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Label-free biosensors have become an indispensable tool for analyzing intrinsic molec-
ular properties, such as mass, and quantifying molecular interactions without interference
from labels, which is critical for the screening of drugs, detecting disease biomarkers,
and understanding biological processes at the molecular level. In the last decade, novel
label-free imaging biosensors, including surface plasmon resonance microscopy, interfero-
metric scattering microscopy, plasmonic scattering microscopy, and evanescent scattering
microscopy, have further advanced this field by pushing beyond ensemble averages to
reveal the statistical distributions of molecular properties and binding processes at the
single-molecule level. These imaging techniques pave the way to understanding molecular
interaction processes in great detail. Nonetheless, the demand for developing novel single-
molecule, label-free sensing schemes that are cost-effective, easy to use, and especially
applicable in commercial microscopy or other commercial label-free biosensors is ever
increasing. Moreover, the application range of label-free biosensors is highly likely to ex-
pand, thus providing more powerful economical tools for clinical diagnosis, environmental
monitoring, and industrial quality control. Therefore, this Special Issue, entitled “Label-free
Biosensors”, focuses on recent advances in producing sensitive and easy-to-use label-free
biosensors and their applications in diverse fields.

There are 11 peer-reviewed papers collected in this Special Issue. Six articles are
included to show the development and applications of novel label-free biosensors. Xu et al. [1]
developed a sequence-specific visualization method based on loop-mediated isothermal am-
plification for the detection of Salmonella—one of four key global causes of diarrhea—in
milk. This method does not involve any sophisticated instrument; thus, it may be a useful
tool in resource-limited areas. Mayer et al. [2] developed a sandwich-type electrochem-
ical immunosensor for the quantitative detection of the carcinoembryonic antigen, an
important tumor marker in clinical tests, using the redox-tagged, single-walled carbon
nanohorns/thionine/AuNPs. The results showed that carbon nanohorns possess great
potential for clinical diagnostics of CEA and other biomarkers. Cui et al. [3] developed a
strong optical second-harmonic generation of a monolayer 2D semiconductor to observe
interfacial molecular adsorption and desorption dynamics in a label-free manner. The
proposed detection scheme principally undertakes a nanometer-scale spatial resolution
across interfaces, which provides a powerful tool for understanding the spatiotemporal
transports of matter and energy across interfaces. Nayak et al. [4] developed a label-free
immunosensor by synthesizing carbon dots (CDs) with a one-step hydrothermal method
and then covalently functionalizing the dots with antibodies for the sensing of progesterone
hormone. This label-free immunosensor has emerged as a potential platform for simplified
progesterone analysis due to the high selectivity performance and good recovery in dif-
ferent samples of spiked water. Zhao et al. [5] developed an aptamer-based fluorescence
anisotropy sensor for rapid and sensitive detection of heavy metal cadmium ions, which
is of great significance to food safety and environmental monitoring. This aptamer-based
sensor works in a direct format for detection without the need for labeling in real water
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samples, showing broad application potential. He et al. [6] developed a smartphone-based
biosensor for detecting human total hemoglobin concentration in vivo with high accuracy.
The smartphone-based sensor utilizes the camera, memory, and computing power of the
phone, thus largely reducing the cost. The authors demonstrated that this sensor could
meet the accuracy requirements for non-invasive detection of hemoglobin concentration.
Five reviews are also included to introduce recent advances in typical label-free biosensor
families. Lei et al. [7] reviewed the development and applications of field-effect transistor
(FET)-based biosensors, which have shown great technical potential in the biomarker detec-
tion platform. This mini review gives an overview of the design strategies of biosensors
and then focuses on several representative aspects. Finally, the authors summarize the
long-term prospects for the commercialization of FET sensing systems. Kuralay et al. [8]
reviewed the label-free cancer diagnosis platforms using electrochemical methods for can-
cer diagnosis. The classification of the sensing platforms is generally presented according
to their recognition element, and the most recent achievements of these attractive sensing
substrates are described in detail. Cheung et al. [9] reviewed the biofunctionalization needs
and strategies—which are inextricably linked to sensor performance—for silicon photonic
(SiP) biosensors, a promising platform for robust and low-cost decentralized diagnostics.
The authors evaluated the adsorption, bioaffinity, and covalent chemistries for immobi-
lizing bioreceptors. Then, different biopatterning techniques were compared for spatially
controlling and multiplexing the biofunctionalization of SiP sensors. Fang et al. [10] re-
viewed optical methods such as surface-enhanced Raman scattering spectroscopy, surface
plasmon resonance, and dark-field microscopic imaging techniques for the rapid detection
of pathogenic bacteria in a label-free manner. The advantages and disadvantages of these
label-free technologies for bacterial detection are summarized in order to promote their
application for rapid bacterial detection in source-limited environments and for drug resis-
tance assessments. Feng et al. [11] reviewed the application of MXenes in electrochemical,
optical, and other bioanalytical methods in recent years. The authors summarize and
discuss problems in the field of biosensing and possible future directions of MXenes.

Label-free biosensors have been experiencing rapid development in recent decades
and are becoming important tools for clinical diagnosis and environmental monitoring. A
comprehensive review is thus necessary, and this is the main purpose of this Special Issues.
Besides the review, this collection also presents several novel label-free detection techniques
to demonstrate design strategies and operation protocols. Therefore, this Special Issue
might be of particular value to beginners and graduate students who have just entered
this field. We hope that they, through reading this collection of articles and reviews, might
fully understand the principles and operation skills of label-free biosensors, and will go
on to explore further the chemical and physical properties of the biosensors and their
applications.

This Special Issue is the distillation of the authors’ intelligence and efforts. We expect
that this collection will help and inspire researchers who are working in the fields of chem-
istry and biological science, and we also hope that it will provide a reference source or serve
as a textbook for undergraduate and graduate students who major in chemistry, chemical
engineering, physics, materials, and biology, as well as those readers who are otherwise
interested in label-free biosensors. As this collection covers a breadth of highly diverse
content connected to multiple scientific issues of some complexity, errors and omissions
may not be entirely avoided; thus, we sincerely appreciate criticism and comments from
readers.

Acknowledgments: The authors are grateful for the opportunity to serve as guest editors of the
Special Issue, “Label-Free Biosensors”, as well as for the contributions of each of the authors who
contributed to this Special Issue. The dedicated work of the Special Issue Editor of Biosensors and the
efforts of the editorial and publishing staff are greatly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Salmonella is one of four key global causes of diarrhea, and in humans, it is generally con-
tracted through the consumption of contaminated food. It is necessary to develop an accurate, simple,
and rapid method to monitor Salmonella in the early phase. Herein, we developed a sequence-specific
visualization method based on loop-mediated isothermal amplification (LAMP) for the detection
of Salmonella in milk. With restriction endonuclease and nicking endonuclease, amplicons were
produced into single-stranded triggers, which further promoted the generation of a G-quadruplex
by a DNA machine. The G-quadruplex DNAzyme possesses peroxidase-like activity and catalyzes
the color development of 2,2′-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) as the readouts.
The feasibility for real samples analysis was also confirmed with Salmonella spiked milk, and the
sensitivity was 800 CFU/mL when observed with the naked eye. Using this method, the detection
of Salmonella in milk can be completed within 1.5 h. Without the involvement of any sophisticated
instrument, this specific colorimetric method can be a useful tool in resource-limited areas.

Keywords: loop-mediated isothermal amplification; colorimetric detection; sequence-specific;
G-quadruplex; DNA machine

1. Introduction

Foodborne disease is a growing public health problem worldwide, usually contami-
nating food through any stage of food production, delivery, and consumption chain [1].
There are nearly 1 in 10 people around the world falls ill after eating contaminated food,
which leads to over 420,000 deaths every year [2]. Salmonellosis is a common intestinal
infection caused by Salmonella spp. Salmonella has a high detection rate in raw milk, cheese,
raw meat, raw eggs, fruits, and vegetables [3], leading to diarrhea, vomiting, abdominal
pain, chills, fever, headache, etc. People will get a foodborne illness when they eat under-
cooked meat or eat other foods or beverages that are contaminated by raw meat or its juices.
However, as the “gold standard method”, the conventional culture method needs to be
pre-accumulated, with selective separation and biochemical identification of the samples.
It is accurate but time-consuming and very labor-intensive. It follows that it is necessary to
control pathogen-based food poisoning outbreaks with an earlier, more rapid, and more
sensitive method.

The nucleic acid test is a powerful technique for molecular diagnosis by analyzing
the genetic sequence in organisms. Among them, isothermal amplification technology
has drawn much attention because of the capability of on-site utilization. Compared to
methods that require thermal cycling, isothermal amplification is performed at a single
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reaction temperature, so it is more rapid and more energy efficient. Loop-mediated isother-
mal amplification (LAMP) is one of the most promising and comprehensively applied
isothermal amplification techniques. Developed by Tsugunori Notomi in 2000, LAMP is
realized with four specially designed primers recognizing six distinct sequences on the tar-
get, which ensures its high specificity [4]. The cauliflower-like structured products possess
abundant stem–loops that initiate the next cycle by hybridizing with the inner primer [4].
Therefore, the amplification can accumulate 109 copies of the target in less than an hour.
By introducing loop primers, its amplification efficiency can be further improved, and the
amplification process can be accomplished in half-hour [5]. The amplification process can
also be real-time monitored by collecting the fluorescent signal with an exclusive instru-
ment [6], which permits its wide application for the detection of foodborne pathogenic
bacteria [7,8], infectious diseases [9,10], and genetically modified organisms investigated
by the artificial mouth simulator [11,12]. In order to make full use of LAMP in point-of-care
diagnostic platforms, it is preferable to analyze the amplicons visually. With the visual
method, the nucleic acid test can be achieved at point-of-care testing with high convenience
in resource-poor settings because it does not rely on big and heavy instruments.

Recently, some ingenious colorimetric methods have been developed by detecting
the generated amplicons or by monitoring the variation of reaction compositions [13]. For
example, some intercalating dyes can bind double-stranded amplicons and indicate positive
amplification by changing color [14]. The generation of pyrophosphate ions [15,16], the
pH variation [17], and the consumption of deoxyribonucleotides (dNTPs) [18] in positive
amplifications also enable colorimetric detection by the naked eye. However, how to
visually detect the sequence-specific products of LAMP is still a great challenge.

G-quadruplex structures are composed of two or more stacked guanine (G)-tetrad
planes and a monovalent cation such as K+ or Na+, which are formed at specific G-rich
regions in the genome, mRNA, and non-coding RNA, and G-quadruplex DNAzymes
are stacked G-tetrads structure with peroxidase-like activity when binding hemin (iron
(III)-protoporphyrin IX) [19]. They can catalyze the color change of substrate, such as 2,2′-
azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) and 3,3′,5,5′-Tetramethylbenzidine.
Taking advantage of the catalytic activity of the G-quadruplex DNAzyme, colorimetric
sensors can be developed for the analysis of DNA amplification [20–22].

DNA machine is constructed from DNA self-assembly depending on the sequence-
specific interactions between complementary sequences [23]. The base sequence of nucleic
acids encodes substantial structural and functional information into biopolymers [24],
such as the base pairing, the pH-induced self-assembly of the C-rich sequence into i-
motif configurations [25], and the ion-induced self-organization of the G-rich sequence
into the G-quadruplex [26]. With rational design, DNA machines can perform machine-
like functions by autonomously generating expected sequences in the presence of the
appropriate trigger [27,28]. The powerful amplification ability exhibits great potential in
constructing biosensors [29–31].

Here, by combining G-quadruplex DNAzymes and DNA machine, we present a
sequence-specific method for colorimetric detection of LAMP amplicons. Typically, the
LAMP amplicons are digested into short fragments by a restriction endonuclease. A
nicking endonuclease recognition site is introduced into the inner primer to facilitate
the generation of sequence-specific single-stranded amplicons by repeatedly nicking and
extending. This restriction endonuclease and nicking endonuclease-mediated amplification
are termed as LAMP-Res-Nick. The ssDNA products from the LAMP-Res-Nick reaction can
trigger cascade amplification via DNA machine to generate G-quadruplex. The peroxidase-
like activity of G-quadruplex DNAzymes, when binding hemin, makes the colorimetric
readouts possible.
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2. Materials and Methods

2.1. Reagents and Oligonucleotides

Bst DNA polymerase (Large Fragment) was purchased from Vazyme Biotech Co., Ltd.
(Nanjing, China). Nt.BstNBI, ScrFI, DraI, and agarose were obtained from New England
Biolabs (Ipswich, MA, USA). Syto 9 was achieved from Thermo Fisher (Waltham, MA, USA).
4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), hemin, dNTP mixture, and
ABTS were all supplied by Sangon Biotech (Shanghai, China) Co., Ltd. LB agar and LB
broth were offered by Beijing Land Bridge Technology Co., Ltd. (Beijing, China) 30% H2O2
was bought from Sigma-Aldrich, Inc. (Burlington, MA, USA).

The gene of invasion protein A (invA) was selected as the reference gene for amplifica-
tion (GenBank accession no. NC_003197). Conventional LAMP primers were synthesized
according to the previous report [32]. Inner primers incorporated with the recognition site
(GAGTC) of nicking endonuclease, Nt.BstNBI, are termed as Nick-BIP and Nick-FIP. All
the sequences were evaluated with IDT Oligo Analyzer 3.1 (Integrated DNA Technologies,
Coralville, IA, USA). The oligonucleotides were synthesized by Sangon Biotech (Shanghai,
China) Co., Ltd. Sequences used in this work are listed in Table S1, and the corresponding
template sequence is displayed in Figure S1.

2.2. DNA Extraction and Purification

The bacteria were separated by streak method on the LB agar plate, and a single colony
was selected for further culturing in LB broth overnight.

DNA was extracted with the Bacteria Genome DNA Isolation kit (Spin Column)
(Bioteke Corporation, Beijing, China) and stored at −20 ◦C. The concentration and purity
of the extracted DNA were determined by NanoDrop One (Thermo Fisher, Waltham, MA,
USA) for counting the copy number.

2.3. Real-Time LAMP Assay

For real-time LAMP, 10 μL amplification buffer contained 1 μL Salmonella DNA, 1.6
μM FIP and BIP, 0.2 μM F3 and B3, 0.4 μM LF and LB, 1.4 mM dNTPs, 3.2 U Bst DNA
Polymerase (Large Fragment), 1× ThermoPol Reaction Buffer, 6 mM MgSO4, 1 mM SYTO
9. The amplification was performed on CFX 96 (Bio-Rad, Hercules, CA, USA) at 65 ◦C with
fluorescence collected every 30 s. The products were analyzed with 3% agarose gel, and the
gel results were recorded via gel image system (UVP, Upland, CA, USA).

2.4. Cascade Amplification of LAMP-Res-Nick and DNA Machine

For LAMP process, the inner primer FIP was replaced by Nick-FIP, and no Syto 9 was
involved. The reaction was performed at 65 ◦C on an MSC-100 ThermoMixer (AllSheng,
Hangzhou, China) for 20 min as the protocol described in Section 2.4. A total of 20 μL
solution contained 10 μL of LAMP products, 50 mM Tris-HCl (pH 7.9), 100 mM NaCl,
6 mM MgSO4, 100 μg/mL BSA, 10 U ScrFI. The reaction was incubated at 37 ◦C for 1 h
followed at 95 ◦C for 10 min. Then, 1.5 μL 10× Isothermal Amplification Buffer II Pack,
4.8 U Bst 3.0 DNA Polymerase, 10 U Nt.BstNBI, 0.32 mM dNTPs were added to make the
solution 25 μL. The reaction was performed at 58.8 ◦C for 10 min. Thereafter, 5 μL of 1 μM
M-G was added, and the mixture was incubated at 58.8 ◦C for another 10 min. The final
products were incubated at 95 ◦C for 5 min followed on ice for 10 min.

2.5. Colorimetric Detection by G-Quadruplex DNAzyme

For colorimetric detection, the cascade amplification products were mixed with 1×
HEPES buffer (25 mM HEPES, 20 mM KCl, 200 nM NaCl, and 0.05% Triton X-100, pH 5.3),
200 nM hemin, and 1 μL of 1M HCl. Then 2 mM ABTS2− and 2 mM H2O2 were added in
the final 100 μL system for naked-eye detection in 5 min. The RGB values were extracted
by Image J.
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2.6. Sensitivity and Specificity

In order to test the sensitivity, 1 μL of a series of 10-fold diluted DNA was employed as
template. To test the specificity of the method, DNA extracted from Salmonella typhimurium
CMCC(B)50115, Vibrio parahemolyticus KP9, Vibrio parahemolyticus ATCC 17802 and
Escherichia fergusonii 19ZEF91003 were employed as the templates. DNA was amplified
and colorimetrically detected by the protocol described.

2.7. Detection of Salmonella Spiked Milk

Select Salmonella typhimurium colony and transfer it into LB broth for culturing at
37 ◦C for 6 h. The bacteria solution was then diluted 10-fold with saline and plate cultured
for counting the colony number. The diluted solution was spiked into sterile milk with
10 times dilution. Salmonella DNA was extracted by the Bacteria Genome DNA Isolation
kit. A total of 1 μL of extracted DNA was amplified and detected by the method described.
All experiments were repeated 3 times. Results were shown as mean ± standard deviation.
Differences were assessed by ANOVA.

3. Results and Discussion

3.1. Proof of Principle

In this study, the colorimetric and sequence-specific method is realized by producing
a G-quadruplex DNAzyme by the cascade amplification of restriction endonuclease- and
nicking endonuclease-mediated LAMP (LAMP-Res-Nick) and DNA machine. As shown in
Scheme 1, the recognition site of nicking endonuclease is incorporated in the inner primer
(Nick-FIP) and acts as the spacer between F1c and F2. The LAMP process produces a great
variety of stem–loop DNAs (I). These DNAs, which have different stem lengths and possess
multiple loops, provide a great number of restriction endonuclease recognition sites. Thanks
to the restriction endonuclease, these products of different structures are cleaved into short
double-helix fragments with the nicking endonuclease recognition sites embedded in them.
Thereafter, nicking endonuclease, Nt.BstNBI, will recognize these sites and produce a nick
on the double-stranded products. Meanwhile, Bst polymerase will add new free nucleotides
at the 3′ end of the nicking site and displace the original strands. The synergistic effect of Bst
polymerase and Nt.BstNBI promotes repeatedly nicking and extension that innumerable
single-stranded products are generated (III). In order to transform this DNA sequence
information into color development, a DNA machine (M-G) is added to realize cascade
amplification. The M-G compromises three parts, i.e., a complementary sequence of the
generated ssDNA products at the 3′ terminus, a nicking endonuclease recognition site in
the middle, and a C-rich sequence at the 5′ terminus. Once the ssDNAs hybridize with
the DNA machine, a great deal of G-rich sequences that can form G-quadruplex structures
with the presence of potassium ions are produced. The complex, formed by hemin binding
to the G quadruplex, possesses the peroxidase-mimicking activity, which can catalyze the
oxidation of the substrate ATBS2− to ATBS− by H2O2, thereby turning the solution green.
On the contrary, in the absence of targets, the LAMP process cannot be initiated, and the
G-rich sequence cannot be produced. Consequently, no color change is observed.

3.2. Effect of Nicking Endonuclease Recognition Site

The recognition site (GAGTC) of nicking endonuclease, Nt.BstNBI, was inserted in
the inner primers (termed Nick-FIP and Nick-BIP). We used only one or two modified
inner primers for real-time LAMP and compared them with conventional inner primers.
As shown in Figure 1A, compared with conventional inner primers, the incorporation
of a nicking endonuclease recognition site in the inner primer reduced the amplification
efficiency. However, the taking off time only delayed 2 min. The amplification was further
verified by gel electrophoresis (Figure 1B). All these positive amplifications, including
the inner primers incorporated with a nicking endonuclease recognition site, generated
ladder-like bands. In contrast, no obvious non-specific products were produced in all of
the negative samples. These results indicate that the presence of a nicking endonuclease
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recognition site in the inner primer has little effect on the LAMP process. To prove the
nicking endonuclease recognition site was successfully incorporated in the LAMP prod-
ucts, the products were incubated with the nicking endonuclease, Nt.BstNBI, for another
10 min. As shown in the electrophoresis image (Figure 1B), the ladder-like bands became
smeared when the modified inner primers were used for amplification. In contrast, the
products produced by the conventional primers were still ladder-like. This indicates the
successful incorporation of the nicking endonuclease recognition site into the LAMP am-
plicons. Since only one modified inner primer was enough for introducing the nicking
endonuclease recognition site into the LAMP products, we used modified FIP for the
subsequent experiments.

Scheme 1. Schematic illustration of the colorimetric and sequence-specific method for detection of
LAMP products via DNA machine and G-quadruplex DNAzyme.
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Figure 1. Investigate the effect of inner primers incorporated with a nicking endonuclease recognition
site (termed as Nick-FIP and Nick-BIP) on LAMP process by (A) Tt values of real-time LAMP and
(B) gel electrophoresis. Nt.BstNBI was added to incubate with the LAMP products for 10 min. N
stands for no template control, P stands for positive control with 105 copies of Salmonella DNA, and
M stands for 20 bp DNA ladder.

3.3. Effect of Restriction Endonuclease

According to the previous study, the nicking and extension process prefers producing
short single-stranded DNA sequences. Since the LAMP products are cauliflower-like
structures with multiple loops, they can provide multiple nicking sites. Therefore, the
single-stranded DNA products are of different lengths because of the strong processivity of
Bst polymerase and random nicking by Nt.BstNBI. We employed restriction endonuclease,
ScrFI, and DraI, respectively, to cleave the LAMP products into small fragments which
contained the same 3′ terminus. The restriction sites of ScrFI and DraI are illustrated in
Figure S2A, and the expected cleaved products are indicated in Figure S2B. As shown in
Figure 2, after digestion by ScrFI, the ladder-like bands disappeared. Instead, the products
were enriched at around 100 bp and 200 bp, indicating the products were cleaved by ScrFI.
By contrast, when the products were treated with DraI, the products were still ladder-like
bands on the gel; this might be attributed to the poor compatibility of buffer for DraI
and LAMP.

(A)  

(B)  

Figure 2. (A) In the presence of 105 copies of Salmonella DNA, LAMP products were cleaved by
restriction endonucleases ScrFI and DraI, respectively, followed by treatment with nicking endonucle-
ases Nt.BstNBI, then electrophoresis in 3% agarose gel. (B) 3% agarose gel electrophoresis showing
variability in products generated after isothermal amplification and these products cleaved by ScrFI
and Nt.BstNBI, N means no template control, N stands for no template control, P stands for positive
control with 105 copies of Salmonella DNA, and M stands for 20 bp DNA ladder.
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To further verify the cleavage of LAMP products by ScrFI, we added Nt.BstNBI into
the system and observed the generation of 73 bp products (Figure 2). This was attributed to
the synergistic effect of Bst polymerase and Nt.BstNBI, which promoted repeated nicking
and extension from the nicking site on the LAMP products and displaced the sequence
downstream of the nicking site. In contrast, when Nt.BstNBI was added to the samples
treated by DraI, and the ladder-like bands became smeared. This was probably owing to
the LAMP products not being digested before nicking, and the dissociated single-stranded
sequence being of different lengths.

Based on these results, ScrFI was used for cleaving the LAMP products into short
fragments in the following experiment.

3.4. Sensitivity

It is reported that Salmonella is one of the four key reasons that cause diarrhea dis-
eases [33]. Around 3.4 million cases of diseases are caused by invasive nontyphoidal
Salmonella annually [31]. To test the feasibility of the developed method, we chose Salmonella
typhimurium as an example. DNA extracted from Salmonella was serially diluted as
4 × 101, 4 × 102, 4 × 103, and 4 × 104 copies/μL for sensitivity evaluation, and the tem-
plate was amplified by LAMP-Res-Nick and DNA machine. The products were evaluated
by G-quadruplex DNAzyme catalyzing the color development of ABTS. Since the e RGB
pattern can effectively eliminate the error in human observation, the RGB value was also
extracted and analyzed, and the RGB values were extracted by Image J. The RGB (red,
green, and blue) is an important index for color expression. Each channel of red, green, and
blue has 256 levels of brightness, of which level 0 means the darkest and 255, the brightest.
The results are shown in Figure 3A. There was no color change in the negative control and
the sample with 4 × 101 copies of DNA. In contrast, an obvious green was developed for
samples containing 4 × 102, 4 × 103, and 4 × 104 copies of the template. The green and
blue channels were a little more sensitive, which dropped from color density 184 (without
target) to 148 (4 × 103 copies/μL target), and the best sensitivity was achieved for the red
channel as color density dropped from 184 to 94. Therefore, the red channel was chosen
for further assays as the optimal one. The results were compared with real-time LAMP
(Figure 3B), and consistent results were obtained.

Figure 3. (A) RGB values of colorimetric assay of different concentrations of DNA (inset is the
colorimetric photo). (B) Real-time LAMP assay of different concentrations of DNA. NTC indicates no
template control. Error bars indicate standard deviations for n = 3.

3.5. Specificity

To test the specificity of the method, DNA extracted from Salmonella typhimurium
CMCC(B)50115, Vibrio parahemolyticus KP9, Vibrio parahemolyticus ATCC 17802, and
Escherichia fergusonii 19ZEF91003 was detected. As shown in Figure 4A, only DNA
extracted from Salmonella typhimurium developed green. In contrast, other samples gave
colorless results. The results were consistent with real-time LAMP (Figure 4B).
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Figure 4. Specificity of (A) colorimetric assay and (B) real-time LAMP. The amount of Salmonella and
nontarget strains (V.p KP9, V.p 17802, and E. fergusonii) were 103 copies, and no DNA template was
used as NTC.

3.6. Detection of Salmonella in Milk

Salmonella is one of the main pathogens in raw milk, and healthy people of any age
can be gravelly sick after drinking raw milk contaminated with Salmonella, not only these
people with weakened immune systems. From 2013 to 2018, there are 75 outbreaks reported
to CDC were linked to raw milk, which included 675 illnesses and 98 hospitalizations [34].
Therefore, it is meaningful to test the practicability of the method for the detection of
Salmonella contamination in milk. Here, milk samples spiked with a series of concentrations
of Salmonella typhimurium, ranging from 8 × 106 CFU/mL to 8 × 101 CFU/mL, were
detected. As shown in Figure 5A, milk contaminated by 800 CFU/mL or more of Salmonella
turned green. As shown in Figure 5B, when the Salmonella concentration was lower
than 800 CFU/mL, the red channel was close to 180. When increasing the Salmonella
concentration made, the value of the red channel decreased significantly, indicating the
sensitivity for Salmonella detection in spiked milk was 800 CFU/mL. The results confirm
that our sensor can be used for practical sample analysis. Though this method does not
improve the sensitivity (Table 1), the method does not require an exclusive instrument, and
the colorimetric results can ensure specificity.

Figure 5. (A) Colorimetric detection of milk samples spiked with a series of concentrations of
Salmonella typhimurium. (B) RGB values of the colorimetric assay. NTC indicates no template control.
Error bars indicate standard deviations for n = 3.
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Table 1. Comparison of the performance of our colorimetric method with other reported LAMP-based
methods.

Method
Instrument or

Device
Sensitivity

Results
Determination

Method to Verify
the Specificity

References

qLAMP qPCR
thermocycler

4 CFU/25 g
(chicken)

Real-time
fluorescence Melting curve [35]

LAMP-Turbidity Real-time
turbidimeter

6.1 × 103–6.1 × 104

CFU/g
Real-time turbidity Agarose gel

electrophoresis [36]

LAMP-ELISA
A thermal

cycler/water bath,
a plater reader

103 CFU/mL (spiked
meat sample)

Absorbance

Capture the
amplicons with

specific probes and
detect by ELISA

[37]

In situ LAMP
A water bath, a

fluorescence
microscope

1 CFU/cm2

(eggshells)
Microscopy fluorescence

microscope [38]

Triplex LAMP Genie III LAMP
detector

64 CFU/g (chicken
meat)

Real-time
fluorescence Melting curve [39]

LAMP on a
microfluidic
compact disc

a digital RPM
meter, a spinning

motor, an IR
thermometer

3.4 × 104 CFU/mL
(spiked tomato)

Visual observation Na [40]

Real-time LAMP Genie III LAMP
detector 1.2–12 CFU/reaction Real-time

fluorescence Na [41]

LAMP on a chip

an eight-channel
pump, a heater,
and a small ESE

log detector

50 cells/test (pork
meat)

Real-time
fluorescence Na [42]

Microfluidic
LAMP

A rotary system
consists of three
heating blocks, a

servo motor

50 CFU/mL (tap
water or milk) lateral flow strip

Capture the
amplicons with

antibody
[43]

Visual LAMP A metal heater 800 CFU/mL for
milk sample Visual observation

DNA machine for
transferring the

target sequence to
DNAzyme

This manuscript

Na: Not mentioned in the article.

4. Conclusions

In summary, the key issue to realizing colorimetric and sequence-specific detection of
LAMP amplicons is to efficiently transduce the amplification signal into color development
of ABTS. In this work, we employed a cascade amplification of restriction endonuclease- and
nicking endonuclease-mediated LAMP (LAMP-Res-Nick) and DNA machine to generate G-
quadruplex and employed the peroxidase-mimicking activity of G-quadruplex DNAzyme
to catalyze color development. The sensitivity was comparable to real-time LAMP. The
specificity was confirmed by testing four kinds of common foodborne bacteria. The method
was verified to be feasible for the detection of 800 CFU/mL Salmonella spiked milk by the
naked eye. The biggest advantage of this method is that sequence-specific colorimetric
readouts can be obtained simply, with no sophisticated instrument required during the
whole process, which is promising for point-of-care utilization.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios13050503/s1, Table S1: Sequences employed in this work.;
Figure S1: Template sequence for LAMP-Res-Nick amplification of the invA gene of Salmonella; Figure
S2: The effect of restriction endonuclease, ScrFI, and DraI, on cleaving LAMP products of invA gene
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of Salmonella. (A) Scheme illustrating the restriction sites of ScrFI and DraI on the long stem–loop
structure of LAMP products. Red arrows indicate the restriction site of ScrFI, and the blue arrows
indicate the restriction site of DraI. (B) The expected LAMP products extended from Nick-FIP. The
numbers in the box denote the expected length of the amplification products.
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Abstract: In this work, a novel sandwich-type electrochemical immunosensor was developed for the
quantitative detection of the carcinoembryonic antigen, an important tumor marker in clinical tests.
The capture antibodies were immobilized on the surface of a gold disk electrode, while detection
antibodies were attached to redox-tagged single-walled carbon nanohorns/thionine/AuNPs. Both
types of antibody immobilization were carried out through Au-S bonds using the novel photochemical
immobilization technique that ensures control over the orientation of the antibodies. The electroactive
SWCNH/Thi/AuNPs nanocomposite worked as a signal tag to carry out both the detection of
carcinoembryonic antigen and the amplification of the detection signal. The current response was
monitored by differential pulse voltammetry. A clear dependence of the thionine redox peak was
observed as a function of the carcinoembryonic antigen concentration. A linear detection range from
0.001–200 ng/mL and a low detection limit of 0.1385 pg/mL were obtained for this immunoassay.
The results showed that carbon nanohorns represent a promising matrix for signal amplification in
sandwich-type electrochemical immune assays working as a conductive and binding matrix with
easy and versatile modification routes to antibody and redox tag immobilization, which possesses
great potential for clinical diagnostics of CEA and other biomarkers.

Keywords: electrochemical immunosensor; carcinoembryonic antigen; carbon nanohorns; redox-tag

1. Introduction

Cancer is a life-threatening disease with worldwide significance for the healthcare
systems and a huge economic impact. Tumor biomarkers are important tools for the
detection of cancer diseases, which either originate from tumor cells or emerge from the
organism as a response to it. Alterations of their concentration in the body fluids may
correlate qualitatively or quantitatively with the presence of cancer cells and therefore
possess important clinical value for the early detection and diagnosis of the cancer diseases
and thus the prognosis of the patient [1]. In fact, some biomarkers have been routinely used
in clinical diagnosis including carcinoembryonic antigen (CEA), alpha-fetoprotein, prostate-
specific antigen, carbohydrate antigen 125, carbohydrate antigen 153, carbohydrate antigen
199, and so on [2]. Among them, CEA, which is a set of glycoproteins of great relevance for
cell adhesion during fetal development, has been considered a common cancer biomarker
in clinical diagnosis since its expression declines after birth. CEA overexpression in blood
serum in adult humans is usually related to the presence or progression of different types
of cancer such as colorectal, liver, breast, ovarian or lung. In addition, CEA levels can also
be monitored during chemotherapy to assess the progress and result of the treatment [3].
In healthy individuals, the concentration of CEA in blood serum should be less than
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3 ng/mL [4]. Therefore, the development of simple and accurate methods for ultrasensitive
monitoring of CEA is of great importance to help detect the presence of cancerous tumors
without the need to use invasive or costly methods.

Immunoassays are important analytical techniques based on specific antigen-antibody
interactions, which are widely used in clinical diagnosis. Numerous conventional im-
munoassays for CEA determination, including enzyme-linked immunosorbent assay
(ELISA) [5], fluorescence immunoassay [1], and electrochemical immunoassay [3], have
been reported. For instance, electrochemical immunosensors are considered being promis-
ing tools due to their simple instrumentation, portability, high sensitivity, low cost, and fast
response. In conventional sandwich-type immunosensors, the detection antibodies are usu-
ally labeled with a peroxidase enzyme to generate the amperometric detection signal [6,7].
Although this method is sensitive and very useful, it has been shown that the biological tag
can be replaced with nanomaterials for signal conversion and amplification [3].

Single-walled carbon nanohorns (SWCNH) are an emerging class of semiconducting
nanocarbons, similar to carbon nanotubes, composed of single-layer of graphene wrapped
to nanosized sheaths. SWCNH form spherical aggregates with a diameter of around
80–100 nm with different morphologies, such as dahlia, bud, and seed structures, rather
than dispersing separately [8]. These unique morphologies provide special properties, such
as a large surface area, small size, numerous internal nanospaces, high conductivity, and
mechanical strength, making them ideal nanomaterials for application in electrochemical
sensors. In addition, SWCNH can be functionalized by chemical oxidation to obtain a
highly hydrophilic material and to multiply the number of binding sites on the surface for
the coupling with biomolecules, metal particles, etc [9]. SWCNH can be directly used in
electrochemical sensing for electrode preparation due to their superior conductivity or they
can be adopted as a signal tag after their decoration with redox groups [10]. Due to the
high surface area, a large number of signal molecules can be attached to the SWCNHs to
facilitate strong signal amplification and consequently low detection limits.

In this work, a sandwich-type electrochemical immunosensor was developed. The cap-
ture antibodies (AntiCEA1) were immobilized on the surface of a gold disk electrode, while
detection antibodies (AntiCEA2) were tethered to a nanocomposite based on SWCNHs
functionalized with thionine (Thi) and gold nanoparticles (AuNPs) (SWCNH/Thi/AuNPs).
Both types of antibody immobilization were carried out using the photochemical im-
mobilization technique (PIT). In this technique, antibodies are exposed to UV irradia-
tion, which leads to selective photoreduction of the disulfide bonds in specific cysteine-
cysteine/tryptophan triads (Cys-Cys/Trp) [11]. The breaking of these Cys-Cys bonds
produced free thiol groups, which can interact with the proximal gold surface, resulting in
a covalent bonding of the antibody. Besides, PIT ensures control over the orientation of
immobilized Abs, with their binding sites exposed to the solution phase and accessible for
antigen coupling [12]. The main advantage of this immunosensing system is the reduction
of the fabrication time that the PIT method provided; the immobilization of the antibodies
required only 15 min. Meanwhile, the PIT technique used in the present work does not
require any additional surface modification steps at the electrode, which decreased the
total fabrication time to only 2.25 h, notably less than that of other reported assays.

Thionine was used as a redox tag for the amperometric detection scheme and a
multitude of these redox molecules was attached to the large surface area of the SWCNH.
The detection was carried out through differential pulse voltammetry (DPV), where the
change in the current intensity of the redox peak of thionine was related to the concentration
of the biomarker CEA. The SWCNH were thus employed as conductive, high surface area
but still small binding matrix for the attachment of AuNP-antibody entities and redox tags.

2. Materials and Methods

2.1. Characterization

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were measured on
a multichannel potentiostat (CHI1030B, CH Instruments, Inc. Austin, USA.) with a three-
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electrode configuration. While electrochemical impedance spectroscopy was measured on
a BioLogic potentiostat (SP-300, BioLogic Systems, Grenoble, France. The gold electrode
(Au-disk, 2 mm diameter) was used as the working electrode, and a Pt wire and saturated
Ag/AgCl electrode were used as the counter electrode and reference electrode, respectively.
All potentials in this work are quoted with respect to the potential of the Ag/AgCl reference
electrode.

The morphology and energy-dispersive X-ray spectroscopy (EDS) mapping was an-
alyzed with a high-resolution Hitachi 7700 transmission electron microscope (TEM, Hi-
tachi High-Technologies Corporation, Ibaraki, Jpan) and with a scanning electron micro-
scope (SEM, Magellan 400, FEI, Hillsboro, OR, USA, and 1550VP, Carl. Zeiss SMT AG,
Oberkochen, Germany).

2.2. Materials and Reagents

Potassium ferrocyanide K4[Fe(CN)6], potassium ferricyanide K3[Fe(CN)6], thionine
acetate salt, gold nanoparticles (5 nm diameter), and oxidized carbon nanohorns were
obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Phosphate buffer
solution (PBS) (0.01 M) was prepared from sodium chloride (NaCl), potassium chloride
(KCl), disodium phosphate Na2HPO4 and dipotassium phosphate (KH2PO4), AntiCEA1,
AntiCEA2 and CEA were purchased from mybiosource.com.

2.3. Fabrication of SWCNH/Thionine/AuNPs Nanocomposite (SWCNH/Thi/AuNPs)

In this method, 2 mL of a SWCNH (I) dispersion (1 mg/mL) was mixed with 2 mL of
thionine (4 mg/mL), stirring vigorously for 24 h at room temperature. The product was
purified with Milli-Q water by centrifugation (12,000 rpm) to remove unbound thionine
molecules. The SWCNH/Thi (II) was dispersed in 2 mL of Milli-Q water and then, 8 mL
of AuNPs dispersion was added to the dispersion. The mixture was allowed to react for
48 h under magnetic stirring. Subsequently, the mixture was washed several times by
centrifugation (12,000 rpm); the recovered solid was redispersed in 2 mL of 0.01 M PBS and
stored at 4 ◦C.

2.4. Preparation of Detection Antibody Labeled SWCNH/Thi/AuNPs/AntiCEA2

AntiCEA2 was immobilized on SWCNH/Thi/AuNPs by covalent interaction between
AntiCEA2 and AuNPs. Briefly, 350 μL of AntiCEA2 (121.42 μg/mL) was irradiated with
a UV lamp (Trylight®, Promete Srl. Naples, Italy) for 30 s; afterward, it was mixed with
500 μL of SWCNH/Thi/AuNPs (III) by gently stirring for 15 min. The UV source consisted
of two U-shaped low-pressure mercury lamps (6 W at 254 nm) in which a standard quartz
cell could be easily housed. Considering the envelope geometry of the lamps and the cell
proximity, the irradiation intensity used to produce the thiol group was approximately
0.3 W/cm2 [12].

The obtained SWCNH/Thi/AuNPs/AntiCEA2 (IV) nanocomposite was washed by
centrifugation (12,000 rpm) with PBS to remove unbound material. Then, the product
was redispersed in 500 μL of PBS 0.01 M. To avoid non-specific adsorption on the surface
of the AuNPs, 350 μL of aqueous bovine serum albumin (BSA, Sigma Aldrich) solution
(50 μg/mL) was added to the SWCNH/Thi/AuNPs/AntiCEA2, shaking gently for 1 h.
Finally, the SWCNH/Thi/AuNPs/AntiCEA2/BSA (V) system was washed again, and
the recovered material was redispersed in 500 μL of 0.01 M PBS and stored at 4 ◦C. For
practical purposes, the term SWCNH/Thi/AuNPs/AntiCEA2/BSA will be referred to as
the nanoprobe (NaPro).

2.5. Assembly Process of the Immunosensor

First, the Au-disk was polished on a micro cloth using 0.3 μm and later 0.05 μm
alumina. Then, it was electrochemically annealed by 100 cyclic voltammetry scans using
H2SO4 0.5 M at a potential sweep of 0.35 to 1.5 V at 1 V s−1 (VI). The CV with H2SO4 did not

19



Biosensors 2023, 13, 63

only clean the Au surface, but also worked as a pretreatment to improve the electroactive
area of the Au electrode, helping with the sensitivity of the immunosensor.

The immobilization of the AntiCEA1 antibody, on the surface of the gold electrode,
was carried out using the photochemical immobilization technique (PIT). Briefly, 350 μL
of AntiCEA1 (15 μg/mL) was irradiated with a UV lamp (Trylight®, Promete Srl) using
a quartz cell for 30 s. The irradiated AntiCEA1 was transferred to an Eppendorf tube,
and the gold electrode was immediately dipped in the solution for 15 min. Subsequently,
the electrode was rinsed with PBS, obtaining Au-disk/AntiCEA1 (VII). Afterward, 25 μL
of BSA (50 μg/mL) was deposited on the Au-disk/AntiCEA1 and incubated for 30 min
at room temperature to avoid non-specific absorption. Subsequently, the electrode was
rinsed with PBS, obtaining Au-disk/AntiCEA1/BSA (VIII). Then, 25 μL of CEA antigen
was deposited at different concentrations and incubated for 45 min at room temperature.
Afterward, the electrode was rinsed with PBS, obtaining Au-disk/AntiCEA1/BSA/CEA.
Finally, 30 μL of NaPro was deposited and incubated for 45 min at room temperature,
and the electrode was rinsed with PBS, obtaining Au-disk/AntiCEA1/BSA/CEA/NaPro.
Figure 1 shows the assembly steps of the immunosensor.

Figure 1. (I–V) Preparation of the nanoprobe consisting of SWCNH/Thi/AuNPs/AntiCEA2.
(VI–X) Immobilization of the AntiCEA2 on the Au-disk electrode by PIT and assembly of the electro-
chemical immunosensor. The electrochemical detection is achieved by a dependence on the thionine
redox peak as a function of the CEA concentration.

2.6. CEA Biomarker Detection

The modification step-wise process of the working electrode was characterized by
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in [Fe(CN)6]3-/4-

10 mM in PBS 0.01 M. CEA detection was carried out by differential pulse voltammetry
(DPV) in PBS 0.01 M at pH 7.4, monitoring the redox peak of thionine around −0.25 V.

3. Results

3.1. SWCNH/Thi/AuNPs Characterization

The morphology of SWCNH and SWNH/Thi/AuNPs were characterized by HRTEM
and STEM. Figure 2A,B shows that a single carbon nanohorn is around 2–5 nm in diameter
and 40–50 nm in length. The individual nanohorns tend to aggregate forming the typical
dahlia-like nanostructure with an approximate diameter of 80–100 nm [8,13]. The STEM
images of SWCNH also confirmed the dahlia-like assemblies.

Figure 2C–F show the SWCNH/Thi/AuNPs, which demonstrated the AuNPs were
homogeneously distributed and anchored on the pristine SWCNH surface, providing
uniform binding sites for the attachment of antibodies to the nanohorns. The average size
of the AuNPs was 5–10 nm. Notably, the structure of the SWCNH was not altered during
the incorporation of the AuNPs.
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Figure 2. (A,B) HRTEM images of pristine SWCNH, (C,D) HRTEM images of SWCNH/Thi/AuNPs,
(E,F) STEM images of SWCNH/Thi/AuNPs.

To verify the presence of thionine and AuNPs in SWCNH an EDS mapping was
performed, and the elemental distribution within the SWNHs was verified using STEM-
EDS (Figure 3). The SWCNH/Thi/AuNPs is mainly composed of carbon (Figure 3B),
the presence of oxygen was also observed as a consequence of the oxidation treatment of
SWCNH (Figure 3C), which likely contains a variety oxygen associated functional units
such as hydroxyl and carboxyl groups [14]. Besides, the element sulfur was also observed
(Figure 3D), which is attributed to the presence of thionine in the surface of the SWCNH
since thionine contains a thiazinium group [15]. The presence of gold nanoparticles can
be clearly seen on the SWCNH surface, which indicates that the nanoparticles observed
by TEM and STEM are certainly gold nanoparticles, Figure 3E. These results prove that
thionine and AuNPs were firmly tethered to the SWCNH with uniform distribution and
cannot be washed off be rinsing.

Possible explanations for strong interaction between these components are on the
one hand that thionine has a planar aromatic structure that facilitates strong π-π stacking
interactions to the likewise aromatic SWCNH surface [16]. In addition to π- stacking in-
teractions, also coupling via (electro)activated functional groups (-C=O- and COOH) of
SWCNH can be involved in thionine linking via its amino-groups [17]. Additionally, the
AuNPs were attached mainly to the SWCNH surface predominantly via unspecific adsorp-
tion, which could involve physisorption, π-π stacking, hydrophobic and electrostatistic
interactions [18].

A glassy carbon electrode was modified with SWCNH/Thi/AuNPs and characterized
by cyclic voltammetry (CV). Figure 3F shows an anodic peak around 0.21 V and a cathodic
peak at 0 V, which are characteristic potentials of the reversible two-electron transfer
process of thionine at acidic pH [19]. The difference between the anodic and cathodic peak
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is 210 mV, and the current ratio Ipa/Ipc is 2.41 mA. Therefore, the thionine redox reaction
can be considered as quasi-reversible process [20].

 

Figure 3. (A) Energy-dispersive X−ray spectroscopy (EDS) mapping of SWCNH/Thi/AuNPs,
including SEM image (B) Carbon (C) element, (C) Oxigen (O) element, (D) Sulfur (S) element,
(E) Gold (Au) element and (F) Cyclic voltammetry of glassy carbon electrode (GCE) modified
SWCNH/Thi/AuNPs in H2SO4 0.5 M at 50 mVs−1.

Noteworthy, the redox properties of thionine were not affected by the incorporation
into the SWCNH. Moreover, a prominent cathodic peak was observed at approximately
0.9 V. This peak is characteristic for the reduction of gold in the reverse potential sweep
after a considerable electro-oxidation in the forward sweep to potentials higher than 1.2 V,
confirming the presence of the AuNPs [21].

The SWCNH/Thi/AuNPs nanocomposite showed distinct redox activity, supporting
the incorporation of Thi on the SWCNH surface. Furthermore, it should be pointed
out that the high conductivity of the SWCNH facilitated the electron transfer across this
carbon material and thus the redox reaction of Thi molecules at the distal side of SWCNH,
which enhanced the electrochemical current [22,23]. Likewise, the multitude of SWCNH
associated AuNPs offers multiple sites for antibody immobilization, promising all in all
high potential as signal tag for the fabrication of the sandwich-type immunosensor.

3.2. Optimization Test

To verify that the immobilization of AntiCEA1 antibodies on the surface of the Au-
disk by PIT was successful, the Au electrode was characterized by CV before and after
immobilization of the antibodies, using a redox probe Fe(CN)6

3- /Fe(CN)6
4- (Figure 4).

The PIT method includes an exposure of the antibodies to UV irradiation, which
leads to selective photoreduction of the typical disulfide bond of the antibodies in specific
cysteine-cysteine/tryptophan triads (Cys-Cys/Trp). The breaking of these Cys-Cys bonds
produces free thiol groups, which can interact with the proximal gold surface, resulting in
a covalent Au-S bond between the antibody and the Au surface [12].
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Figure 4. (A) CV of Au−disk with (a) 0, (b) 5μg/mL, (c) 15μg/mL, (d) 30μg/mL, (e) 50μg/mL of AntiCEA1

in Fe(CN)6
3-/Fe(CN)6

4- in PBS 0.01 M at pH 7.4. (B) DPV of Au−disk/AntiCEA1/CEA/NaPro with
(a) 5 μg/mL, (b) 15 μg/mL, (c) 30 μg/mL, (d) 50 μg/mL of AntiCEA1 in PBS 0.01 M at pH 7.4.

The Au-disk electrode showed well-defined anodic and cathodic peaks, due to the re-
versible oxidation and reduction of the solution phase Fe(CN)6

3-/Fe(CN)6
4- redox molecule,

with a peak-to-peak difference (ΔEP) of 112 mV (±2.16) and an anodic current intensity
(IP) of 54.1 μA ± (1.87). After antibody immobilization and as the AntiCEA1 concentration
increased, ΔEP increased and IP decreased, confirming that the antibodies were immo-
bilized on the Au-disk since their covalent immobilization on the surface is acting as an
insulating layer, causing slower electron transfer [24]. Besides, at the concentration of
30 μg/mL of AntiCEA1, the surface of the Au-disk was practically saturated, since the
change of IP from 30 to 50 μg/mL was minimal. It should be noted that the higher the
concentration of immobilized capture antibodies, the higher the impact on the available
electroactive surface area of the Au-disk. In other words, there could be a tradeoff between
receptor density for binding the target molecule and the efficiency of the charge transfer
between the electroactive surface and thionine redox probes. Hence, it is important to find
an optimal immobilization concentration that leads to a receptor surface coverage at which
the biosensor generates the highest analytical signal. Consequently, the electrodes were
modified with different concentrations of AntiCEA1 and exposed to the complete detection
system (CEA antigen, and the nanoprobe NaPro) at a constant concentration.

In Figure 4B, a DPV voltammogram is shown. A redox peak around −0.22 V can be
observed, which is characteristic for the Thiox/Thred redox couples [20]. This demonstrates
that Thi was present on the NaPro and it underwent electron transfer reactions [25]. Since
the amount of attached NaPro is related with the amount of CEA present in the electrode
surface, Thi works as a redox tag for the electrochemical detection of CEA. The intensity of
the redox peak of Thi is related to the concentration of the biomarker CEA. The highest
current intensity was obtained with an AntiCEA1 concentration of 15 μg/mL, therefore,
this concentration was chosen for the further implementation of the immunosensor.

Moreover, the immobilization of the AntiCEA2 on the SWCNH/Thi/AuNPs was also
carried out by the PIT. To verify the immobilization effectivity, a glassy carbon electrode
(GCE) was modified with the SWCNH/Thi/AuNPs/AntiCEA2, testing AntiCEA2 concen-
trations of 50 and 100 μg/mL. Figure 5B shows the DPV plots of the SWCNH/Thi/AuNPs.
At around −0.22 V a peak was observed that can be attributed to the redox reactions of
the present thionine. The redox peak possessed a current intensity of 14.79 μA for the
antibody-free SWCNH/Thi/AuNPs. This current intensity decreased after immobilization
of AntiCEA2 to 5.44 μA (50 μg/mL) and 0.37 μA (100 μg/mL), confirming that AntiCEA2
was successfully immobilized. Since the concentration of 100 μg/mL significantly de-
creased the redox peak of thionine by blocking the charge transfer, 50 μg/mL of AntiCEA2
was chosen as the optimal concentration to maintain high analytical sensitivity.
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Figure 5. DPV of (a) GCE/SWCNH/Thi/AuNPs/0 μg/mL of AntiCEA2, (b) GCE/SWCNH/
Thi/AuNPs/50 μg/mL of AntiCEA2, (c) GCE/SWCNH/Thi/AuNPs/100 μg/mL of AntiCEA2

in PBS 0.01 M at pH 7.4.

3.3. Electrochemical Characterization by Fabrication Steps

CV and EIS were used to corroborate the immunosensor assembly process at each
modification stage and to verify the binding of the biomarker CEA and the NaPro. Both
characterizations provide information on the electron transfer process and specifically, the
changes in charge transfer resistance caused by anchoring the insulating biomolecules on
the gold electrode.

CV tests were carried out in a Fe(CN)6
3-/Fe(CN)6

4- 10 mM solution. The ΔEP and
IPa values were determined for Au-disk (ΔEP = 112.4 mV ± 2.16), IPa = 54.11 μA ± 1.87),
Au-disk/AntiCEA1 (ΔEP = 335.9 mV ± 1.22, IPa = 32.7 μA ± 0.81), Au-disk/AntiCEA1/BSA
(ΔEP = 403 mV ± 2.04, IPa = 21.97 μA ± 0.49), Au-disk/AntiCEA1/BSA/AgCEA
(ΔEP = 498.11 mV ± 0.4, IPa = 16.57 μA ± 0.81), Au-disk/AntiCEA1/AgCEA/NaPro
(ΔEP = 376.77 mV ± 6.94, IPa = 29.28 μA ± 0.61).

The height of the redox peaks consecutively decreases after the addition of AntiCEA1,
BSA, and CEA antigen, Figure 6A. This behavior is attributed to the fact that these
biomolecules do not possess conductive properties, which on the one hand do not con-
tribute to the transport of electrons and on the other hand block the diffusion of solution-
phase redox probes to the surface of the electrode [26]. In the last step, where the NaPro is
incorporated, the IPa increased and ΔEP decreased, indicating that the addition of the NaPro
improves the electroactivity, due to the good conductive properties of the SWCNH and
AuNPs, similar effect was found in previous reports [27,28]. The corresponding changes
observed at each stage confirm that each component was successfully implemented in the
system.

Electrochemical impedance spectroscopy (EIS) is an effective tool to characterize
the electrode-electrolyte interface properties. The charge transfer resistance (Rct) can be
calculated from the semicircular section of the Nyquist plot with the axis for the real part of
the impedance in EIS at low frequencies [29].

Fe(CN)6
3− /Fe(CN)6

4− was used as a redox couple for the EIS experiments,
Figure 6B. According to the Nyquist plot, the Rct values were Au-disk (204.65 Ω ± 5.8),
Au-disk/AntiCEA1 (1679.19 Ω ± 15), Au-disk/AntiCEA1/BSA (8361.51 Ω ± 84), Au-
disk/AntiCEA1/BSA/CEA (22861.61 Ω ± 116), and Au-disk/AntiCEA1/BSA/CEA/NaPro
(2360.66 Ω ± 44). The addition of AntiCEA1, BSA, and CEA antigen increased the diameter
of the semicircle consecutively, indicating that these biomolecules enhanced the blocking of
the charge transfer at the electrode interface. Interestingly, Rct decreased with the incorpora-
tion of the NaPro due to the highly conductive nature of the carbon nanohorns. The result of
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EIS coincided with the characteristics observed for CV; which demonstrates the successful
implementation of a sandwich electrochemical immunosensor for the carcinoembryonic
antigen detection.

 

Figure 6. (A) CV and (B) EIS of (a) Au−disk, (b) Au−disk/AntiCEA1, (c) Au−disk/AntiCEA1/BSA,
(d) Au−disk/AntiCEA1/BSA/CEA, (e) Au−disk/AntiCEA1/BSA/CEA/NaPro in 10 mM of
Fe(CN)6

3-/Fe(CN)6
4- in PBS 0.01 M at pH 7.4.

3.4. Analytical Performance of the Immunosensor

The performance of the immunosensor for the CEA biomarker detection was inves-
tigated using DPV. The CEA antigen detection was carried out in PBS 0.01 M at pH 7.4.
Figure 7A shows the immunosensor response at different concentrations of CEA. The DPV
signals increased as the CEA concentration rose.

 

Figure 7. (A) DPV of Au−disk/AntiCEA1/BSA/CEA/NaPro with different concentrations of CEA in
PBS 0.01 M at pH 7.4. (B) The linear relationship between the current peak and the log concentration
of CEA.

The sensing mechanism is attributed to the Thi used as a redox tag, since a multitude
of these redox molecules was attached to the large surface area of the SWCNH. The amount
of attached NaPro is related with the amount of CEA present in the electrode surface
due to the formation of immunocomplex between CEA and AntiCEA2. Therefore, the
change in the current intensity of the redox peak of Thi is related to the concentration of
the biomarker CEA.

The calibration curve (Figure 7B) showed a linear relationship between the current
intensity of the thionine redox peak and the logarithm of the CEA concentration. The
linear detection range extended from 0.001 to 200 ng/mL for CEA. The calibration curve
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equation was IP (nA) = 24.726 log CCEA (ng/mL) + 363.24 (R2 = 0.964) and the limit of
detection was calculated to be 0.1385 pg/mL defined as the mean of the blank signal and
3 times the relative standard deviation. It should be noted that the concentration of CEA
in blood serum is typically 3 ng/mL [4] in healthy individuals; therefore, the proposed
immunosensor covers the medical relevant concentration range of the CEA biomarker
and potentially facilitates practical application to monitor this biomarker. The promising
performance of this sensor could be attributed to the high signal amplification capabilities
of the highly conductive SWCNH/Thi/AuNPs and their decoration with a high number of
redox active thionine.

Compared with other previously reported methods in the literature (Table 1), our
immunosensor advanced current detection technology in the combination of exhibiting
a wider detection range and lower detection limits. It should also be noted that the
preparation time of the previously reported systems is typically quite long because the
incubation times for the immobilization of the antibodies can take several hours while
here it required only 15 min thanks to the PIT activation and enhanced the immobilization
via the thiol groups of the cysteines proteins. In addition, before immobilization, other
methods require a modification of the electrode surface. Meanwhile, the PIT technique
used in the present work does not require any additional surface modification steps, which
decreases the total fabrication time to only 2.25 h, notably less than that of other reported
techniques.

Besides, the immobilization of the antibodies by the PIT is very effective since it
ensured control over the orientation of the immobilized Ab, with their binding sites ex-
posed for the formation of the antigen-antibody immune complex [12,24,30]. Indeed,
Funari et al. [11] investigated the immobilization and orientation of antibodies (Abs) pho-
toactivated by PIT. In their experiments, the photoactivated antibodies were immobilized
on ultrasmooth template stripped gold films and investigated by atomic force microscopy
(AFM) at the level of individual molecules. They found smaller contact area and larger
heights measured in the surfaces with the antibodies immobilized by PIT than the ones
immobilized by physisorption. Therefore, the activated antibodies tend to be more up-
right compared with nonirradiated ones, thereby providing better exposure to the binding
sites. The immobilization and orientation of antibodies photoactivated by PIT enhance
the binding capabilities of antibody receptors, which is a critical aspect of immunosensor
development because both the number and the orientation of the immobilized biomolecules
are closely related to the detection efficiency of the device [31].

Table 1. Comparison of the proposed immunosensor with previous similar works.

Signal Tag
Fabrication

Time (h)
Linear Range

(ng/mL)

Detection
Limit

(pg/mL)
Reference

Ti3C2@CuAu-LDH 15.5 0.0001–80 0.033 [26]
PdNPs–V2O5/MWCNTs 2.5 0.0005–25 0.17 [32]

AuNP-HRP 5.32 0.01–80 2.36 [33]
NiPtAu-rGO 4 0.001–100 0.27 [34]

Au@SiO2/Cu2O 15.4 0.00001–80 0.0038 [35]
CPS@PANI@Au 8.8 0.006–12 1.56 [36]

SWCNH/Thi/AuNPs 2.25 0.001–200 0.138 This work

3.5. Selectivity

The high and evolutionary evolved specificity of antibodies is one advantage of
immunoassays over competing biosensor concepts. To evaluate the specificity of the electro-
chemical immunosensor, a selectivity analysis was performed, spiking possible interfering
agents such as bovine serum albumin (BSA), human serum albumin (HSA), or CA15-3
antigen to the blank sample solution (containing the nanoprobe without the presence of
CEA). The tests were performed separately by incubating the Au-disk/AntiCEA1/BSA
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electrode surface in 50 ng/mL CEA, 50 ng/mL BSA, 50 ng/mL HSA, 50 U/mL CA15-3,
and blank solution (0 ng/mL CEA). Although the interfering substances were applied
under the same conditions as the real analyte, the response currents were much lower
compared to the response toward CEA (Figure 8). This result indicates that these substances
do not interfere with the target detection and the high selectivity of the antibodies was
conserved during the implementation of the immunosensor, resulting in an immunosensor
with excellent selectivity for CEA.

 
Figure 8. Current responses of the immunosensor to CEA (50 ng/mL) and interfering substances
BSA (50 ng/mL), HSA (50 ng/mL), CA15-3 (50 U/mL) and blank in PBS 0.01 M at pH 7.4 (n = 3).

3.6. Real Sample Testing

To investigate the performance of the immunosensor for detection in real clinical
samples, human serum samples with known CEA concentrations were analyzed, Table 2.
The standard addition method was used to corroborate electrochemical detection. CEA
concentrations were calculated from the calibration curve and the tests were repeated three
times for each sample. Table 2 shows the recovery (%) of the serum samples found in the
range of 95 to 113%. The successful results demonstrate high accuracy and the feasibility of
using the immunosensor for the electrochemical detection of CEA in real clinical samples.
Therefore, the results confirm the potential of the proposed method to be implemented
in the clinical field for the detection and monitoring of the carcinogenic biomarker CEA
in patients.

Table 2. Results of the recovery of the immunosensor in serum samples in 0.01 M PBS.

Added CEA
(ng/mL)

Found CEA (ng/mL) Recovery (%)
% RSD
(n = 3)

1 1.13 113.16 14.5
5 4.57 91.52 11.84
10 9.51 95.13 13.46

4. Conclusions

In this work, a sandwich-type electrochemical immunosensor was developed for the
quantitative determination of the CEA biomarker using a signal amplification strategy
based on carbon nanohorns. The fast photochemical immobilization technique (PIT) was
employed for both capture and detection antibodies to tether them onto the gold electrode
and the SWCNH/Thi/AuNPs, respectively, which facilitated short assay assembly times
of less than three hours. The immunosensor showed a low detection limit of 0.1385 pg/mL,
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a linear detection range from 0.001–200 ng/mL, and high selectivity. The remarkable
performance was attributed on the one hand to the antibodies being covalently bound
to the gold surfaces by PIT, controlling the orientation of their active sites. On the other
hand, the large surface area, high conductivity, and manifold thionine redox activity of
the SWCNH/Thi/AuNP nanocomposite enhanced the amperometric sensor signal, which
resulted in a high sensitivity of the device. Therefore, the proposed strategy of PIT antibody
immobilization and SWCNH/Thi/AuNP nanocomposite-based signal amplification can
be used as a versatile strategy for the clinical detection of the CEA biomarker and could
potentially be extended for the clinical detection of other relevant biomarkers.
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Abstract: Observing interfacial molecular adsorption and desorption dynamics in a label-free manner
is fundamentally important for understanding spatiotemporal transports of matter and energy across
interfaces. Here, we report a label-free real-time sensing technique utilizing strong optical second
harmonic generation of monolayer 2D semiconductors. BSA molecule adsorption and desorption
dynamics on the surface of monolayer MoS2 in liquid environments have been all-optically observed
through time-resolved second harmonic generation (SHG) measurements. The proposed SHG
detection scheme is not only interface specific but also expected to be widely applicable, which, in
principle, undertakes a nanometer-scale spatial resolution across interfaces.

Keywords: second harmonic generation; bovine serum albumin; heterointerface; adsorption and
desorption; biomolecule

1. Introduction

Biomolecular activities at interfaces are fundamental phenomena of lives. Interpreting
the interfacial dynamics of biomolecules is important for constructing accurate disease
models [1–3], performing effective drug screening [4,5] and understanding spatiotemporal
transport of matter/energy for life systems. As a spatial region with a thickness usually
smaller than 10 nm, label-free probing of the interfacial dynamics of biomolecules is
challenging. Thus far, only limited label-free probing techniques have been developed,
such as surface plasmon resonance [6,7], optical fiber sensors [8], time resolved sum-
frequency generation [9,10], surface-enhanced Raman spectroscopy and so on [11–15].
These methods have significantly improved the performance of interfacial biosensing
in terms of high sensitivity, high resolution and real-time observation, and have greatly
deepened the understanding of the interfacial dynamics at the molecular level.

Surface plasmon resonance microscopy, elegantly utilizing the localized interactions
between interfacial electromagnetic fields and biomolecules, possesses molecular-level
sensitivity and interfacial spatial resolutions beyond the optical diffraction limit. Inspired
by the physical scheme of surface plasmon resonance microscopy, we intend to develop a
complementary optical spectrum sensing technique which can realize interfacial biosensing
specificity for microfluidic chips in a label-free manner. In our opinion, interfacial second
harmonic generation (SHG), a second-order nonlinear optical effect induced by broken
inversion symmetry of an interface, is promising to fulfill this goal. Unfortunately, second-
order susceptibility of biomolecule interfaces is usually rather small, resulting in a weak
SHG signal. In practice, a PMT of a single pixel is usually required to magnify the weak
SHG signals. The consequence is that it is difficult to monitor the biomolecular dynamics of
an interface in real-time. An alternative way to overcome such difficulty is to significantly
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increase the power of a fundamental femtosecond laser, which imposes a high risk of
damage to the biomaterials and biostructures.

Two dimensional (2D) semiconducting monolayers, such as monolayer MoS2, with
broken inversion symmetry, possessing large second-order nonlinear optical susceptibil-
ity, can produce strong SHG signals under femtosecond laser pulse excitations, which
have been comprehensively investigated in the recent decade [16–18]. In our opinion, the
strong SHG of these 2D semiconducting monolayers can serve as excellent biosensors if
biomolecules can interact with them and form heterointerfaces in a liquid environment.
Intuitively, the formation of a heterointerface on the surface of 2D semiconducting mono-
layers can change the inversion symmetry and then lead to a change in SHG signals. Since
strong SHG signals of 2D semiconducting monolayers can be readily detected by regular
spectrometer or CMOS sensors, it will be possible to develop a real-time sensing technique
to probe biomolecule dynamics at 2D interfaces.

To establish progress, we report a label-free interfacial biomolecular sensing technique
by monitoring biomolecular adsorption and desorption processes on the surface of mono-
layer MoS2 through time-resolved SHG. Chitosan nanoclusters and bovine serum albumin
(BSA) molecules have been used to form effective Coulomb attractions with the negatively
charged surface of monolayer MoS2. By measuring the SHG intensity changes as a func-
tion of time, we realize the label-free real-time sensing of biomolecular adsorption and
desorption processes all-optically in liquid environments. Our results open new avenues of
label-free interfacial biosensing, taking advantage of the strong optical SHG of monolayer
2D semiconductors.

