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Highlights
* A novel label-free biosensing system based on surface relief gratings fabricated
with responsive hydrogels has been developed for determination of CRP.
» Label-free sensing of CRP at a suitable concentration range for clinical applications
was achieved using a homemade measurement setup.
« Amplification strategies were applied which improved the analytical performance

of the sensor.
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» The approach was successfully applied to determine CRP in certified human serum

sample sensitively and specifically.

Abstract

Responsive hydrogel-based surface relief gratings have demonstrated great performances
as transducers in optical sensing. However, novel and smart designs of hydrogels are
needed for the appropriate detection of analytes and biomolecules since the existing
materials are very limited to specific molecules. In this work, a biosensing system based
on surface relief gratings made of bioresponsive hydrogels has been developed. In
particular, the hydrogel contains phosphocholine moieties to specifically recognize C-
Reactive protein (CRP). The CRP-Sensing hydrogel capacity to selectively detect CRP
was fully demonstrated. Using Direct Laser Interference Patterning, micro-gratings were
created on CRP-Sensing hydrogel substrates and applied for the label-free sensing of CRP
using a simple laser-based homemade optical setup. Limits of detection (LOD) and
quantification (LOQ) in human serum dilutions of 1.07 and 8.92 mg L™, respectively,
were reached. These results demonstrate that the biosensing system allows the selective
label-free detection of CRP within concentration ranges around those related to risks of
cardiovascular diseases and sepsis. Besides, amplification strategies have been carried
out improving the sensitivity, widening the linear range, and reaching better LOD and
LOQ (0.30 mg L™ and 4.36 mg L™). Finally, all the approaches were tested for the

quantification of CRP in certified human serum with recoveries of around 100%.

Keywords Biosensor; diffraction; label-free; surface relief gratings; responsive hydrogel,

C-Reactive protein
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1. Introduction
Diffraction gratings are interesting implements as transducers for the label-free sensing
of specific molecules. When a collimated beam illuminates the grating, this generates a
diffraction pattern in which the diffraction order intensities and/or positions depend on
the geometrical and optical characteristics of the grating. If these properties are modified,
a change in the produced signal is observed (i.e. the diffraction pattern). The
modifications in the grating can be generated by physical stimuli (for example, pressure,
temperature, etc.) or by the interaction with an analyte, thus the grating becomes a specific
sensor for this specific analyte. Gratings of proteins immobilized on solid surfaces
(biogratings) have been applied with great success for the label-free detection of
biomolecules®= and low molecular weight organic compounds.* In addition, biogratings
have been also implemented in optical fibers to sense biorecognition events by some of
us, which constitutes a new promising transduction system.® In these approaches, the
amount of matter that constitutes the grating changes after the biorecognition event and
this results in a modification of its diffractive performance. These biosensing systems are
considered simple, inexpensive, and very efficient when compared with other label-free
sensing systems. One way to fabricate biogratings is using a master grating and replicate
this on a substrate, either for microcontact printing biomolecules® or for molding a
biomaterial.” Master gratings can be produced by means of several techniques and a
simple, yet effective, method is using laser surface texturing (LST). In fact, guiding a
focused laser beam on a substrate, a large variety of materials like metals, ceramics, and
polymers can be processed creating a large number of possible periodic textures.®®
Despite the easy processing, regular periodic features with lateral dimension smaller than
10 um are not easily achievable with conventional LST approaches, which strongly limits

the detection of a diffraction pattern. A well-established laser technique able to produce
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periodic structures in the micro- and sub-micrometer range is Direct Laser Interference
Patterning (DLIP). This method relies on the overlap of two or more coherent laser beams,
where an interference pattern is locally created on a surface. At the intensity maxima
positions, the material is directly ablated, while at the minima, it remains unaffected,
creating structures much smaller than the beam size itself.1>'! In particular, DLIP has
been employed to treat several materials like metals or polymers for the fabrication of
regular 1D and 2D periodic structures which act as diffraction gratings for decoration and
product protection.*?14

Hydrogels are 3D polymeric networks that can absorb high quantities of water without
collapsing. They have a porous structure that allows the diffusion of molecules within
their matrix and they can be smartly designed to respond to external stimuli (responsive
hydrogels).*® This response is normally due to a macroscopic change, usually a volume
change, that occurs after the interaction of the polymer chains with the stimuli. The
stimuli can be physical (e.g. temperature, electric and magnetic field, mechanical stress)
or chemical (pH and chemical molecules). Particular hydrogels (bioresponsive hydrogels)
are designed to respond even to a specific biorecognition event.*® Hydrogels have been
used as active transducers in optical systems based on photonic crystals,}’~°
holography?®-2*, microlenses,? or optical fibers?®-? for glucose detection. Wang et al.
introduced for the first time their use for the fabrication of surface relief diffraction
gratings.?® They produced three dimensional periodic structures on the hydrogel surface
that structurally changed upon interaction with glucose. These structural changes resulted
in a modification of the intensity of the diffracted light by the grating, and so the
diffraction efficiency, which could be monitored upon the addition of increasing glucose
concentrations. The same principle has been used for the sensing of heavy metals,*° pH,%

