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ARTICLE INFO ABSTRACT

Keywords: The development of optical biosensors based on structural colors generated by short-range ordered colloidal
Bacterial nanocellulose particles is attracting growing interest due to their non-iridescent and non-fading features. In this study, a
Polydopamine

biomimetic approach using biopolymers for the various steps of sensor construction is presented. Bacterial
nanocellulose (BNC) has many foreseen applications in biomedical engineering because of its biocompatibility,
good mechanical strength, and large modifiable surface area. Herein, a novel approach is taken by using func-
tionalized BNC as a substrate to build a molecularly imprinted photonic sensing layer. BNC was modified with
polydopamine (PDA), which improved the adhesion and mechanical properties of the BNC substrate while
providing simultaneously a black background for color saturation. A molecularly imprinted polymer (MIP) also
made of PDA was used to create the recognition sites for the biomarker lysozyme. A monodisperse colloidal
suspension of silica particles was first synthesized and used as core of the MIP shell, and then the photonic
structure was assembled on the PDA-BNC membrane. The biosensor showed a detection limit of about 0.8 nmol
L7! of lysozyme in spiked human serum and demonstrated to be selective against cystatin C. These properties,
combined with biocompatible, eco-friendly, and low-cost materials, offer a sustainable sensing platform with
great potential for healthcare applications.

Molecular imprinting technology
Photonic polymers
Lysozyme

1. Introduction

Label-free optical biosensors are one of the most promising tech-
nologies in diagnostics, as they allow rapid and cost-effective detection
in small reaction volumes. Within this branch, biosensors based on
structural color stand out as they meet all current requirements such as
low-cost fabrication, short assay time, and sensitive detection (Inan
et al., 2017; Wang et al., 2021). Photonic crystals (PCs) are highly or-
dered structures with periodic variation in refractive index that modu-
late the flow of light. PCs occur in biological systems and provide
inspiration for the development of synthetic photonic nanocomposite
structures (Vukusic and Sambles, 2003). Structural periodicity on the
scale of visible light prevents certain wavelengths from propagating

through the structure, being reflected and determining the observed
color (Inan et al., 2017; Wang et al., 2021). Thus, the ability to precisely
control the optical properties, makes PCs very useful for sensing appli-
cations. Structural colors resulting from PCs have many unique prop-
erties such as iridescence, no photobleaching, and no fading (Dumanli
and Savin, 2016; Gur et al., 2015; Zhang et al., 2014).

Although most PC-based biosensors rely on long-range organized
crystals, their iridescent or angle dependent colors can be a disadvan-
tage in colorimetric sensors because the color varies depending on the
viewing angle, which should not be confused with sensor response (Hu
etal., 2021; Y. Zhang et al., 2018a). Thus, short-range coloration arising
from amorphous structures is angle-independent and their optical
properties are advantageous in this context (Hu et al., 2021). The
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coherent scattering in an amorphous structure is easily shielded by
random scattering that originates a white appearance. Thus, the un-
derlying structural color is observed by adding materials with light
absorbing capacities, which suppresses the random scattering and im-
proves the color saturation (Goerlitzer et al., 2018). The addition of
black pigments like carbon black or various polymeric coatings based on
polypyrrole and polydopamine (PDA) have been used in the develop-
ment of materials in seek for structural color saturation (Hu et al., 2021;
Hyon et al., 2015; Wei et al., 2010). PDA in small amounts enhances the
color gamut and in higher amounts the black color absorbs the scattered
light of the photonic structure and improves the color saturation of PCs
(Kawamura et al., 2016; Shi et al., 2019; Wei et al., 2010).

Structural coloration can be combined with molecular imprinting
technique so that biomimetic biorecognition and signal transduction
directly convert the analyte recognition process into a measurable op-
tical label-free signal (Chen et al., 2016). In this approach, the PC
structure is usually embedded into a polymerizable mixture of mono-
mers in the presence of the target molecule. After polymerization, the
analyte molecules are removed from the polymer matrix leaving behind
highly selective recognition nanocavities. Upon rebinding of the analyte,
a change in the molecularly imprinted polymer (MIP) resulting from
accommodating the target into the cavities induces changes in the
reflectance signal of the PC structure (Fenzl et al., 2014). The advan-
tages of PC-MIP sensors are that they are easy to read, cost-effective and
relatively simple to construct (Chen et al., 2016). Opal structures
derived from self-assembly of colloidal silica particles are a very com-
mon starting point to construct PC-MIPs. Such photonic sensors have
already been developed for various biomarkers, including proteins like
hemoglobin (W. Chen et al., 2015; Zhao et al., 2009), fibrinopeptide
(Resende et al., 2020) and bovine serum albumin (Hu et al., 2007).