2. Results and Discussion

Monolayer MoS2 is an ideal platform to construct biosensors for interfacial molecule
adsorption and desorption processes, considering that the monolayer MoS2 lattice un-
dertakes a sub-nanometer thickness with broken inversion symmetry. Inspired by the
pioneering work of strong SHG observations in monolayer MoS2 in 2013 [16], monolayer
MoS2 can be considered as a sub-nanometer thick nonlinear optical source emitting SHG
with extremely space-confined dipole moments, which can facilitate the interfacial sensing
and imaging of ultrahigh spatial resolution across interfaces. Moreover, large specific sur-
face areas and the abundant binding sites of monolayer MoS2 can further enable effective
interaction with biomolecules. To be specific, negatively charged surfaces of monolayer
MoS2 samples grown by chemical vapor deposition (CVD) [19–23] are expected to induce
strong Coulomb attractions in liquid environments for positively charged biomolecules,
which, in our opinion, are very promising for realizing label-free, real-time sensing of
molecule adsorption and desorption processes.

Figure 1a shows the experimental setup detecting the SHG spectra of monolayer MoS2
embedded in a microfluidic chip. The wavelength of a fundamental laser is centered at
780 nm, with a pulse width of about 60 fs and a repetition frequency of about 80 MHz.
The fundamental laser is reflected by the dichroic mirror and then focused on the MoS2
monolayer by the objective lens (NA = 0.55). SHG of the monolayer MoS2 is collected
by the same objective lens. A short-pass filter is deployed behind a dichroic mirror to
eliminate the reflected fundamental residual. The SHG signals are simultaneously sent
to a spectrometer and a CCD by a beam splitter. In our measurements, the power of the
fundamental laser was low enough to avoid optical damage of monolayer MoS2. The
fine structure of the microfluidic chip is illustrated in Figure 1b. The main body of the
microfluidic chip is fabricated by 3D printing with an optical glass window on top. A
sapphire substrate containing monolayer MoS2 is attached to the optical glass window. The
microfluidic channel enables unidirectional flow of liquid solutions of biomolecules to form
a laminar flow. As a result, a homogeneous 3D fluid–2D solid interaction is constructed
to facilitate adsorption and desorption of biomolecules on the surface of monolayer MoS2.
Monolayer MoS2 grown by CVD on double-sided polished sapphire substrates (Six Carbon
Technology, Shenzen, China) were used as received. To confirm the monolayer nature of
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these samples, optical characterizations were carried out before microfluidic experiments.
Figure 1c presents optical absorption and photoluminescence (PL) spectra of monolayer
MoS2. Lorentzian fitting of the PL spectrum points to a resonant peak centered at about
669 nm, which agrees well with the A-exciton resonance peak of the optical absorption
spectrum [24,25]. Employing the experimental setup of Figure 1a, we measured SHG
(centered at 390 nm) and fundamental (centered at 780 nm) spectra of monolayer MoS2,
as indicated by the purple squares and red dots in Figure 1d, respectively. Solid lines
are Gaussian fittings. Full width at half maxima (FWHM) of fundamental and SHG
were fitted to be about 12.8 nm and 5.5 nm. Meanwhile, no SHG signals were observed
when the fundamental was focused on the substrate, as indicated by the spectrum of
sapphire (black triangles) in Figure 1d. Fundamental power dependence of SHG spectra
was obtained by varying the power of the 780-nm femtosecond laser, and the result is
presented in Figure 1e. Fitting with a square function (solid purple line) matches well
with experimental SHG results (purple dots), suggesting a quadratic dependence of SHG
power with respect to fundamental power [16]. These observations validate that our MoS2
samples are monolayers, and strong SHG can be readily recorded by our experimental
setup equipped with a regular spectrometer.

 

Figure 1. (a) Experimental setup of SHG detection with a microfluidic chip. SM: Spectrometer,
BS: Beam splitter, F: Filter, DM: Dichroic mirror, OB: Objective lens. (b) Schematic diagram of the
microfluidic chip. (c) Optical absorbance and photoluminescence (PL) spectra of monolayer MoS2.
(d) The fundamental laser (red) and SHG spectra of monolayer MoS2 (purple) and sapphire substrate
(black). (e) Fundamental power dependence of SHG in monolayer MoS2.

To justify the electrostatic adsorption effect of monolayer MoS2, we employed posi-
tively charged chitosan to interact with monolayer MoS2. Chitosan was dissolved into a
water solution of acetic acid, configuring a solution with a mass fraction of 0.8 mg/mL.
Before adding the chitosan solution, a pixel-to-pixel SHG mapping of a monolayer MoS2
sample in the air was taken by scanning a 2D translation stage (Physik Instrumente, P-51,
Karlsruhe, Germany). The SHG image of this sample was presented in Figure 2a. The
spatial scanning step was set at 300 nm, and the grey value of each pixel was obtained by
integrating the SHG spectrum counts within a wavelength ranging from 370 nm to 410 nm.
For monolayer MoS2 region, strong SHG leads to a distribution of triangle reflecting the
spatial profile of monolayer MoS2 lattice. For the substrate region, the absence of SHG
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points to a black background. Subsequently, 1μL of chitosan solution (one drop) was
added onto the same monolayer MoS2 sample. When the solution completely evaporated
at room temperature, pixel-to-pixel SHG mapping of the monolayer MoS2 sample was
repeated. The obtained SHG image was presented in Figure 2b. Similarly, by repeating
the procedures of dropping, drying and SHG mapping, Figure 2c,d are SHG images of
the same monolayer MoS2 sample covered by two and three drops of chitosan solutions,
respectively. We anticipate that the electrostatic adsorption process can be initiated by the
Coulomb forces between the negatively charged monolayer and chitosan. Accumulated
amounts of chitosan are expected to form chitosan nanoclusters on the surface of monolayer
MoS2, as illustrated by the schematic diagram in Figure 2e. By carefully comparing the
SHG images before (Figure 2a) and after (Figure 2b–d) adding chitosan solutions, it is clear
that adsorbed chitosan nanoclusters on monolayer MoS2 can enhance SHG’s intensity. To
directly reveal these differences, we subtracted the SHG image in Figure 2a from that in
Figure 2b–d. The corresponding differential SHG images are plotted in Figure 2f–h. These
differential SHG images present randomly distributed SHG enhancements, suggesting
adsorbed chitosan nanoclusters were randomly distributed, as well. We expect that this
phenomenon originated from the process wherein a solution dropping action causes a
rearrangement of molecules on the surface of monolayer MoS2. Rather, the differential
SHG intensity shows an increasing trend from Figure 2f to Figure 2h, as added amounts
of chitosan were increased. Especially, for certain edge regions of monolayer MoS2, SHG
enhancement effects turn out to be stronger, suggesting that the edge region with more
charged active sites tends to facilitate chitosan adsorptions [26].

 

Figure 2. SHG mapping of monolayer MoS2 adsorbing chitosan nanoclusters. (a) SHG mapping of
monolayer MoS2 (a) without chitosan nanoclusters and (b–d) with adsorbed chitosan nanoclusters of
increasing concentrations. (e) Schematic diagram of chitosan nanocluster adsorption on surface of
monolayer MoS2. (f–h) Differential SHG images of (b–d) with respect to (a).

To visualize the adsorbed chitosan nanoclusters on the surface of monolayer MoS2,
we measured the AFM image after dropping and drying a chitosan solution for monolayer
MoS2 samples on the sapphire substrate. As shown in Figure 3a, it is clear that chitosan
nanoclusters adsorbed on monolayer MoS2 (triangle region) form many white dots. Fur-
thermore, on the sapphire substrate, some chitosan nanoclusters can still be absorbed, but
their density of distribution as well as size are smaller than the case of monolayer MoS2.
The physical reason is that positively charged chitosan molecules tend to be more effi-
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ciently adsorbed by the negatively charged monolayer MoS2 through attractive Coulomb
forces [19–23]. The height profile along the red arrow in Figure 3a is plotted in Figure 3b.
Observed height values of CNs on the sapphire substrate (distance range: from 0 to 1.4 μm)
suggest an averaged thickness of about 7 nm. It is obvious that height values of CNs on
the monolayer MoS2 (distance range: from 1.4 to 3.5 μm) could be as large as about 13
nm. The measured thickness of monolayer MoS2 is less than 1 nm (about 0.9 nm) accord-
ing to Figure 3b, which agrees well with previous measurement [27]. In addition, size
distributions of adsorbed chitosan nanoclusters on monolayer MoS2 and on the sapphire
substrate were analyzed, as shown in Figure 3c, where two representative regions, marked
in Figure 3a, were selected. Histograms of adsorbed chitosan nanoclusters in red and green
of Figure 3c are statistics of region A and B of Figure 3a, respectively. After fitting these
histograms with a Gaussian function, it turns out that the averaged diameter of adsorbed
chitosan nanoclusters on substrate is about 41 nm. In comparison, on monolayer MoS2,
the averaged diameter of adsorbed chitosan nanoclusters is about 78 nm, validating that
Coulomb attraction forces between monolayer MoS2 and chitosan nanoclusters enhance
the adsorption processes. The size FWHM of adsorbed chitosan nanoclusters on monolayer
MoS2 is about 42 nm, which is about twice that (about 22 nm) on the substrate. At this point,
we can conclude that chitosan nanoclusters can be effectively adsorbed on monolayer MoS2
by electrostatic attractions and mediate SHG intensity after drying. However, whether such
an interfacial adsorption effect can induce enough SHG intensity change for biomolecules
flowing in a liquid environment is still unknown.

 

Figure 3. (a) Atomic force microscopy (AFM) image of monolayer MoS2 with adsorbed chitosan
nanoclusters (CNs). The scale bar is 2 μm. (b) Height profile along the red arrow in (a). (c) Size histogram
of chitosan nanoclusters distributed on the surface of monolayer MoS2 and sapphire substrate.

To demonstrate the feasibility of our SHG technique towards real-time sensing for
flowing biomolecules in liquid environments, we selected bovine serum albumin (BSA)
molecules and performed time-resolved SHG spectra measurements employing the ex-
perimental setup in Figure 1a,b. The proposed experimental schemes of BSA adsorption
and desorption are presented in Figure 4a,b, respectively. Simply speaking, protonated
BSA molecules are positively charged, so that the adsorption process is expected when a
negatively charged monolayer MoS2 tends to apply attractive Coulomb forces. Then, by
controlling the pH of the liquid environment, protonated BSA molecules can gain electrons,
and positive charges of adsorbed BSA molecules will be neutralized. Laminar flow in
the microfluidic channel will take away these interfacial BSA molecules and trigger a
desorption process. Before placing the monolayer MoS2, the microfluidic chip and tubes
were carefully cleaned. The BSA solution (1 μg/mL) was configured in PBS buffer solution
(pH = 3.6) using BSA (5%, Yuanye Bio-Technology, Shanghai, China). The power of the
fundamental laser was fixed at 8 mW. By focusing the fundamental laser tightly on the
center of a monolayer MoS2 sample by a 50× objective lens (NA = 0.55), we ensured that
the size of the focal spot (1.7 μm) was much smaller than the lateral size of the monolayer
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MoS2 sample (about 15 μm). By finely tuning the axial position of monolayer MoS2 sample,
we maximized the intensity of SHG spectrum recorded by the spectrometer. A computer
program was coded to record the SHG spectra every 500 ms, which integrated all non-zero
SHG counts between 370 nm and 410 nm.

 

Figure 4. (a,b) Schematic diagram of BSA adsorption and desorption processes on surface of mono-
layer MoS2. (c) Time-resolved SHG signals (purple) of BSA adsorption and desorption processes
on monolayer MoS2. The lower panel is time-resolved SHG signals (black) when there is no BSA.
(d) Time-resolved fundamental (red) and SHG (purple) signals of substrate.

In our measurements, a fluid pump sent solutions into the microfluidic channel at a
constant flowing rate of 22 μL/s. In the beginning, we flushed the microfluidic chip with a
PBS solution (pH = 7.4) until the SHG signal of monolayer MoS2 became stable in flowing
conditions, as indicated by the time-resolved SHG signals (purple spectra) before 90 s in
Figure 4c. At the 90 s mark, the BSA solution (pH = 3.6) was sent into the microfluidic
channel. The intensity of SHG signals started to increase and, approximately, maintained a
constant after the 200 s point. The increasing evolution of SHG signals between 90 s and
200 s is caused by the BSA molecule’s adsorption on the surface of monolayer MoS2. Then,
at 480 s, the PBS solution (pH = 7.4) was sent to trigger a BSA molecule desorption process.
Interestingly, the intensity of SHG signals started to decrease and, eventually, recovered
to a constant magnitude at about 850 s, which is equal to the scenario when no BSA was
added (before the 90 s mark). Furthermore, a control experiment was performed by shifting
the fundamental laser focus onto a nearby monolayer MoS2 sample and replacing the BSA
solution with a PBS solution without BSA molecules, while other experimental conditions
were kept the same. As indicated by the lower panel of Figure 4c, at 90s, the intensity of
SHG signals (black spectra) when the fundamental laser was focusing on monolayer MoS2
remained a constant. This result strongly validates that ions or other molecule components
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in the PBS solutions would not induce a detectable intensity change of monolayer MoS2
SHG signals for our experimental setup. The baseline decrease is attributed to the lattice
orientation difference in CVD MoS2 from sample to sample. To evaluate the contributions
of adsorbed BSA molecules to the refractive index change as well as intensity change of
SHG signals, we focused the fundamental laser on the sapphire substrate. By replacing the
short-pass optical filters in front of the spectrometer, a small portion of the fundamental
laser (780 nm) was allowed to pass. Hence, we can measure fundamental and SHG signals
at the same time. The BSA adsorption experiments were repeated by adding BSA solutions
at 200 s. As shown in Figure 4d, the spectra intensity of fundamental (780 nm) remained a
constant after adding BSA molecules, ruling out the possible effect of interfacial refractive
index change. More importantly, the spectra intensity of SHG remained zero, indicating
that SHG contributions of the sapphire substrate as well as adsorbed BSA generated can
be neglected compared with the monolayer MoS2. The low SHG conversion efficiency of
sub-nanometer thick monolayer MoS2 and high noise-level of our spectrometer lead to a
relatively low signal to noise ratio. This issue can be further improved by increasing the
integration time of each SHG spectrum and optimizing the design of microfluidic chips.

To address the physical mechanism of observed SHG signal changes accompanying
the BSA adsorption process, we can consider the second-order polarization of the interface
with the follow model [28,29]: E2ω ∝ P(2) = χ(2) EωEω + χ(3) EωEω∅0, where ∅0 is the
interfacial electric field and χ(2) and χ(3) are the second-order optical susceptibility of
monolayer MoS2 and third-order optical susceptibility of the interface, respectively. In our
case, we believe that the spatial distribution of adsorbed BSA molecules on the surface
monolayer MoS2 is random. Specifically, since the initial charge distribution of monolayer
MoS2 is inhomogeneous in a 2D plane defined by the flat substrate, the orientations and 3D
stacking orders of adsorbed BSA molecules are expected to be highly random. As a result,
directions of interfacial electric fields between the monolayer MoS2 and adsorbed BSA
molecules in disorder will no longer be strictly perpendicular to the 2D plane. Therefore,
the angle between the wave vector of the fundamental laser and the direction of interfacial
electric fields will not be zero, so that the ∅0 term can induce a non-zero second-order
polarization field. When BSA molecules are dynamically adsorbed, the total magnitude
of second-order polarization fields formed by superposition of polarization fields from
monolayer MoS2 and interfacial electric fields will depend on their initial phase difference.

3. Conclusions

We have comprehensively demonstrated that the interfacial SHG of monolayer MoS2
can be utilized for label-free biomolecule sensing. Through static SHG mapping experi-
ments, we show that the intensity of SHG in monolayer MoS2/adsorbed chitosan nanoclus-
ter heterostructures can be mediated due to electrostatic attractions. With a time-resolved
SHG measuring system equipped with a microfluidic chip, we further realize label-free
sensing of BSA adsorption and desorption dynamics in real time through the SHG intensity
change of monolayer MoS2 in liquid environments, which has been tailored by Coulomb
interactions between BSA molecules and monolayer MoS2. Our work provides a comple-
mentary mean of label-free interfacial biomolecule sensing, which, in principle, undertakes
molecular-level spatial resolution across the interfaces for applications including, but not
limited to, in vitro medicine evaluation.
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Abstract: In this work, carbon dots (CDs) were synthesized by a one-step hydrothermal method
using citric acid and ethylene diamine, and covalently functionalized with antibodies for the sensing
of progesterone hormone. The structural and morphological analysis reveals that the synthesized
CDs are of average size (diameter 8–10 nm) and the surface functionalities are confirmed by XPS,
XRD and FT-IR. Further graphene oxide (GO) is used as a quencher due to the fluorescence resonance
energy transfer (FRET) mechanism, whereas the presence of the analyte progesterone turns on the
fluorescence because of displacement of GO from the surface of CDs effectively inhibiting FRET
efficiency due to the increased distance between donor and acceptor moieties. The linear curve is
obtained with different progesterone concentrations with 13.8 nM detection limits (R2 = 0.974). The
proposed optical method demonstrated high selectivity performance in the presence of structurally
resembling interfering compounds. The PL intensity increased linearly with the increased proges-
terone concentration range (10–900 nM) under the optimal experimental parameters. The developed
level-free immunosensor has emerged as a potential platform for simplified progesterone analysis
due to the high selectivity performance and good recovery in different samples of spiked water.

Keywords: endocrine; hormonal imbalance; progesterone; biorecognition; immunosensor;
fluorescence resonance energy transfer (FRET) bioassay

1. Introduction

A biologically active hormone called progesterone occurs as a natural estrogenic
steroid compound, derived from a cholesterol biosynthesis [1]. This multifunctional hor-
mone is associated with the reproductive aspects and sexual growth, the maintenance of
the menstrual cycle and pregnancy. Additionally, progesterone is having crucial pharma-
ceutical applications where it is implemented as oral contraceptives, menopausal hormone
therapy, infertility, etc. [2]. Progesterone has been reported to be a significant carcinogen, its
abnormally high levels can be toxic to both men and women and as tumorgenic, affecting
human health by interfering with the natural hormonal activity due to excessive exposure
during gestation. Indeed, steroid estrogens have gained significant attention in recent years
due to their rapid rise in levels posing serious threats to soil, plants, water resources and
humans [3]. Over the years, the analysis of progesterone in environmental samples has been
considerably dominant because of its endocrine disrupting activity [1,4,5]. Accordingly, the
detection of progesterone hormone is becoming essential for environmental analysis.

In recent years, several methods have influenced the analysis of progesterone by
using chromatographic techniques like gas chromatography (GC) [1] and liquid chro-
matography (LC) coupled with mass spectrometry (LC-MS) [6] and high performance
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liquid chromatography (HPLC) [7]. However, these techniques require repeated measure-
ments, long and cumbersome derivatization processes for sample preparation, and trained
operators, leading to their inappropriate field applications. Additionally, the enzyme
linked immunosorbent assay (ELISA), radioimmune assays, etc., come with their linger-
ing challenges of exorbitant instrumentation prices and limited stability [8]. At present,
the electrochemical techniques have also been emerged as a potential approach where
steroid hormones are being quantified even at low levels of concentration with high sen-
sitivity [2,9,10]. Additionally, molecularly imprinted polymers (MIPs)-based approaches
have produced many opportunities for the detection, quantification and removal of estro-
genic steroid hormones [11–13]. However, the molecular imprinting technology remained
challenging and needs to be simplified in their synthesis, maintaining shape and porosity
before and after template removal and binding procedures [1,14]. In this context, Table 1
represents the literature where CDs being exploited in progesterone determination in these
past years are yet to be explored in an interference analysis or specificity performance
with their analogous hormones or biomolecules such as β-estradiol, testosterone, cortisol,
bisphenol A, etc. for applications in complex matrices [15–18].

Table 1. The summarised reported literature on sensing progesterone hormone in biological as well
as environmental samples.

Sr.
No.

Nanomaterials
Detection
Method

Limit of
Detection
(LOD)

Linear Range
Detection
Time

Sample Year Reference

1. Pyrrole MIP-GC 0.62 ng/mL 0.62 to 1.87 ng/mL 30 min Blood and
hospital water 2015 [1]

2. Protein label
GO-thionine Electrochemical 6.3 × 10−5

ng/mL
0.02 to 20 ng/mL 100 min Milk 2017 [9]

3. GQDs-NiO-Au
composite Electrochemical 0.57 pg/mL

(1.86 pM) 0.01 to 1000 nM 60 min Human
serum 2020 [10]

4. CDs Fluorescence 10.25 nM 0 to 200 μM - In vitro 2020 [15]

5. CDs-GO Photo-
electrochemical 0.17 nM 0.5 nM to 180 nM - Human

serum 2020 [16]

6. QDs embedded
hydrogel Fluorescence 55 nM 78 to 632 nM - 2020 [17]

7. CDs Fluorescence 9.3 nM 0 to 130 μM 1 min Human
serum 2021 [18]

8. PdNPs/P-3TAA MIP-
electrochemical - 0.1 nM to 110 nM - 2022 [14]

Abbreviations: GC: Gas chromatography, MIP: Molecularly imprinted polymer, GQDs: Graphene quantum dots,
NiO: Nickel oxide, Au: Gold, PdNPs/P-3TAA: Palladium nanoparticles/Poly (thiophene-3-acetic acid).

Simultaneously, the fluorescence spectroscopic methods provided unique advantages
for bioanalysis applications owing to the simplicity of their operation, stability and sen-
sitivity [19,20]. A renowned technology called fluorescence resonance energy transfer
(FRET) garnered a considerable interest for the sensing analysis of biological molecules.
FRET is described as a phenomenon in which the energy transfer occurs non-radiatively
from the excited fluorophore donor to the acceptor of the ground state by dipole-dipole
coupling [21,22]. The efficiency and sensitivity of the FRET are significantly enhanced by
the combination of intermolecular dipole–dipole interactions between donor planarized
geometries and acceptors in the resulting FRET process. In particular, chemically stable
aqueous carbon dots (CDs) have superior advantages over the fluorescent organic dyes
and other semiconductor quantum dots. Likewise, Junkai Ren et al. have presented the
structural design and optimization of CD-based nanocomposites to meet the custom appli-
cation aimed at avoiding quenching effects and improving the range of optical solid-state
responses. Having the precise control over CDs’ structural and chemical characteristics,
solid-state can develop high performance devices by competing semiconductors and quan-
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tum dots [23]. Since CDs apparently have tunable fluorescence, nontoxicity, remarkable
photostability, biocompatibility and ease to be modified with biomolecules, are therefore
used worldwide for fluorescent detection strategies [24,25].

In contrast with the conventional CDs and other semiconductors, the fascinating
physicochemical properties of nitrogen-doped fluorescent CDs such as biocompatibility
and water solubility have opened a new horizon in the bio sensing era based on FRET
applications. Moreover, the presence of abundant amine and carboxylic acid groups at the
surface of nanoparticles provides a number of binding regions for conjugating antibod-
ies. The emerging applications of nitrogen-doped CDs in FRET-based biosensors impart
enhanced quenching efficiency to the system which is advantageous for developing a
potential fluorescent technique [26]. The use of nanoparticles' distinctive optical quench-
ing characteristics such as gold nanoparticles (Au NPs), transition metal dichalcogenides
(TMDCs), graphene oxide (GO), etc., as an effective fluorescence quencher in FRET-based
biosensors has been illustrated in the literature [22,26,27]. However, GO exhibits an out-
standing quenching ability as an acceptor, owing to its wide electronic bands of absorption
as well as the sp2 hybridized monolayer structure [28]. Optical immunoassays using fluo-
rescence have reached great interest in nanotechnology for the development of biosensors
because of their sensitivity and selectivity. The literature has also presented number of
reports for monitoring steroid hormones using FRET as a transduction part for biosensing
approach [29,30]. However, the detection of FRET-based progesterone hormone using a
donor-acceptor combination of CD and GO is in the early stages of investigation. Recently,
a significant and sensitive FRET aptasensor for progesterone based on carbon dots has been
reported by H. Cui et al. with a reduced detection limit 3.3 × 10−11 M [31]. However, the
detection range is limited to 120 nM in milk, which is not suitable for aqueous samples
where progesterone is also present at higher levels, i.e., >120 nM [32].

Herein, we presented the use of an optical platform in order to develop a FRET-based,
label-free, and selective progesterone immunoassay through the photoluminescence system.
In this context, the CDs were prepared from the precursors, citric acid and ethylenediamine
using a one-step hydrothermal process. Consequently, graphene oxide was synthesized
from our preceding report [2]. We use a simple one-step process to get antibody-conjugated
CDs for assessment of the progesterone hormone. Moreover, CDs, GO and antibody-
conjugated CDs were successfully characterised with XRD, FT-IR techniques. The as-
synthesized amine doped CDs were highly fluorescent and could be implemented directly
to immobilize end-on oriented antibodies. Further, we reported an optical technique in
which π-π interactions between CDs and GO effectively quenched the fluorescence of CDs
and antibody-conjugated CDs (Ab-CDs) in the absence of the target analyte i.e., proges-
terone. However, in the presence of progesterone molecules, the latter bound specifically to
the corresponding antibodies on the CDs. As a result, increasing the distance between the
quencher and the donor pair of the FRET process, recovers the fluorescent CDs. The analy-
sis of the developed progesterone fluorescent assay based on GO and CDs demonstrated
a remarkable selectivity in the presence of several analogous biomolecules. The current
FRET-based biosensor for progesterone detection has demonstrated a straightforward and
cost-effective methodology with high selectivity in complex aquatic samples. Moreover,
the approach is devoid of keeping long incubations and provides opportunities in various
other bioanalytical applications.

2. Experimental Sections

2.1. Materials and Solutions

Citric acid, Ethylenediamine, 1-ethyl-3-(3dimethylamino-propyl) carbodiimide (EDC),
N-hydroxysuccinimide (NHS), Bisphenol A, β-estradiol, Testosterone, Cortisol, Proges-
terone hormone and its monoclonal antibody and other reagents were obtained from
Sigma-Aldrich, Bangalore, India. All experimental solutions including phosphate buffered
saline (PBS, 10 mM, pH 7.4) were carefully made with double distilled water (DDI).
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2.2. Instrumentation

A Nicolet iS10 (Thermo-Scientific, Portland, OR, USA), Fourier Transform Infrared (FT-IR)
was used to obtain an infrared absorption spectrum of solid samples. A Jeol/JEM 2100 (Tokyo,
Japan), high-resolution transmission electron microscope (HR-TEM) and X-ray diffractometer
(XRD) of Bruker AXS, Karlsruhe, Germany, D8 Advance (Cu Kα λ = 1.5406 Å) were used to
obtain the morphology of carbonaceous nanomaterials and XRD pattern respectively. X-ray
photoelectron spectra (XPS) was observed using a Thermo-Scientific (Portland, OR, USA)
K-Alpha XPS for the chemical structure and composition of CDs. The fluorescence and
whole of the optical experiments of CDs were recorded using a Cary Eclipse fluorescence
spectrophotometer (AGILENT, Santa Clara, CA, USA) equipped with a xenon lamp using
right angle geometry. The excitation and emission slit widths were set at 4 nm each.
The fluorescence measurements covered excitation wavelengths from 320 to 380 nm and
emission wavelengths from 10 nm above each excitation wavelength to 600 nm in 1 nm
increments. The absorption spectra of CDs and GO were obtained using (PerkinElmer
Lamda 850, Shelton, CT, USA) UV-vis spectrophotometer.

2.3. Synthesis of Carbon Dots

Nitrogen-doped CDs were synthesized using a one-step hydrothermal method using
citric acid as a carbon precursor and ethylenediamine as a nitrogen dopant [19]. Briefly, 2 g
of citric acid and 2.55 mL of ethylenediamine were dispersed in 20 mL of DI water and
then transferred to the Teflon bottle in order to heat the reaction mixture at 200 ◦C for 5 h.
The obtained pale-yellow solution was naturally cooled and filtered through a 0.22 μm
filter membrane and dialysed for 24 h with a 0.5 K molecular weight cut-off (MWCO)
dialysis bag by changing water at intervals of 12 h to obtain a solution of carbon dots. The
nitrogen-doped CD solution was diluted and stored at 4 ◦C before further experimental
use. GO were prepared using the modified Hummer method as described earlier [2].

Synthesis of Antibody Conjugated Carbon Dots (Ab-CDs)

CDs–antibody conjugated nanomaterials were prepared according to a reported
method with some modifications [33]. The EDC–NHS-induced bioconjugation reaction
was used to covalently bind antibodies to the functional groups of CDs. The 0.125 mL
antibody solution (50 μg/mL) was incubated with 0.2 mL 100 mM (1:1) molar ratio of EDC–
NHS solution at pH 7.4 for 1

2 hour to activate the COOH groups on the antibodies. The
activated antibodies were then incubated with 0.4 mL of CDs (2 mg/mL) for 2 h at 37 ◦C
to form CD–antibody complexes. In this process, CDs and progesterone antibodies were
conjugated through strong amide bonds between the amine groups of CD nanoparticles
and the carboxylic acid groups of antibodies. The aforementioned solution was dialysed
and stored at 4 ◦C prior to use.

3. Results and Discussion

3.1. Characterization

As per our previous report, GO exhibiting excellent dispersibility was obtained from
modified Hummer’s method [2]. The experimental data on GO synthesis and characteriza-
tion are discussed in the supplementary information (Figures S1 and S2 in supplementary
materials). CDs, synthesized by hydrothermally treating citric acid and ethylene diamine
also reveal good aqueous solubility. Hence, the nanomaterials were characterized using
several analytical techniques including UV, PL, FTIR, XPS, XRD, HRTEM, etc., to confirm
the chemical structure and characteristics of the surface functional groups and optical
behaviour. The structural morphology of the CD samples was elucidated using HR–TEM
and shown in the Figure 1a, revealed that CDs are spherically shaped and have average
particle sizes, ~8 nm. Furthermore, CDs absorbed on layers of GO is clearly observed in
Figure 1b. In addition, the histogram for the particle size distribution of CDs’ dispersion
is provided in the Figure S4. FTIR spectra of N-doped CDs and Ab–CDs were recorded
to identify the surface functional groups (Figure 2). The FTIR spectra of CDs exhibited
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broad vibration bands at 3465 and 3227 cm−1 corresponding to the functional groups, O–H
and N–H stretching, respectively. The peaks observed at 2818–2929, 2084–2364, 1627 and
1592 cm−1 are due to the stretching of the C–H bond, the nitrile C≡N bond, the amide
C=O and the N–H bending, respectively. Besides, the peaks at 1350–1384, 1100–1266, and
617–669 cm−1 are assigned to C–O stretching or C–H bending, C–N stretching and C–C
bending vibrations in the CDs [34–38].

 

Figure 1. The representative HRTEM images of CDs at different scales (a) and CDs absorbed on GO
surface (b).

Figure 2. FTIR spectra of CDs and Ab−conjugated CDs (a) and PL graph of CDs at different excitation
wavelengths (b).

In addition, the PL analysis of as-prepared CDs is displayed in Figure 2b at a range
of 320–360 nm as excitation wavelength. Since there is no significant trend in red or blue
shifting of emission peaks with the increase in excitation wavelength in PL, we can clearly
state the optical property of CDs as excitation-independent [39]. Moreover, the strongest
fluorescence emission, at 350 excitation wavelength was demonstrated at 450 nm. However,
the decrease in PL intensity along with a slight red shift in emission peak can be observed at
a higher wavelength range, i.e., 380–450 nm (Figure S3). This might be due to the different
trap states of surface groups and size dispersion of CDs [40].

The XPS analysis was carried out for investigating the chemical as well as elemental
composition of CDs which confirmed three typical peaks at 285.4 eV, 400 eV and 531.8 eV
of C1s, N1s and O1s, respectively, as shown in Figure 3a. Additionally, the high resolved
spectra of C1s displays a further three peaks of binding energy at 284.6, 285.9 and 287.6 eV,
representing the sp2 graphitic structure (C=C), existing C–N/C–O and C=O/C=N respec-
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tively (Figure 3b). Similarly, characteristic peaks of O1s and N1s are presented in Figure 3c,d
where N1s revealed two peaks ascribing to the graphitic carbon nitride C–N and N–H
groups at the CDs’ surface. Similarly, characteristic peaks of O1s and N1s are presented in
Figure 3c,d where N1s revealed two peaks ascribing to the graphitic carbon nitride C–N
and N–H groups on the surface of CDs and coincides as well with FTIR results. The XPS
confirms the relative % of C, O and N of CDs, i.e., 62.8%, 23.8% and 13.3%, respectively,
which endows more binding sites to the nanomaterial [34,41].

 

Figure 3. XPS graph of as prepared CDs (a), obtained spectra of C1s (b), O1s (c) and N1s (d) peaks
with high resolution.

Figure 4a plots the absorbance as well as fluorescence spectra, where CDs exhibited
a strong blue light under the ultraviolet light. The UV-Vis absorption spectrum of CDs’
aqueous suspension exhibits two absorption peaks at ~240 nm owing to the C=C bond (π-π*
transition) and 340 nm of C=O bond (n-π* transitions), respectively [42]. Additionally, the
absorption band expanded in the visible region at 432–450 nm is ascribed to the nitrogen-
doping CDs [40]. Furthermore, the as-obtained CDs solution was pale-yellow (under
visible light) and strongly emitted a blue fluorescence when kept in UV light (Figure 4
inset). The fluorescence efficiency is compared with the standard procedure currently used
to determine the relative quantum yield against the standard quinine sulphate is 0.55 in
0.1 M H2SO4. The quantum yield of CDs was estimated to be 8.5% using quinine sulphate
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as standard. The results from XRD analysis inferred clearly that CDs have an amorphous
carbon phase as there are no sharp peaks existing in the spectra but a broad diffraction
peak at 2θ = 18◦, Figure 4b [34,41].

Figure 4. UV-PL graph of CDs and inset images of as-prepared pale-yellow coloured carbon dots
solution in normal and UV light (a) and XRD pattern of CDs (b).

The confirmation of binding the antibodies to the functional groups bearing CDs is well
obtained by the UV-Vis and PL spectral analysis. Figure 5a suggests the absorption band is
around 260 nm, present in CDs–antibody complexes, which is ascribed by the amino acids
of the antibodies. Concentration of conjugated antibody on CDs is also estimated from the
UV graph [33] (Supplementary data). Subsequently, Figure 5b indicates the decreased PL
intensity with a slight blue shift ~5 nm attributing to the existence of a proteinaceous layer
of conjugated antibodies. In addition, the FTIR spectra of the antibody conjugated N-doped
CDs (Ab–CDs) showed broad vibration bands at 3444–3477 and 3235 cm−1 corresponding
to the functional groups, O–H and N–H stretching respectively. The peaks observed at
2726–2928, 2071–2328, 1627 and 1601 cm−1 are due to the stretching of the C–H bond, the
nitrile bond C≡N, the amide bond C=O and the N–H bending, respectively. Similarly, the
peaks at 1353–1385, 1117–1265 and 616–764 cm−1 are assigned to C–O stretching or C–H
bending, C–N stretching and C–C bending vibrations in the Ab–CDs. The FTIR spectra
also indicate that the increase in the intensity of amide >C=O, nitride C=N, amine C–N,
and aliphatic C–H bonds of the antibody conjugated Ab–CDs in comparison to CDs. The
UV–Vis absorption and FTIR spectra successfully confirmed the antibody conjugation on
the amine functionalized CDs of N-doped CDs [42,43].

Parametric Performance Optimization and Quenching Efficiency

As illustrated in Figure 6a, GO has a broad absorption band, allowing easy pairing
and overlapping with the fluorescence emission spectra of CDs, which is advantageous for
the FRET process. Consequently, GO quenched the fluorescence of the adsorbed CDs on
the GO surface. Following the optimization of the GO nanosheet as Ab–CQDs emission
acceptors in the FRET biosensor, several GO concentrates were examined. A total of 100 μL
Ab–CDs solution was mixed with 20 μL of each GO concentrations from 1–6 μg/mL, and
then recorded the fluorescence spectra for optimizing the GO amount required in effectively
quenching the fluorescence of CDs. A concentration of 20 μL GO (4 μg/mL) was enough to
quench the 100 μL Ab–CDs solution, so that 20 μL was selected for subsequent experiments
(Figure 6b,c).
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Figure 5. Absorbance (a) and PL emission spectra of CDs and antibody conjugated CDs (b).

 

Figure 6. The overlapping absorbance of GO and emission of carbon dots (a), Investigation of the GO
concentration for quenching efficiency (b) and Resultant PL spectra with and without the presence of
quencher, GO (c).

3.2. Development of FRET-Based Progesterone Hormone Immunosensor: Detection and
Performance Analysis

An amount of 100 μL of the CDs–antibody complex solution was incubated with
various concentrations of progesterone (50 μL each) from 10 nM to 900 nM for 30 min,
and then this assembling solution was advanced to record PL spectra after the addition
of 20 μL (4 μg/mL) GO. The total volume of 0.2 mL was composed with the PBS buffer
and incubated for 5 min before recording the fluorescence spectra for batch analysis. A
prerequisite for fulfilling FRET is that the donor emission spectrum must overlap with the
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acceptor absorption spectrum. An additional FRET prerequisite is the distance between
the donor and the acceptor which should be less than 10 nm. FRET is a non-radioactive
energy transfer process in which the fluorescence intensity of the donor is much lower
or sometimes quenched due to the transfer of energy to the acceptor. The results show
that the dominant process of fluorescence quenching is attributed to FRET occurs between
CDs as a donor and GO as an acceptor which turns off strong luminescent CDs. By
adding progesterone, the distance between the Ab–CDs complexes and the GO surface
was increased effectively, thereby reducing the FRET effect that restored the fluorescence of
the CDs.

To demonstrate the PL response of the FRET-based immunosensor for the progesterone
detection, the fluorescence spectra were recorded at an excitation wavelength of 350 nm for
each variable progesterone concentration. As Figure 7 clearly shows, the PL intensity of
the Ab–CD complex is somewhat attenuated by GO interactions (F0). While the presence
of progesterone has given rise to specific bindings with antibodies that have especially
increased the required distance of the FRET process between the quencher pair GO and
CDs. A change in PL intensity (F-F0) occurred at the various concentrations of progesterone
as a result of the formation of the CDs–antibody-progesterone complexes. The reason for
fluorescence restoration may be that CQDs–antibody–progesterone complexes are not in
immediate proximity to the GO quencher. In the absence of progesterone in solution, no
characteristic change is seen in the emission peak. However, the change in PL intensity
gradually increased from 10 nM to 900 nM in a linear trend (Figure 7). The detection limit of
13.8 nM was calculated using the standard deviation (S) of 3 blank readings in the formula,
i.e., 3S/(SLOPE = 0.290). Consequently, the significant CDs-based FRET immunoassay was
successfully employed for the selective detection of the target progesterone hormone.

Figure 7. Change in PL intensity with different concentrations of progesterone hormone (a) and
representative of a linear regression (b).

3.2.1. Analysing the pH Effect

For observing the effect of pH, which is a key factor affecting the antibody bindings,
buffer solutions of different pHs ranging from 4.0 to 8.0 were used for measuring the PL
response. As Figure 8a infers, there is no noticeable PL response under acidic and alkaline
conditions and displays maximum response at pH 7.4. This is likely a charge reversal due
to the impact of pH on antibody activity and antigen uptake. Consequently, the pH of 7.4
was used as an optimized condition in this study.
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Figure 8. pH effect on the fluorescence of proposed PGN biosensor (a) and change in PL intensity
with different interference compounds (b).

3.2.2. Specificity and Selectivity of the FRET Immunosensor

Several interfering or analogous biomolecules such as β-estradiol, bisphenol A, testos-
terone, and cortisol were tested for the specificity as an essential parameter of the present
immunosensor. As shown in Figure 8b, there is no significant change in the PL response
with the potentially interfering substances at 100 nM of concentration each. However,
there is a significant change in PL intensity at the same concentration of the PGN hor-
mone. The selectivity performance of the developed optical immunoassay is ascribed
to the specific antigen–antibody reactions between progesterone and its corresponding
antibodies covalently conjugated on CDs. Interfering samples displayed little influence
on the detection system owing to the strong immunoreactions between progesterone and
Ab–CQDs, suggesting that progesterone detection could be successful in complex matrices.

3.2.3. Evaluation of FRET-Based Immunosensor Performance in Real Samples

For verifying the reliability and practicability of our fluorescence biosensor, we used
the spiked water samples. The supernatant of water samples was added with progesterone
of two known concentrations (100 & 200 nM) and analysed further. The 100 nM- and
200 nM-spiked samples have shown considerable rates of recovery with 95.6 (RSD = 6.5)
and 98.4% (RSD = 4.5) as recovery percentages, respectively.

4. Conclusions

The summary of the proposed optical methodology demonstrates the success of
implementing nitrogen-doped CDs prepared from hydrothermal synthesis and GO benefits
the FRET process for the detection of progesterone in aqueous samples. The prepared
Ab–CDs possessed a good fluorescent quantum yield of 8.5% with quinine sulphate as
a reference and an excellent photo as well as pH stabilities. The PL intensity of the CDs–
antibodies conjugated system is quenched by the π-π stacking and electrostatic interactions
of GO, resulting into a turn-off state. However, by adding progesterone, the strong antigenic
bindings of antibodies increased the distance between the CDs–antibody complexes and GO
which recovers and further modifies the PL intensity. The variation in PL intensity ranges
linearly with progesterone concentrations from 10–900 nm. Based on the findings, the
progesterone immunoassay indicated good analytical performance with a detection limit
of 13.8 nM. Since the work is devoid of any cumbersome labelling substrate or an enzyme,
it is well suited for the routine analysis of environmental water systems. Furthermore, we
anticipate that this fluorescence-based rapid bio sensing approach offers various potential
applications in environmental as well as complicated clinical areas.
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Supplementary Materials: The following are available online at: https://www.mdpi.com/article/
10.3390/bios12110993/s1. Figure S1: HR-TEM image of GO. Figure S2: FTIR and Raman spectra of
GO (a & b). Figure S3: Fluorescence spectra of CDs at higher excitation wavelengths (from 350 nm
to 450 nm) (a) and corresponding normalized spectra (b). Figure S4: Histogram displaying the size
distribution of CDs.
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Abstract: Rapid and sensitive detection of heavy metal cadmium ions (Cd2+) is of great significance
to food safety and environmental monitoring, as Cd2+ contamination and exposure cause serious
health risk. In this study we demonstrated an aptamer-based fluorescence anisotropy (FA) sensor
for Cd2+ with a single tetramethylrhodamine (TMR)-labeled 15-mer Cd2+ binding aptamer (CBA15),
integrating the strengths of aptamers as affinity recognition elements for preparation, stability, and
modification, and the advantages of FA for signaling in terms of sensitivity, simplicity, reproducibility,
and high throughput. In this sensor, the Cd2+-binding-induced aptamer structure change provoked
significant alteration of FA responses. To acquire better sensing performance, we further introduced
single phosphorothioate (PS) modification of CBA15 at a specific phosphate backbone position, to
enhance aptamer affinity by possible strong interaction between sulfur and Cd2+. The aptamer with
PS modification at the third guanine (G) nucleotide (CBA15-G3S) had four times higher affinity than
CBA15. Using as an aptamer probe CBA15-G3S with a TMR label at the 12th T, we achieved sensitive
selective FA detection of Cd2+, with a detection limit of 6.1 nM Cd2+. This aptamer-based FA sensor
works in a direct format for detection without need for labeling Cd2+, overcoming the limitations of
traditional competitive immuno-FA assay using antibodies and fluorescently labeled Cd2+. This FA
method enabled the detection of Cd2+ in real water samples, showing broad application potential.

Keywords: cadmium ions; aptamer; fluorescence; biosensors; fluorescence polarization

1. Introduction

Heavy metal pollutant cadmium ion (Cd2+) is released into the environment through
natural and anthropogenic activities such as industrial emissions, agricultural fertilization,
metallurgy, and mining [1,2]. Emissions of Cd2+ into the water, soil, and air can lead to
serious pollution and deposition of fauna and flora, and Cd2+ can be eventually accumu-
lated in the human body through the food chain [1–5]. Cd2+ is highly toxic and causes
adverse effects on human health, such as itai-itai disease, hypertension, and cancers [1–4].
The U.S. Environmental Protection Agency (EPA) sets the maximum concentration of Cd2+

as 5.0 μg/L in drinking water. As Cd2+ contamination and Cd2+ exposure are widespread,
Cd2+ detection is important and necessary for food safety, environmental monitoring,
and health risk assessment [6]. Conventional methods for Cd2+ detection include atomic
absorption spectrometry, inductively coupled plasma atomic emission spectrometry, induc-
tively coupled plasma mass spectrometry, etc. [6–8]. Despite high sensitivity and accuracy,
certain limitations include expensive instruments, complicated sample pretreatment, and
time-consuming operations, and the process is not suitable for rapid onsite monitoring
of Cd2+. Therefore, there is an urgent need to develop simple, rapid and cost-effective
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methods to detect trace amounts of Cd2+. Biosensors for Cd2+ can meet these demands,
and have attracted considerable attention [6,7].

Aptamers are single-stranded oligonucleotides that bind to targets with high specificity
and affinity [9,10]. As new recognition elements in biosensors, aptamers show advantages
over antibodies in terms of low cost, good thermal stability, facile production, easy modifi-
cation with functional groups, and binding-induced conformation change. Aptamer-based
sensors have enabled detection of various targets such as metal ions, small molecules,
proteins, and cells, due to the appealing features of aptamers [11–14]. Since aptamers for
Cd2+ were identified [15,16], aptamer-based sensors and assays for Cd2+ have become pos-
sible and have provided new approaches for detection of Cd2+, including electrochemistry,
colorimetry, and fluorescent methods [15–21].

Fluorescence polarization (FP)/anisotropy (FA) is an attractive fluorescence technique
due to its sensitivity, simplicity, and homogeneous and high-throughput analysis, and
is often used in environmental monitoring, drug discovery, food analysis, and affinity-
binding research [22–27]. As a ratiometric method, FA assay can eliminate the influence
of fluorescence fluctuation and photobleaching, and shows high reproducibility [22–24].
Combining the advantages of aptamer and FP/FA analysis, the use of aptamers in FP/FA
assays further improves applications of FA analysis, allowing development of versatile
formats of FA assays for various targets [23,24,26,27]. Among the available aptamer-
based FA assays, the FA assay using tetramethylrhodamine (TMR)-labeled aptamers is a
simple non-competitive method, which relies on target-binding-induced change of TMR–
nucleotide (e.g., TMR-G) interaction, without the need for fluorescent labeling of targets [27].
FP/FA methods for the detection of Cd2+ are limited and their development is challenging.
The immunoantibody-based FP method is a competitive assay and requires the Cd2+

complex to be labeled with fluorophore and the antibody for Cd2+ chelate [28], with
limitations encountered in the preparation of antibodies against Cd2+ and fluorescence
tracers of Cd2+ [28,29].

In this paper, we report a simple aptamer FA sensor in a direct format for rapid
sensitive detection of Cd2+ using a single TMR labeled 15-mer Cd2+ binding aptamer
(CBA15). By screening FA responses of different labeling sites of TMR (3′ end, 5′ end, and
internal T bases), we identified that the aptamer-labeled TMR on the 12th T base showed
remarkable FA change upon Cd2+ binding. In addition, to improve assay sensitivity, a high-
affinity aptamer is desirable. We further demonstrated a strategy of introduction a single
phosphorothioate (PS) modification to the aptamer, by replacing one of the phosphate
oxygen atoms with sulfur, to greatly enhance aptamer affinity by tightening the binding
between Cd2+ and the aptamer, with strong interaction between Cd2+ and sulfur [30]. We
found that when PS modification was introduced to the linker between the third nucleotide
G and the fourth nucleotide G of CBA15 (CBA15-G3S), a stronger aptamer affinity to Cd2+

was obtained, with a Kd about 47 nM representing a more than four-fold improvement in
affinity compared with CBA15 without PS modification. We employed CBA15-G3S with
optimal TMR label at the 12th T (CBA15-G3S-T12-TMR) in the FA sensor, and achieved more
sensitive FA detection of Cd2+ with a detection limit at the nM level. The aptamer FA sensor
allowed detection of Cd2+ in tap water and lake water samples, showing applicability for
analysis of Cd2+ in a complex sample matrix.

2. Materials and Methods

2.1. Chemical and Reagents

CdCl2 was ordered from J & K Chemicals (Beijing, China). Pb(Ac)2, Mn(Ac)2, NiCl2,
CuCl2, and ZnSO4 were ordered from Sangon Biotech (Shanghai, China). HgCl2 was
purchased from National Pharmaceutical Group. MgCl2 and NaCl were obtained from
Sinopharm (Shanghai, China). All of the unlabeled DNA aptamers, DNA aptamers with
PS modification, and DNA aptamers with single tetramethylrhodamine (TMR) labeled
at different sites (3′ end, internal thymine bases (T), and 5′ end) were synthesized and
purified by Sangon Biotech (Shanghai, China). The sequences are listed in Table 1. The
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binding buffer used in this experiment was prepared with ultrapure water (18.2 MΩ·cm)
from Purelab Ultra Elga Labwater (Buckinghamshire, England). Other reagents used in
this experiment were of analytical grade.

Table 1. List of the DNA oligonucleotides.

Name Sequences

CBA15 5′-CGG GTT CAC AGT CCG-3′
CBA15-3′-TMR 5′-CGG GTT CAC AGT CCG-TMR-3′ a

CBA15-T5-TMR 5′-CGG GT(TMR)T CAC AGT CCG-3′
CBA15-T6-TMR 5′-CGG GTT(TMR) CAC AGT CCG-3′

CBA15-T12-TMR 5′-CGG GTT CAC AGT(TMR) CCG-3′
CBA15-5′-TMR 5′-TMR-CGG GTT CAC AGT CCG-3′

CBA15-G3S-T12-TMR 5′-CGGPS GTT CAC AGT(TMR) CCG-3′ b

a The labeling sites of TMR are shown in bold. b The labeling site of PS modification in the backbone is shown
with PS, indicating that the backbone between G3 and G4 had a PS modification.

2.2. Isothermal Titration Calorimetry Measurement

Isothermal titration calorimetry (ITC) analysis was carried out at 25 ◦C using a Mi-
croCal PEAQ-ITC (Malvern, Malvern, UK) to determine aptamer affinity. The binding
buffer for ITC analysis contained 20 mM Tris-HCl (pH 7.5) and 20 mM NaCl. During
ITC measurements, the reference power was set to 10 μcal/s and the stirring speed of
the syringe was 750 rpm. Cd2+ solution (200 μM) from the injection syringe was titrated
into the aptamer solution (20 μM) in a sample cell. After 60 s initial delay, the experiment
began with the first 0.4 μL of Cd2+ solution and 19 successive 2.0 μL of Cd2+ solution
every 100 s. The binding curves were obtained by integrating the heat pulse areas of each
titration. Dissociation constants (Kds), enthalpy change (ΔH), and entropy change (TΔS)
were obtained by fitting the one-site binding model with the packaged MicroCal PEAQ-ITC
analysis software.

2.3. Fluorescence Anisotropy Measurement

Certain concentrations of Cd2+ were mixed with dye-labeled aptamers (20 nM) in
the binding buffer of 20 mM Tris-HCl (pH 7.5) and 20 mM NaCl. After incubation of the
sample solution for 10 min at 25 ◦C, unless otherwise stated, fluorescence anisotropy (FA)
measurements were conducted on a SynergyTM H1 microplate reader (BioTek, Highland
Park, IL, USA) with excitation at 530 nm and emission at 590 nm. Duplicate samples were
tested for detection of Cd2+, and after three measurements of the same sample solution, the
average data were used.

2.4. Detection of Cd2+ in Complex Sample Matrix

Tap water and lake water (Beijing Olympic Forest Park, China) were filtered through
a 0.22 μm membrane, and then the treated water samples were diluted 20-fold with the
binding buffer. Different concentrations of Cd2+ spiked in the complex sample matrix were
tested by the aptamer-based FA assay, using the procedure described above.

3. Results and Discussion

3.1. FA Sensor for Cd2+ Using TMR-Labeled Aptamers

Figure 1 shows the principle of the aptamer FA sensor for Cd2+ detection using TMR-
labeled aptamers. It has been reported that TMR-G interaction may limit the local rotation
of TMR and affect FA values [26,27,31]. When Cd2+ binds specifically to the aptamer, the
conformation of the aptamer changes, which alters the TMR-G interaction and the FA
signals of the TMR label. Therefore, the quantitative analysis of Cd2+ can be achieved
by measuring changes in the FA signals of the TMR-labeled aptamer. In this method, an
appropriate labeling site for TMR at the aptamer is required. To identify an appropriate
position at the aptamer for TMR labeling, enabling the TMR-labeled aptamer to show
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sensitive FA response to Cd2+, we tested a series of sites of the 15-mer Cd2+-binding
aptamer (CBA15), including 3′ end, internal thymine bases (5 T, 6 T, 12 T), and 5′ end
(Table 1). CBA15 was truncated from a 21-mer aptamer sequence against Cd2+ [15,21]. We
measured the FA responses of different TMR-labeled CBA15 to Cd2+ in the binding buffer
containing 20 mM Tris-HCl (pH 7.5) and 20 mM NaCl. As shown in Figure 2A, most of these
aptamer probes showed FA values higher than 0.200 when Cd2+ was absent, indicating
possible TMR–nucleotide (e.g., G) interaction, causing high FA. In the presence of 500 nM
Cd2+, the FA values of the aptamer probes decreased, except the probe CBA15-3′TMR
(Figure 2B), suggesting that most of the TMR-labeled aptamers were FA-responsive to
Cd2+. The FA decrease was due to Cd2+-binding-induced aptamer conformation change
weakening the TMR-G interaction.

Figure 1. (A) Schematic diagram of fluorescence anisotropy sensor for Cd2+ using TMR-labeled
aptamers. (B) The predicted secondary structure of the aptamer CBA15, with single TMR labeled on
the 12th thymine base.

Figure 2. (A) FA responses of CBA15 with TMR labels at different sites (20 nM). (B) FA changes of
TMR-labeled CBA15 caused by 500 nM Cd2+. Δr was obtained by subtracting the FA values of the
blank sample from the FA values of 500 nM Cd2+.

We further tested the FA responses of different TMR-labeled aptamers upon addition
of varying concentrations of Cd2+. As shown in Figure 3, CBA15-T5-TMR, CBA15-T6-TMR,
and CBA15-T12-TMR showed significant FA decrease upon Cd2+ binding. CBA15-5′TMR
exhibited slight FA decrease, while the CBA15-3′TMR showed small FA increase upon
addition of Cd2+. When TMR was labeled on the internal 12th thymine (T) bases in the
sequence, the corresponding aptamer probe CBA15-T12-TMR showed the largest FA signal
change upon Cd2+ binding. Therefore, CBA15-T12-TMR was employed for FA detection of
Cd2+.
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Δ

Figure 3. FA changes (Δr) of different TMR-labeled aptamers upon binding with various concentra-
tions of Cd2+. Δr was obtained by subtracting the FA values of blank samples from the FA values of
various concentrations of Cd2+.

3.2. Enhancing Aptamer Affinity with Phosphorothioate Modification

In order to improve the sensitivity of the aptamer FA sensor, aptamers with higher
affinity are desirable. We attempted to introduce a single PS modification at a specific
backbone site of the aptamer CBA15 (Table S1), to enhance affinity for the possible strong in-
teraction between Cd2+ and the adjacent sulfur [30]. We determined the affinity of aptamers
with PS modification at different labeling sites, by ITC analysis. After investigating a series
of backbone sites, we found that CBA15-G3S with PS modification between the third G
and fourth G of CBA15 showed higher binding affinity to Cd2+, with Kds of 46.6 ± 12.7 nM
(Figure 4A), while the other PS-modified aptamers had Kds ranging from 105 nM to 389 nM
(Table S2). Compared with CBA15 without PS modification (Figure 4B, Kd = 216.0 ±
43.3 nM), CBA15-G3S had about four times higher affinity than CBA15 to Cd2+. The results
showed that PS modification at a favorable backbone site on the aptamer indeed greatly
enhanced the aptamer affinity. An aptamer probe with higher affinity that can generate
larger FA signal change upon Cd2+ binding is preferred for sensitive detection of Cd2+.
Thus, we introduced TMR at the 12th T of CBA15-G3S to obtain a CBA15-G3S-T12-TMR
probe, and applied it for FA detection of Cd2+.
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Figure 4. ITC analysis of aptamers (A) CBA15-G3S and (B) CBA15 with Cd2+. The top graph shows
raw data for ITC titration, and the bottom graph displays the binding curve obtained by integrating
the heats of each spike. The difference between PS modification and the phosphate (PO) group in the
backbone of the aptamer is shown.

3.3. Optimization of Aptamer FA Sensor for Cd2+

To achieve better performance of the aptamer FA sensor for Cd2+, we investigated the
influence of NaCl concentration, MgCl2 concentration, and pH of binding buffer on FA
responses of CBA15-G3S-T12-TMR to Cd2+. We first tested the effect of NaCl in binding
buffer (Figure 5). In the absence of Cd2+, the FA value of the blank sample slowly increased
with the addition of NaCl. When Cd2+ was present, the FA value sharply increased from
0.109 to 0.184 with the increase of NaCl. The FA change (Δr) showed a high value at 20 mM
NaCl. With the increase of NaCl from 20 mM to 200 mM, the FA change gradually became
smaller. The results indicate that a high ionic strength of buffer is unfavorable for Cd2+

binding with aptamers. Therefore, we chose to use 20 mM NaCl in binding buffer for
subsequent experiments.

Figure 5. (A) Effects of NaCl concentration on FA responses of blank sample solution and the solution
containing 1000 nM Cd2+ with 20 nM CBA15-G3S-T12-TMR. (B) The relationship between FA changes
(Δr) caused by Cd2+ and NaCl concentration.
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We further tested the influence of MgCl2 concentration in the binding buffer. As
displayed in Figure S1, with the addition of MgCl2 from 0 to 5 mM, the FA value of the blank
sample decreased from 0.197 to 0.174, and then changed slowly when the concentration
of MgCl2 was higher than 5 mM. In the presence of Cd2+, the FA responses of CBA15-
G3S-T12-TMR significantly increased with the addition of MgCl2. Figure S1B shows that
the addition of MgCl2 caused decreased FA change (Δr), suggesting that MgCl2 was not
necessary for larger FA change. Thus, the binding buffer with 20 mM NaCl was preferred
for the subsequent investigations.

We also assessed the influence of the pH of binding buffer solution on the FA responses
of CBA15-G3S-T12-TMR (Figure S2). When the pH was lower than 7.5, a relatively small
FA change caused by Cd2+ was observed. In order to obtain a larger FA change, binding
buffer solution at pH 7.5 was chosen for our FA assay.

3.4. Detection of Cd2+ with Aptamer FA Sensor

Under the optimized experimental conditions, we successfully achieved detection of
Cd2+ by FA analysis with the aptamer probe CBA15-G3S-T12-TMR. As shown in Figure 6A,
the FA value of the probe gradually decreased with the addition of Cd2+. The dynamic
detection range was from 6.1 nM to 6250 nM, covering about three orders of magnitude.
The nonlinear fitting equation of the response of FA to different concentrations of Cd2+

was obtained by GraphPad Prism software as y = (−0.0918 ± 0.0011)x/((171.8 ± 9.362)
+ x) + (0.1913 ± 0.0007) (R2 = 0.9987). The detection limit of Cd2+ was 6.1 nM (S/N = 3).
This method meets the requirements for assessing Cd2+ in drinking water as set by the
U.S. Environmental Protection Agency (EPA) (5.0 μg/L, corresponding to 44 nM). For
comparison, we also tested the FA response of the aptamer without PS modification
(CBA15-T12-TMR) (Figure S3). From the FA response curves, we estimated that the Kd
values of CBA15-G3S-T12-TMR and CBA15-T12-TMR were 147.4 ± 6.7 nM (R2 = 0.9973)
and 880.4 ± 25.5 nM (R2 = 0.9988), respectively, by non-linear fitting with GraphPad Prism
software [28]. The detection limit of CBA15-T12-TMR to Cd2+ was determined to be 24.4 nM
(S/N = 3). The results indicated that introduction of PS modification at the specific site of
the aptamer greatly enhanced the binding affinity of the aptamer, and improved its FA
sensitivity to Cd2+, while the aptamer CBA15-G3S-T12-TMR enabled a lower detection
limit. Compared with other aptamer-based methods for Cd2+ detection [15,16,18,21,32–34],
our method had better or comparable sensitivity (Table S3). Although the detection limit
of our FA sensor was higher than that of the reported method [35], our strategy is simple,
rapid, and requires only one TMR-labeled aptamer. In our method, quantification of Cd2+

can be achieved by mixing the TMR-labeled aptamer and Cd2+ solution, without need for
separation and immobilization.

Figure 6. (A) FA detection of Cd2+ using CBA15-G3S-T12-TMR. (B) Selectivity test of the FA sen-
sor using CBA15-G3S-T12-TMR for Cd2+ detection. A 20 nM aptamer probe was used, and the
concentrations of tested metal ions were 1000 nM.
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3.5. Selectivity Test and Practical Sample Analysis

We further tested the selectivity of the FA sensor for Cd2+ detection using CBA15-
G3S-T12-TMR. As displayed in Figure 6B, other divalent metal ions including Cu2+, Ni2+,
Pb2+, Zn2+, Hg2+, Mn2+, Mg2+, and Ca2+ did not cause significant FA changes. The results
showed that our assay was selective for Cd2+ detection.

To explore whether this FA sensor is applicable to real samples, we detected Cd2+

spiked in complex sample matrix with binding buffer. As displayed in Figure S4, the
FA responses of CBA15-G3S-T12-TMR in 20-fold diluted tap water and 20-fold diluted
lake water showed almost similar performances with binding buffer. The detection limits
of Cd2+ in real water samples were 6.1 nM. Cd2+ spiked in 20-fold diluted lake water
and 20-fold diluted tap water exhibited good recoveries of 89.1–121.3% and 81.7–127.1%,
respectively (Table S4). The results confirm that our aptamer FA sensor can be used for
practical sample analysis.

4. Conclusions

In summary, we have reported a simple aptamer fluorescence anisotropy sensor for
detection of Cd2+ using a TMR-labeled high-affinity aptamer with specific PS modification
at the backbone. After screening different labeling sites on the aptamer, we identified the
aptamer probe with a TMR labeled on the 12th T base of a 15-mer DNA aptamer (CBA15)
that showed large FA signal change in response to Cd2+ binding. We also demonstrated
that introduction of PS modification at the specific backbone site (the third G) of CBA15
greatly enhanced the binding affinity of the aptamer, with approximately four-fold improve-
ment. The TMR-labeled aptamer probe with PS modification allowed sensitive selective
detection of Cd2+, and the detection limit reached 6.1 nM Cd2+. Our aptamer FA sensor
provides a direct method for Cd2+ detection without need for competition, separation, and
immobilization. This FA method offers the advantages of simplicity, sensitivity, robustness,
rapidity, and high throughput, showing the potential for analysis of Cd2+ in various appli-
cations, especially for fast onsite detection of Cd2+. This aptamer FA sensor circumvents
the limitations of antibody-based FA assays for Cd2+ and certain methods using expensive
instruments (e.g., ICP-MS). The introduction of PS modification provides an effective way
to improve the affinity of aptamers for Cd2+, and the aptamers with higher affinity will
have wide applications in developing biosensors. This strategy will be helpful for the
affinity enhancement of aptamers for use with other targets.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios12100887/s1, Table S1. List of the anti-Cd2+ aptamer sequences
with PS modification at different labeling sites. Table S2. Binding affinity of PS modified aptamers
and unlabeled aptamer characterized by ITC. Table S3. Comparison of some aptamer based methods
for Cd2+ detection. Table S4 Detection of Cd2+ spiked in complex sample matrix. Figure S1. (A) Effect
of MgCl2 concentration on FA responses of CBA15-G3S-T12-TMR in the absence or in the presence
of Cd2+. (B) The relationship between FA changes (Δr) and MgCl2 concentration. Figure S2. (A)
Effect of pH of binding buffer on FA responses of CBA15-G3S-T12-TMR in the absence or in the
presence of Cd2+. (B) The FA changes (Δr) caused by Cd2+ at various pH of the binding buffer. Figure
S3. Comparison of FA detection Cd2+ with CBA15-G3S-T12-TMR and CBA15-T12-TMR. Figure S4.
Detection of Cd2+ in the binding buffer, 20-fold diluted tap water or 20-fold diluted lake water with
the aptamer FA sensor by using CBA15-G3S-T12-TMR.
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Abstract: In this paper, we propose a smartphone-based biosensor for detecting human total
hemoglobin concentration in vivo with high accuracy. Compared to the existing biosensors used to
measure hemoglobin concentration, the smartphone-based sensor utilizes the camera, memory, and
computing power of the phone. Thus, the cost is largely reduced. Compared to existing smartphone-
based sensors, we developed a highly integrated multi-wavelength LED module and a specially
designed phone fixture to reduce spatial errors and motion artifacts, respectively. In addition, we
embedded a new algorithm into our smartphone-based sensor to improve the measurement accu-
racy; an L*a*b* color space transformation and the “a” parameter were used to perform the final
quantification. We collected 24 blood samples from normal and anemic populations. The adjusted
R2 of the prediction results obtained from the multiple linear regression method reached 0.880,
and the RMSE reached 9.04, which met the accuracy requirements of non-invasive detection of
hemoglobin concentration.

Keywords: biosensor; smartphone; noninvasive; multi-wavelength; L*a*b* color space; total
hemoglobin concentration

1. Introduction

Globally, more than one-third of pregnant women aged 15–49 suffer from anemia [1].
Anemia in pregnant women during pregnancy can cause complications, which can lead to
death in severe cases. At the same time, the disease cycle of anemia is long, and it is not easy
to treat or recover from; hence, it needs to be monitored and tested frequently. At present,
the clinical solution in hospitals is mainly based on collecting blood sample from veins
and then using the ferric cyanide method to measure the hemoglobin concentration [2].
Although this detection method has high measurement accuracy, it also has its limitations.
The method requires the collection of human blood samples, during which both patients
and medical staff are at risk of infection from exposure to blood and needles. In addition,
professional medical personnel and equipment are required to perform the detection
operation whose process is cumbersome and has low efficiency. Therefore, the method is
inconvenient for the detection of hemoglobin concentration in daily life.

