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In my Ph.D. studies, I investigated the use of sialic 

acid molecularly imprinted polymers (SA-MIPs) 

targeting SA on the surface of cancer cells. I have 

used the novel method of digital holographic cyto-

metry, which is a non-phototoxic quantitative phase 

imaging technique that enables monitoring of living 

cells with different morphological properties. The 

studies showed that cancer cell lines have a diffe -

rent and distinct SA expression pattern that causes 

the SA-MIPs to display different patterns. Moreover, 

the SA-MIPs had low inflammatory and cytotoxicity 

properties when administered to phagocytosing cells. 

This study contributes to the development of new tools 

for analysis of SA regarding cancer diagnosis, which 

is important for early treatment and thus survival rates 

of patients. 
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expression to cancer cell
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Sialic acid (SA) plays a crucial role in many biological processes. Cell surface 

SA expression is usually analyzed with antibodies or lectins; however, they are 

costly and with poor stability. We have used a molecular imprinting technique to 

synthesize an alternative SA receptor – SA molecularly imprinted polymers 

(SA-MIPs) with an embedded fluorophore for fluorescent detection of the 

SA-MIPs. The binding behavior and specificity of SA-MIPs were verified by 

using lectins and SA conjugates on cancer cell lines, showing that SA-MIPs can 

be used as an effective tool for SA expression analysis of cancer cells. Digital 

holographic cytometry (DHC) is a non-phototoxic quantitative phase imaging 

technique that facilitates the monitoring of living cells over time. We have 

demonstrated the potential of DHC by mapping cellular parameters, such as cell 

number, area, thickness, and volume. In addition, cellular parameters possibly 

depending on sialylation, were evaluated using DHC. Furthermore, the uptake 

over time of SA-MIPs by macrophages was investigated for any inflammatory 

and/or cytotoxic responses when administered to phagocytosing cells. Our results 

indicate that SA-MIPs caused low induction and sparse secretion of inflammatory 

cytokines, and that reduced cell proliferation was not due to cytotoxicity, but to 

attenuated cell cycles. These results suggest that SA-MIPs will contribute to the 

further understanding of cancer cell behavior and can be an asset for in vivo 

studies. 

  

ABSTRACT 
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Kræft er en af de hyppigste dødsårsager blandt mennesker i de industrialiserede 

lande. I Danmark vil en ud af tre danskere få kræft inden de fylder 75 år. Med det 

sagt overlever to ud af tre kræftpatienter mindst 5 år. Jo hurtigere man bliver 

diagnosticeret jo bedre er chancerne for at overleve.  

Sialinsyre er et sukkermolekyle, som er på overfladen af alle celler. Sialinsyre 

spiller en afgørende rolle i mange biologiske processer såsom celle til celle 

interaktion, kommunikation og virusinfektion. Forskning har påvist, at der er et 

atypisk udtryk af sialinsyre på kræftceller, som bidrager til spredning af 

kræftceller til flere organer. Derfor vil man gerne kunne måle mængden af 

sialinsyre, for at kunne påvise om man har kræft eller ej. Der findes blandt andet 

antistoffer og en gruppe proteiner kaldet lektiner, som kan binde til sialinsyre, 

men de er ikke lette at fabrikere og ustabile i forhold til temperatur og pH 

ændringer. Derfor har vi produceret fluorescerende molekylært prægede 

polymerer mod sialinsyre, som er en form for partikler af plast, eller 

”plastikantistoffer”, som kan genkende sialinsyre på celleoverfladen og derefter 

binde til cellen. 

Disse partikler er blevet anvendt, til at analysere hvor godt de binder til 

12 forskellige kræftcellelinjer. Vores partiklers specificitet mod sialinsyre blev 

bestemt ved hjælp af lektiner og en hæmningsanalyse. Resultaterne viste, at 

bindingen til sialinsyre blev hæmmet og at partiklerne derved bandt specifikt til 

sialinsyre. Dette gør dem til et effektivt analyseredskab af sialinsyre på 

kræftceller.  

Digital holografi cytometri er en mikroskopteknik der kan analysere levende 

celler i deres optimale miljø over tid, for eksempel i 48 timer. Man kan få data 

LÆGMANDS RESUMÉ  
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angående cellernes adfærd, blandt andet antallet af celler, cellernes 

bevægelsesmønstre og cellernes form såsom areal, volumen og tykkelse. Ved 

hjælp af mikroskopet og dets tilhørende computerprogram kunne vi følge 

individuelle celler over 48 timer. 

For at kunne bruge partiklerne til forsøg på dyr eller mennesker, er det vigtigt at 

teste om de aktiverer immunforsvaret eller er celledræbende. Når immunforsvaret 

bliver aktiveret, indledes det akutte inflammatoriske respons, som kan måles ved 

signalstoffer kaldet cytokiner. Vi målte det inflammatoriske respons efter 

inkubering mellem immunceller og de molekylær prægede polymerer. Der var et 

lille inflammatorisk respons, og sammenlignet med to reference partikler som 

bruges i medicinindustrien, var responsen på samme niveau. Derudover 

analyserede vi om de molekylær prægede polymerer var celledræbende efter 

24-48 timers inkubation med immunceller. Vores resultater viste et fald i 

celleantal men ikke forhøjet celledød, cellerne groede langsommere. Dette 

påviser at de molekylær prægede polymerer mod sialinsyre ikke var 

celledræbende eller inflammatoriske af betydning, hvorfor de vil være brugbare 

ved dyreforsøg.  

For at opsummere, tager denne afhandling, kræftforskning et skridt nærmere at 

være overlevelsesbart, ved at bidrage med viden og udvikling af nye værktøjer 

for analyse af sialinsyre til tidlig diagnostik af kræft.  
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I den industrialiserade världen är cancer den vanligaste dödsorsaken, och i 

Sverige drabbas en av tre svenskar av cancer innan 75 års ålder. Därmed är det 

inte sagt att alla som får cancer också dör i cancer, ca 72% av patienterna lever 

minst 10 år efter diagnos. Generellt gäller att tidig upptäckt av cancer ökar 

chansen att överleva. 

Sialinsyra är en sockermolekyl som finns på cellytan av alla celler. Sialinsyra har 

en avgörande betydelse för många biologiska processer såsom; cell-

cellinteraktioner, cellkommunikation och vid virusinfektioner. Forsknings-

resultat har visat att dar finns förändrade former av sialinsyra på ytan av 

cancerceller än normala celler och detta bidrar till att cancern kan spridas till 

andra organ i kroppen. För att tidigt kunna upptäcka cancerceller vill man därför 

kunna mäta mängderna av sialinsyra som dessa celler uppvisar. Detta görs idag 

bland annat med hjälp av antikroppar och en grupp proteiner som kallas lektiner, 

som binder till och påvisar närvaro av sialinsyra. Produktion av dessa reagenser 

är arbetskrävande och deras lagringsstabilitet är temperatur- och pH beroende. Vi 

har därför tillverkat fluorescerande polymerer som präglats, eller fått avtryck av 

sialinsyra. Detta har resulterat i små plastpartiklar som man kan kalla 

”plastantikroppar”, som känner igen sialinsyra och därmed binder till celler som 

har sialinsyra på sin yta. 

Inbindningen av dessa partiklar, dvs partiklarnas förmåga att känna igen 

sialinsyra, undersöktes hos 12 olika cancercellinjer. Partiklarnas specificitet i att 

känna igen sialinsyra säkerställdes genom hämningsanalyser och genom att 

jämföra dess inbindning till celler med inbindningen av lektiner. Detta har visat 

att partiklarna är ett effektivt och användbart verktyg för att analysera uttrycket 

av sialinsyra hos cancerceller. 

Digital holografisk cytometri är en mikroskopteknik som kan analysera levande 

celler i en för cellerna optimal miljö och detta kan ske under en längre tid, såsom 

POPULÄRVETENSKAPLIG 
SAMMANFATTNING 
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under 48 timmar. Informationen som erhålls är exempelvis cellantal, cellernas 

rörelsemönster och cellernas form med avseende på yta, volym och tjocklek. Med 

hjälp av mikroskopet och dess tillhörande program kunde vi under 48 timmar 

följa cellerna en och en.  

För att kunna använda plastpartiklarna på djur eller på människor, är det viktigt 

att först undersöka om partiklarna är giftiga för celler eller aktiverar 

immunförsvaret. Ett immunsvar aktiveras av en akut inflammatorisk reaktion 

som kan mätas via signalämnen som kallas cytokiner. Vi mätte det 

inflammatoriska svaret efter vi inkuberat immunceller med plastpartiklarna. 

Resultaten visade ett svagt inflammatoriskt svar som var på samma nivå som 

svaren som erhölls från två referenspartiklar. Referenspartiklarna var partiklar 

som idag används för medicinska ändamål. Dessutom analyserades om våra 

partiklar var giftiga för immunceller efter 24-48 timmars inkubering med 

partiklarna. Våra resultat visade en minskad celltillväxt men inte någon ökad 

celldöd. Tillsammans visar detta att plastpartiklarna, inte är dödligt giftiga för 

celler och att de inte orsakar et inflammatoriskt svar. Framtida arbete med 

djurförsök är därför möjligt. 

Sammanfattningsvis bidrar avhandlingens resultat till för att göra 

cancerbehandling bättre och effektivare genom att ge ökad kunskap om 

sialinsyra. Avhandlingen bidrar också till utvecklingen av nya verktyg för 

upptäckt av sialinsyra på celler, tidig diagnostik av cancer.  
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This work 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” in 2017 - 2022. 

The project has engaged a diverse team of chemists and biologists from five 

research groups spread across five universities/institutes and two industrial 

partners, distributed over four countries. All with the same aim of developing 

next generation tools for cancer research and diagnostics. 

GlycoImaging is an interdisciplinary project that develops and implements highly 

promising glycan specific probes for clinically relevant cancer diagnostic 

technologies. The project consists of five work packages focusing on separate 

topics: synthesis of sialic acid molecularly imprinted polymers (SA-MIPs), 

modified cell models, in vivo models, and cancer diagnostics. This thesis has been 

focused on digital holographic cytometry for evaluation of SA-MIPs targeting 

cancer cells for ultimate in vivo applications. 

The ETN has offered a great platform for collaborations between industrial and 

academic partners, providing workshops and training events. The molecularly 

imprinted polymers were provided by the Federal Institute for Materials and 

Research Testing (BAM), University of Copenhagen provided valuable insights 

into glycomic workflows and gene-engineered cell lines, the University of Turku 

and Umeå University assisted with cell staining and analysis, Malmö University 

was in charge of cell-based studies on SA-MIPs. 

  

GLYCOIMAGING 
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Alterations in glycosylation affect a wide spectrum of key biological processes 

that are operational in development and progression of neoplastic diseases. 

Tumor cells tend to induce the aberrant formation of glycoconjugates carrying 

sialic acid (SA), thus establishing a negative charge to the effected glycan chains. 

Being of nonbiological origin, engineered molecularly imprinted polymers 

(MIPs), are extremely robust, resisting denaturing solvents and high 

temperatures, and can be produced at low costs. Having none of the limitations 

of antibodies and lectins, MIPs have the potential to overcome many of the 

problems of current detection strategies.  

