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ABSTRACT 

Molecular mobility is important for interactions of biofunctional polymers with target molecules. 

Monomer structures for synthetic biofunctional polymers are usually selected based on their 

compatibility with polymerization systems, whereas the influence of monomer structures on the 

interaction with target molecules is hardly considered. In this report, we evaluate the correlation 

between the monomer structures of glycopolymers and their interactions with concanavalin A (ConA) 

with respect to the molecular mobility. Two types of glycopolymers bearing mannose are synthesized 

with acrylamide or acrylate monomers. Despite the similar structures, except for amide or ester bonds 

in the side chains, the acrylate-type glycopolymers exhibit stronger interaction with ConA both in the 

isothermal titration calorimetry measurement and in a hemagglutination inhibition assay. 

Characterization of the acrylate-type glycopolymers suggests that the higher binding constant arises 

from the higher molecular mobility of mannose units, which results from the rotational freedom of 
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ester bonds in their side chains.  

 

KEYWORDS: Reversible addition-fragmentation chain transfer (RAFT) polymerization, 

glycopolymers, differential scanning calorimetry (DSC), isothermal calorimetry (ITC), T2 relaxation, 

molecular mobility 
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Introduction 

Molecular dynamics based on the flexibility of the polymer structures are important factors for 

biomacromolecules. Proteins are types of biomacromolecules and have rigid backbone structures that 

are composed of amino acids. The rigidity of the amide bonds affords their well-defined structures, 

which display the functional groups of amino acids in three-dimensional space.1,2 While the precise 

spatial arrangement of the functional groups enables the intermolecular interactions of proteins, the 

molecular dynamics are also crucial for further functions. For example, some catalyst activities of 

enzymes arise from the fluctuation of the polymer structures.3–7 The flexible polymer structure of an 

enzyme enables the smooth binding and release of target molecules during the catalyzed reaction. The 

balance between the rigidity and flexibility of polymer structures is a critical parameter for 

biomolecular recognition. 

Multivalent interaction is a ubiquitous mechanism in molecular recognition of 

biomacromolecules.8 Interactions between biomolecules are enhanced by the accumulation of weak 

interactions. For example, antibodies bind to antigens through the accumulation of interactions among 

the functional groups of amino acids such as hydrogen bonds, electrostatic interactions, and 

hydrophobic interactions. This mechanism has been used as a design criterion of efficient ligands for 

biomolecules, and synthetic ligands that have multiple functional units to interact with target molecules 

have been reported. 9–13  

The interactions between multivalent ligands and target molecules are interpreted by Gibbs free 
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energy (ΔG). The value of ΔG was presented by the sum of the enthalpy term (ΔH) and the entropy 

term (−TΔS), and the lower ΔG indicates the advantageous for the complex formation (ΔG = 

ΔH−TΔS).14 In terms of thermodynamics, the flexibility (or rigidity) of the polymer structures is 

expected to provide both of favorable and unfavorable influence for the interaction with target 

molecules.15,16 The flexibility would enhance the probability of contact between the functional units 

and the binding sites of the target molecules, which is favorable for the complex formation. Conversely, 

the flexible polymer ligands would lose the entropy (ΔS) in the complex formation, which is 

unfavorable. Such a “trade-off” relationship is often observed in the biomolecular interactions and is 

called as “enthalpy-entropy compensation”.14 This phenomenon indicates that the flexibility of the 

ligand structure is an important factor in designing the multivalent ligands. 

 Synthetic biofunctional polymers can be prepared by polymerization of functional monomers and 

can exhibit a multivalent interaction with biomolecules. To synthesize useful biofunctional polymers 

that strongly interact with target biomolecules, precise control of the spatial arrangement of functional 

units toward the structures of target molecules is required when referring to natural proteins. 17–19 To 

achieve the precise control of biofunctional polymer structures, controlled polymerization techniques 

are required, where living radical polymerization is a particularly promising technique. 20–24 “Living” 

radical polymerization allows the use of aqueous solvent, which is an ideal solvent for most 

biomolecules, and structural parameters such as monomer sequence and molecular weights, are 

effectively controlled owing to the livingness of the polymer chains. 25–29  
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Synthetic biofunctional polymers that recognize target molecules have been synthesized with a 

few types of acrylic monomers by living radical polymerization. Acrylamide, acrylate, and 

methacrylate monomers are mainly used to prepare the functional polymers, and then the selection of 

the monomer type is determined by its compatibility with polymerization systems. In the determination 

step of the monomer structures, ease of synthetic route, solubility in the solvents, and reactivity with 

other reagents should be considered. However, in the determination step, the contribution of the 

molecular mobility of monomer structures to the interaction with target molecules is hardly considered. 

