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General Introduction 

Biofabrication is the field of creating tissues and organs from biological materials such 

as cells and proteins, and artificial tissues and organs that reproduce complex structures and 

functions are expected to be applied in transplantation therapy and drug efficacy evaluation. 

Recently, the fabrication of tissues that mimic the complex three-dimensional structures of 

biological tissues using hydrogels as scaffold materials have been reported.[1, 2] However, it is 

still challenging to completely reproduce the functions of real tissues. One of the reasons is that 

the abundant presence of scaffold materials probably hinders cell–cell interactions (Figure 1). 

For a tissue to function as a tissue, it is important for individual cells to interact closely with 

each other to induce differentiation. Therefore, the tailor-made approaches for the fabrication 

of cell aggregates to facilitate intercellular interactions are needed. 

Figure 1. Schematic illustration of biofabrication method using scaffold polymer. 

In these days, the methods for constructing higher-order tissue structures from cell 

aggregates are being studied (Figure 2).[3] Especially, the cell surface modification approaches 

have been attracted much attention because they can manipulate and control cell interactions 

and phenotypes for various biomedical applications.[4] As Biologically-Driven cell surface 

modifications, genetic engineering methods and metabolic engineering methods[5] which 

introduce functional groups through sugar metabolism are reported, but they have some 

challenges such as cell-type dependency, risk of trigger immunogenic responses and 

tumorigenesis, and chemical insertion efficiency that can vary depending on cell metabolism.[4] 

Accordingly, chemically-driven cell modifications have also been studied.[4] Among them, 

covalent-bond formation is considered as a simple and straightforward method, but it has the 

lack of targeting specificity and cytotoxicity. On the other hand, hydrophobic insertion in the 
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cell surface using phospholipids, alkyl chains, and cholesterol have low cytotoxicity.[6,7] 

Previously, it was also reported that the hydrophobic insertion using a cholesterol.[8] 

Figure 2. Schematic illustration of constructing higher-order tissue structures from cell 

aggregates 

Some researchers are using DNA chain as a crosslinking site to make cell-cell 

assembles.[6,9] However, there are some concerns about the usage of DNA such as DNA 

degradation and potential risk of immune response.[10] On the other hand, it is known that a 

collagen-like triple-helix is resistant to most proteases except for collagen-specific enzymes,[11] 

the application of collagen-like triple helices is considered promising. 

Collagen is a protein found in all multicellular organisms and accounts for about 20-

30% of all proteins in animals.[12] The triple helix structure characteristic of collagen consists 

of three polyproline II-like left-handed helices forming a right-handed triple helix. The triple 

helix region of collagen has a glycine (Gly, G) repeating every three residues in the amino acid 

sequence, which can be expressed as Xaa-Yaa-Gly. In vertebrates, proline (Pro, P) appears 

selectively at Xaa and hydroxyproline (Hyp, O) at Yaa, enhancing the thermal stability of the 

triple helix. To study the structure of collagen, Collagen model peptides (CMPs) with repeating 

triple-helical amino acid sequences have been synthesized. The first synthesis and use of these 

peptides date back to the 1960s.[13] In the amino acid sequence of CMPs, the side chains of Xaa 

and Yaa residues are outside the triple helix, while Gly residues are buried inside.[14] The 

carbonyl of the Xaa residue forms a hydrogen bond with glycine NH in the parallel chain, and 

the three chains are staggered by one amino acid to form a triple helix.[15] For example, 

(PPG)10’s crystal structure exhibits a rod-like shape with a length of approximately 90 Å and a 

diameter of approximately 10 Å, and the three chains are oriented in the same direction from 

the C-terminus to the N-terminus (Figure 3).[16] The stability of the CMPs assembly can be 
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manipulated by amino acid composition, peptide length, and external conditions. CMPs are 

known to exhibit repeatable triple helix formation and dissociation upon heating and cooling. 

It is known that an increase in the number of repeating units enhances the stability of the triple 

helix,[17] and it has been reported that mixed triple-helix formation between chains with 

different numbers of repeating units occurs only with difficulty.[18] The folding of each chain 

into a polyproline‑II helix based on the n → π* interaction and the interchain hydrogen bonding 

contribute to the stability in triple‑helix formation.[14] In particular, (PPG)10 and (POG)10 are 

considered standard collagen models. Since collagen is one of the most widespread proteins in 

nature, CMPs are considered suitable for biological applications. In addition, the use of fully 

synthesized CMPs circumvents batch-to-batch heterogeneity, potential allergic reactions, and 

possible zoonotic disease transmission seen with extracted materials.[19] 

Figure 3. Schematic illustrations of (a) the structure of (PPG)10 and (b) the organization of 

(PPG)10’s triple helices. 

However, a cell assembly method using CMP as a cell assembling motif has not yet been 

reported. In addition, there are few reports about the analysis of CMP hydrogels by homo- and 

hetero triple helix formation, and few studies have clarified the effect of additional CMP strands 

using homo and hetero triple helix formation.  

 

Outline of this thesis 

In this thesis, the author analyzed the assembly properties via homo- and hetero-triple 

helix formation of CMP and investigated the hydrogels and cell assembling method with 

crosslinking characteristics driven by triple helix formation toward the control of material 

properties through homo- and hetero-triple helices formation of CMP and their application.  

Chapter 1 

Analysis of homo- and hetero-triple helix formation of collagen model peptides and 
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evaluation of their stability in a biological environment  

In Chapter 1, the author evaluated the triple helix formation of two collagen model 

peptides, (PPG)10 and (POG)10, by fluorescence and circular dichroism (CD) spectroscopic 

measurements for the single and mixed conditions. Fluorescein isothiocyanate labeled (PPG)10 

and (POG)10 exhibit an increase or decrease in fluorescence intensity as the triple helix 

dissociates and forms. By combining fluorescence and CD spectroscopic measurements, the 

ratio of (PPG)10 to (POG)10 chains in the hetero-triple helix, the concentration and temperature 

dependence of the homo- and hetero-triple helix formation were able to analyze. In addition, 

even when the temperature during triple helix formation was set to 37 °C, which is above the 

melting temperature (Tm) of (PPG)10, the formation of the hetero-triple helix was suggested, 

indicating that (POG)10 might play a major role in the formation of the hetero-triple helix at 

37 °C. From these results, it was suggested that heterotrimers have different association 

properties from homotrimers and are expected to be applied in nanotechnology and biomaterials 

as new self-assembled materials. 

Chapter 2 

Analysis of the Assembly Properties and Control of Sol–Gel Transition via Homo- and 

Hetero-Triple Helix Formation of Collagen Model Peptide-Modified 4arm Poly(ethylene 

glycol) 

In Chapter 2, the author analyzed the detailed Sol-Gel transition properties driven by 

triple helices formation of 4arm-PEG10k-triazole-EG4(PPG)10 and 4arm-PEG10k-triazole-

EG4(POG)10, and the effect of additional CMP strands toward the further application for cell 

assembling method with crosslinking characteristics driven by triple helix formation. First of 

all, the 4arm-PEG10k-triazole-EG4(PPG)10 and 4arm-PEG10k-triazole-EG4(POG)10 were 

successfully synthesized. Subsequently, the author analyzed the detailed Sol-Gel transition 

properties driven by triple helices formation of 4arm-PEG10k-triazole-EG4(PPG)10 and 4arm-

PEG10k-triazole-EG4(POG)10, and the effect of additional CMP strands. The 4arm-PEG10k-

triazole-EG4CMPs showed gel-sol transition by the internal triple helix formation of CMPs. 

The gel-sol transition behavior was controlled by the amino acid sequences of CMP and the 

presence of additional non-modified CMPs. Furthermore, it’s possible that the gel properties of 

4arm-PEG10k-triazole-EG4CMP can be controlled by additional single-strand CMP. This 

phenomenon is expected to be applied in biomaterials for the development of new self-

assembled materials and to further understanding of triple helix formation-driven sol-gel 

transition. 
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Chapter 3 

Fabrication of a Thermoresponsive Cell Assembly Method Driven by Triple Helix 

Formation of a Collagen Model Peptide 

In Chapter 3, the author fabricated the thermoresponsive cell assembly method driven 

by triple helix formation of CMP. As results of the evaluation, more cell aggregates were formed 

after cooling under conditions with 4arm-PEG-DCA/-(PPG)10 than without 4arm-PEG-DCA/-

(PPG)10. Accordingly, to the best of our knowledge, this is the first report of the 

thermoresponsive cell assembly method driven by triple helix formation of CMP. The use of 

CMP is expected to be applied in a new cell assembling approach for tissue engineering. 
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Chapter 1 

Analysis of homo- and hetero-triple helix formation of collagen 

model peptides and evaluation of their stability in a biological 

environment 

1.1 Introduction 

Self-assembled materials have attracted much attention and have been extensively 

studied in recent years, because the reversibility of non-covalent interactions can impart a 

variety of functions, including stimulus responsiveness and self-healing properties. 

Functionalized self-assembled materials can be used for many applications, especially in drug 

delivery, biotechnology, catalysis, and energy.[1] For example, in the field of photonic materials, 

luminescent shape-memory polymers based on composites of liquid-crystalline cellulose 

nanocrystal film and polyacrylate matrices have been reported.[2,3] In biomedical applications, 

the fabrication of doxorubicin prodrug micelles for tumor cascade photothermal chemotherapy 

has also been reported.[4] In the case of natural and naturally occurring building blocks, natural 

and synthetic DNA, proteins or peptides, phospholipids, and polysaccharides have been utilized 

for self-assembly.[5] Peptides have been used as biomimetic building blocks for supramolecular 

self-assembly[5] because they are short sequences of amino acids that are domains of naturally 

occurring protein structure and function. In particular, collagen model peptides (CMPs), which 

form a unique triple helix structure, have attracted attention as supramolecular self-assemblies.  

CMPs are known to exhibit repeatable triple helix formation and dissociation upon 

heating and cooling. In particular, (PPG)10 and (POG)10 are considered standard collagen 

models. Since collagen is one of the most widespread proteins in nature, CMPs are considered 

suitable for biological applications. Various CMPs have been investigated as drug delivery 

carriers, thermosensitive gelators, collagen modification tools, and supramolecular assemblies 

due to their unique thermo-responsive triple helix formation and collagen binding properties 

via hydrogen bonding.[6-13] For example, a thermo-responsive gelator, a CMP-modified 8-arm 

PEG multi-arm polymer, has been reported in a study using CMP as a cross-linking site.[8] 

Previously, it was also reported that multi-arm poly(ethylene glycol) (PEG) (4arm-PEG-
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(POG)10) end-modified with (POG)10 induces gelation by binding between triple helices when 

mixed with fibrous collagen and has potential for tissue engineering applications.[11] The 

formation of ultra porous laminated tubes or bilayer nanosheets by self-assembly of heteromeric 

pairs of charge-complementary CMPs[12] and the hierarchical self-assembly of CMPs with 

various aromatic groups at the N-terminal into nanofibers and the encapsulation of hydrophobic 

molecules[13] have also been reported. Furthermore, the properties of CMPs to form triple 

helices with denatured collagen have been studied for the detection of denatured collagen,[9] 

denatured collagen recognition by CMPs modified on quartz crystal microbalance sensor 

substrates,[14] and tumor localization polymer carriers that selectively bind to denatured 

collagen in the tumor extracellular matrix.[15] However, many studies were based on homo-

triple helices. 

Studies on hetero-triple helices have also been reported, and it has been reported that 

(PPG)10 and (POG)10 form a hetero helix by annealing under mixed conditions.[16, 17] Type I 

collagen is a heterotrimer consisting of two α1(I) chains and one α2(I) chain and Sharma et al. 

identified key amino acid residues in the α1 and α2 C-propeptides that determine homo- and 

heterotrimerization of collagen type I.[18]  For more detailed studies of collagen, a hetero-triple 

helix of CMP has been produced using electrostatic interactions[19] and templates.[20] Unlike the 

homo-triple helix, the hetero-triple helix has the advantage that different molecules attached to 

the ends of each chain can be selectively brought into proximity. It could be possible to 

selectively react or accelerate reactions between reactive molecules by concentrating them 

through triple helix formation. However, the detailed properties of the hetero-triple helix have 

not been fully characterized. If the characteristics of the heterotrimers can be revealed, they are 

expected to be applied as new self-assembled materials. 

Herein, the author synthesized fluorescent-labeled CMPs to characterize the hetero-

triple helix formation in detail by fluorescence quenching associated with triple helix formation. 