An important feature in the development of biosensors is sustain-
ability, which creates a need for alternative solutions based on biode-
gradable materials. In this context, cellulose is one of the most studied
biopolymers, which has given rise to numerous paper-based point-of-
care devices (Hou et al., 2022; Lee et al., 2021). Another issue is sensor
flexibility, as wearable biosensors could be a great solution for real-time
health monitoring. Substrates based on cellulose and its derivatives can
meet all these requirements for sensor development because these ma-
terials are simple, abundant, inexpensive, biodegradable, and flexible.
Biosensors on cellulose paper offer additional advantages such as ease of
use, accuracy, and rapid response (Kamel and Khattab, 2020).

Bacterial nanocellulose (BNC) is a sustainable alternative (Forte
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et al., 2021) to its plant derived counterpart, since it can be obtained by
fermentation from byproducts of the food industry using e.g. Komaga-
taeibacter sucrofermentans (Cielecka et al., 2019). When produced by
static culture, it presents a unique three-dimensional nanofiber network,
which cannot be obtained from other sources of cellulose. This material
features a large surface area associated to a highly porous structure,
which makes possible a rapid diffusion of molecules through the mesh
and a good dispersion of chemicals, with high absorption capacity
(Iguchi et al., 1991). These properties provide a higher sensitivity and
accuracy when BNC is used as a matrix for analytical applications
(Andrade et al., 2010). In addition, there are a large number of reactive
hydroxyl groups on the surface that are suitable for chemical modifi-
cation and better attachment of sensing material (Gu and Dichiara,
2020).

In this work, BNC was used for the first time as a substrate for the
construction of an optical biosensor based on structural color. The
surface-adhesion and color enhancing properties of PDA were used both
as a coating of BNC and as a core-shell MIP. Colloidal silica particles
were used to fabricate the PDA shell with the imprinted recognition sites
for the protein target, followed by self-assembly of the MIP spheres on
PDA-BNC membrane (Fig. 1). Thus, the combination of eco-friendly
materials and biopolymers used to fabricate the current sensor meet
the desired criteria of biodegradability and biocompatibility, which are
of interest for the development of future flexible optical devices. Lyso-
zyme was selected as the protein biomarker for proof-of-concept. Lyso-
zyme is a ubiquitous enzyme present in human fluids (e.g., serum, urine,
tears) and is therefore a well-studied biomarker known to be “body’s
own antibiotic” because of its antimicrobial activities (Hanstock et al.,
2019; Zhang et al., 2020). Due to the immunomodulatory ability of
lysozyme, its altered levels have been reported as a useful biomarker for
cancer, kidney disfunction, sarcoidosis, and cardiovascular diseases
(Abdul-Salam et al., 2010; Jiang et al., 2021; Sahin et al., 2016). The
presence of lysozyme on the surface of human plasma extracellular
vesicles has been also reported, suggesting that it is involved in inter-
cellular communication in stress-induced intestinal damage, related to
cell repair and inflammatory responses (Abey et al., 2017).

2. Material and methods
2.1. Reagents

All chemicals were of analytical grade and used without further
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Fig. 1. Schematic representation of the sensor design and assembly.
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purification. Tetraethoxysilane (TEOS) 99% and 3-Hydroxytyramine
chloride for synthesis were purchased from Merck. Ammonium hy-
droxide 25%, was obtained from Fluka. Ethanol absolute >99.9%,
lysozyme and cystatin C were purchased from Sigma-Aldrich. Cormay
Serum HN was bought from PZ Cormay S.A. Phosphate Buffered Saline
(PBS) tablets were acquired from VWR and Tris (hydroxymethyl)ami-
nomethane was obtained from Fisher BioReagents. Ultrapure laboratory
grade water was used (conductivity <0.06 pS cm ).

