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Abstract: Label-free optical biosensors have become powerful tools in the study of biomolecular
interactions without the need for labels. High throughput and low detection limit are desirable
for rapid and accurate biomolecule detection. The oblique-incidence reflectivity difference
(OI-RD) technique is capable of detecting thousands of biomolecular interactions in a high-
throughput mode, specifically for biomolecules larger than 1000 Da. In order to enhance the
detection capability of OI-RD for small molecules (typically< 500 Da), we have developed a
three-dimensional biochip that utilized carboxymethyl chitosan (CMCS) functionalized slides.
By investigating various factors such as sonication time, protein immobilization time, CMCS
molecular weight, and glutaraldehyde (GA) functionalization time, we have achieved a detection
limit of 6.8 pM for avidin (68 kDa). Furthermore, accurate detection of D-biotin with a
molecular weight of 244 Da has also been achieved. This paper presents an effective solution for
achieving both high throughput and low detection limits using the OI-RD technique in the field
of biomolecular interaction detection.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Label-free optical biosensors have become powerful tools in the study of biomolecular interactions
due to their ability to analyze biomolecular interactions without the need for labeling agents
[1–4]. Two important factors for evaluating the performance of optical biosensors are throughput
and limit of detection (LOD). High throughput (>10,000 per experiment) [5,6] allows optical
biosensors to process a large number of samples, improving analysis speed and efficiency. Low
LOD [7,8] enables optical biosensors to accurately detect molecules with low mass or at low
concentrations, improving reliability and accuracy of detection. Therefore, optical biosensors
with high throughput and low LOD are desirable.

Surface plasmon resonance (SPR) [9–11], bio-layer interferometry (BLI) [7,12,13], resonant
waveguide grating (RWG) [14–16], and ellipsometry [17–19] are widely used label-free optical
biosensors. Among these, SPR is recognized as the gold standard for studying biomolecular
interactions, enabling real-time detection of shifts in resonance peaks due to refractive index
changes near the metal surface. Commercial SPR-based biosensors can detect molecules with a
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molecular weight as low as 100 Da [8]. Additionally, SPR is often combined with microfluidic
chips to the simultaneously analyze several to dozens of samples [20]. BLI monitors biomolecular
interactions by observing changes in the interference pattern of reflected light on the sensor
surface, capable of detecting small molecules with a molecular weight as low as 129 Da [7].
When combined with 96-well microplates, they can process up to 96 samples simultaneously per
run [12]. RWG utilizes waveguide resonance for real-time biomolecule interaction detection,
directly detecting molecules with a molecular weight of 184 Da [14]. When coupled with
microplates, it achieves a throughput of 384 detections in a single run [21]. Ellipsometry detects
real-time changes in the polarization state of reflected light from sample surfaces, currently
capable of directly detecting compounds with a minimum molecular weight of 201 Da [22].
When integrated with microarray chips, ellipsometry-based biosensors can achieve a single-run
detection throughput of up to 2500. These sensors demonstrate remarkable sensitivity in detecting
biomolecules with low molecular weight. However, they encounter a challenge in applications
requiring high throughput, such as drug screening.

Oblique-incidence reflectivity difference (OI-RD) is an optical biosensor with the high
throughput capability in biomolecular detection. It is a special ellipsometry-based technique that
measures surface properties by detecting the differential reflectivity changes of p-polarized and
s-polarized components [23–26]. By integrating with a microarray biochip, OI-RD is capable of
detecting biomolecular interactions with a throughput of 14,000 per experiment [27]. However,
OI-RD is not able to detect small molecules with a molecular weight less than 500 Da, as well as
proteins at low concentrations.

Clearly, there is currently no optical biosensor that can simultaneously detect biomolecular
interactions in high throughput and with low LOD. To address this challenge, we have developed
a three-dimensional (3D) biochip that enhances the signal response of OI-RD, enabling its
detection of biomolecular interactions in high throughput and with low LOD. The 3D biochip is
created by epoxy slide functionalization with carboxymethyl chitosan (CMCS) as a scaffold and
glutaraldehyde (GA) as a crosslinker. By optimizing sonication time, protein immobilization time,
CMCS molecular weight, and GA functionalization time, we have achieved a LOD of 6.8 pM for
avidin (68 kDa), which is approximately 44 times lower than that on two-dimensional epoxy chips.
Furthermore, the 3D chip allows for the direct detection of D-biotin with a molecular weight
of 244 Da, which is significantly smaller than the detection limit of 1765Da on the 2D epoxy
chips. Based on the 3D biochip, OI-RD has demonstrated great potential for the detection of
biomolecular interactions with high throughput and low LOD, which has promising applications
in various fields.