Previously, Xiao et al. reported triple helix formation using terminal fluorescent-labeled 

CMPs,[21, 22] but there was no information about the nature of hetero- and homo-triple helices 

by (PPG)10 and (POG)10. In this study, fluorescence labeling was performed on the simple 

repeating peptides (PPG)10 and (POG)10 to reveal in detail the characteristics of hetero- and 

homo-triple helices by CMPs and their association properties (Scheme 1). When CMPs with 

equal or higher triple helix stability were added to FCMPs, the fluorescence intensity reached 

a plateau at more than 2 equivalent CMPs, while higher concentrations were required at lower 
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CMPs. It was indicated that the triple helix formation concentration of the heterotrimer prepared 

under 1:2 mixing conditions of (PPG)10 and (POG)10 is almost half that of [(POG)10]3 but 45 

times higher than [(PPG)10]3. Furthermore, the heterotrimer formed at 37 °C was stable after 5 

days which was the same as [(POG)10]3. These results suggest that heterotrimers have different 

association properties from homotrimers and are expected to be applied in nanotechnology and 

biomaterials as new self-assembled materials. 

Scheme 1. Schematic illustration of temperature-dependent triple helix formation and 

dissociation of (PPG)10, (POG)10, and (PPG)10 and (POG)10 mixture. Even when the 

temperature during triple helix formation was set to 37 °C, which is above the melting 

temperature (Tm) of (PPG)10, the hetero-triple helix was formed, and was stable after 5 days.  

 

1.2 Experiments 

1.2.1 Materials 

The (PPG)10 (Ref. 4006) and (POG)10 (Ref. 4033) were purchased from Peptide Institute, 

Inc. (Osaka, Japan). Boric acid (Ref. 021-02195), sodium 3-(trimethylsilyl)propionate-2,2,3,3-

d4, and 5M sodium hydroxide (Ref. 196-05375) were purchased from Wako Chemicals (Osaka, 

Japan). Fluorescein 5-isothiocyanate (FITC) (Ref. 16151-66), dimethyl sulfoxide (DMSO) (Ref. 

13445-45), and D-PBS without Ca and Mg, powder (Ref. 07269-84) were purchased from 

Nacalai Tesque (Kyoto, Japan). Acetone (Ref. 010-00306) was purchased from Kishida 

Chemical (Osaka, Japan). Deuterium oxide (Ref. 151882) was purchased from Sigma-Aldrich 

(St. Louis, USA). Fluorescein (Ref. F0095) was purchased from Tokyo Chemical Industry 

(Tokyo, Japan). All chemicals were used without further purification. 
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1.2.2 Synthesis of F(PPG)10 and F(POG)10 

The (PPG)10 (10 mg, 3.95 µmol) was dissolved in 5 mL of 50 mM boric acid (pH 9) and 

preincubated at 60 °C for 5 min to dissociate the triple helices. After a cool-down of the solution 

in a refrigerator for 5 min, 15.4 mg of FITC in 0.5 mL DMSO was added to the solution 

immediately, and then the reaction mixture was wrapped in foil and stirred for 24 h at room 

temperature. After the reaction, the whole reaction mixture was poured into acetone and 

centrifuged at 10,000 rpm for 15 min to precipitate the resulting FITC-(PPG)10 (F(PPG)10). This 

F(PPG)10 was washed twice with acetone, and then dried under vacuum. The structure of the 

F(PPG)10 was analyzed by FT-IR (HORIBA, FT-702, Kyoto, Japan), MALDI-TOF Mass 

(Bruker, Autoflex III, Massachusetts, USA), fluorescence, CD, and 1H-NMR (Bruker, 

AVANCE III 600, Massachusetts, USA). F(POG)10 was also synthesized in a similar manner to 

F(PPG)10. 

1.2.3 Functional characterizations of FCMP 

F(PPG)10 and F(POG)10 were dissolved in PBS at 1 mM and stored at 4 °C. F(PPG)10 

and F(POG)10 were both diluted to obtain a final concentration of 500 nM. The solutions were 

incubated at 25 °C, heated to 80 °C for 10 min, and re-equilibrated at 4 °C for 1 day. 

Fluorescence and CD spectra were measured by a spectrofluorometer (JASCO, FP-8500, Tokyo, 

Japan) and a circular dichroism spectrometer (JASCO, J-725, Tokyo, Japan) at 25 °C, 80 °C, 

and 4 °C, respectively. Samples were incubated at 4 °C and then were measured at 25 °C. The 

emission spectra were obtained for each peptide from 450 to 600 nm at an excitation wavelength 

of 492 nm. 

1.2.4 Evaluation of hetero-triple helix formation 

The solution was prepared by mixing 1 mM (PPG)10 in PBS and 1 mM (POG)10 in PBS 

at a 1:2 molar ratio. Thermal transition curves were obtained by recording the ellipticity at 225 

nm using a J−820 AC (JASCO, Tokyo, Japan), while the temperature was continuously 

increased in the range 25-90 °C at a heating rate of 1.0 °C min-1. Measurements were performed 

under two different conditions: immediately after mixing and after heating at 80 °C for 10 min 

and cooling at 4 °C for 24 h. The melting temperature (Tm) was determined by the following 

equation: F(T)=((T)-U(T))/(F(T) -U(T)). F(T) is the fraction folded. (T), U(T), and F(T) 

are the observed ellipticity, the ellipticities calculated from the linear approximation of the 

region at triple helix dissociation and formation, respectively. Tm was defined as the temperature 
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at which F(Tm)=1/2. 

Three types of peptide solution were also prepared: F(PPG)10, F(POG)10, and a mixture 

of F(PPG)10 and F(POG)10. The mixing ratio of F(PPG)10 to F(POG)10 was 1:2. The samples 

were prepared in the concentration range of 1,000 µM to 0.1 µM in PBS for each peptide 

solution. The solutions were incubated at 25 °C, heated to 80 °C for 15 min, and re-equilibrated 

at 4 °C for 1 day. Fluorescence spectra were measured by the spectrofluorometer at 25 °C, 80 °C, 

and 4 °C. F.I.*(%) is calculated by the following equation: F.I.*=100*{(F.I.25anneal)-

(F.I.25mix)}/{(F.I.80)-(F.I.25mix)}. F.I.25anneal is fluorescence intensity at 25 °C after annealing. 

F.I.25mix is fluorescence intensity at 25 °C before annealing. F.I.80 is fluorescence intensity at 15 

min at 80 °C. The critical triple helix formation concentration (CTC) was determined as the 

concentration at the intersection of two approximate straight lines. 

XRD (AERIS, Malvern Panalytical, Malvern, U.K.) measurements were performed 

under three conditions: (PPG)10, (POG)10, and a mixture of (PPG)10 and (POG)10. The mixing 

ratio of (PPG)10 to (POG)10 was 1:2. The mixture was obtained by pre-heating at 80 °C for 15 

min, then cooling at 4 °C for 1 day and lyophilizing the 1 mM aqueous solution. 

Furthermore, three types of peptide solution were prepared: (PPG)10, (POG)10, and a 

mixture of (PPG)10 and (POG)10. The mixing ratio of F(PPG)10 to F(POG)10 was 1:2. The total 

concentrations of solutions were 1 mM in PBS. The solutions were incubated at 25 °C, heated 

to 80 °C for 15 min, and re-equilibrated at 4 °C for 1 day. The spectra were measured using a 

Zetasizer nano ZS (Malvern Panalytical, Worcs, UK) at 25 °C, 80 °C, and 4 °C. Samples were 

incubated at 4 °C and then were measured at 25 °C. 

1.2.5 Evaluation of conditions for hetero-triple helix formation 

To evaluate the effects of mixing ratio changes, four types of peptide solution were 

prepared: a mixture of F(PPG)10 and (PPG)10, a mixture of F(PPG)10 and (POG)10, a mixture of 

F(POG)10 and (PPG)10, and a mixture of F(POG)10 and (POG)10. The mixing molar ratio of 

FCMPs and CMPs were 1:0, 1:0.5, 1:1, 1:2, 1:3, and 1:4. The concentration of FCMPs was 

fixed at 300 µM. The solutions were incubated at 25 °C, heated to 80 °C for 15 min, and re-

equilibrated at 4 °C for 1 day. Fluorescence spectra were measured by spectrofluorometer at 

25 °C, 80 °C, and 4 °C. Samples were incubated at 4 °C and then were measured at 25 °C. 

F.I.** (%) is calculated by the following equation. F.I.**= 100*{(F.I.25anneal)-

(F.I.25mix)}/{(F.I.80)-(F.I.25mix)}. F.I.25anneal is fluorescence intensity at 25 °C after annealing. 
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F.I.25mix is fluorescence intensity at 25 °C before annealing. F.I.80 is fluorescence intensity at 15 

min at 80 °C.  

To evauate the effect of temperature, three types of peptide solution were prepared:  

F(POG)10, a mixture of F(POG)10 and (PPG)10, and a mixture of F(POG)10 and (POG)10. The 

mixing molar ratio of FCMP and CMP was 1:2. The concentration of FCMP was fixed at 300 

µM. The solutions were incubated at 25 °C, heated to 80 °C for 15 min, and stored at 4 °C or 

37 °C for 1 day. Samples were incubated at 4 °C and then were measured at 25 °C. 

Furthermore, three types of peptide solution were prepared: F(PPG)10, F(POG)10, and a 

mixture of F(PPG)10 and F(POG)10. The mixing ratio of F(PPG)10 to F(POG)10 was 1:2. The 

total concentration of each solution was fixed at 1 mM in PBS. The solutions were incubated at 

25 °C, heated to 80 °C for 15 min, and stored at 4 °C or 37 °C. Fluorescence spectra were 

measured by spectrofluorometer at 25 °C, 80 °C at 5, 10, and 15 min, and 4 °C or 37 °C at 5, 

10, 20, 30, and 1,440 min, respectively.  

In addition, Temperature-dependent change of fluorescent intensity of fluorescein and 

FCMPs at the condition of gradual temperature decrease at 1.0 °C min-1 from 80 to 25 °C were 

measured. Four types of samples were prepared: fluorescein, F(PPG)10, F(POG)10, and a 

mixture of F(PPG)10 and F(POG)10 in PBS at 100 µM.  
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1.3 Results and discussion 

1.3.1 Synthesis and functional characterizations of FCMPs 

The F(PPG)10 and F(POG)10 were successfully synthesized, as characterized by FT-IR, 

MALDI-TOF-MASS, fluorescence, and CD measurements (Figures 1-1, 1-2, 1-3, and 1-4). 

Figure 1-1b shows the FT-IR spectra of (PPG)10, FITC, and F(PPG)10. In F(PPG)10, the 

isothiocyanate-derived peak around 2,100 cm-1 seen in FITC disappears, and the C=S stretching 

vibration seen around 1,110 cm-1 is observed, suggesting modification by FITC. MALDI-TOF 

Mass spectra also indicated the presence of F(PPG)10 (Figures 1-1c and 1-1d). The F(POG)10 

also showed the  C=S stretching vibration, and the Mass spectrum also indicated the presence 

of F(POG)10 (Figures 1-3a, 1-3b, and 1-3c). The grafting ratio of fluorescein on the labeled 

(PPG)10 and (POG)10 were calculated to be 70% and 78% by 1H NMR, respectively (Figures 1-

2 and 1-4). The F(PPG)10 and F(POG)10 showed lower fluorescence intensity than FITC at the 

same concentration (Figures 1-1e and 1-3d). This suggests that concentration quenching 

occurred due to the triple helix formation of F(PPG)10 or F(POG)10. The CD spectrum of 

collagen-like triple helices in solution has a unique positive peak at about 220 nm.[13, 23] As 

shown in Figures 1-1f and 1-4e, a peak characteristic of the collagen triple helix was observed, 

but it was less intense than in CMP at the same concentration, suggesting that triple helix 

formation was partially prevented by fluorescent groups at the ends. 
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Figure 1-1. Synthesis and functional characterizations of FCMP. a) Synthesis of F(PPG)10. b) 

FT-IR spectra of FITC, (PPG)10, and F(PPG)10 over the range of 1,000-1,200 cm–1 and 1,900-

2,100 cm–1.  MALDI-TOF-MASS spectrum of c) (PPG)10 and d) F(PPG)10. Peak x and y were 

assigned to be (PPG)10 and F(PPG)10, respectively. e) Fluorescence spectra of (PPG)10, FITC, 

and F(PPG)10. Concentration of each sample is 500 nM in PBS. The excitation wavelength was 

492 nm. f) CD spectrum of (PPG)10 and F(PPG)10. Concentration of each sample is 10 µM in 

PBS. 
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Figure 1-2. 1H-NMR spectra of (a) (PPG)10, (b) FITC and (c) F(PPG)10 in D2O at 25 °C. 
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Figure 1-3. Synthesis and functional characterizations of F(POG)10. a) FT-IR spectra of FITC, 

(POG)10, and F(POG)10 over the range of 1,000-1,200 cm–1 and 1,900-2,100 cm–1. b) MALDI-

TOF-MASS spectrum of b) (POG)10 and c) F(POG)10. Peak x and y were assigned to be (POG)10 

and F(POG)10, respectively. d) Fluorescence spectra of (POG)10 and F(POG)10. The 

concentration of each sample is 500 nM in PBS. The excitation wavelength was 492 nm. e) CD 

spectrum of F(POG)10. The concentration is 10 µM in PBS. 
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Figure 1-4. 1H-NMR spectra of (a) (POG)10 and (b) F(PPG)10 in D2O at 25 °C. 

