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ABSTRACT 

CARBOHYDRATE DERIVED NANOPLATFORMS AS TOOLS FOR LECTIN ISOLATION, 

AND DELIVERY OF CYTOTOXIC T-CELL PEPTIDE EPITOPES FOR CYTOTOXIC T- 

CELL MEDIATED TUMOR IMMUNOTHERAPY 

By 

Herbert Wanjala Kavunja 

Cancer cells can have characteristic carbohydrate binding properties.  Previously, it was 

shown that a highly metastatic melanoma cell line B16F10 bound to galactoside functionalized 

nanoparticles much stronger than the corresponding less metastatic B16F1 cells. The results 

presented in the second chapter of this dissertation documents the isolation and characterization 

of endogenous galactose binding proteins from B16F10 cells using magnetic glyconanoparticles. 

The galactose coated magnetic glyconanoparticles could bind with lectins present in the cells and 

be isolated through magnet mediated separation. Through Western blot and mass spectrometry, 

arginine/serine rich splicing factor Sfrs1 was identified as a galactose selective endogenous lectin 

overexpressed in B16F10 cells compared to B16F1 cells. In addition, Sfrs1 was found in higher 

amounts in B16F10 cells. Finally, the glyconanoparticles exhibited a superior efficiency in lectin 

isolation, from both protein mixtures as well as live cells, than the more traditional micro-

particles functionalized with carbohydrates. The magnetic glyconanoparticles present a useful 

tool for discovery of endogenous lectins as well as binding partners of lectins without prior 

knowledge of protein identities. 

On the other hand, cytotoxic T lymphocyte (CTL) mediated cancer immunotherapy has 

clinically shown the potential to treat cancer patients. For CTL therapy to be successful, cancer 

cells must express antigens that are targets for specific CTLs. However, it has been established 

that due to genetic instability of cancer cells, sub-population of cancer cells may fail to express 



 

 

the target antigen, possibly leading to escape from CTL destruction, hence tumors grow 

progressively. These antigen-loss variant (ALV) cancer cells can be eliminated as bystanders by 

targeting tumor associated stromal cells, but only if the cancer cells generate sufficient antigens 

to be effectively cross-presented by the stromal cells. In the third chapter of this dissertation, we 

present results that investigated whether acid responsive nanoparticles can be used to deliver 

CTL-specific antigen to the cancer microenvironment to enhance tumor eradication by activated 

antigen-specific CTLs in a mouse model. Our results show that model CTL antigen (OVA 

peptide, SIINFEKL) encapsulated in pH sensitive acetalated dextran nanoparticles (OVA(P)-Ac-

Dx-NPs) could be successfully delivered to tumor cells in vitro and tumor microenvironment in 

vivo. The uptake and presentation of the peptide antigen by major histocompatibility molecules 

class I (MHC-I) in vitro and in vivo was confirmed by flow cytometry and confocal laser 

scanning microscopy through antibody staining. In addition, solid tumor bearing mice treated 

with OVA(P)-Ac-Dx-NPs showed much slower tumor growth compared to mice treated with free 

OVA(P), empty Ac-Dx-NPs, or PBS. Taken together, these findings offer a promising new 

direction for treating established solid tumors using CTL therapy. 
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CHAPTER 1: Review of magnetic nanoparticles functionalized with biomolecules and their 

application in bioseparation and enrichment 

1.1: Introduction 

Nanoparticles/nanomaterials are the main products of nanotechnology. Nanotechnology 

involves the design, production and use of structures through control of the size and shape of 

the materials at the nanometer scale.1 A number of definitions of nanoparticles/nanomaterials 

are currently available and all use size limits.2-4 The most typical definition of nanomaterials is 

any intentionally produced particles (engineered nanomaterials) with sizes between 1 and 100 

nm in at least one of its dimensions that show properties not found in bulk samples of the same 

material.5 While the reference to a size range between 1 nm and 100 nm is useful and 

universally applicable, scientific evidence does not pinpoint any specific size associated with 

properties linked to the nanoscale. Defining nanoparticles (NPs) based on size parameters may 

exclude aggregates and agglomerates of primary particles or, more complex multi-component 

nanomaterials used in medical applications. Similarly restricting the definition on size may 

exclude materials which have acquired a coating as their external dimension may likely be 

larger than the specified upper size limit of 100 nm. A useful additional parameter to define 

NPs is the volume specific surface area (VSSA). This parameter includes internal surfaces if 

they exist with the same specified range as the external dimensions. The inclusion of a 

reference to internal structure will include materials that consist of aggregates, agglomerates 

and multi-component assemblies within the scope of the definition. A commonly used 

threshold for a nanoparticle is a VSSA greater than or equal to 60 m
2
/cm

3.2 More recently, a 

new definition of NPs has been proposed to mean any material at the sub-micrometer level, be 

it biotic or abiotic that can be interfaced with a “biological” in pursuit of creating a novel 
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“value-added” entity. Further, this material must be intentionally produced on this scale, have 

discrete functional or structural parts arrayed on its surface or internally, and display a unique 

property. This definition allows the inclusion of all types of NPs as synthesized from metals, 

noble metals, oxides, and semiconductors, along with a variety of nontraditional and nonmetal 

NPs. The latter include carbon allotropes, polymeric, dendrimer, and chemical NPs, proteins, 

and virus-derived NPs, along with lipids, carbohydrates, liquid crystals, and other assorted 

materials.6 Since NPs form a basis for many engineered nanomaterials, this discussion will 

focus on NPs.7 

Biological molecules or biomolecules can be classified into four major categories: 

carbohydrates, proteins, lipids and nucleic acids. This classification encompasses all 

monomeric building blocks (i.e. amino acids, fatty acids, nucleotides, monosaccharides) or the 

fully formed functional polymers such as peptides, plasmids, and polysaccharides.6 From 

biotechnology perspective, biologicals may refer to functionally active molecules, offering 

binding, catalytic, or therapeutic activity (e.g. antibodies, enzymes, cytokines, antigens, 

hormones). Biologicals have been further expanded to include enzymatic active cofactors, all 

forms of drugs and other biologically active small molecules such as reporters and contrast 

agents, and biocompatible molecules such as poly(ethylene glycol) and metal complexes.6,8,9 In 

the course of our discussion, more emphasis will be given to magnetic nanomaterials 

immobilized with the major biomolecules; carbohydrates, lectins, antibodies, enzymes, 

nucleotides, oligopeptides and proteins other than lectins, enzymes and antibodies. 
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1.2: Synthesis of magnetic nanoparticles 

This section will present major synthetic pathways utilized in preparation of magnetic 

iron oxide nanoparticles. Iron oxide nanoparticles (IONPs), mainly magnetite (Fe3O4) or its 

oxidized form maghemite (γ-Fe2O3), are tiny iron oxide particles with diameters ranging between 

1-200 nm, and they can be easily synthesized from inexpensive iron salts. These two 

representatives of IONPs have received considerable attention due to their biocompatibility and 

their biodegradability. Usually, methods for IONP synthesis are given great importance as they 

can significantly affect the size, shape, structure, dimensions, properties and hence the 

applications of NPs.  Biological applications especially require these NPs to have high 

magnetization values, narrow particle size distribution and a special surface coating for both 

avoiding toxicity and allowing the coupling of biomolecules.10 Most commonly, IONPs are 

prepared by co-precipitation of iron salts in basic media, high temperature thermal 

decomposition and to a lesser extent microemulsion and hydrothermal approaches. Co-

precipitation and thermal decomposition are the two most used methods in IONPs preparations 

and will be briefly reviewed in this section.  

 

1.2.1: The co-precipitation method 

The co-precipitation method of preparing IONPs is probably the simplest and the most 

efficient chemical pathway to obtain magnetic nanoparticles (MNPs).11 Iron oxide (Fe3O4) or its 

oxidized form (γ-Fe2O3) are prepared by co-precipitation of aqueous salts solutions of ferrous 

(Fe2+) and ferric (Fe3+) in an aqueous basic media, Figure 1.1, panel A, and B. The first 

controlled preparation of IONPs using alkaline precipitation of iron salts was performed by 

Massart.12 Conventionally, magnetite preparation consists of mixing a solution of (Fe2+) and 
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(Fe3+) chloride at 1:2 molar ratio with mechanic agitation under an inert atmosphere by bubbling 

nitrogen or argon gas through the solution to protect against its oxidation to maghemite or 

hematite (γ-Fe2O3). Oxidation affects the physical and chemical properties of the NPs.13-15 The 

resulting solution is heated to 80 °C with elevated stirring speed while a solution of NH4OH 

(10% by volume) is quickly added.16  According to the thermodynamics of the reaction, a 

complete precipitate of Fe3O4 magnetite NPs is expected to form between pH 9 and 14.13  

Although a large amount of NPs can be synthesized using this process, the control of particle 

size distribution in aqueous media is limited due to particle agglomerations, since only kinetic 

factors are controlling the growth of the crystal. To reduce agglomeration, the surface of IONPs 

is usually modified with stabilizers such as surfactants or polymers at the time of preparation.  

Surface modification of the NPs prepared through the co-precipitation method can be 

achieved by coating with non-polymeric organic stabilizers (chelating organic anions) such as 

oleic or citric acid, with polymeric stabilizers such as poly(vinyl alcohol) (PVA) or poly(ethylene 

glycol) (PEG). Also used are inorganic molecules such as gold, silica (especially 

tetraethoxysilane, TEOS and aminopropyltriethoxysilane, APTES), and gadolinium, and with 

target ligands some of which will be discussed in depth in the ensuing sections. Besides reducing 

agglomeration, surface modification during formation can help control the size of the NPs.14  
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Figure 1: Synthesis of IONPs using the co-precipitation method (A) General scheme for 

synthesis of IONPs using the co-precipitation method, (B) Synthesis of silica-coated IONPs and 

subsequent amine functionalization with APTES, TEM images of (C) Bare IONPs (the scale bar 

20 nm), (D) IONPs coated with APTES (the scale bar is 5 nm). Reproduced with permission 

from reference17 Copyright 2014, John Wiley and Sons 

 

 

1.2.2: Thermal decomposition method 

With the co-precipitation method, it is difficult to precisely control particle size 

uniformity and crystallinity. To improve monodispersity, size and magnetic susceptibility of the 

IONPs, high temperature thermal decomposition methods were developed. IONPs can be 

obtained by high temperature decomposition of iron organic precursors such as Fe(acac)2, 
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Fe(CO)5, or Fe(acac)3.
18 In this process, the reaction conditions such as solvent, temperature, and 

time, concentration and ratio of reactants, nature of precursors, usually have important effects on 

the size and morphology of the NPs. A representation of IONPs synthesis by thermal 

decomposition method is summarised in Figure 2 and 3. 

Na and coworkers prepared highly crystalline and monodispersed maghemite 

nanocrystallites by high temperature aging of iron-oleic acid metal complex via thermal 

decomposition of iron pentacarbonyl in the presence of oleic acid at 100 oC.19 The synthetic 

procedures developed had several important advantages. First, they allowed highly crystalline 

and monodispersed NPs to be obtained directly without a further size-selection process; second, 

particle size could be easily and reproducibly altered by changing reacting ratios of iron 

precursor and oleic acid; and lastly, the nanocrystallites could be easily dispersed in many 

hydrocarbons without particle aggregation. 

The research group of Shouheng Sun has done the pioneering work in the synthesis of 

monodisperse IONPs through high temperature thermal decomposition.20,21 In their earlier work, 

they demonstrate that high-temperature (265 °C) reaction of Fe(acac)3 in diphenyl ether in the 

presence of alcohol, oleic acid, and oleylamine could be used to make monodispersed magnetite 

NPs. The as-synthesized Fe3O4 nanoparticle assemblies could be transformed easily into γ-Fe2O3 

by oxidation under O2.
21 They later envisioned that this reaction could be readily extended to the 

synthesis of MFe2O4 NPs (with M = Co, Ni, Mn, Mg, etc.) by simply adding a different metal 

acetylacetonate precursor to the mixture of Fe(acac)3 and 1,2-hexadecanediol. They were 

successful in the synthesis and characterization of Fe3O4 and related MFe2O4 NPs (with M = Co 

and Mn as two examples) with sizes tunable from 3 to 20 nm in diameter. The process involves 

high-temperature (up to 300 °C) reaction of metal acetylacetonate with 1,2-hexadecanediol, oleic 
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acid, and oleylamine. The size of the oxide NPs could be controlled by varying the reaction 

temperature or changing metal precursors. Alternatively, with the smaller NPs as seeds, larger 

monodispersed NPs up to 20 nm in diameter could be synthesized by seed mediated growth.20 

Ahniyaz et al. reported non-hydrolytic, alkoxide-based route to synthesize iron oxide 

nanocrystals. Their method was through the surfactant-free thermal decomposition of iron 2-

methoxy-ethoxide precursor that resulted in the formation of uniform iron oxide nanocrystals 

with an average size of 5.6 nm.22 

The direct products of the above-mentioned thermal decomposition approaches are 

organic-soluble, which to some extent limits their use in the biological and biomedical fields, 

especially for in vivo applications. Therefore, it is very important to further develop the thermal 

decomposition method to make the nanoparticle products fully dispersible in aqueous media. 

Several approaches have been reported to make them dispersible in aqueous media: by directly 

synthesizing water-soluble magnetic NPs, or by using strong polar molecules to modify the 

MNPs and through ligand exchange among others.  

Gao and coworkers report a one-pot reaction to achieve water-soluble iron oxide 

nanocrystals by thermal decomposition of Fe(acac)3 or FeCl3·6H2O in 2-pyrrolidone yielding 

IONPs with 5 nm diameter.23 In this one-pot reaction, 2-pyrrolidone was chosen as the solvent 

and stabilizer because it has strong polarity, a high boiling point, and coordination capacity with 

transition metal ions. Thus 2-pyrrolidone serves as a media for high-temperature reactions and 

surface coordination rendering the magnetite nanocrystal water soluble and colloidal stable in 

solution.23,24  Peng et al. showed that thermal decomposition of Fe(CO)5 in octadecene (ODE) at 

180 °C in the presence dopamine-based surfactant instead of oleylamine, resulted in the surface 

modification of monodispersed Fe3O4 NPs rendering them water soluble.25 Water-soluble 
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superparamagnetic Fe3O4 NPs with an average diameter of 9.5±1.7 nm have also been 

synthesized by thermal decomposition of Fe(acac)3 in methoxy polyethylene glycol (MPEG). 

Similarly in this reaction, MPEG was used as both a solvent and modifying agent.26 

Ligand exchange involves replacing the hydrophobic ligands on the particle surface by 

molecules containing polar groups. Because of the multiple carboxylic acid groups possessed by 

hyaluronic acid (HA), it has been used to displace oleic acid off the surface of the NPs rendering 

them water soluble.27 Figure 1.3 highlights the transformation of IONPs to water soluble using 

HA. Using a two-step ligand exchange process, Bawendi and coworkers reported the 

displacement of oleic acid of the surface of the NPs with zwitterionic dopamine sulfate (ZDS). 

First the native hydrophobic oleic acid ligand was exchanged by 2-[2-(2-

methoxyethoxy)ethoxy]acetic acid (MEAA) ligand in methanol. The purpose of this first 

exchange was to increase the solubility of the NPs in the solvent mixture used in the second step. 

Next, in a dimethylformamide/water mixed solvent the MEAA ligand was replaced by ZDS 

moiety.28 Polymer ligand exchange has also been used as an efficient method to prepare water 

soluble nanocrystals.29 Narain et al. reported the thermal decomposition synthesis of water 

soluble 10 nm IONPs through the exchange of oleic acid by p(N-isopropylacrylamide) 

(PNIPAAm).30  
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Figure 2: Synthesis of monodispersed IONPs via thermal decomposition (A) An example of a 

synthetic scheme. TEM images of (B) 6 nm and (C) 12 nm IONPs. Adapted with permission 

from reference20 Copyright 2004 American Chemical Society 
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Figure 3: Synthesis of water soluble IONPs via thermal decomposition (A) Synthesis of water 

soluble HA functionalized IONPs (HA-IONPs) via thermal decomposition. (B) Picture of OA-

IONPs and HA-IONPs in a toluene-water two phase system, (C) TEM images of HA-IONPs 

(scale bar is 10 nm). Adapted with permission from reference27 Copyright 2011, Royal Society 

of Chemistry. 

 

1.3: The chemistry for immobilization of biomolecules 

1.3.1: Ideal criteria and general considerations for immobilization 

The most common methods used to immobilize biomolecules on NPs have been partly 

adapted from those used in immobilization of biomolecules on other solid support systems. 

Therefore in this review, solid support systems, solid surfaces and NPs may be used 

interchangeably. Immobilization of biomolecules on solid support systems can be attained either 

by covalent or non-covalent linkages. The choice for a particular immobilization chemistry is 

dictated in part by a combination of factors including: surface chemistry, the nature of the NP 
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surface ligands and their available functional groups, the type of biological molecule and its 

chemical composition, and the utility desired in the final application of the NP.6  

Several criteria that define ideal chemistries of choice for the controlled display of 

biomolecules on NPs making them suitable in bioseparation applications have been proposed. 

However, they may be hard to achieve in real practice. Firstly, the conjugation chemistry should 

have control over the valence or ratio of biomolecule per NP.9 Usually, monovalency can be 

used to identify and correlate single binding events, while higher valency (multivalency) can 

improve binding interactions. Multivalency is a key principle in nature for achieving strong, yet 

reversible interactions and has been applied in many applications for a targeted strengthening of 

an interaction between different interfaces or molecules.31 Conversely, aiming for high valency 

may result in overconjugation, which can potentially impair binding interactions due to steric 

effect of the surface molecules.6 For effective bioseparation applications, the linkage between the 

NP and biomolecule should be permanent (i.e. covalently linked). A representative list of 

covalent immobilization of substrates to solid supports is summarised in Figure 4. Non-covalent 

linkages may not be stable under some conditions such as pH, and temperature changes. This 

could potentially impair the performance of the final conjugates. More importantly, the 

chemistry of choice should maintain the optimal function and activity of the biomolecules.  It 

should not lead to loss of the biological recognition abilities of the biomolecule, or loss of NP 

stability. The conjugation chemistry of choice should be able to control the orientation of the 

biomolecule on the NP. For example, protein, enzyme, and antibody activities are dependent 

upon their binding sites having access to the environments. Similarly, the functionality of the NP 

should not be compromised. Finally the conjugation chemistry should be reproducible between 

experiments, between different types or batches of NP carrying the same biomolecule.6,9  
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Since maintaining the orientation and the biological activity of the biomolecule are the 

core requirements for bioseparation application of NP-biomolecule bioconjugates, several 

strategies of biomolecule immobilization have been proposed. The use of flexible spacer 

linkages between NP and biomolecules allows the biomolecules in NP-conjugates to adopt 

conformations that interact with their target and at the same time controls the attachment of the 

biomolecule to the NP. As reported by Yan and coworkers, spacer length and type play a 

significant role in influencing the binding ability of the immobilized biomolecules.32 The activity 

of the biomolecules can also be preserved by using bioorthogonal conjugation chemistries. These 

chemistries do not have reactivity towards the functional groups that are intrinsic to 

biomolecules because the functional groups providing the high reaction specificity are generally 

not naturally occurring.6 Bioorthogonal chemistry is very useful for protein conjugation because 

the reactivity of many different amino acid residues can potentially result in undesirable side-

reactions due to comparable number of carboxyl (e.g., glutamic acid, aspartic acid) and amino 

groups (e.g. lysine). Thus, protein-protein cross-linking efficiently competes with NP-protein 

coupling when using coupling chemistries such as carbodiimide chemistry.33 Bioorthogonal 

reactions can enable clean and efficient labeling in biological matrices such as live cells, and as 

complex as serum.34 Some of the best approaches to achieve bioorthogonal immobilization of 

biomolecules will be discussed in the next section.  
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Figure 4: Selected methods for covalent immobilization of substrates to solid supports. Partly 

adapted with permission from references6,35 Copyright 2013 and 2011, American Chemical 

Society 
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Figure 4 (cont'd) 
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1.3.2: Non-covalent attachment 

The non-covalent approach relies on electrostatic interactions, chelation, hydrogen 

bonding, or hydrophobic interactions to immobilize the biomolecules onto NP surface either 

directly or indirectly. Immobilization of biomolecules by direct adsorption onto NP surfaces has 

been successfully used to prepare functionalized magnetic NP and especially carbohydrate 

functionalized NP.36-38 Since these chemistries often require only stoichiometric mixing of the 

two components, they are typically referred to as self-assembly. These approaches can be 

advantageous in that they generally offer rapid and facile bioconjugation without the need for 

additional reagents and can often provide better control as a result.6 Although the direct 

absorption approach is operationally simple, biological recognition of the immobilized 

biomolecule may be impaired since the biomolecules are directly involved in NP chelation.39 

The indirect immobilization approach can address this problem. Besides, it can also help 

control the ligand orientation on NP surface. Indirect immobilization is achieved through 

secondary interactions between functional groups covalently attached to the NP surface and 

biomolecules. The main examples of such interactions include is biotin-avidin or biotin-

streptavidin,40-42 His tag-Ni2+,43-47 and anti-GST-GST,48 GST-glutathione,49 an antibody-protein 

G,50 interactions where the solid surface and biomolecular partner are functionalized to display 

one of the cognate pair, Figure 5.28 Although these approaches have been successfully employed 

in several applications, the presence of avidin/streptavidin or antibodies on the surface could 

interfere with assay, while His tag-Ni interactions are unstable to some experimental conditions 

such as low pH.51 Indirect non-covalent attachment of biomolecules can also be achieved 

through dative bond formation. Well known examples of dative bonding include Au-thiol,52-57 
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Fe-dopamine,38 and Fe-Phosphate58,59 chemisorption. The drawbacks of dative bonds are that 

they can be broken by changes in pH, oxidation, and displacement by other similar molecules.  
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Figure 5: Representative of non-covalent immobilization of biomolecules on NPs. (A) 

Immobilization of carbohydrate (B) immobilization of oligonucleotide through Au-thiol dative 

bond formation. (C) Immobilization of antibody (D) Immobilization of biotin labeled protein 

through secondary interaction 

 

1.3.3: Covalent approach 

Conjugation of biomolecules to magnetic NPs through covalent bond formation is the 

most common approach, because it leads to strong bonds between the biomolecule and the NP. 

Most commonly, covalent functionalization of NPs starts from aminated NPs. Amines can be 

introduced onto the magnetic NPs through several approaches: functionalization of iron oxide 
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NPs with amine containing siloxanes through the Stöber process,60-62 through the derivatization 

of dextran coated IONPs by treatment of epichlorohydrin followed by ammonia,63-65 through 

coating with free amine containing proteins such as apoferritin.66 Besides amine, other reactive 

groups that have been introduced onto the NPs surface and other solid surfaces to facilitate 

functionalization of biomolecules is summarized in Figure 3. Among the biomolecules, 

functionalization of NPs with carbohydrates is relatively easy compared to that of more complex 

biomolecules such as proteins and nucleic acids. The main reason is because the methods for 

chemical modification of the carbohydrate molecules prior to their conjugation to the NPs have 

been widely developed. In addition, most of these methods involve derivatization of 

carbohydrates at the reducing end leading to introduction of linkers that carry the reactive group 

used for immobilization on to the NP. This ensures that the biological recognition ability of the 

carbohydrate is preserved. To covalently conjugate carbohydrates to the NPs, a variety of 

strategies have been developed, which include the Huisgen [2+3] alkyne-azide cycloaddition 

reaction,67-69 amide and amine bond formation,70-73 thiol-ene reaction,74 imidine linkage, and 

photochemistry.75,76 A representative of carbohydrate conjugation to NPs is summarised in 

Figure 6, while a detailed discussion of these methodologies have been reported elsewhere.17  

Immobilization of proteins, including lectins, enzymes and antibodies has traditionally 

relied on the reactions between the intrinsic reactive groups with their reacting partners 

immobilized on the solid support. As mentioned earlier this leads to random orientation of the 

proteins. In addition, since the reaction is not site-specific, the conjugation may occur at or in 

close proximity to the active binding site, which could damage their native biological functions, 

a factor very important for bioseparation application. To achieve uniform orientation and site-

specific immobilization, bioorthogonal conjugation chemistries have been used. These 
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chemistries do not have reactivity towards the functional groups that are intrinsic to 

biomolecules because the functional groups providing the high reaction specificity are generally 

not naturally occurring. Subsequently, the participating functional groups are usually inert to 

biological moieties and selectively react with each other under biocompatible conditions. 

Additionally, it is considered helpful if one reactive group is small and therefore minimally 

perturbing a biomolecule into which it has been introduced.77 Example of these chemistry from 

Figure 5 includes; Huisgen cycloaddition (click chemistry), Staudinger ligation, native chemical 

ligation (NCL), enzymatic catalyzed ligation, and SNAP-mediated immobilization. 

It is however important to note that the reactive groups can be introduced either 

chemically or biosynthetically. Chemical introduction can be disadvantageous as most proteins 

do not withstand the harsh conditions employed in the chemical modification, making 

biosynthetic pathway to be the best alternative. In biosynthetic pathway, proteins are expressed 

to display one of the requisite bioorthogonal functional groups followed by conjugating to its 

reacting partner displayed on the solid surface. Conjugation can be accomplished either 

chemically or enzymatically. As a requirement, bioorthogonal chemistry must be aqueous, resist 

nucleophilic attack, should not require extensive heating (usually ≤ 37OC) or a high molar excess 

of a reagent while still having relatively short reaction times.  

Biosynthetic reactive group introduction into proteins by expressed protein ligation (EPL) 

has been widely used because of its versatility in accommodating further modification. It has 

been established to be a simple but powerful method in protein engineering to introduce 

sequences of unnatural amino acids, posttranslational modification, and biophysical probes into 

proteins of any size.78,79 In EPL, the C-terminus of a protein is engineered to express α-

thioester78 and the protein thioester can be covalently attached to solid surfaces by native 
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chemical ligation80 or modified to introduce reacting groups that can facilitate Staudinger 

ligation81 or Huisgen cycloaddition reaction82; Figure 7. However, all the above approaches are 

restricted to immobilization at the C-terminus. Orientation of the immobilized protein on the 

surface (at either N or C-terminus) is crucial, because the activity of a protein depends on its 

three dimensional structure and on the location of the active or binding site. Recently, Lin and 

coworkers described a method for site-selective protein immobilization on solid surfaces (glass 

slides and MNPs), at either the N or C-terminus by a 2-cyanobenzothiazole (CBT)-cysteine 

(Cys) condensation reaction.83 In their work, terminal cysteine was generated at either terminus 

of the target protein. EPL followed by NCL with di-cysteine was used to introduce the cysteine 

at the C-terminus. On the other hand, tobacco etch virus protease (TEVp) target peptide sequence 

(ENLYFQ↓C), was used to install the cysteine at the N-terminus. Addition of TEVp cleaves the 

substrate at the N-terminus between glutamine and cysteine, and releases the cysteine-protein, 

that can be immobilized on surfaces containing CBT. 

The chemically reactive groups can also be introduced into protein by means of non-

natural amino acids through the utilization of a non-natural amino acid by the cell's native 

translational apparatus, Figure 8.84-89 Bertozzi and coworkers reported the incorporation of a 

methionine surrogate, azidohomoalanine in a target protein (murine dihydrofolate reductase, 

mDHFR) expressed in methionine-depleted bacterial cultures. The azidohomoalanine proteins 

were selectively modified in the presence of other cellular proteins by means of Staudinger 

ligation.90 Similarly, Schultz and coworkers reported the incorporation of azide and acetylene 

containing unnatural amino acids into proteins which were then modified by a Huisgen [2 + 3] 

cycloaddition reaction with acetylene or azide derivatives.88 Site-specific immobilization of 

recombinant proteins has also been achieved through enzymatic ligation. Using enzymes as 
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catalysts rather than substrates of the immobilization reaction permits the easy optimization of 

reaction rates and extents by changing enzyme concentrations. 

