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Abstract 

Our earlier report described that a cyclic hemoglobin (Hb) monomer with two β subunits 

of an Hb molecule (α2β2) bound through a flexible polyethylene glycol (PEG) chain undergoes 

reversible supramolecular ring-opening polymerization (S-ROP) to produce a supramolecular Hb 

polymer with an Hb−PEG alternating structure. In this work, we polymerized cyclic Hb 

monomers with different ring sizes (2, 5, 10, or 20 kDa PEG) to evaluate the thermodynamics of 

S-ROP equilibrium. Quantification of the produced supramolecular Hb polymers and the 

remaining cyclic Hb monomers in the equilibrium state revealed a negligibly small enthalpy 

change in S-ROP (ΔHp ≤ 1 kJ·mol−1) and a markedly positive entropy change increasing with 

ring size (ΔSp = 26.8−33.2 J·mol−1·K−1). Results suggest an entropy-driven mechanism in S-

ROP: a cyclic Hb monomer with the larger ring size prefers to form a supramolecular Hb 

polymer. S-ROP used for this study has potential to construct submicrometer-sized Hb−PEG 

alternating polymers having structural regularity. 
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1. Introduction 

Hemoglobin (Hb), the most abundant protein in mammalian blood, plays an important 

role in oxygen transport. During the last half century, many attempts have been made to create 

artificial oxygen carriers through the modification of isolated Hb molecules for use as red blood 

cell (RBC) substitutes.1 Such Hb-based oxygen carriers (HBOCs) are expected to overcome 

existing transfusion-related problems such as pathogen contamination, blood type mismatching, 

and short shelf life.1 However, free Hb molecules in plasma cause severe renal and 

cardiovascular toxicities when injected into blood circulation.2 To reduce toxicities, cellular and 

acellular types of HBOCs have been developed. Cellular HBOCs have been produced by 

encapsulation of Hbs with synthetic polymer membranes or in phospholipid vesicles (liposomes) 

mimicking the cellular structure of RBCs.1,3,4 Acellular HBOCs have been produced by various 

chemical modification of Hbs. For instance, intra-molecular αα-cross-linking or ββ-cross-linking 

inhibits dissociation of an α2β2 tetrameric Hb molecule.5,6 Conjugations of polyethylene glycols 

(PEG) or albumins lower the antigenicity of an Hb molecule by surface coating.7−9 Moreover, 

inter-molecular conjugation of multiple Hbs by glutaraldehyde enlarges the particle.10 

Despite pioneers’ efforts, it remains difficult to block the Hb toxicity completely by 

chemical modification. In fact, severe cardiovascular adverse effects were found during clinical 

trials of polymerized Hbs (poly-Hb) obtained by cross-linking with glutaraldehyde.11 Reportedly, 

adverse effects of poly-Hb were caused mainly by the presence of a minor component with 

molecular weight below 256 kDa.12 Smaller molecules tend to flow near the vessel wall. 

Furthermore, such a low molecular weight component of poly-Hb, which has a sufficiently small 

particle size for extravasation, is expected to scavenge an endogenous vasorelaxant, nitric oxide 

(NO), causing vasoconstriction and hypertension.13 Therefore, development of highly efficient 
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polymerization for Hbs is now regarded as a promising strategy for reducing the cardiovascular 

toxicity of HBOCs.  

Several methods have been developed for synthesizing submicrometer or micrometer 

sized poly-Hb. Hb-microparticles have been fabricated by polymerizing Hb in the porous CaCO3 

microparticles used as a temporary template.14 Also, Hb-albumin microspheres have been 

produced by polymerization in a water/oil (w/o) emulsion formed via a porous glass 

membrane.15 Submicrometer Hb particles (250 nm) have been synthesized using precipitation 

polymerization.16 Furthermore, cross-linking agents of various kinds have been developed to 

replace glutaraldehyde in production of polymerized Hbs with different structures: multi-

functional PEGs,17 oligosaccharide,18 polysaccharide,3 polyamide linker,19 and carbodiimede.20 

Additionally, we recently reported the efficient synthesis of Hb−PEG alternatively aligned linear 

polymer by ring-opening polymerization (ROP) based on supramolecular chemistry.21 

Supramolecular chemistry, a rapidly growing area, treats assemblies consisting of 

discrete molecular subunits bound through non-covalent interactions.22 Interactions are reversible 

and weak compared to those of covalent bonding. For that reason, supramolecular materials 

realize unique structures, functions, and properties. An Hb molecule is also categorized as a 

supramolecular assembly that consists of two α and two β subunits (α2β2). They are assembled 

using a combination of non-covalent interactions as hydrogen bonds, hydrophobic forces, van 

der Waals forces, and electrostatic effects. The α2β2 tetramer dissociates reversibly into dimers 

(α2β2 ⇄ 2αβ), and thereby inter-molecularly exchanges αβ dimers,6 although it favors 

fundamentally stable α2β2 tetrameric structure under physiological conditions.23 
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Reportedly, supramolecular protein polymers are induced via specific interactions of 

proteins such as heme–heme pocket interaction,24 coiled−coil interaction,25 helix bundle 

folding,26 hapten–antibody complex formation,27 and inter-subunit interaction.28 Our aim is to 

construct a supramolecular polymer via reversible interactions between αβ subunits of Hb as a 

precursor of the covalently fixed Hb−PEG alternating polymer. 

In our earlier study, a bi-functional 10 kDa maleimide-PEG (mal2-PEG) was reacted with 

two Cys-93(β) of an Hb unit (α2β2) to obtain a cyclic Hb monomer CM-10 (Figure 1A).21 

During the inter-monomer subunit exchange of αβ dimers, CM-10 induced supramolecular ring-

opening polymerization (S-ROP) to form a supramolecular Hb polymer (SP-10, Figure 1B). The 

SP-10 consists of monomer units that are bound reversibly through the non-covalent inter-

subunit interactions of αβ dimers at the PEG terminals. The Hb units (α2β2) in the constructed 

SP-10 and remaining CM-10 were subsequently fixed covalently by reaction with bis-(3,5-

dibromosalicyl) fumarate (DBBF) to obtain ββ-cross-linked products (XLSP-10 and XLCM-10). 

