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ARTICLE INFO ABSTRACT

Keywords: Secreted protein acidic and rich in cysteine (SPARC) is critical in cell-matrix interactions and tissue remodeling.
Photonic crystals It influences tumor progression through its affinity for human serum albumin (HSA) - the most abundant plasma
Bound states in the continuum protein, which also plays a crucial role in drug delivery. Strong molecular binding leads to a dissociation
SPARC

constant K, in the nanomolar range. Thus, determining K, requires detecting sub-nanomolar concentrations
with ultrasensitive methods. This may be crucial for elucidating the nature of SPARC-HSA binding, as their
interaction remains a subject of debate. Capturing these interactions accurately requires a platform capable
of resolving rapid binding kinetics at extremely low analyte concentrations. In this work, we report on
a microfluidics-integrated photonic nanostructure that supports bound states in the continuum (BICs) and
is optimized for studying the fast kinetics of high-affinity protein-protein interactions. The unprecedented
capability of detecting sub-nanomolar concentrations allows quantifying K, between SPARC and HSA beyond
the state of the art. We leverage an all-dielectric photonic crystal slab (PhCS) sustaining two BIC branches
arising from gapped Dirac cone dispersion. HSA is covalently immobilized on the PhCS bonded to a PDMS
microfluidic chamber. SPARC dissociation is carried out using PBS buffer (pH 7.4), ensuring complete protein
release through precise control of the flow rate and continuous spectral monitoring of the BICs. The measured
K, = 82 + 0.8 nM confirms the strong affinity of SPARC for HSA. This study highlights the potential of
BIC-based sensing as a versatile tool for investigating protein interactions. These results also have implications
for the optimization of drug delivery systems and cancer treatment strategies.

Albumin
Dissociation constant

1. Introduction carcinoma, melanoma, and breast carcinoma (Andriani et al., 2018;
Ghanemi et al., 2020).

Protein-protein interactions play a key role in the regulation of
the biological processes involved in tissue physiology and pathology.
Among these, the interaction between SPARC and human serum al-
bumin (HSA) has gained increasing attention due to its potential role
in the design of albumin-bound drugs, such as nab-paclitaxel, which
are administered preferentially to tumors expressing SPARC (Vishnu

Secreted protein acidic and rich in cysteine (SPARC), also known
as osteonectin, is a matricellular protein involved in a wide range of
cellular processes, including extracellular matrix (ECM) regulation, cell
proliferation, and stress response (Tai and Tang, 2008). It is widely
expressed in remodeling tissues, including bone, skin, and cancerous

environments, and plays a critical role in the regulation of cell-ECM and Roy, 2011; Carrese et al., 2021, 2023). Their selective binding
interactions, growth factor activity, and angiogenesis (Johnson and affinity provides the possibility to understand how tumor cells exploit
Smith, 2002; Liu and Zeng, 2014). Numerous studies have shown metabolic pathways and resource distribution, since albumin serves as
a strong correlation between SPARC expression levels and the pro- a critical reservoir for nutrients and signaling molecules (Zhao et al.,
gression and severity of various solid tumors, including pancreatic 2018; Belinskaia et al., 2021).
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The determination of kinetic parameters, such as the dissociation
constant K, of the SPARC-HSA complex, is crucial for the stability and
affinity of this interaction under physiological and pathological condi-
tions and for the prediction of the behavior of albumin drugs in cancer
disease (Chlenski et al., 2016). The K}, provides information on the dy-
namics of complex formation and dissociation, thus offering predictive
value for its functional behavior in vivo. Indeed, it can refine drug deliv-
ery systems and translational medicine, improving therapeutic efficacy
and minimizing off-target effects (Carrese et al., 2021; Ji et al., 2024).
Monitoring association and dissociation kinetics provides a more de-
tailed understanding of molecular interactions compared to measuring
the steady state K, (equilibrium dissociation constant) alone (Aarons,
1981; Giannetti et al., 2008). This approach offers several advantages.
First, it provides comprehensive binding information, since the kinetics,
including the association rate k, and the dissociation rate k,, give
a dynamic picture of the speed with which molecules associate and
dissociate, revealing the binding strength based on fast association,
slow dissociation, or both. Second, it allows the distinction of different
mechanisms of binding. For example, two interactions might have simi-
lar K}, values, while their kinetic profiles could differ significantly: one
interaction might exhibit rapid binding and dissociation, yet another
binds slowly but dissociates very slowly. This distinction is crucial
for understanding biological functions or designing drugs. Moreover,
monitoring kinetics is highly relevant under in vivo conditions, where
interactions rarely reach equilibrium (Giannetti et al., 2008). Instead,
this approach better mimics transient interactions, especially in systems
with competing interactions or changing conditions, such as those
found in cellular environments. In drug development, detailed kinetic
profiles are instrumental in optimizing drug candidates for specific
therapeutic goals, such as fast-acting or long-lasting effects. Lastly,
analysis of kinetics can identify off-rate dominance. If the dissociation
rate (k) is the primary determinant of K, targeting k, — for example,
by reducing dissociation — can be a strategic approach to improve the
binding affinity (Copeland, 2016).

