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ABSTRACT: Urinary tract infections (UTIs) are caused mainly
by uropathogenic Escherichia coli (UPEC), accounting for both
uncomplicated (75%) and complicated (65%) UTIs. Detecting
UPEC in a specific, rapid, and timely manner is essential for
eradication, and optical biosensors may be useful tools for detecting
UPEC. Recently, biosensors have been developed for the selective
detection of antigen−antibody-specific interactions. In this study, a
methodology based on the principle of an optical biosensor was
developed to identify specific biomolecules, such as the PapG
protein, which is located at the tip of P fimbriae and promotes the
interaction of UPEC with the uroepithelium of the human kidney
during a UTI. For biosensor construction, recombinant PapG
protein was generated and polyclonal anti-PapG antibodies were
obtained. The biosensor was fabricated in silicon supports because its surface and anchor biomolecules can be modified through its
various properties. The fabrication process was carried out using self-assembled monolayers (SAMs) and an immobilized bioreceptor
(anti-PapG) to detect the PapG protein. Each stage of biosensor development was evaluated by Fourier transform infrared (FTIR)
spectroscopy. The infrared spectra showed bands corresponding to the C−H, C�O, and amide II bonds, revealing the presence of
the PapG protein. Then, the spectra of the second derivative were obtained from 1600 to 1700 cm−1 to specifically determine the
interactions that occur in the secondary structures between the biological recognition element (anti-PapG antibodies) and the
analyte (PapG protein) complex. The analyzed secondary structure showed β-sheets and β-turns during the detection of the PapG
protein. Our data suggest that the PapG protein can be detected through an optical biosensor and that the biosensor exhibited high
specificity for the detection of UPEC strains. Furthermore, these studies provide initial support for the development of more specific
biosensors that can be applied in the future for the detection of clinical UPEC samples associated with ITUs.

■ INTRODUCTION
Early and specific detection of bacterial pathogens is a primary
medical goal. Globally, UPEC is a Gram-negative bacterium
that causes urinary tract infections (UTIs) and is the main
pathogen.1,2

In Mexico, UTIs are the second leading infectious disease
and the third leading cause of morbidity; these infections affect
women, children, elderly individuals, and immunocompro-
mised patients.3−5 UPEC can lose or gain genetic material by
adapting to different nutritionally limited environments,
evading the immune system, persisting, and spreading in the
urinary tract.3,6 UPEC can infect its host through virulence
factors, which can include toxins (CNF-1, HlyA, and Sat),
systems that capture iron, capsular polysaccharides, fimbrial
adhesins (CsgA, DRA, FimH, FocH, PapG, and SfaS), and
nonfimbrial adhesins (Tsh, Afa, and Upa).3,7

Type 1, type P, and curli fimbriae are found on the surface of
bacterial cells and are among the most critical virulence factors

that guide the first step leading to infections; these factors
function by adhering to host cells, invading tissues, forming
biofilms and inducing cytokine production.8,9 FimH, a type 1
fimbrial adhesin, binds specifically to the α-D-mannose
residues of membrane glycoproteins, namely, to uroplakines
in the bladder epithelium,10 and induces the formation of
intracellular bacterial consortia.3,9,11 Curli fimbriae contain
large amounts of the major subunit CsgA and mediate bacterial
colonization, host−pathogen interactions, host immune system
evasion, and biofilm formation.11,12
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The protein PapG, which exhibits adhesion properties, is
located on the tip of type P fimbriae and binds to
glycosphingolipids; specifically, PapG binds to the Gal (α1−
4β) disaccharide bond on cells in the renal epithelium, thus
modulating the immune response and causing pyelonephritis.6

