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Abstract 

Mucins, the main macromolecular constituent responsible for gel-forming property in mucus, have 

great potential to act as new biological hydrogel for medical applications. Click chemistry reaction is 

an attractive tool to be applied in both bioconjugation and material science to form covalent bonds 

between molecules. Herein the click chemistry reaction of tetrazine-norbornene ligation was 

adapted to form click mucin hydrogel using purified commercial available bovine submaxillary 

mucin (BSM). This study included the characterization, purification and chemical modification of 

commercial available BSM. The flow filtration purification was chosen after investigating the 

effectiveness and yields of four different purification strategies. The reactivity of tetrazine and 

norbornene-functionalized BSM was evident from the formation of robust mucin hydrogel within 

minutes after mixing the two components. 

Keywords 

BSM�characterization� purification� chemical modification�hydrogel  

Abstrakt 

Mucin, den viktigaste makromolekylära beståndsdel som ansvarar för den gelbildande egenskapen i 

slem, har stor potential att fungera som en ny biologisk hydrogel för medicinska tillämpningar. 

Klick-kemi reaktioner är attraktiva verktyg som kan användas i både biokonjugering och 

materialvetenskap för att bilda kovalenta bindningar mellan molekyler. I detta projekt användes 

renat kommersiellt köpt bovint submaxillärt mucin (BSM) i en klick-kemi reaktion för att 

sammanlänka tetrazin och norbornylen. Denna reaktion anpassades för att bilda en mucin hydrogel. 

Detta projekt inkluderade karakterisering, rening och kemisk modifiering av kommersiellt köpt 

BSM. Flödesfiltrering valdes som reningsmetod efter  undersöking av effektivitet och utbyte av fyra 

olika reningsstrategier. Reaktiviteten hos tetrazin och norbornen-funktionaliserad BSM var 

uppenbar från bildandet av robust mucin hydrogel inom några minuter efter de två komponenterna 

sammanblandats. 

Nyckelord 

BSM, karakterisering, rening, kemisk modifiering, hydrogel  
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Introduction 

Mucus layers cover all of tissue surfaces exposed to the external environment. It is an important 

factor for both physiological structure and keeping health. Mucins are the main macromolecular 

constituent in mucus and endow most of physiological functions to mucus. In essence, mucins are a 

family of glycoproteins with high molecular weight. The molecular weight of mucins can vary from 

0.2 to 40MDa1, while the cysteine rich regions and heavily glycosylated central region of protein 

core are common for all mucins2. With the increasing interests on mucins, the functions and 

properties of mucins are further studied. In addition to the role in physiology, mucins also have 

huge potentials in the development of multifunctional biomaterials. 

To date, a number of processes to extract mucins from raw material up to their assembly into 

biomaterials have been developed. Scientists use different methods to purify the mucins, including 

density gradient centrifugation3, digesting and size exclusion chromatography4,5, anion-exchange 

chromatograph6,7, etc. In parallel, the better understanding of mucins has led to the discovery of 

technological uses for them. Functional surface coatings with mucins8,9, mucins based auxiliaries 

during minimally invasive surgery10 and sustained drug delivery by mucin-assembled hydrogel11 

have sparked interest to develop mucin-based materials. 

The mucins for academic researches are often from two sources, purified from tissue source in lab 

or commercial available mucins from the manufacturers. Both approaches present advantages and 

disadvantages. The mucins purified in lab preserve the gel forming property of mucins, which is 

compatible with the further development in biomaterials. Nevertheless, the low productivity, long 

production time and variation in sample quality limit the mucin-based biomaterial within scientific 

research. On the other hand, the commercial available mucins from the manufacturer have several 

critical drawbacks. The manufacturers often purify mucins with the treatment of proteases or other 

aggressive treatments, which break the mucins into subunits and deprive the gel forming property. 

In addition, the purity of commercial available mucins is not well controlled; the presence of 

nonmucin components not only complicates the comparison between different studies but also 

might influence the interaction between mucins and other substances. 

It is important to have a clear understanding about the nonmucin components in mucin samples for 

the interpretation of experiment results and further optimization. Meanwhile, the purification and 

assembly of mucins into materials need to be better controlled before they are up to standards of 

biomedical industry. 

In this project, our objectives are to endow gel-forming property to commercial available bovine 

submaxillary mucins (BSM) by developing a new type of covalently cross-linked mucin (ClickMucin) 
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hydrogels. Considering the existed studies about mucin hydrogels, the developed ClickMucin might 

be used in drug delivery, in the meantime it also have a great potential for more medical 

applications, such as mucus reconstruction in the future. To this end, we established a set of 

characterization protocols for commercial available BSM, tested and analyzed different purification 

methods and functionalized the suitably purified BSM to create mucin hydrogels for various 

applications. 

Experimental 

Characterization of BSM 

Mucin from bovine submaxillary glands (Sigma-Aldrich, M3895-500MG, Type I-S), Mucin, Bovine 

Submaxillary Gland (Merck Millipore, 499643-500MG) and Mucin, Bovine Submaxillary Gland 

(Worthington, LS002976-50MG) were employed for comparison of impurities in BSMs. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Materials: Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, 4-15%, 10 wells, 30 µl); 

PageRuler™ Prestained Protein Ladder (Thermo Fisher Scientific, 10-180 kDa); PageBlue™ Protein 

Staining Solution (Thermo Fisher Scientific); 5X SDS-PAGE Loading Sample Buffer (156.25mM 

Tris-HCl, pH 6.8, 15.625% glycerol, 0.025% Bromophenol blue, 5% SDS); 5X SDS-PAGE Running 

Buffer (7.2% Glycine, 1.5% Tris, 0.5% SDS). 

SDS-PAGE was employed to identify nonmuin protein in different commercial available BSMs. The 

commercial available BSMs were dissolved in MilliQ water, and mixed with 5X SDS Loading Sample 

Buffer. After denaturing at 95 °C for 10 min, the mixtures as well as standard PageRuler™ 

Prestained Protein Ladder were loaded into wells. The power supply of electrophoresis was 

regulated direct current (DC) and all gels were run under constant voltage. After the electrophoresis, 

the gel was stained by PageBlue™ Protein Staining Solution overnight and destained by washing the 

gel with MilliQ water for several times. The gel was covered by a transparent plastic folder and 

imaged using a scanner with CanoScan Toolbox 4.6(color mode, 800dpi, TIF type) for further 

analysis and comparisons. 

Colorimetric sulfo-phospho-vanillin (SPV) method 

Materials: Sulfuric acid 95-97% (Merck Millipore, for analysis); Ortho-Phosphoric acid 85% 

(Merck Millipore, for analysis); Chloroform (Fisher Scientific, for HPLC); Methanol (Sigma-Aldrich, 
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for HPLC); Cholesterol (British Drug Houses, laboratory reagent); Vanillin (Sigma-Aldrich, 

ReagentPlus®, 99%). 