The design criteria of efficient multivalent polymer ligands should include the influence of molecular 

mobilities based on the monomer structures, when one considers that proteins adopt amide bonds for 

their backbone structures, and owing to the resultant suppressed rotational rigidity.1 Furthermore, 

synthetic polymers that have flexible structures have been shown to exhibit a strong interaction with 

target molecules, which indicates that the molecular mobility of the biofunctional polymers is crucial 

for molecular recognition. 30–34 

In this work, the contribution of the monomer structures to the interaction with biomolecules is 

evaluated with respect to molecular mobility. The difference of molecular mobility derived from the 

representative monomer structures (acrylamide or acrylate) is quantitatively evaluated by differential 

scanning calorimetry (DSC) measurement and the T2 relaxation time from proton nuclear magnetic 

resonance spectroscopy (1H NMR). To prepare model polymers as multivalent ligands, a carbohydrate 

is adopted as a functional unit that recognizes the specific domains of target proteins (lectins).35 
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Glycopolymers bind to lectins through multivalent interactions between the multiple carbohydrate 

units in the side chains and carbohydrate-recognition domains (CRDs) on the surface of lectin. 36–39 

The interaction of the glycopolymers is enhanced by an accumulation of the weak monovalent 

interactions of the carbohydrate and CRD. 40–43 The enhanced interaction of the glycopolymers is 

measured both by isothermal titration calorimetry (ITC) and by a hemagglutination inhibition assay 

(HI assay). The design criterion regarding the monomer structure is considered by the correlation 

between the molecular interaction and the molecular mobility. 
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Experimental Section 

Materials. 

Acryloyl chloride (98.0 %), 3-butyn-1-ol (97.0%), sodium azide (99.0 %), tetrakis(acetonitrile)copper(I) 

hexafluorophosphate ([Cu(CH3CN)4]PF6, 97.0%), N, N-diisopropylethylamine (DIPEA, 99.0 %), sodium L-

ascorbate (L-Asc-Na, 98.0 %), 2-bromopropionic acid (98.0 %), and n-butanethiol (97.0%) were purchased from 

Tokyo Chemical Industry (TCI) Co., Ltd (Tokyo, Japan). Mannose, 3-butynyl amine (95.0%), sodium methoxide 

(95.0 %), triethylamine (TEA), carbon disulfide (98.0 %), 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride 

(VA-044) (97.0 %), sodium nitrate (98.0 %), potassium chloride (99.5 %), and 4-dimethylaminopyridine (DMAP, 

99.0 %) were purchased from FUJIFILM Wako Pure Chemical Corporation (Tokyo, Japan). The 2-Chloro-1,3-

dimethylimidazolinium chloride (DMC) was purchased from Sigma-Aldrich (St. Lois, MO). Copper(II) sulfate 

(97.5 %), sodium hydrogen carbonate (99.0 %), and sodium chloride (99.0 %) were purchased from Kanto Chemical 

Co., Inc (Tokyo, Japan). Concanavalin A (ConA) and bovine serum albumin (BSA) were purchased from Funakoshi 

Co., Ltd (Tokyo, Japan). Mannose azide, 3-butynyl acrylamide, tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine 

(TBTA), and RAFT agent (SBTPA) were synthesized according to previous reports. 44–47 

 

Characterization. 

Proton and carbon nuclear resonance (1H and 13C NMR) spectra were recorded on a JEOL-ECP400 spectrometer 

(JEOL, Tokyo, Japan) with CDCl3 or D2O as the solvent at room temperature. The spin-spin relaxation time  (T2) 

was measured at a concentration of 15 mg/mL in D2O for all polymer samples. Size exclusion chromatography (SEC) 
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analysis was performed with a JASCO 980 high-performance liquid chromatography instrument with a Shodex OH 

pak SB-803 HQ column (Showa Denko, Tokyo, Japan), and peaks were detected with a JASCO RI-2031 Plus RI 

detector and a Viscotek triple detector array (Malvern Instruments Ltd., Worcestershire U.K.). SEC analyses were 

conducted at a flow rate of 0.5 mL/min by injecting 20 μL of a polymer solution (2 g/L) in an aqueous solution of 

100 mM NaNO3 as an eluent. Molecular weights were estimated using Pullulan standard (Shodex). All samples for 

SEC were treated with a 0.45 μm filter prior to the analysis. Dynamic light scattering (DLS) was performed on a 

ZETASIZER NANO-ZS90 (Malvern Instruments Ltd.) using a glass cuvette of a polymer solution (1 mg/mL) in 

PBS(+) buffer. All samples for DLS were filtered through a 0.45 μm filter prior to the analysis. DSC measurements 

were performed using a Hitachi High Tech Science X DSC7000. Scans were performed under a nitrogen atmosphere 

using a heating rate of 10 °C/min. ITC measurement was performed by a Microcal VP-ITC instrument. 

 

Synthesis of 3-butynyl acrylate. 

