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This work represents the first broad study of testing diverse 

heterogenous glycoconjugates (7 different glycoalbumins) for 

their differential in vivo binding (11 different cancer cell types) in 

both cell- and animal-based studies. As a result, various changes 

to biodistribution, excretion, and even tumor adhesion was 

identified. 

On the surface of most cells is a carbohydrate-enriched coating 

known as the glycocalyx.
1
 Due to the wide variance in 

glycoprotein/glycolipid/proteoglycan assemblies among 

differing cell types, the glycocalyx is known to play crucial roles 

for cell-to-cell interactions, differentiation, intracellular 

trafficking, and immune modulation.
2
 One key component that 

facilitates these interactions are lectins, a class of 

carbohydrate-binding proteins. Individually, lectin-glycan 

interactions are poor (millimolar KD level), such that their one-

to-one interactions have little biological selectivity. However, 

due to the enormous presence of lectin isoforms,
3
 the 

combined interactions of clustered (two or more) sugars 

allows for strong and selective cell binding in nature; a 

phenomena referred in this paper as a “glycan pattern 

recognition” (Fig 1).  

 Exploiting the glycocalyx as an alternative path for cancer-

targeting has been the research focus for many groups, whom 

have synthesized and/or tested various neoglycoconjugates 

(synthetic glycan-linked biomolecules) with templates based 

on dendrimers,
4
 nanoparticles,

5
 liposomes,

6
 etc. In general, 

these studies broadly fall into two categories with different 

focuses. One field of study prioritizes the comprehensive in 
vitro screening of different glycan assemblies, for example 

using microarrays.
7
 Another field of study prioritizes biological 

cell- and animal-based assays. Possibly due to synthetic 

challenges, the majority of these studies do not test a diverse 

assembly of glycoconjugates. Furthermore, many artificial 

templates often face biological complications, such as the 

formation of serum protein coronas.
8
 And although the 

concept is currently under debate,
9
 another issue is the 

potential for false positives caused by the intrinsic EPR effects 

of templates.  

 
Fig. 1 Concept of glycan pattern recognition. Individual lectin-glycan interactions 
are generally poor and reversible (mM KD level). However, in the presence of 
matching glycosylation patterns and lectin expression, glycoclusters can exhibit 
strong and selective cell binding. In the above figure, the heterogenous 
glycocluster would be selective for Cell 2 (matching glycan pattern) over Cell 3
(mismatching glycan pattern).   
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 Considering the literature, there are a lack of studies that 

combine both principles of 1) screening diverse glycan 

assemblies, with 2) in vivo testing in live animals to account for 

biological complexity. This paper describes our efforts to 

develop the first study that combines these two approaches to 

further our understanding of the molecular basis that governs 

in vivo glycan pattern recognition. This breakthrough was 

largely possible due to the use of albumin as a template. 

 Serum proteins, like albumin, are the ideal delivery 

template of choice by our group. Due to its natural occurrence 

and in vivo stability, glycoalbumins should experience little 

biological interference in the blood. In addition, albumin has 

no known intrinsic tumor accumulation properties. To 

synthesize clustered glycan-linked albumins with ease, 6π-

azaelectrocyclization (RIKEN click reaction) was used,
10

 which 

has also been used for the previous synthesis of homogenous-

,
11

 and heterogenous-clustered glycoalbumins.
12

  

 In this study, seven different heterogeneous glycoalbumins 

2a-f (Fig 2, Scheme S1 in SI) were prepared from combinations 

of 5 different glycan assemblies [α(2,3)Sia-, α(2,6)Sia-, Gal-, 

Man-, and GlcNAc-terminated glycans]. As a note, 

heterogeneous glycoalbumin 2c’ exists as the “regioisomer” of 

the glycoalbumin 2c, where the positioning of conjugated 

α(2,3)Sia- and Gal-terminated glycans are switched.  

 To begin, heterogeneous glycoalbumins 2a-f were 

incubated with eleven different cell lines, and then imaged to 

determine the extent of cell binding via fluorescence (Fig 2). 

