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The good thing about science is that it's true 

 whether or not you believe in it.                                                                     

 

  ― Neil deGrasse Tyson 
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Sialic acids (SA), a group of nine-carbon backbone monosaccharides are abundantly 

expressed in vertebrates. They are usually linked to the terminal of glycan chains 

and play crucial roles in many biological processes, including cell adhesion, cell-cell 

interactions, immune modulation, cancer cell migration and invasion, as well as viral 

infections. To analyze and monitor SA expression, antibodies and glycan-binding 

lectins are typically used. However, high costs and poor stability limit the 

application in SA analysis. To overcome these drawbacks, an imprinting technique 

was used to synthesize an alternative SA receptor – SA molecularly imprinted 

polymers (SA-MIPs). Fluorescent molecules are embedded into the MIPs, 

facilitating the detection of MIPs binding to cells by flow cytometry and 

fluorescence microscopy. Firstly, core-shell SA imprinted MIPs were used to 

analyze SA expression in a panel of breast cancer cell lines. The SA expression of 

these cell lines was also tested by using the two glycan-binding lectins, MAL and 

SNA, which recognize α2,3 and α2,6 SA, respectively. Our results show that breast 

cancer cell lines express α2,3 and α2,6 SA dissimilarly, and hence present different 

SA-MIP binding patterns. The specificity of SA-MIPs was further verified by an 

inhibition assay using two pentavalent SA conjugates that interfere with the SA-

MIPs. Furthermore, the SA-MIP synthesis protocol has been improved by using 

silica-coated polystyrene particles. The polystyrene core particles are lighter and 

smaller, increasing MIP suspensibility and augmenting MIP-cancer cell interactions. 

The cancer cell binding properties and the specificity have been verified by using 

thirteen different cancer cell lines, showing that the SA-MIPs can be used as 

effective tools for SA expression analysis. The SA-MIPs were used to analyze the 

SA expression of in vitro cultured cells treated with soluble cytokines to mimic the 

tumor microenvironment. The SA expression of two cancer cell lines stimulated 

with soluble cytokines was analyzed by using lectins and SA-MIPs. The MIP 
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binding data correlated well with lectin staining results, demonstrating the potential 

of SA-MIPs to be used in the analysis of overexpressed SA in the tumor 

microenvironment. Furthermore, the involvement of SA in the infection of severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was assessed. The viral 

surface receptor-binding domain (RBD) recognizes and conjugates with receptors on 

host cells, triggering the infection. Although the interaction between the RBD and 

host cells has been extensively studied, the mechanism behind this reaction is not 

fully determined. In this study, the interaction between the viral RBD and a panel of 

human cell lines from tissues susceptible to viral infection was tested. Moreover, the 

role of SA in this interaction has also been tested and evaluated. 
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Cancer är en ledande dödsorsak globalt och varje år dör cirka 9 miljoner människor 

runt om i världen. Oftast är det svårt att diagnostisera cancer i ett tidigt stadium. Om 

cancern har metastaserat och spridit sig till andra organ blir chansen att bli frisk 

väldigt liten. Det är en utmaning för forskare att hitta cancer i tidigt stadium.  

 

Sialinsyra är en sockergrupp, eller en del av kolhydratstrukturer, som bekläder 

yttersta delen på cellytans proteiner och lipider. Sialinsyra spelar avgörande roller i 

många biologiska processer, inklusive cellers inbindning, cell-cell interaktion och 

virusinfektion. Sialinsyra på cancerceller kan bidra till cancercellers förflyttning och 

invasion till nya organ i kroppen. Därför kan det onormala mönstret av sialinsyra 

fungera som ett verktyg, som visar cancercellernas status. Det är svårt att mäta 

sialinsyra för det är inte lätt att producera antikroppar mot specifika 

kolhydratstrukturer. Man kan använda en sorts sockerbindande molekyler, lektiner, 

men oftast binder de till flera olika kolhydratstrukturer. Det finns stort behov av att 

utveckla nya verktyg för att analysera sialinsyra. För att övervinna dessa svårigheter, 

producerade vi fluorescerande molekylärt präglade polymerer mot sialinsyra, ett 

slags partiklar av plast, eller ”plastantikroppar”, som kan känna igen sialinsyra och 

därefter binda. 

 

Dessa partiklar användes för att analysera sialinsyrauttryck i en grupp av 

bröstcancercellinjer. Resultaten verifierades vidare med två sialinsyraspecifika 

lektiner. Specificiteten för inbindning till sialinsyra hos dessa molekylärt präglade 

polymerer har också testats med en inhiberingsanalys med hjälp av användning av 

två sialinsyrahämmare. Våra resultat visar att bindningen inhiberades, vilket tyder på 

att polymererna kan binda till just sialinsyra. I arbete II har de molekylärt präglade 

polymererna mot sialinsyra förbättrats genom att mindre partiklar med ett lättare 
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material producerats, och jämförts med de olika partiklarna från arbete I. 

Sialinsyrauttrycket har analyserats på tretton olika cancercellinjer. Vi fann att dessa 

molekylärt präglade polymerer som är mindre har hög förmåga att binda specifikt 

till sialinsyra på cancerceller, vilket gör de mer potenta att användas som effektivt 

verktyg för analys av sialinsyra. Vidare användes dessa partiklar för att analysera det 

förändrade sialinsyrauttrycket i en tumörmiljö som efterliknar den i kroppen, i arbete 

III. Tumörmiljön aktiverades genom stimulering av immunceller, vilket i sin tur 

leder till en inflammatorisk miljö. Våra resultat visar att de molekylärt präglade 

polymerernas bindning korrelerade väl med lektinbindning. Vi konkluderar att dessa 

partiklar kan användas för att analysera förändrat sialinsyrauttryck i tumörmiljön. 

 

Sialinsyra finns ytterst på proteiner och lipider på cellytan och är även involverad i 

vissa virusinfektioner. Bland annat är sialinsyra receptor för influensaviruset, som 

använder sockerstrukturen för att binda in till och infektera våra celler. COVID-19-

pandemin orsakas av coronaviruset SARS-CoV-2. Även om interaktionen mellan 

virus och värdceller har studerats utförligt, är rollen för sialinsyra i SARS-CoV-2-

infektion fortfarande oklar. I arbete IV testades bindningen mellan receptorbindande 

domän, RBD, och en grupp av cellinjer från olika vävnader som kan vara mottagliga 

för SARS-CoV-2 virusinfektion. Sialinsyras roll har testats och utvärderats, men 

våra resultat tyder inte på att sialinsyra har en roll för SARS-CoV-2 viruset. 

 

Sammanfattningsvis tar denna avhandling ett steg längre inom sialinsyraforskning, 

vilket kan bidra till utveckling av nya verktyg för analys av sialinsyror och 

sialinsyrarelaterad cancerdiagnos, samt patogeninfektioner. 
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ACE2 Angiotensin-converting enzyme 2 

CDG Disorders of glycosylation  

CMP Cytidine monophosphate 

FBS Fetal bovine serum 

Fuc Fucose 

Gal Galactose 

GalNAc N-acetylgalactosamine 

GBPs Glycan-binding proteins 

GDP Guanosine diphosphate 

Glc Glucose 

GlcA Glucuronic acid 

GlcNAc N-acetylglucosamine 

GTs Glycosyltransferases 

HCoVs Human coronavirus 

MAL Maackia Amurensis Lectin 

Man Mannose 

MERS-CoV Middle East respiratory syndrome-CoV 

MIPs Molecularly imprinted polymers 

Neu5Ac N-Acetylneuraminic acid 

PEST Penicillin streptomycin 

PHA Phytohemagglutinine 

PTM Post-translational modifications 

QDs Quantum dots 

RAS Renin–angiotensin system 

RBD Receptor-binding domain 

RT Room temperature 
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SA Sialic Acid 

SARS-CoV Severe acute respiratory syndrome coronavirus  

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 

SIPs Surface-imprinted polymers 

SNA Sambucus Nigra Lectin 

STs Sialyltransferases 

TDP Thymidine diphosphate 

TMPRSS2 Transmembrane serine protease 2 

UDP Uridine diphosphate 

Xyl Xylose 
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This study has been carried out within the framework of Marie Skłodowska-Curie 

Actions European Training Network (ETN) “GlycoImaging: Imprinted sialic acid 

nanoparticles for cancer associated biomarker detection”. 

 

Within this project, biologists and chemists from 5 research groups, spread across 5 

universities and institutes and 3 industrial partners in 4 different countries work 

together with the aim of developing the next generation tools for cancer research and 

diagnostics.  

 

The European project provided an excellent platform with close collaboration 

between academic and industrial partners. This project also offers courses, 

workshops, and other training events. 

 

The studies related to this dissertation are mainly involved in “SA-MIP 

nanoparticles as diagnostic tools (work package 1)” and “Fluorescently responsive 

SA-MIP nanoparticles (work package 2)”. The molecularly imprinted polymers 

were provided by the Federal Institute for Materials Research and Testing (BAM), 

Germany. Umeå University, the University of Turku, and Phase Holographic 

Imaging (PHIAB) assisted with cell analysis and staining, and the University of 

Copenhagen provided gene-engineered cell lines and insights into glycomics. 
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Cancer 

 

Cancer is a group of diseases involving abnormal cells that grow uncontrollably, 

with the potential to invade and spread to other parts of the body [1]. There are more 

than 100 types of cancer, and lung, prostate, breast, cervix, colorectal, stomach, and 

liver cancer are the most common types in humans. According to World Health 

Organization (WHO), cancer caused approximately 9.6 million deaths globally in 

2018, accounting for one in six deaths [2]. 

  

Cancer metastasis, which accounts for about 90% of cancer deaths, is the major 

cause for the high mortality of cancer [1, 3, 4]. In cancer metastasis, cancer cells 

break away from the primary tumor and spread through blood vessels or lymphatic 

vessels to tissues and organs other than the primary tumor site. Cancer metastasis 

involves a complex succession of biological steps. First of all, metastatic tumor cells 

detach from the primary tumor and the detached tumor cells exit through the 

basement membrane, the surrounding extracellular matrix, and the endothelium. 

Then, the metastatic tumor cells travel in lymphatic or blood vessels and spread to 

other parts of the body. After adhering to the endothelium of capillaries of the target 

organ site, the tumor cells invade through the endothelial cells and the surrounding 

basement membrane and finally grow to a secondary tumor [1, 5, 6].  

  

Once cancers spread to the body beyond the initial primary site, they usually become 

highly incurable [1, 7]. Therefore, it is well recognized that cancer patients 

diagnosed at an early stage are more likely to be successfully treated. Thus, the 

major challenge in the war against cancer is to diagnose cancer at an early stage. 

INTRODUCTION 
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This requires both reliable biomarkers and sensitive/effective diagnostic tools to 

recognize the malignant cellular state early in the process. 

 

Glycans 

 

Glycans, or polysaccharides, are carbohydrate-based polymers linked to cell surface 

proteins or lipids [8]. They are indispensable in many biological processes, 

including cell adhesion, cell migration, cell-cell interactions, glycoprotein folding, 

cell signaling, and immune modulation [9, 10]. Glycans are essential building blocks, 

as universal in nature as nucleic acids, proteins, and lipids [9]. Different from the 

template-driven assembly of proteins and nucleic acids, biosynthesis of glycans is 

much more complex and include more combinatorial possibilities [8, 11]. Hence, 

glycans have structurally diversified structures and belong to a rapidly evolving 

group of molecules. 

 

Monosaccharides 

 

Monosaccharides are the basic units of glycans [12]. In mammalian cells, glycans 

are comprised of nine common monosaccharides, including glucose (Glc), galactose 

(Gal), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), mannose 

(Man), fucose (Fuc), xylose (Xyl), glucuronic acid (GlcA) and sialic acid (N-

Acetylneuraminic acid (Neu5Ac) is the most common form of sialic acid, Figure 1) 

[12]. These monosaccharides can be conjugated to form oligosaccharides or 

polysaccharides/glycans.  
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Figure 1. Nine common monosaccharides occurring in mammalian cells. N-

Acetylneuraminic acid (Neu5Ac) is the most common form of sialic acid [12].  

 

In living systems, glycosylation is extensive, and it is one of the most abundant and 

diverse post-translational modifications (PMT) in nature [11, 13]. First of all, the 

different monosaccharides can link to each other with either α or β glycosidic bonds, 

and they can be assembled in multiple ways, forming linear or branched glycan 

structures [14]. Also, a large number of additional modifications including sulfation, 

acetylation and methylation can occur at various positions of glycan chains [15]. 

These features imply the potential existence of around 10
12 

different glycan 

structures [16]. Moreover, based on the glycosidic bonds, glycans can attach to other 

biomolecules, such as proteins, lipids or RNAs [17]. Dependent on the different 

initiating sites and structures, glycans are classified accordingly, e.g., glycoproteins, 

glycosphingolipids, and proteoglycans (Figure 2).  
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Figure 2. Major types of glycans on the human cell surface. Modified from [16]. 

 

Glycan synthesis 

 

Contrary to proteins and nucleic acids, glycans are assembled in a non-template-

driven assembly process, catalyzed by more than 200 glycosyltransferases (GTs) 

[18]. In glycan syntheses, glycans are passed through an ER-Golgi pathway. First, 

monosaccharides are activated to different nucleotide sugar donors, including 

guanosine diphosphate (GDP), uridine diphosphate (UDP), thymidine diphosphate 

(TDP), or cytidine monophosphate (CMP) [19]. Next, these activated nucleotides 

are used as donors for glycosyltransferases (GTs) that covalently attach the sugar 

moiety to proteins, lipids, or glycan substrates. The GTs and the modification 

pathways are distinct for different glycans. For example, N-linked glycans are pre-

assembled before being transferred to proteins, while glycosylation in O-linked 

glycans and glycolipids are stepwise assembled in both ER and Golgi [20, 21]. 
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Biological functions 

 

As complex macromolecules on the outer cell surface, glycans contribute to 

numerous biological functions. First of all, glycans have several stabilizing and 

protective barrier functions [10]. As is well known, glycans enfold cells and form a 

substantial protective physical barrier. Glycans also act as specific recognition sites 

for many other biomolecules, most commonly intrinsic and extrinsic glycan-binding 

proteins (GBPs). Intrinsic GBPs are typically involved in cell-cell interactions as 

well as recognition of extracellular molecules, whereas extrinsic GBPs usually 

comprise pathogenic microbial agglutinins, adhesins, or toxins. For instance, 

influenza virus infections are initiated by hemagglutinin binding to SA on the target 

cell surface [22]. Moreover, pathogens can rely on molecular mimicry of host 

glycans to escape from the immune response [23]. 

 

Glycans and related diseases 

 

Glycosylation patterns are modified in numerous diseases, including congenital 

disorders of glycosylation (CDG), chronic inflammatory disease, and cancer. CDG 

is caused by genetic defects and/or changes in glycan synthesis or modification 

pathways, resulting in abnormal glycosylation of proteins and lipids [24]. Incidences 

of CDG disorders have steadily increased over the last decades and more than 125 

genetic disorders have been identified so far across different kinds of glycosylation 

pathways [9, 25]. In addition, glycosylation alterations can regulate and promote 

malignant transformations and tumor progression [26]. Occurring on the cell 

surface, alterations such as branched and core fucosed N-glycans, truncated O-

glycans, increased and altered SA expression on terminal glycans, are important 

cancer biomarkers [27, 28]. 

 

Sialic acids 

 

Sialic acids (SAs) are a class of monosaccharides with nine-carbon backbones [29, 

30]. They are widely distributed on vertebrate cells and commonly decorate the 

terminal of the glycan chains [30, 31]. By virtue of their negative charge, SAs are 

involved in ion binding and transport. Besides, SAs could serve as binding sites for 

many proteins, both from pathogens and host cells. Drawing on the SAs patterns, the 
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host immune system can distinguish non-self from self. Interestingly, some 

pathogens can scavenge SAs from host cell glycans and decorate their own surface 

to assist the evasion of the host immune system [32]. 

 

Therefore, SAs are vital for host-pathogens interactions. During the process of 

evolution, hosts and pathogens have conducted an antagonistic evolutionary "arms 

race", where vertebrate cells constantly keep changing the structure of SAs to 

disable the rapidly evolving pathogens, which could either bind to host SAs or rely 

on mimicry. This may explain that SAs are among the most rapidly evolving glycan 

components and have the most diverse modifications and structures, exceeding other 

common monosaccharides [33]. 

 

Diversity of sialic acids 

 

Up to now, the diverse SA family contain more than 50 distinct molecules [34]. 

Neu5Ac is the most common structure of SAs, and it is believed to be the precursor 

of other family members in the biosynthetic pathway. In addition to Neu5Ac, there 

are three other common SA "core" molecules, i.e., Neu5Gc, Neu, and deaminated 

neuraminic acid (KDN) (Figure 3) [29, 35]. Other SA molecules are generated by 

complementing one or several hydroxyl groups at C-4, C-7, C-8, and C-9 of the four 

"core" structures with O-sulphate, O-lactyl group, O-methyl, O-acetyl, or O-

phosphate [29, 35]. In the interaction between SAs and its receptors, each of the 

functional groups attached to the carbon backbone can participate in the specific 

binding. For instance, the hydroxyl groups of Neu5Ac at C-4, C-7, C-8, and C-9 

provide opportunities for hydrogen bond-formation, and the N-acetyl group 

contributes to the formation of hydrophobic interactions. These various 

modifications make SA molecules well suited to carry information for recognition 

and binding purposes. 
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Figure 3. The core structures of SAs [36]. 

 

The diversity of SAs also derives from their different linkage to the underlying 

glycans. Typically, they can link to the C-6 position of GalNAc, C-6 or C-3 

positions of Gal, or the C-8 or C-9 positions of other SAs (Figure 4) [29, 37]. These 

different linkages are catalyzed by more than 20 different sialyltransferases (STs) by 

adding nucleotide sugar CMP-SA to the underlying glycans [37-39]. These different 

linkages can also provide various binding sites for SA-specific binding proteins, for 

instance, the bird influenza viral hemagglutinin preferentially binds to the α2,3 

linkage in SAs, while the human influenza virus has a preference for the α2,6 

linkage in SAs [29].  

 

Figure 4. Common SA linkages to the underlying glycans [29].  
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Sialic acids and cancer 

 

SAs are synthesized and expressed in most vertebrate cells. Cancer cells have been 

reported to have aberrant SA expression on their membrane glycoproteins, 

glycolipids, and glycoproteins secreted into the microenvironment [40, 41]. To date, 

mainly three reasons have been reported for hypersialylation [42]. The first reason is 

the overexpression and/or changed activity of STs involved directly in SA synthesis 

resulting in changed sialylation pattern [43, 44]. Secondly, the metabolic flux 

through the SA synthesis pathway can also affect SA expression. Almaraz et al. 

found that cellular glycoprotein sialylation increased significantly when adding SA 

precursors to cells in vitro [45]. Altered expression of endogenous neuraminidases 

(sialidases) is the third reason. Neuraminidases, in contrast to sialyltransferases, 

cleave SAs from glycans and thus regulate the SA expression [46]. 