2.2. Preparation of polydopamine (PDA) functionalized bacterial
nanocellulose (BNC)

BNC was obtained through synthesis from bacteria Komagataeibacter
sucrofermentans as previously described (Soares da Silva et al., 2022).
The sponge-like BNC matrix (2 cm x 2 cm) was immersed at 10 mmol
L' of dopamine in Tris buffer 10 mmol L~! pH 8.5 for 48 h under
agitation (100 rpm), at room temperature. Then, the functionalized
PDA-BNC matrix was placed under a press and totally dried at 30 °C.

2.3. Preparation of sensing molecularly imprinted polymer (MIP)

First, highly monodisperse silica particles were synthesized using the
modified Stober method (Stober et al., 1968). Solution A was obtained
by mixing 8 mL of ammonia, 62 mL of ethanol absolute, and 3 mL of
ultrapure water. Solution B was obtained by mixing 6 mL of TEOS and
21 mL of ethanol absolute. Solution B was quickly added to solution A
under 900 rpm stirring and slowed down after 5 min to 600 rpm for 2 h
at 60 °C. The obtained colloidal dispersion was centrifuged (7000 rpm,
10 min) and washed with ethanol several times. The obtained silica
spheres were dispersed in ultrapure water and stored for further usage
and characterization.

The formation of the MIP shell around silica particles was made via in
situ polymerization technique. Thus, a dispersion of silica particles
(~0.9 mg mL 1) was mixed with dopamine (10 mmol L™1) and with
lysozyme (1000 nmol L’l) in Tris buffer (10 mmol L’l, pH 8.5). The
mixture was left to react for 30 min under stirring (1000 rpm), followed
by several rounds of centrifugation (7000 rpm, 10 min) and resus-
pension in ultrapure water to remove non-polymerized dopamine and
free PDA. The washing process was monitored by UV-Vis spectroscopy
until no PDA was detected in the supernatant. The MIP particles were
then incubated 2 h in ethanol to remove the template lysozyme from the
imprinted matrix.

2.4. Sensor assembly and analytical performance

The sensors were assembled via drop-casting of a mixture of bare
silica particles in ethanol and the core-shell MIP SiO,@PDA in water on
the surface of PDA-BNC (5 mm x 5 mm) in 1:2 proportion, and subse-
quently dried at room temperature. To obtain the analytical data, at
least three independent replicates using independent sensors were per-
formed, and results are presented as average with standard error. The
response of the sensors was first evaluated in PBS buffer (10 mmol L
pH 7.4). To assess if the sensors maintained a relatively stable and
repeatable signal under multiple measurements, they were assayed after
successive 30 min incubations with PBS buffer for 180 min. The signal
fluctuations were below 5% (n = 5) for any tested time regarding the
initial levels. Thus, the sensors were considered stable, and the cali-
bration studies proceeded. For each calibration, the sensor was first
equilibrated with PBS buffer for 30 min, and then lysozyme (1 nmol L™}
to 100 nmol L) was successively incubated by drop casting on the
sensor for 30 min in a wet chamber. After washing and drying, reflec-
tance spectra were obtained. Then, a similar procedure was performed
in serum diluted 1000-fold in PBS buffer, by testing the same lysozyme
concentrations (1 nmol L™} to 100 nmol L™Y) prepared in diluted serum.
Sensor responses were analyzed by the relative area under the curve
(AUCQ), i.e. AUC/AUC,, where AUC is the blank and AUC corresponds to
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each protein standard. Calibration plots of the optical signal against the
logarithm concentration of lysozyme were evaluated regarding the
linear regression obtained. The limit of detection (LOD) was calculated
following IUPAC procedure for logarithm dependent calibrations (Buck
and Lindner, 1994).

For the selectivity tests, the recognition of lysozyme was measured
against cystatin C in spiked serum (1000-fold diluted in PBS buffer). The
sensor response to cystatin C in low (0.1 nmol L™ and high (10 nmol
L71) levels was evaluated separately or in combination with lysozyme,
also for both low (2.1 nmol L™ 1) and high (55 nmol L) concentrations.
The accuracy of the sensor was evaluated in 1000-fold diluted serum
spiked with the two concentrations (2.1 and 55 nmol L™1) of lysozyme.

