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Abstract: Cell-surface glycans are abundant and complex and play a critical role in maintaining pro-
tein stability, regulating cell behavior, and participating in cell communication. Obtaining structural
information on glycans in situ is helpful to further understand the role of glycans in the physiological
and pathological processes of cells and the regulatory mechanism. To achieve this, we can use recog-
nition or labeling strategies to convert the presence of glycans on the cell surface into signals that
can be detected. Currently, many different types of in situ sensing strategies for glycans have been
developed. The spatial control of the conversion process can realize the restriction of glycan detection
to specific proteins, and the introduction of signal amplification technology into the conversion
process can improve the sensitivity of sensing. In this paper, the recent progress of glycan labeling
methods and sensing technology is reviewed, and the future development direction is prospected.
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1. Introduction

Carbohydrates are the main source of energy required by all living organisms to
sustain life activities. They also act as structural and functional components by modifying
proteins or lipids to form glycoproteins or glycolipids. The carbohydrate portion of these
conjugates is called glycans, which are composed of a variety of monosaccharides linked
in different orders. In mammals, for example, 50% of proteins are glycoproteins, and the
glycan chains are made up of 17 types of monosaccharides [1]. The glycan chains can be
attached to a nitrogen atom of Asn residues at Asn-X-Ser/Thr motifs (known as N-glycans)
or to an oxygen atom of Ser or Thr residues (known as O-glycans) [2].

During physiological and pathological processes, the composition and structure of
cell-surface glycans are changing dynamically. The alteration of glycan chains is strongly
associated with immune disorders, microbial infection, tumor development [2,3], etc.
Immunoglobulins and most complements in humoral immunity are glycosylated [3]. Gly-
cosylation not only increases protein stability but is also involved in recognition events in
the body. In rheumatoid arthritis (an autoimmune disease), the absence of galactosylated
immunoglobulin G leads to the aggregation of the mannose-binding lectin and results in
pathology [4,5]. At the classical interface of microbial-host interactions, the apical part of
the intestinal epithelium is enriched with glycan components, especially «1,2-fucose [6].
Candida albicans can infect «1,2-fucose-deficient intestines. There is also increasing evi-
dence that glycosylation plays a role in tumorgenesis and metastasis [2,7]. Alterations in
cell-surface glycosylation, particularly terminal glycans, can promote the invasive behavior
of tumor cells and ultimately lead to cancer progression.

As a promising biomarker, glycans have important research significance and broad
application prospects in disease diagnosis and treatment. The development of glycan
labeling methods and the establishment of specific sensing strategies will help to obtain
spatio-temporal glycan expression information, which is crucial for understanding the
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regulatory mechanisms and biological effects of glycans on cell surfaces. Using the glycan
sensing strategies, it is possible to understand the changing characteristics of glycans dur-
ing the onset and development of diseases and provide new biomarkers and diagnostic
methods for early diagnosis of diseases [8—10]. At the same time, in the field of disease
treatment, glycan detection methods can also provide technical support and model vali-
dation methods for drug development [11-14], which is conducive to the expansion and
innovation of therapeutic strategies.

The in situ sensing of glycans on cell membrane surfaces presents several challenges:
(1) carbohydrate isomers are diverse and difficult to distinguish; (2) glycosylation is a
non-template synthesis process with microscopic inhomogeneity of modification sites; and
(3) glycoconjugates on the surface of cell membranes are functionally complex and low in
abundance. To establish methods for in situ glycan analysis, the development of various
labeling or recognition strategies with superior specificity is a prerequisite. Achieving
glycan analysis results with enhanced sensitivity and reduced detection limits requires the
design of signal amplification strategies in glycan sensing. This review introduces natural
and artificial molecules that recognize glycans on the cell surface, outlines the different
labeling strategies for glycan structures, and focuses on specific glycan sensing strategies to
quantify different glycoconjugates on cell membranes (Scheme 1).
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Scheme 1. Schematic of various glycan labeling strategies and the integration of sensing elements for
cell-surface glycan detection.

2. Glycan Recognition

The specific recognition and stable binding of glycans is an important basis for the iden-
tification and detection of glycans. Common glycan recognition molecules include lectins,
aptamers, and antibodies (Table 1). Based on these molecules, various strategies for glycan
analysis and monitoring have been developed, especially in situ glycan analysis methods.

2.1. Lectins

Lectins, a group of proteins produced by animal and plant cells, exhibit specific
saccharide-binding abilities without invoking an immune response [15-17]. Researchers
usually use lectins to isolate and purify glycoproteins [18,19], to identify glycoforms [20-26],
or to regulate the differentiation [27] and maturation [28] of cells, etc. The affinity of lectins
towards glycans is generally in the micromolar range due to the shallow binding pocket on
the lectin surface exposed to competing solvent interactions [29]. However, in biological
environments, some lectins can assemble into homopolymeric structures with multiple
binding sites to achieve superior affinity and selectivity. Thus, an oligomer can interact
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efficiently with different arms of a branched oligosaccharide or with different glycan motifs
of the same glycoprotein. In such an oligomeric arrangement, a high degree of multivalency
can be achieved, driving affinity to the nanomolar range. For the investigation of lectin
recognition of glycans, Beckwith et al. utilized an isothermal titration calorimetry (ITC)
strategy to study the mechanisms underlying the interaction between human macrophage
galactose-type lectin (hMGL) and mucin 1 (MUC1) synthetic peptides containing Tn antigen.
They evaluated the impact of glycan site and glycosylation frequency on lectin recognition
and revealed that the lifetime of lectin-glycan complexes extends with an increase in glycan
valency [30].

To track the lectin binding events, Li et al. covalently coupled fluorescent molecules
to lectins using a “ligand-directed labeling” method [31], and the prepared fluorescently
labeled Ricinus Communis Agglutinin I (RCA150) and Sialic acid-binding Ig-like lectin 2-Fc
(Siglec-2-Fc) were used for the detection of glycoproteins on HeLa cells (Figure 1). Lectin
recognition can also be used to mediate proximity-covalent labeling. Xie et al. used lectin-
proximal oxidative labeling (Lectin PROXL) to identify cell-surface glycoproteins bearing
glycans recognized by lectins [32]. This approach provides an unprecedented view of lectin
interactions with specific glycoproteins and protein networks mediated via specific glycans
on cell membranes.
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Figure 1. Schematic of lectin modification using “ligand-directed labeling probe (LLP)” method for
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lectin-glycoprotein interaction imaging [31]. Reproduced with permission from 31; published by the
American Chemical Society, 2020.

2.2. Antibodies

Antibodies are protein molecules generated by immune responses that are capable of
binding to specific epitopes on corresponding antigens. Antibodies exhibit superior affinity
and selectivity for glycans when compared to lectins. However, obtaining anti-glycan
antibodies is challenging due to the abundance of polysaccharides expressed on cell surfaces
and their limited immunogenicity. Wang et al. utilized bacteriophage Qf conjugated with
representative N-glycans to achieve immunogenicity [33]. And they discovered that the
N-glycan-Qf immunogens connected with adipic acid linkers produced higher levels of
glycan-specific antibodies than the N-glycan-triazole-Qf3 immunogens. Recognition of
polysaccharide structures has led to the development of several antibodies. For example,
carbohydrate antigen 19-9 (CA19-9), also known as the sialylated Lewis antigen (sLe?),
is a typical tumor marker characterized by a tetrasaccharide structure. Since the first
antibody, 1116NS-19, against CA19-9 was obtained in 1979 [34,35], several high-affinity
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antibodies for the specific recognition of the glycan structure have been developed and
have found extensive application in the early diagnosis of cancer, especially pancreatic
cancer [36,37]. The Lewis x’s antibody anti-SSEA-1 is the most studied glycan antibody,
which has been used to image inflammatory diseases [38] or to study the effect of altering
the chemical structure of the glycans on anti-SSEA-1 binding [39]. This type of antibody
possesses the ability to specifically resolve glycans, both to quantify the abundance of
related glycoforms and to affect the function of related glycoforms by exhibiting a blocking
effect. While there are other antibodies against classical glycan antigens, such as anti-
Thomsen-Friedenreich glycoantigen (TF) [40], anti-x-Gal [41], anti-Gal-«1,3-Gal (Galili
antigen) [42], anti-GalNAc-«1,3-GalNAc (Forssman antigen) [43], etc., their application in
in situ cellular glycan analysis has yet to be thoroughly investigated.