Shin et al. described a method that can be used to covalently immobilize proteins of 

interest site-specifically in a single, efficient enzymatic ligation step. This method utilizes 

phosphopantetheinyl transferase, Sfp enzyme, to catalyze a reaction between coenzyme A (CoA) 

covalently immobilized on a solid surface and proteins containing a natural or engineered 

phosphopantetheinylation site.51 Besides, bacterial transpeptidase Sortase A enzyme, which is 

extensively studied with known substrate specificity, has been used to catalyze the ligation of 

proteins onto solid supports.91,92 The enzyme cleaves the LPXT↓G sequence at the amide bond 

between the threonine and the glycine to form an acyl-enzyme complex. Nucleophilic attack by 

the amino group of the tris-glycine on the intermediate results in the formation of an LPXT-GGG 

bond and the liberation of the free enzyme, Figure 10, panel A. Because of the low tolerance of 

Sortase A for the deviation in the LPXTG recognition motif, this enzymatic ligation is highly 

selective.92 Another elegant ligation strategy involves the use of fusion protein containing a small 

(typically 20-30 kDa) enzyme such as O6-alkylguanini-DNA alkyltransferase (SNAP), capable 

of irreversibly cross-reacting with a suicide inhibitor anchored to the solid surface.93,94 SNAP 

irreversibly transfers the alkyl group from its substrate, O6-alkylguanini-DNA, to one of its 

cysteine residues, Figure 10, panel B. Colombo et. al, reported the conjugation of SNAP fused 

single-chain variable fragment (SNAP-scFv) selective for HER2 receptor in breast cancer cells 

was to MNPs displaying O6-alkylguanini-DNA on the surface to generate HER2 imaging 

probe.93 Site-specific immobilization has also evolved by improving on the traditional non-

covalent immobilization with the introduction of extra functionalities for value addition. Ericsson 

et. al reported the site-specific covalent attachment of His-tagged proteins by chelation assisted 
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photoimmobilization (CAP).95 The solid surface is functionalized with both nitrotriacetic acid-Ni 

complex and a photoactivatable moiety. Upon chelation with His-tagged protein in an oriented 

assembly, UV light activation leads to formation of covalent bonds, Figure 9.95     

The main advantage of the approaches highlighted above is that all the reacting groups or 

binding systems involve monovalent recognition partners, which overcomes the crosslinking 

effects associated with other conventional methods. Taken together, these advances in 

conjugation of proteins suggests a rich future for site-specific and oriented immobilization of 

proteins on NPs with a view of improving their performance as bioseparation probes. 

For antibodies, covalent approach for site-specific and oriented immobilization can make 

use of a unique carbohydrate moiety at the Fc part of antibody. Specific oxidation on the 

carbohydrate vicinal hydroxyl group via the use of sodium periodate generates aldehydes. These 

aldehydes are reactive towards aminated 96 or hydrazine-functionalized surfaces,97,98 resulting in 

oriented covalent antibody. However, the resulting aldehyde groups can potentially react with 

other amine groups on the antibody itself. Furthermore, the harsh oxidation conditions might 

decrease the activity of the antibody through denaturation or conformational changes.99,100 

Another approach uses a boronic acid presenting surface to orient antibody via the carbohydrate 

moiety.101,102 Boronic acids form cyclic boronate esters with 1,2- and 1,3-diols present in 

carbohydrates of antibody and thus provide an additional anchoring point with chemistry that is 

largely orthogonal. 
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Figure 6: Representative of the main methods for carbohydrate immobilization on NPs. (A) 

Amide bond formation, (B) Amine bond formation through reductive amination (C) Imidine 

formation (D) [2 + 3] Huisgen cycloaddition (E) Amine bond formation through photochemical 

reactions.  Adapted with permission from reference17 Copyright 2014, John Wiley and Sons 
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Figure 7: Protein engineering through expressed protein ligation (EPL) to introduce α-thioester 

at the C-terminus. The protein can be covalently conjugated to NPs by (A) [2 + 3], Huisgen 

cycloaddtion (B) Staudinger ligation (C) Native chemical ligation (NCL) 
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Figure 8: Incorporation of unnatural amino acid into a recombinant protein. Incorporation of 

azidohomoalanine into a recombinant protein followed by immobilization on to NPs through (A) 

Staudinger ligation, (B) [2 + 3] Huisgen cycloaddition reaction 

 

Figure 9: Schematic picture of a protein immobilized to NP via the chelation assisted 

photoimmobilization (CAP) principle.  The ligand has a hexahistidine tag, located distantly from 

the analyte binding site, which first coordinates to Ni2+−NTA. Photoimmobilization then tethers 

the protein permanently to the NP 

 

. 
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Figure 10: Immobilization of proteins by using Sortase A and through O6 -alkylguanine-DNA 

alkyltransferase (SNAP).  (A) Immobilization of proteins by using Sortase A. (B) Mechanism of  

O6 -alkylguanine-DNA alkyltransferase (SNAP)-mediated immobilization of protein on NP 

Adapted with permission from references.92,94 Copyright 2010, American Chemical Society and  

copyright 2003, Nature publishing group 
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1.4: MNPs functionalized with biomolecules for bioseparation and enrichment 

NPs functionalized with biological molecules have gained a lot of research interest 

because of their potential applications in a variety of areas, such as biosensors103-106, 

imaging63,65,107-116, biocatalysis and proteolysis,117-121 targeted delivery of therapeutics,64,122-124 

and cancer diagnostics and therapy.125-129 Another area where biomolecule functionalized NPs 

and particularly MNPs is gaining much interest is in bioseparation. The main reason is because 

detection, isolation, separation, and purification of specific biologically active compounds, cells, 

and pathogens is used in almost all areas of biosciences and biotechnology. Diverse procedures 

can be used to achieve this goal but recently, increased attention has been paid to the 

development and application of functionalized magnetic adsorbent particles in combination with 

magnetic based separation techniques.130-133 Traditionally, isolation and purification of 

biomolecules has been performed using a variety of chromatographic techniques; 

electrophoretic, ultrafiltration, precipitation and other procedures with affinity chromatography 

being one of the most important approaches. The advantages of column affinity chromatography 

has been shown in a lot of successful applications.134-136 However, the disadvantage of all 

standard column liquid chromatography procedures is the difficulty of the standard column 

systems to cope with the samples containing particulate material.  Therefore they are not suitable 

for work in early stages of the isolation/purification process where suspended solid and fouling 

components are present in the sample.131,133   

Magnetic separation techniques have several advantages in comparison with standard 

separation procedures. They are fast, simple, inexpensive, with only a few handling steps. All the 

steps of the purification procedure can take place in one single test tube just by the application of 

an external magnetic field. It eliminates the need for expensive liquid chromatography systems, 
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centrifuges, filters or other equipment normally necessary to condition an extract before its 

application on packed affinity chromatography columns. The separation process makes it 

possible to separate selected target species directly out of crude biological extracts and samples 

containing suspended solid material.131,133 Magnetic separation is usually very gentle to the target 

species since the shear forces associated with the separation are minimal compared with 

centrifugation or filtration. Even large protein complexes that tend to be broken up by traditional 

column chromatography techniques due to induced stress during centrifugation may remain 

intact viable and unaltered. Furthermore, separation of target proteins using standard 

chromatography techniques often leads to the large volume of diluted protein solution which is 

not the case with magnetic separation techniques.130-132 

Of the functionalized magnetic adsorbent particles, MNPs containing iron oxide core and 

functionalized with different active moieties including biological molecules, metal ions, short 

hydrophobic carbon chains, polymers have been widely applied in bioseparation (magnetic 

affinity capture). Affinity capture has found its usefulness in sample purification, analyte 

preconcentration, toxin decontamination, and in various sample preparation procedures in 

proteomics and peptidomics analysis.137-140 In depth discussion of MNPs functionalized with the 

major biomolecules (proteins, carbohydrates, lectins, antibodies, proteins, peptides, and 

nucleotides) and their application in bioseparation will be given in later sections of this review.  

MNPs has promised high performance compared to micrometer-sized magnetic resins or beads 

used in affinity chromatography because (1) their high surface/volume ratio and good solubility 

result in a higher binding rate, (2) their nanometer sizes lead to faster movement and easy entry 

into cells, and (3) their magnetically controllable aggregation behavior allows them to be 

anchored onto a solid support for further usage. Specific multiple ligand-receptor interactions 
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(i.e., polyvalent interactions) offer high avidity between MNPs and target molecules or receptors 

when the ligands functionalized on to the MNPs.141-143 

1.4.1: Carbohydrate functionalized MNPs 

The surfaces of mammalian cells are covered by a dense coating of carbohydrates termed 

as glycocalyx. In the glycocalyx, carbohydrates appear mainly conjugated to proteins and lipids 

(glycoproteins, glycolipids and proteoglycans) and the glycoconjugates exert their biological 

functions.10,144,145 Due to their rich structural variations, carbohydrates are uniquely suited for 

biological information transfer. Carbohydrate can direct the initiation of many medicinally 

important physiological processes where they are involved in a wide variety of events, including 

inflammatory and immunological responses, tumor metastasis, cell-cell signaling, apoptosis, 

adhesion, bacterial and viral reognination, and anticoagulation.15 As a result, solid support 

systems conjugated with physiologically relevant carbohydrates have been developed. The 

support systems largely used include, polymers (glycopolymers),146 dentrimers 

(glycodentrimers),147 and NPs (glyconanoparticles).10,148  

Carbohydrate functionalized NPs (glyconanoparticles) have wide applications ranging 

from studying of carbohydrate-protein interaction, in vivo cell imaging, glycan biosensors, 

vaccine development, to drug delivery.149 Since carbohydrate functionalized NPs comprise of a 

very large group of different NPs, this review section will only focus on carbohydrate 

functionalized MNPs. 

To realize the full potential of magnetic glyco-nanoparticles in bio-separation, several 

hurdles need to be overcome. A characteristic feature of the biological interactions where 

carbohydrates are involved is their low affinity that has to be compensated by multivalent 

presentation of the ligands.10 Thus NPs offer a suitable platform to display carbohydrates in a 
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polyvalent format in order to improve the binding strength and selectivity. The second challenge 

is there can be several types of receptors recognizing the same carbohydrate ligand. The third 

obstacle relate to the biological recognition ability of the carbohydrate ligand functionalized on 

the NPs. To be able to mimic the biological system, the carbohydrate ligand conjugated onto the 

NPs should not lose its biological recognition ability.15 The fourth challenge is the lack of pure 

carbohydrate for biological studies. It is difficult to purify large quantities of complex 

oligosaccharides from natural sources due to the heterogeneity of carbohydrate on the cell 

surface. Scientists are trying to solve this problem through chemical and enzymatic synthesis of 

biologically relevant oligosaccharides.15  

It has been established that biological interactions involving carbohydrates can be 

mediated through cell surface carbohydrate binding proteins (lectins) as well as other 

carbohydrates (carbohydrate-carbohydrate interactions).144 Carbohydrate-lectin interaction has 

been a subject of investigation during the past few decades because of the relevance of these 

interaction in disease processes like cancer growth and development.150 In order to achieve 

optimal performance of carbohydrate functionalized MNPs in bio-separation, it is important to 

carry out a series of characterization to confirm that the desired carbohydrate is immobilized on 

the NP surface. Thermogravimetric analysis (TGA), zeta potential, Fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction, water solubility are among some of the techniques 

mostly used.16 To test that the immobilized carbohydrate maintains its biological binding ability, 

researchers have used plant lectins and E. coli as model systems because their carbohydrate 

binding specificities are well characterized.76,151-153 This particular step is critical because it 

provides initial clue that the carbohydrate on the NP surface is well-oriented, well-spaced, with 

little steric hindrance among the many copies of immobilized carbohydrates. Besides, good 
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control experiments to substantiate the binding specificity of the NP system to the target 

substrate is required. When studying lectins or E. coli, a good control will be to use MNPs 

functionalized with an irrelevant carbohydrate. In addition, lectin or E. coli strain that lacks the 

carbohydrate binding specificity of the immobilized sugar is often used.152 

Using mannose functionalized MNPs, El-Boubbou et al.152 reported the capture and 

separation of E.coli strain ORN178, which possess mannose binding specificity from the 

supernatant. Up to 65% capture and separation efficiency was achieved in a time of 5 minutes 

which was reported to be much higher than the 10~30% range typically observed with antibody 

or lectin functionalized MNPs. In addition, bacterium differentiation was explored. E.coli strains: 

ORN178, ORN208 a mutant strain with greatly reduced mannose binding affinity, and 

environmental strain (ES) with unknown carbohydrate binding specificity were differentiated 

using mannose MNPs and galactose MNPs.  The ES strain was found to have affinity for both 

mannose and galactose. Using galactose MNP as a control in isolating ORN178 and ORN208 

was particularly attractive because it adds confidence on the ability of the carbohydrate 

functionalized MNPs to detect and separate bacteria from the medium.152 Similar work of using 

mannose functionalized MNPs to evaluate the binding of the E. coli strains ORN178 and 

ORN208 E was reported by Liu et al.76 In their work, the covalent coupling of mannose onto iron 

oxide magnetic nanoparticle (IOMNP) surface was achieved by the CH insertion reaction of 

photochemically activated phosphate-functionalized perfluorophenylazides (PFPA). Advantages 

associated with photochemical assisted CH insertion reaction is that the carbohydrate does not 

need to be derivatized hence this reduces synthetic steps. However, the CH insertion reaction is 

non-specific and it may occur at or next to the carbohydrate site need for binding recognition. 
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El-Boubbou et al. expanded this carbohydrate functionalized MNP technology to cancer 

cell detection.16 They were not only able to detect and differentiate cancer cells but also to 

quantitatively profile their carbohydrate binding abilities by magnetic resonance imaging (MRI). 

Using an array of five carbohydrate functionalized MNPs (galactose, mannose, fucose, sialic 

acid and N-acetyl glucosamine), a range of cells including closely related isogenic cancer cells, 

cells with different metastatic potential and malignant vs normal cells were readily distinguished. 

As shown in Figure 11, panel B, breast cancer MCF-7/Adr-res caused a significantly larger MRI 

signal changes (ΔT2) upon binding with galactose MNPs as compared with that of the normal 

breast cells 184B5. These enabled easy detection and differentiation of the two cell lines.  

Isogenic cancer cells on the other hand are cells that are derived from the same parent cell line, 

hence they have similar genetic composition. Due to this property, they present a significant 

challenge for identification and subsequent separation. This was however possible by using 

carbohydrate functionalized MNPs where two sets of isogenic cell lines, mouse mammary 

carcinoma cell lines TA3HA and TA3ST and melanoma cancer cell lines B16F10 and B16F1 

were differentiated, Figure 11, panel B.  Although multiple cell lines were found to bind to the 

same carbohydrate, the full differentiation of the ten cell lines was achieved through a statistic 

method, linear discriminant analysis (LDA), Figure 11, panel C.   
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Figure 11: Profiling and differentiation of cancer cells using magnetic glyco-nanoparticles 

through MRI.  (A) Synthesis of magnetic glyconanoparticles (MGNPs) (B) Percentage changes 

of T2 relaxation time (% ΔT2) obtained upon incubating MGNPs 2-6 or the control NP 1 (20 

μg/mL) with 10 cell lines (105 cells/mL). The ΔT2 was calculated by dividing the T2 differences 

between MGNP and MGNP/cancer cell by the corresponding highest ΔT2 from each MGNP 

category. (C) LDA plots for the first three LDs of ΔT2 patterns obtained with the MGNP array 

upon binding with the 10 cell lines (105 cells/mL). Reproduced with permission from reference16 

Copyright 2010, American Chemical Society 
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Figure 11 (cont'd) 

 

 

 

Following a similar strategy to purify cells, Wu and coworkers reported the 

functionalization of Lewis X (LeX) on MNPs (LeX-MNPs) as an efficient tool for dendritic cell 

detection and isolation in a mixed cell population. The success of isolating dendritic cells using 

LeX functionalized MNPs is based on the fact that dendritic cells (DC)-specific intracellular 

adhesion molelcule-3 grabbing nonintegrin (DC-SIGN) is a receptor found on DCs that 

recognizes antigens bearing mannose-rich or fucosylated glycans including LeX, Figure 12.154 

To ensure that the NP system passed the stringent requirements as a tool for bioseparation and 

enrichment, it was tested for its ability to recognize anti-LeX antibody and a FITC-labeled 
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Erythrina cristagalli (ECA, a lectin that recognizes lactosamine, LacNAc and lactose epitopes). 

This also served as a confirmation that the immobilized carbohydrate retained its biological 

binding capability. Dendritic cell isolation ability was proven through the isolation of fluorescent 

labeled DC-SIGN positive THP-1 cells from a mixed cell population with its parental cell line 

THP-1. They observed that a 15 min incubation of the cell mixture with MNPs was sufficient to 

achieve between 70-86% capture efficiency, which was much higher than the capture capacities 

(10-30%) of antibody functionalized commercially available MNPs. Following this success, the 

LeX-MNP system was applied in the isolation of differentiated, immature monocyte derived 

dendritic cells (moDCs) from human peripheral blood mononuclear cells (PBMCs) derived from 

a mixed population of primary human cells. Successful isolation was confirmed through staining 

of the bound cells with fluorescently labeled antibodies for moDC markers DCSIGN, CD1a and 

HLA-DR. As shown in Figure 13, DC-SIGN+ and CD1a+ and HLA-DR+ moDCs were 

specifically isolated by the LeX-MNPs with the concomitant disappearance of this cell population 

in the corresponding flow-through cells. On the other hand, the binding and capture specificity of  

LeX-MNPs was determined by comparing their performance to unmodified alkyne MNPs, 

lactose-MNPs, LacNAc-MNPs, and sLeX-MNPs. LeX-MNPs showed superior performance. 154  

Taken together, these results suggest that glycan functionalized MNPs can be used as an 

alternative, cost effective method for isolating cells (including cancer cells) expressing glycan 

binding proteins.  
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Figure 12: Fabrication of LeX-coated MNPs and selective capture of DCs. Capture of DCs from 

a mixed cell population using LeX-coated MNPs. Adapted with permission  from reference154 

Copyright 2012,  American Chemical Society  
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Figure 13: Enrichment of moDCs using LeX-functionalized MNPs. PBMCs were incubated in 

the presence of GM-CSF and IL-4 for 6 days and differentiated into moDCs. (a) Contour plot 

shows the total cell population prior to capture. moDCs were defined as CD1a+/DC-SIGN+ 

(gated in the box). (b) Cell flow-through following incubation with alkyne-functionalized MNPs. 

(c) Cell flow-through following incubation with LeX-functionalized MNPs. moDCs were absent 

from this population. (d) Histogram shows that the population of cells bound to LeX-

functionalized MNPs are CD1a+/DC-SIGN+/HLA-DR+ when stained with FITC-conjugated anti-

DC-SIGN, PE/Cy5-conjugated Anti-CD1a, and PE-conjugated anti-HLA-DR. Shown is one 

representative experiment out of three replicates. Reproduced with permission from reference154 

Copyright 2012, American Chemical Society. 

 

 

Besides cell isolation and purification, carbohydrate functionalized MNPs have also been 

proposed as a suitable alternative to commercially available carbohydrate immobilized micro-

beads for protein or peptide purification and enrichment. Zhou et al. synthesized a maltose 

functionalized silica coated IOMNP support for the integration technology of 
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separation/purification, and immobilization of maltose binding protein-heparinase I fusion 

enzyme (MBP-HepA).61 The novelty of this system was its integral applicability. After affinity 

capture, the NPs with the adsorbed MBP-HepA were used for enzymatic depolymerization of 

heparin to low molecular weight heparin (LMWH), Figure 14. This application also served as a 

confirmation that the protein-enzyme fused construct on the NP surface retained its biological 

activity. The immobilized enzyme had an advantage over free enzyme as it exhibited higher 

thermal stability (had halflife of 190 min at 30 OC compared to 10 min of free enzyme). 

Immobilization of the enzyme also offers reusability capability.61 To establish the specificity of 

MBP-HepA binding to maltose functionalized MNPs, the bound fraction was eluted with an 

elution buffer that contained trimaltose. The eluted fraction was analyzed by sodiumdodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and compared to the eluted fraction 

where the elution buffer lacked triomaltose. The results of these analysis are shown in Figure 14. 

Based on these results however, it is clear that the capture efficiency of these NP system is low 

as indicated by protein band intensity of MBP-HepA in lane 2 (the amount of MBP-HepA 

remaining in the supernatant,) compared to the crude lysate, lane 1. Similarly the amount of 

MBP-HepA eluted by trimaltose seemed to be very low as indicated by the protein band intensity 

in lane 3, which further suggests low capture efficiency of the NP system. For practical 

application, it is always important to analyze all eluted protein to confirm if they are specific 

proteins. The protein band of the protein running below MBP-HepA in the crude lysate on the 

SDS-PAGE seemed to diminish in the supernatant (lane 2) but reappeared in the eluted fraction 

(lane 3). This is a clear evidence that it was captured by the NPs and released in the presence of 

maltose buffer. If its maltose binding properties had been investigated, it would have been a way 

to qualify the capacity of this NP system. 
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Figure 14: Application of maltose functionalized MNPs in protein purification.  Synthesis of 

maltose functionalized MNPs and their application in the separation/purification, and 

immobilization of maltose binding protein-Heparinase I fusion enzyme (MBP-HepA). Adapted 

with permission from reference61 Copyright 2012, Royal Society of Chemistry 
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In a similar approach, Xiong et al. prepared maltose functionalized MNPs for enrichment 

of N-linked glycoproteins.69 Their system was fabricated through growth of branched PEG 

polymer brushes on the surface of the NPs and subsequent functionalization with maltose 

(Fe3O4@SiO2@PEGMaltose MNPs). To evaluate the efficiency of Fe3O4@SiO2@PEGMaltose 

MNPs for selective enrichment of glycopeptides, tryptic digest of human immunoglobulin G 

(IgG), horseradish peroxidase (HRP), and human alpha-acid glycoprotein (AGP) were first 

employed as model samples. Protein concentration as low as 3 pmol was detected and enriched 

as analyzed by MALDI-TOF MS, Figure 15. The high sensitivity could be attributed to the high 

density of both linear and branched PEG polymer brushes modified with azido groups. This 

would subsequently lead to functionalization of large numbers of maltose that enhance binding 

avidity. 

To validate the relevance of PEG and maltose on the NPs, the specificity of 

Fe3O4@SiO2@PEGMaltose MNPs was evaluated by comparing with NPs without sugar 

(Fe3O4@SiO2@PEG MNPs) and without PEG (Fe3O4@SiO2-Maltose MNPs) in IgG enrichment. 

As shown in Figure 15, the intensities and signal to noise (S/N) values of enriched glycopeptides 

using Fe3O4@SiO2@PEGMaltose MNPs are all much higher than those by the other two types 

of NPs. Besides known proteins, Fe3O4@SiO2@PEGMaltose MNPs were successfully utilized to 

enrich and analyze low abundant glycoproteins in human plasma samples by LC/MS/MS where 

a total of 106 glycoproteins were identified.69  
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Figure 15: Protein isolation and analysis using maltose functionalized magnetic nanoparticles 

through MALDI-TOFMS. MALDI-TOFMS spectra of (A) Direct analysis of 5 pmol tryptic 

digest of human IgG, after enrichment with (B Fe3O4@SiO2@PEGMaltose MNPs, (C) 

Fe3O4@SiO2@PEG MNPs and (D) Fe3O4@SiO2-Maltose MNPs, (E) After enrichment by 

Fe3O4@SiO2@PEG-Maltose MNPs and then deglycosylation by PNGase F. Adapted with 

permission from reference69 Copyright 2012, Royal Society of Chemistry 
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As stated earlier, and demonstrated in the previous example,61 the dependency of binding of 

protein on carbohydrate is also best demonstrated by the elution protocols where the elution 

buffer contains carbohydrate matching the one immobilized on the NP surface. In this work, the 

bound proteins were eluted at low pH. All the elution buffer combinations had TFA, implying 

the dissociation of the bound protein was not specifically dependent on its binding to the maltose 

on the NP surface.69 

In an effort to investigate carbohydrate binding protein from tumor cells, Wong and 

coworkers functionalized stage-specific embryonic antigen 4 (SSEA-4) on magnetic IONPs, 

which they referred to as SSEA-4-conjugated magnetic beads (SSEA-4-MBs) and used it as an 

affinity probe to isolate and purify SSEA-4 binding protein in breast cancer cells.155 SSEA-4 has 

been implicated in the malignancy of cancers such as invasion and metastasis. However its 

functional role had not been demonstrated due to lack of well-defined SSEA-4 binding proteins.  

Affinity capture of SSEA-4-binding proteins was performed in the cell lysate of a breast cancer 

cell line, MCF-7 following standard protocol of incubating the cell lysate with NPs, magnetic 

separation and elution (dissociation) of bound proteins. The captured and subsequently eluted 

proteins were subjected to SDS-PAGE and visualized through silver staining. As a control, a 

parallel affinity capture experiment was performed with NPs that were only functionalized with 

polyethylene glycol (PEG), methyl-PEG4 conjugated magnetic beads (MEG-MB). When the 

protein profile of the SSEA-4-MBs pulled down was compared to the MEG-MB counterpart, it 

revealed a unique protein band (~60 kDa) on the SDS-PAGE, Figure 16. This protein band was 

confirmed by LC/MS/MS to be FK-506 binding protein 4 (FKBP4), a cytoplasmic protein that 

has been found to be highly expressed in breast cancer cell lines MCF-7 and T-47D.156  
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Figure 16: Protein capture from cell lysate using MNPs.  Magnetic bead-based capture for the 

identification of SSEA-4-binding proteins. Different amounts (20, 40, 80, 120, 180 μg) of MCF-

7 total cell lysate were mixed with SSEA-4-MBs or MEG-MBs (100 μg each), and the bound 

proteins were eluted, separated by SDS-PAGE, and visualized after silver staining. Lane 1, 

marker; lane 2, MCF-7 total cell lysate (0.5 μg); lanes 3, 5, 7, 9, and 11, protein eluted from 

SSEA-4-MBs; lanes 4, 6, 8, 10, and 12, protein eluted from MEG-MBs for comparison. 

Reproduced with permission from reference155 Copyright 2013, American Chemical Society 

 

.  

