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Abstract

An interferometric reflectance spectroscopy-based biosensor for the determination of cathepsin B (Cat B) as a cancer-
related enzyme has been fabricated. For this purpose, the nanoporous anodic alumina (NAA) was fabricated electro-
chemically. The NAA was then modified with the amino-silane coupling agent. After that, human serum albumin (HSA)
was immobilized into the NAA pores by using glutaraldehyde as a cross-linking agent. Subsequently, the carboxylic
group of HSA was activated with N-ethyl-N'-(3-(dimethylamino)propyl)carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) to attach to thionine (TH) as a photoprobe to fabricate the labeled HSA (HSA-TH). HSA-TH plays a significant
role in this sensor to determine cathepsin B as a model analyte for the development of the interferometric reflectance
spectroscopy-based biosensor for the measurement of protease. The attached TH adsorbed the illuminated white light on
NAA modified with HSA-TH. Therefore, the intensity of the reflected light to the charge-coupled device (CCD) detector
decreased in the wavelength range 450—-1050 nm. In the presence of Cat B, HAS-TH cleaved into short peptide
fragments and washed away by flow cell system. Since TH was removed from NAA, the intensity of the reflected light
increased. The peak area has a logarithmic relationship with the concentration of Cat B in the range 0.5 to 64.0 nM. The
limit of detection of the biosensor sensor was 0.08 nM. The optical sensor was used for the determination of Cat B in a
human serum sample.
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Introduction [5]- However, these methods are expensive, critical operation-

al conditions.

Cathepsin B (Cat B) is an important biomarker in the identi-
fication of many cancer types such as lung cancer, colorectal
cancer, breast cancer, oral cancer, brain cancer, liver cancer,
and prostate cancer [1, 2]. Therefore, it is important to develop
a reliable biosensor for the detection of Cat B. Various tech-
niques have been reported for Cat B sensing such as electro-
chemical [2, 3], fluorescence [4], surface plasmon resonance
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Interferometric biosensors based on porous materials are a
type of optical biosensors can be used for sensing biomole-
cules [6-8]. In these sensors, a light beam is illuminated on the
porous material films such as nanoporous anodic aluminum
(NAA) [9, 10], microporous silicon [11], nanoporous titanium
[12], and then reflected into a charge-coupled device (CCD)
detector. A light beam is reflected on top of the porous mate-
rial film (interface I), and part of the light travels through the
pores, where bio-receptors (such as aptamer, antibody), are
immobilized on the inner wall of the pores, until it is reflected
at the bottom of the pores (interface II). The superposition of
these two reflected light waves generates a series of construc-
tive and destructive interferences. The position of these
waves’ interferometric fringes is governed by the Fabry-
Perot relation. When the reflected light at the interface I and
the interface II overlap at a CCD detector, a spectrum with a
lot of fringes (Fabry-Perot fringe spectrum) will be recorded
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because of their optical path difference. After the interaction
of the immobilized bio-receptors on the pores of the substrate,
the optical property (intensity and wavelength) of the reflected
light at the interface 11 will be changed. This change leads to a
change in the Fabry-Perot fringe spectrum [6].

Among the various porous material films, the NAA
film is more interested in the fabrication of optical bio-
sensors, because of its low cost, high biocompatibility,
good functionalization capacity with silane coupling
agents to immobilization of biomolecules, high stability,
high surface area, easy fabrication, and good optical
property [13, 14].

Functionalisation
with 3-
aminopropyl
trimethoxysilane

14000

12000
10000
8000
6000

Intensity (au)

4000
2000

0
450 650 850 1050

‘Wavelength (nm)

IRS sensing

Amino-
silane N
CatB >%
Labelled
peptide *

Fig. 1 The schematic illustration for the fabrication of NAA-Gla-HSA-TH
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Interferometric biosensors are cheap, easy operation
conditions, and remote sensing of targets. However, the
sensitivity of this kind of sensor is low. Therefore, finding
a solution for this problem is a big challenge for re-
searchers. According to the previous reports, the intensity
of the reflected light from NAA-based biosensor into the
CCD detector could be changed during the desorption [6]
or absorption [15] of the photoprobe molecule that has a
high adsorption coefficient (such as methylene blue).
Therefore, this strategy can be applied for the determina-
tion of the proteases as biomarkers. Cat B is a lysosomal
cysteine protease that cleaves the peptides to small
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fragments from the carboxyl side of arginine, leucine,
glycine, and lysine residues selectively [16].