These results show three major trends in relation to cancer cell 

binding. First, by comparing homogenous glycoalbumin 2a 

with heterogenous glycoalbumin 2b, it can be stated that even 

small changes to introduce heterogeneity can lead to 

significant changes in pattern recognition-based binding. This 

is best exemplified with SW620 cells, where observations show 

significant binding with 2a, but negligible levels with 2b. On 

the other hand, 2b showed the strongest binding with 

HeLa229 cells, whereas much lower levels were monitored 

with 2a. These substantial differences between 2a and 2b 

persist in spite of their only structural difference being the 

linkage position (2,3→2,6) between one of the terminal sialic 

acid moieties.  

 A second observed trend is the effect on binding caused by 

the total negative charge of sialic acid-containing 

glycoalbumins. For example, 4 out of 4 terminal glycan 

moieties of 2a and 2b were designed with sialic acids, making 

these the most negatively charged glycoalbumins tested in this 

study. In addition to 2-3 moderate interactions, 2a and 2b 

were observed to have strong cancer cell binding with SW620 

and HeLa229, respectively. However, by progressively 

removing terminal sialic acids, binding interactions gradually 

weakened. Glycoalbumin 2d, which has 3 out of 4 terminal 

sialic acid moieties, showed strong binding with A549 and only 

1 moderate interaction. In the case where there are only 2 out 

of 4 terminal sialic acid moieties (ex/ 2c, 2c’, 2e, 2f), binding 

with cancer cells weakened to the point where no strong 

interactions were observed.   

Finally, the third observed trend is that positioning of the 

glycan units is also an important factor for pattern recognition. 

For example, although the glycan constitution of both 2c and 

2c’ is made of α(2,3)Sia- and Gal-terminated glycans, HeLa 

cells interacted stronger with 2c’ than its regioisomer 2c. For 

U87MG cells, this trend was reversed. These observations are 

a perfect example where glycan positioning can cause 

substantial cell binding changes, likely driven by 

Fig. 2 Heterogenous-clustered glycoalbumins 2a-f (100 nM) were incubated with 11 different cancer cells lines and measured for preferential cell binding. 
Fluorescence was averaged and normalized from 10,000 cells (n=10). Red bars = strong binding. Green bars = moderate binding. Orange bars = poor/negligible 
binding. 
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matching/mismatching the spatial arrangement of lectins 

unique to different cell types.  

To consolidate experimental data, a literature survey was 

done for the 11 tested cancer cell lines to gather information 

on lectin expression and their known natural glycan ligands. 

Reviewed in Table 1, the following analysis aims to rationalize 

the preferential binding observed in cell-based experiments.  

 For strong glycoalbumin-cell binding interactions (shown 

by red bars in Fig 2), literature analysis validates these results, 

which include interactions like SW620 cells (galectin-8 

expressing) to 2a [α(2,3)Sia-rich]; HeLa229 cells (galectin-1 and 

siglec-3 expressing) to 2b [α(2,3)Sia- and α(2,6)Sia-rich]; and 

A549 cells (galectin-1, siglec-10 and SP-D lectin expressing) to 

2d [α(2,3)Sia, α(2,6)Sia, and Man]. For moderate cell binding 

interactions (shown by green bars in Fig 2), literature 

validation can be made with interactions like RL95-2 cells (L-

Selectin and Galactin-3 expressing) to 2b [α(2,3)Sia- and 

α(2,6)Sia-rich]; U87MG cells (Galectin-1 expressing) to 2c 

[α(2,3)Sia and Gal-rich]; and OVCAR-3 cells (vimentin 

expressing) to 2e [GlcNAc-rich]. Finally, some degree of 

explanation can also be provided for poor glycoalbumin-cell 

binding interactions. Glycoalbumins 2a-f were all constructed 

with half of α(2,3)Sia-terminated moieties. As such, the lack of 

α(2,3)Sia-binding lectin expression in Hep2, HuH-7, and SK-OV-

3 cancer cells likely accounts for their poor observed 

glycoalbumin binding in this study. 

 Overall, from the combination of known lectin expression 

and experimental binding trends, these cell-based studies have 

provided a raw understanding of the molecular basis for glycan 

pattern recognition. However, the influence of other biological 

factors (ex/ glycan-glycan, hydrogen-bonding, hydrophobic, 

and hydrophilic interactions) also needs to be taken into 

account. As such, animal-based studies to screen 

glycoalbumins 2a-f for in vivo tumor tissue targeting was next 

performed. 

