar: 70 μm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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The H2O2 reacted with the silver nitrate, reducing the silver from the
Ag+ state to Ag0. Upon the reduction, there was a shift of the absor-
bance to lower wavelengths (Fig. 5a). The shift in presence of the re-
duction of the silver has been extensively studied, showing that the time
evolution of UV-visible-NIR extinction spectra during the reduction
results in the principal band blue-shifting (Fernanda Cardinal et al.,
2010). During our experiments, the rate of the reaction was slow at the
beginning (the curves almost overlap), when an irrelevant shift of the
peak was observed, but after 2min, the rate increased; then, after
40min, the silver was completely reduced.

The shift of the plasmonic band position as a function of glucose
concentration is shown in Fig. 5b. The curve of absorbance shifted

towards lower values when the concentration of glucose increased in
the range between 10-12 and 10-6 M, displaying that in this range the
quantity of the reduced silver raises. Higher concentrations of the
substrate did not result in a further shift of the absorbance band, be-
cause of the saturation of the system. Besides, the wavelength decreased
with a linear trend (R2=0.993) until the concentration was lower than
10-4 M, and from that value the shift of the peak was negligible
(Fig. 5c). Furthermore, the evaluation of Δλmax showed that the shift
increases of 1.2 nm when the concentration of GOx decreases from 10-12

to 10-9M and of 0.3 nm when the concentration of GOx decreases from
10-3 to 10-2 M.

The dynamics observed at the low and high concentrations of the

Fig. 3. (a) SEM micrograph of the cages. Scale bar:
40 μm. (b) High-resolution SEM image of the cage
with details of the Ag-crystal coating. Scale bar:
20 μm. (c) EDS spectrum of Ag nanoparticles housed
in a gelatin network. (d) TEM image of Ag crystals
(black dots) entangled in the ultramicrotomy pro-
teinaceous framework. Scale bar: left 500 nm (mag-
nification 3000×), right 100 nm (magnification
10000×). (e) Diameter distribution of the Ag crys-
tals and cumulative distribution. (f) EDS spectrum of
Ag housed in a gelatin network. (g) X-ray diffraction
diagram of the cage after preparation. AgNO3 char-
acteristic diffractometric peaks at 2θ=29.87° for
the {-10-1} crystal plane, 2θ=41.90° for the {00-2}
crystal plane, 2θ= 52.31° for the {-200} crystal
plane, and finally 2θ= 73.03° for the {2-10} crystal
plane.
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substrate depends on the reaction with the enzyme, which in presence
of the silver influences the rate of crystallization to favour either the
nucleation or the growth of the nanocrystals (Jana et al., 2001). The
rate of crystallization of the silver is strictly related to the rate of pro-
duction of the H2O2 during the reaction between the enzyme and the
substrate (Levenspiel, 1999; Callister and Rethwisch, 2007). Low con-
centrations of the reducing agent or of the substrate trigger slow crystal
growth conditions and formation of a homogeneous silver coating,
which yields a blueshift of the spectrum and a consequent higher
sensitivityLee et al., 2018). At high concentrations of one of the re-
actants, free-standing silver nanocrystals are obtained with a smaller
variation of the optical properties of the plasmonic transducers by
means of the formation of a silver coating.

Upon analyzing the trend of the signal according to time of the
reaction (Fig. 5d), it emerged that at concentrations lower than 10-3 M,
the sensorgram clearly transduced and tracked the steps of the process.
First, the adsorption on the surface of the molecules after the injection,
resulting in a change of the refractive index, then a shift of the SPR
angle, relative to the association, and finally the decay of the signal
given by the injection of the new sample were shown (Hulme and
Trevethick, 2010). Hence, in correspondence with the highest con-
centrations (10-3 M and 10-2 M), the signal was unclear, the reaction did
not take place, and the trend of intensity according to time just showed
the peak related to the difference in refractive indices due to the pre-
sence of the sample, named the bulk effect (Schasfoort, 2017b).

This system producing an inverse relationship between concentra-
tion and signal belongs to the class of the inverse sensitivity biosensors
and is suitable for designing and producing ultrasensitive sensors for
biological applications because of the ability to differentiate low in-
tensity signals from the zero-signal obtained in the absence of the target
molecule.

However, all this seems to highlight an important criticism of this
method, because the system is applicable for enzyme-based sensors but
not suitable for different assays. It has been already suggested that for
generalizing the use, the GOx can be bound to antibodies and used as
the label in a classical enzyme-linked immunoassay with a sensitivity
down to single molecule (Nehl et al., 2006); where the only dis-
advantage is due to the steps of preparation of the sample. Our system

Fig. 4. (a) Homemade surface plasmon resonance spectrometer. C collimator;
P1 and P2: polarizer; H: optical pinhole; L: laser at 650 nm; S: optical sensor; F:
sample. (b) Reflectivity of cages in air according to the incidence angle. (c)
Intensity of cages in air according to the wavelength. The lighter curve shows
the Lorentz model used for the fitting (R2=0.99). the normalization is defined
as the ratio between the actual value recorded at the given angle or wavelength
versus the maximum value.