2. Material and methods

2.1. Chemicals and reagents

Epoxy slides (75 mm× 25 mm× 1 mm, 91.9% transmittance) were purchased from Capital
Bio Technology Co., Ltd (Beijing, China). Carboxymethyl chitosan (carboxymethylation at the
C6 hydroxyl group, 150 and 500 kDa) was purchased from Oenrisi Chemical reagent Co., Ltd
(Chengdu, China). Glutaraldehyde was obtained from Sangon Biotechnology Co., Ltd (Shanghai,
China). D-biotin and Biotin-(PEG)6-OH were procured from Aladdin Reagent (Shanghai, China).
Biotin-NH-NH2 was procured from Yuanye Biotechnology Co., Ltd (Shanghai, China). Bovine
albumin (BSA), Biotinylated BSA (BBSA) were obtained from Sigma-Aldrich (Shanghai, China).
Avidin and Biotin-PD14 were purchased from Thermo Fisher Scientific (Shanghai, China) and
Dewing Biotechnology Co., Ltd (Shanghai, China), respectively. Deionized water was used in
all experiments.
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2.2. Preparation of CMCS slides

To prepare CMCS slides, the commercial epoxy slides were immersed in a 3 wt% aqueous
solution of CMCS, which was previously dissolved in water. The mixture was heated at 60 °C
and stirred at 500 rpm for 48 hours. Subsequently, the slides were sonicated in deionized water
to remove any excess CMCS. After sonication, the CMCS slides were dried using a nitrogen flow.
They were then placed inside staining jars and stored at a temperature of 4 °C for future use.

To functionalize CMCS slides with GA, the slides were immersed in a stirred 25 wt% aqueous
solution of GA at 50 rpm. After that, the slides were thoroughly cleaned with deionized water
and dried with a nitrogen flow. Once dry, proteins were promptly printed onto the slides for
OI-RD detection.

2.3. Characterizations of biochip

The static water contact angle was measured using a contact angle device from Shanghai
Zhongchen Company (JC2000D1, China). Elemental characterization was performed using
X-ray photoelectron spectroscopy (XPS) from Kratos (AXIS Kratos Supra+, UK).

2.4. Protein microarray printing

Proteins were dissolved in HEPES (pH 7.5) at a concentration of 0.5 mg/mL for printing using
the Super Marathon printer (Arrayjet, UK). The proteins were printed onto epoxy, CMCS, and
CMCS-GA slides in a 10-subarray format. Each subarray consisted of 8 × 8 spots. The printing
was conducted at a temperature of 20 ℃ and a humidity of 50%. Each spot was printed with
a single drop of sample, which had a volume of 100 pL. The distance between each spot was
300 µm. After printing, the slides were placed in a humidity chamber at room temperature for a
minimum of 12 hours and then stored at 4 °C for future use.

2.5. OI-RD detection of biomolecular interactions

The diagram of OI-RD system is shown in Fig. 1(c). A 532 nm laser passes through a polarizer
and a photo-elastic modulator (PEM) which modulates the polarization of the incident beam at
a frequency of 50 kHz. The beam then passes through a phase shifter (PS) which introduces
an adjustable phase difference between the p- and s-polarized components. The laser is then
focused onto the rear surface of the slide and the reflected beams pass through a polarization
analyzer. A slit is used to block the beam reflected from the front surface. The beam from the
rear surface is then incident onto a photodiode converting the light into a voltage signal which is
measured by lock-in amplifiers.

