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Aberrant glycans are a hallmark of cancer states. Notably, emerging evidence has demonstrated that the
diagnosis of cancers with tumour-specific glycan patterns holds great potential to address unmet
medical needs, especially in improving diagnostic sensitivity and selectivity. However, despite vast
glycans having been identified as potent markers, glycan-based diagnostic methods remain largely
limited in clinical practice. There are several reasons that prevent them from reaching the market, and
the lack of anti-glycan antibodies is one of the most challenging hurdles. With the increasing need for
accelerating the translational process, numerous efforts have been made to find antibody alternatives,
such as lectins, boronic acids and aptamers. However, issues concerning affinity, selectivity, stability and
versatility are yet to be fully addressed. Molecularly imprinted polymers (MIPs), synthetic antibody mimics
with tailored cavities for target molecules, hold the potential to revolutionize this dismal progress. MIPs
can bind a wide range of glycan markers, even those without specific antibodies. This capacity
effectively broadens the clinical applicability of glycan-based diagnostics. Additionally, glycoform-
resolved diagnosis can also be achieved through customization of MIPs, allowing for more precise
diagnostic applications. In this review, we intent to introduce the current status of glycans as potential

Received 14th October 2023 biomarkers and critically evaluate the challenges that hinder the development of in vitro diagnostic
DOI: 10.1039/d3cs00842h assays, with a particular focus on glycan-specific recognition entities. Moreover, we highlight the key

role of MIPs in this area and provide examples of their successful use. Finally, we conclude the review
rsc.li/chem-soc-rev with the remaining challenges, future outlook, and emerging opportunities.
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1. Introduction

Cancer continues to be one of the leading cause of death world-
wide,! emphasizing the need for early detection to improve long-
term survival and reduce mortality rates. Currently, extensive
research is dedicated to uncovering innovative biomarkers,
including proteins®® and nucleic acids,” due to their potential
in detecting tumours at an early stage, even before symptoms are
noticeable. Nevertheless, the current diagnostic sensitivity and
specificity of most biomarkers still do not meet satisfactory
levels.® Furthermore, numerous types of cancer still lack reliable
markers for early detection.

Glycans are present in every cell studied to date across the
kingdoms of life.” In mammals, all classes of biomolecules can
be found in a glycosylated form, ranging from proteins,®
lipids,” secondary metabolites'® to recently reported RNAs.'!
The extensive presence of glycans in organisms emphasizes
their crucial role in regulating diverse physiological and patho-
logical functions, including cell communication, immuno-
modulation, embryogenesis and tumour progression.”** Unlike
proteins and nucleic acids, the biosynthesis of glycans is not
precisely defined at the genetic level.™ It is a dynamic process
that depends on multiple environmental stimuli, including the
local milieu of enzymes, sugar precursors and organelle struc-
tures as well as the cell types involved and cellular signals.'?
Given that the development of cancer is a combination of genetic
and environmental factors,">* in the case where disease states
cannot be well reflected by genetic or proteomic markers,
glycans can report on cancers much better. Virtually, the aberra-
tions in glycan structures and glycosylation patterns have been
observed in various types of cancers,"*'® and their critical role as
biomarkers has been recognized by the fact that diagnosis with
protein-specific glycan changes rather than only proteins will
have improved clinical outcomes.'”"®

Tremendous efforts have been dedicated to discovering
potent glycan biomarkers. Particularly, a substantial number
of aberrant glycans have been identified via advanced mass
spectrometry (MS) technology.'® However, a striking discre-
pancy still exists between these upstream efforts and the number
of diagnostic assays in clinical practice. Currently, only a few
glycan markers are approved by the US Food and Drug Admin-
istration (FDA) and widely used in clinical settings, such as AFP-
L3 glycoforms (core-fucosylated N-glycans that exhibit stronger
affinity to lentil culinaris agglutinin) for hepatocellular carci-
noma diagnosis®® and CA19-9 (a tetrasaccharide carbohydrate
termed sialyl Lewis a) for pancreatic cancer diagnosis.>"** The
dismal progress in translating glycans into clinical diagnostic
applications can be attributed to various reasons, including
difficulties in clinical validation and regulatory considerations.
However, one major technical challenge is the lack of anti-glycan
antibodies with high affinity and exquisite selectivity, as glycans are
poorly immunogenic and structurally similar.>*** Although there
are ongoing efforts to explore alternative recognition ligands for
developing diagnostic assays, such as lectins,> boronic acid***” and
aptamers,”® limitations in affinity, selectivity, stability and versatility
still hinder the translation of glycans in clinical diagnostics.
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Molecularly imprinted polymers (MIPs), a category of artifi-
cial receptors with custom-designed binding sites for targeted
molecules,?® present a viable solution to address these chal-
lenges. Specifically, customized MIPs possess the ability to
selectively bind to a wide range of anomalous glycans, includ-
ing N-glycans,”® O-glycans,> glycosaminoglycans,**** and
gangliosides,** with remarkable affinity. This capacity holds
the potential to enable clinical translation of numerous MS-
identified glycans that lack specific antibodies, effectively
broadening the scope and applicability of glycan-based diag-
nostics. Additionally, glycoform-resolved diagnostics could also
be achieved through tailored cavities of MIPs,"” further improv-
ing the precision of diagnostics. Moreover, MIPs exhibited
other noteworthy merits, including easy preparation, great
stability, and low cost.*® These advantageous characteristics
position MIPs as a promising tool for catalysing a transforma-
tive revolution in glycan-based diagnostics, ultimately facilitat-
ing long-term benefits for patients.

Although the synthetic strategies and vast biomedical appli-
cations of MIPs have been reviewed,***>*° a review focusing on
the unique role of glycan-specific MIPs in broad and precise
diagnostics is apparently lacking. In this review, we aim to
introduce the promising potential of glycan-specific MIPs for
developing diagnostic assays with an emphasis on their excel-
lent binding characteristics to glycans (Fig. 1). We briefly
summarize the current status of glycans as biomarkers. Next,
we outline advanced glycan-specific bio- and artificial receptors
and their advantages and potential drawbacks for diagnostics,
without considering the substantial efforts concentrated on the
chemical labelling methods to target glycans, as these methods
are not suitable for clinical diagnostic assays. Then, we high-
light the successful examples of glycan-specific MIPs in diag-
nostics, which is a very new field with less than twenty
publications, making it a timely survey to introduce the topic
and discuss the current challenges and future opportunities in
this significant field.

2. Cancer-associated glycan changes

Altered patterns of glycosylation are a characteristic feature of a
dysfunctional cellular phenotype. This phenomenon was initi-
ally observed in the 1970s when it was shown that healthy
fibroblasts have smaller membrane glycoproteins compared to
their transformed counterparts.’” Subsequent studies have
demonstrated that lectins exhibit varying binding affinities
for healthy and malignant tissues.”® More recently, advance-
ments in mass spectrometry have allowed for the direct char-
acterization of disease-associated glycans,*® shedding further
light on these unique molecular changes that occur during
malignant transformation. Despite the discovery of numerous
disease-related glycans, their validation as diagnostic markers
in clinical practice remains inadequate. Therefore, in this
section, we do not attempt to comprehensively summarize the
vast field of aberrant glycans identified by mass spectrometry
recently, but rather briefly introduce a few well-recognized glycan
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Fig. 1 Overview of glycan-specific MIPs-based diagnostics. In comparison to traditional natural and artificial glycan binding receptors, glycan-specific
MIPs exhibit several advantages in terms of generality, stability, and selectivity. These features have the potential to revolutionize glycan-based

diagnostics, offering “sweeter than ever” performance.

changes in tumours and provide some examples of tumour-asso-
ciated glycan markers found in glycoproteins, glycolipids and
proteoglycans, which have been validated in a significant number
of clinical samples (Fig. 2).

2.1 Glycoproteins

Glycoproteins comprise approximately 50% of the total cellular
proteome and >90% of the secreted proteome.® Protein glyco-
sylation refers to the covalent attachment of carbohydrates
to polypeptides, including the addition of N-linked glycans,
O-linked glycans, C-linked glycans and glycosylphosphatidyli-
nositol (GPI) anchors.*® Among these, N-linked glycans and
O-linked glycans have been extensively studied due to their
central roles in mediating molecular and cellular functions,
ranging from protein folding to intercellular communication.