Detection of the morphology of cells and tissues by digital holographic cytometry 

(DHC) is a long-term goal for researchers in the field. Thus, cancer cells, 

circulating tumor cells, and even metastatic cancer cells growing in in vivo 

models can be screened using the DHC methodology. Furthermore, even labelled 

artificial receptors/MIP nanoparticles can be evaluated with DHC. This could, in 

turn, offer an instant clinical value. 

This PhD project is a collaboration between the company Phase Holographic 

Imaging (PHI) AB and Malmö University in the EU collaboration project 

GlycoImaging. 

This thesis deals with glycan-specific MIPs targeting cancer cells. The MIPs were 

selective for SA (SA-MIPs), which we investigated regarding specificity for 

cancer cells. The DHC platform was used to study the morphology of cells, and 

the possible role of SA in cancer cell movement. Moreover, the cytotoxicity and 

inflammatory response of SA-MIPs were analyzed to evaluate the possible use of 

SA-MIPs in in vivo studies. 

 

INTRODUCTION 
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Immunology  

Two significant discoveries in the last quarter of the nineteenth century opened 

the field of immunology as a discrete research field. The first was by Elias 

Metchikff (1845-1916), who identified phagocytosing cells, the basis for innate 

immunity [1, 2]. The second discovery was made by Emil Behring (1854-1917) 

and Paul Ehrlich (1854-1915), who identified antibodies that neutralize microbial 

toxins and form the basis for adaptive immunity [1, 3]. 

The immune system’s primary function is to recognize self from non-self, thereby 

protecting the body from pathogens, harmful substances, and infections. The 

innate immune system provides the initial defense against non-self-material by 

releasing cytokines, mainly from immune cells such as phagocytes and neutral 

killer (NK) cells. The innate immune response occurs rapidly and is not totally 

dependent on non-self antigens, i.e., the innate immune system is also responsible 

for clearing endogenous matter such as dead cells and cell debris. If the response 

is insufficient, in most cases it will lead to activation of the adaptive immune 

response. This response is specific and time/dependent as it adjusts to a diversity 

of stimuli and develops over time by exposure to non-self material. It includes 

B-cell antibody production and activation of T-cells. Activation of the adaptive 

immune response against non-self antigens triggers the formation of immune 

memory cells, which can fight the non-self material, next time the individual is 

exposed to it [4, 5]. 

Phagocytosis 

Endocytosis is a critical function, since it is the cellular mechanism for absorbing 

nutrients, and protecting the individual from foreign materials, generally through 

pinocytosis, receptor-mediated endocytosis, and phagocytosis [6]. Pinocytosis, 

i.e., the ingestion of extracellular fluid containing small molecules, is non-

specific, and it takes place by creating membrane vesicles that fuses with the 

cytoplasm. Receptor-mediated endocytosis uses specific receptors on the outer 

surface of the plasma membrane to ingest hormones, growth factors, enzymes, 

serum proteins, iron, antibodies, cholesterol, and even some viruses and bacterial 

toxins. Phagocytosis is a cellular process for ingesting and eliminating particles 

larger than about 0.5 µm in diameter; however, in multicellular organism, 

relatively few cells and cell types are able to perform phagocytosis [7, 8]. High 

efficiency phagocytosis is only achieved by cells such as macrophages, 

neutrophils, monocytes, dendritic cells, and osteoblasts; hence the cells are also 

known as professional phagocytes [7, 9]. Epithelial cells, endothelial cells, and 

fibroblasts cannot ingest large objects such as microorganisms, but are important 

in eliminating debris from e.g., dead cells, and maintaining homeostasis through 

other endocytosing processes. Therefore, since they perform low efficiency 
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endocytosis, they are known as non-professional phagocytes [7, 9]. Phagocytosis 

is very complex since phagocytes must discriminate which cells or cell 

fragments/particles to phagocytose. For example, over 50 phagocytic signals are 

known to determine whether a cell is phagocytosed or not. These signals are 

limited to “find-me” signals, “eat-me” signals, “don’t eat me” signals, and 

opsonins. The phagocytosing cells use different molecules to attract phagocytes 

for phagocytosis of a particular cell i.e., so called chemotactic factors [7]. 

A foreign particle is recognized by binding to specific receptors such as fragment 

crystallizable (Fc) receptors, complement receptors, mannose/fructose receptors, 

and scavenger receptors, the binding is mediated by “tags”, such as antibodies. 

After recognition, the particle is internalized into the phagosome [10]. The 

purpose of the phagosomal pathway is to provide the machinery to mediate total 

degradation of the foreign matter. This process will give the cell reusable 

biomolecules [11, 12]; however, in this study, non-biodegradable particles were 

used, and the phagosomes will thereby not be able to degrade the particles. An 

example of non-biodegradable particles already in use, is aluminium adjuvants 

(used in vaccines) that to our knowledge has not been reported to cause any 

toxicity by the autophagosomal processes [11]. These particles are resistant to the 

phagosomal degradation events that normally eliminate pathogens [13]. The 

phagosomal pathway ends in the formation of a phagolysosome and 

non-degradable particles, ending in the phagolysosome, have been reported to 

affect cellular autophagy [14]. Autophagy is a process of degrading unnecessary 

or damaged components within a cell [15] and phagocytosis of non-degradable 

particles is considered to induce dysfunctional autophagy and thereby the 

induction of cell death. Dysfunctional autophagy, resulting in accumulation of 

autophagosomes, can be caused by both increased and blocked autophagic flux 

[16]. In the phagosomes, non-degradable particles can for instance inhibit the 

degradation enzymes and hinder pH reduction, increase the formation of reactive 

oxygen species (ROS), and cause phagosomal/phagolysosomal membrane 

rupture. Rupture of the phagosome will lead to release of particles into the cytosol 

that may induce and increase autophagy [11, 17]. However, an over-load may 

also result in blockage of the autophagic pathways and thereby accumulation of 

non-functional components, resulting in e.g., non-functional mitochondria, not 

being degraded within the cell [16]. 

Macrophages 

Monocytes develop from bone marrow precursors in response to hematopoietic 

factors and remain in circulation for less than a day. When responding to 

chemotactic factors, they actively pass through blood vessel walls into tissues. 

They rapidly accumulate at sites of tissue damage, infection, or inflammation 

where they generally differentiate into macrophages. Macrophages located in 
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various tissues are important components of the innate immune system, providing 

the first line of defense [18, 19]. They can eliminate a pathogen directly by 

phagocytosis and indirectly regulate an immune response by attracting other 

immune cells. In addition, they eliminate apoptotic cells and recycle nutrients by 

digesting waste products from tissues. Macrophages are normally at rest but can 

be activated by a variety of stimuli during the immune response [20]. 

Macrophages play a central role in inflammation. They initiate the immune 

response against microorganisms since macrophages are among the first cells to 

come into contact with these invaders. This is partly due to their receptors, which 

have a broad ligand specificity for lipoproteins, proteins, oligonucleotides, 

polysaccharides, and other extraneous molecules or molecular motifs [21]. When 

macrophages engulf a microbe, its antigens are processed and displayed together 

with major histocompatibility complex molecules on the outer surface of the 

cells, where they will be recognized by T helper cells. Following this recognition, 

T helper cells release cytokines that activate other cells, such as B cells. Thus, 

antigen-activated B lymphocytes can be induced to secrete antibodies specific to 

the antigens presented by the macrophage. These antibodies attach to antigens on 

microbes or to cells invaded by microbes; in turn, these antibody-bound 

complexes are phagocytosed more avidly by macrophages [21, 22].  

Cytokines 

Cytokines are small proteins (5 – 30 kDa) that can be produced by a broad range 

of cells, including activated immune cells. Cytokines affect the interaction and 

communication between cells by binding to specific receptors on target cells, 

thereby activating a cascade of signaling for a specialized task [23, 24]. They can 

mediate the unleashing of an effective immune response, link innate and adaptive 

immunity, and influence the macrophage microenvironment. Cytokines can be 

divided into pro-inflammatory and anti-inflammatory cytokines. 

Anti-inflammatory cytokines control the pro-inflammatory response, as it 

reduces inflammation and promotes healing. Pro-inflammatory cytokines are 

produced predominantly by activated macrophages and are involved in the 

upregulation of inflammatory reactions, which may occur upon phagocytosis of 

particles [25]. Tumor necrosis factor α (TNF-α), interleukin (IL)-1β, and IL-6 are 

three major pro-inflammatory cytokines that normally are secreted when an 

inflammation is triggered. TNF-α stimulates the acute phase of the immune 

response. Hence, in response to infection, macrophages release TNF-α to alert 

other immune cells that are part of the inflammatory response. IL-1β is released 

as a proprotein that is enzymatically cleaved into the bioactive cytokine by the 

intracellular enzyme cysteine-protease caspase-1. IL-6 plays an important role in 

the acquired immune response by stimulating antibody production and of effector 

T-cell development. Moreover, IL-6 it can promote differentiation or 
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proliferation of several non-immune cells [22]. These three cytokines are a 

limited selection of inflammatory cytokines involved in the upregulation of the 

inflammatory response.  

Cancer 

Cancer is the second leading cause of death worldwide, exceeded only by 

cardiovascular diseases [26]. More than 100 distinct types of cancer exist, the 

most common being breast, lung, colon, rectum, and prostate cancer [27]. It is a 

group of diseases that involves uncontrolled cellular proliferation, dysregulation 

of apoptosis, morphological cellular transformation, and metastasis.  

Metastasis is the hallmark of cancer [28], but the phenomenon is still poorly 

understood. It is a complex process, in which relying on blood or lymphatic 

vessels, tumor cells migrate to other parts of the body far from the primary cancer 

site [29, 30]. On route to the new site, tumor cells escape immune cells, interact 

with proteins and other cells, allowing them to overcome stromal challenges, and 

thereby grow into a secondary tumor. Once cancer has spread from the primary 

site, the survival rate is low [31, 32]. Hence, diagnosis at an early stage is more 

likely to have a positive outcome. 

Early detection of cancer 

By detecting cancer at an early stage, the treatment becomes more efficient, and 

survival rates for cancer patients improve. Still, around 50% of cancers are first 

diagnosed at an advanced stage [33]. Early detection aims to identify 

consequential cancer or precancerous change at the earliest time-point at which 

intervention could improve survival or reduce morbidity. Crosby et al. highlights 

five challenges to make early detection a reality, 1) getting a greater 

understanding of the biology, behavior, and prognosis, 2) determine the risk of 

developing cancer by e.g., family history and germline genomic susceptibility, 

3) finding appropriate validated biomarkers, 4) developing early detection 

technologies that are sensitive and specific, 5) appropriate and understandable 

evaluation of the data/results [33].  

Cancer biomarkers can provide diagnosis, prognosis, or treatment by giving 

indications of the occurrence of cancer in the body. The biomarkers could be 

carbohydrates, nucleic acids (genome sequences or RNA transcripts), or proteins 

(cell surface glycoproteins or secreted proteins) which are associated with cancer. 

One key challenge is detecting the miniscule signal at the earliest cancer stage 

and avoiding disturbance caused by signals from normal tissues. 

Nanotechnology-derived cancer detection protocols have become widely 

distributed based on the critical need for early detection. Nanoparticle carriers are 
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of major interest since they provide specificity, high sensitivity, and multiplexed 

measurement capability. Nanoparticles can be covered with antibodies, peptides, 

small molecules, and other components, which can recognize and bind to cancer 

cells [34]. There are two main nanoparticles-based assays relying on fluorescence 

detection of cancer cells: Particles entering cells, enabling detection and 

quantification of the intracellular genetic content, or particles that rely on binding 

to cancer cell surface motifs such as glycans, as used in this thesis [35].  