The measured OI-RD signal can be expressed as follows [28]:

OI − RD signal ≅
4π√ε0ε2cosθ0sin2θ0

ε1(ε2cos2θ0 - ε0sin2θ0)

(ε1 - ε2)(ε1 - ε0)
ε0 - ε2

d
λ

(1)

where ε0, ε1, and ε2 are the dielectric constants of the glass, protein, and the buffer, with values
of 2.3, 2.0, and 1.7, respectively. Equation (1) shows that OI-RD signal can be maximized
with incident angle θ0 being equal to the Brewster angle which is 41.3° for the glass slide with
ε0 = 2.3. Since the noise level also increases rapidly with the incident angel close to the Brewster
angle, θ0 is set to be 37.2° in order to achieve a better signal-to-noise ratio. d is the thickness of
the protein layer. Since the OI-RD signal is proportional to the protein thickness d, the use of a
3D biochip is capable of providing more space for protein immobilization, resulting in a larger
OI-RD signal.

For microarray detection, OI-RD system also has a translation stage for horizontal scanning of
the microarray, and a galvo scan lens for vertical scanning. It takes about 15 minutes to image
the microarray.
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Fig. 1. (a) Schematic illustration of epoxy slide functionalization using CMCS. (b)
Schematic illustration of biomolecule printing and incubation using CMCS slides. (c)
Schematic diagram of the OI-RD system.

When imaging the biochip using the OI-RD platform, HEPES buffer was initially introduced
into the fluid chamber to rinse off the proteins that were not immobilized on the slide. Next, the
chip was blocked with a solution of 7.3 µM BSA in HEPES for 30 minutes. After the blocking
step, the chip was incubated with the target protein for 1 hour. OI-RD images were captured both
before and after each protein incubation step. The difference images, obtained by subtracting the
pre-incubation images from the post-incubation images, were used for analysis. It took about
135 minutes to complete the detection of biomolecular interactions, including the scanning time
for three OI-RD images, as well as 30 minutes for BSA blocking and 60 minutes for protein
incubation.

To detect biomolecular interactions in real-time, unbound protein was first rinsed off the slide
with buffer, followed by a 30-minute BSA (7.3 µM) blocking. Next, HEPES was introduced
into the fluidic chamber at a rate of 0.01 mL/min for 10 minutes to establish a baseline signal.
Then, the probe solution was injected into the fluidic chamber at a flow rate of 2 mL/min for 12
seconds, replacing the HEPES buffer. During the association phase, the probe was continuously
flowed over the microarray at a rate of 0.01 mL/min for 33 minutes, allowing for biomolecular
interactions. The dissociation phase began with a rapid flow of HEPES at a rate of 2 mL/min for
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12 seconds, followed by a 30-minute period of slow HEPES flow at a rate of 0.01 mL/min. The
binding process was monitored in real-time by OI-RD, starting from the baseline and continuing
until the dissociation was complete. It took about 148 minutes to complete the real-time detection
of biomolecular interactions, which is 13 minutes longer than the end-point image detection.
This is because the real-time monitoring process took about 73 minutes.

3. Results and discussion

3.1. Preparation and characterizations of 3D CMCS slides

To prepare 3D biochips, we used CMCS which is a polymer derived from carboxymethylation
of chitosan. Chitosan is a natural polysaccharide and widely used in 3D functional biomaterial
matrices [29–31]. CMCS offers improved solubility in deionized water compared to chitosan,
due to the corporation of carboxyl groups into the chitosan structure. The epoxy slides were
immersed in CMCS solutions with two different molecular weights, 150 kDa and 500 kDa, at a
temperature of 60 °C for 48 hours. After removing excess CMCS by sonication in deionized
water for 10 minutes, the slides were characterized using XPS and static water contact angle
measurements.

XPS analysis was conducted on epoxy slide and two CMCS slides to investigate the changes in
surface elements and functional groups resulting from the CMCS functionalization. Figure 2(a)
shows the C1s spectra of the three slides. The peaks at 284.8 eV, 286.4 eV, and 288.1 eV,
correspond to C-C, C-O/C-N, and C=O/O-C=O bonds, respectively [32,33]. It is clear that
the peaks corresponding to C-O/C-N and C=O/O-C=O bonds become more significant with
the introduction of CMCS of 150 kDa and 500 kDa. In addition, Fig. 2(b) shows that no
characteristic peaks are observed for the epoxy slide in the N1s spectrum, while both CMCS
slides exhibit distinctive peaks at 399.8 eV and 401.8 eV, corresponding to -NH2 and -NH3

+

groups, respectively [34,35]. These peaks indicate the presence of primary amine groups and
partially protonated amine groups in CMCS. Together with the results of the C 1s spectrum, this
suggests that CMCS has been successfully coated onto the surface of the epoxy slides.