2.3. Aptamers

In vitro SELEX-derived aptamers, including single-stranded DNA or RNA oligonu-
cleotides, exhibit affinities comparable to, or even superior to, antibodies. Aptamers
are cost-effective and readily available, offering a wide range of recognition capabilities
spanning from small molecules to entire cells, thus having extensive potential applica-
tions [44,45]. In the field of glycan recognition, researchers have made considerable efforts
to increase the affinities by improving the screening strategies, although sometimes the
application environment of the aptamer is different from the screening environment, which
hampers the affinity to some extent. The aptamers for three monosaccharides, galactose,
glucose, and mannose, were screened in vitro by Sugimoto’s laboratory in 1998 [46]. How-
ever, the affinity for galactose is only 1074~10~> M, which is not sufficient for in situ cellular
recognition. Masud et al. proposed a novel cationic-charged modified DNA aptamer ob-
tained using the magnetic particle-based SELEX method [47]. The K4 for the aptamer with
the highest affinity to sialyllactose (SL-11) was 4.9 uM. Zhou'’s group screened an ssDNA
aptamer for sialyllactose with an affinity of 152.3 nM using magnetic separation-based
SELEX and post-SELEX truncation methods [48].

Jeong and coworkers generated an RNA aptamer against sialyl Lewis X (sLe*) [49]
with Kq around 1077 to 10~ M. However, the aptamer shows a relatively low affinity
for other neutral sugars (around 10~° to 10~7 M). In addition to the simple screening of
glycan-specific aptamers, Ma et al. developed a glycan-imprinted magnetic nanoparticle
(MNP)-based SELEX method to efficiently screen aptamers against glycoproteins [50]. This
strategy provides a new tool for screening glycan aptamers and enables the acquisition of
glycoprotein-binding aptamers with a Kq of less than 1 nM.

Despite some progress in glycan-related aptamer screening, most screening methods
are still based on some classical glycoprotein structures, such as RNase B, MUC1, etc.
Screening for aptamers against glycopeptides using molecular imprinting is a promising
approach [51]. Since glycan synthesis is not template-dependent, the same glycopro-
tein/glycolipid may have different glycosylation modifications in different cells, which
may hamper the application of aptamers. Therefore, the development of screening tech-
niques for aptamers targeting different glycoforms will help us better discriminate glycans
in living systems.

3. Glycan Covalent Labeling

In addition to the recognition-based glycan labeling strategies mentioned above,
covalent glycan labeling methods are also widely used and can be coupled to a variety of
detection techniques, which include metabolic glycan labeling, chemoenzymatic glycan
labeling (CeGL), and chemical covalent labeling (Table 2).

3.1. Metabolic Glycan Labeling (MGL)

MGL is a strategy for introducing bioorthogonal reporters into glycosylation sites.
Unnatural monosaccharide substrates containing chemically reactive groups were linked to
glycan or polypeptide chains, followed by bioorthogonal reactions for cell-surface labeling
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and detection [52,53]. The key to this technique, which dates back to the 1970s [54-56], is
the selection of unnatural reactive groups that can be stably modified into monosaccharide
substrates without interfering with their recognition using glycan biosynthetic enzymes. To
date, azide and alkyne groups have been the most widely used [57,58], both of which are
inert in biological systems, cause little structural perturbation to monosaccharide substrates,
and can be used as bioorthogonal chemical reporters.

MGL has a wide range of applications in glycan-related research, such as quantitative
glycan analysis, glycomics, and glycofunctional studies. Chen and co-workers metabolically
labeled the glycans on cancer cells in vivo and employed '°F labeling to achieve selective
cellular MRI imaging [59]. Wang and co-workers metabolically incorporated unnatural N-
acetylhexosamine analogs (Figure 2) into the capsule polysaccharides of Escherichia coli and
Bacillus subtilis via bacterial metabolism [60]. The site-specific introduction of fluorophores
directly onto cell surfaces provides a method for observing and quantifying bacteria.
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Figure 2. GIcNAc analogs are incorporated into the disaccharide repeat units of the cell-

surface capsular polysaccharide E. coli K5. Both N-azidoacetyl-D-glucosamine (GlcNAz)- and N-
pentynylacetylglucosamine (GlcNAI)-supplemented K5 were able to react with fluorescein amidite
(FAM)-alkyne (1) or rhodamine-Nj chloride (2) [60]. Reproduced with permission from 60 published
by Science, 2023.

In addjition to the advances in applications, metabolic monomers of unnatural sugars
are also being developed at a rapid pace. Parle and co-workers sought to vary the ex-
tent of acetylation of methylcyclopropene (Cyoc)-tagged monosaccharides and investigate
its effect on the extent of glycan labeling in various cancer cell lines [61]. They found
that tri- and diacetylated derivatives significantly enhanced cell labeling compared to the
tetra-acetylated monosaccharide. Chen’s group found that per-O-acetylated unnatural
monosaccharides can react non-specifically with protein cysteines via a non-enzymatic reac-
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tion termed S-glyco-modification [62,63], and they synthesized unnatural monosaccharides
including ManNAz, 1,3-Pr,ManNAz, and 1,6-PrpManNAz (Figure 3), which can avoid
S-glyco-modification and allow for imaging of sialylated glycans [64]. The future direction
of MGL development may lie in avoiding metabolic by-products, conferring selectivity or
targeting, and creating novel unnatural sugar molecules.
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Figure 3. Structures of S-glyco-modification-free metabolic sugars [64]. Reproduced with permission
from 64; published by the American Chemical Society, 2023.

3.2. Chemoenzymatic Glycan Labeling (CeGL)

Besides metabolic labeling, chemoenzyme labeling is one of the most important tools
for covalent labeling of glycans. This technique simplifies the labeling process by transfer-
ring the functionalized unnatural monosaccharide or higher-order-structure sugar substrate
directly to the end of the glycan chain, catalyzed via glycosyltransferases, and then labeling
the signal probe through bioorthogonal reactions. These glycosyltransferases are highly
specific and efficient catalysts capable of transferring monosaccharide substrates in a short
time and are independent of the cellular biosynthetic process, allowing them to be used
in any biological system that cannot be cultured with non-natural sugar analogs, such as
human tissue extracts.

Wu's group summarized the available methods for chemoenzymatic labeling of gly-
cans by 2017 [65]. Chen’s group also summarized the development and application of
glycosyltransferases until 2021 [53]. A few new glycosyltransferases [66—68] relevant to
cell labeling have been reported in the last two years, with more attention being paid
to improving performance [69] and expanding substrates [70] and applications [71-76].
The technique faces several challenges: glycosyltransferases that can tolerate unnatural
monosaccharide donors are difficult to find; unnatural monosaccharide derivatives are
more difficult to synthesize than the unnatural sugars of MGL; and chemoenzymatic la-
beling techniques are only suitable for reporting steady-state glycosylation and not for
monitoring dynamic glycosylation.