The glycan binding specificity of FKBP4 was confirmed through glycan microarray profiling of 

63 glycans with recombinant FKBP4. The results showed that FKBP4 bound to all glycans with 

Neu5Acα2-3Gal terminus in addition to SSEA-4, Figure 17 panel A. They confirmed that the 

FK-506 inhibited the binding of FKBP4 to SSEA-4, Figure 17 panel B. In addition, they 

showed that inhibition of FKBP4 in MCF-7 significantly influenced the expression of SSEA-4 

compared to other glycans containing the Neu5Acα2-3Gal sugar unit, GM2, GD3, and GD2 and 

globo series glycans, SSEA-3 and Globo H, Figure 17 panel C. The glycan microarray and the 
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inhibition experiments are particularly important because they affirmed the binding specificity 

and selectivity. Usually this is evaluated through elution protocols where the specific elution 

buffer contains carbohydrate matching the one immobilized on the NP surface and the results are 

compared to those obtained from using elution buffer with irrelevant sugar.157 However, this 

approach is limited to simple sugars such as monosaccharide and disaccharide. In this work, the 

bound proteins were eluted by heating the NPs at 95 OC in protein sample buffer, which usually 

contains at least 1 % SDS. These are strong denaturing conditions, implying there is a possibility 

that all proteins bound on the NPs whether specifically or non-specifically can be eluted. This is 

revealed by the SDS-PAGE results where the observed protein profile in the SSEA-4-MBs and 

MEG-MB fraction are similar and only differ by the degree of protein band intensity.  
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Figure 17: Analysis of FBBP4, SSEA binding protein.  (A) Binding analysis of FKBP4 in a 

printed glycan array with 63 glycans. (B) Competitive inhibition of SSEA-4/FKBP4 interaction 

by FK-506. (C) Surface expression of the glycan markers of MCF-7 cells analyzed by flow 

cytometry after FK-506 treatment.“Cell only” means no staining performed, indicating the 

fluorescence background of the cells. Reproduced with permission from reference155 Copyright 

2013, American Chemical Society 

 

 

1.4.2: Lectin functionalized MNPs 

Lectins are carbohydrate binding proteins that are neither enzymes or antibodies, and 

they can recognize various carbohydrates attached to proteins and lipids on cell surface and 

extracellular matrices with high specificities.158 The interactions between endogenous lectins and 

carbohydrate mediate a variety of biological processes, some of which are involved in highly 
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specific events such as cell signaling,159,160 cell adhesion,161 immune responses,162,163 pathogen-

host recognition,164,165 several aspects of tumor growth and development,150 and in 

neurotransmission.166 Lectins have been widely utilized as affinity probes for the efficient 

detection, separation, and enrichment of glycoproteins in complex biological fluids by virtue of 

their selective carbohydrate−protein interactions.167-169 In addition, lectin-based glycoprotein 

enrichment combined with mass spectrometric identification has been widely adapted for 

glycoproteomic profiling to identify disease-associated alterations of glycoprotein as potential 

biomarker.170 However, the weak and variable binding affinities of many carbohydrate-lectin 

interactions (Kassoc = 103 - 106 M-1) have often compromised the practical utility of lectin in 

capturing glycoproteins for glycoproteomic applications.166,170 Most of the well characterized 

lectins for bioseparation are derived from plants. Concanavalin A (Con A), a mannose and 

glucose specific lectin, wheat germ agglutinin (WGA), an N-acetylglucosamine and sialic acid 

binding protein and soybean agglutinin (SBA), a galactose binding protein have been widely 

used.171  

In an effort to simultaneously enrich and detect small molecules using MALDI-TOF-MS, 

Lin and coworkers developed a straightforward method involving bifunctional MNP system that 

served as laser desorption/ionization element as well as a solid-phase extraction probe.172 Their 

approach involved covalently conjugating a MALDI matrix with protein probe on the same NP 

to generate MNP@matrix-protein system, Figure 18. Their hypothesis behind the fabrication of 

this system was that besides MNP@matrix-protein ability to purify and enrich the target small 

molecules from a complex mixture, MNP@matrix can be used as a matrix free additive for 

MALDI-TOF MS analysis of the enriched molecules. And since the matrix is covalently 

conjugated to the NP, the MNP@matrix can potentially reduce the interference caused by matrix 
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ion peaks normally found in low molecular weight range for MALDI-TOF MS. To examine the 

ability of MNP@matrix-protein to probe a weak biomolecular interaction, the well-defined 

recognition between mannose and Con A was chosen as a proof-of-concept experiment. MNP 

system was constructed consisting of dihydroxybenzoic acid (MALDI matrix) and Con A as a 

probe protein (MNP@DHB-Con A). MNP@DHB-Con A was successfully utilized to enrich 

mannose spiked in human plasma to mimic complex biological sample. The MNP@DHB-Con 

A-mannose complex was analyzed directly by MALDI-TOF MS without elution.172 As low as 

0.5 µg of spiked Con A could be detected, enriched, and analyzed by MALDI-TOF-MS in 30 

min.  
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Figure 18: Protein capture and analysis using bifunctional MNP@matrix-Con A. (A) Workflow 

of functionalized MNP-assisted MALDI-TOF MS. The bifunctional MNP@matrix-Con A serves 

as an affinity matrix-free additive. Mannose extraction from human plasma by MNP@DHBCon 

A (B) The background signal of MNP@DHB-Con A; (C) The human serum profile; the black 

arrow indicates the spiked mannose (D) The mass spectrum of mannose [mannose + Na]+ 

extracted by MNP@DHB-Con A. Adapted and reproduced with permission from reference172 

Copyright 2007, American Chemical Society 

 

 

Since these systems are often developed with the final goal of being applied in the 

discovery of new target molecules, additional investigative experiments to confirm binding 

selectivity and specificity, sensitivity and enrichment efficiency are required. As pertains Lin and 

coworker work, experiments such as SDS-PAGE, using NPs lacking the target molecule (Con 

A), or even spiking with irrelevant substrates (add both galactose and mannose, only mannose 
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peak should be observed on mass spec) would have been desirable. In addition, competitive 

experiments where free Con A is added to compete with immobilized Con A on the NPs will be 

desirable in order to reveal the binding specificity of immobilized Con A. Furthermore, elution 

protocol to release the bound mannose, which can then be analyzed by SDS-PAGE has also been 

well established as a way to confirm binding specificity.157 Subsequently, comparing the 

performance of the lectin functionalized MNP construct with commercially available lectin 

functionalized beads should be evaluated to assess the improvement and the value added by the 

NP system.  

Such studies to try and qualify the advantages of lectin functionalized MNPs as 

functional probe for selective separation and enrichment of glycoproteins was reported by Tang 

et al.171 Con A functionalized MNPs, was similarly used in this study. The first step was to 

address how lectin are functionalized on the NPs. Normally, the method of choice for 

immobilization is through amide bond covalent linkage utilizing the amine of the protein's lysine 

groups as described in previous examples.172 However, this method can result in the loss of 

biological activity as the linkage may occur at or next to the carbohydrate binding site. To avoid 

this potential drawback, Con A was immobilized on the surface of nanospheres that were 

modified with aminophenylboronic acid forming boronic acid-sugar-Con A bond in a sandwich 

structure. α-D-mannopyranoside was used as an intermedium as shown in Figure 19.  

The selectivity, specificity and capacity of these Con A-immobilized MNPs to capture 

glycoprotein in a protein mixture was demonstrated using standard proteins. Protein mixture 

consisting of glycoproteins horseradish peroxidase (HRP) and ribonuclease B (RNase B) 

containing high mannose oligosaccharides and non-glycoproteins bovine albumin (BSA) and 

myoglobin (MYO) was used. As shown in Figure 19, panel B, protein bands on SDS-PAGE 
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corresponding to HRP and RNase B and not BSA or MYO in the mannose eluted fraction from a 

mixture of the four proteins. This indicates the potential of the NP in achieving good efficiency 

and specificity in the isolation of glycoproteins. However, despite the good selective enrichment 

effect of Con A immobilized NPs, unwanted bands of Con A can be observed on the gel due to 

the dissociation of Con A during enrichment, Figure 19 panel B. 

The suitability of Con A-modified MNPs for biomedical application especially for 

glycoprotein biomarker identification was further tested in cell lysate of human hepatocellular 

carcinoma (HCC) cell line 7703. After the enrichment procedure, original lysate, supernatant 

(consist of unbound fraction), and the eluted fraction were resolved on SDS-PAGE. Bands below 

25 kDA were discarded to eliminate Con A contamination and the rest of the proteins were 

subjected to tryptic digestion for LC/MS/MS identification. A total of 101 glycoproteins were 

identified as searched against protein databases.171 To assess the performance of the NPs, parallel 

glycoprotein enrichment experiments from the same cell lysate were performed using 

commercial Con A magnetic beads (SiMAG Con A magnetic beads) and aminophenylboronic 

acid functionalized MNPs without Con A functionalization.. More glycoproteins were enriched 

and purified using Con A MNPs (101 glycoproteins) when compared to commercial Con A 

magnetic beads (51 glycoproteins) and aminophenylboronic acid functionalized MNPs (12 

glycoproteins). The protein profile from the three different experiments is summarized in Figure 

19 panel C. It also worth mentioning that boronic acid functionalized MNPs have been proposed 

as potential tools for glycopeptide and glycoprotein enrichment.173-175 In this case it showed the 

weakest performance probably due to its inability to be applied in complicated biological 

samples. These results provides additional evidence on advantages of biomolecule functionalized 

magnetic nanoparticles as a tool for the discovery of potential biomarkers. 
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Figure 19: Protein analysis using Con A functionalized MNP through boronic-acid-sugar 

sandwich.  (A) Con A functionalized MNP through boronic-acid-sugar sandwich  (B) One-

dimensional SDS-PAGE of selective glycoproteins capture by Con A-immobilized MNPs. Lane 

1, supernatant of standard protein mixture after enrichment; Lane 2, eluent of nanoparticales 

after enrichment. (C) Comparison of the three materials for glycoprotein enrichment from cell 

lysate, indicating the number of glycoproteins identified and the selectivity for glycosylated 

proteins. Bar 1, proteins identified with commercial Con A magnetic beads; Bar 2, proteins 

identified with homemade Con A MNPs; Bar 3, proteins identified with aminophenylboronic 

acid-functionalized MNPs Adapted and reproduced with permission from reference171 Copyright 

2010, John Wiley and Sons 
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This work outline key experiments that need to be undertaken to validate the relevance of 

functionalized MNP as a potential tool for isolation and enrichment.  Despite the success, 

addressing the leaching of immobilized Con A is key. Also due to the low binding affinity 

between lectin and carbohydrate, the efficiency of Con A immobilization through this method 

can be potentially very low. Another possible limitation associated with this immobilization 

protocol is the risk of cross-linking NPs. Since Con A has four mannose binding sites, an already 

immobilized Con A can bind three more NPs reducing the available Con A for efficient 

glycoprotein enrichment. In addition, since boronic acid reacts with the hydroxyl groups and 

particularly 1,2-diol of the sugar to form boronic ester, such modification may alter its biological 

recognition towards the respective lectin. For example it has been well established that 

unmodified hydroxyl groups at C-3, C-4 and C-6 position of α-D-mannopyranose (or α-D-

glucopyranose) ring are essential for binding to the active sites of Con A.176  

In an effort to improve on the conjugation of lectins to MNPs while preserving the 

conformational integrity of their binding site during covalent linkage, Ferrira et al introduced a 

new concept, based on protection of the lectins' binding sites with their target sugars prior to 

coupling with MNPs.177 In addition to Con A, MNPs functionalized with wheat germ agglutinin 

(WGA), N-acetylglucosamine selective lectin and Maackia amurensis (MA), lectin with affinity 

to α-2,3-linked sialic acid residue were synthesized. Con A was incubated with mannose, WGA 

with N-acetylglucosamine, and MA with α-2,3-sialyllactosamine before conjugation and 

regenerated to remove the protecting sugar prior to glycoprotein enrichment.177 Using fetuin, a 

glycoprotein with 5-8 % sialic acid, 3.5 % mannose and 4.8 % acetylglucosamine, thus expected 

to bind all three lectins, protection of the binding sites showed enhancement in lectin 

functionality. There was increased recovery in Con A and MA MNPs. There was no statistical 
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significance to suggest that protection of binding sites had a positive effect on WGA, Figure 20 

panel A.  

The efficiency of immobilization on supports was evaluated by comparing glycoprotein 

yields of MNP@ConA with conventional Sepharose support, Sepharose@ConA, which is 

traditionally immobilized without active site protection. The NPs and Sepharose beads were 

evaluated based on the same amount of functionalized lectins. In addition to fetuin, ovalbumin, 

an N-glycoprotein known to bind ConA,178 was also used. As shown in Figure 1.20 panel B, 

Con A functionalized NPs performed better in glycoprotein recovery compared to Sepharose 

Con A even at 6 times lower amount of Con A.  
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Figure 20: Protein analysis using lectin functionalized MNPs. (A) Fetuin recovery by 

synthesized MNP@lectins: comparison between unprotected and sugar-protected MNP@lectins. 

Data are presented as mean standard deviation (SD) of micrograms of fetuin recovered per 

milligram of MNP@lectin (triplicates of n = 3). **p < 0.01. (B) Percentage of glycoprotein 

recovery of nanobeads MNP@ConA vs Sepharose@ConA. ± Data are presented as mean SD 

(triplicates of n = 3) upon incubation with 10 μg of fetuin or ovalbumin. **p < 0.01; ***p < 

0.001 vs preceding concentration. Reproduced with permission from reference177 Copyright 

2011, American Chemical Society 

 

 

 Besides recovery of standard proteins, the functionalized lectins also exhibited the 

potential of being developed into analytical tools through selective recovery of glycoproteins 

from human body fluids (serum, urine and saliva). Similarly these lectin functionalized MNPs 
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displayed superior performance compared to commercially available lectin beads functionalized 

through conventional methods that do not involve binding site protection. The superiority was 

more pronounced in their abilities to minimize nonspecific binding. For example, it was 

determined in this work that 6 % of the glycoprotein isolated from human urine using 

MNP@ConA was due to nonspecific binding, which was much less than the 30 % nonspecific 

recovery using Con A immobilized on agarose beads.179 The possibility of reducing 

nonspecificity granted by MNP@lectins is of key importance in bioseparations, as it allows an 

increased availability of binding sites for ligands of interest and avoids masking target proteins.  

As mentioned earlier, the weak and variable binding affinities of many carbohydrate-

lectin interactions have often compromised the practical utility of lectin in capturing 

glycoproteins for glycoproteomic applications.166 Yet, the enrichment protocols provided by the 

previous examples still utilize the noncovalent interactions of the surface glycans of 

glycoproteins with lectin. In addition, these studies have also relied on the observation that such 

weak binding affinities can be compensated by the binding avidity as a results of multiple 

immobilized lectin ligands on the NP surface. But literature reports have suggested that in some 

studies, this approach has failed to capture and enrich sufficient quantities of material for mass 

spectrometry analysis.166  

To provide a possible solution, Lu et al. applied boronic acid-decorated lectin (BAD-

lectin) in glycoprotein labeling and enrichment.170 The inclusion of boronic acids (BAs) could 

have additional benefits: (i) with their chemical affinity for carbohydrates, they will react 

covalently but reversibly with cis-diol compounds to form stable boronate compounds under 

basic aqueous conditions. (ii) Unlike lectins, which recognize specific carbohydrates, BAs 

possess little affinity selectivity for interactions with different glycoforms. BAD-lectin exploits 
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the initial lectin carbohydrate recognition process, which subsequently facilitates the formation 

of a boronate ester resulting in a stable covalent lectin-glycoprotein complex. Through this 

approach, glycoproteins binding weakly and transiently can be isolated and enriched, Figure 21.  

 

 

Figure 21: Schematic illustration of the dual binding of a BAD-lectin to a glycoprotein. 

Schematic illustration of the dual binding of a BAD-lectin to a glycoprotein. (i) A BAD-lectin. 

(ii) A glycoprotein captured by the lectin by noncovalent glycan-specific recognition. (iii) A 

glycoprotein captured by both lectin and BA; the latter mediates boronate ester to form a stable 

covalent lectin-glycoprotein complex. (iv) A glycoprotein captured by a BA ligand alone. 

Reproduced with permission from reference170 Copyright 2013, American Chemical Society 

 

. 

The application of BAD-lectin for glycoprotein enrichment and glycoproteomics study 

was demonstrated on the fabrication of BAD-lectin conjugated MNP (BAD-lectin@MNP). As a 

proof of concept, Aleuria aurantia lectin (AAL), and Sambucus nigra lectin (SNA), which are 
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known to recognize fucosylated glycoproteins, and glycoproteins containing sialic acid linkages 

(especially (α-2,6) linkages), respectively in addition to concanavalin A (Con A), were fabricated 

as model systems to detect distinct types of target glycoproteins. Prior to glycoprotein 

enrichment, it was essential to substantiate the hypothesis that addition of BAs could enhance 

lectin-carbohydrate binding affinity.   

To compare the binding affinity to their cognate glycan ligand of BAD-lectins with that 

of the free lectins, surface plasmon resonance (SPR) imaging was used for real-time, label-free 

analysis of the lectin−carbohydrate interactions. As shown in Figure 22 (B) and (C), the steeper 

association curve for Con A in comparison to BAD-Con A is indicative of a faster initial 

association, whereas the shallower curve in the dissociation phase for BAD-Con A in 

comparison to Con A is indicative of a slower dissociation event. Subsequently, the equilibrium 

dissociation constants (KD), calculated from the rate constants for free Con A and BAD-Con A, 

which quantitatively measure their binding strengths on the sugar-functionalized surface, 

indicated that BAD-Con A had a lower equilibrium dissociation constant than free Con A, 14.3 

nM and 80.5 nM respectively. Possible explanation for these observed results was that the 

presence of BA on the protein’s surface might have reduced the initial association between the 

lectin and the glycan. However, once the lectin binds to the glycan, the subsequent formation of 

the boronate decreases the rate of dissociation, resulting in an enhanced overall affinity.170  
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Figure 22: SPR sensing of the affinity of the BAD-lectin probe for a carbohydrate-

functionalized self-assembled monolayer (SAM).  (A) Mannose functionalized molecules and 

the corresponding matrices for immobilization on sensor chips. SPR sensorgrams for the binding 

of (B) ConA and (C) BAD-ConA at a series of concentrations (from 10 to 1000 nM; bottom to 

top) to a mannose-functionalized SAM chip. Reproduced with permission from reference170 

Copyright 2013, American Chemical Society 

 

 

In the proof of concept experiment, the performance of BAD-Con A@MNP was 

compared to Con A@MNP and BA@MNP in the enrichment of ribonuclease B (RNB), a high 

mannose glycoprotein. BAD-Con A@MNP displayed good performance in comparison with 

Con A@MNP and BA@MNP. In addition, the BAD-lectin@MNPs were applied in the capture 

of glycopeptides generated by tryptic digestion of a complex biological sample, which further 

evaluated the potential application of BAD-lectin@MNPs in the glycoproteomic studies.170  
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To further highlight the advantages offered by biomolecule functionalized MNPs, Li and 

coworkers used Con A functionalized MNPs to isolate and identify native cell membrane 

glycoproteins from living cells.180 In most cases, and as already discussed in previous sections, 

isolation of target analytes using biomolecule functionalized magentic nanoparticles has been 

done in cell homogenates.155 The use of cell homogenates has potential drawbacks associated 

with it, the major one being possible protein contamination which may occur during cell lysate 

preparation and handling.180 In a typical isolation experiment, cells were incubated with the Con 

A MNPs overnight. The cells bound to the surface of the NPs were treated with membrane 

protein extraction buffer, followed by elution of the membrane glycoprotein bound to Con A on 

NPs with elution buffer containing 0.5 M methyl-α-D-mannopyranoside. The isolated 

glycoprotein profile was analyzed by SDS-PAGE and the identity confirmed through 

LC/MS/MS analysis.   

 

1.4.3: Antibody functionalized MNPs 

As one of the well-known affinity probes, antibodies possess strong and specific affinities 

for epitopes on target antigens. Due to this characteristic, antibodies have been widely used in 

enzyme linked immunosorbent assays (ELISA),181,182 Western blot,183,184 immunoaffinity 

extraction,185-187 targeted therapeutic delivery,188,189 diagnostic arrays,190-192 and currently in 

immunotherapy especially for cancer,193,194 autoimmune, and inflammatory diseases.195 When 

conjugated to nanomaterials as solid support, the high affinity and selectivity of the antigen-

antibody interactions have allowed the specific extraction, isolation and concentration of analytes 

of interests196 including pathogenic bacteria.197  
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Major work pioneered in this area involved using antibody functionalized MNPs as 

affinity probes for protein (antigens) 102,198-202 and bacterium196,203-205 separation from sample 

solution. For protein isolation, these probes have been combined with matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI MS) to profile relevant disease 

biomarkers from biological fluids.198,200 When compared to antibody functionalized microbeads, 

antibody conjugated MNPs have demonstrated a better homogeneity with biomolecules and 

achieved a higher extraction efficiency and sensitivity.198 Despite earlier success, these probes 

still suffered from non-specific binding particularly due to the presence of abundant proteins. 

The drawbacks brought about by non-specific binding mainly associated with a decrease 

in specificity and sensitivity of detection as well as the accuracy of the quantification of target 

proteins present in low abundance.199,206 To improve binding specificity of these probes, 

attention has been focused on both the synthesis of NPs and how antibodies are immobilized on 

the NPs surface and other solid surfaces.50,199,207 Lin et al. established that by synthesizing 

methoxyethyl terminated ethylene glycol (MEG)-protected antibody-conjugated MNPs, 

nonspecific binding during the separation of protein biomarkers in human plasma was 

significantly suppressed.199 This was revealed through MALDI-TOF-MS by monitoring the 

target signals. As a proof of concept, anti-serum amyloid P component (SAP), a biomarker 

related to Alzheimer's disease and type 2 diabetes were immobilized on IONPs with ethylene 

glycol protection. The performance of the NPs was assessed by its ability to specifically detect 

SAP in human plasma.  When this NP system was compared to anti-SAP-MNP prepared by BSA 

capping or without capping of free unconjugated succinic esters moieties, it was evident that 

MEG-capping of anti-SAP MNP was able to decrease the non-specific binding of abundant 

proteins such as human serum albumin (HSA), Figure 1.23. These results highlight key 
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requirements when constructing biomolecule functionalized NP system in order to minimize 

non-specific binding; (i) free reactive groups that were initially introduced on the NP surface for 

a sole purpose of conjugation should be capped, (ii) the capping moieties themselves should have 

low affinity to other biomolecules. 

 

 

Figure 23: Protein separation using MEG-protected antibody conjugated MNPs.  (i) 

Immunoassay by MEG-protected antibody-conjugated MNPs. ii) MALDI-TOF mass spectra of 

human plasma (1 mL) from immunoaffinity extraction with anti-SAP MNPs: A) 25-fold dilution 

of human plasma; B) Extraction with anti-SAP MNPs (without blocking); C) Extraction with 

anti-SAP MNPs (BSA blocking); D) Extraction with anti-SAP MNPs (40 mm MEG blocking) 

after 1000-fold dilution. Adapted and reproduced with permission from reference199  Copyright 

2006, John Wiley and Sons 

 

 

Following similar approach as discussed in previous sections, site specific and 

chemoselective immobilization of biomolecules on solid surfaces away from their active binding 
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sites is preferred to achieve superior substrate binding activity.67,81,100 In most conjugation 

protocols, antibodies are immobilized on to NPs by random amide bond or Schiff base 

formation, through modification at their lysine, arginine, aspartate, and glutamate residues.208 

These protocols do not guarantee immobilization of the antibodies at a uniform density or in a 

single orientation, consequently, the immobilized antibodies recognize their antigens with 

variable efficiency. This may results in unsatisfactory activity in desired application.209  To 

achieve site-specific and self-oriented antibody conjugation, methods have been developed that 

focus on modification at the Fc domain to preserve the antigen binding domain and maintain full 

immunoactivity. Site-specific modification of the Fc domain have been achieved by targeting the 

entire Fc or its carbohydrate moiety. Targeting the entire Fc domain can be accomplished by first 

modifying solid anchorage supports with an intermediate protein (Fc binding proteins 

commonly, protein G and protein A). These are subsequently used to anchor/immobilize the 

antibody via the Fc domain in a site-specific manner on the solid support.49,210,211 This strategy 

has potential drawbacks associated with it. Firstly, the need for two protein immobilization steps 

can result in a low density of the immobilized antibody.209 Secondly, the potential dissociation of 

the noncovalently linked antibody-protein complex may result in decreased assay sensitivity and 

increased antibody background.102 

To target the carbohydrate moiety at the Fc region, two approaches have been 

investigated. Firstly, the vicinal diol groups on the carbohydrate chain of the Fc can be cleaved 

by periodate oxidation to form aldehyde groups, which are then utilized to attach molecules of 

interest by Schiff base formation.98,212 Second approach involves targeting the carbohydrate at 

the Fc region with boronic acid.101,102,213 Boronic acids have affinity to vicinal cis-diol 

compounds such as carbohydrates and glycerol to which they react covalently but reversibly to 
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form stable boronate compounds under basic aqueous conditions. As a result, boronic acid 

immobilized on solid supports have been utilized for glycoprotein enrichment and carbohydrate 

sensing.173-175,214-217  

Taking advantage of this property, Lin and coworkers reported the site-specific and self-

oriented immobilization of anti-SAP antibodies on MNPs through boronate formation at the 

carbohydrate moiety of the Fc domain (anti-SAP-BA@MNP). The antibody functionalized 

MNPs were used as an active immunoprobe for disease biomarker detection from human sera.102 

More importantly, when compared with NP system whose antibodies were randomly 

immobilized through amide bond formation (anti-SAP-R@MNP) or oriented immobilization 

through protein G (anti-SAP-G@MNP), the self-oriented immunoprobe via boronic acid (anti-

SAP-BA@MNP) provided long-term stability, and improved sensitivity at a low nM range, 

Figure 24. The observed good performance was presumably through enhanced antibody@MNP 

activity. Just as in their previous report,199 false-positive detections arising from nonspecific 

binding mainly due to free unconjugated boronic acid that could potentially react with 

glycoproteins was minimized by effective surface protection using concentration-dependent 

dextran blocking (anti-SAP-BA-dex@MNP).102 However, the amount of antigen extracted by 

anti-SAP-BA-dex@MNP was lower than that extracted by anti-SAP-G@MNP (Figure 24 panel 

D, BA vs G) due to the diol-containing interference of the serum, which could possibly exchange 

with the immobilized antibody. To improve on this, the serum was pretreated with free boronic 

acid prior to incubation with anti-SAP-BA-dex@MNP. This dramatically improved the antigen 

recovery leading to comparable results (Figure 24, panel D, BA1 vs G). On a positive note 

however, HSA, the most abundant protein in human serum, resulted in high interference in anti-

SAP-R@MNP and anti-SAP-G@MNP but not with anti-SAP-BA-dex@MNP even in the 
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absence of pretreatment with free BA, Figure 24 panel D. This demonstrates the high efficiency 

of the interference-free antigen extraction by BA-oriented antibody MNP in complex biological 

systems.  

 

 

Figure 24: Comparison of the antigen extraction performances of anti-SAP-R@MNP (R), anti-

SAP-G@MNP (G), and anti-SAP-BA@MNP (BA) using mass spectrometry.  MALDI-TOF MS 

spectra of the extracted antigen from (A) 16 and (B) 0.4 nM solutions of SAP. (C) Five 

consecutive measurements of the extracted antigen from a 12 nM SAP solution. Spectrum signal 

intensities were normalized to that of myoglobin, which was used as a mass spectrum internal 

standard. (D)  MALDI-TOF MS analysis to examine the SAP extraction efficiency of anti-SAP-

R@MNP (R), anti-SAP-G@MNP (G), anti-SAPBA-dex@MNP (BA), and anti-SAP-BA-

dex@MNP (BA1) from human serum pretreated with 5 mM of m-aBA. Spectrum signal 

intensities (× 102 ion counts) were normalized to that of myoglobin (Myo), which was used as a 

mass spectrum internal standard. Adapted and reproduced with permission from reference102 

Copyright 2009, American Chemical Society 
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Since the glycan-boronate ester bonds are formed in a slightly basic pH, it implies that 

their application is limited in samples whose pH is greater or equal to 7.0. Therefore the 

development of a site-specific, self-oriented immobilized antibody on solid surfaces through a 

more stable covalent linkage that can be applied in both acidic and basic pH environment is still 

desirable. One possible way by which this has been achieved is through UV photo-cross-linking 

approach that utilizes boronic acid to achieve oriented immobilization of antibody on a surface as 

reported by Adak et al.213 In a typical experiment, a photoactive boronic acid probe is 

synthesized. The boronic acid provides good affinity and specificity for the recognition of glycan 

chains on the Fc region of the antibody, whereas the photoactive probe enables covalent 

tethering to the antibody upon exposure to UV light, Figure 25. Incorporating photoactivatable 

moieties on affinity probes has been a method of choice when extracting biomolecule binding 

partners that exhibit weak and transient binding affinities.166   
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Figure 25: Light-induced covalent and oriented immobilization of Abs on BA-presenting 

surfaces.  Upon UV irradiation (λmax = 365 nm), the (trifluoromethyl)phenyldiazirine functional 

groups in 1 generate highly reactive carbenes that spontaneously undergo insertion reactions to 

permanently tether the antibody on the surface. Adapted and reproduced with permission from 

reference213 Copyright 2014, American Chemical Society 

 

1.4.4: Aptamers/oligonucleotides functionalized MNPs 

Aptamers are short single-strand DNAs (ssDNAs)/RNAs that bind diverse targets beyond 

DNAs or RNAs from metal ions, organic molecules, to proteins, cells and microorganisms with 

high affinity and specificity.218,219 Typically, the systematic evolution of ligands by exponential 

enrichment (SELEX) process is used for the isolation of specific, high affinity aptamers. The 

methodology consists of screening large random oligonucleotide libraries through iterative 

cycles of in vitro selection and enzymatic amplification.220-222 As an emerging class of 

recognition elements, aptamers have offered remarkable convenience in the design and 

modification of their structures. As a result, they offer several advantages when compared to 
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other recognition molecules such as antibodies. First and as stated earlier, they bind not only to 

macromolecules such as DNA, RNA,proteins223,224 and cells but also to small molecules 

including organic dyes,221 amino acids,225-227 carbohydrates,228 and nucleotides.229 Therefore 

aptamers may be a tool of choice in diagnostics and drug delivery when small molecules are the 

targets. Secondly, since aptamers are selected in vitro as opposed to in vivo as the case of 

antibodies, they can be used to select for a wide range of targets.230 Furthermore, the selection 

process can be performed under non-physiological condition including high temperatures or pH, 

making them more stable to heat, pH and organic solvents.230 In addition, aptamers can be 

synthesized chemically, and their sequence information can be shared digitally as a blueprint for 

manufacturing them. This allows cheap and fast production with reproducible properties and 

very low, if any batch-to-batch variation.231  

The combination of aptamers with novel nanomaterials, including nanomaterial-based 

aptamer bioconjugates has attracted considerable interest and has led to a wide variety of 

applications. The application has ranged from amplified biosensing,232-234 imaging,235,236  cancer 

cell-specific recognition,237 and targeted drug delivery and diagnostics.238 Nanomaterials, 

including gold,239 silica240 NPs, as well as carbon nanotubes,241 hydrogels,242 liposomes and 

micelles,243 have been used as carriers of aptamers. 