Fig. 2. (a) C 1s and (b) N 1s XPS spectra of epoxy slide and two CMCS slides.

Static water contact angle measurements were conducted on epoxy slides and CMCS slides.
As shown in Fig. 3(a), the average contact angle for the 150 kDa CMCS slide is measured at
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35.1± 0.6°, while the 500 kDa CMCS slide exhibits an average contact angle of 41.9± 0.8°. In
contrast, the epoxy slide displays an average contact angle of 56.9± 0.5°. It is clear that the
surface of chitosan slide becomes more hydrophilic than epoxy slide, while the surface with
coating of 500 kDa CMCS is slightly less hydrophilic than 150 kDa. This difference may be
attributed to the inherent properties of CMCS, whereby an increase in the molecular weight of
CMCS leads to a decrease in hydrophilicity [36–38].

Fig. 3. (a) Static water contact angles of three slides. (b) Dimensions of printed protein
spots on three slides measured by OI-RD.

The change in surface hydrophilicity through CMCS coating correlates with the observed
variations in printed spot sizes, as shown in Fig. 3(b). In the OI-RD image of the printed BBSA
protein microarray, the average diameter of BBSA spots on the epoxy slide is 120.0 µm, while
those on 150 kDa and 500 kDa CMCS slides are 160.0 µm and 140.0 µm, respectively. Notably,
the 150 kDa CMCS slide surface exhibits the smallest contact angle, which corresponds to the
largest spot sizes, suggesting a highly hydrophilic slide surface. Conversely, the epoxy slide
surface displays the largest contact angle, which corresponds to the smallest spot sizes, suggesting
a less hydrophilic slide surface. The significant differences in contact angles and printed spot
sizes between the CMCS slides and the epoxy slide provide evidence of the successful coating of
CMCS polymer onto the epoxy slide.

Furthermore, we compared the performance of 3D CMCS slides with epoxy slides for the
OI-RD detection of biomolecular interactions. We printed BBSA on the epoxy slide, as well as
the 150 kDa CMCS slide and the 500 kDa CMCS slide. After printing BBSA on the epoxy and
CMCS slides, the slides were placed in a refrigerator at 4°C for 40 hours, which was referred to
as the “protein immobilization time”. The slides were subsequently incubated with avidin at
a concentration of 150 nM and detected using OI-RD. The binding amplitude between BBSA
and avidin is approximately 5 mV on the epoxy chip (Fig. 4(a)), which increases to 16 mV on
the 150 kDa CMCS slide (Fig. 4(b)), and further increases to 23 mV on the 500 kDa CMCS
slide (Fig. 4(c)). This significant difference in protein binding amplitude between the CMCS
slide and the bare epoxy slide provides further evidence of the successful coating the epoxy slide
with CMCS polymer. In addition, it is evident that there is no direct correlation between the size
of the microarray spots and the amplitude of OI-RD signals. This suggests that the impact of
spot size variations on biomolecular interactions is insignificant compared to the influence of the
biochip type. Finally, to clearly demonstrate the improvement in signal and reduce experimental
discrepancies, we calculated the OI-RD signal ratio by dividing OI-RD signals obtained from
3D biochips by the average values obtained from the 2D epoxy slides. We found that the signal
enhancement ratio for the 150 kDa CMCS slide is 3.2 (Fig. 4(d)), and for the 500 kDa CMCS
slide is 4.6 (Fig. 4(f)).



Research Article Vol. 15, No. 10 / 1 Oct 2024 / Biomedical Optics Express 5953

Fig. 4. The OI-RD signals between avidin and immobilized BBSA on (a) the epoxy slide,
(b) the 150 kDa CMCS slide, and (c) the 500 kDa CMCS slide. OI-RD signal ratio for (e)
the 150 kDa CMCS slide and (f) the 500 kDa CMCS slide compared to the (d) epoxy slide.