2.5. Characterization

Scanning electron microscope (SEM) images were taken on FEI
Quanta 400 FEG ESEM equipment. The hydrodynamic diameter, poly-
dispersity index, and zeta potential of silica spheres and sensing mate-
rials were analyzed by dynamic light scattering (DLS) using a Malvern
Zetasizer Nano ZS (Malvern Instruments Ltd., UK). Reflectance spectra
were taken on Ocean Optics DH2000 spectrometer in reflection mode.
The optical set up comprised a reflection fiber probe (fiber diameter of
200 pm, Ocean Optics), and halogen light source along with Ocean optic
Flame miniature spectrometer. A diffuse reflectance standard was used
for white background with halogen light source on and off for black
background.

3. Results and discussion
3.1. Preparation of PDA-BNC

The isolated BNC is a soft membrane with high water holding ca-
pacity (Fig. 2A) and shows characteristic native 3D nanofibrillar struc-
tures when observed by SEM (Fig. 2B) (Fernandes et al., 2019). BNC
applications are vast (Lokhande et al., 2022; Rai and Dhar, 2022), but
the combination of BNC with PDA has been less studied. The highly
attractive properties of PDA considering its biocompatibility, biode-
gradability, and high photothermal conversion efficiency makes
PDA-BNC membranes very useful to develop photothermal materials,
for water treatment, and for wound healing by having anti-bacterial
properties (Jiang et al., 2017; Jun et al., 2019; Li et al., 2022; Wahid
et al., 2021). In the present work, BNC was immersed in dopamine so-
lution while polymerization occurred. The oxidative self-polymerization
of dopamine is a well-known process to obtain PDA (Postma et al.,
2009), and this process was optimized in the current work to efficiently
trap PDA particles in BNC matrix. Representative photos of PDA-BNC
membranes in wet (Fig. 2C) and press-dried (Fig. 2D) states show that
flexible black membranes were obtained. Thus, the PDA particles were
efficiently incorporated in the BNC fiber network (Fig. 2E and F). As
observed in the SEM images, the size of PDA particles was not uniform,
but that did not compromise the desired properties of the membrane
since the particles did not leach out of the BNC fibers. BNC poly-
saccharide contains free hydroxyl groups that may establish numerous
hydrogen bonds with PDA to generate the coating (Wahid et al., 2021).

Using this approach, the native high tensile strength properties of
BNC were combined with biomimetic mussel-like surface-adhesion
features of PDA, resulting in biodegradable with slight stretching ca-
pacity membranes. Moreover, the black color of PDA-BNC membranes
makes them ideal substrates to integrate structural color-based reflec-
tance sensing materials.

3.2. Preparation of sensing MIP on silica particles
The sensing MIP was designed based on a core-shell strategy having

silica particles as a starting material. The synthesized silica particles had
around 240 nm in size, as observed in SEM (Fig. 3A). The size and
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Fig. 2. Photograph of pristine BNC (A) and its fiber network as observed by SEM (B), and subsequent modification with PDA, resulting in black membranes in wet (C)
and dried (D) states, with SEM characterization showing PDA particles within BNC fibers (E, F).

monodispersity were confirmed by DLS (Fig. 3D). The DLS measure-
ments suggest that a narrow particle size distribution (PDI of 0.02 +
0.01) (Danaei et al., 2018) of 264.4 + 1.4 nm diameter was obtained.
The difference in size in comparison to SEM was expected because the
hydrodynamic size includes the solvation shell (He et al., 2012). The
particles had a negative surface charge of —46.2 + 0.4 mV, as showed by
zeta potential measurements (Fig. 3D), indicating that the dispersion is
stable due to electrostatic repulsion between the particles due to surface
hydrophilic silanol groups.