Currently, there are several pieces of non-invasive equipment on the market for daily
hemoglobin concentration testing [3,4]. However, the measurement accuracy of these
devices can hardly reach medical standards [5–7], and they are often not very portable.
Compared with these medical testing devices, smartphones show irreplaceable portability
and convenience. It is predicted that by the year of 2023, there will be more than four billion
smartphone users globally, making smartphones play a potentially huge role in medical
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testing in non-invasive optical measurements. Recently, the application of smartphones in
human physiological parameters measurement and monitoring has become increasingly
common, such as smartphone-based detection platforms for molecular diagnostics [8], clin-
ical diagnosis of albumin-related diseases [9,10], heart rate detection [11–13], blood oxygen
saturation detection [14–16], respiratory rate detection [17,18], and anemia detection [19–21].
The advantages of using smartphones for detection are as follows: there is no need to carry
other hardware devices, and the powerful CPU and memory of the smartphone provide a
good hardware platform for the calculation and analysis of physiological parameters.

Here, we propose an accurate smartphone-based biosensor for detecting human total
hemoglobin concentration. This sensor utilizes the camera, memory, and computing power
of the smartphone. We also develop a highly integrated multi-wavelength LED module and
a specially designed phone fixture to reduce spatial errors and motion artifacts, respectively.
In addition, we embed a new algorithm into the smartphone-based sensor to improve the
measurement accuracy; an L*a*b* color space transformation is used, and the “a” parameter
is proposed to perform the final quantification. A total of 24 blood samples are collected
from normal and anemic populations. The results show that the hardware and algorithm
proposed in this study can meet the accuracy requirements of non-invasive detection of
hemoglobin concentration in vivo.

2. Materials and Methods

2.1. Modified Beer–Lambert Law and Multiwavelength Selection

The Beer–Lambert law [22] indicates that when a beam of light passes through a
medium, the intensity of the detected light is proportional to the concentration of the
medium C and the propagation distance of the beam L. The radius of human blood vessels
increases and decreases periodically with the beating of the heart, so the photoelectric
volume diagram of the human body can be detected. However, this model is based on the
hypothesis that only light is absorbed. This hypothesis is not applicable in a human body,
where the attenuation of near-infrared light caused by scattering dominates relative to
absorption (roughly 80% scattering vs. 20% absorption). In this case, the primary problem
of using a photoelectric detector to receive the outgoing light is that the outgoing photons
are not completely collected, as shown in Figure 1a. In addition, some of the light cannot
reach the detector, so the actual optical attenuation is not accurately defined.

 

Figure 1. (a) Schematic of scattering, absorption of light in tissue, and detection. (b) Absorption
coefficients of oxyhemoglobin, deoxy-hemoglobin, and water at 650–1100 nm.
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In addition, the multiple scattering of light in the tissue leads to an increase in the path
L of light propagation, which also has a great influence on the measurement results. The
modified Beer–Lambert law [23] takes into account the effect of scattering in the tissue, as
shown in Equation (1),

Aλ = (ε1λ
· c1 + ε2λ

· c2 + ...εnλ
· cn) · d · DPF + G. (1)

where Aλ is light attenuation (in natural logarithm), also known as optical density [24]
directly related to the concentration of substances and the distance that light passes through;
εnλ

is the molar extinction coefficient of different substances; cn is the concentration of
different substances; DPF is the differential path length factor [25,26], representing the
proportion of the increase in the optical path length due to scattering; d·DPF represents the
effective path length of light; and the factor G is the scattering factor, representing the effect
of the nature and geometry of the tissue.

Blood absorbs different wavelengths of light differently. Figure 1b shows the ab-
sorption curves of oxyhemoglobin, anaerobic hemoglobin, and water [27–29]. In the
near-infrared optical window of 600–1000 nm, oxyhemoglobin and anaerobic hemoglobin
have an iso-absorption point at 810 nm [30]. Hence, researchers generally choose 810 nm as
the base signal for non-invasive measurement of hemoglobin concentration. The absorption
of water near 970 nm and 1050 nm dominates, and the influence of water can be removed
by using the signal at these wavelengths.

2.2. Smartphone Measurement Device

Here, we used a light source containing 5 LEDs of different wavelengths to obtain
the photoplethysmography (PPG) signals from a fingertip. The measurement wavelengths
were 660 nm, 810 nm, 900 nm, 970 nm, and 1050 nm. We chose the iso-absorption point of
oxyhemoglobin and deoxyhemoglobin at 810 nm. Based on the therapeutic window, 660 nm
and 900 nm were added to differentiate oxyhemoglobin and deoxyhemoglobin [31,32].
Moreover, near 970 nm and 1050 nm, the absorption of water was obvious; thus, we added
these two wavelengths to exclude the influence of water absorption.

When a smartphone is held manually, the motion artifacts due to breathing and
movement are prominent. Therefore, a 3D printed fix device is necessary, as shown in
Figure 2a,b, which show the working smartphone system on the fixture. We also designed
the arrangement of the lamps as shown in Figure 2c. As the absorption of the smartphone
sensor at the wavelengths of 970 nm and 1050 nm is weaker than other wavelengths, we
placed these two LEDs in the outermost positions of the fingertip, so the optical path was
relatively short, and the signals were stronger. We designed the PCBA by ourselves and
then handed it over to the factory to solder the patch to reduce the position error caused by
human movement. The smartphone model (Huawei mate20pro, Shenzhen, China) used
in this study has the acquisition pixel of 1920 × 1080. Its acquisition frame rate is 60 Hz,
which is much larger than the PPG signal frequency of the human body (10 Hz). Hence,
the sampling rate satisfies Shannon’s sampling law.

2.3. Data Collection

During the signal detection process, the volunteer’s finger remained motionless, and
each LED was lit up to 20 s. As shown in Figure 3, in one cycle, all five LEDs were lit up
separately. Thus, a video file with a total length of 100 s was collected.

Here we collected the PPG data on 12 normal adults (8 male volunteers, 4 female vol-
unteers) and 12 hospitalized patients with anemia (6 male volunteers, 6 female volunteers).
All the data were obtained from the volunteers’ right index fingers. The volunteers’ arms
were placed on the table to ensure comfort and stability during the data acquisition, and a
MATLAB-based program was used to check whether the frame rate was correct after the
acquisition process. The volunteers’ heart rate, blood pressure, and age were also recorded.
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Figure 2. Hardware device for data collection: (a) Smartphone fixture with 660 nm LED on. (b) Smart-
phone on the fixture. (c) Arrangement of five-wavelength LEDs.

 
Figure 3. Schematic of the PPG data measurement and the waveforms display in sequence.

2.4. Color Space Transformation

The basic form of a time-continuous PPG video file is shown in Figure 4a. It is
composed of color picture sequences of RGB channels. Here, the MATLAB program was
used to extract images of each frame, and then an area of 1000 × 1000 pixels in the middle
of the image was selected as the region of interest (ROI).

The RGB three-channel data of the ROI were extracted and averaged. The final
obtained PPG signal is shown in Figure 4b. It can be seen that the signal noises of channels
B and G are large, and the signals are unstable. However, the main information of the PPG
signal image is concentrated in channel R, which is also more stable.

Previous studies have shown that the L*a*b* parameter provides a measurement of
skin color perception [33] and, thus, mimics how skin is perceived by a dermatologist or
the general population [34,35]. Chardon et al. proposed that in a three-dimensional L*a*b*
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space, all skin tones of light-skinned subjects are within a “banana”-shaped volume called
skin tone volume. Skin redness (erythema reaction) can be represented as a displacement
on the L*-a* plane. Since erythema is mainly caused by dilatation and congestion of local
dermal capillaries of the skin, parameter “a” also reflects blood-related changes. CIE L*a*b*
color space is shown in Figure 4c, where L* indicates light intensity related to the “luminous
reflectance” (quantity of reflected light weighted with the spectral response of the human
eye) and takes values from 0 (black) to 100 (white), a* indicates the color of the object on a
scale that goes from green (−128) to red (128), and b* indicates the color of the object on
a scale that goes from blue (−128) to yellow (128). The signals transformed from RGB to
CIE L*a*b* color space by the RGB2Lab program are shown in Figure 4d, and the channel
a signal was separately extracted as shown in Figure 4e. For all the volunteers’ data, the
channel a signal was used as the initial signal of PPG calculation.

 

Figure 4. Smartphone collects the RGB channel information of the original image, converts it into the
L*a*b* channel, and extracts the information of channel a for PPG calculations. (a) Schematic of a
frame of image. (b) PPG signals of red, green, and blue channels. (c) CIE L*a*b* color space. (d) PPG
signal of L*a*b* channels. (e) PPG signal of channel a.

2.5. Data Analysis

Figure 5a shows the PPG optical model of blood, which consists of tissue, venous
blood, and arterial blood. Therefore, the model is simplified to only tissue and pulsating
arterial blood, and then the modified Beer–Lambert law can be described as Equation (2),

Aλ = ln(
Iout

Iin
) = (εBλ

· cB · dBλ
+ εTλ

· cT · dTλ
) · DPF + G. (2)

where Iout represents the outgoing light intensity, Iin represents the incident light intensity,
εBλ

represents the molar extinction coefficient of blood, cB represents the concentration of
blood, dBλ

represents the light path of blood, εTλ
represents the molar extinction coefficient

of tissue, cT represents the concentration of tissue, dTλ
represents the light path of tissue.
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Figure 5. (a) PPG optical model of blood; (b) a characteristic PPG signal curve, where dTλ

represents
the optical path of tissue in finger, and dBλ

represents the optical path of arterial blood in finger.

The absorption coefficient of the five wavelengths of light used in our system is
different in human tissues. Under the same incident light intensity, the emitting light
intensity of the strong absorbed wavelength will be relatively small, sometimes even
similar to the intensity of the background noise. Therefore, the signal-to-noise ratio of
such wavelength is low, meaning that it is necessary to strengthen the incident intensity
of such a wavelength of light to increase the signal-to-noise ratio, that is, to increase the
input current of the corresponding LED. For light with weak absorption wavelength in the
tissue, a stronger incident light will lead to a stronger emitted light, which then saturates
the signal of that wavelength, so its incident light intensity should be reduced. In summary,
in order to achieve a good signal-to-noise ratio of light for all five wavelengths, the incident
light intensity of each wavelength must be appropriately adjusted. To eliminate the effect
of the current adjustment on the result, we use the AC/DC of each wavelength to obtain
the characteristic parameter of Rλ as Equation (3),

Rλ = ACλ/DCλ =
Iin · eεBλ

·cB.dBλ
·DPF+G

Iin · eεTλ
·cT·dTλ

·DPF+G = e(εBλ
·cB·dBλ

−εTλ
·cT·dTλ

)·DPF. (3)

To accurately obtain Rλ, we use a strict waveform screening tool and the skewness
as a standard for waveform quality inspection. The waveforms that do not meet the
requirements are not added to the calculation. Here, the parameter R1050 performs multiple
linear regression fitting.

3. Results

3.1. Comparison of RGB and L*a*b* Color Spaces Results

We selected 50 waveforms in this section to calculate the R color channel of the RGB
color space and channel a of the L*a*b color space according to Equation (3). The values
were normalized to eliminate the error of the data scale. Figure 6a shows the R values
of 660 nm, 810 nm, 900 nm, 970 nm, and 1050 nm, where the blue lines represent the Ra
calculated by the “a” color channel, and the red lines represent the RR calculated by the
“R” color channel. It can be seen that for the same wavelength, the variation trends of
Ra and RR are similar for 660 nm, 810 nm, and 900 nm. To further show the distribution
differences of Ra and RR for each wavelength, we calculated the variance values to analyze
their stability, as shown in Figure 6b. We can observe that the variance values of parameter
Ra at 660 nm, 810 nm, 900 nm, and 1050 nm are smaller compared to those of parameter RR,
while the variance in Ra at 970 nm is larger than that in RR. It can be concluded that for
smartphone PPG predictions of hemoglobin concentration, the “a” color channel of L*a*b
color space has a greater stability than the “R” color channel of RGB color space.
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Figure 6. (a) Comparison of Ra and RR at different wavelengths: 660 nm; 810 nm; 900 nm; 970 nm;
1050 nm; (b) variances in Ra and RR at different wavelengths.

3.2. Prediction Results of Hemoglobin Concentration

Based on the method introduced in the above section, we collected 24 groups of
effective waveforms of healthy people and patients, with the hemoglobin concentration
distributed between 60 mg/dL and 170 mg/dL. We counted the five wavelengths of all
volunteers. Due to the amplitude modulation of the pulse wave signal caused by respira-
tion, the R of each wavelength fluctuates periodically with the breath. To eliminate this
effect, we used wavelet changes to denoise it. Retaining only the trend term R to filter out
the effects of respiration, we fed the five wavelengths and true hemoglobin concentration
values of 24 volunteers into a multiple linear regressor, and the predicted results are shown
in Figure 7, where the horizontal axis is the true value of the hemoglobin concentration, and
the longitudinal axis is the predicted value of the hemoglobin concentration. Figure 7a,b
show the prediction results obtained using the “R” parameter and “a” parameter, respec-
tively. It can be seen in Figure 7 that both the parameters can provide good hemoglobin
concentration predictions for the volunteers. It should be noted that, here, the “true values”
were provided by the collaborating hospital. After the smartphone measurements, a nurse
took the blood samples of the volunteers for hemoglobin concentration testing.

 

Figure 7. Prediction results of hemoglobin concentration using: (a) “R” channel and (b) “a” channel.

To further compare the prediction abilities of the “R” and “a” parameters, we used
R2, RMSE (Root Mean Square Error), and MAPE (Mean Absolute Percentage Error) for
evaluation, as Equations (4)–(6) show,

R2 = 1 − ∑n
i=1(yi − ŷi)

2

∑n
i=1(yi − yi)

2 ,∈ [0, 1] (4)
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RMSE =

√√√√ 1
n

n

∑
i=1

(yi − ŷ)
2

,∈ [0,+∞) (5)

MAPE =
100%

n

n

∑
i=1

∣∣∣∣
yi − ŷi

yi

∣∣∣∣,∈ [0,+∞) (6)

Here, MAPE measures the average absolute value between the predicted and true
values. The smaller the MAPE values of the model the better the prediction it can achieve.
We compared the R2, RMSE, MAPE metrics, and Durbin–Watson test for the “a” and “R”
parameters, and the results are shown in Table 1.

Table 1. Comparison of the prediction results of “a” parameter and “R” parameter.

Model
Color Space R2 Adjusted R2 RMSE MAPE Durbin–Watson Test

a (L*a*b) 0.91 0.88 9.04 0.068 1.77
R (RGB) 0.87 0.83 10.70 0.091 2.41

We can see from Table 1 that the adjusted R2 of the multivariate linear regression
model obtained by using the “a” parameter of the L*a*b color space reaches 0.88, which
is larger than 0.83 achieved using the “R” parameter of the RGB color space. Moreover,
the RMSE of the multiple linear regression model obtained by using the “a” parameter is
9.04, which is smaller than the value of 10.70 obtained by using the “R” parameter. The
MAPE obtained by using the “a” parameter is 0.068, which is much smaller than the value
of 0.091 obtained by using the “R” parameter. In summary, the R2, RMSE, and MAPE of the
regression results obtained by using the “a” parameter are better than those obtained by
using the “R” parameter. In addition, the Durbin–Watson test was carried out to evaluate
the autocorrelation problem of the independent variables. In general, the value of the
Durbin–Watson test, shown in Table 1, confirms that there is no correlation between the
residuals, and the subsequent improvement in the “a” parameter suggests that we should
further increase the number of samples and expand the distribution range of hemoglobin
concentration to further improve the prediction accuracy of the system.

4. Discussion

Most of the portable hemoglobin meters commercially available on the market are
expensive. Although these devices can perform highly accurate hemoglobin measurements,
they often require a finger prick to obtain the blood sample for testing, bringing additional
infection risk for the users. In comparison to these devices, the smartphone-based biosen-
sor proposed in this study provides a non-invasive and low-cost way of monitoring of
total hemoglobin concentration. The testing results demonstrate that it has a satisfactory
measurement accuracy, with irreplaceable portability and convenience. It is worth men-
tioning that there are other applicable methods for the direct monitoring of hemoglobin
concentration using smartphone-based devices with high accuracy [36,37], whose R2 values
reached 0.9810 and 0.9583, respectively. Here, our device provides a multi-wavelength
optical detection method, allowing one to achieve a satisfactory measurement accuracy
non-invasively. It should be pointed out that, since the signal-to-noise ratio of the smart-
phone camera used to respond to infrared light needs to be improved, the data collected
in this study have a certain error. For the wavelength of 1300 nm where water absorption
is prominent, the response of the smartphone is limited. If the signal at 1300 nm can be
added, the prediction result will be more accurate. Additionally, the response speed of the
smartphone camera is relatively slow. It takes 2 s to stabilize the light intensity every time
the LED is switched; hence, the time division multiplexing method cannot be used in this
study. The waveform signals of five wavelengths in a very short time can be obtained. This
method can further eliminate the interference from human movement and the modulation
induced by breathing. In addition, only 24 volunteers were involved in this study, which
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may have led to certain errors in the regression coefficients calculation. As mentioned
above, the prediction accuracy can be improved by increasing the number of samples.

It should be noted that there are issues of various smartphones having different
types of cameras and lighting bias, which may result in different light intensity and color
responses under the same illumination situation. As a possible solution for future devel-
opment of this method and biosensor, a color calibration scheme could be adopted. More
specifically, a color and intensity calibration algorithm could be designed based on the
measurement results of standard samples and light sources when different smartphones
are used to make sure that the light responses of different smartphone sensors are the same.
As for the issue of different camera positions in different smartphones, a variable-position
light source module can be designed and used.

5. Conclusions

In this paper, we proposed an accurate smartphone-based biosensor for detecting
human total hemoglobin concentration. The sensor utilized the camera, memory, and
computing power of the smartphone itself. We collected the data of 12 normal volunteers
and 12 anemia patients and developed a new multi-wavelength light source system external
to the smartphone. The smartphone can provide multi-spectral signals and used a 1050
nm wavelength LED light to provide information that is closely related to the absorption
of water in the blood, thereby increasing the accuracy of the regression. Through the
integrated LED light, the error of motion artifacts caused by switching lights of different
wavelengths was effectively reduced. We designed a smartphone-fixing bracket to reduce
the position error during the measurement. The “a” parameter of the L*a* b color space
was used to predict the hemoglobin concentration when processing each picture frame.
The experimental results demonstrate that, compared to the “R” parameter of the RGB
color space, the “a” parameter has a better performance in predicting human hemoglobin
concentration using PPG signals. The results show that the smartphone-based hardware
and algorithm proposed in this study can meet the accuracy requirements of non-invasive
detection of hemoglobin concentration in vivo.
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Abstract: In comparison with traditional clinical diagnosis methods, field–effect transistor (FET)–
based biosensors have the advantages of fast response, easy miniaturization and integration for
high–throughput screening, which demonstrates their great technical potential in the biomarker
detection platform. This mini review mainly summarizes recent advances in FET biosensors. Firstly,
the review gives an overview of the design strategies of biosensors for sensitive assay, including
the structures of devices, functionalization methods and semiconductor materials used. Having
established this background, the review then focuses on the following aspects: immunoassay based
on a single biosensor for disease diagnosis; the efficient integration of FET biosensors into a large–area
array, where multiplexing provides valuable insights for high–throughput testing options; and the
integration of FET biosensors into microfluidics, which contributes to the rapid development of
lab–on–chip (LOC) sensing platforms and the integration of biosensors with other types of sensors
for multifunctional applications. Finally, we summarize the long–term prospects for the commercial-
ization of FET sensing systems.

Keywords: field effect transistor; biosensors; microfluidics; multiplexing; integration

1. Introduction

In the case of highly contagious and hidden viruses which spread recklessly around
the world at an alarming rate, detecting and controlling an epidemic as early as possible can
effectively reduce the harm caused to society by public health events to a large extent [1].
Therefore, early non–invasive diagnosis and the immediate detection of biomarkers has
become a research hotspot. How to realize simple, rapid, sensitive and low–cost detection
of biological target analytes such as viruses and various proteins has also become a major
problem in the field of biosensors.

A biosensor is a device that is sensitive to biological substances and which can convert
concentration signals into readable signals of light, electricity, and magnetism. It generally
consists of biologically sensitive probes performing the identification of elements (enzymes,
antibodies, antigens, nucleic acids and other biologically active substances), appropriate
physical and chemical transducers (oxygen electrodes, field effect transistors etc.), and
an analysis system composed of a signal amplification device [2]. Common biosensors
include optical biosensors, thermal biosensors, resistive biosensors, and semiconductor
biosensors. Particularly, FET biosensors have shown great technical potential in biomarker
detection platforms due to their simple operation, high sensitivity, fast response speed,
real–time signal amplification, easy miniaturization, and integration for high–throughput
screening, which has caused them to become a promising candidate for various biosensing
applications [3–6]. The main principle of FET biosensors for biological detection is that the
bio–sensitive probe should specifically bind with the target analyte and generate charged
ions, which will further induce the change of carriers in the channel material [7]. With the
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change of various electrical output parameters, such as mobility (μ), threshold voltage (Vth),
on/off ratio (Ion/Ioff) and source–drain currents (Ids), the signals can also be effectively
transmitted into electrical signals and amplified even in complex biological systems, thereby
realizing the quantitative detection of biological substances [8]. Many FET biosensors have
been successfully used for the sensitive detection of proteins, glucose, DNA, and cells,
illustrating the rapid development of this exciting research field [9].

For FET biosensors, the realization of high efficiency signal transduction not only
depends on optimizing the geometry of devices and the functionalization methods of de-
vices, but also heavily relies on the development of semiconductor materials. Furthermore,
detection for single analytes alone is far from sufficient to reach the required accuracy for
early disease detection. Consequently, biosensor multiplexing has been developed to detect
one analyte in multiple parallel channels or to detect multiple analytes simultaneously to
improve accuracy and repeatability, and this multiplexing has been the key to the applica-
tion of advanced FET biosensors in the practical medical field. FETs are small in size and
compatible with traditional semiconductor microfabrication processes, so they could be in-
tegrated into microfluidic platforms. Integrating the microfluidics and immunoassays into
lab–on–chip (LOC) devices can help detect biomarkers in a shorter analyzing time, with
less reagent volume and lower power consumption automatically, which can contribute to
developing handheld, miniaturized, medical diagnostic testing platforms. Therefore, we
will discuss recent progress regarding the aspects mentioned above in this mini review and
summarize the long–term prospects for the commercialization of FET sensing systems.

2. Biosensor Designing

2.1. Device Structures

FETs are mainly composed of three electrodes (gate, source and drain), an insulating
layer and a semiconductor layer [10]. The device is “energized” only when the gate voltage
reaches the “threshold voltage” (Vth). When it is above Vth, carriers flow along the channel
between the source and drain. Therefore, the device state of “on” or “off” is related to the
relative magnitude of the gate bias voltage (Vg) applied to the FET and Vth. According
to the relative position of the electrode and the semiconductor layer, there are four basic
structures of FET, as shown in Figure 1.

 

Figure 1. Schematic representation of four configurations of FETs. (a) Bottom–gate top contact
(BGTC). (b) Bottom–gate bottom contact (BGBC). (c) Top–gate top contact (TGTC). (d) Top–gate
bottom contact (TGBC).

In these device structures, when a metal and semiconductor are in contact, due to the
difference in work function, free electrons will transfer from the metal to the semiconductor,
or vice versa, forming a space charge region. Then, energy band edges in the semiconductor
are shifted continuously because of an electric field generated by the charge transfer, which
is called metal/semiconductor–contact–induced band bending. When an extra electric field
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is applied to the metal, an electric field is built between the metal and the semiconductor,
and because of insufficient shielding by the charge carriers of low concentration, the electric
field is penetrated into the near surface region of the semiconductor, causing field–effect–
induced band bending [11]. In addition, charge transport within a device is also strongly
influenced when charged molecules are adsorbed on a semiconductor surface. Specifically,
when a molecule approaches the semiconductor surface, the potential energy gradient of
electrons and holes in the near–surface region of the semiconductor is modified by adsorbed
molecules, forming Helmholtz layers on the semiconductor surface and causing conduction
and valence bands to bend. Therefore, due to the band bending effect, the efficiency of
charge transfer from the semiconductor to the adsorbed molecule will be affected [12].

In recent years, in order to expand the application of FETs, researchers have replaced
the traditional insulating layer materials with electrolytes, such as polymers or ionic liquids,
and allowed contact with the gate electrodes to fabricate electrolyte–gated transistors (EGTs).
Considering that electrochemical switching and field–effect modulation in semiconductor
channels may often coexist, we will only discuss electrolyte–gate field–effect transistors
(EGFETs) operating fully in field–effect mode here. Different from traditional FETs, the
channel current of EGFETs is regulated by the gate electrode through the electrolyte solution,
so that EGFETs show higher gate capacitance and lower operation voltage (less than 1V). In
the EGFETs, depending on the position of the gate electrode relative to the semiconductor
channel, there are several common geometric structures, as shown in Figure 2.

 

Figure 2. Schematic representation of three configurations of EGFETs. (a) Top–gate structure. (b) Side–
gate architecture. (c) Extended–gate structure.

In the first structure (Figure 2a), the manually placed probe gate electrode is located
above the semiconductor channel. For example, Horowitz’s group used Au as the gate
electrode and a simple water droplet as an insulating layer for the first time and fabricated
a water–gate organic field–effect transistor (WGOFET) [13]. As water is the natural envi-
ronment for livings, it is extremely suitable for detecting biological molecules. Following
this, Kergoat et al. used WGOFETs for DNA testing. According to the formula calculation,
the Debye length in PBS was 0.76 nm and a significant amount of negative charge of DNA
was located outside of the Debye length, but it could be increased to 206 nm in deionized
water at room temperature, which solved the problem of shielding DNA negative charge
in high ion concentration solutions [14].

Because the position of a manually placed probe is arbitrary in the structure of
WGOFETs, it is not easy to integrate such probe gate electrode structures into microfluidic
channels. Consequently, side–gate architecture (Figure 2b) was proposed, in which the
gate is on the same plane as the semiconductor channel. The main advantages of this
structure were that the gate electrode position was highly controllable, the fabrication of
devices was simplified greatly, and the source, drain, and gate electrodes could be simul-
taneously deposited by using a single pattern process. Kim et al. used liquid coplanar
gate graphene FETs to detect and distinguish single strand (SS) and double strand (DS)
DNA molecules [15].Compared with the traditional bottom–gate graphene field–effect
transistors (GFETs), liquid coplanar–gate graphene FETs showed higher DNA detection
sensitivity [16].
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Considering that most of the research on biosensors is based on “bottom gate” or
“solution gate” and the sensing region is placed on the semiconductor which is sensitive to
factors such as water and oxygen, some researchers proposed the “extended gate” structure
(Figure 2c) so as to protect semiconductors, which separated the sensing area from the tran-
sistor itself. Minamiki et al. achieved the label–free detection of phosphoproteins (α–casein)
using ZnII–DPA functionalized extended–gate electrodes; the detection of phosphoproteins
can be applied in the fields of medicine and bioanalytical chemistry [17]. Zhang also
reported an extended–gate organic FET sensing platform for exploiting the difference in
weak steric interaction between cationic phenylcarbamoylated–CD and essential amino
acids, which can be amplified strongly via organic field–effect transistors (OFETs), and it
exhibited good chiral resolution for six essential amino acids [18]. This study provided a
new direction for the molecular chirality study of natural amino acids.

2.2. Device Functionalization Methods

In addition to the rational design of the structure of devices, adopting suitable device
functionalization methods was also important to achieve high sensitivity and selective
detection of biological target analytes. The functionalization methods can be divided
into two categories: physical functionalization methods and chemical functionalization
methods [19].

2.2.1. Physical Functionalization Methods

The physical functionalization of semiconductors is to connect semiconductors and
biological acceptors (which refers to any chemicals that have a recognition unit or reaction
site with the target analyte) only through simple weak interaction such as van der Waals
force and electrostatics interaction etc., instead of covalent bonds. One strategy is to blend
them directly [20]. As shown in Figure 3a, Sun et al. chose glutaraldehyde (GA) as the
dopant and achieved lower Vth and higher μ when adding 10% GA crosslinker to poly{2,2′–
[(2,5–bis(2–octyldodecyl)–3,6–dioxo–2,3,5,6–tetrahydropyrrolo[3,4–c] pyr–role–1,4–diyl)]
dithiophene–5,5′–diyl–alt–thieno[3,2–b] thiophen–2,5–diyl} (PDBT–Co–TT) solution. The
main reasons for the obvious improvement in device performance were: (i) the gelation
behavior of PDBT–co–TT polymer was effectively suppressed by the GA crosslinker, thus
forming a better charge transport film; (ii) GA cross–linking agent acted as dopant and
its strongly polar–CHO group facilitated the accumulation and transportation of charges,
which contributed to improving the performance [21].

 

Figure 3. Schematic diagram of physical functionalization methods. (a) Flow chart of PDBT–co–
TT/GA blend films. Reproduced with permission from [21]. Copyright 2021, American Chemical
Society. (b) Process of deposition of a functional layer containing carboxyl groups on DDFTTF
semiconductor surface by polymerization of MA monomer. Reproduced with permission from [22].
Copyright 2010, John Wiley and Sons.

Because blending often adversely affects the performance of FETs, researchers have
tried to directly deposit the acceptor on the semiconductor to form a bilayer structure
to physically functionalize the semiconductor, and the most commonly used method is
Plasma Enhanced Chemical Vapor Deposition (PECVD). For example, Bao’s group used this
method to deposit maleic anhydride (MA) monomer in a plasma chamber onto the surface
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of 5,5′ –bis–(7–dodecyl–9H–fluoren–2–yl)–2,2′ –bithiophene (DDFTTF) semiconductor for
DNA detection. MA was polymerized on the surface to form a 5 nm–thick ultrathin film
containing carboxyl groups to allow for the covalent attachment of the peptide nucleic
acid (PNA) strands (Figure 3b) [22,23]. As displayed in Figure 4a, Torsi’s research group
used ethylene and acrylic acid vapor as a precursor and used glow discharge in a plasma
reactor to induce polymerization on the surface of P3HT [24]. Because the formed carboxyl
functional layer was a hydrophilic layer, in order to reduce the possible influence of ions on
the doping of semiconductors in the electrolyte solution, the researchers further modified
the surface with immobilizing phospholipid (PL) molecules, where the deposited PL molec-
ular layers were amphiphilic molecules with a non–polar nature, and the diffusion of ions
through the membrane was minimized, ultimately limiting ion doping and maintaining
good field–effect performance (Figure 4b) [25].

Mulla et al. used the spin–coating method to functionalize the PBTTT surface. A
thin layer of polyacrylic acid (PAA) was spin–coated directly onto the PBTTT surface and
then carboxyl functional group was generated by the UV–assisted cross–linking process to
bind with biotinylated phospholipid (B–PL) containing membranes (Figure 4c) [26]. Sun
et al. developed a novel material, 2,6–bis(4–formylphenyl)–anthracene (BFPA), to modify
the poly{3,6–dithiophen–2–yl–2,5–di(2–octyldodecyl) pyrrolo [3,4–c] pyrrole–1,4–dione–
alt–thienylenevinylene–2,5–yl} (PDVT–8) layer, as shown in Figure 4d, and achieved the
ultrasensitive and reliable detection of AFP biomarkers in human serum with a sensitivity
of up to femtomolar level. In this device, the BFPA layer played the dual roles of protection
and functionalization [27]. In addition, depositing gold nanoparticles (AuNPs) on the
semiconductor surface as a functional layer was also a common method. As an example,
Figure 4e shows the block copolymer (BCP)–templated AuNP techniques used by Bao’s
group, in which hydrogen tetrachloroaurate (HAuCl4) precursor was added to the poly(b4–
vinylpryidine) (PS–b–P4VP) micelles and was then spin–coated on UV ozone–activated
DDFTTF semiconductors; a large area of highly ordered AuNPs were deposited after the
PS–b–P4VP was removed [28]. The AuNPs were subsequently functionalized to provide
modular attachment points for DNA aptamer [29,30].

 

Figure 4. Schematic diagram of physical functionalization methods. (a) Schematic of a functional
layer containing carboxyl groups deposited on the surface of P3HT semiconductor. Reproduced with
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permission from [24]. Copyright 2013, WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Pro-
cedure of the PECVD method to introduce carboxyl functional layer onto the OSC surface and
immobilization of phospholipid (PL) molecule for biological modification. Reproduced with per-
mission from [25]. Copyright 2013, John Wiley and Sons. (c) Schematic diagram of introducing the
carboxyl functional layer onto PBTTT surface, including the spin coating of PAA layer on PBTTT
surface and subsequent UV–assisted cross–linking process. Reproduced with permission from [26].
Copyright 2015, Royal Society of Chemistry (d) Schematic diagram of BFPA layer prepared by spin–
coating method as both protective layer and functional layer. Reproduced with permission from [27].
Copyright 2021, American Chemical Society. (e) Schematic of using deposited gold nanoparticles
(AuNPs) on DDFTTF semiconductor surfaces as functional layers to provide binding sites for DNA
aptamer. Reproduced with permission from [30]. Copyright 2013, American Chemical Society.

2.2.2. Chemical Functionalization Methods

One of the chemical functionalization methods is to introduce functional groups
directly to semiconductors that have outstanding charge transport properties so that bi-
ological receptors can be immobilized onto them. Horowitz’s group synthesized a new
biotinylated polymer semiconductor consisting of biotin groups to detect avidin and strepta-
vidin (Figure 5a) [31]. However, due to the introduction of functional groups, the molecular
packing was changed and weakened π–π interaction among the molecules, which affected
the transport path of charges and led to a sharp deterioration in device performance [32].
There were also some researchers using techniques such as ultraviolet (UV)ozone treatment
and O2 plasma treatment to generate a small number of defects on the semiconductor
surface to serve as binding sites for biological receptors. For example, Zhu’s group used
the method of plasma–assisted–interface–grafting to introduce molecular antennas on the
surface of semiconductors (Figure 5b). Minimized molecular gaps and reduced bound-
ary interactions enhanced the interaction between the semiconductor active layer and
adenosine triphosphate (ATP) in solution, reaching a low detection limit of 0.1 nM [33].

The O2 plasma–generated oxygen–containing groups can be used to covalently tether
the self–assembly membranes (SAMs), which can help to immobilize bio–sensitive probes
in an efficient way [34,35]. As shown in Figure 5c, Lee et al. used O2 plasma to treat
mechanically exfoliated tungsten diselenide (WSe2) flakes and then amino groups were
introduced by using triaminopropyltriethoxysilane (APTES) as a silane coupling agent to
immobilize bioreceptors.Compared with WSe2 without O2 plasma treatment, more surface
defects were generated on the treated surface to serve as an additional binding site to hold
APTES molecules. As a result of the additional binding sites of the biological receptor,
sensitivity was further enhanced [36].

The other method involved using an Au gate as a sensor area, so that the SAMs
layer was formed on the gold surface through the Au–S chemical bond. The bio–sensitive
probes were fixed on the Au gate through the SAM layer for biological testing. Mulla
et al. treated the gate region with 3–mercaptopropionic acid (3–MPA) solution to form
a SAM layer, which realized the sensitive and quantitative detection of neutral enan-
tiomers (Figure 5d) [37]. Biscarini’s research team used cysteine to functionalize the Au
gate and then Cys–protein G was adsorbed through chemical bonding onto the Au sur-
face (Figure 5e). Because G protein could combine with the FC region of the antibody
specifically, the biosensor had a theoretical detection limit as low as 100 fM for anti–drug
antibodies (ADA) detection [38]. Macchia et al. also utilized mixed alkyl mercaptan with
carboxyl groups to link onto a gold surface to form Chem–SAM and then anti–human–
Immunoglobulin–G (anti–IgG) was covalently connected with carboxyl groups to form the
Bio–SAM on the gate at the same time (Figure 5f). In this way, single molecule detection
of IgG was realized with a millimeter–sized transistor. The suggested sensing mechanism
involved a work function change, which was assumed to propagate through the network
of hydrogen bonds in the gating field [39,40].
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Figure 5. Schematic diagram of chemical functionalization methods. (a) The synthesis of a biotiny-
lated polymer semiconductor consisting of carboxyl groups and biotin groups. Reproduced with
permission from [31]. Copyright 2013, The Royal Society of Chemistry. (b) Schematic of the method
of plasma–assisted–interface–grafting to introduce molecular antennas on the surface of semicon-
ductor. Reproduced with permission from [33]. Copyright 2018, The Royal Society of Chemistry.
(c) Schematic diagram of O2 plasma treated WSe2 flakes. Reproduced with permission from [36].
Copyright 2018 American Chemical Society. (d) Schematic representation of the SAMS layer on
the gold surface by Au–S chemical bonds. Reproduced with permission from [37]. Copyright 2015,
Macmillan Publishers Limited. (e) Schematic of the thiol groups of cysteine combined with Au gate
to bind with Cys–protein G for detecting the FC fragment of ADA. Reproduced with permission
from [38]. Copyright 2021, The Royal Society of Chemistry. (f) Schematic diagram of the device
structure using both Chem–SAM and Bio–SAM to modify the gate (left). Schematic of hydrogen bond
network originated from Chem–SAM (right). Reproduced with permission from [40]. Copyright
2020, American Chemical Society.

In the case of functional steps and sensing detection, the long–term stability and high
reproducibility of devices are very important for obtaining accurate and reliable detection
results. For example, when FET sensors are immersed in a physiological environment, the
surface of the silica insulation layer may be hydrolyzed by cationic electrolytes and thus
destroyed, further reducing the reproducibility of the sensor response. Therefore, surface
passivation is very important to achieve high stability and reproducibility in detecting
target molecules [41,42].
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The interfaces of OFETs, including OSC/electrode interface, OSC/insulation interface
and OSC/air interface, largely determine the performance of devices. Due to defects such
as traps and grain boundaries at these interfaces, charge would be trapped, which affects
the charge transport, inevitably leading to deviation from the desired behavior of devices.
In addition, the loose arrangement of organic molecules also makes it easier for water and
oxygen in the air to be absorbed at the OSC/air interface. Charge injection and transfer will
also be affected by these active impurities adsorbed at the interface, thus affecting the final
performance of the devices [43]. In view of these interface problems, different solutions
have been explored to improve device performance. For example, the formation of an
organic monolayer on the surface of silicon–based sensors through a Si–C bond to achieve
surface passivation and chemical functionalization has been discussed in a recent review by
Justin Gooding [44]. Li et al. prepared high–stability devices through interface engineering
and strain balance strategy [45]. Osaka et al. developed a simple surface coating technique
and successfully achieved the long–term stability of FET biosensors in water environments
by coating reduced GO to the surface of a silicon dioxide insulation layer, which effectively
prevented cations in the electrolyte from invading the gate insulator of FETs [46].

In addition, another aspect is seldom accounted for by researchers working on FET
sensing: the sensing surface will have a point of zero charge (PZC), where no excess
charge is present at the electrode surface. A recent work by Darwish [47] has perfectly
demonstrated that the kinetics of surface reactions depend on the surface PZC, and the
adsorption and recognition of molecules on the surface can be controlled by applying
potential, which will have a significant impact on the design and operation of the FET
sensing interface. Furthermore, this may become a new issue for researchers to consider
when functionalizing FET sensors in the future.

2.3. Semiconductor Materials forActive Layers
2.3.1. Two–Dimensional Materials (2D)

Since graphene was first introduced in 2004 [48], researchers have developed a wide
variety of 2D materials. The thickness of 2D semiconductor materials is usually less than
5 nm and the carrier flow on the surface of the material is limited; this is conducive to
achieving efficient signal acquisition and conversion because the 2D materials are directly
exposed to the external environment. Because of these advantages, 2D materials have
flourished in the field of FETs. Additionally, the large surface–volume ratio of the materials
provides abundant modification sites for specific receptors, which is very important for
FET–based biosensors [49].

• Two–dimensional layered materials;

Biosensors based on GFET have attracted much attention due to their high electron
mobility, π–π stacking interactions with biomolecules and good stability. For example,
Gao et al. fixed a DNA probe on the surface of the non–functionalized graphene only by
using π–π interactions to achieve rapid and label–free miRNA detection within 20 min
with detection limits of as low as 10 fM (Figure 6a) [50]. In order to enhance the interaction
between graphene and biomolecules, some researchers have used 1–Pyrenebutanoic acid
succinimidyl ester (PBASE) as a linker to treat graphene surface (Figure 6b) [51]. The
pyrene group on one side of PBASE was bound to graphene through π–π interaction and
the succinimide group on the other side was covalently bound to the DNA molecule. The
edges and defect sites of graphene have high activity and the surface of oxidized graphene
contains a large number of active epoxy groups and carboxyl groups [52], both can be used
for functionalization. Therefore, Roberts et al. used 1–Ethyl–3–(3–dimethylaminopropyl)
carbodiimide/N–hydroxysuccinimidesulfonate sodium salt (EDC/NHS) solution to func-
tionalize graphene with carboxyl groups and monitored the resistance changes caused by
antigen–antibody interaction in real time for the detection of Japanese encephalitis virus
and avian influenza disease [53].

However, the lack of band gap in graphene results in a high leakage current of GFET
biosensors, which reduces the sensors’ dynamic range. The transition metal dichalcogenide
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(TMD) material with X–M–X structure is composed of two atomic layers (X) and a transition
metal layer (M) in between the two atomic layers (X) [54,55]. TMDs such as molybdenum
disulfide (MoS2) and WSe2 exhibit a moderate band gap, which significantly reduces the
leakage current in the FETs and improves detection sensitivity. Park et al. fabricated
MoS2 FET biosensors and made rigorous theoretical simulations, and the detection limit
of prostate specific antigen (PSA) was as low as 100 fg mL−1 with standard errors below
9% [56]. WSe2 FET biosensors were expected to show a good detection ability due to their
high carrier mobility because high carrier mobility would affect several other performance
indicators, such as current density and switching delay, in turn [57]. Hossain et al. devel-
oped a highly sensitive WSe2 FET biosensor for PSA detection with a very low detection
limit of 10 fg ml−1 [58]. Due to the absorption of H2O and CO, the stability and detection
capability of the original device would decrease and would probably lead to wrong signals.
Zhang et al. used DNA tetrahedra and biotin–streptavidin (B–SA) to functionalize an MoS2
FETs device, which provided a more stable anchoring system for antibody–antigen (Ab–Ag)
binding, so it had an ultra–high sensitivity for PSA with a detection limit of 1 fg mL−1

(Figure 6c) [59].

• Two–dimensional organic materials

Two–dimensional organic materials such as 2D covalent organic framework (2D COFs)
and metal organic frameworks (MOF) have the advantages of periodic planar network
topology, good stability, good biocompatibility, ease of functionalization and they bear
abundant modification sites, which enable them to anchor a large number of specific
receptors favorable to be used in biosensors [60–64]. For instance, Wang et al. prepared Ni
–Metal–Organic Framework (MOF)–based FETs using in situ grown Ni3(HITP)2 membrane
as a channel material (Figure 6d). Tightly stacked MOF films with controllable thickness
were prepared by adjusting the reaction time. Due to the tightly stacked sheet structure
and bare surface, the material was conducive to carrier transmission and post modification.
Following this, Ni–MOF was developed as a liquid–gated device with bipolar performance
and excellent response to gluconic acid in the range of 10−6 to 10−3 g mL−1, validating the
potential of MOF–based FETs as biosensors [65].

 

Figure 6. Representative FETs based on 2D materials. (a) Schematic of miRNA detection by GFET
biosensors. Reproduced with permission from [50]. Copyright 2020, American Chemical Society.
(b) Schematic of functionalization of PBASE as a linker on graphene surface. Reproduced with permis-
sion from [51]. Copyright 2020 Elsevier B.V. (c) Schematic of MoS2 FET with DNA functionalization.
Reproduced with permission from [59]. Copyright 2021, Elsevier B.V. (d) Schematic of Ni–MOF–FET
as biosensors for gluconic acid detection. Reproduced with permission from [65]. Copyright 2019,
American Chemical Society.
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2.3.2. Polymer and Small Organic Molecule Materials

In comparison with inorganic semiconductor materials, organic semiconductor (OSC)
materials have the following three advantages: (1) desired properties and functions can be
obtained by simple chemical modification; (2) OSCs can be dissolved in common solvents to
prepare devices by solution process methods such as spin coating and drop casting instead
of the traditional vacuum deposition method, and it greatly simplifies the process of device
preparation and decreases the cost; (3) there are many kinds of OSCs with good flexibility
for integrating circuits and flexible displays. According to the molecular weight of the OSC
materials, they can be divided into small molecule materials and polymer materials. The
chemical structures of some typical OSC materials are shown in Figure 7.

 

Figure 7. Chemical structures of organic small molecule semiconductors (a) and organic polymer
semiconductors (b,c).

Typical small molecule materials include pentacene, α–sexithiophene (α6T), 2,7–
dialkyl[1]benzothieno[3,2–b][1] benzothiophene (CnBTBT), dinaphtho [2,3–b:20,30–f]thieno
[3,2–b]thiophene (DNTT), and so on. For example, Song et al. prepared an extended
gate OFET with pentacene as a semiconductor layer for the detection of glial fibrinous
acidic protein [66]. Li et al. synthesized naphthodithieno [3, 2–b] –thiophene derivatives
NDTT–8 and NDTT–10. They showed excellent water stability compared to pentacene and
poly{3,6–dithiophen–2–yl–2,5–di(2–decyltetradecyl)–pyrrolo[3,4–c] pyr–role–1,4–dione–alt–
thienylenevinylene–2,5–yl} (PDVT–10) polymers. After 90 days in water, the μ of the carrier
remained above 50% (Figure 8a) [67]. However, because the performance of most small
molecule OFETs degraded rapidly once they were exposed to moisture, they were not
suitable for the detection of biomolecules in liquid environments [68]. In order to further
improve the stability of devices, polymer semiconductor materials were applied. Typical
polymer materials include poly[2,5–(2–octyldodecyl)–3,6–diketopyrrolopyrrole–alt–5,5–
(2,5–di(thien–2–yl)thieno[3,2–b]thiophene)](DPP–DTT), poly(3–hexylthiophene) (P3HT),
poly[2,5–bis(3–tetradecylthiophen–2–yl)thieno[3,2–b]thiophene](PBTTT), poly[[1,2,3,6,7,8–
hexahydro–2,7–bis(2–octyldodecyl)–1,3,6,8–dioxobenzo[lmn][3,8]phenanthroline–4,9–diyl]
[2,2′–bithiophene]–5,5′–diyl] [P(NDI2OD–T2)], diketopyrrolopyrrole–based π–conjugatedc-
opolymer (PDPP5T) and so on. As shown in Figure 8b, Leong’s group fabricated high–
performance WGOFETs using PQD–HD–4T–DD polymer and the average μ was 9.76×10−3

cm2 V−1 s−1, Ion/Ioff was 4.41×104 [69]. Doumbia et al. synthesized two D–A polymers,
(poly[2,5–(2–Octyldodecyl)–3, 6–Diketopyrrolopyrrole–alt–5,5–(2,5–di(thien–2–yl) thieno)
[3,2–b] thiophene)] (PDPPDTT) and indacenodithiophene–co–benzothiadiazole (PIDTBT)
for WGOFETs. The Ion/Ioff were 3 × 103 (PDPPDTT) and 2 × 104 (PIDTBT), respectively.
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The μ of PDPPDTT was 0.18 cm2 V−1 s−1 and PIDTBT was 0.16 cm2 V−1 s−1 (Figure 8c) [70].
Sun et al. synthesized π–conjugated polymer material PDBT–co–TT for WGOFETs with
an average mobility of 0.22 cm2 V−1 s−1 and a switching ratio of 5.13 × 103 (Figure 8d),
which exceeded most of those reported WGOFETs to date [71]. Compared to P–type poly-
mers, N–type polymers were affected heavily by air/water and had low performance,
so they were not widely used in biosensors. Caironi et al. presented the first example
of an N–type electrolyte–gated organic transistor based on an inkjet printing polymer,
p(NDI–C4–TEGMe–T2) (Figure 8e).The device showed excellent working stability of more
than 18 h and a switching ratio of more than 104 [72]. In terms of the material, they should
have a suitable energy level and a good match with the work function of the source and
drain to facilitate the effective injection and output of charge carriers, resulting in different
detection performance (Table 1).

Figure 8. Performance of semiconductors used in FET Biosensors. (a) Stability testof NDTT–8 and
NDTT–10 in water environment. Reproduced with permission from [67]. Copyright 2019, The Royal
Society of Chemistry. (b) Characteristic I–V curves of PQD–HD–4T–DD polymer in water environ-
ments. Reproduced with permission from [69]. Copyright 2020, The Royal Society of Chemistry.
(c) Representation of characteristic curves of PDPPDTT and PIDTBT transistors. Reproduced with
permission from [70]. Copyright 2021, Wiley–VCH GmbH. (d) Saturation mobility and on/off ratio of
PDBT–co–TT polymer transistors. Reproduced with permission from [71]. Copyright 2020, Elsevier
B.V. I. (e) Characteristic I–V curves of N–type polymers, p(NDI–C4–TEGMe–T2). Reproduced with
permission from [72]. Copyright 2022, Wiley–VCH GmbH.
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3. Application

3.1. Immunoassay Based on Single Biosensor

At present, serology and viral nucleic acid testing are two main diagnostic methods
for COVID–19 [73–75], but they cannot meet the requirements of diagnostic accuracy and
detection speed at the same time. It is becoming more and more important to develop
biosensing devices with high sensitivity, fast detection speed and less volume, which is
where researchers have concentrated a lot of effort.

Seo et al. reported on a FET biosensor for detecting SARS–CoV–2 virus in clinical
samples, in which the SARS–CoV–2 spike antibody was coupled with a graphene sheet
and used as sensing area (Figure 9a). It was able to detect SARS–CoV–2 spike protein
in the clinical transport medium of 100 fg/mL [76]. Wei’s group also developed a GFET
biosensor modified with spike S1 protein (Figure 9b). Through the specific binding of
SARS–CoV–2 antibody and S1, the conductance in graphene channels changed, and the
ultra–low detection limit of SARS–CoV–2 antibody reached 2.6 aM [1]. The research group
also tried to use DNA probes as recognition elements; however, conventional flexible
SS DNA probes would aggregate and entangle at the sensing interface of conductive
channels, leading to the inactivation of SS DNA probes, thus researchers used GFET and
Y–shaped DNA dual probes (Y–dual probes) to detect SARS–CoV–2 nucleic acid. Due to the
synergistic effect of probe sites targeting the ORF1ab and N gene regions, the biosensor had
a high recognition rate for SARS–CoV–2 nucleic acid and reached a detection limit of three
copies in 100 μL solution [77]. At present, most research on biological target analytes is
focused on proteins including antigens, enzymes, etc., which are generally detected directly
without an amplification process, leading to less accuracy than polymerase chain reaction
(PCR). As shown in Figure 9c, Wei et al. demonstrated a multi–antibody FET sensor and
successfully detected SARS–CoV–2 in artificial saliva with a detection limit of 3.5 × 10−17

g/mL and a detection limit of 0.173copies μL−1 in nasopharyngeal swabs [78]. In Figure 9d,
Gao et al. fabricated biosensors using a van der Waals heterostructure of graphene and
graphene oxide (GO) [79]. Compared with the GFET biosensor, the sensitivity for SARS–
CoV–2 protein detection of the biosensors with GO/Gr heterostructure was increased
threefold. This was mainly due to the fact that GO formed a uniform protective layer,
which could prevent external ions from directly contacting the surface of graphene. At the
same time, due to the formation of heterojunctions, the efficiency of electron exchange was
improved through interface coupling and the charge mobility of the device was further
improved. The advantage of 2D–layered materials is that they can be further integrated
with other materials to form a special heterojunction at the atomic scale, which opens up
new opportunities for constructing new biosensor components.

 

Figure 9. COVID–19 detection based on different FET biosensors. (a) Schematic of the SARS–CoV–2
spike antibody coupled to graphene sheet for detecting SARS–CoV–2 virus. Reproduced with permission
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from [76]. Copyright 2020, American Chemical Society. (b) Schematic of a GFET biosensor modi-
fied with spike S1 protein for detecting SARS–CoV–2 spike antibody. Reproduced with permission
from [1]. Copyright 2021, American Chemical Society. (c) Schematic of the multi–antibodies FET sen-
sors for detecting SARS–CoV–2. Reproduced with permission from [78]. Copyright 2021, American
Chemical Society. (d) Schematic of GO/Gr heterostructure biosensors for SARS–CoV–2 detection.
Reproduced with permission from [79]. Copyright 2021, Elsevier B.V.

3.2. Integrated into Array for Multiplexing

The variability of devices due to uneven features during the process of material
synthesis and device fabrication techniques is a critical concern in detecting single analytes,
which may lead to certain errors. Li et al. constructed 120 silicon nanowires (SiNW)
channels as the sensing area for sensitive detection of PIK3CA E542K ctDNA in parallel and
the prepared SiNW FET sensors had good specificity and repeatability with an ultra–low
detection limit of 10 aM [80]. The composition of real clinical samples is very complex
and detecting a single analyte is far from meeting the need for early diagnosis of specific
diseases. Therefore, the development of an efficient approach to simultaneously detect
multiple markers and realize high–throughput screening is extremely necessary. With
the rapid development of device miniaturization and integration, FET sensor arrays with
multi–channel sensing units can be constructed to detect a variety of biomarkers so as to
improve detection sensitivity and accuracy and to promote clinical application. As shown
in Figure 10a, Yang et al. fabricated a FET biosensor composed of four sensing windows
based on MoS2 nanosheets, in which each module can be used to detect a single biomarker
without interfering with the other. At the same time, each sensing window contained
multiple parallel sensing units so as to achieve multi–channel detection. Bladder cancer
biomarkers, nuclear matrix protein 22 (NMP22) and cytokeratin 8 (CK8), were detected
simultaneously with detection limits of 0.027 and 0.019 aM, respectively, suggesting that
properly designed multi–channel sensor arrays can be routinely used for detection with
high sensitivity and accuracy [81]. Sun et al. integrated the prepared DMP [5]–COOH
molecules as signal amplifiers with OFET devices and the sensing array was divided into
different detection areas, which realized synchronous and immediate detection of three
tumor markers with ultra–high sensitivity at aM level (Figure 10b) [82].Furthermore, as
shown in Figure 10c, a graphene–based sensor array platform that consisted of more than
200 (16 × 16) integrated sensing units was constructed by Xue et al. The sensor chip
was designed as three separate regions to enable the detection of potassium, sodium and
calcium ions in complex solutions, such as artificial urine and artificial eccrine perspiration.
The way to functionalize the graphene surface was by depositing three different ion–
selective membranes (ISMs) using a 3D printing machine. Then, they further utilized the
stochastic Forest algorithm model to demonstrate ion type classification, concentration
prediction and disease diagnosis, thereby enhancing the reliability of the data. This also
demonstrated the importance and effectiveness of combining experimental testing with
machine model learning [83].In addition, the FET sensors could also be used in biomimetic
human sensory systems. Kwon et al. reported on an artificial multiplex super bioelectronic
nose (MSB–nose) using highly homogeneous graphene micropatterns (GMs) with two
different human olfactory receptors attached to GMs as bio–probes [84]. It mimicked the
human olfactory sensory system and had high performance in odor discrimination from
mixtures. In addition, Ahn et al. developed GFET–based dual biological electronic tongues
(DBTs) for the simultaneous detection of umami and sweet tastes, thus opening up new
ways of mimicking human complex biomimetic systems and demonstrating the great
potential of FET–based biosensors [85].
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Figure 10. Integration of FET biosensors into array for multiplexing. (a) Schematic of FET sensor
arrays based on MoS2 nanosheets for simultaneous detection of multiple bladder cancer biomarkers.
Reproduced with permission from [81]. Copyright 2020, Science China Press and Springer–Verlag
GmbH Germany, part of Springer Nature.(b) Simultaneous determination of three biomarkers using
a FET sensor array. Reproduced with permission from [82]. Copyright 2022, American Chemical
Society. (c) Diagram of 16 × 16 sensor unit (left). Color map of Dirac points for three kinds of
ion–sensing unit (right). Reproduced with permission from [83]. Copyright 2022, the author(s).

3.3. Integrated with Microfluidicsfor LAB–on–CHIP

Lab-on-chip (LOC) is a kind of device that integrates laboratory functions on a chip
whose size is from a square millimeter to a few square centimeters. LOC has facilitated the
development of handheld, miniaturized medical diagnostic test platforms. Integrating FET
biosensors with microfluidic devices is an attractive direction in LOC [86].

Dai et al. realized the simultaneous detection of penicillin G and urea by designing
urease–encoded and penicillinase–encoded polyethylene glycol hydrogels. The hydrogels
were used as the biometric identification module to directly contact the graphene channel,
in which they can be freely assembled and disassembled, which made the programmable
sensing function of FET sensor chip systems possible [87]. Kim et al. combined the
antibiotics conjugated graphene micropattern FET (ABX–GMFETs) with a microfluidic
chip to detect dual bacterial Gram–positive bacteria (GPB) and Gram–negative bacteria
(GNB) [88]. As shown in Figure 11a, Zhou et al. prepared an extended–gate FET biosensor
chip modified with a supported lipid bilayer (SLB) and angiotensin–converting enzyme
II (ACE2) receptor, where SARS–CoV–2 binding with ACE2 receptors infected host cells
and SLB was used to provide the cell–simulated environment. The aim was to study
the interaction between SARS–CoV–2 and cell membrane so as to facilitate the screening
of effective anti–coronavirus drugs. The detection results showed that the presence of
two different drugs had an effect on the interaction between coronavirus and the ACE2
receptor, with weak inhibition by hexapeptide and strong inhibition by HD5 peptide. The
integrated system could translate the interaction between biological target analytes and
receptors into real–time charge signal, so as to realize effective screening of therapeutic
drugs [89]. Hajian et al. prepared CRISPR–Chip by modifying graphene surface with
CRISPR–Cas9 complex. The chip could conveniently, rapidly, and selectively detect target
sequences of CRISPR–Cas9′s gene and had the potential to extend the boundaries of digital
genomics [90].
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Figure 11. Schematic of integrated FET biosensors with microfluidic for lab–on–chip. (a) Schematic
of biosensor chip modified by SLB (top) and the inhibitory response of two different drugs to the
interaction between coronavirus and ACE2 receptor (bottom). Reproduced with permission from [89].
Copyright 2022, American Chemical Society. (b) Schematic of a lab–on–chip multi–gates organic
transistor based on 3Dprinting and modified multi–gates in the red dotted box. Reproduced with
permission from [91]. Copyright 2020, American Chemical Society.

In addition to the rapid detection of biomolecules, LOC can take advantage of a
smaller sample volume and can conduct several sample tests simultaneously to assess
the occurrence of non–specific interactions and minimize the chance of false positives. As
shown in Figure 11b, Parkula et al. integrated multi–gates EGOFETs and a single reservoir
microfluidic system in a 3D–printed sample box and detected binding events occurring
at the gate–electrolyte interface in a 6.5 μL microfluidic channel with pM accuracy. To
be specific, the proinflammatory cytokine tumor alpha (TNFα) samples were detected by
three gates simultaneously, and the fourth electrode was used as a reference electrode to
assess whether the detection response had to be attributed to the sensing event itself, which
reduced the influence of non–specific adsorption [91]. It was a major step forward in the
robustness and cost–effectiveness of detection, as it was able to increase the statistics of
biomarker detection in the smallest sample volume and meet the trend of personalized
medicine, which are guaranteed in biosensor applications at point of care (PoC).

3.4. Integrated with other Sensors for Multifunctional Applications

The integration of different sensors on the same chip allows multiple functions to be
performed in a small volume. High integration means more functionalities in a smaller
size with a lighter weight, which can meet the requirements of the next generation smart
system. As shown in Figure 12a, Yoo et al. reported a flexible biochip within which a MoS2
FET biosensor, readout circuit, and light–emitting diode (LED) were integrated. When
1 μg·mL−1 PSA was fixed on the MoS2 surface, the corresponding off current increased and
the output voltage amplified, which led to the lighting up of the LED indicator. Following
this, when 100 pg·mL−1 PSA was bound to the immobilized antibody, the off current
decreased, the output voltage dropped to 1.87 V, and the LED turned off, realizing the
real–time and POC diagnosis of prostate cancer markers [92]. Stretchable and bendable
devices integrated with multifunctional biosensors or devices implanted in the human
body are able to sense physiological signals and environmental conditions in real time
without affecting normal body movement. Guo et al. demonstrated a multifunctional smart
contact lens sensor system based on ultrathin MoS2 transistors including a photodetector
to receive optical information, a glucose sensor to directly monitor glucose levels in tears,
and a temperature sensor to diagnose underlying corneal diseases (Figure 12b) [93].
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Figure 12. Schematic of multifunctional sensing systems. (a) The devices with system–level inte-
gration of flexible MoS2 FET biosensors, read–out circuits and LEDs. Photograph of an epidermal
skin–type MoS2 biosensor system (left). Optical images of the LED indicator biochip for PSA detec-
tion (right). Reproduced with permission from [92]. Copyright 2017, Tsinghua University Press and
Springer–Verlag Berlin Heidelberg. (b) Optical image of the serpentine mesh sensor system, including
a photodetector, a temperature sensor and a glucose sensor, and schematic illustration of the different
layers of smart contact lens structure attached to an eyeball. Reproduced with permission from [93].
Copyright 2021, Elsevier Inc.

4. Summary and Prospect

FET biosensors have made exciting progress in terms of device structure, material syn-
thesis, device manufacturing, microfluidic industry–compatible technologies and multifunc-
tional integrated applications. FET devices can detect a large variety of biomolecules/entities,
from proteins to viruses, to bacteria, and cells in the body even at very low concentrations,
thus opening up possible applications for almost any pathology and showing fresh vitality
in wearable electronic devices and other fields [94,95].

Despite the fact that FET–based biosensors have the advantages of high sensitivity and
fast detection speed, there are some aspects that still need to be improved and developed
in the FET–based biosensors system. (1) Biomolecular immobilization technology: On the
one hand, suitable methods to achieve stable and reliable immobilization of biomolecules
on the sensor surface are still in high demand. On the other hand, methods to improve the
density, the uniformity and orderly arrangement of the immobilized biomolecules on the
sensing surface need to be developed to improve the sensing performance. (2) Selectivity
and sensitivity: In addition to the target biomolecules, some non–target analytes also
could be attached to the biosensor interface and will generate interference signals to the
biosensors. Therefore, it is essential to develop methods to prevent the attachment of
non–specific adsorbates, such as passivation of the excess functional groups by proper
reagents. Designing masks and optimizing channel size can also play a role in improving
sensitivity. (3) Reusability: Currently, most sensors are single use only, but the preparation
of biosensors with a regenerative ability has a wider prospect in real–time applications. For
example, Zhao et al. used Nafion solution to prepare a reproducible FET biosensor and
realized the reusability of a single device [96]. (4) Microfluidic techniques for POC diagnosis
have been shown to be effective in reducing sample size, testing cost, and time. Current
leakage and power consumption problems must be considered in preparing microarrays,
and integrating FET biosensors with microfluidic devices requires proper design of the FET
structures, such as selecting dielectric layers with high k values to detect analytesat a low
operating voltage(<1 V), etc. (5) Existing FET biosensors are mainly focused on in vitro
detection of biological species, whereas bioelectronic devices are developing towards
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implantable, wearable and non–invasive measurement. Therefore, it is imperative to
develop excellent biocompatible and flexible FET biosensors.

In addition, the transformation of this emerging technology from the laboratory to
commercial production still requires the joint efforts of researchers and industrial circles.
Developing and constructing FET biosensors of a small size, with low cost and commercial
availability still presents great challenges, including: (1) Cost factor: researchers need to
consider inexpensive methods and materials for mass production of standardized sensors.
(2) Poor reliability: in addition to the cost factor, poor reliability is also a factor that cannot
be ignored. In the process of commercialization, the inevitable quality problems in the large–
scale manufacturing of devices must be taken into account. (3) Real–time communication
capability: realizing real–time and remote data collection and processing for each individual
through the Internet and to realize health monitoring and environmental testing, the
balance of sensor performance and other parameters must be taken into account [97,98].
Furthermore, FET–based biosensors serve as an outstanding tool to bridge the worlds of
electronics and biology, and further development of new sensing applications remains to
be explored.
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Abstract: With its fatal effects, cancer is still one of the most important diseases of today’s world.
The underlying fact behind this scenario is most probably due to its late diagnosis. That is why
the necessity for the detection of different cancer types is obvious. Cancer studies including cancer
diagnosis and therapy have been one of the most laborious tasks. Since its early detection significantly
affects the following therapy steps, cancer diagnosis is very important. Despite researchers’ best
efforts, the accurate and rapid diagnosis of cancer is still challenging and difficult to investigate. It is
known that electrochemical techniques have been successfully adapted into the cancer diagnosis field.
Electrochemical sensor platforms that are brought together with the excellent selectivity of biosensing
elements, such as nucleic acids, aptamers or antibodies, have put forth very successful outputs.
One of the remarkable achievements of these biomolecule-attached sensors is their lack of need
for additional labeling steps, which bring extra burdens such as interference effects or demanding
modification protocols. In this review, we aim to outline label-free cancer diagnosis platforms that use
electrochemical methods to acquire signals. The classification of the sensing platforms is generally
presented according to their recognition element, and the most recent achievements by using these
attractive sensing substrates are described in detail. In addition, the current challenges are discussed.

Keywords: label-free electrochemical detection; electrochemical sensor; cancer diagnosis

1. Introduction

Cancer, which causes premature death in almost all countries of the world, maintains
its position at first place even if it is sometimes replaced by cardiac disease. In particular,
due to demographic effects and the trends of these effects in cancer incidence in different
locations, it is expected that instances of cancer will approximately double in the next
50 years globally. However, cancer does not affect the population of all countries at the same
rate, and it is predicted that there will be a higher increase in countries that can be classified
as low–middle income [1,2]. The Global Cancer Statistics 2020 report shows that the most
common cancer in men is prostate cancer, followed by lung cancer, colorectal cancer and
liver cancer, whereas breast cancer and cervical cancer are the most commonly diagnosed
cancers in women. In addition, according to the same report, what is striking is that
an estimated 19.3 million new cancer cases were detected worldwide and approximately
10.0 million deaths were calculated due to cancer only in 2020 [3].