Glycans 

Glycans or polysaccharides are carbohydrates that are attached to proteins and 

lipids and have a key role in cell adhesion, migration, interactions with the cell 

matrix, immune surveillance, cell signaling, and cellular metabolism [36]. 

Glycans are oligo- or polysaccharides comprised of monosaccharides covalently 

linked through α- or β-glycosidic linkages. The numerous ways saccharides can 

be linked give rise to a vast complexity of glycan structures. Glycans in 

mammalian cells are commonly composed of the nine monosaccharides: glucose 

(Glc), galactose (Gal), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine 

(GalNAc), mannose (Man), fucose (Fuc), xylose (Xyl), glucuronic acid (GlcA), 

and the sialic acid N-Acetylneuraminic acid (Neu5Ac) [37]. 

The cell surface is covered by a dense array of different glycoconjugates 

classified as e.g., glycoproteins, glycosphingolipids, and proteoglycans. 

Glycosylation is the enzymatic process of adding glycans to proteins, peptides, 

and lipids via glycosidic linkages, thus forming glycoproteins and glycolipids. 

With more than half of all human proteins estimated to be glycosylated, this is 

the major posttranslational modification of proteins, [38-40]. It is widely known 

that aberrant glycosylation has been implicated in many different diseases due to 

changes associated with biological function and protein folding. In cancer, there 

is increasing evidence pertaining to the role of glycosylation in tumor formation 

and metastasis. Alterations of cell surface glycosylation, of terminal moieties in 

particular, can promote invasive behavior of tumor cells that ultimately lead to 

the progression of cancer [41, 42].  

The biological roles of glycans are diverse, since they function as ligands and 

protective barriers. There is an enormous variety of glycan binding proteins 

(GBPs), reflecting the diversity of glycan structures acting as specific recognition 

sites. Lectins are one main GBP group that recognize specific terminal patterns 

of the glycan chain [43, 44]. GBPs can be of both intrinsic and extrinsic origin. 

Intrinsic GBPs are typically involved in cell-cell interactions as well as 

recognition of extracellular molecules, whereas extrinsic GBPs usually consist of 

pathogenic microbial agglutinins, adhesins, or toxins [45]. 
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Glycans have major potential applications in improving early cancer diagnosis, 

determination of prognosis, and risk stratification, as well as serving as markers 

of specific therapeutic targets [46, 47]. 

Sialic acid 

SAs, such as e.g., Neu5Ac, belong to an important family of monosaccharides 

that typically are found as terminal moieties of glycans. Because of their strategic 

location and ubiquitous nature, SAs are involved in many physiological and 

pathological processes. 

SAs are involved in biological functions such as cell recognition by the immune 

system, attenuation of cell-cell aggregation, intensification of extra-cellular 

adhesion, and metastasis. Since they are negatively charged, SAs exert many 

functions in ion binding and transport [48-51]. SAs also serve as binding sites for 

different toxins, pathogens, and GBPs. Until now, over 50 different SA structures 

have been evaluated, many more than any other monosaccharide. The most 

common SA structures are human Neu5Ac and non-human 

N-glycolylneuraminic acid (Neu5Gc) with less common occurrence of 

neuraminic acid (Neu) and deaminated neuraminic acid (KDN) (Figure 1) [52]. 

Other SA molecules are generated with additional modifications of one or several 

hydroxyl groups of the core molecule structure resulting in O-acetyl, O-methyl, 

O-sulphate, O-lactyl, or O-phosphate derivatives [53, 54]. Structure modification 

can change the hydrophobic/hydrophilic interactions of SAs, thus affecting their 

recognition and binding objectives. 

 

Figure 1. The core structures of SA [54]. 
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Besides the structural variation of SA molecules, diversity can also come from 

their different linkage to underlying glycans, which gives rise to additional 

complexity. SA are attached to underlying glycans by the action of various 

enzymes called sialyltransferases. Sialyltransferases are classified based on the 

formed linkages as α2,3-, α2,6-, α2,8-sialyltransferases, and 

polysialyltransferases [41, 55]. Until now more than 20 sialyltransferases have 

been discovered. Combining the many accessible SA derivatives and various 

linkage types, results in a wide variety of sialylated structures in nature. 

Upregulation of sialyltransferases that results in hypersialylation has been found 

in up to 40 – 60% of cancer cells, and hypersialylated cell surfaces are established 

hallmarks of several classes of cancers [41, 42]. 

Sialic acid and cancer 

Aberrant glycosylation has been shown to correlate with tumor development and 

progression [56, 57]. Tumor cells often exhibit increased levels as well as 

abnormal structures of sialylated N- and O-glycans [36]. Hence, some of the most 

common cancer-associated alterations is the expression of immature truncated 

O-glycan structures, such as Tn (Thomsen-nouveau), sialyl-Tn (STn), and 

T (Thomsen-Friedenreich) antigens (Figure 2). STn is a disaccharide that consists 

of O-linked αGalNAc capped by a SA residue on mucins, and is commonly 

overexpressed in breast, prostate, and colon cancer cells [58-61]. 

Mucins are large glycoproteins rich in O-GalNAc glycans on serine (Ser) and 

threonine (Thr) in tandem repeat regions [62]. Induced expression of STn in cell 

lines has been shown to increase tumorigenicity. STn disaccharides also serve as 

prognostic biomarkers, since they often are found in the bloodstream of patients 

with cancer [63]. Tn and STn expression can enhance tumorigenic and invasive 

properties and promote immunosuppression [62]. The programmed cell death 

protein 1 (PD1) and its ligand PDL1 are involved in principal cancer 

immunotherapy pathways and have become an important immune checkpoint in 

recent years. Most interestingly, some of the sialic acid-binding immunoglobulin 

superfamily lectin (Siglec) molecules targeting STn have been demonstrated to 

have similar immunosuppressive functions [64]. Other aberrant SA structures, 

such as sialyl Lewis X (SLeX) and sialyl Lewis A (SLeA) (Figure 2), have been 

reported to be upregulated in carcinomas and are involved in cancer cell adhesion 

to endothelial cells in metastasis, and are being considered as hallmarks of 

malignant phenotypes [47]. 
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Figure 2. Examples of cancer associated glycans. SA: sialic acid, GlcNac: N-acetylglucosamine, 
Gal: galactose, GalNAc: N-acetylgalactosamine, Fuc: fucose, Ser/Thr: serine and threonin in repeat 
regions. 

Detection of sialic acid 

Studies on cancer and cancer diagnosis relies on development of highly selective, 

robust, and affordable tools for detection and discovery of biomarkers. Numerous 

SA binding proteins have been discovered and characterized, such as Siglecs, 

Selectins, antibodies, and plant-based lectins [45]. Antibodies and lectins are two 

major available tools widely used in glycosylation analysis, but they are 

disfavored by their high cost, low stability, and cross reactivity problems on some 

occasions, which is a limitation for large scale applications [65]. Lectins were 

first discovered in 1888 during experiments about agglutination of red blood cells 

using extracts of castor bean seeds. Many other plants were also discovered to 

contain “agglutinins”, later called lectins [66]. Two well-known plant-based 

lectins are widely used in glycosylation analysis, namely Maackia Amurensis 

Lectin (MAL) and Sambucus Nigra Lectin (SNA). They preferably bind to 

α2,3- and α2,6-linked SAs, respectively [67, 68]. Due to the above-mentioned 

disadvantages, developing synthetic tools could help to overcome these issues 

and improve glycosylation research, thus offering high affinity carbohydrate 

recognition. 

SAs function as cellular markers that can be recognized by a variety of receptors 

due to a negative charge on the cell surface [57, 69]. Therefore, it is of huge 

interest to analyze and determine SAs, since they could be important diagnostic 

tools in detection and therapeutic targeting of cancer. However, so far, it has been 

challenging since the availability of labelled lectins, and glycan-specific 

antibodies are limited [70, 71]. Molecular imprinting could resolve this impasse, 

since nanoparticles can be produced to selectively bind to glycans in cells and 

tissues [72-76] 
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Molecularly imprinted polymers 

Researchers worldwide are searching for prognostic and diagnostic tools and 

treatments that, selectively target cancer cells without affecting the surrounding 

healthy tissue. The possibility of using nanoparticles derived from MIPs as 

mediators of such selective targeting methods is a major goal, which is currently 

under intense investigation. Due to the unique properties of nanoparticles and the 

ease by which they can be precisely engineered, the particles can be used for both 

active and passive targeting of a broad range of diseases [77-79]. 

The most common way to produce MIPs is based on polymerization of functional 

monomers and cross-linkers in the presence of a template (Figure 3a). First, a 

network of functional monomers forms in the presence of a template. Then, 

polymerization is initiated with a cross-linker that stabilizes the imprinting 

binding structure surrounding the template. This mechanical stability enables the 

polymer matrix to retain its molecular recognition capability. The template is 

after that removed from the polymer matrix through washing steps, leaving a MIP 

that can be used as a “plastic antibody” that recognizes and captures the target 

molecules (Figure 3) [80]. Based on this protocol, SA-imprinted polymer 

core-shell nanoparticles were developed, using deprotonated SA as a template. 

The probe also carries a fluorescent reporter group, nitrobenzoxadiazole (NBD), 

in the polymer shell (Figure 3b) [72, 81]. 

 

Figure 3. The general principle of MIP synthesis. a) Starting with templates and monomers, the 
monomers aggregate around the template(s). After crosslinking of monomers, the removal of 
templates results in an imprinted polymer prepared for specific recognition and selective binding to 
the template molecule. b) Core-shell SA-MIPs bound to SA on the cell surface. Modified from [72, 

76].  
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MIPs in biological applications 

The biological applications of MIPs are extensive. They are used in widely 

different assays, such as ELISA and sensors, as well as for imaging and in vivo 

applications, including drug delivery and inhibition of cell signaling [74, 76, 82]. 

Yazdani et al. have developed a nano-biosensor using a MIP on a gold screen-

printed electrode. A MIP was constructed using the prostate-specific antigen 

(PSA), a biomarker for prostate cancer screening, as a template, giving the MIP 

high affinity and specificity for PSA [83]. Sensors based on MIPs have become 

more common in point-of-care diagnostics, where they are combined with 

different electrochemical transducers. Eersels et al. have used a thermal 

biomimetic sensor platform and incorporated MIPs for detection of vitamin K in 

serum samples [84]. Another study used an orthogonal dual MIP-based 

plasmonic sandwich assay for detection of carcinoembryonic antigen (CEA) 

levels in serum. CEA is a biomarker for several cancer types e.g., colorectal, 

ovarian, and breast cancers. The MIP-based assay made it possible to distinguish 

between serum samples from healthy individuals and individuals with colon 

cancer [85].  