Thionine (TH) that is structurally related to methylene blue
can be a good candidate for the fabrication of the labeled
peptide because of two reasons: first, it has two primary amine
groups that can interact with the activated carboxylic group of
the peptide such as HSA. Second, the absorption coefficient of
it is so high (5.85 x 10* dm® mol " ecm ") [17].

Therefore, the labeled peptide can be used for the determi-
nation of Cat B by using the interferometric biosensors.

To the best of our knowledge, there have been no reports
about the interferometric biosensors to determine Cat B, yet.
In this study, human serum albumin labeled with thionine
(HSA-TH) has been immobilized on the pore wall of NAA.
The results showed that the intensity of the reflected light to
the CCD detector in the presence of Cat B changed, severely.
This change in the intensity of the reflected light has a good
linear relationship with the logarithm of Cat B. On the basis of
these great advantages, the biosensor showed high analytical
performance in terms of sensitivity, selectivity, stability, linear
dynamic range (LDR), and limit of detection (LOD).

Experimental section
Reagents and chemicals
All chemicals were of analytical reagent grade and used with-

out further purification. The details are denoted in the elec-
tronic supporting material.

N
TH  Injection of Cat B
NAA into flow cell
) NAA
% >

Fig. 2 The schematic illustration for the sensing mechanisms of Cat B

Apparatus

The interferometric reflectance spectra were obtained using an
AvaSpec-ULS3648 fiber optic spectrometer. Scanning elec-
tron microscopy (SEM) was obtained by using an FEI
Quanta 600. Ultraviolet-visible (UV-Vis) absorption spectrum
was recorded using a PerkinElmer UV-Vis spectrophotometer
Infrared spectra were obtained by using a JASCO FT/IR-680
Plus Fourier transform infrared (FTIR) spectrometer. Raman
spectra were obtained using a Renishaw’s inVia Raman spec-
trometer using He—Ne lasers at A =633 nm with. EMItech
K575X sputter coater was used to deposit 10-nm-thick gold
layer under vacuum at 30 mA for 1 min.

The fabrication of the NAA-Gla-HSA-TH

The NAA was prepared based on the previous method [7, 18,
19]. The key steps of the fabrication of NAA include the
following: Step 1: Electropolishing of Al in an ethanol solu-
tion containing perchloric acid (25%) under stirring condition
by applying 20 V for 10 min at 5 °C. Step 2: Anodizing of the
electropolished Al in oxalic acid solution under stirring con-
dition by applying 40 V for 20 h at 5 °C. Step 3: Chemical
etching of the anodized sample in 0.4 M phosphoric acid
solution containing chromic acid (0.2 M) for 3 h at 70 °C.
Step 4: Anodizing of the sample in oxalic acid solution under
the same conditions as in Step 2, and it was done until a total
charge of 20 C for each sample. Step 5: Pore widening by
immersing of NAA in 5% phosphoric acid for 20 min under
stirring condition.