Regardless of the type, the diagnosis and treatment of cancer at an early stage is
very important to reduce both cancer incidence and mortality rates. As the traditional
cancer detection method, enzyme-linked immunosorbent assay (ELISA), which detects
cancer-specific protein biomarkers and is called the gold standard, is widely known [4].
Also, genomic- and proteomic-based molecular methods such as polymerase chain reaction
(PCR), immunohistochemistry (IHC) and radioimmunoassay (RIA) are used for cancer
diagnosis [5]. In addition, various clinical tools such as magnetic resonance imaging (MRI),
positron emission tomography (PET), endoscopy, sonography, X-ray, computed tomog-
raphy (CT) and biopsy are extensively utilized [5–7]. However, although the mentioned
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methods and technologies are efficient, most of them are expensive, time-consuming, inva-
sive and limited to the laboratories of some hospitals. Especially with imaging methods,
detecting cancer tumors below the millimeter size may be inconclusive. Similarly, invasive
methods such as biopsy have the same problems and difficulties in diagnosing early-stage
cancer tumors [6].

Early-stage cancer diagnosis increases the survival rate of the patient [8]. In addition,
early diagnosis offers several advantages that lead to more appropriate treatment for the
patient and even reduce the severity of the cancer [9]. One of the biggest problems limiting
early diagnosis in cancer detection is the nonappearance of obvious symptoms in the early
stages of cancer; the other is not detecting sufficiently sensitive biomarkers [10]. From an
economic point of view, it is known that the costs used for cancer treatment are increasing
rapidly, and this cost is expected to increase up to USD 246 billion by 2030. Therefore,
detecting cancer at an early stage can reduce the potential economic burden for the patient
and society [11]. There is a crucial need to develop low-cost, sensitive, non-invasive
(bio)sensors for early-stage cancer diagnosis. In general, biological biomarkers show the
genetic characteristics of cancer cells and diagnosis/monitoring of cancer with a biomarker-
based biosensor is seen as one of the most promising approaches [12]. These biomarkers
can be deoxyribonucleic acid (DNA), ribonucleic acid (RNA), hormones, protein, enzymes
and specific cells that can be found in human bodily fluids such as urine, serum, plasma
and blood [13,14]. For this aim, electrochemical sensors have been widely used in the
field of cancer diagnosis. There are valuable studies in the literature that include various
approaches to detect different cancer types such as breast cancer [15], ovarian cancer [16],
prostate cancer [17], pancreatic cancer [18] and lung cancer [19]. Electrochemical sensors
are prominent tools because they are sensitive, selective, fast, cost-effective, instrumentable
and can be performed as on-site analysis [20,21]. Different electrochemical sensing methods
such as potentiometric, amperometric, conductometric, impedimetric and voltammetric
are used to convert the obtained signal into useful analytical data. Detection methods
in biosensors can be grouped as labeled or unlabeled depending on the use of labels as
electroactive molecules or nanomaterials. However, labeled systems are complex and
expensive as they require an extra labeling process. Conversely, label-free biosensors have
shorter analysis time and simplicity and they offer good advantages [22–24].

In this review, current label-free cancer diagnosis platforms in the literature, including
the last three years, in which the electrochemical method is used as a signal converter, are
detailed. Biorecognition elements and mechanisms used in biosensor design for cancer
diagnosis are emphasized. In addition, the immobilization method and immobilization
matrices, which are important parameters for the activity and stability of a biorecognition
element, are also the subject of this study. Finally, current challenges and future perspectives
are discussed.

2. Electrochemical Techniques as a Sensing Mechanism

Electroanalytical studies are included as a sub-discipline of analytical chemistry, which
includes charge transfers in addition to oxidation–reduction reactions [25]. Biorecognition
elements, which are one of the parameters that make up the biosensor, are important com-
ponents for the analyte to be detected. This component needs to be used with a converter so
that a meaningful signal can be generated according to the analyte concentration [26]. In an
electrochemical transducer system, detectable signals such as current, potential, impedance
and conductivity are obtained as a result of the interaction of samples with a bioreceptor. In
connection with these signals, electrochemical biosensors are included in various classifica-
tions such as amperometric, potentiometric, impedimetric and conductometric. In addition,
voltammetric techniques are important and sensitive techniques to help analyte determi-
nation [27,28]. Electrochemical detection systems, which provide analytical advantages
such as low cost, simple design and portable features, are platforms that can make sensitive
and selective detections even in body fluids with complex matrices such as serum [29,30].
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Therefore, these detection systems have attracted great attention in biosensor technology
owing to their unique properties.

Voltammetric techniques have been commonly utilized. For example, differential
pulse voltammetry (DPV), where a pulse is applied to the electrode and provides current
measurement. Before the pulse is applied and at the end of each pulse, the current is
measured and the difference between the currents is calculated. This procedure effectively
reduces the background current due to linear increase, thus resulting in a faradaic current
with no capacitive current. The biggest advantage of DPV is a low capacitive current, which
leads to high sensitivity. Small steps in DPV also lead to narrower voltammetric peaks, and
therefore, DPV is often used to distinguish analytes with similar oxidation potentials. Thus,
this technique is preferred in electrochemical cancer biosensors as it exhibits very sensitive
properties against the reduction and oxidation of bio-electrochemical species [31,32]. Cyclic
voltammetry (CV) is one of the most common methods to obtain information about redox
potentials and to investigate the mechanisms and kinetic parameters involved in the
reactions of electroactive analytes. In this method, the current between the working and
counter electrodes is monitored, but changes in the potential of the working electrode
due to the reference electrode are also controlled [33]. In the electrochemical impedance
spectroscopy (EIS) technique, the impedance change in both faradaic and non-faradaic
modes is measured. As an example, in the measurement system in the faradaic mode, the
change in the electron transfer rate caused by the aptamer–analyte interaction is examined.
In measurement systems taken in non-faradaic mode, the surface capacitance change due
to the aptamer–analyte connection is detected [34]. In the amperometric technique, the
working electrode is kept at a constant potential that is sufficient to reduce or oxidize the
analyte of interest and the resulting current is monitored over time. Potential selection is
critical as only one potential is applied in this technique. Due to the monitoring of current
over time at a constant potential, all dynamic changes in the current can be observed [31].
On the other hand, in a potentiometric system based on potential measurements, the
principle of changing the potential with the concentration of the analyte is used in the
measuring system with the help of a reference electrode with a fixed electrode potential.
Besides cancer diagnosis, electrochemical techniques are also highly preferred in routine
laboratory analysis and clinical and environmental monitoring analysis [35].

When electrochemical techniques are compared with each other, it is observed that
each of them can have limitations in different aspects. For example, the sensitivity of the
potentiometric method depending on the environment and temperature is an important
limitation. For the limitations of other methods, it can be said that redox elements are
needed in the amperometric technique, whereas EIS is sensitive to the environment and
requires theoretical stimulation for data analysis [36]. Voltammetric techniques show high
selectivity and sensitivity due to the voltammetric peak potential applied to the analyte.
However, one of the major problems encountered with these techniques is obtaining over-
lapping voltammetric responses due to very similar oxidation peak potentials. Various
recently developed materials and protocols are used to overcome this problem [37]. Be-
sides this, choosing an appropriate sensing technique for analyte detection can minimize
the limitations. Additionally, parameters such as pretreatments applied to the working
electrode and the biofunctionality of the electrodes can have a great impact on the precise
and effective determination [34].

The electrochemical transformations occurring at the interface of the label-free sens-
ing platform are determined by the affinity between the analyte and the biorecognition
elements, regardless of the use of labels [29]. Thanks to the detectable signals obtained by
electrochemistry, these techniques are widely preferred not only for cancer detection and
follow-up but also for the accurate and sensitive detection of analytes in areas such as the
detection of different diseases and environmental and food control [38–43]. In an electro-
chemical biosensor, two different reactions can be observed as a result of the interaction of
the electrode surface and the analyte: the first is the positive read signal called “signal-on”,
and the other is the negative read signal called “signal-off” [44,45].
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Label-free electrochemical biosensors are particularly interesting and important for
studies in the biomedical field. In this type of electrochemical biosensor, the information
in the reaction is converted into an electrical signal by the direct transfer of electrons
between the electrode surface and the biorecognition elements as a result of the interaction
between the biomolecule and the analyte [46]. Additionally, the surface characteristics of
the electrodes significantly support improving the sensitivity of the biosensor. Therefore,
surface modification is also important for good analytical performance. At this point,
nanomaterials have been in the scope of scientists. The use of nanomaterials of different
sizes, shapes and morphologies together with electrochemical transducers makes it possible
to improve properties. Nanowires, metal/metal oxide nanoparticles, carbon nanotubes,
graphene or graphene-like structures and conductive nanostructures such as polymers
have provided more sensitive biosensors with high surface/volume ratios [47,48]. The
scope of this study mainly covers the discussion of the technological developments and
also problems/limitations in the development of label-free biosensors containing different
biorecognition elements to serve cancer diagnosis.

Despite a lot of effort and good progress in the field of biosensors, it is seen as an
inconsistency that only a few of them find a place in the commercial market. The first
example of commercial biosensor is the enzymatic glucose biosensor, which is expected
to have a market of USD 38 billion by 2027 [49]. This biosensor currently holds approxi-
mately 75% of the global biosensor market. There are still outstanding challenges, both
to overcome the current constraints and to making the products available commercially.
Firstly, understanding the mechanisms of biocatalytic work and charge transfers and also
improvements in the properties of biorecognition elements that provide selectivity should
be considered. In addition, the use of various nanoparticles and hydrogels has been re-
ported to improve existing deficiencies, although not completely [50,51]. For this purpose,
researchers are conducting detailed studies about the effects of parameters on biomolecule
(such as enzymes) immobilization and the effect of these parameters on the performance
of the biosensor platforms [52]. However, since the biomolecule redox reaction processes
are still not fully known, in situ inspection techniques are used for evaluation [53]. Some
of the obstacles in the transformation of biosensor studies from laboratory to commercial
products are performance and nonspecific surface interaction problems in various body
fluids, which have complex matrices [49].

Although electrochemical methods provide several advantages, each method may
also have limitations. It is particularly important to focus on and discuss these limitations
to put the developed technologies into clinical practice. Reducing or overcoming all
the disadvantages could help to develop more accurate and sensitive electrochemical
cancer biosensors. More effective platforms for early diagnosis can be created with a
multidisciplinary study. In addition, the detection of new cancer biomarkers will greatly
benefit the facilitation of early-stage diagnosis and thus the management and control of
the cancer disease process. It is expected that the label-free electrochemical methods will
increase in reliability after the difficulties we have mentioned have been overcome. As
a result, they will find a regular use in the clinical field. To strengthen this reliability,
novel and advanced electrochemical cancer biosensors with different perspectives need to
be developed.

3. Importance of a Label-Free Electrochemical Sensing Platform

A typical electrochemical biosensor is expected to convert signals that are related
to the presence of the analyte molecules into measurable quantities with the help of the
biorecognition unit. In some cases, various markers/labels or tags are used for the detection
of the analyte and the signal is obtained in conjunction with them. These biosensor systems
are called label-based biosensors. The use of these labels, which are commonly classified as
radioactive-, fluorescent- or chemiluminescence-based, is time consuming and laborious
because it requires an extra process. More importantly, it is thought that in this case, the
affinity between the biorecognition element and the analyte may be adversely affected. To
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eliminate these limiting factors, unlabeled detection systems have become highly preferred
in recent years. If a direct measurement is made with the biorecognition system, this is
called a label-free biosensor system [54].

In a typical label-free biosensor design, sensing can be performed by converting it to
optical [55], mechanical [56] or electrical [57] signals and more accurate information can
be provided as biorecognition systems are directly used. Within this classification, electro-
chemical label-free biosensors can be used actively in the field and can be also implanted
in the body to detect biological analytes, increasing their future potential [58]. Various
electrodes with different biorecognition elements and composite designs have been devel-
oped for analytes such as gliotoxin [59], microRNA (miRNA) [60], bacterial pathogens [61]
and aflatoxin-B1 [62] in this biosensor group, which combines the advantages of both the
electrochemical method and the label-free platform. For the continuation of the remarkable
progress of the mentioned electrochemical label-free biosensors, a better understanding
of the current working processes is required for the creation of sensitive and selective
biosensing systems that find application in wider use. Based on this idea, we have detailed
and discussed cancer studies classified on different biorecognition elements.

4. Biorecognition Elements for Label-Free Electrochemical Cancer Diagnosis

Basically, antibodies, aptamers, nucleic acids and cells are immobilized to surfaces/
interfaces to achieve affinity and selective biorecognition. In this part, the classification of
the label-free electrochemical cancer detection systems is divided into categories according
to the type of the biorecognition element. Besides this classification, electrode material
and the detection technique are also highlighted. Figure 1 demonstrates the schematic
presentation of the label-free electrochemical cancer biosensors with successful electrode
modifications, such as nanotechnology-based materials, biorecognition immobilization
protocols and some of the powerful electrochemical detection techniques.

Figure 1. Label-free electrochemical cancer biosensors: electrode modifications such as
nanotechnology-based materials, biorecognition immobilization protocols and some of the powerful
electrochemical detection techniques.

4.1. Nucleic-Acid-Based Label-Free Cancer Biosensors

Nucleic acids are natural biopolymers that store genetic information in humans and
almost all organisms [63]. Nucleic acids include DNA and RNA, which are composed of
nucleotides. The well-known specific hybridization feature between nucleic acid chains
also constitutes the main detection principle of DNA biosensors [64]. The development
of biosensors for the detection of DNA sequences is important because of its application
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in gene identification, molecular diagnosis and drug screening [65]. Nucleic acids can
be affected by environmental conditions such as temperature and pH [66]. Nevertheless,
in many studies electrochemical signal amplification by means of nucleic acids has been
successfully developed for cancer applications [67,68].

Studies in recent years show that excessive secretion of microRNAs is associated with
malignancies that cause cancer [15,69–71]. In one study, Zhao et al. proposed MXene-
molybdenum disulfide (MoS2) constructs with thionine and gold nanoparticles for the
label-free electrochemical detection of microRNA-21, which plays an important role in the
emergence of cancer associated with proliferation/differentiation in cells. The modification
of the prepared nanocomposite on glassy carbon electrode (GCE) was performed by drop
casting. Then, the hairpin capture probe was dropped onto the modified electrode. The
hybridization event was carried out in the presence of the target and a hairpin probe 2.
The detection method was square wave voltammetry (SWV). Thanks to this structure, the
capture probe immobilization was improved, the amplification of the electrochemical signal
was achieved and microRNA-21 detection in the linear measurement range of 100 fM to
100 nM was obtained with a detection limit of 2 fM [72].

Pothipr et al. described a gold nanoparticle-dye/poly(3-aminobenzylamine)/two-
dimensional molybdenum selenide (MoSe2)-based electrochemical label-free biosensor for
breast cancer diagnosis that could detect cancer antigen 15-3 and microRNA-21 simultane-
ously. Based on the complexity of the immune system in the human body and therefore
the inadequacy of cancer assays using single biomarker systems, they introduced this
bidirectional detection platform produced on a two-screen printed carbon electrode. DPV
was used for the evaluation of the electrochemical performance of the biosensor and the
detection limit was found to be 1.2 fM for microRNA-21 detection [73]. Jafari-Kashi et al.
presented a DNA biosensor for the detection of cytokeratin 19 fragment 21-1, which is asso-
ciated with lung cancer. They preferred DPV as an electrochemical technique to examine
the interaction between the capture probe and target using GCE modified with reduced
graphene oxide, polypyrrole, silver nanoparticles and single-stranded DNA (ssDNA). With
this technique, no peak was detected before DNA hybridization, but a distinctive peak was
obtained after hybridization according to the oxidation of guanine. They declared that the
label-free DNA biosensor showed a good result for detection of cytokeratin 19 fragment
21-1, with a wide linear measurement range and a 2.14 fM limit of detection [74]. Avelino
et al. presented a polypyrrole film containing DNA immobilized chitosan/zinc oxide
nanoparticles for the diagnosis of myelocytic leukemia by BCR/ABL fusion gene detection.
Oxidation and reduction steps were observed in line with the voltammetric measurements
taken in 10 mM [Fe(CN)6]3–/4–. It is also stated that the biosensor was designed as a
result of bioactivity tests and could be used as a new biosensing platform that enabled the
identification of early-stage cancer [75].

4.2. Aptamer-Based Label-Free Cancer Biosensors

Aptamers are single-stranded DNA or RNA molecules that can usually be synthesized
using an in vitro method. In fact, RNA-based aptamers were first found in 1990, followed
by DNA-based aptamers, with the development of in vitro selection/amplification for the
isolation of RNA sequences that could specifically bind to molecules [76]. In aptamer-
based electrochemical sensors, it is necessary to be able to detect the conformational
changes caused by the presence of the aptamer on the electrode surface for obtaining
a signal [77]. Aptamers are widely used in the development of biosensors due to their
high specificity, easy synthesis, simple modification and high chemical stability [78]. They
offer the advantages of more cost-effective production, easy modification and thermal
stability, especially when compared with monoclonal antibodies. After the aptamers
are immobilized on a conductive matrix, their redox-active moieties allow the formation
of aptamer–target complexes and thus the design of various electrochemical biosensors
with the realized electron transfer properties [76]. The most important problem in this
electrochemical process can be the generation of a determinable signal between the target
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analyte and the aptamer. In order to solve this problem, electrochemically active labeling
units such as hemin [79], ferrocene [80] and methylene blue [81] have been introduced.
However, labeling of aptamers introduces known disadvantages such as time consumption,
poor affinity performance and cost [82].

In recent years, aptamers have attracted great interest in electrochemical label-free
biosensor design, which has applications in the diagnosis and follow-up of various cancers.
Label-free aptasensors also require an increased surface area to improve weak signal inten-
sity. Nanomaterials contribute greatly to increasing the surface area because they act as
electron-transfer tunnels, which increase the electrical communication between the redox
regions of the aptamer and the electrode surface [83]. Zhang et al. developed a label-free
aptasensor for the detection of cancer antigen 125 by immobilizing aptamer on the surface
of nickel hexacyanoferrate nanocubes/polydopamine functionalized graphene. DPV was
utilized for electroanalytical studies in this work, which was designed to provide a de-
tectable electrochemical response with the help of increasing surface area and conductivity.
Thanks to the insulating structure formed as a result of the combination of aptamer and
cancer antigen 125 (CA125), or in other words aptamer–CA125 complex, the peak current
value decreased as the analyte concentration increased. The linear measurement range
and limit of detection were calculated as 0.10 pg mL−1–1.0 μg mL−1 and 0.076 pg mL−1,
respectively. The measurements were carried out in phosphate buffer solution (PBS) [82].
In another study, a paper-based electrochemical label-free aptasensor was fabricated for the
detection of epidermal growth factor receptors. Interestingly, the concept of origami as a
valve for a paper-based biosensor was used in this study. As a result of the biochemical
reaction, the data became an electrochemical response with the presence of the nanocom-
posites containing amino functionalized graphene/thionine/gold. This system in the form
of origami was designed to increase the penetration of the liquid and shorten the time
taken for flow, resulting in a shorter test time. The linear concentration range obtained
with the sensor was from 0.05 ng mL−1 to 200 ng mL−1 and it had a detection limit of
5 pg mL−1 [84].

4.3. Antibody-Based Label-Free Cancer Biosensors

Antibodies are protective proteins produced by the immune system in response to the
presence of antigens, including pathogens and toxic materials [78]. Biosensors that offer the
advantages of high binding affinity and specificity and use antibodies for biorecognition
take the advantage of the high affinity between antibodies and antigens for detection
and are called immunosensors [85,86]. However, there are some parameters that limit
their use. Apart from being adversely affected by environmental conditions and having
difficulties for storage, it can be said that the production of polyclonal antibodies in animals
is difficult and costly. Moreover, polyclonal antibodies may lack selectivity as they can have
affinity for different epitopes [87]. With the help of the new and improved sensor interfaces
developed in recent years, some disadvantages have been overcome and many antibody-
based sensitive and selective label-free electrochemical biosensors have been designed.
Also, these limitations pave the way for the development of new forms of biorecognition
units that can replace antibodies, thus introducing new biosensor projections to the field.

Various electrochemical techniques have been used for antibody-based biosensors
for gastric cancer [88], breast cancer [89–92], ovarian cancer [93–96], bladder cancer [97],
colorectal cancer [98], lung cancer [99], prostate cancer [100–105], liver cancer [106] and
more. In a study for a label-free electrochemical immunosensor developed for early-stage
detection of prostate cancer, the surface of the indium tin oxide electrode was firstly coated
with chitosan and reduced graphene oxide, and then the specific polyclonal anti-prostate-
specific antigen (PSA) antibody as a recognition element was immobilized on the surface.
It was determined that a linear decrease had been observed in the peak current values of
the redox probe by using DPV with increasing concentrations of the antigen. It is reported
that the linear measurement range determined for prostate-specific antigen detection was
between 1 pg mL−1 and 5 ng mL−1, and the limit of detection was 0.8 pg mL−1 [107].
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CA125 was detected by DPV using a layer-by-layer assembly of ordered mesoporous
carbon, gold nanoparticles and MgAl-layered double hydroxides containing ferrocene
carboxylic acid composite. It is explained that the conductivity increased significantly with
the addition of the ferrocene component to the composite. The electrochemical performance
of the biosensor was determined based on the change of the peak current observed in the
voltammogram at +0.27 V according to the ferrocene in the presence of different CA125
antigen concentrations. It is stated that the peak current value obtained with the increase in
the CA125 concentration changed inversely, since the complex formed between the antigen
and the antibody. The linear measuring range and limit of detection of the biosensor were
described as 0.01 U mL−1–1000 U mL−1 and 0.004 U mL−1, respectively [108]. A label-free
sandwich type biosensor was developed for the electrochemical detection of cytokeratin
fragment antigen 21-1 (CYFRA 21-1), a lung cancer biomarker. An antibody–antigen–
antibody sandwich structure was formed between the 4-(2-trimethylsilylethinyl)benzoic
acid gold electrode used as a bridge and the poly(ε-caprolactone)-b-poly(ethylene oxide)
copolymer. The linear concentration range and limit of detection for the sensor determined
by electrochemical impedance spectroscopy were declared as 1.0 pg mL−1 to 10 ng mL−1

and 0.125 pg mL−1, respectively. According to the impedance results, the electrochemical
responses showed a linear response with the concentration of CYFRA 21-1 [109].

Liu et al. developed a gold nanoparticle/polyethyleneimine/reduced graphene oxide
nanocomposite for the electrochemical detection of matrix metalloproteinase-1, a cancer
biomarker, based on the knowledge that gold nanoparticles were supportive in maintaining
the reversibility of redox reactions in electroanalytical reactions. They determined that
the biosensor performance obtained by DPV had an operating range of 1 ng mL−1 to
50 ng mL−1. In this work, the peak current value obtained from voltammetry decreased
due to the increased antigen concentration blocking on the electrode surface. In the
electrochemical measurements taken in 5 mM Fe(CN)6

3−/4− medium, it is stated that
an insulating layer was formed due to the antigen–antibody complex, and therefore, a
repulsive electrostatic interaction occurred between the antigen and Fe(CN)6

3−/4− [110].
Zhu et al. also developed a carbon-based nanocomposite to take advantage of its high
surface area and good conductivity properties. The surface was used for the construction of
an immunosensor for the detection of alpha-fetoprotein, which is a liver cancer biomarker.
They calculated a linear measurement range of 0.10 ng mL−1 to 420 ng mL−1 and a limit of
detection of 0.03 ng mL−1 using square wave voltammetry, a method that could suppress
background current and provide sensitivity to the biosensor system [106].

4.4. Cell-Based Label-Free Cancer Biosensors

The use of cells as a biorecognition element dates back to the early 1970s and it is still
preferred today. Cells offer an interesting alternative to other biorecognition units such
as antibodies, enzymes and nucleic acids thanks to their relatively easy production and
lower cost than antibodies and purified enzymes. As an example, since whole cells offer a
multi-enzyme alternative, they can be preferred in the development of biosensors for the
simultaneous determination of various analytes. In addition, cell-based biosensors enable
in situ monitoring using suitable substrates [78,111,112]. However, some limitations such
as maintenance and immobilization of cells can arise [113].

Human cervical carcinoma (HeLa) cells were used as a biorecognition unit in an elec-
trochemical label-free cytosensor to evaluate the anticancer activity of pinoresinol, which
had biological properties such as anticancer, anti-inflammatory and antifungal effects. HeLa
cells were immobilized on a GCE surface modified with multi-walled carbon nanotubes
and gold nanoparticles, and the performance of the biosensor was evaluated by electro-
chemical impedance spectroscopy with different pinoresinol concentrations. The limit of
detection value for the biosensor, which showed a linear correlation with the pinoresinol
concentration range of 102 to 106 cells mL−1, was reported as 102 cells mL−1 [114]. Another
cell-based label-free electrochemical biosensor was developed to investigate the interac-
tions of cancer cells (HepG2 cells and A549 cells) with molecules and to screen anticancer
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drugs. Cancer cells were immobilized on the GCE coated with N-doped graphene–Pt
nanoparticles–chitosan and polyaniline. It is stated that this electrode surface might be
suitable for examining different cell lines by changing the targeted cells as a result of
the electrochemical properties examined by DPV with its large surface area and catalytic
properties [115].

Liu et al. carried out the detection of cell surface glycan that played an important
role in processes such as cancer cell metastasis by means of a nano channel ion channel
of porous anodic alumina hybrid combined with an electrochemical detector. Thus, the
enhanced ionic current caused by the array nano channels along with the ionic current
rectification gave a precise current response. The alumina was functionalized with amino-
propyltriethoxysilane and glutaraldehyde to immobilize the cell surface glycan. The linear
working range was obtained from 10 fM to 10 nM, and the limit of detection was calculated
to be approximately 10.0 aM. It is stated that this biosensor was a promising alternative
that could be used in cancer diagnosis and an important platform for label-free detection of
cell surface glycan [116].

Despite the advantages of cell-based electrochemical biosensors, there are also various
disadvantages faced by designers such as reproducibility and inability to selectively place
cells at detection sites [117]. In addition, some difficulties in terms of electrochemical
techniques such as amperometric and impedimetric have been reported in the literature.
For example, the difficulties often observed in electrochemical impedance spectroscopy-
based studies are that the measured electrochemical response is the total change produced
by a set of cells and poor selectivity. Emerging technology, nanomaterial selection, new
immobilization matrices, integration of different transducer mechanisms and advances in
the control of the sensor interface are some of the promising approaches to overcome these
challenges [105,106].

5. Immobilization Strategies of Biorecognition Elements

Biorecognition element immobilization or its integration is one of the important
processes to be considered, since this step thoroughly affects the analytical performance
of all types of biosensors. The efficient immobilization of the biorecognition element
is a process applied to overcome the problems such as loss of activity and stability by
integrating biomolecules into a suitable support material. The immobilization methods are
classified as adsorption, covalent bonding, cross-linking, etc., according to the type of the
biomolecule to be immobilized and the structure of the immobilization surface [118]. These
methods are illustrated in Figure 2.

In Table 1, the immobilization methods used by some of the studies within the scope
of this review are indicated. Some cancer detection studies in the literature for recent years,
different biorecognition units, other biosensor components and the parameters used in these
studies are listed. Metals, metal oxides, conductive polymers, biopolymers, carbon-based
structures, quantum dots and their composites [93,100,107,109,119,120] have been used as
the immobilization matrices for label-free electrochemical cancer biosensors. In general,
electrostatic interactions can have negative effects on the stability of the biorecognition
element or the repeatability of the biosensor [121,122]. However, these methods, which
have very simple processes, are still actively used in the surface immobilization of many
electrodes. The entrapment method also offers specific properties and contributes to the
improvement of chemical and thermal stability. However, leakage and low biological
activity limit this method. To overcome the leakage problem, crosslinkers are preferred
in the immobilization step. However, at this stage, excessive chemical requirements are
necessary [123].
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Figure 2. Various immobilization methods for the biorecognition elements.

In the study of Yaiwong et al., an immunosensor for label-free electrochemical cancer
detection was developed. Electrostatic interaction was carried out for the immobilization of
the anti-metalloproteinase-7 (MMP-7) capture antibody, which was used as a biorecognition
element, on the surface of the screen-printed carbon electrode (SPCE) coated with two-
dimensional (2D) MoS2/graphene oxide [124]. More commonly, immobilization methods
by covalent or cross-linking over carboxyl or amine groups are robust and reproducible
ways to obtain an effective biosensor interface. Glutaraldehyde or carbodiimide structures
that act as bridges in these binding reactions are preferred [121]. As an example, Yan
et al. coated the surface of an indium tin oxide electrode with chitosan-modified reduced
graphene oxide nanocomposite for prostate cancer detection. In order to detect prostate-
specific antigens with this biosensor, they immobilized the recognition antibodies onto
the electrode surface by covalent bonding. Chitosan naturally provided a large number
of amino groups to the electrode surface, and glutaraldehyde, a bifunctional bridge, was
used for covalent immobilization of the anti-PSA antibody with amino groups. Thus, a
label-free electrochemical immunosensing platform based on antibody–antigen affinity
was developed [107].

Echeverri et al. immobilized the anti-β-1,4-galactosyltransferase-V (β-1,4-GalT-V)
antibody biorecognition element on the self-assembled monolayer (SAM)-coated SPCE by
covalent bonding for the detection of colorectal cancer. The SAM provided a carboxylic
acid group that allowed for antibody binding [98]. Generally, N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) pairs are
used for this type of covalent bonding. In this way, a bridge is formed between the amine
and carboxyl groups and a high binding efficiency is achieved [121]. Although covalent
bonding seems to offer good efficiency and is an advantageous method, it can also have
various disadvantages in some cases. For example, denaturation may occur due to the
undesirable site orientation of the biorecognition element, and in addition, the bridging
compounds are needed to use in the covalent bonding reaction. Therefore, there can be
a decrease or disappearance of the biocatalytic effect expected from the biorecognition
unit [125]. Moreover, covalent bonding, which causes a tight binding, can also restrict the
movement of the biorecognition elements, which may also cause a loss of activity [126].
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Although the immobilization of biorecognition elements on the surface of the biosens-
ing platform is a very important step for the design of sensitive, selective and long op-
erational lifetime biosensors, it is clear that each method has several advantages and
disadvantages. Various factors such as the immobilization matrix and the charge or func-
tional groups of the biorecognition units guide the selection of the appropriate method,
and thus, effective interfaces are created.

6. Label-Free Electrochemical Cancer Biosensors for Point-of-Care Applications

Label-free electrochemical biosensors have a high capability of being adapted into
point-of-care (POC) systems that can be used for outside the laboratory testing to minimize
the need for healthcare services such as hospitals [14,143–145]. In POC testing particularly,
microfluidic devices have attracted great attention lately for effective and accurate cancer
diagnosis owing to their ability to separate analytes at a good resolution in a rapid reaction
time and to minimize the handling errors and costs [143]. As a result, promising detection
systems with high performances are acquired with the elimination of the need for trained
personnel. Recently, in the study by Keyvani et al., a POC sensing device for the detection
of cervical cancer was developed for whole blood. This system identified cancer circulat-
ing DNA with high purity by the help of a graphene oxide-dependent electrochemical
sensor platform by using differential pulse voltammetry [146]. In another study, Ming
et al. fabricated a cellulose-paper-based POC testing with the modification of amino redox
graphene, thionine, streptavidin integrated gold nanoparticles and chitosan for the detec-
tion of biomarker 17β-estradiol, which may be associated with breast cancer. The detection
strategy, realized with differential pulse voltammetry in phosphate buffer solution, was
carried out via the interaction of the target biomarker and its biotin-modified aptamer on
the surface of the paper. The linearity of the label-free sensor was between 10 pg mL−1 and
100 ng mL−1, with a limit of detection value of 10 pg mL−1 [147].

Besides microfluidic devices, multiplex systems that can detect multiple analytes
associated with cancer have several advantages in terms of label-free point-of-care testing.
As an example, Kuntamung and his colleagues achieved simultaneous detection of breast
cancer biomarkers: mucin1, cancer antigen 15-3 and human epidermal growth factor re-
ceptor 2 depending on the formed antibody and antigen interactions. For this purpose,
redox species and antibody-conjugated polyethylenimine-modified gold nanoparticles
were utilized as the modification elements of a SPCE. In addition to multiplex detection
performance, the label-free biosensor kept 90% of its initial responses obtained via voltam-
metry [92]. In another approach that contained the fabrication of a flexible screen-printed
electrode system, carcinoembryonic antigen was detected on graphene–ZnO nanorods
deposited on a polyethylene terephthalate substrate with a screen-printed electrode by
Chakraborty et al. ZnO nanorods were functionalized with aptamers and the resulting
surface improved the mass transport through the electric field application. This system was
integrated into smartphone interface technology and a handheld potentiostat. The linearity
of the label-free sensor was between 0.001 pg mL−1 and 10 pg mL−1, with a limit of the
detection value of 1 fg mL−1 by using electrochemical impedance spectroscopy. The results
were also validated using a commercial ELISA kit [148].

The use of label-free POC testing in cancer diagnosis is in increasing demand in recent
years since POC systems yield rapid decisions, more frequent testing to monitor wellness,
eliminate the need for trained staff and utilize small specimen volumes. In addition, they
are cost-effective. Despite these advantages, they are still more open to false positives or
negatives and incorrect interpretations. Also, these sensing platforms have a risk of external
interference since the environment is not as well controlled as in laboratories. In some
cases, the sampling procedure can be inconvenient, such as in cancer diagnosis protocols.
Indeed, POC-based electrochemical cancer biosensors are not yet available on the market.
One of the additional reasons for this issue could be the distance between physicians
and electrochemical biosensor developers. It is believed that multidisciplinary studies
between them will improve the quality of the developed platforms. Additionally, shelf-
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life and production control are important parameters to improve their commercialization
capacity [149–152]. However, electrochemically based POC systems are promising tools for
the accurate and fast detection of cancer with their overall characteristics.

7. Conclusions and Future Perspectives

In the current review, we have summarized the recent achievements and progresses
around label-free electrochemical biosensors that are utilized for cancer detection. Since
the type of biorecognition element is an important key parameter to enhance the selectivity
of the detection, the classification of the biosensors is made according to the types of
recognition elements. Besides the achievements, the current challenges are also outlined
in detail. Label-free detection systems are in urgent demand owing to their properties,
including reducing labored modification steps and interference effects.

The growing demand on clinical research and the medical industry for cancer studies
has pushed scientists to perform early detection with practical analytical tools instead of
time-consuming and back-breaking methods. In addition to detection, isolation of the
cancer cells is also important to increase the survival rates and quality of life. The design
and development of early-cancer diagnosis platforms has been one of the hot topics of the
last decades. The recent advances in the field of cancer diagnosis show that electrochemical
sensing methodologies have an important impact on the accurate, rapid and sensitive
detection of cancer types. Particularly, label-free electrochemical biosensors maintain
predominant features to obtain reliable, cost-effective and selective cancer diagnosis that
can serve for future implementations. With the addition of advanced materials such as
nanomaterials, not only sensitivity of the biosensors but also the selectivity of them can be
significantly improved. Surface modification makes bare electrode substrates available and
suitable for biorecognition element immobilization. Recent studies on label-free and elec-
trochemical biosensing of cancers indicate how promising and operational these biosensors
are. It is certain that their advantages will certify more powerful medical applications in
the near future with the support of growing materials science technology.
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Abstract: Silicon photonic (SiP) sensors offer a promising platform for robust and low-cost decentral-
ized diagnostics due to their high scalability, low limit of detection, and ability to integrate multiple
sensors for multiplexed analyte detection. Their CMOS-compatible fabrication enables chip-scale
miniaturization, high scalability, and low-cost mass production. Sensitive, specific detection with
silicon photonic sensors is afforded through biofunctionalization of the sensor surface; consequently,
this functionalization chemistry is inextricably linked to sensor performance. In this review, we
first highlight the biofunctionalization needs for SiP biosensors, including sensitivity, specificity,
cost, shelf-stability, and replicability and establish a set of performance criteria. We then benchmark
biofunctionalization strategies for SiP biosensors against these criteria, organizing the review around
three key aspects: bioreceptor selection, immobilization strategies, and patterning techniques. First,
we evaluate bioreceptors, including antibodies, aptamers, nucleic acid probes, molecularly imprinted
polymers, peptides, glycans, and lectins. We then compare adsorption, bioaffinity, and covalent
chemistries for immobilizing bioreceptors on SiP surfaces. Finally, we compare biopatterning tech-
niques for spatially controlling and multiplexing the biofunctionalization of SiP sensors, including
microcontact printing, pin- and pipette-based spotting, microfluidic patterning in channels, inkjet
printing, and microfluidic probes.

Keywords: silicon photonics; evanescent field biosensor; SOI biosensor; biofunctionalization;
functionalization; bioreceptor; immobilization chemistry; biopatterning; microfluidics

1. Introduction

Biosensors, which comprise a transducer and biorecognition element, aim to meet
increasing demands for medical diagnostics by permitting rapid testing, guiding personal-
ized care, and reducing healthcare costs in decentralized and low-resource settings [1–3].
Silicon photonic (SiP) sensors are one class of optical refractometric sensors with promise as
sensitive, rapid, and inexpensive transducers for point-of-care (POC) biosensing [4]. Com-
pared to other types of transducers employed for biosensing, such as electrochemical [5],
piezoelectric [6], and mechanical (e.g., microcantilever) [7] sensors, some advantages of
SiP sensors are their high sensitivity, wide dynamic range, compatibility with label-free
operation, mechanical stability, and insensitivity to electromagnetic interferences [8]. SiP
devices can be patterned with wafer-scale semiconductor fabrication techniques, allowing
for reproducible, inexpensive, and highly scalable production [1,9,10]. These devices consist
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of nanoscale patterned silicon or silicon nitride structures that can guide and manipulate
light, owing to the high refractive index contrast between the structures themselves and
the surrounding media [1,11]. In SiP sensors, near-infrared light is confined in silicon or
silicon nitride waveguides [1,12]. A portion of the light’s electric field, known as the evanes-
cent field, extends outside the waveguide and interacts with the surrounding medium to
create a refractive index-sensitive region (Figure 1a) [1]. A change in the refractive index
within this region due to analyte capture on the waveguide surface, for example, perturbs
the evanescent field and changes the effective refractive index, neff, of the guided optical
mode [1,4]. This translates to a shift in the optical phase, and in the case of resonant circuit
architectures, leads to a resonance wavelength shift that is proportional to the amount of
bound analyte, yielding a quantifiable change in the device’s optical spectrum [1,4,12]. This
change is typically read out using benchtop-scale optical inputs (e.g., broadband optical
source or tunable laser) and outputs (e.g., spectrum analyzer or photodetector) [12–16].

Figure 1. (a) Illustration of cross-section of silicon photonic (SiP) sensor, showing the SiO2 substrate,
Si strip waveguide (height: 220 nm, width: 500 nm), and approximate evanescent field decay distance
(~40–200 nm, depending on waveguide geometry and light polarization). (b) Illustration of four
different SiP sensing architectures, including (i) microring resonator (MRR), (ii) Mach-Zehnder
interferometer (MZI), and (iii) Bragg grating sensor. (c) Visual depiction of a multiplexed SiP MRR
sensor chip, showing different rings functionalized with different antibodies (different antibodies are
represented by different colors). Antibodies in (a,c) are not to scale.

Interferometers, microring resonators (MRR), and Bragg gratings (Figure 1b) are
among the SiP biosensing architectures that have been demonstrated for disease biomarker
detection at concentrations down to the pg/mL scale [17,18]. Readers are directed else-
where [1] for a detailed description of the principles of operation of each of these sensing
architectures. Porous silicon sensors, which are fabricated with electrochemically etched
crystalline silicon, have also been widely used in Bragg reflector and PhC configurations for
biosensing since the late 1990s and are compatible with many of the same functionalization
approaches [19]. This review, however, will mainly focus on planar SiP sensors, which
permit greater optical confinement and guidance. Dozens of these individually addressable
planar SiP sensors can be fabricated on a single millimeter-scale chip [10]. This permits
multiplexed sensing, which is the simultaneous detection of multiple analytes from a
single sample. Some benefits afforded by multiplexed biosensing are (1) the opportunity
to diagnose multiple conditions/diseases from the same sample, (2) more selective and
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reliable diagnosis of a single condition by using multiple biomarkers to inform decision-
making [20–22], and (3) the opportunity to include controls and reference sensors (e.g.,
to control for temperature fluctuations) to improve measurement accuracy [23–26]. In
addition to these benefits afforded by multiplexed functionalization with different biore-
ceptors, multiple sensors on the same chip with identical functionalization offer the benefit
of replicate measurements to improve accuracy and replicability (e.g., serving as technical
replicates allowing for exclusion of failed measurements and averaging out the effects of
sensor-to-sensor variability and some assay issues) [27].

The process of functionalizing the sensor surface with biorecognition elements (also
called bioreceptors) that selectively bind target analytes is essential to accurate SiP biosens-
ing. The performance characteristics of the biosensor, such as sensitivity, reproducibility,
and stability, are inextricably linked to the biofunctionalization chemistry [28]. Here, we
broadly characterize biofunctionalization in terms of bioreceptor selection, bioreceptor
immobilization strategy (attachment to the sensor surface), and biopatterning technique.
Designing antifouling surface modifications is also often included in biofunctionalization
procedures to prevent non-specific binding. However, this topic has been reviewed in
detail elsewhere [29] and will not be a major focus of the current review.

Many different biofunctionalization strategies are available and should be carefully
chosen and optimized to suit the application and sensor architecture. In general, the
selected bioreceptor should have good selectivity toward the target analyte to ensure low
cross-reactivity with non-target molecules in the sample, high affinity toward the target to
achieve fast, sensitive detection, good stability to retain consistent binding activity over
time, and reproducible production to ensure predictable and replicable sensor performance
across batches/lots of reagents [30]. The strategy used to immobilize bioreceptors on
the sensor must not damage the sensor surface or the bioreceptors, and it should be
compatible with any system-level integration required for the sensor chips (e.g., chip-
mounted lasers and detectors, photonic wire bonds, etc.). It should also allow for oriented
bioreceptor immobilization to optimize target accessibility and binding activity, permit
uniform bioreceptor coverage on the sensor surface to ensure predictable and consistent
target binding across all active sensing areas, have good stability to prevent bioreceptor
detachment, and be reproducible [29,31]. The patterning strategy refers to the method by
which bioreceptors are deposited on specific locations of the sensor surface (Figure 1c).
This is required for multiplexed sensing and to confine bioreceptors to active sensing areas,
thus preventing target depletion from dilute samples during sensing [32–34]. The selected
patterning technique should not damage the sensor surface or bioreceptors. It should also
have sufficient resolution for the selected application, be multiplexable so multiple different
bioreceptors can be handled and deposited on a single substrate, produce uniform patterns
with good spot-to-spot reproducibility, be compatible with the immobilization protocol
(e.g., patterning under conditions that preserve functional groups on the silicon surface),
and have low reagent consumption to conserve costly and precious reagents.

In addition to the general biosensor functionalization needs outlined in the previous
paragraph, SiP devices have unique needs that distinguish them from other biosensors.
Many immobilization techniques (e.g., covalent crosslinking) and bioreceptor types (e.g.,
antibodies, aptamers, etc.) [35] are shared across an array of sensing technologies including
lateral flow assays [36], electrochemical probes [37], piezoelectric sensors [38] and other
optical sensors like SPR [39]. While these sensing technology applications can provide
valuable insight to inform functionalization strategies for SiP devices, only some of the
findings are relevant because they utilize a variety of surfaces including glass, paper,
polymers, specialized membranes (nitrocellulose), quartz, nanomaterials, alloys, metals
(gold), and ceramics. Here, we focus specifically on immobilization techniques for silicon,
silicon nitride, and other like materials.

Among these other transducer types, SiP sensors likely share the most similarities
with SPR sensors, which employ a similar evanescent field-based detection principle.
Nevertheless, SiP and SPR sensors exhibit differences in their surface chemistries, evanes-

123



Biosensors 2023, 13, 53

cent field propagation distances, miniaturizability, and multiplexability, as summarized
in Table 1 [4,11,12,40–53]. Due to these differences, SiP devices have unique biofunctional-
ization needs, providing the main motivation for this review. For example, as SiP surfaces
typically consist of 90–220 nm-thick silicon or silicon nitride nanostructures patterned on
a silicon dioxide substrate [11,40], while SPR sensors typically have gold surfaces, the
efficient thiol self-assembled monolayer-based strategies often used to modify metallic SPR
biosensor surfaces are not suitable for SiP devices; instead silane-based chemistries are typ-
ically used [31,41]. Another unique consideration is the evanescent field penetration depth.
For SiP devices, this is ~40–200 nm, depending on waveguide geometry and polarization
(Figure 1a) [4,12]. Consequently, SiP sensors require a very thin biofunctional layer that
brings target analytes within ~40–200 nm of the sensor surface. The size of this refractive
index-sensitive region must be considered when choosing both the biorecognition element
and the immobilization chemistry.

Table 1. Comparison of SiP and surface plasmon resonance (SPR) sensors, including SPR imaging
(SPRi) and localized SPR (LSPR) devices.

SiP SPR

Surface [11,12,42] Si or Si3N4, typically coated
with native SiO2 film Au

Approx. evanescent field
decay distance [4,12,43–46]

~40–200 nm; depends on
waveguide geometry and

polarization

Typically ~200 nm; up to
600 nm when using an

infrared laser or long-range
surface plasmons

Miniaturization [12,13,47–49]

Very compact: chip-level
integration with microfluidics,

electronics, and optical
inputs/outputs possible

Moderate: portable
instrumentation demonstrated
with dimensions ~10–20 cm

Sensor size [4,50–52]
Total sensor chip dimensions

~1–10 mm; active sensing spot
dimensions ~10–100 μm

Total sensor chip dimensions
~10 mm; active sensing spot

dimensions ~100 μm–1000 μm
for multiplexed SPRi and

LSPR devices

Cost [12,53] Low (at high volume) High

Multiplexing [53] Multiplexable

Not possible with
conventional SPR;

multiplexable with SPRi and
LSPR

Broadly, the more well-established field of SPR sensing offers a few advantages over
SiP sensing. For example, SPR permits the use of simple thiol-based self-assembled mono-
layer functionalization strategies [29,31]. SPR variants (e.g., SPRi and LSPR) are also com-
patible with excitation via direct illumination and simple colorimetric readout, which are
attractive for portable sensing [42,53,54]. Multimodal SPR-SERS (surface-enhanced Raman
scattering) sensing is also possible for highly sensitive and reliable analyte detection [55–57],
while multi-modal sensing strategies based on SiP still require further research and devel-
opment [58,59]. Nevertheless, large-scale and low-cost production remains a challenge for
widespread use of SPR-based sensors outside of the laboratory environment [12,53].

SiP biosensor chips, themselves, are uniquely suited to reliable point-of-care (POC)
use owing to their ease of miniaturization, low cost, and ease of multiplexing [1,12]. POC
biosensing not only permits accessible diagnosis in decentralized and resource-limited
settings, but also facilitates treatment decision-making in situations like stroke and sepsis
where rapid confirmation of clinical findings is required and conventional lab-based assays
may be too time consuming [20,60]. Further, wearable sensors that can be interfaced with
flexible electronics may permit real-time and noninvasive monitoring of physiologically
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relevant analytes (e.g., in sweat) [61,62]. However, one major challenge associated with the
translation of SiP biosensors to POC applications is that SiP devices are typically operated
with expensive benchtop-scale fluidics and optical readout systems [13]. Miniaturized
system-level integration is possible in principle, though, and work to integrate SiP sensors
with microfluidics, CMOS electronics, and on-chip lasers and detectors via photonic wire
bonds is underway to produce low-cost and portable complete-system PCB-mounted
sensors [13,63–66]. Another major challenge with this translation is biofunctionalization.

Given the potential of SiP devices for POC biosensing, a major focus of this work is
benchmarking SiP biofunctionalization strategies against needs pertaining to their mul-
tiplexed use at the POC. Some of these needs include good environmental and temporal
stability to ensure predictable performance after transport and storage at ambient con-
ditions, scalability and manufacturability to permit large-scale deployment, low cost to
ensure accessibility, compatibility with easy-to-collect biological samples, such as whole
blood, urine, and saliva, and biopatterning resolution on the order of 10 μm to comple-
ment the sensor miniaturization afforded by SiP technologies [2]. Reusability is another
desirable feature for POC devices that could further reduce sensing costs and improve
the accessibility of diagnostic tests in remote and low-resource settings [30]. Chip-level
integration of SiP sensors introduces additional biofunctionalization needs. Not only must
the biofunctionalization workflow be compatible with the SiP chip architecture, but it also
must be compatible with attached optical inputs/outputs and electronics. For example,
the immobilization chemistry and patterning technique must not damage electrical or pho-
tonic wire bonds, chip-mounted lasers, or PCB materials. Additionally, the immobilized
bioreceptors need to be stable through any processing and packaging that needs to be done
after immobilization.

To date, numerous existing reviews provide an overview of SiP biosensing tech-
nologies, focusing largely on the transduction techniques [1,12,14,19,42,67], with limited
discussion about surface biofunctionalization. Others have focused on a single class of
bioreceptors for biosensing applications (e.g., antibodies [68,69], nucleic acid probes [70,71],
and molecularly imprinted polymers [72]), often including discussion about immobilization
chemistries specific to that bioreceptor, and others have focused solely on the comparison of
multiple bioreceptor classes for biosensing [30,73]. Several reviews have provided detailed
discussion about bioreceptor immobilization chemistries for SiP sensors [31,69] and other
biosensing technologies [43,74–76]. A number of works have explored different patterning
techniques for the preparation of microarrays and the multiplexed functionalization of
biosensors [32,77,78]. Finally, some reviews have discussed at least two of the three key
aspects of biofunctionalization (bioreceptor selection, bioreceptor immobilization strategy,
and biopatterning technique) for SiP [29] and other sensor technologies (e.g., SPR [41,79,80]
and electrochemical sensors [80,81]). Distinct from these existing works, the current re-
view (1) focuses on the unique functionalization needs and strategies of multiplexed SiP
biosensors, (2) discusses all three key aspects of biofunctionalization (bioreceptor selec-
tion, immobilization chemistry, and patterning technique) and how they are interrelated,
and (3) includes a review of biofunctionalization strategies that have been previously
implemented on SiP biosensors. To our knowledge, our review is the first contribution to
comprehensively summarize and categorize the biofunctionalization strategies previously
demonstrated for SiP biosensors (from 2005 to present) as well as present a critical analysis
of the various existing (demonstrated on SiP) and potential (demonstrated on similar sensor
types) strategies towards the goal of meeting the performance criteria most relevant to
SiP biosensors.

Here, we benchmark biofunctionalization strategies against the needs outlined in
Table 2, with specific focus placed on biosensor design for multiplexed POC use [82,83].
First, we critically discuss several bioreceptor classes as biorecognition elements for SiP
biosensors. Examples of SiP biosensors employing these bioreceptors are highlighted,
including their demonstrated sensing performance and assay format. Strategies for biore-
ceptor immobilization on SiP platforms are discussed along with their advantages and
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limitations, with particular focus on gold standard silane-mediated covalent chemistries.
Finally, contact and contact-free techniques for patterning bioreceptors on SiP sensors are
identified and their performance characteristics are discussed. This review aims to present
a balanced discussion of the tradeoffs of a range of biofunctionalization strategies to help
guide those designing SiP biosensors in selecting a biofunctionalization approach that
meets the unique needs of their intended application.

Table 2. Biofunctionalization needs for SiP biosensors. Please note that the performance metrics
included in this table are general guidelines and designers should tailor these metrics based on their
application. Interdependencies between the different columns of this table should also be considered
(e.g., more expensive bioreceptors may still be suitable when combined with patterning techniques
that permit very low reagent consumption).

Bioreceptor Immobilization Chemistry Patterning Technique

• High affinity (KD~nM or lower)
• Selective (in the ideal case, signal

change due to non-specific binding
is less than the system limit of
detection)

• Stable (can be stored at ambient
conditions with minimal activity
loss for times scales on the order of
weeks; stable in biological analytes
for several hours)

• Available as validated commercial
products

• Scalable and reproducible
production (in the ideal case,
variations in target capture due to
lot-to-lot variability is less than the
system limit of detection)

• Regenerable or reversible (<5%
signal loss between regeneration
cycles and >10 consecutive
regenerations possible) [82]

• Small (much smaller than
evanescent field decay distance;
~10 nm or less)

• Low cost (~CAD 1–10/mg)

• Compatible with Si or Si3N4
surfaces (or native SiO2)

• Stable (can be stored at ambient
conditions for time scales on the
order of weeks; stable in biological
analytes for several hours)

• Thin (a few nm or less)
• Does not introduce a reduction in

bioreceptor affinity due to
denaturation or random orientation

• Replicable and uniform (<1 nm
intra- and inter-chip variation in
immobilization layer thickness)

• Compatible with system-level
sensor integration (e.g., must not
damage photonic wire bonds,
chip-mounted lasers, or PCB
materials)

• Scalable and simple (does not
require highly skilled operators)

• Mild (no damage to sensor surface
or bioreceptors)

• Resolution ~10 μm or less
• Multiplexable (multiple reagents

can be patterned on different
regions of one surface)

• Uniform spots (<10% spot-to-spot
variation; <10% intra-spot variation
in bioreceptor loading density) [83]

• Reproducible (<10% run-to-run
variation in spot size, shape, and
bioreceptor loading density)

• High throughput (~10 spots per
second or more)

• Low reagent consumption (minimal
reagent waste)

• Simple (does not require highly
skilled operators)

• Compatible with system-level
sensor integration (e.g., must not
damage photonic wire bonds,
chip-mounted lasers, or PCB
materials)

• No damage to sensor surface or
bioreceptors

• Available as cost-effective
commercial products or services

KD: dissociation constant, PCB: printed circuit board.

2. Bioreceptors

In this section, we introduce several classes of bioreceptors that have been used for
SiP sensor functionalization and benchmark them against performance criteria outlined
in Table 2. A high-level comparison of these bioreceptors is provided in Table 3. We have
included subsections for each bioreceptor class to provide details about the opportunities
and tradeoffs associated with each of these bioreceptors. For each bioreceptor class, tables
summarizing their key advantages and limitations, and categorizing their use in SiP sensor
functionalization approaches demonstrated in the previous literature are provided. Because
strategies to improve sensitivity, specificity, stability, and other performance metrics are in
many cases dependent on the bioreceptor class, within each subsection we have outlined
strategies for these types of improvements as well as provided comparisons with other
classes where relevant and available. Where appropriate, comparisons between bioreceptor
subtypes are also tabulated according to these performance metrics.
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2.1. Antibodies

Antibodies (Figure 2) are the most commonly used bioreceptors for diagnostic as-
says [91,153]. Antibodies are Y-shaped proteins of ~150 kDa in size, which consist of two
identical Fab regions (fragment, antigen-binding), and a single Fc region (fragment, crystal-
lizable) [30,33,87]. The Fab regions specifically bind with high affinity to target molecules
called antigens via binding sites called epitopes on the antigen surface. Antigens comprise
a diverse range of biological molecules including simple sugars, hormones and lipids,
complex macromolecules like proteins, nucleic acids, phospholipids and carbohydrates,
and even viruses and bacteria [29,33,84]. On the other hand, the Fc region typically interacts
with effector molecules and cells in biological systems and may be targeted for antibody
immobilization on a solid substrate in biosensing applications [33,87,154]. Millions of
antibodies have been validated for tens of thousands of antigen targets, making them
a widely-available and flexible bioreceptor option for many different use cases [92–95].
Antibody production starts by immunizing animals against an antigen to stimulate the pro-
duction of antigen-specific antibodies by the animals’ B cells [88,155]. Then, the antibodies
can be obtained directly from the animal immune-sera. Alternatively, antibody-producing
B cells can be immortalized by fusion with hybridoma cells for long-term production.

Figure 2. (a) Illustration of an antibody and bound antigens. Illustrations of different antibody
subtypes, including (b) polyclonal antibodies, (c) monoclonal antibodies, and (d) a Fab fragment. Note
that polyclonal antibodies are produced as heterogeneous mixtures in which different antibodies may
bind to different epitopes of the same antigen. Monoclonal antibodies are produced as homogeneous
samples in which all antibodies bind to the same epitope.

There are two major classes of antibodies: polyclonal and monoclonal. Polyclonal
antibodies are produced as heterogeneous mixtures from animal serum and individual
antibodies in a serum sample may bind to various epitopes on a single antigen [87]. Poly-
clonal antibodies exhibit significant batch-to-batch variability, partly owing to their animal
origin [156]. Antibody quality can vary from animal-to-animal and even throughout an
individual animal’s lifetime [156]. Conversely, monoclonal antibodies are produced from
immortalized cell lines, are homogeneous in nature, and bind to a single epitope on the
target antigen surface [88,156]. Monoclonal antibodies offer excellent specificity and re-
duced cross-reactivity and variability compared to their polyclonal counterparts; as a result,
monoclonal antibodies have been widely used in diagnostic assay applications [86–88,90].
More recently, molecular engineering has also been used to generate shorter antibody
variants including Fabs, single chain variable fragments, and single domain antibodies that
can be produced more easily in vitro and used for applications that solely require epitope
binding [29,75,157]. A comparison of polyclonal antibodies, monoclonal antibodies, and
Fab fragments as bioreceptors for SiP biosensors is provided in Table 4.
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Numerous SiP biosensing platforms using antibodies as bioreceptors have been re-
ported in the literature. Conventional ELISAs are typically done in sandwich or competitive
assay formats, requiring labeled secondary antibodies or labeled analyte molecules, respec-
tively [160]. SiP platforms, however, permit label-free assays [1]. In the label-free format,
binding of a target analyte to surface-bound antibodies is directly monitored, offering the
advantages of real-time detection and simple sample preparation [14,161]. Nevertheless,
sandwich formats using an unlabeled secondary antibody [18] or labeled antibody com-
bined with subsequent enzymatic amplification [17,162] or protein-based multilayer signal
enhancement [163] have been used to achieve more sensitive and specific detection for
low-concentration and low-molecular weight analytes. To tether the capture antibodies to
the sensor, these antibody-based SiP platforms typically rely on randomly oriented covalent
immobilization strategies that target abundant amine or carboxyl groups on the antibody
surface [75]. However, other covalent and non-covalent immobilization strategies have
also been used [75].

SiP biosensors using antibodies as bioreceptors (Table 5) have been proposed for the
biomarker-based diagnosis of cancer [17,18,22,161,163], cardiac disorders [164,165], inflam-
mation [166], and viral infection [167], in addition to the detection of toxins [25,168], viral
particles [169–171], and bacteria [172]. Such antibody-based SiP platforms have achieved
LoDs as low as the pg/mL range using enzymatically or layer-by-layer-enhanced sand-
wich assay formats [17,163]. Other antibody-based SiP platforms have achieved label-free
analyte detection with LoDs in the low-ng/mL range [161,169]. While most of the aforemen-
tioned examples employ whole polyclonal or monoclonal antibodies, Chalyan et al. [25]
functionalized thiolated silicon oxynitride microring resonators with Fab fragments ob-
tained from protease digestion of polyclonal antibodies for the detection of a carcinogenic
mycotoxin, Aflatoxin M1, with a LoD of ~5 nM. The functionalization strategy used in
this work targeted sulfhydryl (–SH) groups present on the Fab surface that were liberated
from splitting the intact antibody; since these sulfhydryl groups are located opposite to
the antigen-binding sites, this strategy ensures highly oriented bioreceptor immobilization,
making it an attractive alternative to amine- and carboxyl-targeting strategies [75,173]. Shia
and Bailey [168] functionalized silicon microring resonators with recombinantly derived
single domain antibodies for the detection of ricin, a lethal protein toxin. The single do-
main antibodies exhibited improved specificity and lower cross-reactivity compared to a
commercial polyclonal anti-ricin antibody.

Despite their excellent sensitivity and specificity, antibody-based biosensors present
notable challenges regarding POC sensing. Namely, antibody discovery is achieved by
months-long in vivo screening processes, which are expensive and laborious [89]. Antibody
production largely relies on mammalian cell lines, which means that these bioreceptors
are costly and require highly trained personnel to produce, precluding their use in highly
scalable and low-cost sensors [2,97–99,157]. Moreover, among antibody vendors, there is
a lack of consistency in the context-specific validation and reporting of antibody speci-
ficity and reproducibility for different applications [92,156,178]. The use of animals and
cell colonies in antibody production makes these bioreceptors susceptible to sample con-
tamination [89]. This means that choosing successful antibodies for biosensors is often
an expensive and time-consuming task involving troubleshooting and returning failed
antibodies to suppliers [156,178]. Antibodies are also susceptible to denaturation and
require carefully controlled storage conditions, which may be difficult to maintain in POC
settings [24,91]. Further, antibody immobilization on a solid substrate is known to reduce
antibody binding activity, making the optimization of immobilization strategies using mild
chemistries a particular challenge in the design of highly sensitive biosensors [75]. The
key advantages and limitations of antibodies as bioreceptors are highlighted in Table 6.
Given the limitations of antibodies discussed here, several classes of synthetic affinity
reagents have been developed as alternatives to antibodies and have been demonstrated as
bioreceptors on SiP platforms [2].
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Table 6. Advantages and limitations of antibodies as bioreceptors.

Advantages Limitations

• Diverse targets including small molecules,
complex macromolecules, viruses, and
bacteria [29,33,84]

• High affinity and specificity [87–89]
• Widely available [92,93]
• Regeneration possible for multiple

binding cycles [18]

• Poor stability [24,91]
• Batch-to-batch and vendor-to-vendor

variability [92,156,178]
• Expensive [89,157]
• Potential activity loss from

immobilization and regeneration
procedures [75,96]

• Time-consuming and laborious discovery
and production [30,89]

• Susceptible to sample contamination [89]

2.2. Aptamers

Aptamers, which have been referred to as “synthetic antibodies”, are short, single-
stranded DNA or RNA molecules that are systematically selected to bind to a given
target molecule (Figure 3) [87,89]. These single-stranded oligonucleotides fold into unique
sequence-specific three-dimensional structures that bind to targets with high specificity
and affinity via non-covalent effects, including electrostatic interactions, van der Waals, and
hydrogen bonding [89,100]. Aptamers are generated using an in vitro process called SELEX
(systematic evolution of ligands by exponential enrichment), which allows for the selection
of unique target-binding DNA or RNA molecules from a large library (Figure 3c) [100]. The
SELEX process begins with a library of around 1015 single-stranded oligonucleotides, each
containing a different random sequence of 20–60 nucleotides, flanked by fixed sequences on
the 3′ and 5′ ends [89,100]. This library is amplified by the polymerase chain reaction (PCR),
then strand-separated to yield ssDNA or transcribed to yield RNA, depending on whether
a DNA or RNA aptamer is desired [100,102,179]. These amplified products are then incu-
bated with target molecules and target-bound DNA or RNA are separated from unbound
sequences, followed by elution of the bound species. The amplification and target-binding
stages of this process are repeated with the enriched pool of target-binding sequences.
The process is repeated for a total of 8–20 cycles during which competitive binding causes
high-affinity binding sequences to outcompete lower-affinity ones, eventually yielding a
pool dominated by sequences with the strongest affinity to the target [100–102,179]. An
additional negative selection step can also be included in the SELEX process to reduce
cross-reactivity of aptamers to structurally similar targets, thus enhancing selectivity [102].
The selected oligonucleotides can subsequently be sequenced and synthesized for analysis
and use [100]. The resulting aptamers can achieve comparable, or even better, affinity to
their targets when compared to monoclonal antibodies, with typical dissociation constants
(KD) in the low nanomolar to picomolar range [85,100,101].

Since their discovery three decades ago, aptamers have been generated against in-
organic ions, metabolites, dyes, drugs, amino acids, peptides, proteins, cells, and even
tissues [89,100,101,105]. Because the production of antibodies relies on the immune re-
sponse, antibodies can only be generated for immunogenic and non-toxic targets [89,100].
Conversely, the in vitro SELEX process theoretically allows for the generation of aptamers
against any target. Further, given the small size of aptamers (5–30 kDa) compared to
antibodies (150–180 kDa), aptamers can be designed against small molecule targets that
are inaccessible to antibodies [89]. In evanescent field-based sensing applications, the
smaller size of aptamers can allow for greater surface immobilization density and can bring
captured analytes closer to the sensor surface, potentially improving sensitivity [113,114].
The selection environment (e.g., buffer type, ionic strength, pH, temperature, etc.) during
aptamer generation can also be tailored to the binding conditions required for the intended
use case [89,100,180]. This is contrasted to antibodies which are limited to target recognition
under physiological conditions.
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Figure 3. (a) Illustration of aptamer and bound target. (b) Visual representation of aptamer subtypes:
DNA and RNA aptamers. (c) Illustration of SELEX (systematic evolution of ligands by exponential
enrichment) process to design aptamers against a target. In (c), different colors in the oligonucleotide
pool represent different nucleic acid sequences, while different colors in the sequencing step represent
different nucleic acid bases identified by Sanger sequencing or high-throughput sequencing methods.
Part (c) is reprinted from Ref. [101] in accordance with the Creative Commons Attribution 4.0
International (CC BY 4.0) license.

Other advantages conferred to aptamers by the nature of the SELEX discovery process
include fast discovery and low batch-to-batch variability [89]. While antibody discovery
requires upward of 6 months, the SELEX process can be completed in a matter of days
if high-throughput automated methods are used [89,102]. Additionally, since antibody
synthesis relies on animals or cell cultures, batch-to-batch variability can be high; this
variability is avoided in aptamer samples because they are generated via chemical syn-
thesis procedures with a low risk of contamination [89]. Aptamers also exhibit better
environmental stability, especially thermal stability, and long shelf lives compared to an-
tibodies [89,105]. Namely, aptamers are resistant to high temperatures up to 95 ◦C and
cycles of denaturation and renaturation, while they can also be lyophilized and stored
at room temperature [89]. This makes aptamers attractive bioreceptors for point of care
devices and opens opportunities for surface regeneration and reusable sensors [96,105].
Finally, aptamer discovery and manufacture are generally lower cost than for antibodies.
For example, CamBio offers custom aptamer discovery down to USD 5000 per target [181].
After the aptamer has been selected and sequenced, it can be manufactured at low cost
using common oligonucleotide synthesis techniques. For example, Aptagen offers aptamer
manufacture at USD 1–4 per milligram for microgram-scale synthesis, US $300 per gram
for milligram-scale synthesis, and USD 50 per gram for gram-scale synthesis, while IDT
offers DNA oligonucleotide synthesis at CAD 1.40–2.40 per base for 1 μmol quantities for
sequences of 5–100 bases in length [89,182]. However, the manufacture of RNA sequences,
especially those exceeding 60 bases can be more costly. For example, Bio-Synthesis, Inc.
manufactures RNA sequences of 10–30 bases in length for USD 14.50–50 per milligram
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for 50–1000 mg-scale synthesis, while IDT manufactures RNA sequences of 5–60 bases in
length for CAD 24.00 per base at 1 μmol quantities and RNA sequences of 60–120 bases
in length for CAD 23.00 per base at 80 nmol quantities [89,106,182]. Table 7 provides a
high-level comparison of DNA and RNA aptamers for SiP biosensing.