The SPV method12 was employed to quantitatively identify the lipids impurities in commercial 

available BSMs. In order to minimize the influence of proteins during the lipid assay, the lipids were 

extracted according to the method of Bligh & Dyer13 using new (or solvent-cleaned) all-glass 

instruments to avoid contaminations. Cholesterol was dissolved in solvent (chloroform: 

methanol=2:1) at a concentration of 5 mg/ml as the standard lipid sample to construct the 

calibration curve for the SPV method. The different amounts of both extracted lipid samples and 

standard cholesterol samples were acquired by varying the sample volume. After evaporating the 

solvent in the fume hood, adding the concentrated sulfuric acid and incubating at 90 °C for 10 min, 

the samples were transferred microplates. And then the absorbance was measured before and after 

adding vanillin-phosphoric acid reagent. The absorbance was measured by CLARIOstar® 

microplate reader (BMG LABTECH, Germany) at 540 nm wavelength. 

Fluorescent DNA quantitation 

Materials: Fluorescent DNA Quantitation Kit (Bio-Rad) contains Hoechst 33258 (bisbenzimide), 

calf thymus DNA standard and 10X TEN assay buffer. 

In order to investigate the DNA impurities in commercial available BSMs, Fluorescent Hoechst 

33258 method was used to quantitatively identify the presence of DNA impurities in BSM samples. 

The assay was performed in microplate and the results was measured by CLARIOstar® microplate 

reader (BMG LABTECH, Germany). Calf thymus DNA was used to set up a standard curve in the 

range of 20ng-2000ng, while the concentrated BSM samples (dissolved in H2O) were added into 

wells (≤10 µl to reduce dilution of the dye) as the unknown samples to be tested. The parameters for 

the fluorescence measurement were set as: excitation 360-10nm, emission 460-10nm, and the gain 

was automatic set after scanning all the wells. 

Purification of BSM 

For all purification experiments, mucin from bovine submaxillary gland commercialized by 

Worthington (BSM, LS002976-50MG) was employed for normalizing the comparison between 

different methods. In addition, BSM commercialized by Sigma-Aldrich, (M3895-500MG, Type I-S) 

and by Merck Millipore, (499643-500MG) were also used to investigate the purification methods at 

the beginning stage. 



 6 

Size-exclusion chromatography (SEC) 

Material: Sepharose® CL-2B (Sigma-Aldrich, cross-linked); Sodium Chloride (Duchefa Biochemie, 

S0520.5000); XK 26/20 Column (GE Healthcare Life Science); Acetic acid (glacial) 100% (Merck 

Millipore, for analysis); Periodic Acid (Sigma-Aldrich, ReagentPlus®) and Schiff’s Reagent 

(Sigma-Aldrich). 

Size-exclusion chromatography was employed to purify the commercial available BSM and also 

used to identify the existence of impurities. The commercial available BSM was dissolved in 0.2 M 

sodium chloride at 4 mg/ml. The BSM sample solution was applied to the lab packed SEC column 

(Sepharose media in XK 26/20 column) through a loop and subsequently washed with over 1 

column volume (CV) 0.2 M sodium chloride at a flow rate of 2 ml/min.  

Periodic-acid-Schiff’s reagent (PAS) assay was used to detect the presence of BSM in the eluted 

fractions of SEC. The different fractions from SEC were transferred to microplate and mixed with 

0.06% periodic acid (1% periodic acid solution diluted by 7% acetic acid). After incubating at 37 °C 

for 1.5 hours, Schiff's reagent was added into each well for colour development. The absorbance was 

measured by CLARIOstar® microplate reader (BMG LABTECH, Germany) at 550nm wavelength. 

The fractions containing BSM were pooled, desalted and lyophilized for following analysis. 

Affinity chromatography 

Materials: CellufineTM PB Affinity Chromatography Media (Amsbio); Sodium dihydrogen 

phosphate monohydrate (Merck Millipore, for analysis); di-Sodium hydrogen phosphate (Merck 

Millipore, for analysis); Sodium Chloride (Duchefa Biochemie); Sodium hydroxide pellets (Merck 

Millipore); Immobilized Jacalin (Thermo Fisher Scientific); Melibiose (Sigma-Aldrich, HPLC) and 

Sodium Azide (Sigma-Aldrich, BioXtra). 

In order to investigate the effectiveness of different affinity chromatography for purification, both 

Cellufine PB and Immobilized Jacalin were employed as the affinity chromatography medium. The 

phenyl borate group in Cellufine PB was supposed to bind to the cis-diol groups on the 

oligosaccharide branched chains of BSM while the immobilized jacalin was supposed to bind to 

D-galactose in the highly glycolated region of BSM. For Cellufine PB, the media beads were packed 

into a 20 ml chromatography column and equilibrated with 5 CV binding buffer (0.01 M disodium 

hydrogen phosphate, 0.2 M sodium chloride, pH=8). The commercial available BSM was dissolved 

in binding buffer at the concentration of 5 mg/ml and applied to the column. Proteins in 

commercial available BSM were fractionated according to their binding abilities to the phenyl 
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borate ligand. After applying the BSM sample, the column was washed with 2 CV of binding buffer 

to remove the non-binding contaminants and subsequently washed with 5 CV elution buffer (0.2M 

disodium phosphate, 0.2M sodium dihydrogen phosphate, pH 5.9) to elute bound proteins. The 

collected fractions were subjected to PAS assay to identify the existence of BSM. For immobilized 

jacalin, the whole procedures were similar to Cellufine PB except for the buffers. 

Phosphate-buffered saline (PBS) (0.1 M disodium phosphate, 0.15 M sodium chloride, pH 7.4) was 

used as the binding buffer while 0.1M melibiose dissolved in PBS was used as the elution buffer. 

Anion exchange chromatography 

Materials: Sodium Acetate (Merck Millipore, for analysis); Titriplex® II 

(Ethylenediaminetetraacetic acid, EDTA)(Merck Millipore, for analysis) and Sodium Chloride 

(Duchefa Biochemie). 

Anion exchange chromatography was performed according to the approach proposed by Madsen et 

al.7 The commercial available BSM was dissolved in buffer A (10mM sodium acetate, 1mM EDTA, 

pH 5.0) with a concentration of 10mg/ml. The sample solution was filtered through a 0.45µm filter 

(Filtropur S 0.45, Sarstetedt) and subsequently applied to 8-mL Q Sepharose Fast Flow 

anion-exchange column (XK16 Amersham Biosciences) at a flow rate of 2ml/min. After loading the 

sample solution, the column was washed with 2 CV buffer A to remove any nonbound proteins. And 

then, a multilevel gradient of a high salt buffer B (10mM sodium acetate, 1mM EDTA, 1.2M sodium 

chloride, pH 5.0) was performed for elution. The elution procedure included washing with 2 CV of 5% 

buffer B, washing with 1.5 CV of 21% buffer B, washing with 5 CV by linearly increasing the 

percentage of buffer B from 21% to 24% and finally washing with 2.5 CV of 100% buffer B. The 

fractions were analyzed by SDS-PAGE using short silver nitrate staining protocol proposed by 

Chevallet et al.14 and the fractions containing BSM were pooled, desalted and lyophilized for 

following analysis. 