 

Abnormal glycan expression has a vital role in promoting tumorigenesis. Cancer 

includes uncontrolled cell growth and resistance to programmed cell death and 

apoptosis [47]. Overexpression of ST6Gal I has been shown to hinder Fas-induced 

apoptosis, whereas silencing of the ST6Gal I gene enhanced Fas ligand-mediated 

apoptosis [48]. Hypersialylation could also increase critical cancer attributes such as 

metastasis and invasion capacities of tumor cells, resulting in the eventual demise of 

cancer patients. The function of ST3Gal I in ovarian cancer was studied and 

overexpression was found to increase the cell growth, metastasis, and invasion [49]. 

In addition, sialoglycans could help forming barriers around cancer cells to 

effectively resist cancer therapy. Cisplatin is a frontline chemotherapeutic for 

ovarian cancer, and Schultz and colleagues found that ST6Gal I is highly expressed 

in cells that show resistance to cisplatin and that non-resistant cells have lower 

expression of the enzyme [50]. The aberrant SAs structures, including the STn, 

SLe
x,
 and SLe

a
 antigens, as well as expression of a non-human SA, Neu5Gc, which 

has been discontinued during human evolution, is suggested to be widely involved 

in tumorigenesis and promotion [51-57]. Hence, aberrant sialylation signals could be 

used as effective cancer biomarkers to help in cancer diagnosis. 
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Methods for studying sialic acids 

 

So far, many methods have been established for the studies of SAs. Among other 

monosaccharides, SAs have a relatively distinct molecular weight which could be 

detected by mass spectrometry [58]. However, this method suffers from drawbacks, 

such as expensive machinery and complex sample pre-treatment. Alternatively, SA-

binding lectins can detect SAs and their linkage on the cell surface, as well as 

isolated sialoglycans. For instance, Maackia Amurensis Lectin (MAL) and 

Sambucus Nigra Lectin (SNA) can selectively conjugate to α2,3 and α2,6 linked 

SAs [59-61]. However, lectins can denature easily, and some of them have relatively 

low affinity and specificity [62]. 

 

Recently, several new SA labeling approaches have been established. Pamela et al. 

developed a cellular metabolic labeling approach to label sialic acid with its 

precursor analogue containing a biorthogonal functional group, including an azide or 

alkyne, which could be subsequently recognized and conjugated with a fluorescent 

probe or affinity tag through click chemistry [63]. This method has been 

successfully applied in cultured cells and living organisms. An alternative approach 

called chemoenzymatic labeling uses glycosyltransferase to add a biorthogonal 

group labeled nucleotide sugar donor to the recognized glycan receptor [64, 65]. 

 

Molecularly imprinted polymers  

 

Molecular recognition plays an essential role in many biological processes [62]. 

There are many natural receptors involved in a biological system, including 

antibodies, which could recognize a range of both endogenous and foreign 

molecules. These biological molecules are however marked with several 

disadvantages, such as limited sensitivity and varying stability in complex 

environmental conditions. To overcome these drawbacks, one possible solution is to 

use molecularly imprinted polymers (MIPs). MIPs are polymers that have been 

processed using the molecular imprinting technique, creating template-shaped 

cavities in a polymer matrix [62, 66, 67]. Hence, the size and shape of the bespoke 

cavity is well fitted to the template molecule, much like the " lock and key " 

mechanism [68]. 
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Although the term "imprinted polymer" was not coined until 1984, the technique 

could be tracked back to a study by Dickey in 1949 [69]. Dickey prepared silica 

adsorbents with specific affinities for organic dyes when the adsorbents were 

prepared in the presence of template dyes. Inspired by a mechanism proposed by 

Pauling [70], he realized that the mechanism is the same as the generation of 

antibodies, using the antigen molecule as template. Therefore, MIPs are also known 

as "plastic antibodies". In 1972, Wulff used organic polymers to produce molecular 

binding site and found that it is possible to introduce functional groups through 

covalent interaction, however, Mosbach established the method to produce 

imprinted cavities using a non-covalent approach [71-73]. After that, the imprinting 

technique developed rapidly, and the application of which has been extended to 

different areas. 

 

MIP synthesis 

 

Up to now, multiple methods have been reported for MIP synthesis, however, most 

of them follow a similar outline. Figure 5 illustrates the basic steps for MIP 

syntheses. First of all, several functional monomers that could conjugate with the 

template molecule covalently or non-covalently are chosen, and a mixture 

containing template molecules and functional monomers is prepared. After that, 

polymerization is initiated, to form a stabilized polymer matrix around the template. 

By removing the template molecule from the polymer matrix through washing steps, 

the template-specific cavities are formed, which could recognize and capture the 

target molecules. 
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Figure 5. Schematic representation of the principles of MIP synthesis. Modified 

from [74]. 

 

 

In MIP synthesis, polymerization is a crucial step, and it can directly affect the MIP 

properties. In the past few decades, many different polymerization methods have 

been applied to MIP synthesis, including bulk polymerization [75], suspension 

polymerization [76], precipitation polymerization [77], and reversible addition 

fragmentation chain transfer [78]. Table 1 presents an overview of different 

polymerization techniques used in MIP syntheses. However, some methods still face 

drawbacks and need further improvement. For instance, some specific cavities 

produced from bulk polymerization are in the inner part of the polymers which are 

not easy to access. This could be solved by synthesis of a thin imprinted polymer 

shell on the surface of non-porous particles, which would expose more imprinted 

cavities on the surface. Besides, these core-shell MIPs could also benefit from the 

merits shared by the core particles, such as magnetic Fe3O4 nanoparticles [79, 80], 

activated silica gel [81], quantum dots (QDs) [82] and carbon QDs [83]. 
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Table 1. Overview of polymerization techniques 

Imprinting methods Example of template Ref. 

 Bulk polymerization Iridoid glycosides, spiramycin  [84, 85] 

Suspension polymerization Malachite green, timolol  [86, 87] 

Emulsion polymerization Quercetin, Cd(II)  [88, 89] 

Seed polymerization Nicotinamide, promazine derivates  [90, 91] 

Precipitation polymerization Strychnine, vitamin E  [92, 93] 

RAFT polymerization SA, benzimidazole [81, 94] 

Sol-gel Iprodione, methylxanthines [95, 96] 

 

 

Because of the high importance of glycans, recently an increasing number of MIPs 

have been synthesized by using glycans as templates [81, 97, 98]. Among these 

studies, boronates have been extensively used as effective functional monomers for 

monosaccharide, glycan, and glycoprotein recognition. Regarding boronate affinity, 

boronic acids could effectively conjugate with cis-diol-containing compounds, 

forming stable five or six-membered cyclic esters at high pH; the stable ester 

reversibly dissociates when the environmental pH drops to acidic [99]. Therefore, 

boronic acid related imprinting has become a key method for glycan analysis.  

 

Merits of MIPs 

 

Due to their special recognition properties, MIPs are known as "plastic antibodies". 

Compared to traditional antibodies, MIPs have several advantages. First, molecular 

imprinting is a versatile method and it has been applied to recognize a large variety 

of molecules, including metal [100], peptide [101] [102], protein [103], glycan 

[104], and viral targets [105]. Secondly, the MIPs synthesis procedure is 

controllable. This means that the different synthesis conditions, including functional 

monomers, polymerization methods, solvents, could be tested and optimized to 

achieve higher specificity and affinity for the target molecule. Thus, choosing an 

appropriate set of conditions significantly affects the template recognition 

properties. Besides, being of non-biological origin, synthesized MIPs are extremely 

robust and able to resist denaturing solvents and harsh condition. Hence, MIPs have 

extensive shelf-life, i.e., MIPs can be stored for years, and can be useful in a broader 

area of applications in complex and harsh settings. Furthermore, MIPs also represent 
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one of the most straightforward, scalable, and cost-effective approaches to 

synthesize materials with tailored recognition sites [106]. 

 

Application of MIPs 

 

In the early days, MIPs were mainly applied to separation rather than recognition. 

This occurs because of the unavoidable interaction between the template and the 

polymer/functional monomers. With the development of imprinting techniques, 

MIPs has so far been widely used in many areas, including sensing, bioimaging, and 

drug delivery. Shinde et al. has successfully synthesized core-shell SA-MIPs which 

could recognize glycan motifs on cancer cells (Figure 6) [81]. By including the 

fluorescent reporter nitrobenzoxadiazole (NBD) into the polymer shell, these 

particles could work effectively to image SA on tumor cells. Canfarotta et al. have 

developed a drug payload MIP, which could selective deliver cytotoxic doxorubicin 

to tumor cells that overexpress the epidermal growth factor receptor [107]. 

 

 

 

Figure 6. Core-shell SA-MIPs bound to SA on the cell surface. Modified from [81]. 
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Inflammation and cancer 

 

Inflammation and cancer are closely related and it has been reported that 90% of 

cancers are caused by somatic mutations and environmental factors, including 

inflammatory factors [108]. Inflammation is a primordial and well conserved 

biological response to harmful stimuli, such as pathogens, damaged cells, or 

irritants, and it is a protective response involving immune cells, molecular 

mediators, and blood vessels [109]. Cell proliferation and inflammation are 

enhanced during harmful stimuli associated with wounding, and subside when the 

stimulation is removed, or the repair is completed. In some circumstances the 

mechanism is disrupted, which will lead to chronic inflammation and abnormalities 

[109]. Even though it is clear that proliferation alone does not cause cancer, 

sustained cell proliferation in an environment abound with growth factors and 

inflammatory cells will promote the risk of cancer [110]. The cancer cells can 

physically damage the surrounding normal tissue and recruit immune cells to release 

inflammatory molecules, which could amplify the inflammation response [111]. 

Recent findings suggest that chronic inflammation could promote cancerogenesis 

and progression, and about 20% of cancers are initiated by chronic inflammation 

[112, 113]. 

 

Cytokines 

 

Cytokines are secreted proteins released by a broad range of cells which regulate 

many different biological processes, including immunity, inflammation, cell 

proliferation, and differentiation [114, 115] (Figure 7). There are both anti-

inflammatory and pro-inflammatory cytokines. Pro-inflammatory cytokines are 

predominantly secreted by T helper cells and macrophages, and upregulate the 

inflammatory reaction [115]. Contrarily, anti-inflammatory cytokines control the 

response of pro-inflammatory cytokines by reducing inflammation and promoting 

healing [115]. Therefore, the balance between anti-inflammatory and pro-

inflammatory cytokines is crucial to maintain health, and an excess of inflammatory 

cytokines and chronic inflammation contribute to inflammatory diseases, such as 

atherosclerosis and cancer [116, 117]. 
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Figure 7. Schematic showing the biological regulation processes by cytokines. 

 

SARS-COV-2 

 

Coronaviruses belong to a large family of RNA viruses, which can infect a wide 

variety of animals [118]. Human coronaviruses (HCoVs) were first identified in the 

middle of 1960s [119]. Although these viruses have been identified and known for 

decades, they were considered to be relatively harmless, and their clinical 

importance and epidemic possibilities were not recognized until the outbreak of 

severe acute respiratory syndrome-CoV (SARS-CoV) and Middle East respiratory 

syndrome-CoV (MERS-CoV). The SARS epidemic occurred in 2002 and more than 

8000 people were infected, resulting in 774 deaths [120]. A decade later, more than 

2000 cases of MERS-CoV were confirmed, with 886 deaths from 2012 to 2021 

(WHO) [121]. 

 

In December 2019, COVID-19 caused by a new coronavirus named severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) suddenly occurred and rapidly 

spread all over the world resulting in a pandemic [122, 123]. As a new member of 

the coronavirus group, its genome is very similar to the bat coronavirus BatCoV 

RaTG13 and SARS-CoV [122, 124]. Compared with SARS-CoV, SARS-COV-2 is 

more readily transmitted from human to human. The virus could spread through 
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direct or indirect contact with infected people, airborne and fomite transmission 

[125]. According to WHO, on the 21st of September 2021, more than 228 million 

cases have been confirmed globally, leading to about 4.7 million deaths [126]. The 

virus can cause a variety of symptoms, from mild cough and fever, to breathing 

difficulties, acute respiratory distress, and death [127, 128]. For elderly patients and 

people with chronic underlying diseases, SARS-CoV-2 usually triggers severe 

disease, causing massive hospitalization rates and high fatality rates [129]. 

 

SARS-CoV-2 S protein 

 

The SARS-CoV-2 genome contains four structural proteins: S (spike), E (envelope), 

M (membrane) and N (nucleocapsid) proteins [130]. The N protein binds to the 

RNA and the other three proteins together create the viral envelope [130]. Among 

them, the S protein plays crucial roles in infection, recognizing receptors on the 

potential host cell surface and mediate membrane fusion and the viral entry process. 

Based on extensive studies using cryo-electron microscopy, it has been shown that 

the spike protein is a protein with homo-trimeric structure [131]. It is protruding 

from the viral surface and is mainly comprised of two functional subunits, 

responsible for the host cell receptor binding (S1 subunit) and the viral/cellular 

membranes fusion process (S2 subunit) (Figure 8). The distal S1 subunit contains 

the receptor-binding domain (RBD, 319-541 residues) which contributes to the host 

cell receptor recognition and stabilization of the prefusion process [132, 133]. 

Before the fusion and the entry process, the S protein normally exists in a metastable 

conformation. Once the S protein interacts with the receptor on the host cell, a 

structural rearrangement occurs and host cell proteases activate the S protein by 

cleaving it into the S1 and S2 subunits, triggering the membrane fusion process 

between the virus and host cells [134]. 
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Figure 8. Overview of the structure of SARS-CoV-2 and the spike protein. Created 

from BioRender.com. 

 

Angiotensin-converting enzyme 2 (ACE2) receptor 

 

Similarly to SARS-CoV, the angiotensin-converting enzyme 2 (ACE2) has been 

identified as a receptor for SARS-CoV-2 in host cells [123, 132, 135]. ACE2 is a 

homologue of ACE and plays crucial roles in the renin–angiotensin system (RAS) 

which regulates blood pressure and electrolyte homeostasis. ACE2 is a counter-

regulatory enzyme to ACE. It catalyzes the hydrolysis of Ang II into Ang-(1-7), 

which could exert vasodilating, anti-fibrotic, and anti-inflammatory effects [136, 

137]. Therefore, ACE2 is widely expressed in a variety of tissues, including the 

lung, kidney, and gastrointestinal tract. Consequently, the initial SARS-CoV-2 

infection event mainly occurs in the (upper) respiratory tract [138].  

 

TMPRSS2 and other co-factors 

 

The SARS-CoV-2 viral interaction and subsequent infection not only depends on the 

host cell surface receptor ACE2, in addition, the entry process requires S protein 

priming by a cellular host protease, i.e., transmembrane serine protease 2 

(TMPRSS2) [120]. The protease TMPRSS2 can activate the viral S protein by 

cleavage at the S1/S2 site. Subsequently, the viral fusion process starts, a process 

driven by the S2 subunit [139]. Similar with SARS-CoV, SARS-CoV-2 also uses 
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TMPRSS2 for S protein priming [140]. To verify this, Hoffmann et al. used a 

TMPRSS2 inhibitor, camostat mesylate, to effectively block lung cell infection by 

SARS-CoV-2 and SARS-CoV [120]. 

 

Besides TMPRSS2, other factors may affect the infection process. Glycans are 

important candidates since they fence the cells, and a virus must pass through the 

glycans to engage receptors and initiate the infection process. Indeed, many viruses 

use glycans as co-receptors [141, 142]. Recently, heparan sulfate has been reported 

to be a co-receptor of the SARS-CoV-2 S protein. It could interact with S protein 

independently and also promote the spike-ACE2 interaction [143]. It has also been 

reported that MERS-CoV infect host cell through sialylated receptors [144, 145]. 

Although the SARS-CoV-2 S protein shares some similarity with MERS-CoV, it is 

still unclear if SAs have been employed as a co-receptor for SARS-CoV-2. 

Therefore, the roles of SAs in SARS-CoV-2 interaction and infection need to be 

evaluated. 
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Cell lines 

 

The cell lines COLO 205, A549, RAW 264.7, Jurkat, MCF7, CAMA-1, MDA-MB-

468, MDA-MB-231, HaCaT, Vero E6, Hs 578T, SK-BR-3, PC-3, Calu-3, Hep G2, 

Caco-2, THP-1, T-47D, A-431 and SW48 were obtained from American Type 

Culture Collection (ATCC) (Manassas, VA, US). HEK-n cells were purchased from 

Thermo Fisher Scientific (Waltham, MA, US). COLO 205 cells were cultured in 

RPMI-1640 medium (Thermo Fisher Scientific, MA, US) supplemented with 10 % 

fetal bovine serum (FBS). A549 and RAW 264.7 cells were cultured in RPMI-1640 

medium supplemented with 10 % FBS and 1% penicillin streptomycin (PEST). 

Jurkat and MCF7 cells were cultured in RPMI-1640 medium supplemented with 10 

% FBS and 50 µg/mL gentamycin. CAMA-1 cells were cultured in RPMI-1640 

medium supplemented with 10 % FBS, 1 % PEST and 1 % sodium pyruvate. MDA-

MB-468, MDA-MB-231 and HaCaT were cultured in DMEM medium (Thermo 

Fisher Scientific, MA, US) supplemented with 10% FBS. Vero E6 were cultured in 

DMEM supplemented with 10 % FBS and 2 mM L-Glutamine. Hs 578T cells was 

cultured in DMEM supplemented with 10% FBS, 1% PEST, and 10 µg/mL insulin 

(Sigma–Aldrich, St Louis, MO, US). SK-BR-3 and PC-3 were cultured in DMEM 

supplemented with 10% FBS, 1% GlutaMAX (Life Technologies) and 1% PEST. 

Calu-3 and Hep G2 cells were cultured in MEM medium (Thermo Fisher Scientific, 

MA, US) supplemented with 10 % FBS. Caco-2 cells were cultured in MEM 

medium supplemented with 20% FBS, 1% PEST, 1% NEAA, and 1% L-Glutamine. 

THP-1, T-47D, A-431 were cultured in Eagle's Minimum Essential medium 

(EMEM, Sigma-Aldrich, St Louis, US) supplemented with 10 % FBS, 1% L-

Glutamine and 1% non-essential amino acids, NEAA. SW48 cells were cultured in 

Leibovitz's L-15 medium (Thermo Fisher Scientific, MA, US) supplemented with 

METHODS 
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10% FBS. HEK-n cells were maintained in EpiLife growth medium (Thermo Fisher 

Scientific, MA, US) with 60 mM calcium chloride supplemented with 1 % of human 

keratinocyte growth supplement (HKGS) and 0.2 % gentamycin/amphotericin. All 

the cell lines were cultured at 37 °C with 5 % CO2 in 100% relative humidity (RH). 