Microscopy 

Microscopy is the technical field of using microscopes to view samples and light 

that can be described as waves and as particles. The wave theory is an important 

aspect for the understanding of microscopy. Light has three properties in this 

theory: the wavelength or frequency, the amplitude, and the phase (Figure 4). The 

human eye can only recognize wavelengths of the visible spectrum, i.e., light 

between 390 – 700 nm, and while the color perceived is dependent on the 

wavelength, the amplitude is interpreted as the intensity of the light of a particular 

wavelength. We cannot, however, distinguish in what phase of the wave the light 

is, nor can we differentiate phases between light waves when the light reaches the 

eye. Different objects alter the properties of light in different ways. A fully 

transparent object does not change the wavelength or the amplitude of the light, 

but it might change the phase of the light by slowing it down, creating a 

displacement between waves called a phase shift.  
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Figure 4. The three properties used to describe light as a wave. The wavelength is the distance 
between two equally positioned points on two waves following each other. The wavelength 
determines the color of light. Amplitude is the height of the wave and determines the intensity of light. 
The phase of a wave is where in the wave the light is at each point in time. When light passes through 
or is reflected by objects these properties can be affected.  

Bright field microscopy is the simplest form of microscopy, but they will not be 

visible due to the transparency of cells. To solve this problem, Fritz Zernicke 

invented phase contrast microscopy and Georges Nomarski invented differential 

interference contrast microscopy [86, 87]. Both techniques use the phase shift to 

increase the visibility of transparent objects by translating the phase shift to a 

change in amplitude of the resulting light wave, thus making e.g., cells visible to 

the human eye [88].  

Digital holographic cytometry 

In this thesis, the imaging technique digital holographic cytometry (DHC) is used 

to obtain the main results presented in Paper II-IV, either isolated, or in 

combination with other techniques. 

DHC is a type of quantitative phase imaging (QPI) [89]. QPI is a label-free 

microscopy technique that measures fundamental cell properties and behaviors. 

It measures the phase shift of light as it passes through a transparent sample. This 

shift is caused by light slowing down as it passes through a material with a higher 

refractive index than air. It is phase-shifted according to equation 1: 

φ =
2π

λ
∙ L =

2π

λ
∙ ∫ n(z) ∙ dz

t

0
   (1) 

where L is the optical thickness (optical thickness is the thickness calculated from 

the phase image), n is the refractive index (describes how fast light passes through 

the material e.g., the cell culture medium), t is the thickness (thickness is the 

actual thickness of the sample), and λ is the wavelength of light. 
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The phase shift of the wave can give 3D information, as it is related to the 

refractive index and the thickness of the object. In QPI, the quantified phase shift 

together with the refractive index and wavelength of the light is used to calculate 

the optical thickness of the cells. Unlike phase contrast microscopy, the intensity 

of a pixel in a reconstructed phase image has a direct physical meaning. It 

corresponds to the optical thickness of the cell [90, 91].  

There are four main QPI approaches: interferometry, wavefront sensing, phase 

retrieval, and digital holography [89]. Digital holography emerged from the 

description of holography by Gabor [92]. His finding was the base for the 

development of digital holography in the 1990s, where information was collected 

on a digital sensor, and followed by efficient computational reconstruction. 

The HoloMonitor M4 is a live cell time-lapse cytometer that employs digital 

holography to allow non-invasive visualization and quantification of living cells 

without compromising cell integrity.  

The HoloMonitor M4 is based on a configuration called off-axis Mach-Zender 

[93-95]. A 635 nm diode laser beam is split into two beams, the sample beam, 

and the reference beam. The sample beam passes through the sample, in our case, 

the cells, before it is led to interfere with the reference beam (Figure 5). The 

resulting interference pattern is captured on an image sensor and is used to create 

a hologram by calculations based on the phase shift. The phase shift is used to 

calculate the actual thickness of the sample. A cell image can be constructed 

based on the calculated cell thickness for every pixel of the image [90, 91].  

 

Figure 5. The optical set-up of the HoloMonitor M4. The Holomonitor M4 uses an off-axis Mach-
Zender configuration. The 635 nm diode laser is split into two beams; the sample beam and the 
reference beam. The sample beam passes through the sample and the objective while the reference 
beam passes undisturbed behind the sample. Under the objective, the two beams are merged and 
an interference pattern – the hologram, is formed and captured on an image sensor (CDD camera). 
Image courtesy of PHI.  
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Since DHC is based on the phase shift, neither labels nor dyes are required to 

make cells visible, making the technique label-free and non-invasive. The low 

intensity of the laser light makes the HoloMonitor M4 suitable for long-term 

studies of living cells since it does not cause any heat- or light-induced loss of 

cell viability [96, 97]. 

Time-lapse cytometry allows non-invasive visualization and analysis of live cell 

populations by tracking and quantifying individual cells [98, 99]. There are 

several advantages of holographic microscopy. One is that the created 

quantitative phase images are focused when viewed rather than when recorded. 

This makes the HoloMonitor M4 time-lapse cytometer ideal for long-term 

imaging and analysis of living cells by means of time-lapse microscopy, where a 

series of cell images are acquired at regular time intervals, allowing analysis of 

the dynamics of various cellular events [100, 101]. Unfocused images, caused by 

focus drift, are refocused by letting the computer software recreate the phase 

image from the recorded hologram [102]. Another advantage of the HoloMonitor 

M4 is that it can be installed in a cell incubator, and thereby it is possible to keep 

the cells in the same environment as during normal cell culturing during the entire 

experiment.  

DHC Applications  

Cell morphology  

Studies of cell morphology can show how cells are affected by different 

treatments, or environmental factors such as e.g., pH or temperature. In addition, 

cell morphology can be associated to different aspects of everyday cell life such 

as cell division, cell density changes, cell movement, and cell death [101, 103, 

104]. Usually, cell morphology studies are performed using several techniques, 

including microscopy, that requires staining or labelling of the cells. However, in 

recent years, some researchers have studied cell morphology using DHC in 

different contexts using neither staining nor labeling [99, 105-107].  

In Figure 6 below, a cell marked with a yellow border is shown at different time 

points, and it is seen that the cellular morphology changes over time, in this 

example, due to cell division. With HoloMonitor M4 it is possible to both detect 

these changes qualitatively and perform quantitative analysis by investigating 

more than thirty different morphological parameters. In Figure 5e, some of the 

most common morphological parameters are visualized. The first parameter is 

the cell area. The sample cell is first very large (Figure 5a), then it contracts and 

becomes smaller (Figure 5b) and after cell division, each cell has a very small 

area (Figure 5c); afterwards, the cell will flatten out again, and spread over a 

larger area (Figure 5d). Initially, the optical thickness is relatively small, around 

3.4 µm (Figure 5a). Preparing for cell division, the cell rounds up and becomes 
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almost twice as thick (Figure 5b), and after cell division, it flattens out again 

(Figure 5d). All the morphological parameters shift over time and when taken 

together, the parameters tell a time-based story of the cell.  

 

Figure 6. DHC images shows an example of cell division and how the cell changes in morphology 
when dividing using HoloMonitor proprietary software. a) a flatten out cell, b) a cell preparing for cell 
division, c) the cell has divided into two daugther cells, d) the cells are flatten out again, e) most 
common morphological parameters.  

Cell motility and migration 

Studies of cancer cell motility and migration show how cancer cells move and 

how different treatments and conditions can affect cell movement. The total 

accumulated cell movement over time is defined as motility. The shortest distance 

between the first cell position and the point where the cell can be found in each 

image is defined as migration (Figure 7a). Over time, motility constantly 

increases, while migration can increase or decrease depending on the cell 

trajectory (Figure 7b). 
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Figure 7. Definitions of cell migration and cell motility. a) Migration is the shortest, most direct distance 
between A and B, while motility is the distance the cell travelled; moved from point A to point B. b) An 
example of the motility and migration of different cells where the white arrows indicate the first cell 
position for each individual cell. The blue cells, has a similar motility and migration, while the green 
cell has a rather high motility and a very small migration.  

There are several well-known methods to study cell movement, but they mainly 

focus on cell migration. Both the Boyden chamber [108] and Zigmond and Dunn 

chamber [109] are filter migration assays that measures cell migration over a 

membrane in response to chemo-attractants. These filter assays are very 

specialized, as they require the cells to migrate through both a matrix and the 

pores of a filter. An alternative assay would be a wound healing or scratch assay, 

where a lane is scratched through a confluent cell layer to create an artificial 

wound [110]. Cells will then move into the lane and repopulate it. The resulting 

repopulations depends on a combination of proliferation and migration. With the 

semi-automated image acquisition, segmentation, and software, that the 

HoloMonitor M4 offers, it is possible to automatically track the movement of a 

cell population, or single cells, over time.  
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Cancer is the second leading cause of death in the world, and new and improved 

biomarkers for detection of cancer are needed. MIPs could help solve this due to 

their low costs and high stability. Furthermore, it is known that tumor cells tend 

to produce aberrant levels of glycoconjugates containing SAs, which play a 

crucial role in many biological processes. Therefore, in this project, we have 

targeted SAs by using MIPs with an embedded fluorophore to facilitate the 

detection of the MIPs either binding to cell surface or becoming internalized. To 

be able to use SA-MIPs as biomarkers, the binding behavior of SA-MIPs are 

important to investigate, as well as the inflammatory and cytotoxic properties. 

The state-of-the-art technology DHC offers non-invasive, continuous real-time 

imaging technique, providing quantitative data of, inter alia, cell behavior and 

cell movement. Together with other techniques, DHC can provide a more 

comprehensive overview of cancer cell movement and the effect of SA-MIPs on 

immune cells. 

This thesis approached these concerns with the following specific aims: 

 

I. To investigate the binding behavior and specificity of SA-MIPs on 

different cancer cell lines 

II. To study the potential of DHC by mapping cellular parameters  

III. To investigate whether SA-MIPs lead to inflammatory and/or cytotoxic 

responses when administered to phagocytosing cells  

  

AIMS OF THE THESIS 
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The following section will briefly describe the techniques used throughout the 

thesis work. For a more detailed protocol description and information about the 

instrumentation, origin, and conditions please see the Materials and Methods 

sections in Paper I-IV.  

Cell lines (Paper I-IV) 

The research performed in this study is cell-based and the different cell lines used 

were selected based on their origin and known behavior.  

In Paper I, twelve different human cancer cell lines and Hek-n primary cells were 

used to evaluate the specificity and binding behavior of the SA-MIPs. These cell 

lines were chosen for their different characteristics and diverse tissue origin.  

Two cell lines, the human monocytic suspension cell type THP-1 (Paper IV) and 

the adherent mouse macrophage cell type RAW 264.7 (Paper III and IV) are well 

characterized and were chosen because of their phagocytosing properties [8].  

The two Simple Cell (SC) lines, MDA-MB-231 SC which is a breast cancer cell 

line and PC-3 SC which is a prostate cancer cell line, that are used in Paper II are 

genetically engineered cells that express simplified glycoforms and 

homogeneous glycan structures [111, 112]. Using the SimpleCell technology, it 

is possible to create cells with a simplified O-glycosylation process, resulting in 

the presence of immature glycans, such as Tn and/or STn. These immature 

glycans are expressed in most cells and the ratio of Tn and STn are mainly 

dependent on the expression of sialyltransferase [113]. The two corresponding 

wild type (WT) cell lines, MDA-MB-231 WT and PC-3 WT, have similar 

characteristics as the cell lines obtained after modification using the SimpleCell 

technology, such as growing in monolayers and being highly metastatic. The 

difference between the WT and SC is only that the SC express immature glycans, 

such as the Tn and STn antigens. 