Alterations in N-linked glycans typically involve an increase
in core-fucosylation, sialylation and branching (Fig. 2B).*"*> On
the other hand, mucin-type glycans are frequently observed in
O-linked glycans associated with malignant tumours.”* Mucins
belong to the class of glycoproteins that are components of
mucus gel layers, playing a critical role in shaping the functions
of mucus barriers.** They can act as scaffolds for the expression
of cancer-associated glycan epitopes, such as Tn antigen and
sialyl Tn antigen (sTn) (Fig. 2B).**"*® Besides, certain mucins
(for example, CA125 and CA153) have been widely used as
diagnostic markers for cancer.*”"*?

In addition to aforementioned changes, overexpression of
some certain terminal glycans is also commonly found. Within
tumour tissue, glycosyltransferases (for example, sialyltrans-
ferases and fucosyltransferases) involved in linking terminating
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residues on glycans tend to be overexpressed, leading to the
overexpression of certain terminal glycan epitopes, such as
sialyl Lewis a (SLeA), sialyl Lewis x (SLeX), Lewis y (LeY) and
polysialic acid (Fig. 2B).*>"*" These glyco-neoantigens, normally
associated with the extravasation of lymphocytes from the
blood, can facilitate metastatic spread and serve as unique
biomarkers.'**

Overproduction of certain glycoproteins is another common
feature of tumours. For example, in patients diagnosed with
hepatocellular carcinoma (HCC), the concentration of alpha
fetoprotein (AFP) in serum can reach extraordinarily high
levels.>® While the clinical utility of serum AFP in HCC patients
is widely recognized, the specificity of AFP fails to meet the
needs for clinical diagnosis.>** This is due to the fact that
elevated AFP levels can also occur in many other diseases, such
as gastric cancer and testicular germ cell cancer.’®*” Moreover,
approximately 30% of HCC patients show levels of AFP below
the threshold (AFP < 25 ng mL'),*® further limiting its
effectiveness for clinical diagnosis. In 1981, the cancer-specific
microheterogeneity of AFP was elucidated through the use of Lens
culinaris agglutinin (LCA), which recognizes core fucosylated
glycans from AFP.>® After that, the proportion of the LCA-reactive
fraction of AFP (referred to as AFP-L3) compared to total AFP has
been proposed as an improved biomarker in HCC diagnosis,
particularly in differentiating HCC from cirrhosis and hepatitis.®
Nowadays, AFP-L3 has obtained approval from the FDA as a
biomarker for the early detection of HCC and is widely employed
in clinical practice (Fig. 2C).*"

The successful application of AFP-L3 has inspired further
efforts to enhance the diagnostic specificity of other cancers.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Cancer-associated glycan changes. (A) Major types of glycoconjugates in humans. (B) Main cancer-associated glycan changes found in
glycoproteins, glycolipids and glycosaminoglycans. (C) FDA-approved glycan markers: AFP-L3 and CA19-9. Region with red shading represents specific

glycoforms of AFP-L3.

Prostate cancer, being the most prevalent cancer among men in
Europe and the USA,*” serves as a prime example. In 1994, the
FDA approved the use of prostate-specific antigen (PSA) for
detecting and diagnosing prostate cancer.®® However, the PSA-
based blood test is not specific to prostate cancer, as increased

This journal is © The Royal Society of Chemistry 2024

PSA levels can also be caused by benign prostatic hyperplasia
(BPH) or prostatitis.®#®> Moreover, patients with PSA levels
between 4-10 ng mL™" are considered to be in a diagnostic
“grey zone”,*” leading to unreliable diagnostic accuracy. There-
fore, in order to develop a more reliable diagnostic tool than
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the current PSA test, many studies have explored whether
changes in PSA glycosylation patterns can differentiate between
prostate cancer and BPH. Some recent reports have shown an
increase of a2-3 sialic acids in PSA in men with prostate cancer
compared to those with BPH.®® While further clinical validation
is still needed, it is clear that glycoform-resolved diagnostic
methods for PSA have potential translational value and clinical
significance in the future.

Overall, tumour cells exhibit significant changes in glyco-
proteins, especially in N-linked and O-linked glycan structures.
These changes in glycans on specific glycoproteins can serve as
important diagnostic markers. Given that most of the markers
approved by the FDA are glycoproteins,®” protein-specific gly-
can changes have enormous potential for clinical translation.
However, it seems unlikely—in the near future, at least—that
any single glycan change will be capable of definitively distin-
guishing patients from healthy ones. Therefore, diagnostic
assays, or more specifically, affinity reagents, that can selectively
bind multiple cancer-associated glycans will revolutionize future
clinical applications significantly.

2.2 Glycolipids

As the name suggests, glycolipids are glycoconjugates of lipids
and they distributed throughout animals, plants and micro-
organisms. They are indispensable in maintaining the stability
of the membrane. Besides, they can also act as receptors for
viruses and other pathogens to enter cells.®® Glycolipids encom-
pass a wide variety of compounds, including glycosphingoli-
pids (cerebrosides, globosides, gangliosides and others),
glycoglycerolipids, glycophosphospholipids and so on. Glyco-
sphingolipids are one of the most abundant glycolipids in
humans and are found at elevated levels in cancer tissues.
For example, the increased expression of GD2, GD3, GM3 and
Globo H has been reported in high-grade bladder cancer,®
small-cell lung carcinoma’® and neuroblastoma.”* In addition,
tumour-associated glycan epitopes, such as SLeA, SLeX, LeY,
Globo H and polysialic acid, could also be observed in glycoli-
pids with malignancy (Fig. 2B), pinpointing their critical role as
diagnostic biomarkers.

The uniqueness of glycolipids as disease biomarkers stems
from the wealth of structural information present in both their
glycan and lipid components, which can provide insights into
various disease states. However, the high structural heteroge-
neity of glycolipids also poses a challenge in developing a
universal extraction method that can efficiently isolate all types
of glycolipids. Therefore, optimizing extraction protocols is
necessary to achieve accurate diagnostic applications.

2.3 Glycosaminoglycans

Glycosaminoglycans (GAGs) are a group of naturally occurring
heteropolysaccharides found in all mammalian tissues. They
can exist as part of proteoglycans or as independent chains.
Based on the specific monosaccharides and their sulfation
patterns, GAGs can be classified into several major categories,
including hyaluronan (HA), chondroitin sulfate (CS) and

1874 | Chem. Soc. Rev,, 2024, 53, 1870-1891
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dermatan sulfate (DS), heparin and heparan sulfate (HS), and
keratan sulfate (KS).

Studies have shown elevated levels of glycosaminoglycans in
various types of cancer (Fig. 2B).”>”® For example, Bratulic et al.
conducted a study on urine and plasma samples to analyze
glycosaminoglycan profiles (GAGomes) as potential biomarkers
for the early detection of 14 different types of cancer.”* 2064
samples from 1260 cancer or healthy subjects were collected
and cancer-specific changes in biofluidic GAGomes were
observed. Their findings showcased the potential of free glyco-
saminoglycans as reliable and accessible biomarkers for cancer
detection, regardless of the stage. A similar study by Zhang
et al. focused on the use of oncofetal chondroitin sulfate (ofCS)
as a plasma biomarker for pan-cancer detection.”” Through an
enzyme-linked immunosorbent assay (ELISA), they optimized
the ratiometric detection of ofCS glycans and its protein back-
bone in plasma samples. The results showed significantly
higher detection levels in cancer patients, and validation stu-
dies with two independent cohorts covering 11 different malig-
nant tumours indicated the potential of ofCS as a pan-cancer
biomarker.

Despite the promising potential of glycosaminoglycans as
biomarkers, there is a limitation that needs to be considered.
GAGs are present in various tissues and biological fluids such
as the extracellular matrix, cartilage, skin, and blood. This
widespread distribution makes it challenging to determine
the specific tissue origin of GAG biomarkers and their relevance
to specific diseases or conditions. This also explains why they
are commonly used as pan-cancer biomarkers. While pan-
cancer diagnosis is useful for initial health screening, the lack
of specificity may restrict its diagnostic utility.