Since strong molecular binding leads to a dissociation constant K,
in the nanomolar range, accurately determining K, requires resolving
the kinetics of sub-nanomolar concentrations of analytes through ultra-
sensitive methods. Although crucial for devising new strategies based
on SPARC-HSA interactions, there are inconsistent attributions to the
binding affinity between SPARC and HSA, and this lack of robust
quantification is likely due to poor detection sensitivity.

Photonic bound states in the continuum (BICs) are discrete eigen-
modes embedded in the continuum of radiating waves (Bulgakov and
Sadreev, 2008; Plotnik et al., 2011; Molina et al., 2012; Hsu et al.,
2013b; Zhen et al., 2014; Bulgakov and Sadreev, 2014; Mocella and
Romano, 2015; Gomis-Bresco et al., 2017). First introduced in the
context of quantum mechanics (von Neumann and Wigner, 1929), BICS
have since been identified across a wide range of photonic systems, in-
cluding metasurfaces, plasmonic structures, photonic crystals and fiber
Bragg gratings (Gansch et al., 2016; Bulgakov and Maksimov, 2018;
Kupriianov et al., 2019; Gao et al., 2019). These states emerge from
several distinct mechanisms, such as symmetry mismatch (Plotnik et al.,
2011), fine-tuned parameters (Hsu et al., 2013a), and inverse design
strategies (Ma et al., 2022; Chen et al., 2024). In contrast to other
leaky optical modes, BICs do not couple to radiative modes and are
therefore characterized by an ideally infinite radiative Q-factor owing
to nontrivial topological properties (Zito et al., 2019; Wang et al.,
2020; Cerjan et al., 2020; De Tommasi et al., 2021, 2023; Schiattarella
et al., 2024). Thanks to these unique features, BICs have demonstrated
significant advantages and potential applications in manipulating light
fields and modulating light-matter interactions. Notably, they have
been successfully employed in the development of lasers (Hwang et al.,
2021; Yu et al., 2021; Do et al., 2025) and filters (Foley et al., 2014;
Lu et al., 2024). Moreover, dielectric nanostructures sustaining BICs
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have emerged as highly sensitive sensors for label-free, real-time and
imaging measurement (Liu et al., 2017; Romano et al., 2018b,a, 2019;
Yesilkoy et al., 2019; Romano et al., 2020; Maksimov et al., 2020; Zito
et al., 2021; Schiattarella et al., 2022; Zito et al., 2024; Clabassi et al.,
2025).

In this work, we demonstrate a microfluidics-integrated photonic
crystal slab (PhCS) especially engineered for studying the fast kinetics
of high-affinity protein-protein interactions by leveraging BIC-based
refractometric sensing. The capability of this system to detect sub-
nanomolar concentration ranges enables quantification of K between
SPARC and HSA, beyond the state-of-the-art. By leveraging the ultra-
high Q-factor of BICs, the system demonstrates sufficient sensitivity
to refractive index changes induced by molecular binding events for
resolving fast-kinetics processes. This approach ensures a precise deter-
mination of the dissociation constant (K}), providing crucial insights
into SPARC-HSA interaction dynamics. In particular, we found an
association rate constant k, = (1.7+0.2)x 105 M~!s™! and a dissociation
rate constant k,; = (1.4+0.1)x1072 s~!, leading to a dissociation constant
K; = 82+ 0.8 nM and confirming the high affinity of the interaction
between SPARC and HSA proteins. The proposed BIC biosensor of-
fers significant advantages over traditional techniques, such as surface
plasmon resonance (SPR) and enzyme-linked immunosorbent assays
(ELISA), including higher sensitivity and lower heat losses. Moreover, it
features a compact and scalable design for its integration into portable
diagnostic devices. In principle, enabling point-of-care applications in
cancer diagnostics and therapeutic monitoring.

2. Experimental section
2.1. Design and simulation

Numerical simulations of the transmittance spectra of the PhCSs as
a function of the incident angle were conducted using a comprehensive,
three-dimensional, rigorous coupled-wave approach (RCWA) based on
a Fourier modal expansion. Ansys Lumerical 2023 was employed for
these simulations. Bloch periodic boundary conditions were applied
along the x- and y-directions (unit cell lateral directions). The refractive
index of the substrate was set as 1.46, corresponding to quartz. The
refractive index of the surrounding medium (top cladding) was set as
1 for air and 1.33 for the aqueous environment. The silicon nitride
(Si;N,) dispersion was obtained by spectroscopic ellipsometry.