Several studies have shown the assembly of these fimbriae in
other bacteria; for example, type 1 fimbriae have been observed
in other Escherichia coli, Klebsiella spp., Shigella spp.,
Salmonella, and Citrobacter spp., and curli fimbriae have been
found in E. coli, Salmonella, Shigella, Citrobacter, and Enter-
obacter spp.13−15 P-type fimbriae are composed of hetero-
polymeric fibers assembled of different protein subunits
encoded by the pap A−K operon. The genes clustered in
this operon are highly conserved on the chromosome of up to
90% of UPEC strains from the urinary tracts of people with
acute pyelonephritis, specifically children and adults.12,15,16

Therefore, the knowledge that the PapG protein is expressed
only in UPEC strains is relevant for the specific identification
of PapG using biosensors as an alternative tool for the timely
detection of ITUs.
Conventional methods that are accurate and reliable, such as

selective culture, biochemical, and serological methods, and
automated methods, are available for the identification of E.
coli strains.17 These methods have certain disadvantages, as
expensive biomaterials are needed; the analysis processes are
complex, require several steps, and take 2−3 days; and
qualified personnel are needed.17,18 As an alternative method,
biosensors are less complex, can be used to directly detect
different pathogens, can achieve rapid responses, and exhibit
specificity, sensitivity, and excellent versatility.19 A typical
biosensor consists of an analyte, bioreceptor or biological
recognition element, transducer, electronics, and display
(Figure 1a).20−22 Analytes are substances of interest that are
detected through tests, and bioreceptors are biomolecules
(molecules or parts of complex molecules or supramolecular
complexes) that specifically recognize analytes (e.g., enzymes,
biological membranes, cell subunits, aptamers, DNA, ribonu-
cleic acid, and antibodies).23 The transducer is an electronic

device that transforms one type of energy for biorecognition
into a measurable signal. Electronics is a complex electronic
circuitry that processes the transduced signal (amplifies and
converts) into a measurable signal that can be displayed by a
display unit. Display involves a combination of hardware and
software that generates results (numeric, graphic, and tabular
values or images) of the biosensor.
Biosensors can be classified as optical, mechanical, or

electrochemical, depending on the transducer and response
signal.24−26 Optical biosensors consist of an optical transducer
system with an integrated bioreceptor (Figure 1b). The
transduction process occurs in response to physical or chemical
changes generated by the interaction between the bioreceptor
and analyte, including changes in light such as amplitude,
absorption, phase, frequency, polarization, refraction, and
transmission.21,22,27 Optical biosensors are classified as label-
free (the interaction between the bioreceptor and analyte with
the transducer is detected) or label-based (the optical signal is
generated by calorimetric, fluorescent, or luminescent
methods).21 The number of recognition events or detections
that occur at the surface is proportional to the detected signal,
which involves chemical modification and immobilization of
the bioreceptor. This response involves several steps that are
crucial for the fabrication of biosensors, such as the use of
novel materials as substrates.28,29 Substrates based on silicon
(Si) have shown promising results in biomaterial applications
(micro- and optoelectronic devices, memory chips, and
sensitive biosensors) due to their semiconducting properties
and biocompatibility; in addition, surface modifications and
biomolecule anchoring can be easily achieved.28 Silicon is a
material that, through chemical modification of the surface
through the creation of self-assembled monolayers (SAMs),
can obtain interfacial properties on its surface.30 SAMs are
organized into three groups: the first is a group that binds to
the surface and is known as the anchoring group; the second is
a linker group that joins the anchoring group with the terminal
or final group; and the latter determines the properties of the
surface after SAMs treatment. The dimensions of the