3. Traditional glycan binding receptors

Due to the complexity of biological systems and samples, the
recognition of glycans plays a critical role in the development of
reliable diagnostic methods in the fields of medicine. However,
this recognition task is challenging owing to the diverse and
complex glycan structures, which manifest vast heterogeneity
in terms of composition, linkage, branching, conformation,
and modification.”® In addition, entities that bind to glycans
must discriminate subtle differences among a broad array of
similar structures, such as the stereochemistry of a single
hydroxyl group, which is quite a high-level requirement for
exquisite recognition. Moreover, the strong solvation of glycans
in water represents another major hurdle. Receptors need to
compete with an extensive network of hydrogen bonds that
surround the glycans, adding another layer of difficulty to their
specific recognition.

Despite the challenges faced in glycan recognition, signifi-
cant efforts are being made to advance this field. For example,
Yamashina et al. have developed a coordination-driven mole-
cular capsule that effectively captures p-sucrose in water.””
Through theoretical calculations and control experiments, they
have demonstrated that the unique selectivity of this capsule is

This journal is © The Royal Society of Chemistry 2024
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due to multiple CH-n interactions between the sucrose hydro-
carbon backbone and the shape-complementary polyaromatic
cavity of the capsule. This provides important insights for the
design and development of glycan-binding receptors. Similarly,
Xiong et al. have synthesized a silica gel modified with
glucopyranoside-Schiff base, which exhibits impressive selec-
tivity and high adsorption capacity for sialylated glycans.”®
Using this artificial receptor, they have successfully identified
novel sialylation sites from complex bio-samples, greatly advan-
cing our understanding of sialylated glycan-related cellular
biological events. These developments are undoubtedly excit-
ing. However, it is important to recognize that the widespread
application of these glycan-binding receptors still needs further
exploration. Currently, prevalent glycan binding receptors
encompass antibodies, lectins, boronic acids and aptamers.
These well-established receptors will be the main focus of
discussion in this section, as they have been widely studied
and recognized for their significant roles in glycan recognition.
Extensive reviews have shed light on their binding character-
istics, notably affinity and selectivity.”® Nevertheless, it is
imperative to acknowledge that certain clinical diagnostic
applications necessitate a more comprehensive assessment
of factors beyond these primary attributes. In accordance with
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other crucial considerations must be taken into account:
(1) reproducibility stands as one critical factor, as it determines
the receptors’ suitability for diverse applications, ensuring
robustness across a broad range of scenarios; (2) stability
assumes a key role in the storage and practical use of these
entities, safeguarding their effectiveness over time; (3) afford-
ability emerges as a prerequisite, broadening accessibility for
researchers and industry professionals, ultimately fostering
widespread adoption; (4) conjugation flexibility arises as a key
determiner associated with the versatility of these receptors to
couple with various detection methods, thereby facilitating
multiplexed and sensitive analysis; (5) lastly, generality assumes
an essential role, influencing the number of potential glycan
biomarkers that can successfully transition into clinical practice.
Therefore, these factors, along with affinity and selectivity, should
be carefully considered in the evaluation and selection of glycan-
binding receptors for specific clinical diagnostic applications
(Fig. 3 and Table 1).

3.1 Antibodies

Antibodies, or immunoglobulins, are specialized proteins pro-
duced by the immune system in response to foreign substances
called antigens. The generation of human glycan-specific anti-

criteria for clinical test development and adoption,®® several bodies has been primarily carried out in murine systems, but
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process when constructing diagnostic methods. For instance,
in the widely used ELISA methods, N-glycans found on the
heavy chains of a capture antibody may impede the recognition
of a labelling antibody towards the glycan target, thus poten-
tially decreasing the robustness of the diagnostic methods.

In fact, glycan-specific antibodies have found extensive appli-
cation in clinical practice and have been effectively validated for
their binding characteristics in cancer diagnostics.”>*® Although
there have been more than 1000 reported glycan-specific anti-
bodies, a substantial portion of them target the same glycan
structures, such as Tn and sTn.”*®> By some estimates, the
number of glycans that could be recognized by these antibodies
is only one-quarter of the total number of antibodies available.”®
This redundancy significantly restricts the overall diversity of
glycans that can be specifically identified and targeted. Moreover,
numerous cancer-associated glycans still lack corresponding anti-
bodies capable of effectively targeting ability.”® This deficiency in
antibody coverage creates a substantial hurdle in the broader
adoption of glycan biomarkers in clinical settings, subsequently
impeding progress in clinical translation. Therefore, it could be
foreseen that addressing this limitation in the generality of anti-
glycan antibodies would be a crucial breakthrough required for
their future clinical applications.

3.2 Lectins

Lectins are non-enzymatic proteins that specifically bind to
carbohydrates. They are widely used in various fields, including
the study of glycan patterns, the detection of glycan altera-
tions in disease, and the exploration of structure-function
relationships.’”*® Although many lectins are available for com-
mercial use, they can be quite expensive due to the costs
associated with natural product purification and recombinant
protein engineering. Unlike antibodies, lectins are more resis-
tant to heat denaturation.”® However, lectins still require care-
ful handling, storage, and transportation to maintain their
bioactivity. Any deviation from the optimal conditions, such
as pH variations or exposure to denaturing agents, reducing
agents, or proteases, can result in the denaturation or precipi-
tation of lectins. Therefore, it is crucial to consider the limita-
tions of affordability and stability when utilizing lectins in
diagnostics.

Lectins exhibit varying affinity and specificity towards their
targets, influenced by factors such as glycan density and
presentation.'?°'% Generally, lectins have weak affinities for
glycans and exhibit poor specificities due to the shallow binding
pockets on their surfaces. To enhance their binding properties,
researchers have turned to lectin engineering techniques such as
site-directed mutagenesis'® and random mutagenesis.'® For
instance, Peanut agglutinin is a crucial lectin in clinical settings
owing to its high affinity for the tumour-associated Thomsen-
Friedenreich antigen (T-antigen). To design a practical probe with
improved specificity for T-antigen, Adhikari et al. employed site-
directed mutagenesis by focusing on Asn41l and successfully
created a mutant variant N41Q, which exhibited a four-fold
increase in binding affinity for T-antigen.'®® In addition to
improving binding abilities, lectin engineering can also

This journal is © The Royal Society of Chemistry 2024
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enhance their stability. Galectin-9 is a novel immune modula-
tor comprising two carbohydrate-recognition domains and is
susceptible to proteolysis due to a lengthy and flexible linker
peptide between the two carbohydrate-recognition domains.
Nishi et al. overcame this limitation by preparing mutant
proteins through the successive truncation of the linker pep-
tide, resulting in a highly stable mutant called G9Null that
lacked the entire linker peptide while retaining its biological
activities.'”” However, despite the potential for engineering
lectins to make them more suitable for diagnostic purposes,
it should be noted that challenges remain. These include
operational complexities, selection of appropriate template
lectins, and construction of mutagenesis libraries. Further-
more, the lack of a widely unified method for lectin engineering
poses further hindrances to their clinical utility.

Typically, a multivalent presentation of both lectin and
glycans is needed to achieve physiologically relevant binding
characteristics.’°®°® However, in diagnostic applications
where lectins are immobilized on extraction substrates, the
interactions between lectins and targets are usually monova-
lent, resulting in significantly lower affinity and bad analytical
performance. This compromised analytical performance could
potentially impede the further progress in diagnostic applica-
tions involving lectins. Additionally, it is important to note that
certain lectins can bind not only glycans but also non-carbo-
hydrate ligands, such as porphyrin and peptides.'*® Therefore,
when using lectins for the diagnosis of glycan markers, there is
a possibility of false positive results due to the presence of these
non-carbohydrate ligands.

Despite the drawbacks mentioned, lectins still hold great
value in clinical applications. As natural ligands, lectins have
the ability to bind to multiple targets, ranging from mono-
saccharides™" and oligosaccharides''” to glycans.'® Furthermore,
lectins can be easily conjugated to different labels using various
chemical methods,"** providing numerous opportunities for
further clinical utility.