The NAA was then rinsed with water for 30 s and
dried under nitrogen gas flow. The NAA was then put
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into ethanol/water solution (3:1) containing 1% (3-
Aminopropyl)tiethoxysilane solution and kept under stir-
ring and nitrogen gas atmosphere conditions for 30 min
to functionalize the inner surface of the NAA nanopore
with the amino group. After that, amino-functionalized
NAA (NAA-NH,) was rinsed with ethanol/water solu-
tion (3:1) for 1 min and dried under nitrogen gas flow.
NAA-NH, was then dried under a nitrogen atmosphere
at 100 °C for 2 h. Subsequently, NAA-NH, was im-
mersed in glutaraldehyde (Gla) solution (2.5%) and
stirred for 1 h at room temperature. The NAA-Gla
was then washed with ethanol/water solution (3:1) and
then dried with nitrogen gas flow. The NAA-Gla was
then immersed in HSA solution (10 mL, 5 mM,
0.1 M PB, pH 7.4) and kept under the stirring condition
for 12 h at room temperature. During this time, the
amino-terminal groups of HSA were attached to the al-
dehyde groups of Gla, immobilizing on NAA. After
that, the NAA-Gla-HSA was rinsed thoroughly with
double-distilled water to wash away the loosely
adsorbed HSA. After that, the NAA-Gla-HSA was im-
mersed in the solution PB solution containing 40-mM
EDC and 90-mM NHS for 5 h to activate the carbox-
ylic groups of HSA to interact with primary amine
groups of TH. The NAA-Gla-HSA was then washed
quickly with deionized water and immersed in a TH
solution (50 mM) for 12 h. Finally, the NAA-Gla-
HSA-TH washed with dual deionized water to wash
away loosely adsorbed TH.

The schematic representation for the fabrication of the
NAA-Gla-HSA-TH and the sensing mechanism is shown in
Fig. 1.

The sensing process of Cat B

For this purpose, different concentration of Cat B was trans-
ferred into the measuring cell by using a peristaltic pump. Cat
B is a protease that can cleave off the proteins such as HSA at
pH 5 solution from the carboxyl-terminal side of arginine and
lysine to short peptide fragments [16]. Therefore, when Cat B
solution was pumped to the measuring cell, it started cleaving
HSA-TH to short peptide fragments. During this process, the
optical properties of NAA-Gla-HSA-TH changed significant-
ly. The change in the optical properties included a blue shift in
wavelength and an increase in the intensity of the reflected
light to the detector. The reasonable explanation is that the
cleavage of HSA-TH from NAA-Gla-HSA-TH decreased
the amount of attached peptide-TH. The decrease in the
amount of attached TH that could adsorb white light led to
an increase in the intensity of the reflected light to the CCD
detector. The increase in the intensity of the reflected light
consequent on the increase in the peak area.

@ Springer

400 nm
URV-SRCIT

mag HV det | WD |
200 000 x [20.00 kV|LFD | 9.4 mm |

mag HV WD det 1pm

50 000 x [20.00 kV| 9.9 mm | LFD SRCIT-URV

Fig. 3 SEM images of NAA: (a) top view and (b) cross-section view

On the other hand, the cleavage of the peptide bonds in
HSA from the carboxyl side of arginine and lysine that is
considered as a desorption process caused a blue shift in the
wavelength of the reflected light.

Figure 2 shows the schematic diagram of the sensing pro-
cess of Cat B by using NAA-Gla-HSA-TH.

Results and discussion

The surface morphology of the NAA

The morphological characterization of the NAA was studied
by SEM (Fig. 3). Top view (a) and (b) cross-section view of

NAA show that this nano-platform has a three-dimensional
hexagonal multi-pore structure. The average diameter pore
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Fig. 4 A FTIR, B Raman spectra
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size of NAA was estimated to be 50+2 nm. This three-
dimensional structure of the NAA provides a high surface area
for the immobilization of biomaterials.

Characterization of NAA-Gla-HSA-TH

FTIR (A) and Raman (B) spectroscopy were employed to
characterize the structure of NAA and NAA-Gla-HSA-TH
(Fig. 4). Figure 4A (curve a) shows the FTIR spectrum record-
ed for NAA in which an absorption band at 3440 cm™ ' due to
the —OH stretching and a band at 1153 cm ™' due to the —A1-O
stretching are clearly seen [20].