Figure 1. Schematic diagram of the biosensor. (a) Main components of typical biosensors. (b) Optical biosensor (label-free) based on the
absorption of matter with infrared energy.
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molecular structure determine the thickness of the SAMs,
which can range from 3 to 10 nm.31,32 SAMs can be prepared
using different types of molecules (e.g., silane, phosphonic
acid, and thiol) and different substrates (e.g., silicon and
gold).32 The organosilane SAMs, such as 3-aminopropyltri-
methoxysilane (APTMS), on Si surfaces are very stable and
robust due to chemical bonding with the surface and siloxane
cross-linking.32,33 The chemical modification of the substrates
begins with a cleaning process, followed by activation of the
supports using piranha solution (H2SO4/H2O2) to form
hydroxyl groups (−OH) on the surface of the substrate.
These groups provide reactivity on the Si surfaces for greater
functionalization.34 Subsequently, functionalization occurs
when APTMS contains a siloxane group and anchors the
molecule to hydroxylated Si, which is connected via Si−O−Si
bonds to surficial silanol groups (−SiOH).
Finally, the linking groups are composed of alkyl chains, and

the terminal amino groups allow for the grafting of biologically
active molecules.28,34 For the immobilization of bioreceptors
(antibodies), functionalized Si displays a terminal amine group
capable of direct coupling with N-(3-(dimethylamino)propyl)-
N-ethylcarbodiimide (EDC) - 1-hydroxy-2,5-pyrrolidinedione
(NHS). This covalent bonding strategy involves the hetero-
bifunctional cross-linking of the carboxyl groups of the
crystallizable region of the antibodies against free amino
groups on the Si surface, generating a favorable orientation of
the antibodies.28,35 Biosensors can be used to monitor target
analytes, such as biomarkers, pathogens, and allergens.36−38

Some analytes to be detected can be extracted from body fluids
(saliva, sweat, blood, and urine), which are the biological
components of a biosensor.19 In this context, the objective of
this study was to develop and analyze an optical biosensor as
an alternative method for detecting UPEC strains in biological
samples (urine) collected from pediatric patients. This
biosensor, also known as an immunobiosensor, contains
these antibodies as biological recognition elements to
specifically interact with the PapG protein.

■ EXPERIMENTAL SECTION
Generation of Recombinant PapG Protein. The

recombinant PapG protein was cloned, expressed, and purified
based on previously established procedures with some
modifications.39 The protein was collected with a 7−1 M
urea gradient via dialysis in buffer (pH 7.5) containing EDTA
(0.5 mM), NaCl (100 mM), Tris (25 mM), and 3-[(3-
cholamidopropyl) dimethylammonio]-1-propanesulfonate
(CHAPS) (3.3 mM). The samples were incubated at 4 °C
for 24 h. Protein purity and integrity were determined by
polyacrylamide gel electrophoresis with 14% sodium dodecyl
sulfate (SDS−PAGE). The proteins were subsequently stained
with Coomassie blue, quantified according to the 2D Quant
Kit protocol (GE Healthcare Biosciences AB, Björkgatan,
Uppsala, Sweden), and characterized in the mid-infrared
region from 400 to 4000 cm−1 via attenuated total reflectance
(ATR) via Fourier transform infrared (FTIR) spectroscopy
(Vertex 70, Bruker). The instrument had a fixed spectral
resolution of 4 cm−1, and the measurements were performed
with a MIRacle ATR accessory and a diamond crystal sampling
plate (Pike Technologies).
Generation of Rabbit Polyclonal Antibodies. Poly-

clonal antibodies against recombinant PapG protein were
generated as described in a previously established protocol.39

The recombinant PapG protein was detected by 14% sodium

dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE), visualized by Coomassie blue staining, and identified
by Western blotting using anti-PapG as the primary antibody
and anti-IgG as the secondary antibody. The antibody
concentration was determined by the Bradford method, and
the antibody structure was characterized by FTIR in ATR
mode using air as a baseline. A total of 120 scans were
performed with a resolution of 4 cm−1. The secondary
structure was determined from the second derivative of the
FTIR spectrum of the antibodies.
Chemical Modification of the Silicon Surface.