3.3 Boronic acids

Boronic acids have been widely used in the covalent binding of
cis-diols present in glycans. This interaction is reversible and
pH-controlled. In brief, when the pH is equal to or greater than
the pKa value of the boronic acid, the boronic acid can form
cyclic esters with cis-diols. Conversely, when the pH is signifi-
cantly lower than the pK, value of the boronic acid, the boronic
acid-cis-diol complex dissociates (Fig. 5).*'

Boronic acids are commonly preferred due to their afford-
able cost as compared to antibodies. Moreover, boronic acids
offer the advantage of being easily modifiable, which allows
for flexible detection strategies in glycan-based applications.
However, their limitations are also worth noting. First, while
there is a wide range of commercially available boronic acids
and derivatives, only a limited subset can provide a biocompa-
tible binding pH suitable for biological samples."*® The scarcity
of boronic acids capable of operating within the physiological
PpH range poses a significant challenge for robust and reliable
diagnostic analysis. Second, some boronic acids may be prone
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Fig. 5 Interaction between boronic acids and cis-diol-containing com-
pounds. Reprinted with permission.!*> Copyright 2017, American Chemical
Society.

to hydrolysis or degradation,"'® limiting their stability for
clinical applications. Third, boronic acids inherently exhibit
lower affinity towards glycans, which impacts their efficiency in
accurately detecting and quantifying specific glycan structures.
Although strategies such as multivalent binding''”'*® and
confinement effects'*® have been explored to enhance their
affinities, employing these approaches may introduce added
complexity to the overall diagnostic process. Lastly, boronic
acids could bind diverse cis-diol-containing compounds with-
out discrimination. This property is advantageous for selec-
tively enriching cis-diols from complex matrices."*® However,
when it comes to reporting precise information in diagnostic
methods, the lack of specificity hinders the ability to precisely
identify and differentiate between specific glycan structures.

3.4 Aptamers

Aptamers are nucleic acid molecules that possess the ability
to mimic antibodies through the formation of intricate 3D
structures. While some aptamers occur naturally as the ligand-
binding components of riboswitches, the majority are generated
in vitro and can be engineered for a specific target. In comparison
to antibodies, aptamers offer several advantages, including their
simplicity in production, cost-effectiveness, and consistency
between batches,'*' making them an excellent alternative for
diagnostic applications. However, glycan-specific aptamers are
restricted due to the limited interactions between carbohydrates
and nucleotides.”

By introducing modified bases into nucleotides, it is possi-
ble to enhance the affinity of aptamers to glycans. For example,
Yoshikawa et al. conducted a study where they incorporated the
aromatic heterocyclic indole moiety into DNA aptamers for
specifically recognize protein glycan epitopes (Fig. 6)."*> Indole
was used owing to two reasons. First, tryptophan, which is an
indole derivative, often establishes crucial interactions within
the binding pockets of anti-carbohydrate antibodies. Second,
indole has been shown to favourably bind to the electron-poor
C-H bonds of carbohydrates, and complementary electronic
effects contribute to driving protein-carbohydrate interactions.
The aptamers developed in this study exhibited a Kd in the
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micromolar range towards polysaccharides, underscoring the
importance of employing modified bases to enhance the affi-
nity of aptamers for glycans.

Although the aforementioned example provides a potential
solution to enhance the affinity between aptamers and glycans,
it is crucial to acknowledge that glycan recognition utilizing
aptamers is still in its infancy. The challenge lies in devising a
comprehensive strategy to engineer aptamers that can effec-
tively bind to a wide array of glycans while maintaining
glycoform-level resolution. Furthermore, a notable drawback
of aptamers is their susceptibility to degradation or loss of
activity over time,"* thereby hindering their long-term sto-
rage and potentially compromising their clinical diagnostic
applications.

4. Molecularly imprinted polymers:
perfect fit for glycan-based diagnostics

Molecularly imprinted polymers (MIPs) are synthetic antibody
mimics that are obtained through the polymerization of func-
tional monomers and crosslinker molecules in the presence of
a template (Fig. 7)."***® MIPs have made significant contribu-
tions to a wide range of applications, including catalysis,"*”
sensing,'”® and separation.'®® In particular, their unique
characteristics make them highly advantageous for developing
clinical diagnostic methods. MIPs are generally more afford-
able compared to antibodies due to their synthetic nature.
Moreover, they are often reusable and can be synthesized in
large quantities,"*® which effectively reduces production costs.
This cost-effectiveness makes MIPs readily accessible to both
academic and industrial communities, ultimately facilitating their
extensive utilization from the preclinical to the clinical stage.

This journal is © The Royal Society of Chemistry 2024
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In addition to their economic benefits, MIPs are renowned for
their robustness and durability. They exhibit remarkable struc-
tural integrity and binding activity even when exposed to
diverse conditions such as temperature variations, pH fluctua-
tions, and protease exposure.'®' Excellent stability sets MIPs
apart from antibodies to offer a versatile tool for a broad
spectrum of diagnostic applications.

Compared to natural receptors, MIPs offer significant advan-
tages primarily due to their broad generality. Reported studies
have demonstrated the capability of MIPs to bind a wide range of
glycans, encompassing N-glycans,*® O-glycans,”" glycosamino-
glycans,**** gangliosides® and so on. Importantly, MIPs exhibit
selectivity and affinity towards these targets that can be compar-
able to antibodies and lectins."** For aberrant glycans that lack
specific antibodies or lectins, MIPs hold the potential to enable
their clinical translation, thereby extending the scope and applic-
ability of glycan-based diagnostics.

Compared to artificial ligands, MIPs provide a highly versa-
tile platform capable of incorporating a wide range of affinity
ligands, including boronic acids and aptamers. For example,
MIPs can be constructed using boronate-affinity glycan-oriented
surface imprinting®***? or aptamer-molecularly imprinted poly-
mer hybrids (Fig. 8)."**"* These advanced materials exhibit
significantly improved affinity and selectivity towards targets
when compared to boronic acids and aptamers used individually.
More importantly, by incorporating various affinity ligands, types
of interactions between MIPs and glycans can be significantly
enhanced to achieve glycoform-resolved recognition. This is
particularly important because glycans often exhibit subtle
differences that are challenging to distinguish using traditional
receptors. The ability of MIPs to discriminate specific glyco-
forms holds great promise in improving accuracy in diagnosis,
as only certain unique glycoforms are highly associated with
cancers. Thus, the versatility and effectiveness of MIPs make
them a superior choice over other artificial ligands in diagnos-
tic applications.

Overall, the unique properties of MIPs, such as cost-
effectiveness, stability, generality and versatility, position them
as exceedingly valuable tools in the realm of glycan-based
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diagnostics. They hold great potential in enhancing the accu-
racy and efficiency of diagnostic tests in various healthcare and
research settings, which is indispensable for advancing this
promising area. We anticipate that the development of
advanced glycan-specific MIPs will pave the way for broader
and more precise cancer diagnosis, opening up new avenues
and opportunities for improving patient outcomes.

5. Glycan-specific MIPs in cancer
diagnostics

The importance of disease diagnosis cannot be overstated, as it
serves as the foundation for determining appropriate treatment
strategies and predicting patient outcomes. In recent years,
biomarker-based diagnosis has become a widely accepted
approach, allowing healthcare professionals to gain a compre-
hensive understanding of diseases at the molecular level.
Among the various biomarkers, aberrant glycan patterns show
great potential for disease diagnosis. Given that glycans are
usually found on the outermost surfaces of cellular and
secreted macromolecules in biofluids,"* techniques such as
imaging and liquid biopsy have gained widespread utilization
in glycan-based diagnostics. Currently, there has been growing
attention towards integrating glycan-specific MIPs into liquid
biopsy and imaging-based diagnostic approaches. This integra-
tion can provide valuable information on the presence, pro-
gression, and molecular profile of various diseases, expanding
the scope of current diagnosis and enhancing healthcare
outcomes.