Among the many configurations used for MIP preparation, core-shell
MIP particles have been greatly studied particularly due to the possi-
bility of integrating MIPs with other functional components and for
improving MIP performance (e.g., better recognition by reduced mass
transfer resistance) (Wan et al., 2017). Interestingly, PDA has been
described as good polymer matrix for molecular imprinting of proteins
(J. Chen et al., 2015; Xia et al., 2013; Yang et al., 2016)). In the current
study, the shell of PDA is aimed for improved interaction with PDA-BNC
substrate and for optical tuning of the structural color, besides providing
recognition sites for lysozyme detection. After extensively washing the

MIP particles, including for template removal, the visual observation
that the initial milky-white solution of silica particles turned brown was
the first indication that a successful core-shell structure was formed.
Upon SEM analysis, the images show an effective formation of PDA shell
because the spherical shape is more irregular (Fig. 3B) in comparison to
bare silica particles (Fig. 3A). Both MIP and NIP control (Fig. 3C) pre-
sented the same morphology. In terms of size, SEM and DLS analyses did
not show a significant difference in comparison to bare silica particles
Nevertheless, DLS results indicated that the imprinted layers would have
around 5 nm, which is in accordance with the literature (Kawamura
et al., 2016; Xia et al., 2013). In addition, MIP (and NIP) maintained a
relatively low polydispersity index (PDI). The presence and stability of
the imprinted PDA layer was further confirmed by the zeta potential
value since the surface charge became less negative after the PDA shell
(Fig. 3D).

3.3. Sensor assembly on PDA-BNC

PDA films have been used to create surface-adherent mussel-inspired
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DLS
Sample
Diameter (nm) PDI Zeta Potential (mV)
Bare SiO: 264.4 £ 1.4 0.02+0.01 -462+04
MIP SiO@PDA 270.1+3.5 0.06 + 0.02 -37.0+0.7
NIP SiO2@PDA 271.9+3.0 0.11+0.01 -295+06

Fig. 3. Characterization by SEM (A-C) and by DLS (D). Bare silica particles after synthesis (A), MIP (B) and NIP (C) after self-assembly on PDA-BNC. The SEM image
of MIP shows an inset representing the quasi-amorphous structure of the obtained structure (B).

coatings (Lee et al., 2007; Loget et al., 2015). The unique adhesive
properties of PDA helped improving the assembly of the sensor on the
PDA-BNC substrate since both surfaces were coated with PDA. In addi-
tion, it allowed to modulate the fabrication of a colorimetric sensor by
non-iridescent structural color. The addition of absorbing materials like
PDA, carbon black or black polypyrrole to modify PC structures and
make them non-iridescent, i.e., the observed colors become
angle-independent, has been explored for some applications (Xiao et al.,
2017). Moreover, color saturation due to absorbing incoherent scat-
tering can be modulated. For example, by creating different thicknesses
of PDA on polystyrene spheres, the blackness and refractive index of the
colloidal particles could be successfully controlled (Kawamura et al.,
2016) In the current strategy, the assembly of the MIP (and respective
NIP control) originated a short-range order photonic quasi-amorphous
structure (Fig. 3B and C). The colloidal MIPs were deposited on the
PDA-BNC followed by solvent evaporation. Usually, there is a strong
colloidal crystallization tendency during the assembly process (Hu et al.,
2019). Thus, several methods have been proposed to overcome the
challenge of creating such amorphous photonic structures (Hu et al.,
2021; Liu et al., 2019). Herein, the rough surface of the PDA shell
composing the MIP and the PDA-BNC substrate favors the amorphous
structure. Nevertheless, for sensing purposes it was convenient to avoid
color dependence on the view angle, to have PDA adherence properties,
but also to maintain some degree of crystallinity to improve the reflec-
tance signal. This was achieved by assembling the sensing MIP in a
mixture with bare silica particles, and the ratio 1:2 of silica particles to
MIP was the one that provided the best sensitivity in terms of optical
response of the sensor.

3.4. Optical response of MIP

Consecutive additions of lysozyme prepared in PBS buffer resulted in
significant decrease of the optical intensity of MIP reflectance

proportional to the increase in lysozyme concentration (Fig. 4A). The
reflectance of the NIP control showed a slight decrease that was constant
with increasing concentrations of lysozyme, suggesting that a non-
specific adsorption occurred (Fig. 4B). On the other hand, the MIP had
a linear response (R2 = 0.991) between 1 and 100 nmol L1 (slope =
—0.206, abscissa = 0.892) (Fig. 4C). The standard error of the slope was
1.15%, confirming the repeatability of the sensors in the linear range. In
addition, the obtained LOD in buffer was 0.81 nmol L~ L. These results
suggest that the response obtained in the imprinted matrix was due to
specific recognition cavities tailored for lysozyme on the shell surface of
the particles. Empty imprinted sites in the polymer were increasingly
occupied by the target protein lowering the refractive index contrast,
together with a positive change in the average refractive index and thus
leading to reduction in peak intensity (Phillips et al., 2016; Wang et al.,
2021). This behavior is consistent with previous works using PCs for
detection of other target analytes (Endo et al., 2010; Liu et al., 2012;
Zhou et al., 2012).