However, after the immobilization of HSA-TH into the
NAA nanopore, several new absorption bands appeared. As
shown in Fig. 4A (curve b), an absorption band at 3310 cm-1
due to the —NH stretching at 2963 cm-1, 2928 cm-1 and 2898
due to the —CHXx stretching, a weak band at 2353 cm-1 due to

800 1000 1200 1400 1600 1800 2000

‘Wavelength (cm-1)

the -C=NH+, a weak band at 2161 cm-1 due to the -N=C=N
stretching, a band at 2161 cm-1 due to the —C=0 stretching of
amide I, a band at 1575 cm-1 due to the —N-H stretching of
amide II, and a band at 1405 cm-1 due to the —C=N stretching
of TH and a band at 1037 cm-1 due to the —Si-Al-O stretching
[21-24] are seen clearly.

NAA (curve a) and NAA-Gla-HSA-TH (curve b) were also
characterized by Raman spectroscopy (Fig. 4B). As can be
seen in Fig. 4B (curve a), Raman spectrum of NAA had not
any strong band in the wavelength range of 600-2000 cm .
However, after the immobilization of HSA-TH into the NAA,
Raman spectrum of the sample changed significantly (Fig. 4B,
curve b). As shown in this figure, a band at 1625 cm | dueto—
C=C (amide I), aband at 1582 cm ' due to the —CN (amide II)
of HSA, a band at 1507 cm ! due to the —~C-C stretching
vibrations in aromatic rings of TH, a band at 1382 cm ! due
to the -C-N-C of TH, a band at 1323 cm ' due to the —CH,

@ Springer
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Fig. 5 A Fabry-Perot fringe spectrum of NAA-Gla-HSA-TH before ()
and after (b) interaction with 64 nM of Cat B and (c) the difference
between the interference spectra of (@) and (b) in acetate buffer (0.1 M,
pH 5.0). B UV-Vis absorption spectra of TH solution in acetate buffer
(0.1 M, pH 5.0)

wag of HSA, a band at 1235 cm”! due to amide IIT of HSA, a
band at 1158 cm ' due to the —~C-N of HSA a band at
1036 cm ™' due to the —C-S of TH, a band at 909 cm ' due
to the —C-C of HSA, and a band at 808 cm™ ' due to ring
breathing of TH are seen [25, 26]. The results of FTIR and
Raman spectra prove the immobilization of HSA-TH into the
NAA.

The optical characterization of the NAA-Gla-HSA-TH

Figure 5a shows the Fabry-Perot fringe spectrum of the NAA-
Gla-HSA-TH before (curve a) and after (curve b) injection of
Cat B solution (64 nM, 0.1 M acetate buffer, pH 5.0) in the
wavelength range of 450—1050 nm. As can be seen, the inten-
sity of the spectrum of NAA-Gla-HSA-TH in the range of
500-700 nm increased after interaction with Cat B. On the
other hand, UV-Vis absorption spectroscopy of TH solution
showed that TH adsorbed the light in the range 510-640 nm
(Fig. 5b). The reasonable explanation is that Cat B cleaved the
HSA-TH to small peptide fragments (TH-peptide and

@ Springer

unlabeled peptide) and then washed away by fellow cell sys-
tem. Therefore, the amount of the immobilized TH on biosen-
sor decreased, and consequently the intensity of the reflected
light to the CCD detector increased.

In addition, as shown, the Fabry-Perot fringe spectrum
shifted to low wavelength due to a decrease in the refractive
index of biosensor during cleavage of HSA-TH into small
peptide fragments that is considered as desorption process.

According to the previous report, both the change in the
intensity [6] and the wavelength [7] of the reflected light can
be used for the determination of targets. The change in the
intensity of the reflected light caused a change in the peak area
of the Fabry-Perot fringe spectrum in the wavelength range of
450-1050 nm and a change in the wavelength of the reflected
light that caused a change in the effective optical thickness
(EOT) of NAA-Gla-HSA-TH. According to the results ob-
tained, the change in the peak area of the Fabry-Perot fringe
spectrum (Apeak area = 104,370.0 a.u) was 3727 times bigger
than the amount of the change in the EOT (AEOT = 28.0 nm)
of NAA-Gla-HSA-TH in the presence of 64.0 nM. Therefore,
the change in the peak area as a signal was considered versus
the concentration of Cat B throughout this research.

