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Abstract 
 

        Self-assembly is an important strategy of building materials at nanoscale from the 

“bottom up” pathway. Self-assembly of peptides and peptide derivatives has provided 

great inspiration for the design of functional materials ranging from biological 

engineering to optoelectronics. The design of successful self-assembly materials involve 

the comprehensive interaction and balance of attractions and repulsions in solution. 

Peptides and peptides hybrids are exceptional candidates for self-assembly structure 

design due to their great biocompatibility and bioactivity, versatile sequences and 

capacity to form various secondary structures.  

        We have designed and synthesized a type of spiropyran tetrapeptides conjugate. This 

smart material can undergo photo- and thermo- responsive self-assembly via ring 

closing/opening process on nanoscale and moreover, it can achieve the conversion 

between solution and gel states on macroscale under light and thermo- triggers. The 

conjugate can change into the closed spiropyran form and self-assemble into amyloid β-

sheet fibrils and form networks that further gelation under visible light. When heated to 

over 60℃ in 0.75% TFA condition, the spiropyran moiety undergo ring-opening 

isomerization and changed into the protonated merocyanine form. This hydrophobic to 

hydrophilic conversion renders the disassembly of fibrils and the gel changes back into 
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solution state. Thus we have developed a novel smart photo- and thermo-controlled 

assembly and gelation material. 

        We have also prepared a series of simple spiropyran monopeptide and dipeptides 

hybrids. The spiropyran piece is a versatile photo-responsive chromophore as it can 

convert among three different states. The three designed spiropyran monopeptide 

conjugates adopt different assembly structures through visible light irradiation. The 

Fmoc-dipeptide conjugates also have photo-controlled assembly and thermo-controlled 

disassembly via ring closing/opening process. Although the transformation of the ring-

opening process was not ideal in water solvent, this type of compounds is simple and 

convenient to synthesis, and can shed light to future photo-controlled smart material 

study.  
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Chapter 1: Self-assembly of Peptides Derivatives 
 

1.1 Introduction 

        Self-assembly is by definition, the process of automatic arrangement of components 

into ordered structures or patterns without outside forces or guidance.
1-2

 It is one of the 

most common phenomena in nature world and can be discovered in various aspects, 

ranging from the tiny molecular arrangement to large scale planetary movement
1
. 

Generally, self-assembly is classified into two types: the static self-assembly and the 

dynamic self-assembly. In, static self-assembly, after components form an ordered 

structure, the system tend to stabilize and hardly release any energy when reach 

equilibrium. Typical examples are ionic crystals,
3
 liquid crystals and phase-separated 

polymers.
4
 On the contrary, dynamic self-assembly are assemblies that formed by local 

interactions of different structures in a pre-organized pattern to reduce energy.
5-6

 Bacteria 

colony and solar system are examples of dynamic assemblies. Various types of self-

assembly are closely related to the living creatures on earth, like the double helix of 

deoxyribonucleic acid (DNA) and the secondary, tertiary and quaternary structures of 

proteins (Figure 1). The self-assembly strategy has been applied to many fields in real life. 

In particular, plenty of chemists are interested in molecular self-assembly, which is 



2 

 

 

 

defined as the process of molecules arrange into defined patterns without outside human 

interference or management.
2, 7-8

   

 

Figure 1. Examples of self-assembly in nature. a) liquid crystal; b) bacterial colony; c) 

double helix structure of DNA; d) secondary and tertiary structures of protein. 

 

        The self-assembly strategy has given important insights to the development of 

nanotechnology since well-ordered structures in nanoscale can be established from single 

molecules as building blocks. This is known as the “bottom up” process to construct the 

nanostructures within anticipated scale range, which is from 1 nm to 100 nm (Figure 2).
 9-

14
 The “bottom up” strategy is a completely different pathway of generating 

nanostructures within this range as opposed to the “top down” approaches such as 

lithographic patterning.
15-16

 During the molecular self-assembly process, the molecules 

interact with each other as small units and then associate and generate larger structures 
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from one-dimension to three-dimensions.
17

 These self-assembly nanostructures can be 

applied to a great number of aspects such as drug-delivery,
18-20

 3-D scaffold,
21-23

 tissue 

engineering,
24-26

optoelectronics
27-28

 and optical graphing.
29

 

 

Figure 2. The process of “top-down” as compared to “bottom-up” self-assembly. 

Copyright 2007 The Royal Society of Chemistry.
11

  

 

        To achieve this spontaneous association, the small building blocks need to have 

specific recognition between each other, which is various types of non-covalent forces, 

such as hydrogen-bonding, hydrophobic interactions, electrostatic interactions, π-π 

interactions and Van der Waals force.30 Nature also offers a wide selectivity of 
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building blocks changing from inorganic pieces to organic structures. On one hand, 

carbon structures such as carbon nanotubes and buckminsterfullerene were the 

building materials in early nanotechnology study. Later, increasing numbers of 

inorganic materials were involved in the selection pools, such as silicon nanotubes 

and fullerene-like structures formed by NbS2 and WS2. On the other hand, diverse 

organic compounds also offer a plethora of possible choices. A great number of 

different polymeric materials were designed and synthesized in industry for daily 

need, such as polyethylene, nylon, polytetrafluoroethylene (Teflon) and 

polyvinylchloride (PVC). Polypeptides and proteins are also widely used in many 

industries. 

 

Figure 3. Structures of some common commercially available polymers: Polyethylene, 

Teflon and PVC.
11

 Copyright 2007 The Royal Society of Chemistry. 

 

        Although a wide range of inorganic and organic compounds have been chosen as 

building blocks to design self-assembly nanostructures, the detailed mechanism and 
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precise manipulation of the assembly process remain unclear for a number of cases. 

Herein, a brief introduction is given to discuss the principle in designing self-assembly 

structure and some applications of self-assembled nanostructures, especially 

nanostructures consisting peptides structures. 