and ethanol.®? In terms of biosensing, hydrogel gratings have been scarcely reported, and
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few examples are found where they are used for the detection of Thrombin’ and Human
Immunoglobulin-G.3334 These systems make use of displacement assays within the
hydrogel matrix to produce the volumetric changes that generate the analytical signal,
and, although the principle is nicely demonstrated, there is still room for improvement.
Firstly, using a target direct biorecognition rather than a displacement reaction is always
preferable, as direct assays are simpler, faster, and less error-prone; secondly, up to our
knowledge, no measurements in real matrices, such as blood serum, have been still
demonstrated; and thirdly, only sensitivities in the mg mL™ range have been reported,
which is larger than the regular concentration of most analytes of interest. In brief, new
appropriate smart designs of hydrogels should be carried out to open the door to the
detection of new and much more analytes.

The different disorders that affect heart and blood vessels are grouped as cardiovascular
disease (CVD). CVD causes more than 17.9 million deceases over the world each year,
which stands it as the main cause of death globally.*> Among different biomarkers,
Human C-Reactive protein (CRP) is a well-known analyte for prognosis of cardiovascular
risk and, in addition, it can offer information about patients suffering sepsis and
inflammatory processes,® illnesses that also deserve a short response time in hospitals.>’
Immunoassays are the most utilized methods for the determination of C-Reactive protein
nowadays,*® but biomimetic alternative methods are emerging.>**! These methodologies
use phosphocholine derivatives as sensing probes since it is a natural receptor of CRP
present in bacterial cell wall;*? besides, phosphocholine has excellent antifouling
properties that can block unspecific interactions. The easy recognition of CRP by the
phosphocholine units has been previously utilised to develop hydrogels for the successful
fluorometric detection of CRP in microarray format.*® The hydrogel platform was also

used for immunoassays and oligonucleotide hybridization assays as well as for the
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interferometric label-free detection of CRP in blood serum using the Biophotonic Sensing
Cell named BICELLSs, however this transducer requires micro/nano fabrication facilities,

and a special optical measurement platform.*®

Based on previous work, here we aim to demonstrate the potential of the approach that
uses specific hydrogel diffraction gratings to sense C-Reactive Protein at levels in the
clinical levels. For this, a phosphorylcholine-hydrogel-based surface relief grating,
produced on a laser-generated master, has been designed for the specific label-free
detection of C-reactive protein in blood serum. The hydrogel is easily fabricated, and the
detection is carried out with a simple optical measurement platform, constituting a
reliable, easy to construct, and cheap system. This is to our knowledge the first time that
direct label-free analyte detection is achieved in real samples, with sensitivity values in

the clinical values of interest.

2. Materials and methods

2.1.Materials
Acrylamide (AAm), N,N’-methylenebis(acrylamide) (MBA), 2-methacryloyloxyethyl
phosphorylcholine (MPC), potassium persulfate (KPS), Albumin from bovine serum
> 98% lyophilized powder (BSA), C-Reactive protein from human plasma (CRP), anti-
mouse 1gG-gold antibody produced in goat (AuNP@Ab), ERM-DA474 IFCC certified
human serum (CRP),* human serum, potassium phosphate dibasic, potassium phosphate
monobasic, sodium chloride, potassium chloride and tween-20 were purchased from
Sigma-Aldrich (Madrid, Spain). Alexa Fluor® 647 NHS Ester and mouse anti-CRP
antibody (anti-CRP) were purchased from ThermoFisher Scientific (Madrid, Spain).

Labelled bioreagents were prepared in the laboratory following the instructions of the
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supplier. PBST-S10 buffer consists of PBS-T 10 mM pH 7,4 (potassium phosphate
dibasic 0,8 mM, potassium phosphate monobasic 2 mM, sodium chloride 137 mM and
potassium chloride 2,7 mM, tween-20 0,05% v/v) having 10% of human serum.
Polydimethylsiloxane (PDMS) Sylgard 184 was purchased from Dow Corning
(Wiesbaden, Germany). The polyethylene terephthalate (PET) sheets modified with
cyclohexane dimethanol (CHDM), formally denoted as PET-G, were purchased from
Nudec S.A (Spain). The addition of CHDM enhances not only both the mechanical
properties and chemical resistance of PET, but also its transparency in the visible
spectrum. Although PET-G has a negligible absorption coefficient for wavelengths in the
visible range, this material can be processed with laser radiation at wavelengths in the UV
spectral range where it shows a strong absorption characterized by a high absorption
coefficient (~5x10° cm™) at a wavelength of 260 nm* useful for being treated with a laser

emitting in the deep-UV wavelengths.