 For these studies, three different operationally accessible 

tumor tissues were implanted into the shoulder and groin 

regions of BALB/cAJcl-nu/nu mouse models (HeLa229 at right 

shoulder, U87MG at right groin, and DLD-1 at left groin). 

Glycoalbumins labelled with the near-infrared fluorophore 

HiLyte Fluor 750® were injected into mice via the tail vein. 

Monitored at specific time intervals, in vivo fluorescence 

imaging of mice was then performed (Fig 3). Further imaging 

results are also shown in the Supporting Information to 

highlight the consistency among replicates (Fig S33), as well as 

dosage-dependent effects on accumulation (Fig S34).  

 On the whole, all glycoalbumins were subject to the 

conventional excretion pathway typical for proteins such as 

serum albumin. Following distribution around the body, 

glycoalbumins were digested in the liver, trafficked to the 

kidneys and then urinary bladder to be excreted from the 

body. In this experiment, the principle aim is to identify 

whether or not different glycan assemblies can be used to 

influence glycoalbumins to also accumulate onto tumor tissues 

for detectable amounts of time.  

  Starting with glycoalbumin 2e, given its low levels of 

binding to HeLa, DLD-1, and U87MG cancer cell lines in cell-

based experiments, the lack of any significant accumulation to 

these tumors types within mice was expected and observed 

(Fig 3A). At both low and high dosages of 2e, no discernible 

accumulation to implanted tumors could be seen.     

 For glycoalbumin 2c, cell-based experiments showed 

moderate binding to both U87MG and DLD-1 cells, but not 

with HeLa229 cells. Initially at lower dosages, in vivo 

accumulation in mice can be observed with implanted U87MG 

and DLD-1 tumors, thereby consolidating cell-based studies 

(Figure S34B in SI). However, at higher dosages of 2c in line 

with general imaging protocols, no significant accumulation 

could be detected (Fig 3B). This result helps to emphasize that 

moderate binding interactions in cell-based assays may likely 

only translate to weak interactions in vivo, likely due to the 

added complexity of biological systems.   

 For glycoalbumin 2b, cell-based assays show strong binding 

with HeLa229 cells. As such, accumulation in HeLa tumors is 

expected. However, previous data obtained by our group 

found that glycoalbumins containing terminal α(2,6)sialic acid 

moieties were often rapidly excreted in vivo, likely caused by 

asialoglycoprotein receptor (ASGPR) triggered internalization 

into liver parenchymal cells.
11b

 As such, rapid excretion from 

mice (<30 min) observed with low dosages of 2b is attributed 

to this effect (Figure S34C in SI). In contrast, with higher 

dosages of 2b, ASGPR receptors are likely to be oversaturated. 

This rational should explain why higher dosages of 2b were 

shown to lead to clear accumulation towards HeLa tumors (Fig 

3C).   

 In conclusion, this work is the first study that successfully 

combines the screening of a diverse set of heterogeneous 

glycoconjugates against a wide range of tumors done in cell- 

and animal-based assays. From these results, some interesting 

trends related to glycan binding interactions were identified in 

cell-based assays (glycan heterogeneity, positioning, and 

charge), as well as in animal-based assays. More importantly, 

glycoalbumin 2b was successfully identified for its selective 

and clear adhesion to HeLa229 tumors within live mice. 

Naturally, this work will evolve towards larger glycocluster 

libraries to uncover more diversity among cell-specific binding, 

and to further our understanding of in vivo glycan pattern 

recognition.  
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Table 1. Literature survey of cancer cell lectin expression and their glycan specificity. 

Cell Lines 
Lectin expression and their known ligands 

2,3-Sia 2,6-Sia Man Gal GlcNAc 

A549 galectin-1
13

 siglec-10
14

 SP-D
15

 - - 

AR42J RNase A
16

 - - - - 

DLD-1 galectin-8
17

 - - - - 

HeLa229 galectin-1
13b, 18

 siglec-3
19

 - - - 

Hep-2 - - -  - 

HuH-7 - AGCR
20

 - AGCR
20

 - 

OVCAR-3 - - - - vimentin
21

 

RL95-2 L-selectin
22

 galectin-3
23

 - - - 

SK-OV-3 - - - - - 

SW620 galectin-8
17

 - - - - 

U87MG galectin-1
13b, 24

 - - galectin-1
13b

 - 
 

Page 3 of 4 ChemComm



COMMUNICATION ChemComm 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

support of the Russian Government Program for Competitive 

Growth, granted to Kazan Federal University, and the support 

of a grant from JST PRESTO. The authors would also like to 

thank Glytech Inc. for supplying various N-glycans. 