 

Flow cytometry analysis 

Lectin staining (Paper I-IV) 

 

The expression of SA was investigated through flow cytometry by using SA specific 

lectins. 0.5x10
6
 cells were harvested and washed twice with PBS, followed by 

incubation with biotin-labeled MAL I or SNA (Vector Laboratories, Burlingame, 

CA, UA) at 4 °C for 30 min. After washing twice with PBS, the cells were incubated 

with streptavidin-FITC (Sigma–Aldrich, St Louis, MO, US) in the dark at 4 °C for 

20 min. The samples were again washed twice with PBS and resuspended in 300 μL 

PBS. Samples with secondary antibody alone were used as negative controls. The 

flow cytometric analysis was carried out on the BD Biosciences, Accuri C6 Flow 

Cytometer (NJ, US) with a 488 nm excitation laser coupled to a 530/30 nm BP filter. 

 

SA-MIP staining (Paper I-III) 

 

To test the binding between SA-MIPs and cancer cells, 1x10
6
 cells per sample were 

stained with SA-MIPs. The cells were washed twice with PBS and thereafter 

incubated with SA-MIPs (0.1 mg/mL) at 4 °C for 30 min in the dark. After 

incubation, the samples were washed twice with PBS and further resuspended in 300 

μL PBS for flow cytometric analysis.  

 

Pre-treatment of SA-MIPs with SA conjugates (Paper I, III) 

 

In this assay, the SA-MIPs were pre-treated with pentavalent SA conjugates before 

they were used for MIP staining. Pre-treatment was carried out by pre-incubating the 

MIPs solution with different concentrations (20 and 200 µM) of the SA conjugates, 

including ME0752, ME0970, ME0976 or ME1057, at room temperature (RT) for 5 

min. Then, the pre-treated SA-MIPs were used for cell staining according to the 

experimental procedure described above. 
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Neuraminidase treatment (Paper IV) 

 

The cells were washed twice with PBS and fixed with 4% formaldehyde at RT for 

10 min. After washing twice with PBS (1% BSA), 5×10
5
 cells were treated with 0.2 

U/mL neuraminidase (Sigma–Aldrich, St Louis, MO, US) at 37 ℃ for 90 min and 

untreated cells were used as control. Then the cells were washed twice with PBS and 

used for lectin staining as described above. 

 

ACE2 and TMPRSS2 staining (Paper IV) 

 

The cells were harvested and washed twice with PBS and then fixed with 4% 

formaldehyde at RT for 10 min. After two washes with PBS (1% BSA), 5×10
5
 cells 

were stained with anti-ACE2 antibody (5 µg/mL, R&D system, Minneapolis, MN, 

US), goat isotype control (5 µg/mL, R&D system), anti-TMPRSS2 antibody (26 

µg/mL Thermo Fisher Scientific, Waltham, MA, US) or RBD-Fc (10 µg/mL, R&D 

system) in the dark at RT for 30 min with a total volume of 100 µL, respectively. 

After incubation, the samples were washed twice with PBS (1% BSA) followed by 

staining with the corresponding secondary antibody (FITC labeled, R&D Systems) 

in the dark at RT for 30 min. Samples with secondary antibody alone were used as 

controls. After incubation, the cells were washed twice with PBS (1% BSA) and 

resuspended in 300 μL PBS for flow cytometer analysis.  

 

Fluorescence microscopy (Paper I-II) 

 

To analyze the SA expression on different cancer cells, the cells were stained with 

the lectins (MAL I and SNA) and SA-MIPS, respectively, and analyzed by confocal 

fluorescence microscope. In this study, 1x10
5
 cells/well were first seeded in a Falcon 

multi-chamber culture glass slide and incubated for 48 h at 37 °C with 5 % CO2 in 

100 % RH. After incubation, the cells were washed twice with PBS and fixed with 4 

% formaldehyde at RT for 10 min followed by washing twice with PBS and once 

with PBS-Triton (0.05 % Triton X-100 in PBS). These cells were permeabilized and 

stained with rhodamine phalloidin for 30 min at RT. After washing twice with PBS-

Triton and twice with PBS, the samples were incubated with 100 μL SA-MIPs (0.1 

mg/ml) or biotinylated MAL I and SNA for 30 min at RT. The sample stained with 

biotinylated lectins was incubated with streptavidin-FITC, washed with PBS, and 
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further stained with DAPI for 4 min at RT. The cells were mounted with ProlongQR 

Gold antifade mounting medium and analyzed using confocal fluorescence 

microscopy (Nikon Instruments A1R HD25, Melville, NY, US). 

 

Stimulation of Jurkat cells (Paper III) 

 

In order to mimic the inflammatory environment, T leukemia Jurkat cells were 

stimulated to produce different cytokines. In this assay, 5×10
6
 Jurkat cells were 

stimulated in 5 mL complete RPMI-1640 medium (supplemented with 10 % FBS 

and 50 µg/mL gentamycin) with addition of PHA (10 µg/mL) for 72 h. After 

stimulation, the cells were centrifuged at 300 ×g for 10 min and the supernatant was 

collected and kept at 4 °C for further use. 

 

ELISA analysis for IL-2, IL-6, IL-8 and TNF-α (Paper III) 

 

To determine the cytokine content in the stimulated Jurkat cell medium, ELISA 

were performed using Quantikine ELISA Kits (R&D Systems, Minneapolis, MN, 

US), according to the manufacturer's instructions. Briefly, ELISA plates were coated 

overnight with diluted capture antibodies against TNF-α, IL-2, IL-6, or IL-8, 

respectively. The plates were washed three times with PBS-T (PBS with 0.05% 

Tween-20) and blocked by PBS (1% BSA) at RT for 1 h. Next, the plates were 

washed three times with PBS-T and incubated with TNF-α, IL-2, IL-6, or IL-8 

recombinant standards and Jurkat cell supernatant, respectively, at RT for 2 h. After 

that, the plates were again washed three times with PBS-T and incubated with 50 

ng/mL biotin-linked detection antibodies at RT for 2 h. After three washes with 

PBS-T, the plates were incubated with streptavidin-HRP at RT for 20 min. Then the 

plates were washed three times with PBS-T and incubated with substrate solution 

(1:1 mixture of H2O2 and tetramethylbenzidine, TMB) at RT for 20 min. After that, 

100 μL/well of stop solution was added and the absorption was analyzed with a 

microplate reader at 450 nm. 
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Quantitative reverse transcription PCR (Paper IV) 

 

In this study, quantitative reverse transcription PCR (RT-qPCR was used to analyze 

the ACE2 and TMPRSS2 mRNA expression. Firstly, the total RNA was extracted 

from 5×10
5
 cells through RNeasy Mini Kit (Qiagen, Hilden, DE). Then the total 

RNA was reverse transcribed to cDNA using SensiFAST cDNA Synthesis Kit 

(Bioline, Cincinnati, OH, US) according to the manufacturer's instructions. The 

mRNA expression levels of ACE2 and TMPRSS2 were quantified using q-PCR 

analysis with SensiFAST SYBR No-ROX Kit (Bioline). The samples were run and 

analyzed on a Light Cycler 480 II real time PCR system and the PCR products were 

further analyzed by agarose gel electrophoresis. In this assay, β-actin (human ACTB) 

was used as a reference gene and the sequences of the specific primers are shown in 

Table 2. 

 

Table 2. The sequence of the primers for q-PCR. 

Genes Primers Sequence (5' > 3') Reference 

ACE2 

forward 

primer 

GGGATCAGAGATCGGAAGAAGAA

A NM_ 

021804 reverse 

primer 
AGGAGGTCTGAACATCATCAGTG 

TMPRSS2 

forward 

primer 
AATCGGTGTGTTCGCCTCTAC 

NM_ 

005656 reverse 

primer 
CGTAGTTCTCGTTCCAGTCGT 

ACTB 

forward 

primer 
CCCTGGACTTCGAGCAAGAG 

NM_ 

001101 reverse 

primer 
ACTCCATGCCCAGGAAGGAA 
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Sialic acid as a biomarker studied in breast cancer cell lines 
 in vitro using fluorescent molecularly imprinted polymers  
(Paper I) 

 

Sialylation is one of the most important glycosylations and it has been reported that 

cancer cells usually have aberrant sialylations [29, 30]. Antibodies and lectins are 

commonly used for SA detection but these reagents face drawbacks, including high 

cost, limited storage stability, and intricate application conditions, which call for 

other tools for SA detection. We and other groups have recently presented a novel 

method for SA detection by using MIPs as SA receptors. The aim of this study was 

to further extend the application of the synthesized MIPs and monitor SA expression 

in a panel of breast cancer cell lines [81]. 

 

Breast cancer is highly heterogeneous, and can be classified in luminal A, luminal B, 

and basal-like subgroups [146]. Consequently, because of subgroup specific 

properties, the diagnostic and treatment methods for breast cancers are different. To 

reveal the SA expression in breast cancer cell lines, six breast cancer cell lines, 

including T-47D, MCF7, CAMA-1, MDA-MB-468, MDA-MB-231, and Hs 578T 

were stained with two lectins, MAL I and SNA, against α2,3 and α2,6 SA, 

respectively. Our results show that these cell lines have inconsistent α2,3 and α2,6 

SA expression levels. For instance, T-47D cells express both α2,3 and α2,6 SA at 

relative high levels, whereas Hs 578T cells mainly express α2,3 SA. These 

differences may contribute to their highly heterogeneous properties in cancer 

metastasis and invasion. 

 

RESULTS AND DISCUSSION 
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Following lectin binding, the binding of SA-MIPs to these breast cancer cell lines 

were tested. Hs 578T, MDA-MB-231, and MDA-MB-468 bound less SA-MIPs 

compared with T-47D and CAMA-1, while MCF 7 cells had the highest SA-MIPs 

binding capacity. However, it is hard to conclude if SA-MIPs have preference for 

α2,3 or α2,6 SA, since generic SA was used as a template for SA-MIPs synthesis. 

To further investigate whether the two well-known cancer biomarkers, i.e., epithelial 

cell adhesion molecule (EpCAM) and CD44, had any correlation in expression 

compared to SA, those biomarkers were analyzed by using flow cytometry [147, 

148]. Our results show that low EpCAM expression levels correlated well with the 

SA-MIPs binding pattern, in contrast to the CD44 expression that showed inverse 

correlation. 

 

The specificity of the SA-MIPs was tested using two pentavalent sialic acid 

conjugates ME0970 and ME1057. Initially, these SA conjugates were designed to be 

used for their inhibitory effect against viruses which utilize SA as receptors on host 

cell surfaces [149]. In this assay, SA-MIPs were preincubated with ME0970 or 

ME1057, respectively, before cell staining. Our results show that the binding of SA-

MIPs decreased by 66% and 64% when preincubating with SA conjugates ME0970 

and ME1057, respectively, indicating the specificity of the MIPs. Further, we 

conclude that SA-MIPs are effective tools to detect SA on breast cancer cell lines.  

 

Improved biomarker detection analysis of glycosylated cell 
surface structures using sialic acid-targeted fluorescent core-
shell particles (Paper II) 

 

The aim of the second study was to improve the properties of the SA-MIPs and 

apply them to detect SA on the surface of a larger set of different cancer cell lines. 

These novel SA-MIPs were synthesized on silica-coated polystyrene particles (ca. 

170 nm) [150], which are smaller compared to the previous SA-MIPs (ca. 200 nm) 

[81], and therefore have higher surface-area-to-volume ratio for binding. Because of 

the lower density of the silica-coated polystyrene cores, these particles have 

improved suspensibility and show a lower tendency to sediment [150]. 

 

To evaluate the binding performance of the synthesized polystyrene MIPs, the SA 

expression on thirteen cancer cell lines (SK-BR-3, MDA-MB-468, PC-3, THP-1, 

Jurkat, A-431, MCF7, MDA-MB-231, A549, CAMA-1, T-47D, and Hs 578T) were 

first analyzed using the two lectins MAL I and SNA followed by SA-MIPs. Our 
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results show that CAMA-1 and MCF7 have the lowest α2,3 and α2,6 expression, 

respectively. A549 was determined to have the highest α2,6 SA expression among 

these cell lines. Our results revealed that these cancer cell lines have varied 

expression of α2,3 and α2,6 SA, and therefore display different binding patterns with 

SA-MIPs. These cell binding results were further compared with previous SA-MIPs. 

The results show that the novel SA-MIPs with silica-coated polystyrene cores have 

significantly higher ability to conjugate with cancer cells, tentatively owing to their 

smaller size and better suspensibility.  

 

Furthermore, the specificity of the SA-MIPs was studied with an inhibition assay 

using another set of pentavalent SA conjugates ME0752 and ME0976 [149, 151]. 

SA-MIPs were separately pre-incubated with the derivates before cell staining and 

thereafter analyzed by flow cytometry and confocal microscopy. A clear reduction 

in SA-MIP binding to the cells was observed from the flow cytometry data, which 

confirms the specificity of the novel SA-MIPs. Confocal microscopy further 

revealed the SA-MIPs binding pattern on the cell surfaces and how SA conjugates 

affect SA-MIP binding. The microscopy images show that SA-MIPs attached to the 

cell membrane and SA-MIPs aggregation could be observed for the A549 and 

MCF7 sample. When SA-MIPs were pre-incubated with the SA conjugates, SA-MIP 

binding was attenuated, and the aggregate size was reduced. The latter may be due 

to inhibitors acting as spacer molecules between SA-MIP particles. To conclude, 

smaller size and improved suspensibility benefits the newly synthesized SA-MIPs 

since they show higher ability to conjugate with SA on cancer cells, showing 

potential for cancer diagnosis and analysis. 

 

Determination of cytokine regulated glycan expression by 
using molecularly imprinted polymers targeting sialic acid 
(Paper III)  

 

Fast-growing cancer cells could exhaust the nutrient supply and generate nutrient 

deprived necrotic cells at the tumor's core, releasing pro-inflammatory cytokines, 

including TNF-α, IL-1b, IL-6, and IL-8 [152]. Well known tumor promoters, i.e. 

inflammation and cytokine production, modulate the cellular microenvironment and 

induce aberrant cell surface glycan patterns [114, 115]. At the outermost position of 

the glycan chains, SA plays crucial roles in cancer cell proliferation, differentiation, 

and metastasis. In this study, we aimed to analyze the SA expression while 
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mimicking the tumor microenvironment, and by determining the expression by the 

use of SA-MIPs. 

 

To mimic the complex cytokine microenvironment, the leukemia cell line Jurkat was 

stimulated with phytohemagglutinine (PHA) to produce soluble cytokines. The 

cytokine composition was investigated with different ELISA kits, specific for IL-2, 

IL-6, IL-8, and TNF-α, respectively. More than 400 pg/mL of IL-8 was detected, 

whereas lower amounts of IL-2 and TNF-α were determined. 

 

Two different cancer cell lines, MCF7 and RAW 264.7, were stimulated with the 

cytokine cocktail thus produced. The SA expression of MCF7 and RAW 264.7 cells 

was analyzed by flow cytometry using both lectins and the SA-MIPs. Interestingly, 

we found that both cell lines increased the SA expression after treatment with the 

cytokine cocktail; the increase was detected by both lectins and SA-MIPs. SA 

expression is closely associated with cell adhesion, migration, and invasion, giving 

this glycan a possible role in the inflammatory environment that may contribute to 

cancer metastasis [153, 154]. In order to determine the influence of the candidate 

cytokine(s) on the increased SA expression, MCF7 and RAW 264.7 cells were 

stimulated with individual recombinant cytokines IL-4, IL-6, or IL-8. Our results 

show that SA expression was increased in RAW 264.7 by all cytokines, while no 

obvious change was observed for MCF7 cells. There could be two possible 

explanations: 1) there are other cytokines besides IL-4, IL-6 and IL-8 that may 

increase SA expression in MCF7 cells; 2) these cytokines may work cooperatively 

and therefore increase SA expression. 

 

Based on these results, we conclude that an inflammatory tumor microenvironment 

and some pro-inflammatory cytokines could stimulate cells to increase SA 

expression, which could further promote cancer metastasis [108, 155]. Besides, SA-

MIPs can be used to detect the changes in SA expression after stimulation, 

demonstrating its potential to become an important tool in the investigation of 

overexpressed glycans in the tumor microenvironment. 

 

SARS-CoV-2 spike protein interaction with cell types from 

tissue susceptible to viral infection (Paper IV) 

 

According to the WHO, until the end of September 2021, about 228 million 

COVID-19 cases have been confirmed globally, causing more than 4 million deaths. 
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It is becoming one of the most sever challenges faced by humanity. Understanding 

the viral binding and infection mechanisms is crucial for disease prevention and 

treatment. In this study, we aimed to investigate the interactions between the RBD in 

SARS-CoV-2, and a panel of human cell lines from tissues susceptible to viral 

infection, including lung, skin, liver, and colon. Occupying the outermost position of 

glycan chains, SAs are not only involved in cancer migration and invasion, but also 

play crucial roles in many pathogen infections. SAs have been reported to be related 

to coronavirus infections, therefore the interaction between human cells and the 

RBD receptor, ACE2, was investigated through removing SA from the cell surface 

using the enzyme neuraminidase [156]. 

 

ACE2 play crucial roles in the infection process [123, 132]. To evaluate the ACE2 

expression, the cell lines A-431, Caco-2, Calu-3, COLO 205, HaCaT, SW48, A549, 

MCF7, Hep G2, and Vero E6 were stained with an ACE2 antibody and analyzed 

using flow cytometry. Our results show that the African green monkey epithelial 

kidney cell line Vero E6 and the liver cancer cell line HepG2 have higher ACE2 

expression compared to the lung cancer cell line A549. Our results also showed that 

A-431 and Caco-2 have the lowest ACE2 expression among the cell lines studied. 

To further confirm these data, the specificity of the ACE2 antibody was verified 

using a control isotype specific goat antibody and a pre-adsorption assay. 

 

After the ACE2 expression level evaluation, the binding between RBD and the ten 

cell lines from different tissues were tested. Interestingly, the colon cell line COLO 

205 and Vero E6 had a high affinity for RBD. To further explore the RBD binding 

mechanism, the involvement of SA in this interaction has been evaluated. In this 

assay, the binding between RBD and cells were tested after SA was enzymically 

cleaved by neuraminidase. Indeed, no clear binding decrease was observed, which 

suggests that SA may not be a RBD receptor. These results are in line with the work 

of Yang el al., showing that sialic acids are not coreceptors of spike protein and may 

even shield virus/spike binding [157]. 