In this reaction, DBBF is known to be a site-specific ββ-cross-linker that binds two Lys-82(β) 

residues through fumarate.29 Quantification of the stable ββ-cross-linked products using size 

exclusion chromatography (SEC) has made it possible to analyze the ratio of SP-10 (polymer) 

and CM-10 (monomer) in the equilibrium state of S-ROP immediately before reaction with 

DBBF. That quantification revealed that CM-10 assembled to form SP-10 at a higher 

concentration, and that SP-10 dissociated to CM-10 at a lower concentration. However, the 

mechanism of S-ROP has not been clarified completely. Moreover, the effect of PEG length 

should be evaluated to optimize the polymerization efficiency. 

In the present work, cyclic Hb monomers using 2, 5, 10, or 20 kDa PEG linkers (CM-2, -

5, 10, and -20 in Figure 1B) were synthesized to evaluate the ring size effects. By applying the 
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procedures described in the earlier report,21 the constructed Hb−PEG alternating supramolecular 

polymers (SP-2, -5, 10, and -20) and remaining CMs were fixed covalently and were then 

analyzed using SEC, electrophoresis (SDS-PAGE), and dynamic light scattering (DLS) to 

compare the polymerization efficiency. Furthermore, for evaluation of the mechanisms, each S-

ROP equilibrium was analyzed based on the quantification of ββ-cross-linked products using 

SEC. We applied thermodynamic analysis commonly used for non-supramolecular ROP of low 

molecular weight cyclic monomers, such as lactones,30 toward S-ROP of the giant monomers, 

CMs. The obtained thermodynamic parameters clarified that S-ROP of all the CMs proceeded 

with an entropy-driven mechanism.  
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Figure 1. (A) Synthesis of four cyclic Hb monomers (CM-2, -5, -10, and -20), of which two 

Cys-93 (β) thiols were bridged via 2, 5, 10, and 20 kDa bi-functional maleimide-PEG (mal2-

PEG). (B) Supramolecular ring-opening polymerization (S-ROP) equilibrium between CMs and 

SPs, and subsequent covalent fixing of Hb units by reaction with bis-(3,5-dibromosalicyl) 
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fumarate (DBBF). CMs induce S-ROP reversibly by inter-molecular exchange of αβ subunits to 

produce the corresponding SPs. The equilibrated CMs and SPs are fixed by site-specific cross-

linking of two β subunits in each Hb unit (α2β2) by reacting with bis-(3,5-dibromosalicyl) 

fumarate (DBBF) to produce the corresponding ββ-cross-linked products (XLCMs and XLSPs). 

The X-ray crystal structure (PDB ID: 1BIJ) of the ββ-cross-linked Hb (XLHb) is shown, 

particularly presenting the binding sites for maleimide (Cys-93(β)) and DBBF (Lys-82(β)).29 
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2. Materials and Methods 

2.1. General procedures 

A highly purified human carbonyl Hb (native Hb) was isolated by pasteurization and 

nanofiltration from RBCs provided by the Japanese Red Cross.4 The concentrations of Hb units 

in modified Hbs were determined using a kit (Hemoglobin B-test Wako; Fujifilm Wako Pure 

Chemical Corp., Tokyo, Japan) with a UV-vis spectrometer (V-660; JASCO Corp., Tokyo, 

Japan). Four bi-functional maleimede PEGs (mal2-PEG) of Mal-PEG-Mal-2k (Batch No. 

20180920BL03, molecular weight 2 kDa, purity 95%; Biochempeg Scientific Inc., 

Massachusetts, U.S.A.), MAL-PEG-MAL-5000 (Lot No. 152-118, Mn 4,400, purity 98%; 

Laysan Bio Inc., Alabama, U.S.A.), SUNBRIGHT DE-100MA (Lot M153536, Mn 10456, 

Mw/Mn = 1.02, substitution 90.6%; NOF Corp., Tokyo, Japan), and SUNBRIGHT DE-200MA, 

Lot M179584, Mn 20815, Mw/Mn = 1.03, substitution 92.6%; NOF Corp.) were used respectively, 

for the syntheses of four cyclic Hb monomers. In addition, bis-(3,5-dibromosalicyl) fumarate 

(DBBF; Abcam plc., Cambridge, U.K.) was used for intra-molecular ββ-cross-linking of Hb 

units. 

 

2.2. Synthesis of cyclic Hb monomers (CMs) 

The cyclic Hb monomers (CM-2, CM-5, CM-10, and CM-20) were obtained according to 

methods reported earlier21,31 by reacting four mal2-PEGs with native Hb (Figure 1A). Mal2-PEG 

was excessive in the synthesis of CM-2.31 Also, Hb was excessive in that of CM-5, -10, and -

20.21 Powdered 2 kDa mal2-PEG (201.7 mg, 85.4 μmol) was added to 27.54 mL of 1.55 mM 

(10.0 g/dL) native Hb solution (42.7 μmol, 0.50 eq.31) in phosphate buffered saline (PBS, pH 7.4, 
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137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4). Similarly, 5 kDa mal2-

PEG (530 mg, 120 μmol), 10 kDa mal2-PEG (1.01 g, 96.6 μmol), and 20 kDa mal2-PEG (2.19 g, 

105 μmol) were added, respectively, to 1.2 molar equivalent21 10.0 g/dL native Hb solutions in 

PBS. Each reaction mixture was stirred overnight under a CO atmosphere at 4 °C. The produced 

CMs were purified by salting out fractionation using ammonium sulfate. Then the remaining 

excess salts were removed by dialysis. Finally, the CM solutions were concentrated using 

osmotic pressure difference from concentrated PEG 20,000 solution21 to obtain 2.43 mL of 5.77 

mM CM-2 solution (yield 32.9%), 23.20 mL of 3.16 mM CM-5 solution (yield 50.7%), 23.62 

mL of 3.24 mM CM-10 solution (yield 65.0%), and 63.13 mL of 1.16 mM CM-20 solution 

(yield 58.1%).  

 

2.3. Size exclusion chromatography (SEC) 

SEC was conducted using an HPLC system (Chromaster; Hitachi High-Technologies 

Corp.) equipped with an SEC column (Shodex Protein KW-804; Showa Denko K.K., Tokyo, 

Japan) at an ambient temperature (20−30 °C). The separation range of this column is 30 to ca. 

4,000 kDa for proteins. Effluent was monitored using a diode array detector (5430; Hitachi High-

Technologies Corp.) with absorbance at 419 nm, which corresponds to λmax of the Soret band of 

carbonyl Hb. Each modified Hb solution was diluted with PBS to 0.050 mM and was filtered 

through a syringe-driven filter unit (Millex 0.22 μm PVDF filter; Merck Millipore Ltd., Merck 

KGaA, U.S.A. or DISMIC-25CS020AS 0.20 μm cellulose acetate filter; Toyo Roshi Kaisha, 

Ltd., Tokyo, Japan). Then 20 μL of analyte was injected into the SEC column through a sampler. 