Triethylamine (4.05 mL, 29.2 mmol), 3-Butyn-1-ol (1.86 g, 2 mL, 26.5 mmol), and DMAP (162 mg, 

1.33 mmol) were dissolved in dry dichloromethane (30 mL) and stirred in an ice bath. Acryloyl 

chloride (2.38 mL, 29.2 mmol) was slowly dropped into the solution and the mixture was stirred for 

15 h at room temperature. The progress of the reaction was confirmed by thin layer chromatography 

(EtOAc : hexane = 1 : 1). The precipitate was filtered, and the filtrate was washed with 0.5 M HCl (aq) 

twice, saturated NaHCO3 (aq) twice, and saturated brine once. The organic phase was dried with 

MgSO4, filtered and concentrated under reduced pressure. The crude product was purified by silica 
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column chromatography (EtOAc : hexane = 1 : 1) to give 3-butynyl acrylate as a colorless oil (2.47 g, 

75%). An inhibitor (4-methoxyphenol, 5 mg) was added, and the compound was kept in a fridge. 

1H NMR (CDCl3, δ in ppm): 6.43 (dd, J = 1.6, 16.8 Hz, trans CH2=CH, 1H), 6.13 (dd, J = 10.4, 16.8 

Hz, CH2=CH, 1H), 5.84 (dd, J = 1.6, 10.4 Hz, cis CH2=CH, 1H), 4.26 (t, J = 6.8 Hz, -O-CH2-CH2-, 

2H), 2.56 (ddd, J = 2.8, 6.8 Hz, -CH2-C≡C, 2H), 2.00 (t, J = 2.8 Hz, C≡CH, 1H). 

 

Synthesis of mannose acrylamide (MAm). 

Mannose azide (1.52 g, 7.41 mmol), 3-Butynyl acrylamide (912 mg, 7.41 mmol), [Cu(CH3CN)4]PF6 

(276 mg, 0.74 mmol), and TBTA (393 mg, 0.74 mmol) were dissolved in a mixture of t-BuOH (100 

mL) and H2O (50 mL). The solution was stirred for 24 h at 30 °C under nitrogen atmosphere. The 

solution was concentrated under reduced pressure, and the precipitate was filtered. The crude product 

was purified by reverse-phase chromatography (gradient from water to methanol). The fraction 

containing the product was concentrated under reduced pressure and stirred with a metal scavenger 

(SiliaMets Imidazole) at room temperature overnight. After removal of the metal scavenger by 

filtration, the filtrate was concentrated under reduced pressure and the product was purified by reverse-

phase chromatography again. The fraction was concentrated under reduced pressure and the mannose 

acrylamide (MAm) product was obtained as a white solid by freeze-drying (771 mg, 32 %). 

1H NMR (400 MHz, D2O) δ in ppm: 7.89 (s, 1H, triazole), 6.11 (dd, 1H, J = 9.6 Hz, CH2=CH), 6.03 

(dd, 1H, J = 1.6 Hz, CH2=CH), 5.99 (d, 1H, J = 2.4 Hz, anomer), 5.64 (dd, 1H, J = 1.6 Hz, CH2=CH), 
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4.70 (m, 1H, J = 1.2 Hz, Man), 4.01 (dd, 1H, J = 3.6 Hz, Man), 3.66-3.76 (m, 3H, Man), 3.49 (t, 2H, 

J = 6.8 Hz, NH-CH2-CH2), 3.16 (m, 1H, J = 3.2 Hz, Man), 2.90 (t, 2H, J = 6.8 Hz, CH2-CH2-triazole).  

13C NMR (400 MHz, D2O) δ in ppm: 168.5 (-CONH-, amide), 145.5 (CH2-C(N)=CH, triazole), 129.8 

(CH2=CH), 127.2 (CH2=CH), 123.1 (C=CH-N, triazole), 86.6, 75.9, 70.4, 68.2, 66.5, 60.3 (Man), 

38.7 (NH-CH2-CH2), 24.6 (CH2-CH2-C). 

 

Synthesis of mannose acrylate (MAc). 

Mannose azide (1.17 g, 5.70 mmol), 3-Butynyl acrylate (702 mg, 5.70 mmol), [Cu(CH3CN)4]PF6 (213 

mg, 0.57 mmol), and TBTA (303 mg, 0.57 mmol) were dissolved in a mixture of t-BuOH (80 mL) and 

H2O (40 mL). The solution was stirred for 24 h at 30 °C under nitrogen atmosphere. Mannose acrylate 

(MAc) product was obtained as a white solid after purification in the same procedure as that for MAm 

(1.35 g, 72 %). 

1H NMR (400 MHz, D2O) δ in ppm: 7.93 (s, 1H, triazole), 6.26 (dd, 1H, J = 0.8 Hz, CH2=CH), 6.04 

(dd, 1H, J = 10.4 Hz, CH2=CH), 5.97 (d, 1H, J = 2.4 Hz, anomer), 5.84 (dd, 1H, J = 1.6 Hz, CH2=CH), 

4.68 (m, 1H, Man), 4.37 (t, 2H, J = 6.4 Hz, O-CH2-CH2), 4.00 (dd, 1H, J = 3.6 Hz, Man), 3.64-3.74 

(m, 3H, Man), 3.15 (m, 1H, J = 3.6 Hz, Man), 3.05 (t, 2H, J = 6.0 Hz, CH2-CH2-triazole). 