5.1 Glycan-specific MIPs in liquid biopsy-based diagnostics

Liquid biopsy, a state-of-the-art diagnostic technology, analyses
biomarkers present in bodily fluids such as blood or urine and
has emerged as a promising alternative to traditional tissue
biopsies. Unlike tissue biopsies, which may not accurately
represent the heterogeneity and dynamic changes within a
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tumour, liquid biopsy offers a more comprehensive view.
It captures genetic, protein, or glycan alterations from various
tumour sites, providing valuable insights into tumour evolution
and helping tailor personalized treatment strategies. While
many studies have focused on using glycoprotein-specific MIPs
in liquid biopsy-based diagnostics,"**"*” it is noteworthy that
glycans and glycoproteins are not synonymous. Changes in
glycoprotein abundance, the degree of glycosylation, and spe-
cific glycan structures all have relevance to various diseases.
Therefore, detecting glycoproteins as a whole might not fully
reveal the valuable information hidden in glycans. As a result,
we will not discuss glycoprotein-specific MIPs in this section.

Despite extensive research on the preparation of glycan-
specific MIPs,>**** their incorporation into liquid biopsy-
based diagnostics has not been widely explored. This could
be attributed to the challenges involved in obtaining pure
glycan templates that are specifically associated with diseases
and the incompatibility of traditional MIPs, which are often
hydrophobic and unsuitable for aqueous-based biological
applications.

Recently, with advancements in glycobiology and molecular
imprinting technology, an increasing number of glycan-specific
MIPs are being utilized in diagnostics (Table 2). One common
target in this field is carbohydrate antigens, such as
CA125,35139 CA19-9,'° and CA153."" For instance, Li et al.
investigated the use of glycan epitope sialyl Lewis A as a
template for the development of MIP sensors for the diagnosis
of pancreatic adenocarcinomas (Fig. 9A)."*° The resulting MIP
sensors exhibited an excellent linear response to CA19-9 within
the range of 0.1-5 U mL ™", with a detection limit of 0.028 U
mL . Furthermore, the analysis of serum samples showed a
strong correlation with results obtained from an established
ELISA method, highlighting the promising potential of glycan-
specific MIPs in diagnostics. However, certain terminal glycan
epitopes can also be expressed on various other disease-
associated proteins, limiting the diagnostic specificity when
using only glycan-specific MIPs to capture biomarkers.

To address this challenge, an orthogonal dual MIP-based
sandwich assay has been developed.'** In this approach, a
peptide epitope-imprinted substrate is employed to capture
carcinoembryonic antigen (CEA), a widely used marker for
colon cancer, from serum. Simultaneously, glycan-imprinted
nanoparticles are utilized as labelling nanotags to recognize
glycans. This orthogonal double recognition strategy significantly

View Article Online

Review Article

improves the analytical specificity, reducing the maximum cross-
reactivity from 14.4% and 15.2% for epitope recognition and
glycan recognition, respectively, to 8.2% for double recognition.
Moreover, by measuring the CEA level in human serum, this
method effectively differentiates between colon cancer patients
and healthy individuals.

Although the association between glycans and diseases has
gained recognition, there remains a question about whether
specific glycans hold enough information to accurately report
on diseases. To enhance diagnostic accuracy, a promising
approach is the transition from single to multiplex glycan
biomarkers. In this regard, Luo and colleagues developed a
glycan-imprinted sensor for the simultaneous detection of
CA72-4 and CA19-9 (Fig. 9B)."*® The sensor was created by
electro-polymerization, using the distinctive sTn glycan on the
surface of CA72-4 and the characteristic SLeA glycan on the
surface of CA19-9 as template molecules. Additionally, two
specific lectins were used to label different glycosyl chains to
form a sandwich assay. The generated assay displayed high
sensitivity to CA72-4 and CA19-9 in the concentration range
of 0.005-200.0 U mL™", offering a simple, rapid, and cost-
effective alternative for accurately diagnosing gastric cancer.
However, it is important to note that simultaneously imprint-
ing two types of glycans can increase the heterogeneity of the
imprinted cavity, thus impacting the analytical specificity.
While using two glycan targets could improve diagnostic
specificity, these conflicting factors can influence the ultimate
performance.

Another promising approach to enhance diagnostic accu-
racy is the use of the proportion of disease-associated glycans to
total glycoproteins as an improved biomarker. As we mentioned
previously, AFP-L3/AFP has been widely utilized in diagnosing
HCC. To replace antibodies and lectins with MIPs, Pang et al.
developed a triple MIP-based immunosandwich assay (triMIP-
PISA) to detect AFP-L3/AFP (Fig. 9C)."** An N-terminal peptide-
imprinted MIP was employed to capture AFP from serum, while
a C-terminal peptide-imprinted MIP and a fucose-imprinted
MIP were used to specifically recognize the AFP and AFP-L3
fraction. By facilitating simultaneous plasmon-enhanced
Raman detection of AFP and AFP-L3 in serum, HCC patients
could be accurately distinguished from healthy individuals.
The triMIP-PISA method demonstrated enhanced precision
compared to an antibody plus lectin-based immunofluores-
cence assay.

Table 2 Comparison of glycan-specific MIPs and constructed assays in liquid biopsy-based diagnostics

Characteristics of glycan-specific MIPs

Characteristics of constructed assays

Marker Maximum cross-reactivity (%) Affinity (U mL™ ') limit of detection (U mL™") linear response range (U mL™ ')  Ref.
CA125 4.8 0.698 0.01 0.1-10 138
CA125 0.775 0.01 0.01-500 139
CA19-9 ca. 15 0.028 0.1-5 140
CA153 0.141 <0.1 0.1-100 141
CEA 15.2 0.0002 0.0169-169 142
CA72-4 and CA19-9 0.0041 and 0.0032 0.005-200.0 143
AFP-L3 16.1 0.121-9.68 144
AFP-Gm 0.605-9.68 17
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According to the examples reported above, glycan-specific
MIPs have shown promising results in detecting biomarkers
such as CA19-9 and AFP-L3. However, it should be emphasized
that antibodies or lectins are already available for these bio-
markers. The key advantage of glycan-specific MIPs should go
beyond competing with antibodies or lectins for similar or
improved results. Therefore, the attractive direction in design-
ing relevant diagnostic methods should focus on translating
potential glycan biomarkers without antibodies or lectins into
clinical practice. To this end, Li et al. developed a dual-modal
ratiometric immunoassay using MIPs for precise HCC diagno-
sis (Fig. 9D)."” They identified a set of glycans, referred to as
Gm, which consist of a series of core-fucosylated and/or sialy-
lated N-glycans and have a stronger association with HCC
compared to AFP-L3. By constructing a ‘“pit one against ten”
strategy to develop Gm-specific MIP, a new glycoform-resolved
immunosandwich assay was formed and AFP-Gm/AFP was
detected. The comparison between AFP-Gm/AFP and AFP-L3/
AFP demonstrated improved precision, highlighting the signi-
ficant value of glycan-specific MIPs in developing glycoform-
resolved diagnostic methods for potential clinical translation.

Glycan-specific MIPs have shown significant potential as
artificial receptors in diagnostic assays. Integrating MIPs into

This journal is © The Royal Society of Chemistry 2024

liquid biopsy-based diagnostics offers several advantages,
encompassing increased precision and cost-effectiveness. How-
ever, there is still room for further improvement in this field.
One area that requires attention is the existing processing
methods, which can be complex and time-consuming. To make
these diagnostic assays more practical for widespread use,
high-throughput and mechanized operations need to be devel-
oped. This would enable faster and more efficient acquisition
of diagnostic results. Furthermore, investing additional effort
in controllable MIP preparation, cross-reactivity verification,
and other related processes is crucial. These steps are necessary
to ensure robust and reliable diagnostic outcomes. By addres-
sing these aspects, the diagnostic assays utilizing MIPs can
become more reliable and effective in clinical settings. It is also
worth noting that the potential of MIPs has not been fully
explored yet. To advance this field further, more research
should be focused on the use of glycan-specific MIPs to target
glycans without antibodies or lectins. Additionally, more
advanced MIPs that could enable glycoform-resolved recogni-
tion should be developed to enhance the sensitivity and speci-
ficity of glycan-based diagnostic methods. These advancements
can facilitate the translation of glycan-based diagnostics into
routine clinical practice.

Chem. Soc. Rev., 2024, 53,1870-1891 | 1881


https://doi.org/10.1039/d3cs00842h

Published on 15 January 2024. Downloaded by Y unnan University on 8/4/2025 9:32:21 AM.