3.2. Effect of sonication time and immobilization time on signal enhancement

We then investigated experimental conditions to maximize OI-RD signal enhancement. We first
studied the effect of sonication time on the OI-RD signal enhancement. The tested sonication
time ranged from 10 to 200 minutes, with 10-minute increment. After each 10-minute sonication,
the substrate was removed and rinsed with deionized water. The temperature in the sonication
tank was kept constant throughout the sonication process. As shown in Fig. 5(a), as the sonication
time increases, the OI-RD signal enhancement ratios for 150 kDa CMCS slide and 500 kDa
CMCS slide remain stable around 3.2 and 4.5, respectively. This indicates that sonication does
not remove CMCS from the slide surface. The stability of CMCS on the surface suggested that
the CMCS was coated on epoxy slides by the covalent binding of amino groups on CMCS with
epoxy groups on the slide surface [36–41]. Since prolonged sonication does not affect the signal
enhancement, a sonication time of 10 minutes was used for the subsequent experiments.

We then investigated the impact of protein immobilization time on OI-RD signal enhancement
by varying the protein immobilization time from 12 to 120 hours, as shown in Fig. 5(b). For the
150 kDa CMCS slide, as the immobilization time increases from 12 hours to 48 hours, the OI-RD
signal enhancement ratio gradually increases from approximately 1.5 to 3.5. Subsequently, as the
immobilization time further increases from 48 hours to 120 hours, the signal ratio levels off at
around 3.5. For the 500 kDa CMCS slide, we observed a gradual increase in the OI-RD signal
enhancement ratio from 4.5 to 6.5 as the immobilization period extends from 36 to 72 hours.
For the immobilization time ranging from 72 to 120 hours, the enhancement ratio levels off at
approximately 6.5. On the other hand, for the epoxy slide the OI-RD signal remains constant
with the protein immobilization time ranging from 12 hours to 120 hours.

One obvious distinction among the three slides is the protein immobilization time to achieve
the maximum OI-RD signal ratio. Specifically, the epoxy slide takes 12 hours, the 150 kDa
CMCS slide takes 48 hours, and the 500 kDa CMCS slide takes 72 hours. The extended protein
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Fig. 5. (a) Effect of sonication time on OI-RD signal enhancement. (b) Effect of protein
immobilization time on OI-RD signal enhancement.

immobilization time required for 150 kDa and 500 kDa CMCS slides to achieve maximal protein
immobilization may be due to the need for sufficient time for the protein molecules to fully
penetrate and immobilize within the 3D structure of CMCS formed through the staggered stacking
of molecular chains [38]. Compared to the 150 kDa CMCS slides, a longer immobilization time
is required to maximize the protein binding signal for 500 kDa CMCS slides. This could be due
to the deeper 3D structure formed by the 500 kDa CMCS polymer, which requires proteins to
diffuse for a longer period [36,37]. Thus, we selected a 48-hour immobilization time for 150 kDa
CMCS slide and a 72-hour immobilization time for 500 kDa CMCS slide for the subsequent
experiments.

Another obvious distinction among the three slides is the maximum OI-RD signal enhancement
ratio. The 150 kDa CMCS slide achieves a maximum OI-RD signal enhancement ratio of 3.5,
while the 500 kDa CMCS slide achieves a ratio of 6.5. This clearly demonstrates that the 3D
structure of CMCS enhances the OI-RD signals by increasing the loading capacity compared to
the 2D epoxy slide. In addition, it is expected that the proteins immobilized in the 3D structure
will form non-covalent bonds through electrostatic adsorption or hydrophobic interaction [42,43]
since the functional groups (-COOH, -OH, -NH2) on CMCS are unable to efficiently form
covalent bonds with proteins without a catalyst. Therefore, the OI-RD signal enhancement ratio
for the 500 kDa CMCS slide is almost double that of the 150 kDa CMCS slide can be attributed
to the larger loading capacity and increasing hydrophobic interactions between proteins and the
polymer [44,45].

3.3. Effect of GA functionalization time on signal enhancement

To further enhance the OI-RD signal, we functionalized the CMCS slides with glutaraldehyde
(GA). GA has two aldehyde functional groups, which serve two purposes. Firstly, it cross-links
CMCS to form gel networks, creating a stable aqueous environment for protein interactions
[46,47]. Additionally, it introduces aldehyde active sites for covalent bonding with proteins. The
CMCS slides with relative molecular weights of 150 kDa and 500 kDa were immersed in a 25
wt% glutaraldehyde solution for a specific duration, referred to as the “GA functionalization
time”.