Table 8 summarizes aptamer-functionalized SiP biosensors that have been demon-
strated in the literature. In all of these aptamer-based SiP sensors, label-free sensing formats
were used. Park et al. [24] demonstrated IgE and thrombin detection on an aptamer-
functionalized silicon microring resonator and demonstrated reproducible surface regener-
ations for up to 10 cycles after IgE and thrombin binding using a NaOH solution. Byeon
and Bailey [174] compared thrombin binding on aptamer-functionalized silicon microring
resonators to antibody-functionalized resonators and demonstrated aptamer-functionalized
surface regeneration using proteinase K. The authors found that the aptamer had a lower
affinity toward thrombin (KD = 8.2 nM) compared to the antibody (KD = 3.3 nM), suggest-
ing a poorer limit of detection for sensing applications relying on steady-state binding.
However, the aptamer-functionalized sensors demonstrated faster thrombin-binding ki-
netics, which could produce a theoretically lower LoD for the aptamer-based sensor in
applications that leverage binding kinetics measurements to generate a calibration curve
(e.g., by linearly fitting the initial slope of the binding kinetics curve to quantify ana-
lyte concentration [161,184]). Christenson et al. [164] presented a comparative study in
which aptamer- and antibody-functionalized Photonic Crystal-Total Internal Reflection
biosensors were investigated for the detection of cardiac troponin I. The aptamer- and
antibody-functionalized sensors achieved detection limits of 0.1 ng/mL and 0.01 ng/mL,
respectively. While the aptamer-functionalized sensor demonstrated poorer sensitivity,
both sensors achieved clinically relevant limits of detection, and the aptamer sensor was
lower cost and did not require refrigeration during storage. Chalyan et al. [25] compared
the performance of aptamer- and Fab-functionalized silicon oxynitride microring resonator
biosensors for the detection of Aflatoxin M1. A limit of detection of 5 nM was reported for
both the aptamer- and Fab-functionalized sensors, though the Fab-functionalized sensor
was deemed preferable due to its superior reproducibility. Both Chalyan et al. [25] and
Guider et al. [185] reported effective sensor regeneration after Aflatoxin M1 binding using
glycine solutions.

While aptamers offer notable advantages over antibodies in the context of POC di-
agnostics, they still face challenges such as degradation in biological fluids, low SELEX
success rates, lower availability, and highly variable costs. Firstly, aptamers, especially
RNA aptamers, are susceptible to nuclease degradation in biological fluids [100,102]. For
example, in human serum, the half-life of an unmodified aptamer is about one minute [180].
This limits the use of unmodified aptamers as bioreceptors in diagnostic devices using
blood or serum samples. RNA aptamers are also more susceptible to hydrolysis than DNA
aptamers at pH > 6 [183]. However, chemical modifications, such as the incorporation of
2′-fluoro or 2′-amino-modified nucleotides, are often introduced to aptamers either at the
beginning of SELEX or during chemical synthesis to improve their resistance to nuclease
degradation [89,186]. These types of modifications can increase an aptamer’s half-life in
biological fluids to multiple days [180], but modifications introduced during and after SE-
LEX can add complexity to the SELEX process or change the folding structure and binding
properties of the aptamer, respectively [89]. As such, careful optimization is required to
achieve effective nuclease resistance without compromising binding performance.
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Table 8. Demonstrations of SiP biosensors using DNA aptamers as the biorecognition element and
their sensing performance. All demonstrations tabulated here used label-free assay formats.

Sensor Type Target
Detection Performance

Refs.
Figure of Merit Value

Si MRR
IgE LoD 33 pM

[24]
Thrombin LoD 1.4 nM

Si MRR Thrombin Min. detected
concentration 500 pM [174]

SiOxNy MRR Aflatoxin M1 LoD 5 nM [25]

SiOxNy MRR Aflatoxin M1 Min. detected
concentration 1.58 nM [185]

Si PhC total
internal reflection Cardiac troponin I LoD 0.1 ng/mL [164]

Porous Si reflectometric
interference spectroscopy Insulin LoD 1.9 μg/mL [176]

Next, the success rate of SELEX aptamer generation is lower than in vivo antibody
generation, likely due to the lower structural diversity of nucleotides compared to amino
acids and the small size of aptamers [101,180]. This increases the time and resources
required to optimize aptamers for new targets. However, this <30% SELEX success rate
could be improved through the use of specialized SELEX technology variants, personalized
protocols, optimized oligonucleotide libraries, and quality control measures [180,187]. The
target-binding performance of an aptamer depends on its structural conformation, which
can be influenced by pH, ionic strength, and temperature [180]. Therefore, to ensure
predictable binding, aptamer selection must be carried out in buffer systems similar to
those used in the final application. However, this may also mean that an aptamer that
performs well in solutions of a purified target in buffer may not perform as well in complex
biological samples. Lastly, aptamers lack the type of extensive commercial infrastructure
and investment seen in the antibody market and usually must be custom-synthesized by a
handful of companies [89]. A summary of the key advantages and limitations of aptamers
as bioreceptors is provided in Table 9.

2.3. Nucleic Acid Probes (Hybridization-Based Sensing)

Short, single-stranded nucleic acid probes have been widely used for the detection
of nucleic acid targets via hybridization-based SiP sensing (Figure 4) [80,107,188]. Both
ssDNA and RNA sequences can be immobilized on a biosensor surface, where they bind
complementary nucleic acid target sequences through hydrogen bond formation, yielding
DNA-DNA, DNA-RNA, or RNA-RNA duplexes [33,70,189]. Such biosensors are often
called genosensors [81]. Compared to aptamers, which can be designed to bind many
different types of target molecules, nucleic acid probes can only bind other nucleic acids [30].
Additionally, the function of nucleic acid probes depends primarily on their nucleotide
sequence, not on their three dimensional structure: once the target gene sequence is known,
the complementary probe can be designed directly [30]. This means that nucleic acid
probes can be designed against a new target very quickly compared to antibodies and
aptamers. Short nucleic acid probes of 100 nucleotides or less can be synthesized using
well-characterized phosphoramidite chemistry [103,104,111,112]. This synthetic method
of nucleic acid synthesis is highly reproducible, allows for the incorporation of functional
groups like thiols and amines to aid in probe immobilization on solid substrates, and is
typically low-cost [81,111,112,190]. Another key advantage of nucleic acid probe-based
biosensors is that they can be thermally or chemically regenerated with good reproducibility
between sensing cycles [80].
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Table 9. Advantages and limitations of aptamers as bioreceptors.

Advantages Limitations

• High affinity and specificity [89,100]
• Can be designed for theoretically any target, including toxins and

non-immunogenic species [85,89,100]
• Small size [89]
• Relatively low-cost and rapid discovery via SELEX process [89,102]
• Produced via chemical synthesis yielding low batch-to-batch

variability and allowing for the introduction of chemical
modifications for improved functionality [85,89]

• Good stability and long shelf life [89,105]
• Good regenerability: regeneration can be achieved using temperature

or concentrated salt, acidic, basic, chaotropic agent, surfactant, and
chelating agent solutions [96,105]

• Low production costs for DNA aptamers [89]

• Nuclease susceptibility of unmodified aptamers
[100,102,180]

• High production costs for RNA aptamers [89]
• Low SELEX success rates [101,180]
• Structural conformation and binding are

sensitive to pH, ionic strength, and temperature
[180]

• Less widely available than antibodies and
usually require custom synthesis [89]

Figure 4. (a) Illustration of nucleic acid bioreceptor and bound nucleic acid target. Comparisons of
the chemical structures of different nucleic acid subtypes, including (b) DNA, (c) RNA, (d) PNA,
(e) LNA, and (f) morpholino, shown as line structures informed by Refs. [73,191].

In addition to conventional ssDNA and RNA probes, synthetic nucleic acid analogues
with functional chemical modifications to improve binding performance and biostability
have recently been explored for biosensing applications. These include peptide nucleic acids
(PNAs), locked nucleic acids (LNAs), and morpholinos [23,30,73,81,110,115–117,191,192].
PNAs (Figure 4d) are synthetic DNA mimics that can hybridize to complementary DNA
and RNA, but have a backbone consisting of N-(2-aminoethyl)-glycine units linked by
peptide bonds, rather than the sugar-phosphate backbone usually found in DNA [81].
Unlike natural nucleic acids, PNAs are uncharged, giving them improved hybridization
stability [73]. Their hybridization stability is also impacted to a greater extent by single
base mismatches than DNA-DNA hybridization, making PNAs more selective than DNA
probes and a good choice for detecting single nucleotide polymorphisms [193]. PNAs also
exhibit ionic insensitivity and improved pH, thermal, and enzymatic stability [73]. LNAs
(Figure 4e) are another class of synthetic DNA mimics in which the ribose is locked in the
3′-endo conformation, resulting in reduced conformational flexibility, improved biostabil-
ity, and enhanced binding affinity toward the target sequence [30,81,101]. Morpholinos
(Figure 4f) are synthetic nucleic acid analogues in which the sugar-phosphate backbone
is replaced by alternating morpholine rings, connected by phosphoramidite groups [110].
Morpholinos are uncharged and possess many of the same characteristics as PNAs, but mor-
pholinos exhibit improved solubility, poorer stability at low pH, and improved flexibility
of synthesis regarding sequence length, offering the opportunity to bind longer DNA and
RNA target sequences, compared to PNAs [108]. Table 10 provides a comparison between
these nucleic acid subtypes and benchmarks them against functionalization performance
criteria for SiP biosensing.
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Numerous SiP sensing platforms have been demonstrated in the literature using
nucleic acids or nucleic acid analogues as biorecognition elements for the detection of
ssDNA and RNA biomarkers with applications in the detection of cancer [23,192,194–197]
and bacteria [198,199] (Table 11). Often, a label-free assay format is used on these sensing
platforms. For example, Sepúlveda et al. [200] demonstrated label-free detection of short
ssDNA targets down to 300 pM using a silicon nitride Mach-Zehnder interferometer sen-
sor functionalized with ssDNA probes, while Shin et al. [197] demonstrated specific and
label-free detection of longer ssDNA targets (>100 nucleotides) on ssDNA-functionalized
silicon microring resonators down to 400 fmol, which corresponds to 16 μL of a 25 nM
sample. A silicon nitride slot waveguide Mach-Zehnder interferometer functionalized with
methylated ssDNA probes was demonstrated by Liu et al. [192] to quantify the methylation
density of a DNA-based cancer biomarker at sample concentrations down to 1 fmol/μL or
1 nM. Nucleic acid-functionalized SiP sensors have also been used for microRNA detection,
as demonstrated by Qavi and Bailey [194], who used a ssDNA-functionalized silicon MRR
sensor for the rapid and label-free quantification of microRNAs. In this work, the authors
reported a limit of detection of 150 fmol, which represented the minimum quantity of
microRNA that could be reasonably detected in solution with the reported biosensor. Based
on the supporting information provided for this work, this detection limit corresponded to
a 75 μL analysis volume of 2 nM microRNA. Synthetic nucleic acid analogues have been
demonstrated as receptors and targets for SiP sensors. Yousuf et al. [110] recently demon-
strated the detection of short ssDNA targets on morpholino-functionalized suspended
silicon microrings down to 250 pM, while Hu et al. [201] demonstrated PNA detection
using ssDNA-functionalized planar SiP sensors.

In contrast to these label-free methods, Qavi et al. [109] amplified the detection of
microRNA on a ssDNA-functionalized silicon microring resonator sensor using S9.6 anti-
DNA:RNA antibodies. The S9.6 antibody selectively binds to DNA-RNA heteroduplexes
and was shown here to effectively amplify the signal after microRNA hybridization, achiev-
ing a limit of detection of 350 amol, corresponding to 35 μL of a 10 pM microRNA sample.
This was a 3-fold improvement compared to label-free microRNA detection on the same
sensor. This work also demonstrated preliminary results demonstrating that LNA probes
could be used to capture the microRNA targets, followed by successful, albeit slightly less
effective, amplification with the S9.6 antibody. Kindt and Bailey [196] improved the limit of
detection of a ssDNA-functionalized silicon microring resonator sensor for the detection of
mRNA using streptavidin-coated beads. This bead-based amplification improved the sen-
sor’s limit of detection to 512 amol, compared to 32 fmol without bead-based amplification.

To date, most nucleic acid hybridization-based biosensors have been demonstrated
for the detection of short target sequences due to the tendency of longer sequences to fold
and obtain secondary structures [70,198]. These secondary structures significantly slow
down binding kinetics, thus increasing sensing times. This challenge can be mitigated by
pre-treating the targets via thermal denaturation, fragmentation, or the use of short nucleic
acid chaperones which disrupt the nucleic acid target’s secondary structure [196,198]. In
one work [198], the folded structures of long transfer-messenger RNA (tmRNA) targets
were modified using one of the three following strategies prior to detection: (1) chemical
fragmentation, (2) thermal denaturation, or (3) thermal denaturation in the presence of
chaperone probes. Subsequently, the treated tmRNA targets were detected in a label-free
format on ssDNA-functionalized silicon microring resonators. Chemical fragmentation
was found to be the most effective RNA pre-treatment strategy for increasing the binding
kinetics and magnitude of the sensor response. In another work [196], short DNA chaperone
molecules were used to disrupt the secondary structure of full length mRNA transcripts
prior to detection on ssDNA-functionalized silicon microring resonators. This effectively
improved the sensing assay’s binding kinetics.
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Table 11. Demonstrations of SiP biosensors using nucleic acid probes as the biorecognition element
and their sensing performance.

Bioreceptor Sensor Type Target
Detection Performance

Assay Format * Refs.
Figure of

Merit
Value

ssDNA Si MRR microRNA LoD
150 fmol (i.e., 75 μL

of 2 nM mi-
croRNA solution)

Label-free [194]

ssDNA Si MRR
Complementary

DNA generated from
targeted microRNAs

- - Label-free [195]

ssDNA Si MRR Full-length
mRNA transcripts LoD

32 fmol for
label-free detection;

512 amol with
bead-based

amplification

Label-free and
with streptavidin-

coated
bead-based

amplification

[196]

ssDNA Si MRR microRNA LoD
10 pM (i.e.,

350 amol in a
35 μL sample)

Amplification
with

anti-DNA:RNA
antibodies

[109]

ssDNA Si MRR ssDNA LoD
400 fmol (i.e., 16 μL

of 25 nM ssDNA
solution)

Label-free [197]

ssDNA Si MRR
Bacterial

transfer-messenger
RNA (tmRNA)

LoD
52.4 fmol (i.e.,

100 μL of 524 pM
tmRNA solution)

Label-free [198]

ssDNA Si MRR Methylated DNA - - Label-free [23]

ssDNA Cascaded Si
MRRs

IS6110 ssDNA
biomarker LoD

1 fg (corresponds to
10 μL of 0.1 pg/mL

ssDNA solution)
Label-free [199]

IS1081 ssDNA
biomarker LoD

10 fg (i.e., 10 μL of
1 pg/mL

ssDNA solution)

ssDNA Si3N4 MRR ssDNA - - Label-free [202]

ssDNA

N-doped Si
MRR

electrophotonic
sensor

ssDNA - - label-free [59]

ssDNA Si3N4 MZI ssDNA LoD 300 pM Label-free [200]

ssDNA Planar Si PhC
waveguide ssDNA LoD 19.8 nM Label-free [203]

ssDNA
(directly conjugated)

Si MRR and
Si PhC

ssDNA LoD 50 nM

Label-free [201]ssPNA - -

ssDNA
(synthesized

in situ)

Si MRR and
Silicon PhC

ssDNA LoD 10 nM

ssPNA - -

Methylated
ssDNA

Si3N4 slot
waveguide MZI Methylated ssDNA Min. detected

concentration 1 fmol/μL (1nM) Label-free [192]

Morpholino Suspended Si
MRR ssDNA Min. detected

concentration 250 pM Label-free [110]

* Does not include PCR amplification prior to introduction to sensor surface.
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Indeed, the greatest limitation of nucleic acid-based bioreceptors is their limited
applicability: they are only suitable for applications requiring nucleic acid targets [30].
Further, nucleic acid targets usually require significant sample preparation prior to detec-
tion [188]. For DNA targets, the sample usually must undergo fragmentation to ensure
that the target sequence is accessible to the capture probes, followed by denaturation to
yield single-stranded sequences. Depending on the abundance of the target, it may also
require amplification through PCR or isothermal strategies prior to detection [188,195,199].
For RNA targets, sample preparation may be simpler, but still typically requires a frag-
mentation step [188]. Finally, DNA and RNA carry an inherent negative charge, making
them susceptible to non-specific binding due to electrostatic interactions with non-target
molecules [30]. This also poses challenges regarding nucleic acid probe immobilization.
For example, nucleic acid probes are repelled by an unmodified SiP sensor’s negatively
charged native oxide surface, which means that the SiP surface must be modified with
a cationic film should passive adsorption be used for probe immobilization [204]. When
covalent immobilization strategies are used, this negative charge increases steric hindrance
between adjacent nucleic acid probes, which affects the maximum density of probes that
can be immobilized on the sensor surface and the number of available binding sites for
targets, potentially limiting sensor sensitivity [201]. This effect, however, can be reduced
by employing in situ synthesis of nucleic acid probes on the SiP surface. Hu et al. [201]
demonstrated a greater than 5-fold increase in ssDNA probe surface coverage and a greater
than 5-fold increase in detection sensitivity for SiP microring resonators and photonic
crystal sensors when functionalized via in situ probe synthesis, compared to the covalent
immobilization of full ssDNA sequences. Conversely, if the immobilization strategy is
optimized and the density of immobilized nucleic probes on the surface becomes too
high, hybridization of targets to the surface-bound probes is hindered by steric crowding
and electrostatic repulsion, also limiting sensor sensitivity [71]. As such, careful tuning
of the spacing between immobilized probes is required for optimal performance. Some
of these limitations can be mitigated by the use of uncharged synthetic DNA analogues
including PNAs or morpholinos [30]. For example, in a study investigating DNA- and
PNA-functionalized electrochemical sensors for the capture of DNA targets, the PNA-
functionalized sensors exhibited stronger target capture and demonstrated optimal sensing
performance at higher probe surface density than the DNA-functionalized sensors, likely
due to reduced steric and electrostatic effects [205]. This contributed, in part, to a greater
sensitivity for the PNA-functionalized sensor, which had a very wide dynamic range from
pM to μM and a LoD that was 370 times lower than that achieved when using DNA probes.
However, the lack of electrostatic repulsion between uncharged DNA analogues can lead
to local clustering on the sensor surface, creating a heterogeneous layer of these uncharged
probes, thus hindering the reproducibility of the functionalization strategy [193,206]. A
summary of the key advantages and limitations of nucleic acid probes for SiP biosensing is
provided in Table 12.

2.4. Molecularly Imprinted Polymers (MIPs)

Molecularly Imprinted Polymers (MIPs) are a type of label-free synthetic receptor for
binding a broad spectrum of analytes from small molecules and viruses to larger proteins
and cell membrane structures (Figure 5) [72]. The first imprinted polymers were developed
in the early 1990s and demonstrated the ability to change impedance in response to target
binding. Later, more developed MIP films exhibited changes in refractive index upon
binding, making them ideal for optical sensors.
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Table 12. Advantages and limitations of nucleic acid probes as bioreceptors.

Advantages Limitations

• Simple to design once target sequence is
known [30]

• Reproducible chemical synthesis [111,112]
• Chemical modifications can be introduced

[81,111,112,190]
• Amenable to thermal or chemical

regeneration [80]
• Synthetic DNA analogs (PNA, LNA, and

morpholinos) available to enhance affinity,
specificity, and stability [30,73,81,110]

• Limited to nucleic acid targets [30]
• Challenging to capture long targets due to

secondary structures [70,198]
• Targets often require significant sample

preparation [188]
• DNA and RNA susceptible to non-specific

interactions due to negative charge [30]
• Steric hindrance effects may limit probe

immobilization density and binding
capacity [71,201]

• Low molecular weight nucleic acid
targets are challenging to detect without
amplification [138]

Figure 5. MIPs can be templated with an array of targets including: RNA, DNA, amino acids,
peptides, proteins, lipids, glycans, viruses, and bacterial or cell epitopes. Reproduced from Ref. [207]
in accordance with the Creative Commons Attribution 4.0 International license (CC BY 4.0).

Several strategies for MIP preparation on SiP platforms and representative surfaces
have been summarized in Table 13. MIPs are created via template assisted synthesis
where an analyte is cured within a polymer making a 3D impression in the form of a
binding pocket (Figure 6a) [119,208]. There are two main methods of MIP polymeriza-
tion or “templating” for optical sensors: solution based (Figure 6b) or surface stamping
(Figure 6c) [119,209]. In solution-based MIPs, a target, or template, is solvated in organic
solvents with precursors, initiators, and monomers [72]. Smaller molecules are primarily
used directly as a template, whereas larger targets (proteins, peptides, etc.) use a smaller
binding epitope for imprinting. These formulations are specific to the template and form
complexes of reversible covalent or noncovalent interactions with the template’s chemical
structure. Next the solution is deposited on a surface and cured by ultraviolet (UV) or
thermal polymerization. Solution-based MIPs can be templated onto many shapes such as
coatings, thin films, and nanoparticles [210]. This is advantageous since they can conform
to many different fiber and waveguide topologies. MIP films can be grown on a variety
of photonic sensor designs, dipped on optical fibers, or developed in solution on micro-
spheres [211]. Following MIP synthesis, the template molecules must be extracted, which is
often achieved by washing or soaking in solution [211–215] or by plasma-treatment [211],
though physically assisted solvent extraction (e.g., microwave- or ultrasound-assisted
extraction) and extraction using supercritical or subcritical fluids have also been used [216].
This produces a distribution of exposed binding site geometries due to the template’s ran-
dom orientation on the polymer surface (Figure 6b). Surface stamping using support molds
was the first method of casting [209,217]. Template molecules are crosslinked to a surface
mold and pressed onto the polymer surface over the sensor prior to curing. Removal of the
mold leaves imprinted binding sites stamped on the surface of the polymer. This method
produces more regular pockets in comparison to solution-based MIPs due to the added
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control over the depth of imprinted binding sites and the opportunity to control template
orientation on the surface mold (Figure 6c) [218].

Table 13. Strategies demonstrated for the preparation of MIPs on SiP sensors and representative
surfaces.

MIP Type Film Constituents Template
Film

Deposition
Technique

Template Extraction Sensor Type Refs.

Polymer
synthesis

Methacrylic acid (functional
monomer) and ethylene

glycol dimethacrylate
(crosslinking agent)

Testosterone

Casting,
followed by
thermopoly-
merization

Acetic acid and
ethanol-based

chemical extraction
Si MRR [212]

Polymer
synthesis

Methacrylic acid (functional
monomer) and ethylene

glycol dimethacrylate
(crosslinking agent)

Progesterone

Coating,
followed by

UV
photopoly-
merization

- Cascaded Si
MRRs [219]

Sol-gel

Bis(trimethoxysilylethyl)benzene
and 2-(2-

pyridylethyl)trimethoxysilane,
prepared in tetrahydrofuran

Carbamate
(used to create
trinitrotoluene
binding sites)

Airspray
coating or

electrospray
ionization

HCl and
chloroform-based

chemical extraction
Si MRR [213]

Sol-gel

Ethanol,
methyltrimethoxysilane,

aminopropyltriethoxysilane,
and HCl, prepared in

dimethyl sulfoxide

Fluorescein
isothiocyanate Dip coating

Oxygen plasma
degradation or

chemical extraction
with solutions of

ethanol, acetic acid,
and chloroform
or acetonitrile.

SiO2
microsphere
whispering

gallery
mode resonators

[211]

Sol-gel

Tetraethoxysilane (TEOS),
water, ethanol, and HCl or

methyltriethoxysilane
(C1-TriEOS), ethanol, HCl,

and MPTMS.

Cortisol Spin coating Ethanol-based
chemical extraction. Si chips [214,

215]

These methods produce specific binding pockets on the polymer surface that match the
three-dimensional molecular structure of the template. Targets primarily bind via hydrogen
bonding, electrostatic interactions, and Van der Waals forces. Reversible covalent bonding
is less common since it is dependent on the template’s molecular structure, available
specialized monomers, and more complex synthesis [220]. Direct adsorption of analytes into
the binding pockets produces a change in refractive index or electrochemical (impedance)
signal that can be read out by optical and amperometric sensors, respectively.

MIPs are considered an alternative to antibodies since they are highly sensitive, re-
versible and have both chemical and mechanical stability. They are synthetic making them
robust, scalable, low-cost, and shelf-stable [118]. They have been shown to be stable over
months in a large temperature range (up to 150 ◦C) with over 50 adsorption/desorption
cycles in organic solvents, acids, and bases [221]. Divinylbenzene MIP bases are twice as
robust (up to 100 cycles) in comparison to methacrylate- or acrylamide-based polymers
over a larger pH range. Although MIPs are an excellent synthetic method of producing a
non-refrigerated product with a long shelf life, there are several limitations to the technol-
ogy. Currently, synthesis is developed for one target at a time and requires computational
studies to downselect polymer precursors and benchtop chemistry to optimize formula-
tion. Computational studies include quantum mechanics/molecular mechanics (QM/MM)
calculations (ab initio, molecular dynamics, etc.) between possible precursors and the
template molecule [222]. These calculations determine which reagents interact with the
chemical structure of the template molecule. Then, MIPs are formulated based on the set
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and ratios of precursors are empirically tested. The final MIP formulation is selected to
maximize sensitivity and specificity, based on these empirical data.

Figure 6. Illustration of MIP templating approaches. (a) MIP templating begins with a template
mixed with polymer precursors followed by curing and the template removal. (b,c) Illustration
of molecularly imprinted polymer (MIP) showing the random and oriented nature of template
orientation on the surface of solution based (b) and stamped (c) MIPs, respectively. In solution-based
MIP preparation (b): templates are first solvated in organic solvents with precursors, initiators, and
functional monomers (i), followed by deposition on the sensor surface (ii), curing (iii), and template
extraction (iv), after which the MIP can be used for target capture (v). Note that the small pieces
of color left behind in the binding sites after template extraction, as seen in (iv,v), represent sites
where the functional monomers formed non-covalent or covalent bonds with the template. In surface
stamping based MIP preparation (c): templates are immobilized on a surface mold (i) and pressed
into a polymer film on the sensor surface (i,ii) prior to curing. After curing, the surface mold is
removed (iii), leaving imprinted binding sites on the sensor surface, which can be subsequently
used for target capture (iv). Part (a) is reproduced with permission from Ref. [210]. Copyright 2016,
American Chemical Society.

MIPs have limited specificity in complex solutions due to the imprinted nature of
the polymers, which include an array of heterogeneous binding pocket orientations [30].
Smaller or like molecules can fill the binding pockets, producing a background signal or
affecting the MIP’s affinity toward its target [223]. Formulations thus need to be thoroughly
optimized for the template (as described above) and tested against non-imprinted polymers
(NIPs) [224]. NIPs are the same composition as the MIPs, only formulated without the
template. They are used as a control to determine the sensitivity of the MIPs against
nonspecific adsorption. Further studies testing MIPs in real bioanalyte samples are essential
to validate their specificity [30]. A summary of the advantages and limitations of MIPs as
bioreceptors is provided in Table 14.
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Table 14. Advantages and limitations of MIPs as bioreceptors.

Advantages Limitations

• Diverse targets [72]
• Amenable to many (>50) cycles of reversible binding [221]
• Excellent chemical, mechanical, and temporal stability [221]
• Scalable and low-cost production due to synthetic nature

• Poor specificity [223]
• Heterogeneous binding sites
• Low availability and complicated optimization

of formulations

The use of refractive index sensing with MIPs in silicon photonics (Table 15) is limited,
although they have been well demonstrated with SPR-based sensors [209]. MIPs can
be drop-cast, spray-coated, spin-coated and inkjet printed on the sensor surface. Chen
et al. [212] demonstrated thermally polymerized, drop-cast ultrathin film MIPs on a passive
SOI microring resonator sensor for testosterone. This method is highly sensitive for sensing
ultralow concentrations with a sensitivity of 4.803 nm/(ng·mL). First the template solution
is premixed to promote self-assembly between the template and monomers specific to its
chemical structure. This produces a pre-polymerized layer surrounding the template in
solution that is further complexed with the addition of carboxyl-terminated monomers.
This matrix is then drop-cast on the sensor’s surface and thermally treated for 12 h. The
combination of the pre-polymerized matrix and dilute solution results in an ultrathin
assembled monolayer of MIPs on the surface with a limit of detection of 48.7 pg/mL.
Multiple cycles of MIP regeneration (using a 1:1 acetic acid-ethanol rinse) and sensing with
a solution of 1 ng/mL testosterone were tested on this platform to assess reproducibility.
There was a drift in the sensor response and corresponding decrease in sensitivity as the
number of regenerations increased, which the authors attributed to damage to the MIP
during testing. Selectivity was also assessed by introducing the small molecule toxin,
microcystin-LR, to the sensor, which produced a negligible response.

Table 15. Demonstrations of SiP biosensors using MIPs as the biorecognition element and their
sensing performance.

Bioreceptor Sensor Type Target
Detection Performance Assay

Format Refs.
Figure of Merit Value

MIP film Si MRR Testosterone LoD 48.7 pg/mL Label-free [212]

Sol-gel MIP Si racetrack resonators Trinitrotoluene vapor Min. detected
concentration 5 ppb Label-free [213]

MIP film Cascaded Si MRRs Progesterone LoD 83.5 fg/mL Label-free [219]

MIP film
SiO2 microsphere

whispering gallery
mode resonator

Fluorescein
isothiocyanate - Fluorescence

intensity - [211]

MIP film SiOxNy dual
polarization interferometer Hemoglobin LoD 2 μg/mL Label-free [225]

Photopolymerization can be achieved all at once by direct UV polymerization or in
stages by pre-polymerizing in a dilute crosslinking solution followed by the addition of
a UV initiator for a final cure. Xie et al. [219] used this process with cascaded microring
resonators for sensing progesterone. They used an SU-8 cladding and a slightly larger
ring diameter to match the free spectral range of the reference ring to the MIP-coated
sensing ring. The MIP is prepared by pre-polymerizing acetic and methacrylic acid with
progesterone for 3 h followed by adding UV crosslinkers in a specialized tank for UV curing.
This produces a thin self-assembled film on the sensor surface. Their results showed a
limit of detection of 83.5 fg/mL which is approximately 3 orders of magnitude lower
than enzyme-linked immunosorbent assays (ELISA). The sensor shows good selectivity to
progesterone with little to no response with testosterone and the NIP. Eisner et al. [213] used
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MIP sol-gels to compare airbrush versus electrospray ionization deposition techniques.
These sol-gels are formed by hydrolysis and polycondensation of a colloidal liquid into a
gel at low temperatures. The colloid includes metal oxides, salts, or alkoxides suspended
in solvents. This ceramic-based MIP was designed for the detection of trinitrotoluene
(TNT) vapor and was coated on passive silicon racetrack resonators with thicknesses of
500–700 nm to minimize resonant wavelength shift artifacts due to changes in the bulk
refractive index surrounding the MIP. The results showed a ~10× increase in response and
sensitivity in the electrospray MIP in comparison to airbrushing. The MIP-coated sensors
showed a nonspecific response to other nitro-based explosives (2,4-dinitrotoluene (DNT)
and 1,3-dinitrobenzene (DNB)); however, the device’s sensitivity was about an order of
magnitude greater for TNT than for DNT and DNB.

Hydrogel-based MIP thin films are less successful since they expand and contract
based on water content and salinity, producing unwanted effects. Reddy et al. [225] sensed
hemoglobin on silicon oxynitride waveguides for dual polarization interferometry. The
gels initially increased in thickness and mass upon injection of a control solution, but the
response was transient suggesting adsorption and desorption of the control on the hydrogel
surface. In contrast, the target, hemoglobin, produced a continuous signal and remained
selective in solutions containing <1% pooled bovine serum.

2.5. Peptides and Protein-Catalyzed Capture Agents

Synthetic and native peptides are an attractive method of capture for chemical and
biological targets in SiP due to their small size in comparison to antibodies, aptamers, and
other larger components (Figure 7) [226–228]. Peptides are differentiated from proteins by
their size (2–70 amino acids) and flexible structure. There are two main types of peptides
for attachment: native and synthetic [120]. Native peptides are small binding epitopes
or ligands found in nature that selectively bind to a specific site on the target of interest.
They are primarily recombinant and produced by cloning the peptide in an organism. The
peptide sequence is inserted into a plasmid, expressed in bacteria, insect or mammalian
cells and purified for processing [229].

Figure 7. (a) Illustration of peptide bound target. (b) Comparison of peptide, aptamer, Cas9 enzyme
and antibody relative sizes, informed by protein data bank crystal structures 2AU4, 4OO8 and
1IGY [226–228]. Peptides are smaller than aptamers, antibodies, and many other bioreceptor classes
discussed here, offering potential improvement in SiP biosensor sensitivity by bringing the binding
interaction into a region of the evanescent field with higher field intensity.

Synthetic peptides are chemically synthesized using solid phase peptide synthesis
(SPPS) or solution-based synthesis (SPS) [230]. Synthetic peptides are made using D-amino
acids instead of the more naturally occurring L-amino acids seen in native peptides. D-
and L-amino acids are enantiomers, or the same amino acid sequence with a mirror image
structure. This change in configuration makes D-amino acids less susceptible to enzyme
degradation without changing their biological function. SPS was the first synthesis method,
developed in 1901, where a chain of amino acids is grown one residue at a time in solu-
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tion [231]. SPPS followed in 1963 and uses a solid support for anchoring the peptide chain
that enables washing steps between the addition of successive amino acids. Both methods
start from a primary amino acid using selective protecting groups (FMOC, BOC) where
successive amino acids are added in a step-by-step fashion to form a chain [232]. Generally,
SPPS is the most common method since it is a well-established commercially available
process and contributed to the Nobel Prize in Chemistry in 1984 [231]. Its use of a support
and wash cycles results in a higher production of correctly formed peptides, removes
reaction byproducts, as well as decreases the tendency of aggregation and incomplete
reactions. However, SPS is still used since the lack of a support enables more challenging
structures (cyclic), nonstandard components, and a larger array of coupling conditions
(acidic, oxidative) [233].

Protein-catalyzed capture (PCC) agents are specialized, short (20 amino acid), synthetic
peptides optimized to capture a target of interest [234]. They are considered “synthetic
antibodies” due to their comparable high specificity and affinity for a target without the
temperature sensitivity or stability issues common in enzymes, aptamers, and antibod-
ies [235]. PCCs are highly selective since they are computationally designed based on the
binding sites of proteins and other targets. Screening of chemical peptide libraries, such as
one-bead one-compound (OBOC), identifies peptide components with high specificity and
selectivity to the target of interest [236,237]. Due to this design, their affinity can be tailored
to the specific dynamic range needed for sensing. Agnew et al. [234] evaluated the epitope
binding sites and affinity of PCCs to those of monoclonal antibodies of the same target
using principal component analysis. Their analysis covered 14 different protein targets as
well as considered their physicochemical properties and molecular binding interactions.
The results showed that PCCs are able to match and surpass antibody affinities with the
majority of the binding driven by electrostatic interactions and hydrogen bonding.

In the literature, peptides and PCCs have been demonstrated as bioreceptors against
antibodies [238], cancer cells [239], viral proteins [91], and streptavidin [240] on SiP plat-
forms (Table 16). Angelopoulou et al. compared recombinant SARS-CoV-2 spike protein
peptide on silicon nitride MZI sensors to conventional ELISA assays [238]. Silicon nitride
MZI sensors were crosslinked via glutaraldehyde to the spike peptide against SARS-CoV-2
in a manner that selectively attached the peptides to only the silicon nitride waveguides
and not the surrounding silicon dioxide. The reference was blocked with bovine serum
albumin as a control for non-specific binding. The label-free peptide MZI showed a 80
ng/mL limit of detection and correlated with the ELISA results of 37 diluted serum samples.
The addition of an antibody as a label improved the limit of detection to 20 ng/mL.

Table 16. Demonstrations of SiP biosensors using peptides as the biorecognition element and their
sensing performance. All tabulated demonstrations used a label-free assay format.

Bioreceptor Sensor Type Target
Detection Performance

Refs.
Figure of Merit Value

Peptide Si3N4 MZI SARS-CoV-2
antibodies LoD 80 ng/mL [238]

Peptide Planar Si and porous
Si microcavity

A20 lymphoma
cancer cells

Coverage efficiency after
2 h incubation with 50,000

A20 cells

~85% and ~4% for planar
and porous functionalized

surfaces, respectively
[239]

PCC Porous Si microcavity Chikungunya
virus E2 protein

Resonance shift after 3 h
incubation with 1 μM

E2 protein
1.7 ± 0.3 nm [91]

PCC Porous Si microcavity Streptavidin
Resonance redshift after

1 h exposure to
5 μM streptavidin

12.9 nm [240]
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Martucci et al. [239] used idiotype peptides to determine the surface capture efficiency
of tumor cells on silicon surfaces. Idiotype peptides are ligands from the binding site of
receptors on the surface of immune cells that bind to antigens on the surface of lymphoma
cells. They are specific to a subset of B-cells and can specifically identify lymphoma cells.
The authors functionalized the surface of porous silicon microcavities by submerging
in a 5% amino-terminated silane solution, crosslinking with a double N-succinimidyl
terminated linker to crosslink to a primary amine on the peptide. The authors moved
away from crosslinking antibodies to silicon surfaces since antibodies are known to have
problems assembling monolayers in the same orientation due to their large size and multiple
crosslinking sites [241,242]. Their results showed that the idiotype peptide covered 85%
of the sensor’s surface with a uniform, oriented layer and had a detection efficiency of
8.5 × 10−3 cells/μm2.

PCCs are starting to become a more well-known method for biological sensing using
silicon photonics due to their good stability and long shelf life. They are temperature
stable, showing little to no change in affinity after heating to 90 ◦C, and resistance against
protease degradation [91,243]. Layouni et al. [91] showed a PCC specific to Chikungunya
virus E2 protein on porous silicon microcavities and with positive detection in response
to 1 μM E2 viral protein. In addition, their results showed no statistical significance in
sensor response between previously heated (90 ◦C, 1 h) and unheated PCCs. This stability
was further confirmed by PCCs for vascular endothelial growth factor maintaining 81%
of their affinity after 1 h using standard ELISA assays. Another work with porous silicon
microcavities for PCC sensing of streptavidin showed detection of 5 μM streptavidin using
PCCs immobilized via click chemistry crosslinking [240]. A summary of the advantages
and limitations of peptides and PCCs as bioreceptors is provided in Table 17.

Table 17. Advantages and limitations of peptides and PCCs as bioreceptors.

Advantages Limitations

• Small size
• Synthetic production is available for

scalable and flexible production [230]
• Good specificity and selectivity [235]
• Good temperature stability and resistance

to protease degradation [91,235,243]

• Limited availability
• Limited data available to assess

performance (particularly on SiP
platforms)

2.6. Glycans and Lectins

Both glycans and lectins have been employed as biosensor recognition elements on SiP
devices (Figure 8). Glycans are carbohydrates which are covalently conjugated to proteins
(glycoproteins) and lipids (glycolipids) [122,244]. In biological systems, glycoconjugates
are typically found on cell surfaces, in the extracellular matrix, or in cellular secretions, and
participate in intermolecular and cell–cell recognition events. Glycans consist of monosac-
charides linked together in linear or branched structures by glycosidic bonds [244]. The
diversity of their constituent monosaccharide residues and the position and configuration
of their glycosidic bonds give glycans significant structural variability [128,244]. Lectins
are non-immune proteins that recognize and bind glycoconjugates and non-conjugated
glycans via carbohydrate recognition domains (CRD) [121,122,134]. Specific lectin-glycan
binding is affinity-based and facilitated by hydrogen bonding, metal coordination, van
der Waals and hydrophobic interactions [121]. The CRDs of lectins may target monosac-
charide residues or they may show poor affinity toward monosaccharides and, instead,
preferentially bind oligosaccharides based on their glycosidic linkages [121,122,244]. The
affinity of individual CRD-glycan interactions are weak, with dissociation constants in the
micromolar to millimolar range [121,122]. Multivalent binding between lectins and gly-
cans, however, allows for higher-avidity interactions, with dissociation constants that are
multiple orders of magnitude lower [122,123]. Namely, some lectins possess multiple CRDs
that bind to multiple monosaccharide residues on a polysaccharide or to multiple proximal
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carbohydrates immobilized on a densely-coated solid substrate [121–123]; moreover, lectins
can recognize homogeneous carbohydrate-coated surfaces or mixed glycan patches. Con-
versely, in the case of lectins with only one CRD, higher-avidity binding may be achieved
by the clustering of many lectin molecules [122]. While many lectins have been identified
and their glycan-binding characteristics have been characterized, these only encompass
a small fraction of the diverse set of glycans that are found in nature [123]. Compared to
proteins and nucleic acids, the functional study of glycans lags far behind [129].

Figure 8. (a) Illustration of a glycan and bound lectin. (b) (i) SEM image of a microring resonator and
(ii) cross-section of microring resonator waveguide using glycans as bioreceptors. The glycans are
immobilized using an organophosphonate linking strategy and used for lectin (protein) capture. Part
(b) is adapted with permission from Ref. [126]. Copyright 2012 American Chemical Society.

Glycans can be immobilized easily on biosensor surfaces in an oriented manner; for
example, the terminal amine group of a glycan derivative can be targeted for site-directed
covalent amine coupling to a surface [244]. In comparison, lectins possess more complex
structures, making oriented immobilization more challenging.

Homogeneous glycan samples for biosensing applications cannot be synthesized eas-
ily in large quantities using biological systems, making chemical and chemoenzymatic
synthesis the preferred routes of production for structurally defined glycans and glycocon-
jugates [127,245]. Multi-milligram quantities of polysaccharides up to 50 mers in length
can be rapidly and reproducibly synthesized and optionally conjugated to nonglycan
entities, like proteins, to yield glycoconjugates [127,128]. Nevertheless, chemical glycan
synthesis is in its infancy and is inherently more challenging than oligonucleotide and
oligopeptide synthesis because glycans are often highly branched and their biosynthesis
is not template-driven [129]. Chemical glycan synthesis requires the modification of one
monosaccharide hydroxyl group at a time in the presence of many others and the careful
control of glycosidic linkage positions [127]. Currently, the synthesis of complex and highly
branched glycan structures remains a major challenge [129].

Lectins may be purified from various organisms, though yields, especially for animal-
derived lectins, are often too low for practical use [130]. Consequently, recombinant
techniques are usually required for the production of lectins in multi-gram quantities [130].
Notably, anti-carbohydrate antibodies can be generated for glycan capture, but, due to
the poor immunogenicity of carbohydrates, these antibodies typically have poor affinities
toward their targets and limited versatility, making lectins preferable for carbohydrate
detection [121]. In comparison to antibodies, the cost of lectin production is also lower.
However, similarly to antibodies, the commercial synthesis of lectins is cell-based, and
samples may vary in purity, properties, availability, and activity within and between ven-
dors [121]. An overall comparison of glycans and lectins as bioreceptors for SiP biosensors
is detailed in Table 18.
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Glycan-coupled SiP biosensors can be used for lectin capture and have applications
in toxin [132] and virus [126] detection. For example, Ghasemi et al. [132] covalently
immobilized GM1 ganglioside glycans on the surface of a TM mode silicon nitride microring
resonator sensor for label-free detection of Cholera Toxin subunit B. The authors reported an
absolute limit of detection of 400 ag, which corresponds to a surface coverage of 8 pg/mm2.
Shang et al. [126] used an organophosphonate strategy to tether glycans and glycoproteins
to silicon microring resonators for label-free detection of various lectins and norovirus-like
particles. The authors reported a limit of detection of 250 ng/mL for the norovirus-like
particles. The functionalized sensors also demonstrated excellent stability, retaining strong
binding performance after one month of storage at ambient conditions and after multiple
cycles of surface regenerations with high-salt and high- and low-pH solutions. Indeed,
the good chemical stability of glycans, even at ambient and dry conditions for prolonged
periods of time, is an attractive characteristic of glycan-conjugated biosensors [124,125].
Other publications have demonstrated glycan- and glycoconjugate-functionalized SiP
sensors for the label-free detection of common lectins, with limits of detection down to the
ng/mL range [133,246].

Given that various diseases, such as cancer, autoimmune diseases, infections, and
chronic inflammatory diseases are associated with glycan aberrations, glycans are valuable
disease biomarkers [121,129]. Lectin-coupled biosensors have, therefore, been proposed
for glycan biomarker-based disease diagnosis [121,129]. While lectin-coupled SiP sensors
have seldom been reported in the literature, Yaghoubi et al. [131] reported a lectin-coupled
porous silicon sensor using reflectometric interference Fourier transform spectroscopy for
label-free detection of bacteria. The authors functionalized sensors with three different
lectins, concanavalin A (Con A), wheat germ agglutinin (WGA), and ulex europaeus
agglutinin (UEA), and found that the Con A- and WGA-coupled sensors demonstrated the
greatest binding affinities for E. coli and S. aureus, respectively and demonstrated limits of
detection of approximately 103 cells/mL. Table 19 provides a summary of SiP biosensors
demonstrated in the literature that use glycans or lectins as bioreceptors.

Table 19. Demonstrations of SiP biosensors using glycans or lectins as the biorecognition element
and their sensing performance. All tabulated demonstrations used label-free assay formats.

Bioreceptor Sensor Type Target
Detection Performance

Refs.
Figure of Merit Value

Lacto-N-fucopentaose III-human
serum albumin

(LNFPIII-HSA) glycoprotein
Si MRR Norovirus-like particles LoD 250 ng/mL [126]

BSA-mannose, BSA-lactose,
BSA-galactose and

RNase B glycoconjugates
Si MRR Lectins: concanavalin A,

griffithsin, and ricin - - [246]

GM1 ganglioside glycan Si3N4 MRR Cholera toxin subunit B LoD
400 ag

(corresponds to
8 pg/mm2)

[132]

3-fucosyl lactose glycan Si3N4 MRR Aleuria Aurantia Lectin LoD 0.5 ng/mL (7 pM)
[133]α2,6-disialylated

biantennary N-glycan Si3N4 MRR Sambucus Nigra Lectin LoD 12 ng/mL (86 pM)

Concanavalin A lectin Porous Si Escherichia coli LoD 103 cells/mL
[131]

Wheat germ agglutinin lectin Porous Si Staphylococcus aureus LoD 103 cells/mL

The greatest limitation of biosensors using glycan-lectin binding is their specificity. Un-
like antibodies, lectins often bind to more than one glycostructure and demonstrate broader
specificity, thus requiring extensive selectivity and cross-reactivity characterization prior to
use [121,123]. The poorer selectivity of glycan-lectin interactions complicates their detection
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in complex biological samples and makes it difficult to detect small aberrations in the target
structure [121,244]. Moreover, the avidity of glycan-lectin interactions is highly variable
and depends not only on the structure of the biomolecules, but also on their multivalency
and packing density on the sensor surface [122]. While glycans offer simple oriented conju-
gation to sensor surfaces and improved stability compared to antibodies, the discovery and
production of biologically relevant glycans, especially complex and highly branched ones,
is limited by current structural characterization and synthesis techniques [129]. Commer-
cially available glycans are very expensive, at roughly CAD 200–1200/10 μg [135], while
custom glycan synthesis is also costly [247]. On the other hand, lectins can be characterized
and produced using mature and cost-effective techniques, but these proteins suffer from
the same batch and vendor variability and pH-, temperature-, and buffer-sensitivity issues
as antibodies [121,136]. While lectin regeneration is possible, it is likely to result in activity
loss [121]. Table 20 highlights the key advantages and limitations of glycans and lectins as
bioreceptors for SIP biosensors.

Table 20. Advantages and limitations of glycans and lectins as bioreceptors.

Advantages Limitations

Glycan

• Easy to achieve oriented
immobilization [244]

• Highly reproducible
chemical synthesis
[127,128]

• Good stability [124–126]
• Good regenerability

[126]

• Poor affinity and
specificity [121–123]

• Functional study of
glycans is less advanced
than proteins and nucleic
acids [123,129]

• Chemical synthesis is
challenging for long and
branched structures [129]

• Expensive [247]

Lectin

• Well-understood and
relatively inexpensive
synthesis by
recombinant techniques
[121]

• Poor affinity and
specificity [121–123]

• Challenging to achieve
oriented immobilization
[244]

• Poor reproducibility due
to cell-based synthesis
[121]

• Limited regenerability
[121]

2.7. Other
2.7.1. High Contrast Cleavage Detection (i.e., CRISPR Cleavage Detection)

Recently, high contrast cleavage detection (HCCD) has been proposed as a detection
mechanism for optical biosensing employing CRISPR-associated proteins as the biorecogni-
tion elements [137–139]. This is a clustered regularly interspaced short palindromic repeats
(CRISPR)-based biosensing approach that can be used for sensitive detection of nucleic acid
(DNA or RNA) targets. CRISPR systems contain CRISPR-associated (Cas) proteins, which
possess endonuclease activity to cleave targets via guide RNA [140,248]. Most reported
CRISPR based biosensors use Cas9, Cas12, or Cas13 effectors, which demonstrate different
cleavage activities [249]. Namely, CRISPR-Cas9 cleaves target dsDNA based on guidance
from single guide RNA [249]. CRISPR-Cas12 captures target DNA that is complementary
to its guide RNA, activating non-specific collateral cleavage (or trans-cleavage) of nearby
ssDNA [250]. Similarly, CRISPR-Cas13 captures target RNA that is complementary to its
guide RNA, activating non-specific collateral cleavage of nearby ssRNA [250]. In the HCCD
technique, Cas12 or Cas13 effectors can be used [138].

Most SiP biosensors rely on affinity-based detection, whereby low-index bioanalytes
are captured on the sensor surface upon introduction of the target analyte. The HCCD
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method, however, adopts a different architecture and relies on the removal of high-index
contrast reporters from the sensor surface upon introduction of the target analyte (Figure 9).
In HCCD, the sensor surface is first decorated with high-index contrast reporters, such
as silicon nanoparticles, gold nanoparticles or quantum dots, tethered to the surface by
single-stranded oligonucleotides [137–139,141,142,251]. Then, the analyte is combined with
CRISPR-Cas12 or CRISPR-Cas13, which have guide RNA complementary to the target [137].
Once activated, these CRISPR-Cas complexes cleave the reporters from the surface, leading
to a change in the local refractive index that can be transduced by the SiP device.

Figure 9. Illustration of HCCD, showing (a) activation of the CRISPR-Cas12a/13 effector by the
target nucleic acid sample, (b) high index contrast reporters (e.g., gold nanoparticles) tethered to the
sensor surface by single-stranded DNA or RNA prior to cleavage by the activated CRISPR-Cas12a/13
complex, and (c) non-specific collateral cleavage of single-stranded DNA or RNA by the activated
CRISPR-Cas12a/13 complex, leading to the removal of reporters from the sensor surface.

The first experimental implementation of this method was reported in 2021 by Lay-
ouni et al. [137] on a porous silicon interferometer platform. This was a proof-of-concept
study in which the sensor surface was decorated with nucleic-acid-conjugated quantum
dot reporters, then exposed to a DNase solution, which cleaved reporters from the surface.
While this work did not report specific analyte detection, it demonstrated the ability to
detect a large shift in the sensor’s reflectance peak upon enzyme-mediated removal of
reporters from the porous silicon surface. This work paved the way for another preliminary
study in which Liu et al. [139] demonstrated the detection of SARS-CoV-2 target DNA
on a silicon microring resonator chip using HCCD (Table 21). The authors reported a ~8
nm blue shift in the resonance wavelength upon cleavage of gold nanoparticle reporters
from the sensor surface by CRISPR-Cas12a activated by a 1 nM sample of target DNA in
buffer solution. To our knowledge, SiP sensors using HCCD have yet to be demonstrated
for the detection of nucleic acid targets in complex biological samples like whole blood,
serum, and plasma. Chung et al. [251] proposed an inverse-designed waveguide-based in-
tegrated silicon photonic biosensor for HCCD-mediated sensing. However, this biosensing
architecture has not yet been demonstrated experimentally.

Table 21. Demonstration of SiP biosensor using HCCD its sensing performance.

Bioreceptor Sensor Type Target
Detection Performance

Assay Format Ref.
Figure of Merit Value

CRISPR-Cas12a with
guide RNA

complementary to target
Si MRR SARS-CoV-2

ssDNA

Resonance shift
after exposure

to 1 nM of
target DNA

~8 nm

Labeled: gold
nanoparticle reporters

tethered to sensor
surface by ssDNA were

cleaved by activated
Cas12a effector;

amplification via
collateral cleavage

[139]
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The HCCD technique touts several advantages compared to traditional hybridization-
based nucleic acid sensing. On a SiP sensor using hybridization-based sensing, signal
generation relies on the small difference in refractive index between the sample buffer and
the target nucleic acids. Typically, to achieve a detectable signal, the nucleic acid sample
needs to be PCR amplified prior to detection or a secondary amplification molecule must
be used after hybridization [138]. In HCCD, the refractive index contrast between the high-
index reporters and background fluid is greater, leading to a greater signal change upon
reporter removal compared to the binding of unlabeled targets [137,138]. Each activated
CRISPR-Cas complex can perform up to 104 non-specific probe cleavages after activation,
leading to multiplicative signal amplification, thus enhancing sensitivity [138,251]. Further,
since HCCD relies on the removal of reporters from the surface, the SiP sensor experiences a
blue shift in resonant frequency for a positive result; this is in contrast to affinity-based sens-
ing in which a positive result causes a red shift. This means that HCCD is less susceptible to
false positives caused by non-specific adsorption of biomolecules to the sensor surface [137].
Another beneficial feature of the HCCD method is that it derives its specificity from the
CRISPR-Cas12 or -Cas13 complexes, which are activated in a highly specific manner by
their nucleic acid targets. Since specificity is conferred by the CRISPR-Cas complexes rather
than biomolecules immobilized on the sensor surface, there is an opportunity to develop
universal reporter-functionalized SiP sensors which can be used with application-specific
CRISPR-Cas reagents, thus reducing the costs of sensor development and production [138].

While the sensitivity of this detection strategy is bolstered by the collateral cleavage of
the activated CRISPR-Cas complexes, this non-specific cleavage also makes multiplexing
challenging. To the best of our knowledge, multiplexed nucleic acid detection based on
HCCD has not yet been demonstrated. Another limitation of HCCD is that the irreversible
cleavage of reporters from the SiP surface prevents facile regeneration of the functionalized
sensor for repeated use. Further, HCCD is only suitable for the detection of nucleic acid
targets, limiting its versatility. Finally, while the nucleic-acid-based reporter-modified
surface has improved storage stability compared to antibody-functionalized surfaces, Cas
enzyme activity is sensitive to storage conditions, complicating POC use [33]. This could
potentially be addressed by lyophilizing the assay reagents [145]. Overall, while HCCD
remains in its infancy and is yet to be validated for detection in complex media, this method
addresses some of the limitations of hybridization-based nucleic acid detection schemes
and offers potential as a highly sensitive and specific strategy for SiP sensing. Table 22
highlights the key advantages and limitations of HCCD.

Table 22. Advantages and limitations of HCCD.

Advantages Limitations

• Very high sensitivity
• Signal enhancement due to high index contrast reporters

[137,138]
• Multiplicative signal enhancement due to collateral reporter

cleavage by Cas12/Cas13 effectors [138,251]
• Insensitive to non-specific interactions [137]
• Universal reporters for simple sensor functionalization [138]

• Challenging to multiplex
• Not regenerable
• Limited to nucleic acid targets
• Poor stability of Cas enzymes [33]
• Limited precedent for use and not yet demonstrated

for sensing in complex biological fluids

2.7.2. CRISPR-dCas9-Mediated Sensing

CRISPR-associated proteins have also been used as a biorecognition element for
signal amplification in silicon photonic sensors, in combination with nucleic acid probes.
In 2018, Koo et al. [143] proposed a CRISPR-dCas9-mediated SiP biosensor for highly
specific and sensitive detection of pathogenic DNA and RNA fragments for the diagnosis
of tick-borne diseases. Broadly, this sensing method relies on twofold signal enhancement.
Firstly, recombinase polymerase amplification (RPA) is used to amplify nucleic acid targets.
RPA is a rapid enzyme-mediated DNA amplification technique that can be completed
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isothermally at mild temperatures [147,252]. This isothermal strategy obviates the need for
power-intensive thermal cycling, which is required for conventional DNA amplification
via PCR [147]. As such, RPA has been identified as an attractive alternative for POC
use [145]. Additionally, reverse transcriptase (RT) can be added to the RPA reagents to
facilitate isothermal amplification of RNA targets and reverse transcription of cDNA from
RNA [143,147]. Secondly, nuclease-deactivated Cas9 (dCas9) is used in this sensing method
as a labeling molecule. Like its active form, dCas9 binds to target dsDNA based on guidance
from a target-specific single guide RNA (sgRNA) sequence [143,249]. Unlike its active form,
dCas9 cannot cleave target sequences.

Koo et al. demonstrated this sensing method on SiP microring resonator sensors for
the detection of pathogenic DNA and RNA sequences for scrub typhus (ST) and severe
fever with thrombocytopenia syndrome (SFTS), respectively (Table 23) [143]. The sensor
surface was first functionalized with single-stranded nucleic acid probes, complementary
to the target sequences (Figure 10a) [143]. RPA or RT-RPA reagents were prepared, then
added to the pathogenic DNA or RNA samples, along with dCas9 effectors and sgRNA.
This mixture was incubated on the sensor chip in acrylic wells at 38 ◦C (for DNA targets)
or 43 ◦C (for RNA targets). During this on-chip incubation, three key events took place:
(1) the target DNA or RNA was amplified via RPA or RT-RPA, respectively, (2) amplified
targets bound to complementary probes immobilized on the sensor surface (Figure 10b)
and (3) dCas9 effectors bound to the hybridized targets to increase the refractive index
change associated with each bound target (Figure 10c).

Table 23. Demonstrations of SiP biosensors using CRISPR-dCas9-mediated sensing and their perfor-
mance.

Bioreceptor Sensor Type Target
Detection Performance

Assay Format Ref.
Figure of Merit Value

ssDNA
probes Si MRR

Scrub typhus viral DNA LoD 0.54 aM Isothermal pre-amplification
of targets; target-specific

CRISPR-dCas9
signal amplification

[143]Severe fever with
thrombocytopenia

viral RNA
LoD 0.63 aM

Figure 10. Illustration of CRISPR-dCas9-mediated sensing. (a) Single-stranded nucleic acid probes
are immobilized on the sensor surface and the nucleic acid targets (amplified by recombinase poly-
merase amplification) are introduced to the sensor surface. (b) The nucleic acid targets hybridize
to the surface-bound probes. (c) Deactivated Cas9 (dCas9), guided by single guide RNA (sgRNA)
specifically binds to the nucleic acid duplex to amplify the signal, without cleaving the nucleic
acid duplex.

The authors reported the detection of pathogenic DNA for ST with a detection
limit of 0.54 aM and the detection of pathogenic RNA for SFTS with a detection limit
of 0.63 aM [143]. The platform effectively discriminated between ST and SFTS in clinical
blood serum samples in just 20 min. Indeed, this platform allows for exceptional sensitiv-
ity as a result of the aforementioned twofold signal enhancement. Further, specificity is
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ensured in three ways. Firstly, the nucleic acid probes immobilized on the sensor surface fa-
cilitate selective hybridization of complementary targets. Secondly, RPA or RT-RPA nucleic
acid amplification is guided by primers to selectively amplify target sequences in the sam-
ple [252]. Thirdly, dCas9 solely binds to double-stranded target sequences based on sgRNA
guidance, so dCas9 signal enhancement can only occur after targets have hybridized to
complementary probes on the sensor surface. As such, this is a promising method for
applications requiring highly sensitive detection of nucleic acid targets in complex samples.

To our knowledge, this is the only example of CRISPR-dCas9-mediated biosensing on
a SiP platform in the literature. Because this sensing method uses dCas9, which does not
demonstrate collateral cleavage, it may offer more straight-forward multiplexing compared
to the HCCD technique, but at the cost of increased assay complexity [248,253]. Multi-
plexing may be possible if multiple microrings on a single chip are functionalized with
different target-specific nucleic acid probes in a spatially defined manner, and multiple
target-specific RPA primers and dCas9/sgRNA complexes are used [254].

Regarding costs, the short synthetic nucleic acid probes and CRISPR-Cas reagents
required for this detection method can be produced at moderate cost, but the RPA reagents
are more expensive [144,145,248,249,255]. For example, a single CRISPR-based diagnostics
reaction involving RPA pre-amplification costs an estimated USD 0.61–5.00 in a laboratory
setting, with RPA reagents making up the majority of this price [145–147]. Nevertheless,
given the microlitre-scale reagent and sample volume requirements of SiP-based assays,
these costs are unlikely to be prohibitive for POC use.

In this detection method, the sensor surface is prepared similarly to conventional
nucleic acid hybridization-based biosensors, as described in Section 2.3, which allows for
superior sensor stability compared to antibody-functionalized devices. However, one key
limitation of this method is the requirement for many different assay reagents, including
RPA enzymes and primers, dCas9 enzymes, and sgRNA. This increases the complexity
of the assay preparation and requires environmentally controlled storage of the assay
reagents, especially the enzymes, making POC use less feasible. However, lyophilization
of environmentally sensitive reagents for transport and storage before use is a potential
solution to this challenge [145]. The use of such a platform in a POC setting is further
complicated by the need to implement careful thermal control over the RPA reaction.
Finally, as is the case with classic nucleic acid hybridization-based biosensors, this platform
only allows for the detection of nucleic acid targets, limiting its breadth of applications.
A summary of the advantages and limitations of CRISPR-dCas9-mediated sensing as a
biodetection technique for SiP biosensors is provided in Table 24.

Table 24. Advantages and limitations of CRISPR-dCas9-mediated sensing.

Advantages Limitations

• Very high sensitivity and specificity [143]
• Multiplexable
• Good nucleic acid probe stability

• Limited to nucleic acid targets
• Requires many assay reagents
• Expensive reagents
• Limited precedent for use

2.7.3. Lipid Nanodiscs

Lipid nanodisc-functionalized SiP sensors have been proposed to study signaling
and interactions at cell membranes [148–150]. Lipid nanodiscs are 8–16 nm scale discoidal
lipid bilayers, held together and made soluble by two encircling amphipathic protein
belts, called membrane scaffold proteins (Figure 11) [150,151]. These nanodisc structures
recapitulate the native cell membrane environment and allow for the precise control of
lipid composition. This permits the study of biochemical processes that occur at cell
membranes, and which require specific lipid compositions for full functionality [256]. Lipid
nanodiscs also solubilize and stabilize membrane proteins, which typically demonstrate
loss of activity and function outside of the phospholipid membrane environment [151].
Given that membrane proteins are involved in vital regulatory cell functions and are
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often the target of therapeutic drugs, lipid nanodiscs are a valuable tool for studying cell
membrane interactions involving these proteins. Compared to other structures, such as
liposomes and detergent-stabilized micelles, which are used to mimic the cell membrane
environment, nanodiscs offer improved consistency, monodispersity, production yield, and
control over lipid and protein composition [150,151].

Figure 11. Illustrations of lipid nanodiscs with bound targets. The nanodiscs consist of lipid bilayers,
held together by two encircling membrane scaffold proteins. The nanodiscs may be prepared without
(left) or with (right) embedded membrane proteins.

SiP sensors are an appealing platform on which to investigate interactions between
lipid nanodiscs and other biomolecules. The multiplexability of SiP sensors permits high-
throughput screening of cell membrane interactions. Further, membrane proteins are
challenging to produce and typically have low yields, making the low reagent volume
requirements of SiP sensors particularly attractive [148]. Finally, nanodiscs physisorb
directly onto silicon dioxide, permitting their facile immobilization onto the native oxide
surfaces of silicon and silicon nitride waveguides [150].

In the literature, lipid nanodisc-functionalized silicon microring resonator sensors
have been used to probe interactions between soluble proteins and lipids, glycolipids,
and membrane proteins embedded in nanodiscs (Table 25) [148–150]. In a study by
Sloan et al. [150], lipid nanodiscs prepared with varying compositions of the phospho-
lipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palitoyl-2-oleoyl-
sn-glycero-3-[phospho-L-serine] (POPS), were used to probe the binding of annexin V, a
lipid-binding protein. Nanodiscs prepared with glycolipids (1,2-dimyristoyl-sn-glycero-3-
phosphocholine/monosialotetrahexosyl ganglioside, GM1), biotinylated lipids (N-(biotinoyl)-
1,2-dipalmitoyl-sn-glycer-3-phoaphoethanolamine, biotin-DPPE), and enzymes (cytochrome
P450 3A4, CYP3A4) were also used to probe binding interactions with cholera toxin subunit
B, streptavidin, and anti-CYP3A4, respectively. A 4-plex assay was prepared by microflu-
idically patterning the sensor chip with POPS, GM1, biotin-DPPE, and CYP3A4 nanodiscs,
then exposing the whole sensor surface to annexin V, CTB, streptavidin, and anti-CYP3A4
solutions in sequence. This multiplexed assay demonstrated effective binding with minimal
cross-reactivity for each specific protein-nanodisc combination.
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Table 25. Demonstrations of SiP biosensors using lipid nanodiscs as the biorecognition element and
their sensing performance. All tabulated demonstrations used a label-free assay format.