Chem Soc Rev

5.2 Glycan-specific MIPs in imaging-based diagnostics

Liquid biopsy has shown promise in the analysis of bodily
fluids, offering a minimal-invasive method for cancer diagno-
sis. However, there are certain types of cancer for which no
bodily fluid markers are currently available, such as lung
cancer. In these cases, it becomes essential to directly analyse
cells to obtain accurate diagnostic information. Consequently,
cellular imaging-based diagnostics have been gaining increas-
ing attention in recent years, because of their ability in translat-
ing biological information into visual signals, providing
valuable insights into the bio-distributions, dynamic changes,
and expression levels of abnormal tumour-specific glycans.
Existing imaging-based diagnostic methods rely on cellular
analysis using lectins or monoclonal antibodies."*>'*® How-
ever, these approaches have limitations in terms of sensitivity,
selectivity and cost, hindering their wider application. A fasci-
nating and promising future direction in this field is to target
aberrant glycosylation using glycan-specific MIPs. This
approach holds great potential for improving the effectiveness
and accuracy of cancer diagnosis.

Recently, imaging-based diagnostics have primarily focused
on targeting specific monosaccharides on the surface of cells,
such as sialic acid"*’~**° and glucuronic acid.">""** Sialic acid,
positioned at the end of glycans, plays a critical role in regulat-
ing innate immunity. Extensive research has established a clear
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connection between higher sialic acid levels and metastatic
cancer cells.”>® To further investigate the expression levels of
sialic acid on cancer cells, a recent study employed MIPs
tailored specifically for sialic acid for imaging four distinct
chronic lymphocytic leukemia (CLL) cell lines.™*” Interestingly,
the more aggressive CLL cells, HG3 and CI, exhibited signifi-
cantly higher levels of sialic acid when compared to the other
cell lines, Wa-osel and AIII, suggesting that sialic acid-specific
MIPs have potential in screening and identifying circulating
tumour cells across various stages. Moving beyond sialic acid,
glucuronic acid, a vital component of hyaluronan, has garnered
attention due to its association with tumour progression in
humans. Hyaluronan is the most abundant glycosaminoglycan
found in mammalian tissue. To explore the role of glucuronic
acid, Demir et al. developed carbon dot-coated molecularly
imprinted polymers (CD-MIPs) using glucuronic acid as a
template (Fig. 10A).""' These CD-MIPs were used to target
and visualize hyaluronan in human cervix adenocarcinoma
cells (HeLa) and human keratinocytes (HaCaT). The results
revealed that the HeLa cells exhibited approximately four times
more bound CD-MIPs compared to the HaCaT cells, indicating
that CD-MIPs are capable of distinguishing between healthy
cells and tumour cells.

Despite the progress made in monosaccharide-specific MIP-
based imaging, there are still limitations in terms of sensitivity
and specificity in diagnostics. To address these limitations,
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Fig. 10 Glycan-specific MIPs in imaging-based diagnostics. (A) Scheme of development of carbon dot-coated molecularly imprinted polymers with
hyaluronan as a template. These MIPs were used to target and visualize hyaluronan in human cervix adenocarcinoma cells and human keratinocytes.
Reproduced with permission.*®* Copyright 2018, American Chemical Society. (B) Scheme showing monosaccharide-specific MIPs-based multiplex
imaging to target not only sialic acid but also fucose and mannose. Pattern recognition algorithms have been employed to identify similarities and
differences among various cell lines, allowing for the recognition of not only cancer cells from normal cells but also different types of cancer cells.
Reproduced with permission.™®* Copyright 2017, American Chemical Society. (C) An example of Gd-doped MIPs for targeting Tn antigens on cellular
surface. Reproduced with permission.**® Copyright 2021, Elsevier.
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researchers have implemented monosaccharide-specific MIP-
based multiplex imaging to target not only sialic acid but also
fucose and mannose (Fig. 10B).">*'**> This approach enables a
more comprehensive assessment of relative expression levels of
monosaccharides in cells. Additionally, pattern recognition
algorithms have been employed to identify similarities and
differences among various cell lines, allowing for the recogni-
tion of not only cancer cells from normal cells but also different
types of cancer cells. However, despite these advancements,
monosaccharide-specific MIP-based diagnostics still face chal-
lenges in meeting clinical needs. One of the major difficulties
lies in identifying the specific glycan biomarkers associated
with these terminal monosaccharides. The limited understand-
ing of the molecular basis behind these biomarkers hinders the
establishment of clear diagnostic criteria. Consequently, it
becomes challenging to accurately interpret the imaging results
and establish robust diagnostic methods.

Apart from monosaccharides, cancer-associated glycan epi-
topes are also commonly utilized as MIP targets in imaging-
based diagnostics. Examples of such epitopes include the Tn
antigen®® and the sialyl Tn antigen (sTn)."*” For instance, in a
study by Ren et al,"”® MIPs were prepared using glycan-
oriented imprinting technology, with Gal-NAc, the glycosyl of
Tn antigens, being used as a template (Fig. 10C). To enhance
their imaging capabilities, Gd-doped fluorescent silicon nano-
particles were incorporated into the core of the synthesized
MIPs. As a result, the MIPs demonstrated the ability for
fluorescence imaging and magnetic resonance imaging. Cellu-
lar imaging experiments revealed stronger signals in cancer
cells MCF-7, which express higher levels of Tn antigens, while
weaker signals were observed in Tn antigens low-expressing
cells MDA-MB-231 and normal cells NCTC. These findings
indicate that the Tn-specific MIPs exhibit excellent perfor-
mance in dual-mode imaging of cancer cells. This underscores
their potential for utilization in future diagnostic applications
in the field of cancer detection.

According to the examples mentioned above, the use of
glycan-specific MIPs shows great promise in mapping aberrant
glycans on cellular surfaces. This opens up possibilities for the
development of imaging-based diagnostics. However, there are
some limitations that need to be addressed for clinical transla-
tion. First, the implementation of imaging-based methods
requires a high demand for professionals and specialized
instruments. This may pose challenges in terms of accessibility
and cost-effectiveness. Second, the diagnostic sensitivity and
specificity are still limited. To ensure accurate and reliable
results, a clear diagnostic criterion needs to be established and
validated in large clinical samples. Additionally, while cellular
imaging has shown great potential, the development of glycan-
specific MIPs for tissue staining-based diagnostics has been
slower than expected. More research and development efforts
should be dedicated to this area. Furthermore, as discussed
above, glycan-specific MIPs offer critical advantages in target-
ing glycans without antibodies and lectins, as well as their great
performance in glycoform-resolved recognition. However, there
have been no recent examples of such use in imaging-based
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diagnostics. Therefore, more efforts should be focused on
exploring and showcasing the possibilities of this approach.
Future studies should dedicate their focus to developing more
advanced MIPs. These may include smaller-sized MIPs to
increase imaging resolution, as well as more versatile functions
to enable multiplex imaging. Additionally, integrating advanced
algorithms to interpret imaging results and establish diagnos-
tic criteria would be beneficial for further advancements in
this field.

6. Challenges and perspectives
6.1 Grand challenges

Glycan-specific MIPs have demonstrated great promise in
enabling precise and broad diagnostics. The development of
glycan-specific MIP-based diagnostics lies within a new and
interdisciplinary field that combines materials chemistry, ana-
lytical science, biochemistry, and biomedicine. However, there
are several challenging areas that need to be addressed, ranging
from the controllable preparation of materials to the effective
clinical application of these diagnostics. In the following sec-
tions, we will discuss these challenges and advances which
have been achieved to address them.