Commercial crystalline silicon supports (Purewafer) type P
with an orientation of 100 cm, a resistivity of 5−10 Ohm*cm,
and dimensions of 0.5 cm × 0.5 cm (L × L) with a thickness of
254−304 μm were used for chemical modification of the
biosensors. Afterward, the samples were sonicated in 10 mL of
acetone and methanol (Meyer) for 10 min each time, dried
with nitrogen, and placed in a drying oven at 100 °C for 30
min. The surface was then activated by placing the samples in a
solution of both sulfuric acid and hydrogen peroxide from
Meyer (H2SO4/H2O2= 3:1 v/v) for 45 min. Then, the samples
were washed three times with 10 mL of deionized water, dried
with nitrogen, and placed in a drying oven at 100 °C for 30
min. Subsequently, the samples were immersed in an acetone
solution with 5% (v/v) APTMS from Sigma-Aldrich for 45
min, sonicated in 10 mL of ethyl alcohol (Meyer) and
deionized water for 10 min each, dried with nitrogen, and
placed in a drying oven at 100 °C for 1 h to generate amino
functional groups (NH2) on the surface of the silicon supports.
The chemical and structural compositions of the silicon
supports were analyzed by FTIR in transmission mode with
120 scans at a resolution of 4 cm−1 within 400−4000 cm−1.
Immobilization of the Bioreceptor. The antibodies were

first immobilized by covalent bonding and incubated at room
temperature for 15 min. Previously, a solution of anti-PapG
(0.01 μg/μL) was prepared in 4-(2-hydroxyethyl)−1-piper-
azineethanesulfonic acid (HEPES) buffer supplemented with 8
mg/mL N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide
(EDC) and 22 mg/mL N-hydroxysuccinimide (NHS).40 The
chemically modified supports were then incubated for 1 h at
300 rpm, washed three times with HEPES buffer, and stored at
4 °C. The immobilization of the biological recognition element
was analyzed by FTIR in transmission mode with 120 scans at
a resolution of 4 cm−1 within 400 cm−1 to 4000 cm−1.
Detection of the Recombinant PapG Protein. The

silicon supports chemically modified with the immobilized
biological receptor (specific polyclonal antibodies against
PapG protein) were placed in a solution with the analyte of
interest (PapG protein) at a concentration of 0.01 μg/μL at 37
°C while stirring (300 rpm) for 1 h. Then, the samples were
washed three times with PBS and dried under nitrogen. The
results were analyzed via FTIR in transmission mode with 120
scans at a resolution of 4 cm−1 in the range of 4000−400 cm−1.
Subsequently, the secondary structures were determined from
the second derivative of the spectrum.

■ RESULTS AND DISCUSSION
Analysis of the Recombinant PapG Protein. Coomassie

blue-stained SDS−PAGE analysis revealed a protein at
approximately 33.9 kDa, corresponding to the molecular
weight of the recombinant PapG protein, as previously
reported by our group (Figure 2a). A PapG protein
concentration of 0.418 μg/μL was found, with a regression
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coefficient (R2) of 0.979, using a standard solution of 2 mg/mL
bovine serum albumin (BSA, GOLDBIO, St. Louis, MO) for
the standard curve.
In the FTIR spectrum (Figure 3a), absorption bands

associated with the structural composition of the PapG protein
were observed. The amide VI band at 576 cm−1 was attributed
to the bending modes in the plane of the C�O moiety,41,42

and the amide IV band at 655 cm−1 was attributed to the
bending vibrational modes of the O−C−N bonds (Figure
3a).42 The band at 1048 cm−1 was attributed to the bending
vibrational modes of the N−H bonds contributed by amide
II.43 The band at 1104 cm−1 was attributed to the stretching
vibration of C−N and the bending vibration of the C−H bond
of histidine (His) (Figure 3a).43 The amide III band at 1237
cm−1 corresponded to the bending and stretching vibrational
modes of N−H and C−N bonds, with a small contribution
from the in-plane C−O bending vibrational modes and N−H
stretching vibrational modes.41−45 The peak attributed to
COO− stretching vibrations at 1385 cm−1 corresponds to the
amino acid side chains.46 The band at 3266 cm−1

corresponding to amide A was attributed to the interaction
between the vibrational modes of the N−H bond and amide II
(Figure 3a).41,43,47