EXPERIMENTAL TECHNIQUES 
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The cell lines used in this study provided a comprehensive understanding of the 

binding behavior of the SA-MIPs and the potential of the DHC technique for 

cellular characterization.  

Digital Holographic Cytometry (Paper II-IV) 

The HoloMonitor M4 with a motorized stage was used in Paper II-IV for 

holographic image acquisition. The proprietary software Hstudio and App Suite 

were used to analyze the holographic images. The history and technology behind 

DHC are described in the introduction.  

Cell segmentation 

After image acquisition, the interference pattern (Figure 8a) is used to reconstruct 

holographic images in 2D (Figure 8c). The holographic images are based on the 

optical thickness of the cells in each pixel of the image. To extract information 

about individual cells from the holographic images, it is necessary to identify the 

cells in every image. With a conventional phase contrast image, it is difficult to 

distinguish between cells and background when looking at the image intensity 

profile (Figure 8b). Whereas, looking at the same image field of view as a 

holographic representation, it is much easier to distinguish between what is cells 

and what is background (Figure 8c). Based on their 3D profiles, the computer 

software algorithms can separate cells from the background and find peaks, which 

are used to identify individual cells (Figure 8d). This is the strength of having the 

thickness data in each pixel, besides that it also provides the possibility to extract 

quantifiable morphological data. 

Once the cells have been segmented and identified, the data can be used to 

determine cell morphological parameters such as thickness, area, and shape. In 

addition, cell proliferation and cell motility data can be extracted, both as 

population data and/or for individual cells. 
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Figure 8. An interference pattern (a) is used to reconstruct holographic images in 2D (c). The intensity 
profiles of images captured using with phase contrast (b) and holography (c) are very different. The 
reconstructed holographic image contains information that contribute to cell identification (d). 

Cell tracking 

To monitor and track cells over time, images need to be captured repeatedly at 

the same position in the cell sample, thus creating a time-lapse movie. The 

tracking function of the App Suite software is based on the nearest neighbor 

approach. The centroid, which corresponds to the thickest part of the cell, is used 

to identify each cell during tracking. When tracking a cell from one frame to the 

next, the software identifies the centroid of the cell located closest to the position 

of the centroid in the previous frame and defines these two centroids as being the 

same cell. This is repeated for all frames in the time-lapse and for all cells in 

every frame. Thus, individual cells can be monitored over time, and data of e.g., 

cell morphology and cell movement for both individual cells and cell populations 

can be extracted.  

Since accidental segmentation or identification mistakes can occur with the 

software, the user must manually go through the time-lapse to check for errors. 

There are several reasons why these mistakes occur. For instance, if a cell is 
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moving very fast, another cell might be closer to the previous position of the fast-

moving cell, whereby the software might choose the wrong cell to track. If a cell 

moves out of the frame, the tracking may have to be ended manually to stop the 

software from tracking the cell closest to the position, where the original cell was 

last identified. If two or more cells are very close, the segmentation might have 

trouble distinguishing between the cells. The tracking might then follow the 

group of cells, and if they later separate from each other, the algorithm might 

choose to follow only one of the cells. The software allows for manual corrections 

of such mistakes. 

Longitudinal tracking  

Each individual cell is tracked over time with longitudinal tracking, which is 

important for several reasons. Most importantly, cells are often analyzed as a 

uniform population, causing differences between cells within the population to 

be lost. Another reason is that when cells are analyzed at only one time-point, a 

snapshot of the current state of the cells is obtained with no resolution over time, 

possibly giving a skewed picture of what is going on with the cells. By using 

longitudinal tracking of cells, it is possible to monitor the individual cells during 

the entire time-lapse, e.g., how individual cells react during treatment with  

SA-MIPs. Longitudinal tracking was used for information regarding cell cycle 

time and number of cell divisions (Paper IV). That information can be used to 

create cell family trees as seen in Figure 9. Cell family trees consist of a mature 

cell (mother cell) that is set for cell division, and it divides into two new cells 

(daughter cells). These daughter cells can over time also complete cell division, 

each forking in Figure 9 represents a cell division. 
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Figure 9. Cell family trees based on longitudinal tracking. Each forking of the lines indicates a cell 
division. The length of the lines between forks corresponds to the cell cycle times. Different cell 
families may divide in different fashion, such as not at all (Cell 2) or just once (Cell 4) or one daughter 
cell may divide but not the other (Cell 1). 

We are of the opinion that many cells need to be tracked if longitudinal tracking 

is to become powerful. Since longitudinal tracking is a rather time-consuming 

method, many researchers rely on analyzing just a few cells, and rare cell events 

are either lost or overrepresented. This thesis includes 355 tracked cell families, 

with in total 1746 individual cells from six cell lines. For each experiment, there 

were two limiting factors for the number of tracked cells. One is the seeding 

density. If cells are too confluent at the end of the experiment, it will not be 

possible to identify the individual cells. This can lead to early interruptions of the 

tracking. The second factor is time since the tracking is time-consuming.  

Flow Cytometry analysis (Paper I, II and IV) 

Flow cytometry measures the optical and fluorescence characteristics of labelled 

single cells. After incubation with SA-MIPs, flow cytometry was used in this 

study to investigate e.g., the binding behavior, cell count, and cellular association 

of different cell lines, based on the fluorescent.  

In the analysis, a stream of fluid with suspended cells passes a laser light beam. 

Forward scatter (FSC) is related to the cell area (Paper II), while side scatter 

(SSC) is caused by other cellular properties, such as granulation. This causes the 

light to be scattered by the cells and at the same time excitation of fluorescent 
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molecules can be achieved. Scattered and emitted light from each cell is measured 

by different detectors. Based on the detected scattered signals, a scatter plot, as 

seen in Figure 10, can be created to identify the cells in the sample. This FSC and 

SSC plot allow discrimination of cells from debris, and thereby interference from 

cell fragments or particles smaller than the cells is avoided in the detection of the 

fluorescent signal. The fluorescence can emerge from, internal components of the 

cell and is called autofluorescence, from fluorescent molecular probes or from 

fluorescent-labelled particles, such as SA-MIPs (NBD fluorophore) and 

Alhydrogel (lumogallion fluorophore). Fluorescence can be detected both 

intracellularly and on the cell surface (Paper I and IV). By comparing the signal 

from cells incubated with SA-MIPs with the signal from cells without SA-MIPs 

i.e., cellular autofluorescence, it is possible to identify binding of probes and 

particles to the cells.  

 

Figure 10. Forward and side scattergram from a flow cytometer. The gated cells are included in the 
analysis. The x-axis shows forward scattering (due to cell volume) and the y-axis shows side 
scattering (due to intracellular granulation). 

SA-MIP binding 

In Paper I, the binding behavior of fluorescently labelled SA-MIPs to twelve 

different cancer cell lines was studied. The expression of SA was investigated 

using the SA specific biotin-labeled lectins MAL I and SNA, which recognize 

α2,3-SA and α2,6-SA, respectively. The specificity of the SA-MIPs was further 

evaluated using an inhibition assay mediated by pre-treating SA-MIPs with two 

pentavalent SA-conjugates ME0752 and ME0976 that interfered with the binding 

of the SA-MIPs. The inhibition assay was performed by incubating SA-MIPs 
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with the SA-conjugates prior to incubation some of the cell lines with the 

SA-MIPs, followed by flow cytometry analysis and confocal microscopy 

(Paper I).  

Phagocytosis (Paper IV) 

The cellular association between phagocytosing cells and particles was displayed 

in flow cytometry histograms. They show the association of the NBD 

fluorophore-containing SA-MIPs and the lumogallion fluorophore-labelled 

Alhydrogel. SA-MIPs labelled with NBD were measured in the FL-1 channel 

(530 ± 15 nm), and Alhydrogel labelled with lumogallion was measured in the 

FL-2 channel (585 ± 20 nm). The fluorescence intensity, as seen on the x-axes, 

corresponds to the number of particles associated with cells. The black histogram 

in Figure 11 shows the autofluorescence of cells in the absence of any particles. 

Upon association between cells and the fluorescent particles, the fluorescence 

signal will increase, shifting the histogram to higher FL1 or FL2 values, making 

it possible to estimate the percentages of cells associated with particles 

(Figure 11).  

 

Figure 11. THP-1 cells cultured for 24 h in medium (a, b; black trace), or in the presence of SA-MIPs 
(a; red trace), or Alhydrogel (b; blue trace). Histograms created from cells identified by FSC/SSC 
gating show the fluorescence intensity associated with the cells. SA-MIPs labelled with NBD are 
measured in the FL-1 channel (530 ± 15 nm) and Alhydrogel labelled with lumogallion was measured 
in the FL-2 channel (585 ± 20 nm). Figure modified from [114]. 
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Fluorescence microscopy (Paper I and IV)  

Fluorescence microscopy is a vital tool in cell and molecular biology, medicine, 

and biophysics. It enables the imaging of cells, their organelles, proteins, and 

DNA with high sensitivity and selectivity. For example, this technology was used 

to identify the cellular localization of the SA-MIPs after incubation with different 

cell lines.  

A fluorescence microscope is equipped with a set of filters that enable the user to 

select the appropriate wavelengths for the excitation and emission of the chosen 

fluorophores. When using multiple fluorophores, the wavelengths for excitation 

and emission must be separated. This is achieved by a filter cube that filters out 

the excitation light from the ocular light and only keeps the emitted light. Images 

can be taken separately for each fluorophore and merged with the overlay 

function in the software. 

Prior to staining, cells were fixed and permeabilized. In this work, the fixation 

was done using 4% paraformaldehyde, which causes covalent crosslinking 

between molecules such as proteins in the cell membrane, stabilizing the structure 

of the cell [115]. Permeabilization of the cells with 0.05% TritonX-100 removed 

membrane lipids, thereby allowing large molecules to enter the cell [116]. Actin 

fibers were labelled using rhodamine-conjugated phalloidin. Phalloidin is a 

natural toxin derived from the mushroom Amanita phalloides and it binds 

strongly to actin filaments thereby preventing actin depolymerization. Nuclei 

were visualized with DAPI (4’,6-diamidino-2-phenylindole), which is a DNA-

specific probe that binds strongly to adenine-thymine (A-T) rich regions in DNA 

forming a fluorescent complex.  

In standard fluorescence microscopy, also known as wide field fluorescence 

microscopy, the entire cell is flooded with light, and the whole cell is largely 

unfocused. Confocal microscopy, on the other hand, is a type of fluorescence 

microscopy that offers an enhanced, fully focused image at a focal plane either 

on the cell surface or intracellularly. Confocal microscopes use filters that remove 

glare and unfocused light and allow the user to control the field’s depth and 

eliminate any background information. This makes it possible to determine 

whether a fluorescent probe is located on the cell surface or intracellularly 

(Paper I) (Figure 12a), whereas with wide field fluorescence microscopy a 

potential intracellularly uptake can only be hypothesized due to the location and 

color change of the detected fluorescence (Paper IV) (Figure 12b). 
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Figure 12. Confocal fluorescence microscopy image of SA-MIPs stained A549 cells (a) and standard 
fluoresce microscopy image of SA-MIPs stained RAW 264.7 cells (b). The cells were stained with 
SA-MIPs (green) on the cell surface or (orange) possible internalization, rhodamine-phalloidin 
(actin filaments) in red, and DAPI (nuclei) in blue. White arrows indicate where some of the SA-MIPs 
are bound to the surface or internalized.  