Flow filtration 

Materials: Centramate™ & Centramate PE Lab Tangential Flow Systems (Pall corporation), 

Sodium Chloride (Duchefa Biochemie) and Sodium hydroxide pellets (Merck Millipore). 

A cross-flow filtration system was employed as a purification method to remove the smaller 

molecules contained in the commercial available. The membrane was chosen as with a molecular 

weight cut-off of 300kDa and the constituents in samples were divided into two fractions. One 

fraction contained the components with smaller molecular weight than 300kDa and the other 
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fraction contained the components with higher molecular weight. The commercial available BSM 

was dissolved in a high ionic strength solution (2M sodium chloride) at a concentration of 1mg/ml. 

The sample solution was pumped through the filter and the larger molecular weight fraction was 

collected in the same bottle as sample. During the filtration, the sample was concentrated at the 

same time, thus the sample was diluted by buffer with 3 Bottle Volume (BV) to ensure most of the 

smaller molecules could go through the filter. The solution was then desalted with the addition of 4 

BV of MilliQ water. The larger molecular weight fractions containing BSM was ultra centrifuged and 

lyophilized for following analysis. 

Chemical modification of BSM 

In interest of reproducibility, the chemical modifications were all performed on the bovine 

submaxillary gland mucins commercialized by Worthington (LS002976-50MG). 

Materials: (4-(1,2,4,5-Tetrazin-3-yl)phenyl) methanamine hydrochloride 

(Tetrazine)(Sigma-Aldrich, 95%); 1-Bicyclo[2.2.1]hept-5-en-2-ylmethanamine (Norbornene)(Matrix 

Scientific); N-Hydroxysuccinimide (NHS)(Sigma-Aldrich, 98%); 

N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)(Sigma-Aldrich, ≥99.0%); 

Dimethyl sulfoxide (DMSO)(Fisher Scientific, analytical reagent grade); MES 

hydrate(Sigma-Aldrich, ≥99.5%) and Sodium Chloride (Duchefa Biochemie). 

Click reaction between tetrazine and norbornene functionalities  was employed to form covalent 

bonds between mucins to create mucin hydrogels for various applications. The purified BSM was 

functionalized by the either one of the functionalities. For the functionalization, the purified BSM 

was dissolved in MES buffer (0.1M MES, 0.3M sodium chloride) to get a clear solution and tetrazine 

was dissolved in DMSO (60mg/ml). Then EDC and NHS were dissolved in the same buffer as BSM 

and added at 4mmol per gram of dry BSM. After stirring for 5 min, the sample was divided into two 

beakers, then tetrazine and norbornene were added at 2mmol and 4mmol per gram of dry BSM, 

respectively. The mixtures were stir at room temperature for 5 hours and then dialysis using 

100kDa dialysis tubes at 4°C. The dialysis was performed against 300mM sodium chloride for 2 

days and then against MilliQ water for another 2 days. After dialysis, the functionalized BSM was 

lyophilized for following analysis. 

Results and Discussion 

Characterization of BSM 
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We characterized the different commercial available BSMs, detecting the presence of 

nonmucin-proteins, lipids, and DNA.  

 

Figure 1 BSM from Sigma-Aldrich (S), Merck (M) and Worthington (W) visualized by SDS-PAGE. 20µl 4mg/ml BSM was 

mixed with 5µl 5X SDS sample loading buffer and 20µl of the mixture was loaded into well. 

SDS-PAGE visualized the nonmucin proteins in commercial available BSMs (Figure 1). BSM from 

all three companies had some proteins bands appeared close to the wells on the top of the gels, 

which were corresponding to the molecular weight above 180kDa. There also appeared some 

protein bands in the low molecular weight areas. For BSM from Sigma-Aldrich, only one main 

protein band appeared at 60~65kDa. However, for BSM from Merck and Worthington, there were 

at least two more obvious protein bands lower than 60~65kDa. According to the previous studies on 

mucins, the molecular weight of BSM should range from 0.4MDa to 4MDa15. Thus, the protein 

bands appeared on the top of the gel should be the BSMs. Sandberg et al.6 identified the major 

protein impurity of BSM from Sigma-Aldrich were bovine submaxillary albumin (BSA), which is 

compatible with the lower protein band at 60~65kDa. For BSM from Merck and Worthington, the 

appearance of protein bands lower than 60~65kDa might because of both the poor purification and 

protein degradation. 

In order to test the lipid components, the commercial available BSMs were treated according to the 

Bligh & Dyer method13 to extract the lipids and followed by a SPV method12 to quantitative the 

existence of lipid impurities. The result shown in Figure 2 verified the existence of lipids in 

commercial available BSMs. The appearance of lipids in commercial available BSM might be 
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collected together with the mucins from the bovine submaxillary gland or be an artifact brought by 

the manufacturer during the purification procedures. 

 

Figure 2 Percentage of lipids and DNA in different companies’ BSM. The histogram indicates the purity of BSM in terms of 

lipids & DNA. The error bars reflect the difference between the triplicated experiments. 

For the determination of DNA components, fluorochrome Hoechst 33258 (bisbenzimide) method 

was employed. The red bars in Figure 2 show the presence of DNA in commercial available BSMs, 

the highest 2% of DNA impurity came from the BSM from Worthington. Beyond that, the 

investigation on protein effect on determination of DNA with Hoechst 3325816 indicated that high 

protein concentration (>100µg/ml) interfered the proportionality between the DNA concentration 

and fluorescence and increased the fluorescence. Thus, considering the sensitivity and the relatively 

low percentage of DNA in BSMs, the percentage of DNA in commercial available BSMs might be 

overestimated. 

In conclusion, BSM from Sigma-Aldrich performs the best in all of the three tests. BSM from Merck 

and Worthington are quite similar in terms of nonmucin proteins while BSM from Worthington has 

the highest percent of lipid impurities but performs better in terms of DNA. And BSM from Merck 

performs better in terms of lipids than DNA. 

Purification of BSM 

The purification chapter mainly focuses on the removal of nonmucin proteins, and the assessment 

of the purification methods based on the effectiveness, feasibility and yields. Even though the BSM 

from Sigma-Aldrich has the best purity in all of three above aspects, a supply shortage from the 

supplier redirected our choice towards the other two companies’ products.  
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The BSM from Merck and Worthington performed almost the same regarding to impurities. In 

order to maintain the coherence of the whole project, BSM from Worthington was chosen for all the 

following experiments. 

Size-exclusion chromatography (SEC) 

SEC is a relatively simple and practical strategy for purification. Coupled with the PAS assay 

detecting the glycoproteins in fractions and SDS-PAGE visualizing the protein constituents, the 

fractions containing BSM were determined and the purified BSM was analyzed by comparing with 

unprocessed BSM. 