Optimization of effective parameters on the response
of the NAA-Gla-HSA-TH

Figure S1 shows the effect of the pH of the solution (A) and
time needed to digest of HSA by Cat B (16.0 nM) (B). As can
be seen, the optimum pH of the solution is 5 that has a good
agreement with the previous reports [2, 27]. According to these
reports, the maximum activity of Cat B is at pH 5.0. Also, the
response of the NAA-Gla-HSA-TH increased rapidly with in-
creasing interaction time up to 45 min and remained unchanged
at longer incubation times, indicating the digestion process of
HSA-TH to small peptide fragment by Cat B has reached to the
saturation level. Therefore, 45 min and solutions with a pH 5.0
have been applied as the optimum condition throughout this
research. All parameters were optimized at 37 °C.

Determination of cat B

Figure 6 shows the obtained Fabry-Perot fringe spectrum of
NAA-Gla-HSA-TH in the absence and presence of different
amounts of Cat B. As shown in Fig. 6a, after digesting HSA-
TH by Cat B, the intensity of the reflected light to the CCD
detector increased. The calibration equation was linear in the
concentration range of 0.5-64.0 nM (Fig. 6b) with a regres-
sion equation of Apeak area = 3.7 x 10* Log C cy g (M) +
3.9x 10* (R2=0.9893, n="7) (Fig. 6b). The limit of detection
(LOD) was found to be 0.08 nM (at 30/S), where o is the
standard deviation of the blank measurements and S is the
slope. The LOD of the proposed sensor was lower than the
previous report [3].
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The proteolysis kinetic of Cat B can be investigated with a
modified Michaelis-Menten model (Eq. 1) [28].

Kcat
S
=

E+SsK5}lEs E+Ps+P (1)

This heterogeneous enzymatic reaction rate (ds/dt) can be
calculated according to Eq. (2)

ds/dt  kcat
— = —F0 2
S Km @
_ds/dt

S = % EO, where k., is the dissociation rate constant
and K, is the Michaelis—Menten constant, £, is the enzyme
concentration, and S is the extracted proteolytic signal

signal t—signal b
signal 0

keat

). In this equation, the & ratio that is referred

to as the specificity constant has been commonly used for
describing the efficiently Cat B. Therefore, the amount of

the specificity constant is one of the analytical performances
of the enzyme-based sensors that should be reported. The
proteolysis kinetics represented by the extracted proteolysis

signal (
presence of 4 nM (a) and 11 nM (b) cathepsin B are shown
in Fig. S2a. As can be seen, the extracted proteolysis signals
decayed exponentially during the heterogeneous reactions.
This plot can be used for the calculation of %‘“ ratio. For this
purpose, the value of derivative of extracted proteolysis signal
with respect to reaction time (ds/dt) (that has been obtained
from Fig. S2A) is drawn versus S (Fig. S2b). The slope of the
plot for 11 nM and 4 nM Cat B (E) were 1.4 x 107 s 'and
0.533x 10 s~ !, respectively. The average value of % was
12.7x 10* M s™'. This specificity constant is higher than in
previous reports [2, 27, 29], suggesting that Cat B enzyme
possesses higher catalytic efficiency in NAA-Gla-HSA-TH.

peak area t—peak area b

peak arca 0 ) versus the reaction time in the

@ Springer
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Table 1  Comparison of the analytical performance of the NAA-Gla-HSA-TH with other biosensors for the determination of Cat B

Sensor Method LDR/nM LOD nM Keakm Ref
x10°M s

NEAs/VACNFs—(CH,),~CO-Leu-Arg-Phe-Gly-NH-CH,—Fc ACV 15.5-62.1 15.5 9.2 [2]