 

Although SA may not be the RBD receptor of SARS-CoV-2, it cannot be ignored 

that SA plays crucial roles in many biological processes and facilitates the initial 

interaction with many pathogens, including influenza virus, MERS and HCoV-

OC43 [144, 145]. Due to its multifaceted interaction pattern, SA remains one of 

the most crucial, interesting, and mysterious molecules which need further studies. 
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In this project, SA analysis and its relationship with both cancer and viral SARS-

CoV-2 interactions was explored. SA-MIPs are synthetic receptors used here as a 

robust alternative to lectins and antibodies. The aim of this study was to sensitively 

test and evaluate the SA content by using SA-MIPs and also apply the polymer 

particles for early-stage cancer diagnostics. Further, the aim was to investigate the 

possible role of SA in the interaction between the RBD of SARS-CoV-2 and the 

human receptor ACE2.  

 

We have previously prepared the fluorophore NBD doped SA-MIPs using boronate-

based imprinting techniques and applied it to cancer cell lines. The application of 

SA-MIPs was firstly expanded to a panel of breast cancer cell lines and the SA 

expression patterns were verified by lectins. The binding pattern of the SA-MIPs to 

the breast cancer cell lines was further compared with EpCAM and CD44 

expression. These two markers are closely related to circulating tumor cells, 

showing an interesting correlation with the SA-MIP binding. Then, the SA-MIP 

synthesis was refined by using a smaller and lighter silica-coated polystyrene core, 

showing improved suspensibility and higher ability to bind with cancer cells. 

Furthermore, creating an inflammatory environment showed an increased sialyation 

detected by SA-MIPs, confirming its potential to become an important tool to 

investigate altered glycan expression in the tumor microenvironment. Moreover, the 

interaction between RBD and a panel of human cell lines from tissues susceptible to 

viral infection was investigated and the potential roles of several factors involved in 

this interaction was evaluated. 

 

  

CONCLUSIONS AND FUTURE 
PERSPECTIVES 
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The molecular imprinting techniques are moving forward, however, there are still 

questions unanswered, highlighting the need for further investigations. The 

specificity the target molecule, especially regarding glycan motifs, remains 

challenging, though many achievements have been made. The binding ability to the 

target molecule is also crucial and an example from the current work is the small 

size MIPs particles with superior suspensibility and more homogeneous antibody-

like staining. Up to now, most of the current glycan imprinted polymers focused on 

monosaccharide recognition, however, the SA linkage and the structure of the 

underlying glycan are important for investigations and discrimination between 

normal and cancer cells. Synthesis of MIPs for SA with underlying glycan motif is 

still urgently needed.  

 

Future work should include synthesis of SA-MIPs showing preference to the α2,3 or 

α2,6 SA, which may help in cancer diagnostics and related biomarker discovery. To 

achieve desired MIP sizes, carbon nanodots (with an average diameter of less than 

10 nm) can be used as MIP cores. Other fluorophores, especially fluorophores with 

near-infrared emission can be used as MIP dopants, greatly benefitting MIP based in 

vivo imaging and analysis. Besides, other SA related biomarkers, e.g., the STn 

antigen, which is expressed abundantly by many tumors, will be the next generation 

SA-related antigen used as template for MIP synthesis. 

 

In summary, this work takes a step further in SA research, which may contribute to 

the development of new tools for analysis of SA, SA-related cancer diagnosis and 

treatment, as well as tracking pathogen interactions with human cells. 
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Abstract: Sialylations are post-translational modifications of proteins and lipids that play important
roles in many cellular events, including cell-cell interactions, proliferation, and migration. Tumor cells
express high levels of sialic acid (SA), which are often associated with the increased invasive potential
in clinical tumors, correlating with poor prognosis. To overcome the lack of natural SA-receptors,
such as antibodies and lectins with high enough specificity and sensitivity, we have used molecularly
imprinted polymers (MIPs), or “plastic antibodies”, as nanoprobes. Because high expression of
epithelial cell adhesion molecule (EpCAM) in primary tumors is often associated with proliferation
and a more aggressive phenotype, the expression of EpCAM and CD44 was initially analyzed. The
SA-MIPs were used for the detection of SA on the cell surface of breast cancer cells. Lectins that
specifically bind to the a-2,3 SA and a-2,6 SA variants were used for analysis of SA expression,
with both flow cytometry and confocal microscopy. Here we show a correlation of EpCAM and SA
expression when using the SA-MIPs for detection of SA. We also demonstrate the binding pattern
of the SA-MIPs on the breast cancer cell lines using confocal microscopy. Pre-incubation of the
SA-MIPs with SA-derivatives as inhibitors could reduce the binding of the SA-MIPs to the tumor
cells, indicating the specificity of the SA-MIPs. In conclusion, the SA-MIPs may be a new powerful
tool in the diagnostic analysis of breast cancer cells.

Keywords: breast cancer; epithelial cell adhesion molecule; molecularly imprinted polymers; nanoparticles;
sialic acid

1. Introduction

Breast cancer cannot be classified as one diseases, but is largely heterogeneous and
therefore the diagnosis and treatment in affected women with breast cancer can vary.
Although there is a recent improvement in overall survival rate, the mortality rate is
high [1]. Proved by molecular profiling, breast cancer is comprised of several subgroups
according to previous classification: luminal A, luminal B, basal-like, human epidermal
growth factor receptor 2 (HER2)-positive and normal subgroups [2,3].

Cancer cells use several mechanisms to bypass recognition by the immune cells,
thereby escaping immune surveillance and progressing through metastases [4]. The cir-
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culating tumor cells (CTCs) released from primary tumors are considered to have the
capability to initiate distant metastasis. Detection and isolation of CTCs using the Food
and Drug Administration (FDA)-approved CellSearch platform is based on automated im-
munomagnetic sorting and on expression of the epithelial cell adhesion molecule (EpCAM)
and cytokeratin [5]. The expression of EpCAM in primary tumors is often associated with
proliferation and a more aggressive phenotype, if it is considered as high [6]. Alternative
methods are definitely needed for the detection of CTCs that are able to recognize a broader
spectrum of phenotypes.

Alterations in protein glycosylation have a role in the transformation to cellular
malignancy and cancer progression [7]. Sialic acid (SA), or 5-N-acetylneuraminic acid
(Neu5Ac), is a monosaccharide that plays an important role in many biological processes in
the cells [8]. SA is chemically bound to galactose (Gal) or N-acetylgalactosamine (GalNAc)
and the underlying glycan via α -2,3 or α -2,6 glycosidic linkage [8]. For detection of α-2,3
SA, the lectin Maackia amurensis I (MAL I) is commonly used, and for detection of α-2,6
SA, the lectin Sambucus nigra (SNA) is used. α-2,6-SA can be found on the basolateral cell
membrane, whereas α-2,3-SA seems to be more prominent on the apical cell membrane [9].

Increased levels of SA on tumor cells have been connected with poor prognosis
of clinical tumors and increased invasive potential [10]. It has been shown that a high
SA expression enhances migration and invasion by increasing integrin interaction and
preventing immune cell recognition [11]. The upregulation of sialyltransferase expression
is upregulated and results in the accumulation of SA on the surface of cells [12,13].

Available lectins and glycan specific antibodies for detection of SA containing gly-
coconjugates do not perform well in, e.g., analytics of glycoproteomes and appropriate
high-throughput cellular imaging technologies [14]. Therefore, the studies by us and others
are of high importance to develop novel tools for glycan detection [15–17]. One such tool
to prepare saccharide selective receptors is molecular imprinting [18]. Since Wulffs early
reports on highly discriminative boronate-based receptors for monosaccharides [19], new
promising imprinting approaches to design glycan or glycoprotein specific probes have
been reported [20–27]. Indeed, the design of molecularly imprinted polymers (MIPs) and
their use as artificial recognition elements have been shown to be successful for targeting
glycans such as SA and glycosamino-glycans (GAGs) [15].

Liu et al. have reported, in a series of publications, an orientation controlled imprinting
procedure using boronate anchored glycans [25]. This has resulted in glycan specific
nanoprobes showing high selectivity for cell surface glycosylations. Using an innovative
multilayered core-shell architecture comprising quantum dot cores, nanoprobes were
developed for selective targeting and imaging of hyaluronan and sialylated glycosylation
sites on human keratinocytes [22]. Based on a ternary complex imprinting procedure,
we recently reported on fluorescently reporting SA imprinted nanoprobes for combined
detection of both α-2,3 and α-2,6 SA on cancer cells. We demonstrated an affinity for
various cell lines such as DU145, PC-3, Jurkat, and B-CLL and further verified the binding
specificity by enzymatic cleavage of fluorescent SA-MIP nanoprobes for detection of SA on
cancer cells [20,21].

In the present study, we have performed screening of SA expression on a collection
of breast cancer cell lines by using SA-MIPs and lectins, and analyzed SA-MIP targeting
to the cells by flow cytometry and confocal fluorescence microscopy. The breast cancer
cell lines were also analyzed using antibodies for the expression of the epithelial EpCAM
and CD44, which is overexpressed in several cell types including cancer stem cells. We
show that the SA-MIPs recognize breast cancer cells with low CD44 and high EpCAM
expression, indicating that SA-MIPs can be used as an additional tool for detecting EpCAM
positive breast cancer cells. The fluorescence microscopy images revealed the staining
pattern of both lectins and SA-MIPs. Importantly, we show a novel use for SA-derivatives
by pre-treating the SA-MIPs with these inhibitors before cell staining. Thereby, we could
demonstrate a concentration-dependent reduction in binding of the SA-MIPs to breast
cancer cells, indicating the specificity of the SA-MIP interaction.
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2. Materials and Methods
2.1. Cell Culture

Human breast cancer cell lines T47D, MCF-7, Cama-1, MDAMB468, MDAMB231, and
Hs-578T were obtained from the American Type Culture Collection (ATCC/LGC Standards,
Teddington, UK). T47D and MCF-7 cells were cultured in Roswell Park Memorial Institute -
1640 (RPMI-1640) medium supplemented with 10% fetal bovine serum (FBS) and 50 ug/mL
gentamycin. MDAMB468 and MDAMB231 cells were cultured in Dulbeccos Modified
Eagle Medium (DMEM), supplemented with 10% FBS. Cama-1 cells was cultured in
RPMI-1640 medium supplemented with 10% FBS, 1% pyruvate sodium, and 1% penicillin
streptomycin. Hs-578T cells was cultured in DMEM supplemented with 10% FBS, 1%
penicillin streptomycin, and 10 ug/mL insulin (Sigma–Aldrich, St Louis, MO, USA). The
cell lines were incubated at 37 ◦C with 5% CO2 in 100% humidity. All cell culture reagents,
except for insulin, were from Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Flow Cytometry Analysis

EpCAM staining: 1 × 106 cells/sample were stained with anti-EpCAM-PE, according
to the manufacturer’s instructions (Milentyi Biotec GmBH, Bergisch Gladbach, Germany)
or left unstained as a control. The cells were washed twice with 2 mL phosphate-buffered
saline (PBS, Thermo Fisher Scientific). Anti-EpCAM-PE (100 µL) with concentrations of
100, 50, and 10 ng/mL was added to the cells, and 100 µL of PBS was used as a negative
control. The cells were incubated with EpCAM-PE for 30 min at 4 ◦C in the dark and were
thereafter washed three times with 2 mL PBS and analyzed using flow cytometry (BD
Biosciences, Accuri C6 Flow Cytometry, NJ, USA).

CD44 staining: 1 × 106 cells/sample were stained with human anti-CD44 antibody,
according to the manufacturer’s instructions (R&D, Minneapolis, MN, USA) or left un-
stained as a control. The cells were washed twice with 2 mL PBS. Anti-CD44 (100 µL) with
a concentration of 2.5 µg/mL was added to the cells, and 100 µL of PBS was used as a
negative control and incubated for 30 min at 4 ◦C in the dark. After incubation, the cells
were washed twice with 2 mL PBS. Anti-rat fluorescein isothiocyanate (FITC, R&D) was
used as a secondary antibody. Anti-rat-FITC (100 µL of 1:10 diluted) was added to the cells
and to the negative control. The cells were incubated for 30 min at 4 ◦C in the dark and
were thereafter washed three times with 2 mL PBS and analyzed using flow cytometry.

MAL I and SNA (Lectin-Biotin): 1 × 106 cells/sample were stained with Lectin-Biotin,
according to the manufacturer’s instructions (Vector Laboratories, Burlingame, CA, USA)
both for MAL I and SNA or left unstained as a control. The cells were washed twice with
2 mL PBS. Lectin-Biotin (100 µL) with concentrations of 5, 2, and 1 µg/mL was added to
the cells, and 100 µL of PBS was used as a negative control. The cells were incubated with
Lectin-Biotin for 30 min at 4 ◦C and were thereafter washed three times with 2 mL PBS.
Thereafter, 100 µL of 1:100 dilutions of streptavidin-FITC (Sigma) was added to the cells
and incubated for 20 min at 4 ◦C in the dark. After the incubation, the cells were washed
three times with 2 mL PBS and analyzed using flow cytometry.

SA-MIPs: The polymer particles (SA-MIPs) were prepared as previously described by
Shinde et al. [20]. SA-MIPs equipped with nitrobenzoxadiazole (NBD) fluorescent reporter
groups allowing environmentally sensitive fluorescence detection in green fluorescence.
Here, 1 × 106 cells/sample were stained with SA-MIPs or left unstained as a control.
The cells were washed twice with 2 mL PBS. SA-MIPs (100 µL) with a concentration of
0.1 mg/mL was added to the cells, and 100 µL of PBS was used as a negative control. The
cells were incubated with SA-MIP for 30 min at 4 ◦C and were thereafter washed three
times with 2 mL PBS and analyzed using flow cytometry.

2.3. Fluorescence Microscopy

Cells/sample (5 × 104) were adhered to poly-lysine slides (Thermo Fisher Scientific)
in a 6 well-plate for 2 h at 37 ◦C with 5% CO2 in 100% humidity. After the incubation, 2 mL
cell culture medium was added to the wells and incubated for 48 h. After the incubation,
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the cells were washed three times with PBS and fixed with 100 µL 4% formaldehyde for
10 min, followed by washing three times with PBS. After permeabilization with 0.05%
TritonX (Sigma) the cells were incubated with rhodamine-Phalloidin (Sigma) for 30 min
in the dark at room temperature (RT). After two more washings with 0.05% Triton-X and
PBS, the cells were incubated with 100 µL of SA-MIPs (0.1 mg/mL) or biotinylated MAL
I and SNA (10 µg/mL) for 30 min at RT. The biotinylated lectins were further incubated
with streptavidin-FITC. After the incubation, the cells were washed four times with PBS
and incubated with 100 µL 300 nM 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher
Scientific) in PBS, for 4 min at RT. After three more washes with PBS, the cells were mounted
with one drop of mounting medium ProlongQR Gold antifade reagent (Molecular probes).

Pre-treatment of SA-MIPs with SA- derivatives: The cells were harvested and washed
twice with 2 mL PBS. SA-MIPs and two different SA-derivatives (ME0970 and ME1057) [28]
at either 20 µM or 200 µM in 100 µL were pre-incubated in PBS for 5 min before being
added to 1 × 106 cells/sample, or were left unstained as a control. In addition, 100 µL of
SA-MIPs with a concentration of 0.1 mg/mL was used as a positive staining control. The
cells were incubated for 30 min at 4 ◦C and were thereafter washed three times with 2 mL
PBS and analyzed using flow cytometry.

3. Results
3.1. Expression of EpCAM and CD44 on Breast Cancer Cell Lines

The expression levels of EpCAM were analyzed in the six different breast cancer cell
lines. Hs-578T and MDAMB231 expressed no EpCAM compared to MDAMB468, T47D,
Cama-1, and MCF-7, which all expressed EpCAM at higher levels (Figure 1A). For CD44
expression, the Hs-578T, MDAMB231, and MDAMB468 expressed CD44 at high levels
compared to T47D, Cama-1, and MCF-7, which expressed CD44 at lower levels (Figure 1B).

3.2. SA Staining With Lectins on Breast Cancer Cell Lines

In this study, two different lectins were used and analyzed by flow cytometry and
fluorescence microscopy. MAL I appear to bind carbohydrate structures that contain SA
attached to terminal galactose in α-2,3 linkage. The α-2,3-SA expression is presented in
Figure 2A. T47D, MDAMB231, and MCF-7 expressed high α-2,3 linkage levels compared
to Cama-1 and Hs-578T, which expressed low levels of α-2,3 linkage, as determined
by the mean fluorescence intensity (MFI). SNA binds preferentially to SA attached to
terminal galactose in α-2,6 and, to a lesser degree, α-2,3 linkage. The α-2,6-SA expression
is presented in Figure 2B. T47D and MDAMB468 showed the highest α-2,6 linkage levels
compared to MCF-7 and Hs-578T, which showed low levels of α-2,6 linkage. The fluorescent
microscopy results correlate well with the flow cytometry results (Figure 3).
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sented in Figure 2B. T47D and MDAMB468 showed the highest α-2,6 linkage levels com-
pared to MCF-7 and Hs-578T, which showed low levels of α-2,6 linkage. The fluorescent 
microscopy results correlate well with the flow cytometry results (Figure 3). 

Figure 1. Epithelial cell adhesion molecule (EpCAM) and CD44 expression was analyzed with
flow cytometry. Six different breast cancer cell lines were analyzed for EpCAM (A) and CD44 (B)
expression patterns. The histograms shows the mean fluorescence intensity (MFI) for each staining
in red, including background control in black.
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Figure 2. Fluorescence confocal microscopy of Maackia amurensis I (MAL I)—scale bar 20 µm. Six
different breast cancer cell lines were stained for MAL I using fluorescein isothiocyanate (FITC,
green), actin filament using rhodamine-phalloidin (red), and 4′,6-diamidino-2-phenylindole (DAPI)
nuclear staining (in blue), and analyzed with fluorescence confocal microscopy (A). Fluorescence
microscopy of Sambucus nigra (SNA)—scale bar 10 µm. Six different breast cancer cell lines were
stained for SNA in green, actin filament in red, and nuclear in blue, and analyzed with fluorescence
confocal microscopy (B).