Bioreceptor Sensor Type Target
Detection Performance

Ref.
Figure of Merit Value

Lipid nanodiscs containing PC, four
binary compositions of PC and PS, and
two binary combinations of PS and PA

Si MRR

Blood clotting proteins:
pro-thrombin, factor X,

activated factor VII, and
activated protein C

- - [149]

Lipid nanodiscs containing POPC
and POPC/POPS Si MRR Annexin V - -

[150]Lipid nanodiscs containing GM1 Si MRR Cholera Toxin Subunit B - -

Lipid nanodiscs containing biotin-DPPE Si MRR Streptavidin - -

Lipid nanodiscs containing CYP3A4 Si MRR Anti-CYP3A4 antibody - -

Lipid nanodiscs with 9 different
compositions containing PS, PE, and PC. Si MRR

Protein clotting factors:
prothrombin, activated

factor VII, factor IX,
factor X, activated

protein C, protein S,
and protein Z

- - [148]

PC: phosphatidylcholine, PS: phosphatidylserine, PA: phosphatidic acid, POPC: 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine, POPS: 1-palmitoyl-2-oleoyl-sn-glycero-3-(phospho-L-serine), GM1: monosialotetrahexosyl
ganglioside, biotin-DPPE: N-(biotinoyl)-1,2-dipalmitoyl-sn-glycer-3-phosphoethanolamine, CYP3A4: cytochrome
P450 3A4, and PE: phosphatidylethanolamine.

In another work by Muehl et al. [149], a SiP microring resonator platform was used to
investigate interactions between four different blood clotting proteins (pro-thrombin, factor
X, activated factor VII, and activated protein C) and lipid nanodiscs prepared with seven
different binary lipid combinations of phosphatidylcholine (PC), phosphatidylserine (PS),
and phosphatidic acid (PA). A 7-plex sensor was demonstrated using these seven nanodisc
preparations to obtain dissociation constants for binding between the coagulation proteins
and lipid surfaces. All of the coagulation proteins studied in this work bind in a Ca2+

manner, so the nanodisc-functionalized surfaces were regenerated with good replicability
using a Ca2+-free buffer after protein binding. In a subsequent work, Medfisch et al. [148]
used a SiP microring resonator platform to study the binding interactions of seven different
protein clotting factors (prothrombin, activated factor VII, factor IX, factor X, activated
protein C, protein S, and protein Z) and lipid nanodiscs prepared with nine different
phospholipid compositions involving PS, phosphatidylethanolamine (PE), and PC. The
effect of PE-PS lipid synergy on the membrane binding of clotting factors was investigated.
Again, surface regeneration after binding events was achieved using Ca2+-free buffer.

So far, SiP sensors functionalized with lipid nanodiscs have demonstrated value in
the study of binding interactions at cell membranes. This is in contrast with other classes
of bioreceptors discussed in this review, which have primarily been proposed for toxin
and pathogen detection and/or diagnostic applications. The nanodisc-protein interactions
demonstrated by Muehl et al. [149] and Medfisch et al. [148] have limited specificity, with all
of the investigated clotting proteins binding, albeit to different extents, to the lipid nanodisc-
functionalized surfaces. Hence, these nanodisc-functionalized sensors are likely unsuitable
for selective discrimination between multiple targets. The incorporation of embedded
membrane proteins or glycolipids into the nanodiscs, however, may offer more selective
detection of soluble proteins, as demonstrated by Sloan et al. [150]. Lipid nanodiscs are
typically custom-synthesized in the laboratory setting, allowing for the precise control
of lipid composition and membrane protein content; while this leverages the flexibility
of lipid nanodiscs, it limits their accessibility for assay-development and widespread
use [151]. Overall, nanodisc-functionalized SiP sensors offer an excellent opportunity for
high-throughput laboratory-based cell membrane interaction studies, but their potential in
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POC diagnostics may be limited. A summary of the advantages and limitations of lipid
nanodiscs as bioreceptors for SiP biosensors is provided in Table 26.

Table 26. Advantages and limitations of lipid nanodiscs as bioreceptors.

Advantages Limitations

• Solubilize and stabilize membrane proteins
for studying cell membrane interactions [151]

• Better consistency, production,
monodispersity, production yield, and control
over lipid composition than other cell
membrane mimics [150,151]

• Easy immobilization by physisorption [150]
• Regenerable [148,149]

• Poor selectivity, but can be improved
by incorporation of membrane
proteins [148–150]

• Limited availability; usually custom
synthesized in lab [151]

• Biosensing applications are mainly
limited to the study of cell membrane
interactions

2.8. Summary and Future Directions

Given the myriad of potential applications for SiP biosensors and the complex trade-
offs of each bioreceptor class, there is no simple formula for selecting an optimal bioreceptor
as each class has its own set of advantages and limitations that must be balanced with
the needs of the application. For studies specifically probing carbohydrate-protein or
cell membrane interactions, the choice is simple, with glycans/lectins or lipid nanodiscs
typically being the most appropriate options, respectively. For other applications, the
choice of bioreceptor can initially be narrowed down based on compatibility with the
target of interest (see Table 3). Beyond this, the specific functionalization needs for the
application of interest must be identified and used to guide further bioreceptor selection.
For example, for non-nucleic acid targets, one must choose between antibodies, aptamers,
MIPs, PCCs, and peptides. For non-POC applications where stability, regenerability, and
cost are less important, monoclonal antibodies may be a suitable option due to their
widespread availability and good binding affinity and selectivity. For POC applications,
antibodies may not be suitable, and the choice between aptamers, MIPs, PCCs, and peptides
will likely depend on the availability of pre-designed and validated products for the target
of interest, or access to the relevant expertise and resources to design a custom bioreceptor
for the target of interest. Trade-offs between affinity, selectivity, and stability should also
be considered as relevant to the desired application. For nucleic acid targets, nucleic
acid probes may be the best option for applications where assay simplicity, cost, stability,
and/or multiplexing are the most important considerations. The opportunity to choose
between different nucleic acid analogues (e.g., DNA, RNA, PNA, LNA, morpholinos)
and chemical modifications can be used to tailor the stability and affinity of the nucleic
acid probes for the application of interest. Applications requiring exceptional sensitivity
and selectivity may benefit from the use of the more complex and early-stage HCCD or
CRISPR-dCas9-mediated sensing strategies.

Regarding future directions, further research and development are required to im-
prove the availability of pre-designed synthetic antibody analogues (e.g., aptamers, MIPs,
PCCs) against various biomarkers. The availability of successful MIP formulations may be
enhanced by increased use of computational methods. Such computational methods can
aid in the development and optimization of MIP formulations for targets of interest and
reduce experimental effort by guiding researchers toward promising systems [119]. Future
SiP biosensing studies should focus on biomarker detection in complex biological fluids to
quantify bioreceptor selectivity and to ensure reliable detection performance when using
clinically relevant samples. For instance, the validation of aptamers for target detection in
complex biological samples is essential for their translation to real-world sensing applica-
tions due to the sensitivity of their three-dimensional conformation and binding affinity to
the ionic strength and pH of the sample [180]. HCCD and CRISPR-dCas9-mediated sensing
are in their infancy and future studies should focus on validating these strategies for sens-
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ing in complex biological samples. Moreover, future work should focus on multiplexing
these CRISPR-based methods to enable simultaneous detection of multiple targets.

3. Bioreceptor Immobilization Strategies

The surface of unmodified SiP sensors consists of a native silicon dioxide layer, which
grows on silicon and silicon nitride upon exposure to air and moisture [31,257]. This oxide
surface is hydrophilic in character [258,259] and has a negative surface charge density
above pH 3.9 [260]. Strategies for immobilizing bioreceptors on SiP devices generally
rely on non-covalent interactions between bioreceptors and the native oxide surface or
target surface silanol groups for covalent attachment. In this section we discuss bioreceptor
immobilization strategies for SiP biofunctionalization, focusing on passive adsorption,
bioaffinity binding, and covalent immobilization (Figure 12). We discuss methods relevant
to antibody, aptamer, nucleic acid probe, peptide, PCC, glycan, lectin, and lipid nanodisc
immobilization and present tables categorizing bioreceptor immobilization strategies that
have been used in functionalization approaches in the previous literature. It should be
noted that strategies discussed in the following subsections generally are not relevant to
MIP-based bioreceptors, which are immobilized on SiP surfaces during synthesis via casting
and/or in situ polymerization; as such, MIPs are not discussed in detail here. Table 27
provides a summary of bioreceptor immobilization strategies that have been employed on
SiP devices in the literature and benchmarks these strategies against biofunctionalization
needs for SiP biosensors.

Figure 12. Illustrations of different strategies for immobilizing bioreceptors (antibodies are shown as
an example) on SiP sensor surfaces. The depicted immobilization strategies include (a) non-covalent
passive adsorption, (b) covalent attachment, (c) bioaffinity-based oriented immobilization using
antibody-binding proteins adsorbed to the surface, (d) bioaffinity-based oriented immobilization
using antibody-binding proteins covalently linked to the surface, and (e) bioaffinity-based immobi-
lization in which the surface and bioreceptor are covalently conjugated with biotin and streptavidin
is used as a linking molecule.
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3.1. Passive Adsorption

Adsorption (Figure 12a) is the fastest and simplest method by which bioreceptors
can be immobilized on a biosensor surface [29,68,69,80]. Adsorption-based bioreceptor
immobilization has been widely used, especially in preliminary demonstrations of novel
sensing architectures [31]. Bioreceptors may adsorb to a bare or modified SiP surface due to
electrostatic, hydrophobic, polar-polar or Van der Waals interactions, or some combination
of these non-covalent interactions [29,262]. Nevertheless, covalent and affinity-based
strategies are typically preferred to adsorption-based immobilization.

One major disadvantage of adsorption is that it provides little control over the ori-
entation of immobilized bioreceptors [31,69,204,263,274]. This may render binding sites
unavailable for target capture, reducing the target binding capacity and, therefore, the
sensitivity of the sensor. This random orientation, combined with intermolecular inter-
actions, may also lead to poor bioreceptor loading density on the sensor surface [263].
Adsorption-based immobilization may lead to reduced bioreceptor activity due to folding
or denaturation. This is especially relevant for protein-based bioreceptors, like antibodies,
which are known to denature when adsorbed to surfaces, potentially changing the struc-
ture of their Fab fragments and diminishing their antigen-binding capacity [29,69,262,263].
Further, adsorbed bioreceptors are susceptible to desorption, leading to poor surface stabil-
ity [31,69,261]. This is particularly relevant when the sensor is operated in flow conditions
or when surface regeneration involving the release of targets from the sensor for multiple cy-
cles of reproducible binding is desired. For example, Jönsson et al. [261] demonstrated that
antibodies physisorbed onto chemically modified silicon dioxide surfaces were unstable
toward changes in the surrounding medium, demonstrating significant desorption upon
exposure to low pH, low surface tension, detergent, urea, and high ionic strength solutions.
Finally, surfaces allowing for strong adsorption of bioreceptors may also be amenable to
the adsorption of other biomolecules present in a complex biological sample, such as blood,
leading to non-specific adsorption and high background signals [33]. Similarly, if other
proteins possessing higher adsorption affinities to the sensor surface are present in the fluid,
the bioreceptors may leach off the sensor [75]. This, in turn, compromises the selectivity of
the sensor.

Despite the numerous limitations of adsorption-based functionalization, SiP sensors
functionalized with lipid nanodiscs have demonstrated good stability and selectivity using
adsorptive immobilization [148–150]. Indeed, lipid nanodiscs are especially amenable to
adsorption-based immobilization because, like lipid bilayers, they are known to adsorb
well to silicon dioxide surfaces [275,276]. This allows for simple nanodisc immobilization
without the need to chemically modify the SiP surface or the nanodiscs. These nanodisc-
functionalized sensors were regenerated after target binding with good reproducibility and
no appreciable nanodisc desorption using Ca2+-free buffer, indicating stable immobiliza-
tion [148,149]. These sensors were also used for multiplexed detection of soluble proteins
with minimal non-specific binding [150]. However, the native silicon dioxide surface of SiP
sensors is negatively charged at physiological pHs, such as the buffered systems employed
in these nanodisc studies, meaning that nanodiscs with lipid compositions containing a
high percentage of anionic lipids show a lower affinity for the sensor surface, leading to
poorer surface coverage [148,149]. Fortunately, this reduced affinity is predictable and
could be counteracted, at least in part, by using higher spotting concentrations [149].

3.2. Bioaffinity-Based Immobilization

Bioaffinity-based receptor immobilization involves the creation of multiple non-
covalent interactions between a bioreceptor and biomolecule(s) acting as linker to the
substrate [41]. The sum of many weak interactions yields a strong link between the
bioreceptor and the surface. Two of the most common bioaffinity-based receptor im-
mobilization strategies used for SiP sensor functionalization involve antibody-binding
proteins and the biotin-avidin system, both of which can achieve oriented bioreceptor
immobilization [29,69,74,75].
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Antibody-binding proteins, including Protein A, Protein G, Protein A/G and Pro-
tein L, have been widely used for the oriented capture of antibodies on biosensor sur-
faces [29,75,263,277]. Protein A is derived from Staphylococcus aureus, while Protein G is
derived from Streptococcus species, and Protein L is derived from Peptostreptococcus mag-
nus [75,277]. Both Proteins A and G reversibly bind the Fc region of antibodies, binding a
maximum of two antibodies at a time, and have variable antibody-binding affinities that
depend on the immunoglobulin (Ig) subclass and the species of origin [75]. Protein A can
capture mammalian IgGs with dissociation constants as low as the 1–10 nM range, while
Protein G can achieve slightly higher affinity capture of mouse and human IgGs with disso-
ciation constants as low at the 0.1–1 nM range [278,279]. The oriented capture of antibodies
by these proteins ensures that the antibody’s Fab fragments are accessible for antigen cap-
ture, significantly enhancing the functionalized surface’s antigen binding activity [277,278].
For example, Ikeda et al. [278] demonstrated a 4- to 5-fold increase in antigen binding capac-
ity for antibodies immobilized on silicon wafers using Protein A, compared to antibodies
immobilized via physisorption alone. This was attributed to the improved steric accessibil-
ity of the antigen binding sites of the well-oriented Protein A-immobilized antibodies. In
addition to its Fc-binding regions, native Protein G has additional sites for albumin and cell
surface binding; however, recombinant Protein G, containing only Fc-binding domains, has
been produced using E. coli to prevent this nonspecific binding [74,75]. Protein A/G is a
recombinant protein that contains the Fc-binding domains from both Protein A and G [74].
Similarly to Proteins A and G, Protein L also binds antibodies in an oriented manner, but
instead of binding to the Fc region, Protein L binds to antibodies’ κ-light chains outside
of the antigen-binding site with dissociation constants as low as ~10 nM [277,279]. As a
result, Protein L can bind any class of antibody, in addition to Fab fragments, which lack
an Fc region, though its binding affinity is species-specific [277,280]. Indeed, a significant
challenge associated with antibody-binding protein-directed bioreceptor immobilization is
this Ig subclass and/or species-based variation in antibody-binding affinity; further this
technique cannot be used to immobilize any bioreceptors aside from antibodies.

While Proteins A, G, and L allow for optimal orientation of immobilized capture
antibodies, oriented immobilization of these antibody-binding proteins remains a chal-
lenge [75]. Fortunately, these antibody-binding proteins have several high affinity binding
sites for antibodies, making their orientation on sensor surfaces less critical [41]. In the
literature, antibody-functionalized SiP microring resonator sensors have been prepared
using Protein A physisorbed on the sensor surface (Figure 12c) [1,264]. It has been reported
that Protein A adsorbs onto silicon surfaces in a two-step process to yield a ~3–4 nm-thick
adlayer [259,264]. First, a monolayer of Protein A is rapidly adsorbed on the surface; this
first monolayer is denatured due to very strong non-covalent binding to the surface. Next,
a second and third monolayer of Protein A are slowly adsorbed on the surface; these
layers consist of non-denatured proteins which retain their ability to effectively bind the
Fc region of antibodies. This strategy of passive Protein A adsorption followed by ori-
ented antibody capture was used on sub-wavelength grating SiP microring resonators
by Flueckiger et al. [264] and Luan et al. [1] to immobilize anti-streptavidin for model
streptavidin-binding assays.

Others have tagged antibody-binding proteins with small molecules or other proteins
to achieve higher-affinity binding to SiP sensor substrates. For example, Ikeda et al. [278]
constructed a fusion of Protein A and bacterial ribosomal protein L2, which is termed
“Si-tag” and binds strongly to silicon dioxide surfaces [281]. The authors demonstrated that
the fusion protein was strongly immobilized on silicon dioxide surfaces in an oriented man-
ner with a dissociation constant of 0.31 nM. The Si-tagged protein A also strongly bound
mouse IgGs with a dissociation constant of 3.8 nM. The fusion protein immobilized 30–70%
more IgG compared to physisorption of IgGs on bare silicon dioxide surface. Further, the
fusion protein-immobilized IgGs demonstrated a 4- to 5-fold increase in antigen binding
performance compared to the physisorbed IgGs. This functionalization strategy was subse-
quently demonstrated on a SiP microring resonator platform [282]. Christenson et al. [164]
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leveraged the strong bioaffinity interaction between biotin and streptavidin to immobilize
recombinant Protein G on silicon photonic crystal-total internal reflection sensors. In this
work, the sensor surface was modified with silane-PEG-biotin molecules, followed by strep-
tavidin, then biotinylated recombinant Protein G. Antibodies were immobilized on this
surface and used to detect cardiac troponin I. Covalent immobilization of antibody-binding
proteins to silicon-based substrates (Figure 12d) may also be facilitated via methods such
as surface modification with silane and a crosslinker, followed by Protein A or G attach-
ment, as demonstrated by Anderson et al. [283] or via click chemistry, as demonstrated by
Seo et al. [277] on glass substrates.

Interactions between antibodies and antibody-binding proteins are reversible and can
be disrupted by variations in pH [29,75]. This limits biosensor stability and complicates
sensor regeneration because antigens cannot be easily eluted from the sensor surface
without also removing the capture antibodies. In this way, sensor regeneration is possible,
but requires that both the antigen and capture antibody be eluted from the antibody-
binding protein-functionalized surface, followed by reapplication of the capture antibody
for another round of detection [75,263,283]. For example, Seo et al. [277] covalently bound
Protein A onto glass slides, followed by the immobilization of receptor antibodies (rabbit
anti-goat IgGs). These antibody-functionalized slides were used to capture target antibodies
(goat anti-human IgGs) and were then treated with a low pH glycine-HCl buffer to remove
the receptor and target antibodies. After this wash step, only the covalently bound Protein
A remained. The surfaces were then successfully regenerated for a second round of binding
by reapplying the receptor antibodies. Similarly, Anderson et al. [283] covalently bound
Protein A to silicon dioxide optical fibers, followed by the immobilization of capture
antibodies (rabbit anti-goat IgGs). Then, the functionalized fibers were used to capture
fluorescently labeled targets (Cy5.5-goat IgG). The surfaces were regenerated using a pH
2.5 glycine-HCl, 2% acetic acid solution, followed by re-application of the capture antibody.
Four cycles of regeneration were performed successfully with no appreciable reduction
in Protein A’s Fc-binding capacity. However, the authors also reported unsuccessful
regeneration of Protein A and G for an assay detecting plague F1 antigen, showing that
regeneration of antibody-binding proteins may depend on the selected capture antibody
and antigen. Here, the necessary reapplication of the receptor antibody also increases the
cost and complexity of sensor reuse compared to strategies in which the functionalized
surface can be regenerated solely by the removal of the target.

Another common bioaffinity interaction coupling method used in biosensor function-
alization is based on the biotin-avidin/streptavidin complex, whereby the sensor surface
is coated with avidin or streptavidin and used to immobilized biotinylated receptors
(Figure 12e) [41]. Biotin is a small vitamin and avidin is a glycoprotein found in egg whites,
which contains four biotin binding sites [265]. The biotin-avidin interaction is one of the
highest affinity non-covalent interactions known in biology, with a dissociation constant
on the order of 10−15 M [75,80,265]. This nearly irreversible non-covalent interaction is
extremely resistant to variations in temperature, buffer salt, pH, and the presence of de-
naturants and detergents [74,265]. Streptavidin is a biotin-binding protein, derived from
Streptomyces avidinii, which shows similar biotin-binding activity to avidin [265]. Streptavidin,
however, has a pI of 5, while avidin has a pI of 10.5; as such, streptavidin is less susceptible to
nonspecific interactions at physiologic pH, often making it the preferred choice [80,265].

The high-affinity nature of the biotin-streptavidin interaction means that biosensor
regeneration via target removal can be achieved without disrupting the link between the
receptor and the surface [284]. This means that the sensor can be used for multiple cycles of
target binding without reapplying receptors. For example, Choi et al. [285] functionalized
silicon nitride chips for reflectometric interference spectroscopy by covalently linking biotin
to the surface, followed by avidin, and biotinylated concanavalin A. This lectin-coupled
chip was used to reproducibly capture ovalbumin, a glycoprotein, over multiple binding
cycles by regenerating the surface with a 10 mM glycine-HCl (pH 1.5) solution, which
removed captured glycoproteins, while leaving the lectin-functionalized surface intact.
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In another work [284], SPR surfaces were functionalized with a biotin analogue, desthio-
biotin, followed by streptavidin, and biotinylated IgGs. The authors reported that the
functionalized surface was stable throughout multiple cycles of regeneration with solutions
commonly used for target removal from bioreceptors, including HCl, Na2CO3, glycine
buffer, and SDS solutions. Lü et al. [286] functionalized optical fiber probes by covalently
linking streptavidin to the exposed silicon dioxide core, followed by the oriented immobi-
lization of 5′-biotinylated DNA probes. These surfaces were used to bind complementary
DNA targets, followed by thermal regeneration via washing for 2 min in hybridization
buffer at 70 ◦C, or chemical regeneration via washing in 4 M urea solution. The surfaces
demonstrated no appreciable loss in hybridization ability over six cycles of thermal or
chemical regeneration. Efforts have also been made to break biotin-streptavidin interactions
for complete surface regeneration whereby receptors are completely removed from the
surface [266,284]. This has been achieved using a pH 7 chemical buffer solution [266],
sequential rinsing with free biotin, guanidinium thiocyanate, pepsin, and sodium dodecyl
sulfate [284], and washing with water at 70 ◦C [287]. These strategies require the reap-
plication of biotinylated receptors and sometimes streptavidin/avidin between binding
cycles, but also open the possibility for sensors to be reused with different bioreceptors for
each cycle.

The biotin-avidin/streptavidin-based immobilization strategy is more flexible than
antibody-binding proteins, in that many different classes of receptors can be tagged with
biotin and immobilized on avidin/streptavidin-coated sensor surfaces. On SiP platforms,
this biotin-avidin/streptavidin bioaffinity functionalization strategy has been used to im-
mobilize antibodies [288,289] and nucleic acid probes for both hybridization sensing [203]
and CRISPR-Cas-modulated high contrast cleavage detection [137,139]. Similarly, it has
been used to immobilize lectins on a silicon nitride sensor using reflectometric interference
spectroscopy as the transduction technique [285]. This strategy can achieve unoriented
or oriented receptor immobilization. For antibodies, amine, carboxyl, sulfhydryl, and
carbohydrate groups can all be targeted for biotinylation, depending on the choice of biotin
derivative; this can lead to unoriented antibody capture in the case of amine and carboxyl
targeting or oriented capture in the case of sulfhydryl or carbohydrate targeting [29,69,265].
Optimally oriented nucleic acid probe immobilization has been achieved through biotinyla-
tion at terminal groups [137,139,286].

3.3. Covalent Immobilization

Covalent strategies are the gold standard for bioreceptor immobilization on SiP biosen-
sors. Covalent immobilization (Figure 12b) is versatile, robust, and can be used to tether
many different types of bioreceptors to SiP surfaces, yielding irreversibly bound functional
layers [29,31]. This irreversible immobilization is beneficial for stable sensor performance
under flow conditions and across multiple cycles of regeneration. Covalent methods may
yield a higher density of immobilized bioreceptors compared to physisorption and bioaffin-
ity techniques, which may, in turn, increase sensitivity [263]. Designing and optimizing a
suitable covalent immobilization chemistry, however, can complicate assay development
and preparation. Surface pre-treatments, reagents, and reaction conditions must be care-
fully chosen to yield reproducible and homogeneously thin surface modifications, while
avoiding damage to the biosensor surface and bioreceptors [31]. For the design of POC
sensors, further considerations may include selecting a scalable chemistry and designing
a workflow that is suitable for SiP chips integrated with electronics and optical inputs
and outputs.

3.3.1. Silane-Mediated Immobilization

Most covalent immobilization strategies for SiP sensors involve silanization with
organosilanes. Organosilane-based methods have been used for antibody, aptamer, nucleic
acid probe, glycan, and lectin immobilization on SiP devices. Silanes consist of a silicon
atom bonded to four other constituents [290]. Organosilanes include silane reactive groups
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and at least one functional organic group. The silane reactive groups covalently couple
to the sensor’s native oxide surface by forming siloxane linkages with surface hydroxyls
(Figure 13) [31,290]. A surface pre-treatment step is typically performed prior to silane
deposition to remove organic contaminants and increase the number of surface hydroxyl
groups available for silane grafting (Figure 13a) [31,74]. This pre-treatment step, which
often involves oxidation via piranha, UV radiation and ozone, or plasma treatment, is
essential to improving the silane grafting density and reproducibility of silanization. The
silanization reaction can be performed using solution- or vapor-phase processes, with
solution-phase processes being more widely used on SiP devices. However, no consensus
on optimal reagents or reaction conditions exists, with significant variations in solvent
choice, reagent concentrations, reaction time, and reaction temperature existing in the
literature. After the silane is attached to the sensor surface, the silane’s organic groups
can react with other organic molecules to facilitate bioreceptor attachment. While it is
possible to directly attach bioreceptors to the organosilane surface [25,172,185,291], it is
more common to attach bioreceptors using a bifunctional crosslinker that is highly reactive
toward both the silane and the bioreceptors, as the most commonly used organosilanes
lack sufficient reactivity toward bioreceptors [29].

When attaching the bioreceptor, native reactive groups or non-native reactive groups
introduced during synthesis are targeted for immobilization. These may include amine,
carboxyl, thiol, or carbohydrate groups. The choice of targeted functional group affects
the orientation of the immobilized bioreceptor. Antibodies, for example, possess na-
tive amines in their lysine residues and native carboxyls in their aspartate and gluta-
mate residues [69]. These residues are abundant on the antibody surface, so targeting
amines or carboxyls leads to unoriented antibody immobilization. Conversely, thiol groups
present in cysteine residues of the hinge region can be targeted for site-directed antibody
immobilization [69,75]. However, creating reactive thiol groups to target requires reduction
of the hinge disulfide bonds, which may lead to undesired reduction of other disulfide
bonds, potentially reducing the antibody’s activity toward its target [75]. Native carbo-
hydrate moieties present in the Fc region of antibodies can also be targeted for oriented
capture [69,75]. Synthetic bioreceptors, including aptamers, nucleic acid probes, and gly-
cans can be immobilized on silanized SiP surfaces by targeting terminal amine or thiol
groups introduced during synthesis; this allows for oriented immobilization.

The most commonly used silanes for SiP functionalization are aminosilanes, par-
ticularly 3-aminopropyltriethoxysilane (APTES) (Figure 13). Aminosilanes contain or-
ganic groups that terminate in a primary amine, which can be targeted by amine-reactive
crosslinkers for bioreceptor conjugation [290]. In order to initiate the reaction between
the silane reactive groups of APTES and the hydroxyl groups present on the SiP surface,
APTES must be hydrolyzed by moisture or water (Figure 13b) [74,290]. In the literature,
APTES silanization of SiP sensors has been performed in anhydrous solvents such as
toluene [201,239,292], acetone [17,195,293,294], and ethanol [132,202]. In these reactions,
APTES hydrolysis is initiated by trace amounts of moisture present in the solvent [74].
APTES silanization has also been performed on SiP sensors using aqueous reaction so-
lutions that contain a small quantity of water (e.g., ~5%) to catalyze APTES hydrolysis,
combined with an organic solvent, typically ethanol [23,24,161,166,192,194,197,199,295].
These aqueous reactions are simpler than anhydrous ones, as they typically do not require
drying the solvent or carrying out the reaction in a rigorously controlled inert atmosphere
and/or under reflux [290,296]. However, in aqueous solutions, APTES is susceptible to
copolymerization in the liquid phase prior to attachment to the solid substrate [258,268,297].
This can lead to the formation of thick and uneven films containing large silane aggre-
gates (Figure 13d). Consequently, using an anhydrous solvent or maintaining low water
content (~0.1%) in the reaction solution may yield thinner and more uniform silane lay-
ers [261,297,298]. Aside from solvent choice, an APTES concentration of 1–5% is typically
used for solution-phase deposition [166,195,292], while reaction times vary significantly
from several minutes [166,195] to overnight [202]. An alternative approach is vapor-phase
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silanization, which has been used to create uniform monolayer aminosilane films on sil-
icon substrates [261,267,268,298]. In vapor-phase techniques, APTES is hydrolyzed by
atmospheric moisture [74]. Compared to solution-phase reactions, vapor-phase aminosilane
deposition has been reported as more reproducible, less sensitive to reagent purity and atmo-
spheric conditions, and less likely to deposit polymeric silane particles [261,267–269]. Further,
vapor-phase silanization may be more suitable than solution-phase methods when function-
alizing SiP chips integrated with chip-mounted electronics and optical inputs/outputs, as
vapor-phase processes do not require solvents that may degrade PCB or photonic wire
bond materials. The final step of APTES silanization is typically a curing step at elevated
temperature, which aids in the removal of moisture and the formation of siloxane bonds
between the silane and surface [192,197,202,290].

Figure 13. Silanization of SiP surface using 3-aminopropyltriethoxysilane (APTES). (a) The native
oxide surface of the Si waveguide is pre-treated to remove organic contaminants and activate the
surface hydroxyl groups, (b) APTES is hydrolyzed to form reactive silanols, and (c) adjacent APTES
molecules are covalently linked together via silanol condensation and APTES is covalently bound to
the surface. This yields a covalently bound APTES monolayer presenting functional amine groups
for linker or bioreceptor immobilization. (d) Undesirable formation of large silane aggregates on the
surface. (e) Attachment of a homobifunctional crosslinker to the aminosilane-coated surface, showing
(i) ideal homobifunctional crosslinker attachment whereby one reactive group reacts with the silanized
surface and the other remains available for conjugation with the bioreceptor, and (ii) undesirable
crosslinker-mediated bridging whereby both ends of the homobifunctional crosslinker react with
functional groups on the silanized surface, becoming unavailable for bioreceptor immobilization. BS3

is used here as an example of a homobifunctional crosslinker.

Once the SiP surface has been modified with an aminosilane, bioreceptors are cova-
lently linked to the surface via functional linkers such as glutaraldehyde (GA),
bis(sulfosuccinimidyl)suberate (BS3), or 1-ethyl-3-[3-(dimethylamino)propyl]-carbodiimide/N-
hydroxysuccinimide (EDC/NHS) [74]. GA and BS3 are homobifunctional linkers, which
crosslink amine groups on the silanized substrate to amine groups on the bioreceptor. GA
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contains aldehyde groups which form imine bonds with amines via the formation of Schiff
bases [31,74]. GA has been used to link antibodies [170], amine-terminated aptamers [24],
amine-terminated DNA probes [23,197,199], and amine-terminated morpholinos [110] to
aminosilane-modified SiP sensors.

GA linking has also been combined with SiP surface modification strategies whereby
hydrofluoric acid (HF) is used to produce primary amines on silicon nitride waveguide
surfaces [177]. These HF crosslinking approaches are particularly attractive for use with
silicon nitride waveguides since they can be designed so that the amines are only produced
on the nitride and not on the surrounding oxide [299]. This method uses basic cleaning
methods followed by a HF dip to produce primary amines on the waveguide surface
without the need of an additional aminosilane surface coating step. Next the sensor is
immersed in a 2.5% GA crosslinker solution and washed. Bañuls et al. [299] developed
this process to increase and localize biotarget capture to waveguide surfaces. The authors
hypothesized that oxide comprised 98% of their sensor surface area with only 2% of
the surface belonging to the silicon nitride sensing waveguides. This suggested that non-
selective bioreceptor immobilization would lead to the majority of the target being captured
by bioreceptors immobilized outside the sensing region. To show selective attachment
to silicon nitride, slot waveguide ring resonator biosensors were modified with BSA and
anti-BSA using the HF/GA procedure. Their results showed a detection limit of 28 pg/mm2

for anti-BSA antibody immobilization on the surface and 16 pg/mm2 for BSA. A similar
procedure was used by Angelopoulou et al. [238] who modified MZI sensors with HF and
GA, then spotted mouse IgG on individual sensors using an inkjet printer for multiplexing,
followed by incubation with fluorescently labeled goat anti-mouse IgG antibodies and
washing steps. The authors tested this direct attachment method in comparison to physical
adsorption of the bioreceptors on amine-terminated silane (APTES) coated waveguides. The
silane protocol yielded fluorescently tagged antibodies attached to both the waveguides
and the surrounding oxide, whereas the HF procedure only functionalized the silicon
nitride waveguides (Figure 14). Next, both sensors were spotted with a peptide, Receptor
Binding Domain (RBD) of SARS-CoV-2 Spike 1 protein, and a BSA blocking protein on the
sensing and reference waveguides, respectively. The HF method produced well-coated
waveguides with the response of the reference sensor showing little change compared
to the baseline signal upon exposure to anti-RBD antibodies. In comparison, the APTES
modified reference sensor response could be clearly distinguished from the baseline signal.
This suggests that BSA did not fully coat the APTES coated waveguides.

BS3 consists of sulfo-NHS esters at either end of an 8-carbon spacer arm [300]. The
NHS esters react with primary amines to form stable amide bonds. BS3 has been used
to conjugate antibodies [17,166], amine-terminated DNA probes [195], and peptides [239]
to APTES-modified SiP sensors. When applied to antibody immobilization, GA and BS3

target native amine functional groups that are abundant on the antibody surface, leading to
random antibody orientation. Moreover, as these immobilization strategies target functional
groups that are abundant on the antibody surface, they may result in the formation of
multiple bonds between the antibody and the surface [74]. This may lead to conformational
changes of the antibody and render binding sites inaccessible for target capture. As such,
spacer molecules or hydrophilic polymers can be incorporated into the linking chemistry to
reduce steric hindrance and the risk of bioreceptor denaturation. The hydrophilic polymer,
oligo(ethylene glycol), which can be used for this purpose, has also shown antifouling
properties with short chains (≤7 repeats), which create a less ordered surface and decrease
non-specific adsorption [301]. When applied to bioreceptors modified with terminal amine
groups, such as 5′ amine-modified aptamers or nucleic acid probes, linking strategies
using GA and BS3 permit site-directed immobilization. Another notable limitation of
homobifunctional crosslinkers like these is that they may form bridged structures where
both reactive ends are linked to the substrate, limiting the number of binding sites available
for bioreceptor attachment and thus reducing bioreceptor density (Figure 13e) [302]. This
can be avoided with heterobifunctional crosslinkers. EDC/NHS is a heterobifunctional
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crosslinker combination using carbodiimide chemistry, which links carboxyl groups on the
bioreceptor to amine groups on the silanized substrate via the formation of stable amide
bonds [74,176]. This linker chemistry has been used to covalently attach antibodies to
APTES-modified MRRs [166] and silicon photonic crystals [165]. Since this strategy targets
abundant carboxyl groups, which are also abundant on antibody surfaces, it results in
unoriented antibody immobilization and may cause conformational changes, as described
above. A similar carbodiimide chemistry was used by Peserico et al. [202] in which an
APTES-modified MRR chip was carboxylated with succinic anhydride, then EDC was used
to covalently link 5′ amine-modified DNA probes to the carboxyl-presenting surface, this
time in an oriented manner.

Figure 14. Silicon nitride waveguides from a MZI sensing window with fluorescently tagged (Alexa
Fluor 488) antibodies (goat anti-mouse IgG) attached by (a) covalent HF/glutaraldehyde-based
immobilization and (b) APTES functionalization followed by passive adsorption [238]. Parts (a,b) are
adapted with permission from Ref. [238]. Copyright 2022 Elsevier. (c) Chemical reaction mechanism
for selective silicon nitride functionalization by HF and glutaraldehyde crosslinking [299]. In (c), the
subscript of “3” on the glutaraldehyde structure indicates that only one of the three carbons between
the formyl end groups has been drawn for brevity. Part (c) is adapted with permission from Ref. [299].
Copyright 2010 Elsevier.

Despite their popularity, GA, BS3, and EDC/NHS linker chemistries pose reproducibil-
ity challenges. GA polymerizes in aqueous solutions and the extent and nature of this
polymerization depends on the age of the solution and can be difficult to control and
reproduce [300]. BS3 and EDC/NHS linker chemistries both involve NHS ester groups
which rapidly hydrolyze in aqueous solutions [31,74]. This rapid hydrolysis competes
with biomolecule conjugation and is highly sensitive to reaction conditions, hindering
reproducibility and limiting the yield of the conjugation reaction.

Bioreceptor conjugation using SoluLink chemistry is another silane-based strategy which
offers good reproducibility and has been extensively used on SiP devices, namely the commer-
cial Genalyte MRR platform [31,295]. In the literature, this chemistry has been used to covalently
immobilize antibodies [18,22,161,168,169,174,295], 5′ amine-modified aptamers [174], and 5′
amine-modified DNA probes [109,194,196,198,303] on MRRs. Using this strategy, the biorecep-
tor is reacted with succinimidyl-4-formylbenzamide (S-4FB), which targets primary amines via
succinimide coupling. The substrate surface is either modified with an aminosilane, followed
by reaction with 6-hydrazinonicotinamide (S-HyNic) [161,194], or the bare SiP surface is directly

176



Biosensors 2023, 13, 53

reacted with HyNic-silane [18,22,109,168,169,174,196,198,295,303]. The 4FB-conjugated biore-
ceptors are introduced to the HyNic-modified surface, leading to bioreceptor immobilization
through hydrazone bond formation. This reaction proceeds slowly, but aniline can be used as
a catalyst to increase the rate of reaction, improve bioreceptor loading on the substrate, and
allow for lower reagent consumption [295]. Despite its good reproducibility, chemically
modifying bioreceptors with 4FB prior to immobilization adds time and complexity to this
technique. More recent demonstrations on the Genalyte platform have instead used APTES
silanization and BS3 to immobilize unmodified amine-containing bioreceptors for simple
and flexible assay design [17,27,195,304,305].

Others have used 3-mercaptopropyltrimethoxysilane (MPTMS) to install thiol groups
on SiP sensor surfaces to mediate bioreceptor immobilization. Thiolated bioreceptors can
be directly conjugated to MPTMS-modified surfaces without an intermediate crosslinker
through the formation of disulfide bonds [31]. For example, Chalyan et al. [25] directly
immobilized Fab fragments on a MPTMS-modified SiP sensor. In this work, the Fab
fragments were generated from protease digestion of polyclonal antibodies, followed by
the reduction of hinge disulfide bonds to generate reactive thiol groups [25,69]. A similar
strategy omitting the protease digestion step can also be used for site-directed antibody
capture on MPTMS-modified surfaces [306]. However, covalent immobilization via thiol-
bearing cysteine residues, which are usually internal to the antibody structure, and the
unintentional reduction of non-target disulfide bonds may disrupt antibody conformation
and binding affinity [69,75]. In addition to antibodies, this thiol-directed covalent strategy
has been used for nucleic acid probe immobilization. Sepúlveda et al. [200] modified silicon
nitride Mach-Zehnder interferometer sensors with MPTMS, followed by covalent and
oriented immobilization of 5′ thiol-modified ssDNA probes.

Bioreceptors that lack reactive thiols can also be conjugated to MPTMS-modified sur-
faces using maleimide linkers. For example, Xu et al. [175] covalently immobilized antibod-
ies on a MPTMS-modified planar silicon nitride optical waveguide interferometric biosensor
using m-maleimidobenzoyl-N-hydroxysuccinimide ester as a thiol-to-amine crosslinker.
Ghasemi et al. [133] covalently attached amine-derivatized glycans to MPTMS-modified
silicon nitride MRRs using a SM(PEG)12 linker. SM(PRG)12 contains a polyethylene glycol
(PEG) chain terminated by NHS ester and maleimide reactive groups. As such, it acted as
a heterobifunctional linker between the thiolated surface and amine-derivatized glycans,
while the PEG chain prevented nonspecific interactions between non-target molecules and
the sensor surface.

3-Glycidoxypropyltrimethoxysilane (GPTMS) is another silane that can mediate direct
covalent immobilization of bioreceptors on SiP sensors. GPTMS installs epoxy groups
on silicon surfaces, which are reactive toward amine, thiol, or hydroxyl groups [31,290].
Ramachandran et al. [172] conjugated monoclonal antibodies and 5′ amine-modified ss-
DNA probes to GPTMS-modified glass (Hydex) MRRs. Using this strategy, the biorecep-
tors were covalently linked to the surface via amine reactive groups, resulting in unori-
ented and oriented antibody and ssDNA probe capture, respectively. Chalyan et al. [25]
and Guider et al. [185] covalently immobilized amine-terminated aptamers on GPTMS-
modified silicon oxynitride MRRs in an oriented manner.

3.3.2. Organophosphonate-Mediated Immobilization

Organophosphonate chemistry presents a promising alternative to silane chemistry.
Compared to silanes, phosphonate films can achieve greater monolayer density, surface
coverage, and stability, and have a lower tendency to form multilayered structures [270,307].
Shang et al. [126] demonstrated covalent immobilization of amine-bearing glycan and
glycoprotein bioreceptors on silicon MRRs using an organophosphonate surface coating and
an amine-vinyl sulfone linker (Figure 15). After treating the surface with piranha solution to
increase the number of available surface hydroxyl groups for organophosphonate grafting,
the sensor surface was coated with a monolayer of 11-hydroxyundecylphosphonic acid
(UDPA). This was achieved using the “T-BAG” method whereby UDPA is adsorbed onto the
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substrate, then heated to 120–140 ◦C to activate the formation of covalent linkages [126,307].
After the sensors were modified with UDPA, divinyl sulfone (DVS) was used to link the
hydroxyl-terminated organophosphonate film to the amine-bearing bioreceptors [126]. In
this work, the MRRs demonstrated excellent stability and reproducibility across multiple
cycles of chemical regeneration and long-term storage at ambient conditions. A similar
strategy was used to functionalize the surface of silicon nanowires with cysteine-modified
PNA oligonucleotides [270]. Here, 3-maleimidopropionic-acid-N-hydroxysuccinimidester
was used instead of DVS as a heterobifunctional linker to attach the thiol-containing PNA
oligonucleotides to the UDPA-modified nanowires.

Figure 15. Organophosphonate-based surface functionalization scheme whereby the surface is
coated with a film of UDPA using the T-BAG method and a DVS linking strategy is used for the
immobilization of aminated bioreceptors. Reprinted with permission from Ref. [126]. Copyright 2012
American Chemical Society.

3.3.3. Click Chemistry

Click chemistry is a widely used crosslinking technique for simple, fast, and selective
attachments with high efficiency. This method is attractive for biorecognition components
since it uses physiological reaction conditions (neutral pH, buffered solution). Briefly,
click chemistry involves linking molecules via heteroatom links (C–X–C) [271]. There are
three main click procedures based on Cu(I) catalyzed azide-alkyne, strain promoted azide-
alkyne, and tetrazine-alkene ligation reactions. The reaction is simple, more efficient than
EDC/NHS chemistry, selective to only click reagents, has many commercially available
modular components, and is not sensitive to oxygen or water [271].

This method has been used to immobilize ssDNA probes [59] and PCCs [91,240] on
the surfaces of silicon-based optical biosensors. Juan-Colás et al. [59] demonstrated a
novel silicon electrophotonic biosensor consisting of silicon MRRs fabricated with a thin
n-doped layer at their surface to combine high-Q-factor photonic ring resonance with
electrochemical sensing (Figure 16). In this work, the MRRs were covalently functional-
ized with ssDNA probes using the popular copper-catalyzed azide-alkyne click reaction.
Firstly, two electrophotonic MRRs fabricated on a single chip were modified by electro-
grafting azidoaniline or ethynylaniline onto the rings to install azide or alkyne groups,
respectively (Figure 16a). The two electrophotonic MRRs were individually addressable,
allowing for site-directed electrografting of azide groups on one ring and alkyne groups
on the other. Next, the copper-catalyzed azide-alkyne click reaction was performed to
conjugate azide-modified ssDNA probes to the alkyne-modified ring and alkyne-modified
ssDNA probes to the azide-modified ring (Figure 16b,c). This unique strategy permits
high-density multiplexed functionalization with submicrometer- to micrometer-scale preci-
sion, though it is not suitable for traditional SiP sensors that lack electrochemical control.
Click chemistry was also used by Cao et al. [240] and Layouni et al. [91] to covalently link
PCCs to porous silicon surfaces. In these works, the surfaces were modified with alkyne
moieties by thermal hydrolyzation with 1,8-nonadiyne, followed by copper-catalyzed azide
alkyne cycloaddition to attach azide-modified PCCs. This method requires removal of the
substrate’s native oxide layer by exposure to HF prior to hydrolyzation. Consequently,
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this method may not be suitable for SiP devices patterned with extremely fragile silicon
structures like sub-wavelength gratings, which may be partially etched or delaminated
upon exposure to HF. Overall, some of the key advantages of click chemistry compared to
silane-mediated strategies are its insensitivity to oxygen and water and its chemoselectivity,
which prevents side reactions with other bioreceptor functional groups and preserves
bioreceptor activity [29,91,308]. However, a limitation is the requirement for prior surface
and bioreceptor modification with functional tags, like azide and alkyne groups, which
adds complexity to the functionalization process [29,234].

Figure 16. Click chemistry-mediated immobilization of nucleic acid probes on an electrophotonic ring
resonator. (a) Two different diazonium salts (azidoaniline and 4-ethynylbenzene) are electrografted
on the electrophotonic rings, which are electrically isolated. The individual microrings are then
functionalized with alkyne- and azide-modified DNA probes using copper-catalyzed azide-alkyne
click reaction. (b) First, the azide-modified sensor is functionalized with the alkyne-modified single-
stranded DNA probe (ssDNAalkyne). (c) Next, the alkyne-modified sensor is functionalized with the
azide-modified single-stranded DNA probe (ssDNAazide). The target sequences complementary to
ssDNAazide (d) ssDNAalkyne (e) (labeled cDNAazide and cDNAalkyne, respectively) are introduced
and hybridize to the functionalized sensors. Adapted from Ref. [59] in accordance with the Creative
Commons Attribution 4.0 International (CC BY 4.0) license.

3.3.4. UV-Crosslinking

Direct UV-crosslinking of nucleic-acid-based bioreceptors has been demonstrated on
planar glass and silicon dioxide wafers. This is a simple and inexpensive method that could
be extended to SiP biosensors. Gudnason et al. [273] linked poly(T)10-poly(C)10-tagged
ssDNA probes to unmodified glass surfaces using UV light irradiation. The immobilized
probes demonstrated similar hybridization efficiency when compared to ssDNA probes im-
mobilized on an amino-silane surface via traditional chemical crosslinking. The UV-linked
probes showed no appreciable decrease in hybridization performance after incubation
in water at 100 ◦C for 20 min, demonstrating strong thermal stability. In this work, the
hybridization assay was performed in PerfectHyb Plus buffer to obviate the need for a
surface blocking step. A similar strategy was used by Chen et al. [272] to covalently link
thrombin-binding DNA aptamers with poly(T)20 tails to unmodified glass and silicon diox-
ide wafer surfaces using UV irradiation, while maintaining strong target affinity. Note that
in this work, thrombin binding was performed in the presence of BSA and Tween-20 sur-
factant to reduce non-specific binding of the target to unmodified regions of the substrates.
This UV-linking strategy is both simple and rapid because it requires no prior chemical
modification of the substrate. Additionally, the nucleic acid-based bioreceptors do not
require chemical modifications with reactive functional groups, lowering synthesis costs.
However, to our knowledge, this strategy has not yet been demonstrated on patterned SiP
sensor surfaces.

Tables 28, 29, 31 and 33 and Section 3.4 outline strategies that have been demonstrated
on SiP sensors and representative surfaces for the immobilization of antibodies (Table 28),
aptamers (Table 29), nucleic acid probes (Table ??), peptides and PCCs (Table 31), glycans
and lectins (Table ??), HCCD reporters (Table 33), CRISPR-dCas9-mediated sensing probes
(Table ??), and lipid nanodiscs (Table ??) in the previous literature.
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3.4. Summary and Future Directions

We have discussed adsorption, bioaffinity, and covalent strategies for immobilizing
bioreceptors on SiP surfaces. While adsorption-based strategies offer excellent simplicity,
their poor stability and lack of control over bioreceptor orientation limit their suitability for
SiP biosensing applications. However, novel polymeric coating materials, such as PAcrAm™
and AziGrip4™ from SuSoS AG, are available and replicably self-assemble as stable mono-
layers on silicon substrates by adsorption from solution [309–311]. These polymeric coatings
have customizable functional binding groups and allow for covalent and electrostatic cap-
ture of bioreceptors on the adsorbed coating [309–311]. This may create the opportunity for
bioreceptor immobilization with similar simplicity to passive adsorption, but with improved
stability and more controllable bioreceptor orientation, making this a potentially valuable
future research direction. To the best of our knowledge, such functionalization techniques
have not yet been demonstrated on SiP platforms.

Bioaffinity and covalent strategies typically offer improved stability and control over
bioreceptor orientation compared to adsorption, but at the cost of increased complex-
ity [41]. Bioaffinity strategies involving antibody-binding proteins permit controlled anti-
body orientation, but have limited stability compared to biotin-based and covalent meth-
ods [265,278,279]. Covalent strategies, especially those using silanization, have been widely
used on SiP platforms, as they can permit very stable and tailorable bioreceptor immobi-
lization [29,31]. When designing a covalent immobilization protocol, surface pre-treatment
must be carefully considered to ensure that the sensor surface is free of organic contami-
nants prior to applying the immobilization chemistry, and to activate surface functional
groups (e.g., hydroxyls) that will be targeted by the immobilization chemistry [31,74]. Such
pre-treatments improve grafting density on the sensor surface, while also improving the
reproducibility of the immobilization protocol [74]. Pre-treatment approaches that have
been used in SiP bioreceptor immobilization protocols, such as piranha, UV radiation and
ozone, plasma, and HF treatments, have been comprehensively summarized in Tables 28, 29,
31 and 33 and Section 3.4. Future work should focus on optimizing standardized silanization
protocols that can be used for highly replicable, scalable, and robust surface modifications
with limited silane aggregation. In parallel with future work focusing on the system-level
integration of SiP sensors for POC use, immobilization chemistries that are compatible with
these integrated sensor architectures should be designed and tested. For example, trans-
lating solution-phase surface modification protocols to vapor-phase ones may reduce the
risk of damage to the sensing system during functionalization, while improving scalability,
reproducibility, and film uniformity [261,267–269]. Immobilization strategies using UV-
crosslinking of bioreceptors directly to unmodified surfaces should also be explored on SiP
sensors as a potentially simple, low cost, and scalable immobilization technique [272,273].

In designing immobilization protocols, potential steric crowding effects should also be
considered in the context of bioreceptor immobilization and target capture. For example,
crowding of bioaffinity linkers on the sensor surface may hinder subsequent bioreceptor
immobilization [289]. These steric effects can be counteracted by using a higher bioreceptor
concentration in the immobilization protocol or by using long linking molecules to increase
the distance between the sensor surface and bioreceptors, providing more flexibility for the
receptors to optimize steric crowding. When using these longer linking molecules, however,
the potential sensitivity trade-offs associated with moving the binding reaction farther
away from the sensor surface should also be considered. Immobilization approaches using
these longer linking molecules may be most suitable for SiP architectures with greater
evanescent field penetration depths (e.g., those based on ultra-thin [40] or sub-wavelength
grating [16,46,264] waveguides). Similarly, dense receptor packing on the sensor surface
may not always enhance target binding. Steric hindrance effects due to target molecule
binding can reduce the rate of the forward binding reaction for neighboring receptors and
affect the dynamic range of the sensor [312]. Thus, these steric effects should be accounted
for when optimizing bioreceptor immobilization protocols.
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4. Patterning Techniques

In this section, we introduce several patterning techniques that can be used for SiP
sensor functionalization and benchmark them against the critical patterning performance
criteria relevant to SiP biosensing, as outlined in Table 2. A high-level comparison of these
patterning techniques is provided in Table 36. The subsequent subsections provide further
details about each patterning technique, outline their opportunities and limitations for
multiplexed SiP biofunctionalization, and highlight demonstrations from the previous
literature in which these patterning techniques have been used to deposit bioreceptors on
SiP biosensors. For each patterning technique, tables categorizing these demonstrations
from the previous literature are provided.

4.1. Microcontact Printing

Microcontact printing (μCP), also called microstamping, is a soft lithography method
whereby geometrically defined 2D patterns of biomolecules are transferred to a substrate
using an elastomeric stamp (Figure 17a) [320,321]. This technique has been used to pre-
pare patterns of bioreceptors like antibodies [32,322], DNA [323–325], MIPs [326], and
carbohydrates [327] on solid substrates.

Figure 17. (a) Illustration of the process to pattern a surface using μCP. (i) First, the elastomeric stamp
is inked with a bioreceptor solution whereby bioreceptors adsorb to the stamp surface. Inking may
be achieved using soak, spray-on, or robotic feature-feature ink transfer methods. Subsequently, the
stamp can be rinsed and dried or used wet for stamping. (ii) The stamp is contacted with the sensor
surface and gentle pressure is applied to transfer the bioreceptors from the stamp to the surface at the
regions of contact. (iii) The stamp is released to reveal the bioreceptor-patterned surface. (b) Graphical
representation of the functionalization of a SiP waveguide using tip-mold microcontact printing,
showing the (i) waveguide cross-section of a reference microring, (ii) waveguide cross-section of
a control microring, (iii,iv) application of ssDNA probes on the waveguide surface using a PDMS
tip-mold μCP tool, and (v) hybridization of ssDNA targets to the immobilized ssDNA probes on the
waveguide surface. (c) Images of (i) the SiP MRR sensor chip functionalized by Peserico et al. [202]
via tip-mold μCP, (ii) the optical fiber tip with an unpatterned PDMS cladding used as the μCP
tool, and (iii) example of bioreceptor application on MRR using μCP. Parts (b,c) are adapted with
permission from Ref. [202]. Copyright 2017 The Institution of Engineering and Technology.
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The first step of μCP is fabricating the elastomeric stamp. Polydimethylsiloxane
(PDMS) is the most popular stamp material for μCP because it is easy to mold, flexible,
chemically inert, and impermeable to biomolecules like proteins [32,320,328]. In μCP, the
geometry of the stamp is defined by casting it in a master mold, prepared by photolithog-
raphy or micromachining [320,321]. Once the stamp has been cast, it is “inked” with the
bioreceptor solution to be deposited on the substrate. The ink adheres to the stamp via
passive adsorption, which can be tuned by modifying the stamp’s surface wettability with
plasma or ozone treatment [32,328]. The inked stamp can be dried prior to stamping or
used wet [329]. Next, the stamp is contacted with the substrate under a load, which can be
achieved robotically or using a micropositioner to ensure precise alignment. The stamp is
removed, leaving behind a 2D pattern of bioreceptors. The transfer of ink from the stamp
to the substrate depends on the differential wettability between the stamp and substrate;
in particular, the substrate must have greater wettability and, therefore, greater affinity
toward the ink compared to the stamp [32,316].

A notable advantage of μCP is its excellent resolution. Patterns with critical dimensions
down to 0.1–0.5 μm can be achieved [32,77]. This resolution is more than sufficient for
patterning biomolecules on SiP surfaces, where the patterned sensing structures, like MRRs,
typically have dimensions on the order of 10 μm. Some other advantages of μCP include its
procedural simplicity, low cost, and good reproducibility [77,321,328,329]. PDMS stamps
are robust and can be reused many times without significant loss of performance, but they
are also sufficiently inexpensive and easy to fabricate that they can be treated as disposable
when sample contamination is a concern [77,321]. Compared to printing techniques that
address one spot on a substrate surface at a time, μCP is high-throughput, as a complex 2D
pattern can be printed with only a single inking and application step [329].

While μCP is suitable for efficiently creating complex 2D patterns of a single biorecep-
tor, it is poorly suited to creating multiplexed arrays with many different bioreceptors [32].
Multiple cycles of inking and printing and careful stamp alignment would be required
to print multiple bioreceptors, making this a time-consuming and cumbersome process.
Another challenge is that bioreceptor immobilization strategies often include surface mod-
ifications, like silanization, which increase surface hydrophobicity prior to bioreceptor
attachment [258]. This can reduce the differential wettability between the stamp and sub-
strate, which may, in turn, reduce the efficiency of bioreceptor transfer to the substrate.
Materials like PDMS can also transfer unwanted materials like residual uncured oligomers
to the regions of the chip that they contact during stamping, potentially contaminating
the surface and complicating bioreceptor patterning and subsequent assay steps [330–332].
Other limitations of μCP include a potential reduction in bioreceptor binding activity due
to drying [322,329], patterning accuracy issues due to PDMS deformation under loads and
swelling in the presence of some solvents [328], the requirement for cleanroom facility
access to fabricate stamp master molds [77,329], and potential damage to the fragile sensor
surface resulting from direct contact with the stamp.

To date, μCP has not been widely used to pattern SiP biosensors, though Peserico et al. [202]
used a “tip-mold microcontact printing” technique to functionalize silicon nitride MRRs with
ssDNA probes in a spatially defined manner (Table 37, Figure 17b,c). Instead of using a
traditional stamp, a PDMS μCP probe was prepared by casting a thin layer of PDMS over
the tip of a 125 μm-diameter optical fiber. The probe tip was treated with hydrochloric
acid and hydrogen peroxide to enhance its hydrophilicity, then inked in a solution of
amine-modified ssDNA. Using a micrometric positioner, the inked probe tip was contacted
with the MRR of interest for 45 min in a humidified environment. This allowed sufficient
time for the probes to covalently link to the amine-reactive sensor surface, which had
previously been modified with APTES and a succinic anhydride/EDC linker. The authors
reported that the printed ssDNA probes retained good hybridization efficiency toward
their targets. Overall, a resolution of 100 μm was reported for this μCP method, which was
suitable for the 200 μm-diameter MRRs used. While this variant of μCP could be used for
multiplexed functionalization if parallelized with multiple tip-mold probes or multiple
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cycles of inking and printing, such a process would be cumbersome, time-consuming, and
generally unsuitable for high-throughput biosensor preparation.

Table 37. Demonstration of bioreceptor patterning using μCP for the functionalization of SiP sensors.

Patterning Technique Sensor Type Printed Bioreceptors
Multiplexed Bioreceptor Patterning

(i.e., 4-Plex, 8-Plex . . . )
Ref.

Tip-mold reactive
microcontact printing Si3N4 MRR ssDNA - [202]

4.2. Pin and Pipette Spotting

Nano- and micropipettes filled with a bioreceptor solution can be used in contact
mode to deposit small drops of reagent on a substrate by capillarity [33]. Manual spotting
of bioreceptor solutions with a micropipette, potentially accompanied by a microscope
or stereoscope for improved positional accuracy, is a simple and low-cost technique for
spatially controlling the deposition of different bioreceptor solutions on specified regions of
a SiP chip in the research setting. However, this low-resolution technique has limited repro-
ducibility, accuracy, and throughput. This technique could be adapted to a high throughput
multiplexed dispense format using a pipetting robot [333]. Commercially available pipet-
ting robots, however, typically have minimum dispense volumes of 200–500 nL [334–336],
which is approximately three orders of magnitude greater than the dispense volumes
achievable with pin- and inkjet-based dispensing. Thus, this strategy would still be limited
by poor resolution.

Pin-based spotting or pin printing is a similar technique whereby a robotically con-
trolled pin is loaded with the printing solution, then tapped on the sensor surface to deposit
picoliter- to nanoliter-scale droplets (Figure 18) [77,329]. Pin printing has been widely
used for the preparation of DNA microarrays, and commercial arrayed pin printers are
available for this purpose [33]. This technique offers low sample consumption and good
resolution, with minimum spot sizes in the range of 1–100 μm, depending on the pin
geometry [33,77,313].

Figure 18. (a,b) Illustration of pin printing, showing (a) pin loading with the bioreceptor solution
(antibody solution illustrated here as an example) and (b) printing of bioreceptors on a sensor surface
using the loaded pin. (c–e) Different pin geometries, including (c) a solid pin, (d) split pin, and
(e) quill pin.

Variations of pin printing include contact printing with solid, split and quill pins
(Figure 18c–e) [77,329,337]. Solid pins are usually fabricated from micromachined stainless
steel, tungsten, or titanium, and have convex, flat, or concave tips. They are loaded by
dipping the pin tip in a reservoir filled with the bioreceptor solution and must be reloaded
every few spots [77]. Commercially available solid microarraying pins available from
Arrayit Corporation can print spots down to ~90–100 μm in diameter [315]. Solid pins
are suitable for printing viscous liquids. This is valuable for protein solutions which are
often prepared with viscous additives like glycerol, concentrated sugars, or high molecular
weight polymers [77,329]. However, the requirement for frequent pin reloading makes
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solid pin printing very time-consuming. This limitation is addressed by split and quill
pin designs, which permit serial printing of many spots from a single load. Split pins are
fabricated with a 10–100 μm-diameter microchannel that is filled by capillary action during
sample loading [77]. During printing, the split pin must be impacted on the substrate to
overcome surface tension and eject picoliter- to nanoliter-scale droplets [77,337]. Quill pins
have a similar design to split pins, but with a larger fluid reservoir [338]. Consequently, they
can print hundreds of spots from a single load. Unlike split pins, quill pins only require
a small tapping force to eject sample droplets onto the substrate [329,337]. Commercially
available split and quill microarraying pins can achieve spot volumes down to ~350 pL
and spot sizes down to ~37.5 μm in diameter [339–341]. Split and quill pins are best suited
to low-viscosity solutions because they are susceptible to clogging with viscous liquids,
which hinders spot reproducibility [77,329].

Split and quill pins can be micromachined from metal, but they have also been fab-
ricated from silicon using standard microfabrication techniques that offer lower cost and
smaller pin dimensions for improved resolution [33,77]. The BioForce Nano eNabler (Bio-
force Nanosciences, Virginia Beach, VA, USA) is a commercial automated pin-based printer
which uses a microfabricated silicon cantilever, called a Surface Patterning Tool (SPT), to de-
posit 1–60 μm droplets with 20 nm positional accuracy in the x, y, and z directions [313,314].
The SPT cantilever includes an integrated microfluidic network consisting of a reservoir to
hold 0.5 μL of sample and a microchannel through which the sample flows to the tip via
capillary action [313]. The droplet size is controlled by the contact time and contact force of
the cantilever tip with the surface [313].

Pin-based functionalization of biosensors can be multiplexed by replacing or washing
the printing needle when switching solutions [77]. In general, solid pins are easier to clean
than split or quill pins, which usually require ultrasonication (for metal pins) or heating with
a propane torch (for silicon pins) to thoroughly remove contamination [337]. Regarding its
suitability for patterning SiP sensors, pin printing is inherently a contact technique that may
damage fragile SiP structures [329]. A major challenge associated with pin printing is that
optimizing spot size and reproducibility is a highly multifactorial problem [338]. Namely,
the printing performance is highly dependent on the fluid properties, surface wettability,
pin geometry, surface contact force, robotic controls, and environmental conditions [338].
Temperature and humidity control are typically required to slow evaporation of the sample,
lower the risk of pin clogging, facilitate covalent bioreceptor immobilization on the surface,
and preserve bioreceptor activity [329]. Further, spot reproducibility may deteriorate over
time as a pin deforms from repeated contact with the substrate or as a split or quill pin’s
reservoir is depleted [77]. All of these considerations must be accounted for when designing
a protocol for reliable SiP biosensor functionalization.

In the literature pipette and pin spotting have been widely used to pattern bioreceptors
on SiP biosensors (Table 38). Several works have used spotting with a micropipette to
pattern SiP sensors with 0.1–10 μL-scale droplets of antibodies [17,166,168,170], ssDNA
probes [109,194–196,198,303], and lipid nanodiscs [148]. These strategies have been used to
create 2- [198] to 9-plex [148] multiplexed biosensors. Several other works have employed
the BioForce Nano eNabler to pattern SiP sensors with bovine serum albumin [313], ss-
DNA [163], glycans [132,133], and lipid nanodiscs [149]. These works have reported the
successful preparation of 2- [133] to 8-plex [163] biosensors. Angelopoulou et al. [238] spot
printed antibodies and peptides on a silicon nitride MZI sensor chip with a contact printing
arrayer using solid (375 μm tip, 12 nL per spot) and quill (62.5 μm tip, 0.5 nL per spot) pins.
The spotting design required multiple overlapping spots to coat the waveguides with the
solid pins taking 7 times as long to print despite depositing more liquid per spot compared
to the quill pins. The authors found no significant difference in the sensor response between
the solid versus quill pin tips.
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Table 38. Demonstrations of bioreceptor patterning using pin and pipette spotting for the functional-
ization of SiP sensors.

Patterning Technique Sensor Type Printed Bioreceptors
Multiplexed Bioreceptor

Patterning
(i.e., 4-Plex, 8-Plex . . . )

Ref.