Similarly, aptamers have been immobilized onto MNPs and the application of these 

functionalized MNPs has been mainly in biosensors,244,245 and MRI imaging agents.246-248 

Functionalization of aptamers on MNPs has been accomplished by either streptavidin or avidin-

biotin binding chemistry, gold-thiol chelation chemistry on the iron/gold-core/shell NPs, and 

'click' chemistry. In streptavidin or avidin-biotin chemistry, the NPs are conjugated with either 

streptavidin or avidin through covalent bond formation. The aptamer or oligonucleotide to be 
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immobilized is derivatized with biotin, which is then introduced on the NP surface through the 

streptavidin-biotin or avidin-biotin binding chemistry.249 Gold-thiol chelation chemistry is 

achieved through modification of the oligonucleotide or aptamer with a thiol followed by 

introduction on the iron/gold-core/shell NPs.53 On the other hand, 'click' chemistry reaction 

involves synthesizing NPs with azide on their surfaces and reaction with oligonucleotides 

modified with alkyne or vice versa.250 All of these methods as it can be observed do not involve 

using any functional group native to the oligonucleotide for immobilization on the NPs, implying 

they are all bio-orthogonal. As a result, the binding specificity and selectivity of the immobilized 

oligonucleotides are preserved, potentially leading to better and efficient performance. Among 

the three immobilization strategies, covalent immobilization of the oligonucleotide has the 

potential to yield more stable attachment and better reproducibility.  

The utility of aptamer functionalized MNPs as high efficiency bioseparation and enrichment 

tools has been realized both in simple and complex biological sample mixtures. To make these 

nanoprobes usable particularly in biomedical areas, its binding capacity and specificity of 

interactions with target molecules are paramount. A proof of principle to verify the applicability 

of aptamer functionalized MNPs has been tested on the basis of their abilities to separate a 

complementary oligonucleotide from solution.41,53,249-251 The complimentary oligonucleotide is 

often modified with a gold NPs or a fluorophore to confirm successful detection and isolation by 

surface plasmon resonance (SPR) and fluorescence respectively.53,249 Labeling also serves as a 

way to quantify how much of the target complimentary oligonucleotide is isolated, hence 

revealing their binding capacity. Binding specificity and selectivity is best evaluated through 

control experiment using fluorescent labeled non-complimentary oligonucleotide that can be 

tracked during the experimental procedures.53  
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 Aptamer functionalized MNPs have shown promising applications in the selective 

extraction and enrichment of disease cells from complex mixtures including whole blood. Tan 

and coworkers reported using a two NP systems (fluorescent silica NPs and non-fluorescent 

MNPs) conjugated with aptamers for the rapid detection and isolation of acute leukemia cells. In 

their work, oligonucleotide with specific binding recognition for CCRF-CEM acute leukemia 

cells was attached to fluorophore-doped silica NPs and iron oxide MNPs and used 

simultaneously as a dual probe for separation and imaging of intact leukemia cells in mixed cell 

and whole blood samples. The aptamer conjugated MNPs were used for the selective targeting 

cell extraction whereas aptamer conjugated fluorescent silica NPs were to aid in sensitive 

cellular detection. The signal intensity corresponding to each aptamer binding event is enhanced 

upon the interaction of the target cell with the functionalized fluorescent NPs, implying the 

absence of binding will result in minimal observed fluorescence.252 To determine the extraction 

and detection capabilities and selectivity in an artificial complex sample, equal amounts of target 

cells, CEM and non-target cells, Ramos cells (105 each) were mixed, followed by incubation 

with increasing amounts of the two NPs. The number of cells collected was determined by flow 

cytometry by the counting of signal events. Similarly individual CEM and Ramos cell solution 

were incubated with the two NP systems, followed by fluorescent imaging and flow cytometry 

analysis of the bound cells. Each binding event was expected to result into amplification of 

fluorescence. On the other hand, to show applicability in real biological samples, whole blood 

was spiked with CEM cells, incubated with the two NPs followed by fluorescent imaging. As 

presented in Figure 26, panel B, it is evident that the target cells can be preferentially extracted 

from both simple and complex sample mixture with minimal non-specific binding.252  
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This application was extended for the detection, extraction, and enrichment of multiple 

cancer cells in simple cell media as well as in serum matrices by conjugating more than one 

aptamer on one NP.253 Furthermore, the Tan group has used these aptamer conjugated MNPs as 

probes for sensitive cancer cell detection, as well as comprehensive cancer cell profiling through 

pattern recognition based on their expression level of membrane receptors by MRI.254 In 

addition, since the end goal is to develop a clinical diagnostic tool, parameters that impact the 

performance of NPs were investigated. This included, the type of fluorophore used to construct 

fluorescence NPs, the size of MNPs, and the conjugation chemistries.255 It was observed that of 

the fluorophores doped inside silica NPs, including TMR, RuBpy, FITC, and Cy5, TMR-based 

particles possessed optimal performance. 60 nm MNPs demonstrated the highest performance 

compared to 350, 830, 2600 and 8030 that were tested. The conjugation chemistry that was 

found to be effective in generating functionalized NPs with high selectivity and excellent 

sensitivity was avidin-coated NPs conjugated to biotinylated aptamers.255. 
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Figure 26: Cancer cell isolation and analysis using two NP systems.   (A) cell isolation using 

two NP systems. (B) Flow cytometric determination of MNP collection and separation 

efficiencies between target and control cells Images of extracted samples from (C) Target cells 

and (D) Control cells and (E) Flow cytometric comparison of target and control signal after 5-

min incubation with magnetic and fluorescent NPs, followed by three washes by magnetic 

separation. Confocal images of extractions from whole blood. (F) Extracted sample from target 

cell spiked whole blood, (G) Extraction from unspiked whole blood. Adapted and reproduced 

with permission from reference252 Copyright 2006, American Chemical Society  

 

 

With a similar two NP system, Fang et al. used aptamer conjugated upconversion NPs 

assisted by MNPs for effective sensitive detection and isolation of circulating tumor cells. 

Aptamer-biotin-functionalized upconversion NPs (UCNPs) and avidin conjugated MNPs were 

used. UCNPs are typically nanocrystals containing lanthanide ions, which under excitation by 

multiple low-energy near-infrared (NIR) photons can emit a high-energy photon at a shorter 

wavelength, hence acting as excellent optical nanoprobes.256,257 One of the most important 

advantages of UCNPs is the autofluorescence-free nature of upconversion luminescence (UCL) 
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imaging, a major factor that limits the sensitivity of fluorescence imaging. Hence UCNPs enable 

imaging with high sensitivity compared to fluorophore-doped NPs.256,257 In their work that was a 

proof of principle, target tumor cells in a mixed cell media or spiked into whole blood were first 

specifically recognized by aptamer/biotin co-conjugated UCNPs (UCNP– Apt–Biotin). The 

target tumor cells are then captured by avidin-conjugated MNPs (MNP–Av). After magnetic 

separation, UCL imaging is conducted to detect the captured-spiked tumor cells. CCRF-CEM 

cells were used.258 This work represents the first study in which aptamer conjugated UCNPs 

have been used as nanoprobes to recognize tumor cells, which are then enriched by MNPs, 

Figure 27.258   

Besides cells, the combination of aptamer functionalized UCNPs and MNP have been 

tested for their ability to detect and isolate mycotoxin as reported by Wang and coworkers.245 

Protein purification and enrichment using aptamer functionalized MNPs have also been 

investigated, thus revealing the versatility and diversity of aptamers in terms of bioseparation 

application.259,260 
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Figure 27: Using UCNP–Apt–Biotin and MNP–Av nanoprobes for CTCs detection and 

isolation.   (a) Schematic illustration of using UCNP–Apt–Biotin and MNP–Av nanoprobes for 

CTCs detection. Positive tumor cells are recognized by UCNP–Apt–Biotin nanoprobes, which 

are then specifically attached by MNP–Av NPs for magnetic separation. The UCL signals from 

UCNPs could be utilized for tumor cell detection. (b) A TEM image of as-made UCNPs 

(NaYF4:78% Y, 20% Yb, 2% Er). (c) Upconversion luminescence spectrum of PEGylated 

UCNPs in an aqueous solution. Inset: a photograph of a UCNP aqueous solution excited by a 

980-nm laser. (d) A TEM image of as-made MNPs. Reproduced with permission from 

reference258 Copyright 2014, Springer 
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1.4.5: Enzyme, protein and peptide functionalized MNPs 

1.4.5.1: Enzymes 

As catalytic biological macromolecules, enzymes immobilized on novel nanomaterials, 

including superparamagnetic IONPs have attracted considerable interest and has led to a wide 

variety of applications especially in proteolysis,119,120,261 organic synthesis,117,118,262,263 resolution 

of chiral intermediates,264,265, and as biosensors.266,267 Immobilization of enzymes has been 

established to be advantageous for these applications because it results into convenience in 

handling, ease of separation of enzymes from the reaction mixture and reuse, low product cost, 

increased enzyme activity due to high enzyme loading, and increase in thermal and pH stability 

compared to free enzymes.268-271 On the contrary however, few reports are available that describe 

the utilization of enzymes functionalized on solid support especially MNPs for bioseparation and 

enrichment of enzyme binding targets. This highlights the need for more work in this area of 

research. 

In one example, Chen and coworkers used xanthine oxidase (XOD) functionalized MNPs 

to isolate and analyze by HPLC-MS xanthine oxidase binders from plant extract samples.272 The 

striking part of their results as reported was that XOD functionalized on tetraethyl orthosilicate 

(TEOS) coated IONPs (Fe3O4@SiO2-XOD) exhibited good specificity for XOD binders, better 

dispersion in aqueous solution, higher activity and better reusability than that of uncoated NPs 

(Fe3O4-XOD). The amount of XOD immobilized on NPs was calculated by detecting the 

fluorescent intensity at 334 nm with excitation wavelength at 280 nm. The amount of XOD 

immobilized on Fe3O4 was found to be 302.8 µg/mg. After TEOS coating, the amount of XOD 

immobilized on Fe3O4@SiO2 increased to 339.9 µg/mg.272 Since immobilization of XOD was 

done via amine functionalization that was introduced by aminopropyltriethoxysilane (APTES), it 
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may imply that the presence of initial silica coating may have favored more APTES coating 

resulting in higher number of amine on the surface. These results confirm the importance of 

coating NP core. Even though high activity of immobilized enzyme (>95 % through ten cycles of 

reusability) was observed, its conjugation criteria followed 'randomized conjugation chemistry' 

using glutaraldehyde linked to amine moieties of the enzymes. The potential drawbacks 

associated with randomized conjugation have been highlighted in previous sections, which 

include conjugation occurring at or close to the active binding sites. In addition, enzymes may be 

denatured due to the random cross-linking to the NPs. Furthermore, there is a possibility of 

multiple point binding of the enzyme to the NPs. As describe previously, site specific and self-

oriented immobilization of biomolecules on solid supports which may include NPs has been 

proposed as ways to achieve reproducibility from bath to batch production.9,33  

One example for oriented immobilization of enzyme on MNPs was reported by Yan and 

coworkers. In their work, lipase derived from Yarrowia lipolytica lipase, LIP2 was covalently 

immobilized on functionalized IOMNPs in a reverse micelle system (RMS), which resulted in 

oriented immobilization.273 The activity of the oriented immobilized lipase was 10 fold more 

compared to the randomly immobilized lipase when tested in the enrichment of polyunsaturated 

fatty acids. The advantages of using RMS are due to the fact that the lipase in the oil-water 

interface get interfacial activation, the active reaction sites that are usually buried in the 

hydrophobic regions will be exposed and be localized at the hydrophobic spherical surfaces of 

the micelles. Typically, lipases possess a hydrophobic surface, often containing a 'lid' region 

associated with the active site, generally inaccessible to the substrate.274 The opening of the lid 

domain generates a large hydrophobic surface surrounding the lipase active site, and it has been 

suggested that this surface may be the main site of interaction with the oil–water interface.275 
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Within a water-in-oil emulsion, these active sites would therefore tend to localize and orientate at 

the spherical interface of the emulsion droplet.274 Thus in the case of Yan and coworker's system, 

the aldehyde groups of glutaraldehyde on the surface of the MNP will couple with the now 

available free amino groups at the reactive site of lipase residues to immobilize lipases on the 

NPs. As a result, activity loss caused by conformational variation involved in covalent 

immobilization is profoundly minimized.273  

It has also been reported that site specific immobilization of enzymes on solid supports 

can be achieved by means of transpeptidase reaction by Staphylococcus aureus sortase A.92 This 

similar strategy can be translated to conjugate enzymes on NPs. Enzymatic approaches for the 

conjugation or immobilization of biomolecules are attractive because the substrate specificity of 

enzymes enables site-specific biomolecule modification.92   

 

1.4.5.2: Peptides 

From the viewpoint of molecular recognition, peptides play key roles in participating in ligand–

receptor and protein–protein interactions, since the recognitions mainly involve in the short 

peptides at the contact interface. Therefore, if the binding affinity of peptides to target proteins 

can be compared with that of antibodies with possible higher stability, given that it can be 

massed produced by chemical synthesis in a reproducible manner, peptides could be very 

promising candidates as recognition biomolecules.276 In that sense, peptides have been 

immobilized on solid supports including nanomaterials (gold, silica, quantum dots, polymer and 

iron oxide), and their application has been mainly in fields of diagnosis, imaging, biosensors, and 

targeted drug delivery for cancer therapy.114,277-284  
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Among the short peptides, glutathione has received considerable attention, owing to its 

reactive thiol.  It has been conjugated to MNPs and used as an affinity probe to separate and 

enrich glutathione-S-transferase (GST) tagged protein. Glutathione is a tripeptide with gamma 

peptide linkage between the carboxyl group of the glutamate side chain and the cysteine which is 

attached by normal linkage to glycine. It has high affinity for GST. Glutathione functionalized 

micro-beads are available commercially and have been used extensively in the purification of 

GST tagged recombinant protein. But due to the advantages offered by MNPs over micro-beads 

such as low non-specific protein interaction, high binding capacity, and reduced washing steps, 

research interest has focused on using glutathione immobilized on MNPs.285-287  

Glutathione has been immobilized on NPs via the free thiol of the cysteine. Lee and 

coworkers286 functionalized glutathione on the NP surface by first reacting amine ending silica 

coated IONPs with either N-succinimidyl 3-(2-pyridyldithio) propionate for short chain (SC) or 

succinimidyl 6-(3-[2-pyridyldithio]-propionamido)hexanoate for long chain (LC) to generate SC-

SPDP-NP and LC-SDP-NP respectively. Finally, glutathione was introduced by the formation of 

a new disulfide bond between the cysteine of the reduced glutathione and the SPDP-NP by the 

displacement of the pyridylthiol moiety. The synthesized glutathione functionalized MNPs were 

able to purify and enrich GST-tagged protein from complex protein mixture, implying the 

activity of glutathione was not affected by the conjugation chemistry. More importantly, the 

functionalized NPs showed superior performance when compared to glutathione functionalized 

agarose micro-beads. In the purification of GST-tagged ubiquitin (GST-Ub) from a protein 

mixture of GST-Ub and yeast proteome, and GST-Ub and the human serum proteome, the eluted 

fraction from the glutathione micro-beads resulted in several non-GST-Ub protein bands as 

confirmed by SDS-PAGE. The results indicate better capture selectivity of glutathione MNPs 
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over the conventional micro-beads, as only one prominent band corresponding to the GST-Ub 

was observed on the SDS-PAGE, Figure 28.286 The main potential drawback for this 

conjugation method is that the presence of disulfide linkage limits the usage of these NP to 

buffers that lack reducing agents such as DTT and mercaptoethanol.  

In a way to address this shortcoming, Pan et al. reported an alternative immobilization 

strategy that involves first, coupling dopamine with maleimide followed by reacting with 

glutathione. Finally, the resultant coupled product was adsorbed onto IONP via the dihydroxyl 

groups of dopamine, Figure 29.285 The glutathione functionalized MNPs were successfully 

applied in the isolation, and purification of GST-fused protein from E. coli lysate that was 

initially expressed in E. coli. 
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Figure 28: Capture and SDS/PAGE analyses of GST-Ub using SC-GSH-NP.  (A) From a 

protein mixture of GST-Ub and yeast proteome. Molecular weight marker (lane M), yeast 

proteome and GST-Ub mixture (lane 1), supernatants after mixing with glutathione sepharose 4B 

beads (lane 2), and capturing and eluting from glutathione sepharose 4B beads (lane 3), 

supernatants after mixing with SC-GSH-NP (lane 4), and after capturing and eluting from SC-

GSH-NP (lane 5) (B) From a mixture of GST-Ub and the human serum proteome. Molecular 

weight marker (lane M), serum proteome with GST-Ub (lane 1), supernatant after mixing with 

glutathione sepharose 4B beads (lane 2), and after capturing and eluting from glutathione 

sepharose 4B beads (lane 3), supernatant after mixing with SC-GSH-NP (lane 4) and after 

capturing and eluting from SC-GSH-NP (lane 5). Adapted and reproduced with permission from 

reference286 Copyright 2010, Korean Chemical Society 
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Figure 29: Glutathione functionalized MNPs for isolation of GST-fused proteins. (A) The 

synthetic route of the glutathione-decorated MNPs. (B) Glutathione-decorated MNPs selectively 

binds to GST-fused proteins of interest (POI) from a cell lysate and their own downstream 

applications. Adapted and reproduced with permission from reference285 Copyright 2011, Royal 

Society of Chemistry 

 

Besides gluthathione, other peptides specific for targeting tumor cells have been 

conjugated onto MNPs and used as affinity ligands for targeting and extraction of malignant cells 

both in vivo and in vitro.276,288  In an effort to provide an alternative method for detection and 

isolation of circulating tumor cells (CTCs) in the peripheral blood of metastatic cancers, Wang 

and coworkers developed IONPs immobilized with peptide that could recognize the epithelial 

cell adhesion molecule (EpCAM), which is usually over-expressed in CTCs.276 The peptide was 

selected based on the binding affinity towards EpCAM during the phage display screening 

procedure. The CTC recognition peptide with the sequence 

VRRDAPRFSMQGLDACGGNNCNN (Pep10), was identified to exhibit high affinity and 

selectivity towards CTC cells. It was functionalized on the IOMNPs through the biotin-

streptavidin interaction. Specificity of the peptide functionalized NPs towards the detection of 
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the CTCs was demonstrated by isolating breast cancer cells (MCF-7) spiked in mixed cell 

samples. On the other hand, the ability of the peptide functionalized NPs to detect and isolate 

CTCs in whole blood was demonstrated by isolating MCF-7 spiked in healthy human whole 

blood. The universality of the peptide NP system was tested in capturing other EpCAM positive 

tumor cells (SK-BR-3, PC3, and Hep G2 cells) spiked in whole human blood. The performance 

of the peptide NP CTC isolation was compared to anti-EpCAM conjugated NPs and found to 

have comparable capture efficiency (over 90%) and purity (over 93%), Figure 30. In addition, 

Pep10 had comparable binding affinity (1.98 x 10-9 mol L-1) to that of the anti-EpCAM (2.29 x 

10-10 mol L-1). The high capture efficiency and binding affinity demonstrated the general 

applicability of the peptide NP system in CTC detection and isolation.276  

 

 

 

Figure 1.30: Circulating tumor cell isolation with MNPs modified with the EpCAM targeting 

peptide.  (A) Screening of EpCAM targeting peptides from de novo designed peptide pool. (B) 

Isolation of CTCs in a magnetic field. (C) The binding capacity of IgG, anti-EpCAM and Pep10 

on MCF-7, SK-BR-3, PC3 and Hep G2 cell lines was determined by flow cytometry. Percentage 

refers to the percentage of the cells fluorescence by FITC binding to the total cells. Experiments 

were done in triplicate and the reported error is the standard deviations. Reproduced with 

permission from reference276 Copyright 2014, Royal Society of Chemistry 
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Scarberry et al. reported the clinical viability of peptide functionalized MNPs through the 

extraction of cancer cells from mouse peritoneal cavity in vivo.288 A polypeptide with the 

sequence GGGGYSAYPDSVPMMSK was used as a targeting ligand. The peptide core, 

YSAYPDSVPMMS (YSA) binds specifically to the receptor tyrosine kinase (RTK), EphA2 

using the YPDSVP sequence. EphA2 is highly expressed in a majority of ovarian cancers 

compared with normal ovarian surface epithelium, and predicts poor clinical outcome.289-291. The 

in vivo cancer cell extraction study begun by injecting equal number of fluorescently labeled 

tumor cells, Hey cells expressing high levels of EphA2 and BG-1 cells expressing low level of 

EphA2 into the peritoneal cavity of Balb/C female mice. After 5 min of cell incubation and 

abdominal massage, magnetic nanoparticulate conjugates were injected into the peritoneal cavity 

and incubated for 5 min. The peritoneal fluid was extracted and filtered magnetically before 

being examined using a hemocytometer to determine the number of green fluorescent (Hey) and 

red fluorescent (BG-1) cells. Although the initially mixed cell populations contained 50% Hey 

and 50% BG-1 cells, Hey cells accounted for 95-100% of extracted cell populations on average 

from three experimental trials, Figure 30. The scarcity of BG-1 cells in extracted cell 

populations was consistent with the specificity of YSA peptide-magnetic nanoconjugates. The 

highly specific binding of the YSA peptide to the EphA2 receptor enabled the magnetic 

conjugates to differentiate EphA2-rich ovarian carcinoma cells from EphA2-poor cells.  

These findings demonstrate that MNP-peptide conjugates can target and remove 

metastatic cancer cells from the fluid of the abdominal cavity or circulatory system. Such results 

further suggest the feasibility of a dialysis-like system for the extraction of cancer cells, which, 
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combined with surgery and chemotherapy, may improve the long-term survival rates for cancer 

patients.288 In addition to the promising application, the conjugation design of the peptide also 

highlights the key points to put into account. Firstly, 4 glycines were added at N-terminal 

through which Rhodamine fluorescence tag was conjugated in order to increase the distance of 

Rhodamine from the binding region and prevent steric hindrance to receptor binding. Secondly, 

the lysine on the C-terminal was added to conjugate the peptide onto the NPs through amide 

bond formation with the carboxylic groups on the NPs, again protecting the binding region. As a 

result, the activity of the binding region was not affected throughout the conjugation process.288 
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Figure 31: In vivo extraction and analysis of tumor cells with the help of YSA conjugated NPs.  

(i) In vivo incubation of cells with YSA conjugated NPs. (ii) Extraction efficiencies of the Hey 

and BG-1 cells. Compositions of Hey and BG-1 cells in the cell populations extracted from the 

peritoneum of three Balb/C female mice. The ratios were averaged from five counts performed 

on each of three mice. Error bars show the standard deviations. (iii) Confocal microscopic 

images of in vitro targeting of Hey cells. (a) Hey cells incubated with rhodamine-tagged MNPs 

(200X). (b) Hey cells incubated with rhodamine-tagged NP-YSA peptide conjugates (200×). (c) 

Higher magnification of Hey cells labeled with rhodamine-tagged NP-YSA peptide conjugates 

(400×). Adapted and reproduced with permission from reference288 Copyright 2008, American 

Chemical Society 
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1.4.5.3: Other proteins 

Proteins other than lectins, enzymes, and antibody have also been immobilized on solid supports 

and used as affinity probes for bioseparation of target molecules. Proteins A and G, which can 

bind to the Fc region of antibodies (IgG) with high affinities, have been functionalized on micro-

beads, and widely used in the commercial purification of antibodies, through 

immunoprecipitation (IP) techniques.292-295 However, limitations associated with using protein A 

or G microbeads such as heterogeneous interface between microbeads and the aqueous medium, 

considerably reduces the comprehensive interaction and subsequently diminishes the efficiency 

of the IP technique.296 In addition, immobilized protein A or G have been reported to leach from 

the affinity resin and co-elute with the bound antibody, hence improved conjugation chemistries 

are required.294 Furthermore, the high cost of protein A and G microbeads, and low throughput, 

have initiated the search for more efficient and rapid purification alternatives.297 Due to the 

uniformity and high dispersity of NPs in aqueous medium,141 immobilization of these proteins on 

MNPs for antibody separation and purification has been reported. Lin and coworkers developed 

protein G and A IOMNP conjugates to facilitate the purification of human IgG antibodies from 

human serum.296 For conjugation of target proteins, the surface of the core MNP was modified to 

have amine functionality followed by transformation to activated ester by reacting with the 

suberic acid bis-N-hydroxysuccinimide ester.199 Finally, the activated MNPs were conjugated 

with amine moieties of the proteins. The unreacted activated ester groups were masked by short 

methoxyethyl ethylene glycol to avoid nonspecific binding of the highly abundant undesired 

proteins.199 Protein G and A functionalized MNPs were successfully used to purify human IgG 

from human serum without contamination by undesired protein. 
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Besides proteins A and G, other common proteins have been immobilized on MNPs and 

used for extraction and enrichment of their target molecules. These include, bovine serum 

albumin (BSA)298,299, biotin/avidin300,301, and hemoglobin (Hb).302 In line with previous 

discussion, controlling protein orientation on the NP surface during immobilization is of great 

importance because it influences the optimal molecular recognition of target molecules. As with 

enzymes, antibodies and lectins discussed earlier, oriented protein immobilization can be 

achieved by exploring the site-specific and chemoselective conjugation strategies.80 Site-specific 

functionalization is accomplished through the use of functional groups that are not native to 

protein, hence avoiding possible interference with regions of the proteins that may be involved in 

interaction with target molecules. As a result, the protein will remain attached to the NPs through 

a stable linkage, and at the same time maintains its folded state and biological activity.80 This has 

been achieved through noncovalent interaction for example, biotin-streptavidin,303,304 and His 

tag-Ni.44 These interactions are commonly utilized for protein purification.  

Proteins can be genetically or chemically modified in order to introduce a recognition 

sequence specific for protein conjugation. Covalent interaction mainly through expressed protein 

ligation (EPL),78,305 followed by enzymatic ligation reaction91,306 or chemical transformation 

such as click chemistry,82 Staudinger ligation,81,307 and native chemical ligation (NCL)80,308 has 

been widely exploited. Since covalent immobilization results in more robust linkage, it is 

preferred. Enzymatic approaches for the conjugation or immobilization of biomolecules on the 

other hand are attractive because of the substrate specificity of enzymes. In addition, enzymatic 

reactions proceed under aqueous conditions without the addition of any further reagents beyond 

the protein, ligation substrate, and enzyme. Thus it has the potential to provide a means of 

linking expressed proteins to a wide range of solid supports, which is mild, selective, and can be 
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carried out in a single step.306 Even though the application of the above mentioned site-specific 

immobilization of proteins has been on glass surfaces that may be used for the creation of protein 

microarray, it can be extended to MNPs.  

1.5: Summary  

Going by the available literature evidence, it is undeniable that detection, isolation, separation, 

purification, enrichment and profiling of specific biologically active compounds, cells, pathogens 

is very important because of the role it holds in the areas of biosciences and biotechnology. 

Achieving this through magnetic based separation techniques, especially biomolecule 

functionalized MNPS is receiving attention due to the advantages associated with its application. 

The fact that these systems are inexpensive, simple to use, fast, requires only a few handling 

steps, where all purification steps can take place in one single separation tube, makes it an even 

more attractive technology. However despite the appealing and overwhelming advantages, and 

the progress that has been made over the decades, the use of biomolecule functionalized MNPs 

to identify novel binding partners is still at its infancy. Besides, the field has stagnated and 

remains a less attractive area of research. This calls for more incentives in the form of new 

research ideas for its revival. Based on the available literature information and as presented in 

this review, a good biomolecule functionalized MNP system for bioseparation can be achieved if 

all the influencing factors are taken into consideration right from the synthesis step. 