3.3. SA Staining with SA-MIPs on Breast Cancer Cell Lines

The expression levels for SA were analyzed using SA-MIPs and flow cytometry
in six different breast cancer cell lines. According to the binding pattern, Hs-578T and
MDAMB231 expressed SA at low levels compared to MDAMB468, T47D, Cama-1, and
MCF-7, which expressed SA at higher levels (Figure 4A). Interestingly, the results indicate
that low EpCAM expression levels correlate with low SA expression levels (Figure 4B). In
addition, there is an inverse correlation between SA- and CD44-expression. In order to
visualize the surface binding of SA, breast cancer cell lines were stained with SA-MIPs and
analyzed with fluorescent microscopy. In Figure 5, the membrane staining of the breast
cancer cell lines using SA-MIPs, actin filament staining with rhodamine-phalloidin, and
nuclei staining using DAPI is shown.
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Figure 4. Six breast cancer cell lines were stained with SA-MIPs and analyzed with flow cytometry.
The histograms shows the MFI for each staining, SA-MIPs in red including background control in
black (A). EpCAM, CD44, and SA-MIPs analyzed with flow cytometry. Six different breast cancer cell
lines were analyzed for EpCAM, CD44, and SA expression patterns. Results are shown in % positive
cells (B).
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Figure 5. Fluorescence confocal microscopy SA-MIPs—scale bar 20 µm. Four different breast
cancer cell lines were stained with SA-MIPs using nitrobenzoxadiazole (NBD) in green, rhodamine-
phalloidin (actin filaments) in red, and DAPI (nuclei) in blue, and analyzed with fluorescence
confocal microscopy.

3.4. Pre-Treatment of SA-MIPs with SA-Derivative Reduce the Binding to Cells

The SA-derivatives ME0970 or ME1057 were pre-incubated at either 20 µM or 200 µM,
respectively, with 0.1 mg/mL SA-MIPs and were then added to the T47D cells. The binding
of the pre-treated cells was compared with the binding to the same cell line of 0.1 mg/mL
of SA-MIPs alone, and was shown to be reduced by 7% (20 µM) and 66% (200 µM),
respectively, for ME0970, and by 0.5% (20 µM) and 64% (200 µM), respectively, for ME1057
(Figure 6). The reduction in binding of the pre-treated cells was concentration-dependent,
as shown with both SA-derivatives.
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analyzed with flow cytometry. The reduction of binding compared to SA-MIP binding alone is
shown. (A) The SA-derivative ME1057 was added at 20 µM and 200 µM. (B) ME0970 was added at
20 µM and 200 µM.
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4. Discussion

Glycosylation is the most abundant post-translational modification, and the majority of
eukaryotic cells express cell surface glycans [29]. Knowledge about glycome has increased
in the past few years. Indeed, the role of glycans in cancer have been highlighted by the fact
that alterations in glycosylation regulate the development and progression of cancer. Thus,
glycans serve as important biomarkers. We have developed SA-imprinted fluorescent
nanoprobes to enable SA-detection, for use as novel tools in cancer diagnostics [20]. The
correlation of SA-MIP binding and EpCAM expression on the breast cancer cell lines
presented in this study show an additive level of phenotyping of breast cancer cells,
together with the CD44 biomarker, which showed a reverse correlation. High expression
levels of EpCAM in tumors are often associated with proliferation and a more aggressive
phenotype with respect to overall survival and appearance of metastasis [6]. Identification
of EpCAM glycosylation sites or structures may be a crucial step to define the potential role
of EpCAM in breast cancer cells [30]. Various cancer cells are lacking EpCAM expression,
therefore CellSearch approaches are limited [31]. Indeed, carcinoma cells undergoing
epithelial-to-mesenchymal transition can at least partially downregulate epithelial cell–
specific molecules such as EpCAM [32]. Several glycosylated markers could be of interest
for study, including CD24, a highly glycosylated mucin-like antigen that has recently
emerged as a novel oncogene and metastasis promoter in breast carcinoma [33].

Our results show that breast cancer cells expressing α-2,3 or α-2,6 glycosidic linkage
can bind the SA-MIPs to various degrees. The fluorescence confocal microscopy results
show the binding pattern of the SA-MIPs to the different cell types. For flow cytometry
analysis, we could characterize the binding pattern of MAL I, SNA, and SA-MIPs to all
six cell lines. In order to validate that binding of the MIPs to cells is mediated by direct
interaction with SA, the MIPs were pre-incubated with pentavalent SA-derivatives. These
derivatives were designed to block attachment of coxsackievirus A24V and adenovirus
37 viruses to host cells [28]. The viruses use multivalent attachment, and these defined
SA-derivatives are efficacious in cell based infection and attachment assays in contrast
to the SA monosaccharide that need to be used in mM concentrations to observe week
inhibition. We hypothesized that these derivatives, with their flexible and long spacers,
should be capable of binding to the MIPs and thereby reduce cell binding. Indeed, the
results showed that the binding of the SA-MIPs to the cell line T47D could be inhibited by
the addition of two different SA-derivatives. Because of their efficient inhibition ability,
SA-derivatives can be used for specificity tests for SA-MIPs. The two SA-derivatives used
in this study were designed from multivalent ligands intended for topical administration
for the viruses CVA24v and HAdV-37 that utilize SA for cell attachment [28].

Others have shown that SA-imprinted nanoparticles could selectively bind with the
SA overexpressed in DU145 cancer cells [25]. In their hands, DU145 cells, but not HeLa
cells, bound the SA-imprinted nanoparticles, revealing a specificity in binding. Moreover,
unmodified nanoparticles did not show any binding to the two cell lines. Interestingly, it
has also been demonstrated that SA-MIPs could specifically target cancer cells over normal
cells, and that the addition of SA could compete out the SA-MIP binding to the cancer
cells [26,34]. These results support our observations using the SA-derivatives, although we
cannot completely reduce the binding to SA-expressing cells.

The majority of breast cancers carry Tn (GalNAc-Ser/Thr) within the same cell and in
close proximity to extended glycan T (GalB1,3GalNAc), the addition of Gal to the GalNAc
being catalyzed by the T synthase [35]. In breast cancer, there can also be a change in
the number of O-GalNAc glycans added to the peptide core of glycoproteins, as well as
changes in the core structures, which often results in increased sialylation. The sialylated
derivatives of the O-GalNAc glycans are commonly observed, giving the sialylated Tn
(STn) and sialylated core 1 (ST) glycans [29]. Truncated mucin-type O-linked glycans
areseen often terminating in SA due to the up-regulation of sialyltransferases in breast
cancers. The altered expression of the sialyltransferase is believed to be the main STn
synthase [36]. However, novel diagnostic tools with better affinity and specificity are
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needed. It has been shown that more than 90% of isolated CTC metastatic bladder and
colorectal cancers can overexpress the STn antigen, which is significantly higher than
EpCAM-based detection [37]. Recently, Kaptan et al. presented the effect of α-2,3 and α-2,6
on the cell proliferation, survival, and malignant behaviors of thyroid cancer cells. The
authors treated the cancer cells with different plant lectins such as MALII, SNA, and Aleuria
aurantia lectin (AAL) [38]. These results suggest that altered cell surface glycosylation in
cancer seems to be a strong candidate for new therapeutic strategies.

In this study, we provide a discovery strategy in breast cancer cell lines to understand
the binding pattern of lectins and MIPs targeting SA.

5. Conclusions

SA expression correlates with EpCAM and inversely with CD44 expression levels on
a collection of breast cancer cell lines. SA expression could be detected, both with SA-MIPs
and the lectins MAL I and SNA. Most interestingly, two different SA-derivatives used for
the first time in this type of assay could significantly reduce the binding of the SA-MIPs
in a concentration-dependent manner. This indicates that the SA-MIP binding to cells is
mediated by direct interaction with SA. Indeed, we show that the SA-MIPs can function
as an additional tool for detecting EpCAM-positive breast cancer cells. In conclusion, we
show a combination of potential diagnostic cancer biomarkers that can be used to detect
breast epithelial tumor cells that express SA. Further studies using cells from other tissue,
including skin and colon, will reveal even novel SA-MIP staining patterns.
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Abstract 

Sialic acid (SA) is a monosaccharide usually linked to the terminal of glycan chains on the cell 

surface. It plays crucial roles in many biological processes and hypersialylation is a common 

feature in cancer. To analyze the cell surface expression of SA, lectins are widely used. However, 

these protein molecules are usually expensive and easy to denature, which calls for the 

development of alternative glycan-specific receptors and cell imaging technologies. In this study, 

fluorescent core-shell molecularly imprinted polymer particles imprinted with SA (SA-MIPs) were 

employed to recognize SA on the cell surface of cancer cell lines. The binding pattern of SA-MIPs 

was compared with the staining results of the two lectins Maackia Amurensis Lectin I (MAL I, 

α2,3 SA) and Sambucus Nigra Lectin (SNA, α2,6 SA). The results show that the selected cancer 

cell lines in this study present varied expression of α2,3 and α2,6 SA, and thus show different 

binding behavior to SA-MIPs. Moreover, two pentavalent SA conjugates were used for binding 

inhibition of the SA-MIPs to the cancer cell lines, demonstrating the specificity of the SA-MIPs. 

We conclude that the synthesized SA-MIPs could be a powerful tool in the diagnostic analysis of 

cancer cells. 

Keywords: Cancer; Imprinting; Molecularly imprinted polymers; SA conjugates; Sialic acid  
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Introduction 

Sialic acid (SA) is a nine-carbon monosaccharide, which is located at the terminal of cell surface 

proteins, lipids, or secreted proteins [1]. SA can be linked to the C-6 position of N-

acetylgalactosamine (GalNAc), to the C-6 or C-3 positions of galactose (Gal), or to the C-8 or C-

9 positions of another SA [2]. SA plays a critical role in many normal physiological and 

pathological processes, e.g. the repulse of cell-cell interaction, and serves as a binding site for 

different toxins, pathogens and glycan-binding proteins [1].  

 

The level of SA expression is increased in cancer, which has been shown to result in increased 

metastatic and invasive potential of the cancer cell [3]. Traditionally, SA expression has been 

analyzed by using lectins such as Maackia Amurensis Lectin I (MAL I) and Sambucus Nigra 

Lectin (SNA), and by antibodies targeting SA [4]. However, specific targeting of glycosylated 

proteins is challenging since the availability of adequate lectins and glycan-specific antibodies is 

limited [5]. The specificity and affinity of the lectins and antibodies are usually not sufficient. This 

calls for the development of alternative glycan-specific receptors and cell imaging technologies.   

 

Molecularly imprinted polymers (MIPs) are polymers in which a target template is incorporated 

in the polymerization process, such that template removal after synthesis leaves cavities in the 

polymer matrix with high affinity and specificity to the target molecule [6, 7]. Being of non-

biological origin, engineered MIPs are extremely robust, resist denaturing solvents, are stable at 

high temperatures, and can be reproduced at low cost [8]. Indeed, MIPs have been successfully 

applied as  artificial recognition elements in targeting glycans such as SA and glycosaminoglycans 

(GAGs) [7]. Boronic-acid-based semi-covalent imprinting is widely used to recognize 

glycoproteins since they can bind reversibly with cis-diol groups of the saccharide units. We and 

others have used monosaccharide SA as a template and developed core-shell SA-imprinted 

particles with defined size, which could be further applied as imaging agents for cell surface 

glycans [9-14]. We have previously reported the use of nitrobenzoxadiazole (NBD) fluorochrome 

as reporter group and SA as an imprinted template on the surface of silica beads of approximately 

200 nm [7, 9, 14-17].  
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In this study, we utilized SA-MIPs synthesized on silica-coated polystyrene particles (ca. 170 nm) 

as cell staining agents. We recently reported on the synthesis and binding properties of these 

particles in solution and in cell labelling assays with two cancer cell lines [14]. Compared to 

previous works, a polystyrene core provides a lighter, lower-density support for improved 

suspensibility and scattering properties. The specificity of the particles was evaluated by 

comparing the binding performance of SA-MIPs with that of conventional non-imprinted polymer 

(NIP) control particles as well as “dummy” NIPs prepared with a “dummy” template [14]. Here, 

we analyzed the SA expression on thirteen different cancer cell lines using the SA-MIPs and the 

two lectins MAL I and SNA by flow cytometry and confocal fluorescence microscopy. The results 

show that the different cancer cell lines show varied expression of α2,3 and α2,6 SA, and thus 

display different binding behavior to SA-MIPs.  

 

In addition, the specificity of the MIPs was determined by an inhibition assay using pentavalent 

SA conjugates, ME0752 and ME0976 [18, 19]. By pre-treating the SA-MIPs with different 

concentrations of the two SA conjugates prior to cell staining, we observed a reduction in SA-MIP 

binding to the cells, confirming the selectivity of the MIPs for SA on the cell surface. Our results 

showed the potential of applying SA-MIPs in the testing of complex biological samples. We 

conclude that the synthesized SA-MIPs could be a powerful tool in the diagnostic analysis of 

cancer cells. 

 

Experiment and Methods 

Reagents and cell culture 

The biotin labeled lectin MAL I and SNA were purchased from Vector Laboratories. The 

streptavidin-FITC was obtained from Agilent Technologies. The Falcon multi-chamber culture 

glass slides were purchased from Corning. Mounting medium ProlongQR Gold antifade reagent 

was purchased from Molecular probes.  Phosphate buffered saline (PBS) and DAPI were brought 

from Thermo Fisher Scientific and Triton 100X and rhodamine phalloidin were purchased from 

Sigma-Aldrich. Human cell lines including SK-BR-3, MDA-MB-468, PC-3, THP-1, Jurkat, A-

431, MCF7, MDA-MB-231, A549, CAMA-1, T-47D, and Hs 578T were obtained from American 



5 

 

Type Culture Collection (ATCC). Hek-n cells are primary human epidermal keratinocytes isolated 

from neonatal foreskinand were purchased from Thermo Fisher Scientific. The following cells 

were cultured in cell culture medium purchased from Thermo Fisher Scientific: MDA-MB-231 

and MDA-MB-468 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10 % fetal bovine serum (FBS). MCF7, Jurkat, THP-1 and T-47D cells were 

cultured in RPMI-1640 medium supplemented with 10 % FBS and 50 µg/mL gentamycin. Hs-

578T cells were cultured in DMEM supplemented with 10 % FBS, 1 % penicillin-streptomycin 

(PEST) and 10 µg/mL insulin. CAMA-1 was cultured in RPMI-1640 medium supplemented with 

10 % FBS, 1 % PEST and 1 % sodium pyruvate. A549 cells were cultured in RPMI-1640 medium 

supplemented with 10% FBS and 1 % PEST. SK-BR-3 and PC-3 were cultured in DMEM 

supplemented with 10% FBS, 1% GlutaMAX (Life Technologies) and 1% PEST. Hek-n cells were 

maintained in EpiLife growth medium with 60 mM calcium chloride supplemented with 1 % of 

human keratinocyte growth supplement (HKGS) and 0.2 % gentamycin/amphotericin. A-431 were 

cultured in Eagle’s Minimum Essential Medium (EMEM, Sigma-Aldrich) supplemented with 10% 

FBS, 1 % L-Glutamine (Thermo Fisher Scientific) and 1 % Non-Essential Amino Acids (Thermo 

Fisher Scientific). All the cell lines were cultured at 37 °C with 5 % CO2 in 100 % humidity. 

 

SA-MIP synthesis 

The MIPs synthesis was performed as we recently reported [14].  

 

Flow cytometry assay for lectin staining 

Briefly, the cells were first washed twice with 2 mL PBS. Next, the cells were divided into several 

flow cytometry tubes (5 x 105 cells per sample) and a 100 µL mixture of cells, 5 µg/mL lectins 

and PBS were incubated in the dark at 4 °C for 30 min. These samples were washed twice with 

1.5 mL PBS followed by staining with 10 µg/mL of streptavidin-FITC in the dark at 4 °C for 20 

min. After incubation, the cells were again washed twice and resuspended in 300 μL PBS. for flow 

cytometric analysis (BD Biosciences, Accuri C6 Flow Cytometry, NJ, USA). The flow cytometric 

analysis was carried out on the BD Biosciences, Accuri C6 Flow Cytometry (NJ, USA) with a 488 
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nm excitation laser coupled to a 530/30 nm BP filter. A total of 10,000 events was captured in the 

gate and used for the SA-expression analysis. 

Flow cytometry assay for MIPs staining  

1 x 106 cells per sample were stained with SA-MIPs. The cells were washed twice with 2 mL PBS 

and thereafter divided into several flow cytometry tubes and incubated with SA-MIPs (0.1 mg/mL) 

in 100 µL PBS at 4 °C for 30 min in the dark. After incubation, the cells were washed twice and 

resuspended in 300 μL PBS for flow cytometric analysis. A total of 10,000 events was captured in 

the gate and used for the SA-expression analysis. 

 

Pre-treatment of SA-MIPs with SA conjugates 

In this assay, the SA-MIPs were pre-treated with pentavalent SA conjugates before they were used 

in a MIP staining assay according to the experimental procedure described above. Pre-treatment 

was carried out by pre-incubating the MIP solution with different concentrations (20 and 200 µM) 

of the SA conjugates ME0976 or ME0752 at room temperature for 5 min.  

 

Confocal fluorescence microscopy analysis  

For the confocal fluorescence microscopy analysis, 1 x 105 cells/well were seeded in a Falcon 

multi-chamber culture glass slide with a final volume of 500 μL and incubated for 48 h in 37 °C 

with 5 % CO2 in 100 % humidity. The cells were washed in PBS and fixed with 100 μL 4 % 

formaldehyde (Sigma-Aldrich) at room temperature for 10 min followed by washing twice with 

PBS and once with 0.05 % Triton 100X in PBS. Afterwards, the cells were permeabilized and 

stained with 100 μL of 1/100 diluted rhodamine phalloidin for 30 min in the dark at room 

temperature. After washing twice with 0.05 % Triton 100X in PBS and twice with PBS, the 

samples were incubated with 100 μL SA-MIPs (0.1 mg/ml), that were either untreated or pre-

treated with 200 µM SA conjugates, for 30 min in the dark at room temperature. The samples were 

further washed four times with PBS and stained with 300 nM DAPI in the dark for 4 min at room 

temperature. After another two washes with PBS, the samples were mounted with one drop of 

mounting medium ProlongQR Gold antifade reagent and stored at 4 °C before analysis by confocal 

fluorescence microscopy (Nikon Instruments A1R HD25, Melville, NY, USA). 
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Results 

SA staining with lectins MAL I and SNA on a variety of cancer cell lines  

In this study, two different lectins, MAL I (α2,3-SA) and SNA (α2,6-SA), were used to analyze 

the expression of SA on the surface of thirteen human cancer cell lines by flow cytometry: SK-

BR-3, MDA-MB-468, PC-3, THP-1, Jurkat, A-431, MCF7, MDA-MB-231, A549, Hek-n, 

CAMA-1, T-47D, and Hs 578T cells. The values of the α2,3-SA and α2,6-SA lectin staining are 

presented as the mean fluorescence intensity (MFI) (Table 1) and in histograms (Figure 1). The 

background MFI is also shown for each cell line in Figure 1 (black line). The breast cancer cell 

line CAMA-1 shows the lowest expression of α2,3-SA. For α2,6-SA expression, the breast cancer 

cell line MCF7 and prostate cell line PC-3 show the least pronounced expression (Table 1). High 

expression levels of α2,3-SA were determined in breast cancer cell lines Hs 578T and MDA-MB-

231 and the lung carcinoma cell line A549 (Table 1). The experiment has been repeated twice and 

the results shows small deviation. Therefore, one representative experiment out of two performed 

is shown. The MFI values of α2,3-SA and α2,6-SA staining results are also displayed in bar 

diagrams (Figure 2A and B) to facilitate the comparison with SA-MIP MFI values (Figure 3B). 