PBS (pH 7.4) was used as an eluent with a 1.0 mL/min flow rate. 
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2.4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

All solutions of Hb derivatives were diluted with PBS to the Hb concentration of 0.012 

mM. Then, each resulting solution was mixed with a half volume of the denaturing buffer32 (0.19 

M Tris-HCl buffer pH 6.8, containing 6.0% (wt/v) sodium dodecyl sulfate (SDS), 15% (v/v) 2-

mercaptoethanol, 30% (wt/v) sucrose, and 0.006% (wt/v) bromophenol blue) and incubated at 

80 °C for 15 min. Electrophoresis was performed on a 13% polyacrylamide mini-slab gel using a 

mini-slab electrophoresis system (NA-1010; Nihon Eido Corp., Tokyo, Japan). An Amersham 

Low Molecular Weight Calibration Kit for SDS Electrophoresis (GE Healthcare Japan Ltd., 

Tokyo, Japan) was used for molecular weight markers. After the gels were stained with 

Coomassie brilliant blue (Quick CBB; Fujifilm Wako Pure Chemical Corp.), images of the 

stained gels were obtained using transmission scanning (GT-F650; Seiko Epson Corp., Nagano, 

Japan). 

 

2.5. Dynamic light scattering (DLS) 

For DLS measurements, CM-2, -5, -10, and -20 were reacted with 2.0 molar equivalent 

DBBF, respectively at initial monomer concentrations, [M]0, of 5.43, 3.10, 3.01, and 1.16 mM to 

obtain corresponding XLSP-2, -5, -10, and -20 solutions. The Hb concentrations of CMs and 

XLSPs were adjusted to 0.010 mM in PBS (pH 7.4); then each solution was filtered through a 

syringe-driven filter unit (Millex 0.22 μm PVDF filter; Merck Millipore Ltd.) to remove dust. 

The particle diameter distribution was measured using a nanoparticle size analyzer (SZ-100-S; 
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Horiba Ltd., Tokyo, Japan) equipped with a 10 mW laser (λ = 532 nm) at 25 °C. The light-

scattering signal was detected at 173° (backscatter detection). Correlation data were analyzed 

using software (NextSpec 1.80; Horiba Ltd.). The particle diameter distribution was obtained 

using a standard monodispersed model based on the scattering light intensity (rather than number 

or volume), which emphasized the higher molecular weight components. The particle size 

distribution histograms of CMs and XLSPs are presented in Supporting Information (Figure S1).  

 

2.6. Colloid osmotic pressure (COP) 

COP measurements of the CMs were conducted using a colloid osmometer (OSMOMAT 

050; Gonotec GmbH, Berlin, Germany) at several protein concentrations at ca. 23 °C. The COP 

(π) is defined as shown in Eq. 1 using number-average molecular weights (Mn), the 

concentration of Hb units (C), the gas constant (R = 62.364 Torr·L·mol−1·K−1), the absolute 

temperature (T), and the second and the third virial coefficients (A2, A3).
33 

𝜋 =  RT (
𝐶

 𝑀n
+ 𝐴2𝐶2 + 𝐴3𝐶3 + ⋯ )                  ⋯ (1) 

Eq. 1 is converted to Eq. 2. 

𝜋

 𝐶 
 =  RT (

1 

 𝑀n
+ 𝐴2𝐶 + 𝐴3𝐶2 + ⋯ )                  ⋯ (2) 

The plots of π/C versus C for CMs can be fitted to quadratic regression curves by ignoring the 

higher-order virial coefficient terms of Eq. 2. From the intercept (π/C)C➝0 of the fitted curve, 

1/Mn is obtained according to Eq. 3. 
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1 

 𝑀n
 =  

1

𝑅𝑇
 (

𝜋

 𝐶 
)

𝐶→0
                 ⋯ (3) 

 

For comparison, ββ-cross-linked CM-10 (XLCM-10) with a maintained ring-closed 

structure was synthesized. To a 385 mL PBS solution of CM-10 (0.050 mM, 19.3 μmol) was 

added 1.6 molar equivalent of powdered DBBF (20.6 mg, 30.8 μmol, 1.6 eq.). It was then stirred 

overnight under a CO atmosphere at 4 °C. The reaction mixture was filtered. Then it was 

concentrated by ultrafiltration using a labscale tangential flow filtration system (Merck Millipore 

Ltd.) equipped with a cassette (Pellicon XL, Biomax 8 kDa, 50 cm2 filtration area; Merck 

Millipore Ltd.) to obtain 5.0 mL XLCM-10 solution (1.52 mM, [Hb] = 9.78 g/dL, yield 39.3%). 

The obtained XLCM-10 was characterized using SEC and SDS-PAGE. Then COP was measured 

similarly as CMs. 

 

2.7. Quantification of supramolecular ring-chain equilibria by ββ-cross-linking 

According to earlier reported methods,6,21 all Hb units in the equilibrated CMs and SPs 

were reacted with 2.0 molar equivalent DBBF at 4 °C to produce ββ-cross-linked products 

(XLCMs and XLSPs) (Figure 1B). The cross-linking reactions were conducted respectively at 

several [M]0 in the ranges of 0.050−5.43 for CM-2, 0.050−3.10 for CM-5, 0.016−3.01 for CM-

10, and 0.010−1.16 mM for CM-20.  
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After reacting CM with DBBF at various concentrations, the product is the mixture of 

XLCM and XLSP. The relative ratio of XLCM (r1) is defined as Eq. 4 using the peak areas of 

XLCM (SXLCM) and all other areas of XLSP (SXLSP) in the SEC analysis. 

𝑟1 = 
𝑆XLCM

𝑆XLCM + 𝑆XLSP
                     …(4) 

The r1 value reflects the ratio of CM in the equilibrium state of S-ROP because the ratio 

of XLCM is regarded as coinciding with that of corresponding CM immediately before ββ-cross-

linking.21 

 

2.8. Thermodynamic analysis of S-ROP equilibria 

Similarly to section 2.7, CMs and SPs in the equilibrium state were ββ-cross-linked at 

five temperatures (4, 15, 25, 35, and 45 °C) with the unified [M]0 at 1.00 mM. The ββ-cross-

linking was monitored by SEC. The ββ-cross-linked products were quantified using SEC to 

determine the concentration of the remaining CM ([M]eq) in the equilibrium state of S-ROP 

immediately before adding DBBF.  