References 

1 J. M. Tarbell, L. M. Cancel, J. Intern. Med. 2016, 280, 97-113. 

2 a) P. R. Crocker, T. Feizi, Curr. Opin. Struct. Biol. 1996, 6, 679-

691; b) T. Feizi, Immunol. Rev. 2000, 173, 79-88. 

3 H.-J. Gabius, in Antitumor Potential and other Emerging 

Medicinal Properties of Natural Compounds (Eds.: E. F. Fang, T. 

B. Ng), Springer Netherlands, Dordrecht, 2013, pp. 21-32. 

4 a) R. Roy, M.-G. Baek, Rev. Mol. Biotechnol. 2002, 90, 291-309; 

b) J. M. Cousin, M. J. Cloninger, Beilstein J. Org. Chem. 2015, 

11, 739-747. 

5 L. Wu, Y. Zhang, Z. Li, G. Yang, Z. Kochovski, G. Chen, M. Jiang, J. 

Am. Chem. Soc. 2017, 139, 14684-14692. 

6 a) M. Hirai, H. Minematsu, N. Kondo, K. Oie, K. Igarashi, N. 
Yamazaki, Biochem. Biophys. Res. Commun. 2007, 353, 553-558; 

b) W. C. Chen, G. C. Completo, D. S. Sigal, P. R. Crocker, A. 
Saven, J. C. Paulson, Blood 2010, 115, 4778-4786. 

7 C.-H. Liang, S.-K. Wang, C.-W. Lin, C.-C. Wang, C.-H. Wong, C.-Y. 
Wu, Angew. Chem. Int. Ed. 2011, 50, 1608-1612. 

8 M. Rahman, S. Laurent, N. Tawil, L. H. Yahia, M. Mahmoudi, in 

Protein-Nanoparticle Interactions: The Bio-Nano Interface, 

Springer Berlin Heidelberg, Berlin, Heidelberg, 2013, pp. 21-44. 

9 J. W. Nichols, Y. H. Bae, J. Control. Release 2014, 190, 451-464. 

10 a) K. Tanaka, E. R. O. Siwu, K. Minami, K. Hasegawa, S. Nozaki, 
Y. Kanayama, K. Koyama, W. C. Chen, J. C. Paulson, Y. 

Watanabe, K. Fukase, Angew. Chem. Int. Ed. 2010, 49, 8195-

8200; b) K. Tanaka, K. Fukase, S. Katsumura, Synlett 2011, 

2011, 2115-2139; c) K. Fujiki, K. Tanaka, in Encyclopedia of 

Reagents for Organic Synthesis (e-EROS), p. accepted article: 

RN02050. 

11 a) K. Tsubokura, K. K. H. Vong, A. R. Pradipta, A. Ogura, S. 

Urano, T. Tahara, S. Nozaki, H. Onoe, Y. Nakao, R. Sibgatullina, 

A. Kurbangalieva, Y. Watanabe, K. Tanaka, Angew. Chem. Int. 

Ed. 2017, 56, 3579-3584; b) A. Ogura, T. Tahara, S. Nozaki, K. 

Morimoto, Y. Kizuka, S. Kitazume, M. Hara, S. Kojima, H. Onoe, 

A. Kurbangalieva, N. Taniguchi, Y. Watanabe, K. Tanaka, Sci. 

Rep. 2016, 6, 21797; c) A. Ogura, T. Tahara, S. Nozaki, H. Onoe, 

A. Kurbangalieva, Y. Watanabe, K. Tanaka, Bioorganic Med. 

Chem. Lett. 2016, 26, 2251-2254. 

12 a) R. Sibgatullina, K. Fujiki, T. Murase, T. Yamamoto, T. 
Shimoda, A. Kurbangalieva, K. Tanaka, Tetrahedron Lett. 2017, 

58, 1929-1933; b) L. Latypova, R. Sibgatullina, A. Ogura, K. 
Fujiki, A. Khabibrakhmanova, T. Tahara, S. Nozaki, S. Urano, K. 