 

1.3.2 Functional characterizations of FCMPs 

Next, the properties of F(PPG)10 and F(POG)10 as a homo-triple helix were checked 

(Figure 1-5). F(PPG)10 exhibited a fluorescence with a maximum of 518 nm at 25 °C, and after 

incubation for 10 min at 80 °C, the maximum value increased about 5-fold. On the other hand, 

in fluorescein, the fluorescence did not decrease with increasing temperature from 25 °C to 

80 °C, suggesting that by incubation at 80 °C the triple helix and the aggregation of the 

fluorescent groups dissociated. In addition, when the F(PPG)10 solution was heated at 80 °C 

and then cooled at 4 °C for 1 day, the fluorescence intensity decreased markedly, suggesting the 

reformation of the triple helix.  

To confirm the dissociation and formation of the triple helix in this FCMP at different 

temperatures, CD spectra at 25 °C, 80 °C and 4 °C were measured (Figure 1-5). Positive 

ellipticity associated with a triple helix was observed at 225 nm at 25 °C, but disappeared after 
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incubation at 80 °C, and recovery of positive ellipticity was observed after cooling at 4 °C. 

These results indicated that F(PPG)10 and F(POG)10 exhibit an increase or decrease in 

fluorescence intensity as the triple helix dissociates and forms. 

Figure 1-5. Fluorescence characterization of fluorescence-labeled CMPs during homo-triple 

helix formation. a) Fluorescence and CD profiles at 25 °C, 80 °C, and 4 °C of F(PPG)10 and a 

schematic illustration of triple helix formation and dissociation. The concentration of each 

sample is 500 nM in PBS at fluorescence measurement. b) Fluorescence and CD profiles at 

each temperature of F(POG)10 and a schematic illustration of triple helix formation and 

dissociation. 

 

1.3.3 Characterization of hetero-triple helices with (PPG)10 and (POG)10 

To evaluate the Tm of the hetero-triple helices with (PPG)10 and (POG)10, the author 
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performed CD spectral measurements at varying temperatures (Figure 1-6a). In the spectra of 

(PPG)10 and (POG)10 in the mixed state, the Tm of (PPG)10 was observed at 36 °C and that of 

(POG)10 at 64 °C. On the other hand, the same measurements were performed after heating and 

subsequently cooling the mixed aqueous solution of (PPG)10 and (POG)10. From this result, the 

Tm of the hetero-triple helix was calculated to be 59 °C, which is between the Tm of the homo-

triple helix of (PPG)10 (36 °C) and that of (POG)10 (64 °C), confirming the change in Tm due to 

hetero-triple helix formation. It is considered that hetero-triple helix formation adds the 

stabilizing effect contributed by the (POG)10 chain compared with the (PPG)10 homo-triple helix. 

Several factors contribute to triple-helix stability, such as stabilization of polyproline-II helices, 

hydrogen bonding between the glycyl NH and an Xaa carbonyl from a parallel chain, enhanced 

packing between the Xaa and Yaa side chains, and formation of an energetically favorable 

side-chain–side-chain association.[24] Hyp side chain stabilizes the triple helix through the 

stereoelectronic effect (gauche effect) of its 4‑hydroxy group and by restricting the backbone 

conformation. This stabilization here occurs due to the packing effect. Although a total of four 

types of triple helices, two homo-triple helices and two hetero-triple helices, were observed by 

HPLC after heating and cooling processes,[16, 17] similar homo-triple helices were not observed 

in this experiment. Thus, the main component should be the hetero-triple helices even there is 

a possibility of the presence of each homo-triple helix.  

The concentration dependence in the triple helix formation was also evaluated by 

fluorescence measurements (Figures 1-6b-d). The values of CTC for F(PPG)10 and F(POG)10 

were calculated to be 320 µM and 4 µM, respectively. On the other hand, the CTC was 

calculated to be 7 µM for the mixture, indicating that mixing F(PPG)10 and F(POG)10 changed 

the CTC. It was also indicated that the triple helix formation concentration of the heterotrimer 

prepared under 1:2 mixing conditions of (PPG)10 and (POG)10 is almost half that of [(POG)10]3 

but 45 times higher than [(PPG)10]3. This result suggested that concentrations above 7 µM are 

required for hetero-triple helix formation under these mixed conditions. 

The distance and size of the helices were evaluated by XRD and dynamic light scattering 

(DLS). For (PPG)10 and (POG)10, a strong peak was observed at approximately 8 degrees 

(Figure 1-6e). This is reported to be very similar to the peak derived from the distance between 

triple helices in the hexagonal arrangement of collagen triple helices.[25] On the other hand, a 

similar peak of about 8 degrees was observed for the (PPG)10 and (POG)10 hetero-triple helix. 

These results confirmed a triple helix arrangement similar to (PPG)10 and (POG)10 in the hetero-
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triple helix condition. As shown in Figure 1-6f, the particle size of the hetero-triple helix 

decreased at 80 °C and subsequently returned to the same size as before heating after cooling 

at 4 °C. The particle size was similar to that of (PPG)10 and (POG)10 (Figure 1-7), suggesting 

that the hetero-triple helix undergoes a size change similar to that of the homo-triple helix. 

Figure 1-6. Characterization of hetero-triple helices with (PPG)10 and (POG)10.  a) Melting 

profiles of (PPG)10 and (POG)10 mixture ((PPG)10:(POG)10=1:2) and (PPG)10 and (POG)10 

mixture after annealing obtained by CD measurement at 225 nm. CTC values of b) (PPG)10, c) 

(POG)10, and d) (PPG)10 and (POG)10 mixture after annealing calculated by fluorescence 

measurement.  e) XRD profiles of (PPG)10, (POG)10, and (PPG)10 and (POG)10 mixture. f) DLS 

profiles at 25 °C, 80 °C and 4 °C of (PPG)10 and (POG)10 mixture. 
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Figure 1-7. DLS profiles at 25 °C, 80 °C, and 4 °C of (PPG)10, (POG)10, and 

(PPG)10:(POG)10=1:2 mixture. 

 

1.3.4 The concentration and temperature dependence of the triple helix 

formation 

To evaluate the concentration dependence of CMPs in the hetero-triple helix, 

fluorescence spectra were measured by varying the mixing ratio of fluorescent unmodified 

CMPs to fluorescent modified CMPs at a fixed concentration (Figure 1-8a). In the case of the 

combination of F(PPG)10 and (POG)10, a plateau was reached in regions where the ratio of 

(POG)10 to F(PPG)10 was greater than 2. This result suggested that aggregation of the 

fluorescent groups at the ends of the CMP had not happened, possibly because F(PPG)10 and 

(POG)10 formed a 1:2 hetero-triple helix. Even in the case of homo-triple helix combinations 

such as F(PPG)10-(PPG)10 and F(POG)10-(POG)10, the fluorescence intensity reached nearly 

100% at mixing ratios of 3 or more (Figure 1-8b). On the other hand, when (PPG)10 was added 

to F(POG)10, the ratio increased to 4 and did not reach a plateau. This suggested aggregation of 

terminal fluorescent groups in the combination of F(POG)10 and (PPG)10, which was due to the 

formation of a hetero-triple helix with F(POG)10:(PPG)10=2:1, although there is a possibility of 

the presence of homo-triple helix F(POG)10. It was reported that folding of homo-

(POG)10 occurs with a kinetics faster than that of homo-(PPG)10.
[17] As shown in Figure 1-8a, 

although an increase in the amount of additional (PPG)10 would be expected to raise the 

population of the (PPG)10:F(POG)10=2:1 triple helix, the 1:2 triple helix is considered to 

preferentially form at the amount of (PPG)10 used in this study. These results suggest that the 

hetero-triple helix formation changed due to the difference in the mixing ratio of (PPG)10 and 

(POG)10. 
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Next, temperature-dependent hetero-triple helix formation during triple helix formation 

was evaluated (Figures 1-8c and 1-8d). As shown in Figure 1-8c, the triple helix formation at 

4 °C was about 5%, 38%, and 77% for F(POG)10 alone, F(POG)10:(PPG)10=1:2, and 

F(POG)10:(POG)10=1:2, respectively. These results indicated that F(POG)10 alone caused 

aggregation of terminal fluorescent groups by homo-triple helix formation, while the presence 

of (PPG)10 or (POG)10 inhibited the aggregation of terminal fluorescent groups by triple helix 

formation between F(POG)10 and the respective CMPs. On the other hand, when triple helices 

were formed at 37 °C, F(POG)10 alone, F(POG)10:(PPG)10=1:2 and F(POG)10:(POG)10=1:2 

resulted in about 6%, 27%, and 66%, respectively. Even though the Tm of (PPG)10 was lower 

than 37 °C, the ratio of fluorescence intensity increases compared to F(POG)10 alone, 

suggesting hetero-triple helix formation between (PPG)10 and (POG)10 at 37 °C. When the 

samples were kept at 37 °C for 5 days, there was no significant change in the percentage of 

fluorescence intensity, confirming that the formed triple helices were stable for 5 days. 

Figure 1-8. Composition of hetero-triple helix structures and their stabilities. a) Hetero-triple 

helix forming properties of (PPG)10 and (POG)10 mixture and b) homo-triple helix forming 

properties of (PPG)10 and (POG)10 after annealing at varying mixing ratios calculated by 

fluorescence measurement (n=3). F.I.** (%) is calculated by the following equation. F.I.**= 
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100*{(F.I.25anneal)-(F.I.25mix)}/{(F.I.80)-(F.I.25mix)}. F.I.25anneal is fluorescence intensity at 25 °C 

after annealing. F.I.25mix is fluorescence intensity at 25 °C before annealing. F.I.80 is fluorescence 

intensity at 15 min at 80 °C. Hetero-triple helix forming properties of (PPG)10 and (POG)10 

mixture at different cooling temperatures of c) 4 °C (n=3, **p<0.01) and d) 37 °C (n=3, *p<0.05, 

**p<0.01) calculated by fluorescence measurement. F.I.37 is fluorescence intensity after cooling 

at 37 °C. 

 

1.3.5 Evaluation of time dependence of triple helix formation at 37 °C 

As shown in Figure 1-9, the time dependence of triple helix formation at 4 °C and 37 °C 

were evaluated by measuring fluorescence spectra. At 37 oC, F(PPG)10 did not show a 

significant decrease in the fluorescence intensity ratio within 30 min, while F(POG)10 showed 

a sharp decrease within 10 min. On the other hand, the mixture of F(PPG)10:F(POG)10=1:2 

showed a rapid decrease by 10 min, like the behavior of F(POG)10. This result confirmed that 

there is no significant difference in the formation rate of the (POG)10 homo-triple helix and the 

(PPG)10 and (POG)10 hetero-triple helix at 37 °C. It is thought that this is because the main 

driving force for triple helix formation at 37 °C is due to (POG)10. In addition, the temperature 

and time dependence of triple helix formation was measured by fluorescence during the process 

of descending temperature, suggesting that F(POG)10 forms triple helices more quickly than the 

mixture of F(PPG)10 and F(POG)10 (Figure 1-10). 

Finally, the properties of the triple helix at (PPG)10, (POG)10, and (PPG)10:(POG)10=1:2 

are listed in Table 1. For all entries in the table, the (PPG)10:(POG)10=1:2 condition showed 

values between (PPG)10 and (POG)10 and close to (POG)10. 

Figure 1-9. Temperature and time-dependent increase and decrease of fluorescence intensity of 
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F(PPG)10, F(POG)10, and a mixture of F(PPG)10 and F(POG)10. The samples were kept at (a) 4 

oC or (b) 37 oC after they were incubated at 80 °C. The mixing ratio of F(PPG)10 to F(POG)10 

was 1:2. F.I.obs is fluorescence intensity at the time. F.I.25 is fluorescence intensity. at 25 °C. 

F.I.80 is fluorescence intensity at 15 min at 80 °C. 