IL-1β, TNF-α, and IL-6 cytokine secretion 
(Paper IV) 

To investigate whether SA-MIPs caused an inflammatory response when 

administered to phagocytosing cells, the cells were analyzed for cytokine content 

after SA-MIP treatment. Secretion of the cytokines IL-1β, TNF-α, and IL-6 

indicates a stimulated immune response. A commercially available sandwich 

ELISA was used to detect IL-1β, TNF-α, and IL-6 in a supernatant from 

stimulated THP-1 and RAW 264.7 cells. This assay quantifies antigens between 

two layers of antibodies i.e., capture and detection.  

THP-1 were used as a model system for the induction and secretion of IL-1β, 

since THP-1 cells do not produce the pro-form of IL-1β nor the NALP3 

(NLR family pyrin domain containing three) inflammasomes unless pre-

stimulated (primed) with lipopolysaccharide (LPS). These properties of THP-1 

make it possible to study if particles or substances activate the inflammasome or 

not. Upon pre-stimulation with LPS, THP-1 cells were induced to assemble the 

NALP3 inflammasomes and to synthesize pro-form of IL-1β. Addition of 

SA-MIPs then reveals if the particles activated the inflammasomes and thereby 

caspase 1. Activated caspase 1 cleaves the pro-form of IL-1β into IL-1β, and 

hence activation of the inflammasome will be evident by secretion of IL-1β into 

the medium.  
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ELISA assays were used for detection and quantification of secreted human 

IL-1β, mouse IL-6, and mouse TNF-α cytokines in supernatants from stimulated 

THP-1 and RAW 264.7 cells.  

Lactate dehydrogenase assay (Paper IV) 

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in many different 

cell types. Damage to the plasma membrane releases LDH into the surrounding 

culture medium. Since it is easy to quantify LDH in the medium, it is used as a 

well-defined and reliable indicator of cytotoxicity. LDH is detected through a 

coupled enzymatic reaction in which LDH catalyzes the conversion of lactate to 

pyruvate via NAD+ reduction to NADH. Mediated oxidation of NADH results in 

a red formazan product in amounts directly proportional to the amount of LDH 

released into the medium.  

The LDH assay was used to determine the potential cytotoxicity of SA-MIPs, 

Alhydrogel, or poly(lactic-co-glycolic acid) (PLGA), after incubation with 

phagocytosing cells.  

Protein adsorption (Paper IV) 

Protein adsorption from the culture medium onto the surface of SA-MIPs and 

Alhydrogel particles generates a proteinaceous corona around the particles. The 

proteins forming the corona on the SA-MIPs, and Alhydrogel particles were 

identified by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) using 4-12% NuPAGE Bis-Tris gel. This is a polycrylamide gel 

providing a broad molecular weight protein separation. The anionic detergent 

SDS in the sample buffer was used to elute adsorbed proteins from the particles 

and to bind to proteins and give them a negative charge. Proteins are then 

separated electrophoretically, according to their size using a polyacrylamide gel 

matrix with an applied electric field [117]. Size identification of the proteins was 

possible due to an added molecular weight marker. 

Particle size distribution (Paper IV) 

To measure the particle size distribution of SA-MIPs and Alhydrogel diluted in 

cell culture medium, a Coulter LS 230 Laser Diffraction Particles Size Analyzer 

equipped with a Small Volume Module was used. It is a binocular optical system 

that can make an accurate diffraction measurement of particles in the 

0.04 – 2000 µm size range. The LS technology is based on the Fraunhofer 

diffraction theory and Mie scattering theory, which is used to determine the size 
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of particles based on the light intensity distribution pattern [118]. As both 

particles sediment relatively fast, the conventional modern nanoparticle analyzer 

dynamic light scattering was not applicable, hence the use of Coulter LS 230.  

Statistical methods and analysis 

Data in the graphs are presented as mean ± standard deviation (SD) 

(Paper III, IV) or mean ± standard error of mean (SEM) (Paper II). In the box 

plots, + indicates mean values, and the whiskers represent the smallest and largest 

observations (2.5 – 97.5%) with the circles representing outliers.  

P values were generated with student’s t-test (unpaired, two-tailed). 

P values < 0.05 (*), < 0.01 (**), < 0.001 (***), and < 0.0001 (****) were 

considered significant, the absence of a reported p value indicates that there was 

no significance. Data comparing the cell cycles were analyzed using 

Mann-Whitney rank-sum test. P values < 0.05 (*) were considered significant. 

The drawing of cell family trees was performed using the computer language 

RStudio. 

Redundancy reduction and feature selection (Paper II)  

Variance correlation (Pearson correlation coefficient) of all features was 

generated. Features with a better than 0.99 correlation were marked as redundant 

and grouped. For each group, a single feature was selected, the rest were 

discarded as redundant. Furthermore, a number of features indicating physical 

location in the image was also discarded as they hold no biological information, 

and thus any inferred signal could be a result from overfitting. 

To estimate the delineating powers of each remaining feature, the reduced dataset 

was used to train Random Forest classifiers with a ten-fold partition for test sets. 

For the test sets feature, the importance’s of remaining variables was collected 

and averaged.  
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The overall goal of this thesis work was to investigate glycan-specific MIPs 

targeting cancer cells and determine their binding, cellular uptake, and 

specificity. In addition, we also wanted to use and develop DHC for real-time 

visualization of cancer cells. To achieve these goals, several sub-topics were 

addressed, including SA-MIP and lectin binding studies using flow cytometry 

and confocal microscopy (Paper I), morphological cell analysis with and without 

SA-MIPs using DHC (Paper II-III), as well as inflammation and cytotoxicity 

studies of SA-MIPs targeting macrophages (Paper IV).  

SA-MIP binding 

It is well established that aberrant glycosylation is a feature of cancer cells, and 

even the slightest changes in the glycome can significantly affect the 

characteristics of tumor cells. Furthermore, sialylated glycans are important for 

cancer cell growth, metastasis, and immune evasion. Therefore, targeting SAs is 

an attractive option to improve early diagnosis, patient prognosis, and evaluation 

of a particular therapeutic intervention [36, 57]. To analyze the SA expression on 

cancer cells, we used SA-imprinted MIPs consisting of silica-coated polystyrene 

(PS) particles [81] as a novel tool. These MIPs contrasted to the earlier work of 

Shinde et al., in which submicron silica particles were employed [72]. MIPs of 

PS particles are smaller, easier to synthesize, have a lower density, and a higher 

refractive index, which gives better scattering properties. They also provide a 

higher surface-area-to-volume ratio, thus improving overall binding properties. 

In the silica-coated particles, a fluorescent monomer was incorporated in the MIP 

shell, which allowed for simple and rapid determination of the binding 

specificity. 

RESULTS AND DISCUSSION 
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Binding of lectins and SA-MIPs to cancer cell lines 

The binding performance of the SA-MIPs was evaluated using twelve cancer cell 

lines (SK-BR-3, MDA-MB-468, MDA-MB-231, MCF7, CAMA-1, T-47D, 

Hs 578T, PC-3, THP-1, Jurkat, A-431, and A549) and Hek-n (human epidermal 

keratinocytes neonatal) primary cells. The cells were employed to compare the 

binding of the two lectins MAL I and SNA. Lectins can bind to individual SA 

units on the cell surface, and therefore, the total fluorescence emission observed 

after binding is proportional to the total amount of SAs on the cell surface. Our 

results revealed a different level of expression of SAs on the cell surface for the 

different cell lines since they mainly bind to either MAL I or SNA. The breast 

cancer cell line CAMA-1 had the lowest α2,3-SA level of expression, while the 

prostate cancer cell line PC-3 and breast cancer cell line MCF7 had the lowest 

α2,6-SA expression, compared to the other cell lines. High expression of 

α2,3-SA were observed in the two breast cancer cell lines Hs 578T and 

MDA-MB-231, and in A549, a lung carcinoma cell line. There is no clear pattern 

between the binding of SA-MIPs and lectins, meaning that a high mean 

fluorescence intensity (MFI) of either of the lectins did not result in a 

corresponding high SA-MIP MFI or the other way around. 

Since the SA-MIPs were not imprinted with any selectivity for the α2,3- and 

α2,6-linkage to SA, a clear cell binding specificity compared to either MAL I or 

SNA cannot be determined. The different binding of SA-MIPs to the different 

cancer cell lines could be due to the cell lines’ distinct morphology and other 

characteristics. As an example, the cell lines are of different origins and different 

types, e.g., epithelial cells, monocytes, and T-lymphoblast are derived from 

tissues such as breast (SK-BR-3, MDA-MB-468, MDA-MB-231, MCF7, 

CAMA-1, T-47D, Hs 578T), prostate (PC-3), peripheral blood (THP-1 and 

Jurkat), epidermis (A-431), and lung (A549). They all have differences in SA 

expression [40]. The origin of the cell lines is mainly classified as carcinoma 

cells, more specifically as adenocarcinoma cells, with two exceptions. THP-1 

cells are acute monocytic leukemia cells, and Jurkat cells are acute T cell 

leukemia cells. These factors, together with an expected differences in 

affinity/avidity between the larger SA-MIPs and the lectins, may explain the 

different binding characteristics obtained. 

Our binding results show that SA-MIPs with a silica-coated PS core have a more 

pronounced tendency to conjugate with cancer cells, presumably due to their 

smaller size and better suspensibility. Previous work in our group using other 

SA-MIP batches with a larger size did not show the same binding efficiency [103, 

119-121]. Optimization of the SA-MIPs synthesis protocol improved the binding 

features and specificity as shown by our results, and in a related paper by Kimani 

et al. [81]. 
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Inhibition assay for SA-MIPs binding using SA conjugates 

An inhibition assay with a set of pentavalent SA conjugates was performed to 

validate if SA binding of SA-MIPs to cancer cells was mediated by direct 

interaction with SA on the cell surface. The two conjugates ME0752 and ME0976 

were initially designed to block attachment of coxsackievirus A24 variant 

(CVA24v) and human adenovirus 37 (HAdV-37) to host cells [122]. They were 

designed from multivalent ligands intended for topical administration against two 

viruses, CVA24v and HAdV-37, both utilizing SA for cell attachment. We 

hypothesized that these conjugates, with their long and flexible spacers, would be 

able to bind to the SA-MIPs and thereby reduce cell binding to SA-MIPs. Indeed, 

inhibition assays where SA is cleaved from the cell surface can be achieved with 

the enzyme neuraminidase, also known as sialidase. Neuraminidase is a protein 

that can cleave SA residues of cellular conjugates. It has been used to target 

cancer cells, as the cleavage of SA residues promotes NK cells to kill cancer cells, 

which features the opportunity of early stage immunosurveillance [123, 124].  

SA-MIPs were pre-incubated with each of the SA conjugates at two different 

concentrations, 20 µM and 200 µM, before cell staining and analysis with flow 

cytometry and confocal microscopy. Three cell lines with different SA-MIP 

binding properties were used for the analysis: A549 (high binding), MCF7 

(average binding), and A-431 (low binding), to give a representative spread. For 

all three cell lines, the MFI values were substantially reduced with both 

concentrations of the SA conjugates due to the blocking of the SA-specific sites 

on the MIP particles (Figure 13).  
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Figure 13. SA-MIPs were pre-incubated with different concentrations of SA conjugates and analyzed 
with flow cytometry. The reduction in 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, and the particles 
were used to stain a) A549, b) A-431, and c) MCF7 cells. The chemical structure of ME0752 and 
ME0976 are shown in d), the arrows indicate where the conjugates are attached. Modified from [125]. 