13C NMR (400 MHz, D2O) δ in ppm: 168.3 (-COO-, ester), 144.7 (CH2-C(N)=CH, triazole), 132.3 

(CH2=CH), 127.5 (CH2=CH), 123.4 (C=CH-N, triazole), 86.5, 76.0, 70.4, 68.3, 66.3, 63.5, 60.4 (O-

CH2-CH2 and Man), 24.3 (CH2-CH2-C). 
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Synthesis of RAFT agent (SBTPA). 

n-Butanethiol (5 mL, 4.2 g, 46.6 mmol) and triethylamine (13.0 mL, 9.49 g, 93.8 mmol) were added 

in CHCl3 (30 mL) at 0 °C, and then stirred at room temperature for 30 min. Carbon disulfide (5.62 mL, 

7.08 g, 93 mmol) was added at 0 °C then stirred at room temperature for 3 h. 2-Bromopropionic acid 

(4.16 mL, 7.11 g, 46.5 mmol) was added at room temperature, and stirred overnight. Cation exchange 

resin was added until the pH of the solution became 3–4, and the solution was stirred for 15 min. The 

resin was removed by filtration, and the solution was washed with Milli-Q water. The organic layer 

was concentrated under reduced pressure and purified by column chromatography using hexane/ethyl 

acetate as the eluent. The fraction containing the product was collected and concentrated under reduced 

pressure. The product was dissolved in MeOH, and saturated NaHCO3(aq) was added at room 

temperature until the pH of the solution became 7–8. The solvent was removed under reduced pressure 

and by freeze drying. Excess amount of EtOH was added and the solid NaHCO3 was filtered. The 

filtrate was removed under reduced pressure, and SBTPA was obtained as a yellow solid (4.94 g, 45%). 

1H NMR (400 MHz, D2O) δ in ppm: 0.76 (t, 3H), 1.27 (sext, 2H), 1.39 (d, 3H), 1.54 (quin, 2H), 3.26 

(t, 2H), 4.35 (q, 1H). 

 

Polymerization procedure. 

Polymerization was proceeded using RAFT polymerization. Glycomonomers, SBTPA, and initiator 
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(VA-044) were dissolved in Milli-Q water. Detailed information is provided in Table 1. The solution 

was degassed by freeze–thaw cycles (three times) and placed in an oil bath (70 °C) for 2 h. The reaction 

was stopped by exposure to air. Each gylcopolymer was purified by dialysis (MWCO: 3.5 kDa) against 

Milli-Q water overnight and was obtained as a solid after freeze drying. 

 

Conformation analysis of the glycopolymers by molecular dynamics simulation. 

Winmostar software with LAMMPS program was used for the simulation. To shorten the calculation 

time of the simulation, an annealing process was performed. The calculation conditions were set with 

reference to previous studies.48 Two types of glycopolymers (acrylamide or acrylate) bearing mannose 

were prepared using the homopolymer building function. The stereoregularity was set as atactic, and 

the racemo ratio was 0.5. One polymer molecule and 27,000 water molecules were placed in an 8 × 13 

× 8 nm3 cell, and the set density was approximately 1.00 g/cm3. In the NPT calculation, the temperature 

was 500 K and the “# of time steps” was 10,000. The energy change after the calculation was read and 

it was confirmed that various parameters had reached a steady state. Finally, the annealing process was 

performed while lowering the temperature. The final temperature was set at 300 K. After the annealing 

process was completed, the final structure was defined as the stable conformation of the glycopolymers 

in solution. 
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Differential scanning calorimetry (DSC) measurement. 

Samples (1–2 mg) were prepared in a pan, and then hermetically sealed. Samples were conditioned at 

30 °C followed by heating to 180 °C at a heating rate of 10 °C/min. The glass transition temperature 

(Tg) was reported as the inflection point of the heat flow thermograms taken from the third heating 

curve. 

 

Isothermal titration calorimetry (ITC) measurement. 

ConA and glycopolymers were dissolved in a solution of 10 mM acetate buffer (pH = 5.0) with MgCl2 

(1 mM), CaCl2, (1 mM), and NaCl (30 mM). Solutions with concentration of ConA (15–30 µM) and 

glycopolymer (75–600 µM) were prepared. Titrations were performed at 25 °C with a stirring speed 

of 560 rpm. Injections of glycopolymer solution into the cell (cell volume: 1.413 mL) ranged from 3 

to 5 µL at an interval of 276.65 s. The number of injections was set to 21 and the first injection was 

deleted before data analysis to obtain accurate data. The experimental data were fitted to a theoretical 

titration curve using Origin software supplied by Microcal. A standard One Set of Sites model was 

used with ΔH (enthalpy change in kcal/mol), Ka (binding constant in M-1), and n (number of binding 

sites per monomer) as variable parameters.  