Indeed, there is another class of glycosyl oxidases that can remodel specific glycosyl
groups on the cell surface, and the resulting chemical groups can be labeled by bioorthog-
onal coupling. For example, galactose oxidase (GAO) is a copper metalloenzyme that
oxidizes galactose/acetylgalactosamine (Gal/GalNAc) based on a free radical mecha-
nism [77]. It is also possible to label a wider range of glycoforms by altering the substrate
suitability of GAO through directed evolutionary techniques [78,79]. GAO tagging of
terminal galactose has long been used for glycomics studies [80]. In addition, Ju’s group
used GAO oxidation, combined with chemiluminescence, to image terminal galactose in
living cells [81].

Ding’s group developed a series of GAO-based methods for oxidative remodeling
of Gal/GalNAc at different spatial levels [82-87]. To ensure spatial specificity of glycan
remodeling, they used potassium ferricyanide to inhibit GAO activity and potassium
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ferrocyanide to activate GAO activity after the recognition process was completed. Based
on this strategy, glycan remodeling of specific proteins in cells [82,84,85] and exosomes [86]
was achieved. Tao et al. covalently modified cholera toxin B subunit (CTxB), which can
specifically bind lipid rafts with GAO on the surface of gold nanoparticles, which allowed
labeling and imaging of Gal/GalNAc in the lipid raft regions on the cell surface through
spatiotemporal control of GAO activity (Figure 4) [83].
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Figure 4. (A) Scheme of traditional fluorescence methods capable of recognizing lipid raft regions.
(B,C) Schematic of covalent labeling of glycans in lipid rafts using CTxB to direct the localization
of GAO to rafts [83]. AuNP, gold nanoparticle; CTxB, cholera toxin subunit B; and GO, galactose
oxidase. Reproduced with permission from 83; published by the American Chemical Society, 2020.

In order not to directly interfere with the enzyme’s activity, they encapsulated GAO
using metal-organic framework (MOF) materials or polyethylene glycol (PEG) molecules
to modulate the accessibility of the enzyme’s active site. Zhang et al. encapsulated GAO
in a MOF structure (ZIF-8) and loaded aptamers on the resulting GO@ZIF-8 to target
specific tumor cells. Cell-selective Gal/GalNAc oxidation and imaging were achieved
by disrupting the MOF structure with ethylene diamine tetraacetic acid (EDTA) after
recognition (Figure 5) [82]. Li et al. covalently modified PEG containing disulfide bonds on
the surface of GAO. After recognition of specific proteins, the disulfide bonds were cleaved
using tris(2-carboxyethyl)phosphine (TCEP), allowing the PEG chains to be released and
the GAO to access the glycans on the cell surface (Figure 6) [85].
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Figure 5. Schematics of switchable enzymatic accessibility strategy for precision cell-selective surface
glycan remodeling [82]. GO, galactose oxidase; 2-MIM, 2-methylimidazole; Apt, aptamer; and ZIF-8,
zeolitic imidazolate framework-8. Reproduced with permission from 82; published by Wiley Online
Library, 2019.
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Figure 6. Schematic illustration of the localized enzyme decaging strategy for regulating enzyme
activity used in protein selective labeling. (a) The glyco-editing enzyme is caged with PEG and
modified with an aptamer to yield the probe. (b) After the probe specifically binds to the target
protein, the PEG on the probe is cleaved by TCEP, exposing the enzyme active site and allowing

protein specific glycan editing [85]. PEG, polyethylene glycol; TCEP, tris(2-carboxyethyl)phosphine
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hydrochloride; and MUC1, mucin 1. Reproduced with permission from 85 published by Elsevier,
ScienceDirect, 2021.

3.3. Chemical Covalent Labeling

In addition to the above methods, chemical covalent labeling using small molecules
is a simple and rapid strategy for in situ studies of cellular glycans. Two approaches
are commonly used, one based on the reversible reaction of phenylboronic acid with cis-
dihydroxyl groups and the other based on the selective oxidation of sialic acids using
sodium periodate at low temperatures.

Kataoka et al. evaluated the binding ability of sialic acids to phenylboronic acid (PBA)
in aqueous solution at different pHs [88], which raised interest in PBA for detecting or label-
ing sialic acid on cells [89,90]. Matsumoto and co-workers employed fluorescently modified
boronic acid to target multiple cancer stem cell subpopulations in parallel (Figure 7) [91].
Qualls et al. designed bis-boronic acid liposomes to recognize carbohydrates for selective
labeling of diseased cells [92]. In general, the lower the pKa of the boronic acid ligand,
the stronger the binding to cis-dihydroxyl groups. To improve the binding capability
of boronic acid to carbohydrates, the introduction of tertiary amine groups, which can
form intramolecular coordination with boron atoms (i.e., to form Wulff-type PBAs), to the
adjacent positions of the boronic acid ligand [93,94] or the introduction of an intramolecular
B-O coordinating group on the benzene ring [95,96] can reduce the pKa of the boronic
acid ligand. However, the increased binding often leads to a decrease in glycan binding
selectivity. How to find a balance between the two is something to think about. Although
the specificity and stability of the reaction between boronic acid and sialic acid need to be
improved, this is still a simple and rapid method for labeling carbohydrates.
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Figure 7. Schematic representation of pH-regulated fluorescence-modified 5-boronopicolinic acid
(5-BPA) recognition for various cancer cells [91]. Reproduced with permission from 91 published by
the American Chemical Society, 2021.

The oxidation of glycans using sodium periodate is a classical chemical reaction [97],
and the low concentration and temperature conditions make it possible to selectively
oxidize sialic acids on the living cell surface [98]. The aldehyde groups generated can be
coupled with nanomaterials to achieve signal amplification [99,100]. Meanwhile, studies
on the detection of sodium periodate-oxidized sialic acids on specific proteins have also
been reported. Using a localized glycan labeling strategy similar to that of Ding’s group,
Sun et al. first identified the target protein with a protein probe containing an aptamer
and a DNAzyme. Then, they oxidized cell-surface sialic acids with sodium periodate and
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coupled a DNA-containing peptide beacon probe with bifunctional PEG. The proximity
of the protein probe and peptide beacon probe, when they are on the same protein, can
hybridize with each other, and the peptide beacon was released by the DNAzyme with the
help of metal cofactors. The free protein probe can hybridize with the next adjacent beacon
probe to achieve cyclic release of the labeled beacon. This strategy allows quantification of
the beacon probe with HPLC and thus the abundance of labeled sialic acids. This sensing
method converted sugar signals into peptide beacons, providing a novel quantification
method for protein-carried glycans [101].

Comparing the two labeling methods for sialic acids: (1) Arylboronic acid labeling re-
quires only a 1-step reaction, while periodate labeling requires 2 steps. (2) Arylboronic acid
labeling requires careful pH adjustment to ensure label specificity, whereas periodate label-
ing requires careful control of sodium periodate concentration and reaction temperature.
(3) Arylboronic acid labeling can be used for in vivo scenarios.

4. Glycan-Specific Sensing

The key to in situ sensing of glycans is the use of non-covalent recognition or covalent
labeling methods to convert glycan signals at the cell surface into output signals such as
force, light, electricity, or mass. These sensing strategies provide a faster and more sensitive
means to detect complex glycosylation modifications on cell surfaces, which can help to
track and understand glycan-related biological processes in situ. There is a wide variety of
sensing techniques for cellular glycans, and we divide them here into two main categories
according to whether they require labeling or not: Methods that do not require labeling
mainly include surface plasmon resonance (SPR) and atomic force microscopy (AFM). They
allow the study of glycan-related interactions at the molecular level and can quantitatively
respond to the dynamics of glycan binding to different glycan-recognizing molecules under
different conditions. Labeling methods include optical, electrochemical, and mass spectro-
metric techniques. These techniques allow either highly sensitive quantitative detection or
in situ imaging of glycans on cells, which are summarized in Table 3. In addition, biomolec-
ular layer interferometry (BLI) [102,103], microscale thermophoresis (MST) [104,105], lectin
histochemistry [106-109], and enzyme-linked lectin assay (ELLA) [110,111] are also power-
ful tools for studying glycan recognition. However, these techniques are rarely applied to
in situ sensing at the cell surface and are therefore not included in this review.