1.2  The forces behind the self-assembly 

        The forces involved in the self-assembly process are non-covalent interactions rather 

than strong covalent bonding. The noncovalent are generally weak (2–250 kJ mol
−1

) in 

comparison with the covalent bond energy (100–400 kJ mol
−1

).
31

 However, upon 

accumulation, the non-covalent forces, including hydrogen-bonding, hydrophobic effects, 

electrostatic interactions, π-π interactions, Van der Waals force and metal coordination, 

are adequate to induce the self-assembly behavior.   

1.2.1 Hydrogen bonding         

        Hydrogen bonding is the attraction between an electronegative atom and a hydrogen 

atom which is in close distance and connected to another atom. In the hydrogen bond 

system, the electronegative atom that attracts nearby hydrogen is defined as hydrogen-

bond acceptor (Figure 1.4). The hydrogen-bond acceptors are usually electronegative 

atoms such as halogens (F, Cl, Br, I), oxygen (O) and nitrogen (N) can offer lone pairs to 

attract hydrogen.
32

 The hydrogen attached to the other atom being attracted is referred as 

the hydrogen bond donor.
33

 This interaction can be either intermolecular or 

intramolecular. This attraction is much weaker than the regular covalent bonding forces, 

but is cumulative in the construction of assembly structure. For instance, in DNA, there 
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are three hydrogen bonding structures between one of the base pairs: guanine and 

cytosine, which help stabilizing the DNA double-helix structure in general.
34

   

 

Figure 4. Examples of some noncovalent interactions involved in self-assembly and their 

corresponding strength. 
31, 35-36

 Copyright 2013 Wiley Periodicals. 

 

1.2.2 Hydrophobic effect 

        Hydrophobic effect is a type of interaction induced in polar solvent.
37

 In polar 

solvent, the hydrophobic components inside the molecules have the tendency of gathering 

together to reduce the surface that interacts with the polar solvent. This aggregation 

process is usually favored as the free energy ΔG decreases.
38

 Although the entropy S is 

also decreased as the system changes from a less-ordered state to a more defined state 
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with the hydrophobic parts aggregating together and the hydrophilic or less hydrophobic 

part on the surface, the change in enthalpy can still enables the decrease of free energy in 

general.
39

 The hydrophobic interaction is a strong contributor for a great number of 

amphiphilic structure assemblies in aqueous solvent.
40-41

 

1.2.3 Electrostatic interactions 

        Electrostatic interactions are also called the coulombic forces. These interactions can 

be either attractions or repulsions according to the charges. If the two components carry 

the same type of charges, then the electrostatic interaction will be repulsion. In contrast, 

if one component carries the positive charge(s) or partially positive with the other carries 

negative charge(s) or partially, the interaction will be attraction.  

Attractive Force Repulsive Force 

Van der Waals Electric repulsion (same charge) 

Hydrophobic Steric Interaction 

π- π stacking  

Hydrogen Bonding  

Coordination bond  

Electric repulsion (opposite charge)  

Table 1. Representative intermolecular attractive and repulsive forces for self-

assembly.
30

 Copyright 2008 John Wiley & Sons.  

 

        These forces decrease dramatically as the distance increase. The effect can be 

discovered between ion and ion, ion and dipole. Electrostatic interactions provide 
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effective assistance in tuning the assembly and disassembly process by adjusting the 

charged components in each building block. 

1.2.4 Aromatic stacking 

        Aromatic Stacking is also referred to as π-π interaction. It is the attraction between 

the aromatic rings and results from the p-orbital interactions in the aromatic systems. 

The aromatic ring is an electron rich system, the conjugated π-orbitals can attract 

nearby electropositive or partially positive molecules or other aromatic π-orbitals. In a 

benzene ring, the polar bond C-H makes the benzene ring plane partially positive as 

carbon (C) is more electronegative than hydrogen (H). Correspondingly, there are two 

negative electron cloud formed both on top and blow the benzene ring. There are two 

types of most well-known aromatic interactions between two aromatic components. 

The first type is a face-to-face parallel displaced interaction,42 the interaction arisen 

from the quadrupoles of aromatic rings.43 The second type is the T-shape interaction. 

One benzene ring has a positive-negative-positive sandwich quadrupole alignment, it 

can attract the nearby benzene ring in two these fashions. When benzene rings are 

aligned on parallel position, the positive middle part is placed close to the negative 

electron cloud of the other one. For the second type, the positive middle part attracts 

the electron cloud of the other benzene ring in the perpendicular direction, which 

forms T-shape structure. π-π interactions have placed an important role in molecular 

recognition, protein-folding and material science.44  
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1.2.5 Van der Waals forces 

        Van der Waals forces are the attractions and the repulsions between molecules that 

generated from neither covalent bonds nor electrostatic interactions, including dipole-

dipole interaction, dipole-induced dipole interaction and London forces.
45

 Dipole-dipole 

interaction is a directional force between the two dipoles, namely attractive between a 

positive and a negative dipole and repulsive between two same types of dipoles. It 

decreases drastically as the distance increase (1/r
3
) and is much weaker than the ion-

dipole interaction.
31

 Dipole-induced dipole force is even weaker than the dipole-dipole 

interaction. London dispersion force is the attraction between a pair of molecules as their 

temporary multipoles attract each other. It is the weakest intermolecular force. In general, 

Van der Waals forces are rather weak and short-range forces.
46

 Therefore, they are only 

effective between the closest molecules. Except for dipole-dipole interaction, Van der 

Waals forces are non-directional. Van der Waals interaction does not place a significant 

influence in many self-assembly process. Nevertheless it is a contributory factor in some 

assembly cases like the self-assembly of the oligopeptides.
47

 

 

Figure 5. Illustration of generating London dispersion force. Copyright 

www.chem.purdue.edu 
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        In summary, the successful self-assembly system requires the balance between the 

attraction and repulsion. As displayed in table 1.1, Hydrogen Bonding, Van der Waals 

forces, hydrophobic interactions, π- π stacking, electrostatic interaction between opposite 

charges are the possible attraction forces during the self-assembly process. The electric 

repulsion between same charges and the steric interaction are the possible repulsion 

forces during the self-assembly process. If there is too much attraction, the sample will 

tend to form oversized aggregates and further precipitate out rather than dissolve in the 

solution. If there is too much repulsion among the monomers, the building blocks will not 

associate together to establish larger aggregates. Hence, both attraction and repulsion are 

essential and need to be involved in the design of self-assembly systems.  