2.2. Fabrication and optical characterization

The PhCS sensor with an area of 1 mm? consists of a square
lattice of cylindrical holes in silicon nitride (Si;N,) deposited on a
SiO, substrate through plasma-enhanced chemical vapor deposition
(PECVD) (Romano et al., 2020). The design was patterned using stan-
dard high-voltage electron beam lithography (Zito et al., 2021; Schi-
attarella et al., 2022). The PhCS samples were optically characterized
using a dedicated optical setup. The spectral position and the origin
of different types of modes were investigated via angle-resolved trans-
mission spectroscopy using a collimated supercontinuum laser (NKT
Photonics, SuperK EXTREME). A computer-controlled rotational stage
allowed angle-resolved measurements with a resolution of 0.01° (Ro-
mano et al.,, 2014). Transmission spectra were acquired by using an
Ocean Optics USB4000 spectrometer with a resolution of 0.25 nm for
different incident angles 0 of the incoming beam. The band diagrams
were reconstructed via a custom-built MathWorks MATLAB routine for
acquisition and band reconstruction, including a filtering process via
fast Fourier transform to remove the background noise.
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2.3. Surface functionalization and optofluidic chip assembly

The surface functionalization of Si;N, PhCSs was performed by
following a well-established protocol for silicon-based substrates. PhCSs
were cleaned through three washes with absolute ethanol, followed by
three washes with double-distilled water (ddH,0) for 5 min at room
temperature (RT). To introduce silanol groups (Si-OH) on the silicon
nitride surface, the crystals were immersed in hexane (5 min at RT),
in ddH,O (5 min at RT), and Piranha solution (H,SO4:H,0, 3:1 v/v)
for 30 min at 90 °C. Then, sequential immersions in aqueous solutions
of NaOH 0.5 M and HCl 0.1 M were performed. Finally, the PhCSs
were washed with (ddH,0) (5 min at RT). To introduce amino groups
(-NH,) through silanization, the surfaces were immersed in APTES (3-
aminopropyl-triethoxysilane) solution (5% v/v in anhydrous toluene)
for 120 min at 37 °C. Next, the crystals were washed three times
with toluene (2 min at RT) and heated at 100 °C for 10 min (curing),
followed by functionalizion with BS® (bis(sulfosuccinimidyl)suberate)
at 10 mM in 20 mM HEPES buffer pH 7.5 for 5 h at 4 °C. After three
washes with 20 mM HEPES buffer pH 7.5 and with (ddH,0) (5 min
at RT), PhCSs were incubated with SPARC (14 pM, 5 pL) or rHSA
(7 pM, 5 pL) in PBS 1x at 4 °C overnight. Before incubation with
rHSA or SPARC, the N-hydroxysuccinimide ester (NHS) groups of BS3
molecules that had not reacted with SPARC or rHSA were saturated
with a solution of Tris—-HCl 200 mM, pH 7.5 for 30 min at RT. Finally,
the PhCSs were washed three times with PBS 1x for 5 min at RT.

After each functionalization step, band diagrams were acquired as
described in the previous section, and the possibility of monitoring the
interaction of the bioprobe with its target under static conditions was
assessed by allowing association in PBS for 30 min at room temperature
and dissociation in HEPES buffer for 50 min.

The dissociation constant between SPARC and HSA was finally de-
termined using the optimized functionalization strategy under dynamic
conditions, which involved integrating a microfluidic chamber into the
functionalized PhCS. The microfluidic chamber was made using a soft
lithography technique PDMS (polydimethylsiloxane) starting from a
10:1 w/w prepolymer solution of PDMS mixture, poured into a Petri
dish, degassed in a vacuum chamber to remove air bubbles, and cured
for 3.5 h at 60 °C. The microfluidic chip is composed of an incubation
chamber, an inlet, and an outlet, interconnected by a 0.5 mm thin
channel. The incubation chamber is nothing but a cylindrical hole
with a radius of 1.5 mm. The whole height of the microfluidic chip is
0.2 mm. Two holes were punched inside the chamber to allow inflow
and outflow of the solution. Two bent needles connected the syringe
tubes to the channel, allowing the solution to flow. Finally, the chamber
was bonded to the PhCS surface at the bottom through an oxygen
plasma process and thermal curing at 50 °C for 5 min. The liquid flow
was controlled using a syringe infusion pump (KD Scientific), which
allowed the total infusion volume to be monitored. Association and
dissociation experiments were carried out for 30 min each at a constant
flow rate of 10 pL/min in PBS. During association phases, several
concentrations of SPARC were tested (0.25, 0.5, 1, 2, 4, 8, 16 nM),
while during dissociation, the syringe fluid was substituted with PBS
to restore equilibrium and remove all the bound molecules. A blank
measurement (SPARC concentration = 0 nM) was also performed by
incubating PBS for 30 min at a constant flow rate of 10 pL/min. Each
experiment was repeated at least in triplicate (n > 3).

2.4. Materials and reagents

Ethanol was purchased from VWR BDH chemicals. Hexane, an-
hydrous toluene, bis(sulfosuccinimidyl)suberate (BS®), 3-aminopropyl-
triethoxysilane (APTES), and recombinant human serum albumin
(HSA) were purchased from Sigma-Aldrich Chemical Company Inc.
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Phosphate-buffered saline (PBS) was purchased from Gibco. Sodium
hydroxide and Hydrochloric acid 37% were purchased from Carlo Erba
Reagents. Tris and HEPES were purchased from ITW Reagents. Hu-
man SPARC Recombinant Protein was purchased from Thermo Fisher
Scientific Inc. Ultrapure water was obtained from a Millipore water
purification system (18.2 MQ cm~!, Milli-Q, Millipore). Polydimethyl-
siloxane (PDMS) and its curing agent were obtained from Dow Corning,
Germany.