Fig. 5. (a) Normalized absorbance (defined as the actual absorbance versus the
maximum absorbance) versus the wavelength according to the time, growing into the
direction of the arrow. The reduction of silver from the Ag+ state to Ag0 as tracked by
the SPR sensor, showing the shift of the absorbance to lower wavelength. (b)
Normalized absorbance (defined as the actual absorbance versus the maximum ab-
sorbance) versus the wavelength according to the glucose concentration. Independent
experiments with different glucose concentrations were carried on after the cage re-
generation. The shift of the plasmonic band position as a function of glucose showed
that the curve of absorbance shifted towards lower values when the concentration of
glucose increased in the range between 10-12 and 10-6M. (c) λmax versus concentration
of glucose. The values represent the mean±SD of three individual experiments (re-
producibility of the data 95%). The range of concentration between 10-12 and 10-9M is
linearly fitted (R2=0.99); at higher concentrations, λmax is independent. (d) Signal
intensity according to reaction time, measured at 63.4°. The dashed lines delimit the
range of time for each concentration. 10-3 and 10-2M did not show the characteristic
trend of reaction. (e) SEM image obtained after silver reduction in the presence of
enzyme, evidencing free-standing quasi-spherical nanoparticles coating the surface
and the inside of the proteinaceous network. Scale bar: 20 μm. (f) TEM image of cage
nanoparticles entangled in the framework. Scale bar: 100nm. (g) X-ray diffraction
diagram of the cage after preparation. at 2θ=44.89° for the {-1-1-1} crystal plane,
2θ=52.31° for the {-200} crystal plane, and finally at 2θ=77.13° for the {-2-20}
crystal plane. (h) Signal intensity according to reaction time. The dashed line delimits
the range of time for each concentration of the globular protein.

O. van de Donk, et al. Biosensors and Bioelectronics 142 (2019) 111514

5



exploits the advantages of independent miniaturized reactor where to
run and track the reaction and permits to reduce the steps of sampling
and consequently the losses as well as the uncertainty of the measure-
ments. Besides, several important cellular pathways produce the H2O2
and the inverse sensitivity can support the transduction and tracking of
those signals (Zhang et al., 2013).

Then the reduction to Ag0, the sensors were analysed, and Fig. 5e
and f shows the SEM and TEM results. They were observed following
the enzymatic incubation with 10-9M glucose. The representative SEM
images obtained after silver reduction in the presence of enzyme evi-
denced free-standing quasi-spherical nanoparticles coating the surface
and inner volume of the proteinaceous network. The quasi-spherical
shape of the crystal is provided by the rate of reaction to favour the
nucleation more than the crystallization, as explained above.

The X-ray diffractometric analysis demonstrated that after oxidiza-
tion, the Ag had the characteristic diffractometric peaks of the crystal
plane at 2θ= 44.89° for the {-1-1-1} crystal plane, 2θ= 52.31° for the
{-200} crystal plane, and finally 2θ=77.13° for the {-2-20} crystal
plane (Fig. 5g).

Next, an experiment to prove the robustness and specificity of
plasmonic sensors was designed. First the cages were regenerated by
incubation with the fresh GOx, which, according to the reaction in
Fig. 1, allowed the oxidation of the Ag. Then, the sensor activity was
tested using bovine serum albumin diluted to different concentrations
in phosphate saline buffer. Two concentrations of the non-specific
globular protein were tested, 10-8 and 10-6 M. The course of the in-
tensity of the reaction during the tracking time (Fig. 5h) did not show a
consistent trend of the reaction. The sensorgram only showed the peaks
in correspondence of the sample uploading, highlighting the feeding of
the protein, the adsorption or the interaction with the substrate. All this
was translated into a change of the recorded intensity as an artefact or
the bulk effect (Zhang et al., 2013).

4. Conclusion

In conclusion, the present study introduced Ag+ ions in a protei-
naceous caged framework as hotspots for plasmonic sensing. Silver ions
in the form of nitrate were introduced in the liquid solution of the
protein before the droplet-based fabrication. An in-depth analysis
showed the presence of AgNO3 crystals in the network and tiling on the
surface of the crosslinked framework. Each cage had the advantage of
working as an individual reactor with countless spots providing en-
hanced sensitivity, where the inner volume of the cage stores the re-
actants. Besides, the micro-pots can be used several times with different
compounds as they are label-free.

Inverse sensitivity of the silver ions was shown for the enzymatic
reaction of the glucose substrate via GOx and the plasmonic behaviour
of the system was analysed.

The reduction of the silver from the Ag+ state to Ag0 as tracked by
the SPR sensor showed a shift of the absorbance to lower wavelength. A
shift of the plasmonic band position was also observed as a function of
glucose concentration. Besides, it was shown that the curve of absor-
bance shifted towards lower values when the concentration of glucose
increased in the range between 10-12 and 10-6 M, with a significant shift
of λmax, but above that concentration limit, the measured shift was
small. The course of the signal intensity according to reaction time
confirmed that above certain values of glucose concentration, the re-
action cannot take place. Following the silver reduction, the analysis
evidenced free-standing quasi-spherical nanoparticles coating the sur-
face and inside of the proteinaceous network. Besides, the crystal-
lographic configuration showed the characteristic peaks of the silver
plane.

In conclusion, we designed a control experiment where the activity
of a globular non-specific protein was tested. Under this experimental
condition, the course of the signal did not show significant changes and
no shift of the peak was observed.

The results indicate numerous capabilities of the inverse sensors for
tracking biochemical enzymatic reactions where tiny amounts of mo-
lecules are available. Finally, the localized plasmon resonance used to
realize a signal-generation mechanism that is inversely proportional to
concentration will boost the development in sensing.
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