Figure 1-10. Temperature-dependent change of fluorescent intensity of fluorescein and FCMPs 

at the condition of gradual temperature decrease at 1.0 °C min-1 from 80 to 25 °C. Fluorescent 

spectra of a) fluorescein, b) F(PPG)10, c) F(POG)10, and d) a mixture of F(PPG)10 and F(POG)10 
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in PBS at 100 µM. e) Time-dependent fluorescent intensity change of the peak top of each 

sample at each temperature. F.I.obs is fluorescence intensity at the time. F.I.25 is fluorescence 

intensity at 25 °C before annealing. F.I.80 is fluorescence intensity at 80 °C. 

Table 1. CTC values, melting points (Tm), and 50%F.I. times (t50%)  of (PPG)10, (POG)10, and 

(PPG)10 and (POG)10 mixture. 

 

1.4 Conclusion 

In chapter 1, the author evaluated the triple helix formation of two collagen model 

peptides, (PPG)10 and (POG)10, by fluorescence and CD spectroscopic measurements for the 

single and mixed conditions. This result was consistent with the trend inferred from the ratio of 

(PPG)10 to (POG)10 chains in the hetero-triple helix suggested by the fluorescence spectroscopy 

measurements. In addition, even when the temperature during triple helix formation was set to 

37 °C, which is above the Tm of (PPG)10, the formation of the hetero-triple helix was suggested, 

indicating that (POG)10 might play a major role in the formation of the hetero-triple helix at 

37 °C. These results confirm that heterotrimers have different association properties from 

homotrimers and are expected to be applied in nanotechnology and biomaterials as new self-

assembled materials. 
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Chapter 2 

Analysis of the Assembly Properties and Control of Sol–Gel 

Transition via Homo- and Hetero-Triple Helix Formation of 

Collagen Model Peptide-Modified 4arm Poly(ethylene glycol) 

2.1 Introduction 

In Chapter 1, the author evaluated the homo- and hetero- triple helix formation of two 

collagen model peptides, (PPG)10 and (POG)10. In this chapter, toward the further application 

for cell assembling method with crosslinking characteristics driven by triple helix formation, 

the assembly and control of material properties through homo- and hetero-triple helices 

formation of CMP were analyzed using CMP-Modified 4arm Poly(ethylene glycol) via sol-gel 

transition. 

Hydrogels are widely used materials for medical applications in the field of tissue 

engineering, and many variants have been used, from synthetic polymers to biopolymers such 

as hyaluronic acid, fibrin, and collagen. Various interactions, such as covalent, ionic, and non-

covalent bonds, have been studied as driving forces for the formation of hydrogels, and non-

covalent physical approaches are expected to be more useful for tissue engineering compared 

to covalent chemical approaches because they can maintain the activity of encapsulated 

biomolecules.[1] Among the non-covalent bonding approaches, CMPs have attracted attention 

as a supramolecular self-assembly moiety for a non-covalent physical approach. There are some 

reports about thermo-responsive gelations using CMP as a cross-linking site.[2, 3] Although 

CMPs have such unique properties for gel construction, there are few reports about the analysis 

of CMP hydrogels by homo- and hetero triple helix formation, and few studies have clarified 

the effect of additional CMP strands using homo and hetero triple helix formation.  

Here, the author analyzed the detailed Sol-Gel transition properties driven by triple 

helices formation of 4arm PEG-(PPG)10 and 4arm PEG-(POG)10, and the effect of additional 

CMP strands. First, the author synthesized CMPs grafted onto 4arm-PEG; 4arm-PEG10k-

triazole-(Ethylene glycol)4(PPG)10 (4arm-PEG10k-triazole-EG4(PPG)10) and 4arm-PEG10k-

triazole-EG4(POG)10, end-terminal CMP conjugated polymers, and analyzed their sol-gel 
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transition properties by the self-assembling of homo and hetero triple helices. The 4arm-

PEG10k-triazole-EG4(PPG)10 and 4arm-PEG10k-riazoleEG4(POG)10 showed gel-sol 

transition by the triple helix formation and dissociation, but these gels changed to a liquid state 

following incubation at 50 °C and 80 °C, respectively, due to their triple helix stability. 

Furthermore, the 4arm-PEG10k-triazole-EG4(POG)10 gel with the single-strand (PPG)10 

solution gradually changed to a liquid state at 37 °C for 1 day. These findings suggest the 

hydrogel with crosslinking properties driven by triple-helix formation of CMP is controlled by 

CMP hetero triple helix formation using single-strand CMPs and amino acid sequence variation. 

This phenomenon is expected to be applied in biomaterials for the development of new self-

assembled materials and to further understanding of triple helix formation-driven sol-gel 

transition. 

Scheme 2-1. A schematic illustration of triple-helix crosslinked hydrogels with sol-gel 

transition in response to CMPs. 
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2.2 Experiments 

2.2.1 Materials 

The (PPG)10 (Ref. 4006) and (POG)10 (Ref. 4033) were purchased from Peptide 

Institute, Inc. (Osaka, Japan). AzidoPEG4NHS (Ref. A2388) was purchased from Tokyo 

Chemical Industry (Tokyo, Japan). DBCONHCOPEG4NHS (Ref. BP-23726) was purchased 

from BroadPharm (San Diego, USA). Dimethyl sulfoxide (DMSO) (Ref. 043-07216), 5 M 

hydrochloric acid (Ref. 081-05435), sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4, and 5 M 

sodium hydroxide (Ref. 196-05375) were purchased from Wako Chemicals (Osaka, Japan). D-

PBS without Ca and Mg, powder (Ref. 07269-84) and sodium hydrogen carbonate (NaHCO3) 

(Ref. 31213-15) were purchased from Nacalai Tesque (Kyoto, Japan). Acetone (Ref. 010-

00306) was purchased from Kishida Chemical (Osaka, Japan). Deuterium oxide (Ref. 151882) 

was purchased from Sigma-Aldrich (St. Louis, USA). 4Arm PEG-DBCO, MW 10k (Ref. PSB-

4073) was purchased from Creative PEGWorks (Chapel Hill, USA). All chemicals were used 

without further purification. 

2.2.2 Synthesis and functional characterizations of AzidoEG4(PPG)10 and 

DBCOEG4(PPG)10 

The (PPG)10 (20 mg, 7.9 µmol) was dissolved in 5 mL of 50 mM sodium bicarbonate 

(pH 8.5) and preincubated at 60 °C for 5 min to dissociate the triple helices. After a cool-down 

of the solution in a refrigerator for 5 min, 15.84 µmol of AzidoPEG4NHS or DBCOEG4NHS 

in 0.5 mL DMSO was added and kept at room temperature for 1 day. After the reaction, the 

whole reaction mixture was dialyzed (MWCO: 1000 Da) for 3 days with water, methanol, and 

water. The resulting solution was freeze-dried. The AzidoEG4(PPG)10 and DBCOEG4(PPG)10 

were characterized by CD, UV-vis, MALDI-TOF Mass, and 1H-NMR measurements. The CD, 

UV-vis, MALDI-TOF Mass, and 1H-NMR spectra were measured by a CD spectrometer 

(JASCO, J-1100, Tokyo, Japan), a UV-Vis Spectrophotometer (JASCO, V-670, Tokyo, Japan), 

a Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometer (JEOL, 

JMS-S3000, Tokyo, Japan), and a Nuclear Magnetic Resonance Spectrometer (Bruker, 

AVANCE III 600, Massachusetts, USA), respectively.  

 



 

30 

 

2.2.3 Synthesis of 4armPEG10k-triazole-EG4(PPG)10 

The AzidoEG4(PPG)10 (5 mg, 1.78 µmol) was dissolved in 2.5 mL of PBS (pH 7.4) and 

preincubated at 60 °C for 5 min to dissociate the triple helices. After a cool-down of the solution 

in a refrigerator for 5 min, 4.76 mg (0.446 µmol) of 4armPEG10k-DBCO in 2.5 mL PBS was 

added to the solution immediately, and then the reaction mixture was wrapped in foil and stirred 

for 24 h at 37 °C in an incubator. After the reaction, the whole reaction mixture was dialyzed 

(MWCO: 3500 Da) for 3 days with water at 37 °C. The resulting solution was freeze-dried. The 

structure of the 4armPEG10k-triazole-EG4(PPG)10 was analyzed by 1H-NMR. As a control of 

4armPEG10k-triazole-EG4(PPG)10 for further experiments, (PPG)10-EG4-triazole-

EG4(PPG)10 was also synthesized and characterized. Solutions of 667 µM AzidoEG4(PPG)10 

and DBCOEG4(PPG)10 in PBS buffer were prepared. After they were mixed at a ratio of 1:1, 

the reaction progress was traced by UV-vis and CD measurements for 24 h at room temperature. 

The reaction solution was kept at 4 °C during the click reaction. The reaction product was 

characterized by MALDI-TOF Mass and CD measurement. The melting temperature (Tm) was 

calculated using the thermal denaturation analysis program of the machine. The solutions were 

incubated at 25 °C, heated to 80 °C for 10 min, and re-equilibrated at 4 °C for 1 day. This 

annealing was repeated twice. CD spectra were also measured at each point. 

2.2.4 Sol-gel transition analysis of 4armPEG10k-triazole-EG4(PPG)10  

The solution of 4armPEG10k-triazole-EG4(PPG)10 was prepared in PBS buffer at a 

concentration of 50 mg/mL. After the polymer was dissolved, the solution was heated at 80 °C 

for 10 min and cooled at 4 °C for 1 day. After that, the solution was heated at 80 °C for 10 min 

and cooled at 4 °C for 1 further day. This annealing was repeated twice. A tipping test confirmed 

the shape at each step. The CD profiles at each point were also measured by the solution of 

4armPEG10k-triazole-EG4(PPG)10 in PBS. The stock solution’s concentration was 3.2 mg/mL. 

CD measurements were carried out with diluted samples.  

The solution of 4armPEG10k-triazole-EG4(PPG)10 was prepared in PBS buffer at a 

concentration of 50 mg/mL. After the polymer was dissolved, the solution was heated at 80 °C 

for 10 min and cooled at 4 °C for 1 day. After that, the CD denaturation curve measurement 

was taken. The denaturation condition was 1 °C/min from 20 °C to 90 °C. Moreover, the 50 

mg/mL and 100 mg/mL 4armPEG10k-triazole-EG4(PPG)10 in PBS were prepared. After the 

polymer was dissolved, the solution was heated at 80 °C for 10 min and cooled at 4 °C for 1 
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day. After that, the rheology test was carried out with 2% strain and 10 Hz frequency using a 

Modular Compact Rheometer (MCR 302, Anton Paar). Temperature was kept at 20 °C during 

the measurement. 

2.2.5 Synthesis of 4armPEG10k-triazole-EG4(POG)10 

The (POG)10 (21.3 mg, 7.9 µmol) was dissolved in 5 mL of 50 mM sodium bicarbonate 

(pH 8.5) and preincubated at 60 °C for 5 min to dissociate the triple helices. After a cool-down 

of the solution in a refrigerator for 5 min, 15.84 µmol of AzidoPEG4NHS in 1 mL DMSO was 

added and kept at room temperature for 1 day. After the reaction, the whole reaction mixture 

was dialyzed (MWCO: 1000 Da) for 3 days with water, methanol, and water. The resulting 

solution was freeze-dried. The AzidoEG4(POG)10 (5 mg, 1.69 µmol) was dissolved in 2.5 mL 

of PBS (pH 7.4) and preincubated at 80 °C for 5 min to dissociate the triple helices. After a 

cool-down of the solution in a refrigerator for 5 min, 4.5 mg (0.422 µmol) of 4armPEG10k-

DBCO in 2.5 mL PBS was added to the solution immediately, and then the reaction mixture 

was wrapped in foil and stirred for 24 h at 37 °C in an incubator. After the reaction, the whole 

reaction mixture was dialyzed (MWCO: 3500 Da) for 3 days with water at 37 °C. The resulting 

solution was freeze-dried. The structure of the 4armPEG10k-triazole-EG4(POG)10 was 

analyzed by 1H-NMR. 

2.2.6 Evaluation of sol-gel transition property in responce to CMP’s amino 

acid sequences 

The solutions of 4armPEG10k-triazole-EG4(PPG)10 and 4armPEG10k-triazole-

EG4(POG)10 were prepared in PBS buffer at concentrations of 50 mg/mL. Then, the 

4armPEG10k-triazole-EG4(POG)10, and the mixture of 4armPEG10k-triazole-EG4(PPG)10 

and 4armPEG10k-triazole-EG4(POG)10 (1:1) were prepared. After the polymer was dissolved, 

the solution was heated at 80 °C for 10 min and cooled at 4 °C for 1 day. After that, the solution 

was heated at 80 °C for 10 min and cooled at 4 °C for 1 further day. This annealing was repeated 

twice. A tipping test confirmed the shape at each step.  