Methods for the synthesis of MNP core plus surface coating with stabilizers to minimize 

aggregation or even make them highly dispersable in aqueous medium are well developed. The 

segment that seem to require more attention is the biomolecule conjugation step, especially 

larger protein such as antibodies and lectins. Bioseparation relies on the initial recognition step 

between the functionalized biomolecule with its target in a medium. Thus maintaining the 
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biological recognition properties of an immobilized biomolecule is a key requirement. As we 

have seen, classical protein conjugation chemistries through amide bond formation utilizing free 

amine moieties of the proteins remains a powerful NP bioconjugation chemistry of choice. 

However, need for site-specific and regio-specific conjugation chemistries to construct MNPs 

having well oriented surface biomolecules (protein), has shifted the focus on bioorthogonal 

conjugation chemistries. The number of bioorthogonal chemistries being evaluated in NP 

bioconjugation proteins by recombinantly introducing a cognate bioorthogonal reactive group is 

very encouraging. 

Despite the fact that carbohydrates (especially simple sugar, mono- and disaccharides) do 

not present challenging bioconjugation requirements, the reliance on multivalency to achieve 

strong binding has not translated to improved enrichment of target sugar binding proteins. 

Researchers working in this area have shown that addition of covalent functionality through 

photoactivatable moieties to cross-link the protein(s) bound on the carbohydrate by affinity 

capture, improves the quantities of the isolated proteins. Therefore, with all the efforts being 

injected into this research field, we should envision the emergence of efficient biomolecule MNP 

conjugates that are capable of revolutionizing the field of bioseparation and enrichment.  
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CHAPTER 2: Identification of lectins from metastatic cancer cells through magnetic glyco-

nanoparticles 

2.1: Abstract 

Cancer cells can have characteristic carbohydrate binding properties.  Previously, it was 

shown that a highly metastatic melanoma cell line B16F10 bound to galactoside functionalized 

nanoparticles much stronger than the corresponding less metastatic B16F1 cells.  In order to 

better understand the carbohydrate binding properties of cancer cells, herein, we report the 

isolation and characterization of endogenous galactose binding proteins from B16F10 cells using 

magnetic glyconanoparticles.  The galactose coated magnetic glyconanoparticles could bind with 

lectins present in the cells and be isolated through magnet mediated separation.  Through 

Western blot and mass spectrometry, arginine/serine rich splicing factor Sfrs1 was identified as a 

galactose selective endogenous lectin overexpressed in B16F10 cells compared to B16F1 cells.  

In addition, galectin-3 was found in higher amounts in B16F10 cells. Finally, the 

glyconanoparticles exhibited a superior efficiency in lectin isolation, from both protein mixtures 

as well as live cells, than the more traditional micro-particles functionalized with carbohydrates.    

The magnetic glyconanoparticles present a useful tool for discovery of endogenous lectins as 

well as binding partners of lectins without prior knowledge of protein identities. 

2.2: Introduction 

Lectins are carbohydrate binding proteins that are neither enzymes nor antibodies, and 

they can recognize various carbohydrates attached to proteins and lipids with high specificity.1  

The interactions between endogenous lectins and carbohydrates mediate a variety of biological 

processes, including cell signaling,2,3 cell adhesion,4 immune responses,5,6 and pathogen-host 

recognition.7,8  On cancer cells, some lectins have been found to be overexpressed, which 
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contributes to neoplastic transformation, angiogenesis, tumor invasion and metastasis, anti-

apoptosis, and escape from immune surveillance.9-14 As a result, cancer cells can have very 

different carbohydrate binding properties compared to normal cells. Thus, methods that can aid 

in the detection, isolation, and purification of endogenous lectins from cancer cells, preferably 

from their native environments, are highly desired.15 

A new tool that has been developed in the recent decade for studying carbohydrate 

protein interaction is functionalized magnetic nanoparticles.16-24 Compared to micron-sized beads 

or resins,22,25 nanoparticles have high surface area to volume ratios.  As a result, high density 

glycans can be immobilized onto the nanoparticles leading to increased avidity due to the 

polyvalency effect.25  The magnetic properties of the nanoparticles can enable not only the 

detection of binding via magnetic resonance imaging,24 but also separation of target proteins 

from bulk media aided by a magnet.18,20,21 

Previously, using a panel of magnetic glyconanoparticles (MGNPs), we discovered that a 

range of cells including malignant versus normal cells and closely related tumor cells, can be 

readily distinguished based on their characteristic signatures in carbohydrate binding.24 For 

example, even though the B16F10 and B16F1 melanoma cells are derived from the same parent 

cell line (isogenic cells), the highly metastatic B16F10 binds much stronger to galactose (Gal) 

functionalized magnetic nanoparticles than the less metastatic B16F1 cells. However, it was 

unclear which lectins were responsible for the enhanced galactoside binding by B16F10 cells. In 

this work, we aim to identify the galactoside binding lectins endogenous to B16F10 cells using 

MGNPs.   

Although glyco-nanoparticles have been extensively utilized to analyze carbohydrate-

lectin interactions,26,27 the majority of studies were performed using pure lectins with only a few 
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reports on lectin purification and characterization from complex mixtures.20,28,29  We demonstrate 

that MGNPs can be useful in isolation and identification of lectins from the whole cell 

environment much more effectively than traditional micro-particles. 

 

2.3: Results  

2.3.1: Synthesis and lectin binding specificity of MGNPs 

 Fe3O4 magnetite NPs were synthesized via the co-precipitation method from a mixed 

solution of ferric chloride and ferrous chloride, which were subsequently coated with silica to 

protect the magnetic core (Scheme 1a).  The NP 1 was then functionalized with amine and 

derivatized with galactose and mannose carboxylic acids 3 and 4 leading to Gal-NP and Man-NP 

respectively (Scheme 1b).   

We found that zeta potential was a convenient method to monitor the progress of the NP 

functionalization. The zeta potential of TEOS-NP 1 was -23.1 mV. Upon successful amine 

functionalization, the zeta potential NP-2 became +17.4 mV presumably due to protonation of 

amines at neutral pH. Amide formation with the galactosyl and mannosyl acids reduced the 

amount of ammonium ions on the surface rendering a more negative zeta potential value of -11.7 

mV and -6.04 mV respectively. The NPs were characterized by TEM, DLS and TGA. TEM 

image yielded core diameters of 10 nm, Figure 32, while TGA yielded a weight percentage of 

3.8 % of galactose and 5.5 % of mannose on Gal-NP and Man-NP respectively, Figure 33.   
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Scheme 1: Synthesis of glyco-NP 

 

 

 

 

Figure 32: TEM image of Gal-NPs, scale bar is 100 nm 
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Figure 33: curves for NP-NH2 2(dark blue), Gal-NPs (red) and Man-NPs (green) 

  

 

The carbohydrates immobilized on NPs retain recognition specificities, as demonstrated 

by lectin binding experiments. Gal-NP (4 mg of NP corresponding to 0.15 mg of Gal) was 

incubated with a fluorescently labeled galactose selective lectin, TRITC labeled Bandeiraea 

simplicifolia lectin (BSI) in buffer.  Upon applying a desktop magnet, NPs were removed from 

the mixture.  The amount of protein in supernatant was quantified showing a reduction of 78% in 

fluorescence intensity, Figure 34. Incubation of the isolated Gal-NPs with a large quantity ( 375 

mg) of free galactose eluted the bound BSI from NPs (~ 65 % of originally bound BSI).  A 

similar experiment was carried out by incubating FITC-Con A, a mannose selective lectin with 

Man-NP.  Man-NP showed a reduction of 80% in fluorescence intensity and addition of 375 mg 

of free mannose led to the recovery of about 50 % of the originally bound Con A, Figure 35. 
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The eluted fractions of BSI and Con A were resolved on SDS-PAGE to confirm that the lectins 

were indeed recovered from the NPs, Figure 36. 

 

 

 

Figure 34: Fluorescent emission spectra of the supernatant of TRITC labeled BS-I solutions 

after incubation with Gal-NP and magnetic mediated separation 
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Figure 35: Fluorescent emission spectra of the supernatant of FITC labeled Con A solutions 

after incubation with Man-NP and magnetic mediated separation 
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Figure 36: SDS-PAGE of lectins before addition of NP and after elution with 1 M sugar 

solutions. Lane 1: Molecular marker, lane 2: Con A before addition of Man-NP, lane 3: Con A 

eluted by 1 M mannose solution, lane 4: BS-I before addition of Gal-NP, lane 5: BS-I eluted by 1 

M galactose solution 

 

 

2.3.2: Isolation of exogenous lectin added to cell lysate 

Our goal is to identify lectins from cancer cells.  As cellular proteins can potentially non-

specifically bind with the glyco-NPs and block the glycans from biological interactions, the 

ability of the MGNPs to separate lectins from other cancer cell contents was first tested by 

spiking a galactose binding lectin soybean agglutinin (SBA) into the lysate of B16F10 melanoma 

cells.  After incubating the lysate with Gal-NP (500 µg of NP corresponding to 19 µg, 1.06 x 10-7 

mol of immobilized galactose), a magnet was applied to the mixture to collect the NPs, followed 

by thorough washing with PBS buffer. The galactose binding proteins on the NPs were then 

released by incubation with a concentrated solution of free galactose (18 mg of Gal). The 

presence of SBA in supernatant, PBS wash and galactose eluted solution was detected and 
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quantified by Western blot using an anti-SBA antibody. When SBA was blotted, two bands were 

observed: (a) a prominent band at ~30 kD, corresponding to the molecular weight of the SBA 

polypeptide; and (b) a band at ~60 kD, corresponding to the SBA dimer, Figure 37, Panel A, 

lane 1, consistent with previous report of this lectin.30 The unbound supernatant fraction yielded 

very little SBA (Figure 37, Panel A, lane 2 ~ 9% of SBA added). The majority of SBA (~78% 

of SBA added) was found in the galactose eluted fraction, Figure 37, Panel A, lane 4 and Table 

1, suggesting that most of the exogenously added lectin was bound to the Gal-NP and could be 

released through galactose elution. This demonstrated that cellular proteins did not significantly 

impact lectin binding abilities of Gal-NPs.  

 

2.3.3: Isolation of endogenous lectin from cell lysate 

The isolation of lectins endogenous to B16F10 cells was explored next.  The lysate of 

B16F10 cells was incubated with Gal-NP (500 µg of NP corresponding to 19 µg, 1.06 x 10-7 mol 

of immobilized galactose) and the NPs were isolated through magnet induced precipitation. To 

establish the lectin binding specificity to the NPs, the NPs were first washed with a solution of 

mannose followed by galactose elution. The various fractions were collected and analyzed by 

SDS-PAGE. 

B16F10 is known to express a galactoside binding lectin, galectin-3 (Gal3), which is a 

member of galectin family.31 Gal3 has been associated with cell migration and invasion in 

melanoma and induction of metastasis.31,32 The presence of Gal3 in B16F10 is confirmed by a 

~30 kD band on SDS-PAGE of lysates with immunoblotting by an anti-Gal3 antibody, Figure 

37, Panel B, lane 1. The unbound supernatant fraction yielded a faint Gal3 band, Figure 37, 

Panel B, lane 2, suggesting that most of the Gal3 in the lysate was bound to the Gal-NPs.  No 
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Gal3 could be detected in the PBS wash fraction, Figure 37, Panel B, lane 3, while a minute 

amount of the protein was found in the mannose eluted fraction, Figure 37, Panel B, lane 4. The 

bulk of Gal3, accounting for 68% of the Gal-3 in the original lysate, could be recovered in the 

galactose-eluted fraction, Figure 37, Panel B, lane 5 and Table 2. The near depletion of Gal3 in 

the unbound supernatant fraction of the lysate incubated with Gal-NP, Figure 37, Panel B, lane 

2, suggested that the MGNPs had a high capacity for lectins.   
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Figure 37: Binding of galactose specific lectins to Gal-NP, Man-NP and TEOS-NP 1 as detected 

by Western blot using anti-SBA or anti-Gal3 antibodies respectively.Panel A: Isolation of 

exogenous lectin (SBA) spiked in B16F10 lysate using Gal-NP. Lane 1: before addition of 

glyco-NPs, Lane 2: unbound fraction (supernatant); Lane 3: PBS wash; Lane 4: galactose 

elution. Panel B: Blotting for Gal3 isolated from B16F10 cell lysate using Gal-NP. Lane 1: 

B16F10 lysate, Lane 2: unbound fraction (supernatant); Lane 3: PBS wash; Lane 4: mannose 

elution; Lane 5: galactose eluted fraction. Panel C: Isolation of Gal3 using TEOS-NP 1. Lane 1: 

B16F10 lysate; Lane 2: unbound fraction (supernatant); Lane 3: PBS wash; Lane 4: mannose 

elution; Lane 5: galactose elution. Panel D: Isolation of Gal3 using Man-NPs. Lane 1: B16F10 

lysate; Lane 2: unbound fraction (supernatant); Lane 3: PBS wash; Lane 4: galactose elution; 

Lane 5: mannose elution.  The numbers on left side of each panel indicate the positions of the 

corresponding molecular weight markers 
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Gal3 is selective towards galactose with no mannose affinity.33 To confirm the binding 

selectivity, TEOS NP 1 with no carbohydrates, Figure 37, Panel C and Man-NP, Figure 37, 

Panel D, were incubated with B16F10 cell lysate followed by magnet induced separation, PBS 

wash as well as mannose and galactose elutions. Western blot showed that most of the Gal3 were 

found in the unbound fractions, Figure 37, Panel C, lane 2 and Panel D, lane 2. No Gal3 was 

detected in the mannose or galactose eluted fractions of NP 1, Figure 37, Panel C, lane 4 and 5 

or Man-NP, Figure 37, Panel D, lane 4 and 5, indicating the depletion of Gal3 from the lysate 

requires a Gal3 binding carbohydrate on the NP. 

 

Table 1: Quantification of SBA in fraction after incubation with Gal-NP 

Fractions 

Band intensity 

(From Fig. 1 

Panel A) 

Volume 

(µL) 

Amounts of SBA 

(Arbitrary units 

corrected for volume) 

% of SBA 

in fraction 

Before Gal-NP 53 1000 5301 
 

Unbound 5 1000 482 9 

Wash 1 500 91 2 

Galactose elution 41 500 4126 78 

 

Table 2: Quantification of Gal3 in fraction after incubation with Gal-NP 

Fractions 

Band intensity 

(From Fig. 1 

Panel B) 

Volume 

(µL) 

Amount of Gal3 

(Arbitrary units corrected 

for volume) 

% of Gal3 

in fraction 

Before Gal-NP 26 450 2329 
 

Unbound 5 450 451 19 

Wash 1 250 25 1 

Mannose 

elution 
5 250 118 5 

Galactose 

elution 
63 250 1586 68 
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To demonstrate the advantages of using NPs vs the more traditional resins and beads, 

commercially available magnetic micro-particles (average diameter 3.13 µm) were derivatized 

with galactose. The efficiency of Gal-3 isolation by galactose micro-particles was compared to 

that of Gal-NP at equal amounts of galactose. Gal-NP showed superior performance compared to 

the micro-particles presumably due to their smaller sizes and larger surface to volume ratio 

resulting in enhanced rate and capacity for lectin binding, Figure 38, and Table 3. 

 

 

Figure 38: Comparing commercial galactose micro-nanoparticles with Gal-NPs in Gal-3 

isolation from B16F10 cell lysate. Lane 1-4 commercial gal-microparticles, lane 5-8 gal-NPs. 

Lane 1 and 5: lyaste, lane 2 and 6: unbound fraction, lane 3 and 7: mannose eluted fraction, lane 

4 and 8: galactose eluted fraction 

 

 

 



 

128 

 

 

Table 3: Quantification of Gal3 fraction using ImageJ after incubation of cell lysate with 

particles from Figure 38  

Commercial galactose micro-particles Gal-NPs 

Fractions 

Band 

intensity 

Volume 

(µL) 

Amount of 

Gal3 

(arbitrary 

units) Fractions 

Band 

intensity 

Volume 

(µL) 

Amount 

of Gal3 

(arbitrary 

units)  

Before 

Gal-NPs 21.1 450 9477 

Before 

Gal-NPs 21.1 450 9492 

Unbound 17.4 450 7848 Unbound  10.7 450 4824 

Mannose 

elution 1.1 250 273 

Mannose 

elution 0.1 250 27 

Galactose 

elution 6.6 250 1648 

Galactose 

elution 18.5 250 4636 

 

 

 

2.3.4: Proteomic analysis of proteins bound to Gal-NP 

Using cell lysate to study endogenous lectin can have some drawbacks as the cell lysis 

procedures utilize detergents to disrupt cellular membranes, which may denature some candidate 

proteins. It is desirable to use live cells since the lectins are in their native environments allowing 

binding study under physiological conditions. NPs are compatible with whole cell analysis as 

Gal-NPs have been found to enter B16F10 cells and do not cause cytotoxicity,24 thus providing a 

platform for lectin discovery in live cells. 

To establish the possibility of identifying endogenous lectins from live cells, B16F10 

cells were incubated with Gal-NPs overnight at 37 °C. Overnight incubation was established as 

the optimal incubation time with large quantities of Gal-NP endocytosed into the cells, Figure 

39.  
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Figure 39: Binding of FITC labeled Gal-NPs to B16F10 cells incubated for 1 h  or 12 hr. 

Incubation for 1 h (a, b, c) or 12 hr (d, e, f). Green channel showing FITC-labeled Gal-NPs, red 

channel for lysosome tracker and blue channel for DAPI showing nuclear staining 

 

 

The unbound particles were washed off and the cells were lysed. NPs were then 

recovered by magnetic separation, which was followed by PBS, mannose and galactose washes.  

The various fractions were resolved on a SDS-PAGE gel and analyzed via silver staining.  While 

many bands were present in (a) the supernatant after magnetic separation, representing the 

unbound fraction; and (b) PBS wash fraction, Figure 40, Panel A, lanes 1 and 2, the galactose-

eluted fraction yielded two prominent sets of bands at 15-20 kD and 30-35 kD respectively, 

Figure 40, Panel A, lane 4. To confirm the abilities of proteins in the galactose-eluted fraction 

to bind with galactose, this fraction was subjected to gel filtration to remove bound galactose and 

incubated with a fresh batch of Gal-NP. The bound proteins were eluted with free galactose 

again and analyzed via SDS-PAGE. Similar patterns of bands were observed as those from the 
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first affinity selection, Figure 40, Panel B, lane 4, thus confirming the bindings of those proteins 

with Gal-NPs were galactose dependent. 

 

 

 

Figure 40: Identification of endogenous proteins bound to Gal-NPs. Identification of 

endogenous proteins bound to Gal-NPs. Panel A: B16F10 cells were incubated with Gal-NPs 

overnight, lysed, subjected to magnetic separation followed by elution of bound proteins. Lane 1: 

Supernatant after magnetic separation; Lane 2: PBS wash fraction; Lane 3: mannose eluted 

fraction; Lane 4: galactose eluted fraction. Panel B: Galactose eluted fraction passed through a 

desalting column to remove free galactose and subjected to fresh Gal-NP binding followed by 

sequential elutions. Lane 1: before addition of Gal-NPs, Lane 2: PBS wash; Lane 3: mannose 

eluted fraction; Lane 4: galactose eluted fraction. The bands around 37 kD and 15 kD were 

subjected to trypsinic digestion followed by LC/MS/MS analysis. The numbers on left side of 

each panel indicate the positions of the corresponding molecular weight markers 

 

 

To determine the identities of the proteins bound to Gal-NPs, proteomic analysis was 

performed. The gel slice containing bands at ~37 kD (area I highlighted in Figure 40, Panel B, 

lane 5 was cut out and digested with trypsin.  LC-MS-MS analysis of the tryptic digest 
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fragments revealed two distinct polypeptides: (a) there were 12 matches, representing 10 distinct 

tryptic peptides (each with a carboxyl terminal lysine or arginine), with the amino acid sequence 

of murine homolog of splicing factor 2 (SF2)/alternative splicing factor (ASF), hereafter 

designated as Sfrs1. (b) There were 37 matches, representing 25 tryptic peptides, with the amino 

acid sequence of murine annexin V.  A similar proteomic analysis was carried out on the gel 

slice containing the bands at ~15 kD (area II highlighted for Figure 40, Panel B, lane 5. Three 

histone proteins (H4, H2B, H2A) were identified as the polypeptides accounting for the bands in 

area II.  

As a comparison, proteomic analysis was also performed on the corresponding regions of 

the SDS-PAGE from the mannose eluted fraction of Gal-NP isolation, as well as the galactose 

eluted fraction of TEOS-NP 1 isolation. From these samples, all derived from B16F10 cells, no 

proteins corresponding to Sfrs1, annexin V or histone proteins were identified by LC-MS 

suggesting isolation of these proteins required galactose on the NPs. 

 

2.3.5: Confirmation of Sfrs1 in the galactose-eluted fraction of Gal-NP by Western blot 

To confirm the presence of Sfrs1, the various fractions from Gal-NP binding with 

B16F10 cells were developed on a SDS-PAGE gel and immunoblotted with anti-Sfrs1. There 

was little Sfrs1 in the unbound, PBS wash and mannose elution fractions, Figure 41, Panel A, 

lanes 1-4. However, a prominent positive band was observed in the material bound to Gal-NP 

and eluted with galactose (Fig. 3, Panel A, lane 5). In contrast, antibodies against an irrelevant 

protein, Sfrs5, failed to yield a positive immunoblot in the galactose-eluted fraction (data not 

shown). Therefore, the identification of Sfrs1 in the galactose-eluted fraction by LC-MS was 

confirmed by Western blot analysis. 
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Figure 41: Blotting for endogenous lectins from whole cells bound to Gal-NP. B16F10 cells 

were incubated with Gal-NPs overnight. Blotting for endogenous lectins from whole cells bound 

to Gal-NP. B16F10 cells were incubated with Gal-NPs overnight. After incubation, cells were 

lysed through homogenization, followed by the elution protocols described above. Panel A: 

Blotting for Sfrs1. Lane 1: Residual lysis buffer after magnetic separation (supernatant); Lanes 2 

and 3: PBS wash fraction, Lane 4: mannose eluted fraction; Lane 5: galactose eluted fraction. 

Panel B: Blotting for Gal3. Lane 1: Residual lysis buffer after magnetic separation (supernatant); 

Lanes 2 and 3: PBS wash fraction; Lane 4: mannose eluted fraction; Lane 5: galactose eluted 

fraction. The numbers on left side of each panel indicate the positions of the corresponding 

molecular weight markers   

 

Besides the detection of Sfrs1, the gel was also immunoblotted with anti-Gal3. In this 

case, the supernatant fraction after magnetic separation, representing the unbound fraction, 

yielded a prominent Gal3 band, Figure 41, Panel B, lane 1. As Gal-NP was able to deplete 

completely Gal3 from the lysate of B16F10 cells, the presence of large amount of Gal3 in the 

unbound fraction suggests that some Gal3 molecules were sequestered in the cells in locations 

not accessible by Gal-NPs. A significant amount of Gal3 was found in the galactose-eluted 

fraction, Figure 41, Panel B, lane 5, consistent with the results of Figure 37. The reason that 
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Gal3 was not identified in the proteomics studies was most likely because Gal3 (~30 kD) 

migrated to just below the ~37 kD region (area I in Figure 40, panel B) excised for analysis. 

The performance of Gal micro-particles in isolation of lectins from live cells was also 

compared to Gal-NP. Equal amounts of Gal micro-particles and NPs were incubated with 

B16F10 cells. After removing the free particles in the extracellular space, the amounts of 

particles endocytosed by the cells were quantified by inductively coupled plasma optical 

emission spectrometry (ICP-OES). With Gal-NP, about two-fold increase in the amount of 

intracellular iron was observed indicating more facile uptake of the NPs vs the micro-particles, 

Table 5.  In addition, the lectin isolation experiments were performed from the whole cells using 

both Gal NPs and micro-particles. Consistent with the experiment using lysate, Figure 38, Gal-

NP showed superior efficiency in purifying Gal3 from the whole cell compared to the Gal micro-

particles, Figure 42 and Table 4. 

 

 

Figure 42: Comparing commercial gal-microparticles with Gal-NPs in Gal-3 isolation from 

whole cell. Lane 1-4 commercial gal-microparticles, Lane 5-8 gal-NPs. Lane 1 and 5: Residual 

lysis buffer after magnetic separation (supernatant), lane 2 and 6: wash fraction, lane 3 and 7: 

mannose eluted fraction, lane 4 and 8: galactose eluted fraction. The numbers on left side 

indicate the positions 



 

134 

 

 

 

Table 4: Quantification of Gal3 in fraction using ImageJ after incubation of cells with particles, 

from Figure 42 

 

Commercial galactose micro-particles Gal-NPs 

Fractions 

Band 

intensity 

Volume 

(µL) 

Amount 

of Gal3 

(arbitrary 

units) Fractions 

Band 

intensity 

Volume 

(µL) 

Amount 

of Gal3 

(arbitrary 

units) 

Supernata

nt 28.0 500 13994 

Supernat

ant 19.6 500 9792 

Wash 12.8 300 3848 Wash 4.6 300 1366 

Mannose 

elution 2.0 250 511 

Mannose 

elution 1.1 250 271 

Galactose 

elution 10.6 250 2642 

Galactose 

elution 21.4 250 5339 

 

 

Table 5: Amount of iron in cells after Gal-NPs and commercial micro-particles were incubated 

with B16F10 cells 

Experiment Same amount of particles (500µg), 6 

hour incubation 

Same amount of galactose (19 ug), 6 

hour incubation 

Sample Total Iron Iron 

uptaken 

% uptake Total Iron Iron 

uptaken 

% uptake 

Gal-NPs 340 129 38 544 185 34 

Commercial 

micro-particles 

129 22 17 360 64 18 

 

 

2.3.6: Binding properties of Sfrs1 expressed as a fusion protein with GST 

In the above experiments, Sfrs1 was observed in the galactose-eluted fraction after the 

whole cells were incubated with Gal-NP. It was possible that the observed binding of Sfrs1 
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occurred via its association with a galactose binding protein for which we had neither an 

antibody reagent nor mass spectrometry information. A major challenge in specific isolation and 

purification of proteins is the co-purification of highly abundant proteins with low affinity for the 

immobilized compound leading to false positive results.34 To test for direct binding of Sfrs1 with 

Gal-NP, Sfrs1 was expressed and purified as a fusion protein with glutathione S-transferase 

(GST) following a similar procedure as for the preparation of GST-Gal3.35 

When GST alone was incubated with Gal-NP, almost all of the protein was recovered in 

the unbound fraction, Figure 43, Panel A, lanes 1-3. Therefore, GST (Mr ~27 kD) by itself does 

not interact with the Gal-NP serving as a negative control. The positive control was GST-Gal3 

(Mr ~57 kD).  Although small amounts of GST-Gal3 were present in both the unbound and wash 

fractions, the majority of the fusion protein was found in the galactose bound fraction, Figure 

43, Panel B, lane 3. When the binding experiments were performed using GST-Sfrs1, all the 

GST-Sfrs1 incubated with Gal-NP was recovered in the bound fraction with no GST-Sfrs1 in the 

unbound or the wash fraction, Figure 43, Panel C, lanes 1-3.  
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Figure 43: Binding of GST, GST-Gal3, and GST-SFRS1 to Gal-NPs. Panel A: Binding of GST 

to Gal-NPs. Lane 1: Unbound fraction (supernatant), Lane 2: Wash fraction, Lane 3: Bound 

fraction. Panel B: Binding of GST-Gal3 to Gal-NPs. Lane 1: Unbound fraction (supernatant), 

Lane 2: Wash fraction, Lane 3: Bound fraction. Panel C: Binding of GST-Sfrs1 to Gal-NPs. Lane 

1: Unbound fraction (supernatant), Lane 2: Wash fraction, Lane 3: Bound fraction. All of the 

blotting were carried out with the same anti-GST antibodies. The numbers on left side of each 

panel indicate the positions of the corresponding molecular weight markers   

 

To test for the specificity of GST-Sfrs1 binding to Gal-NP, the binding experiment 

between GST-Sfrs1 and Gal-NP was repeated but this time the bound GST-Sfrs1 was subjected 

to sequential elution with mannose solution followed with galactose solution after PBS wash. 

The decrease in GST-Sfrs1 band intensity in the unbound fraction as compared to before addition 

of Gal-NP is an indicator for binding but not for specificity, Figure 44, Panel A, lanes 1 and 2. 