  

Figure 3 SEC profile of commercial available BSM and PAS assay for each fraction of SEC. The blue line indicates the 

protein absorbance at 280nm and corresponding to the left vertical axis; the red line indicates the absorbance at 550nm for 

PAS assay and corresponding to the right vertical axis.  

SEC profile (Figure 3) of commercial available BSM shows two distinct protein peaks, whereas the 

PAS assay shows only one significant peak. The eluted proteins will have a high absorbance at 

280nm while the PAS method stained the glycoproteins will give a high absorbance at 550nm. Thus, 

the overlap area of these two lines represents the fractions containing BSM. Consistent with the 

principle of size-exclusion chromatography, BSM was eluted prior to other fractions because of the 

larger molecule size. The second peak of SEC peak might represent the major protein impurities 

such as BSA and the fluctuation of PAS profile after the main peak might be the remnant of BSM 

stuck to the column or bound to other components. 

The fractions from the overlap area were collected for the following analysis using SDS-PAGE 

(Figure 4). The purified BSM had obviously lighter protein bands at lower molecular weight 
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compared with the original BSM, especially for the contaminating proteins that have a lower 

molecular weight than BSA. The resolution of the SEC column and strong interactions between 

mucins and the contaminant proteins might be the reason for the presence of impurities after the 

purification (protein bands lower than 180kDa standard). 

 

Figure 4 PageBlue™ stained SDS-PAGE of commercial available BSM and SEC purified BSM (the first peak fractions in 

figure 3). Lanes marked by I indicate the commercial available BSM while lanes marked by II indicate the SEC purified BSM. 

The lanes marked by asterisk indicate that DTT is included in sample loading buffer. 

Affinity chromatography 

Affinity chromatography is a really high-resolution method for purification, but the choice of a 

suitable ligand is one of the main challenges for its application. For the purification of commercial 

available BSM, two different media were tested (CellufineTM PB and Immobilized Jacalin). 

The PAS assay performed on the fractions from CellufineTM PB affinity chromatography resulted in 

high absorbance at washing stage while relatively low absorbance (25% of the highest absorbance 

during washing) at elution stage. (Figure 5) The high absorbance of washing fractions might 

originate from the low binding capacity of the affinity media, meaning that most of the BSM could 

not bind to the phenyl borate ligand. While the low PAS signal of the eluting fraction indicated there 

were no or little BSM eluted from the column. Based on above two facts, it seems that the phenyl 

borate ligand in the CellufineTM PB media cannot specifically and reversibly bind to BSM. In 

addition, the operating instruction of the CellufineTM PB states the binding capacity defined by 

conalbumin. Conalbumin is one type of albumins, which is similar to the BSA. Thus, the CellufineTM 
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PB might also bind to the major protein contaminant in commercial available BSM, preventing the 

mucins to bind. We thus concluded that this approach was not suitable for the purification of BSM. 

 

Figure 5 PAS assay for fractions from cellufine PB affinity chromatography. The blue line indicated the absorbance of 

fractions during washing by binding buffer; the red line indicates the absorbance of fractions during eluting by elution buffer. 

Then the immobilized jacalin affinity chromatography was tested and PAS assay was still used to 

detect eluted mucins. (Figure 6)  Because of the use of melibiose in the elution buffer, the elution 

fractions first needed to be pooled and subjected to the centrifugal filtration to remove the 

saccharides that would have given strong background noise in the PAS assay. In Figure 6, the first 

two washing fractions had high PAS signal but the absorbance of following washing fractions 

decreases rapidly and plateaued. The absorbance of the pooled eluted fractions was 0.443 (data not 

shown) while the standard error of this triplicated test was 0.019. Comparing the last washing 

fraction with the elution fractions, the conclude could be that some BSM were eluted from the 

column during elution stage. The immobilized jacalin could be an alternative for the purification of 

BSM but its effectiveness and feasibility still need to be further investigated. 

Considering the yields of purified BSM (Table 1), the jacalin affinity chromatography did not 

performed well. But the low yield did not come as a surprise since the high absorbance at the 

beginning of washing step indicated that the sample was overloaded and most BSM did not bind to 

the matrix. Even though the bounded BSM could be completely eluted, the poor binding of BSM to 

the jacalin-functionalized matrix had a negative impact on the yields. 
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Figure 6 Absorbance of washing fractions from immobilized jacalin affinity chromatography. 

Anion exchange chromatography 

Madsen et al.7 proposed the one step anion exchange chromatography method for the purification of 

BSM and used BSM from Sigma-Aldrich for the whole demonstration. Here, we changed the BSM 

material to BSM from Worthington to test and compare this method with other purification 

strategies. The mildly acidic conditions of binding buffer at pH 5.0 caused aggregation of 

commercial available BSM, thus the filtration procedure became important before applying the 

sample on column. The release of bound proteins during gradient increasing the concentration of 

sodium chloride was monitored by measuring absorbance at 214nm (absorbance of peptide bonds) 

and 280nm (absorbance of aromatic amino-acids). 

The anion exchange chromatography profile (Figure 7) of commercial available BSM had four 

absorbance peaks at 214nm and one distinct peak at 280nm. The first peak at 214nm appeared 

before the unbinding washing, which was corresponding to the overloaded of BSM sample; the 

second and third peak appeared during the washing of unbound and weak bound proteins; the forth 

peak appeared during the washing of tightly bound proteins and overlapped the peak at 280nm. The 

fractions from second to forth peak were collected for further analysis. 
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Figure 7 Chromatography of BSM separated on an anion exchange column. The blue line indicates the absorbance at 214nm, 

the red line indicates the absorbance at 280nm corresponding to the left vertical axis; the green line indicates the gradient 

concentration of salt. (Buffer B, 10mM sodium acetate, 1mM EDTA, 1.2mM sodium chloride, pH5.0) corresponding to the right 

vertical axis. Peak II contains BSA and peak III contains BSM. 

SDS-PAGE and silver staining were employed to visualize the proteins in these three peaks (Figure 

8). Fraction B6 from peak I had no observable protein bands, fraction C6 & C7 from peak II had 

clear band between 55~70kDa and fraction G6 & G7 from peak III had some proteins appearing on 

top of the gel as well as no protein bands below 70kDa. Thus, the SDS-PAGE result confirmed that 

peak II was the protein impurities (such as BSA) and peak III was the eluted BSM. With regard to 

the peak I, considering the high sensitivity of silver staining (1ng is detectable), the components in 

peak I might be some other contaminants with high absorbance at 214nm. 
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Figure 8 Selected elution fractions from anion exchange chromatography peaks. The gel was stained using silver nitrate. 

Lane marked by peak I indicates the B6 fraction from peak I. Lanes marked by peak II indicate the C6 & C7 fractions from 

peak II. Lanes marked by peak III indicate the G6 & G7 fractions from peak III. 