1.3 Protein and peptides based self-assembly nanostructures. 

        Peptides and proteins are the common and irreplaceable components of living 

creatures on earth, from tiny single cell animal, paramecium, to the largest mammals, 

whales. The proteins perform a huge variety of diverse functions in living organisms in 

biological world. They are the structural elements of creatures’ body, responsive to 

outside stimuli, involving in DNA replication process and assist the metabolism as 

catalyst in numerous reactions. Amino acids are the building blocks of proteins and 

peptides. Therefore, peptides and protein derivatives generally have great 

biocompatibility and bioactivity. There are about 500 known different amino acids, 

which provide an immense poll of possible selections of peptides sequences for the self-
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assembly nanostructure materials. Among them, there are 20 types of common 

proteinogenic amino acids that are straightly involved in the protein synthesis in human 

body. Having the carboxylic acid and amine groups, all amino acids are capable of carry 

charges even slightly basic or acidic conditions to provide the electrostatic interactions. 

The different charge repulsion or attraction can be achieved by alternating amino acid 

sequences or adjusting pH. A considerable number of amino acids have hydrophobic side 

chains that can offer hydrophobic interactions. Several amino acids have aromatic 

benzene rings that may provide aromatic stacking. By arranging differently into certain 

sequences, amino acids can generate different peptides structures that can form hydrogen 

bonding. For instance, hydrogen bonding can be discovered in a number of common 

peptides secondary structures, such as α-helix, β-sheets or β-hairpins. All above 

mentioned merits render amino acids and peptides excellent materials for the design of 

self-assembly nanostructure. 

1.3.1 Peptides assembly based on α-helix/ coiled-coil formation 

        A plethora of assemblies based on one of the common secondary structures, α-helix, 

have been studied.
48-52

 It is widely-accepted that different amino acids favor different 

secondary structures. In a α-helix structure, there are 3.6 residues per turn in average, 

which means that a hydrophobic amino acid (H) is placed between three or four 

hydrophilic amino acids residues (P)
48

 (Figure 6a, the 1 and 2 labeled the hydrophobic 

core). In this structure, one driving force of assembly is the hydrophobic interaction that 

tends to form the hydrophobic phases and wraps around. This pattern is repeated with 
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seven residues in cycle as (HPPHPPP)n ≥4, and usually marked as adcdefg. A considerable 

number of structures following this pattern form rope-like coiled-coil structure.
53

 These 

helices are in left-handed twist as these structures have 3.5 residues per turn, slightly less 

than the 3.6 residues per turn right-handed α-helix structure in nature. The salt-bridge 

interactions between the coils facilitate the aggregation of two or multiple coils. 
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Figure 6. Principles of fibrous coiled-coil assembly: a. The heptad sequence repeat 

(abcdefg) configured on a dimeric helical wheel; b. Slipped assembly based on a coiled-

coil pentamer (colored) as proposed by Kajava and coworkers;
49

 c. Designed single 

peptide, sticky end assembly implement by the Conticello and coworkers and Woolfson 

and coworkers;
48, 52

 d. The SAF design;
54

 e. Assembly of coiled coils with out-of-phase 

hydrophobic faces by Fariman and coworkers
50-51

. Copyright 2010 Wiley Periodicals. 
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        In 1997, Kojima and coworkers firstly designed the peptides sequences 

(LETLAKA)3 that acquired α-helix structure.
55

 Kajava’s group used this strategy to build 

more α-helix peptides with this frame, such as QLAREL(QQLAREL)4 (Figure 6b) that 

can form nanofiber structures.
49

 Conticello and coworkers further proposed that fiber 

structure can be formed upon staggered coilded-coil structure (Figure 6c).
52

 Woolfson 

and coworkers has concluded a self-assembly fibler (SAF) system with two coils twist 

around each other.
50

 

        Furthermore, Conticello’s group
56

 and Hartgerink group
57

 have successfully 

designed structures that mimic the collagen helices with heterotrimeric amino acids 

triptes (Pro-Arg-Gly)n, (Glu-Hyp-Gly)n, (Pro-Hyp-Gly)n insider of the peptides chains. 

These sequences together can form triple helix structure in order to form fibers and 

further hydrogel based on Hartgerink’s study.
58

 All these structures are peptide self-

assembly designs based on α-helix structures. 

1.3.2 Peptides assembly based on β-sheet structure 

        Not only for studies on α-helix secondary structures, there are plenty of peptide 

assembly structures designed based on the β-sheet structure. There are various types of 

peptides or peptide derivative assemblies involved β-sheet structure. A great portion of 

them include the alternating arrangement of hydrophobic amino acid and hydrophilic 

amino acids.  
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Tubular structure peptides  

        One of the earliest examples of designed peptides self-assembly nanostructure was 

the cyclic peptide nanotubes by Ghadiri and coworkers.
59-61

 Ghadiri’s group has designed 

a cyclic peptides consists of alternating D- and L- amino acids. This peptides monomer is 

a generally planar ring structure. During the assembly process, the ring can stack on top 

of each other in order to form a tubular structure collectively (Figure 7). The hydrogen 

bonding between amide bonds in two neighbor rings helps to stabilize the tubular 

structure. The anti-parallel β-sheet structure of this stacking was confirmed by a series of 

studies. The diameter of nanotube structures can be modified by the number of peptides 

involved in the monomer. Besides, different residues can be incorporated into the side 

chains of the nanoring. For example, 1,4,5,8-naphthalenetetracarboxylic acid diimide 