The solutions of 4armPEG10k-triazole-EG4(PPG)10 and 4armPEG10k-triazole-

EG4(POG)10 were prepared in PBS buffer. Then, the 4armPEG10k-triazole-EG4(POG)10, and 

the mixture of 4armPEG10k-triazole-EG4(PPG)10 and 4armPEG10k-triazole-EG4(POG)10 

(1:1) were prepared. After the polymer was dissolved, the solution was heated at 80 °C for 10 
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min and cooled at 4 °C for 1 day. After that, the CD denaturation curve measurement was taken. 

The denaturation condition was 1 °C/min from 20 °C to 90 °C. The measurements were carried 

out with the diluted samples. 

2.2.7 Sol-gel transition analysis of 4armPEG10k-triazole-EG4CMPs with 

CMPs 

The solutions of 4armPEG10k-triazole-EG4(PPG)10 and 4armPEG10k-triazole-

EG4(POG)10 were prepared in PBS buffer at concentrations of 100 mg/mL. Then, the solution 

of (PPG)10 or (POG)10 was also prepared by PBS buffer. The concentrations of CMPs were 9.27 

mM (0.5 eq.) and 18.54 mM (1 eq.). After the 4armPEG10k-triazole-EG4(PPG)10 or 

4armPEG10k-triazole-EG4(POG)10 were dissolved, the solutions were heated at 90 °C for 15 

min and cooled at 4 °C overnight. After the samples formed a gel, the same volume (50 μL) of 

the 0.5 eq. (PPG)10, 0.5 eq. (POG)10, or PBS was added. The 1 eq. (PPG)10 and (POG)10 were 

also added only the 4armPEG10k-triazole-EG4(PPG)10 gels. The sample entries are as follows: 

(4armPEG10k-triazole-EG4(PPG)10+0.5 eq. (PPG)10, 4armPEG10k-triazole-EG4(PPG)10+0.5 

eq. (POG)10, 4armPEG10k-triazole-EG4(PPG)10+PBS, 4armPEG10k-triazole-EG4(PPG)10+1 

eq. (PPG)10, 4armPEG10k-triazole-EG4(PPG)10+1 eq. (POG)10, 4armPEG10k-triazole-

EG4(POG)10+0.5 eq. (PPG)10, 4armPEG10k-triazole-EG4(POG)10+0.5 eq. (POG)10, and 

4armPEG10k-triazole-EG4(POG)10+PBS). After that, the samples were heated at 90 °C for 15 

min and cooled at 4 °C overnight. Then, the samples were heated at 37 °C for 15 min, and at 

50 °C for 15 min, and at 80 °C for 15 min. A tipping test confirmed the shape at each step. 

2.2.8 Effect of the additional single strand CMPs on 4armPEG10k-triazole-

EG4CMPs gel 

The gel of the 100 mg/mL 4armPEG10k-triazole-EG4(POG)10 was prepared in the same 

way. After the samples formed a gel, the same volume of the 0.5 eq. (PPG)10, 0.5 eq. (POG)10, 

or PBS was added, respectively. Before the addition, the CMP solutions were heated at 80 oC 

for 15 min and cooled for 5 seconds by liquid nitrogen. The sample entries are as follows: 

(4armPEG10k-triazole-EG4(POG)10 gel +PBS, 4armPEG10k-triazole-EG4(POG)10 gel +0.5 

eq. (PPG)10, 4armPEG10k-triazole-EG4(POG)10 gel +0.5 eq. (POG)10). After that, the samples 

were kept at 37 °C for 1 day. The gel of the 100 mg/mL 4armPEG10k-triazole-EG4(PPG)10 was 

prepared in the same way. After the samples formed a gel, the same volume of the 0.5 eq. 

(POG)10 was added. Before the addition, the (POG)10 solution was heated at 80 oC for 15 min 
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and cooled for 5 seconds by liquid nitrogen. After that, the sample was kept at 25 oC for 1 day. 

About the 4armPEG10k-triazole-EG4(POG)10 gel +0.5 eq. (PPG)10, the CD denaturation curve 

measurement was taken after the incubation at 37 oC for 10 days.  Before the measurement, the 

sample solution was diluted and kept at 20 oC for 10 minutes. The denaturation condition was 

1 °C/min from 20 °C to 90 °C. Synthesis and functional characterizations of AzidoEG4(PPG)10 

and DBCOEG4(PPG)10 
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2.3 Results and discussion 

2.3.1 Synthesis and functional characterizations of AzidoEG4(PPG)10 and 

DBCOEG4(PPG)10 

First, AzidoEG4(PPG)10 and DBCOEG4(PPG)10 were synthesized by amide coupling 

reaction (Figure 2-1a). From the peak of x and z in Figures 2-1b and 2-1c, the presence of both 

AzidoEG4(PPG)10 and DBCOEG4(PPG)10 were confirmed. The (PPG)10 and AzidoEG4(PPG

)10 showed no peaks around 300 nm in the UV-vis spectra, but DBCOEG4(PPG)10 showed the 

DBCO peak around 300 nm (Figure 2-1d). The grafting ratios of AzidoEG4(PPG)10 and 

DBCOEG4(PPG)10 were calculated to be ~100% by 1H-NMR and UV-vis spectra using 

DBCO‘s calibration curve, respectively (Figures 2-2, 2-3, and 2-4). The CD spectra shown in 

Figure 2-1e suggested that the their triple helix formation abilities were maintained after the 

reaction. The AzidoEG4(POG)10 was also successfully synthesized (Figures 2-5 and 2-6). 

Figure 2-1. Functional characterizations of Azido(PPG)10 and DBCO(PPG)10. a) Synthesis of 
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AzidoEG4(PPG)10 and DBCOEG4(PPG)10. MALDI-TOF-MASS spectrum of b) 

AzidoEG4(PPG)10 and c) DBCOEG4(PPG)10. Peaks x, y, and z were assigned to be 

AzidoEG4(PPG)10, (PPG)10, and DBCOEG4(PPG)10, respectively. d) UV-vis spectra of (PPG)10 

(black line), AzidoEG4(PPG)10 (blue line), and DBCOEG4(PPG)10 (red line). e) CD profiles of 

(PPG)10 (black line), AzidoEG4(PPG)10 (blue line), and DBCOEG4(PPG)10 (red line). 

Figure 2-2. 1H-NMR spectra of (a) (PPG)10, (b) AzidoEG4NHS and (c) AzidoEG4(PPG)10 in 

D2O at 25 °C in a magnetic field at 600 MHz. The grafting ratio of the AzidoEG4(PPG)10 was 

calculated to be 94% by comparison between the integral of H(1~5) of AzidoEG4 moiety and 

H((G), P1, and P2) of AzidoEG4(PPG)10. 
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Figure 2-3. 1H-NMR spectra of (a) DBCOEG4NHS and (b) DBCOEG4(PPG)10 in D2O. 

Figure 2-4. (a) UV-vis calibration curve of DBCOEG4NHS in PBS at 308 nm and b) UV-vis 

spectrum of DBCOEG4(PPG)10 in PBS. The grafting degree of DBCOEG4(PPG)10 was 

calculated to be around 106%. 
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Figure 2-5. (a) Synthesis of AzidoEG4(POG)10. b) MALDI-TOF-MASS spectrum of 

AzidoEG4(POG)10. 

Figure 2-6. 1H-NMR spectra of (a) (POG)10, (b) AzidoEG4NHS and (c) AzidoEG4(POG)10 in 

D2O at 25 °C by the magnetic field at 600 MHz. The grafting ratio of the AzidoEG4(POG)10 

was calculated to be 96% by comparison between the integral of H(1~5) of AzidoEG4 moiety 

and H((G), P, and O) of AzidoEG4(POG)10. 
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2.3.2 Synthesis of 4armPEG10k-triazole-EG4(PPG)10 

The 4arm-PEG10k-triazole-EG4(PPG)10 was successfully synthesized by alkyne-azide 

click reaction using 4arm-PEG10k-Dibenzocyclooctyne and Azido-EG4(PPG)10 (Figure 2-7). 

These grafting degrees were calculated to be around 100% from 1H-NMR. 

Figure 2-7. (a) Reaction scheme of AzidoEG4(PPG)10 and 4arm-PEG10k-DBCO. 1H-NMR 

spectra of (b) 4armPEG10kDBCO and (c) 4armPEG10ktriazole-EG4(PPG)10 in D2O. The 

grafting ratio of AzidoEG4(PPG)10 was calculated by comparison between the integral of H(h, 

i, j, and k) of DBCO moiety and the sum of H(e and f) of ethylene moiety and H( and ) of 

AzidoEG4(PPG)10. 

As a control of 4armPEG10k-triazole-EG4(PPG)10 for further experiment, (PPG)10-

EG4-triazole-EG4(PPG)10 was also synthesized by alkyne-azide click reaction using DBCO-
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EG4(PPG)10 and Azido-EG4(PPG)10  and characterized (Figure 2-8).The presence of (PPG)10-

EG4-triazole-EG4(PPG)10 was checked by MALDI-TOF Mass (Figure 2-8b). During the click 

reaction, the triple helix structure was retained (Figures 2-8c and 2-8d). The Tm didn’t decrease 

during heating and cooling cycles, and the triple helix structure was completely recovered 

(Figures 2-8e and 2-8f). Previous studies have reported that introducing aromatic rings at the 

CMP terminus increases Tm.[4, 5] It is also reported that the triple helices are stabilized by the 

introduction of a fluorescent group via a spacer at the N terminus.[6] AzidoEG4(PPG)10 and 

DBCOEG4(PPG)10 also contain EG4 as a spacer, and DBCO contains an aromatic ring. 

Therefore, it is considered that the Tm of DBCOEG4(PPG)10 becomes higher than that of 

AzidoEG4(PPG)10. From these results, (PPG)10-EG4-triazole-EG4(PPG)10 was characterized, 

and it was indicated that the modification and reaction at the N-terminus could contribute to the 

stabilization. 

Figure 2-8. (a) Reaction scheme of AzidoEG4(PPG)10 and DBCOEG4(PPG)10. b) MALDI-

TOF Mass spectrum of (PPG)10-EG4-triazole-EG4(PPG)10. c) UV-vis and d) CD profiles at 

each time point of AzidoEG4(PPG)10 and DBCOEG4(PPG)10 mixed solution. e) The Tm values 

at each annealing cycle of (PPG)10-EG4-triazole-EG4(PPG)10 and f) CD profiles at 20 °C and 

90 °C in the cycles.  
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2.3.3 Sol-gel transition analysis of 4armPEG10k-triazole-EG4(PPG)10 

The gel-sol transition properties were evaluated at 50 mg/mL in PBS. After heating and 

cooling the 4arm-PEG10k-triazole-EG4(PPG)10 solution, the sample showed gelation, and the 

gel became a liquid state after heating (Figure 2-9a). This gel-sol transition was repeatable. In 

contrast, the (PPG)10-EG4-triazole-EG4(PPG)10 didn’t form a gel (Figure 2-9b). From the CD 

spectra, the triple-helix formation and dissociation were also repeatable (Figure 2-9c).  The CD 

denaturation curve suggested that the triple helices were dissociated at around 40 °C (Figure 2-

9d). These results suggested that 4arm-PEG10k-triazole-EG4(PPG)10 gel was formed by the 

internal triple helices (Figure 2-9e). Moreover, the storage modulus increased with increasing 

concentration (Figure 2-10).  The 4arm-PEG10k-triazole-EG4(PPG)10 showed gelation at 50 

and 100 mg/mL, but not at 10 mg/mL (data not shown). 

Figure 2-9. Composition of 4arm-PEG10k-triazole-EG4(PPG)10 and gelation analysis. Gel-sol 

profiles and schematic illustrations of a) 4arm-PEG10k-triazole-EG4(PPG)10 and b) (PPG)10-

EG4-triazole-EG4(PPG)10. The polymer concentration was 50 mg/mL, and the CMP 

concentrations were fixed between the samples. The tube was kept inverted for more than 1 

min. c) CD profiles of 4arm-PEG10k-triazole-EG4(PPG)10 during heating and cooling cycles. 

d) CD denaturation curve of 4arm-PEG10k-triazole-EG4(PPG)10. e) Gel-sol transition scheme 



 

41 

 

of 4arm-PEG10k-triazole-EG4(PPG)10. 

Figure 2-10. Rheology analysis of 4armPEG10k-triazole-EG4(PPG)10 gel. The concentrations 

were 50 mg/mL and 100 mg/mL. Temperature was kept at 20 °C during the measurement. 

 

2.3.3 Synthesis of 4armPEG10k-triazole-EG4(POG)10 

The 4arm-PEG10k-triazole-EG4(POG)10 was successfully synthesized by alkyne-azide 

click reaction (Figure 2-11). AzidoEG4(POG)10 was synthesized by amide coupling reaction. 