Flow filtration 

Flow filtration is a common method for purification of biomolecules in lab. The less 

time-consuming and the possibility to pilot scale processing provide a great advantage compared to 

above purification methods. In order to verify that the impurities in commercial available BSM had 

indeed been reduced after flow filtration, BSM after purification and original BSM were visualized 

by SDS-PAGE (Figure 9) and PageBlue staining. 

The original BSM has four obvious protein bands corresponding to impurities. In flow filtered BSM 

lanes, the protein band corresponding to BSA and the two lowest molecular weight protein bands 

were still present, but were lighter than the original BSM. The homogenous stained color under 

lanes might be the results of entanglement between molecules, which also explains the existence of 

impurities after flow filtration.  
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Figure 9 PageBlue™ stained SDS-PAGE of commercial available BSM and flow filtered BSM. Both the original BSM and flow 

filtered BSM samples were duplicated. 

In order to comprehensively compare the different purification methods described above, the 

purified BSM from different methods were run in parallel on an SDS-PAGE gel (the performance of 

SEC and flow filtration were similar, thus only flow filtered BSM was run). (Figure 10) BSM purified 

by anion exchange chromatography had no visible protein bands below 180kDa; BSM purified by 

flow filtration did not remove any protein bands compared with the original BSM but each band was 

lighter; BSM purified by immobilized jacalin almost removed the protein band corresponding to 

BSA and only lightened the even lower molecular weight protein bands. 
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Figure 10 PageBlue™ stained SDS-PAGE of commercial available BSM and purified BSM purified by different methods. 

Lane marked by I indicates the original BSM; lane marked by II indicates the flow filtered & ultra-centrifuged BSM; lane 

marked by III indicates the BSM purified by immobilized jacalin; lane marked by IV indicates the BSM purified by anion 

exchange chromatography. 

Anion exchange chromatography had the worst yield, followed by immobilized jacalin affinity 

chromatography and flow filtration (Table 1). In addition to yields, the quality of the purification 

process also needs to be taken into account. Ionic exchange chromatography does seem promising 

in that respect. Considering the aggregation problem when dissolving BSM, the slightly increase of 

the buffer pH might be useful to improve it and increase the yield. 

Table 1 Yields comparison between different purification methods 

Purification methods Mass before 

purification 

Mass after 

purification 

Yields 

Flow Filtration + ultra centrifuge 200mg 61mg 30.5% 

Affinity chromatography (Jacalin) 10mg 0.4mg 4% 

Anion exchange chromatography 20mg 0.6mg 3% 

Chemical modification of BSM 
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Then the BSM was subjected to chemical modification to form coavelntly corsslinked hydrogels. The 

filtered and ultra-centrifuged BSM was chosen considering its slightly improved purity, and the 

yield of the purification process. 

Mucin can be functionalized by tetrazine and norbornene and form covalent bonds to create 

hydrogels. When concentrated tetrazine functionalized BSM (BSM-T) and norbornene 

functionalized BSM (BSM-N)(40mg/ml in PBS) were mixed with equivalent volume, the hydrogel 

formed after reacting for about 1 hour (Figure 11). 

 

Figure 11 ClickMucin gel. Top, Mixture of 40mg/ml BSM-T and BSM-N react at room temperature for 1 hour, soaking in PBS 

buffer overnight before the photography; Bottom, Mixture of 40mg/ml (left) and 30mg/ml (right) BSM-T and BSM-N, react at 

room temperature for 1 hour, soaking in DMSO for two days before photography. 

The high concentration of functionalized BSM (>20 mg/ml) could form pseudogel due to 

entanglement and physical interactions of the mucins in solution. In order to exclude this possibility, 

a series of experiments were performed. 
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The unfunctionalized BSM and two functionalized BSMs were mixed with each other to verify the 

formation of a gel is due to the reaction between tetrazine and norbornene (Table 2). The formed 

gels were then soaked either in PBS or DMSO (polar aprotic solvent, just for verifying gel formation 

in laboratory, can be removed by dialysis). After two days, the observation results showed that the 

gels were stable and did not redissolve.  

Table 2 Comparison of different conditions for ClickMucin formation 

Solution A 40mg/ml BSM 40mg/ml BSM-T 40mg/ml BSM-N 40mg/ml BSM-T 

Solution B 40mg/ml BSM 40mg/ml BSM 40mg/ml BSM 40mg/ml BSM-N 

Form Gel No No No Yes 

Based on visual inspections, it seemed that the gels soaked in PBS did not swell 
after two days (Figure 11, top). The difference between PBS and DMSO might come 
from differences in the solubility profiles of BSM and of the two functionalities 
(tetrazine and noebornene). The tetrazine compound used to functionalize BSM was 

well dissolved in DMSO and poor dissolved in aqueous buffer. When soaking in PBS buffer, the gel 

might be surrounded by some kind of hydrophobic surface formed by the tetrazine terminals or the 

hydrophobic regions of BSM, this kind of enclosed area protect the crosslink network from water 

and prevent the swelling. When soaking in DMSO, the hydrophilic regions of BSM have access to 

the water molecules with the disappearing of the enclosed area and the gel swelled. 

The gel swelling also depended on the BSM concentration used (Figure 11, bottom). High 

concentrations resulted in a more condensed crosslink network while the low concentration of 

mixture results in a looser crosslink network. The loose crosslink network has more space and 

flexibility to absorb water and has a big swell coefficient, vice versa. 

Conclusion 

The quality of different companies’ commercial available BSM can vary a lot. The identified 

contaminants include DNA, lipids, BSA and other smaller molecular proteins. In the present work, 

we have established a set of characterization protocols that can provide a comparably primary 

evaluation for the properties of different commercial available BSMs. The investigation on 

purification methods has a positive instructive effect on the later studies, especially for the selection 

of purification methods for different aims. Last but not least, the formation of BSM hydrogel 

provides the possibility of developing mucin-based biomaterial using commercial available source. 
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At present, the purification procedure is still imperfect as well as the formation and properties of 

hydrogel are not completely investigated. For further studies on purification, the flow filtration and 

anion exchange chromatography will be the focus. For instance, the use of detergents combined 

with  cross-flow filtration could help remove more impurities without denaturing BSM or 

scarifying yields. And the outstanding performance of anion exchange chromatography makes it 

worthy to optimize the condition and improve the yields. In addition, we are considering the use of 

enzymes to remove lipids and DNA contaminants. For the researches on the covalently corsslinked 

mucin hydrogel, more work needs to be done to investigate the functionalization effectiveness and 

the properties of mucin-based hydrogel. NMR and rheological measurement will provide valuable 

information about these chemical and mechanical properties. Finally, in order to be able used in 

clinical application in the future, both the purification and formation progress, the studies need to 

minimize any disadvantageous interaction which might either come from the unpurified impurities 

or be introduced during the ClickMucin formation.  
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APPENDIX� State of the Art 

Introduction  

Mucins are a family of glycoproteins that assemble into large polymers to form the mucus layer that 

protects our wet epithelium. In addition to being an important part of our physiology, mucins are 

multifunctional biopolymers that can be extracted, purified, and assembled into biomaterials. 