4.1. Surface Plasmon Resonance

Glycans are involved in a wide range of biorecognition processes, and the study of
glycan interactions helps us better understand the communication events of living systems.
The main types of glycan recognition include glycan—glycan interactions and glycan—
protein interactions. SPR is commonly a labeling-free technique that can monitor glycan
interactions in real time. Zhou'’s group has conducted detailed work on the measurement
of cell-surface glycan interactions. They designed a dual-channel substrate using SPR
microscopy to solve nonspecific adsorption using a microfluidic device. One channel with
poly-L-lysine deposited was used for cell immobilization, and the other channel with PEG
covered was for reference. Parts of these two channels can be easily positioned in the field of
view of an SPR microscope [112] and used for studying the interaction between lectins and
glycans (Figure 8). They assessed wheat germ agglutinin (WGA) affinity towards N-acetyl
glucosamine and N-acetylneuraminic acid on human foreskin fibroblast (HFF) cells. This is
the first study reporting on the binding and kinetic parameters of WGA interactions with
two different glycosylated sites. They also studied the interaction of lectins with glycans in
living and fixed cells [113]. Luo et al. [114] developed a localized surface plasmon resonance
(LSPR) method using U-shaped gold nanoparticle (AuNP)-modified optical fibers. The
sensitivity was significantly improved compared to the conventional SPR technique. Based
on this technique, they performed in situ detection of cell-surface N-glycans with high
sensitivity and a limit of detection of 30 cells/mL.
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Figure 8. SPR microscope for measurement of cellular glycan-lectin interaction [112]. Red box shows
the imaging area. PLL, polylysine. Reproduced with permission from 112 published by the American
Chemical Society, 2022.

4.2. Atomic Force Microscope (AFM)

Alsteens’s group employed AFM to investigate the binding of reovirus protein and
sialic acids [115], and they have conducted extensive and rewarding research on the
interaction of viruses with cellular glycans [116,117]. Otsuka and co-workers decorated a
boronic acid-end-functionalized poly (ethylene glycol) onto an AFM cantilever, providing
a dynamic and sialic acid-specific imaging mode [118] (Figure 9). Unlike conventional
fluorescence microscopy and immunoelectron microscopy methods, their technique does
not require pretreatment with glycan labeling. This feature suggests the possibility of
analyzing living cells to reveal their true dynamics of glycosylation.
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Figure 9. Schematic representation of AFM functionalized with boronic acid for dynamic imaging
of sialic acids [118]. Reproduced with permission from 118 published by the American Chemical
Society, 2020.

4.3. Optical Detection

Optical sensing is an analytical approach that converts the signals of glycans into
recognizable optical signals, including fluorescence, surface-enhanced Raman scattering
(SERS), chemiluminescence (CL), etc. These approaches facilitate the quantitative analysis
and imaging of cell-surface glycans.
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4.3.1. Fluorescence

After fluorescent labeling, the glycans can be easily quantified using flow cytometry,
which has the capability of multi-parameter analysis. Fu et al. performed flow cytomet-
ric quantitative analysis of PD-L1-specific sialic acids on the cell surface by designing a
proximity ligation assay (PLA)-mediated rolling circle amplification strategy, which effec-
tively amplified the fluorescence signal of PD-L1’s glycans, thus improving the detection
limit [119]. Ding et al. applied flow cytometry to the terminal galactose and sialic acids
on the sperm surface using glycan oxidation labeling [120]. The authors found that the
glycosylation level of spermatozoa from diabetic mice was higher than that of the normal
group, revealing the relationship between glycosylation modification and sperm quality,
thus laying the foundation for the development of glycan-related reproductive markers.

In addition to flow cytometry-based strategies, lectin arrays are a very classical tech-
nique for in situ fluorescence analysis of cellular glycans [121-124]. After incubation of
fluorescently labeled cells with microarrays modified with a variety of lectins, the number
of cells captured on different lectin blots is used to reflect the glycosylation of the cells. To
increase sensitivity, this mode can be reversed by immobilizing the cells on the surface
of a specific substrate, then incubating a tagged lectin and using the tag on the lectin to
dock to a signal amplification module. Feng et al. [125] constructed an exosome array
and amplified the glycan signals by initiating a DNA rolling circle amplification based
on the recognition of exosome surface glycans via lectins. In situ detection of multiple
cancer-associated glycans on the exosome surface was achieved using different lectins at
different locations (Figure 10).
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Figure 10. Schematic illustration of the lectin-mediated RCA signal amplification strategy for in situ
detection of exosomal glycans [125]. RCA, rolling circle amplification. Reproduced with permission
from 125 published by Elsevier, ScienceDirect, 2018.

The fluorescence resonance energy transfer (FRET) process is strongly dependent
on the distance between the fluorescent donor and the receptor and was thus the first
technique used for protein-specific glycan imaging. Currently, FRET-based methods for
glycan analysis have been widely reported [126-129]. For example, Chen et al. [130]
developed two probes and an exonuclease IlI-assisted recycling hybridization strategy for
quantitative fluorescence analysis of the glycans of the target protein on the cell surface
(Figure 11). The researchers constructed two DNA sequence-based probes, a protein
probe (PP) and a glycan probe (GP), where PP consists of an aptamer and a DNA sequence
partially complementary to GP, whereas GP mainly consists of a fluorophore and a quencher,
as well as a DNA sequence partially complementary to PP. The GP probe is first labeled for
cellular glycans using the metabolic labeling technique. To distinguish the target glycans
on the given protein, PP is added to bind to the protein. Hybridization of PP with the
adjacent GP probe can trigger cleavage of the GP probe by enzyme exonuclease III, releasing
the fluorophore and returning the PP probe to its free state. Subsequently, the PP probe
continues to hybridize with other GP probes on the bound protein, thereby converting the
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individual glycans on the target protein into fluorescent signals. Using this method, the
authors successfully achieved sialic acid imaging of EpCAM on the surface of MCF-7 cells,
paving the way for in situ quantitative analysis of protein-specific glycans.
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Figure 11. Schematic illustration of (a) the glycan probe (GP) and protein probe (PP) (b) for in situ
quantitative analysis of protein-specific glycans on the cell surface through a pair of probes and the
exonuclease IlI-aided recycling hybridization strategy [130]. FAM, 6-carboxyfluorescein; BHQ, black
hole quencher; DIBO, dibenzocyclooctyne-amine (DIBO); NE, nuclease buffer; and TE, tris-EDTA.
Reproduced with permission from 130; published by the American Chemical Society, 2016.

Fluorescence methods can also be combined with other modalities to analyze gly-
cans. Liang et al. [131] developed a dual-mode paper-based biosensor that integrates
fluorescence and colorimetric sensing signals and further amplifies the signals through
the multibranched hybridization chain reaction (mHCR) (Figure 12). In this approach,
concanavalin A (Con A), a lectin that targets cell-surface glycans, was combined with mHCR.
PtCu nanochains and graphene quantum dots (GQDs) were attached to long chains gen-
erated by mHCR to form the nanoprobe for signal amplification. Aptamer was used to
capture cells on the surface of Ag-Au microfluidic paper-based analytical devices (1PADs),
followed by Con A-guided binding of the nanoprobe. In the probe, GQDs were used to
generate fluorescent signals, and the peroxidase-like activity of PtCu nanochains catalyzed
3,355 -Tetramethylbenzidine (TMB) to produce a colorimetric signal, enabling highly
sensitive bimodal visual detection of cell-surface N-glycans.