2.2.Methods

Scanning Electron Microscopy (SEM). The hydrogel microstructures were analyzed by
SEM using a Gemini SEM 500 system (Zeiss). First, hydrogels were completely swollen
in distilled water and frozen at -20°C. Then, they were lyophilized overnight in a Telstar
Lyoquest freeze-drier to yield dry aerogel samples. Finally, the dry aerogel samples were
prepared for SEM analysis, just before they were analyzed, by sputter coating with an Au
layer of about 15 nm in a BAL-TEC SCD 005 sputter coater (Leica microsystems).

Optical microscopy. PET and PDMS masters and CRP-Sensing hydrogel gratings were
characterized by optical microscopy (LEICA MICROSYSTEMS, MZ APQO). The periods
of the gratings were calculated from their cross-section profile obtained after analyzing

the optical images with the ImageJ software.
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Atomic force microscopy (AFM). The CRP-Sensing hydrogel gratings were
characterized with the peak force quantitative nanomechanical mapping mode of AFM
(Multimode 8, Bruker) in water using a silicon tip (SNL-10, 0.12 N m™). A piece of 4 x
4 x 2 mm of the hydrogel grating was pasted onto the AFM sample holder and cover with
the probe holder for scanning in liquids. Water was used as solvent and measurements
were performed at room temperature.

Fluorescence measurements. Alexa Fluor® 647 emission was measured with a
homemade surface fluorescence reader (SFR) equipped with a CCD camera.*® Image data
processing was performed with the GenePix Pro 4.0 software (Axon Instruments, Foster
City, CA, USA).

Swelling studies. Lyophilized hydrogel samples were used for the swelling studies.
Samples with a size of approximately 1 cm were immersed in PBS-T (10 mL) at room
temperature. The weight of the swollen hydrogels was recorded at different times until
they were totally swollen (reaching of constant weight). Water excess on the surface of
the hydrogel was removed with a filter paper before weighing. The swelling degree was
calculated from equation (1), where Wt is the weight of the hydrogel after being immersed
in water during time “t” and Wy is the weight of the lyophilized hydrogel before the
immersion.

W, =W,
%Swelling = T X100 €y
0

2.3.Synthesis of CRP-Sensing hydrogel
AAm (380 mg), MBA (15 mg) and MPC (83 mg) were dissolved in 2 mL of H>O with
1% v/v of tween-20 and stirred for 1.5 h at r. t. Then, KPS (20 mg) was added, and the
solution was sonicated for 2 minutes. Then, the mixture was poured in a glass vial (2 cm

diameter). After 10 min of low vacuum application, the hydrogel was thermal cured at 70

8
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°C for 2h. Once polymerized, the hydrogel was peeled off and washed by immersion in
distilled water during at least 2 h. The water was changed at least three times to ensure
that any unreacted monomers and initiator were eliminated. The hydrogels were stored at

4 °C.

2.4.Fluorescence analysis of protein recognition
C-reactive protein from human plasma and albumin from bovine serum were labeled with
Alexa Fluor® 647 dye, following the protocol recommended by the supplier, yielding
BSA-Alexass7 and CRP-Alexass7. Hydrogels were cut in square pieces of 4 x 4 x 2 mm.
For the optimization of the incubation time, different pieces of the hydrogel were
incubated with 50 uL of labeled BSA-Alexass7 or CRP-Alexassr proteins at 50 mg L™ in
PBST-S10 for 2, 4, 6, 8, 10 and 12 h. Subsequently, they were removed from the solution
and placed on a glass slide for fluorescence analysis. For the optimization of the washing
time, different pieces of the hydrogel were incubated with 50 ul of labeled BSA-Alexassz
and CRP-Alexass7 proteins at 50 mg L™ in PBST-S10 for 4 h and washed with PBS-T for
different times (14 (overnight), 18, 20, 22 and 24 h). Every washing step implied a change
of the washing solution; for example, washing for 14 h had 1 change of the washing
solution while washing for 24 h had 5 changes. Subsequently, they were removed from
the PBST-S10 solutions and placed on a glass slide for fluorescence analysis. Once the
incubation and washing times were optimized, different pieces of the hydrogels were
incubated with 50 pl of solutions of labeled BSA-Alexags7 or CRP-Alexass7 proteins at 0,
25, 50, 100, 200, 300 and 400 mg L™ in PBST-S10 during 4 h. Then, hydrogels were
washed overnight with PBS-T. Subsequently, they were removed from the solution and

placed on a glass slide for fluorescence analysis. The fluorescence of all samples was
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registered and the signal intensity was quantified with the GenePix Pro 4000B software

(hex=633 nm, Aem=670 nm). All experiments were repeated three times.