These grafting degrees were calculated to be around 100% from 1H-NMR. 

Figure 2-11. (a) Reaction scheme of AzidoEG4(PPG)10 and 4arm-PEG10k-DBCO. (b) 1H-

NMR spectrum of 4armPEG10ktriazole-EG4(POG)10 in D2O. The grafting ratio was calculated 

by comparison between the integral of H(h, i, j, and k) of DBCO moiety and the sum of H(e 

and f) of ethylene moiety and H(P, O, and P) of AzidoEG4(POG)10. 
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2.3.4 Evaluation of sol-gel transition property in responce to CMP’s amino 

acid sequences 

The 4arm-PEG10k-triazole-EG4(POG)10 also showed thermoresposive gel-

sol transition (Figure 2-12a). It has been reported that dendrimers modified with (POG)10 form 

gels, and in that study, the gelation was suggested to be driven by entropy‑driven association of 

the triple‑helical structures upon heating.[7] In contrast, the 4arm‑PEG10k‑triazole‑EG4CMPs 

used in this study formed gels upon cooling under both the (PPG)10 and (POG)10 conditions, 

suggesting that the gelation is driven by cross‑linking through CMP triple helices. The gels are 

expected to possess a network structure in which CMP triple helices serve as cross-linking 

points.  

The effect of CMP’s amino acid sequence in gel-sol transition was also evaluated. The 

4arm-PEG10k-triazole-EG4(PPG)10 gel turned into a liquid state after incubation at 50 oC. On 

the other hand, the 4arm-PEG10k-triazole-EG4(POG)10 gel didn’t turn into a liquid state after 

incubation at 50 oC but 80 oC (Figures 2-12b and 2-12c). From the CD denaturation curves, 

these solation temperatures correspond to these Tm (Figure 2-12d). The stabilities of (PPG)10 

and (POG)10 are 36 oC and 64 oC, respectively, which correspond to the denaturation 

temperatures of the respective 4armPEGEG4‑CMPs. The increased stability results from 

terminal modifications of the CMPs as described in section 2.3.2. These results confirmed that 

the gel-sol transition is driven by the triple helix formation, and the amino acid sequences of 

CMP affect the gel-sol transition behavior. Moreover, the 1:1 mixture of 4arm-PEG10k-

triazole-EG4(PPG)10 and 4arm-PEG10k-triazole-EG4(POG)10 also showed gel-sol transition 

and the Tm was calculated at 60 °C (Figures 2-12d and 2-12e).  The  rounded denaturation curve 

suggested that several combinations of homo- and hetero-triple helix were formed. From these 

results, it was suggested that the gel-sol transition property is also controlled by the hetero-

triple helix formation (Figure 2-12f). 
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Figure 2-12. Composition of 4arm-PEG10k-triazole-EG4(POG)10 and gelation analysis of 

4arm-PEG10k-triazole-EG4CMPs. a) Reaction scheme of AzidoEG4(POG)10 and 4arm-

PEG10k-DBCO. Gel-sol profiles and schematic illustrations of b) 4arm-PEG10k-triazole-

EG4(POG)10 and c) 1:1 mixture of 4arm-PEG10k-triazole-EG4(PPG)10 and 4arm-PEG10k-

triazole-EG4(POG)10. The polymer concentration was 50 mg/mL, and the CMP concentrations 

were fixed between the samples. The tube was kept inverted for more than 1 min. CD profiles 

of d) 4arm-PEG10k-triazole-EG4(PPG)10, e) 4arm-PEG10k-triazole-EG4(POG)10, and f) the 

mixture of 4arm-PEG10k-triazole-EG4(PPG)10 and 4arm-PEG10k-triazole-EG4(POG)10 in 

PBS at 25 °C, 80 °C, and 4 °C. g) CD denaturation curve of 4arm-PEG10k-triazole-EG4(PPG)10 

(blue dot), 4arm-PEG10k-triazole-EG4(POG)10 (red dot), and 1:1 mixture of 4arm-PEG10k-

triazole-EG4(PPG)10 and 4arm-PEG10k-triazole-EG4(POG)10 (violet dot). h) CD melting 

profiles of (PPG)10 (blue dot), (POG)10 (red dot), and (PPG)10 and (POG)10 mixture 

((PPG)10:(POG)10=1:1) after annealing (violet dot). 

 



 

44 

 

2.3.5 Sol-gel transition analysis of 4armPEG10k-triazole-EG4CMPs with 

CMPs 

The effect of additional CMPs was evaluated (Figures 2-12 and 2-13). Among the 4arm-

PEG10k-triazole-EG4(PPG)10 containing samples, gelation was not observed in 4arm-

PEG10k-triazole-EG4(PPG)10+1 eq. (PPG)10 after annealing. However, the samples 0.5 eq. 

(PPG)10 or PBS added showed gelation. These results suggested that the hetero-like triple 

helices among Polymer’s (PPG)10 and additional (PPG)10 were formed and they inhibited the 

inter-polymer triple helix formation as a non-covalent crosslinking point (Figure 2-12d). The 

additional (POG)10 also inhibited the gelation by inter-polymer triple helix formation (Figures 

2-13a and 2-13b). The 4arm-PEG10k-triazole-EG4(PPG)10+1 eq. (POG)10 showed gelation 

after 4 °C incubation, but the gel was cloudy. The 1 eq. (POG)10 in PBS was like a suspended 

solution, suggesting that (POG)10 homo-triple helices were formed so fast at this concentration. 

It was hypothesized that the limited inhibition of interpolymer triple helix formation by hetero 

triple helix formation between 4arm-PEG10k-triazole-EG4(PPG)10 and (POG)10 occurred 

because the ratio of homo-triple helices of (POG)10 increased. 

The 4arm-PEG10k-triazole-EG4(POG)10+0.5 eq. (PPG)10 and 4arm-PEG10k-triazole-

EG4(POG)10+0.5 eq. (POG)10 samples also showed gelation inhibition after 4 °C incubation 

(Figures 2-13c and 1-13d). Among the 4arm-PEG10k-triazole-EG4(PPG)10 + 0.5 eq. CMPs 

samples, gelation happened after 4 °C incubation, but the 4arm-PEG10k-triazole-

EG4(POG)10+0.5 eq. CMPs samples didn’t form a gel. It is suggested that the difference in the 

formation kinetics of triple helices between (PPG)10 and (POG)10 could have changed the hetero 

triple helix formation behavior.[8] These results suggested that the sol-gel transition was 

controlled by additional CMPs due to the hetero-like triple helix formation among Polymer’s 

CMPs and additional CMPs. 
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Figure 2-12. Gel-sol profiles of a) 4arm-PEG10k-triazole-EG4(PPG)10+0.5 eq. (PPG)10, b) 

4arm-PEG10k-triazole-EG4(PPG)10+1 eq. (PPG)10, c) 4arm-PEG10k-triazole-

EG4(PPG)10+PBS. The final polymer concentration of each sample was 50 mg/mL. The tube 

was kept inverted for more than 1 min. d) Schematic illustrations of the additional CMP-

dependent control of sol-gel transition by inhibition of interpolymer triple helix formation. The 

numbers correspond to the numbers shown in the above figures. 
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Figure 2-13. Gel-sol analysis of 4armPEG10k-triazole-EG4CMPs with CMPs. Gel-sol profiles 

of a) 4armPEG10k-triazole-EG4(PPG)10+0.5 eq. (POG)10, b) 4armPEG10k-triazole-

EG4(PPG)10+1 eq. (POG)10, c) 4armPEG10k-triazole-EG4(POG)10+0.5 eq. (PPG)10, d) 

4armPEG10k-triazole-EG4(POG)10+0.5 eq. (POG)10. The final polymer concentration of each 

sample was 50 mg/mL. The tube was kept inverted for more than 1 min. 

 

2.3.6 Effect of the additional single strand CMPs on 4armPEG10k-triazole-

EG4CMPs gel 

Furthermore, the effect of the additional single strand CMPs on 4armPEG10k-triazole-

EG4CMPs gel was evaluated (Figure 2-14). When the 4arm-PEG10k-triazole-EG4(POG)10 gel 

with PBS was kept at 37 oC for 1 day, the gel maintained a gel state, and the 4arm-PEG10k-

triazole-EG4(POG)10 gel with (POG)10 solution sample showed similar behavior (Figure 2-14a 

and 2-14b). On the other hand, the gels turned into a liquid state about the 4arm-PEG10k-

triazole-EG4(POG)10 gel with the single-strand (PPG)10 solution (Figure 2-14c). As shown in 

Figure 2-14d, the CD denaturation curves of the 4arm-PEG10k-triazole-EG4(POG)10 gel with 

the single-strand (PPG)10 solution showed the loose denaturation curve from 40 oC to 60 oC, 

the flat area from 65 oC to 70 oC, and the shape denaturation curve from 75 oC. The denaturation 
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profile from 75 oC was similar with that of 4arm-PEG10k-triazole-EG4(POG)10. This result 

suggested that the presence of several combinations of homo- and hetero-triple helices of the 

4arm-PEG10k-triazole-EG4(POG)10 and (PPG)10. From these results, it is expected that the 

single-strand state (POG)10 was present in the 4arm-PEG10k-triazole-EG4(POG)10 gel, and the 

gel became weaker after the hetero-triple helices formation (Figure 2-14e). On the other hand, 

the 4arm-PEG10k-triazole-EG4(POG)10 gel with (POG)10 maintained a gel state because the 

(POG)10 was kept triple-helix structure (Figure 2-14f). From these results, it’s possible that the 

gel properties of 4arm-PEG10k-triazole-EG4CMP can be controlled by additional single-strand 

CMP.  

From these results, it was suggested that gelation inhibition by CMP hetero triple helix 

formation and tuning of gelation properties by amino acid sequence variation are possible. 

Figure 2-14. Effect of the additional single strand CMPs on 4arm-PEG10k-triazole-EG4CMPs 

gel. Gel-sol profiles  of a) 4arm-PEG10k-triazole-EG4(POG)10+PBS, b) 4arm-PEG10k-

triazole-EG4(POG)10 gel+0.5 eq. (POG)10, and c) 4arm-PEG10k-triazole-EG4(POG)10 gel+0.5 

eq. (PPG)10. d) CD denaturation curves of 4arm-PEG10k-triazole-EG4(PPG)10 (blue dot), 

4arm-PEG10k-triazole-EG4(POG)10 (red dot), and 4arm-PEG10k-triazole-EG4(POG)10 

gel+0.5 eq. (PPG)10 (yellow dot). e) A schematic illustration of a possible mechanism about the 



 

48 

 

4arm-PEG10k-triazole-EG4(POG)10 gel degradation by single strand (PPG)10. f) A schematic 

illustration of the 4arm-PEG10k-triazole-EG4(POG)10 gel and triple-helix (POG)10. 

 

2.4 Conclusion 

In summary of chapter 2, the author analyzed the detailed Sol-Gel transition properties 

driven by triple helices formation of 4arm-PEG10k-triazole-EG4(PPG)10 and 4arm-PEG10k-

triazole-EG4(POG)10, and the effect of additional CMP strands. First of all, the 4arm-PEG10k-

triazole-EG4(PPG)10 and 4arm-PEG10k-triazole-EG4(POG)10 were successfully synthesized. 

Subsequently, the author analyzed the detailed Sol-Gel transition properties driven by triple 

helices formation of 4arm-PEG10k-triazole-EG4(PPG)10 and 4arm-PEG10k-triazole-

EG4(POG)10, and the effect of additional CMP strands. The 4arm-PEG10k-triazole-EG4CMPs 

showed gel-sol transition by the internal triple helix formation of CMPs. The gel-sol transition 

behavior was controlled by the amino acid sequences of CMP and the presence of additional 

non-modified CMPs. Furthermore, it’s possible that the gel properties of 4arm-PEG10k-

triazole-EG4CMP can be controlled by additional single-strand CMP. This phenomenon is 

expected to be applied in biomaterials for the development of new self-assembled materials and 

to further understanding of triple helix formation-driven sol-gel transition. 

Scheme 2-2. Triple-helix crosslinked hydrogels with sol-gel transition in response to single-

stranded CMPs via hetero-like triple helix formation. 
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Chapter 3 

Fabrication of a Thermoresponsive Cell Assembly Method Driven 

by Triple Helix Formation of a Collagen Model Peptide 

3.1 Introduction 

In chapter 2, the author found that the material properties was able to be controlled by  

CMP’s amino acid sequences and additional CMPs. In chapter 3, the author investigated the 

application of CMP triple helix formation as a  thermoresponsive cell assembly method. 