In the case of representative non-supramolecular ROP of low molecular weight cyclic 

monomers such as cycloalkanes, lactones, lactams, lactides, cyclic (thio)ethers, cyclic 

phosphates, and cyclosiloxanes, the ratio of monomer conversion depends on the temperature.34 

In the study of ROP for such small molecules, the monomer concentration in an equilibrium state 

[M]eq can be expressed as a function of the temperature T according to Dainton’s equation (Eq. 

5).35 
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ln[M]eq = 
∆𝐻p

𝑅𝑇
−

∆𝑆p

𝑅
                     …(5) 

Therein, ΔHp and ΔSp represent the enthalpy and entropy changes that occur during 

polymerization; R is the gas constant (R = 8.314 J·mol−1·K−1).  
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3. Results 

3.1. Synthesis and characterization of CMs 

In this study, CMs with four ring sizes (CM-2, -5, -10, and -20) were synthesized 

respectively by reacting native Hb with bi-functional maleimide PEG with the respective 

molecular weights of 2, 5, 10, and 20 kDa (Figure 1A). In the SEC profile, CM-2, -5, -10, and -

20 were observed respectively as peaks at 11.61, 11.37, 10.94, and 10.32 min (Figure 2A). A 

larger CM showed a shorter retention time with a wider peak width because of the conjugation of 

the longer PEG chain. Apparent molecular weights of CM-2, -5, -10, and -20 estimated 

respectively from calibration curve using globular protein markers21 are 38, 53, 94, and 217 kDa, 

which differ from actual molecular weights of 67, 70, 75, and 85 kDa. This result indicates that 

PEGylated Hb shows quite different morphology from native globular proteins in the aqueous 

solution. Dynamic light scattering (DLS) measurements of CMs showed an increase in particle 

size and wide dispersion with the molecular weight of PEG moiety (Table 1), which supports the 

result obtained from SEC measurement. 

The components of CM were clarified using SDS-PAGE analysis (Figure 2B). The band 

of free α subunits remained in all CMs. By contrast, the band of free β subunits disappeared 

completely; the bands a, b, c, and d of each component of two β subunits linked with PEG 

(β−PEG−β) appeared. In contrast to the SEC results, each β−PEG−β subunit showed reasonable 

molecular weights compared to those of marker proteins. These results indicate the cyclic 

structure of each monomer, and show site-specific conjugation between mal2-PEG and two β 

subunits (Cys-93(β)) of an Hb molecule.36 
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Figure 2. (A) SEC profiles of CM-2, -5, 10, -20, and native Hb. A larger CM showed a shorter 

retention time. (B) SDS-PAGE analysis of CM-2, -5, 10, -20, and native Hb. One Hb molecule 

consists of two α (15.1 kDa) and two β (15.8 kDa) subunits, whereas one CM molecule consists 

of two α subunits and one β−PEG−β subunit (bands a, b, c, and d: 33, 36, 42, and 52 kDa 

(calc.)). 
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Table 1. Summary of dynamic light scattering (DLS) measurements of native Hb and CMs 

Sample 
Mn of PEG 

moiety (kDa) 

Particle diameter 

(avg. ± S.D., nm) 

native Hb − 7.7 ± 1.7a 

CM-2 2.0 10.2 ± 1.6  

CM-5 4.4 14.5 ± 3.9  

CM-10 10.5 16.9 ± 6.1  

CM-20 20.8 22.2 ± 10.8  

a: data referred from ref. 21 

 

3.2. Effects of CM ring size on COP measurements 

The colloid osmotic pressure (COP, π) of each CM solution increases with the 

concentration of Hb units, C, similarly to native Hb (Figure 3A). In fact, CM containing the 

larger molecular weight PEG showed a steep increase in the π value as a function of C. For 

larger CM-5, -10, and -20, the plots of π/C versus C clearly showed quadratic curves, indicating 

that the third virial coefficients are not negligible because of the presence of S-ROP equilibrium, 

depending on C values (Figure 3B). The quadratic curve fittings of the plots of CMs based on 

Eq. 2 are presented in Table 2. The plot of CM-2 is apparently closer to a linear relation than the 

larger CMs. However, we considered that quadratic curve fitting is appropriate also for CM-2 

because the correlation coefficient (r2) became smaller in the case of linear curve fitting (r2 = 

0.9825). The number average molecular weights (Mn) of CM-2, -5, -10, and -20 obtained from 

the intercept of the quadratic curve fitting are, respectively, 81, 88, 104, and 157 kDa. The Mn 

obtained from COP measurements are regarded as reflecting the molecular sizes of CMs in an 

infinitely diluted condition. The apparent Mn are much higher than the actual Mn (67, 70, 75, and 
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85 kDa) because of the large hydrodynamic volume of the PEG moieties.37 To estimate the 

supramolecular interaction effects, COP of the fixed CM-10 (XLCM-10) in a ring-closed state by 

ββ-cross-linking was also measured (Figure 3, light blue). The COP of XLCM-10 was increased 

considerably, almost doubled, compared to that of CM-10. 
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Figure 3. (A) Colloid osmotic pressure (COP, π) of native Hb (brown), CM-2 (green), CM-5 

(orange), CM-10 (blue), CM-20 (purple), and XLCM-10 (light blue) as a function of the 

concentration of Hb units, C. (B) Plots showing π/C versus C. The plots of CMs and XLCM-10 

show parabolic curves indicating that the third virial coefficients are not negligible. Data of 

native Hb and CM-10 were referred from a report of our earlier study.21 

 

Table 2. Summary of quadratic curve fitting of π/C versus C plot in Figure 3B based on Eq. 2 

Sample 
Curve fitting based on Eq. 2 

RT (1/Mn + A2C + A3C2) 

(Torr·dL·g−1) 

Correlation 

coefficient r2 

Mn  ×10−3 

(g·mol−1) 
A2 ×105 

(mol·cm3·g−2) 
A3 ×106 

(mol·cm6·g−3) 

CM-2 2.270 + 0.039 C + 0.003 C2 0.9916 81 2.1 1 

CM-5 2.095 − 0.027 C + 0.009 C2 0.9975 88 −1.5 5 

CM-10 1.763 − 0.169 C + 0.036 C2 0.9983 104 −9.2 20 

CM-20 1.177 + 0.527 C + 0.110 C2 0.9992 157 28.6 60 

XLCM-10 1.977 + 0.242 C + 0.023 C2 0.9997 93  13.1  13 

Gas constant R = 62.364 Torr·L·mol−1·K−1, T = 294−297 K 

 