3. Results and discussion

The study of protein-protein interactions is of paramount impor-
tance in the biomedical field for the optimization of drug delivery
systems and cancer treatment strategies. To this aim, the combination
of photonic nanostructures with microfluidics represents a powerful
strategy. We combined a PhCS sustaining BIC with a microfluidic
system to enable the continuous monitoring of the association and
dissociation of SPARC protein on HSA-functionalized PhCS. First, a
thorough numerical analysis was carried out to predict the PhC perfor-
mance. Then, the functionalization strategy and operating conditions
were optimized. Finally, association and dissociation kinetics were
investigated.

3.1. Optimization of the PhCS geometry

Fig. 1a shows a schematic representation of the proposed device
consisting of a silicon nitride PhCS on a quartz slide and enclosed in
a microfluidic chamber in PDMS (optically transparent in the visible
range). The geometric design followed a specific strategy. Three pa-
rameters were considered for the simulations: the hole radius r, the
slab thickness t, and the lattice constant a (Fig. 1b), finely tuned to
predict the experimental transmittance band diagram. By monitoring
the peak wavelengths of the three principal modes, indicated as 4,
4y, and A3, as a function of r, t, and a, it was possible to investigate
the emergence of two BIC modes at I' point. These correspond to 4,
and 15 as their linewidth progressively vanishes for incidence angles
approaching normal incidence (I"), which can be associated with the
characteristic diverging Q-factor of BICs (Fig. 1c).

For sufficiently large r and small t (ie., r > 107 nm when a =
363 nm and t = 56 nm or t < 48 nm, when a = 363 nm and r =
86 nm), the modes are degenerate at the I" point in momentum space,
supporting the formation of a Dirac cone (Romano et al., 2020; Zito
et al., 2024). The evolution of the modes as a function of r and ¢
(Fig. 1c) shows that the Dirac cone is gapped below certain values of
r and above certain values of t, with the emergence of two BICs. At
the same time, it is possible to tune their spectral position at 4, and
A3, by changing the lattice constant a. The spectral separation among
the three modes can be tuned by adjusting the r/¢ ratio, regardless of
a. In Fig. 1d, representative band diagrams are reported as a function
of the geometrical parameters, which provides a better understanding
of the evolution of the dispersion curves (see also Figures S1-S3 from
supporting information). It should be noted that the increase in ¢, at
fixed a and r, significantly affects the linewidth of 4, and 4.

Numerical simulations were carried out to achieve the exact po-
sitioning of the selected resonances and to study their evolution as a
function of the functionalization layers, as shown in the next section.
Fig. le shows the predicted and measured transmittance spectra (s-
polarization, TE-like modes). As shown, excellent agreement between
theory and experiments is achieved (r = 95 nm, ¢ = 56 nm, a = 363 nm).
The narrow linewidth of mode 1, was experimentally resolved only
after incubation in the buffer solution, owing to the Q-factor decrease
caused by surface radiative losses, in agreement with a previous report
(Zito et al., 2024).
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Fig. 1. (a) Schematic representation of the microfluidic-integrated optical device for the accurate determination of SPARC/HSA dissociation constant. (b) PhCS sketch showing a
SizN, slab having thickness t, and patterned with a square lattice (lattice constant a) of holes with radius r. (c) Parametric tuning of the PhCS modes position 4, 4,, and 4; as a
function of r, t, and a in the I' point (6§ = 0°). The arrows denote Dirac cone splitting as a function of the decreasing r and increasing t. (d) Comparison of the simulated band
diagrams for TE-like modes (s-polarization) as a function of the incidence angle 6 obtained as a function of r (r = 110 nm, on the left, and r = 80 nm, on the right), t (t =
45 nm, on the left, and t = 65 nm, on the right), and a (a = 355 nm, on the left, and a = 375 nm, on the right). (e) Simulated transmittance band diagrams (r = 95 nm, t =
56 nm, and a = 363 nm) compared with experimental band diagram of the PhCS for TE-like modes (s-polarization) as a function of the incidence angle 6.

3.2. Numerical investigation of the PhCS sensing performance

Numerical simulations were carried out to predict the refractometric
sensitivity of the two modes 4, and 45 as a function of both refractive
index n and thickness 7 of the superficial layer. Furthermore, two
environment claddings were considered to achieve a more accurate rep-
resentation of the sensor capability to detect SPARC/HSA interaction:
a cladding refractive index ngjaqqing = 1.0 (measurements after sample
drying); and ngjaqding = 1.33, mimicking measurements carried out in
PBS buffer under continuous spectral monitoring.

Fig. 2a reports the transmittance band diagrams (s-pol) obtained
for r = 95 nm, t+ = 56 nm, and a = 363 nm with ngaqqing = 1.0,
considering a thin layer with a refractive index of 1.42 with increasing
thicknesses 67 = 0,4, and 7 nm. The value 6 was chosen in agreement
with the hydrodynamic radii of SPARC and HSA, which are 4, and
7 nm, respectively. The refractive index of the layer was chosen to
approximate the immobilization of the two biomolecules on the PhCS
surface (Guo et al., 2024). Both modes, 4, and A3, undergo a redshift
as a function of 61 for all incident angles 6, as shown in the Supporting
Information (Figure S4). The redshift of 1; tends to decrease with the
incident angle 6.