 

Hemagglutination inhibition (HI) assay. 

Phosphate-buffered saline solution with calcium and magnesium ions (PBS(+)) was added into a 96-
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well plate (50 μL/well) except for the first lane. Con A in PBS(+) (1 mg/mL, 100 µL) was added into 

the first line of the 96-well plate, and the solution in the first lane was diluted by two steps (50 μL). 

Red blood cells (RBCs) in the purchased blood cell suspension were washed by centrifugation with 

PBS(-) three times. The concentrated RBCs were resuspended in PBS(+) (0.5 v/v%) and this was 

injected in each well (50 μL). The 96-well plate was incubated for 1 h at room temperature, and the 

lowest concentration of ConA required to aggregate the RBCs was determined. This process was 

triplicated, and the average value was defined as 1HAU.  

PBS(+) solution was added into a 96-well plate (25 μL/well) except for the first lane. 

Glycopolymer solution in PBS(+) (2 mg/mL, 50 μL) was injected in the first lane. The solution in the 

first lane was diluted by two steps (25 μL). The ConA solution in PBS(+) (8 HAU) was injected in 

each well (25 μL/well). The 96-well plate was incubated for 1 h at room temperature. The RBCs 

resuspended in PBS(+) (0.5 v/v%) were injected in each well (50 μL). The 96-well plate was incubated 

for 2 h at room temperature (triplicated). Hemagglutination inhibition was observed. 
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Results and Discussion 

 

 

Preparation of glycopolymers by RAFT polymerization. 

Glycopolymers bearing mannose units were synthesized by RAFT polymerization from two types 

of monomers: acrylamide and acrylate. Each glycomonomer containing mannose residue was 

synthesized by copper-catalyzed azide–alkyne cycloaddition of mannose azide and acrylic monomers 

with an alkyne moiety. The RAFT polymerization proceeded in aqueous solution in accordance with 

the previous reports.26 To ensure the homogeneity of the monomer sequence among the synthesized 

polymers, homo-glycopolymers without any other co-monomers were prepared. The target degree of 

polymerization (D.P.) was set at 40, 80, 120, and 160. The monomer conversions were determined by 

1H NMR and were over 90 % for all polymerization conditions (Table 1). The relative molecular weight 
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(Mn) and polydispersity index (Mw/Mn) were characterized by SEC analysis. The relative molecular 

weights of the glycopolymers increased corresponding to the target D.P., and SEC traces of each 

glycopolymer sample showed a unimodal peak and relatively low polydispersity (Figure S2). The 

polydispersity of the acrylamide-type polymers (< 1.22) was narrower than that of the acrylate-type 

polymers (< 1.51), presumably owing to the high propagation rate of acrylamide monomers in water 

(Table 1).49 These results indicated that well-controlled glycopolymers with different monomer 

structures were successfully synthesized by controlled radical polymerization.  

 

Table 1. Properties of RAFT polymerization of polymer backbones. 

 

 

Polymers Backbone Target D.P. 
Feed ratio Conv.a D.P.a Mn, th

b Mn
c Mw/Mn

c Dh
d 

[M]: [CTA]: [I] (%) (mer) (g/mol) (g/mol) (-) (nm) 

MAm40 

Acrylamide 

40  40: 1: 0.04 >99 40 13,400 6,700 1.18 4.53 

MAm80 80  80: 1: 0.04 >99 79 26,200 11,200 1.20 5.69 

MAm120 120 120: 1: 0.04 >99 119 39,300 18,200 1.20 7.07 

MAm160 160 160: 1: 0.04 >99 160 52,800 23,100 1.22 7.77 

MAc40 

Acrylate 

40  40: 1: 0.02 >99 39 13,100 6,700 1.37 4.40 

MAc80 80  80: 1: 0.02 >99 80 26,600 11,000 1.43 5.93 

MAc120 120 120: 1: 0.02 >99 121 40,100 16,700 1.46 7.04 

MAc160 160 160: 1: 0.04 90 154 51,000 19,900 1.51 7.99 

Monomer concentration of each polymerization ([M]) was set at 1.0 M.  (a) Monomer conversion (Conv.) and the degree of 

polymerization (D.P.) were determined from 1H NMR. (b) Theoretical molecular weight was calculated by following the 

formula: Mn, the = MWCTA + MWglycomonomer × D.P. (c) Relative molecular weight and polydispersity index were determined 

by size exclusion chromatography (SEC) analysis calibrated with a Pullulan standard. The eluent was 100 mM NaNO3 (aq). 