3.3. Fixing the α2β2 tetrameric structures of Hb unit of CMs in S-ROP equilibrium 

CMs are converted reversibly to the corresponding supramolecular Hb polymers (SPs) 

through the S-ROP equilibrium. The progress of S-ROP is expected to depend critically on the 

initial monomer concentration [M]0. All Hb units (α2β2) in SPs and CMs were fixed by ββ-cross-

linking using DBBF for evaluation of the S-ROP progress (Figure 1B). Figure 4 presents SEC 
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profiles of the products after reacting DBBF with (A) CM-2, (B) CM-5, (C) CM-10, and (D) 

CM-20, at different [M]0. When reacting CMs with DBBF at a lower [M]0 of 0.050 mM (blue 

chromatograms), the CM structures were mainly fixed in an Hb unit to obtain the ββ-cross-linked 

cyclic Hb monomers: XLCMs. The peaks of XLCM-2, -5, -10, and -20 (11.58, 11.37, 10.94, and 

10.30 min) showed almost equal retention times of the corresponding CMs (11.61, 11.37, 10.94, 

and 10.32 min), indicating that XLCMs have the same molecular size as those of CMs. In Figure 

4D, peaks with shorter retention times of around 7.91 min were also observed. This result 

indicates the generation of a supramolecular assembly (SP-20) during the inter-molecular subunit 

exchange of αβ dimers between CM-20 molecules, even at a lower [M]0 of 0.050 mM. To 

suppress this inter-monomer assembling, CM-20 was reacted with DBBF at more diluted [M]0 of 

0.010 mM (gray chromatogram in Figure 4D). The peaks around 7.91 min disappeared, 

indicating the selective fixing of the monomeric ring structure at this concentration.  

The concentrations of CM-2, -5, -10, and -20 were adjusted to a higher [M]0 of 1.00 mM 

for reaction with DBBF (green chromatograms in Figures 4A–4D). The relative peak intensities 

of XLCMs decreased in comparison with the case of ββ-cross-linking at 0.050 mM. Instead, the 

broad peaks of ββ-cross-linked supramolecular Hb polymers, XLSP-2, -5, -10, and -20, appeared 

respectively at approximately 10.81, 9.95, 6.41, and 6.40 min. The red chromatograms in Figure 

4A–4D respectively show the ββ-cross-linked products of CM-2, -5, -10, and -20 at concentrated 

conditions of [M]0 = 5.43, 3.10, 3.01, and 1.16 mM. The peak intensity of every remaining 

XLCM is markedly lower than that of ββ-cross-linked at a lower [M]0. In Figures 4A and 4B, 

XLSP-2 and -5 in red chromatograms were observed at 10.07 min and at 9.13 min as a left-

shifted broad peak compared to those of green chromatograms. The result indicates the formation 

of oligomeric supramolecular assembly at a highly concentrated condition immediately before 



 22 

reaction with DBBF. In Figures 4C and 4D, XLSP-10 and -20 appear at ca. 6.30–6.40 min, 

which reaches to the fraction of void volume of the equipped column (protein KW-804). In the 

earlier report describing CM-10, polymer size comparable to the void volume is reportedly 

equivalent to that of a decamer or more.21 

Each XLSP solution of the red chromatogram in Figure 4 was diluted to [Hb] = 0.010 

mM; the distribution of the particle diameter was obtained from DLS measurement (Table 3, 

Supporting Information Figure S1). The average particle diameters of XLSP-10 and -20 

(exceeding 100 nm) were much larger than those of XLSP-2 (43.6 nm) and XLSP-5 (53.5 nm), 

respectively, which supports the SEC analysis (Figure 4). Actually, XLSP with an alternating 

structure of globules (XLHbs) and flexible chains (PEGs) is regarded as forming a random coil 

structure in an aqueous solution. 
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Figure 4. SEC profiles of the products after reacting DBBF with (A) CM-2, (B) CM-5, (C) CM-

10, and (D) CM-20 at different [M]0 of 0.050 mM (blue), 1.00 mM (green), concentrated 

conditions (5.43, 3.10, 3.01, and 1.16 mM for CM-2, -5, -10, and -20; red), and a highly diluted 

condition (0.010 mM, only for CM-20; gray). 
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Table 3. Summary of DLS measurements of XLSPs 

Sample 
[M]0 at ββ-Cross-

linking (mM) 

Particle diameter 

(avg. ± S.D., nm) 

XLSP-2 5.43 43.6 ± 22.6 

XLSP-5 3.10 53.5 ± 30.2 

XLSP-10 3.01 117.3 ± 64.2 

XLSP-20 1.16 106.9 ± 61.3 

 

The components of ββ-cross-linked products were analyzed using SDS-PAGE (Figure 

5). Band e in Lane A for each CM coincided with β−PEG−β subunit (bands a, b, c, and d in 

Figure 2B). Band e disappeared by ββ-cross-linking at 0.050 mM. Alternatively, new band f 

with a lower mobility than band e appeared in each Lane B. Each band f was assigned as the 

PEGylated β−β component with a closed ring structure (β−β−ringPEG), which is one component 

of each XLCM. Both β−PEG−β and β−β−ringPEG are expected to have equal molecular weight. 

Actually, in the case of using 2 kDa PEG, bands e and f are located in an almost identical 

mobility. However, the difference in mobility between bands e and f increased with the 

molecular weight of PEG. The result indicates that conjugating PEG moiety has a larger 

hydrodynamic volume than the free chain when fixed in a ring structure. In CM-20 Lane B, a 

band g assigned as the polymeric β component was observed along with band f, which is 

consistent with the SEC result of partial polymerization (Figure 4D). This band g disappeared 

by reacting DBBF at a lower CM-20 concentration of 0.010 mM (Supporting Information, 

Figure S2). 
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In each lane C, a polymeric β component (poly(β−β−PEG)) was observed as a band g by 

reacting CM with DBBF at a higher concentration. Every band g showed markedly lower 

mobility in polyacrylamide gel, reflecting its larger molecular size of poly(β−β−PEG) than that 

of the 97 kDa protein marker. Free α subunits remained at every concentration, indicating the 

selective cross-linking of β subunits by reaction with DBBF.6  

 

Figure 5. SDS-PAGE of CMs before and after ββ-cross-linking at different concentrations: 

Lanes A, CMs before adding DBBF; Lanes B, selectively synthesized XLCMs by reacting 

DBBF with CMs at a lower concentration of 0.050 mM; Lanes C, selectively synthesized XLSPs 

by reacting DBBF with CM-2, -5, -10, and -20 at higher concentrations of 5.43, 3.10, 3.01, and 

1.16 mM, respectively. Bands e in Lanes A corresponding to β−PEG−β converted to bands f in 

Lanes B of the PEGylated β−β component with a closed ring structure (β−β−ringPEG) by ββ-

cross-linking. In Lanes C, bands g of the polymeric component (poly(β−β−PEG)) were 

observed. 
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3.4. Quantification of supramolecular ring-chain equilibria 

The CMs and SPs in the equilibrium state of S-ROP were ββ-cross-linked at several [M]0. 