2.5.Fabrication of the grating masters
Grating masters were fabricated using the Direct Laser Interference Patterning (DLIP)
technology.*’ For this work, a frequency quadrupled Q-switched laser head (Laser-export
Co. Ltd., TECH-263 Advanced) with a maximum pulse energy of 50 uJ and operating at
a wavelength of 263 nm and a pulse duration shorter than 3 ns was used. The laser beam
has a Gaussian intensity distribution (TEMO0O0) with a beam quality of M? < 1.3. The
structuring of the PET-G samples was conducted by a compact two-beam DLIP system
(Fraunhofer IWS, Figure 1a). It produces confined DLIP treated areas per laser pulse
containing line-like structures with a selected periodicity within a diameter of ~25 um.
The optical configuration allows the fully automatic control of the spatial period A
between 1.5 um — 11.0 um by varying the angle of incidence of the beams on the sample
(Figure 1b). In this work, gratings with a spatial period of 3.0 um were fabricated by
setting the interference angle to 2.51°. To create areas larger than the DLIP pixel, the
sample is precisely moved by a stage system (PRO155-05, Aerotech GmbH, Firth,
Germany), resulting in square-shaped processed areas with an edge length of 20 mm
homogeneously covered with the line-like pattern. In particular, the samples were moved
in the direction parallel to the interference lines with a spatial pulse separation p = 16.7
pum and successively displaced laterally of a quantity h = 3um (hatch distance), chosen as

an integer of the spatial period (Figure 1c). A laser fluence of 0.13 J/cm? was applied.
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Figure 1. (a) Schematic representation of the DLIP optical setup, (b) depiction of the
interference effect between two Gaussian laser beams overlapping and (c) sample
processing scheme showing the displacement of DLIP pixels on the sample’s surface.

The scanning direction is vertical.

2.6.Fabrication of the CRP-Sensing hydrogel gratings

CRP-Sensing hydrogel gratings were fabricated through the replication of a PDMS
master obtained from the PET-G master. A liquid mixture of PDMS was poured onto the
structured side of the PET-G master, removing bubbles with low vacuum for at least 15
min. After that, polymerization took place overnight at 60 °C. The polymerized PDMS
master was peeled off and used as a template for the fabrication of the holographic
hydrogel. 2 mL of the monomer solution with KPS (see synthesis of the hydrogel section)
was drop-cast onto the structured side of the PDMS master placed on small vial (2 cm

diameter). After vacuum purge for 10 min, the holographic hydrogel was cured for 2 h at

11
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70 °C. Once polymerized, it was peeled off and washed by immersion in distilled water
during at least 2 h, using three times fresh water to ensure that non polymerized monomers

were eliminated. The hydrogels were stored at 4 °C.

2.7.Measurement setup
Figure 2 shows the experimental setup used for the biosensing and for the characterization
of the different structured materials (i.e. diffraction efficiency or zero/1% diffraction order
distances) (See also figure S1). From the bottom to the top, a laser beam (650 nm) is
orthogonally directed towards an adjustable diaphragm to the sample holder (opening =
2 mm). The sample holder has been home made to host a 96-well plate and to facilitate
its 2D movement in a horizontal way (x and y dimensions). A movable plane concave
spherical lens (f = 30 mm) is placed on the top of the 96-well plate to focus the diffracted
beams. The intensity and the number of orders that can be observed after the diffraction
of the light by the gratings depend on the structural characteristics of the gratings as well
as on the fabrication material itself (i.e. PDMS, PET-G or hydrogel). In this work, only
the zero and first diffraction orders are considered. A movable silicon photodiode is
placed after the lens to record the intensity of the incident light (no sample on the holder)
or the zero diffraction order (with a sample placed on the holder). A second movable
silicon photodiode is placed at certain angle of the incident laser beam to monitor the
intensity of the first diffraction order. The generated current is converted into voltage by
the resistors connected to the photodiodes (75 and 3400 kQ for zero and first diffraction
order intensities, respectively). The diffraction efficiency of the gratings, i.e. the
analytical signal, is obtained from the intensity ratios of the first and zero order diffraction

beams (equation 2).

DE (%) = j—; x 100 (2)

12
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Where DE is the diffraction efficiency for the first diffraction order, 11 is the intensity of
the first order diffraction beam an lo is the intensity of the zero order diffraction beam.