The behavior of the sensing material was then assayed in the more
complex serum matrix. The MIP was tested in the same range of lyso-
zyme concentrations as in PBS buffer and showed a linear decrease in
reflectance intensity with increasing protein levels (Fig. 4D). The NIP
control also showed an initial decrease in reflectance intensity that was
kept almost constant when incubating with increasing concentrations of
lysozyme (Fig. 4E). This result suggests the occurrence of non-specific
adsorption in NIP material, but the MIP kept its recognition ability
(Fig. 4F) achieving a LOD of 0.77 nmol L™}, with good linearity (R? =
0.985) between 1 and 100 nmol L~L. The LOD obtained in serum was
approximately the same as in PBS buffer, but the slope of the curve was
slightly lower (slope = —0.174, abscissa = 0.804), suggesting that the
presence of other biological components in human serum may impact
upon the background signal. Nevertheless, the standard error of the
slope was 1.24% in serum, similar to the result obtained in buffer,
demonstrating excellent repeatability of the sensors. Thus, in the tested
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Fig. 4. Analytical performance of MIP@PDA@BNC in 10 mmol L~! PBS buffer pH 7.4 (A-C) and in serum (1000-fold diluted in PBS buffer) (D-F); A, D — repre-
sentative reflectance spectra of MIP@PDA@BNGC; B, E — representative reflectance spectra of NIP@PDA@BNC; C, F — calibration curves with increasing concen-

trations of lysozyme (Lys), 1 nmol L™! to 100 nmol L™} (n = 3).

conditions, the complexity of the serum did not significantly impair the
Sensor response.

According to previous studies, the levels of lysozyme in serum of
healthy individuals, considering 1000-fold diluted serum, would be
around 0.67-1.2 nmol L™}, and increased levels have been reported in a
number of diseases including cancer (Johansson and Malmquist, 1971;
Luger et al., 1979; Sahin et al., 2016). Thus, the developed photonic MIP
sensor could be applied to distinguish healthy from diseased conditions.

Other optical sensors have been previously designed to detect lyso-
zyme, as summarized in Table 1. The sensor described in the current
study enabled to achieve a lower LOD of ~0.8 nmol L1 (~11 ng mL’l),
in comparison to alternative MIP particles and photonic based optical
biosensors in the literature. These good results are in the range of the
LOD (5 ng mL’l) obtained when a core-shell MIP was combined with
surface-enhanced Raman scattering, known to be an ultrasensitive
method (Ren et al., 2020).

In addition, the use of lysozyme imprinted particles has been
explored as probes for in vitro sensing of live cells and in controlled
release studies (J. Chen et al., 2015; Fang et al., 2019). Particularly, a
PDA-MIP for lysozyme was combined with a magnetic core on silica
particles to obtain a NIR-light responsive MIP for extraction and
controlled release of the biomacromolecule owing to the photothermal
effect of the PDA layer (J. Chen et al., 2015). These studies reveal the
broaden potential and applications of the materials like those developed
in the current sensor.

3.5. Selectivity and accuracy

The selectivity of the developed MIP sensor for lysozyme detection in
human serum was evaluated against cystatin C. The protein cystatin C
was chosen as potential interferent because its level in serum has been
considered a suitable biomarker for cancer diseases (Guo et al., 2017;
Leto and Sepporta, 2020). Moreover, both lysozyme and cystatin C share
properties in terms of size (cystatin C is 13.3 kDa while lysozyme is 14.3
kDa) and isoelectric point (cystatin C is 9.3 and lysozyme is 11.1)

Table 1
Comparison of the proposed method with previously reported optical sensors for
detection of lysozyme.

Nanostructured materials Detection LOD Ref.