The shift of the peak wavelength, 44, for both BIC modes was eval-
uated at fixed incidence angle (3°) by varying the biolayer refractive
index and thickness, considering an environment cladding of air (Fig.

2b-c). Both 44, and A4, increased exponentially with the refractive
index when the biolayer was 7-nm thick. In contrast, when 6t = 4 nm,
mode /4, followed a nearly linear trend, and only mode A; retained
its exponential behavior. At a fixed film refractive index (n=1.42),
Ay, = 0.9 nm and 1.5 nm for 6 = 4, and 7 nm, respectively, whereas
Ad; = 03 nm and 0.7 nm for 6t = 4 and 7 nm, respectively. The
different behavior of mode 4, in air as a function of the different
layer thicknesses led us to consider only mode A; for the monitoring
of the functionalization steps, thus evaluating all spectral shifts with a
consistent approach.

Fig. 2(d) illustrates the transmittance band diagrams (s-pol) ob-
tained from the same PhCS for ngjaqqing = 1.33. Also in this case, both
modes 4, and 43 undergo a redshift as a function of 5z. However, the
redshift of A; remains nearly unvaried for increasing incident angle 0
(see also Figure S5 from the Supporting Information).

The two BIC branches exhibit an even higher sensitivity to the
refractive index variation (Fig. 2e—f). Both 44, and 44; were larger
in a lower range (1.33-1.60). This suggests increased surface sensi-
tivity when operated in wet conditions, consistently with the larger
penetration depth of the evanescent field, which is more advantageous
for continuous monitoring applications. Both modes follow a linear
trend in this refractive index range, and their sensitivity increases as
a function of 67, as expected. Also in this case, we selected mode A; for
real-time experiments for consistency with the previous choice.



B. Miranda et al.

a) dt=0nm dt=4nm dt=7nm Max
560 T ¥ T T

5550 = — = - —
&

=

1)

540 =1, -1 E B =
)

(5]

8

= 530 — = |

10 14 12 13 14 15 16
c) Refractive Index n

2"1" = St=4nm
18] ° ot=7nm ]
1.5 1
~ 1.2 :
< 0.9 ]
0.6 f
0.3 1
0.0-Ls : i . . . ,-
10 11 12 13 14 15 16

Refractive Index n

nm)

Biosensors and Bioelectronics 288 (2025) 117754

dt=4nm dt=7nm Max
T T T

d -
)580 Jt-:Onml

570 ~ = —

560 - al= .

550 — — = -

Wavelength (nm)
~
&

540 =

530
0 Min

, (nm)

< 0.9 1

0.0 = : . . . -
135 140 145 150 155 160

f) Refractive Index n

241 . St=4nm

2.1 _
o] o+ ot=7nm ]

151 .
1.2 .
0.9 .
0.6 1
0.3 -
0.0 ! . . . . -
135 140 145 150 155 160
Refractive Index n

nm)

AL

Fig. 2. (a) Simulated transmittance (s-pol) band diagrams of a PhCS (r = 95 nm, ¢t = 56 nm, and a = 363 nm) in air (cladding refractive index ngqqing = 1.0) with a biorecognition
layer with refractive index of 1.42 and thickness 6t = 0,4,7 nm. Theoretical wavelength shifts 44(3°) of modes (b) 4, and (c) A; as a function of the bio-film with increasing
refractive index (from 1.0 to 1.6) with &t =4 nm (red) and 7 nm (blue) with nj,qqing = 1.0. (d) Simulated transmittance (s-pol) band diagrams of a PhCS (r = 95 nm, ¢t = 56 nm,
and a = 363 nm) in buffer (cladding refractive index = 1.33) with a biorecognition layer with refractive index of 1.42 and thickness ¢t = 0,4,7 nm. Theoretical wavelength shifts
AA(3°) of modes (e) 4, and (f) 4; as a function of the bio-film with increasing refractive index (from 1.33 to 1.60) with 6 =4 nm (red) and 7 nm (blue) with eadding = 1.33

3.3. Optimization of the functionalization protocol

The evaluation of the dissociation constant required optimizing the
functionalization strategy to achieve a reversible interaction between
the two proteins. Two sets of PhCSs were prepared, one with SPARC
as a bioprobe and the other with HSA as a bioprobe. The immobiliza-
tion of the bioprobes followed the same preparation steps (Fig. 3a):
piranha treatment, silanization with APTES, and BS® crosslinking. The
crosslinking step was followed by incubation with SPARC (14 uM) on
one set and HSA (7 pM) on the other. Covalent immobilization of the
bioprobe was followed by a passivation step in the TRIS-HCI buffer to
block the high reactivity of the BS® crosslinker. To test the efficiency of
interaction reversibility, HSA (0.3 nM) and SPARC (1.0 nM) solutions in
PBS (pH 7.4) were drop-cast on SPARC-functionalized PhCSs and HSA-
functionalized PhCSs, respectively. The dissociation of the analyte from
its bioprobe was induced by a pH variation, achieved by incubating the
samples in a HEPES buffer solution at pH 5.0. After each incubation
step, band diagrams were acquired as described in the Experimental
Section (Fig. 3b-d). The variation of the third mode A; with a BIC in
the I' point as a function of the functionalization step was monitored for
both strategies. The peak shift 41 between the current functionalization
step and the pristine PhCS samples was reported as mean + standard
deviation (SD).