However, because of the lack of analytical tools to study mucins, the lack of basic knowledge about 

the functions and properties of mucins, and the lack of a multidisciplinary approach, there have 

been barely any efforts to develop mucin-based biomaterials that exploit their unique properties. 

Previously, supervisor Dr. Crouzier has developed mucin based materials, assembling them into 

coatings1,2, multilayer films3,4, and three-dimensional covalently cross-linked hydrogels4. However, 

the purification and assembly of mucins into materials needs to be better controlled before it is up 

to standards of biomedical industry. This project will work towards that direction, which mainly 

focus on the characterization, purification and chemical modification of mucins to assemble 

standard biomaterials. 

The following sections will give an introduction about mucins and the state of the art techniques in 

purification and chemical functionalization for proteins crosslinking. The characterization methods 

will be introduced in the materials and methods section in the final report. 
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1. Mucus and mucins 

Mucus widely exists in animals ranging from slug to man. It is a complex mixture synthesized by 

specialized goblet cell. The goblet cells located in the columnar epithelium that continuously lines 

all of the organs exposed to the external environment.  

1.1 The function and composition of mucus 

1.1.1 physiological function 

Mucus is an important part of our physiology and is essential for our health. In eyes and nose, 

mucus holds water to keep our eyes and nose moist regardless of whether the outside air is dry; in 

the respiratory tract, mucus captures and expels bacteria and foreign particles with the help of cilia 

movement; in the gastrointestinal tract, mucus provides lubrication for swallowing and waste 

passage, protects the stomach lining from the acidic digestive juice, and hosts billions good bacteria 

in our intestines; in reproductive tract, mucus regulates the access of spermatozoa to fallopian tubes 

for fertilization and forms a plug to protect the fetus when it is in the womb5. 

1.1.2 Composition of mucus 

The composition of mucus is complex. The primarily component of mucus is water (~95%) while it 

also contains salts, lipids and proteins. The proteins in mucus include defensive proteins, growth 

factors, glycoproteins, etc. Among all these constituents, the mucin glycoproteins are the main 

macromolecular constituent and are responsible for the viscous and elastic gel-like properties of 

mucus.6 

1.2 Structure and properties of mucins 

The multifunctionality of mucus motivates the researchers to study it systemically, especially the 

mucins that provide the important gel-like properties (e.g. viscosity and elasticity) supporting the 

physiological function. 

1.2.1 Structure of mucins 

Mucins are extracellular glycoproteins with high molecular weight ranging from 0.2 to 40 MDa7. 
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The large size and the structure concealed by complex O-glycosylation make it difficult to study the 

mucin molecules8. There are some basic characters shared by both membrane-bond and secretory 

mucins in spite of the complex composition. The protein core making up around 20% of the 

molecular weight of mucin is arranged into distinct regions: central glycosylated region and cysteine 

rich region. The central region of protein core is highly glycosylated. Oligosaccharide chains directly 

linked to the protein core can compose the rest 80% of the whole molecular weight and form a 

“bottle brush” configuration. The cysteine rich regions, which are no or little glycosylated, located at 

the amino terminal, carboxyl terminals and sometimes interspersed among the central glycosylated 

region, are related to the dimerization via disulfide bond formation.9 

 

Fig.1.1 (a) A schematic drawing of the pig gastric mucin (PGM); (b) The symbols indicate the different domains in the sketch 

in (a).6,8 

1.2.2 Properties of mucins 

At the earlier stage of biophysical studies on mucins, Harding et al. primarily showed the slightly 

stiff random coil conformation of mucin in dilute solution using the light scattering methods10. 

Further studies showed the conformation of mucin varies with the environment including pH and 

ionic strength. With pH decreasing from 7 to 4, porcine gastric mucin (PGM) undergoes a 

conformational change from an isotropic random coil to an anisotropic extended random coil11. 
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Fig.1.2 The gelation of PGM solution at high concentration and low PH. Different colors are used to show individual PGM 

macromolecules, white segments indicate the hydrophobic domains.11  

In high concentration, mucins have the ability to form gels, which is mainly related to the expanded 

structure of high molecular weight molecules. Correspondingly, the commercial, protease treated 

preparation of porcine gastric mucin (PGM) do not form gels12. From a structural perspective, the 

crosslinks formed by entanglement or hydrophobic interactions between molecules are responsible 

for maintaining the gel phase. At neutral pH, the salt bridges stabilizing structures keep the 

hydrophobic domains hidden between negatively charge carboxylates and positively charge amino 

groups, when the pH decreases, the protonation of carboxylates breaks the salt bridges stabilizing 

structures and exposes the hydrophobic domain for interaction. Beside that, low pH also provides 

favorable condition for the interaction of unfolded and exposed hydrophobic domains on adjacent 

molecules6. 

The gel formation property of mucin is important for the protective function of mucus while the 

adhesive properties are essential for the defensive function such as the capture and expel of foreign 

particles. The mucoadhesivity, which makes other substances tends to adhere to mucin, can be a 

consequence of the electrostatic, hydrophobic and H-bonding interactions of glycoproteins13. The 

interactions between mucins and lower molecular weight proteins have been verified by previous 

studies14,15. Apart from that, the hydrophobic domains of mucins provide them with the ability to 

interact with lipids16, while the negative charge of mucins make it binds to positive ions and repulse 

to negative ions6. 
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In addition, the permeability of mucin is a noteworthy property for both the understanding of 

physiological mechanism and further researches. From the molecular perspective, most small 

molecules can diffuse readily through mucus, but someone will get stuck to the mucus. The diffusive 

ability of particles depend on not only size but also muco-adhesive interactions6.  

1.3 Technological uses of mucins  

Because if its important and divers functions, mucus and mucins have been utilized for various 

technological applications. The adhesive and anti-adhesive properties have been exploited to 

develop functional surface coatings, for instance, reducing the colonization and microorganisms on 

polymeric materials with mucin coating17, suppressing immunological response of implants with 

mucin coating18, etc. The lubrication property of mucins gave also been exploited. A variety of 

applications have been explored in that domain19, including the application on surface treatment of 

contract lenses20, aid to the insertion of catheters during diagnosis and minimally invasive surgery17 

and prevention of post surgical adhesions21. 

More recently, the application of mucin has made great progress, especially when combining with 

some adjuvants. Duffy  et al. demonstrated the suitability of mucin to assemble into robust 

hydrogels to that allowed for the sustained release of hydrophobic and hydrophilic drugs22. In this 

experiments, the methacrylated mucins were used to form the covalently-crosslinked mucin 

hydrogels under ultraviolet light in the presence of a free radical photoinitiator. Similarly, a 

thermoresponsive mucin/methylcellulose hybrid material has been developed by Nowald et al. to 

overcome the weak mechanical properties of mucin solutions, which has a promising prospect in 

biomedical application including drug release23. 