Next, deconvolution was performed in the 1500−1800 cm−1

region, and an amide II band at 1573 cm−1, corresponding to
the N−H bending vibrational modes with a contribution from

the C−N stretching vibrational mode,42,45,47,48 and an amide I
band at 1625 cm−1, corresponding to the stretching vibrational
modes of the C�O bonds of the peptide group, were
observed (Figure 3b). Notably, the amide I band was
particularly sensitive to the secondary structure, and this
band was mainly attributed to β-sheets in the structural
conformation of the protein.43,45,47,49,50 In addition, a band at
1795 cm−1 was observed, corresponding to the C�O bond
stretching vibrational modes, as shown in Figure 3b.
Subsequently, the second derivative of the FTIR spectrum of

the PapG protein was found in the amide I region between
1600 and 1700 cm−1 (Figure 3c). The following bands related
to the components of the secondary structure of the protein
were observed: the peaks at 1608, 1627, and 1693 cm−1

corresponded to β-sheets;40,42,43,45,51 the peak at 1646 cm−1

corresponded to the random coil;42,45 the peak at 1664 cm−1

correlated with the 310 helix;40,42 and the peak at 1676 cm−1

corresponded to the β-turn (Figure 3c).42

Characterization of Rabbit Anti-PapG Polyclonal
Antibodies. Western blot analysis confirmed the identity of
the PapG protein, which has a molecular weight of
approximately 33.9 kDa, when specific polyclonal rabbit
antibodies were used (Figure 2b). The antibody concentration
was calibrated against that of BSA, which was used as a
reference. The R2 of the calibration curve was 0.98,
corresponding to an antibody concentration of 2.6561 mg/
mL. The FTIR spectra showed bands related to the structure
of the antibodies (Figure 4a), such as the amide I band at 1643
cm−1, due to the stretching vibrations of the C�O bonds of
the amide group. This band was directly related to the
structural conformation of the antibodies,29,52−55 and the
amide II band at 1548 cm−1 was attributed to in-plane N−H
bending vibrations and C−N stretching vibrations (Figure
4a).29,53,55 The amide III peak at 1243 cm−1 was attributed to
the bending vibrational modes of N−H bonds and the
stretching vibrational modes of C−N bonds (Figure 4a).55

Analysis of the second-derivative FTIR spectra of the anti-
PapG antibodies in the amide I region (1700−1600 cm−1)
revealed bands related to components of the secondary
structure. The peak at 1631 cm−1 was attributed to β-sheets,54
a band at 1650 cm−1 in the α-helical region,54 and a band at
1681 cm−1 in the β-turn region, as shown in Figure 4b.42

Analysis of Silicon Substrates with Chemical Mod-
ifications. FTIR analysis of the chemical and structural
compositions of the silicon supports revealed a characteristic
band of silicon at 730 cm−1, which corresponds to the vibration
modes of the Si−O bonds (Figure 5a). Moreover, a band at
1106 cm−1, corresponding to the stretching vibrational modes
of the Si−O bonds (both bands generated by the interaction of
oxygen coming in the environment with crystalline silicon),
and a band at 612 cm−1, corresponding to the stretching
vibrational modes of the Si−Si bonds (Figure 5a), were
observed.29,56,57 Regarding the functional groups generated on
the surface by the reaction with APTMS, characteristic bands
at 1024 and 1109 cm−1 were attributed to the vibrational
modes of the Si−O−Si bonds; these bands corresponded to
the formation of siloxane bonds between the silanol groups of
APTMS and were generated due to the thermal oxidation
process.56−59 Bands attributed to the C−N bending vibrational
modes at 1310 cm−1, C−H stretching vibrational modes at
1380 cm−1, and Si−C bending vibration modes at 1445 cm−1

were observed, as well as a band attributed to the amino group
N−H stretching vibrational mode at 1584 cm−1.29,60,61

Figure 2. Identification of the recombinant PapG protein from
UPEC. (a) SDS−PAGE analysis of the PapG protein. (b)
Immunodetection of the PapG protein.
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Figure 3. FTIR spectra of the recombinant PapG protein in ATR mode. (a) PapG protein. (b) Deconvolution in the region from 1400 to 1800
cm−1. (c) Second derivative in the amide I region (1600−1700 cm−1).