After eluting with mannose and galactose solution, the blotting results revealed the presence of 

GST-Sfrs1 protein band in the galactose eluted fraction but very minimal in the mannose eluted 

fraction or the PBS wash fraction supporting binding dependence on galactose, Figure 44, Panel 

A, lanes 3-5.  
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Figure 44: Further confirmation for the binding specificity of GST-Sfrs1 to Gal-NPs. Western 

blot results with anti-Sfrs1, and histogram representation of band intensities as determined by 

ImageJ. Lane 1: Before addition of Gal-NP; Lane 2: unbound fraction (supernatant); Lanes 3 and 

4: PBS wash fraction; Lane 5: mannose eluted fraction; Lane 6: galactose eluted fractions. The 

numbers on left side of Western blot results indicate the positions of the corresponding molecular 

weight markers 

 

 

To further substantiate the binding specificity of GST-Sfrs1 to Gal-NP, the binding 

experiment was repeated with TEOS-NP 1 as a negative control to demonstrate the binding was 

not due to non-specific absorption by NPs, Figure 45. As indicated by the blotting results, 

majority of GST-Sfrs1 failed to bind to the nanoparticles, Figure 45, lanes 1 and 2.  In addition, 

there were no GST-Sfrs1 protein bands in the mannose or galactose eluted fractions, Figure 45, 

lanes 4 and 5.  
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Figure 45: Further confirmation for the binding specificity of Sfrs1 to Gal-NPs. Binding of 

GST-Sfrs1 to TEOS-NPs as determined by Western blot using anti-GST. Lane 1: Before addition 

of TEOS-NP 1; Lane 2: Unbound fraction (supernatant); Lane 3: Wash fraction; Lane 4: 

mannose eluted fraction; Lane 5: galactose eluted fractions; Lanes 5 and 6: galactose eluted 

fractions. The numbers on left side of indicate the positions of the corresponding molecular 

weight markers 

 

 

Glycan microarray is a powerful high throughput technique to decipher the carbohydrate binding 

activities of proteins.36  Recently, Fukuda and coworkers performed glycan microarray screening 

and ELISA assay of Sfrs1.37 Sfrs1 has been shown to bind with a wide range of glycans 

including LacNAc and sialyl Lewis X, which contain galactose at the non-reducing terminal. Our 

results on Gal-NP binding by Sfrs1 are consistent with the findings from the Fukuda group. 

As presented above, besides Sfrs1, annexin V and histone proteins have been identified 

via proteomics from the galactose eluted fractions of Gal-NP bound proteins.  To test the glycan 

binding properties of these proteins, recombinant annexin V and histones (a mixture of H3, H4, 

H2B, H2A from chicken) were submitted to the Consortium for Functional Glycomics (CFG) 

and screened on a 610 member glycan microarray covering a wide range of mammalian glycans 

at multiple concentrations. Interestingly, no significant binding signals were observed on the 
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microarray, suggesting that these proteins exhibited little affinity to any of the glycan 

components up to 0.1 mM. All the measured relative fluorescence was less than 1000 units 

which is considered 'negative' binding according to the current microarray assay, Figures 61 and 

62.  In a separate experiment, histone proteins were incubated with Gal-NPs, which was 

followed by magnetic separation and PBS wash. Subsequent elution with a concentrated solution 

of galactose eluted little histone proteins. These results confirmed the low affinity of histones for 

galactoside.  

 

2.3.7: Comparison of the amount of Sfrs1 isolated on Gal-NP from B16F10 versus B16F1 

cells 

Our previous studies had documented that there was a higher binding of Gal-NP to 

B16F10, a more metastatic melanoma cancer cell line compared to its less metastatic isogenic 

counterpart B16F1.24 It is possible that the quantitative difference in Gal-NP binding observed 

between B16F10 and B16F1 cell lines could be explained in part by the difference in the 

expression levels of Sfrs1.  To determine this equal number of either B16F10 and B16F1 cells, 

2.5 × 105 cells were cultured overnight, Gal-NP was added and cultured for an addition 12 hrs. 

Cells were lysed, subjected to magnetic separation, washed with PBS and the bound fraction 

eluted sequentially with mannose and galactose solution. The galactose eluted fractions were 

blotted for Sfrs1, which showed elevated level of Sfrs1 in B16F10 as compared to B16F1, 

Figure 46, Panel A, demonstrating higher amounts of Sfrs1 accessible to Gal-NP in B16F10 

cells. In separate experiments, lysate was prepared from 5 ×105 cells of each cell line, equal 

amounts of lysates from these two cell lines were resolved on a SDS-PAGE gel and blotted for 



 

140 

 

Sfrs-1 and GAPDH. B16F10 was found to express more Sfrs1 as compared to its isogenic 

counterpart B16F1, Figure 46, Panel B.   

 

 

Figure 46: Comparison of Sfrs1 in B16F10 and B16F1 cells. Western blot results and histogram 

representation of the band intensities as analyzed by ImageJ software is shown. Lane 1: B16F10, 

Lane 2: B16F1. Panel B: Equal volume of the lysate prepared from equal number of B16F10 and 

B16F1 cells was resolved on SDS-PAGE and blotted for Sfrs1 and GAPDH. Western blot results 

and histogram representation of the band intensities as analyzed by ImageJ is shown. Lane 1: 

B16F10. Lane 2: B16F1.  Blotting for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

was used as loading control. The numbers on left side of Western blot results indicate the 

positions of the corresponding molecular weight markers 
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2.4: Discussion  

Splicing factors are normally present in the nucleus mediating RNA splicing.  The 

Fukuda group recently reported the novel finding that Sfrs1 exists on cell surface of endothelial 

cells, functioning as a cell adhesion molecule to facilitate cancer cell metastasis.37  As discussed 

above, recombinant Sfrs1 can bind to a variety of glycans including those terminated with 

galactose at the non-reducing end.  It is important to note that the splicing factors binding to 

carbohydrate was calcium dependent, a characteristic exhibited by C-type lectins.37  Besides cell 

surface presence and their well-known site of action, i.e., in the nucleus, Sfrs proteins can be 

present in the cytoplasm. Cytoplasmic accumulation of Sfrs1 was reported to be controlled by 

arginine methylation.  Mutations that block methylation and remove positive charges result in the 

cytoplasmic accumulation of Sfrs1.38  The carboxy-terminal arginine/serine-rich domain and the 

presence of active RNA-recognition motifs is required for Sfrs1 shuttling to the cytoplasm.39  

Once in the cytoplasm, Sfrs1 was found to stimulate translation and the cytoplasmic mRNA 

targets for shuttling Sfrs1 have been identified.16,40 These properties of Sfrs1 proteins are 

consistent to those observed with Gal1 and Gal3, two galectins that have been reported to be 

present in the nucleus, cytoplasm and on cell surface, modulate pre-mRNA splicing activities, 

are overexpressed in metastatic cancer cells, play a role in tumor growth and development, and 

are able to bind carbohydrates.33,35,41-45 Taken together, Sfrs1 has high similarities to Gal3 in 

functions and joins a growing list of carbohydrate binding proteins that are multi-functional and 

exist in multiple cellular locations. 

From our studies, higher levels of Sfrs1 have been isolated from the highly metastatic 

B16F10 cells compared to those from the less metastatic counterpart B16F1 cells.  The role of 

Sfrs1 in promoting cancer growth and development through alternative splicing has been 
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reported.46,47 Sfrs1 was found to be upregulated in various human tumors relative to their 

respective normal controls including tumors of the colon, thyroid, small intestine, kidney, and 

lung.47,48 Its overexpression was found to be sufficient to transform immortalized cell lines. 

Moreover, Sfrs1 was shown to control the alternative splicing of the tumor suppressor BIN1 and 

the resulting BIN1 isoform lacked tumor suppressor activity. The oncogenic activity of Sfrs1 

may also be due to its implication in multiple cellular programs as it regulates the alternative 

splicing of genes implicated in proliferation, apoptosis and cell motility, an activity important for 

tumor metastasis.47,49 These findings imply Sfrs1 has a significant role in cancer growth and 

development and therefore a potential target for the development of cancer therapies and 

diagnostics.  

The glycan microarray screening results of annexin V and histone proteins suggest that 

they have weak affinities with all components including galactosides on the array.  It should be 

pointed out that some members of the annexin family including annexin V have been 

documented to bind with carbohydrates. For example, annexins IV, V and VI can bind with 

glycosaminoglycan affinity columns to facilitate purification although the binding constants are 

not known.50,51  Annexin V has been reported to bind to sugar chains containing bisecting N-

acetylglucosamine with relatively low affinity of 0.2 mM.52  Highly sulfated heparan 

sulfate/heparin were identified as preferred ligands for annexin A1.53  The CFG microarray does 

not contain glycosaminoglycans and binding with Kd values higher than 0.1 mM could not be 

detected well. Thus, the lack of binding signals from annexin V and histones most likely reflect 

the weak affinities of these proteins with the components on the current glycan microarray under 

the experimental conditions. 
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The isolation of annexin and histone proteins by Gal-NP can be potentially explained by 

the interactions of these proteins with galactoside binding proteins, forming protein-protein 

complexes on the Gal-NPs.  Related to our results, it has been reported that splicing factors 

including Sfrs1 co-localizes and interacts with histones contributing to the regulation of 

alternative splicing.54,55  Annexins have been shown to directly interact with Gal3.56,57 Thus, it is 

possible that the isolation of histones and annexin may be as a result of their complexations with 

Sfrs1 or Gal3 on the Gal-NP, resulting in their co-isolation by magnet mediated separation.  The 

exact identity of the binding partners and the physiological importance of these interactions will 

require further investigations. 

2.5: Conclusions 

In this study, we report the utilization of MGNP to isolate endogenous lectins from 

B16F10 melanoma cancer cell line using both the whole cell and cell lysate. Gal-NP facilitated 

the purification of endogenous Gal3 through a magnet induced purification protocol. The identity 

of Gal3 was confirmed by Western blot and the specificity of Gal-NP binding to Gal3 was 

verified using carbohydrate elution protocols. The successful isolation of a well-known galactose 

binding lectin Gal3 using Gal-NP implies the possibility of finding other lectins (either known or 

unknown) in B16F10 cell line that can interact with galactose. Indeed, Sfrs1 has been isolated by 

Gal-NP, which was confirmed by mass spectrometry, Western blot, carbohydrate elution 

protocol, and direct binding of GST fused Sfrs1. The caveat to note is that not all proteins 

isolated by MGNPs are lectins, as some proteins may be co-isolated through their complexations 

with the lectins bound to the MGNPs.  MGNPs have also been shown to be superior to the 

corresponding glyco micro-particles in lectin isolation from both live cells and cell lysates.  

Therefore, MGNPs can be a useful tool for the field of glyco-proteomics by providing exciting 
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opportunities to discover novel lectins endogenous to cells as well as the identification of the 

binding partners of the lectins. 
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2.6: Future directions 

Weak binding affinities of carbohydrate-lectin interactions has compromised practical 

applications of glyconanoparticles in capturing lectins. Despite the fact that this weak binding 

affinities can be compensated through multivalent presentation of carbohydrate ligands on the 

NP surface, at some instance this method has not been able to capture enough lectin quantities 

for mass spectrometry analysis. In one successful example, Hsieh-Wilson and coworkers 

demonstrated that  lectin enrichment based on the combination of affinity capture and covalent 

tethering of captured lectin to the probe generated enough material for mass spectrometry 

analysis.58 The key feature of their probe was a glycopolymer that carried multivalent sugar 

epitopes and photoreactive nitrophenylazide moieties to enable covalent cross-linking of the 

associated lectins. 

Following a similar approach, we propose the incorporation of photoreactive moiety together 

with the carbohydrate affinity ligand. The synthetic design will follow closely the work reported 

by Lin and coworkers.59 The probe carrying both the carbohydrate ligand that will provide the 

required affinity and specificity for the recognition of the lectins, and the photoactive group for 

covalent tethering of the captured lectin upon exposure to UV will be synthesized. This probe 

will also contain a biotin handle to facilitate affinity isolation and enrichment  of the bound lectin 

using streptavidin funcntionalized MNPs, Figure 47. These probes could be applied in the 

isolation of lectin from both the cell lysate (protein mixture), and live cell as shown in Figures 

48 and 49 respectively. 
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Figure 47: The probe carrying both the carbohydrate ligand that will provide the required 

affinity and specificity for the recognition of the lectins, and the photoactive group for covalent 

tethering of the captured lectin upon UV irradation 
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Figure 48: Lectin isolation from cell lysate using a carbohydrate affinity probe combinined with 

photoactivatable moiety 
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Figure 49: Lectin isolation from live cells using a carbohydrate affinity probe combinined with 

photoactivatable moiety 
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2.6: Experimental Section 

2.6.1: Materials and instrumentation  

All chemicals were reagent grade and were used as received from the manufacturer 

unless otherwise indicated. Iron (III) chloride hexahydrate (FeCl3.6H2O) was purchased from 

Honeywell Riedel-de Haen, Iron (II) chloride tetrahydrate (FeCl2.4H2O), polyvinylpyrrolidone 

(PVP), fetal bovine serum (FBS), phosphate buffered saline (PBS), high glucose Dulbecco's 

modified Eagle medium (DMEM), Fluorescein isothiocyanate labeled Concanavalin A (FITC, 

Con A) from Canavalia ensiformis, tetramethyl-rhodamine-isothiocyanate labeled lectin from 

Bandeiraea simplicifolia (TRITC-BS-I), HEPES, phenylmethanesulfonyl fluoride (PMSF), 

protease inhibitor cocktail, sodium dodecyl sulfate (SDS), N,N,N`,N`-

tetramethylethylenediamine (TEMED), Tween-20, Triton X-100, reduced gluthathione, sodium 

azide (NaN3) were purchased from Sigma Aldrich. Fluorescein isothiocyanate labeled annexin V 

was purchased from SouthernBiotech Aposcreeen.  Chemiluminescent HRP antibody detection 

reagent was purchased from Denville Scientific Inc.  Ammonium hydroxide was purchased from 

Fisher Scientific, tetraethoxy-silane (TEOS), aminopropyl triethoxysilane (APTES), 

dithiothreitol (DTT), iodoacetamide were purchased from Acros. Benotriazole-1-yl-oxy-tris-

(dimethlyamino)-phosphonium hexafluorophosphate (BOP) was purchased from Peptides 

International, while hydroxybenzotriazole (HOBt) was purchased from Chem Impex   

International.  Sodium chloride (NaCl), potassium chloride (KCl), sodium thiosulfate (Na2S2O3), 

calcium chloride (CaCl2) were purchased from CCI. Sodium carbonate (Na2CO3), ammonium 

bicarbonate (NH4HCO3) were purchased from Jade Scientific. Piperazine di-hydrochloride 

monohydrate was purchased from Alfa Aesar. Immobilized gluthathione beads were purchased 
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from Thermo Scientific.  Carboxylic acid functionalized magnetic micro-particle with mean 

diameter of 3.13 µm was purchased from Bangs Laboratories, Inc.  

B16F10 and B16F1 melanoma cancer cell lines were purchased from American Type 

Culture Collection (ATCC). L-glutamine, streptomycin, and penicillin were purchased from 

Gibco. UltraPure Tris, ethylenediaminetetracetic acid (EDTA), and UltraPure glycine were 

purchased from Invitrogen. 30% Acrylamide/0.8% bisacrylamide solution and ammonium 

persulphate were purchased from BioRad.  Sequencing grade modified porcine trypsin was 

purchased from Promega. Isopropyl-β-D-thiogalactopyranoside (IPTG) was bought from 

Research Organic, ampicillin from Roche, and chloramphenicol from United States Biochemical 

Corporation. 

The purification of Soybean agglutinin (SBA) and the generation and characterization of 

anti-SBA antibodies have been previously reported.30 The constructs for the expression of 

proteins from pGEX vectors (Pharmacia), including gluthatione S-transferases (GST), 

gluthatione S-transferases fused galectin-3 (GST-Gal3), and rabbit polyclonal antibody reagents 

against GST and Gal3 have also been described.35 The pGEX vector for the expression of 

Sfrs1was a kind gift of Dr. Benoit Chabot (Universite de Sherbrooke, Sherbrooke, Quebec, 

Canada).60 Polyclonal antibodies directed against Sfrs1 (rabbit) and Sfrs5 (mouse) were 

purchased from Novus Biologicals.  Mouse monoclonal anti-glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was purchased from Biodesign. E. coli BL-21 codon plus (DE3) cells 

were from Stratagene. 

Zeta potential was performed on a Zetasizer Nano zs apparatus (Malvern, UK), Fourier 

Transform Infrared Spectroscopy (FT-IR) was carried out on a Mattson spectrometer, Galaxy 

series, FTIR 3000, Thermogravimetric Analysis (TGA) was carried out on a Thermal advantage 
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(TA-Instruments-Waters LLC) TGA-Q500 series while Transmission Electron Microscope 

(TEM) was carried on a JEOL JEM-2200FS. Inductively coupled plasma (ICP) analysis was 

carried out on Varian 710-ES Axial ICP-OES.  

 

2.6.2: Synthesis and characterization of iron oxide magnetic glyconanoparticles 

Gal-NP, Man-NP, and TEOS-NP were prepared following previously reported 

procedures.24 Briefly, a solution of iron (III) chloride hexahydrate, FeCl3.6H2O (20.01 mmol, 

5.41 g, 5ml), iron (II) chloride tetrahydrate, FeCl2.4H2O (10.01 mmol, 2.00 g, 2.5 ml), 28 % 

ammonium hydroxide (20 ml) and polyvinylpyrrolidone (PVP) (0.0256 g/ml, 0.65 ml) were 

stirred for one hour at 80 0C. The resulting black precipitate (nanoparticles) was isolated by an 

external magnet and washed with deionized water (DI) and ethanol. The nanoparticles were 

coated with silica by reacting with tetraethoxy-silane (TEOS) (4.50 mmol, 1.0 ml) in 2-

propanol:water (4:1 v/v, 150 ml) and ammonium hydroxide (0.2 % v/v, 0.3 ml) for 1 hour to 

yield silica coated magnetic nanoparticles (TEOS-NP). To prepare amine functionalized 

nanoparticle, TEOS-NP was suspended in ethanol (150 ml), sonicated for 30 minutes and reacted 

with aminopropyl triethoxysilane (APTES) (2 % w/v, 12.8 mmol, 3.0 mL) at 60 0C for 18 hours. 

The resulting amine functionalized nanoparticles (APTES-NP) were isolated by an external 

magnet, washed with deionized water and ethanol, and dried under a vacuum pump.  

Mannose and galactose monosaccharide with carboxylic acid linkers were synthesized 

following reported procedures.23 They were conjugated to the APTES-NP by amide bond 

formation using BOP and HOBt coupling chemistry to generate Gal-NP and Man-NP 

respectively. The resulting carbohydrate functionalized NP were characterized by Zeta potential, 
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FT-IR, TGA, TEM, and fluorescent labeled plant lectin binding studies as described 

previously.23,24  

To confirm that the immobilized carbohydrate preserved its biological recognition ability, 

magnetic glyco-NP lectin binding studies were carried out as reported.24 FITC labeled Con A (a 

mannose selective lectin) and TRITC labeled BSI (a galactose selective lectin) were used. 

Fluorescent labeled lectins (4 mg) were dissolved in 0.1 M NaHCO3 solution (40 mL) to obtain 

100 ug/mL lectin solution. The lectin solutions were incubated with their respective glyco-NP or 

with TEOS-NP 1 at 4 OC for 12 hours. A magnetic field was applied to the mixture inducing 

aggregation of NPs on the side of the vial. The supernatant was carefully pipetted out and the 

residual fluorescence of the supernatant was recorded. If the NPs could bind the lectin, removal 

of the fluorescence lectin from the solution would lead to a reduction of fluorescent intensity of 

the supernatant. 

2.6.3: Lysate preparation 

Lysate was prepared following reported procedures with slight modifications.61 Briefly, 

B16F10 melanoma cell line was cultured in 100 mm cell culture plates at 37 °C and 5% carbon 

dioxide in a high glucose DMEM growth medium supplemented with 10% FBS, 1% L-

glutamine, and 1% streptomycin penicillin. At 80% confluence (approximately six million cells), 

the growth medium was removed and the cells were washed with PBS. 300 µL of low salt 

homogenization buffer (20 mM Hepes-NaOH pH 7.4, 0.2 mM EDTA pH 8.0, 1 mM PMSF, 

Protease inhibitor cocktail) was added. Cells were scraped and collected in a 1.5 mL 

microcentrifuge tube. Another 300 µL of low salt homogenization buffer was added to the dish, 

scraped again and pooled with the first fraction in the microcentrifuge tube. The cells were 

incubated on ice for 5 minutes and then subject to 10 strokes in a tight-fitting Dounce 
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homogenizer. Equal volume of high salt homogenization buffer (300 mM NaCl, 200 mM Hepes-

NaOH pH 7.4, 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF, Protease inhibitor cocktail) was added 

in the homogenizer followed by 10 additional strokes. The cell homogenate was centrifuged at 

1000 g for 10 minutes at 4 °C and supernatant was collected.  

 

2.6.4: Silver staining, Coomassie blue staining, and Western blot 

2.6.4.1: Silver staining 

Silver staining protocols62 were followed. Briefly, the proteins were resolved on a non-reducing 

12% SDS-PAGE. The gel was fixed overnight at room temperature in 50% methanol, 12% acetic 

acid and 0.05% formaldehyde in deionized water. The gel was washed with 50% ethanol (3 

times 20 minutes each) then pretreated in freshly made Na2S2O3.5H2O (0.2 g/L) for 1 minute.  

After washing thoroughly with deionized water, the gel was impregnated in freshly prepared 

silver nitrate-formaldehyde solution (0.2 g AgNO3 + 75 μL of 37% formaldehyde in 100 mL of 

water) for 20 minutes, washed with deionized water and developed in freshly prepared solution 

of Na2CO3 (60 g), Na2S2O3.5H2O (25 mg) and 37% formaldehyde (500 μL) in 1 liter. Once the 

bands were visible, the staining was stopped by immersing the gel in a solution consisting 50% 

methanol and 12% acetic acid for 10 minutes followed by washing in 50% methanol for 30 

minutes. 

 

2.6.4.2: Coomassie blue staining  

The proteins were resolved on a 12% SDS-PAGE after which the gel was fixed overnight 

at room temperature in 40% methanol, 7% acetic acid in deionized water. The fixing solution 

was discarded and 1X working solution of brilliant blue G-colloidal concentrate (16% 
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concentrate, 20% methanol and 64% deionized water) added, and rocked for at least two hours. 

The staining chamber was tilted to check if protein bands of interest were visible; if not, the 

staining was allowed to proceed for a longer time till the bands were visible. The staining 

solution was recycled, and wash solution #1 (10% acetic acid, 25% methanol and 65% deionized 

water) was added and washed for 30 seconds. Wash solution #2 (25% acetic acid, 75% deionized 

water) was added and washed for 5 minutes. This procedure was repeated until the gel 

background was clear and protein bands clearly visible.  

 

2.6.4.3: Western blot  

After gel electrophoresis, the proteins were electrophoretically transferred onto Immun-

Blot PVDF membrane (Bio-RAD).63 The PVDF membrane and the gel were briefly equilibrated 

in the transfer buffer (25 mM Tris, 193 mM glycine, and 20% methanol) and put into the transfer 

cassette. After the transfer the membrane was blocked overnight in 10% Spartan dry milk in 

Tris-buffered saline containing Tween 20, pH 7.6 (50 mM Tris, 0.5M NaCl, 0.02% Tween 20, 

(T-TBS)) and rocked overnight at room temperature. Finally the membrane was incubated with 

primary antibody followed by HRP-conjugated secondary antibody and the proteins visualized 

using chemiluminescence HRP detection reagent in the dark room. Antibodies for 

immunoblotting were diluted in T-TBS containing 1% Spartan dry milk. Primary antibodies, 

rabbit anti-Gal-3, rabbit anti-Sfrs1, rabbit anti-Sfrs5 and rabbit anti-SBA were used at a 1:1000 

dilution while secondary antibody, horseradish peroxidase-conjugated goat anti-rabbit IgG at 

1:10000 dilution.  
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2.6.5: Isolation of endogenous and exogenous lectins 

For endogenous lectin, 300 µL of lysate was transferred into 1.5 mL microcentrifuge tube 

and the volume brought to 450 µL with buffer D+ (Buffer D: 10 mM HEPES, pH 7.9, 20% 

glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT, D+: 60% Buffer D and 40% 

H2O). 50 µL was saved and the rest was incubated with 0.5 mg Gal-NP for 2 hrs at 4 oC. After 2 

hrs, magnetic batch separation of the nanoparticles was carried out using a magnetic separator 

(Dexter Magnetic LifeSep 50SX).  The field gradient at full field is approximately 23.3 T/m. The 

separation process involved the placement of the tube containing the magnetic sample in the 

magnetic separator. After 15 minutes, the initially homogeneous solution became heterogeneous 

and a black deposit forms on the back wall where the gradient field is the highest. The 

supernatant which contained unbound fraction was saved. NP were washed 3 times with buffer 

D+ followed by sequential elution with 250 µL of 0.5 M mannose solution, and 0.5 M galactose 

solution. The saved fraction (5 µL), supernatant (5 µL), wash fraction (10 µL) and the eluted 

fraction (10 µL each) were resolved on 12% cross-linked SDS-PAGE followed by blotting for 

Gal-3. As a control, the same experiment as above was repeated using Man-NP and TEOS-NP. 

For exogenous lectin, 500 µL of lysate was spiked with 10 µL (5 mg/mL); Soybean agglutinin 

(SBA), a galactose binding plant lectin in a 1.5 mL Eppendorf tube and the volume brought to 

1000 µL with buffer D+.  50 µL was saved and the rest incubated with 0.5 mg Gal-NPs for 2 hrs 

at 4 oC After 2 hrs, magnetic separation was done and the supernatant which contained unbound 

fraction was saved. NPs were washed 3 times with buffer D+ followed elution by with 500 µL, 

0.5 M galactose solution. The saved fraction (10 µL), supernatant (10 µL), wash fraction (5 µL) 

and the elution fraction (5 µL) were resolved on 12% cross-linked SDS-PAGE followed by 

blotting for SBA and Gal3. 
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2.6.6: Isolation of lectins after binding Gal-NP to intact cells  

Cells were cultured and at 80% confluence (approximately six million cells), the growth 

media was removed and the cells were washed with PBS. 10 mL of 100 µg/mL of Gal-NP in 

serum free DMEM medium was added and the cells incubated with the NP for 12 hr at 37 °C, 5% 

CO2 incubator. The cell lysate was prepared either by Triton X-100 based lysis buffer or 

homogenization in a dounce homogenizer. For Triton X-100 based lysis buffer, the media was 

aspirated out and cells washed 3 times with PBS (0.5 mL) to remove any unbound nanoparticles. 

500 µL lysis buffer (0.1% Triton X-100, 75 mM Tris, pH 7.2, 55 mM CaCl2, 10 mM NaN3, 

PMSF and protease inhibitor) was added and rocked at 4oC for 20 minutes). The lysate was 

transferred into a 1.5 mL microcentrifuge tube and subjected to magnetic separation to separate 

the supernatant from nanoparticles. The supernatant contained proteins that did not bind to 

nanoparticles. In the homogenization protocol, the procedures described in the lysate preparation 

section were followed. The lysate was transferred into a 1.5 mL microcentrifuge tube and 

subjected to magnetic separation. The nanoparticles were washed 3 times with PBS followed by 

sequential elution with 0.5M mannose solution and 0.5M galactose solution. The supernatant, 

PBS wash fraction, mannose and galactose eluted fractions were resolved by SDS-PAGE and 

protein bands visualized through silver and Coomassie staining.  