(d) The hydrodynamic diameter (Dh) was estimated by dynamic light scattering (DLS) measurement in PBS (-) buffer (1g/L). 
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The hydrodynamic diameters (Dhs) of the glycopolymers were determined by DLS measurement, 

and the value increased with the target D.P. of the glycopolymers (Figure S3). It is noteworthy that the 

Dh values of the acrylamide-type and acrylate-type glycopolymers with the same D.P. almost 

corresponded to each other and were not dependent on the difference of the monomer structures (amide 

or ester bond in the side chains). To support the results of DLS measurement, the conformations of the 

synthesized glycopolymers were simulated by molecular dynamics simulation. Images of the two types 

of glycopolymers after the annealing process are shown in Figure S4 (the surrounding water molecules 

are hidden). Both types of glycopolymers had a similar conformation in water (random-coil 

conformation), and no definite self-folding was observed. 

 

Characterization of physical properties of glycopolymers by DSC measurement. 

 To reveal the difference of molecular mobilities of the glycopolymers, the synthesized polymers 

were characterized by DSC measurement. The samples were heated from room temperature, and the 

Tg was determined. The Tg values of the acrylamide-type and acrylate-type glycopolymers were 

approximately 160 °C and 118 °C, respectively (Table 2). For both types of glycopolymers, the Tg 

values were totally different and dependent not on the polymer length (the degree of polymerization) 

but on the monomer structures. The Tg of the acrylamide-type glycopolymers was higher than that of 

the acrylate-type polymers, which arose from the rigidity of the amide bonds in the side chains. 
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Table 2. Tg and T2 of the glycopolymers at each peak of the chemical shiftsa. 

 Tg T2
1.5 ppm T2

6.0 ppm 
 (oC) (ms) (ms) 

MAm40 158.1 12.9 ± 1.4 168.9 ± 2.5 

MAm80 160.7 8.7 ± 0.2 118.7 ± 2.9 

MAm120 159.9 7.8 ± 0.2 109.3 ± 0.6 

MAm160 162.2 6.3 ± 0.1 100.4 ± 4.8 

MAc40 117.0 12.6 ± 0.4 223.4 ± 2.6 

Mac80 118.3 9.9 ± 0.3 194.0 ± 1.4 

MAc120 117.6 9.1 ± 0.0 166.7 ± 1.5 

MAc160 117.2 7.5 ± 0.1 169.4 ± 2.5 

aSolvent was D2O (15 mg/mL). 

 

Mobility analysis of glycopolymers by spin-spin relaxation (T2) time measurement using 1H NMR. 

 According to the difference in the Tg, it was anticipated that the synthesized glycopolymers would 

have different molecular mobilities based on the monomer types. Generally, the interactions of the 

glycopolymers with target biomolecules are evaluated in a solution, and thus, the molecular mobility 

of the glycopolymers should be evaluated in a solution. The molecular mobilities both of the polymer 

backbones and the side chains of the glycopolymers in water were characterized by the spin-spin (T2) 

relaxation time analysis using 1H NMR. In the case of macromolecules, the T2 relaxation time is 

influenced both by the overall rotatory diffusion of polymer molecules and by the local segment 

motion.50–54 However, local segment motion is much faster than overall rotatory diffusion and 

contributes to the T2 relaxation time more than the latter. Longer T2 relaxation indicates a higher 

rotational mobility of the polymer molecules. The two peaks shown in 1H NMR spectra were selected 
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to determine the molecular mobility. The first peak was derived from the protons of the main chain 

(1.4–1.5 ppm), and the second peak was derived from the anomeric proton of mannose in the side 

chain (5.8–6.0 ppm). The T2 relaxation time of the side chain was longer than that of the polymer 

backbones, which suggested that the molecular mobility of the side chains was higher than the polymer 

backbones (Table 2 and Figure 2). Compared with acrylamide glycopolymers, acrylate glycopolymers 

showed a longer T2 relaxation time, and the molecular mobility of the acrylate-type glycopolymers 

seemed to be higher than that of the acrylamide-type polymers. This arose from the difference of free 

rotation between amide and ester bonds. The amide bond of acrylamide has a resonance structure, and 

the free rotation of the C-N bond is restricted. In contrast, free rotation of the ester bond of acrylate is 

not especially restricted.1,55 This difference of rotational mobility influences the molecular mobility of 

the mannose units in the side chains. 

 

Figure 2. Plots of the T2 for the glycopolymers at each peak of the chemical shifts: (a) 1.5 ppm and (b) 6.0 

ppm in D2O. The blue triangles and red circles represent the MAm and MAc polymer series, respectively. 
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Evaluation of the interaction of the glycopolymers with ConA by isothermal titration calorimetry. 