(NDI) have been connected to the lysine side chain and successfully form nanotube 

assembly structure in later work.
61

  

 

Figure 7.  a. Structure of the cyclic peptides b. Nanotube formed by stacking of the 

cyclic peptides.
59

 Copyright 1993 Nature Publishing Group. 
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Self-Complementary peptides 

        In 1993, Zhang and coworkers
62

 have discovered a type of complementary ionic 

peptides, under the inspiration of motif, (RERERKRK)2. This motif was found in peptide 

EAK16-II which has AEAEAKAKAEAEAKAK 16 amino acids sequence, in the Z-

DNA binding protein, zoutin. They found that this sequence have adopted a β-sheet 

configuration as the ionic sidechains face one direction and the hydrophobic chains face 

the opposite directions. When two monomer peptides present in aqueous solvent at 

neutral pH, they tend to form face to face dimers with their ionic face attracting with each 

other (the positive charged lysine residues attached to the negative charged glutamate 

side chain), or the hydrophobic alanine sides facing each other.  

  

Figure 8. Self-assembly structure of peptides EAK16-I and into nanofiber.
62

 Copyright 

1993, CrossMark 

 



17 

 

 

 

        In further study, peptides sequences named as RAD16-I,
63

 which is Ac-(RADA)4-

CONH2, and RAD16-II (Ac-RARADADARARADADA-CONH2) and KLD-12 

((LKLD)3) were designed and synthesized. These structures all possess the similar motif 

of alternating hydrophilic and hydrophobic amino acids.
64-65

 The alternating hydrophilic 

amino acids also carry opposite charges in order to complement and attract the other 

monomer. Those peptides can form β-sheet configuration in aqueous solvent with the 

backbone hydrogen bonding. Peptides RAD16-I were discovered to form stable nanofiber 

structure and further form hydrogel networks. RAD16-II and EAK16-II were found to 

support cell growth in several mammalian cells.
21

 With this insight, those complementary 

β-sheet peptides have become decent material candidates for 3D scaffold for tissue 

engineering.  

Glutamine-Rich Peptides 

         Aggelli and coworkers have designed a series of glutamine rich peptides that adopt 

β-sheet secondary structure and can self-assembly into fibril structure with pH trigger.
66-

67
  

 

Figure 9. Illustration of glutamine-rich peptides P11-2 under different pH: a. pH < 5, b. 

pH > 5.
67

 Copyright 2002 American Chemistry Society. 
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    This series of peptides are labeled as P11-2 (CH3CO-Gln-Gln-Arg-Phe-Gln-Trp-Gln-

Phe-Glu-Gln-Gln-NH2) (Figure 8), P11-3 (CH3CO-Gln-Gln-Arg-Phe-Gln-Trp-Gln-Phe-

Gln-Gln-Gln-NH2), P11-4(CH3CO-Gln-Gln-Arg-Phe-Glu-Trp-Glu-Phe-Glu-Gln-Gln-

NH2) P11-5 (CH3CO-Gln-Gln-Orn-Phe-Orn-Trp-Orn-Phe-Gln-Gln-Gln-NH2). All 

sequences contain rich glutamine residues that constitute the hydrophilic side of the 

peptides. The core of design is also consists of alternating hydrophobic and hydrophilic 

amino acids. The hydrophobic amino acids are three aromatic amino acids (two Phe and 

one Trp) that not only can offer hydrophobic interactions but also π-π interactions for 

stacking. In P11-2 and P11-4, there are two amino acids carrying opposite charges (Arg 

and Glu) under neutral condition and facing on the hydrophilic side. This feature 

helps two peptide chains pack into the anti-parallel β-sheet position with the opposite 

charged sidechains next to each other. The anti-parallel β-strand structures will further 

pack into fibril structures. This assembly is also pH-controlled as under certain low 

pH, the negative charged residues will be protonated and reduce the attractions in 

between. P11-4 and P11-5 were reported to disassemble under low pH.  

1.3.3 Peptides assembly based on β-hairpin structure 

        Schnider and coworkers have created another class of amphiphilic peptides that 

can self-assemble into hydrogel based on β-hairpin secondary structure.68-74 This type 

of material is a series of 20 residue peptides that formed only by amino acids. The 

model can be expressed as (XZXZ)2V
DPPT(XZXZ)2, in which X is hydrophobic 

amino acid and Z is hydrophilic amino acid. The VDPPT is incorporated to adopt the 
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type II’ structure in order to generate the β-hairpin secondary structure for each 

peptides molecule (Figure 9). Z is mostly positive charged amino acids such as K and 

R. In this model, water soluble peptides stay as free solution in an unfolded state 

under acidic conditions with the repulsion of positive charged amino-acids. With the 

decrease of pH or adding of salt concentration, or increase of temperature, the 

repulsion is compromised and peptides are triggered to a folded state driven by the 

hydrophobic interactions. In this state, the hydrophobic amino acids, such as valine, 

attempt to stay close to each other and as a result, peptides monomer is folded, 

forming a distinct hydrophobic phase and a hydrophilic phase. With two hydrophobic 

phases facing each other, hydrophobic interaction is maximized and further creates 

nanofiber. Not only capable of triggered by pH, salt concentration and temperature, 

these type of materials is also found to have a shear-thinning property. With an 

application of shear stress, the non-covalent cross-linked network is disrupted and 

low-viscosity gel forms; with the cessation of shear stress, both the non-covalent 

network and hydrogel rigidity are recovered. This property is crucial in minimally 

invasive delivery, as some study indicates that some hydrogel materials irreversibly lost 

its mechanical rigidity due to the shear stress during the syringe injection. 
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Figure 10. Proposed structure and the β-hairpin assembly model of molecule MAX1 

(VKVKVKVKV
D
PPTKVKVKVKV-NH2) and further formation of fibril.