2. Protein purification and Chromatography 

The purity of protein is highly related to its further performance during chemical modification and 

assembly into biomaterials.  In order to have a stably high standard mucins for developing the 

medical applications, relatively pure mucin and a good quality control technique is necessary. 

Nevertheless, either commercialy available mucin or mucin purified in the lab from animal tissue 

are co-extracted with impurities. These impurities can be any components of mucus such as 

non-mucin proteins, lipids and DNAs or components of the tissues from which the mucus was 

extracted. Considering that mucin is a kind of glycoprotein, the approach for purification is similar 
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to the purification of other proteins, where a lot of work has been done.24 

2.1 Protein purification 

The idea of protein purification is to separate a specific protein from mixture utilizing the specific 

physical and/or chemical properties it has. In the early stage of protein chemistry, the separation of 

different proteins can only rely on their relative solubility.25 The principle behind this method is the 

different solubility of different parts in mixture in different solvent conditions. This method changes 

the condition (e.g. ion strength, pH, temperature, etc.) of solvent to make some part of mixture 

precipitating and separate the precipitation and solution fractions. Given the adsorption of protein 

to various solid phases under certain conditions, the adsorption principle is utilized in column 

chromatography, which gives a high resolving result and prompts the development of different 

chromatography techniques for different purpose.20 Chromatography has become one of the most 

effective and wildly used methods for protein purification. 

2.2 Chromatography 

The term chromatography is originally from the Greek “ χρῶµαγράφειν” with the meaning of “color 

writing” and refers to a group of laboratory techniques for the separation of mixtures. The principle 

of chromatography is to separate molecules in the mixture according to their tendency to stay in the 

stationary phase or mobile phase (eluent). The high tendency to stay in the stationary phases lower 

the velocity of molecules to move through the system, and vice versa.26 

For protein purification, column chromatography is the most common physical configuration. In 

column chromatography, the stationary phase is packed into a column and the mobile phase is 

pumped through the stationary phase. For non-protein contaminant, the isolation between protein 

and non-protein contaminant take advantage of the general properties of protein, while the minor 

differences between various protein, such as size, charge, hydrophobicity and biospecific interaction, 

are used to purify one protein from others25. During a typical chromatographic procedure, the 

sample to be purified is introduced into one end of the column, and passes through the whole 

column to the other end. During the procedure, the target protein binds to the chosen adsorbent 

and the impurities pass through the column with the mobile phase and collected at the other end 

firstly. And the target protein will be eluted later either before or after the conditions are changed. 
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From the low-resolution techniques such as salt precipitation to the high resolving power 

chromatography, nowadays, there are several versions of chromatography used for protein 

purification. The main difference of these methods is the types of stationary phase except for the 

size exclusion chromatography (also called gel filtration chromatography) that has different 

separation principle based sieving properties of the stationary phase and not on adsorption25. The 

comparison of different versions of chromatography is shown on the following table 2.1. 

Table 2.1 Comparison of different versions of protein chromatography 

Types 
Separation 

principle 
Images25,27,28,29 Features25 

Size exclusion 

chromatography 

(SEC) 

Size and shape of 

molecules 

 

Advantage: 

Simple operation; high preservation 

of biological activity; feasible for the 

separation of multimers. 

Disadvantage: 

Relatively low resolution and 

capacity; largest dilution of the 

sample 

Ion exchange 

chromatography 

(IEXC) 

Net charge and 

ionic interaction 

 

Advantage: 

Easy operation and controllable 

process; high protein-binding 

capacity; low non-specific 

interactions with proteins; mild 

elution condition reduce the 

degradation of protein. 

Disadvantage: 

Limited selectivity. 
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Hydrophobic 

interaction 

chromatography 

(HIC) 

Hydrophobicity 

(Interaction 

between 

hydrophobic 

ligands) 

 

!"#!!"#$
!
!

!!"!!!"#$ 

 

Advantage: 

Orthogonal to IEXC; minimized 

damage to biomolecules; high 

recoveries. 

Disadvantage: 

Weak interaction with the matrix. 

Reversed phase 

chromatography 

(RPC) 

Hydrophobicity 

(Interaction 

between 

hydrophobic 

ligands) 

 

!
!

!"#$%&'!"(!%
!!"#$%&'$'(#!!!"!!"!

!!!"!!%
 

 

Advantage: 

High resolution for the smaller 

proteins (Mw <30,000) and shorter 

peptides. 

Disadvantage: 

Denaturation; strong adsorption and 

the organic modifiers. 
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Affinity 

chromatography 

Ligand 

interaction 

between protein 

and other 

molecules 

 

 

 

Advantage: 

High resolution and relatively simple 

process; ability to separate active 

molecules from denatured or 

functionally different forms. 

Disadvantage: 

The performance highly relys on the 

functional properties of target 

protein. 

Immobilized 

metal affinity 

chromatography 

(IMAC) 

Weak coordinate 

bonds between 

immobilized 

metal ions and 

some amino acids 

on proteins. 

(Non-biospecific 

interaction) 

 

 

Advantage: 

Stable ligand; high loading capacity; 

applicable under denaturing 

conditions; mild elution conditions; 

simple regeneration; economical 

Disadvantage: 

Moderately specific; 

non-reproducibility; endotoxin. 

Considering the features of those versions of protein chromatography, the feasibility for mucin 

purification can be analyzed. Firstly, here, we aim to purify mucins for biomedical and clinical 

applications, thus the immobilized metal affinity chromatography is eliminated from the alternative 

strategies because of the non-reproducibility and endotoxin. Secondly, the rather weak interaction 

between the target molecules and matrix may lead to the reduction of resolution, which will not be 

the preferred feature for mucin purification. In addition, the large molecular weight of mucin makes 

the reversed phase chromatography lose its advantage as well as the denaturation of protein with 

this method is not suitable for mucin purification. 
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2.3 Purification of mucin 

Mucins have been extracted and purified from various animal tissues. For instance, Faure et al.30 

developed a method to purify mucins from intestinal mucosa of rats. In this method, size exclusion 

chromatography was used to isolate the high molecular weight mucins after they were digested and 

reduced. Thereafter, Libao-Mercado et al.31 further refined the method to purify mucins from pig 

colonic mucosa by only digesting before the chromatography. For the commercial available bovine 

submaxillary mucin (BSM), Sandberg et al. 32  revealed the batch-to-batch variation in the 

composition of commercial available BSM and proposed a strategy to purify BSM using a 

combination of size-exclusion chromatography and anion-exchange chromatography. They used the 

purified mucin in series of studies aimed at assessing the potential of mucins in biomaterial coatings. 

Recently, Madsen et al.33 simplified the two-step chromatography strategy proposed by Sandberg et 

al. into an one-column anion-exchange chromatography. This method makes use of the obvious 

difference on isoelectric point between BSM and its major impurity bovine serum albumin (BSA) 

and is proper for the large-scale yield of purified BSM. 