 

2.6.7: LC/MS/MS 

After SDS-PAGE, the gel was stained with Coomassie Brilliant Blue G (Brilliant Blue G-

colloidal concentrate).  Protein bands of interest were excised from the gel and subjected to 

tryptic digestion according to reported procedures with slight modifications.64  Briefly, gel slices 
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were dehydrated using 100% acetonitrile and incubated with 10 mM dithiothreitol in 100 mM 

ammonium bicarbonate, pH~8, at 56 OC for 45 min, dehydrated again and incubated in the dark 

with 50 mM iodoacetamide in 100 mM ammonium bicarbonate for 20 min. Gel slices were then 

washed with ammonium bicarbonate and dehydrated again.  Sequencing grade modified typsin 

was prepared to 0.01 µg/µL in 50 mM ammonium bicarbonate and ~50 µL of this was added to 

each gel band so that the gel was completely submerged.  Bands were then incubated at 37 °C 

overnight.  Peptides were extracted from the gel by water bath sonication in a solution of 60% 

acetonitrile, 1% trifluoroacetic acid and vacuum dried to ~2 µL. Peptides were then re-suspended 

in 2% acetonitrile, 0.1% trifluoroacetic acid to 20 µL and submitted for proteomic analysis. From 

this, 10 µL were injected by a Waters nanoAcquity Sample Manager (www.waters.com) and 

loaded for 5 minutes onto a Waters Symmetry C18 peptide trap (5 µm, 180 µm x 20 mm) at 4 

µL/min in 5% acetonitrile, 0.1% formic Acid.  The bound peptides were then eluted onto a 

Waters BEH C18 nanoAcquity column (1.7µm, 100 µm x 100mm) over 16 minutes with a 

gradient of 5% B to 30% B in 9 min using a Waters nanoAcquity ultra performance liquid 

chromatography (UPLC) (Buffer A = 99.9% water/0.1% formic acid, Buffer B = 99.9%  

acetonitrile/0.1% formic acid) with an initial flow rate of 1 µL/min.  

Eluted peptides were sprayed into a ThermoFisher LTQ Linear Ion trap mass 

spectrometer outfitted with a MICHROM Bioresources advance nano-spray source.  The top five 

ions in each survey scan were then subjected to data-dependant zoom scans followed by low 

energy collision induced dissociation (CID) and the resulting MS/MS spectra are converted to 

peak lists using BioWorks Browser v 3.3.1 (ThermoFisher) using the default LTQ instrument 

parameters.  Peak lists were searched against the SwissProt mouse protein sequence database, 

using the Mascot searching algorithm, v2.4 (www.matrixscience.com).  The Mascot output was 
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then analyzed using Scaffold, v3.6.5 (www.proteomesoftware.com) to probabilistically validate 

protein identifications using the ProteinProphet computer algorithm.  Assignments validated 

above the Scaffold 95% confidence filter are considered true. Mascot parameters for all 

databases were as follows:  allow up to 2 missed tryptic sites,  fixed modification of 

carbamidomethyl cysteine, variable modification of oxidation of methionine, MS/MS tolerance 

of 0.6 Da, and  peptide charge state limited to +2/+3. 

 

2.6.8: Binding of GST and GST fused proteins to Gal-NP 

GST-Sfrs1 was expressed and purified as a fusion protein with glutathione S-transferase 

(GST) in the same fashion as the method reported previously for the preparation of GST-Gal3 35 

with modifications. Briefly, the E-coli strain BL21(DE3) carrying GST-Sfrs1 plasmid was grown 

in LB (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) containing 100 µg/mL ampicillin and 34 

µg/mL chloramphenicol followed by induction with 0.1 mM isopropyl-β-D-

thiogalactopyranoside for 3 hrs at 37 OC. Cells were then centrifuged, the pellet was resuspended 

in lysis buffer (20 mM piperazine-HCl, pH 9.5, 0.5 M NaCl, 1 mM DTT, 1 mM PMSF, and 

protease inhibitor cocktail. Lysozyme was added to a final concentration of 100 mg/L followed 

by incubation on ice for 30 min. The cells were lysed using a probe sonicator, carefully avoiding 

foaming the sample. Triton X-100 was added to a final concentration of 1% and the sample 

rocked for 30 mins at 4 OC. The lysate was centrifuged at 10000 rpm for 10 min at 4 OC and the 

supernatant was purified on the basis of GST binding to glutathione agarose beads (Thermo 

Scientific). First, the supernatant was incubated with glutathione agarose beads at 4 OC for 2 hrs, 

centrifuged at 500g for 2 min to remove the unbound protein, washed 4 times with lysis buffer 
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and thereafter transferred into a column. The bound protein was eluted from the glutathione 

column with the lysis buffer containing 20 mM reduced glutathione.   

In the experiment to test the binding of GST-Sfrs1 to Gal-NP, 300 µg of Gal-NP, 

corresponding to 11.4 µg, 6.36 x 10-8 mol of immobilized galactose was incubated with 380 ng 

of GST-Sfrs1 for 30 min at 4 OC in the presence of 60% buffer D+. Magnetic separation was 

performed to isolate the supernatant and saved as unbound fraction (UF). The nanoparticles were 

washed 3 times with 100 µL buffer D, and saved as wash fraction (WF). The nanoparticles were 

then solubilized in 40 µL of sample loading buffer (contains 1% SDS) to dissociate the bound 

protein, followed by magnetic separation to isolate the bound fraction (BF) from nanoparticles. 

Same experiment was repeated with GST (negative control) and GST-Gal3 (positive control). 

The UF, WF and BF of GST, GST-Gal3 and GST-Sfrs were subjected to SDS-PAGE analysis 

and blotted for GST, Gal3 and Sfrs1 respectively. 

To test for the binding specificity of Sfrs1 to Gal-NP, 12 µL (10 µg of GST-Sfrs1) was 

added to 490 µL of buffer D (500 µL total volume). 20 µL was saved and the remaining (480 

µL) was incubated with 500 µg of Gal-NP, corresponding to 19 µg, 1.05 x 10-7 mol of 

immobilized galactose at 4 °C for 1 hr. Magnetic separation was performed to isolate the 

supernatant and saved as unbound fraction (UF). The nanoparticles were washed 3 times with 

100 µL buffer D, and saved as wash fraction (WF). The bound protein was eluted with 0.5 M 

mannose solution followed by 0.5 M galactose solution and saved as eluted fraction (EF). The 

saved fraction, UF, WF, and eluted fractions was subjected to SDS-PAGE analysis and blotted 

for Sfrs1. As a negative control, the same experiment was repeated using TEOS-NP. 

 



 

160 

 

2.6.9: Comparison of Sfrs1 from F10 and F1 using Gal-NP 

Using Gal-NP, the amount of Sfrs1 in B16F10 was compared to that in B16F1.  Each cell 

line, seeded at a density of  2.5 x 105 cells/cm2 in 60 x 15 mm dishes, was cultured at 37 OC, 5% 

CO2 overnight. The growth media was removed and the cells were washed with 3 times with 

PBS (2 mL). 4 mL of 100 µg/mL of Gal-NPs (400 µg NP, corresponding to 15 µg, 8.48 x 10-8 

mol of immobilized galactose) in serum free DMEM medium was added and the cells incubated 

with the NP for 12 hr at 37 OC, 5% CO2 incubator. The medium was aspirated out and cells 

washed 3 times with PBS (2 mL) to remove any unbound nanoparticles. Cells were lysed using 

Triton X-100 lysis buffer as described above. The lysate was transferred into a 1.5 mL 

microcentrifuge tube and subjected to magnetic separation. The nanoparticles were washed 3 

times with PBS followed by sequential elution with 0.5M mannose solution and 0.5M galactose 

solution. Only galactose eluted fractions were subjected to SDS-PAGE analysis and blotted for 

Sfrs1 as we were interested in Sfrs1 that was specifically bound to Gal-NP. 

The amounts of Sfrs1 in B16F10 and B16F1 were compared in a quantitative experiment. 

Cell lysate was prepared from equal amount of B16F10 or B16F1 cells (5 x 105 cells were used). 

Equal volumes of the two lysates was resolved by SDS-PAGE and blotted for Sfrs1 and the 

amount of Sfrs1 represented by the band intensity was quantified using ImageJ software. 

 

2.6.10: Quantification of Western blot protein gel band using ImageJ software 

The quantification process follows the Beer - Lambert's law, i.e., the band intensity is 

proportional to the protein concentration. First, the protein band intensities were measured as 

areas and converted to percentage of the total area of the measured peaks following procedures 

described in the ImageJ user guide.65 This area was taken to represent arbitrary units of protein 
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contained in the volume of the sample that was loaded on the SDS-PAGE. Total amount of 

protein was obtained by taking into account the total volume for each fraction. The fraction 

'before Gal-NP' was taken to represent the total protein present before depletion with Gal-NP, 

and therefore the percentage protein was calculated using this value as the base value. 
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CHAPTER 3: Acid responsive nanoparticle mediated antigen delivery for tumor 

immunotherapy 

3.1: Abstract 

Cytotoxic T lymphocyte (CTL) therapy has clinically shown the potential to treat cancer patients. 

For CTL therapy to be successful, cancers should express antigens that are targets for specific 

CTLs. However, it has been established that due to genetic instability of cancer cells, sub-

population of cancer cells may fail to express the target antigen, possibly leading to escape from 

CTL destruction, hence tumor grows progressively. These antigen-loss variant (ALV) cancer 

cells can be eliminated as bystanders by targeting tumor associated stromal cells, but only if the 

cancer cells express sufficient antigens to be effectively cross-presented by the stromal cells. 

Here, we investigated whether acid responsive nanoparticles can be used to deliver CTL-specific 

antigen to the cancer microenvironment to enhance tumor eradication by activated antigen-

specific CTLs in a mouse model. Our results show that model CTL antigen (OVA peptide, 

SIINFEKL) encapsulated in pH sensitive acetalated dextran nanoparticles (OVA(P)-Ac-Dx-NPs) 

could be successfully delivered to tumor cells in vitro and tumor microenvironment in vivo. The 

uptake and presentation of the peptide antigen by major histocompatibility molecules class I 

(MHC-I) in vitro and in vivo was confirmed by flow cytometry and confocal laser scanning 

microscopy through antibody staining. In addition, solid tumor bearing mice treated with 

OVA(P)-Ac-Dx-NPs showed much slower tumor growth compared to mice treated with free 

OVA, empty Ac-Dx-NPs, or PBS. Taken together, these findings offer a promising new 

direction for treating established solid tumors using CTL therapy.   

Keywords 

Cytotoxic T lymphocytes (CTL), antigen, nanoparticles, cancer. 
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3.2: Introduction 

Strategies aiming to stimulate the immune system to eradicate tumor cells are highly 

attractive for tumor prevention and therapy. Over the past few decades, new forms of cancer 

therapy have evolved that take advantage of unique or overexpressed cell surface antigens or 

receptors on tumor cells as therapeutic targets.1 One such approach has been the use of 

neutralizing monoclonal antibodies to target some of these antigens or receptors, either alone or 

in combination with chemotherapeutic free drug or conjugate drug (antibody-drug conjugates).2-

10 As such, antibody-based therapy for cancer has been successful and is an important strategy 

for treating patients with haematological malignancies and solid tumors.9  

Besides antibody therapy, the use of immune system's cytotoxic T lymphocyte (CTL, 

generally CD8+ T cells) to eliminate tumor cells expressing CTL target antigens has been fronted 

as an alternative for cancer therapy.11 Each CTL expresses a unique T-cell-antigen receptor 

(TCR) that has specificity for a particular target antigen. The antigens recognized by CTLs 

consist of peptide fragments (usually 8-10 amino acids), which are bound within the major clefts 

of MHC-I molecules on the cell surface. The outcome of engagement of a TCR by 

complementary MHC-I/antigen complexes on the target-cell surface triggers the CTL’s effector 

functions, which can result in the destruction of the target cell. CTLs can induce target cell 

destruction through the release of inflammatory cytokines, the induction of apoptosis inducing 

proteins, and cytotoxic degranulation, which lead to perforin mediated lysis.11,12  

The efficacy of CTL therapy has been demonstrated through adoptive cell transfer 

(ACT), as pioneered by Rosenberg and coworker in treatment of metastatic tumors.13 Adoptive 

transfer involves isolation of highly active tumor specific T cells from tumor mass, referred to as 

tumor infiltrating lymphocytes (TIL).14 These T cells are activated and expanded ex vivo and 
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subsequently administered back into same patient with cytokines (IL-2, in order to increase the 

number of effector cells in vivo) with or without lymphodepletion.15-20  Lymphodepletion leads 

to improved persistence and repopulation of T cells with the transferred cells proliferating in 

vivo, displaying functional activity, and trafficking to tumor sites.18  A drawback to this approach 

is the requirement that patients or experimental animals should have preexisting tumor-reactive 

cells that can be expanded ex vivo.15 In addition, it may be difficult to identify these tumor-

reactive lymphocytes especially in some less accessible cancers than melanoma.21 A potential 

solution to this limitation was first reported by Morgan et al. when they demonstrated that 

normal human lymphocytes can be genetically engineered to recognize cancer antigens and 

mediate cancer regression in vivo.21 Collectively, reported results on adoptive transfer of tumor-

specific CTL show it can mediate tumor regression and prevention of tumor outgrowth, both in 

clinical studies and animal models.   

However, despite the success of adoptive T cells transfer, the existence of tumor reactive 

CD8+ T cells in the peripheral circulation of a patient or an experimental animal has not been 

sufficient to cause complete rejection of an established tumor.11,22 Relevant to the present work, 

rejection of tumor growth by activated T cells may fail due to down-regulation of CTL-

recognized target antigen and antigen presenting MHC-I complex molecules by some sub-

population of tumor cells.23,24 Since the MHC-I molecules are required for the presentation of 

antigens on tumor cells to the CTLs, the absence of MHC-I/antigen complex from the cell 

surface may lead to the escape of these tumors from immunosurveillance.25 These tumor cells 

have been referred to as antigen loss variants (ALVs),26 and they can be eliminated as bystanders 

by targeting the tumor stroma as reported by Schreiber and coworkers.27 However, for indirect 

and rapid elimination of resistant ALVs to induce complete rejection of established tumors, 
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tumor cells should express sufficiently high levels of antigens to be locally cross-presented by 

the non-malignant tumor stromal cells.24,27-30 To determine the requirement of stromal cells to 

eliminated ALV, C3H Rag2-/- mice in which the MHC molecules of the tumor stromal cells 

would not present the CTL specific model tumor antigen (SIYRYYGL, SIY peptide antigen), 

were inoculated with solid tumors, whose parental cancer cells had high levels of SIY antigen 

(SIY-2Hi). The study was compared to C57BL/6 Rag1-/- mice in which the MHC molecules of 

the tumor stromal cells would present the SIY antigen. Whereas all C57BL/6 Rag1-/-  mice that 

received activated 2CT cells (SIY specific CTL) rejected SIY-2Hi tumors, all C3H Rag2-/-  mice 

that received activated 2CT cells did not. More importantly, cells recovered from tumors in C3H 

Rag2-/- mice that received 2CT cells were ALVs. Thus, ALVs subpopulation of cancer cells 

present in SIY-2Hi tumors escaped when the stromal cells did not present the SIY antigen.27 

 The rising challenge is how to present the tumor microenvironment to the immune 

system as a region with high concentrations of CTL antigens to make the tumor more susceptible 

for CTLs. Herein we propose the use of 'smart' nanoparticles that can selectively deliver the CTL 

specific antigen to the tumor microenvironment. Subsequent uptake will induce sensitization of 

tumor stroma leading to eradication of established tumors by CTLs. Tumor microenvironment 

presents several properties that make them distinguishable from their normal counterparts. One 

of these difference is variation in biological environmental stimuli. This has led to the 

development of 'intelligent' nanoparticle carrier systems that offer an alternative type of 'active 

targeting' delivery of therapeutics to tumors.31 One of the stimuli that stands out and has formed 

an area of active research in the past decades, presenting opportunities to design and construct 

potential cancer therapeutics is the pH.32 Compared to normal tissues (pH 7.4), the 

microenvironment of tumor tissues typically exhibit mildly acidic pH (~ pH 6.5-6.8). The low 
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pH has been implicated to favor cancer progression by promoting proliferation, the evasion of 

apoptosis, metabolic adaptation, migration, and invasion.33 Owing to this unusual acidity of the 

tumor extracellular microenvironment, several pH-responsive nano-systems have been reported 

that are capable of increasing the efficacy of tumor therapy.34   

We are interested in pH responsive 'smart' nanoparticles that can encapsulate, deliver, and 

control the release of CTL-specific antigen at the tumor site, based on intrinsic differences in the 

pH between tumor and normal tissues.35,36 This nanoparticle should remain stable in the 

circulation, but then become strongly activated in response to the low extracellular pH in 

tumors.37 And once in the tumor, the hyperpermeability of tumor blood vessels to circulating 

macromolecules and the partially impaired lymphatic drainage will lead to enhanced 

permeability and retention (EPR) effect for the nanoparticle delivery system.38-40 With high 

retention, it is possible to achieve high local concentration of the delivered CTL-antigen. 

Various polymeric materials that can be used to construct pH sensitive 'smart' 

nanoparticles have been actively pursued in the past decades.34,37,41-52 In our case we are 

interested in dextran whose hydroxyl groups have been protected with acetal groups (acetalated 

dextran, Ac-Dx), first developed by Frechet and coworkers,53 who established that Ac-Dx-

nanoparticles (Ac-Dx-NPs) can encapsulate model protein (OVA). In addition, after being 

uptaken by cells, OVA was released, processed, and subsequently its antigenic epitopes were 

presented on MHC-I molecules. More importantly, Ac-Dx-NPs were found to be non-toxic to 

cells.53 In their follow up work, they demonstrated that Ac-Dx could be synthetically tuned to 

generate nanoparticles that have different payload release profiles based on the degree of 

acetalation.54 Since then, Ac-Dx derived nanoparticles have found many applications both in 

vitro and in vivo ranging from imaging,55 gene delivery,56 siRNA delivery,57 and as a platform 
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for delivery of drugs and other therapeutics.58-69  However, there is no report on the application 

of Ac-Dx-NPs as a CTL short peptide antigen delivery platform in vivo.  

In this chapter, we report the encapsulation of CTL model antigen, OVA(257–264) 

(SIINFEKL) peptide, OVA(P) in Ac-Dx-NPs and their application in tumor therapy using mouse 

model. Our results show that the encapsulated peptide was delivered to the tumor micro-

environment as confirmed by flow cytometry and scanning confocal microscopy. In addition we 

observed that the growth of established solid tumor was slower when mice were treated with 

OVA(P) encapsulated in Ac-Dx-NPs compared to other treatment groups comprising of free 

OVA(P), empty Ac-Dx-NPs, and PBS. 
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3.3: Results 

3.3.1: Synthesis and characterization of nanoparticles containing OVA(P) encapsulated by 

acetalated dextran nanoparticles 

OVA(P) was synthesized through solid phase peptide synthesis (SPPS) using Fmoc 

chemistry, scheme 3.1. Successful coupling of the amino acids was monitored by electrospray 

ionization mass spectrometry (ESI) of the product cleaved from the resin. After synthesis, the 

OVA(P) was purified by HPLC, and analyzed by ESI to confirm the isolated product. The results 

of the analysis are presented in Figures 63 and 64 respectively. Preparation of acetalated dextran 

nanoparticles encapsulating OVA(P)  followed reported procedures.53 The nanoparticles were 

characterized by scanning electron microscopy (scheme 3.2). In order to quantify the amount of 

encapsulated OVA(P),a standard curve was generated from HPLC. Various amounts of OVA(P)-

Ac-Dx-NPs (1, 2, and 3 mg) were hydrolyzed in 500 µL, 0.1% TFA, followed by HPLC 

analysis. The peak areas corresponding to OVA(P) were determined and the amount of OVA(P) 

was calculated from the standard curve. The value was reported as the average of the three 

independent measurements. The amount of encapsulated OVA(P) was estimated to be 20 µg 

peptide per 1 mg nanoparticle (2% by weight of nanoparticle was made up of OVA(P)). In 

addition, OVA(P)-Ac-Dx-NPs were resuspended in either PBS or in a solution containing 0.1% 

TFA in deionized water to a final concentration of 1 mg/mL in 1.5 mL microcentrifuge tubes 

overnight. The tubes were centrifuged and the supernatant was analyzed by ESI to determine the 

amount of OVA(P) released. The peak corresponding to OVA(P), 963 single charged or 482 double 

charged was not observed when OVA(P)-Ac-Dx-NPs were resuspended in PBS (Figure 65), 

when compared to resuspension in 0.1 % TFA solution (Figure 66). 
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Scheme 2: Synthesis of OVA(P) through solid phase peptide synthesis (SPPS) 

 

 

. 
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Scheme 3: Synthesis of OVA(P)-Ac-Dx-NPs 
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3.3.2: Assessing the presentation of OVA(P) peptide by MHC I molecules 

The presentation of OVA(P) peptide by MHC I molecules was evaluated using EL4 tumor cells. 

For an antigen to elicit any noticeable immune response, it should be uptaken by the target cells, 

processed and presented on the MHC class I molecules. As already established, tumor cells are 
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genetically unstable and may present low or no MHC class I molecules on their surfaces, which 

may result in evasion of immune surveillance.70 Various amounts of free OVA(P) or OVA(P)-Ac-

Dx-NPs were incubated with EL4 cells for one hours at 37 OC, followed by FACS analysis after 

staining with anti-mouse H-2Kb bound to SIINFEKL (that specifically recognized OVA(P) bound 

to MHC class I molecules but not free unbound OVA(P)). From Figure 50, it was established that 

both free OVA(P) and encapsulated OVA(P) were processed by the cells and presented on the 

MHC-I molecules. Next, free OVA(P) and OVA(P) encapsulated NP bearing the same amount of 

OVA(P) (normalized to 54 ng) were incubated by the cells in a period of 24 hrs and the 

presentation of OVA(P) at various time period was evaluated. As shown in Figure 51, the optimal 

incubation time was established to be 6 hrs for both free OVA(P) and OVA(P)-Ac-Dx-NPs. When 

the results of this optimal time was analyzed by t-test, it was established that the amount 

presented was comparable with no statistical significance. The duration at which the 

OVA(P)remains presented on the MHC class I molecules was also evaluated for a period of 24 

hrs. In this case, EL-4 cells were pulsed with either OVA(P) or OVA(P)-Ac-Dx-NP (amount of 

OVA(P) normalized to 54 ng) and incubated for 1 hour. The growth medium was removed by 

centrifugation, cells washed and re-incubated in fresh growth medium for 1, 3, 6, 12, 18, and 24 

hrs respectively) and analyzed by FACS after staining with OVA(P) antibody, anti-mouse H-2Kb 

bound to SIINFEK, Figure 52. The results show that free OVA(P) was uptaken and processed by 

cells quicker than encapsulated OVA(P) (0 to 3 hrs). However, greater presentation of OVA(P) 

was observed after 12 hrs when cells were pulsed with OVA(P)-Ac-Dx-NPs, suggesting the slow 

release of the encapsulated OVA(P). 
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Figure 50: In vitro presentation of OVA antigenic peptide by MHC-I of EL-4 cancer cells.  

Panel A: 2.0 x 105 EL-4 cells were pulsed with free OVA(P), panel B: 3.0 x 105 EL-4 cells were 

pulsed with encapsulated OVA(P) (OVA(P)-Ac-Dx-NPs). The high mean fluorescence intensity 

(MFI) values in panel B corresponds with the high number of cells used 

 

 ..  
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Figure 51: Effect of incubation time on OVA(P) antigen presentation by MHC-I of EL-4 cells. 

Amount of OVA(P) was normalized to 54 ng. ns: not significant 
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Figure 52: Duration at which OVA antigen remained on MHC-I when cells were pulsed with 

either free OVA(P) or OVA(P)-Ac-Dx-NPs. Amount of OVA(P) was normalized to 54 ng 

 

 

3.3.3: B3Z assay 

To assess whether OVA(P) antigen presented by the MHC-I molecules of EL-4 tumor cells were 

capable of activating cytotoxic T-cells, B3Z assay was carried out.53 B3Z is a lacZ-inducible 

CD8+ T cell expressing TCR specific for OVA(P) presented on the murine H-2Kb MHC class I 

molecules.71 Once the TCR engages OVA(P)-H-2Kb complex, β-galactosidase is secreted, which 

cleaves its substrate chlorophenol red-β-D-galactopyranoside (CPRG) and give a colorimetric 

readout. EL-4 cells were pulsed with OVA(P) or OVA(P)-Ac-Dx-NPs for 6 hours, then co-cultured 

with B3Z cells for an additional 16 hours. CPRG was added and after 6 hours, the absorbance 
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was read at 595 nm. As shown in Figure 53, incubation of EL-4 tumor cells with OVA(P)-Ac-

Dx-NPs led to increased MHC-I presentation of the OVA(P) epitope by a factor of 20 relative to 

free OVA(P). This drastic increase in presentation was an indicator that OVA(P)-Ac-Dx-NPs 

harbors the potential to be used as vaccines against tumors. 

 

Figure 53: B3Z assay measuring OVA antigen presentation of EL-4 cells pulsed with free 

OVA(P) or OVA(P)-Ac-Dx-NPs.  The t-test method was used for analysis, ****, P ≤ 0.0001. 