6.1.1 How to obtain a pure glycan template that lacks
antibodies or lectins? MIPs function as receptors for specific
target molecules and are created by polymerizing reagents in
the presence of a template molecule. This template molecule is
then removed, leaving behind the MIP material for practical
applications. Therefore, the use of a pure glycan template is
essential in the preparation of glycan-specific MIPs. However,
despite successful advancements in glycan-specific MIPs for
various types of glycans, obtaining disease-associated glycans
that lack antibodies or lectins from complex biological systems
remains a challenging task. This challenge arises due to the
contradictory nature of the problem - obtaining these glycans
requires the presence of MIPs that can specifically recognize
and bind to them, while preparing MIPs for these glycans
requires obtaining the target glycans beforehand. To address
this predicament, further advancements in the synthesis of
glycans using chemical methods are necessary. Chemical synth-
esis offers advantages in terms of efficiency and scalability.'>* ™%
However, the complex structures and stereochemistry of glycans
remain formidable obstacles in this field. Besides, in situations
where no other alternatives are available, the use of multiple
monosaccharide-specific MIPs to analyze the expression profiles
of different glycans in various disease and health states is worth
considering. However, correctly interpreting the mapping results
poses another challenge and requires careful attention.

6.1.2 How to achieve precise recognition of specific glyco-
forms? Ideally, glycan-specific MIPs should exhibit no response
to interfering substances and exceptional target specificity.
However, achieving this high specificity in complex matrices
like serum is extremely challenging. The presence of nonspe-
cific biocomponents in higher concentrations and various types
compared to the target glycans significantly interferes with the
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analysis. Moreover, the subtle differences between glycan struc-
tures further complicate the recognition of specific glycoforms.

To achieve glycoform-resolved diagnosis, careful selection of
functional monomers and crosslinking agents is necessary
for constructing MIPs that can effectively bind to the target
glycans. Drawing inspiration from lectin-glycan interactions,
factors such as hydrogen bonds, van der Waals forces, electro-
static interactions and hydrophobic interactions need to be
considered when designing MIPs."°*'*'"'%* However, including
more diverse interactions in MIPs also increases the risk of
nonspecific adsorption of biocomponents other than the target
glycans. Consequently, while the binding ability to the target
may increase, a decrease in specificity often occurs. Therefore,
finding a way to functionalize glycan-specific MIPs to simulta-
neously enhance specificity towards specific glycoforms and
reduce nonspecific adsorption is crucial for their application in
real samples.

6.1.3 How to ensure high reproducibility when MIPs are
prepared on a large scale? Turning technology into a commod-
ity is a challenging task, as evidenced by the disparity between
the abundance of fundamental research works and the scarcity
of successful commercial applications. To successfully translate
technology from the central lab to the commercial market, one
crucial requirement is high reproducibility in order to generate
reliable data. Specifically, for clinical samples, batch fabrica-
tion of glycan-specific MIP-based assays must consistently yield
similar results within acceptable margins of error. Therefore,
achieving control over the preparation of glycan-specific MIPs
is of utmost importance for their clinical applications.

While MIPs have been utilized in academic laboratories, the
establishment of standardized production processes and sys-
tematic quality control standards for large-scale manufacturing
remains unexplored. This exploration is vital to ensure that the
reaction conditions and optimization parameters can be faith-
fully reproduced without compromising the performance of
glycan-specific MIPs. Moreover, for commercial production,
scalability considerations should extend beyond the MIP mate-
rial itself and encompass assay design and fabrication methods.
The integration of MIPs with advanced diagnostic assays, such
as fully automated systems, presents a significant challenge that
necessitates collaborative efforts from multiple disciplines
including biochemistry, molecular biology, informatics, engi-
neering, and commercial operations.

6.2 Future directions

Despite the grand challenges in the above section, glycan-
specific MIPs reveal their merits and advantages in the clinical
translation of diagnostics. Future development in this area will
not only address existing challenges but also demonstrate their
potential in compiling multidisciplinary technologies.

6.2.1 “Dark matter” glycan biomarkers. Until now, our
understanding of the glycome in health and disease is still
incomplete. Improvements in our ability to detect altered
glycosylation will help catalyze the development of glycan-
specific diagnostics and increase the number of reliable glycan
biomarkers. In order to achieve this, it is crucial to first
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appreciate the significance of the ‘“dark matter” of glycome
biology,"®* which encompasses components beyond traditional
glycan biomarkers that we have previously discussed. One
particularly promising and unusual biomarker for cancer diag-
nosis and immunotherapy outcome prediction is glycosylated
exosomal programmed cell death ligand 1 (exoPD-L1). Studies
have shown that compared with the total circulating exoPD-L1
level, the glycosylated exoPD-L1 exhibits excellent performance
in differentiating between healthy individuals and cancer
patients, with a sensitivity and specificity of 100%."®> In addi-
tion to extracellular vesicles, it has also been recently discov-
ered that RNA can be decorated with glycans.'’ Given the
previous understanding of the distinct clinical effects of various
RNA modifications, such as pseudouridylation, methylation,
and adenylation,'®®'®” the presence of glycans on RNA may
hold potential as biomarkers. Although there is currently
limited clinical evidence to support this hypothesis, it is an
area that deserves continuous attention and research.

To establish a comprehensive understanding of “dark mat-
ter” glycosylation across diverse tissues, cell types, and disease
states, versatile and easily-prepared glycan-specific MIPs are
essential tools for potential biomarker discovery. Beyond this,
the development of glycan-specific MIPs presents a promising
avenue for implementing novel diagnostics utilizing these
“dark matter” glycan biomarkers. Future research should con-
centrate on the combination of glycan-specific MIPs with these
“dark matter” glycan biomarkers to explore new diagnostic
opportunities. Furthermore, while this review primarily focuses
on the association between cancer and glycosylation, it is
important to note that glycosylation can be implicated in
various other diseases as well. Exploring the utility of these
glycans in diagnosing other diseases with glycan-specific MIPs
has immense clinical translational value.

6.2.2 Multimodal and ultrasensitive detection. Although
MIPs have enabled the recognition of a wide range of glycan
biomarkers, the development of practical diagnostic assays
remains a challenging task. One of the main reasons is that
most glycans exist in low concentrations in living systems,
often in the nano- or picomolar range, which are even lower
than the levels of corresponding proteins. Consequently, the
sensitivity required for glycan analysis in diagnostic assays
must be higher than that of commercially available methods
for proteins.

To achieve the necessary sensitivity, various amplification
strategies have been explored for engineering MIPs. One com-
mon approach is doping different reporters into the core of
MIPs, including fluorescent dyes,'*® Raman tags'** and plas-
monic nanoparticles.'” The introduction of different reporters
allows for integration with different detection methods and
often significantly enhances sensitivity. However, each doping
strategy has its advantages and limitations. For example, dop-
ing nanomaterials for ICP-MS analysis is straightforward but
provides limited signal amplification. Conversely, doping
Raman tags generally offer substantial signal amplification
but may face interference from spontaneous Raman signals
emitted by the sample, resulting in quantification errors.
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Therefore, it is crucial to develop multimodal MIP-based
diagnostics that can meet various requirements in real-world
applications while also providing self-verification capabilities.
Furthermore, when coupling signal amplification strategies
with MIPs, it is essential to ensure a consistent proportion of
reporters doped onto each MIP. This necessitates advancements
in encapsulation technology for engineering MIPs and the devel-
opment of new strategies to achieve ultra-sensitive detection in
the future.

6.2.3 Multiplexing diagnostics. As we discussed earlier, no
single glycan change can definitively distinguish patients from
healthy individuals. Therefore, in clinical settings, a comple-
mentary set of biomarkers is usually used to improve disease
diagnosis accuracy, rather than relying on individual bio-
markers."®® This creates a need for the development of multi-
plexed MIP-based assays that can detect multiple glycan
biomarkers simultaneously. Generally, there are two main strate-
gies for achieving multiplexed assays: one involves immobilizing
multi-templated MIPs on a single substrate, and the other
involves immobilizing several MIPs on different substrates, with
each substrate designed for a specific glycan analyte. The latter
strategy, although less elegant, is more practical. However, despite
some efforts devoted in such a direction, achieving success in
clinical use has been limited for several reasons: (i) the concen-
tration ranges of various glycan biomarkers of interest in clinical
settings can vary significantly, ranging from millimolar to nano-
or picomolar, or even lower. Additionally, different MIP-based
assays for these glycan biomarkers may have different sensitiv-
ities and specificities, resulting in a dynamic response range.
Integrating these different response signals into a manipulata-
ble range for appropriate analysis is challenging. And (ii) when
multiple biomarkers are used, the presentation of data can be
complex and not as straightforward as the binary high or low
presentation when only one biomarker is used. Associating
complex marker expression with different disease states is
difficult. In addition, (iii) there may be potential cross-
reactions between the MIPs and their targets on the multi-
plexing platform. Therefore, further efforts are needed to
rationally design MIPs against specific glycans and engineer
MIPs with different properties to match the clinically relevant
concentration range, which would offer a better opportunity for
multiplexing diagnostics.