We then studied the effect of GA functionalization time on the enhancement of OI-RD signal.
To optimal OI-RD signal, the protein immobilization time of the CMCS-GA slide was set to
144 hours. As shown in Fig. 6(a), the OI-RD signal enhancement ratio of 150 kDa CMCS-GA
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slides progressively increases from 6 to 12 as the GA functionalization time increases from 1
to 6 hours. When the functionalization time exceeds 6 hours, the OI-RD signal enhancement
ratio starts to decrease, reaching a value of 9 with 24 hours of functionalization time. These
findings demonstrate a significant enhancement of the OI-RD signal after GA functionalization.
Additionally, the OI-RD signal decreases with increasing functionalization time beyond 6 hours,
which may be attributed to steric hindrance and less effective avidin access due to excessive
immobilization of BBSA, as demonstrated by Zhu et al [28]. Similarly, the 500 kDa CMCS-GA
slide exhibited a comparable pattern, with the maximum signal ratio 19 occurring at 12 hours.
This is attributed to the higher molecular weight of chitosan, which offers more reactive sites,
necessitating a longer reaction time for glutaraldehyde to fully engage with it.

To further enhance the OI-RD signal, we functionalized the CMCS slides with glutaraldehyde 
(GA). GA has two aldehyde functional groups, which serve two purposes. Firstly, it cross-links 
CMCS to form gel networks, creating a stable aqueous environment for protein interactions 
[46, 47]. Additionally, it introduces aldehyde active sites for covalent bonding with proteins. 
The CMCS slides with relative molecular weights of 150 kDa and 500 kDa were immersed in 
a 25 wt% glutaraldehyde solution for a specific duration, referred to as the “GA 
functionalization time”. 

Fig. 6. (a) Effect of GA functionalization time on OI-RD signal enhancement for 150 kDa
CMCS-GA slide. (b) Effect of immobilization time on OI-RD signal enhancement for 150
kDa CMCS-GA slide.

The effect of protein immobilization time on the OI-RD signal enhancement ratio was also
investigated on the 150 and 500 kDa CMCS slides with a GA functionalization time of 6 and 12
hours, respectively (Fig. 6(b)). The results clearly demonstrate that the maximum achievable
signal enhancement ratio on the 150 kDa CMCS-GA slide is 12, which is approximately 4
times higher than that on the 150 kDa CMCS slide. For the 500 kDa CMCS-GA substrate, the
maximum signal enhancement is 19, which is about 3 times that of the CMCS substrate. In
addition, it takes about 72 hours for the 150 kDa CMCS-GA slide and 84 hours for the 500 kDa
CMCS-GA slide to reach the maximum signal enhancement, which is significantly longer than
the 48 hours required for the 150 kDa CMCS slide and the 72 hours required for the 500 kDa
CMCS slide. These differences in time could be attributed to the steric hindrance imposed by the
gel structure of CMCS-GA formed through cross-linking. Given the optimal performance of the
500 kDa CMCS-GA chip, the next section will focus on characterizing the signal enhancement
on the 500 kDa CMCS-GA slide by detecting proteins at low concentrations and biomolecules
with low molecular weight, which generate small OI-RD signals.

4. LOD of the OI-RD technique based on the 3D biochip

By using a 500 kDa CMCS-GA slide, we conducted a study on the LOD of OI-RD technique
for protein binding. The slide was functionalized with GA for 6 hours, followed by protein
immobilization for 100 hours. BBSA was immobilized on the 3D gel slide, and then avidin was
flowed over the BBSA at concentrations ranging from 1.5 nM to 0.015 nM. The real-time binding
curves of BBSA with avidin at different concentrations are shown in Fig. 7(a). The two vertical
dotted lines in the Fig. mark the beginning and end of the association phase, while the horizontal
dotted line represents the zero amplitude. During the association phase, the OI-RD signals