The relative ratios of XLCM (r1) calculated using Eq. 4 are shown for [M]0 (Figure 6). The r1 

value decreased with [M]0. A smaller CM showed a higher r1 value when compared with the 

same [M]0. The relative ratio of monomer and polymer after ββ-cross-linking is regarded as 

reflecting that immediately before adding DBBF.21 Therefore, the r1 value is regarded as 

representing the ratio of CM in the equilibrium state of S-ROP. The results suggest that the 

balance in Scheme 1 tilts to the left (monomer-rich) at a lower [M]0, while it tilts to the right 

(polymer-rich) at a higher [M]0. 

 

 

Figure 6. Relation between r1 and [M]0. The r1 value is the relative ratio of XLCM obtained 

from Eq. 4 based on the SEC analysis. [M]0 is the initial monomer concentration for ββ-cross-

linking. The r1 values are regarded as reflecting the relative ratios of CM in the equilibrium state 

of S-ROP. 
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Scheme 1. S-ROP equilibrium of CM and SP immediately before ββ-cross-linking. 

 

In the equilibrium state, the concentration of the remaining cyclic Hb monomer, 

described as [M]CM, is obtained from the product of r1 and [M]0 (Scheme 1). The concentration 

of the monomer units constructing a supramolecular Hb polymer (SP), described as [M]SP, is 

obtained from the product of (1 − r1) and [M]0. The [M]CM and [M]SP of CM-2, -5, -10, and -20 

calculated from Figure 6 are shown for each [M]0 (Figure 7). In all cases, [M]CM became a 

plateau, whereas [M]SP increased linearly at higher [M]0. The critical monomer concentration 

[M]crit, at which ring-opening polymerization initiates, is found from the intersection of the linear 

[M]SP line with the x-axis.38 Results show that the [M]crit for CM-2, -5, -10, and -20 were, 

respectively, 0.856, 0.329, 0.125, and 0.063 mM. Ideally, [M]crit is expected to be equal to the 

asymptotic [M]CM at a higher [M]0.
38,39 However, in practice, the slope of each [M]SP is less than 

1; [M]crit is smaller than each asymptotic [M]CM (1.59, 0.70, 0.23, and 0.085 mM at the highest 

[M]0). 
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Figure 7. Plots of [M]CM and [M]SP of (A) CM-2, (B) CM-5, (C) CM-10, and (D) CM-20, at 

different [M]0, where [M]CM and [M]SP are the concentrations of CM and SP in the equilibrium 

state of S-ROP (Scheme 1). [M]SP increased linearly with [M]0, whereas [M]CM approached a 

constant value (as shown in parentheses, 1.59, 0.70, 0.23, and 0.085 mM at the highest [M]0, 

respectively, for CM-2, -5, -10, and -20). The critical monomer concentrations [M]crit (0.856, 

0.329, 0.125, and 0.063 mM) were obtained, respectively, from the intersection of linear [M]SP 

plots with x-axis for SP-2, -5, -10, and -20.38 
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3.5. Thermodynamic analysis of S-ROP equilibria 

To evaluate the S-ROP thermodynamics of CMs, each 1.00 mM CM solution was reacted 

with DBBF at five temperatures: 4, 15, 25, 35, and 45 °C. The CM concentration in the 

equilibrium state ([M]eq) was obtained as [M]CM at [M]0 = 1.00 mM. The plots of ln[M]eq for 

reciprocal T were almost horizontally flat in every CM (Figure 8). The result indicates that [M]eq 

is independent of the temperature in the region of 4−45 °C, and indicates that ΔHp are negligibly 

small (Table 4). Actually, all the ΔHp obtained from the slope are below 1 kJ·mol−1. In contrast, 

ΔSp obtained from the intercept increased with ring size of CMs from 26.8 to 33.2 kJ·mol−1·K−1. 

At 298 K, TΔSp is quite larger than ΔHp for every CM, indicating the progress of entropy-driven 

S-ROP. 

 

 

Figure 8. Relation between ln[M]eq and reciprocal T. All reactions were conducted at [M]0 of 

1.00 mM. The [M]eq was obtained from the peak areas of ββ-cross-linked products in SEC 

analyses. The slopes, associated with polymerization enthalpy (ΔHp), are almost zero. The 

polymerization entropy (ΔSp) estimated from the intercept increases with the CM ring size. 
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Table 4. Thermodynamic parameters of S-ROP equilibria of 1.00 mM CMs obtained by linear 

fittings of plots in Figure 8 based on the Dainton’s equation (Eq. 5) 

monomer ΔHp (kJ·mol−1) ΔSp (J·mol−1·K−1) TΔSp (kJ·mol−1) a 

CM-2 −0.01 26.8 7.99 

CM-5 −0.33 27.3 8.14 

CM-10 −1.00 28.5 8.50 

CM-20 −0.23 33.2 9.90 

a: at 298 K  
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4. Discussion 

In this study, we clarified the thermodynamic mechanism of reversible supramolecular 

ring-opening polymerization (S-ROP) of cyclic Hb monomers (CMs). The produced 

supramolecular Hb polymers (SPs) and the remaining CMs in the equilibrium state were 

quantified as ββ-cross-linked products. Temperature dependencies of the equilibrium 

concentrations of CMs showed markedly positive entropy changes that increased with ring size. 

This report provides the first evidence elucidating the entropy-driven S-ROP for constructing 

protein-containing supramolecular polymers. 

The CMs with four ring size (CM-2, -5, -10, and -20) were synthesized by reacting bi-

functional maleimide PEGs (mal2-PEG) with native Hb (Figure 1A). The CMs were 

characterized using SEC, DLS, COP, and SDS-PAGE (Figures 2 and 3, Tables 1 and 2). The 

yield of CM depends on the result of salting out fractionation for removing unreacted native Hb. 