In this project we plan to make use of affinity chromatography to further purify commercially 

available mucins. In contrast to other chromatography techniques, the mucins will then be 

immobilized on to the chromatography matrix. This allows for the treatments using lipidase or 

DNase to remove non-protein contaminants (e.g. lipids, nucleic acids) in BSM. 

3. Chemical Functionalization 

Studies have demonstrated the strong similarities between the human tissues and the highly 

hydrated, crosslinked polymer networks of hydrogels. This makes hydrogels a promising class of 

material in a variety of biomedical applications, including tissue engineering, drug and vaccine 

delivery.34 For further develop mucin-based biomedical application, the formation of robust mucin 

hydrogel would be favorable. 

Mucins extracted and partially purified in lab are inadequate for large-scale applications. On the 

other hand, commercially available mucins are readily available and affordable. Kočevar-Nared et 

al.12 have shown that commercial preparation PGM available from Sigma that is protease treated 

during the purification cannot form gel. Thus, in order to make commercial available mucin form 

covalently bond hydrogel, chemical functionaliztion is necessary and significant. 
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3.1 Functionalization 

Functionalization is the addition of functional groups onto a material by chemical synthesis 

methods in order to achieve desired properties. The functional group of reactants is the facilitator 

and controller of an organic reaction. For commercial available mucin, functionalization is 

necessary to make the molecules have the ability to react with each other and form the covalent 

bonds that crosslinks the mucins into stable hydrogel that can be used in various applications. 

3.2 Click Chemistry 

Following nature’s preference for carbon-heteroatom bonds over carbon–carbon bonds, Sharpless 

et al. defined the “click chemistry”, which is an approach to study a set of powerful, highly reliable, 

and selective reactions for the rapid synthesis of useful new compounds and combinatorial libraries 

through heteroatom links (C-X-C).35 Simultaneously, a process must meet to be useful under a set 

of stringent criteria: firstly, the reactions must be modular, wide in scope, stereospecific, simple to 

perform and high yielding; secondly, the solvent used in the reaction must be benign or easily 

removed; thirdly, the by-products created by the reaction must be inoffensive.35  

Although the conditions of click chemistry are relatively mild, the strict requirements of 

physiological conditions in biomedical application such as pH, temperature, toxicity, etc. lead only a 

few click reactions fit the necessary reactivity, selectivity and biocompatibility criteria. The following 

table 3.1 provides the comparison of the most common click chemistry reaction. 
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Table 3.1 Comparisons of four click chemistry reactions.36 

Click chemistry 

reaction 
Reaction principle Feature 

Cu(I)-catalyzed 

Azide-Alkyne 

Click Chemistry 

(CuAAC) reaction 

A azide-functionalized molecule 

A and a terminal 

alkyne-functionalized molecule 

B react forming a stable 

conjugate A-B via a triazole 

moiety on the presence of a 

metal catalyst. 

Advantage:  

Well-development in application 

Disadvantage: 

Metal toxic; slowest reaction speed; 

requiring catalyst and optimization of 

condition 

Strain-promoted 

Azide-Alkyne 

Click Chemistry 

(SPAAC) reaction 

A azide-functionalized molecule 

A and a terminal 

alkyne-functionalized molecule 

B react forming a stable 

conjugate A-B via a triazole 

moiety when the alkyne is 

introduced in a strained 

cyclooctynes, e.g. difluorooctyne 

(DIFO) 

Advantage: 

Metal free; non-toxic; neither catalyst and 

nor optimization of condition required; 

Disadvantage: 

Slower than SPANC. 

Strain-promoted 

Alkyne-Nitrone 

Click Chemistry 

(SPANC) reaction 

A alkyne-functionalized 

molecule A and a 

nitrone-functionalized molecule 

B react forming a conjugate A-B 

via a isoxazolines moiety when 

the alkyne is introduced in a 

strained cyclooctynes, e.g. 

difluorooctyne (DIFO). 

Advantage: 

Metal free; non-toxic; faster reaction 

speed; neither catalyst and nor 

optimization of condition required. 

Disadvantage: 

Unstable isoazoline moiety, which can 

undergo rearrangements at biological 

conditions. 
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Tetrazine-Alkene 

Ligation 

A tetrazine-functionalized 

molecule A and an terminal or 

strained Alkene-functionalized 

molecule B react forming a 

stable conjugate A-B via a 

dihydropyrazine moiety. 

Advantage: 

High speed click reaction; metal free and 

non-toxic; no catalyst and no optimization 

of condition required; 

Disadvantage: 

Synthesis of the tetrazine starting 

materials 

From the above comparisons, the alternative click chemistry reactions suit for the synthesis 

biomaterial is confined between the Strain-promoted azide-alkyne Click Chemistry reaction (SPAAC) 

and tetrazine-alkene Ligation. In the case of mucin functionalization, the product of the click 

reaction is foreseen to be used in the physiological environment, thus eliminating the cytotoxic 

CuAAC and unstable SPANC. 

3.3 Applications 

Even though the concept of click chemistry has been proposed for over 15 years ago, there are still 

increasing development in this field and various new applications based on this concept are being 

developed. The application of click chemistry has had remarkable impact on both bioconjugation 

and material science37.  

The applicability of click chemistry for bioconjugation was first demonstrated when synthesizing 

peptidotriazoles using solid phase synthesis techniques and a “click reaction”38. After that, with the 

development of click chemistry under aqueous condition, the potential applications on introducing 

functionality into the bimolecular environment were explored. Carell et al. used click chemistry to 

post-synthetically decorate alkyne modified DNA39. Eichler et al. performed ligation of peptides to 

form assembled as well as scaffolded peptides40. In addition, click chemistry also made 

contributions to both surface modification and chromatography. The successful immobilization of 

carbohydrates and proteins onto solid surfaces by Chaikof et al.41 gave a possible way to immobilize 

a wide range of substances onto solid surfaces. And the functionalization of agarose beads with 

azide and terminal alkyne groups were exploited in affinity chromatography42. 
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Material science also benefited from advances in click chemistry. Peng Wu et al.43 prepared highly 

efficient, dual-purpose recognition/detection agents for the inhibition of hemagglutination using 

click chemistry in the synthesis of bivalent dendrimers. The synthesis of neoglycopolymers (sugar 

derived polymers) using click reaction achieved by Ladmiral et al.44 also has great potential in 

medical applications and favorable interactions with protein receptors. 

Recently, Rajiv M. Desai et al.34 published a paper about the application of click chemistry on 

biomedical area. They functionalize the alginate polymer chains with tetrazine and norbornene 

group, and then form covalently crosslinked click alginate hydrogels. The click alginate hydrogels 

combined the benefits of alginate hydrogel and of click chemistry could prove useful for tissue 

engineering applications. Meanwhile the rapid, irreversible, tunable, bioorthogonal and 

cytocompatible properties of tetraine-norbornene crosslinking reaction can be further exploited in 

broader biomedical applications. Here, we will use this chemistry to modify mucin molecules and 

for covalently corsslinked mucin hydrogels. 
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