As described in general introduction, “Biofabrication” is the field of creating tissues and 

organs from biological materials such as cells and proteins, and artificial tissues and organs that 

reproduce complex structures and functions are expected to be applied in transplantation 

therapy and drug efficacy evaluation. Recently, the fabrication of tissue constructs that mimic 

the complex three-dimensional structures of biological tissues using hydrogels as scaffold 

materials have been reported.[1, 2] However, it is still challenging to completely reproduce the 

functions of real tissues. One of the reasons is that the abundant presence of scaffold materials 

probably hinders cell–cell interactions. For a tissue to function as a tissue, it is important for 

individual cells to interact closely with each other to induce differentiation. Therefore, the 

tailor-made approaches for the fabrication of cell aggregates to facilitate intercellular 

interactions are needed. 

In these days, the methods for constructing higher-order tissue structures from cell 

aggregates are being studied.[3] Especially, the cell surface modification approaches have been 

attracted much attention because they can manipulate and control cell interactions and 

phenotypes for various biomedical applications.[4] As Biologically-Driven cell surface 

modifications, genetic engineering methods and metabolic engineering methods[5] which 

introduces functional groups through sugar metabolism are reported, but they have some 

challenges such as cell-type dependency, risk of trigger immunogenic responses and 

tumorigenesis, and chemical insertion efficiency that can vary depending on cell metabolism.[4] 

Accordingly, chemically-driven cell modifications have also been studied. Among them, 

covalent-bond formation is considered a simple and straightforward method, but it has the lack 
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of targeting specificity and cytotoxicity. On the other hand, hydrophobic insertion in the cell 

surface using phospholipids, alkyl chains, and cholesterol have low cytotoxicity.[6,7] Previously, 

it was also reported that the hydrophobic insertion using cholesterol.[8] 

Some researchers are using DNA chain as a crosslinking site to make cell-cell 

assembles.[6,9] However, there are some concerns about the usage of DNA that DNA degradation 

and potential risk of immune response.[10] On the other hand, it is known that a collagen-like 

triple-helix is resistant to most proteases except for collagen-specific enzymes,[11] the 

application of collagen-like triple helices is considered promising. However, a cell assembly 

method using CMP as a cell assembling motif has not yet been reported. 

Herein, the author synthesized a 4armed poly(ethylene glycol) (PEG) terminally co-

modified with (PPG)10 and deoxycholic acid (DCA) (4arm-PEG-DCA/-(PPG)10) and evaluated 

the characteristics and the cell-assembling property (Scheme 1). As results of the evaluation, 

more cell aggregates were formed after cooling under conditions with 4arm-PEG-DCA/-

(PPG)10 than without 4arm-PEG-DCA/-(PPG)10. Accordingly, the author fabricated the 

thermoresponsive cell assembly method driven by triple helix formation of CMP. The use of 

CMP is expected to be applied in a new cell assembling approach. 

Scheme 3-1. A schematic illustration of thermo-responsive cell assembling method driven by 

triple-helix formation of CMP. 
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3.2 Experiments 

3.2.1 Materials 

The (PPG)10 (4006) was purchased from Peptide Institute, Inc. (Osaka, Japan). 

Deuterium oxide (536-7474), N-[(9H-fluoren-9-ylmethoxy)carbonyloxy]succinimide (Fmoc-

NHS) (064-02461), 5 mol/L hydrochloric acid (081-05435), 4% paraformaldehyde phosphate 

buffer solution (163-20145), piperidine (160-02776), sodium carbonate (199-01585), sodium 

deoxycholate (DCA-Na) (192-08312), tetrahydrofuran (206-05106), and trypsin (9002-07-7) 

were purchased from Wako Chemicals (Osaka, Japan). Cell Count Reagent SF (07553-44), 

Dulbecco's Modified Eagle Medium (High Glucose) (DMEM) (08458-16), sodium bicarbonate 

(31213-15), fluorescein 5-isothiocyanate (FITC) (16151-66), D-PBS without Ca and Mg, 

powder (07269-84), and Antibiotic-Antimycotic Mixed Stock Solution (100x) (02892-54) were 

purchased from Nacalai Tesque (Kyoto, Japan). Ethylenediaminetetraacetic acid tetrasodium 

salt, 2-hydrate (000-29295) and hexane (010-36766) were purchased from Kishida Chemical 

(Osaka, Japan). Dimethyl sulfoxide-d6 (151874-25G), and 4arm-PEG20k-NH2 HCl salt 

(JKA7026-1G) were purchased from Sigma-Aldrich (St. Louis, USA). 4-(4,6-Dimethoxy-

1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) (D2919) was purchased from 

Tokyo Chemical Industry (Tokyo, Japan). 4′,6-Diamidino-2-phenylindole (DAPI), fetal bovin 

serum (FBS) (10270-106) and FluoroBrite™ DMEM (FluoroBriteDMEM) (A18967-01), and 

trypan blue stain 0.4% (T10282) were purchased from Thermo Fisher Scientific Inc. (Waltham, 

U.S.A). Agarose (50090) was purchased from Cambrex Bio Science Rockland, Inc. (ME, 

U.S.A). Epithelial fibrosarcoma (HT1080) and normal human dermal fibroblasts (NHDF) (CC-

2509) were obtained from Lonza (Basel, Switzerland). 

3.2.2 Synthesis of 4arm-PEG-DCA 

After dissolving DCA-Na (8.3 mg, 20 µmol) in 5 mL of 50 mM Na2CO3/NaHCO3 (aq.) 

(pH 8.5), DMT-MM (27.7 mg, 100 µmol) in 0.5 mL of Milli-Q water was added and stirred at 

ice bath for 10 min. After the activation, the 4arm-PEG20k-NH2 (100 mg, 5 µmol) in 4.5 mL 

of  50 mM Na2CO3/NaHCO3 was added, and then the reaction mixture was stirred for 24 h at 

room temperature. After the reaction, the whole reaction mixture was dialyzed (MWCO: 3.5 

kDa) for 3 days against methanol and water. The resulting solution was freeze-dried. The 4arm-

PEG20k-DCA was characterized by 1H-NMR measurement. The 1H-NMR spectra were 

measured by a Nuclear Magnetic Resonance Spectrometer (Bruker, AVANCE III 600, 
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Massachusetts, USA). The synthesis 4arm-PEG-DCA using 0.5 eq or 2 eq of DCA relative to 

the -NH2 group of 4arm-PEG20k-NH2 was also carried out. 

3.2.3 Fmoc protection of (PPG)10 

The (PPG)10 (50 mg, 19.8 µmol) was dissolved in 12.5 mL of 100 mM NaHCO3 (pH 

8.5) and preincubated at 80 oC for 5 min to dissociate the triple helices. After a cool-down of 

the solution in a refrigerator for 5 min, 66.6 mg of Fmoc-NHS in 12.5 mL THF was added to 

the solution immediately, and then the reaction mixture was stirred for 24 h at room temperature. 

After the reaction, the whole reaction mixture was dialyzed (MWCO: 1000 Da) for 3 days 

against methanol and water. The resulting solution was freeze-dried. The Fmoc(PPG)10 was 

characterized by 1H-NMR and MALDI-TOF Mass measurements. The MALDI-TOF Mass 

spectrum was measured by a Time-of-Flight Mass Spectrometer (JEOL, JMS-S3000, Tokyo, 

Japan). 

3.2.4 Synthesis of 4arm-PEG-DCA/-(PPG)10 

After dissolving the Fmoc(PPG)10 (8.4 mg, 3.0 µmol) in 1 mL of 50 mM 

Na2CO3/NaHCO3, the solution was preincubated at 80 oC for 5 min to dissociate the triple 

helices. After a cool-down of the solution in a refrigerator for 5 min, DMT-MM (4.2 mg, 15 

µmol) in 0.1 mL of Milli-Q water was added and stirred at ice bath for 5 min. After the activation, 

the 4arm-PEG-DCA (21 mg, 1 µmol) in 0.9 mL of 50 mM Na2CO3/NaHCO3 was added, and 

then the reaction mixture was stirred for 24 h at room temperature. After the reaction, the whole 

reaction mixture was dialyzed (MWCO: 3.5 kDa) for 3 days against water at 37 oC. The 

resulting solution was freeze-dried. The obtained product was characterized by 1H-NMR and 

UV-vis measurements. The UV-vis spectrum was measured by a UV-Vis Spectrophotometer 

(JASCO, V-670, Tokyo, Japan). The UV-vis spectra of Fmoc-NHS in DMSO at 250, 100, 75, 

50, 25, 10, 1 µM at 25 oC were also measured for calibration curve. 

Subsequently, after the 4arm-PEG20k-DCA/-Fmoc(PPG)10 (15 mg, 0.65 µmol) was 

dessolved in 4 mL of DMSO, excess piperidine (1 mL) was added dropwise and stirred for 2 h. 

After the deprotection, the whole reaction mixture was washed three times with hexane using a 

separating funnel. 5 mL of Milli-Q water was added to the lower phase solution, and then 

dialysis (MWCO: 3.5 kDa) for 3 days against methanol at room temperature and water at 37 oC 

was carried out. The resulting solution was freeze-dried. The obtained product was 
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characterized by 1H-NMR measurement. 

3.2.5 Functional characterizations of 4arm-PEG-DCA/-(PPG)10 

The 4arm-PEG-DCA/-(PPG)10 was dessolved in PBS at 20 mg/mL. The solution was 

incubated at 25 °C, heated to 60 °C for 15 min, and re-equilibrated at 4 °C for 1 day. The CD 

spectra were measured by a CD spectrometer (JASCO, J-1100, Tokyo, Japan) at 25 °C, 80 °C, 

and 4 °C. Thermal transition curves were obtained by recording the ellipticity at 225 nm using 

a J−1100 (JASCO, Tokyo, Japan), while the temperature was continuously increased in the 

range 25-90 °C at a heating rate of 1.0 °C min-1.  

3.2.6 Evaluation of cytotoxicity response 

NHDF was maintained in DMEM supplemented with 10% fetal bovine serum (FBS) 

and 1% antibiotics. Cells were cultured in 5% CO2 and 95% humidified air at 37 °C. NHDF 

was seeded on 96-well plate at 5×103 cells/well. After 24 h, 100 µL of 4arm-PEG20k-DCA/-

(PPG)10 at 500, 100, 50, 0 µM was added in DMEM medium supplemented with 10% FBS and 

1% antibiotics at pH 7.4 in each well and incubated for 24 h at 37 °C. After the incubation, the 

plates were washed with PBS, and cell counting kit-8 solution diluted 10 times by 

FluoroBriteDMEM with 1% antibiotics was added. After 2 h at 37 oC, 80 μL of the supernatant 

was collected to 96-well plates, and the absorbance at 450 nm was measured using a Synergy 

HTX microplate reader (Agilent Technologies, Santa Clara, U.S.A). 

3.2.7 Polymer adsorption to cell 

The stock solution of 4arm-PEG20k-DCA/F(PPG)10 (500 µM) in PBS was prepared. 

The stock solution was preincubated at 50 oC for 15 min and diluted 10 times by 

FluoroBriteDMEM with 1% antibiotics before  the addition. NHDF was seeded on 35 mm glass 

bottom dish at 2.5×105 cells. After 24 h incubation, the dishes were washed with PBS, and  1 

mL of the 50 µM 4arm-PEG20k-DCA/FITC (PPG)10 was added. After incubation at 37 oC for 

6 h,  the plates were washed with PBS, and fixation using 4% Paraformaldehyde phosphate 

buffer solution was carried out. For the fluorescence imaging, the nuclei were stained with 

DAPI. After the staining, the dishes were observed using a FV-10i confocal laser microscope 

(OLYMPUS, Tokyo, Japan). Images were acquired using the same equipment.  

The stock solution of 4arm-PEG20k-DCA/Fmoc(PPG)10 (500 µM) in PBS was also 
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prepared. The stock solution was diluted 10 times by FluoroBriteDMEM with 1% antibiotics 

before  the addition. The 1.0×106 HT1080 cells were transferred to 1.5 mL tubes. 1 mL of the 

50 µM 4arm-PEG20k-DCA/Fmoc(PPG)10 was added to the tubes, and keep them at 37 oC for 

0, 2, 6 h. After the corresponding points, 200 μL of the samples was transferred to the new tubes 

and centrifuged (3500 rpm, 1 min). The supernatant was removed and the precipitate was 

washed with PBS twice gently. After that, 100 µL of PBS was added into the tube, and the cells 

were re-suspended and transfer the suspension to the 96-well plate. And then, the fluorescence 

intensity was measured using microplate reader (excitation wavelength: 275 nm, emission 

wavelength: 315 nm). 