MIP particles based on poly Fluorescence (1) 210 (1) Lin
(ethylene-co-vinyl alcohol)/ quenching ngmL™!  etal
quantum dot composites (2009)

213 (2) Lee
ng mL~! et al.
(2010)

Silica cross-linked MIP particles Fluorescence 3200ng  Wangetal.
containing quantum dots intensity mL! (2022)

Hydrogel imprinted membrane Fluorescence 10.2 X. Zhang
containing quantum dots quenching nmol et al.

Lt (2018b)

Magnetic nanoparticles - Fluorescence 4.53 Zhang et al.
quantum dot nanocomposites quenching nmol (2021)

with MIP shell L!

MIP-coated carbon dots - silica Fluorescence 550 ng Fang et al.
composite particles quenching mL~! (2019)
3D opal structure by assembly of  Shift in the 5000 ng Chen et al.
polymer brush-grafted silica reflection peak mL~! (2017)
particles
2D photonic crystal hydrogel Debye diffraction 1380ng  Wang et al.
ring mL~! (2020)
2D photonic hydrogel modified Debye diffraction 1.8 Shen et al.
with an aptamer ring nmol (2022)
L1
Silver microspheres with MIP Surface-enhanced 5ng Ren et al.
shell Raman scattering mL ! (2020)
Polydopamine based MIP on Reflectance 0.8 This work
silica particles as a short-range  decrease nmol
photonic structure L!

(Okada, 2017; Wu et al., 2015). Thus, it is interesting to understand if
the detection of lysozyme in serum can be affected by the presence of
cystatin C. Thus, the response of the sensor was evaluated using low and
high concentrations of both proteins. Human serum 1000-fold diluted
was spiked with lysozyme and cystatin C separately or mixed (Fig. 5). In
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Fig. 5. Selectivity of the MIP sensing layer, and respective NIP control, to
single solutions of lysozyme (Lys) and cystatin C (Cys) and to mixed solutions of
both proteins at two different concentrations (proteins were prepared in 1000-
fold diluted serum) (n = 3).

comparison to the expected decrease in reflectance intensity observed
for lysozyme (2.1 and 55 nmol L1), the optical signal of the MIP sensor
did not present a significant change for both tested concentrations of
cystatin C (0.1 and 10 nmol L_l) (Fig. 5). The optical signal of the NIP in
the presence of cystatin C was similar to MIP, thus suggesting that
negligible signal change could result from non-specific adsorption.
Moreover, when MIP sensor was incubated with mixed proteins, the
presence of cystatin C did not seem to hamper the detection of lysozyme
(Fig. 5). The selectivity studies suggest that the imprinted sites play a
key role in the recognition process of lysozyme, i.e., the PDA matrix
provided the required complementary sites in terms of size, shape and
chemical bonds that enabled the sensor to selectivity recognize lyso-
zyme. In addition, the recovery assays were performed after spiking
1000-fold diluted serum with 2.1 and 55 nmol L™! of lysozyme.
Regarding the lowest concentration of 2.1 nmol L™}, the measured value
shifted —3.5% of the theoretical concentration with a relative standard
deviation (RSD) of 10.6% (n = 3), while for the highest value of 55 nmol
L*I, the shift was —10.3% with RSD of 19.0% (n = 3). Thus, the
measured values were consistent with the spiked levels suggesting an
accurate determination of lysozyme within the concentration range
under analysis.

4. Conclusions

In this work, environmentally friendly materials such as BNC and
PDA were used to construct a lysozyme biosensor based on MIP recog-
nition and short-range photonic structure as transducer element. To the
best of our knowledge, this is the first work using a short-range photonic
structure assembled on BNC for sensing applications in a biological
matrix at clinically relevant levels. The straightforward approach of
biosensor design, label-free detection and flexible substrate can open
new perspectives for future implementation at the point-of-care. The
photonic MIP sensor showed low LOD, and selective detection of lyso-
zyme compared to cystatin C, another cancer biomarker. The low
detection limit and linear response, which included healthy and
diseased ranges of lysozyme in serum, enable the use of this sensor in
various stages of disease and treatment monitoring. Moreover, BNC is a
flexible biodegradable substrate that can be easily functionalized and
manipulated. Therefore, combining it with other biopolymers,
imprinting technology and structural coloration is suitable for the
development of low-cost and disposable biosensors without losing the
requirements of sensitive detection and sustainability.
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