Besides, a white screen equipped with a ruler is placed on the top of the system to hold
the projection of the entire diffraction pattern of the gratings (D = 1000 mm from the
sample holder). Finally, a digital camera (Nikon, D3200) is placed at a fixed distance
from the white screen to register the diffraction patterns. The first diffraction order in
gratings is governed by equation (3)* which, for small diffraction angles, can be
simplified in equation (4) to correlate the period of the gratings with the distance between

the diffracted orders:

A= (3) A=0l (@

sin6

where A is the period of the grating, 4 is the wavelength of the incident beam, & is the
incident angle from sample normal, D is the distance between the screen and the sample

and y is the distance between the first and zero orders.

Diffraction pattern

i )
Diffraction
Grating
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Figure 2. Scheme of the measurement set-up, L: movable lens; D: diaphragm. P:

movable photodiodes; T: Transductor.

2.8. Characterization of fabricated diffraction gratings with the optical setup

A portion of a PET-G master, a PDMS master or a CRP-Sensing hydrogel grating,
with the surface diffraction grating on the upper face, was placed on a glass slide onto the
sample holder. After irradiation with the laser beam (650 nm), the diffraction patterns of
the gratings projected on the white screen placed at a fixed distance (1000 mm) were
registered with the digital camera and the images were analyzed with the ImageJ software.
The distance between the diffraction spots was used to calculate the grating periods using

equation 3.

2.9. Label-free biosensing of CRP using hydrogel gratings

Several CRP-Sensing hydrogel gratings (dimensions: 4x4x2 mm), with the surface
diffraction grating on the upper face, were placed in different wells of a transparent 96
well-plate. Firstly, a defined volume (300 pL) of PBS-T was added in each well and the
96 well-plate was stirred in an orbital stirrer for 14 h for the homogenization of the
hydrogels on the measurement medium. After that, PBS-T solution was discarded and
100 pL of fresh PBS-T were added for the initial diffraction measurements. The amount
of PBS-T was enough to allow the patterned surface of the hydrogel to be totally

immersed in the liquid.

Protein samples (CRP and BSA) with different concentrations in the 1-50 mg L™ range
were prepared in PBST-S10 medium. Furthermore, two samples of CRP in certified
serum were prepared by dilution of the standard solution in PBS-T (dilution factors: 1/10

and 1/2). After the initial diffraction measurements, the PBS-T solution was discarded,
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and hydrogels were incubated at room temperature with 50 puL of protein samples for 4
h. Then, protein samples were discarded, 300 pL of PBS-T were added, and finally the
96 well-plate was stirred in an orbital stirrer for 14 h. After that, PBS-T solutions were
discarded and 100 pL of fresh PBS-T were added for the final diffraction measurements.
Zero and first order diffraction intensities were recorded with the optical measurement
setup. The relative diffraction efficiency (respect to the initial diffraction efficiency) was
used to characterize the protein-sensing response of the hydrogels, as described in

equation 5:

RDE(%) = L2100 (5)

where RDE is the relative diffraction efficiency, DE; is the initial diffraction efficiency
(after the homogenization step with PBS-T) and DE; is the final diffraction efficiency
(after incubation and washing steps) for the first diffraction order. All experiments were

repeated three times.

On the other hand, after the steps of incubation with protein samples and diffraction
measurements, CRP-Sensing hydrogel gratings were incubated at room temperature with
50 pL of anti-CRP antibody in PBST-S10 (50 mg L) for 4 h for signal amplification.
After washing with 300 pL of PBS-T for 14 h, the PBS-T was replaced with 100 pyL of
PBS-T and the diffraction intensities were registered. A second amplification step was
carried out by addition of 50 pL of anti-mouse 1gG modified gold nanoparticles in PBST-
S10 (AuNP@AD, dilution factor: 1/20), to the samples previously incubated with anti-
CRP, incubation for 4 h at room temperature and washing with 300 uL of PBS-T for 14
h. The diffraction intensities were registered after replacing the PBS-T with 100 pL of

fresh PBS-T. RDE was calculated for both amplification steps according to equation 5.
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3. Results and discussion
3.1.Hydrogel synthesis

Uncountable combinations of monomers, crosslinkers, and initiators have been studied
over the years to obtain hydrogels for different applications. Choosing the composition is
not trivial as the macroscopic characteristics and properties of the hydrogels are directly
affected by their starting components. Transparency, porosity, mechanical stability, and
malleability are the key requirements for applying hydrogels as surface relief gratings
suitable for sensing. In addition, they should be smartly functionalized with a recognition
element that allows selective detection of the analyte of interest without significantly
compromising these key requirements.