Hand spotting with
micropipette (0.2 μL/drop) Si MRR Antibodies 2-plex, including control [17]

Hand spotting with
micropipette (1 μL/drop) Si MRR Antibodies Up to 4-plex,

including controls [168]

Hand-spotting
with micropipette Si MRR ssDNA probes 4-plex [109]

Hand-spotting with
micropipette Si MRR ssDNA probes 4-plex [303]

Hand spotting with
micropipette (1 μL/drop) Si MRR ssDNA probes 2-plex [198]

Hand spotting with
micropipette

(0.1–0.2 μL/spot)
Si MRR Lipid nanodiscs 9-plex [148]

Hand spotting
with micropipette Si MRR ssDNA probes 3-plex [196]

Hand-spotting
with micropipette Si MRR ssDNA probes 4-plex [194]

BioForce Nano eNabler Si3N4 MRR Glycans 2-plex [133]

BioForce Nano eNabler Si3N4 MRR Glycan - [132]

BioForce Nano eNabler Si3N4 bimodal waveguide
interferometric biosensor BSA - [313]

BioForce Nano eNabler Si MRR
ssDNA (subsequently used

to immobilize
DNA-conjugated antibodies)

8-plex [163]

BioForce Nano eNabler Si MRR Lipid nanodiscs 7-plex [149]

BioOdyssey
Calligrapher miniarrayer Si3N4 MZI SARS-CoV-2 peptide 2-plex,

20–46 overlapping spots [238]

4.3. Microfluidic Patterning in Channels

Microfluidic patterning in channels is a soft lithography technique whereby a gasket
fabricated with microchannels, also called a microfluidic network (μFN), is reversibly
bonded to a solid substrate and the bioreceptor solution is drawn through the microchannels
(Figure 19) [33,77,321,342]. Bioreceptors are, therefore, patterned on the substrate according
to the channel geometry. The μFN is usually made of molded PDMS, though laser-cut Mylar
gaskets have also been used [161]. Biopatterning with μFNs was first demonstrated in 1997
by Delamarche et al. [342] for the deposition of biomolecules on solid substrates. In this
work, immunoglobulins were patterned on gold, glass, and polystyrene with submicron
resolution using PDMS μFNs. The channels were rendered hydrophilic with oxygen plasma
and filled by capillarity to deposit the biomolecules.
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Figure 19. Illustration of the process of bioreceptor patterning on a sensor surface using a microfluidic
network (μFN). (a) The PDMS μFN is reversibly bonded to the sensor surface, then (b) the bioreceptor
solution is flowed through the microchannels via capillary or pressure-driven flow. This may be
followed by rinsing and blocking steps. (c) Lastly, the μFN is released to reveal the bioreceptor-
patterned surface.

μFNs using capillary flow, like those used by Delamarche et al. [342], can achieve
micron-scale pattern resolution, as the microfluidic channels can be prepared with micron-
scale cross section dimensions [316]. Microfluidic patterning in μFNs can also be performed
using pressure-driven flow, but this requires larger channels with cross section dimensions
on the order of 10 μm due to high hydraulic resistance [316,317]. Indeed, this yields
poorer pattern resolution than capillary flow. However, pressure-driven flow permits the
easy exchange of patterning fluids. For example, sequential surface modification steps,
including crosslinker attachment, bioreceptor immobilization, rinsing, and post-processing
with blocking molecules to prevent non-specific binding, can all be performed in the μFN
without surface drying or removing the flow cell [32,329]. Another valuable feature of
this technique is that sensing elements designed to operate in liquid media can be probed
throughout the patterning process for real-time biofunctionalization monitoring [313].
Beyond biopatterning, μFNs are often used to facilitate miniaturized, simultaneous, and
highly localized multi-step binding assays on functionalized sensors [321,342].

Multiplexing is typically achieved using μFNs with multiple parallel channels. Differ-
ent bioreceptor solutions can be simultaneously drawn through the individually address-
able channels, creating a one-dimensional array. However, this method is not well-suited
to creating discrete two-dimensional patterns of bioreceptors, which would require compli-
cated multilayer fluidics with three-dimensional flow paths [32,316]. Further, any change
to the SiP sensor layout would require a redesign of the μFN [83]. Therefore, microfluidic
patterning in channels has less multiplexing flexibility than pin printing, inkjet printing,
and microfluidic probe-based patterning, which can localize chemical processes to arbitrary
locations on a substrate [32]. Another limitation of μFNs is that reagent consumption can
be high, depending on the microchannel volume, and bioreceptor molecules can be lost to
microchannel walls due to nonspecific adsorption [83,316]. This is particularly undesirable
when using costly bioreceptors. Similarly to μCP, materials like PDMS, which are used to
fabricate the μFN, can leach uncured oligomers, which may contaminate the sensor surface
and complicate functionalization and subsequent assay steps [330–332]. However, a major
advantage of this technique compared to pin and inkjet printing is that bioreceptors are
maintained in a controlled liquid environment throughout the patterning process. This
ensures good uniformity of the biofunctionalized regions and prevents activity loss of
environmentally sensitive bioreceptors due to drying [329,342]. Other advantages of this
technique are that it is low cost, exceptionally simple, and unlikely to damage SiP sensing
elements.

In the literature, μFNs are a popular choice for patterning SiP devices with bioreceptors
(Table 39). μFNs have been used to pattern SiP sensors with antibodies [18,22,161,162,169,174,295],
aptamers [174], ssDNA [174], lipid nanodiscs [150], and BSA [174,313]. This technique
has been used to confine bioreceptors to select sensing structures on a single SiP device,
while leaving other structures bare to control for nonspecific binding, temperature, and
instrument drift [18,161]. It has also been used to compare different bioreceptor immobi-
lization strategies. For example, Byeon et al. [295] used a 2-channel microfluidic gasket to
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compare bioreceptor immobilization in the presence and absence of a chemical catalyst,
while González-Guerrero et al. [313] used two microfluidic channels to compare covalent
and adsorption-based bioreceptor immobilization on a single sensor. Finally, μFNs have
been used to create multiplexed MRR sensors with different microrings functionalized with
different bioreceptors [22,150,162,169,174].

Table 39. Demonstrations of bioreceptor patterning using microfluidic patterning in channels for the
functionalization of SiP sensors.

Patterning Technique Sensor Type Printed Bioreceptors
Multiplexed Bioreceptor

Patterning (i.e., 4-Plex,
8-Plex . . . )

Ref.

Microfluidic patterning in
channels using 4-channel

Mylar gasket
Si MRR

Antibody, DNA aptamer,
ssDNA (control sequence),

and BSA (control)
4-plex, including 2 controls [174]

Microfluidic patterning in
channels using 6-channel

PDMS gasket
Si MRR Antibodies 6-plex, including one control [22]

Microfluidic patterning in
channels using 2-channel

Mylar gasket
Si MRR Antibody

Patterning used to
functionalize half of the rings
with antibody and leave the

other half bare for
temperature corrections

[161]

Microfluidic patterning in
channels using 2-channel

Mylar gasket
Si MRR Antibody

Patterning used to
functionalize some rings

with antibody and leave the
rest bare to control for
nonspecific binding,

temperature, and
instrumental drift

[18]

Microfluidic patterning in
channels using 2-channel

Mylar gasket
Si MRR Antibody

μFN used to perform
functionalization in the

presence of catalyst on some
rings and without
catalyst on others

[295]

Microfluidic patterning in
channels using 1-, 2-, and
4-channel Mylar gaskets

Si MRR Lipid nanodiscs Up to 4-plex [150]

Microfluidic patterning in
channels using 2- and

4-channel gaskets
Si MRR Antibodies Up to 4-plex [169]

Microfluidic patterning in
channels using Mylar gasket Si MRR Antibodies 4-plex [162]

Microfluidic patterning in
channels using 4-channel

PDMS gasket

Si3N4 bimodal
waveguide

interferometric
biosensor

BSA

2-plex to compare
adsorption- and
covalent-based

BSA immobilization

[313]

4.4. Inkjet Printing

In contrast to the contact-based deposition systems discussed in Sections 4.1–4.3,
which can expose the silicon waveguides and other structures to damage, non-contact
inkjet systems use piezoelectric actuation for deposition without touching the sensor
surface. Non-contact inkjet based printer systems were developed in the late 1990’s where
off-the-shelf desktop inkjet printers were repurposed to dispense controllable volumes
of reagents in the ~80 pL range [343]. Initial development using home-built ink-jetting
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exposed the inkjet solution to heat resulting in a loss of functionality by denaturation or
decomposition of biomolecules.

Piezoelectrically actuated non-contact inkjet devices have come to the forefront for
localized reagent deposition by leveraging the control provided by a piezoelectrically
actuated glass capillary that is capable of depositing droplets that are on the order of
one pL to a few hundred pL in size [246,318], as illustrated in Figure 20a. These systems
have x-y spatial accuracies ~15–20 μm while dispensing highly accurate volumes of assay
reagents without any heat source affecting the samples [344,345]. The capillary tips hover
above the etched resonator area while a voltage source piezoelectrically compresses a collar
surrounding the nozzle to create pressure waves within the fluid that result in expulsion of
<1 nL droplets onto the sensor surface.

Figure 20. (a) Illustration of piezoelectric inkjet printing of bioreceptors on a sensor surface. (b) Image
of antibody/antigen and BSA solutions spotted on silicon nitride photonic ring resonators using a
Scienion SX microarrayer. The top (control) ring is spotted with BSA solution, and the bottom (test)
ring is spotted with anti-(SARS-CoV-2 spike protein) polyclonal antibody solution (a-S1 + S2). Part (b)
is reproduced from Ref. [167] in accordance with the Creative Commons Attribution 4.0 International
(CC BY 4.0) license.

While the high spatial and volumetric controllability of piezoelectrically actuated
inkjet systems is desirable, the disadvantages must be mitigated which vary for each
assay solution. Nonspecific adsorption of proteins onto the borosilicate glass capillary
can cause protein loss when depositing <1 nL of low concentration (<20 μg/mL) protein
solutions. Delehanty and Lingler found that both the ionic strength of the printing buffer
and presence of a carrier protein greatly affected the amount of biotinylated Cy5-labeled
IgG that adsorbed to the capillary surface, thus influencing the amount of IgG that was
dispensed from the capillary [346]. The authors’ results showed an inverse relationship
between the ionic strength of the buffer (PBS) and amount of IgG protein dispensed from
the capillary, which was attributed to the nonspecific adsorption of proteins to borosilicate
glass. Moreover, they found that with the addition of a carrier protein (BSA), the ionic
strength effect could be completely mitigated while increasing the total concentration of
IgG that was dispensed up to 44-fold.

On-board cameras and positioning software allow for spot printing to be carried out in
a systematic fashion by fiducial mark recognition whereby ~300 pL drops of SS-A antigen
at 200 μg/ml can be spot printed using a sciFLEXARRAYER S5 (Scienion, AG, Berlin,
Germany) on 128 rings with PDC-70 nozzle [293]. Kirk et al. [246] illustrated the high
throughput capabilities and low assay reagent consumption by printing 10 array chips
with 6 microrings per chip in 9 s, consuming a total < 25 nL of reagent. In addition to
functionalizing SiP chips with multiple bioreceptors for multiplexed analyte detection,
inkjet printing can be leveraged to include reference sensors. As previously discussed, the
functionality of a microring resonator is based on its resonance wavelength shift and is often
measured with respect to a nearby reference resonator. Positioning the reference microring
resonator nearby the sensing resonator helps to eliminate shift stemming from thermal
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gradients across the chip. Other sources contribute to anomalous background wavelength
shift, such as non-specific binding, which may be useful to control for using reference
rings. Therefore, while some reference rings may remain buried under an oxide cladding, it
may be beneficial in some applications to also include protein coated reference resonators.
Cognetti and Miller [167] fabricated a ring resonator set as shown in Figure 20b. One ring
was functionalized with anti-SARS-CoV-2 RBD + SARS-CoV-2 RBD (a-S1 + S2) and another
was functionalized with 0.1% BSA as a control for non-specific binding, illustrated by the
blue and red dots, respectively. The piezoelectric inkjet process allowed for controlled
deposition of the assay reagents as isolated elements and showed the relative (BSA ring-
subtracted) wavelength shift in response to the SARS-CoV-2 spike protein [167].

Other types of detection mechanisms have been demonstrated through inkjet printing
of assay reagents. For instance, Laplatine et al. [319] used a Scienion sciFELXARRAYER S12
to deposit an array of 64 different peptides in buffer on MZIs (spot size of ~150 μm). The
MZI array was used to measure volatile organic chemicals (VOCs) with limits in the ppm
range as the basis for a silicon olfactory sensor. Ness et al. [318] used a FUJIFILM Dimatix
DMP-2831 materials piezoelectric inkjet printer (FUJIFILM Dimatix, Inc., Santa Clara, CA,
USA) with 1 pL dispensing DMC-11601 cartridges to deposit ~30 μm diameter spots by
optimizing the functional fluid to have a higher viscosity and lower surface tension which
was achieved by the addition of glycerol and a surfactant, respectively. A Dimatix materials
printer was also used to deposit a functional biotin-modified polymer and porous hydrogel
on MZIs, whereby the functional polymer was able to sense the specific binding of protein
streptavidin and the benzophenone dextran (benzo-dextran) porous hydrogel was shown
to hinder the non-specific binding of BSA on the sensor surface [347]. Table 40 summarizes
several demonstrations of inkjet-based bioreceptor deposition on SiP sensors.

Table 40. Demonstrations of bioreceptor patterning using inkjet printing for the functionalization of
SiP sensors.

Patterning Technique Sensor Type Printed Bioreceptors
Multiplexed Bioreceptor

Patterning (i.e., 4-Plex,
8-Plex . . . )

Ref.

Piezoelectric non-contact
printing (Scienion

sciFLEXARRAYER S5)
Si MRR SS-A antigen - [293]

Piezoelectric non-contact
printing (Scienion

sciFLEXARRAYER S3)
Si MRR

Glycoconjugates and
fluorescently labeled

streptavidin
Up to 4-plex [246]

Piezoelectric non-contact
printing (Scienion

SciFLEXARRAYER SX)
Si3N4 MRR Antibody, antigen, BSA

2-plex (performed on 2-ring
chips; one ring spotted with
antibody or antigen as the
receptor and another with

BSA as a control)

[167]

Piezoelectric non-contact
printing (Scienion

sciFLEXARRAYER S12)
Si3N4 MZI Peptides for volatile

chemicals 64 MZI sensor array [319]

Piezoelectric non-contact
printing (FUJIFILM Dimatix

DMP-2831)
SiP microcantilevers Biotin - [318]

Piezoelectric non-contact
printing (FUJIFILM Dimatix

DMP-2831)
Silicon nitride MZI

Biotin-modified
polyethyleneimine functional
polymer and benzophenone

dextran hydrogel

- [347]
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4.5. Microfluidic Probes

Microfluidic probes (μFPs) (Figure 21), which were first demonstrated in 2005 by
Juncker et al. [348], combine the features of microfluidics and scanning probes to deliver
biomolecules to surfaces. μFPs are classified as “open space microfluidics”, as they confine
nanoliter volumes of processing liquids on substrates without solid-walled microchan-
nels [83,317]. This is achieved through hydrodynamic flow confinement (HFC) of the
processing liquid, which is made possible by the microscale dimensions of the system and
the resulting laminar flow regime [32,348].

Figure 21. (a) Illustration of simple microfluidic printing (μFP) probe used to pattern a sensor surface
with a bioreceptor solution (antibody solution illustrated here as an example). (b) Comparison of μFP
using simple hydrodynamic flow confinement (HFC), hierarchical HFC, which permits recirculation
of the patterning solution in the μFP head, and radial HFC, which produces circular, rather than
teardrop-shaped spots. The processing (bioreceptor) solution is shown in red, the immersion liquid is
shown in light blue, and the shaping liquid used for HFC is shown in dark blue. Insets on the right
show the printing footprints for each μFP type. Part (b) is adapted with permission from Ref. [32].
Copyright 2021 American Chemical Society.

The tip of the μFP may be fabricated from silicon [348], silicon and glass [317], or
PDMS [349]. It consists of coplanar injection and aspiration microapertures and is placed
10–200 μm above the substrate [32]. An immersion liquid fills the gap between the probe tip
and substrate, while processing liquid is injected from the injection aperture and collected
by the aspiration aperture. The processing liquid is confined above and below by the probe
tip and substrate, while it is confined laterally by hydrodynamic boundaries formed by the
immersion liquid [32]. In a simple μFP configuration, the flow rate of the injected fluid, QI,
must be lower than the flow rate of aspirated fluid, QA, to maintain flow confinement [348].
The ratio QA/QI can be varied, along with the distance between the probe tip and surface,
to tune the shape and size of the region where the processing fluid contacts the surface [348].
Typically, this impingement area has a teardrop shape, but an alternative radial probe tip
design can be used to create a circular impingement area [32]. The μFP is mobile and
can scan over a substrate to create complex patterns; depending on the direction and
speed of travel relative to the microfluidic flow, continuous shapes or discrete spots can be
patterned [349]. Spot sizes as small as 10 × 10 μm2 are possible [83].

μFP-based bioreceptor patterning has not yet been demonstrated on SiP biosensors,
but it may be a promising technique for future application. Firstly, μFPs are suitable for
multiplexed patterning, as processing fluids can be rapidly switched using an external
valve system [32]. Further, the probe can follow an arbitrary scan path, allowing for
flexible and customized patterning of sensors with non-standard layouts [348]. Given
that this is a non-contact technique, it is unlikely to damage fragile SiP surfaces. Unlike
inkjet and pin printing, μFPs pattern surfaces in a liquid environment, which prevents
uncontrolled wetting and drying effects, thus improving spot uniformity and homogeneity,
while preventing aggregation or denaturation of printed biomolecules [317,348]. For
example, Autebert et al. [83] demonstrated less than 6% variation in spot homogeneity for
an array of 170 spots of IgG printed on polystyrene. While a simple μFP configuration
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typically requires large volumes of processing fluids, a 10-fold decrease in μFP reagent
consumption has been achieved using hierarchical flow confinement and recirculation,
making it comparable to pin and inkjet printing (e.g., 1.6 μL to print 170 spots of IgG, each
with a 50 × 100 μm2 footprint).

The main challenges of this patterning technique are its low throughput and limited
commercial availability [32]. Using a simple μFP configuration, only one spot can be
addressed at a time, each requiring a residence time defined by the kinetics of the biore-
ceptor’s immobilization reaction. Multiple spots could be patterned simultaneously using
probe tips with microfluidic channel bifurcations to increase throughput, but this would
only be suitable for SiP sensors with highly standardized layouts, as aperture spacing
would need to match the spacing of SiP sensing structures [83]. The accessibility of this
technique is limited, as commercial μFP-based patterning systems are not yet available.
Another potential challenge is that, when applied to SiP sensor surfaces, this technique may
suffer from perturbations in hydrodynamic flow confinement due to the three-dimensional
topography introduced by the patterned silicon structures [317]. This, in turn, may result
in reduced spot homogeneity.

4.6. Summary and Future Directions

Here, we have discussed several strategies for preparing patterns of bioreceptors on SiP
sensor surfaces for multiplexed detection. In general, non-contact patterning techniques are
attractive for SiP sensor biofunctionalization, as they prevent damage to the sensor surface
and integrated optical and electronic components. Of the strategies discussed here, inkjet
printing is a promising strategy for biopatterning multiplexed SiP sensors. Inkjet printing is
a flexible, high throughput, low-waste, and multiplexable non-contact patterning strategy
that can achieve sufficient resolution for the functionalization of most SiP devices [329].
However, printing protocols (e.g., actuation waveform design, environmental controls,
additives to bioreceptor “ink”, etc.) must be optimized for replicable deposition of uniform
spots. Future studies using inkjet-based biopatterning of SiP sensors should quantify and
optimize inter- and intra-spot uniformity, along with inter-spot and run-to-run replicability
to validate reliable performance of this patterning technique. μFP is another flexible non-
contact patterning technique, which can achieve improved spot uniformity and replicability
compared to other printing methods, and may be a promising option for SiP sensors [317,348].
Nevertheless, this technique must still be validated for bioreceptor patterning on SiP surfaces.

5. Critical Comparative Analysis of Solutions and Discussion of the Interplay between
the Three Aspects of Biofunctionalization

This review has provided a detailed overview of strategies that have been or can
be used to functionalize SiP biosensors in terms of bioreceptor selection, immobilization
chemistry, and patterning strategy. We have benchmarked potential strategies for each of
these three aspects of biofunctionalization against a set of performance criteria relevant to
SiP sensing. In addition to assessing the tradeoffs of individual solutions in the context
of the anticipated biosensor use case, the compatibilities and incompatibilities between
solutions to each of the three aspects of biofunctionalization are an essential consideration.
Moreover, the interplay between bioreceptors, immobilization chemistries, and patterning
techniques can affect what is considered suitable performance for a given biofunction-
alization need. For example, when using a patterning technique with very low reagent
consumption, bioreceptors with a greater cost per milligram may still permit very low
reagent cost per sensor. This underscores the importance of considering these three aspects
of biofunctionalization in concert.

The first step in designing a biofunctionalization protocol once the application of
the biosensor is defined and the target(s) known, is bioreceptor selection. As discussed
in Section 2, different bioreceptors are suitable for different targets. For many targets
(proteins, small molecules, viruses, bacteria, etc.) antibodies, aptamers, MIPs and PCCs
may be suitable. Despite being very cost-effective and stable, currently available MIPs
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cannot achieve sufficient binding affinity and/or selectivity to achieve detection at clinically
relevant levels for many targets. Of the other three options, antibodies are the most readily
available and well-characterized, but their poor stability and high cost limit their suitability
for POC use. Moreover, in our group’s experience, batch-to-batch variability has been a
notable roadblock in the design of replicable biosensing assays using antibodies.

Synthetic antibody analogs like aptamers and PCCs, which can achieve similar affinity
and specificity to antibodies, are appealing and versatile options for POC sensors. Currently,
a significant roadblock in the widespread adoption of aptamers and PCCs for biosensing
applications is the relatively limited availability of pre-designed products for ready use
against a diverse range of targets, though this challenge can be mitigated in coming years
with further research and development [30,89,234]. Additionally, aptamers often require
careful sample preparation (buffering, filtering, or tight temperature control) to avoid their
folding or denaturing prematurely during use. Robust aptamer formulations need to be
screened with these factors in mind, given each sensing device’s use case. Regardless, their
low cost, good stability, and highly reproducible and scalable production are important
advantages of aptamers and PCCs for POC biosensing.

For nucleic acid targets, nucleic acid probes (hybridization-based detection), HCCD,
and CRISPR-dCas9-mediated detection may be suitable bioreceptor options. In applications
requiring highly multiplexed nucleic acid sensing, simple hybridization-based detection
with nucleic acid probes offers the greatest flexibility and assay simplicity. When exception-
ally high sensitivity and selectivity are required for very low-concentration targets, HCCD
or CRISPR-dCas9-mediated detection may be preferable. It should be recognized; however,
these are very early- stage approaches with limited precedent for use on SiP platforms and
have yet to be validated for sensing in complex samples.

Lastly, glycans, lectins, and lipid nanodiscs are valuable for the study of carbohydrate-
protein and cell membrane interactions, respectively, but their often-poor affinity and
selectivity limit their applications beyond such studies.

In addition to these considerations, the immobilization chemistries that are compatible
with each type of bioreceptor should be kept in mind during bioreceptor selection, with
particular attention paid to compatibility of the immobilization chemistries with other
steps of biosensor fabrication and integration with sample fluid delivery. Broadly, passive
adsorption of bioreceptors leads to poor stability of the functionalized surface and dimin-
ishes the bioreceptor’s binding activity. One exception is lipid nanodiscs, which adsorb
well to silicon dioxide surfaces to yield reproducible, regenerable, and stable functional
layers [148,149,275,276]. For other bioreceptors, passive adsorption is not recommended,
aside from in preliminary sensor validation experiments where simplicity and rapid assay
design are priorities. Nevertheless, novel polymeric coating materials (e.g., PAcrAm™ and
AziGrip4™ from SuSoS AG) may permit stabler and more oriented bioreceptor immobi-
lization with similar simplicity to passive adsorption techniques, potentially comprising a
valuable future research direction [309–311].

Among the various covalent and bioaffinity-based immobilization strategies explored
in this review, different immobilization methods can produce very different results de-
pending on the bioreceptor. For example, many covalent methods can readily achieve
predictable and oriented aptamer and nucleic acid probe immobilization by targeting ter-
minal functional groups incorporated into these bioreceptors during synthesis; this ensures
good binding site availability for target capture. Conversely, when used for antibody
immobilization, these covalent strategies typically target native functional groups that are
abundant on the antibody surface, leading to random antibody orientation and reduced
target-binding capacity.

When antibody binding capacity must be optimized, bioaffinity-based strategies
using antibody-binding proteins, like Protein A, may be a preferable choice, though these
strategies involve tradeoffs in terms of stability, regenerability, and cost. It should also be
noted that Protein A-based antibody immobilization may compromise the specificity of
immunoassays using amplification with a secondary antibody [350]. In our experience,
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using Protein A in sandwich immunoassays was correlated with a considerable non-
specific signal during the secondary antibody amplification step, which was not observed
in immunoassays prepared using simple passive adsorption of the detection antibody on
the SiP sensor surface [351]. This non-specific signal may be related to the unwanted capture
of secondary antibodies by unoccupied Fc-binding sites on the Protein A-coated sensor
surface (potentially due to incomplete functionalization with capture antibody or due to
unbinding of capture antibody during the course of the experiment) [350]. One solution
may be to choose secondary antibodies that do not bind well to Protein A, though this may
be challenging, as Protein A and Protein G bind well with antibodies from many common
host species (cow, goat, mouse, rabbit, and sheep) that are used in immunoassays [350].
Protein L, which does not bind with cow, goat and sheep antibodies and binds weakly to
rabbit antibodies, may offer greater flexibility in the choice of secondary antibody, potentially
making it a preferable antibody-binding protein for sandwich assays [350]. Silane-based covalent
strategies have also been successfully used to immobilize capture antibodies on SiP sensors for
assays using amplification with a secondary antibody [17,18,162,163]. This highlights that the
assay format (label-free/labeled) and its synergy with the biofunctionalization strategy
should be carefully considered.

Next, the selection of a patterning technique should take into consideration factors such
as the bioreceptor cost, fluid properties of the bioreceptor solution, and changes in sensor
surface hydrophilicity caused by the immobilization chemistry. For instance, patterning
in microfluidic channels is a simple and popular choice in SiP biosensor functionalization
protocols, but it typically has high reagent consumption. As an example, in our group’s
previous work, we deposited 20 μg/mL solutions of capture antibodies on SiP sensors
via microfluidic channels using pressure-driven flow at 30 μL/min for 45 min [351]. This
consumed a total of 27 μg of antibody, which costs roughly CAD $135, assuming an
antibody cost of ~CAD 500/100 μg. Further, bioreceptors may be lost to adsorption
on the channel walls during patterning, and this inefficient reagent use is particularly
undesirable for costly bioreceptors, such as antibodies. In assays using in-flow patterning
followed by sample introduction using the same μFN, targets in the sample may bind to
bioreceptors coating the channel walls and non-sensing regions of the SiP chip. This can
deplete target molecules from the sample more rapidly than if the sensing regions, alone,
were functionalized. Consequently, this may worsen the limit of detection [352]. Offline
patterning of bioreceptors to ensure that they are only localized to the sensing regions is,
therefore, particularly beneficial for detecting precious targets at very low concentrations.

The fluid properties of the bioreceptor solution can also dictate the success of a pattern-
ing technique. In particular, μCP, pin printing, and inkjet printing strategies are sensitive
to the viscosity and surface tension of the bioreceptor solution. Required additions to
bioreceptor solutions, such as glycerol to slow evaporation, must be accounted for when
optimizing the patterning protocol. Surface modifications used for different bioreceptor
immobilization chemistries affect the hydrophilicity of the sensor surface, which, in turn,
influences the efficacy and resolution of the patterning strategy [338]. For example, silaniza-
tion decreases the hydrophilicity of the SiP sensor surface [267]. In the context of μCP, this
may inhibit the transfer of bioreceptor “ink” from the stamp to the sensor surface. On the
other hand, this decreased surface hydrophilicity will decrease the spreading of droplets of
aqueous bioreceptor solutions. This may improve the resolution of patterning techniques
such as pin and inkjet printing.

While not a focus of this review, antifouling strategies must typically be integrated
with biofunctionalization protocols in order to prevent non-specific adsorption of sample
matrix components to the sensor surface [29]. Antifouling strategies can be included in
covalent bioreceptor immobilization protocols through the use of linkers that include
polyethylene glycol (PEG) chains (e.g., SM(PEG)12 [133], BS(PEG)9 [132]), which increase
the hydrophilicity of the surface coating to reduce non-specific protein adsorption [29].
Other approaches include coating the surface via passive adsorption with bovine serum
albumin [264,353] or commercial blockers, such as StartingBlock [109,163,196], BlockAid,
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and StabilCoat [167], after bioreceptor immobilization. It is important to consider how to
best fit antifouling strategies into biofunctionalization workflows. For further details about
antifouling strategies for SiP biosensors, readers are directed to ref. [29].

Lastly, the entire biofunctionalization procedure must be considered in the context
of the overall sensor system design. While some functionalization strategies may be
suitable for the SiP sensor chip itself, they may not be suitable for systems including
chip-mounted electronic/photonic inputs and outputs, which can be used to translate
this technology to a commercial POC platform (Figure 22) [12,13,66,354]. For example,
immobilization chemistries requiring solution-phase reactions may be unsuitable for sensor
designs including photonic wire bonds that connect optical inputs and outputs to the
on-chip waveguides. Solvents or other chemicals used in functionalization may damage or
swell the photonic wire bond or low-index photonic wire bond cladding materials, resulting
in damage to the fine optical connection [355,356]. In this case, immobilization chemistries
employing vapor-phase surface modifications or direct crosslinking of bioreceptors (e.g.,
UV crosslinking of nucleic acids or aptamers) to the unmodified surface may be preferable.
Similarly, plasma or UV/ozone treatment are likely more suitable surface pre-treatment
techniques than immersion in piranha solution for integrated SiP systems. For these
systems, the surface topography and locations of chip-mounted components should inform
the selection and design of the patterning strategy. In general, non-contact patterning
techniques (e.g., inkjet printing) can permit flexible bioreceptor pattern design, while
preventing damage to the system, making them preferable to techniques that require
contact between the patterning tool and surface.

Figure 22. Integration approaches for SiP biosensors. (a) Multiplexed biofunctionalization of in-
tegrated SiP sensor system for POC use, which includes on-chip photonic inputs (chip-mounted
fixed wavelength laser), outputs (on-chip detectors), photonic wire bonds, and microfluidics. See
Ref. [13] for further information about this integration approach. (b) System-level integration of active
SiP sensor by Laplatine et al. [66] using fan-out wafer-level packaging, showing (i–vi) schematics
of the packaging process, (vii) 3D illustration of the packaged chip, and (viii) photograph of the
experimental biochip setup. Part (b) is adapted with permission from Ref. [66]. Copyright 2018
Elsevier. (c) Photonic integrated circuit sensor chip presented by Mai et al. [354] using local backside
release to enable integration with fluidics on one side of the chip and (i) optical coupling or (ii) optical
coupling and electrical interconnects on the other. This allows for a more compact form factor than
chips using front side integration only. Part (c) is adapted with permission from Ref. [354]. Copyright
2022 Elsevier.

In summary, it is important to consider the interplay between the three constituents
of biofunctionalization as well as the silicon photonic device, fluidics, and detection as-
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say when designing a biofunctionalization strategy. The examples above highlight the
importance of considering and addressing the relationships between different bioreceptors,
immobilization strategies, and patterning techniques and their suitability for different assay
formats and integrated sensing architectures. This discussion aims to bring attention to the
importance of considering and addressing these relationships in order to design successful
biofunctionalization protocols for SiP biosensors.

6. Conclusions

When combined with carefully designed biofunctionalization strategies, SiP sensors
have the potential to permit accurate and information-rich decentralized diagnostic testing
for a diverse range of clinical applications. We have identified and evaluated different strate-
gies for SiP sensor biofunctionalization in terms of bioreceptor selection, immobilization
strategy, and patterning technique. Different solutions for each aspect of biofunctional-
ization have been benchmarked against a set of critical performance criteria relevant to
multiplexed SiP biosensing and examples from the literature have been discussed and
categorized. In addition to providing critical discussion about solutions for each aspect of
biofunctionalization, we have also identified the interplay between these three aspects to
help inform the design of SiP functionalization protocols and have highlighted additional
functionalization process constraints relevant to SiP system integration for POC biosensing.

Broadly, several classes of synthetic bioreceptors (e.g., aptamers, PCCs, nucleic acids)
offer excellent potential for multiplexed POC biosensing, as they can achieve high affinity
and specificity, and offer scalable and cost-effective production, good stability, and regener-
ability. However, the availability of ready-to-use reagents remains a roadblock for the use
of synthetic antibody analogs. In terms of immobilization strategies, covalent methods offer
stable, scalable, and highly tailorable bioreceptor immobilization, but their success often
depends highly on the reaction conditions and bioreceptor type, underscoring the potential
value of developing standardized and reliable reaction protocols that are optimized for SiP
surfaces. Regarding patterning, pin and inkjet-based printing are popular techniques that
offer good flexibility and resolution, while inkjet printing has the additional advantages of
exceptionally high throughput and being a non-contact method that will not damage the
SiP surface or integrated electronic/photonic structures. μFP-based patterning is another
attractive potential solution for flexible bioreceptor patterning that may achieve improved
spot uniformity, though this technique has yet to be tested on SiP platforms. Overall, this
review serves as a detailed overview of the biofunctionalization options available and
previously tested on SiP platforms. This can help guide the design of new functionalization
protocols, which must also be individually tailored for the specific target analyte(s), assay
format, system architecture, and intended operating environment.
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Abstract: Pathogenic bacteria are the leading causes of food-borne and water-borne infections, and
one of the most serious public threats. Traditional bacterial detection techniques, including plate
culture, polymerase chain reaction, and enzyme-linked immunosorbent assay are time-consuming,
while hindering precise therapy initiation. Thus, rapid detection of bacteria is of vital clinical
importance in reducing the misuse of antibiotics. Among the most recently developed methods,
the label-free optical approach is one of the most promising methods that is able to address this
challenge due to its rapidity, simplicity, and relatively low-cost. This paper reviews optical methods
such as surface-enhanced Raman scattering spectroscopy, surface plasmon resonance, and dark-
field microscopic imaging techniques for the rapid detection of pathogenic bacteria in a label-free
manner. The advantages and disadvantages of these label-free technologies for bacterial detection
are summarized in order to promote their application for rapid bacterial detection in source-limited
environments and for drug resistance assessments.

Keywords: bacteria detection; dark-field microscopy; Raman spectroscopy; surface plasmon resonance;
label-free; rapid detection

1. Introduction

Bacteria are the most abundant, widely distributed, diverse microorganisms in nature
and of a special type. After a long period of natural evolution, bacteria have established
complex antagonistic or symbiotic relationships with various species [1]. Although most
of the bacteria are harmless, bacterial and viral infections account for approximately 70%
of all human pathogenic diseases [2]. Bacterial pathogens can be obtained from food,
water, animals, and even clinical settings including hospitals and other healthcare facilities.
Pathogenic bacteria such as Salmonella, Escherichia coli (E. coli), Staphylococcus, etc. are the
main causes of foodborne illness, which poses a constant threat to food safety. Bacterial
infection is considered to be a common and costly global public health problem [3,4].
Bacteria not only cause some specific diseases in the host, but also act as opportunistic
pathogens. When the host’s immunity is low, the immune barrier is destroyed, flora
imbalance or bacterial translocation occurs, which releases many virulent factors causing
the host infection [5,6]. Treatment with antibiotics is the most effective and frequently
used solution to this problem. Nevertheless, with the increasing use of antibiotics, the
emergence of bacterial resistance to antibiotics is rising, which reduces the effectiveness
of antibiotics for bacterial infection treatment, leading to increasing morbidity, mortality,
and medical costs. According to the World Health Organization, antibiotic resistance kills
700,000 people every year, and if this problem is not addressed, the number of deaths
resulting from antibiotic resistance will increase to 10 million by 2050 [7]. At present,
bacterial resistance has become an increasingly serious global challenge, as well as a
worldwide concern to governments and society [8]. According to the U.S. Centers for
Disease Control and Prevention, about 2.8 million infections in the U.S. each year are
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related to antimicrobial resistance, implying significantly increasing treatment times and
costs as well as mortality from bacterial infections [9].

The effectiveness of antibiotic treatment can be largely retained with the rational
use of antibiotics. Rapid identification of pathogens is particularly important in clinical
diagnosis, not only to minimize risks to patients, but also to provide a basis for physicians
to prescribe pathogen-specific antibiotics rather than broad-spectrum antibiotics to reduce
irrational use of antibiotics. However, rapid bacterial detection is quite a challenging task
due to the large variety of bacteria and severe interference from the complex matrix in
the growth environment [10]. Traditional methods, such as bacterial culture, PCR, and
enzyme-linked immunosorbent assay (ELISA) are frequently used, but these methods have
their own disadvantages. The bacterial culture method is the golden standard method for
bacterial detection, but it is quite time-consuming, and easily contaminated by non-target
bacteria. Detection of some clinically relevant pathogens by this method can take up to five
days to develop an adequate culture [11]. PCR is a molecular biology technique used to
amplify specific nucleic acid fragments. It replicates nucleic acid exponentially at a very
low concentration [12] to a detectable amount within hours. Therefore, it has been widely
used in bacteria detection. However, contamination of the test sample and erroneous DNA
amplification can lead to false positive or negative results. PCR is relatively expensive
and takes hours which is not rapid enough for regular use in antibiotic prescription.
Immunoassays rely on the specific reaction of antigens and antibodies and are also used
for the detection of bacteria [13,14] but are less sensitive and require a large amount of
clinical samples.

To overcome these difficulties, more sensitive and rapid methods for bacterial de-
tection have been extensively studied. In recent years, applications based on biosensors,
which are analytical devices that convert biological responses into measurable signals,
have become increasingly widespread [15]. Such an application usually consists of three
parts: (1) ligands attached to the surface of the biosensor to recognize the target through
specific interactions; (2) a sensor that converts biometric identification generated on the
sensor surface into quantifiable physical signals such as light, electricity, heat, and voltage,
etc.; (3) a signal detector. Biosensors have become an important tool for the rapid, sensi-
tive, and selective detection of microorganisms. These methods include biosensor-based
electrochemical methods [16–25], fluorescence detection methods [20–26], and spectroscopy
methods [27–39]. However, most of the biosensing methods require labeling of target objects
for signal reading, which significantly increases the measurement time and cost. Moreover,
the presence of dyes and labels tends to interfere with the normal physiological function of
bacteria, which does not reflect the true state of the bacteria, especially in the evaluation of
antibiotic resistance. Therefore, label-free methods are advantageous in rapid pathogen
detection and drug resistance evaluation.

Compared with the labeling methods, which generally require a long incubation
time, label-free approaches are much simpler, faster, and cost-effective, making them good
candidates for rapid bacterial detection in clinical application. Efforts have been made
in this direction, among which the optical methods, such as Raman spectroscopy and
single-particle imaging approaches, are the most promising approaches due to their high
sensitivity, simplicity, and low-cost for label-free detection of bacteria [40–42]. In this
review, we describe the advantages and disadvantages of optical methods such as Raman
spectroscopy, SPR, and dark-field microscopy for label-free detection of bacteria and their
applications in clinical detection and drug resistance evaluation.

2. Surface Plasmon Resonance for Bacteria Detection

2.1. Principle of Surface Plasmon Resonance

A typical optical system of planar SPR is mainly composed of a polarized excitation
light source, a prism and a glass sensor chip coated with a thin gold film (~50 nm). The
incident light passes through the prism in total internal reflection mode. The reflected light
significantly decreases at a specific angle (defined as the resonance angle), while the wave
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vector matches the surface plasma frequency of the gold film in the propagation direction
as shown in Figure 1a. The shift of the SPR angle is very sensitive to the refractive index
change at the metal–liquid interface, making it a powerful tool for real-time monitoring
of molecular and particle binding at the interface in a label-free manner [43]. It has been
used to analyze binding specificity between molecules [44–46], the concentration of target
molecules [47,48], kinetic parameters of association and dissociation [49,50], etc. More
recently, with the development of SPR microscopy as shown in Figure 1b, which can
directly monitor the nanoscale motion of single bacteria at the interface, SPR microscopy
has become a powerful tool for rapid drug resistance evaluation [51]. In contrast to
conventional SPR biosensors such as BIAcore, which provide an average signal of the
designed area on the surface of the sensor chip, SPR microscopy enables the detection
of areas or particles of interest on the chip surface, facilitating the detection of bacteria
at the single cell level This process can be accomplished by recording an SPR image of
the chip surface with a charge-coupled device (CCD) or a complementary metal oxide
semiconductor camera. In addition, high spatial resolution of the perceived surface can be
obtained by introducing a lens or a high numerical aperture (NA) objective into the SPR
image system to replace the prism [52,53]. In addition to SPR microscopy, the use of an SPR
image to detect bacteria has also been widely reported. For example, Tripathi et al. [54]
proposed coating the gold surface of traditional SPR biosensors with graphene to improve
the adhesion of bacteria on the surface of the sensor and applied it to the detection of
Pseudomonas and Pseudomason-like bacteria. Park et al. [55,56] immobilized antibodies onto
the sensor chip via EDC mediated coupling and realized the label-free and highly sensitive
detection of foodborne Salmonella at low PH (4.6) and high antibody concentrations (up to
1000 μg/mL).

 

Figure 1. Schematic diagrams of (a) SPR optical system and (b) SPR microscopy.

2.2. Method and Application of SPR Technology for Label-Free Detection of Bacteria

The direct detection of bacteria by SPR requires specific antibodies against the target
bacteria, which are immobilized on the surface of the gold film and specifically bind to
the target bacteria to generate SPR signals. When the bacteria-containing solution flows to
the sensor surface with specific antibody immobilization, the target bacteria bind to the
gold film, which is then flushed to remove nonspecific interaction. As the SPR signal is
positively correlated with the concentration of target bacteria, the number of target bacteria
can be determined by setting up a calibration curve of bacterial concentration versus SPR
signal intensity. The immobilization of antibodies on the sensor surface is a critical step for
the detection of bacteria, which can improve the sensitivity and selectivity of bacterial SPR
detection [57]. Physical adsorption and covalent binding are the main methods to fix the
antibody on the sensor surface.

(i) Physical adsorption. Physical adsorption is a simple method of coating a surface
that utilizes non-covalent bond interactions such as van der Waals forces, hydrogen bonds,
electrostatic forces, and hydrophobic interactions to adsorb the target to the detection chip.
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Capturing bacteria on the surface creates a refractive index (RI) change, and RI is used to
quantify the presence and quantity of the bacteria. Jarvis et al. [58] used SPR technology to
track in real time the attachment of Pseudom onas aeruginosa bacteria to bare gold film. This
study showed that the adsorption of wild-type and mutant bacteria and the concentration
of bacteria in bacterial suspension could be distinguished by physical adsorption. The
results of this method were compared with those of crystal violet assay for different mutant
bacteria, and it was found that there was qualitative correlation between them. Another
method of physical adsorption of bacteria is to first modify hydrophobic or hydrophilic
compounds or biologically active molecules on the surface of the gold chip, and then
incubate the bacteria with the modified surface of the gold sheet, so that it can be adsorbed
to the surface of the gold chip in a non-covalent interaction. Livache et al. [59] used pyrrole
co-electropolymerization to attach different types of carbohydrates to the surface of gold
film. Because different carbohydrate types have different physical adsorption capacities
compared to the five closely related E. coli strains, different types of E. coli were incubated
and grown on the substrates modified with different carbohydrate strains. SPR imaging
was used to detect their interactions with bacteria during culture. This method can detect
and identify tested bacteria from an initial bacterial concentration of 102 CFU/mL.

(II) Covalent immobilization. The measurement of SPR is based on the change of
refractive index. However, because the gold film itself is not selective, it is not possible
to distinguish the target in the complex mixture directly on the gold chip. SPR sensors
specific to an analyte can be obtained by grafting an antibody that is specifically recognized
by the analyte onto the surface of the gold chip. A reasonable method of immobilization of
antibodies is to chemically conjugate antibodies to the surface of the sensor; immobiliza-
tion of antibodies based on self-assembled monomolecular membrane (SAM) is the most
studied method at present. SAM is an ordered single molecular structure formed by the
adsorption of mercapto, amine, silane, or carboxylic acid components onto the solid surface
in solution [43]. SAM can help control antibody binding direction, reduce nonspecific
adsorption, and provide stable and directed analyte curing [60]. Thiolate compounds with
different properties can easily be prepared with monolayers of different surface properties
(such as wettability). SAM can be covalently bound to the primary amine of the ligand
when it contains a carboxyl group at its end. This coupling is widely used for protein
fixation. During the covalent binding of ligands, the non-specific binding of ligands on
gold chips hinders the active functional groups in SAMs, which reduces the specificity.
Therefore, a blocking agent, such as ethanolamine, is used to block the carboxyl groups
remaining on the surface. In addition, bovine serum albumin is commonly used to block
the gold surface to reduce the nonspecific interaction. Srikhirin et al. [61] developed an
immunosensor based on SPR imaging using specific monoclonal antibody 11E5 (MAb 11E5)
for the detection of seed-borne bacterium Acidovorax avenae subsp. citrulli (Aac). Aac
was detected by self-assembly of MAb 11E5 mixed with monolayers (SAM). This method
can be applied to multiplex detection, and it shows good selectivity for Aac with a limit of
detection (LOD) of 106 CFU/mL. Evoyet et al. [62] used cysteine labeling and mercaptan
chemistry to modify a specific caudate protein (tsp) on the surface of gold film for specific
capture of Salmonella typhi with a detection limit of 103 CFU/mL. Chen et al. applied
polyclonal anti-E. coli O157:H7 antibody to an NHS/EDC-activated surface by activating
a SAM-coated chip with a mixture of NHS and EDC to generate an NHS ester receptor
capable of binding to the amino group of the antibody via an amide bond [63]. Roupioz
et al. used an antigen–antibody fixation method to modify the antibodies of a series of
different bacteria in different regions of the gold sheet, and then cultured the advantages
of this microarray on the chip with contaminated food. The culture of the bacteria results
in an increase in the concentration of the target bacteria around the specific antibody, and
then surface plasma resonance imaging is used to detect the growth of the bacteria. This
single-step assay method enabled multiplex testing of Cronobacterium and Salmonella in less
than a day and demonstrated that both bacteria were detected in 25 g of milk powder with
as few as 30 CFU cells [64].
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Tao et al. modified the gold chip with a layer of PEG/PEG-COOH self-assembled
monomolecular layer, and then activated PEG-COOH by NHS and EDC to generate NHS
ester receptors that react with the primary amine group on the antibody by amide bonds.
The polyclonal anti-E. coli O157: H7 IgG antibodies have been applied to NHS/EDC-
activated surfaces so that bacteria can be specifically attached to the surface. By using SPR
microscopy, the nanoscale-motion of bacteria can be sensitively monitored at the gold chip
surface as show in Figure 2. As the nanoscale-motion of bacteria is related to their activities,
Tao’s group developed a culture-free antimicrobial susceptibility test (AST) by tracking the
motion using SPR microscopy, facilitating rapid antimicrobial resistance testing [51].

Figure 2. Schematic diagram of the rapid antimicrobial susceptibility test at single bacteria level
using SPR microscopy [51]. Adapted with permission from Ref. [51]. Copyright © 2015 American
Chemical Society.

In addition to the above commonly used bacterial label-free detection, new methods
have also been developed in recent years for SPR methods for bacterial label-free detec-
tion. Culture–Capture–Measure (CCM): The protein is covalently bound to the pyrrole
monomer on the chip, and then different types of antibodies are modified on the chip in
the form of microarrays. Bacteria are cultured on the surface of the chip and then com-
bined with sensitive SPR assays, which enables rapid and specific detection of bacteria
on the protein microarrays. This culture–capture–measurement method can significantly
reduce the processing steps of bacterial detection and the overall analysis time of bacterial
detection [64–66]. For example, Thierry et al. combined microbial incubation on chips with
SPR detection to achieve rapid specific detection of Salmonella enterica serovar Enteritidis,
Streptococcus pneumoniae and E. coli O157:H7 cultured on protein microarrays [65]. Several
methods have also been proposed to further improve the sensitivity: A highly sensitive
sensor based on surface material modification was constructed by modifying nanomateri-
als [67–69] (graphene, molybdenum disulfide, barium titanate) or organic compounds [59]
(carbohydrate) on the surface of a gold chip, which can significantly improve the sensitivity
of bacterial detection. Livache et al. detected their interactions with bacteria by efficiently
grafting simple carbohydrates onto the surface of a gold sheet and then using surface
plasma resonance imaging during the process of culturing the bacteria on the surface. It
was found that each type of bacteria interacts with carbohydrate chips in different ways.
Compared with the detection limit of 1.0 × 104 CFU/mL for other electrochemical methods,
the detection limit of this method can reach 1.2 × 102 CFU/mL [59].

Besides the antibodies, the surface of the gold chip is modified with small molecules such
as bacteriophages, polymyxin B, aptamers, etc., as a bacterial identification element [69–71].
For example, Michel Meunier et al. used l-cysteine SAM to coat a gold sheet, and then linked
the T4 bacteriophage and BP14 bacteriophage to the self-assembled membrane respectively
to specifically detect E. coli and Methicillin-resistant S. aureus. This method does not require
the prior step of labeling or enriching bacteria and can detect concentrations of 103 CFU/mL
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in less than 20 min [69]. In addition, the target bacteria were isolated and purified from
complex samples by magnetic separation technology before SPR detection. Veli et al.
developed a rapid and efficient magnetic separation step followed by the rapid detection
of B. melitensis contamination in milk samples by SPR. Two aptamers with high affinity
and specificity for B. malitensis were selected by a complete bacteria-SELEX procedure. The
high-affinity aptamer (B70 aptamer) was immobilized on the surface of magnetic silica
core-shell nanoparticles for the initial purification of target bacterial cells from the milk
matrix. Another aptamer with high specificity for B. melitensis cells (B46 aptamer) was
used to prepare SPR sensor chips for the sensitive determination of Brucella in magnetic
purification eluted samples. This method can rapidly detect B. melitensis contamination in
1 mL milk samples by SPR, with LOD values as low as 27 ± 11 cells [72].

3. Raman Spectroscopy for Pathogen Bacteria Detection

3.1. The Principle of Raman Spectroscopy

Raman scattering can be defined as the inelastic scattering of photons from molecules.
For every 106 photons scattered from the molecules, approximately one photon is inelas-
tically scattered (Raman scattering). The detection of inelastic scattering photons from a
molecule produces a spectrum of Raman shifts by the acquisition of energy differences
from incident light. Each Raman shift corresponds to a specific vibration mode of molecular
bonds, thus allowing molecular identification based on a specific vibrational fingerprint.
Compared to fluorescence spectroscopy, Raman spectroscopy has higher resolution and
narrower bandwidth, making it easy for the multiplex detection of different analytes. An
advantage of Raman spectroscopy for bacterial detection is that Raman scattering can occur
at any wavelength. This allows free choice of the excitation wavelength to meet the needs
of biological Raman spectroscopy acquisition, especially in reducing the significant back-
ground from fluorescence. Raman excitation using visible wavelengths can be integrated
into standard light microscopes. This shorter wavelength excitation allows higher spatial
resolution compared with infrared microscopy, allowing smaller sample volumes or even
the detection of individual bacteria.

3.2. Label-Free Detection of Bacteria by Raman Spectroscopy

Raman spectroscopy has been used for many years to probe the biochemistry of
various biomolecules, and more recently for disease detection. Specifically, Raman spec-
troscopy has been used to characterize bacteria in microbial colonies to detect their presence
in smaller sample sizes with rapidity. However, most bacterial detection using RS relies
on microspectral identification of reference strains or clinical isolates [73–75]. Raman mic
rospectroscopy can detect bacterial cells in liquid suspensions, and it can identify bacteria
directly from patient body fluids without culture. Sandra et al. conducted two studies in
which isolation protocols from filtration [76] and centrifugation [77] were both developed
to extract bacteria from patient sputum and urine, respectively. The type of causative strain
was determined by Raman spectroscopy. By combining Raman spectroscopy with hierar-
chical cluster analysis (HCA), Jiirgen et al. directly detected individual bacterial cells from
cerebrospinal fluid samples of meningococcal patients without any sample preparation
steps [78].

The major limitation is that Raman scattering is extremely weak, resulting in relatively
poor sensitivity compared with other optical methods such as autofluorescence and ab-
sorption [78]. This means that collecting vibrational spectra via spontaneously generated
Raman photons requires extremely sensitive detection hardware, long exposure times, and
relatively high excitation power compared to other optical techniques. In recent years,
surface-enhanced Raman spectroscopy (SERS) has been extensively studied in the detection
of chemical and biological agents with its rapid and ultra-sensitive characteristics [79,80].
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3.3. Label-Free Detection of Bacteria by SERS

SERS is a combination of Raman spectroscopy and nanotechnology. It retains the
advantages of fast acquisition of RS, less sample consumption, and fingerprint spectra
for specific analytes. In addition, SERS significantly enhances the sensitivity of Raman
spectroscopy over several orders, thus reducing the interference from self-fluorescence. The
weak Raman scattering intensity of the sample is greatly enhanced by placing the sample
on the nanoscale rough noble metal surface or mixing the sample with the noble metal
colloidal suspension. In SERS, the average enhancement coefficient was between 104 and
108, and it could reach 1011 in some cases [81–84].

The SERS effect can be explained by two enhancement mechanisms: electromagnetic
and chemical. The former is the enhancement of electromagnetic field due to local surface
plasmon resonance (LSPR) [85,86], while the latter is chemical enhancement due to the
charge transfer process between metal nanoparticles and analytes [86], although the contri-
bution of this mechanism has been shown to be much lower than that of electromagnetic
enhancement. Two SERS methods have been developed, the label-based method and
the label-free method. However, despite the high sensitivity, label-based methods only
provide information about reporter molecules and lose the intrinsic information of bacterial
cells. The accuracy of the label-based method is entirely dependent on the specificity
of recognition molecules. In addition, the labeling will significantly increase the sample
analysis time. Compared with the label-based SERS method, the label-free method is rapid
and easy to operate without any external labeling [87]. Label-free methods can detect
bacteria by measuring the SERS pattern inherent in the cell wall, allowing for direct bacteria
identification. However, the sensitivity of the label-free SERS method largely depends on
the SERS substrate, the bacterial species, and the sample preparation methods.

Noble metal nanoparticles such as gold and silver are the usually preferred light
intensifiers in SERS. The plasmonic characteristics of these noble metal nanoparticles,
namely LSPR and the electromagnetic field generated on the surface, are mainly determined
by the size, shape, and mutual assembly of the metal nanoparticles and the dielectric
properties of the surrounding medium [88]. In general, silver-based SERS substrates
have higher SERS enhancement effects than gold. However, silver is less stable, and has
a biotoxic effect on living organisms, which limits its application in living organisms.
Gold is much more stable, strongly chemical inert, and less biotoxic than silver. The
nanostructure of gold is stable, facilitating better control of the size and shape of particles
with higher biocompatibility. In order to achieve highly sensitive and repeatable SERS
detection, the size, shape, and stability of metal particles should be reasonably controlled.
The aggregate of nanoparticles was found to exhibit a larger Raman-enhanced signal
than individual nanoparticles due to the generation of hot spots in the gaps between
nanoparticles. Additionally, the nanostructure with sharp tips can also significantly enhance
the SERS intensity. The generation of hot spots is highly sensitive to the size, shape, and
gap-distance of nanoparticles [87]. Therefore, top-down lithography methods and bottom-
up self-assembly methods have been developed to control the shapes, arrangements, and
assemblies of nanoparticles [89–91].

In general, there are several strategies that have been developed for the direct label-free
SERS detection of bacteria, which are summarized as follows.

3.3.1. In Situ Formation of Colloidal Silver/Gold on the Surface of Bacteria

The common methods for forming colloidal silver/gold on the surface or inside
of bacteria are achieved by soaking the bacteria in sodium borohydride solution, then
resuspending in silver nitrate or chloroauric acid (HAuCl4). The metal ions outside the cell
wall react with reducing agents released from the cell, resulting in the colloids formation
on the cell wall. Tamitake et al. employed a focused near-infrared laser beam to capture
individual bacteria in aqueous Ag nitrate; Ag nanoaggregates were generated on E. coli
by an additional green laser beam stimulation. In this way, the Raman scattering signal of
E. coli was obtained by the Raman tweezer technique at single cell level [92].
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3.3.2. Direct Bacteria Detection on a Planar SERS Surface

The planar SERS substrate can be gold-plated glass slides with high roughness or
self-assembled SERS active substrate through rational design. The bacterial suspension
is dropped on the substrate and allowed to dry for bacterial detection [93–95]. Wang
et al. [96] prepared Ag/AAO SERS substrates embedding Ag nanoparticles in anodic
aluminum oxide (AAO) nanochannels. This substrate possesses high reproducibility, there-
fore can be further analyzed by principal component analysis (PCA), linear discriminant
analysis (LDA), and support vector machine (SVM) to detect Staphylococcus Aureus
(Gram-positive bacterium), Klebsiella Pneumoniae (Gram-negative bacterium), and My-
cobacterium Smegmatis (Mycobacterium) and other bacteria, providing a good strategy for
clinical microbial detection.

Andrei et al. reported that with the modification of anti-fimbrial antibodies onto
the polyethylene glycol (OEG12) molecular layer on the amorphous hydrogenated silicon
(a-Si:H) film. The fimbriated E. coli was specifically captured onto the surface as shown in
Figure 3a. The positively charged gold nanorods (Au NRs) were attracted to the negatively
charged E. coli on the film, facilitating the reading of the SERS signals. This method has
high repeatability for the detection of bacteria, due to the uniform coverage of Au NRs on
the bacterial membrane [97].

Figure 3. Schematic detection principle of E. coli hydrogenated amorphous silicon a-Si:H surface
modified with anti-fimbrial antibodies against the major pilin protein fimA. (a) Surface structures of
E. coli expressing fimA selectively captured and positively charged Au-NRs incubated with E. coli for
SERS sensing. (b) Anti-fimbriae modified array, optical imaging of spots after interaction with E. coli
and SERS spectra after capturing bacteria [97]. Adapted with permission from Ref. [97]. Copyright ©
2020 Elsevier B.V.

Lv et al. used glycidyl methacrylate and ethylene dimethacrylate to prepare a convex
substrate using a concave glass mold. The surface was treated with mercaptan to capture
the Au nanoparticles on the surface as shown in Figure 4. The bacterial suspension is
dropped on the SERS substrate, and the SERS spectrum of E. coli can be obtained after the
sample dries naturally, as shown in Figure 4d. This simple SERS substrate preparation
method proposed in this study was able to generate homogeneous and reproducible SERS
active substrates over a large area, which has significantly improved the sensitivity of
Raman spectroscopy. In this experiment, propanethiol, 3-mercaptopropionic acid, and
cysteamine were modified on the surface of gold nanoparticles to improve the preferential
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adsorption ability of bacteria in very diluted thallus solution, while the SERS spectrum was
used for the direct detection of the captured microorganisms as shown in Figure 4d [98].

Figure 4. Schematic and detection principle of GNP/monolith modified substrate for the capture of
E. coli. (a) Cross-sectional view of E. coli captured on gold nanoparticles modified substrates. (b) SERS
enhancement factor of porous substrate functionalized with 40 nm gold nanoparticles simulated by
FDTD. (c) In the simulation, the geometry of the model is reduced to two hemispheres coated with
40 nm spherical gold nanoparticles, separated by 10 nm; the electric field intensity distributions in
x-y plane and y-z plane of gold on porous monolithic substrate excited by 633 nm laser are calculated.
(d) SERS spectra of 40 nm gold nanoparticles/substrate functionalized with cysteamine [98]. Adapted
with permission from Ref. [98]. Copyright © 2015 Elsevier B.V.

3.3.3. Direct Bacteria Detection in SERS Suspension

Bacteria detection can be achieved in the suspension by directly mixing the bacteria
with colloid. By optimizing the volume ratio of bacterial suspension to colloidal silver.
Davis et al. were able to detect E. coli as low as 103 CFU/mL by correcting the Raman
spectrum of the wide vibrational OH band in water [99]. Jennifer developed a bacterial SERS
detection platform that can detect bacteria in a controlled liquid environment that maintains
the viability of bacteria in a liquid environment. Plasmon resonance nanorods with different
longitudinal lengths were used to detect Gram-negative E. coli, Staphylococcus epidermidis,
Serratia marcescens, and Gram-positive S. aureus. The SERS signal was much higher with
the higher surface charge density of the bacteria, indicating that the higher SERS-enhanced
signal comes from the electrostatic attraction between the positively charged nanorods and
the negatively charged bacteria. This label-free liquid-SERS assay provides a promising
strategy for bacterial identification and AST testing in living organisms [100].

4. Label-Free Detection of Bacteria by Dark-Field Microscopy

4.1. Dark-Field Microscopy Imaging Principle

Dark-field microscopy is a microscopy technique that obliquely illuminates a sample
by attaching a circular opaque baffle to a condenser to prevent the incident light from
directing into the camera [101]. When the incident light enters the condenser, the center
part is blocked by the baffle, leaving the edge light to pass through. The annular beam
formed by the incident light turns into a hollow conical beam after the light is concentrated
through the condenser, and illuminates the sample, thus stimulating the scattering of
sample particles. In this setting, only scattering light from objects in the medium enters the
objective lens, creating a bright scattering pattern in a dark background [102]. Due to the
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Tyndall effect, particles far below the resolution limit of typical light microscopes can be
observed using dark-field microscopes [103].

4.2. Label and Label-Free Detection of Bacteria by Dark-Field Microscopy

Dark-field microscopy is an interesting optical technique that has been successfully
used to image bacteria [40,104–114] and protozoa [102,115] due to its very low background,
simple construction, portability, and low cost. Since plasma nanoparticles exhibit strong
scattering to visible light, dark-field microscopy is a powerful tool for imaging and local-
ization of noble metal nanoparticles in single cell analysis [101,109,116,117]. For example,
hollow gold-silver nanoparticles are used as an alternative, less invasive contrast agent to
assess the uptake process of malignant lymphocytes [118]. When the nanoparticles were
modified by ligand and specifically bound to the cell membrane or internalized into the
organelles, bright spots of different sizes and strengths could be observed on the surface of
the target bacteria or around the organelles. Bacteria can be identified or counted based
on the location and intensity of the bright spots. For example, Li et al. [104] developed a
simple and fast bacterial count method based on dark-field light scattering imaging of a
bacteria using gold nanoparticles as reporters. Zhou et al. [119] functionalized magnetic
nanoparticles (MNP) using specific antibodies, which then formed a ring structure around
E. coli, facilitating the counting of MNP conjugated E. coli under a dark-field microscope,
as shown in Figure 5. In a similar way, Watanabe et al. [112] used phages as biometric
elements, and aggregation-induced light scattering signals from silica nanospheres assem-
bled by gold nanoparticles as signal transducers. After mixing the samples with the phage
scattering probe of S. aureus, the detection limit of S. aureus was 8 × 104 CFU/mL within
15–20 min.

Figure 5. Schematic diagram of counting E. coli under dark-field, using antibody functionalization
of MNP to form a gold ring structure around E. coli. (a) MNP probe was obtained by culture of
E. coli antibody onto MNP. E. coli samples are first mixed with MNP probes to form probe-E. coli
complexes. (b)The complex of E. coli and MNP probes was separated by a magnet and then counted
under a dark-field microscope. [119]. Adapted with permission from Ref. [119]. Copyright © 2018
The Author(s).

Shiigi et al. [117] developed a novel molecular imprinting polymer (MIP) particle
coated with gold nanoparticles (AuNPs) that can act as an acceptor and an optical signal
transmitter in biological systems after modifying specific antibodies on its surface. Due
to the coating of AuNPs, MIP particles produce a strong scattered light signal, and the
binding of MIP particles increases the light intensity of the target bacteria. This allows
bacteria to be clearly visible under darkfield microscopy, allowing them to be quantified
using scattered light intensity. Using this technique, they successfully quantified E. coli
O157 cells in meat samples.
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Although powerful, the above-mentioned methods require the use of nanoparticles for
signal reading of bacteria via dark-field microscopy, which affects the original physiological
activity state of the bacteria detected and cannot reflect the real physiological activity and
quantity of the bacteria [40,117,120–122]. Therefore, it is more desirable to detect bacteria in
a label-free, rapid manner as the scattering intensity of bacteria is strong enough for direct
dark-field imaging. In recent years, several methods have been developed to detect bacteria
label-free using dark-field microscopy. For example, Colpo et al. [40] established a sensing
platform for the rapid detection of bacteria in field samples using specific antibodies as
recognition elements and dark-field microscopy as detection technology. By covering a
gold layer on the polished silicon wafer and covalently modifying polyclonal anti-E. Coli
antibodies to the surface, the sensing chip can be used for the specific capture of E. coli
on the surface. As shown in Figure 6, the circularity and size of the object were used to
identify the captured bacteria by dark-field microscopy. The performance was tested and
compared to the Colilert-18 test and the quantitative polymerase chain reaction (qPCR),
which showed comparable results.

Figure 6. Schematic of detection of E. coli with dark-field microscopy. (a) Samples containing E. coli.
(b) an anti-E. coli antibody functionalized gold surface. (c) Dark-field microscopy is used to inspect
the surface of the gold sheet after 75 min incubation with the field sample and rinse with phosphate
buffer solution, enlarging the image. (d) Statistical image analysis was used to count the bacteria
captured by the antibodies [40]. Adapted with permission from Ref. [40]. Copyright © 2019 MDPI.

Creighton et al. identified Treponema Pallidum under optical microscopy with double-
reflection and single-reflection dark-field condensers based on spirochetes of bacterial
characteristic morphology and locomotion criteria. Ideally, this method can identify Tre-
ponema Pallidum using dark-field microscopy within 20 min [120].

Rapid diagnosis of bacterial infectious diseases has important clinical significance for
rapid and rational use of antibiotics, so as to avoid the misuse of antibiotics. However, the
detection of pathogenic bacteria generally requires molecular identification using antibodies
or aptamers, which requires long incubation time, as well as complex sample pretreatment
and signal amplification. To address this challenge, Fang [121] and Wang [122] used light
scattering imaging methods to detect individual bacteria without labeling by the scattering
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intensity trajectory of particles in free solution. The scattering strength variation provides
particle shape information because it is relevance to the morphological heterogeneity of the
particle. The fluctuating pattern of the scattering intensity also depends on the shape and
orientation of the particles in free solution, such as rod-shaped bacteria, whose scattering
intensity fluctuates significantly higher than that of the spherical shape in free solution,
which can be used to characterize the shape of the bacteria. Fang’s group used label-free
single-particle dark-field imaging for rapid and sensitive identification of bacteria in free
solution by modulating the convection [121] as shown in Figure 7. Using this method, they
were able to distinguish positive samples of streptococcus agalactiae from vaginal swabs
within 10 min without the use of any biological reagents. In addition to the spherical shape
bacteria, the optical characteristics of single bacteria with different shapes such as E-coli are
also significantly different from the matrix, implying that the rapid detection of different
types of bacteria in one clinical sample is plausible, facilitating the precise prescription
of antibiotics.