Figure 4. FTIR spectra of anti-PapG antibodies in ATR mode. (a) IgG antibodies. (b) Second derivative in the amide I region (1600−1700 cm−1).
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Analysis of the Immobilization of Biological Recog-
nition Elements. The stability of bioreceptor immobilization
is essential for achieving high selectivity, and noncovalent
immobilization involves interactions between carboxyl/amide
groups, such as electrostatic, ionic, and hydrophobic
interactions, with minimal denaturation; however, these
interactions can be affected by changes under physiological
conditions (pH or temperature).62,63 Covalent immobilization
can eliminate this problem, but the activity of biomolecules
may be compromised in some cases.63 The immobilization of
antibodies depends on the type and orientation of the antibody
since these properties guarantee the availability of the paratope
or Fab region for binding to the antigen. Chemical treatment
with EDC-NHS is a favorable option; in this reaction, EDC
binds to the carboxyl groups present in the antibodies within
the fragment of the crystallizable region. Then, amide bonds
are formed with the amino groups present on the surface that
are chemically modified with APTMS (NHS stabilizes the
intermediate in the cross-linking reaction).40 The FTIR spectra
obtained after the IgG antibodies were immobilized showed

two bands corresponding to amide II and amide I associated
with the immobilized antibodies. The following bands
attributed to EDC/NHS were also observed: one at 1712
cm−1 assigned to C�O bonds and one at 1780 cm−1 assigned
to the vibrational mode generated by the formation of a
−COO-NHS ester bond, as observed in Figure 5b.64,65

FTIR Detection Spectral Analysis. An interaction
between a specific bioreceptor and an analyte produces a
measurable signal that we can detect, as contact and binding
depend on adaptive stability; however, stability can be affected
by several factors (pH, temperature, ionic strength, incubation
time, and concentration).29,35 After FTIR analysis was
performed on the PapG protein, the spectrum showed amide
II (1590 cm−1), C−H (1390 cm−1), and C�O (1730 cm−1)
bands, which were not observed during immobilization and
corroborated the detection results (Figure 6a). Subsequently,
to confirm the results obtained, the second derivative of the
FTIR spectra was obtained in the region of the amide I protein
band (1600−1700 cm−1) after structural information about the
IgG antibody and PapG protein complex was elucidated. In the

Figure 5. FTIR spectra at different stages of biosensor development. (a) Silicon sample before and after functionalization (silicon, silicon/APTMS,
and pure APTMS). (b) Antibody immobilization (silicon/APTMS, silicon/APTMS/EDC-NHS/IgG, and IgG antibodies).

Figure 6. FTIR spectra of the samples. (a) PapG protein detection (silicon/APTMS/EDC-NHS/IgG, silicon/APTMS/EDC-NHS/IgG/PapG
protein, and PapG protein). (b) Second derivative in the amide I region used to detect PapG protein (silicon/APTMS/EDC-NHS/IgG, silicon/
APTMS/EDC-NHS/IgG/PapG protein, and PapG protein).
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second-derivative spectra of the PapG protein, bands
corresponding to the β sheets (1625 cm−1) and β turns
(1670 cm−1) were observed (Figure 6b).42,44 The bands
observed in this analysis are not present on the supports in
which the biological recognition element is immobilized and
can be used for specific detection.