4.3.2. Surface-Enhanced Raman Scattering (SERS)

Surface-enhanced Raman scattering (SERS) is an analytical technique that utilizes
the enhancement of Raman scattering signals on nanostructured surfaces [132]. When
molecules adsorb onto specific metal nanoparticles or nanostructured surfaces, it results
in a significant enhancement of Raman scattering signals, providing high sensitivity for
analysis [133], and has been extensively applied in biological analysis [134]. Although
there have been numerous reports on the detection of saccharides using SERS [135-138],
the majority of these methods are focused on in vivo analysis and cannot achieve in situ
quantification. Chen et al. [139] proposed a micro-competition system that combines dual-
surface monolayer competition with SERS for simultaneous quantification of multiple
polysaccharides on the intact cell surface. In this design (Figure 13), gold nanoprobes were
prepared by coating different Raman-active molecules and lectins onto gold nanoparticles,
allowing both SERS signal resolution and glycan recognition. The silica bubbles function-
alized with multi-polysaccharide-coated gold nanostars act as artificial polysaccharide
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surfaces and SERS substrates to compete with the cells for the gold nanoprobes. This
micro-competition system enables the simultaneous detection of multiple polysaccharides
on the intact cell surface via SERS quantification of different gold nanoprobes on the silica

bubbles. This method solves the challenge of simultaneously quantifying multiple glycans
in intact living cells.
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Figure 12. Schematic representation of a dual-mode paper-based biosensor for real-time monitoring
of cell-surface glycans using fluorescence and colorimetric sensing signals [131]. I, initiating chain;
H1, hybrid chain 1; H2, hybrid chain 2; GQDs, graphene quantum dots; and TM, tunicamycin.
Reproduced with permission from 131 published by Elsevier, ScienceDirect, 2016.
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Figure 13. Schematic illustration of (a) nanoprobe synthesis and (b) design of the micro-competitive
system involving gold nanoprobes, silica bubbles, and target cells for in situ detection of cell-surface
glycans using SERS [139]. RSM, Raman signal molecule; MGAuNS@B, multiple-polysaccharide-

coated gold nanostars. Reproduced with permission from 139 published by the Royal Society of
Chemistry, 2015.
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The enhancement of Raman scattering signals plays a key role in highly sensitive
detection. Nanotags are typically composed of nanomaterials with high Raman activ-
ity and a high surface area, both of which enhance the intensity of Raman signals and
have garnered significant attention in the SERS detection of trace substances [140,141].
Cordina et al. [142] employed SERS nanotags functionalized with lectins to enhance Ra-
man signals for specific detection of glycoproteins on cell surfaces (Figure 14). Using
immunoglobulin G (IgG) as a model, the surface glycans of IgG as low as 10 ng IgG in
one drop (1 pL) could be detected within two hours. To further enhance the SERS activity
and stability of the nanotags, Miao et al. [143] successfully synthesized nitrogen-doped
graphene quantum dots (NGQDs) with exceptional long-term stability and biocompatibil-
ity, resulting in an effective enhancement of Raman activity. Subsequently, they conjugated
NGQDs with 4-mercaptophenylboronic acid (MPBA) for cell-surface glycan sensing. This
method demonstrated excellent selectivity and sensitivity.
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Figure 14. Schematic illustration of the lectin-modified nanotags for enhancing SERS ac-
tivity in the detection of cell-surface glycans [142]. Ra, Raman reporter; DTSSP, 3,3'-
dithiobis[sulfosuccinimidyl]propionate; and PVDEF, polyvinylidene fluoride. Reproduced with per-
mission from 142 published by the Royal Society of Chemistry, 2020.

4.3.3. Other Optical Methods

In addition to the common methods mentioned above, there are other techniques
that can be used for in situ detection of cell-surface glycans. Chemiluminescence (CL)
is a phenomenon in which luminescent substrates, through chemical reactions, generate
excited-state molecules that emit visible or ultraviolet light upon returning to their ground
state. The most important features of this technique are the absence of excitation light and
the low background signal. Han et al. [81] combined chemoselective labeling of glycans
with chemiluminescent array detection to achieve simultaneous analysis of two types
of glycans on cells. They oxidized cell-surface Gal/GalNAc and sialic acids to generate
aldehyde groups and then covalently coupled avidin. They then bind gold nanoprobes
loaded with biotin and a large amount of horseradish peroxidase (HRP) to the avidin. HRP
can catalyze luminal-H,O;, chemiluminescence, enabling in situ monitoring of cell-surface
sialic acids and Gal/GalNAc, and the detection limit can reach as low as 12 cells.

With the continuous progress of new technologies, in situ detection methods of cell-
surface glycans are becoming more diversified. Liu et al. [144] proposed a novel pho-
toacoustic detection system for signal amplification that enabled in situ detection of the
glycosylation of mucin 1 in mice with breast cancer. This study provides a new idea for
monitoring glycosylation in vivo.

4.4. Electrochemical Detection

An electrochemical biosensor is a device that uses changes in electrical signals (e.g., cur-
rent, electrode potential, electrochemical impedance, etc.) generated by the binding of a
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biomolecule to the surface of an electrode for analysis [145]. Electrochemical methods have
been widely used for the detection of cell-surface glycans because of their rapid response,
high sensitivity, and ease of quantification [146]. Another major advantage of electrochem-
ical methods over other methods (AFM, fluorescence microscopy, flow cytometry, mass
spectrometry, etc.) is that the devices are inexpensive and easy to miniaturize.

The generation of electrochemical signals is closely related to the electron transfer
process at the electrode surface, and efficient electron transfer contributed to increased
detection sensitivity. Therefore, researchers have worked to develop and apply novel
conductive materials and methods to electrochemical analysis to improve electron transfer
efficiency. These materials include ferrocene [147], silver nanoparticles (AgNPs) [148], Cu-
based metal-organic frameworks (Cu-MOFs) [149], reduced graphene oxide (rGO) [150],
Pd@Au NPs [151], single-wall carbon nanotubes (SWNTs) [152], and multi-walled carbon
nanotubes [153]. Organic electrochemical transistors (OECTs), an emerging device, are a
unique class of organic thin-film transistors (OTFTs). They can operate at lower voltages
and regulate charge transport through electrochemical reactions. allowing stable operation
under low-voltage conditions [154]. OECT-based biosensors have been employed for the
detection of cell-surface glycans [149,155-158]. Chen et al. [159] constructed an electrochem-
ical biosensor based on mercaptopropionic acid (MPA)-modified OECT and successfully
achieved quantitative detection of cell-surface glycans. In this study, an HRP-lectin probe
was used to recognize cell-surface glycans. Upon binding the probe to cell-surface gly-
cans, HRP catalyzed the decomposition of HyO,, inducing electron transfer in the OECT
and generating an electrical signal. Additionally, the intensity of the electrical signal was
directly proportional to the amount of glycans.