Figure 7. Bacteria detection principle by a single-particle imaging approach. (a) Schematic diagram
of bacteria detection by single-particle imaging. (b) The inhomogeneity of particle morphology is
identified by tracking the fluctuations of scattering intensity in free solution. (c) Convection induced
by an electric heater was used to screen individual bacteria in a small field of view [121]. Adapted
with permission from Ref. [121]. Copyright © 2022 The Author(s).

Similarly, Wang et al. used a large-volume solution scattering imaging (LVSi) system to
track the scattering intensity and movement track of individual bacteria in short videos. The
machine learning algorithm was used to perform aggregation analysis on their scattering
intensity and movement trajectory. The presence of E. coli or similar bacteria in urine could
be accurately determined, and bacteria could be distinguished from other common particles
in urine, as shown in Figure 8. The method can detect patients with urinary tract infection
within 10 min with an accuracy of 92.3%.
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Figure 8. The principle of tracking the rapid identification of 1 um polystyrene spheres and single
cell phenotypic characteristics of E. coli. (a) E. coli rotation-induced scattering intensity fluctuation
tracking compared with 1 μm microbeads. (b) SVM classification result of one representative infection
negative sample. (c) SVM classification result of one representative infection positive sample. [122].
Adapted with permission from Ref. [122]. Copyright © 2022 American Chemical Society.

5. Other Methods for Label-Free Detection of Bacteria

Other progress in the field of label-free optical biosensors is the advent of optical
fiber gratings. Smietana [123] et al. first proposed a low-cost LGPs sensor that detects
specific E. coli without labeling by physical adsorption. To further improve the sensitivity,
Saurabh [124] proposed a compact ultra-sensitive long-period fiber grating (LPFGs) detec-
tion method for high-sensitivity label-free detection of specific E. coli. with modification
of bacteriophage as shown in Figure 9. Simona [125] developed a reflective long-period
fiber grating (RT-LPG) biosensor that can rapidly detect Class C β-lactamases in simple
and complex biological samples. Additionally, fiber Bragg gratings (FBGs) can be used for
bacterial detection [126,127].

Alternatively, the bacteria can be detected with the preparation of SERS hot spots on a
fiber tip using optical fiber technology. The fiber-optic SERS probe (SERS on-a-tip) is highly
controllable and reproducible [128–130].

Similarly, Biolayer interferometry (BLI) technology has been reported for bacterial
detection in recent years. BLI is a label-free optical detection technique for real-time mon-
itoring of biomolecular interactions. When an analyte binds to a ligand immobilized
on the tip surface of a glass fiber-optic biosensor, its spectrum shifts with the change in
the thickness of the related molecular layer. For example, Zhang et al. [131] reported
a new method for the rapid, label-free real-time detection of Salmonella enterica using
NLI incorporating antibodies as receptors, with a detection limit of 1.6×105 CFU/mL.
Gu et al. [127] used C54A mutant LysGH15 as a receptor and combined it with BLI to
establish a rapid, highly specific and label-free method for real-time detection of Staphylo-
coccus aureus (S. aureus). This method can directly detect S. aureus, and its detection limit is
13·CFU/mL.
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Figure 9. Schematic illustration of the experimental arrangement. (a) Covalent binding of phage to
SiO2 on fiber surface. (b) Resonance wavelength change with analyte refractive index transmission
spectrum [124]. Adapted with permission from Ref. [124]. Copyright © 2012 Elsevier B.V.

6. Conclusions

In this paper, the applications of SPR, Raman spectroscopy and dark-field microscopy
for the label-free detection of pathogenic bacteria are reviewed. The principle of SPR,
Raman spectroscopy, dark-field microscopy as well as fiber-based methods for the label-
free detection of pathogenic bacteria are considered. These label-free optical methods
possess advantages of rapidity and low-cost, and are promising candidates for the clinical
use for infectious disease diagnosis, facilitating the precise prescription of antibiotics to
avoid the misuse of antibiotics, which is becoming a global problem.

The SPR imaging platform has been applied for high-throughput analysis, including
the simultaneous detection of different bacterial species, antibiotic and bacterial interactions,
etc. However, SPR generally suffers from the problem of non-specific adsorption and the
direct detection of bacteria without sample preprocessing remains a challenge. Due to the
high spatial resolution, SPR microscopy is able to image the bacteria at single cell level
and possibly distinguish particles by their mass, and is potentially able to differentiate
nonspecific adsorption. However, SPR microscopy is not commercially available, the total
internal reflection fluorescence objective used for SPR microscopy is quite expensive. SERS
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is another label-free method for the rapid detection of bacteria with low cost based on the
fingerprint vibration spectra. However, it is still a challenging task to detect bacteria in a
label-free manner in complex biological environments. An obstacle lies in the large SERS
background contributed from the complex matrix. Fortunately, recently developed machine
learning methods are possibly to address this challenge. Direct detection of bacteria by dark-
field microscopy on a substrate can be significant interfered with by nonspecific adsorption
of other substances such as cell fragments and exosomes in the matrix, therefore, relatively
few studies on the label-free detection of bacteria by this technique have been reported.
However, the direct imaging of bacteria in free solution by dark-field microscopy is a unique
approach reported recently which is quite promising in addressing this challenge due to it
rapidity and low-cost, as it does not need any biological reagents or an incubation process.
Despite the difficulties in differentiating bacteria with similar sizes and shapes, the recently
developed image recognition and machine learning technologies are likely to address this
challenge. Therefore, we believe that this dark-field imaging method for label-free bacterial
detection in free solution will be widely used in bacterial detection, clinical diagnosis, and
infectious disease control due to its high sensitivity, rapidity, simplicity, and low-cost.

Compared with the label-free optical methods, the paper based colorimetric methods
have attracted increasing attention due to their simplicity and cost-effectiveness, as well as
the rapid signal readout with the naked eye, making them a promising candidate for the
development of point of care devices [132]. However, the colorimetric methods are largely
compromised by relatively poor sensitivity. Signal amplification methods can be applied to
further improve the sensitivity, but they require additional processes, which significantly
increase the detection time. Therefore, we believe that the reagent-free dark-field imaging
method for label-free bacterial detection in free solution is more advantageous and will be
widely used in bacterial detection, clinical diagnosis, and infectious disease control due to
its high sensitivity, rapidity, simplicity, and low-cost.
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Abstract: Over the last few decades, biosensors have made significant advances in detecting non-
invasive biomarkers of disease-related body fluid substances with high sensitivity, high accuracy, low
cost and ease in operation. Among various two-dimensional (2D) materials, MXenes have attracted
widespread interest due to their unique surface properties, as well as mechanical, optical, electrical
and biocompatible properties, and have been applied in various fields, particularly in the preparation
of biosensors, which play a critical role. Here, we systematically introduce the application of MXenes
in electrochemical, optical and other bioanalytical methods in recent years. Finally, we summarise
and discuss problems in the field of biosensing and possible future directions of MXenes. We hope
to provide an outlook on MXenes applications in biosensing and to stimulate broader interests and
research in MXenes across different disciplines.

Keywords: two-dimensional material; MXenes; biosensor; electrochemistry; optics

1. Introduction

The main two-dimensional (2D) material is a solid crystal consisting of a single or
several atomic layers, a sheet thickness of 1–10 Å, and a lateral size ranging from 100 nm to
several μm [1]. Two-dimensional materials with properties such as large specific surface
area and unique electronics are focuses of research in many research fields [2]. Since 2004,
Novoselov et al. performed exfoliation to obtain graphene nanostructures; since then, the
two-dimensional material has attracted much attention [3]. In 2011, Gogotsi et al. prepared
a two-dimensional Ti3C2 nanosheet named MXenes [4]. MXenes are typically a few μm
laterally and 1 nm thick or less [5]. It shows superior physicochemical properties compared
to other two-dimensional nanomaterials [6].

The precursor of MXenes is the MAX phase. MAX consists of Mn+1Xn units and an
alternately stacked “A” element single atomic plane, expressed as Mn+1AXn. The unique
crystal structure of the MAX phase combines the excellent properties of ceramics and
metals [7]. Etching the “A” element of the MAX phase yields two-dimensional nanomaterial
MXenes with a structural formula of Mn+1XnTx [8]. MXenes can be expressed as M2XF2,
M2X(OH)2, M2XO2, etc. M is a transition metal; “A” is an element of Groups 13 and 14
of the periodic table; X is boron, carbon, or nitrogen; n includes integers from 1 to 3; Tx
denotes surface groups [9] (Figure 1A,B). A list of the significant syntheses and processes
in the field of MXenes research over the last decade, as well as the development of new
MXenes core components and surface group control techniques, is illustrated in Figure 1C.
Compared to the precursor MAX phase, derivative MXenes retain metallic and electrical
conductivity benefits of MAX but also offer smaller lateral dimensions and thicknesses, as
well as unique physical and chemical properties [10,11].
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Figure 1. (A) Elements represented by M, A, and X in the MAX phase. (B) The structure of the MAX
phase and its corresponding MXenes. Reprinted with permission from Ref. [9]. Copyright 2013, Wiley-
VCH. (C) Chronological presentations of progress in the field of MXenes. List of the main synthesis
and processing breakthroughs over the first 10 years of MXenes’ research and new MXenescore
compositions discovered in that decade and progress in surface terminations control. δ Solid solution
MXenes; � MXenesfrom non-MAX phase precursors; § out-of-plane ordered double transition metal
MXene; ¤ MXenes from in-plane ordered double transition metal MAX phase analogues; * 2D carbides
and nitrides produced by bottom-up approaches; ε nitride MXenes produced by the post-synthesis
treatment of carbide MXene; � vacancy; ˆ mixed terminations. Reprinted with permission from
Ref. [12]. Copyright 2021, Wiley-VCH.

The central area of current advanced biosensing research studies is developing biosen-
sors for detecting biological and chemical molecules that affect disease or are damaging
to the human body. The most advanced biosensors can accurately and rapidly detect the
target, predict the onset of the disease in time, and receive immediate medical attention [13].
Hence, high sensitivity and selectivity are significant for the design of biosensors. Due to its
unique mechanical, hydrophilic, biocompatibility, and other excellent properties, MXenes
are frequently used as a new biosensing platform. Electrochemical biosensors are essential
for biological, environmental, and pharmaceutical fields. It offers high sensitivity, long-term
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reliability and high accuracy, rapidity, low cost, and easy miniaturisation [14]. In addition,
electrochemical biosensors offer a further path for creating next-generation point-of-care
testing devices [15]. With advancing nanotechnology with respect to MXene-based optical
biosensors, unprecedented progress has been made in optical analysis. Optical analysis
has advantages of high sensitivity, high selectivity, fast analysis, and good reproducibility.
It has been widely used in biochemistry and biomedical and environmental analysis and
has received increasing attention [16]. The synthesis of MXenes and their application in
biosensing are reflected in Scheme 1. We will review and summarize published studies on
biosensing since the development of MXenes, including those mainly classifying biosensors
into electrochemical, optical biosensors and some derivative biosensors. In addition, we
will also discuss the challenges of MXenes in preparing biosensors and future perspectives
on applying MXenes in biosensing.

Scheme 1. MXenes cover both top-down and bottom-up methods of synthesis. They play an irreplace-
able position in enzyme-, nucleic-acid-, immune-based electrochemical biosensing; photolumines-
cence; electrochemiluminescence; photoelectric effect-based optical biosensors; and other biosensors
such as wearable biosensors, surface plasmon resonance, and surface-enhanced Raman spectroscopy.
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2. Synthesis and Structures of MXenes

2.1. Synthesis of MXenes

There are two methods for the synthesis of MXenes. The top-down method is the most
commonly used, which can be used to exfoliate multilayer materials into a few-layer or
single-layer MXenes sheet. The second method is a bottom-up approach, which focuses on
the growth of Mxenes from atoms or molecules [17,18].

2.1.1. Top-Down Method

Selective etching disintegrates the strong covalent bonds between the MX and the
A layers in the MAX phase. The primary method is etching with hydrofluoric acid (HF),
molten salts, etc. In this process, oxygen (O), hydroxyl (OH), and fluorine (F) replace the
M-A strong metal bond [17]. There are two main steps to gain 2D MXenes by HF: etching
and exfoliation. Although the direct use of HF is straightforward and practical, it causes
environmental pollution and damages to the human body [4]. In situ HF can be obtained
by reacting a fluorinated salt with mild acid, which is less toxic to MXenes surfaces [19].
Researchers explored new synthetic methods (Figure 2). The typical chemical reaction
equation for the synthesis of MXenes in the MAX phase is as follows [9].

Mn+1AXn + 3HF → AF3 + Mn+1Xn +
3
2

H2 (1)

Mn+1Xn + 2H2O → Mn+1Xn(OH)2 + H2 (2)

Mn+1Xn + 2HF → Mn+1XnF2 + H2 (3)

MXenes must undergo an exfoliation process to obtain nanosheet structures: The
surface groups of MXenes result in the layers being linked by hydrogen and Van der Waals
forces [3]. Exfoliation enhances the interlayer spacing by weakening interactions between
layers using various molecular and ionic processes [20].

(A) 

 

(B) 

 

Figure 2. (A) Schematic diagram of the process of preparing MXenes by HF. Reprinted with per-
mission from Ref. [21]. Copyright 2012, American Chemical Society. (B) A guide to Ti3C2 MX-
enes synthesis using HF. Reprinted with permission from Ref. [22]. Copyright 2017, American
Chemical Society.

The molten salt method uses fluorinated molten salts, Lewis salts [23]. The synthe-
sis does not involve fluoride, reducing the risk of synthesis [8,24]. The mechanism of
MXenes formation in molten salts is similar to that of conventional HF methods: ZnCl2
and CuCl2 high-temperature molten salts strip a more comprehensive range of MAX
phase materials [8] (Figure 3A). In the molten salt of Lewis acids, Zn2+, Cu2+, and Cl− are
consistent with acting H+ and F− in HF. Minimally intensive layer delamination (MILD)
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and electrochemical etching can also be used for MAX etching, producing high-quality,
non-toxic MXenes [25,26].

2.1.2. Bottom-Up Method

Bottom-up synthesis methods have been reported, such as chemical vapor deposition
(CVD) [27], template [28], and plasma-enhanced pulsed laser deposition (PE-PLD) [29]
(Figure 3B). MXenes produced by this method possess good crystalline quality and control-
lable structure and size [18].

(A) 

 

(B) 

 

Figure 3. (A) Preparation mechanism of Ti3C2Cl2 etched by ZnCl2. Reprinted with permission
from Ref. [30]. Copyright 2019, American Chemical Society. (B) Bottom-up approach to obtain
MXenes. Atomic layer deposition method: steps to prepare Ti3AlC2 MAX films by sputtering Ti,
Al and C on a sapphire substrate (a), schematic diagram of Ti3C2Tx (b) and STEM images (c). CVD
method: schematic diagram of the Mo2C synthesis process (d), AFM images of hexagonal ultra-thin
Mo2C crystals (e) and STEM images (f). Reprinted with permission from Ref. [27]. Copyright 2020,
American Chemical Society.

Xu et al. used CVD to synthesize high-quality Mo2C crystals [27]. The synthesis of
Mo2C MXene/graphene heterostructures and Mo2C MXene-graphene hybrid films by this
method has been reported [29,31]. Compared to CVD, the template method has a relatively
high yield of MXenes. Two-dimensional MXenes are mainly obtained by carbonizing or
nitriding two-dimensional transition metal oxide (TMO) nanosheet templates. Xia et al. pre-
pared hexagonal-structured 2D h-MoN nanosheets using precursor MoO2 nanosheets [28].
PE-PLD is a successful method for preparing large-area ultra-thin face-centered cubic (FCC)
Mo2C MXene [29].

The stability of MXenes is an important property and limits its application to a certain
extent. Researchers have tried to improve its stability. High concentrations of HF accelerate
the degradation of MXenes and affect its structure, so relatively mild reaction conditions
are necessary [32]. Organic solvents mitigate the oxidation of MXenes. Contact with water
should be avoided as much as possible to prevent oxidation [33]. The oxidation of MXenes
is quicker in liquid media than in solid media, and this degradation process is exacerbated
by photocatalysis and thermocatalysis [34]. The storage of MXenes in Ar-sealed vials at
4 °C exhibits high stability at room temperatures [35].

2.2. Strustures of Mxenes

The crystal structure within a 2D material can affect its properties [18]. There are
six types of MXenes structures (Figure 4A): (1) single transition metal MXenes (Ti3C2
and Nb4C3); (2) solid solution MXenes ((Ti, V)3C2 and (Cr, V)3C2); (3) sequential planar
internal and external bimetal MXenes with one transition metal occupying the outer layer
(Cr and Mo); the central metal is another metal (Nb and Ta) [36,37]; (4) ordered double-
transition metals MXenes ((Cr2V) C2); (5) orrderly double vacancy MXenes (Mo1.33CTx) [38];
(6) random empty space MXenes (Nb1.33CTx) [39].
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Computational simulation studies have been reported to identify novel stable MX-
enes structures, contributing to exploratory studies [40]. The properties and applica-
tions of these materials can be adapted by various parameters for composition, surface
modification by heat treatment or chemical pathways, and structural adjustments [41].
MXenes have two—dimensional structures (a), one—dimensional structures (b) and (c),
three—dimensional structures (d), and zero—dimensional structures (e) (Figure 4B).

(A) 

 

(B) 

 

Figure 4. (A) Different types of MXenes structures. Reprinted with permission from Ref. [42].
Copyright 2019, Elsevier. (B) 2D, 1D, 3D, and 0D structures of MXenes. Adapted with permission
from Ref. [18]. Copyright 2021, Wiley-VCH.

3. MXenes in Biosensing

Several strategies involving MXenes in analytical nanoscience, biosensing, and other
areas have been reported. MXenes exhibit hydrophilicity due to surface groups such as OH,
O, and F. Its surface can interact with most biomolecules through hydrogen bonding, Van
der Waals forces, electrostatic interactions, and ligand binding, rendering it an excellent
carrier for biosensors applications [43–45]. Several different MXenes compositions have
been proved to be biocompatible and non-cytotoxic [46,47].

We summarized the composition and analytical performance of some MXene-based
electrochemical biosensors, optical biosensors, and other biosensors and attached them
to the subsections. These cases demonstrate the broad applicability of MXenes in the
fabrication of biosensors. Readers can easily extract MXene-based biosensing research and
measurement data from these tables.

3.1. Electrochemical Biosensing

Due to their high electronic conductivity, MXenes can drive most electrochemical
reactions, which is of great significance for the application in electrochemical biosensing [48].
The electrical properties of MXenes can be improved by changing elemental compositions
and surface groups [18]. In particular, the external transition metal layer of MXenes plays a
more critical role in the electronic properties than the internal layer [49]. The number and
thickness of the layers of MXenes also affect electrical properties [3,50].

Biosensors based on electrical signals change the electrochemical properties of the
sensor surface by binding to essential substances in the organism, such as proteins, amino
acids, nucleic acids, antibodies, etc. (Figure 5). The development of MXenes for electro-
chemical biosensors has been intensively investigated because of their excellent properties,
such as high conductivity, electrochemical activity, and large surface area. The classifi-
cation of electrochemical biosensors is as follows: enzyme electrochemical, nucleic acid
electrochemical, and immunoelectrochemical biosensing.
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Figure 5. Schematic diagram of the analytical principle of an electrochemical biosensor. Reprinted
with permission from Ref. [51]. Copyright 2020, Springer Nature.

3.1.1. Enzyme-Based Electrochemical Biosensing

Enzyme electrochemical biosensors with higher efficiencies and substrate specificities
in mild conditions have been extensively explored over the last few years (Table 1). The
basic principle is the direct electron transfer (DET) process between the enzyme and
the electrode. The immobilisation of enzymes on the bare electrode surface can render
the enzymes biologically inactive, making it extremely difficult to perform DET on the
electrode’s surface [52]. MXenes can be used as a strategy for enhancing DET because of
their large specific surface area, excellent electrical conductivity, and good biocompatibility.

Much of the literature has shown that MXenes or MXenes composite materials can
maintain the activity of enzymes after complexing enzymes due to the various properties
and unique structures of MXenes. This demonstrates that MXenes can be magnificent
structures for enzyme-based biosensors. Xu et al. mixed Ti3C2 MXene and HRP enzyme
directly to fabricate a biosensor for the detection of H2O2 to analyse the levels of serum
samples from AMI patients before and after surgery [53]. Ma et al. fabricated a low
detection limit enzyme biosensor for the detection of H2O2 using a chitosan complex of
Ti3C2 MXene-loaded HRP enzyme and successfully used it to detect trace amounts of H2O2
in foods [54].

Table 1. Enzyme-based electrochemical biosensors for identifying units, target, and analytical parameters.

MXenes Composite Identify Units Target LOD Range Ref.

Au/Ti3C2 glucose oxidase glucose 5.9 μM 0.1–18 mM [55]
PLL/Ti3C2 glucose oxidase glucose 2.6 μM 4.0–20 μM [56]

PEDOT: SCX/Ti3C2Tx glucose oxidase glucose 22.5 μM 0.5–8 mM [57]
Ti3C2/Nafions Horse Radish Peroxidase H2O2 1 μM 5–8000 μM [53]

MXene/chitosan Horse Radish Peroxidase H2O2 0.74 μM 5–1650 μM [54]
Chit/ChOx/Ti3C2Tx cholesterol oxidase cholesterol 0.11 nM 0.3–4.5 nM [58]

Ti3C2 tyrosinase phenol 12 nmol L−1 50 nM–15.5 μM [59]
CS-Ti3C2Tx acetylcholinesterase acetylthiocholine chloride 3 fM 10 nM–10 fM [60]

GA/Nb2CTx acetylcholinesterase phosmet 144 pM 200 pM–1 μM [26]

In addition, there are several reports on using MXenes in different compound types of
enzymes, such as glucose oxidase [57], cholesterol oxidase [58], acetylcholinesterase [60],
tyrosinase [59], etc. Wu et al. proposed a hybrid PLL/Ti3C2/glucose oxidase glucose
biosensor that accelerates the breakdown of H2O2 generated during glucose oxidation
by catalysing a cascade reaction [56] (Figure 6A). Xia et al. developed a Chit/cholesterol
oxidase/Ti3C2Tx composite cholesterol oxidase biosensor [55]. Chit/Ti3C2Tx served as a
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support matrix for immobilising the enzyme. Gold nanoparticles anchored on Ti3C2Tx
MXene nanosheets enhanced the electron transfer between the enzyme and the electrode.
The relative current sensitivity and LOD were 0.3–4.5 nM and 0.11 nM, respectively. Song
et al. derived electrochemical etching to derive fluorine-free Nb2CTx with low cytotox-
icity and constructed a Nb2CTx/acetylcholinesterase biosensor to detect sulfoxide [26]
(Figure 6B). Moreover, the sensor’s enzymatic activity and electron transfer are superior to
the corresponding V2C and Ti3C2 MXenes biosensors. Wu et al. used Ti3C2 MXene as a
new substrate to immobilise tyrosinase and facilitated the direct electron transfer process
for the sensitive and rapid detection of phenol [59]. Therefore, Ti3C2 MXene can be a
phenolic biosensor with high recovery and long-term stability. The biosensor exhibits good
analytical performance over a wide linear range of 0.05–15.5 μM, with detection limits as
low as 12 nM.

(A) (B) 

 

Figure 6. (A) Schematic diagram of the detection of the Ti3C2-PLL-Gox nanoreactor Reprinted with
permission from Ref. [56]. Copyright 2020, Elsevier. (B) Schematic illustration of the enzymatic
inhibition of sulfoxide detection by the HF-free Nb2CTx/AChE biosensor Reprinted with permission
from Ref. [26]. Copyright 2020, Wiley-VCH.

The above examples and the contents show that it is feasible to combine enzymes
directly on MXenes or with other materials to improve the performance of enzyme electro-
chemical biosensors.

3.1.2. Nucleic Acid-Based Electrochemical Biosensing

Using nucleic acids as recognition elements allows the specific recognition of the
target and the generation of some signal changes [61]. Nucleic acid is a stable and easy-to-
handle biomolecule, so it has excellent detection performances [62]. Nucleic-acid-based
electrochemical biosensors offer advantages of both nucleic acid probes and electrochem-
ical detection, enabling the sensitive detection of analytes such as nucleic acid, ref. [63]
proteins [64], biological molecules [65], inorganic ions [66], and cells [67] (Table 2). Nu-
cleic acid electrochemical biosensors are based on five conformations: double-stranded,
triple-stranded, quadruple-stranded, DNA nanostructures, and single-stranded DNA func-
tionalisation (hairpin structure, aptamers, and DNAzyme) [68]. Unlike enzymes, nucleic
acids possess little redox capacity. The development of nucleic acid electrochemical biosen-
sors generally relies on molecules with redox properties, such as methylene blue (MB) and
ferrocene (Fc), or through charge changes that occur during nucleic acid hybridisation [69].
The nucleic acid electrochemical biosensor has various applications in genetics, clinical
medicine, and biosensing due to its rapid detection, simple experimental procedures, high
sensitivity, and low cost [70]. There are two types of nucleic acid biosensors.

The first type of nucleic acid electrochemical biosensor follows the Watson–Crick
pairing principle, which hybridizes a nucleic acid sequence with a complementary nucleic
acid sequence through base pairing [61]. The detection principle works by immobilising
nucleic acids on the electrode’s surface to capture complementary nucleic acid sequences,
thus obtaining an altered electrical signal for specific detection [71]. There are many reports
using specific nucleic acid sequences to create biosensors for the detection of disease-
predicting miRNAs and DNA, and some electrochemical biosensors have been validated
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for point-of-care detection. Duan et al. developed a Ti3C2/FePc QDs MXene nanocomposite
nucleic acid biosensor with good biocompatibility [72]. The Ti3C2/FePc QDs composite
material was used as a carrier to detect miRNA-155 by using a change in electrochemical
impedance caused by DNA modifications. Mohammadniaei et al. used double screen-
printed gold electrodes modified with MXenes and AuNPs and single-stranded DNA-
functionalised magnetic particles to detect miRNA-21 and miRNA-141 by using duplex-
specific nuclease (DSN) amplification assay strategy [73] (Figure 7A). This biosensor can
continue to be upgraded to quantify more analytes, forming a device for point-of-care
testing (POC) cancer screening. Chen et al. fabricated a DNA electrochemical biosensor
using MXene-based [74]. The surface groups were covered using ssDNA adsorbed on
Ti3C2 MXene to attenuate conductivity. When target DNA and ssDNA are hybridized and
desorbed from Ti3C2 MXene, the fast, simple, and sensitive detection of N-gene sequences
in SARS-Cov-2 was possible (Figure 7B). The feasibility of DNA-functionalised MXenes in
developing real-time monitoring diagnostic devices for clinical testing can be demonstrated.

Table 2. Nucleic acid-based electrochemical biosensors identify units, target, and analytical parameters.

MXenes Composite Identify Units Target LOD Range Ref.

MoS2 /Au NPs/Ti3C2 DNA probe miRNA-182 0.43 fM 1 fM–0.1 nM [63]

Au/Ti3C2 DNA probe miRNA-21, 141 204 aM
138 aM 500 aM–50 nM [73]

Ti3C2Tx @FePcQDs DNA probe miRNA-155 4.3 aM 0.01 fM–10 pM [72]
MCH/CP/AuNPs/Ti3C2Tx DNA probe BCR/ABL fusion gene 0.05 fM 0.2 fM–20 nM [75]

Ti3C2Tx DNA probe SARS-Cov-2 N gene 105 copies mL−1 105–109 copies mL−1 [74]
PMo12/PPy@Ti3C2Tx Aptamer Osteopontin 0.98 fg mL−1 0.05–10,000 pg mL−1 [64]

AuNPs/Ti3C2 Aptamer Mucin 1 0.72 pg mL−1 5 pg mL−1–50 ng mL−1 [76]
Ti3C2 Aptamer gliotoxin 5 pM 5 pM–10 nM [65]
Ti3C2 Aptamer HER2-positive CTCs 47 cell mL−1 20–200 cells mL−1 [77]

CoCu-ZIF@ Ti3C2 CDs Aptamer B16-F10 cell 33 cells·mL−1 1× 102–1× 105 cells·mL−1 [67]
Au@Nb4C3Tx Aptamer Pb2+ 4 nM 10 nM–5 μM [66]

The second nucleic acid electrochemical biosensor uses single-stranded DNA (ss-
DNA) or RNA to bind to various biomolecules for analyte detection, including proteins,
small biomolecules, cells, etc. [78,79]. Electrochemical biosensors made up of aptamers are
easy, reliable, quick in responding, low in price, and possess acceptable repeatability [80].
Geng Xue of our research group cleverly used conformational changes of aptamers before
and after capturing serotonin to construct an aptamer biosensor [81]. The interaction
between aptamer and serotonin was destroyed by guanidine hydrochloride, and 98.2%
of the signal was recovered, showing acceptable repeatability. Zhou et al. synthesized
intercalating polypyrrole (PPy) Ti3C2Tx MXene and phosphomolybdic acid (PMo12) com-
posites with a strong synergistic effect, promoting the anchoring of RNA aptamers on
the composites [64] (Figure 7C). The G-quadruplex formed by osteopontin (OPN) and
aptamer exhibits stable and high sensitivity, which proves the excellent performance of
this MXene composite aptamer biosensor. Li et al. created a nuclease-driven DNA walker
cascade signal amplification strategy to construct electrochemical aptamer biosensors on
Au nanoparticles/MXene-modified electrodes for mucin 1 [76]. A DNA nanostructure-
modified Ti3C2 MXene nanosheet biosensor was developed by Wang et al. for the detection
of gliotoxins [65]. Tetrahedral DNA nanostructures were quickly immobilised on the sur-
face of MXenes nanosheets, thus avoiding the tedious and expensive modification of DNA
probes. HB5 aptamer immobilised on the MXenes layer via electrostatic interactions was
highly selective for HER-2-positive cells, as reported by Vajhadin et al. Sandwich-like struc-
tures formed between magnetically captured cells, and functionalised MXenes electrodes
effectively shield electron transfers, allowing quantitative cell detection with changes in
the current [77] (Figure 7D).
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Figure 7. (A) Schematic diagram representing the entire assay procedure for multiplex and con-
current detections of miRNA. Reprinted with permission from Ref. [73]. Copyright 2020, Else-
vier. (B) Schematic of the ssDNA/Ti3C2Tx for the detection of the SARS-Cov-2 nucleocapsid gene.
Reprinted with permission from Ref. [74]. Copyright 2022, American Chemical Society. (C) Schematic
diagram of PPy@Ti3C2/PMo12 aptamer biosensor for OPN detection. Reprinted with permission
from Ref. [64]. Copyright 2019, Elsevier. (D) Schematic diagram of the MXenes based cell sensor for
the detection of SK-BR-3 cells: magnetic cell separation using CoFe2O4@Ag-HB5 (a) and electrochem-
ical cell detection on a functionalised MXenes surface (b). Adapted with permission from Ref. [77].
Copyright 2021, Elsevier.

3.1.3. Immunoelectrochemical Biosensing

Electrochemical immunosensors are coupled to the sensor via antigen–antibody inter-
actions. The accessibility of antibody to a wide range of molecules and the high selectivity
and sensitivity renders immunochemical methods valuable for clinical diagnosis. These
electrochemical biosensors for bioanalysis have advantages of small reagent volumes, high
sensitivity and specificity, and portability [82]. As observed from the contents, immu-
noelectrochemical biosensors offer tremendous advantages in the specific detection of
biomolecules (Table 3).

Table 3. Immunoelectrochemical biosensors identify units, target, and analytical parameters.

MXenes Composite Identify Units Target LOD Range Ref.

Ti3C2@CuAu-LDH Antibody Carcinoembryonic antigen 0.033 pg mL−1 0.0001–80 ng mL−1 [83]
Ti3C2 Antibody CEA 18 fg mL−1 0.0001–2000 ngmL−1 [84]

Au/Ti3C2Tx Antibody PSA 3.0 fg mL−1 0.01–1.0 pg mL−1 [85]
M/NTO/PEDOT/AuNPs Antibody PSA 0.03 pg L−1 0.0001–20 ng mL−1 [86]

CuPtRh/NH2-Ti3C2 Antibody cardiac troponin I 8.3 fg mL−1 25 fg mL−1–100 ng mL−1 [87]

In 2018, Kumar et al. fabricated the first MXene-based immunoelectrochemical sensor
to detect carcinoembryonic antigens (CEAs) [84]. Aminosilane-functionalised MXenes
offered more binding sites for bioreceptors than GCE, and the CEA antigen is better
immobilised on Ti3C2 MXene (Figure 8A). Xu et al. synthesized a composite of 3D sodium
titanate nanoribbons, anchored poly(3,4-ethylene dioxythiophene), and gold nanoparticles
by oxidizing and alkalizing Ti3C2 Mxene [86]. The composites described above were used
to immobilise prostate-specific substance (PSA) antibodies to create a facile electrochemical
label-free immunosensor for the sensitive detection of PSA (Figure 8B).
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Figure 8. (A) Schematic diagram of the detection mechanism of electrochemical CEA. Reprinted with
permission from Ref. [84]. Copyright 2018, Elsevier. (B) The fabrication and detection steps of the
immunosensor. Reprinted with permission from Ref. [86]. Copyright 2020, Elsevier. (C) Schematic
diagram of the fabrication of the working electrode of the immunosensor. Reprinted with permission
from Ref. [87]. Copyright 2020, American Chemical Society. (D) Illustrations for constructing the
sandwich-like immunosensor of LM based on Ti3C2Tx MXene. Reprinted with permission from
Ref. [88]. Copyright 2021, Royal Society of Chemistry.

Dong et al. used a CuPtRh/NH2-Ti3C2 nanocomposite composed of trimetallic hollow
CuPtRh cubic nanoboxes (CNBs) and laminated ammoniated Ti3C2 flakes to fabricate a
sandwich-type immunosensor to detect cardiac troponin I (CTnI) [87]. Aminated Ti3C2
provides abundant binding sites for both CuPtRh CNBs and antibodies, while CuPtRh
CNBs can prevent Ti3C2 from stacking again (Figure 8C). In addition, MXenes can serve
to detect bacteria. Niu et al. constructed a sensing platform with carboxylated Ti3C2Tx
MXene and rhodamine B/gold/reduced graphene oxide as the signal [88] (Figure 8D). A
sandwich electrochemical immunosensing platform for detecting Listeria monocytogenes
was also developed by them.

3.2. Optical Biosensing

Optical properties, including absorption, transmission, photoluminescence, scattering,
and emission, are essential for applying MXenes. The surface groups, doping, and defects
affect the energy band’s structure [89]. A thin layer of Ti3C2Tx has been reported to absorb
photons in the UV-visible region between 300 and 500 nm with a transmission of 91%.
O-functionalised Ti3C2 MXene has a higher light absorption efficiency [90]. The optical
properties are also affected by the thickness of the film and the distance between MXenes
layers. Intercalation with hydrazine, urea, methyl ammonium hydroxide, and DMSO
changes the interlayer distance of Ti3C2Tx, decreasing light transmittance [50].

MXenes have excellent hydrophilicity, biocompatibility, and optical characteristics,
making them appropriate for all sorts of biosensing applications. It was discovered as
a fluorescence quenching agent and a carrier for biomedical and imaging applications,
contributing to high-performance optical biosensors. The interaction of light and materials
is central to the optical inspection principle. It identifies samples by non-destructively mon-
itoring changes in the intensity or spectral shift of light [91]. This section will summarize
MXenes biosensing applications in photoluminescence, electrochemiluminescence, and
photoelectrochemical applications.
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3.2.1. Photoluminescence (PL)

MXenes possess features that make MXenes excellent for fluorescence biosensors, such
as larger absorption bands, higher energy levels, etc., which causes fluorescence quenches
in fluorescent substances [91]. Hence, changes in fluorescence intensity can be employed as
indications for biological analytes detection (Table 4). MXene quantum dots (MQDs) are
luminous, extremely water-soluble, dispersible, and biocompatible [92]. As a consequence,
searching for photoluminescent biosensors based on MXenes and MQDs has emerged as a
widespread research issue [93,94].

Table 4. MXene-based photoluminescence biosensors identify units, target, and analytical parameters.

MXenes Composite Identify Units Target LOD Range Ref.

DSPE-PEG/Ti3C2 Gox/RCDs Glucose 50 μM 0.1–20 mM [94]
Ti3C2 DNA probe HPV-18 DNA 100 pM 0.5 nM–50 nM [95]
Ti3C2 Aptamer, DNA probe MUC1, miRNA-21 6 nM, 0.8 nM 0–60 nM, 0–25 nM [96]

Ag@Ti3C2/GQDs Antibody NSE neuron-specific enolase (NSE) 0.05 pg mL−1 0.0001–1500 ng mL−1 [97]
PL-Ti3C2 rhodamine B Phospholipase D 0.10 U L−1 0.5–50 U L−1 [98]
Ti3C2Tx quantum dots glutathione 3.0 μM 5.0–100 μM [99]

Ti3C2 QD quantum dots RAW264.7 cells, Zn2+ - - [100]
N,P-Ti3C2 QDs quantum dots Cu2+ 2 μM 2–100 μM, 250–5000 μM [101]

Ti3C2 MQDs quantum dots alkaline phosphatase 0.02 U L−1 0.1–2.0 U L−1 [102]
epsilon-poly-L-lysine

(PLL)/Ti3C2 QDs quantum dots cytochrome c and trypsin 20.5 nM and 0.1 μg mL−1 0.2–40 μM and 0.5–80.0 μg mL−1 [103]

Ti3C2 QDs quantum dots Intracellular pH - pH 6.0–8.0 [104]

Because of MXenes’ strong and broad absorption in the visible and near-infrared
regions, MXenes generally act as an acceptor designed to quench the fluorescence signal
emitted by sensing probes, such as metal nanoclusters, quantum dots, fluorescent dyes,
etc. [94]. Due to the two-dimensional planer structure and hydrophilic surface groups of
MXenes, the abundant binding sites and hydrophilic groups on MXenes provide more
possibilities for biomolecular interactions [44].

Shi et al. detected glutathione by combining copper nanoclusters (Cu NCs)-functionalised
MXenes [99]. MXenes quenches the fluorescence of Cu NCs through the internal filtering
effect (IFE), and glutathione can analyze MXenes and Cu NCs, resulting in fluorescence
recovery. Ti3C2 MXene nanosheets combined with red-emitting carbon dots (RCDs) area
unit effective and selective fluorescence stimulant sensors were used for glucose detection
by Zhu et al. Ti3C2 nanosheets impassively quenched the fluorescence intensity of RCDs
(>96%) through IFE [94] (Figure 9A). Kalkal et al. constructed a fluorescent biosensing
system based on Ag/Ti3C2 to quench the fluorescence signal on antibody/amino-graphene
quantum dots [97]. The fluorescence recovered when antigen was added. It can be used to
detect neuron-specific enolase with good reproducibility.

MXenes are used as fluorescence quenchers to construct optical sensors for monitoring
enzyme activity and biomolecules. Similarly to the previous section, the Fc and MB of
the nucleic acid biosensor can be replaced with some fluorescent materials that can be
used, which are more practical for this type of biosensor. Zhu et al. reported a Ti3C2
MXene-based fluorescent biosensor to detect phospholipase D by FRET quenching of
rhodamine B (RhB)-labeled phospholipids [98]. Phospholipase D cleaves phospholipids,
causing RhB-labeled phospholipids to detach from Ti3C2 MXenes and re-reflorescence.
Peng et al. used the affinity difference between single-stranded and double-stranded DNA
on MXenes to construct fluorescent signal detection for human papillomavirus HPV-18
DNA on ultra-thin Ti3C2 MXene [95] (Figure 9B). Wang et al. presented dual-signal-labelled
DNA-functionalised Ti3C2 MXene nanoprobes to achieve a dual analysis of MUC 1 and
miRNA-21 at low concentrations in vitro, and the in situ imaging of MCF-7 breast cancer
cells [96]. Furthermore, cell imaging can provide multiple layers of information, such as
biomarkers’ expression levels and spatial distribution.
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Figure 9. (A) Schematic diagram of MXene-based glucose oxidase fluorescent biosensor. Reprinted
with permission from Ref. [94]. Copyright 2019, Royal Society of Chemistry. (B) Illustration of
analysis of HPV-18 type DNA using Ti3C2 MXene. Reprinted with permission from Ref. [95].
Copyright 2019, Elsevier.

When the thickness dimensions of 2D nanomaterials are less than 100 nm, MXenes can
be converted into quantum dots with quantum confinement and optical properties [105].
MQDs, with an average lateral size ranging from 1.8 to 16 nm, can be obtained by hy-
drothermal processes [100], acidic oxidation, and chemical stripping [106]. Charge transfer
is enhanced, and fluorescence is enhanced by utilizing heteroatom doping [101]. MQDs
have similar properties to MXenes, such as high dispersion and good biocompatibil-
ity. The small band gaps of MXenes can expand their band gap through quantum ef-
fects, contributing to their strong fluorescence effect [107]. Some researchers synthesized
MQDs that exhibited different fluorescence effects in different solvents under 365 nm UV
light irradiation [93,104].

On account of their tunable size, photoluminescence, and photostability, MQDs can be
applied as fluorescent probes and can also be functionalised with natural biomolecules [107].
The performance of MQDs as fluorescent agents or signals can be improved, and the appli-
cation of MXenes in biosensing can be widely expanded [91,108]. MQDs have contributed
enormously to detecting metal ions, biomolecules, and cellular imaging. The first MQD-
based fluorescence sensor is based on the coordination of Zn2+ through hydroxyl groups
on the surface of MQDs with selective quenching [100] (Figure 10B). Heteroatom-doped
MQDs can be the detector for the fluorescence detection of different metal particles, such
as Cu2+ [101], Ag+, and Mn2+ [109].

(A) (B) 

 

Figure 10. (A) Schematic diagram of fluorescence assay of alkaline phosphatase activity of MQDs.
Reprinted with permission from Ref. [102]. Copyright 2018, Royal Society of Chemistry. (B) Schematic
diagram of hydrothermal preparation of MQDs. Reprinted with permission from Ref. [100]. Copy-
right 2017, Wiley-VCH.

MQDs can be implemented to detect some biomolecules because they have absorp-
tion bands that overlap with the excitation and/or emission spectra of MQDs. Guo et al.
designed an MQD-based fluorometric strategy for alkaline phosphatase activities and
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embryonic stem cell identification [102] (Figure 10A). The effective quenching of MQD flu-
orescence was obtained by p-nitrophenol produced by the alkaline phosphatase-catalysed
dephosphorylation of p-nitrophenyl phosphate. It can also be used as an IFE-based method
to analyse ESC biomarker ALP in ESC lysates accurately. Liu et al. described a fluorescent
platform for detecting cytochrome c and trypsin [103]. The fluorescence of MQDs was burst
by cytochrome c through the IFE. Meanwhile, cytochrome could be degraded by trypsin,
and MQDs’ fluorescence could be restored. Chen et al. constructed a fluorescent sensor
with the pH-dependent emission of blue fluorescence from MQDs for ratiometric MQDs
probes to detect cellular pH [104].

3.2.2. Electrochemiluminescence (ECL)

As a mixture of electrochemistry and optics, electrochemiluminescence is a new
method for evaluations and detections. Because of its low background signal, excellent
sensitivity, controllability, speed, and low cost, it is frequently employed in biochem-
istry for proteins, nucleic acids, enzymes, and clinical diagnostics [91]. MXenes have
been proven viable as working electrodes for ECL biosensors, with improved ECL char-
acteristics compared to glassy carbon electrodes [110]. The ECL biosensor is well suited
for the analysis of nucleic acids or gene fragments, biomolecules, biomarkers, and even
cells (Table 5).

In 2018, Fang et al. fabricated an ECL biosensor of Ru(bpy)3
2+ functionalised Ti3C2Tx

MXene to detect unlabelled single nucleotide mismatches in human urine, using tripropy-
lamine as a co-reactant [111]. Exposed bases in mismatched DNA bind to Ru(bpy)3

2+ on the
Ti3C2Tx MXene and are more prone to electrochemical oxidation in enhancing ECL intensi-
ties. Zhuang et al. constructed ECL nanoprobes via Ti3C2Tx-mediated in situ formations of
Au NPs and the anchoring of luminol and utilised the catalytic hairpin assembly (CHA)
amplification of signalling to fabricate ECL biosensors for miRNA-155 detection [112]
(Figure 11A). Yao et al. detected the SARS-Cov-2 gene by MXenes/PEI adsorbed Au and
Ru(bpy)3

2+ DNA walkers [113]. After the DNA walker excised hairpin DNA under the
action of Nb.BbvCl endonuclease, template DNA-Ag hybridized with hairpin DNA and de-
creased the signal of ECL (Figure 11B). Zhang et al. modified DNA probes on MXenes/PEI
composites by Ru(bpy)3

2+ and AuNP and used the CRISPR-Cas12a strategy to construct
an ECL signal on/off biosensor for the detection of SARS-Cov-2 (RdRp) gene [114].

Table 5. MXene-based electrochemiluminescence biosensors identify units, target, and analyti-
cal parameters.

MXenes Composite Identify Units Target LOD Range Ref.

g-C3N4/Ti3C2 Ti3C2 Protein Kinase 1.0 mU mL−1 0.015–40 U mL−1 [115]
Ti3C2Tx Ru(bpy)3

2+ nucleotide mismatch 5 nM - [111]
Au@Ti3C2@PEI-Ru(dcbpy)3

2+ Model DNA-AgNCs SARS-Cov-2 Gene 0.21 fM 1 fM–100 pM [113]
AuNPs/Ti3C2/Luminol sDNA miRNA-155 0.15 fM 0.3 fM–1 nM [112]

Ru@Ti3C2@AuNPs Fc-DNA SARS-Cov-2 gene 12.8 aM - [114]

Ti3C2/PEI aptamer MCF-7 125 particles μL−1 5× 102–5× 106

particles μL−1 [116]

Ti3C2/Au aptamer CD63 30 particles μL−1 102–105 particles μL−1 [117]
AuNPs/Ti3C2 aptamer cardiac troponin I 0.04 fM 0.1 fM–1 pM [118]

AuNPs-Ru-Arg@Ti3C2 antibody CEA 1.5 pg mL−1 0.01–150 ng mL−1 [119]
R6G-Ti3C2Tx@AuNRs/ABEI antibody Vibrio vulnificus 1 CFU mL−1 1–108 CFU mL−1 [120]

Strategies for detecting biomolecules can be implemented with aptamers, resulting in
higher ECL signal intensities. Sun et al. proposed PEI-functionalised MXenes and g-C3N4
composites as detection probes, and kemptide chelated with Ti in the composites after
protein kinase A (PKA) phosphorylation to promote electron transfers at the electrode’s
interface, enhancing strategies for ECL signalling [115]. Moreover, this biosensor enables
inhibitor screening and PKA activity monitoring in MCF-7 cell lysates. Mi et al. reported
a method for the quantitative detection of cardiac troponin (CTnI) by electrochemical
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and ECL dual signals using tetrahedral DNAs (TDs) and in situ hybrid chain reaction
(HPR) on Au/Ti3C2 MXene [118] (Figure 11C). Both ECL Dox-Luminol/Current Dox and
Current MB/Current Dox dual signals can be used for the quantitative detection of CTnI,
which is expected to be used in screen critically ill patients with COVID-19. Zhang et al.
used MXenes to generate AuNPs in situ and modified aptamers and constructed an ECL
biosensor to detect exosomes CD63 [117]. Zhang and colleagues developed an exosome-
selective ECL biosensor using aptamer-modified Ti3C2 MXenes as probes with an LOD of
125 μL particles−1 [116].

Immunochemical methods are also highly selective and sensitive in the field of ECL.
Luo et al. constructed an MXene-based substrate using [Ru(bpy)2(mcpbpy)]Cl2 and L-
arginine as co-reactants to detect carcinoembryonic proteins (CEA) by antigen [119]. Upon
antigen binding to the antibody, spatial site resistance leads to a decline in the rate of
electron transfer and electrolyte diffusion at the electrode’s surface, resulting in a decrease
in ECL signal intensities (Figure 11D). Wei et al. constructed an ECL/SERS dual-signal
biosensor to detect the causative agent of Vibrio vulnificus (VV) [120]. The pathogenic
bacteria. VV is captured by Fe3O4@Ab1 as the capture unit. Ab2, R6G, and ABEI bind
to AuNR as the signal unit to capture VV through Au-S and Au-N, forming a Faraday
cage structure.

(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure 11. (A) Schematic diagram of the preparation of Au@Ti3C2@PEI-Ru(dcbpy)3
2+ nanocom-

posites (a); Combined unilateral DNA walker amplification strategy based on nanocomposites for
ECL biosensor detection of SARS-Cov-2 RdRp gene (b). Reprinted with permission from Ref. [113].
Copyright 2021, American Chemistry Society. (B) Strategy of stable luminol-Au NPs-Ti3C2 (a) and
construction of the proposed ECL biosensor (b). Reprinted with permission from Ref. [112]. Copy-
right 2021, Springer Nature. (C) Schematic representation of specific target recognition and BFP
release (a) and the ratiometric biosensing mechanism of cTnI (b). Reprinted with permission from
Ref. [118]. Copyright 2021, Elsevier. (D) Schematic representation showing the detection principle
of the prepared ECL biosensor. Reprinted with permission from Ref. [119]. Copyright 2022, Royal
Society of Chemistry.
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3.2.3. Photoelectrochemical (PEC)

Similarly to electrochemiluminescence sensing, photoelectrochemical sensing is a
practical analytical method that integrates optical and electrochemical analyses. MXenes
also promise photoelectrochemical sensors with their excellent optical and electronic prop-
erties [121] (Table 6).

Table 6. MXene-based photoelectrochemical biosensors identify units, target, and analytical parameters.

MXenes Composite Identify Units Target LOD Range Ref.

Ti3C2/Cu2O non-enzymatic glucose 0.17 nM 0.5 nM–0.5 mM [122]
TiO2/Ti3C2Tx/Cu2O non-enzymatic glucose 33.75 nM 100 nM–10 μM [123]

Bi2S3/Ti3C2 DNA probe methyltransferase 0.003 U mL−1 0.01–30 U mL−1 [124]

Ti3C2/CdS Aptamer Exosomes 7.875 × 104 particles mL−1 7.3 × 105–3.285 × 108

particles mL−1 [125]

Ti3C2@ReS2 DNA probe miRNA-141 2.4 aM 0.1 fM–1 nM [126]
APTES/ Ti3C2 Antibody 5hmCTP 4.21 pM 0.008–100 nM [127]

(IOPCs)/Ti3C2 QDs quantum dots glutathione 9.0 nM 0.1–1000 μM [128]

Li et al. took advantage of Ti3C2 MXene, readily forming PN junctions with photo-
sensitive semiconductors and, therefore, used Ti3C2/Cu2O heterostructures for the high-
sensitivity detection of glucose [122]. The in situ growth of Cu2O on MXenes improves
photoelectrochemical performances compared to pure Cu2O. In order to improve the pho-
tocurrent conversion efficiency and detection sensitivity of glucose, a Z-type heterostructure
based on TiO2/Ti3C2Tx/Cu2O was proposed in addition to the construction of a Schottky-
junction-based PEC sensor [123]. A DNA probe can also achieve the label-free PEC de-
termination of methyltransferase (MTase) for label-free Bi2S3/Ti3C2 PN junctions [124].
For exosomes, the enzyme-induced deposition of CdS on Ti3C2 MXene forms a Ti3C2
MXene/CdS composite, creating a built-in electric field in the tight interface between CdS
and Ti3C2 MXene, enabling highly accurate detection [125]. In addition to this, the use of
Ti3C2@ReS2 to immobilise DNA probes and perform specific PEC detections of miRNA-141
has excellent performance [126]. For the detection of 5hmCTP on APTES/Ti3C2, the use
of antibodies for PEC is also feasible [127]. Chen et al. developed a photoelectrochemical
biosensor for the sensitive and selective detection of glutathione based on MQDs [128].

3.3. Other Biosensing
3.3.1. Wearable Biosensing

The covalent between the M transition metal and the X element in MXenes, the terminal
surface groups, and the thickness of the atomic layers resulted in excellent mechanical
properties [3,18]. Numerous theoretical findings on the mechanical properties of MXenes
have been reported. Kurtoglu et al. predicted a higher elasticity coefficients for various
pristine and functionalised MXenes than their precursors due to the greater density of
charge density in the Mn+1Xn layer [129]. The excellent mechanical properties provide
favourable conditions for fabricating wearable biosensors.

Some studies have used wearable nanoelectronics to detect health-related physiolog-
ical activities, such as physical or chemical stimulation, micropressure, and changes in
physiological signals. Stretchable mechanical properties, high gauge factor, flexible materi-
als integrating flexible bio-electronic interfaces, and miniaturized signalling systems need
to be investigated to meet the required sensitivity of sensor devices and to improve the us-
ability of wearable devices [130]. Recently, ultrathin MXenes comprised high-performance
materials for stretchable and bendable conductive coatings [131] (Table 7). Conductive
and conformal MXenes multilayers can withstand up to 2.5 mm bending and 40% tensile
stretching, with recoverable electrical resistances, while maintaining a conductivity of
2000 S m−1 [10].
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Table 7. MXene-based wearable biosensors identify units, target, and analytical parameters.

MXenes Composite Detection Technology Target LOD Range Ref.

Ti3C2Tx/LBG/PDMS Vitro Perspiration Analysis cortisol 88 pM 0.01–100 nM [132]
Ti3C2Tx/PB Vitro Perspiration Analysis glucose and lactate 35.3 and 11.4 μA mm−1 cm−2 - [133]
Ti3C2Tx/MB Vitro Perspiration Analysis glucose and lactate 2.4 nA μM−1 and 0.49 μA mM−1 - [134]

Ti3C2Tx/MWNTS Vitro Perspiration Analysis K+ - 1–32 mM [135]
Ti3C2Tx Vitro Perspiration Analysis Na+, protein - - [136]

F-Ti3C2Tx/PANI Vitro Perspiration Analysis human sweat pH - - [137]

Piezoresistive wearable biosensors are designed to detect weak movements of the
human body using stretch changes in materials. The development of MXene-based piezore-
sistive biosensors has been reported to change the resistance of the biosensor by varying
the MXene’s layer spacing under external pressure [138]. The biosensor can monitor physi-
cal stimulation processes, such as blinking, throat swallowing, and knee bending release
through electrical current. Strain sensors were also fabricated by using Ti3C2 MXenes
nanocomposites with single-walled carbon nanotubes (SWCNT) obtained by layer-by-layer
(LBL) spraying [139]. The multifunctional force-sensing sensor for acoustic monitoring
consists of two Au electrodes on a polyethylene terephthalate (PET) substrate at the top
and bottom, an intermediate MXenes layer, and a fingerprint structure on the substrate in a
combined arrangement [140]. The manufactured sensor is versatile and capable of sensing
sound, micro-motion, and acceleration in a single device. This biosensor can be flexibly
attached to a person’s throat and wrist and is used to detect a person’s vocalisation and
pulse. The sensor can record relevant peaks when saying “hello” and “sensor” or when
detecting a steady heartbeat pulse signal. The biosensor has shown excellent sensitivity
in detecting subtle human activity and other weak stresses (Figure 12). It offers a new
research direction for portable and wearable sensing devices in biosensing and human
behaviour analyses.

 

 

Figure 12. Schematic diagram of a pressure sensor as a wearable device for physiological signal
detection (a). Corresponding signals for saying “hello” and “sensor” (b). Corresponding signal for
the pulse on the medial wrist (c). Corresponding signal of the pressure sensor vibrating at different
frequencies on the shaker (d). Corresponding signals of the pressure sensor vibrating on plate (e).
Corresponding relationship between current values, displacement, velocity and acceleration in the
vibration mode (f). Schematic diagram of the density of MXenes at different vibration stages (g).
Diagram of a sound wave hitting a pressure transducer (h). Schematic diagram of the acoustic
pressure on the sensor surface associated with sound waves and sound pulses (i). Corresponding
detection signals and source waves for the two ringtones (j–k). Reprinted with permission from
Ref. [140]. Copyright 2020, Wiley-VCH.
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Wearable microfluidic biosensors were originally designed to integrate biological
identifiers (enzymes, nucleic acids, enzymes, or cellular receptors) into the sensor operation.
Non-invasive biomarker detection platforms via biofluids such as sweat, saliva, tears,
or interstitial fluid are more practical [141]. Such wearable sensors provide real-time
biochemical information about the wearer’s health and offer effective disease detection
and body function management [142]. A 3D electrode network electrochemical impedance
immunosensor based on loaded laser-burned graphene (LBG) loaded with Ti3C2Tx was
fabricated for the non-invasive monitoring of cortisol biomarkers in human sweat [132].
The sensor has a detection limit and linearity of 88 pM and 0.01–100 nM, respectively
(Figure 13). In addition, microfluidic wearable biosensors can be used to detect K+, Na+

ions [135,136], glucose, lactate [134,143], pH, and other human biochemical information in
biological fluids [137].

(A) 

 

(B) 

 

Figure 13. (A) Schematic representation of the Ti3C2Tx MXene-loaded/LBG-based cortisol biomarker
assay. (B) Patch sensor attached to the body position (a), optical image of the wearable patch (b) and
fabrication sequence of a wearable patch cortisol sensor integrated with a microfluidic system (c).
Reprinted with permission from Ref. [132]. Copyright 2020, Elsevier.

In various wearable biosensors, sensing electrodes play an essential role in the design
of wearable biosensors. MXenes offer the ability to immobilise biomolecules as a sensitive
detection platform. Nevertheless, the mechanical friction and deformation of wearable de-
vices against human skin over time leads to mechanical failure and requires a re-structuring
of the device. Moreover, the attainment of signal-to-noise ratios and the stability required
to achieve this device are highly challenging [133].

3.3.2. Surface-Enhanced Raman Spectroscopy (SERS)

The hydrophilic nature of the MXenes surface provides a good site for Raman la-
belling. It serves as a potential material for SERS and provides an effective method for
the ultra-sensitive determination of targets (Table 8). Sarycheva et al. showed that com-
posites of metals and MXenes could be used as SERS subestrates for rhodamine 6G [144].
Integrating noble metal nanoparticles with MXenes exhibits an empathetic, sensitive SERS
response in detecting several common dye molecules. This extends MXenes compos-
ites for visible light SERS in the sensor field. A reliable substrate for MXenes/AuNR
composites was prepared by Xie et al. with high sensitivities for determining common
organic dyes, such as Rh6G, crystalline violet, and peacock green [145]. It can detect organic
contaminants and shows high sensitivities for more complex organic pesticides and contam-
inants. A ratiometric SERS aptamer sensor for ochratoxin A was developed by Zhao et al.
2-Mercaptobenzimidazole-5-carboxylic acid ligands and Au-Ag Janus nanoparticles were
used as Raman signal molecules to amplify the SERS signal efficiently [146]. Liu et al. used
the Ti3C2Tx-PDDA-Ag NPs hybrid platform as a sensitive and homogeneous biosensor for
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the label-free quantification of the biomolecule adenine based on the SERS method [147].
These studies demonstrate that MXenes can be well-suited for SERS.

Table 8. MXene-based other biosensors identify units, target, and analytical parameters.

MXenes Composite Detection Technology Target LOD Range Ref.

Ti3C2Tx/AuNRs - R6G, crystal violet,
malachite green 1 pM, 1 pM, 10 nM - [145]

Ti3C2O2 Aptamer Ochratoxin A 1.28 pM - [146]
Ti3C2Tx-PDDA-AgNPs Electrostatic Dopamine 10 nM 5 μM–50 nM [147]

R6G-Ti3C2Tx@AuNRs/ABEI Antibody Vibrio vulnificus Vibrio vulnificus 102 CFU mL−1 102–108 CFU mL−1 [120]

3.3.3. Surface Plasmon Resonance (SPR)

SPR sensing is a non-destructive, label-free, real-time detection method. Nanomateri-
als modify the sensor’s surface to enhance the signal and demonstrate high sensitivities
to low concentration targets [148] (Table 9). MXenes-based SPR biosensors for the ultra-
sensitive detection of carcinoembryonic antigens (CEAs) were fabricated by Wu et al. These
SPR biosensors demonstrate good reproducibility and high selectivity in human serum sam-
ples, providing a potential method for early clinical diagnoses and cancer surveillance [149].
Their group also constructed SPR biosensors for CEA using amino-functionalised MX-
enes [150]. MXenes were assembled on Au films to immobilise monoclonal anti-CEA anti-
body sensing materials covalently. MXenes were used as a substrate for binding hollow gold
nanoparticles (HGNPs), and they were modified with SPA. MXenes/HGNPs/SPA/Ab2
nanocomplexes act as signal enhancers for SPR-sensing components. The sensor offers a
wide linear detection range, ultra-low detection limits, and good selectivity for CEA in hu-
man serums. Chen et al. anchored targeting aptamers with thiol-modified niobium carbide
MXene quantum dots and could specifically bind the SARS-Cov-2 N gene, resulting in a
change in the SPR signal for laser irradiation at a wavelength of 633 nm [151]. The above
studies indicate the development of MXene-based biomarker sensing chips or devices in
the field of SPR to broaden the area of MXenes biosensing applications.

Table 9. MXene-based SPR biosensors identify units, target, and analytical parameters.

MXenes Composite Detection Technology Target LOD Range Ref.

Ti3C2/AuNPs Antibody carcinoembryonic antigen 0.2 fM–20 nM 0.07 fM [149]
APTES/Ti3C2/HGNPs Antibody carcinoembryonic antigen 0.001–1000 pM 0.15 fM [150]

Nb2C-SH QDs Aptamer N-gene of SARS CoV-2 4.9 pg mL−1 0.05–100 ng mL−1 [151]

4. Conclusions and Outlook

From its discovery to the present moment, MXenes, an emerging two-dimensional
biosensing material, has achieved unprecedented rapid development. Although the devel-
opment time is relatively short, synthesis methods of MXenes are constantly innovating
and developing towards the direction of green environmental protection, simplicity and
convenience, and controllable surface groups. MXenes are known for their tunable surface
groups; good hydrophilicity and biocompatibility; excellent mechanical, electrical, and
optical properties; and specific morphological structures. They have become a focus of
research in electrochemical and optical biosensing.

HF synthesis is undoubtedly convenient and quick, giving access to abundant hy-
drophilic surface groups. However, using F− can cause a certain amount of pollution to
humans, the environment, and even the ecosystem. For the synthesis of MXenes, syn-
thetic research has always progressed in the direction of less or no fluorine. Different
synthetic methods and raw materials can adjust different surface groups. The structure
determines the properties, and mechanical, hydrophilic, biocompatible, electrical, and
optical properties can be adjusted according to different research needs using different
synthetic routes.
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From its large specific surface area, high electrical conductivity, large surface groups,
and fast electron transfer properties, MXenes are often used as modification and immobili-
sation materials in electrochemical biosensors to improve electrocatalytic performances and
detection sensitivities and to reduce redox potentials in order to obtain high-performance
composites. However, most of the current MXene-based electrochemical biosensors use
composite materials adsorbed on MXene’s surface. There are relatively few reports on
surface groups on MXenes as the adsorption media for the adsorption of biomolecules to
prepare electrochemical biosensors. With the development of the tunable functionalisation
of MXenes surface groups, we believe there is more significant potential for the direct
binding of MXenes surfaces to biomolecules, such as proteins and nucleic acids. Although
optical biosensors have been less studied than electrochemical biosensors, optical sensing is
also a vital detection strategy in biosensing. By benefitting from the fluorescence quenching
effect of MXenes and MQD’s fluorescence enhancement effect, photoluminescence has been
reported relatively more often in optical biosensing work. From the above studies, it can be
concluded that nucleic acid-based biosensors are less selective than enzyme and immune-
based biosensors. However, nucleic acids are smaller than antibodies and enzymes, so
nucleic-acid-based biosensors have a higher density of surface modifications and have a
higher sensitivity and reproducibility.

In contrast, SPR, SERS, and other optical sensing have been reported less often. Even so,
the sparseness and singularity of functional groups on MXene’s surface led to the reduced
binding of biomolecules or other organic molecules. Meanwhile, the study of MQDs with
high fluorescence efficiency, quantum yield, and different luminescence wavelengths has
become an urgent problem.

About the main challenges mentioned above, we believe that several aspects can be
studied for future developments and trends in MXenes biosensing.

(1) MXenes and MQDs synthesis methods are supposed to develop with adjustable size
and surface groups. It is necessary to study further study the interaction between the
composition, structure, properties, and biomolecules of MXenes in order to under-
stand the appropriate MXene-adaptation-related biosensors that can be developed
according to the actual situation. Furthermore, it can provide theoretical support for
the development and development of MXenes morphological structure, size, and sur-
face groups, and the study of interaction with biomolecules with the help of machine
learning methods.

(2) The direct construction of biosensors on MXenes surfaces: The abundant surface
groups of MXenes can be complexed or combined with many biomolecules, and
enzyme-based electrochemical sensors have been partially verified. Nevertheless,
there are relatively few studies on nucleic acid, antibodies, and other biomolecules
combined with MXenes and constructed in sensors. Moreover, the natural binding
process can shorten the experimental time and reduce errors caused by too many
experimental procedures. At the same time, it is also very convenient for developed
point-of-care tests. During the COVID-19 epidemic, point-of-care was necessary for
rapid diagnoses and the timely treatment of patients.

(3) Utilise the catalytic properties and the reduction of MXenes: For electrochemical
biosensing, MXenes can reduce precious metal nanoparticles in situ. They can also be
used to catalyse redox reactions of O2 in systems that promote free radical reactions
in ECL, and improving the ECL signal is well worth exploring. MXenes are also
used as semiconductor materials during electrochemical reactions and can be used to
enhance the electrochemical signal. Therefore, reducing the detection limit, extending
the detection range, and improving the sensitivity during electrochemical biosensing
are possible.

(4) Develop MQDs with high fluorescence efficiency, quantum yield, and different flu-
orescence emission wavelengths: As a result, the sensitivity and detection limit of
fluorescence detections can be improved, and they can be used in optical biosensors
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with different wavelengths. MQDs can be extended to cell imaging, photothermal
therapy, and other biomedical tissue applications.
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