Confocal microscopy of the same three cancer cell lines further revealed the 

SA-MIP binding pattern to the cell surface to be affected after pre-treatment with 

the SA conjugates, and a punctuated fluorescence of untreated SA-MIPs that were 

attached to the cell surface could be observed (Figure 14b, j). The addition of the 

pentavalent SA conjugates changed the SA-MIP binding pattern of the cells by 

decreasing the SA-MIP binding, causing the clusters of bound SA-MIPs to be 

fewer and/or smaller. In Figure 14j, several big SA-MIP aggregates are observed, 

and after pre-treatment with SA conjugates, the number of SA-MIP aggregates 

are reduced (Figure 14k, l), which could be due to the SA conjugates acting as 

spacer molecules between the SA-MIP particles. On the other hand, SA-MIPs 

that were pre-incubated with SA conjugates had a lower fluorescence intensity 

upon binding of the SA-MIPs to the cell membrane. Moreover, they did not 

aggregate to the same extent (Figure 14). This might be caused by the spacer 
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molecules of the conjugates, which reduce the aggregation of the SA-MIP 

particles. 

 

Figure 14. Confocal microscopy images of SA-MIPs binding for three different cancer cell lines. A549 
(a-d), A-431 (e-h), and MCF7 (i-j) were stained with SA-MIPs fluorescence 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 with 200 µM of SA conjugates ME0753 (c, g, k) and ME0976 (d, h, 
l). Scale bar: 20 µm. [125]. 

Another study used two cell lines with distinct SA expressions, the high SA 

expression DU 145 cell line [126] and the low SA expression HeLa cell line 

[127]. After incubating the cancer cells with SA-imprinted nanoparticles for 

24 h, cell imaging showed that nanoparticle binding and internalization of 

DU 145 cells was superior to HeLa cells. This revealed a distinct specificity of 

the SA-imprinted nanoparticles for SAs, since they bind to the overexpressed SA 

on DU 145 cells [128]. In addition, SA-MIPs have been shown to discriminate 

between cancer cells and normal cells, demonstrating specificity for cancer cells. 

It was also shown that SA conjugates competed with the binding of SA-MIPs to 

cancer cells [129]. These results support our observation with the two SA 

conjugates, although a complete inhibition of binding was not observed. 
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Moreover, these results indicate that smaller SA-MIPs perform better in binding 

to cell surface SAs.  

Mapping cellular parameters with DHC 

In this study, we have used DHC to analyze cells genetically engineered to 

express less SA. DHC is a powerful technique for analyzing living cells over 

time. It uses the natural phase shift of light as it passes through a transparent 

object, such as a cell and thus requires no labels or dyes. Presently, the technology 

has been used extensively for investigations of cell behavior, movement, 

morphology, and drug efficacy, but also in studies of e.g., development, cancer, 

cellular processes, and diseases [89, 98, 130-132]. There is a high demand for 

quantitative classification of subpopulations within cell cultures, as well as a need 

for reliable label-free quantitative time-lapse adherent cell cytometry. Many 

currently used methods are either cytotoxic or require fluorescent dyes and 

proteins, limiting the time when cells can be safely monitored.  

Cell morphology 

Studies of cell morphology can give information about how cells have been 

affected by different treatments or environmental changes. In Paper II, we have 

used DHC to analyze the cell morphology of two cancer cell lines, 

MDA-MB-231 and PC-3, as well as their genetically engineered counterparts 

expressing less SA.  

With DHC and the App Suite software, more than 30 morphological parameters 

can be extracted. To be able to visualize their importance in discriminating 

between cell lines, we created a feature importance bar graph. Since some of the 

morphological parameters are redundant, one feature was selected for each group 

of features, and features indicating the physical location in the picture were 

discarded. This led to a feature importance graph with 25 morphological 

parameters (Figure 15). High feature importance means a large difference 

between the cell lines as detected using DHC. However, from Figure 15 it is not 

possible to identify the cell line having the lower or higher value, only that cell 

lines differ. In the plot, WT cell lines are compared both to each other and to their 

corresponding genetically engineered SC cell line. As an example, the diagram 

shows that the difference in area between MDA-MB-231 WT and PC-3 WT is 

high, indicating that the area is an important feature to successfully distinguish 

between these two cell lines. This correlates well with the difference in cell area 

shown in Figure 16. The blue bars compare MDA-MB-231 WT with 

MDA-MB-231 SC. The major differences are found for optical thickness (µm), 

followed by hull convexity, area (µm2), roughness avg, and optical thickness max 



57 

(µm), which gives information about cell shape, indicating that there is a 

morphological difference between the MDB-MB-231 WT and SC (Figure 15).  

 

Figure 15. Feature importance of morphological parameters. A high value indicates a higher 
likelihood that the feature can be used to distinguish between cell lines. Blue columns compare 
MDA-MB-231 WT and MDA-MB-231 SC. Orange columns compare PC-3 WT with PC-3 SC. Green 
columns compare MDA-MB-231 WT with PC-3 WT. Variance correlation (Pearsson correlation 
coefficient) of all features was generated.  

Machine learning is a powerful tool for detecting complex and subtle interactions, 

and correlations in multivariate data. It has recently been suggested that the 

application of machine learning to DHC-derived morphology features can detect 

specific characteristics of cell lines and their status in the cell cycle [99, 133, 134]. 

DHC can provide information for phenotype profiling, and these features can be 
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used to train a machine learning classifier, which can identify even rare 

subpopulations of cells with high accuracy. Roitshtain et al. used this technique 

to classify different melanoma cell lines in suspension based on 15 DHC-derived 

cellular features [135]. Machine learning algorithms and DHC could help 

evaluate cell morphological changes, which is the primary basis for cancer 

diagnosis. 

Next, the parameters area and thickness were analyzed, both as population 

averages and on the single cell level (Figure 16). The area of PC-3 WT cells was 

significantly larger than that of MDA-MB-231 WT cells (Figure 16a), which 

correlates well with the results showed in Figure 15. When analyzed for the whole 

population, the area differences observed between the other cell lines were not 

significant. However, when analyzing individual cells, a significant difference 

between PC-3 WT/SC was observed (Figure 16c). Cells are often analyzed as a 

population, where small differences within the cell population can be lost. In 

contrast, single cell tracking enables the possibility of monitoring the cell 

behavior of individual cells over the entire time of observation. Here we show the 

importance of single cell tracking as it revealed a significant difference between 

PC-3 WT/SC, which could not be observed on the population level (Figure 16). 

In Paper II, approximately 50 cell families were tracked for each cell line. The 

decision on which individual cells to track was based on cells that stayed in the 

frame during the entire time-lapse or until cell division. In the latter case the 

daughter cells were followed. This should randomize the tracked cells. A recent 

study determined that tracking 50 or more cells provided a reproducible 

comparison. Moreover, after tracking individual cells, rare subpopulations of 

hyper-motile cells were identified, subpopulations that would have been lost in 

the population data, confirming the importance of individual tracking [136]. One 

of the key benefits with DHC is that it provides quantitative information about 

each cell during a time-lapse enabling the ability to investigate the 

characterization of rare cells that are important for development of accurate 

disease models. As an example, there are subpopulations of cancer cells that 

behave and react differently than the rest of the cell population. Using single cell 

tracking, it is possible to identify and analyze their responses to different cancer 

treatments [98]. 
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Figure 16. Morphological parameters for MDA-MB-231 WT and PC-3 WT/SC. Cell area for a) 
population and c) single cells, and optical thickness for b) population and d) single cells of 
MDA-MB-231 WT and PC-3 WT/SC after 48 h incubation. Error bars indicate SEM of the tracked 
cells. **p < 0.01 and ****p < 0.0001. In total, 53 MDA-MB-231 WT cell families, 54 PC-3 WT cell 
families, and 48 PC-3 SC cell families were tracked. 

The acquired DHC cell area data was compared to flow cytometry analyses, 

which showed a comparable area distribution of the four cell lines. However, an 

advantage of using DHC is that since the cells do not need to undergo detachment, 

adherent cell areas can be monitored directly in the cell culture environment. 

Hence, the rounded-up cells in suspension in a flow cytometry analysis was 

compared with flattened out adherent cells using DHC. In another study by 

Eder et al., DHC data was compared to a colorimetric cell viability assay, 

showing that DHC is a functional tool for quantification of cellular proliferation, 

as well as for cell viability assays [130].  
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In Paper III, DHC was used to analyze the morphology of RAW 264.7 cell lines 

with and without the addition of SA-MIPs, which showed an increase in cell area, 

cell thickness, and cell volume over a 48 h time-lapse of cells cultured with  

SA-MIPs. The data obtained suggests that the phagocytic RAW 264.7 cells 

interacted by ingestion or binding of the SA-MIPs. Patel et al. made a similar 

observation, noticing a significant increase in cell volume after 72 h of incubation 

with SA-MIPs for two different breast cancer cell lines, MDA-MB-231 and 

MCF7 [103].  

SA influences cancer cell motility and migration 

It is well established that cell surface glycoproteins mediate migration and can 

contribute to tumor progression. Therefore, an investigation was set out to study 

how cancer cells are affected when the glycosylation has been modified, as seen 

for MDA-MB-231 SC and PC-3 SC. Using HoloMonitor M4, cell motility based 

on the accumulated mean distance was calculated for the MDA-MB-231 WT/SC 

and PC-3 WT/SC lines, and cell migration was analyzed with a wound healing 

assay where the width of a cell-free gap was automatically recorded every hour 

for 24 h (Figure 17). MDA-MB-231 WT showed a statistically significant higher 

motility and migration than PC-3 WT and MDA-MB-231 SC, indicating that the 

presence of the mature SA complexes on the cell surface increases cell motility, 

which is one of the primary features of cancer [137]. Kohnz et al. showed that 

reducing cellular sialylation through knockdown of the precursor cytidine 

monophosphate N-acetylneuraminic acid synthase (CMAS) leads to 

transcriptional reprogramming and reduced breast cancer pathogenicity [138]. 

Furthermore, when knocking out the CMAS gene, formation of metastases were 

attenuated in an in vivo model [139]. 
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Figure 17. Cell motility and migration. a and d) show MDA-MB-231 WT and PC-3 WT cells, b) and 
e) show MDA-MB-231 WT/SC, and c and f) show PC-3 WT/SC. Error bars indicate SEM of three 
replicated experiments. Statistical significance was determined with *p < 0.05 and ****p < 0.0001. 

The triple-negative breast cancer cell line MDA-MB-231 WT has previously 

been shown to be a highly motile, aggressive, invasive, and poorly differentiated 

[41]. This correlates well with our cellular movement results since motility and 

migration values for the MDA-MB-231 WT cell line were significantly higher 

compared to the other three cell lines (Figure 17).  

The effect of SA-MIPs on immune cells 

After confirming the binding behavior and specificity of the SA-MIPs and 

showing the advantages of DHC, the next step was to investigate how and if the 

SA-MIPs affected immune cells, and if they were cytotoxic, aspects of 

importance for possible future in vivo studies.  