The interaction between glycopolymers and a model lectin, ConA was quantitatively evaluated by 

ITC measurement. ConA is a C-type lectin composed of four subunits.35 One subunit has one CRD (in 

total four CRDs per one ConA molecule), and each CRD selectively binds to a mannose unit. A 

preliminary ITC experiment using neutral PBS(+) buffer solution revealed the appearance of an 

aggregation of ConA, as has been reported in previous studies.56 Thus, in accordance with the previous 

report, an acidic buffer was used for ITC measurements to avoid aggregation of ConA. ConA forms a 

dimer at acidic pH, but forms a tetramer at neutral pH.57 Therefore, in this work, all experiments were 

carried out in 10 mM acetate buffer (pH = 5.0) for ITC measurement.58  

ITC titration curves of the ConA solution demonstrated an exotherm with sequential injections of 

the glycopolymers (MAm120 or MAc120) whereas those of the BSA solution did not (Figure S5 and S6). 

This indicated that the synthesized glycopolymers exhibited molecular recognition based on the 

carbohydrate–lectin interaction. The results of ITC measurement of glycopolymers are shown in Table 

3. The binding constant (Ka: M-1), enthalpy change (ΔH: kcal/mol), entropy change (−TΔS: kcal/mol), 

and binding stoichiometry (n) were evaluated by fitting the raw titration curve data using the One Set 

of Sites model.59 To confirm the accuracy of the measurement, the c values (c = n*[ConA]*Ka), which 

are an index of accurate experimental values, were calculated.60 Wisemann et. al. suggested that 

reliable experiment affords a range of c values from 1 to 1000.61 The results in Table 3 gave a range 

from 1 to 16, which demonstrated an accuracy. The Ka values of MAm40 to MAm160 and MAc40 to 
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MAc160 were 0.19, 0.77, 2.05, 3.12 (× 106 M−1), and 0.47, 2.70, 4.20, 8.03 (× 106 M−1), respectively 

(Figure 3). The Ka values increased as the D.P. of the glycopolymers increased, which arose from the 

multivalent binding to ConA. Interestingly, while the two types of glycopolymers had the same 

polymer structures except for the monomer types (amide or ester bond in the side chains), the binding 

constants of the acrylate glycopolymers were approximately 2 or 3 times higher than those of the 

acrylamide type for each polymer length. Considering that the two types of glycopolymers had similar 

Dh values (Table 1), the difference of the interaction depended not on the polymer conformation in the 

solvent but on the molecular mobility.  

 

Table 3. Thermodynamic parameters for the binding of glycopolymers to Con A. 

 

 

 

Polymers Backbone 
Ka ΔH −TΔS na c 

(106 M-1) (kcal/mol) (kcal/mol) (-) (-) 

MAm40 

Acrylamide 

0.19 ± 0.010 −26.8 ± 1.9 19.6 ± 1.9 0.34 1.3 

MAm80 0.77 ± 0.070 −36.2 ± 0.40 28.2 ± 0.42 0.20 2.8 

MAm120 2.05 ± 0.18 −50.3 ± 0.63 41.7 ± 0.64 0.15 4.7 

MAm160 3.12 ± 0.80 −57.7 ± 3.0 48.9 ± 3.1 0.13 6.1 

MAc40 

Acrylate 

0.47 ± 0.040 −26.1 ± 0.57 18.3 ± 0.63 0.31 2.7 

MAc80 2.70 ± 0.54 −39.5 ± 0.49 30.8 ± 0.61 0.21 10.7 

MAc120 4.20 ± 0.22 −53.6 ± 1.5 44.2 ± 1.5 0.17 10.5 

MAc160 8.03 ± 0.50 −68.9 ± 1.1 59.3 ± 1.1 0.12 15.0 

(a) The binding stoichiometry was determined by the inflection point. 
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Figure 3. Plots of the Ka of the glycopolymers for dimeric ConA: (a), (b) ∆H, and (c) −T∆S. The blue 

triangles and red circles represent the MAm and MAc polymer series, respectively. 

 

The carbohydrate–lectin interaction is largely contributed by hydrogen bonds and is driven by the 

enthalpy change. The enthalpy change ΔH of MAm40 to MAm160 and MAc40 to MAc160 were −26.8, 

−36.2, −50.3, −57.7 (kcal/mol), and −26.1, −39.5, −53.6, −68.9 (kcal/mol), respectively (Figure S7a). A 

decrease of ΔH to the negative side was observed as the D.P. increased, which indicated that the longer 

polymer length was favorable for the interaction with ConA. The multiple binding of the 

glycopolymers to ConA caused this change of ΔH. Furthermore, the acrylate glycopolymers showed 

lower values than the acrylamide glycopolymers, so the structure of acrylate monomers was more 

favorable for the interaction than the acrylamide monomers. Similarly, −TΔS of MAm40 to MAm160 

and MAc40 to MAc160 were 19.6, 28.2, 41.7, 48.9 (kcal/mol), and 18.3, 30.8, 44.2, 59.3 (kcal/mol), 

respectively (Figure S7b). For both types of glycopolymers, the increase of −TΔS to the positive side 
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was observed as the D.P. increased. As expected from the T2 measurement, the acrylate glycopolymers 