In fact, CM-10 and CM-20 were easier to purify than either CM-2 or CM-5 because of the large 

difference in molecular weight compared to native Hb. The apparent molecular weights (Mn) of 

CM-2, -5, -10, and -20 estimated using COP analysis are, respectively, 81, 88, 104, and 157 kDa, 

which are larger from actual molecular weights of 67, 70, 75, and 85 kDa because of the 

conjugation of a flexible PEG chain with a large hydrodynamic volume.  

 It is noteworthy that the π/C versus C plots of all CMs in Figure 3B showed parabolic 

curves. Reportedly, the representative chemically modified Hbs, such as αα- and ββ-cross-linked, 

glutaraldehyde polymerized, o-raffinose polymerized, hydroxyethyl starch polymerized, and 

PEG coated Hbs, showed linear relations in π/C versus C plots similarly to unmodified Hb.3,21,33 

For these chemically modified Hbs, the third-order and the higher-order virial coefficients in Eq. 

2 are sufficiently negligible. Particularly, it is outstanding that the third virial coefficients A3 are 
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not negligible for CMs (Table 2). Reportedly, A3 reflects interaction among the three 

molecules.40,41 The contribution of inter-molecular association by αβ dimers bound to PEG 

terminals is inferred to increase the third virial coefficient in COP measurement of CMs. 

Actually, a CM with a larger ring size showed larger A3 because a larger CM was easier to 

polymerize. Such a considerably large A3 indicates that CMs have inconsistent size at every 

concentration by the existence of a [M]0 dependent S-ROP equilibrium. The timescale to reach 

the S-ROP equilibrated state is expected to be nearly instantaneous (in seconds) considering the 

dissociation rate constant (kd = 2 s−1) of α2β2 tetramer to αβ dimers of native Hb.42 

The inter-molecular association by αβ dimers described above can be suppressed by 

covalent fixation of the Hb unit (α2β2). The XLCM-10, covalently fixed CM-10, showed almost 

double the COP of a non-fixed CM-10 (Figure 3A). This result indicates an almost half decrease 

in the number of particles compared with XLCM-10 by forming a supramolecular Hb polymer, 

SP-10, according to the inter-molecular association of CM-10 through S-ROP equilibrium. An 

intercept of the π/C plot of XLCM-10 in Figure 3B nearly coincided with that of CM-10, 

indicating a similar structure at a diluted concentration. The A3 of XLCM-10 was lower than that 

of CM-10, which can be attributed to the suppression of interaction between αβ dimers (Table 

2). However, the π/C plot of XLCM-10 still showed a quadratic curve despite the covalent 

fixation of an α2β2 unit. Free PEG is known for its oncotic properties with showing of 

unambiguous A3 in an aqueous solution by combination of osmolyte-solvent and osmolyte-

osmolyte interactions.43,44 The observed A3 of XLCM-10 might be attributable to the contribution 

of such interactions of PEG moieties. 

Our earlier report treating CM-10 showed that the cyclic Hb monomer induced S-ROP to 

construct a linear supramolecular Hb polymer.21 The progress of S-ROP was confirmed by fixing 
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the Hb units (α2β2) using a known site-specific ββ-cross-linking agent: DBBF. For this work, 

similarly, Hb units in CMs and in SPs are ββ-cross-linked to produce corresponding XLCMs and 

XLSPs (Figures 4 and 5). The XLCMs were obtained selectively at lower concentrations of 

0.010−0.050 mM, whereas XLSPs were obtained dominantly at higher concentrations of 

1.16−5.43 mM. The change in ββ-cross-linked product depends on the initial monomer 

concentration [M]0, which indicates the reversible S-ROP equilibrium, as shown in Scheme 1 

immediately before adding DBBF. The relative ratio of remaining CM, r1, eventually decreased 

concomitantly with increasing [M]0 (Figure 6). 

The concentration of the remaining CM ([M]CM), obtained as r1[M]0, approached the 

constant value at a higher [M]0 (Figure 7). Our earlier report described that asymptotic [M]CM for 

CM-10 was 0.176 mM.21 The value almost coincides with the result presented herein (0.23 mM). 

The [M]CM values for CM-2 and -5 still increase with [M]0, even at the highest 5.43 and 3.10 

mM, which suggests that S-ROP has not progressed sufficiently. The critical monomer 

concentration [M]crit, determined from intersection of linear [M]SP plot with the x-axis,38 does not 

match the asymptotic [M]CM value because of such increase of [M]CM. The decrease in [M]crit 

with an increase in the ring size of CM indicates that a larger CM is polymerized at a lower [M]0 

by facilitating S-ROP. 

From studies of supramolecular polymer constructed via a metal–ligand coordination 

bond, the degree of polymerization (DP) depends critically upon the metal–ligand association 

constant, Ka, and the initial monomer concentration, [M]0.
45 In the study, DP of metal–ligand 

coordination supramolecular polymer was estimated at [M]0 = 1 mM. Supramolecular polymer 

with DP ≈ 10 can be formed when Ka = 105 M−1; that with DP ≈ 100 can be formed when Ka = 

107 M−1.45 For native Hb, the Ka of αβ dimers to α2β2 tetramer is reportedly 105−106 M−1.23,46,47 
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Judging from the Ka values, the non-covalent interaction between αβ dimers has potential for 

application to construct a supramolecular polymer with DP > 10 at [M]0 > 1 mM. Actually, in the 

present SEC results of ββ-cross-linking at [M]0 = 1.00 mM (green chromatograms in Figure 4), 

CM-20 was efficiently ring-opened (r1 = 0.088) and polymerized to form XLSP-20 with a 

molecular size reaching to the column void volume (DP >10). However, CM-2 only slightly 

ring-opened (r1 = 0.65) at [M]0 = 1.00 mM; DP of the produced XLSP-2 was estimated as far 

smaller than ten. The result suggests interference of S-ROP of CM when using a short PEG 

linker. Acharya and co-workers earlier reported the synthesis and characterization of ββ-cross-

linked Hb through 2 kDa PEG with structure similar to our CM-2.31 No oligomer was reportedly 

observed in their study. They explained predictively that a thermodynamically stable cyclic 

structure was produced preferentially because the 2 kDa PEG length coincided with the intra-

molecular distance between two Cys-93(β) of an α2β2 molecule. 