■ CONCLUSIONS
The specificities of the recombinant PapG protein and anti-
PapG antibodies were validated by SDS−PAGE and Western
blotting, respectively. FTIR analyses revealed bands attributed
to the molecular structure of the PapG protein (C�O, amide
IV, amide II, His, amide III, COO-, and amide A) and of the
antibodies (amide I, amide II, and amide III). Second
derivative analysis revealed differences in the molecular
structure of the PapG protein (β-sheets, random coils, and
310 helices) and antibodies (β-sheets, α-helices, and β-turns).
FTIR analyses of the developed biosensor in the SAMs (Si−

O−Si, C−N, C−H, Si−C, and N−H) stages, bioreceptor
(amide II and amide I) immobilization, and (C−H, C�O and
amide II) detection confirmed the presence of new bands in
each of the stages. Our data suggest that optical biosensor
development based on the interaction of energy with matter in
novel substrates, such as silicon, and surface interfaces involves
chemical modification by SAMs and bioreceptor immobiliza-
tion for analyte-specific detection. The secondary structures
(β-sheets and β-turns) detected confirmed the specificity of the
PapG protein. Taken together, these data suggest that the
PapG protein can be specifically detected by applying a
methodology based on the principles of an optical biosensor.
This study is the basis of research that provides guidelines for
the continuation of the development of new experiments that
allow us to validate and apply optical biosensors using clinical
strains of UPEC related to ITUs.
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(54) Schüle, S.; Frieß, W.; Bechtold-Peters, K.; Garidel, P.
Conformational analysis of protein secondary structure during
spray-drying of antibody/mannitol formulations. Eur. J. Pharm.
Biopharm. 2007, 65, 1−9.
(55) Boulet-Audet, M.; Byrne, B.; Kazarian, S. G. High-Throughput
Thermal Stability Analysis of a Monoclonal Antibody by Attenuated
Total Reflection FT-IR Spectroscopic Imaging. Anal. Chem. 2014, 86,
9786−9793.
(56) Herrera-Celis, J.; Reyes-Betanzo, C.; Itzmoyotl-Toxqui, A.;
Orduña-Díaz, A.; Pérez-Coyotl, A. a-SixC1−x:H thin films with
subnanometer surface roughness for biological applications. J. Vac. Sci.
Technol. A 2015, 33, No. 05E108.
(57) Morales-Chávez, J.; Herrera-Celis, J.; Saldana-Ahuactzi, Z.;
Reyes-Betanzo, C.; Gómez-Montaño, F. J.; Orduña-Díaz, A. Silicon
and hydrogenated amorphous silicon carbide as biofunctional
platforms for immunosensors. Surf. Interfaces. 2020, 20, No. 100550.
(58) Soberanis-Monforte, G. A.; Gordillo-Rubio, J. L.; González-Chi,
P. I. Influence of Chemically Treated Palygorskite Over the
Rheological Behavior of Polypropylene Nanocomposites. Ing. Investig.
Tecnol. 2015, 16, 491−501.
(59) Balderas-Valadez, R. F.; Agarwal, V. Use of porous silicon
functionalized with acetylcholinesterase as detection platform for
arsenic (III). Ing. Investig. Tecnol. 2017, 18, 321−329.

(60) Baranowska, M.; Slota, A. J.; Eravuchira, P. J.; Alba, M.;
Formentin, P.; Pallares̀, J.; Ferré-Borrull, J.; Marsal, L. F. Protein
attachment to silane-functionalized porous silicon: A comparison of
electrostatic and covalent attachment. J. Colloid Interface Sci. 2015,
452, 180−189.
(61) Majoul, N.; Aouida, S.; Bessaïs, B. Progress of porous silicon
APTES-functionalization by FTIR investigations. Appl. Surf. Sci. 2015,
331, 388−391.
(62) Gao, S.; Guisán, J. M.; Rocha-Martin, J. Oriented
immobilization of antibodies onto sensing platforms - A critical
review. Anal. Chim. Acta 2022, 1189, No. 338907.
(63) Raghav, R.; Srivastava, S. Immobilization strategy for enhancing
sensitivity of immunosensors: L-asparagine-AuNPs as a promising
alternative of EDC-NHS activated citrate-AuNPs for antibody
immobilization. Biosens. Bioelectron. 2016, 78, 396−403.
(64) Suys, O.; Derenne, A.; Goormaghtigh, E. ATR-FTIR
Biosensors for Antibody Detection and Analysis. Int. J. Mol. Sci.
2022, 23 (19), 11895.
(65) Widyasari, D. A.; Kristiani, A.; Randy, A.; Manurung, R. V.;
Dewi, R. T.; Andreani, A. S.; Yuliarto, B.; Jenie, S. N. A. Optimized
antibody immobilization on natural silica-based nanostructures for the
selective detection of E. coli. RSC Adv. 2022, 12 (33), 21582−21590.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02794
ACS Omega 2024, 9, 27528−27536