 

Figure 1: MAL I (α2,3 SA) and SNA (α2,6 SA) lectin binding to thirteen cell lines. Both lectins were used 
at a concentration of 5 µg/mL. The flow cytometry histograms show the mean fluorescence intensity (MFI) 
of unstained control cells (black lines) and lectin stained cells (blue lines for MAL I and red lines for SNA). 
One representative experiment out of two performed is shown. 
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Table 1: MAL I and SNA expression, presented as mean fluorescence intensity (MFI) on selected cancer 
cell lines. 

 MAL SNA SA-MIPs 

SK-BR-3 41004 131978 24428 

MDA-MB-468 58797 186916 33541 

PC-3 43634 23796 43974 

THP-1 20480 48682 45232 

A-431 47952 33574 46423 

Jurkat 21384 193452 47422 

MDA-MB-231 83974 170770 73508 

Hek-n 34686 79640 94633 

MCF7 55471 14251 125189 

CAMA-1 15987 52167 127531 

T-47D 49544 221300 139479 

Hs 578T 74543 44523 158930 

A549 73340 270388 312901 

 

 



9 

Figure 2: Lectin binding to thirteen cell lines as shown by MFI. Both lectins were used at a concentration 
of 5 µg/mL. A: MAL I (α2,3 SA). B: SNA (α2,6 SA). One representative experiment out of two performed 
is shown. 

The binding pattern of SA-MIPs to several cancer cell lines 

The binding properties of the SA-MIPs were analysed using flow cytometry. The MFI of SA-MIP 

binding for the cell lines SK-BR-3, MDA-MB-468, PC-3, THP-1, Jurkat, A-431, MCF7, MDA-

MB-231, A549, Hek-n, CAMA-1, T-47D, and Hs 578T are shown in Table 1 and Figure 3. The 

SA-MIP binding properties are displayed in histograms (Figure 3A) as well as in bar diagrams 

showing the MFI (Figure 3B). The order of the cell lines is based on the binding capacity of the 

SA-MIPs. 
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Figure 3: SA-MIP binding to the thirteen cell lines as shown by MFI. The concentration of SA-MIPs is 
0.1 mg/mL. A: The flow cytometry histograms show the MFI of unstained control cells (black lines) and 
SA-MIP stained cells (red lines). B: The bar diagrams show the MFI of SA-MIP stained cells. 
One representative experiment out of two performed is shown. 

Pre-treatment of SA-MIPs with SA conjugates reduce the binding to cancer cell lines 

Three cell lines with different binding properties to SA-MIPs, A549 lung carcinoma cells (high 

binding), MCF7 breast cell line (average binding) and A-431 skin carcinoma cells (low binding), 

were selected for further analysis. The specificity of the SA-MIP binding was assessed by using 

flow cytometry. The SA-MIPs were pre-incubated with SA-derivates ME0752 or ME0976 at either 

20 µM or 200 µM concentration respectively, and then applied in cell binding assays. For all three 

cell lines, a reduction in MFI was observed for MIP binding to the cells after incubation with both 
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concentrations of the SA-derivates (Figure 4). The highest degree of reduction occurred with the 

skin carcinoma cell line A-431 (Figure 4B).  

Figure 4: SA-MIPs were pre-incubated with different concentrations of the SA conjugates and 
analyzed with flow cytometry. The reduction of binding compared to SA-MIP binding alone is 
shown. The SA conjugates ME0752 and ME0976 were added to the SA-MIPs at 20 µM and 200 µM, 
respectively and the particles thereafter used to stain (A) A549, (B) A-431 and (C) MCF7 cells. The 
chemical structures. for ME0752 and ME0976 are shown in (D). 

SA-MIPs staining pattern visualized by confocal fluorescence microscopy 

To visualize the binding of the SA-MIPs to the cells, and to characterize the fluorescence properties 

of the SA-MIPs, the three selected cancer cell lines A549, MCF7 and A-431 were analysed using 

confocal fluorescence microscopy. In addition to staining with SA-MIPs, all cell lines were stained 

with DAPI and phalloidin for nuclei and cytoskeleton visualization, respectively. The binding 

pattern and distribution of the SA-MIPs was shown to be different in the three cell lines.  



12 

 

 

Figure 5: Confocal fluorescence microscopy images of SA-MIPs staining of three different cancer cell lines. 
A549 (A–D), A-431 (E–H) and MCF7 (I–L) were stained with SA-MIPs (B, F, J) in green, rhodamine-
phalloidin (actin filaments) in red and DAPI (nuclei) in blue. The two columns on the right show staining 
with SA-MIPs after pre-treatment of the cells with SA conjugates ME0752 (C, G, K) and ME0976 (D, H, 
L). Scale bar: 20 µm. 

 

The A549 cells show a uniform distribution of SA-MIP aggregates (Figure 5B). In contrast, the 

A-431 cells show a very low binding of the SA-MIPs (Figure 5F), whereas MCF7 cells show a 

heterogenous SA-MIP binding pattern with both large and smaller aggregates (Figure 5J).  

 

After pre-treatment with 200 µM of the ME0752 SA conjugates, the SA-MIP binding pattern 

changed. Now, the A549 cells show less binding of SA-MIPs, and the aggregates were smaller 

(Figure 5C). In contrast, A-431 cells show several SA-MIPs bound, as small particles (Figure 5G). 

MCF7 cells show smaller aggregates, but with similar amounts of particles bound (Figure 5K).  
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After pre-treatment with 200 µM of the ME0976 SA conjugates, the SA-MIP binding pattern for 

A549 cells (Figure 5D) and A-431 cells (Figure 5H) is similar to pre-treatment with ME0752. The 

MCF7 cells show less particles bound compared to those pre-treated using ME0752 (Figure 5L).  

 

Discussion 

We previously reported the use and development of core-shell SA-imprinted particles for 

determining cell surface glycans [7, 9, 14-17]. Here, we extend the cell surface SA analysis by 

utilizing core-shell SA-MIPs developed on a silica-coated polystyrene core[14]. We reported that 

the SA-imprinted MIP particles preferentially bind to SA-expressing cells, displaying binding 

behavior comparable to that of SA-targeting lectins.  

 

To investigate whether there is a correlation between MAL I and SNA staining and SA-MIP 

binding on a larger set of cell types, we stained all cell lines that were included in this study with 

the two lectins and the SA-MIPs and analysed them by flow cytometry. The results show that these 

cell lines have various α2,3 and α2,6-SA expression. The flow cytometry analysis is performed on 

cells in suspension, where the cells are detached and rounded-up, whereas most of the epithelial 

cell types preferably attach to the surface as adherent cells. The organization of membrane proteins 

differs between the rounded-up and adherence form, which may affect the outcome of glycan 

staining. In addition, the weak nature of glycan-mediated interactions may affect the MAL I and 

SNA binding properties, as well as specificity [5, 20]. 

 

We further developed the use of pentavalent SA conjugates to validate the binding of the SA-MIPs 

to three different cell types, A549 lung carcinoma, MCF7 breast cancer and A-431 skin carcinoma 

cells [18, 19]. The SA conjugates contain flexible spacers capable of binding the SA-MIPs in a 

concentration-dependent manner and we could show a reduced cell binding after pre-incubating 

the SA conjugates with the SA-MIPs (Figure 4D). The MFI values were substantially reduced 

using either conjugates, ME0976 or ME0752. This is because the SA conjugates are bound by the 

SA-specific sites on the MIP particles, rendering them unavailable to the SA on the cell surface of 

the cancer cells. This confirms the selectivity of the MIP particles for the binding of SA.  We have 



14 

 

recently demonstrated the novel use of SA conjugates ME1057 and ME0970 by pre-treating the 

SA-MIPs (200 nm) with these SA conjugates as inhibitors[21]. Previously synthesized SA 

conjugates were successfully used to inhibit cell attachment and cell infection in assays with 

human corneal epithelial cells [18, 19]. These results together with the results obtained in this 

study suggest that the SA conjugates represent promising candidates as multivalent inhibitory 

targets for SA. 

 

The staining pattern of the SA-MIPs was visualized on the selected cancer cell lines, A549, MCF7 

and A-431, by using confocal microscopy. The binding pattern to the lung carcinoma A549 cells 

revealed a uniform distribution of SA-MIP aggregates. Most interestingly, the addition of 

pentavalent SA conjugates changed the SA-MIP staining pattern of the cells both by diminishing 

the SA-MIP binding and the size of the aggregates. For all three cell types analyzed, the aggregates 

were smaller after addition of SA conjugates, but the numbers of bound SA-MIPs were different. 

A549 cells showed fewer bound particles, whereas MCF7 showed similar numbers. In contrast, 

the SA-MIPs bound to A-431 cells were increased. The preincubation of SA conjugates with the 

MIP particles prior to cell binding results in the presence of the spacer molecules on the particle 

surface, which allows better dispersion of the MIP particles in suspension due to interarticular 

repulsion which subsequently reduces aggregation. 

 

According to our flow cytometry results showing MFI for all cell lines, α2,3-SA on A-431 and 

MCF7 cells are expressed at comparable levels according to staining with MAL I. For A-431, the 

confocal microscopy imaging shows very few SA-MIP particles bound to the cell surface. The 

different distribution of the SA-MIPs on A549, as shown by imaging could be explained with the 

MAL I and SNA staining results, respectively. The MFI values for MAL I staining were high on 

all cell lines, whereas only A549 express α2,6-SA as shown by SNA staining results. 

 

Based on the cell binding assays, the SA-MIPs did not reveal clear specificity for α2,3-SA or α2,6-

SA in comparison to cell staining using lectins. The SA-MIPs are significantly larger than lectins 

and are expected to display multivalent interactions with the cell surface. Moreover, each cell line 
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has distinct characteristics and morphology that could influence the binding behavior of the MIP 

particles. Cell binding with lectins is therefore necessary for calibration prior to staining using 

fluorescent MIPs. 

 

Conclusions 

To conclude, we have analyzed the SA expression on thirteen different cancer cell lines using SA-

MIPs together with MAL I and SNA. The results show that varying expression of α2,3 and α2,6 

SA results in different binding capacities of SA-MIPs. Preincubation of the SA-MIPs with 

pentavalent SA conjugates led to a reduction in the overall binding of the MIPs, pointing to 

specificity of the MIPs to bind SA. In conclusion, the synthesized SA-MIPs could be applied as 

effective tools to analyze the potential biomarker SA expressed on the surface of cancer cells. 
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Abstract

Cancer cells often have an increased amount of glycans, such as sialic acid (SA), on the cell surface, which normally 
play an important role in cell growth, proliferation and differentiation. In this study, SA expression is determined 
by fluorescent nanoprobes, molecularly imprinted polymers, SA-MIPs. The nanoprobes are synthesized with an 
imprinting approach to produce tailor-made fluorescent core-shell particles with high affinity for cell surface SA. 
Inflammation and cytokine production are well known tumor promoters, modulating the cellular microenvironment, 
including an aberrant cell surface glycan pattern. The recombinant cytokines IL-4, IL-6, IL-8 and a cocktail of 
cytokines collected from stimulated T leukemia Jurkat cells were used to induce in vitro inflammation in two cell 
lines, and thereafter analyzed with the use of SA-MIPs and flow cytometry. One of the cell lines showed a different 
binding pattern of SA-MIPs after treatment with recombinant cytokines and the cytokine cocktail. This study shows 
that SA-MIPs can be an important tool in the investigation of overexpressed glycans in the tumor microenvironment.

Keywords: Cancer, cytokine, glycans, molecularly imprinted polymers, sialic acid

INTRODUCTION
Abnormal cell growth can be initiated through inflammation[1]. Cancer cells are able to reshape the 
microenvironment by expression of tumor-promoting chemokines and cytokines[2,3]. Fast growing cancer 



cells outpace their blood supply and become nutrient and oxygen deprived. This results in necrotic cell death 
at the tumor’s core and this releases pro- inflammatory cytokines, such as IL-1.

Cytokines act as cell regulators of many different biological processes including cell growth, differentiation, 
metabolism, immunity and inflammation. Cytokines can enhance cancer cell growth by modulating the 
cellular microenvironment or by affecting the cells directly. Pro- inflammatory cytokines can be oncogenic 
and thereby inducing elevated levels of pro- invasive factors such as metalloproteinase-2 (MMP-2) and 
epithelial growth factor.

Pro-inflammatory cytokines including TNF-a, IL-1b, IL-6 and IL-8 are regulated by the transcription factor 
NF-kB, which is involved in activating genes in neoplastic transformation[1,4]. Highly glycosylated intestinal 
mucins, such as MUC2 and MUC4, are regulated through NF-kB and by the gp130/STAT3 pathways, 
respectively[5,6].

Sialic acid (SA), or neuraminic acid, is the outermost sugar molecule of glycans, thus forming the outer 
surface of cells by being attached to proteins or lipids bound to the plasma membrane. SA is very important 
for the function of living organisms since it is involved in cell processes like proliferation, differentiation, 
angiogenesis, invasiveness and metastasis[7,8]. The over-expression of SA creates a negative charge on the cell 
surface, which is important in cell-cell and cell-matrix communication. An increased level of SA on the cell 
membrane, which have been reported on malignant and metastatic cancer cells, makes cells repel each other 
leading to an increased motility[9]. In addition, it has been proven that aberrant expression of in particular 
the a2,3-SA variants are related to tumor adhesion and invasion[10,11].

Today, there is a lack of tools for specific targeting to glycans with high affinity. Lectins and glycan-specific 
antibodies have been used by many research groups to detect altered glycosylation, but the current tools 
do not perform with high specificity or affinity[12]. We have developed fluorescent nanoprobes to make 
convenient targeting and imaging of cell surface SA possible[13]. Based on other glycan specific receptors, we 
have developed SA-imprinted molecularly polymers (SA-MIPs) by using silica core particles and implemented 
NBD-fluorophores, which have favorable spectroscopic properties[13,14].

In this study, two different cancer cell lines, MCF-7 and RAW 264.7, were stimulated with recombinant 
IL-4, IL-6, IL-8 and a cocktail of cytokines obtained by stimulating Jurkat T leukemia cells with 
phytohemagglutinine (PHA). The resulting expression of SA on the membrane of the stimulated cancer 
cells was analyzed with flow cytometry using both lectins and the SA-MIPs. One of the cell lines showed 
an increased binding of the SA-MIPs after treatment with recombinant cytokines and with the cytokine 
cocktail from PHA-stimulated Jurkat cells.

MATERIAL AND METHODS
Cell culture
The cell lines MCF-7 (ATCC HTB-22), RAW 264.7 (ATCCTIB-71) and Jurkat (ATCCTIB-152) were obtained 
from the American Type Culture Collection (ATCC/LGC Standards, Teddington, UK). MCF-7 and Jurkat 
cells were cultured in RPMI-1640 medium (Invitrogen, San Diego, CA, USA) supplemented with 10% fetal 
bovine serum (FBS, Invitrogen) and 50 µg/mL gentamycin (Invitrogen) (complete medium). RAW 264.7 cells 
were cultured in RPMI-1640 medium supplemented with 10% FBS and penicillin-streptomycin (Invitrogen). 
The cell lines were incubated in 37 °C with 5% CO2 in 100 % humidity.

Stimulation of Jurkat cells
5 × 106 Jurkat cells in 5 mL of were stimulated in complete medium with the addition of 10 ug/mL of PHA 
(Sigma Aldrich, St Louis, USA) for 72 h. The cells were harvested and centrifuged at 300 xg for 10 min. The 
supernatant was kept at 4 °C until used for cell experiments.
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Addition of recombinant cytokines
2 × 106 of each of MCF-7 and RAW 264.7 cells were seeded in T25 flasks. Next day, the medium was removed 
and the different recombinant cytokines IL-4, IL-6, IL-8 (Peprotech, Rocky Hill, NJ, USA), all added at a 
final concentration of 40 ng/mL, or undiluted PHA- stimulated Jurkat supernatant was added to the cell 
culture flasks. One flask served as control with cells and medium alone. The cells were harvested after 3 days 
of incubation by trypsinization, two washes with phosphate buffered saline (PBS, Invitrogen) and thereafter 
stained with SA-MIPs according to below.

Preparation of polymers
The polymers (SA-MIPs) were prepared as described previously by Shinde et al[13]. Before the SA-MIPs were 
used for cell-based experiments, the dried SA-MIPs were resuspended in PBS and sonicated for 8 min with a 
VWR sonicator. The stock solution of 1 mg/mL was further sonicated and diluted in PBS prior to use.

Flow cytometry analysis
SA-MIPs
1 × 106 cells/sample were stained with SA-MIPs or left unstained as a control. The cells were washed twice 
with 2 mL PBS and thereafter 100 µL of SA-MIPs with indicated concentration was added to the cells. 100 µL 
of PBS was used as a negative control. The cells were incubated with SA-MIP for 30 min at 4 °C in the dark, 
and were thereafter washed three times with 2 mL PBS and analyzed using flow cytometry (BD Biosciences, 
Accuri C6 Flow Cytometry, NJ).

Lectins conjugated with biotin
1 × 106 cells/sample were stained with biotin-conjugated lectins (Vector Labs, Burlingame, CA, USA) or left 
unstained as a control. The cells were washed twice with 2 mL PBS. 100 µL of biotin-conjugated lectins, MAL 
I (from Maackia amurensis) or SNA (from Sambucus nigra) at concentrations of 10 µg/mL was added to the 
cells and 100 µL of PBS was used as a negative control. The cells were incubated with biotin- conjugated 
lectins for 30 min on 4 °C and were thereafter washed three times with 2 mL PBS. Thereafter 100 µL of a 
1:100 dilution of streptavidin-FITC (Agilent Technologies, Santa Clara, CA, USA) was added to the cells and 
incubated for 20 min at 4 °C in the dark. After the incubation, the cells were washed three times with 2 mL 
PBS and analyzed using flow cytometry (Accuri C6 Flow Cytometry).