68
 Copyright 

2009 American Chemistry Society. 

 

1.3.4 Amphiphilic Peptides 

        Amphiphilic peptides are the type of peptides or peptides derivatives that contain 

both hydrophilic component(s) and hydrophobic component(s). This is an extremely 

versatile type of material and it possesses great potential to construct various bioactive 

nanostructures.
75

 One typical sample is the surfactant-like peptides proposed by Zhang 

and coworkers.
76

 

         Zhang’s group has first designed and synthesized a series of lipid-like peptides, 

A6D, V6D, A6D2 and L6D2 (Figure 10). All these peptides have a long hydrophobic tail 

consists of same type of amino acids with hydrophobic sidechains, such as A, V and L. 

Besides this long hydrophobic tail, they also have another hydrophilic end which is one 

or two hydrophilic amino acids D. This type of peptides were found to also assemble in 

the lipid pattern in aqueous solvent with the bilayer structure of hydrophobic tail buried 
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inside of walls and hydrophilic ends facing outside. In further study, they expand the 

hydrophobic amino acids selections to G, I, L and F and hydrophilic amino acid to K.
77-80

 

Those peptides series were found to self-assemble into nanotubes or nanovesicles 

structures based on TEM studies. In addition to these mentioned peptides, Zhang’s group 

has proposed another lipid-like peptides sequence of Ac-GAVILRR-NH2.
81-82

 This 

sequence has a hydrophilic head with two charged arginines connected to hydrophobic 

tail of amino acids with decreasing sizes. 

 

Figure 11. a. Models of surfactant peptides A6D, V6D, A6D2 and L6D2; b. Proposed self-

assembly model of V6D.
76

 Copyright 2002 CrossMark. 
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        Aside from these surfactant-like peptides, Stupp and coworkers have established a 

class of peptides amphiphiles (PA) that can form hydrogel and are able to deliver 

multiple bioactive motives.
23, 83-89

 This class of materials is a hybrid of peptides and alkyl 

chains. As shown in Figure 11, typically this model consists of four segments: a 

hydrophobic tail, β-sheet forming short peptides, a charged component (can be amino 

acid) and a bioactive epitope.
90

 It has been discovered that among the four parts, the 

indispensable two core segments are the hydrophobic tail and the short peptide as 

hydrophilic site.
91

 The peptide region contains sequence that assists the forming of 

intermolecular hydrogen bonding, charged amino acids to improve solubility and further 

develop a pH- or salt sensitivity, and bioactive epitope(s) capable of interacting with 

proteins. This type of material can self-assemble into a cylindrical structure with 

hydrophobic tail buried inside and hydrophilic peptides domain expressed outside and 

further form high-aspect-ratio nanofibers. Besides, studies have been shown that more 

than one cell adhesion RGD epitopes can be functionalized in this model by couple this 

epitope to amino acid as side chain aside from the main chain, and the cell culture results 

also demonstrated that the cell adhesion has been further enhanced in this way.
92-94

 This 

class of PA has revealed great versatility in function and pH-, salt sensitivity and the 

corresponding assembly structures can be tuned by changing the component size and 

amino acids.
83
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Figure 12. (A) Molecular Structure of representative peptide amphiphile with four 

rationally designed chemical entities; (B) Molecular model of the IKVAV-containing 

peptide amphiphile molecule and its self-assembly into nanofibers; (C) SEM picture of 

IKVAV nanofiber network. (D) TEM picture of IKVAV nanofiber network.
83

 Copyright 

2010 NCBI. 

 

1.3.5 Aromatic short peptides derivatives assembly 

    Aromatic short peptides are another class of peptides based on short aromatic peptides 

or peptides derivatives with aromatic systems. The assembly driving force of this type of 

assembly was majorly based on short amyloid structure
11

. One of the earliest examples of 

reported aromatic dipeptides assembly is the hydrogel formation of dibenzoylcystine in 

water by Gortner and Hoffman in 1921.
95

 The structure and the assembly mechanism was 

unveiled by Menger and coworkers
96-97

 after fifty years. Since then, many aromatic short 

peptides assemblies were discovered and reported. Among those works Gazit and 

coworkers
98

 have revealed the self-assembly of Phe-Phe dipeptides into highly stable 

nanotubes via the aromatic side chain’s π-π interactions and the hydrogen bonding 
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between the amide groups in the β-strand structure.
99

 Different variations of this 

dipeptides motif have been further studied and reported. The bulky aromatic group 

fluorenylmethoxycarbonyl (Fmoc) was incorporated into the dipeptides design in later 

study of Gazit’s group (Figure 12).
100

 This Fmoc-Phe-Phe peptides were found to self-

assemble into fibrils in nanoscale and further form networks into hydrogel.
22

 This 

alternation from nanotube into nanofibers results from the increased π-π interactions.100 

The hydrogel formed was reported to support the growth of Chinese hamster ovary 

cells with decent viability. Ulijin and coworkers then investigated this assembly 

mechanism in details with a series of spectroscopy study. Both FT-IR and X-ray 

results indicated the antiparallel β-sheets secondary structure formation.101  

 

Figure 13. a. Chemical structure of Fmoc-Phe-Phe; b. Packing model of Fmoc-Phe-Phe. 

Copyright 2012 Royal Chemistry of Society.
100, 102

 

 

        In addition to the Fmoc-Phe-Phe, more short peptides or peptide derivatives with 

different amino acid or modifications have been discovered, such as Fmoc-F-OH, 

Fmoc-K-OH, Fmoc-AA-OH, Fmoc-LG-OH and Fmoc-FG-OH). Some biological 
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motifs, such as RGD can also be incorporated into this system with examples of 

Fmoc-RGD-OH and Fmoc-FRGD-OH.101-102 This type of peptides is generally 

simpler with shorter sequences in comparison with other types and can reduce the 

synthesis production cost.  