3.2.6 Cell-cell assembly formation 

The 96-well plates were coated with 50 µL of 0.5wt% Agarose in PBS before the 

experiments. The stock solution of 4arm-PEG20k-DCA/(PPG)10 (5000 µM) in PBS was 

prepared. The stock solution was preincubated at 50 oC for 15 min and diluted 10 times by 

DMEM with 10% FBS, 1% antibiotics, and 500 µM EDTA before  the addition.  NHDF was 

seeded on the 96-well plate at 5×103 cells/well. 100 µL of 4arm-PEG20k-DCA/-(PPG)10 at 500 

µM was added in each well and incubated for 2 h at 37 °C. After the incubation, the plates were 

kept at 4 oC for 15 min, and then at room temperature for 2 h with gentle agitation. After 

incubation, the dishes were observed using a phase-contrast microscope (Thermo Fisher 

Scientific Inc., Waltham, U.S.A). Images were acquired using the same equipment.  

3.3 Results and discussion 

3.3.1 Synthesis of 4arm-PEG-DCA 

First, 4arm-PEG20k-DCA was synthesized for the introduction of a hydrophobic 

insertion site and characterized by 1H NMR measurement (Figures 3-1, 3-2, and Table 3-1). The 

incorporation amount of DCA was calculated to be 62% from the 1H NMR spectra (Figure 3-

2). The grafting degree of DCA was controlled by the ratio of DCA (Table 3-1). From these 

results, the synthesis of  4arm-PEG20k-DCA was confirmed. 

Figure 3-1. Synthesis of 4arm-PEG20k-DCA. 
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Table 3-1. Synthesis of 4arm-PEG20k-DCA. 

Figure 3-2. 1H NMR spectra of a) 4arm-PEG20k-NH2, b) DCA, and c) 4arm-PEG20k-DCAx 

in D2O at 25 °C by the magnetic field at 600 MHz. The grafting ratio of DCA on the modified 

4arm-PEG was calculated to be 62% by comparison between the integral of H(a)+ H(a’) of 

4arm-PEG molecule and H(16) of DCA. 
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3.3.2 Fmoc protection of (PPG)10 

Before introducing (PPG)10 in 4arm-PEG20k-DCA , for the purpose of preventing side 

reaction, the Fmoc-protection of (PPG)10 was carried out by Fmoc-NHS (Figure 3-3a). The 

obtained Fmoc(PPG)10 was characterized by 1H NMR and MALDI-TOF Mass spectra (Figures 

3-3 and 3-4). The presence of Fmoc(PPG)10 was confirmed by the Mass spectrum and the 

grafting degree was determined to be around 100% from 1H NMR spectra.  

Figure 3-3. (a) Synthesis of Fmoc(PPG)10. 
1H-NMR spectra of (b) (PPG)10, (c) Fmoc-NHS 
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ester, and (d) Fmoc(PPG)10 in DMSO-d6. The grafting ratio of Fmoc on the labeled (PPG)10 was 

calculated to be 105% by comparison between the integral of H(a)+H(b)+H(c)+H(d) of Fmoc 

molecule and H( and ) of (PPG)10. 

Figure 3-4. MALDI-TOF Mass spectrum of Fmoc(PPG)10. 

 

3.3.3 Synthesis of 4arm-PEG-DCA/-(PPG)10  

Figure 3-5. Synthesis of 4arm-PEG20k-DCA/-(PPG)10. 

The Fmoc(PPG)10 was grafted to 4arm-PEG20k-DCA by amide coupling reaction, and 

then Fmoc group was deprotected by piperidine (Figure 3-5). The introduction of Fmoc(PPG)10 

was suggested by the presence of the Fmoc-derived peak at 7-8ppm (Figure 3-6a) and at around 

300 nm (Figure 3-7). The grafting degree was calculated to be around 53.8% form UV-vis 

measurement (Figure 3-7), and it was expected that the presence of remained non-grafted 
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Fmoc(PPG)10. The Fmoc-derived peak disappeared in Figure 3-6b after the Fmoc-deprotection 

reaction. From these results, the synthesis of 4arm-PEG20k-DCA/-(PPG)10 was confirmed. 

Figure 3-6. 1H NMR spectra of 4arm-PEG20k-DCA/Fmoc(PPG)10 in DMSO-d6 and 4arm-

PEG20k-DCA/(PPG)10 in D2O. The grafting ratio of 4arm-PEG20k-DCA/(PPG)10 was 

calculated to be 38% by comparison between the integral of H(16) of DCA molecule and H( 

and ) of (PPG)10.  

Figure 3-7. (a) UV-vis spectrum of 4arm-PEG20k-DCAx/-Fmoc(PPG)10Y in DMSO at 25 oC 

and (b) a calibration curve of Fmoc-NHS in DMSO at 301 nm. 
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3.3.4 Functional characterizations of 4arm-PEG-DCA/-(PPG)10  

Next, the author characterized the triple-helix formation property of 4arm-PEG-DCA/-

(PPG)10 by CD measurement (Figure 3-8). To confirm the dissociation and formation of the 

triple helix at different temperatures, CD spectra at 25 °C, 60 °C and 4 °C were measured. As 

shown in Figure 3-8a, positive ellipticity associated with a triple helix was observed at 228 nm 

at 25 °C, but disappeared after incubation at 60 °C, and recovery of positive ellipticity was 

observed after cooling at 4 °C. These results indicated that 4arm-PEG-DCA/-(PPG)10 exhibits 

triple-helix formation and dissociation property. The triple-helix stability was also evaluated by 

CD denaturation measurement (Figure 3-8b). In the spectrum, the denaturation behavior of 

(PPG)10 moiety was observed, and the Tm was calculated to be 42 °C. From these results, the 

triple-helix formation property of 4arm-PEG-DCA/-(PPG)10 was confirmed. 

Figure 3-8. Characterization of 4arm-PEG20k-DCA/-(PPG)10. (a) CD profiles of 4arm-

PEG20k-DCA/-(PPG)10 at 25 oC, 60 oC, and 4 oC. (b) The melting profile of 4arm-PEG20k-

DCA/-(PPG)10 obtained by CD measurement at 228 nm. 

 

3.3.5 Evaluation of cytotoxicity response 

Toward applications in cell modification, the cytotoxicity effect of 4arm-PEG20k-

DCA/-(PPG)10 was assessed on in vitro monolayer cultures of normal human dermal fibroblasts 

(NHDF) by incubating 4arm-PEG20k-DCA/-(PPG)10 at 500, 100, 50, 0 µM for 24 h (Figure 3-

9). Importantly, 4arm-PEG20k-DCA/-(PPG)10 showed a low cytotoxicity at 500, 100, 50, 0 µM 



 

61 

 

(Figure 3-9). The results suggested that the 4arm-PEG20k-DCA/-(PPG)10 had a low 

cytotoxicity at concentrations no more than 500 µM. 

Figure 3-9. The cell viability test after incubation with the 500, 100, 50, 0 µM 4arm-PEG20k-

DCA/-(PPG)10 for 24 h. 

 

3.3.6 Polymer adsorption to cell 

To check the polymer adsorption property to cell, first, fluorescein isothiocyanate 

labeled 4arm-PEG20k-DCA/-(PPG)10 (4arm-PEG20k-DCA/-F(PPG)10) was synthesized and 

characterized by 1H NMR (Figure 3-10 and 3-11). After the incubation for 6 h, the confocal 

laser microscopy image of the NHDF cells showed the fluorescence intensity derived from the 

4arm-PEG20k-DCA/-F(PPG)10 on the cells (Figure 3-12a). Furthermore, the polymer 

adsorption property was also evaluated using 4arm-PEG20k-DCA/-Fmoc(PPG)10 with HT1080 

cell (Figure 3-12b). Compared with the control samples, The fluorescence intensity of the cell 

suspension in PBS was increased after  2 and 6 h incubation with 4arm-PEG20k-DCA/-

Fmoc(PPG)10 (Figure 3-12b). These results indicated that the 4arm-PEG20k-DCA/-(PPG)10 

was adsorbed to cells. 

Figure 3-10. Synthesis of fluorescein isothiocyanate labeled 4arm-PEG20k-DCA/-(PPG)10. 
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Figure 3-11. 1H-NMR spectra of (a) Fluorescein isothiocyanate and (b) 4arm-PEG20k-DCA/-

F(PPG)10. 

Figure 3-12. (a) The fluorescence image of cells with 4arm-PEG20k-DCA/-F(PPG)10 after 

incubation for 6 hours. (b) Fluorescence profiles of cell suspension with 4arm-PEG20k-

DCAx/(PPG)10Y or without 4arm-PEG20k-DCA/-Fmoc(PPG)10 at 0, 2, and 6 h after incubation. 
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3.3.7 Cell-cell assembly formation 

The cell-cell assembly formation was assessed by the evaluation of the amount of cell 

aggregates by the phase contrast microscopy observation. As shown in Figure 3-13a, the phase 

contrast image of the 4arm-PEG20k-DCA/-(PPG)10-modified NHDF showed the presence of 

cell aggregates after cooling at room temperature for 2 h. The amounts of cell aggregates with 

4arm-PEG20k-DCA/-(PPG)10-modification were 4.3 times higher than the samples without 

4arm-PEG20k-DCA/-(PPG)10-modification (Figure 3-13b). From these results, it was 

suggested that the thermoresponsive cell assembly driven by triple helix formation of CMP. 

Figure 3-13. (a) A phase contrast image of cell aggregates with 4arm-PEG20k-DCA/-(PPG)10. 

(b) Number of cell aggregates with 4arm-PEG20k-DCA/-(PPG)10 or without 4arm-PEG20k-

DCA/-(PPG)10.  

 

3.4 Conclusion 

In chapter 3, the author fabricated the thermoresponsive cell assembly method driven 

by triple helix formation of CMP. As results of the evaluation, more cell aggregates were formed 

after cooling under conditions with 4arm-PEG-DCA/-(PPG)10 than without 4arm-PEG-DCA/-

(PPG)10. Accordingly, to the best of our knowledge, this is the first report of the 

thermoresponsive cell assembly method driven by triple helix formation of CMP. The use of 

CMP is expected to be applied in a new cell assembling approach for tissue engineering. 
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Scheme 3-2. Thermo-responsive cell assembling method driven by triple-helix formation of 

CMP. 
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Concluding Remarks 

In this thesis, toward the control of material properties through homo- and hetero-triple 

helices formation of CMP and their application, the author analyzed the assembly properties 

via homo- and hetero-triple helix formation of CMP, and investigated the hydrogels and cell 

assembling method with crosslinking characteristics driven by triple helix formation. 

In chapter 1, the author evaluated the triple helix formation of two collagen model 

peptides, (PPG)10 and (POG)10, by fluorescence and CD spectroscopic measurements for the 

single and mixed conditions. This result was consistent with the trend inferred from the ratio of 

(PPG)10 to (POG)10 chains in the hetero-triple helix suggested by the fluorescence spectroscopy 

measurements. In addition, even when the temperature during triple helix formation was set to 

37 °C, which is above the Tm of (PPG)10, the formation of the hetero-triple helix was suggested, 

indicating that (POG)10 might play a major role in the formation of the hetero-triple helix at 

37 °C. 

In chapter 2, the author analyzed the detailed Sol-Gel transition properties driven by 

triple helices formation of 4arm-PEG10k-triazole-EG4(PPG)10 and 4arm-PEG10k-triazole-

EG4(POG)10, and the effect of additional CMP strands. First of all, the 4arm-PEG10k-triazole-

EG4(PPG)10 and 4arm-PEG10k-triazole-EG4(POG)10 were successfully synthesized. 

Subsequently, the author analyzed the detailed Sol-Gel transition properties driven by triple 

helices formation of 4arm-PEG10k-triazole-EG4(PPG)10 and 4arm-PEG10k-triazole-

EG4(POG)10, and the effect of additional CMP strands. The 4arm-PEG10k-triazole-EG4CMPs 

showed gel-sol transition by the internal triple helix formation of CMPs. The gel-sol transition 

behavior was controlled by the amino acid sequences of CMP and the presence of additional 

non-modified CMPs. Furthermore, it’s possible that the gel properties of 4arm-PEG10k-

triazole-EG4CMP can be controlled by additional single-strand CMP. This phenomenon is 

expected to be applied in biomaterials for the development of new self-assembled materials and 

to further understanding of triple helix formation-driven sol-gel transition.  

In chapter 3, the author fabricated the thermoresponsive cell assembly method driven 

by triple helix formation of CMP. As results of the evaluation, more cell aggregates were formed 

after cooling under conditions with 4arm-PEG-DCA/-(PPG)10 than without 4arm-PEG-DCA/-

(PPG)10. Accordingly, to the best of our knowledge, this is the first report of the 
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thermoresponsive cell assembly method driven by triple helix formation of CMP. The use of 

CMP is expected to be applied in a new cell assembling approach for tissue engineering.  
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