27536

https://doi.org/10.1111/j.1745-7270.2007.00320
https://doi.org/10.1111/j.1745-7270.2007.00320
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1016/S1381-1177(99)00030-2
https://doi.org/10.1016/S1381-1177(99)00030-2
https://doi.org/10.17488/RMIB.38.1.17
https://doi.org/10.17488/RMIB.38.1.17
https://doi.org/10.17488/RMIB.38.1.17
https://doi.org/10.1016/j.colsurfb.2022.112486
https://doi.org/10.1016/j.colsurfb.2022.112486
https://doi.org/10.1016/j.foodchem.2022.132837
https://doi.org/10.1016/j.foodchem.2022.132837
https://doi.org/10.1016/j.foodchem.2022.132837
https://doi.org/10.1016/j.bbamem.2013.04.008
https://doi.org/10.1016/j.bbamem.2013.04.008
https://doi.org/10.3109/10409239509085140
https://doi.org/10.3109/10409239509085140
https://doi.org/10.1016/j.foodhyd.2014.12.027
https://doi.org/10.1016/j.foodhyd.2014.12.027
https://doi.org/10.1016/j.foodhyd.2014.12.027
https://doi.org/10.1038/srep30526
https://doi.org/10.1038/srep30526
https://doi.org/10.1038/srep30526
https://doi.org/10.1016/B978-0-12-818610-7.00001-3
https://doi.org/10.1016/B978-0-12-818610-7.00001-3
https://doi.org/10.1016/B978-0-12-818610-7.00001-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-818610-7.00001-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejpb.2006.08.014
https://doi.org/10.1016/j.ejpb.2006.08.014
https://doi.org/10.1021/ac502529q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac502529q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac502529q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1116/1.4922409
https://doi.org/10.1116/1.4922409
https://doi.org/10.1016/j.surfin.2020.100550
https://doi.org/10.1016/j.surfin.2020.100550
https://doi.org/10.1016/j.surfin.2020.100550
https://doi.org/10.1016/j.riit.2015.09.002
https://doi.org/10.1016/j.riit.2015.09.002
https://doi.org/10.1016/j.jcis.2015.04.022
https://doi.org/10.1016/j.jcis.2015.04.022
https://doi.org/10.1016/j.jcis.2015.04.022
https://doi.org/10.1016/j.apsusc.2015.01.107
https://doi.org/10.1016/j.apsusc.2015.01.107
https://doi.org/10.1016/j.aca.2021.338907
https://doi.org/10.1016/j.aca.2021.338907
https://doi.org/10.1016/j.aca.2021.338907
https://doi.org/10.1016/j.bios.2015.11.066
https://doi.org/10.1016/j.bios.2015.11.066
https://doi.org/10.1016/j.bios.2015.11.066
https://doi.org/10.1016/j.bios.2015.11.066
https://doi.org/10.3390/ijms231911895
https://doi.org/10.3390/ijms231911895
https://doi.org/10.1039/D2RA03143D
https://doi.org/10.1039/D2RA03143D
https://doi.org/10.1039/D2RA03143D
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