1.3.6 Self-assembly nanostructures designed by Dr. Parquette’s lab 

       The Parquette’s group has developed a series of self-assembly nanostructures in 

previous research.103-109 In 2007, Hui and coworkers has designed and synthesized a 

series of 16 peptide-dendron hybrids (PDH) combining the dendrimer motif to the 

peptides side chains.110 The dendron motif was used in the organocatalysis. This 

series of PDH have the Ac-AAAAKAAAAKAAAAYA-NH2 peptides backbone, 

there is one dendron attached to the third A (position i) and the other dendron was 

connected to the other A on the position from i+4 to i+10. This type of PDH 

conjugates have charged lysine residues and the hydrophobic dendron components, 

and were reported to assembly and form nanotube structures in aqueous solvent. The 

corresponding assembly model for dendrons on (i, i+10) positions is illustrated in 

Figure 14.  Our group has found that in pure water solvent, this PDH adopts the 

nanotube assembly structure, with the addition of salt solution or pH change, the 

assembly structure changed into an amyloid fiber structure on nanoscale. This change 

was due to the attenuation of the repulsion between the positive-charged side chains 

when increase salt solution concentration or increase pH. 
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Figure 14. Schematic representation of nanotube and nanofiber formed by PDH self-

assembly.
103, 110

 Copyright 2009 Wiley Online Library 

 

        In 2010, our group has reported the self-assembly behavior of a class of lysine 

1,4,5,8-naphthalene-tetracarboxylic acid diimide (NDI) dipeptides hybrid structures. A 

series of lysine-lysine dipeptides and NDI hybrid were designed and synthesized.
106

 The 

NDI is an organic semiconductor chromophore and it was covalently bonded to one of 

the lysine side chain. We found that as we changed the P1 group from the least 

hydrophobic hydrogen to acetyl group to the most hydrophobic Fmoc group, the 

assembly behavior also changes with it. When P1 is hydrogen, the molecule is too 

hydrophilic to assemble. No ordered assembly structures were observed. When we 
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increased the hydrophobicity to acetyl group, nanofibers assembly structures were 

discovered based on TEM study. When it comes to the Fmoc dipeptides, nanobelt 

structures were observed and the nanobelts can even form hydrogel networks. The NDI is 

an aromatic chromophore that can provide π-π stacking interactions as one attraction 

force for assembly; the dipeptides backbones can form hydrogen bonding in β-sheet 

pattern, which also helps packing. The positive charge on the amine of the other 

lysine side chain can provide the necessary repulsion for assembly. In Fmoc-

KK(NDI)-NH2, the Fmoc group also enhanced the π-π stacking (Figure 15). 

  

Figure 15. Representation of β-sheet assembly of lysine-NDI dipeptides into nanofiber 

and nanobelts.
106
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        Besides these NDI dipeptides structures, we also designed and examined the 

assembly behaviors of a class of NDI bolaamphiphile structures
107

 and the assembly 

behaviors of series of NDI with mono-lysine amphiphiles (Figure 16).
105

 In the 

bolaamphiphile design, the NDI was bonded to two lysine residues on both sides. The π-

π association among the NDI chromophores serves as the driving force for assembly in 

water. The lysine headgroups on both sides offer electrostatic interactions.
111-112

 When (R 

= O
-
), bolaamphiphile A was reported to self-assemble into monolayer nano-rings first 

and further pack into 1D (one dimensional) nanotube structures, as shown in the TEM 

images. This type of amphiphiles has revealed great homogeneity in structure and 

conformation that leads to rapid energy migration within the nanotubes, which is 

confirmed by time-resolved fluorescence anisotropy experiments. For the families of 

NDI-Lysine peptides, NDI chromophore was connected to n-butyl group on the other 

side. The n-butyl NDI parts together constitute the hydrophobic tail whether the lysine 

derivative serves as the hydrophilic head. All three compounds adopt one dimentional 

nanotube assembly conformations under high concentration. Based on the TEM 

measurement and atomic force microscope (AFM) study, the tubes formed by Lys(NDI)-

OH and Lys(NDI)-NH2 are bilayers, the Lys(NDI)-OCH3 tube is tetra-layer, this is due to 

the surfactant-like structure which promotes the packing of the hydrophobic tail-to-tail 

packing pattern. We raised a hypothesis that the methyl ester group at the interlamellar 

interface might induce subtle change in bilayer adhesion that further lead to the 

multilamellar nanotube structure.
113-115
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Figure 16. a. The Structures of bolaamphiphiles A (R = O
-
) and B (R = OMe) and the 

proposed assembly model of A.
107

 b. Structure of Lys(NDI)-COR and corresponding 

assembly structures and models (R1 = OH, R2 = OCH3, R3 = NH2).
105

  

 

        Besides the NDI peptides hybrids, our group has expand the self-assembly design to 

peptide hybrid systems with other chromophores, such as coumarin,
104

 camptothecin
116-

117
 and 5-fluorouracil pieces.

118
 In 2015, our group has reported the photo-crosslinking of 

a self-assembled coumarin-dipeptide hydrogel.
104

 The lysine-lysine dipeptides was 

functionalized with 7-(dithylamino)-3-coumarin carboxylic acid (7-DAC) chromophore. 

This DAC-KK(DAC)-NH2 structure is capable of self-assemble into nice long nanofiber 
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conformation and form hydrogel structure in both water and phosphate-buffered saline 

(PBS) solution. Both hydrophobic and π-π interactions were induced by the DAC 

chromophores. The assembly adopts β-sheet secondary structure attribute to the dilysine 

backbone. With moderate ultraviolet (UV) light irradiation at 365 nm on the nanofibers, 

the coumarin groups dimerize and crosslink with neighbor ones and further stabilize the 

fiber structure (Figure 17). During this process, the mechanical properties of hydrogel are 

greatly enhanced upon dimerization crosslink according to the rheology study of 

oscillatory shear. Extensive irradiation interrupts the hydrogel structure and lead to 

precipitation. 