Tsubokura, H. Onoe, Y. Watanabe, A. Kurbangalieva, K. Tanaka, 
Adv. Sci. 2017, 4, 1600394. 

13 a) M. Nita-Lazar, A. Banerjee, C. Feng, M. N. Amin, M. B. 

Frieman, W. H. Chen, A. S. Cross, L.-X. Wang, G. R. Vasta, Mol. 

Immunol. 2015, 65, 1-16; b) A. Leppänen, S. Stowell, O. Blixt, 

R. D. Cummings, J. Biol. Chem. 2005, 280, 5549-5562. 

14 N. Li, W. Zhang, T. Wan, J. Zhang, T. Chen, Y. Yu, J. Wang, X. Cao, 

J. Biol. Chem. 2001, 276, 28106-28112. 

15 a) T. Takeuchi, A. Misaki, J. Fujita, H. Sonobe, Y. Ohtsuki, 

Virchows Arch. 2001, 438, 370-375; b) J. R. Wright, Nat. Rev. 

Immunol. 2005, 5, 58-68. 

16 T. Tatsuta, S. Sugawara, K. Takahashi, Y. Ogawa, M. Hosono, K. 

Nitta, BioMed Res. Int. 2014, 2014, 10. 
17 a) H. Lahm, S. André, A. Hoeflich, J. R. Fischer, B. Sordat, H. 

Kaltner, E. Wolf, H.-J. Gabius, J. Cancer Res. Clin. Oncol. 2001, 
127, 375-386; b) S. Carlsson, C. T. Öberg, M. C. Carlsson, A. 

Sundin, U. J. Nilsson, D. Smith, R. D. Cummings, J. Almkvist, A. 
Karlsson, H. Leffler, Glycobiology 2007, 17, 663-676. 

18 A. Vyakarnam, A. J. Lenneman, K. M. Lakkides, R. J. Patterson, J. 
L. Wang, Exp. Cell Res. 1998, 242, 419-428. 

19 a) A. Shimoda, Y. Tahara, S.-i. Sawada, Y. Sasaki, K. Akiyoshi, 

Biochem. Biophys. Res. Commun. 2017, 491, 701-707; b) P. R. 

Crocker, Curr. Opin. Struct. Biol. 2002, 12, 609-615. 

20 a) T. J. Liang, W. J. Makdisi, S. Sun, K. Hasegawa, Y. Zhang, J. R. 

Wands, C. H. Wu, G. Y. Wu, J. Clin. Investig. 1993, 91, 1241-

1246; b) E. I. Park, Y. Mi, C. Unverzagt, H.-J. Gabius, J. U. 

Baenziger, Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 17125-17129. 

21 a) A. L. Veatch, L. F. Carson, S. Ramakrishnan, Clin. Exp. 

Metastasis 1995, 13, 165-172; b) H. Ise, S. Kobayashi, M. Goto, 

T. Sato, M. Kawakubo, M. Takahashi, U. Ikeda, T. Akaike, 

Glycobiology 2010, 20, 843-864. 

22 S. Liu, X. Yang, Y. Liu, X. Wang, Q. Yan, Mol. Cell. Biochem. 2011, 

350, 185-192. 
23 a) C.-X. Lei, W. Zhang, J.-P. Zhou, Y.-K. Liu, Hum. Reprod. 2009, 

24, 2879-2889; b) N. Ahmad, H.-J. Gabius, S. Sabesan, S. 
Oscarson, C. F. Brewer, Glycobiology 2004, 14, 817-825. 

24 T.-Y. Jung, S. Jung, H.-H. Ryu, Y.-I. Jeong, Y.-H. Jin, S.-G. Jin, I.-Y. 
Kim, S.-S. Kang, H.-S. Kim, J. Neurosurg. 2008, 109, 273-284. 

 
Fig. 3 Noninvasive fluorescence imaging of BALB/c nude mice (dorsal view) 
following the intravenous injection of B) α(2,3)Sia/GlcNAc terminated 
glycoalbumin 2e, B) α(2,3)Sia/Gal terminated glycoalbumin 2c, and C) 
α(2,3)Sia/α(2,6)Sia terminated glycoalbumin 2b.  
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