The objective of this work is the selective detection of C-Reactive protein and, for this
purpose, a phosphocholine moiety as recognition element was used. Besides, the selected
molecule, 2-methacryloyloxyethyl phosphorylcholine (MPC), bears an acrylate
modification that allows its polymerization within the hydrogel matrix. Looking for
transparency and improved mechanical properties, acrylamide (AAm) was chosen as the
skeleton monomer of the hydrogel because polyacrylamide hydrogels show high optical
properties.*® Indeed, AAm is among the most utilized monomers in the synthesis of
holographic and photonic hydrogels which also need high transparency and stability.>°
N,N'-methylenebisacrylamide (MBA) was chosen as the most common binder for
polyacrylamide hydrogels, and hydrogels were synthesized by in situ radical
polymerization using KPS as the thermal initiator (Figure S2, Supporting Information).
Figure 3a shows the digital image of the bulk hydrogel in its swollen state in water (zenith
angle). As it can be seen, the obtained material is completely transparent, and the hydrogel
was mouldable. Figure 3b shows the microscopic morphology of the same hydrogel

studied by Scanning Electron Microscopy. The hydrogel shows a homogeneous and
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porous mesh with a tight entanglement structure due to the high concentration of
crosslinking centers. Hydrogels exhibits 800% swelling degree in PBS-T (Figure S3,

Supporting Information).

Figure 3. (a) Digital image of the CRP-Sensing hydrogel in its swollen state and (b) SEM

image of the lyophilized CRP-Sensing hydrogel.

3.2.Fluorescence analysis of protein recognition
Before assessing the capacity of the hydrogel to act as a surface relief grating based
transducer in biosensing, its capacity to recognize the CRP was analyzed by fluorescence
spectroscopy. To achieve that, proteins were labeled with Alexa647 dye following the
instructions of the supplier. As the major aim is the detection of the protein in blood
serum, all the solutions used in the experiments were prepared in PBS-T diluted with 10%
of human serum (PBST-S10). The human serum does not only mimic the real
environment of the CRP protein, but also provide the medium with Ca?" ions that are
needed for the effective interaction between the phosphorylcholine units and the CRP.5!
All the designed experiments were also carried out with BSA to assess the selectivity of

the system. Figure 4a shows the fluorescence signal of hydrogels after their incubation
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with labeled BSA-Alexassr or CRP-Alexass7 at 50 mg L™ in PBST-S10 at different
incubation times. The results show that both proteins can diffuse across the hydrogel
matrix and the signal is stable after 4h of incubation. The high fluorescence signal at 2h
of incubation can be due to an accumulation of proteins at the border of the material at
shorter times. Figure 4b shows the relative fluorescence intensity of the hydrogels
incubated with labeled BSA-Alexaga7 or CRP-Alexassz at 50 mg L in PBST-S10 for 4h
after washing with PBS-T for different times. The results show that BSA-Alexasa7 is
virtually removed after overnight washing while CRP-Alexaea7 is retained by the hydrogel
matrix even after 24 h of washing. Figure 4c shows the binding curve of hydrogels
incubated with increasing concentrations of labeled BSA-Alexass7 or CRP-Alexass7 at the
previously optimized incubation and washing time. Data were fitted to a sigmoidal
(logistic 4 parameters) regression (R?=0.996). The increase in the fluorescence signal is
proportional to the concentration of the target CRP-Alexass7 while almost no signal is
observed for BSA-Alexags7 even at 400 mg L (Figure S4, Supporting Information).
Therefore, the hydrogel designed here is a suitable material to develop biosensors specific

for CRP protein determination.
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410 Figure 4. (a) Fluorescence intensity of hydrogels incubated with labeled BSA-
411 Alexags7 or CRP-Alexass7 at 50 mg Lt in PBST-S10 at different incubation times. (b)
412 Relative fluorescence intensity of hydrogels incubated with BSA-Alexass; or CRP-
413 Alexags7 at 50 mg Lt in PBST-S10 after washing with PBS-T for different times. (c)
414 Binding curves for hydrogels incubated with increasing concentrations of BSA-
415 Alexass7 or CRP-Alexass7 in PBST-S10 for 4 h after washing for 14 h with PBS-T.
416 All experiments were repeated three times.
417
418 3.3.Fabrication and characterization of PET-G and PDMS masters and CRP-
419 Sensing hydrogel gratings
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Once the suitability of the hydrogels for selectively recognize CPR protein was
demonstrated, surface relief grating transducers of this material were fabricated. For this
purpose, the first step was the production of a mother master by DLIP using a PET-G
substrate.*” Thanks to the interference effect, DLIP is useful for building well defined and
almost defect-free periodic structures in different geometries. Thermoplastic (i.e. PET)
are preferred to metal masters since thermoplastics are resistant to most organic solvent,
acid and bases. Moreover, thermoplastic are soft materials which facilitates the
demolding process after replication without damaging the substrates. Conditions were
chosen to obtain masters with line-like periodic features having a period of 3 um. Then,
a PDMS master with the negative structure of the PET-G stamp was prepared by replica
moulding. Subsequently, the CRP-Sensing hydrogel gratings were fabricated by soft-
lithography from the PDMS master. Vacuum and polymerization times were optimized
to obtain homogeneous materials (data not shown).