Absorbance was measured at 595 nm 

 

 

3.3.4: OVA(P) antigen delivery to tumor environment by the assistance of acetalated dextran 

nanoparticles 

Aiming at further investigating whether OVA(P)-Ac-Dx-NPs can be used as a vaccine to treat 

tumors, the ability of these nanoparticles to deliver OVA(P) antigen to tumor environment was 

evaluated. Mice were inoculated with EL-4 tumors on the left flank. When the tumor size was 

about 300 mm3, mice were administered with OVA(P)-Ac-Dx-NPs (14 µg OVA peptide), via 
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intravenous tail vein injection. The mice were sacrificed 9 h post injection with the tumors were 

harvested and divided into two halves. For one half, single suspension cells were generated by 

digesting in collagenase type IV enzyme solution, stained with anti-OVA or its isotype and 

analyzed by FACS. The second half was subjected to histopathology antibody staining and 

subsequently analyzed by confocal microscopy imaging. Both results from FACS and confocal 

microscopy results confirmed the delivery and presentation of OVA(P) on MHC-I molecules, 

which was specifically detected by anti-OVA antibody, Figures 54 and 55. 
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Figure 54: In vivo presentation of OVA-antigen on MHC-I by the cell population in the tumor 

microenvironment. The cell population was analyzed by FACS after staining with OVA(P) 

antibody, detecting anti-mouse MHC-I H-2Kb bound to SIINFEK  antigen 
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Figure 55: In vivo presentation of OVA(P) antigen on MHC-I by the cell population in the tumor 

microenvironment. The cell population was analyzed by confocal microscopy. Panel A: Tumor 

tissue slice was not subjected to any antibody staining. Panel B: Tumor tissue slice was stained 

with isotype control antibody. Panel C: Tumor tissue slice was stained with OVA(P) antibody, 

detecting anti-mouse MHC-I H-2Kb bound to SIINFEK  antigen. Scale bar is 50 µM 

 

 

3.3.5: In vivo tumor protection  

Further tests were carried out to determine if the delivery of the antigen can offer protection 

against tumor growth. C57BL/6 wild type mice were immunized subcutaneously under the scruff 

on day 0 with 100 µL of OVA protein (50 µg of OVA) as an emulsion in complete Freund's 

adjuvant. Booster were given on days 14 and 28 with emulsions in incomplete Freund's adjuvant 

(IFA). Subcutaneous (sc) tumors were established by administering sc 2 x 105 EL-4 cells in 100 

µL of PBS per mouse into the left flank. When the tumor size was about 20-30 mm3, mice were 
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vaccinated via intra-tumor injection with either free OVA(P), OVA(P)-Ac-Dx-NPs (amount of 

OVA was normalized to 7 µg), empty Ac-Dx-NPs or PBS (100 µL final injected volumes). A 

total of 3 treatments were administered (every other day from the first vaccination).  Tumor 

growth was monitored by taking dimensions with calipers, and mice with tumor volume over 

1000 mm3 were removed from the experiment and euthanized. Mice were also removed if they 

showed other signs of pain or distress, such as immobility, a hunched posture, lack of eating or 

ulcers developing at the tumor area. Based on the tumor volume, it is evident that treatment with 

OVA(P)-Ac-Dx-NPs offered protection against established tumor, as the tumor growth rate was 

significantly slower when compared to treatment with either free OVA(P), empty Ac-Dx-NPs or 

PBS, Figure 56. Throughout the study, mice in the OVA(P)-Ac-Dx-NPs group maintained the 

highest probability of survival compared to all other groups, Figure 56 panel B. All mice in PBS 

and Ac-Dx-NPs group died 20 days into the study, 20 % of the mice in free OVA(P) study group 

were still alive. However, there were no mortalities found in the OVA(P)-Ac-Dx-NPs study 

group. Study was stopped at day 26 after mice started showing lesions at the tumor area.   
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Figure 56: Tumor challenge studies of wild type mice bearing established s.c solid tumors. Panel 

A: Tumor growth progress after intra-tumor treatment with PBS, free OVA(P), empty Ac-Dx-NPs 

and OVA(P)-Ac-Dx-NPs. Panel B: Mice survival curve. Data shown is the mean of 5 mice per 

group. The Log-rank and the t-test methods were used for analysis. In A, **, P ≤ 0.0042; ***, P 

≤ 0.0005, while in B **, P ≤ 0.005 compared with free OVA(P) group    

 

Next we asked whether mice with already established solid tumors could be protected if the 

vaccination was carried out via intravenous injection as opposed to intra-tumor injection. A 
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preliminary study was done using OT-I transgenic mice, in which CD8+ T cells express TCR 

specific for the OVA(P) presented on MHC-I molecules (OT-I cells).72,73 Mice were immunized 

following similar protocols as wild type stated above. Similarly, sc solid tumors were inoculated 

on the left flank and when the tumor volume was between 20-30 mm3, mice were treated 

intravenously via tail vein. Only a single dose of either OVA(P)-Ac-Dx-NPs, free OVA(P), empty 

Ac-Dx-NPs or PBS was given on day zero. The amount of OVA(P) was normalized to 20 µg in 

100 µL total volume formulated in PBS. Similar results were observed where mice treated with 

OVA(P)-Ac-Dx-NP had slow tumor growth rate. PBS and empty particles treated mice had 

similar tumor growth rate with no mortality reported, confirming that Ac-Dx-NPs are not toxic.53 

The use of OT-I mice however posed some potential limitation. Due to the high levels of 

activated OVA(P) specific T-cells, any off target delivery of the peptide would potentially lead to 

the death of the mice. This came to be evident when all the mice in the study group treated with 

free OVA(P) died two days after vaccination, while two mice from the OVA(P)-Ac-Dx-NPs group 

also died. These results gave an eye opening observations; (i) mice were safer when treated with 

OVA(P) antigen encapsulated in Ac-Dx-NPs (ii) the concentration of the peptide administered to 

OT-I mice (20 µg OVA(P)) could be potentially too high (iii) there is off target delivery of the 

encapsulated OVA(P) (iv) only single dose treatment was necessary to produce a reduced rate of 

tumor growth compared to intra-tumor injection experiment, implying high number of antigen-

specific CTLs is required to cause tumor regression. Mice in PBS and empty nanoparticle group 

were sacrificed 13 days after first treatment, after tumor sizes were over 1000 mm3. On the other 

hand, mice treated with OVA(P)-Ac-Dx-NPs showed tumor regression, but progressive growth 

started 10 days after first single dose treatment on day zero, Figure 57, panel A.  
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After preliminary success with OT-I mice model, we next performed the study in wild 

type mice. Similarly, solid tumors were inoculated on the left flank, and after tumor had 

established, mice were treated via tail vein with either OVA(P)-Ac-Dx-NPs, free OVA(P), Ac-Dx-

NPs or PBS. The injected OVA(P) was normalized to 20 µg and a total of three injection were 

administered every other day. As shown in Figure 58, mice treated with OVA(P)-Ac-Dx-NPs had 

slow rate of tumor growth, and showed high chances of survival throughout the study. None of 

the free OVA(P) treated mice died from OVA(P) injection implying the amount of OVA(P)-specific 

CTL generated in wild type mice after immunization is low. All the ten mice in the PBS and Ac-

Dx-NPs study groups died 15 days into the study from tumor. Over 50 % of the mice in the free 

OVA(P) study group had died by this day. However, they all died 18 days into the study, the same 

day the first mortality from the OVA(P)-Ac-Dx-NPs study was reported, Figure 58, panel B. 
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Figure 57: Tumor challenge studies of OT-I transgenic mice bearing sc solid tumors. Panel A: 

Tumor growth progress after i.v. treatment with PBS, free OVA(P) antigen, empty Ac-Dx-NPs 

and Ac-Dx-NPs encapsulating OVA antigen (OVA(P)-Ac-Dx-NPs). Panel B: Mice survival 

curve. Data shown is the mean of 7 mice per group. The Log-rank and the t-test methods were 

used for analysis.  In A ***, P ≤ 0.002; ****, P ≤ 0.0001, while in B, ***, P ≤ 0.001 compared 

with Ac-Dx-NPs group 

 



 

191 

 

 

Figure 58: Tumor challenge studies of wild type mice bearing sc solid tumors. Panel A: Tumor 

growth progress after i.v. treatment with PBS, free OVA(P) antigen, empty Ac-Dx-NPs and Ac-

Dx-NPs encapsulating OVA antigen (OVA(P)-Ac-Dx-NPs). Panel B: Mice survival curve. Data 

shown are the mean of 10 mice per group. The Log-rank and the t-test methods were used for 

analysis. In A, ****, P ≤ 0.0001, while in B, ****, P ≤ 0.0002 compared with free OVA(P) group 
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3.4: Discussion 

Immune response and /or immunotherapy often fail to cause rejection of progressively or 

established tumors even when effective CTL responses are generated. It has been established that 

one way in which tumors may escape immune surveillance is failure by a subpopulation of tumor 

cells to express the target antigen, resulting in diminished MHC-I/peptide interactions. The direct 

outcome is the diminished recognition of the MHC-I/peptide complex by the TCR leading to 

cancer cell escape from destruction by CTL, hence tumor grows progressively.23,26,30,70,74 Cancer 

cells with diminished MHC-peptide complex have been referred to as antigen loss variant 

(ALV). Schreiber and coworkers demonstrated that these ALV can be indirectly eliminated as 

bystanders by CTL if the cancer antigens are effectively cross-presented by the tumor associated 

stromal cells.24,27-30  

Therefore increasing the concentration of tumor antigen in the tumor microenvironment 

may require targeted delivery of the tumor antigen by an external vehicle, in the event that 

parental cancer cells lack enough antigens to be cross-presented by stromal cells. The delivery 

vehicle of choice should be designed such that it takes advantage of the unique properties of the 

tumor microenvironment. pH-responsive nanostructures/nanoparticles hold the promise as a 

viable delivery vehicle because of the low pH nature of the tumor microenvironment.32,34,37 Here 

we show using two experimental approachs that OVA(P) antigen encapsulated in dextran 

nanoparticles was successfully delivered to the tumor microenvironment. Furthermore, our 

results indicated that the antigen was uptaken by the cell population in the tumor 

microenvironment, and presented on to MHC - I molecules, which were detected by the antibody 

staining as confirmed by both FACS and confocal microscopy, Figures 54 and 55. A good 

antigen delivery system should possess enhanced permeability and retention (EPR) 
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characteristics.75-79 Once they enter tumor environment, they should stay there sufficiently long 

and release their payload relatively slowly thereby increasing their therapeutic effect.76 The 

results obtained from the B3Z assays suggest that there was prolonged availability of OVA(P) at 

significantly higher concentration when cells were exposed to OVA(P)-Ac-Dx-NPs as compared 

to free OVA(P), Figure 53. The advantage of prolonged availability implies that once delivered, 

majority of the cell population in the tumor microenvironment, including stromal cells, will have 

a chance to uptake the antigen, present on MHC-I molecules, subsequently sensitize the tumor 

environment for destruction by CTL. This was evident from our results that show slowed tumor 

growth after mice were treated with OVA(P)-Ac-Dx-NPs, Figures 56, 57 and 58. This is 

particularly attractive because it provides a confirmation that besides full length proteins,47 

therapeutically relevant short peptides80 too can be encapsulated in acid responsive nanoparticles, 

and successfully delivered to their intended destinations. In addition, short peptides are easier to 

synthesize and purify, and they can be produced in high quantities with high degree of 

reproducibility, further highlighting the advantages of working with short peptides antigens. 

Besides, if whole proteins are encapsulated, cells will have the extra burden to proteolytically 

degrade protein to the required short CTL-peptide antigens to be presented on the MHC-I 

molecules. 

Despite promising results obtained from the current study, we were not able to achieve 

complete eradication of the established solid tumor. Several other mechanisms other than ALV 

can potentially explain why the presence of high levels of tumor activated CD8+ T-cells have 

failed to cause complete rejection of established tumor has been proposed.81-84 Some of them are 

related to the inability of the activated T-cells (either adoptively transferred or generated through 

immunization) to access the tumor, or even some instance the activated T cells migrate away 
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from the tumor site.85,86 In our current study it can also be explained by the inability of OVA(P)-

Ac-Dx-NP to access all tumor cells due to limited penetration of OVA(P)-Ac-Dx-NP in tumor 

tissues.  One potential direction is to enhance tumor penetrating abilities of the NPs. Our current 

results agree with previous reports, which suggest that even in transgenic mice, which were 

engineered to enable every T cell to express a tumor-antigen reactive TCR (such as OT-I mice), 

tumors still grew progressively after initial regression was observed.22,87 In an attempt to provide 

a solution to the inability of the adoptively transferred T cells to fully access the tumor, Stephan 

et al. demonstrated that activated tumor specific T cells together with the necessary co-

stimulatory molecules, can be delivered efficiently by harboring them in bioengineered polymer 

matrices. As opposed to adoptive transfer via intravenous administration, the polymer material is 

designed to deliver and stimulate the T cells when placed in tumor resection sites or close to 

inoperable tumors. When at the tumor site, it acts as an active reservoir from which the 

propagating cells are released as the material biodegrades. In a multifocal ovarian cancer model, 

they demonstrate that polymer-delivered T cells triggered regression, whereas injected tumor-

reactive lymphocytes had little curative effect.88 Therefore, if our proposed CTL-antigen delivery 

method is used together with these already available and established methods for activated T cell 

delivery, eradication of established tumor is possible. 

3.5: Conclusion 

Tumor cells often evoke specific immune responses that however, fail to eliminate all the tumor 

cells. The development of cancer immunotherapies over the decades, has mostly focused on the 

generation of large numbers of activated anti-tumor effector cells through vaccination or 

adoptive T cell transfer. However, this has not been able to be translated into clinical successes 

for cancer therapy because even where tumor regression or complete responses were achieved 
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there is usually relapse of the disease. By the establishment that subpopulation of tumor cells fail 

to display T cell specific antigen required for tumor destruction, efforts should also focus on how 

to improve antigen presentation on cancer cells. Other than hoping that tumor cells should 

present antigens high enough to be cross-presented by the tumor stromal cells, methods need to 

be developed that will aid in delivery of CTL specific antigens to the tumor microenvironment in 

optimal quantities. We have shown here that 'intelligent' pH responsive nanoparticle systems 

capable of delivering CTL specific antigen to the tumor microenvironment holds the promise. 

Just as adoptive transfer or polymer assisted delivery is capable of saturating the tumor 

microenvironment with CTL of high activity, nanoparticle-antigen delivery systems can also 

enhance tumor treatment efficacy. If these (CTL and antigen delivery methods) are used in 

combination, it is likely that we can achieve both activated CTL and their corresponding antigens 

at high concentrations in the tumor microenvironment, which could potentially translate to 

efficient tumor eradication. We are currently working on improving the encapsulation of OVA(P) 

antigen to eliminate the potential antigen leak as evident by the death of two OT-I mice from the 

OVA(P)-Ac-Dx-NPs group. We are also exploring the possibility of covalently linking the OVA 

antigen to acetalated dextran through pH or enzymatic sensitive linkers prior to emulsification to 

form nanoparticle. The enzymatic sensitive linkers should target enzymes that are highly over-

expressed in the tumor microenvironment compared to normal tissues. Through covalent linkage, 

antigen leakage and subsequently off targeting can be minimized and higher concentration of the 

vaccines can be administered to study dose dependent treatments. 
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3.6: Future directions 

Encapsulation of CTL specific OVA(P) antigen in acid responsive dextran nanoparticles provided 

an alternative direction towards cancer immunotherapy. Despite the promising results, the death 

of two OT-1 mice treated with OVA(P)-Ac-Dx-NPs revealed the potential drawback of the 

current encapsulation technology. It is possible that some of the OVA(P) antigen leaked out 

during OVA(P)-Ac-Dx-NPs blood circulation ending up in vital organs resulting to off-target 

toxicity. In addition, an attempt to account for the amount of OVA(P) antigen that was delivered 

to the tumor and other vital body organs such as the liver, kidney, spleens, etc was 

experimentally unsuccessful. To circumnavigate the leakage problem, covalent linkage of the 

OVA(P) to Ac-Dx-NPs through linkers that can be cleaved without altering the OVA(P) sequence 

was proposed. 

Cathepsin B enzyme cleavable linker have been fronted as the emerging candidate to 

accomplish the covalent linkage due to the success it has shown in other applications,89-91 and 

especially in the construction of antibody drug conjugate.92  Consequently, the choice of 

cathepsin B cleavable linkers fits perfectly with the general hypothesis of this work whereby we 

are targeting biological stimuli that are overexpressed in the tumor microenvironment. Cathepsin 

B, a lysosomal protease (lysosome pH = 5.0-5.5) has been found to be overexpressed in various 

tumors where it has been implicated in tumor invasion and metastasis.93 It is never found in the 

extracellular matrix, except the extracellular matrix of tumor microenvironment. The 

extracellular activity of cathepsin B in tumors is supported partly by the low pH as a result of 

acidified environment around the cancer (pH = 6.4-6.8). Cleavable peptide sequences for 

cathepsin B are well developed: Ala-Leu-Ala-Leu, Gly-Phe-Leu-Gly, Phe-Arg, Phe-Lys, and 

Val-Cit are some of the linkers that have been highlighted. Out of these, Phe-Arg, Phe-Lys and 
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Val-Cit have been shown to perform better in the delivery of chemotherapeutic drug 

conjugates.90 

To successfully construct OVA(P)-Ac-Dx-NP conjugates, literature reports on the 

modification of acetalated dextran will be explored. Firstly, the diol of the dextran can be 

partially oxidized to generate carbonyl groups followed by protection of the free hydroxyl 

groups.57 The partially oxidized dextran is then conjugated with OVA(P) antigen modified with 

cathepsin B cleavable linkers through reductive amination, Figure 59. Alternatively, 

carbohydrate reducing chain ends present at the surface of the acetalated dextran nanoparticles 

could be exploited to form stable oxime conjugates with alkoxyamine bearing OVA(P) modified 

with cathepsin B cleavable linkers,55 Figure 60. With these conjugates, it is possible to achieve 

decreased off-targeting toxicity due to premature OVA(P) leakage, and also carry out organ 

distribution and dose dependent studies, even in OT-1 mice. Besides acetalated dextran 

nanoplatforms, these cathepsin B-peptide antigen constructs can be modified to fit onto other 

novel polymer derived nanoparticles. 
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Figure 59: Conjugation of cathepsin B linkers-OVA(p) antigen construct on partially oxidized 

dextran polymer through reductive amination 
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Figure 60: Conjugation of cathepsin B linkers-OVA(p) antigen construct by taking advantage of 

the reducing end equilibrium between hemiacetal and straight chain forms of carbohydrate 

present at the surface of the Ac-Dx-NPs through reductive amination 
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3.6: Experimental Section 

3.6.1: Materials and instrumentation  

All chemicals were reagent grade and were used as received from the manufacturer 

unless otherwise indicated. Fetal bovine serum (FBS), phosphate buffered saline (PBS), high 

glucose Dulbecco's modified Eagle medium (DMEM), Dulbecco's modified Eagle medium 

nutrient mixture F-12 Ham (DMEM/F12), complete Freund's adjuvant (CFA), incomplete 

Freund's adjuvant (IFA), RPMI-1640, ovalbumin (OVA), chlorophenol red-β-D-

galactopyranoside (CPRG),  dimethyl sulfoxide cell culture grade, pyruvate, acetonitrile HPLC 

grade, pyridium p-toluenesulfonate, triisopropylsilane (TIPS), dextran (Mw = 9 000 - 10 500 

g/mol), sodium azide (NaN3), N,N-dimethylformamide (DMF), dichloromethane (DCM) were 

purchased from Sigma Aldrich. Methoxypropene, anhydrous DMSO, N,N-

diisopropylethylamine, were purchased from Acros. Hydroxybenzotriazole (HOBt), O-

(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU), Fmoc 

protected amino acids were was purchased from Chem Impex international. Piperidine, polyvinyl 

alcohol (PVA, Mw = 13 000 - 23 000 g/mol, 86-89% hydrolyzed) was purchased from Alfa 

Aesar. Regular and HPLC grade trifluoroacetic acid (TFA) was purchased from EMD millipore. 

L-glutamine, streptomycin, penicillin, collagenase type IV and Hank's balanced salt solution 

were purchased from Gibco. 

Scanning electron microscopy (SEM) images were acquired on The  7500F ultra-high 

resolution scanning electron microscope, flow cytometry (FACS) data was acquired using LSR 

II flow cytometer analyzer and analyzed by FlowJo_V10 software. Confocal microscopy images 

were acquired using an Olympus FluoView 1000 LSM confocal microscope, dynamic light 

scattering (DLS) was performed on a Zetasizer Nano zs apparatus (Malvern, UK). 
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3.6.2: Animals and cell lines 

Pathogen free female C57BL/6 mice age 6 - 10 weeks were obtained from Charles River. OT-I 

mice were generously donated by Norbert E. Kaminski (Pharmacology and Toxicology 

department, Michigan State University). The mice were maintained in the University Laboratory 

Animal Resource facility of Michigan State University. All animal care procedures and 

experimental protocols have been approved by the Institutional Animal Care and Use Committee 

(IACUC) of Michigan State University. EL4 cells were generously donated by Gendler J. Sandra 

(Mayo clinic). Cells were cultured in RPMI medium 1640 supplemented with 10 % FBS, 1% L-

glutamine, and 1% streptomycin penicillin. B3Z (CD8+) cells was generously donated by Nilabh 

Shastri (University of California, Berkeley). Cells were cultured in RPMI-1640 supplemented 

with 10% FBS, 1 mM pyruvate, 50 µM 2-mercaptoethanol, 1% L-glutamine, and 1% 

streptomycin penicillin. The two cell lines were grown at 37 OC in a 5% CO2/air incubator. 

 

3.6.3: OVA peptide synthesis 

The OVA-derived (H-2Kb, SIINFEKL) peptide was synthesized through solid phase peptide 

synthesis using Fmoc chemistry. The leucine resin in a syringe was swollen overnight in DCM at 

room temperature. Lysine's free carboxylic acid was activated with HBTU, HOBt and DIPEA 

base in anhydrous DMF (10 mL) for 30 minutes. The DCM was discarded from the syringe and 

the activated lysine added and the coupling reaction left to proceed for 10 h at room temperature. 

After the reaction, the solution in the syringe was discarded and the resin washed 3 times with 

DMF followed by 3 times with DCM. Fmoc was deprotected by adding a solution containing 

20% piperidine in DMF, this was done twice, 20 minutes each with constant rotation. After the 
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end of the 40 minutes, the resin was wash 4 times with DMF and 4 times with DCM. The next 

activated amino acid was added and the procedure was repeated until all the amino acids had 

been coupled. Fmoc on the final amino acid was removed as previous described, the peptide was 

cleaved from the resin by a solution containing 95% TFA, 5% MilliQ water, and 5% TIPS. At 

this acidic condition, all the protecting groups were cleaved. Excess TFA was removed by 

evaporation on a rotavap followed by precipitation in diethylether and centrifugation until the 

resultant diethylether supernatant was clear. The peptide was air dried in the hood, dissolved in 

minimum amount of DMSO and purified by HPLC using 0.1% TFA MilliQ water and 

acetonitrile over a C18 column. Successful coupling was confirmed by ESI mass spectrometry. 

 

3.6.4: Preparation of acetalated dextran nanoparticles containing OVA peptide (OVA(P)-

Ac-Dx-NPs) 

Acetalated dextran nanoparticles containing OVA peptide was prepared by double emulsion 

water/oil/water as previously reported with modification.53 Briefly OVA peptide, OVA(P) (10 

mg) was dissolved in DMSO (50 µL). Acetalated dextran (200 mg) was dissolved in DCM (1 

mL) and added to the OVA(P) solution in a 15 mL centrifuge tube. This mixture was emulsified 

by sonicating for 30 s on ice using a probe sonicator (Branson digital sonifier, 250) with a duty 

cycle of 20%. This primary emulsion was added to an aqueous solution of poly(vinyl alcohol) (2 

mL, 3% w/v in PBS) and sonicated for an additional 30 s on ice using the same setting except the 

duty cycle was increased to 30%. The resulting double emulsion was immediately poured into a 

second PVA solution (10 ml, 0.3% w/v in PBS) and stirred for 4 h allowing the organic solvent 

to evaporate. The particles were isolated by centrifugation (10 000 RPM, 20 min) and washed 

with PBS (30 mL) and MilliQ-H2O (2 x 30 mL, pH 8) by vortexing and sonication followed by 
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centrifugation and removal of the supernatant. The washed particles were resuspended in MilliQ-

H2O (2 mL, pH 8) and lyophilized to yield a white fluffy solid. Empty particles without the 

peptide were prepared following the same procedures omitting the OVA(P). 

 

3.6.5: OVA peptide presentation on MHC-I by flow cytometry (FACS) 

EL4 cells were pulsed with different concentrations of either free OVA(P), 2.0 x 105 cells or 

acetalated dextran nanoparticles encapsulating OVA(P), (OVA(P)-Ac-Dx-NPs), 3.0 x 105 cells at 

37 OC in a 5% CO2/air incubator for 1 h. Cells were washed 3 times with FACS buffer (1 % 

FBS, 0.5 % NaN3 in PBS), stained with either anti-mouse H-2Kb bound to SIINFEKL 

(subsequently referred to as anti-OVA) or anti-mouse IgG1K (isotype control) for 30 minutes in 

FACS buffer on ice followed by FACS analysis. After the titration curves were generated, 

similar experiment was repeated but this time the amount of OVA(P) was normalized to 54 ng 

and the incubation was carried out in 24 h period to for kinetic studies to determine time of 

maximum antigen presentation by MHC-I molecules on the cells surface. 

To determine the duration at which the antigen remains presented on MHC-I molecules, EL-4 

cells were pulsed with either free OVA(P) or OVA(P)-Ac-Dx-NPs (OVA(P) was normalized to 54 

ng), and incubated at 37 OC in a 5% CO2/air incubator for 1 h in FACS tubes. Cells were 

centrifuged, the supernatant was discarded, washed twice in RPMI-1640 culture medium, 

followed by incubation in fresh medium for 0, 1, 3, 6, 12, 18, and 24 hrs. Cells were washed and 

stained with anti-OVA followed FACS analysis. 
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3.6.6: B3Z T cell activation assay 

B3Z cell is a CD8+ T cell hybridoma expressing a T cell receptor (TCR) that specifically 

recognizes OVA(257–264) (SIINFEKL), OVA(P) presented on the H-2Kb MHC class I molecules. 

The cells carry a β-galactosidase (lacZ) construct, hence they secrete β-galactosidase when its T-

cell receptor (TCR) engages an OVA(257–264):H-2Kb complex. Reported procedures were closely 

followed.53 Briefly, 2 x 104 EL-4 cells were cultured overnight in a 96 well plate and 

subsequently incubated with OVA(P)-Ac-Dx-NPs or free OVA(P) at increasing concentration . 

After 6 h, the cells were washed and 1x105 B3Z cells were added to the EL-4 cells and co-

cultured for an additional 16 h. The medium was removed and 100 µL of CPRG buffer (9.1 mg 

of CPRG, 0.125 mg of NP40 and 90 mg MgCl2 in 100 mL of PBS) was added to each well. After 

6 hrs, the absorbance at 595 nm was measured using a microplate reader. The results are 

presented as a mean quadruplicate.  

 

3.6.7: Assessing the delivery of OVA to tumor environment by FACS and confocal 

microscopy 

3.6.7.1: FACS  

Solid tumor was inoculated on the left flank by injecting 5 x 105 EL4 cells subcutaneously. 

When the tumors were about 300 mm3, the mice were injected with OVA(P)-Ac-Dx-NPs (amount 

of OVA(P) was normalized to 7 µg based on B3Z assay). The mice were sacrificed 9 h post 

injection, tumors were harvested and divided into two halves. One half was digested in 

collagenase type IV enzyme solution to generate single suspension cells while the other half was 

subjected to histopathology antibody staining prior to confocal microscopy imaging. Briefly, the 

mice were euthanized with isoflurane and CO2. Tumors were removed carefully avoiding the 
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skin and put into a labeled Petri dish (60 x 15 mm). Tumors were cut into two halves, one piece 

was frozen in the embedding medium at -80 OC for histology. The remaining half on Petri dish 

was minced into very fine pieces using sterile scalpels. 1 mL of collagenase solution (1g/mL, 

collagenase type IV in DMEM/F12 supplemented with 5% FBS) was added into the minced 

tumor tissues and transferred into a 50 mL centrifuge tube. The collagenase solution was brought 

to a final volume 10 mL. The tubes were placed in a 37 OC water bath, and every 30 minutes the 

samples were pipetted with a 10 mL pipette and then placed back in the water bath for a total of 

3 h. 10 mL of cold Hank's balanced salt solution (HBSS) modified supplemented with 2% FBS 

was added to the sample tubes and cell suspension filtered through a 70 µm cell strainer into a 

new labeled 50 mL centrifuge tube. The tubes were centrifugation at 1600 RPM for 5 min. The 

supernatant was discarded. The pellet was washed in additional 10 mL of HBSS, centrifuged 

again and the supernatant discarded. Finally the pellet was resuspended in 1 mL FACS buffer 

and divided into three parts in FACS. Two tubes were stained with either isotype control 

antibody or anti-OVA and the remaining tube used to set the background. The tubes were 

incubated on ice for 30 minutes, centrifuged at 1600 RPM for 5 minutes, and washed twice with 

FACS buffer by gentle vortexing and centrifugation. Finally the pellet was resuspended in 350 

µL of FACS buffer and analyzed by FACS. 

 

3.6.7.2: Histopathology staining 

Frozen tumor sections were generated and put on slides and allowed to reach room temperature 

from -80 OC. The samples were fixed in pre-chilled acetone for 2 minutes and rinsed 3 times in 

tris buffered saline (TBS) buffer without Tween 20 with no incubation, followed by incubation 

in the same buffer for 5 minutes. The slides were transferred into TBS with Tween 20 (TBST) 
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buffer for additional 5 minutes, loaded onto autostainer followed by flooding the autostainer with 

TBST for 5 minutes. The slides were stained with either anti-mouse H-2Kb PE conjugate bound 

to SIINFEK  or with isotype control antibody, anti-mouse IgG1K PE conjugate at 1:100 for 60 

minutes, or no antibody staining. The slides were rinsed in TBST, cover-slipped with ProLong 

Gold anti-fade mounting media and confocal microscopy images acquired 

 

3.6.8: Tumor immunotherapy 

C57BL/6 wild type or OT-1 mice were immunized subcutaneously under the scruff on day 0 

with 0.1 mL of OVA protein (50 µg of OVA) as an emulsion in complete Freund's adjuvant. 

Boosters were given on days 14 and 28 with emulsion  in incomplete Freund's adjuvant (IFA). 

The mice were inoculated with subcutaneous tumor (2 x 105, EL-4 cells were injected) on the left 

flank. When the tumor size was about 70-90 mm3, intra-tumor injection of either OVA(P)-Ac-Dx-

NPs, free OVA(P), empty Ac-DX-NPs, or PBS was done. For the study groups where treatement 

was via intravenous injection, mice were treated when tumor size were about 20-25 mm3. The 

amount of injected OVA(P) was normalized to 7 µg for intra-tumoral injection and 20 µg for 

intravenous injection. Tumor volume was determined prior to injection using the formula: 

volume (cm)� =  1
2� (L × W × H).94 Boost injection was done once every other day for a total 

of 3 injections except for OT-1 mice study group which received only one injection. Tumor 

growth was monitored by measuring the tumor volume every other day. Mice were sacrificed 

when the tumor volume was over 1 cm3. 
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Figure 61: Glycan microarrays by FITC labeled annexn-V 
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Figure 62: Glycan microarrays by FITC labeled histone protein. 
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Figure 63: HPLC chromatogram of purified OVA peptide 
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Figure 64: ESI spectrum of purified OVA peptide, OVA(P). 
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Figure 65: ESI spectrum of the supernatant after OVA(P)-Ac-Dx-NPs were resuspended in PBS overnight 
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Figure 66: ESI spectrum of the supernatant after OVA(P)-Ac-Dx-NPs were resuspended in 0.1% TFA overnight. 
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