6.2.4 POCT device. In clinical settings, achieving highly
sensitive measurements of analytes often requires multistep
sample preparation. However, this process can be complex and
prone to errors. To address this issue, integration of various
sampling processes into a miniaturized and automatic unit is a
highly attractive approach,'®® which would offer exceptional
capabilities for sample preparation and accurate diagnosis.
Notably, glycan-specific MIPs serve as inherently effective
separation materials that can be integrated into miniaturized
devices with micro-nano fluidics or lateral flow immunoassays.
This integration not only enables simple pretreatment opera-
tion but also holds promise for point-of-care testing (POCT).

POCT refers to a form of testing that is designed to be used
near the patient’s location. The World Health Organization
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has specified several key requirements for POCT, including
affordability, sensitivity, specificity, user-friendliness, rapidity,
robustness, equipment-free operation, and accessibility to end
users.””® Glycan-specific MIPs fulfil many of these require-
ments, and their integration with other technologies like
micro-nano fluidics or lateral flow immunoassays can further
enhance the development of POCT devices. However, integrat-
ing such technologies also presents challenges, such as ensur-
ing a bubble-free and proper flow path on the surface of MIPs,
which consist of multiple nanosized cavities. Therefore, the
development of MIP-based POCT devices requires intricate
designs and fabrication protocols to address these challenges
in future endeavours.

6.2.5 Cancer subtyping and staging. Accurate classification
of cancer subtypes is essential for identifying specific tumour
characteristics and behaviour, enabling healthcare profes-
sionals to determine optimal treatment options and create
personalized treatment plans for individual patients. For exam-
ple, breast cancer can be subclassified into different molecular
subtypes such as HER2-positive, estrogen receptor-positive,
or triple-negative. This classification has successfully guided
treatment decisions and predicted responses to targeted
therapies."”" Besides, in the case of prostate cancer, some
subtypes are considered clinically insignificant, meaning that
they do not pose a significant threat to the patient’s survival.
Differentiating clinically significant (potentially fatal) cancers
from clinically insignificant cancers helps physicians provide
appropriate clinical interventions and highlights the impor-
tance of cancer subtyping.®

Recently, studies have demonstrated the role of glycosyla-
tion in the heterogeneity of high-grade serous ovarian carci-
noma (HGSC).'”> Mass spectrometry-based glycoproteomic
analysis of 119 HGSC tissues revealed three major tumour
clusters and five groups of intact glycopeptides. Additionally,
a strong correlation between N-glycan structures and tumour
molecular subtypes, such as the association of fucosylation
with the mesenchymal subtype, was observed. Therefore, by
developing MIPs specific to glycans associated with different
cancer subtypes, diagnostic assays for cancer subtype classifi-
cation can be constructed, yielding significant clinical impact.
Furthermore, glycans are synthesized through a sequential
process with the help of glycosylation enzymes. Designing
MIP-based diagnostic assays that target changes in glycans
may assist in cancer staging. Integration of this information
with tumour size, location, and the involvement of nearby
lymph nodes or distant organs can aid in selecting optimal
treatment approaches.

Despite these promising directions, there are still several
limitations that need to be considered. First, glycan levels can
vary significantly among individuals, making it challenging to
establish consistent cut-off values for different stages or types
of cancer. Second, certain glycans may be elevated in several
types of cancer or non-cancerous conditions, leading to false
results and potentially misclassifying the types of cancers.
Furthermore, cancer treatment itself can alter the glycan profile,
leading to difficulties in accurately assessing the stage or
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progression of the disease during or after treatment. These advancements in the specificity of glycan-specific MIPs are crucial
challenges highlight the need for precision recognition of for the successful implementation of glycan-based diagnostics in
MIPs to specific glycoforms. Therefore, continued research and cancer subtyping and staging.

Glycan biomarkers
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6.2.6 Artificial intelligence (AI). Building glycan-targeted
diagnostics holds tremendous potential for routine health
monitoring, disease management, and even disease treatment
for individuals. However, in certain scenarios, the complexity of
data analysis can pose significant challenges, especially when
dealing with big datasets resulting from the detection of multi-
ple glycans in large cohorts and establishing reliable diagnostic
criteria in imaging-based diagnostics. Al offers a clever system
with the capability to learn from extensive datasets, thereby
enhancing treatment methods in the healthcare sector. This
technology has already demonstrated considerable promise in
various clinical applications, including imaging-guided surgical
operations'”® and untargeted metabolomics-based diagnosis."”*
Therefore, incorporating Al into MIP-based diagnostics presents a
promising solution to address the aforementioned complexity.
Furthermore, MIP-based imaging often relies heavily on the
expertise and experience of the operator. Training Al algorithms
on comprehensive datasets can automate data identification,
enabling more precise assessments and reducing the workload
burden on clinicians. While AI opens new opportunities for MIP-
based diagnostics, it also poses challenges. Selecting appropriate
algorithms, ensuring unbiased and accurate data parsing, and
validating robustness through rigorous procedures are critical
steps for advancing this field in the future.

6.2.7 Integration of diagnosis and treatment. Given that
many glycan biomarkers are also significant therapeutic tar-
gets, integrating diagnosis and treatment strategies that target
glycans presents a tremendous opportunity for clinical practice.
Specifically, by encapsulating imaging reagents and therapeutic
agents simultaneously in glycan-specific MIPs, straightforward
imaging-based diagnostics and subsequently on-site lesion
treatment can be achieved. This integration brings about signi-
ficant advantages in reducing duplication of services, unneces-
sary tests, and fragmented care processes, while also potentially
improving patient outcomes. However, despite the promising
prospects of this integrated approach, there are still two critical
issues that need to be taken into account. First, in vivo experi-
ments require high standards of biological safety for MIPs.
Therefore, further exploration of the biological effects of MIPs
in vivo is essential. Second, diagnosis and treatment within this
integrated system should be carefully orchestrated as a cascade
reaction. That is, to obtain accurate diagnostic information
while minimizing damage to normal cells, the regulation of
therapeutic behaviour needs to occur after MIPs have selec-
tively targeted abnormal glycans. While photochemistry has
emerged as a common method for this purpose, challenges
related to light penetration depth and control efficiency still
need to be effectively addressed before the technique can be
widely applied in clinical settings.

7. Conclusions

In summary, the rapid development of glycan-specific MIPs
renders them applicable for the analysis of a large variety of glycan
biomarkers directly in complex media with glycoform-level
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resolution, which promises a significant technology for diag-
nostics. By introducing glycan-specific MIPs into diagnostic
applications, various options are opened up for precise and
broad clinical translation, particularly in liquid biopsy-based
and imaging-based diagnostics. Liquid biopsy-based diagnos-
tics are useful for non-invasive profiling and monitoring of
molecular alterations, while cell imaging provides detailed
information about cellular and tissue-level glycan expression
and localization. Depending on the specific clinical scenario
and research needs, either one or both approaches may be
employed to gain a comprehensive understanding of diseases
(Fig. 11).

Although there are challenges to be overcome in terms of
template acquisition, precise recognition, and large-scale pre-
paration, glycan-specific MIP-based diagnostics still hold the
potential to revolutionize the clinical translation of glycan
biomarkers. The future direction for the development of
glycan-specific MIP-based diagnostics lies in the diagnosis of
“dark matter” glycan biomarkers, multimodal and ultrasensi-
tive detection, multiplexing diagnosis, construction of POCT
devices, cancer subtyping and staging, combination with
artificial intelligence, and the integration of diagnosis and
treatment. With these advancements, we anticipate that glycan-
specific MIP-based diagnostics will increasingly emerge in clinical
settings at an unprecedented pace and significantly offer a
“sweeter than ever” revolution in glycan-based diagnostics.
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