Diffraction of the CRP-Sensing hydrogel gratings was characterized with the optical
setup and compared with the diffraction of the PDMS and the PET-G masters. Figure 5a
shows the diffraction pattern of the CRP-Sensing hydrogel. The grating period calculated
for this grating was 3790 £ 90 nm while the ones obtained for the diffraction patterns of
the PDMS master and PET-G gratings (Figure S5, Supporting Information) were 3050 +
10 nm and 3020 £10 nm, respectively. As expected, the grating period of the CRP-
Sensing hydrogel was larger than the ones of the PDMS and PET-G masters due to the
swelling produced in the hydrogel matrix after the immersion in water. The relative errors
associated with the diffraction measurements of the grating periods are less than 3%.
Moreover, the grating periods calculated by diffraction measurements are in good
agreement with those directly determined by optical microscopy (Figure 5b and ¢ and

Figure S6, Supporting Information). From these images, the grating periods were
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estimated to be 3720 £ 70 nm for the CRP-Sensing hydrogel and 2890 + 50 nm and 3000
+ 40 nm and for the PDMS and PET-G masters, respectively. Figure 5d shows the AFM
image of the CRP-Sensing hydrogel obtained in water where a grating period of
approximately 3.7 um can be observed in a three-dimensional view. All these data
confirm the correct replication of the gratings. It should be noticed that the AFM image
cannot be used for the analysis of the depth of the gratings as the aspect ratio and shape
of the measure grooves prevents the correct approaching of the tip of the cantilever to

their deepest bottom.>?

(a)

(b)

5 10 15 20 25 30

Distance (um)

1.5 um

20 um

-1.8 um

Figure 5. Characterization of the CRP-Sensing hydrogel immersed in water. (a)
Diffraction pattern projected on a white screen after irradiation of the hydrogel grating

with a laser beam of 650 nm. (b) Optical microscopy image, (c) cross section profile of
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the optical image (intensity in the abscissa refers to the mean gray value obtained from

optical images analyzed with the ImageJ software) and (d) AFM image.

3.4.Label-free biosensing of CRP using hydrogel gratings
The response of the label-free CRP-Sensing hydrogels was characterized by their
incubation with solutions of CRP and BSA at different concentrations, from 0 to 50 mg
L1 in PBST-S10. For that, hydrogel gratings were placed in the wells of a 96 well-ELISA
plate, incubated with the protein solution, and washed. The diffraction effect was visible
by naked eyed in the hydrogels under illumination with normal room white light (Figure
S7, Supporting Information). The zero and first diffraction order beam intensities were
registered with the measurement optical setup showing stability for at least 30 minutes
(Figure S8, Supporting Information), therefore, slight delays in the reading time would
not affect to the obtained results. Figure 6a shows the relative diffraction efficiencies of
the CRP-Sensing hydrogels after the assay with protein samples at different
concentrations. Incubation and washing times were selected as the optimized in the
fluorescence analysis, 4 and 14 h, respectively. The RDE values of hydrogels increase
with the concentration of CRP, while they remain practically invariable after incubation
with BSA. The results show that the hydrogels exhibit a specific response to the CRP in
the tested concentration range. The data can be best fitted by a dose-response type
sigmoidal correlation curve, obtaining a correlation coefficient of R? = 0.988. Limits of
detection (LOD) and quantification (LOQ) of 1.07 and 8.92 mg L™, respectively, were
obtained from this curve. Concentrations of CRP in human serum from healthy adults are
normally around 0.8 mg L% and levels higher than 10 and 50 mg L™ in plasma are

indicative of risk of developing a fatal CVD>* or sepsis,> respectively. Therefore, the
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results show that our system could be used for the detection of these risks in human
samples.

The diffraction efficiency of thin gratings at fixed wavelength and their Bragg angle can
be directly correlated to the refractive index modulation of the gratings. Therefore, the
increase in the RDE of the hydrogel gratings incubated with CRP can be ascribed to an
increase of the refractive index modulation of the gratings after the specific recognition
of the CRP by the hydrogel through the polymer chains bearing the MPC moiety. The
decrease of the dose-response curve slope at high CRP concentrations can be attributed

to the saturation of the protein adsorption on the surface of the hydrogels.