In Fig. 3c, the evolution of 44 due to SPARC immobilization and
HSA recognition is shown. A 41 ~ 2.45 + 0.12 nm shift was obtained
after silanization, with a further 0.4 nm redshift (44 ~ 2.85 + 0.12 nm)

observed following interaction with SPARC. The passivation step with
TRIS-HCI did not cause any significant change in the resonance posi-
tion. Finally, interaction with HSA resulted in an additional redshift of
A3 by 0.3 nm (44 = 3.15 + 0.13 nm), which remained stable after the
washing step with HEPES.

The histogram in Fig. 3e shows 44 obtained using HSA as a bioprobe
and SPARC as a target molecule. Specifically, 44 ~ 2.45 + 0.12 nm
after silanization, and 44 ~ 2.97 + 0.12 nm following interaction with
HSA. The higher value is attributed to the greater molecular weight
of HSA compared to the SPARC protein, which affects the effective
refractive index on the PhCS surface. The passivation step with TRIS-
HCl did not cause any significant change in the resonance position.
Finally, interaction with SPARC produced an additional 0.3 nm-redshift
(A2 =~ 3.35 + 0.13 nm). The washing step in HEPES resulted this time
in a blue shift of 0.3 nm, denoting significant removal of the SPARC
protein without affecting the HSA bioprobe. This suggested the pos-
sibility of regenerating the sensor with the HEPES buffer between one
analyte concentration and the subsequent one in continuous monitoring
experiments. The results emphasize the reversible nature of the binding
of SPARC to HSA while confirming the nonspecific interactions of
HSA on the SPARC-functionalized PhCS (see also Figure S6 from the
Supporting Information). This highlights the importance of carefully
selecting which protein to immobilize for optimal assay performance,
especially for continuous monitoring applications. HSA and, in general,
albumins are known for their strong surface adherence, as they are
commonly used as passivation agents to reduce nonspecific binding in
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Fig. 3. (a) Schematic representation of the adopted functionalization strategies. (b) Comparison of the transmittance bands before (pristine) and after incubation with SPARC
(concentration C = 14 pM), and normalized difference band diagram indicated as merge. (c) Histogram of the 44(9) of the third mode 4; as a function of the functionalization
step with SPARC as a bioprobe (14 pM) for 6 € (2°,4°). (d) Comparison of the transmittance bands before (pristine) and after incubation with HSA (concentration C = 7 pM),
and normalized difference band diagram indicated as merge. (e) Histogram of the 44(9) of the third mode 4; as a function of the functionalization step with HSA as a bioprobe

(7 pM) for 6 € (2°,4°).

biosensing applications (Mulvihill et al., 1990; Keogh and Eaton, 1994).
Immobilizing HSA rather than SPARC provides a more controlled and
stable interface, minimizing background interference and enhancing
the specificity of SPARC detection. In contrast, immobilizing SPARC
leads to unpredictable interactions with HSA, which compromises the
reliability of the assay. Furthermore, the natural role of HSA in binding
and transporting biomolecules makes it a favorable substrate for immo-
bilization, as it can maintain its functional integrity while providing a
suitable environment for capturing SPARC. This strategic approach not
only improves sensitivity but also ensures greater reproducibility.

3.4. Evaluation of the dissociation constant

The reaction between the immobilized ligand (HSA) and the ana-
lyte (SPARC) follows a pseudo-first-order kinetics. During the associa-
tion phase, the complex [HSA-SPARC] increases as a function of time

according to the following kinetic equation:

d[HSA-SPARC]
dt

The association rate constant k, describes the rate of complex
formation, i.e. the number of HSA-SPARC complexes formed per second
in 1 M solution of HSA and SPARC (k, = [M~!s~!1). The dissociation
rate constant k, describes the stability of the complex, i.e. the fraction
of complexes that decays per second (k, = [s~!]).

The kinetic equation can be transformed into a so-called integrated
rate equation, which can be used to fit the experimental data:

= k,[HSA][SPARC] — k,;[HSA-SPARC] @

R=R,(- e~ ka"Csparc+ka)t=lo))

®))

where R and R,, are the physical readout parameters defining the
binding transduction over time in the sensor, e.g. the shift of Fano peak
of the resonance tracked over time AA(¢) and its equilibrium condition
AA,,, respectively.

eqs
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Fig. 4. (a) Example of Fano-shaped peak evolution upon binding: Fano asymmetry and quality factor change with the spectral shape, so that the tracking parameter 7, ie., the
spectral position of derivative maximum, shifts more than the peak position, 0.25 nm vs. 0.1 nm in this case. (b) Typical evolution over time of the resonance spectral profile
upon analyte binding. (c) Related evolution of the quality factor, with its characteristic drop upon molecular binding.