ELISAs for IL-2, IL-6, IL-8 and TNF-a
96-well ELISA plates were coated overnight at room temperature with 100 μL/well of diluted capture 
antibody against IL-2, IL-6, IL-8 or TNF-a, respectively, according to the manufactureŕ s instructions (R&D 
Systems, Minneapolis, MN, USA). The plates were washed three times with PBS-Tween (PBS-T), blocked by 
adding 300 μL/well of blocking buffer (1% BSA in PBS) and thereafter incubated at room temperature (RT) 
for 1 hr. After three washes with PBS-T, the plates were incubated with 100 μL/well IL-2, IL-6, IL-8 or TNF- 
standards, respectively, diluted in reagent diluent, and 100 μL/well of samples collected from the Jurkat cell 
supernatant. After an incubation of 2 h at RT, the plates were washed three times and thereafter100 μL/well 
of 50 ng/mL biotin-linked detection antibody against IL-2, IL-6, IL-8 or TNF-a, respectively, were added 
and incubated at RT for 2 h. Then washed the plates three times and incubated with streptavidin-HRP at 
room temperature for 20 min. After three washes with PBS-T, the plates were incubated with 100 μL/well 
with substrate solution (1:1 mixture of H2O2 and tetramethylbenzidine, TMB) at RT for 20 min. After that, 
100 μL/well of stop solution was added and the plates were analyzed with a spectrophotometer at 450 nm.

Statistical methods
Mean and standard deviation were used for statistical analysis of all calculations.
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RESULTS
Evaluation of SA-MIP binding to MCF-7 and RAW 264.7 cells
The breast cancer cell line MCF-7 and the macrophage cell line RAW 264.7 were tested for SA-MIP binding at 
different concentrations. Addition of increased concentration of SA-MIP resulted in higher SA-MIP binding 
[Figure 1A]. At the highest concentration of SA-MIPs used, 0,08 mg/mL, the staining result was around 5% 
cell binding for MCF-7 cells and 65% cell binding for RAW 264.7 cells. The dot-plot diagrams for RAW 264.7 
cells (Upper figures) and MCF-7 cells (Lower figures) are shown in Figure 1B.

SA-specific lectins show an increased binding to MCF-7 and RAW 264.7 cells after treatment with 
a cytokine cocktail
First, the expression of SA on the cell lines were confirmed by using the lectins MAL I and SNA [Figure 2]. 
Then, the cells were treated with the cytokine cocktail from PHA-stimulated Jurkat cells, and a significant 
increased binding of the lectins could be detected in both cell lines [Figure 2].

Cytokine treated MCF-7 and RAW 264.7 cells show a variation in SA-MIP binding
Both cell lines were treated with the recombinant cytokines IL-4, IL-6 or IL-8. Alternatively, the cytokine 
cocktail from PHA-stimulated Jurkat cells was used. For the RAW 264.7 cells, treatment with IL-4 showed 

A

B

Figure 1. SA-MIP binding to RAW 264.7 cells and MCF-7 cells. A: Results of cells RAW 264.7 cells and MCF-7 cells stained with different 
concentrations of SA-MIP. B: Flow cytometry diagrams present the positive cells for SA-MIP concentrations 0.02, 0.04 and 0.08 mg/mL, 
as dot-plot diagrams, respectively. The experiment shown in A represents the average of least three performed
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an increase in SA-MIP binding in both cell lines, whereas IL-6 and IL-8 showed an even larger decrease 
[Figure 3]. The cytokine cocktail with unknown content influenced the SA-MIP binding in a similar manner 
as IL-6 and IL-8. All additions of cytokines to RAW 264.7 cells were found to be significantly different from 
the control, as determined by statistical calculations.

For the MCF-7 cell line, addition of the recombinant cytokines IL-4, IL-6 or IL-8 did not influence any 
increase of SA-MIP binding to the cells [Figure 3]. No statistical significant difference could be determined 
for cytokine treatment of MCF-7 cells. However, addition of the cytokine cocktail induced a 2-fold significant 
increase of SA-MIP binding in MCF-7 cells. To elucidate the cytokine content in the cocktail, ELISA was 
performed.

Figure 2. Lectin binding to RAW 264.7 cells and MCF-7 cells. Results of cells RAW 264.7 cells and MCF-7 cells stained with the MAL 
I and SNA lectins. Flow cytometry results present the mean fluorescence intensity for the lectins and a small increase in binding of the 
lectins after treatment with the cytokine cocktail. The experiment shown represents the average of least three performed

Figure 3. Flow cytometry of cytokine-treated RAW264.7 cells showing increase in SA-MIP binding after IL-4, IL-6, IL-8 or cocktail 
treatment. Results of cells RAW 264.7 cells and MCF-7 cells stained with SA-MIP. Flow cytometry results were re-calculated to fold 
change of response compared to control. The experiment shown represents the average of least three performed
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PHA-stimulated Jurkat cells produce high amounts of IL-8
The supernatants from stimulated and unstimulated Jurkat cells were investigated with sandwich ELISA 
specific for IL-2, IL-6, IL-8 and TNF- respectively [Table 1]. The levels of IL-2 and TNF- were low, but 
showed an increase compared to control. In contrast, more than 400 pg/mL of IL-8 was detected in the 
PHA-stimulated Jurkat cell supernatant. No IL-8 could be detected in the unstimulated control. IL-6 could 
not detected in either stimulated or unstimulated samples.

DISCUSSION
In the tumor microenvironment, the cells of the immune system communicate with each other by releasing 
chemokines and cytokines to either favor antitumor immunity or enhance tumor progression. Thereby the 
cells control the immune and inflammatory milieu in a sophisticated fashion.

In this study we demonstrate that the SA-expression of RAW 264.7 and MCF-7 cells treated with 
recombinant cytokines in vitro could be analyzed with the use of SA-MIPs and flow cytometry. Interestingly, 
the cytokine-treated cells showed a modulated SA-MIPs binding pattern compared to the unstimulated 
controls. Stimulating macrophage RAW264.7 cells with IL-4, IL-6 or IL-8 cause an up-regulation of SA-MIP 
binding, while for the MCF-7 cells no increase could be determined. The effect of inflammatory cytokines 
on pancreatic cancer cells has been reviewed by Roshani et al[1]. In other studies, IL-4 did not have any effect, 
but IL-6 and IL-8 were associated with poor prognosis and increased aggressiveness, respectively. IL-4 is 
an anti-inflammatory cytokine expected to down-regulate SA, while IL-6 and IL-8 both up-regulate the 
SA expression. Indeed, IL-6 and IL-8[15-17], as well as anti-inflammatory cytokines IL-10 and tumor growth 
factor-beta (TGF-b)[15,18,19] have been commonly shown to be elevated in pancreatic patients. Also, TNF- and 
IL- were upregulated compared to controls, but all studies in pancreatic cancer patients did not come to the 
same conclusions[1]. Other studies have proven that the levels of IL-4, IL-6 and IL-8 in pancreatic cancer 
patients is higher than normal[15]. An important remark is that the pattern of cytokine expression varies 
between studies and even contradicting results have been obtained. Bassaganas et al.[20] studied pancreatic 
ductal adenocarcinoma cell lines treated with different cytokines. They found that treatment with either IL-1 
or IL-6 resulted in an increased carbohydrate antigen and SA level. Also, the levels of mRNA of precursor 
of carbohydrate antigens was enhanced. Moreover, Dima et al.[19] found an association between higher levels 
of circulating TNF-a with poorer prognosis. These findings indicate that inflammatory cytokines can be 
pursued as potential prognostic biomarkers as well as therapeutic targets.

Escaping immune recognition is now a recognized hallmark of cancer[21]. Chemokines and cytokines 
can play a critical role in the immune evasion. Tumor cells can escape host immunity by producing 
immunosuppressive cytokines as well as by recruiting regulatory immune cells with immunosuppressive 
functions.

Cytokines analyzed with ELISA in PHA-stimulated Jurkat cell sample Cytokines detected (pg/mL)
IL-2 negative control 0
IL-2 stimulated sample 17
IL-4 negative control n.d.
IL-4 stimulated sample n.d.
IL-6 negative control 0
IL-6 stimulated sample 0
IL-8 negative control 0
IL-8 stimulated sample 427
TNF-negative control 0
TNF-stimulated sample 12

Table 1. Cytokine content in PHA-stimulated Jurkat cells was analyzed with sandwich ELISAs detecting IL-2, Il-6, IL-8 and 
TNF-, respectively
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The cellular expression pattern of glycosyltransferases and Lewis antigens detected in the normal mucosa 
can change during neoplastic transformation. The stomach mucosa was investigated for Lewis antigens 
in the presence of pro-inflammatory cytokines[4]. The level of one type of Lewis antigen decreased after 
treatment with IL-1 or IL-6, whereas the levels of other carbohydrate antigens were unaffected[4].

Lectins are plant-derived macromolecules specific for carbohydrate moieties. The MAL lectin specifically 
bind the sialyla2,3 Galb1,4GlcNAc/Glc trisaccharide sequence[22]. Expression of a2,3-SA residues of 
N-cadherin was shown to be altered in metastatic melanoma cell lines[23]. The expression of a2,3-SA residues 
in breast cancer using MAL-staining were analyzed by Cui et al.[24] The results suggested that high levels 
of a2,3-SA residues was closely associated with lymph node metastasis and invasive depth in breast cancer 
patients. The highly metastatic breast cancer cell line MDA-MB-231 had higher expression of a2,3-sialic acid 
residues compared to T-47D and MCF-7 depending on the mRNA levels of a2,3-ST genes. Indeed, the tumor 
microenvironment can direct the level of inflammation. Also, the metastatic potential and malignancy of 
cancer cells is closely associated with aberrant sialylation pattern[24].

The enzyme that adds a2-6linked sialic acids, b-galactoside a2-6 sialyltransferase (ST6Gal-I), is known to be 
upregulated in many tumor types including colon adenocarcinomas[25], and high expression levels have been 
associated with poor prognosis and metastasis. ST6Gal-I sialylation of membrane glycoproteins contributes 
to metastasis by enhancing cell motility and invasion through the extra cellular matrix (ECM). Increased 
negative charged properties of sialic acids was correlated with reduced adhesiveness of tumor cells and may 
be suitable for conformational change of integrin and enhances its function in cell-ECM interactions[26].

Interestingly, in our study we show a high expression of a2,3-SA on both cell lines, whereas the a2,6-SA, as 
analyzed with the lectin SNA, displayed a lower expression on the MCF-7 cells. It has been shown that high 
levels of sialylation of cell surface glycoconjugates can significantly increase metastasis of colon carcinoma 
cells and human melanoma cells.

In addition to directly modulating cell motility, a2,3-SA residues are involved in the synthesis of sialyl Lewis 
X determinants, which are the major ligands for endothelial E-selectin[27]. The sialyl Lewis X structure on 
malignant cells is suggested to facilitate tumor cell dissemination by mediating the tumor-endothelial cell 
interactions[28,29]. Overall, many studies support the hypothesis that an increase of sialylation of cancer cells 
play an important role in tumor metastasis.

In the present study, the MCF-7 cell line showed a small increase of the SA-MIP binding after treatment with 
the cytokine cocktail derived from PHA-stimulated Jurkat cells. On the other hand, the SA-MIP binding 
when treating the RAW264.7 cell line with the same cocktail was not different compared to the effect of 
recombinant IL-6 or IL-8. Interestingly, an increase in binding of the lectins MAL and SNA was also detected 
after cytokine cocktail treatment. By analyzing with ELISA, we show that the cocktail contains increased 
amounts of IL-8, as well as low levels of IL-2 and TNF-a. IL-6 could not be detected in the PHA-stimulated 
samples. IL-8 is a chemokine, functioning by attracting cells to a site of infection, and it is therefore tempting 
to speculate that the increased SA-MIP binding seen by the RAW264.7 cells, could be due to a regulated 
SA-expression in response to IL-8. The natural ligands for SA are selectins and siglecs[30]. Indeed, the rolling 
of cancer cells ectopically expressing the selectin ligands on endothelial cells is potentially a crucial step 
favoring the metastatic process in vivo[31]. The combined analysis of SA and the targeting of SA to the ligands 
selectins and siglecs will be attractive for further investigations.

In conclusion, cancer cell migration and invasion is controlled by protein glycosylation and the ECM. SA 
is one of several important players in this crucial process. Inflammation and cytokine production will 
modulate the cellular microenvironment. We have studied cell lines in vitro that showed that one of the cell 
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lines showed a significantly increased binding of the SA-MIPs after treatment with recombinant cytokines 
and with the cytokine cocktail from PHA-stimulated Jurkat cells. Here we demonstrate that SA-MIPs can be 
an important tool in the investigation of overexpressed glycans in the tumor microenvironment.   
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Abstract 

Identifying the receptor interaction of the receptor binding domain (RBD) originating from 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with ACE2 and co-receptors 

has major implications for understanding the pathogenesis and future treatment strategies for 

COVID-19. This study aimed to evaluate a panel of human cell lines from tissue susceptible to 

viral infection, according to the initial outcome of COVID-19 pandemic outbreak. In addition, 

the African green monkey kidney cell line VeroE6 was included in this study. The cell lines 

derived from lung, skin, liver and colon were investigated for their expression of ACE2, binding 

of the receptor binding motif (RBM) and RBD constructs, and expression of TMPRSS2. The 

results from the flow cytometry study demonstrated that the polyclonal ACE2 antibody used, 

showed affinity for most of the cell lines included in the study. The specificity of the ACE2 

antibody was evaluated by using a control isotype specific goat antibody and by pre-treating 

the ACE2 antibody with recombinant ACE2 before cell staining. Out of the ten cell lines 

analysed, the skin carcinoma cell line A-431 showed the lowest binding of the ACE2 antibody. 

The evaluation of the RBD binding results demonstrated that out of the ten cell lines analysed, 

the colorectal adenocarcinoma COLO 205 and the lung adenocarcinoma Calu-3 displayed the 

highest binding to RBD, whereas the skin carcinoma cell line A-431 showed the lowest binding. 

TMPRSS2 protein expression was evaluated by another antibody and the results revealed that 

the protease was expressed to a higher extent on COLO 205 and Calu-3 cells, and to a much 

lower extent on A-431 cells. The gene expression of ACE2 and TMPRSS2 was found in all 

cells analysed. To evaluate the importance of glycosylated structures on the RBD binding to 

ACE2, such as sialic acid (SA), we utilized the enzyme neuraminidase that cleave off these 

structures from the cell surface. The results revealed that SA did not influence the binding of 

RBD. In conclusion, the data highlighted in this study demonstrate the importance of evaluating 

ACE2 and co-receptor expression in different SARS-CoV-2 susceptible cell types, as well as 

the conformation and availability of these epitopes on the cell surface.  

Keywords: Angiotensin-converting enzyme 2, receptor binding domain, SARS-CoV-2, 

TMPRSS2 
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Introduction 

According to the World Health Organization (WHO), around 230 million Coronavirus Disease 

2019 (COVID-19) cases have been confirmed globally, leading to more than 4 million deaths 

[1]. The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), leading to COVID-

19 is a positive-strand RNA virus [2, 3]. As a new coronavirus member, it´s genome shares 

about 96% and 80% identity with bat coronavirus BatCoV RaTG13 and the SARS-CoV-1, 

respectively [2, 4]. Compared with SARS-CoV-1, SARS-COV-2 is more readily transmitted 

from human to human. This virus can cause various symptoms, including cough, fever, 

breathing difficulty, acute respiratory distress, and death [5, 6]. Elderly patients and people with 

chronic underlying diseases, SARS-CoV-2 are exposed to greater risk to serious symptoms 

causing massive hospitalization rates and high mortality. Up to now, SARS-CoV-2 remains a 

significant challenge to human beings, and it is urgent to understand the mechanism of binding 

and infection to find strategies for treating individuals that are affected by the virus. 

 

The viral spike (S) glycoprotein facilitates entry and targets angiotensin-converting enzyme 2 

(ACE2) on the host cells [3, 7, 8]. It is an enzyme involved in the renin–angiotensin system 

(RAS) which could regulate blood pressure and electrolyte homeostasis. Already in 2003, Li et 

al. were the first research group to identify ACE2 as a functional receptor for SARS-CoV [9]. 

Zhou et al. confirmed that ACE2 is the cellular receptor for SARS-CoV-2 by viral transfection 

experiments using HeLa cells expressing or did not expressing (untransfected) ACE2. The 

results showed that SARS-CoV-2 could only enter HeLa cells that expressed ACE2 [2].  

 

The full-length of the S protein is first produced as a precursor of 1273 aa that trimerizes (Figure 

1). It is comprised by two fragments: the S1 subunit, including the receptor-binding domain 

(RBD, 319-541 residues) which recognizes and binds to the host receptor; and the S2 subunit 

(686-1273 residues) which mediates the virus-to-cell membrane fusion process [7, 10, 11]. 



4 
 

 

Figure 1. Overview of the spike protein. Spike protein is divided in two subunits; S1, including the 
receptor binding domain, the binding site to ACE2 receptor and S2 that include the transmembrane 
anchor and intracellular tail. Created using BioRender.com. 

 

After the S glycoprotein recognizes and specifically conjugates on the host cell receptor ACE2 

[3], the transmembrane protease serine 2 (TMPRSS2) on the host cell membrane activate the S 

glycoprotein and promote the membrane fusion process [12, 13]. Hoffman et al showed that the 

S glycoprotein facilitates entry into a panel of mammalian cell lines, among others, A549, Calu-

3, Caco-2 and VeroE6 [13], and Wang et al. recently evaluated 25 cell lines commonly used in 

virus diagnostics and isolation for their susceptibility to SARS-CoV-2 [14].  Recently, other 

factors have been implicated that may be involved in SARS-CoV-2 entry including neuropilin-

1 [15], CD147 [16], CD209/CD209L [17]. 

 

Indeed, other molecules on the cell surface may also affect the infection process. Heparan 

sulfate was recently proven to be a co-receptor for RBD, and it was shown to effectively 

promote the spike-ACE2 interaction [18]. The monosaccharide sialic acid (SA) is another 

potential molecule which has been reported to be the receptor for many related coronaviruses, 

including HCoV-OC43 and MERS, but it´s possible role in SARS-CoV-2 interactions is still 

unclear [19, 20].  

 

In this study, the ACE2 and TMPRSS2 expression were evaluated in cell lines possibly 

susceptible to viral infection. Subsequently, binding of RBM and RBD was performed. After 

comparing the binding pattern of RBD with ACE2 and TMPRSS2 protein expression, we found 
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that the RBD binding pattern correlated well with both the ACE2 and TMPRSS2 expression 

levels. Furthermore, SA was evaluated for its potential role in the RBD-ACE2 interaction. Our 

study provides information about cell lines that can be useful in studies about binding of SARS-

CoV-2 to ACE2 and co-receptors. 