3.5. Amplification strategies
Amplification strategies were designed to evaluate if a higher increase of the refractive
index modulation of the gratings and, thus, an improvement of the analytical performance
of the biosensing system could be achieved. Hydrogels previously incubated with CRP
samples at increasing concentrations were subsequently incubated with anti-CRP
antibody (50 mg L) and then with anti-mouse IgG-gold antibody (AuNP@Ab, dilution
factor: 1/20) in PBST-S10. The RDE (%) of the hydrogels after incubation with every
sample are shown in Figure 6b. The data were fitted by linear correlation curves (R? =
0.986 and R? = 0.983 for amplifications with anti-CRP and AuUNP@ADb antibodies,
respectively). RDE values increase after the amplification steps for hydrogels incubated
with protein solutions at the whole tested concentration range. The amplification steps
yielded a wider linear dynamic range than the direct assay for the tested concentration
range. In addition, the detection and quantification limits decreased, while sensitivity
increased after the amplification steps. LOD were 0.51 and 0.30 mg L* for anti-CRP and

AUNP@ADb antibody amplification, respectively, LOQ were 4.36 and 5.31 mg L™ for
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anti-CRP and AuUNP@ADb antibody amplifications, and sensitivities were 2.9 and 3.8 %
L mg? for anti-CRP and AuNP@AD antibody amplifications, respectively. Therefore,
amplifications strategies could be useful tools for improving the analytical performance
of our initial biosensing system to not only detect but quantify lower concentrations of
CRP reaching the requirements for what is known as high-sensitivity CRP (hs-CRP),
which has an independent predictive potential cardiovascular risk factor (ranging from 1

to 3mg LY.
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Figure 6. (a) Binding curves for CRP-Sensing hydrogel gratings incubated with
increasing concentrations of BSA or CRP in PBST-S10 for 4 h after washing for 14h
with PBS-T. (b) Binding curves for CRP-Sensing hydrogel gratings incubated with
CRP, with CRP and anti-CRP antibody and with CRP, anti-CRP and AuNP@Ab

antibodies. All experiments were repeated in triplicate.

3.6.Detection of CRP in a certified human serum sample
With the purpose to demonstrate the capability of our system to analyze real samples,
CRP in a certified human serum was determined using the different biosensing strategies
here proposed. Certified human serum was 1/10 and 1/2 diluted with PBS-T and measured
in our system. Table 1 shows the calculated concentrations, obtained by interpolation
from the corresponding calibration curves. Analysis of samples at a 1/10 dilution factor
yielded accurate results but with recoveries around 130%, which is slightly over the
accepted values in immunoassay (80%-120%). These results can be ascribed to the fact
that the signals obtained at those dilutions fall nearly out of the dynamic range of our
calibration curves. The direct assay of samples with a 1/2 dilution is not either
recommended as it also falls out of the linear interval. Nevertheless, recoveries around
100% were obtained for samples with a 1/2 dilution factor analyzed with the amplification
strategies. The data demonstrate that working with blood serum is possible at two levels
of dilution and the system results specific for CRP, not being affected by the rest of
proteins and blood components. Successful detection of CRP was achieved with all the
biosensing strategies, but further improvements would be interesting for quantification at

high dilutions.
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Dilution factor*
o 172
Biosensing
strategy Expected Detected Expected Detected Recovery
concentration concentration concentration | Concentration range
(mg L) mg L) (mg L) (mg L) (%)
Label-Free 4,12 5.39+0.02 20.06 -*a -*a
Anti-CRP 412 5.77 +0.01 20.06 20+3 96-113
antibody
AUNP@AD 412 5.30 + 0.04 20.06 2242 100-113
antibody

Table 1. Determination of CRP in certified human serum using different biosensing
strategies: Calculated concentration from the different fitted data and recovery factors.
*Certified Human serum contains 41.2 mg L™* of CRP. All experiments were repeated
three times.

*2: out of the linear range.

4. Conclusions
A novel biosensing system based on bioresponsive hydrogel-based surface relief gratings
has been developed. The appropriate design of the hydrogels has allowed the label-free
and selective detection of CRP at a suitable concentration range for clinical applications
using a homemade optical measurement setup. The biosensing system allows the
application of amplification strategies to improve its analytical performance. In addition,
determination of CRP in certified serum has been carried out and recoveries up to 100%
have been obtained. As the measurements are demonstrated using a 96-wells ELISA
plate, the high-throughput screening potential of the approach is high. Also, it paves the
way to further developments with other analytes, or amplification strategies, being a
cheap and appealing approach where no micro/nanofabrication facilities, neither

complicated optical systems are required to implement it.
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