Research Article Vol. 15, No. 10 / 1 Oct 2024 / Biomedical Optics Express 5956

exhibit an almost linear increase with time, and the amplitudes at the end of the association phase
are 2.69× 10−2, 1.26× 10−2, 7.3× 10−3, 2.8× 10−3, and 5× 10−4 for avidin concentrations of
1.5, 0.75, 0.375,0.15, and 0.015 nM, respectively. Based on the Langmuir reaction model [48],
we obtained the equilibrium dissociation constant (Kd) of 1.98× 10−5 nM by globally fitting the
five binding curves. The variations of OI-RD signal amplitude with avidin concentration are
plotted in Fig. 7(b). Each amplitude and its corresponding error bar were calculated by averaging
signals from 64 BBSA spots. It is evident that the OI-RD signal can be well fitted by a linear
function within the investigated concentration range, with an R2 value of 0.99889 [49]. The noise
level σ of the OI-RD is approximately 1× 10−4. Therefore, using the 3σ definition [50], the LOD
for OI-RD with the 3D gel biochip can be interpolated to be 6.8 pM for avidin.

Fig. 7. (a) The real-time binding curves of BBSA with avidin at various concentrations on a
3D gel biochip. (b) Variations of OI-RD signal amplitude with avidin concentration on a 3D
gel biochip. (c) The real-time binding curves of BBSA with avidin at various concentrations
on a 2D epoxy biochip. (d) Variations of OI-RD signal amplitude with avidin concentration
on a 2D epoxy slide.

Similar experiments were also conducted on a 2D epoxy slide, and the corresponding results
are shown in Fig. 7(c), d. At an avidin concentration of 0.3 nM, the OI-RD signal is 3.5× 10−4.
However, as the avidin concentration decreases further, the signals become too small to distinguish
from the background. Using the 3σ definition, the LOD for avidin on the epoxy substrate is
approximately 0.3 nM, which is about 44 times higher than the LOD for the 3D biochip.
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Next, we investigated the capability of the 500 kDa CMCS-GA 3D biochip to detect small
molecules and determine the smallest detectable molecular weight. We performed experiments
using avidin protein (7.3 µM in HEPES) printed on both the CMCS-GA 3D slide and the 2D
epoxy slide. Biotin-labeled PD14 (100 nM), with a molecular weight of 1765Da, was then flowed
over the avidin microarray. Figure 8(a) shows the OI-RD signals obtained for the binding of
Biotin-PD14 to immobilized avidin. On the CMCS-GA 3D slide, the OI-RD signal is measured
as 3.6× 10−3, which is more than 10 times higher than the signal obtained with the epoxy slide,
approximately 3.2× 10−4.

Fig. 8. (a) The real-time binding curves of Biotin-PD14 with avidin immobilized on
CMCS-GA and epoxy slides. (b) The real-time binding curves of different molecular weights
of biotin with avidin immobilized on CMCS-GA slide.

Furthermore, we conducted experiments using three other biotin molecules with molecular
weights below 600 Da. All three were used at a concentration of 100 nM and flowed over avidin
on both the CMCS-GA 3D slide and the 2D epoxy slide. On the epoxy slide, no OI-RD signals
were observed for any of the three biotins. The binding curves of the three biotins to immobilized
avidin on the CMCS-GA slide are shown in Fig. 8(b). For the analyte PD14 (1765Da), the OI-RD
signal is 3.6× 10−3. The signals for Biotin-(PEG)6-OH (507 Da) and Biotin-NH-NH2 (374
Da) are 2.1× 10−3 and 1.1× 10−3, respectively. Even for the D-biotin analyte with a molecular
weight of 244 Da, the signal is approximately 6.2× 10−4 and can still be distinguished from
the background signal. Therefore, the CMCS-GA substrate allows for the detection of small
molecules with a molecular weight equal to or greater than 244 Da. This is only 1/7 of the
smallest biomolecular weight that can be detected on the epoxy slide.

5. Conclusion

In conclusion, we have successfully developed a 3D biosensor chip by functionalizing an epoxy
slide with CMCS and further functionalizing it with GA. This has resulted in a lower LOD for
OI-RD, compared to the commonly used 2D epoxy chip. On the optimized 3D slide, the LOD
for direct detection of avidin is 6.8 pM, which is approximately 1/44 of that achieved with the
epoxy slide. Additionally, the 3D biochip allows for the detection of D-biotin, with a molecular
weight of 244 Da, which is approximately one seventh of that achievable with the epoxy slide.
The combination of the ability to detect molecules at low concentrations and biomolecules with
low molecular weight, along with the inherent high-throughput capacity, makes it possible to
provide a biosensor that offers both high throughput and low LOD.
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