When the analyte flowing over the sensor surface is replaced by the
buffer solution, its free concentration rapidly drops to zero, initiating
the dissociation of the complex. By neglecting the rebinding of the
released analyte, dissociation can be described by the rate equation:

dR

or =k R (3

The dissociation rate constant (k;) can be reliably measured by
dissociating the analyte from the ligand after the buffer replaces the
analyte solution. Also in this case, it is possible to fit the integrated
rate equation to the experimental data:

(€3]

where Ry = AA(t = 0s) and R, is the offset to be considered when
at t - oo the sensogram has not returned to zero.

Fig. 4a presents the typical redshift of the Fano resonance peak upon
molecular binding in the transmittance spectrum. The profile can be
fitted to

R=Ry- e =0 4+ R,

(g +20 = dg)/o)
1+4(4 = 29)?/c2’

with peak /,, linewidth ¢ and asymmetry parameter g. Instead of

relying solely on peak shifts, we analyzed the full spectral evolution,

I/ Iy =1 )

tracking variations in ¢ and ¢ over time, and hence the quality factor.
Typically, O decreases upon molecular binding (Zito et al., 2024). This
approach enabled the definition of a more sensitive readout parameter,
the tracking parameter », which monitors the maximum derivative
position. Since resonance broadening amplifies # variations, it provides
enhanced sensitivity. In the example shown, # shifts by 0.25 nm,
compared to a peak shift of only 0.1 nm. Fig. 4b illustrates the evolution
of the Fano profile over time following the release analyte at + = 0.
Fig. 4c shows the corresponding evolution of the resonance quality
factor: after an initial increase, once binding stabilizes, resonator losses
increase. By combining these metrics, we achieved accurate quantifica-
tion of binding kinetics while mitigating alignment or other possible
instabilities over extended acquisitions (30-60 min).

Egs. (2)-(4) were employed to fit the experimental data and extract
the association and dissociation rate constants of SPARC binding to
HSA. Fig. 5a presents the experimental band diagrams of the HSA-
functionalized photonic crystal slab (PhCS) inside the microfluidic
chamber, recorded both before and after incubation with SPARC at
a concentration of 1 nM. As predicted by numerical simulations, the
bound state in the continuum (BIC)-associated mode A; exhibits a
significant red shift of approximately 14 nm upon immersion in PBS,
attributed to the high bulk sensitivity of the PhCS. Following incubation
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concentration after the equilibrium (PBS, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, and 16.0 nM) at ¢ = 3°. (c) Mean 44 (over the incidence angle 6) of A; after incubation with SPARC at
different concentrations (0.25, 0.5, 1.0, 2.0, 4.0, 8.0, and 16.0 nM). Curve fitting was performed using the Michaelis Menten equation. The reaction has been carried out at pH
7.4 in PBS buffer. Vertical bars denote the SD obtained for an incidence angle range spanning from +2° to +4° with a step of 0.01°. (d) Sensorgram showing the evolution of the
tracking parameter after incubation with SPARC protein at 1.0 nM (green), and 2.0 nM (red). Before each SPARC incubation (indicated with yellow arrow), the HSA-functionalized
PhCS was initialized in PBS (pH 7.4 - blue arrow). The dissociation phase was carried out after SPARC association in the same buffer (PBS pH 7.4 - blue arrow). The association
kinetics fitting curves were obtained by using Eq. (2). The dissociation kinetics fitting curves were obtained by using Eq. (4).

with SPARC, a further red shift is observed — up to 0.8 nm at a SPARC
concentration of 16 nM — which strongly suggests that molecular
interactions are occurring at the functionalized surface.

To quantify the interaction dynamics, the response of A; was mon-
itored across a range of SPARC concentrations. As shown in Fig. 5b,
the wavelength shift follows a concentration-dependent trend, pro-
gressively increasing with higher SPARC concentrations until reaching
saturation at 8 nM. This plateau suggests that all available binding sites
on the HSA-functionalized surface are occupied at this concentration,
indicating the establishment of equilibrium.

The association phase was conducted at a constant flow rate of
10 pL/min to ensure accurate kinetic measurements and minimize
mass transport limitations. After each association step, band diagrams
were recorded to track the real-time binding events. These data were
further analyzed to construct the dose-response curve shown in Fig. 5c,
which depicts the dependence of the wavelength shift (44) on SPARC
concentration. The shift was measured statistically, averaging A; in the
angular range 6 € (2°,4°), ensuring high precision in the detection
process (see also Figure S7). Blank measurements (PBS 1x, pH 7.4)
confirmed no significant shifts during incubation, as shown in Fig. 5Sc.

The fitting of the dose-response curve was performed using a
Michaelis-Menten model, a well-established approach for characteriz-
ing biomolecular interactions. This analysis confirmed a 1:1 binding
stoichiometry between HSA and SPARC, reinforcing the specificity
of the interaction. The derived binding parameters provide valuable
insights into the kinetic and thermodynamic properties of SPARC-
HSA interactions, with potential implications for biomolecular sensing
applications.

In this experimental context, the limit of detection (LOD) was not
considered a critical parameter, as the focus was not on detecting

trace concentrations in complex samples, but rather on ensuring sig-
nal stability and enabling accurate, real-time monitoring of binding
kinetics.