In addition to the use of novel conductive materials, the detection sensitivity can be
improved by introducing signal amplification methods [160-162]. Qian et al. [161] utilized
single-walled carbon nanohorns (SWNHs) for signal amplification, and these SWNHs hold
a larger surface area that can accommodate considerable reactive sites, resulting in the
amplification of differential pulse voltammetry (DPV) signals. Zhang et al. [163] combined
the amplification effect of multi-walled carbon nanotube/Au nanoparticle (MWNT/AuNP)
materials with the excellent catalytic performance of HRP to achieve signal amplification.
Ding et al. [164] prepared a nanohorn scaffold functionalized with arginine-glycine-aspartic
acid-serine tetrapeptide on the electrode surface for cell capture and enhancing electron
conduction (Figure 15). A lectin- and HRP-co-functionalized gold nanoprobe was also
developed for dual signal amplification of electrochemical signals based on enzymatic
catalysis and the high surface-to-volume ratio of gold nanoparticles. The study enabled
highly sensitive and selective in situ assessment of cell-surface glycans, with a detection
limit of as low as 15 cells.
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Figure 15. Schematic illustration of a tetrapeptide nanohorn scaffold for enhancing electron transfer
and cell capture, which enables the highly sensitive detection of glycans in situ combined with a gold
nanoprobe [164]. HRP, horseradish peroxidase; AuNP, gold nanoparticle; SWNHs, single-walled car-
bon nanohorns; RGDS, arginine-glycine-aspartic acid-serine tetrapeptide; o-PD, o-phenylenediamine;
and DAB, 2,2’-diaminoazobenzene. Reproduced with permission from 164 published by the Ameri-
can Chemical Society, 2010.
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Electrochemiluminescence is a unique electrochemical phenomenon involving the
coupling of redox reactions and luminescence reactions within an electrochemical system.
Many studies employed electrochemiluminescence for the detection of cell-surface glycans
due to its high sensitivity and low background interference [165-168]. Han et al. [165]
employed a variant of the “one molecule-two surfaces” competition format to realize in situ
label-free analysis of cell-surface carbohydrates. They immobilized mannan-functionalized
CdS quantum dots on the electrode to compete with cell-surface glycans towards Con A. In
the absence of cells, Con A is captured using mannan on the electrode surface, resulting in
blocked electron transfer and a weak electrochemiluminescence signal. In the presence of
cells, the amount of mannan-captured lectin on the electrode decreases, resulting in less
electron transfer blockage and the restoration of the electrochemiluminescence signal. The
major advantage of this strategy is that it reflects the glycan level across the entire cell
surface and does not require pre-modification of cells or lectins (Figure 16).
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Figure 16. Schematic representation of the label-free in situ analysis of cell-surface glycans, which
was achieved by modulating the electrochemiluminescence output signal through competitive bind-
ing [165]. GCE, glassy carbon electrode; ADH, adipic dihydrazide; EDC, 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride; QD, quantum dot; and PDCNT, poly (diallyldimethylammonium-
functionalized multi-walled carbon nanotube). Reproduced with permission from 165 published by
Elsevier, ScienceDirect, 2011.

Chen et al. [169] designed sandwich electrochemiluminescence biosensors for dynamic
assessment of cell-surface N-glycans. They modified Con A on the electrode surface
to capture cells. They also designed a probe composed of Con A-functionalized gold
nanoparticles (AuNPs) and silica nanoparticles containing Ru(bpy);2* for the recognition
of cell-surface N-glycans. This scaffold was able to enhance electrochemiluminescence
signals with detection limits as low as 600 cells/mL.

The team then redesigned the detection elements. Using the high loading capacity
and electron transfer efficiency of poly(amidoamine) (PAMAM) and reduced graphene
oxide (rGO), the number of cells captured was increased, and signal amplification was
achieved. At the same time, AuNPs were used to load alkaline phosphatase (ALP) and Con
A, where Con A can recognize N-glycans on the cell surface and ALP can produce phenol
under AuNP-based catalysis, which can inhibit the electrochemiluminescence reaction
of Ru(bpy);2*. The detection of glycans on the surface of cancer cells can be realized by
monitoring the signal attenuation after probe binding. This method has excellent detection
sensitivity, and the detection limit is reduced to 38 cells/mL [170] (Figure 17).
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Figure 17. (A) Schematic illustration of electrochemiluminescence biosensor utilizing aptamers,
employing multivalent recognition and ALP-responsive signal amplification, for highly sensitive
cell detection and assessment of cell-surface carbohydrates. (B) The production process of rGO-
dendrimer conjugates. (C) Steps involved in creating ALP-Con A-AuNPs nanoprobes [170]. ALP,
alkaline phosphatase; rGO, reduced graphene oxide; TPrA, tripropylamine; and DEN, dendrimer.
Reproduced with permission from 170 published by the Royal Society of Chemistry, 2014.

4.5. Mass Spectrometry (MS)

Mass spectrometry (MS) is a reliable qualitative and quantitative analytical method
with irreplaceable advantages in glycan analysis and has been widely used to determine
glycan structures and glycosylation sites. Common mass spectrometry techniques used
for cell-surface glycan analysis include electrospray ionization mass spectrometry (ESI-
MS) [171], laser desorption/ionization mass spectrometry (LDI-MS) [172,173], etc. The
use of mass spectrometry for the in situ analysis of cell-surface glycans has attracted the
attention of researchers because of the potential loss of the spatial distribution information
of cellular glycans due to sample pretreatment involved in conventional mass spectrom-
etry analysis [174,175]. Unlike strategies in glycomics, in situ mass spectrometry glycan
analysis methods generally use glycan labeling /recognition techniques to introduce mass
tags on the target glycans, which are then released and detected during MS detection.
Advantages of this type of strategy include high ionization efficiency, ease of simultane-
ous detection of multiple glycans on the cell surface (based on lectin recognition), high
detection sensitivity, and the potential to further extend the methods to tissue sections.
There are currently two main types of tag release techniques: laser-cleavage-assisted and
enzyme-catalyzed-assisted.

4.5.1. Laser-Cleavage Assisted In Situ Detection

When the laser is directed at molecules, its high energy may induce the potential
cleavage of chemical bonds, especially non-covalent bonds. For example, the hydrogen
bonds between DNA duplexes were easily broken under laser irradiation. He et al. [176]
encoded lectins with different DNA primers, which can produce long single-strand DNA
(ss-DNA) with repetitive sequence units by rolling circle amplification and hybridizing with
multiple short DNA probes. These lectin-DNA complexes can identify the corresponding
glycans on the cell surface. Subsequently, the duplexes were broken upon laser irradiation,
and the detached probes from cell surfaces were detected using matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS). However, nucleic acids are not
ideal carriers for mass spectrometry tags, and the homogeneity of the matrix spray and the
sample on the target plate can affect the quantitative results of mass spectrometry.

The covalent bond between the mass tags and the cellular glycans can also be designed
to be cleavable via laser irradiation. Recently, laser-cleavable probes have attracted a lot of
attention, which is generally based on the fact that the photocleavable C-S bond introduced
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between the glycans and mass tags can be cleaved under 533 nm laser irradiation. Han et al.
took advantage of this to design four types of laser-cleavable probes. By combining these
probes with lectins, various glycans on the cell surface can be detected at the single-cell level
via LDI-MS [177]. To improve detection sensitivity, Sun et al. [178] designed a method that
integrates metabolic labeling and click reactions to efficiently attach more laser-cleavable
probe molecules to the sialoglycoconjugates on the cell surface. The detection limit of this
method is 5 fmol (Figure 18), which does not require enzymatic cleavage of glycans, has
high sensitivity and throughput, and is universal for different glycans.
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Figure 18. (a) Introduction of azido-sialic acid (azido-Sia) onto the cellular surface using Ac;ManNAz-
based biorthogonal chemistry. (b) Utilization of click chemistry for thiolene labeling/tagging with
Tphsene. (c) MALDI-TOF MS measurement of MS beacons. [178]. Reproduced with permission from
178 published by the American Chemical Society, 2018.