 

Figure 17. The structural design and the assembly model of coumarin dipeptides 

hydrogel.
104

 Copyright 2015 CrossMark.  
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Chapter 2: Photo- and Thermo- Responsive Sol-Gel Conversion Based 

on the Self-Assembly of Spiropyran Derivative 
 

2.1 Introduction 

        Functional materials that are capable of responsive to different external stimuli like 

pH, temperature, electric fields and salt concentration,
119

 have been a great interest in the 

field of material.
120-126

 Particularly, as one of the most efficient and promising stimulus, 

light has received much attention as it can be controlled spatially and accurately with 

ease.
127-131

 Photo-responsive materials that can exist in two thermodynamically stable and 

reversible states with distinctly different properties undergoing photochemical reaction 

are great candidates for smart materials.
15, 54, 132-135

 The incorporation of photo-switching 

chromophores in development of materials provides valuable insights to further 

applications in optical storage,
136-138

 display devices,
139

 molecular recognition,
140-141

 drug 

delivery and wettability.
142-143
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Figure 18. Common photochromic molecules: azobenzene and diarylethenes. Copyright 

2010 Wiley Online Library 

 

        The photochromism phenomenon was first discovered in 1867 by Fritzsche with a 

tetracene solution that was organge-colored at night and bleached under sunlight. 
144

 

However, it was not until late 20
th

 century when a series of photo-switching 

chromophores, such as azobenzene, spirooxazine and diarylethene have been discovered 

and reported (Figure 18).
145-148

 There are two common classes of photo-responsive 

chromophores; the first type undergoes E/Z isomerization with certain light irradiation, 

the second type converts between the ring-closure and ring opening states with light 

triggers.  

        Typical chromophore examples for the first type are azobenzenes, stilbens, 

dibenzuberane,
149

 and diphenylbutadiene. Among those trans-cis changeable 

chromophores, azobenzene has been widely applied to a considerable number of cases in 

developing photo-responsive materials.
150

 The cis and trans azobenzene isomers are 

facing different directions that can change the length of molecules when aligned 
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vertically and generate self-assembled mololayers (SAMs). Via this process, a photo-

switchable surface can be formed. Mayor and coworkers
151

 have proposed a azobenzend 

thiol derivative based on Au(111) film. The trans-cis isomerization changed the direction 

of connected RGD group and further changed the distance between RGD and the cell. 

The film can only connect to the Hg-drop electrode when azobenzene derivatives are 

trans forms. Similar examples such as the photo- controlled cell-adhesion experiments 

have also been designed by Shao and coworkers (Figure 19).
152

 Besides those mentioned 

chromophores, this type of photo-triggering E/Z transformation is also discovered in 

some natural protein structures, such as the 13- and 15- cis-trans configuration change in 

retinal proteins
153

. However, the designed applications for this type of E/Z isomerization 

are merely limited to the geometry change, since the chemical properties for E/Z isomers 

are often very similar. Another drawback for this type of design is, when applied as 

SAM, sometimes the E isomers assemble in a too crowded fashion that hinders the Z 

isomerization with limited space. 

 

Figure 19. Photocontrolling cell-adhesion based on azobenzene chromophore.
15, 152

 

Copyright 2010 Wiley Online Library. 
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        The second type of ring-opening/closure chromophores examples are diarylethenes, 

fulgimides and spiropyran/-oxazines. Diarylethene chromophores have been incorporated 

into field of liquid crystal study.
154

 A type of photoprogrammable organic light emitting 

diode (OLED) based on diarylethenes has been designed and synthesized by Meerholz 

and cowerkers.
155

 In their design, crosslinkable polymerizable 1,2-

dithienylperfluorocyclopentene derivative (XDTE) has been used to prepare a photo-

chromic layer to control hole transport. As the XDTE isomers change from ring-open to 

ring-closed form, a shift of HOMO levels is induced by ca. 0.6 V that enables the hole 

transportation. Efficient ON:OFF OLEDs with high ratio and electroluminescence can be 

achieved and may be utilized for signage applications.  

 

 
Figure 20. The conversion between spiropyran (SP), merocyanine (ME) and protonated 

merocyanine (MEH) forms. 
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        Among the second type chromophores, spiropyran (SP) and spirooxazine derivatives 

has been an effective and well-known class of chromophore.
147

  It has been discovered 

that provided enough heat or under ultraviolet light irradiation, the spiropyran can 

undergo structural change into the open and deeply-colored merocyanine (ME) form with 

the photo-cleavage of the C-O bond and change from colorless to an orange color.
142

 This 

process is reversible as with visible light irradiation, the open merocyanine form will 

convert back to the closed spiropyran form. In addition, with trifluoroacetic acid addition, 

the open merocyanine(ME) form will be protonated and turn into the protonated 

merocyanine (MEH) form (Fig. 1). This protonated MEH form can and change back to 

the spiropyran closed form (SP) with deprotonation under visible light irradiation.
156

 The 

three forms, SP, ME and MEH possess different physical and chemical properties and 

moreover, exhibit distinctive and signature absorbance band in UV spectrum which can 

be easily detected.
156-163

 These interesting features have been applied to change the 

permeability of a self-assembly material.
164

 As far as we know, very few cases have been 

reported for materials with photo-responsive tunable rheology property. Only several 

cases of photo-switch solution-gelation transformation were reported, in 2013 with 

supramolecular structure through non-covalent and covalent bonding change.
130

 Herein, 

we report a photo-controllable gel-sol spiropyran derivative material based on merely 

non-covalent interactions of small organic molecules which are more dynamic and are 

possible to be tuned by various conditions or outside stimulus. 
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Determine amyloid fibril structure experiment 

        Amyloid fibrils have been discovered in many protein-misfolding diseases, such as 

Alzheimer’s disease, Parkinson’s disease and type-II diabetes.
165-166

  A wide range of 

proteins have adopted amyloid fibril deposits, which is known to have a long and ribbon-

like appearance and consisting of “cross-β” architecture.
167-168

 Based on this morphology, 

the β-strands of the protein lie perpendicularly with the long axis of the fibrils. 