NEAs/VACNFs-(CH,)4-CO-Pro-Leu-Arg-Phe-Gly-Ala-NH-CH,-Fc ACV 0.5-10.2 0.32 19 [3]

NEAs/VACNFs-(CH,)4-CO-Leu-Arg-Phe-Gly-NH-CH,-Fc ACV Up to 30.7 — 43 [29]

NAA-Gla-HSA-TH Optical 0.5-64 0.08 12.7 This work

NEAs Nanoelectrode arrays, VACNFs vertically aligned carbon nanofibers, Fc ferrocene, ACV alternating current voltammetry

The influence of interference, stability,
and reproducibility of NAA-Gla-HSA-TH

The effect interfering with two common proteases (trypsin and
urokinase) in a human serum sample was also studied to eval-
uate the selectivity of the sensor (Fig. S3a). As shown, the
NAA-Gla-HSA-TH has a high selectivity to Cat B (32 nM)
in the presence of 5 times excess of trypsin and urokinase.
According to previous reports [30, 31], the enzyme activity
of trypsin and urokinase is low in pH 5 solution that Cat B
shows the maximum activity to cleave peptide. As can be seen
from this figure, those enzymes did not have any interference
effects on the signal of NAA-Gla-HSA-TH to Cat B. The
enzymes’ concentration was 20.0 times of Cat B (32 nM).

The effect of some small molecules such as urea, glucose,
and dopamine on the response of NAA-Gla-HSA-TH was
also evaluated (Fig. S3b). No sensible interference was also
observed for 10*-fold quantities of Cat B (32.0 nM).
Therefore, the NAA-Gla-HSA-TH has high selectivity.

NAA-Gla-HSA-TH was applied for the determination of
Cat B in normal human blood serum with the standard addition
method to study its applicability in real sample analysis. Briefly,
0.1 mL of acetate buffer (0.1 M, pH 5.0) containing 80-nM Cat
B was spiked into 9.9 mL of fresh human blood serum solution
and shanked for 5 min. The solution was then injected into the
analytical cell. Cat B concentration was determined to be
7.8 nM. The recovery of the analysis was 94%, regarding the
amount obtained by the standard method [32]. NAA-Gla-HSA-
TH was stored at 4 °C for 30 days to study the stability of the
sensor. The intensity of the Fabry-Perot fringe spectrum de-
creased by 6.2%. This high stability of the NAA-Gla-HSA-
TH can be related to the biocompatibility of NAA [33]. The
reproducibility was also evaluated for determinations of 32 nM
of Cat B with four different NAA-Gla-HSA-TH. The relative
standard deviation (RSD) was 5.2% for Cat B.

Conclusions
A novel interferometric biosensor has been developed for the

determination of Cat B based on the principle of digestion of
the peptide by protease. NAA, HSA, and TH were used as

@ Springer

nanoporous material, a peptide, and an optical probe, respec-
tively, in this study. To immobilize TH to HSA, the carboxylic
acid groups of HSA were activated by using EDC and NHS to
interact with primary amines of TH. The immobilized TH
adsorbed the transferred light to NAA, and therefore, the in-
tensity of the reflected light to the CCD detector was low in
the beginning. But in the presence of Cat B, HSA labeled with
TH was digested to small peptide fragments, and then, the
peptide fragment-TH washed away on NAA. Hence, the in-
tensity of the reflected light from the NAA to the CCD detec-
tor increased. The enhanced intensity had a good linear rela-
tionship with the logarithm of the concentration of Cat B in the
range of 0.5-64.0 nM. In Table 1, the analytical performances
of the interferometric biosensor for the determination of Cat B
are compared with NAA-Gla-HSA-TH. As can be observed,
in most cases, the analytical performances of NAA-Gla-HSA-
TH are better than the other sensors in the literature.

For the practical application of the current system, future
efforts will focus on the fabrication of a portable sensor and
the possibility of using it for the determination of the sample
on the large scale.
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