The proximity of two αβ dimers located at both ends of a PEG chain increases the local 

concentration of the αβ dimer, which facilitates ring-closure. Such an effect was proposed by 

Kuhn48 as a concept of effective concentration of chain end groups.38 For CMs, increasing the 

length of the PEG linker from 2 kDa is expected to decrease the effective concentration because 

two αβ dimers at the PEG ends become mutually distal. A rough approximation of the effective 

concentration equal to [M]crit showed that the intra-molecular distances (d) between PEG 

terminated αβ dimers for CM-2, -5, -10, and -20 are estimated respectively as 61, 84, 117, and 

147 Å (Supporting Information). On the other hand, the root-mean-squared end-to-end distances 

(rrms) of free random chains of 2, 5, 10, and 20 kDa PEGs can be estimated theoretically as 35, 

51, 79, and 111 Å, respectively (Supporting Information).49 Each d value was found to be fairly 

close to the corresponding rrms value, but ca. 1.5 times larger. These estimation results suggest 
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that S-ROP initiates when the CM molecules approach each other within the linker length. The 

1.5 times differences between d and rrms is expected to be attributable to the excluded volume of 

an Hb molecule (ca. 50−60 Å diameter)29, which is ignored in estimation of the d value. 

In a general thermodynamic analysis based on Dainton’s equation (Eq. 5)35 for ROP 

equilibrium of low molecular weight cyclic monomers, represented by lactones, the effects of the 

number of ring members on polymerization enthalpy (ΔHp) and entropy (ΔSp) were well 

established.34 Actually, ΔHp reflects the loss of an internal strain energy of a cyclic monomer, 

and ΔSp reflects the increase in randomness associated with ROP. A lactone with a smaller ring 

size (below the seven-membered ring such as ε-caprolactone (C6)) shows considerably negative 

ΔHp, indicating that enthalpy-driven ROP proceeds as a result of releasing the ring-strain. 

However, an ω-pentadecalactone (C15) with a large number of ring members shows positive ΔSp 

(23 J·mol−1·K−1) with negligibly small ΔHp (3 kJ·mol−1).34,50 Therefore, the ROP mechanism is 

entropy-driven. 

For the present case of S-ROP of CMs, similarly to the case of ω-pentadecalactone, CMs 

showed a markedly positive ΔSp which increased with ring size (26.8−33.2 J·mol−1·K−1, Table 

4). Actually, [M]eq was temperature-independent at 4−45 °C, at which Hb does not denature 

(Figure 8); ΔHp was negligibly small (≤ 1 kJ·mol−1) for every CM. These results demonstrate 

the entropy-driven mechanism of S-ROP for all CMs and the absence of ring strain, even in the 

smallest CM-2. The same analytical method was applied to enthalpy-driven S-ROP of low 

molecular weight monomers using metal–ligand coordination bonds.51 However, no reports of 

the relevant literature has described a demonstration of the mechanism of entropy-driven S-ROP 

for giant monomers containing protein. Our findings are expected to provide important insights 

for researchers investigating other supramolecular protein polymers. 
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S-ROP has several advantages as a method for synthesizing HBOCs. The regularly 

alternating Hb−PEG sequence enables precise control of polymer geometry. Moreover, it has 

potential for achieving a higher DP as compared to the conventional Hb polymers. For 

conventional glutaraldehyde-polymerized Hbs (poly-Hbs), which had been clinically tested 

HBOCs from the late 1990s to the early 2000s,11 minor components with low DP caused 

cardiovascular adverse effects.12 Reportedly, such poly-Hbs had an average DP below five.10 Our 

strategy using S-ROP realizes polymerized Hbs with notably larger particle diameters exceeding 

100 nm for XLSP-10 and XLSP-20 (Table 3). Results of our present study of fundamental 

thermodynamic mechanism of S-ROP are expected to guide the future design of structurally 

regulated and highly polymerized Hb architectures. 

For HBOCs, which contain Hb polymers, a larger particle size is desirable for preventing 

extravasation that causes vasoconstriction.52 For this reason, many of current generation HBOCs 

tend to have micrometer or submicrometer dimensions.3,4,14−16, 52−56 From our viewpoint of 

improving the DP, a larger CM is desirable. A larger molecular weight of the linker is associated 

with higher DP and lower [M]crit. However, a limit to solubility exists for each CM because of 

the giant molecular masses of Hb molecules and PEG linkers. Actually, DP is estimated roughly 

as [M]0/[M]eq at each concentration.21 Based on estimation of the empirical decreases of maximal 

[M]0 and [M]eq according to the increase of PEG molecular weight, CM using a PEG linker of 

about 37 kDa is estimated as reaching the highest DP (Supporting Information, Figure S6).  

Of course, DP is just one of the factors related to the function of HBOCs. Scalability is an 

important consideration in the future implications of S-ROP. In the current stage, the salting out 

fractionation process lowers the synthetic yield of CM. Once this difficulty is resolved, scaling 
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up will be achieved easily because no particularly complicated reaction or instrument is 

necessary for synthesizing XLSPs. We reported earlier that XLSP-10 showed higher oxygen 

affinity (P50 = 5.2 Torr) and lower cooperativity (Hill number, n = 1.1) than native Hb (P50 = 8.2 

Torr, n = 2.2) because of PEGylation at Cys-93(β) and ββ-cross-linking at Lys-82(β).21 

Physicochemical characteristics such as Hb concentration, oxygen affinity, COP, viscosity, 

stability to oxidation, and free Hb content must be considered comprehensively for optimizing 

the structure of HBOCs for efficient oxygen transport with reduced toxicity. 

 

5. Conclusion 

Our present work evaluated the entropy-driven mechanism of supramolecular ring-

opening polymerization (S-ROP) of cyclic Hb monomers (CMs) for constructing Hb−PEG 

alternating polymers. We examined S-ROP for four CMs with different ring sizes. The largest 

CM using a 20 kDa PEG linker (CM-20) achieved the highest polymerization yield because of 

its lowest critical monomer concentration, [M]crit. Thermodynamic analysis of S-ROP clearly 

demonstrated its entropy-driven mechanism. Using this technique based on supramolecular 

polymerization, not only a linear Hb−PEG alternating polymer but also a three-dimensional Hb 

architecture of structural regularity will be produced as next-generation HBOCs in the near 

future. 

 

Supporting Information 

Supporting Information includes detailed information related to DLS measurements of 

CMs and SPs, SDS-PAGE characterization of XLCM-20, estimation of intra-molecular distance 
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between αβ dimers, estimation of root-mean-squared end-to-end distance of free PEG chain, and 

empirical PEG molecular weight dependence of maximal [M]0, [M]eq, and DP. 
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