Finally, Fig. 5d presents the sensograms depicting the real-time
evolution of tracking parameter 7(4;) at an incident angle of 6 ~ 0.5°,
recorded for SPARC concentrations 1.0 and 2.0 nM. To ensure a well-
defined baseline, the sensor was first equilibrated in PBS buffer for 60 s
before introducing the SPARC solution into the microfluidic channel
using a syringe pump. The temporal evolution of the wavelength shift
was then continuously monitored to capture the association kinetics
of SPARC binding to the HSA-functionalized PhCS. Once the signal
stabilized, indicating that equilibrium had been reached, the solu-
tion containing SPARC molecules was replaced with its corresponding
buffer, allowing us to track the dissociation phase. The progressive
decrease in wavelength shift confirmed the detachment of SPARC
molecules from the sensor surface, and measurements continued until
the signal reached a stable baseline. To ensure reproducibility and
eliminate residual bound molecules, the sensor surface was regener-
ated using HEPES buffer, after which the experiment was repeated
with progressively higher SPARC concentrations. A maximum of 2-3
regeneration cycles was performed, as beyond this number a gradual
degradation in sensor response was observed.

The experimental data were analyzed by fitting the sensogram
curves using Egs. (2)-(4), and the extracted kinetic parameters are
summarized in Table 1. By averaging the results across the three tested
SPARC concentrations, we determined an association rate constant of
k, = (1.7 +0.2) x 10° M~!s~! and a dissociation rate constant of k, =
(1.4 +0.1) X 1072 s, From these values, the equilibrium dissociation
constant was calculated using the relationship K, = k,/k,, yielding a
final value of K, = 8.2+ 0.8 nM.
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Table 1

Kinetic parameters for SPARC binding at different concentrations.
SPARC C (nM) k, (sW'M™1) ky (57D K, (aM)
1.0 1.8 x 100 1.4 %1072 7.71
2.0 1.5x 10° 1.3x 1072 8.82
Average 1.7+0.2x 10° 14+0.1x1072 82+08

This is particularly relevant considering the significant variability in
K values for the SPARC-HSA interaction poorly reported in the litera-
ture, which ranges from as low as 1 nM to as high as 100 pM. However,
while specific values for the SPARC-HSA complex dissociation constant
are poorly available, several studies have demonstrated a significant
binding affinity between these two proteins (Park et al., 2019; Knauer
et al.,, 2009; Merlot et al., 2014; Zheng et al., 2024). These studies
confirm a meaningful binding affinity between SPARC and HSA and
highlight the need for more quantitative studies to determine the exact
dissociation constant for this interaction.

Our results are in good agreement with the recently reported value
for the case of HSA immobilized on the substrate (Cini et al., 2023).
The obtained kinetic and equilibrium parameters provide a quantitative
assessment of the affinity between SPARC and HSA, further validating
the specificity and robustness of the PhCS-based biosensing approach.

4. Conclusions

In this work, we develop and validate a BIC-based optical biosensor
for real-time monitoring of high-affinity protein-protein interaction.
We apply the BIC-biosensor to the challenging study of SPARC-HSA
interaction, accurately resolving their fast kinetics with our label-
free ultrasensitive detection. By leveraging the high Q-factor of BICs,
we achieve precise determination of the kinetic parameters at sub-
nanomolar concentration range. This unravels an association rate con-
stant k, = (1.7 = 0.2) x 10° M~!s~! and a dissociation rate constant
ks = (1.4+0.1)x1072 571, leading to a dissociation constant K, = 8.2+0.8
nM. These results confirm a strong binding affinity between SPARC
and HSA, which reinforces the role of this interaction in tumor biology
and its potential implications for drug delivery strategies. Compared
to standard techniques such as SPR and ELISA, the BIC-based device
demonstrates superior performance in terms of sensitivity, reduced
optical losses, and a simplified, label-free detection protocol. In direct
experimental comparison, the dissociation constant (K)) obtained via
SPR was 189 + 2.3 pM (Chlenski et al.,, 2016), whereas the BIC-
based platform yielded significantly lower values. This difference is
attributable to the alternative immobilization strategy employed, which
minimizes nonspecific interactions and enhances detection specificity
for SPARC. Differently, ELISA assays reported K values on the order
of ~#10 nM (Cini et al., 2023), values comparable to those of the
proposed BIC-based platform. However, such assays rely on antibodies
and conjugated fluorophores or enzymes, which are not cost-effective
and introduce additional complexity. The BIC-based method achieves
equivalent or superior affinity measurements without the need for
antibodies or labeling, representing a robust and scalable approach for
high-specificity, cost-effective biosensing.

These attributes make it particularly suited for detecting biomolec-
ular interactions at low analyte concentrations, a critical requirement
for biomedical applications. Additionally, the scalability and compact
design of the platform pave the way for its integration into portable
diagnostic devices, offering new opportunities for point-of-care appli-
cations in cancer diagnostics and therapeutic monitoring. By providing
a robust and highly sensitive method for studying SPARC-HSA interac-
tions, this work contributes to a deeper understanding of their role in
tumor microenvironments and targeted drug delivery systems. Future
developments will focus on expanding the capabilities of the proposed
platform to multiplexed detection and its potential clinical translation
for precision medicine applications.
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