Importance of MIP biocompatibility 

Critical aspects regarding the use of SA-MIPs as, e.g., biomarker targets, or in 

drug delivery systems relates to potential biocompatibility issues. MIPs should 
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not cause any adverse effects on healthy cells or tissues. To our knowledge, this 

has only been investigated in very few published studies, but they all indicate that 

the cytotoxicity of MIPs is very low [140-142]. Usually, toxicity or cytotoxicity 

considerations are solely based on whether or not the particles cause cell death. 

But, since MIPs, dependent on the surface chemistry of the particles, interfere 

with cells in many ways, biocompatibility issues should be linked to aspects 

besides cell death, e.g., inflammatory response, cell morphology, or cell function.  

In Paper IV, we used an ELISA assay to analyze the pro-inflammatory cytokines 

IL-1β, TNF-α, and IL-6 to reveal if the SA-MIPs had any potential risk of 

inducing an inflammatory response when incubated with immune cells. Our 

results showed that the SA-MIPs do not induce activation of the inflammasome, 

and only induced a limited secretion of these inflammatory cytokines. For a better 

understanding of what “limited” implies, we compared SA-MIPs with two 

different, well-known, and well characterized particles, Alhydrogel® and PLGA, 

that already are being used in vivo. For instance, particles of Alhydrogel, 

aluminum oxyhydroxide (AlO(OH)), is used as a vaccine adjuvant to enhance the 

immune response. PLGA formulations can be used for chemotherapy [143]. The 

cytokine secretion of SA-MIPs did not exceed the secretion levels from either 

Alhydrogel or PLGA.  

Cytotoxicity was analyzed by calculating the number of cells after incubation 

with SA-MIPs using flow cytometry (24 h after incubation), DHC (48 h after 

incubation), and by estimating the activity of extracellular LDH, an enzyme 

released upon cell death. These results were contradictory i.e., a decrease in cell 

numbers compared to cell cultured without any addition of SA-MIPs was 

observed when analyzing the cells with flow cytometry and DHC, whereas no 

increase in LDH activity was observed. However, in Paper III no proliferation 

difference was observed, with or without SA-MIPs over 48 h. Other cytotoxicity 

studies on nanomaterials also found contradictory and inconsistent results, i.e., 

the effects of a particular nanomaterial did not coincide with assays from 

colorimetric and label-based studies [144, 145]. A common feature of these 

studies was the lack of direct monitoring of the cells. A longitudinal tracking, 

where individual cells are followed over time, can be used to detect previously 

hidden effects on the cells. As an example, using longitudinal cell tracking, 

Kamlund et al. found that the JIMT-1 breast cancer cell line contained a 

subpopulation of cells with a decreased response to salinomycin compared to the 

rest of the population [98]. Calculating the cell number of RAW 264.7 cells we 

could use the advantage of having a 48 h time-lapse of the cells incubated with 

or without the SA-MIPs. Analyzing approximately 200 cell families, helped the 

understanding of the contradiction between cell number and LDH activity. When 

the cells were incubated with SA-MIPs, the cell division rate was reduced, while 

no cell death was observed during the single cell tracking (Figure 18).  
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Figure 18. Number of cell divisions and length of individual cell cycles in the presence or absence of 
SA-MIPs. Cells were grown with 0 or 40 µg/ml SA-MIP for 48 h. Images were captured using DHC 
time-lapse. Cell families were tracked using App Suite. a) shows the relative numbers of cell families 
undergoing none, one, two, three or four divisions observed during 48 h. b) shows the length (h) of 
individual cell cycles for RAW 264.7 cells. In total 109 untreated cell families and 91 SA-MIPs-treated 
cell families were tracked. In the box plot, + indicates the mean value, and the whiskers represent the 
shortest and longest observations (2.5-97.5%), while the circles (O) represent the outliers.  

There is a need for a long-term study of how SA-MIPs will behave, especially 

in vivo since the particles might not trigger apparent acute toxicity, but they could 

accumulate over time in tissues. The SA-MIPs used in our studies are non-

biodegradable, and they might have the potential of accumulating within cells 

and tissue, thus potentially causing toxicity. It is well established that once they 

enter a physiological environment, the surface of which is rapidly covered by 

proteins to form a corona. Surface protein adsorption depends on the particle’s 

surface charge, and increased cell interactions results in large amounts of 

adsorbed opsonins such as IgG and complement factors [8, 146]. When 

nanoparticles are coated with opsonins they will be sequestered in the 

reticuloendothelial system for destruction [146]. In Paper III, macrophages 

incubated with SA-MIPs changed the morphology over time as seen by an 

increase in cell area, thickness, and volume. This indicated a possible macrophage 

uptake of the SA-MIPs. This correlates with our flow cytometry analysis in 

Paper IV, where 20-30% of the cells were associated with SA-MIPs upon 

incubation, indicating binding and/or uptake. There could be two explanations to 

why not all of the macrophages had taken up the SA-MIPs. One explanation could 

be low protein adsorption on the SA-MIPs particles observed after incubation in 

a serum-containing culture medium, which could lead to decreased binding 

and/or uptake. Another could be that SA is a “don’t-eat-me” signal that inhibits 

phagocytosis by engaging and activating Siglecs-9, -10, 11, and -E on phagocytes 

[7]. Since SA-MIPs bind to SA on the cell surface, this may serve as a 

“don’t-eat-me” signal preventing them from being phagocytosed and thereby 
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only loosely attached to the cell surfaces and easily washed away. To reduce 

cellular internalization, increase biocompatibility, and increase the circulation 

lifetime of SA-MIPs, one approach relies on modifying the surface properties of 

the particles to become more hydrophilic and prevent internalization. Another 

widely used strategy is to coat particles with a layer of polyethylene glycol (PEG) 

to reduce non-specific protein adsorption, something which has been used in 

several Food and Drug Administration approved products [147]. More recently 

other hydrophilic polymers have been proposed as alternatives to PEG, e.g., a 

zwitterionic coating [148]. The latter has been shown to be more biocompatible 

than PEG and to be less immunogenic [148, 149]. 
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The evaluation of new tools for the detection of SA is important for the 

development of future methods for cancer diagnosis. The research presented in 

this thesis focuses on the binding of SA-MIPs to cancer cells and their 

inflammatory and cytotoxic effects. In addition, the study evaluated the 

advantages of DHC, which is a state-of-the-art microscopy technique that 

facilitates long term acquirements of quantitative data of living cells.  

The major findings presented in Paper I-IV fulfills the aims of this thesis. 

I. To investigate the binding behavior and specificity of SA-MIPs on 

different cancer cell lines 

✓ Different cancer cell lines have different and distinct SA expression 

patterns and SA-MIPs generate similarly different binding patterns.  

II. To study the potential of DHC by mapping cellular parameters  

✓ DHC is a novel tool that can be used to discriminate different cell 

types based on morphological alterations. 

III. To investigate whether SA-MIPs lead to inflammatory and/or cytotoxic 

responses when administered to phagocytosing cells  

✓ The SA-MIPs had low inflammatory effect and expressed no short-

term cytotoxicity when administered to phagocytosing cells 

In summary, these findings suggest that the synthesized SA-MIPs would be 

applicable for future in vivo studies since they cause only minor in vitro 

inflammatory responses as well as close to negligible cytotoxicity. SA-MIPs have 

the potential of becoming new tools for analysis of SAs in cancer diagnosis, 

which is important for early detection and treatment of cancer, thus boosting the 

survival rates of cancer patients.  

CONCLUSION 
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Improving MIPs 

Tumors express different linkages of SA such as α2,3- or α2,6-linkages, as well 

as sialylation forming the STn antigen. However, the MIPs used in this thesis 

cannot distinguish between these different binding forms of SA, they could only 

detect the presence of SA. Thus, the development of MIPs with linkage 

specificity should greatly aid further studies of SA-related biomarkers. This could 

be of great importance in the next generation tools for early cancer diagnostics. 

Although improvement of molecular imprinting specificities of glycans is 

ongoing, there are still many unaddressed problems remaining such as limited 

water compatibility, nonspecific interactions, and nonspecific selectivity issues 

regarding the target molecule. An example of the development of MIPs is shown 

in this thesis disclosing MIPs of smaller size have better suspensibility and more 

homogenous binding characteristics to cancer cells. Fluorophores other than 

NBD are needed for possible future in vitro and in vivo studies; near-infrared 

emitter would be favorable as MIP dopants, since they suppress photon scattering 

and diminish background tissue interference.  

Improving DHC 

DHC analyses cells over time under stress free conditions, providing near-ideal 

information about cell behavior. The drawback is that DHC lacks the ability to 

identify cell surface markers such as proteins. Therefore, combining DHC with 

fluorescence microscopy would facilitate additional identification of cells. One 

main advantage would be the ability to match surface protein expression with cell 

division and cell movement. Fluorescent imaging damages the cells, thus images 

would have to be taken at a lower frequency, every 12 h interval, this would allow 

unaffected cells growth. DHC images can still be recorded in between 

fluorescence captures to track individual cells.  

FUTURE PERSPECTIVES 
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SA-MIPs and autophagy 

Since the SA-MIPs are non-biodegradable, the biocompatibility of the SA-MIPs 

needs to be further investigated, especially regarding their effect on cellular 

autophagosomal processes. Prolonged growth studies e.g., with DHC, could 

reveal whether phagocytosed SA-MIPS are cytotoxic over time. Moreover, the 

morphological changes observed when macrophages were incubated with 

SA-MIPs, could be due to increased levels of autophagosomes. Several 

fluorescent molecules have been developed for visualization of autophagosomes. 

Therefore, a combination of DHC and fluorescence microscopy could reveal if 

the autophagosomal flux of an individual cell is affected by MIPs. Autophagy is 

an early indicator of cell death caused by particles, studying it could lead to 

insight in cell signalling and programmed cell death. 

DHC in the clinic 

DHC is not only a powerful tool for research but could also serve as a useful tool 

in the clinic. Classification of cells is a challenge that has attracted much 

attention. DHC can classify leukocyte subpopulations based on their cellular size 

and evaluate the morphological characteristic of erythrocytes. This would aid the 

diagnosis of diseases associated with erythrocytes e.g., malaria-infected 

erythrocytes. With DHC, the cellular shapes can be compared to determine 

whether cells have been infected or not. Moreover, DHC has a wide spectrum of 

applications in the biomedical field since it can perform high-throughput analyses 

by monitoring and classifying various cell types. It is an excellent technique for 

long-term time-lapse imaging for determination of clinically relevant behavior of 

cells. It has been demonstrated to be useful in for instance cervical cancer 

screening, with the possibility of improving the screening process of gynecologic 

cervical samples.  

Furthermore, single cell tracking is a powerful aspect of DHC with many 

potential applications. Early detection of anomalous tissues/cells in the total 

population perceived by e.g., rapidly dividing sub-populations or identification 

of sub-populations resistant to various drugs or treatments. Combination of DHC, 

fluorescence microscopy, and single cell tracking could give helpful and vital 

information regarding either how a treatment of a medical condition should be 

done or the effectiveness of a particular treatment, thereby improving the 

possibility of providing with a more personalized treatment. However, before 

DHC can be utilized for diagnostics and treatments it needs clinical validation of 

both measurement accuracy and cell classification error rate.  
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