Subsequently, Ma et al. [172] developed a simpler in situ glycan analysis strategy using
dual-functional laser cleavable mass spectrometry probes (LCMPs). The LCMPs are synthe-
sized by covalently linking lectins and molecular tweezers (MTs) to gold nanoparticles (Au
NPs) through sulfur-containing bifunctional linkers. The lectins act as recognition units
and specifically bind to glycan on the cell surface, while the MTs act as signal amplifiers
and matrices in LDI-MS. The release of MTs from AuNPs was detected via LDI-MS under
laser irradiation, enabling in situ analysis of cell-surface glycans.

4.5.2. Enzyme-Catalyzed Assisted In Situ Detection

Enzyme-catalyzed tag release is another strategy for in situ MS analysis of glycans.
In this method, a synthetic peptide of a known sequence is labeled as a reporter peptide
on the glycans of interest, and then the reporter peptide is detected via mass spectrometry
using enzymatic digestion, which can reflect the number of glycans to be measured. The
enzymatic process is characterized by high efficiency and site specificity.

Sun et al. [179] designed a two-probe method for in situ quantization of galactose/N-
acetylgalactosamine (Gal/GalNAc) at the end of MUC1. The two probes are the protein
probe and the glycan probe. The protein probe contained an aptamer-recognizing MUC1
and a segment for capturing DNA sequences, while the glycan probe featured a sequence
complementary to the capture DNA, a peptide segment acting as a reporter peptide, and an
enzymatic cleavage site. The glycans on the cell surface were linked with the glycan probe
using the bioorthogonal labeling method. After protein probe identification, the reporter
peptide on the glycan probe can be selectively released in the presence of exonuclease III,
allowing quantitative determination of Gal/GalNAc. However, the operation process of this
method is complicated, and the sensitivity is insufficient. DNAzyme motors are typically
designed to achieve nanoscale mechanical motion in specific catalytic reactions, allowing
the movement of the DNAzyme to the catalytic site for precise positioning. Liu et al. [101]
constructed a metal-ion-regulated, recyclable DNAzyme motor based on a dual-probe
approach for highly sensitive in situ detection of glycans. Through a hybridization or



20

Targets 2024, 2
hydrolysis process, it can detect all terminal sialic acid sites on the target protein. The
cleaved reporter peptide is quantified using LC-MS after enzymatic catalysis (Figure 19).
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Figure 19. Schematic diagram of a dual-probe method based on a metal ion-regulated DNAzyme
motor for highly sensitive detection of glycoproteins [101]. PP, protein probe; GP, glycan probe.
Reproduced with permission from 101 published by the American Chemical Society, 2022.
Table 1. Recognition molecules for glycans.
Recognition o . s
Molecule Name Specificity Labeling Strategy Application Ref.
Fluorescent Glycan
AAL Fue nanodiamonds targeting therapy 23]
ECA Gal -
Coirociaion
Lectin BPL GleNAc Fluorescent &Y
NPA Man molecule Cell-selective [25]
SSA Sia glycoform analysis
LTL Fuc Label-free Detection O.f tumor [26]
cell vesicles
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Recognition P . -
Molecule Name Specificity Labeling Strategy Application Ref.
Tn/sTn
(GalNAcwl1-Ser/Thr, )
hMGL Sian2-3CGalNAcad- Label-free [30]
Assessment of
Ser/Thr) .
glycan—protein
RCA120 Gal, Lac Fluorescent interactions [31]
Siglec-2-Fc Sia molecule
WGA GlcNACc Label-free [112]
Lectin UEAI Fuc
SNA Sia DNA-fluorescence Analysis of exosomal
Jacalin Gal coniugate glycans of [125]
PNA Gal Jus tumor cells
HPA GalNAc
LCA Man Nanoparticles Quantification of [139]
WGA GIcNAc P cell-surface glycans [142]
Nanoparticles, Quantification of [164,165,169,
Con A Man Mass tag cell-surface glycans 171,176,177]
SOGO-EIENACZ- GlcNAc - Antibody screening [33]
Anti CA19-9 CA19-9 Composite Detection of CA19-9 [35]
nanomaterial
Anti-SSEA-1 Lewis x Technetium-99m - [38]
Antibody AntTE TF (Galp1-3GalNAcarl- ] ] (40]
Ser/Thr)
Anti-«-Gal (27HS8) Galili (Gal-«1,3-Gal) - - [41,42]
IgM to the
Forssman Forssman - - [42,43]
. . (GalNAc-al1,3-GalNACc) ’
disaccharide
SL-11 Sialyllactose - - [47]
Apt9 Sialyllactose Nanoparticles - [48]
Clone 5 RNA . . Inhibition of
Aptamer aptamer Stalyl Lewis X ) cell adhesion [49]
Biantennary
TGP4 digalactosylated Fluorescent Quantification of cell 51]
disialylated N-glycan molecule membrane glycans
A2G2S2
Aleuria aurantia lectin (AAL), Erythrina cristagalli agglutinin (ECA), Soybean agglutinin (SBA), Bauhinia pur-
purea lectin (BPL), Narcissus pseudonarcissus agglutinin (NPA), Sambucus sieboldiana agglutinin (SSA), Lotus
tetragonolobus lectin (LTL), succinylated wheat germ agglutinin (WGA), Ulex Europaeus agglutinin I (UEA I),
Peanut agglutinin (PNA), Sambucus Nigra lectin (SNA), Helix pomatia agglutinin (HPA), Lens culinaris agglutinin
(LCA), Concanavalin A (Con A), Thomsen—Friedenreich glycoantigen (TF), Fucose (Fuc), Galactose (Gal), Lactose
(Lac), N-acetylgalactosamine (GalNAc), Sialic acid (Sia), N-acetylglucosamine (GlcNAc), and Mannose (Man).
Table 2. Covalent labeling methods for glycans.
Covalent s
Labeling Method Probe Glycan Application Ref.
AcyFucyAlk Fuc imaging [57]
Metabolic glycan labelin ificati
gly: g 1,3-Pr,GalNAz CalNAc Identification of [58]

protein glycosylation
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Covalent s
Labeling Method Probe Glycan Application Ref.
AcgManAz Sia Sia imaging [59]
GlcNAz, GlcNAI Polysacc'harlde In vivo bacterial detection [60]
Metabolic glycan labeling E. coli K5
ManNAz Avoiding
1,3-PrManNAz Sia S-glyco-modification [62-64]
1,6-ProManNAz and SA imaging
ST3Gall Sia (donor sugar) Prob1.n & .O.f the b1.nd1ng [73]
specificities of siglecs
ST6Gall Sia (donor sugar) Capturing [74]
glycan—protein interactions
Chemoenzymatic ‘L
) Investigation of the effects
glycan labeling CgtA GalNAc (donor sugar) of pathogen invasion [75]
WbwK Fuc (donor sugar) TF detection and imaging [76]
Galactose oxidase Terminal Gal/GalNAc Gal/GalNA.c quaptlflcatlon [77-87]
and imaging
PBA Sia Sia qua.nt1f1C.at10n [88-92]
and imaging
. . Gram-negative
Waulff-type PBA Lipopolysaccharide . . 93,94
Chemical covalent labeling P tpopolysacchart bacteria detection [ ]
BOB Terminal Gal Gal detection [95,96]
NalO, Sia Sia quantification [97-99]

and imaging

7-Alkynyl-tetra-acetylated fucose (AcsFucyAlk), 1,3-di-opropionyl-N-azidoacetylgalactosamine (1,3-Pr,GalNAz),

tetra-acetylated N-azidoacetylmannosamine (AcsManAz),

N-azidoacetyl-D-glucosamine (GlcNAz),

N-

pentynylacetylglucosamine (GlcNAl), 1,3-di-opropionyl-N-azidoacetylmannosamine (1,3-Pr,ManNAz), 1,6-di-
opropionyl- N-azidoacetylmannosamine (1,3-Pr,ManNAz), phenylboronic acid (PBA), benzoxaborole (BOB),
-galactoside x-2,3-sialyltransferase 1 (ST3Gall), 3-galactoside «-2,6-sialyltransferase 1 (ST6Gall), Campylobacter
jejuni 3(1-4) N-acetylgalactosaminyltransferase (CgtA), and Escherichia coli fucosyltransferase (WbwK).