showed higher values of −TΔS than the acrylamide glycopolymers, which was unfavorable for the 

interaction. This indicated that the molecular mobility of the acrylate glycopolymers was more 

restricted in binding to ConA than that of the acrylamide glycopolymers. The values of ΔH and −TΔS 

showed the trends of enthalpy-entropy compensation, which is also observed in other interactions of 

biomolecules (Figure S8).62 

Thermodynamic parameters were dependent on the monomer structures, and the acrylate-type 

glycopolymers showed a favorable ΔH and an unfavorable −TΔS change more than those of the 

acrylamide-type. These differences of binding parameters resulted from the difference of the molecular 

mobility based on the monomer structures. Mannose units tethered to the polymer backbone through 

an ester bond have a higher molecular mobility than those with an amide bond, and the increased 

probability of binding to the CRDs of ConA leads to a higher enthalpy gain. However, the molecular 

mobility of mannose units with an ester bond decreases for binding to ConA more than that of those 

with an amide bond, which invokes a large entropy loss. These slight differences in thermodynamic 

parameters demonstrate that different monomer structures affect the interaction of the glycopolymers 

with ConA, and the structure with rotational freedom exhibit the higher binding constant. 

 

Interaction of the synthesized glycopolymers with ConA by the HI assay. 

 The interaction of the glycopolymers with tetrameric ConA was also evaluated by the HI assay. 
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The pH of the solution was neutral, where ConA has the tetrameric structure. The synthesized 

glycopolymers except MAm40 inhibited RBC aggregation in the treated concentration range (Figures 

4 and S9). The minimum polymer concentration for hemagglutination inhibition was defined as an 

inhibition constant, Ki, and the strength of the interaction of each glycopolymer with ConA was 

evaluated.8,41 The Ki values were calculated by the mannose unit concentration, with a lower Ki 

indicating a stronger interaction with ConA. The Ki values of MAm80, MAm120, and MAm160 were 

determined to be 5.1 × 10−4, 2.0 × 10−3, and 2.0 × 10−3 mol/L, respectively. Similar to the results of the 

ITC measurement, the Ki values of acrylate-type glycopolymers were lower than those of acrylamide-

type glycopolymers (Ki = 1.0 × 10−3, 9.5 × 10−5, 4.7 × 10−5 and 6.3 × 10−5 mol/L for MAc40, MAc80, 

MAc120, and MAc160, respectively). For both types of the glycopolymers, the Ki values of the 

glycopolymers with a longer polymer length were dramatically higher than those of the short polymers. 

This arose from the change of the binding mode from one-site binding to two-site binding, and the 

thresholds of the polymer length were between 40 and 80 for both types of the glycopolymers.23,26 The 

difference of the strength of the interactions for the monomer type was observed not only in the ITC 

measurement but also in the HI assay, which suggested that the monomer type affected the 

intermolecular interaction through the molecular mobility of the mannose units in the side chains. 



25 
 

 

Figure 4. Plots of Ki from HI assay of the glycopolymers against ConA (triplicated). The unit is sugar 

concentration. The error bars indicate ± σ. The dash lines were drawn for guiding purpose. 
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Conclusions 

We focused on the monomer structures of biofunctional polymers, acrylamide and acrylate, and 

the effect of the monomer types on molecular recognition was evaluated. Physical properties of the 

synthesized glycopolymers were characterized by DSC and 1H NMR spin-spin relaxation time 

measurements. The monomer structures affected Tg and T2 of the glycopolymers, and the acrylate-type 

glycopolymers showed a higher molecular mobility. The interactions of the synthesized glycopolymers 

were quantitatively evaluated by ITC measurement, and the thermodynamic parameters of the 

glycopolymers were determined. The acrylate-type glycopolymers exhibited the higher binding 

constant, greater enthalpy gain, and larger entropy loss. In the HI assay, the two types of glycopolymers 

exhibited showed different HI inhibition against ConA, and the acrylate-type glycopolymers showed 

a stronger interaction than the acrylamide-type glycopolymers even though there was only a slight 

difference in the monomer structures. This agreed with the results of the ITC measurement and, 

furthermore, the difference could not be explained by the multivalence effects alone. Therefore, the 

slight difference of the monomer structures affected the molecular mobility of the mannose units in 

the side chains, which led to the different interactions of the glycopolymers with ConA. The acrylate-

type glycopolymers had a rotational freedom of the side chains and exhibited a stronger interaction 

with the target lectin. This is one example of an interaction between biofunctional polymers and target 

molecules; however, the influence of the monomer structures on the interactions of the synthetic 

biofunctional polymers is not negligible. This study suggests that the design of the polymer backbone 
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is important in designing synthetic biofunctional polymers. There are various types of biopolymers 

such as proteins, nucleic acids, and polysaccharides, which have different physicochemical properties 

and roles. We believe that our study represents the importance of the physical properties of polymers 

to the molecule, which is important for elucidating the role of biopolymers. 
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