 

Material and methods 

Cell culture 

The cell lines A-431 (skin epithelial), Caco-2 (colon epithelial), Calu-3 (lung adenocarcinoma 

epithelial), COLO 205 (colon epithelial), HaCaT (skin keratinocytes), SW48 (colon epithelial), 

A549 (lung epithelial), MCF7 (breast epithelial), Hep G2 (liver epithelial-like) and Vero E6 

(monkey kidney epithelial) were obtained from American Type Culture Collection (ATCC) 

(Manassas, VA, USA). A-431 were cultured in Eagle’s Minimum Essential Medium (EMEM, 

Sigma-Aldrich, St Louis, USA) supplemented with 10 % fetal bovine serum (FBS, Thermo 

Fisher Scientific), 1% L-Glutamine and 1% non-essential amino acids, NEAA. Caco-2 cells 

were cultured in MEM medium supplemented with 20% FBS, 1% penicillin-streptomycin 

(PEST), 1% NEAA, and 1% L-Glutamine. Calu-3 and Hep G2 cells were cultured in MEM 

medium supplemented with 10 % FBS. COLO 205 cells were cultured in RPMI-1640 medium 

supplemented with 10 % FBS. HaCaT were cultured in DMEM medium supplemented with 10% 

FBS. SW48 cells were cultured in Leibovitz's L-15 Medium supplemented with 10% FBS. 

A549 cells were cultured in RPMI-1640 medium supplemented with 10 % FBS and 1% PEST. 

MCF7 cells were cultured in RPMI-1640 medium supplemented with 10 % FBS and 50 µg/mL 

gentamycin. Vero E6 were cultured in DMEM supplemented with 10 % FBS and 2 mM L-

Glutamine. The cell medium and reagents without labelling were purchased from Thermo 

Fisher Scientific and all the cell lines were cultured at 37 °C with 5 % CO2 in 100% humidity. 

 

Antibodies and reagents 

The polyclonal goat anti-ACE2 antibody (af933), normal goat IgG control, goat isotype control 

(AB-108-C), recombinant SARS-CoV-2 spike RBD Fc chimera, RBD-Fc (10499-CV) and 

recombinant ACE2 (rACE2; 933-ZN) were purchased from R&D Systems Inc. (Minneapolis, 

MN, USA). The rabbit anti-TMPRSS2 antibody (Invitrogen PA514264) was obtained from 

Thermo Fisher Scientific (Waltham, MA USA). The secondary antibodies used were donkey 

anti-goat IgG (H+L) conjugated with fluorescein (R&D Systems, F0109), goat anti-Human IgG 
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Fc conjugated with FITC (Thermo, H10001C) and swine anti-Rabbit Immunoglobulins 

conjugated with FITC (Dako, F0054). 

 

Flow cytometry staining protocols 

The cells were washed twice with phosphate buffered saline (PBS) and fixed with 4% 

formaldehyde at room temperature (RT) for 10 mins. After two washes with PBS + 1% BSA 

(PBS-BSA), 5×105 cells were stained with anti-ACE2 antibody (5 µg/mL), goat isotype control 

(5 µg/mL), anti-TMPRSS2 antibody (26 µg/mL) or RBD-Fc (10 µg/mL). The cells were 

incubated in the dark at RT for 30 mins with a total volume of 100 µL, respectively. Unstained 

samples were used as controls for each cell line. After incubation, the samples were washed 

twice with PBS-BSA followed by staining with the corresponding secondary antibody in the 

dark at RT for 30 mins. Samples with secondary antibody alone were used as controls for each 

cell line. After incubation, the cells were washed twice with PBS-BSA and resuspended in 300 

μL PBS for flow cytometer analysis.  

 

Pre-adsorption of anti-ACE2 and goat isotype control antibody using rACE2 

The cells were washed twice with PBS and fixed with 4% formaldehyde at RT for 10 mins. 

After two washes with PBS (1%BSA), 5×105 cells were pre-incubated with or without 2.5 µg 

rACE2 for 1 h at RT. Thereafter, the cells were stained with anti-ACE2 antibody (5 µg/mL) or 

goat isotype control (5 µg/mL) and incubated in the dark at RT for 30 mins with a total volume 

of 100 µL, respectively. After incubation, the samples were washed twice with PBS (1%BSA) 

followed by staining with the corresponding secondary antibody in the dark at RT for 30 mins. 

Samples with secondary antibody alone were used as controls for each cell line. After 

incubation, the cells were washed twice with PBS (1%BSA) and resuspended in 300 μL PBS 

for further analysis by flow cytometry.  

 

ACE2 and TMPRSS2 mRNA expression analysis 

The ACE2 and TMPRSS2 mRNA expression were analyzed by RT-PCR. First, the total RNA 

was extracted from 0.5 × 106 cells through RNeasy Mini Kit (Qiagen). Then the total RNA was 

reverse transcribed to cDNA using SensiFAST cDNA Synthesis Kit (Bioline). After that, the 

genes were amplified by PCR and the PCR product was analyzed by agarose gel electrophoresis. 
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β-actin (human ACTB) was used as a reference gene. The sequence of specific primers are 

shown in Table 1 [21] . 

Table 1. The sequence of the primers. 

Genes Primers Sequence (5' > 3') Reference 

ACE2 
forward primer GGGATCAGAGATCGGAAGAAGAAA 

NM_021804 
reverse primer AGGAGGTCTGAACATCATCAGTG 

TMPRSS2 
forward primer AATCGGTGTGTTCGCCTCTAC 

NM_005656 
reverse primer CGTAGTTCTCGTTCCAGTCGT 

ACTB 
forward primer CCCTGGACTTCGAGCAAGAG 

NM_001101 
reverse primer ACTCCATGCCCAGGAAGGAA 

 

Neuraminidase treatment 

The A549 lung epithelial cells were washed twice with PBS and fixed with 4% formaldehyde 

at RT for 10 mins. Washed again twice with PBS (1% BSA), 5×105 cells were treated with 0.2 

U/mL neuraminidase (Sigma-Aldrich) at 37 ℃ for 90 mins and untreated cells were used as 

control. Then the cells were washed twice with PBS. The biotinylated lectins Maackia 

Amurensis Lectin I (MAL I), Sambucus Nigra Lectin (SNA) at 5 µg/mL, respectively, or RBD-

Fc (10 µg/mL) were added and incubated with the cells in the dark at RT for 30 mins with a 

total volume of 100 µL. Unstained samples were used as controls. After incubation, the samples 

were washed twice with PBS (1% BSA) followed by staining with the corresponding secondary 

antibody or streptavidin-FITC (Sigma-Aldrich) in the dark at RT for 30 mins. Samples with 

secondary antibody or streptavidin-FITC alone were used as controls for each cell line.  

 

Inhibition assay with SA-derivatives 

In the inhibition assay, RBD-Fc (10 µg/mL) were pre-treated with different concentrations (20 

and 200 µM) of SA-derivatives ME0976 or ME0752 at RT for 5 mins before incubated with 

the cells in the dark at RT for 30 mins with a total volume of 100 µL. Unstained samples were 

used as controls. After incubation, the samples were washed twice with PBS (1% BSA) 

followed by staining with the corresponding secondary antibody in the dark at RT for 30 mins. 

Samples with secondary antibody alone were used as controls for each cell line. After 

incubation, the cells were washed twice with PBS-BSA and resuspended in 300 μL PBS for 

further analysis by flow cytometry.  
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Results 

ACE2 is expressed on a variety of cell types 

The ACE2 expression level was analysed on cell lines from various tissue, including lung 

(A549 and Calu-3), skin (HaCaT and A-431), liver (Hep G2), colon (SW48, COLO 205 and 

Caco-2) and green monkey kidney (Vero E6). The anti-ACE2 antibody showed high affinity to 

the breast cancer cell line MCF7, and therefore this cell line was included in the study (Figure 

2). Vero E6 and HepG2 showed the highest ACE2 expression according to the flow cytometry 

assessment. The lowest expression of ACE2 was determined on the cell lines A-431 and Caco-

2 (Figure 2).  

 

Figure 2. ACE2 expression in a panel of cell lines from tissue susceptible to viral infection. The 
polyclonal goat anti-ACE2 antibody concentration used was 5 µg/mL. Results are shown as percent of 
cells positive for anti-ACE2 antibody binding using flow cytometry and shown as the mean +/- STDEV 
of three biological replicates performed as independent experiments. 

 

The polyclonal goat anti-ACE2 antibody shows high specificity to ACE2  

To ensure that the goat anti-ACE2 antibody showed high specificity, a goat isotype control 

antibody was used to stain the cell lines in parallel with the anti-ACE2 antibody. For this 

purpose, the five cell lines Caco-2, COLO 205, SW48, MCF7 and Hep G2 were used. The 

binding pattern of the goat isotype control antibody revealed a lower binding to the cells 

compared to the binding of the anti-ACE2 antibody (Figure 3a). rACE2 was used for pre-

adsorption experiments with the anti-ACE2 antibody and the goat isotype control antibody, 

respectively. As positive controls, cells stained with anti-ACE2 antibody or goat isotype control 
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antibody alone were used. Those samples showed 22.1% and 3.3% positive cell binding as 

analysed by flow cytometry (Figure 3b). Pre-adsorption with rACE2 showed a high inhibitory 

effect of the binding capacity of the anti-ACE2 antibody (3.1%), whereas the inhibitory effect 

for the goat isotype control antibody was limited (2.4%) (Figure 3b). 

 

Figure 3. The polyclonal goat anti-ACE2 antibody shows a high degree of specificity for ACE2. a. The 
cell lines Caco-2, COLO 205, SW48, MCF7, and Hep G2 were stained with the goat isotype control 
antibody and the polyclonal goat anti-ACE2 antibody concentration at 5 µg/mL b. The cell line MCF7 
was pre-adsorbed with or without 2.5 µg rACE2 and thereafter incubated with 5 µg/mL anti-ACE2 
antibody or with goat isotype control antibody, respectively. Values are expressed as percent of cells 
positive for anti-ACE2 antibody binding using flow cytometry. The results are shown as the mean +/- 
STDEV of three biological replicates performed as independent experiments. 

 

Comparison of the binding pattern of RBD-Fc and anti-ACE2 antibody  

Binding of RBD-Fc to the panel of ten cell lines A-431, Caco-2, Calu-3, COLO 205, HaCaT, 

SW48, A549, MCF7, Hep G2 and Vero E6 was evaluated. COLO 205 and Vero E6 showed 

high binding to RBD-Fc, while A-431 showed the lowest binding to RBD-Fc as assessed by 

flow cytometry (Figure 4). 
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Figure 4. Histogram (a) and bar chart (b) shows the RBD-Fc binding to the panel of ten cell lines from 
tissue susceptible to viral infection. The RBD-Fc concentration used was 10 µg/mL. Values are 
expressed as percent of cells positive for RBD-Fc binding using flow cytometry. The results are shown 
as the mean +/- STDEV of three biological replicates performed as independent experiments. 

 

TMPRSS2 expression in the chosen cell panel 

Expression of the serine protease TMPRSS2 was evaluated on the panel of ten cell lines using 

an anti-TMPRSS2 antibody. COLO 205 showed a high TMPRSS2 expression, whereas the A-

431 cell line showed the lowest TMPRSS2 expression (Figure 5).  

 

Figure 5. TMPRSS2 expression in a panel of ten cell lines from tissue susceptible to viral infection. The 
rabbit anti-TMPRSS2 antibody concentration used is 26 µg/mL. Values are expressed as percent of cells 
positive for anti-TMPRSS2 antibody binding using flow cytometry. The results are shown as the mean 
+/- STDEV of three biological replicates performed as independent experiments. 
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Analysing ACE2 and TMPRSS2 mRNA expression by RT-PCR 

ACE2 and TMPRSS2 mRNA expression were analysed by RT-PCR in the human cell lines, 

including skin epithelial cell line A-431, colon epithelial cell line Caco-2, lung adenocarcinoma 

epithelial cell line Calu-3, colon epithelial cell line COLO 205, skin keratinocytes cell line 

HaCaT, colon epithelial cell line SW48, lung epithelial cell line A549, breast epithelial cell line 

MCF7 and liver epithelial-like cell line Hep G2 (shown in Figure 6). ACTB was used as 

reference gene.  

 

Figure 6. RT-PCR analysis of ACE2 and TMPRSS2 gene expression in human cell lines. ACTB was 
used as reference gene. 

 

Sialic acid is not involved in the SARS-CoV-2 RBD-ACE2 interaction 

We next evaluated whether SA acts as a co-receptor involved in the binding between RBD and 

ACE2 on the host cells. First, lung epithelial cell line A549 were treated with neuraminidase to 

cleave off SA from the cell surface (Figure 7a). Thereafter, two different lectins, MAL I (2,3 

SA) SNA (2,6 SA), were used to stain cells with/without neuraminidase treatment. The results 

verified that SA was successfully removed from the cell surface by showing reduction in lectin 

binding (Figure 7b). The subsequent evaluation of RBD-Fc binding to neuraminidase treated 

cells did not show any decrease in binding (Figure 7b), which demonstrates that SA may not be 

a co-receptor of RBD in the binding to human ACE2. After that, the RBD-Fc were pre-

incubated with SA-derivatives ME0752 and ME0976 (Figure 7c) at concentrations of 20 and 

200 µM and thereafter incubated with cells. We observed no inhibition effect of the RBD-Fc to 

the cells (Figure 7d). 
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Figure 7. Function of SA in the binding between RBD and human ACE2. a. illustrating the mechanism 
of neuraminidase. b. A549 cell line was treated with neuraminidase, or left untreated, and thereafter 
stained with MAL I and SNA, respectively at a concentration of 5 µg/mL.  The cells were also incubated 
with 10 µg/mL RBD-FC. c. represents the structure of two inhibitors. d. The cell line MCF7 was pre-
incubated with or without 20 and 200 µM of ME0752 and ME0976, respectively, and thereafter 
incubated with 10 µg/mL of RBD-FC. Values are expressed as percent of positive cells using flow 
cytometry. The results are shown as the mean +/- STDEV of three biological replicates performed as 
independent experiments. 
 

Discussion 

ACE2 plays an essential role in the renin-angiotensin system, and it is widely expressed on the 

surface of epithelial and endothelial cells. ACE2 is also present in soluble form by being 

released from lung cells, kidney, and the gastrointestinal tract [22]. In this system, ACE2 could 

hydrolyze Ang II and convert it to Ang-(1-7), resulting in natriuresis, vasodilation, and anti-

inflammation by activating the Mas receptor [23, 24]. Simultaneously, this process effectively 

prevend the pro-inflammatory, vasoconstrictive and pro-thrombotic effects by diminishing the 

availability of Ang II and the following Ang II-AT1R activation [25]. It has been verified that 

ACE2 expression may be upregulated in individuals with existing cardiovascular disease [25]. 

ACE2 also acts as the binding site for viral S protein of both SARS-CoV and SARS-CoV-2. In 

this study, the expression of ACE2 on the surface of human cell lines, including A549, Calu-3, 

Caco-2, COLO 205, SW48, HaCaT, Hep G2, A-431 and MCF7 was evaluated. The green 



13 
 

monkey kidney cell line VeroE6 was included because these cells are widely used for SARS-

CoV and SARS-CoV-2 binding/infection studies [26, 27]. 

 

Our data demonstrate that Hep G2 (liver), MCF7 (breast), HaCaT (skin), SW48 and COLO 205 

(colon) express more ACE2 compared to the lung cell line Calu-3. To test the reliability of our 

staining results, we used a goat isotype control antibody to investigate the specificity of the 

binding. Indeed, the data shows that goat isotype control antibody stained much fewer cells 

compared with polyclonal goat anti-ACE2 antibody, even less than 10%, indicating low levels 

of unspecific binding. Moreover, the pre-adsorption assay demonstrated the specificity of the 

anti-ACE2 antibody and the reliability of the ACE2 receptor expression in this study.  

 

SARS-CoV-2 uses S glycoprotein to attach to the host cells and mediate host cell membrane 

fusion. The RBD is located in the S1 region of the S glycoprotein, and the interaction between 

RBD and the receptor ACE2 is a prerequisite for the infection of SARS-CoV-2. Jian et al. 

demonstrated that SARS-CoV-2 RBD has a higher ACE2 binding affinity than SARS-CoV 

RBD, which could explain the widespread of SARS-CoV-2 [28]. In our study, we included the 

anlaysis of the binding between RBD-Fc and several host cells lines that express various levels 

of surface-bound ACE2. Interestingly, the colon adenocarcinoma COLO 205 and the African 

green monkey epithelial kidney cell line Vero E6 had a high affinity for RBD-Fc. Moreover, 

the binding of RBM to the cell lines was determined in our study, but the affinity was lower 

than 15% positive cells as assessed by flow cytometry (data not show).  

 

For TMPRSS2 expression, COLO 205 and Calu-3 cells showed high TMPRSS2.  As for ACE2 

expression, the skin carcinoma cell line A-431 showed the lowest TMPRSS2 expression among 

these cell lines. As shown in Figure 6, the mRNA expression of ACE2 and TMPRSS2 were 

further analyzed by RT-PCR. Housekeeping β-actin gene ACTB was used as standard for 

normalization. 

 

Heparan sulfate was recently proven to be a co-receptor for RBD, and it was shown to 

effectively promote the spike-ACE2 interaction [18]. Hence, chondroitinase and heparinase 

were used to determine if chondroitin and heparin were involved in this interaction. 
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Interestingly, we found that the RBD-Fc binding has increased a little after treatment with 

chondroitinase, indicating that chondroitin might block some of the binding sites on ACE2 and 

further decreased the binding between RBD-Fc and host cells (data not shown). 

 

To further explore the RBD binding mechanism, we wanted to assess potential glycan receptors.  

SA is linked to the outermost part of the glycan chains, and has been shown to be the receptor 

for the influenza virus [29], as well as for many coronaviruses, such as HCoV-OC43 and Middle 

East respiratory disease (MERS) [19, 30]. In this study, neuraminidase treatment was performed 

and evaluated by staining with the two lectins MAL I and SNA, binding to the 2,3 and 2,6 

linkage sialic acid, respectively, and used to verify that SA was successfully removed from the 

cell surface. After neuraminidase treatment, we could not determine any change in RBD-Fc 

binding, which indicates that SA may not be a receptor of RBD. To verify this hypothesis, we 

pre-incubate the RBD-Fc with two SA-derivative inhibitors (ME0976 and ME0752), which 

were designed to prevent the binding and infection of adenovirus that utilize SA for cell 

attachment [31]. The results agree well with the neuraminidase assay and no inhibition effect 

has been observed, demonstrating that SA is not a co-receptor of RBD. 

 

Conclusions 

To conclude, this study evaluated the ACE2 and TMPRSS2 expression levels in a panel of cell 

lines from tissues that are susceptible to viral infection. The binding between these cell lines 

and RBD was further tested, and the results show that the RBD binding was not only dependent 

on the ACE2 expression level. Moreover, the possible function of SA involved in this 

interaction has been evaluated, and our results indicate that SA may not be a co-receptor of 

RBD. This study provides important information on multiple cell lines, which may benefit the 

follow-up research. 
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