Table 3. Comparison of the quantitative analysis and imaging approaches for glycans.

Method Target Application Sensitivity Linear Range Ref.
: Quantification of Sia on _ _
Sia PD-L1 of cell surface (1]
Terminal Gal. Sia Quantification of Sia and Gal _ _ [120]
¢ of sperm
o /Igéeli?’g%, GF-p Imaging glycans on specific [126]
2 - i - -
rgceptor—speciﬁc Sia proteins (FRET)
AT corifin G Imaging glycans on specific } B
IL-36R-specific Sia proteins (FRET) [127]
Optics ) G Imaging glycans on specific _ B
EGFR-specific Sia proteins (FRET) [129]
. . Imaging glycans on specific B B
EpCAM-specific Sia protéins (SERS) [130]
In sll tu t?:d Ic\ll}_/nlam1rclalg Colorimetric method: Colorimetric method:
Man S gy 33 cells/mL; 100 to 1.0 x 107 cells/mL; (131]
oo etri fluorescence method: fluorescence method: :
(colorimetric 26 cells/mL 80-5.0 x 107 cells/mL
and fluorescence)
Clu Quantitative glucose 1.8 mM 0~25 mM [136]
detection (SERS) ’
Glu Detection of glucose in ) _ [137]

urine (SERS)
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Table 3. Cont.

Method Target

Application

Sensitivity

Linear Range

Ref.

Man, Sia, GlcNAc

Quantification of multiple
glycans on intact cell
surfaces (SERS)

[139]

Optics Sia

Imaging Sia at single-cell
level (SERS)

[140]

Man, Sia, Gal, Fuc

In situ monitoring of
glycans on the surface of
cells in body fluids (SERS)

[142]

Sia

Highly specific and
sensitive detection in
serum (DPV)

10 pg/mL

10-500 pg/mL

[146]

Man

Monitoring of glycans on
living cells in response to
drugs (DPV)

3000 cells/mL

1 x 10%~1 x 107 cells/mL

[147]

Sia

PSA detection (LSV)

0.2 pg/mL

0.5~200 pg/mL

[148]

Recombinant
glycoproteins

Accurate and sensitive
determination (DPV)

5.3 pg/mL

0.01-50 ng/mL

[149]

Cell-surface
N-glycans

Evaluation of surface
N-glycans
(DPV)

10 cells

1.0 x 102~5.0 x 10*
cells/mL

[150]

Cell-surface
N-glycans

Evaluation of surface
N-glycans
(I-t curve)

3 cells/mL

1 x 102~1 x 10° cells/mL

[151]

Electrochemistry
AFP

Evaluating the AFP
N-glycans and
discriminating AFP
between healthy and
cancer patient’s serum

(EIS)

0.1ng/L

1-100 ng/L

[152]

Man

Monitoring of glycans on
living cells (DPV)

1.5 x 10% cell/mL

2.0 x 103~2.0 x 10°
cell/mL

[164]

Man

Label-free analysis of
cell-surface glycans (elec-
trochemiluminescence)

1.2 x 10 cells/mL

2 x 103~1 x 107 cells/mL

[165]

Man

Monitoring the dynamic
variation of glycans in
cancer cells (electrochemi-
luminescence)

100 cells/mL

1 x 102~1 x 10° cells/mL

[167]

N-glycans

Dynamically evaluating
cell-surface N-glycans
(electrochemilumines-

cence)

600 cells/mL

1 x 103~1 x 107 cells/mL

[169]

N-glycans

Evaluation of cancer
cell-surface glycans (elec-
trochemiluminescence)

38 cells/mL

1.0 x 102~1.0 x 10°
cells/mL

[170]

MUC1-specific Sia

Quantification of
MUC1-specific Sia in
breast cells (LC-MS/MS)

50 pM

50 pM~10 nM

[101]

Mass
Man, Sia, GIcNAc

Fast and in situ
multiplexed glycan
detection (LDI-MS)

200 cells/mL
(Man)

5 x 10%2~2 x 10° cells/mL
(Man)

[172]
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Method Target Application Sensitivity Linear Range Ref.

Imaging glycomic
Man, Gal alterations in cancer cells - - [176]

(MALDI-TOF MS)

Mass
In situ detection of
. . cell-surface
Sialoglycoconjugates sialoglycoconjugates 5 fmol 100 fmol~100 pmol [178]
(LDI-MS)

Epidermal growth factor receptor (EGFR), transforming growth factor- (TGF-f), interleukin-36 receptor (IL-36R),
epithelial cell adhesion molecule (EpCAM), fluorescence resonance energy transfer (FRET), surface-enhanced
Raman scatting (SERS), differential pulse voltammetry (DPV), prostate-specific antigen (PSA), linear sweep
voltammetry (LSV), amperometric i-t curve (I-t curve), alpha-fetoprotein (AFP), electrochemical impedance spec-
troscopy (EIS), liquid chromatograph mass spectrometer (LC-MS), laser desorption/ionization mass spectrometry
(LDI-MS), and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS).

5. Conclusions

As biomolecules in the outermost layer of cell membranes, glycans play key roles in
molecular recognition, signal transduction, and cellular communication. In situ imaging
and quantitative analysis of glycans can help gain insight into the role of glycans in living
systems and changes in disease occurrence and development. From the above examples of
glycan analysis and imaging, it can be concluded that the use of optical methods to detect
glycans has the advantages of high spatial resolution and good selectivity. A variety of
glycan labeling techniques, including biorecognition and chemical labeling, can be used
for this mode, among which chemical labeling produces lower steric resistance, thus being
conducive to the visualization of glycan molecules at a smaller spatial scale. Its devel-
opment trend is mainly single-cell and single-molecule glycan analysis. Electrochemical
detection methods have irreplaceable advantages such as quantitative detection and high
sensitivity, which are promising for medical-related diagnosis. For mass spectrometry
methods, labeling agents based on lectin recognition can better match the advantage of
multi-channel detection of MS. Comparatively, traditional glycan analysis methods such as
biomolecular layer interferometry and microscale thermophoresis are more suitable for ex
situ analysis of the recognition interactions, while more advanced methods such as SPR
and AFM have the potential to achieve both glycan imaging and molecular force studies.

The next research priorities for in situ glycan sensing include (1) the limited variety
of artificial /natural recognition molecules for different glycan types, and their specificity
and affinity need to be further improved; (2) how to achieve spatial specificity control of
metabolic and chemo-enzymatic glycan labeling techniques; (3) how to further improve the
labeling efficiency; (4) the lack of standardized, comprehensive, and systematic work for in
situ glycan sensing; and (5) the difficulty of dynamically tracking in situ glycan changes.

To meet these challenges, interdisciplinary collaboration between experts from dif-
ferent fields is essential. On the one hand, molecular simulation, structural design, and
chemical and genetic modification can expand the range of labeled targets and improve
their specificity, affinity, and efficiency; on the other hand, there is a need to incorporate
more methods and instrumentation, such as nanomaterials, multimodal analysis, single-
molecule fluorescence analysis, electrochemical analysis, high-content cell imaging, in situ
mass spectrometry imaging, and so on. These will provide more technologies and support
for the development of glycomics, glycochemistry, and glycobiology.
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