Throughout the centuries, scientists have discovered several dyes to specifically identify 

this type of structure, such as “Congo red” and Thioflavin-T (ThT).
169

 In comparison to 

“Congo red”, Thioflavin-T has become a widely accepted standard to diagnose the 

existence of amyloid fibrils with great convenience and high accuracy of recognizing 

peptides structures with various different amino acids sequences.
170

 

 

Figure 21. The Structure of Thioflavin-T.
167

 Copyright 2010 National Institutes of Health 

 

          Thioflavin-T is capable of binding specifically to amyloid fibril structure and gives off 

fluorescence emission around 480 nm. With the large increase of fluorescence around 480 

nm when mixed with Thioflavin-T, the amyloid fibril structures can be determined. The 
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reason for this fluorescence enhancement after binding has been unveiled by further study.171-

172  It has been suggested that the benzathiole part and the benzylamine rings can rotate freely 

in solution with a low energy barrier.172 The excited state of ThT was quickly quenched by 

the rotation process, results a low fluorescence emission. When binds to amyloid structure, 

the two parts are sterically “locked” in their places and cannot rotate with ease to quench the 

fluorescence. Therefore the viewers can observe a prominent increase in the fluorescence 

spectra.171, 173  

        The mechanism behind the binding process has also been studied and several different 

models have been proposed,167, 174 such as channel binding models by Kreb and coworkers165 

and the self-assembly models by Khurana and coworkers.174-175 Among them, the assembly 

model based on critical micelle concentration was questioned by some later studies176 and the 

channel binding model is widely accepted. In this model, ThT selectively binds to the “cross-

strand ladders” side chains of the peptides in protein.165 These ladders are naturally formed 

during the self-assembly process and are generally parallel to the long axis of fibrils. In this 

way, these side-chains can generate the channel-like binding sites for ThT molecules to 

attach.177-179  

     In general, the ThT binding assay has become a standard protocol to diagnose amyloid 

fibril type structure in protein or peptides series. We also used this method to examine the 

structure of our spiropyran self-assembly system.  
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2.2 Results and Discussion 

Design of spiropyran conjugates 

        The design of Spiropyran (SP) tetrapeptides Fmoc-KK(SP)KF-NH2 is based on a 

previous study of  7-(diethylamino)-3-coumarin carboxylic acid (7-DAC) -tetrapeptides 

conjugates104-107 which can self-assemble into nanofiber structure. The Fmoc- group and the 

phenyl group of phenylalanine (Figure 22) can assemble through both hydrophobic force and 

also  π-π stacking. The alternation hydrophilic and hydrophobic amino acids sequence has 

been discovered to have the tendency to form β-sheets in aqueous solution and they can 

establish a hydrophilic phase on one side and a hydrophobic phase on the other sides.  

http://fsymbols.com/signs/pi/


39 

 

 

 

 

Figure 22. a. The structural and design of SP-tetrapeptide conjugates which undergo 

structural change into the MEH form with heat in acidic condition. b. Schematic 

representation of SP and MEH tetrapeptides monomer. c. Proposed self-assembly model 

of SP tetrapeptides. 
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        In our design, the KKKF amino acid sequence (shown in green, Fig. 2) can provide the 

β-sheet interactions among molecules. In addition, the spiropyran stay at the hydrophobic 

side. Under visible light, the closed spiropyran form can provide more hydrophobic forces to 

further stabilize the self-assembly structure. The protonated free amine group of lysine can 

provide the repulsive electrostatic interaction for the hydrophilic phase. Under UV=254 nm 

irradiation or enough heat, the spiropyran will isomerize into the open merocyanine (ME) 

form with the photo-cleavage of the C-O bond.147 With this structural change, the protonated 

merocyanine form structure in acidic condition is much more polar than the original 

spiropyran form, which may interrupt the entangled fibril structure. This open form is 

relatively stable under dark conditions without visible light irradiation. With visible light 

irradiation, the open merocyanine form can be reversibly changed back into the hydrophobic 

closed form and reform the fibril networks. 

 

Synthesis and property of Fmoc-KK(SP)KF-NH2 (5)  

        Compound 1’,3’,3’-Trimethyl-5’-carboxy-6nitrospiro[2H-benzopyran-2,2’-3H-

indole] (4) was synthesized via four step reactions from 4-hydrazinobenzoic acid as shown in 

scheme 1. The 2,3,3-Trimethyl-5-carboxy-3H-indole (1) is formed by the condensation 

reaction of this precursor and isopropylmethylketone. The methylation of 1 with iodomethane 

gives indolium product 1,2,3,3-Tetramethyl-5-crboxy-3H-indolium iodide (2). Then 2 is 

dissolved in KOH solution to afford 1,3,3-Trimethyl-2-methylene-5-carboxy-3H-indole 

(SP3). A condensation of 3 and 2-hydroxyl-5-nitrobenzaldehyde yields the 4 (SP-COOH) 

spiropyran piece. This piece is used as a building block to synthesis the Fmoc-KK(SP)KF-

NH2 tetrapeptides following the standard solid-phase synthesis scheme on rink amide resin. 
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Fmoc-Phe-OH was coupled to the rink amide resin (loading 0.8 mmol/g ) with 1,3 - 

diisopropylcarbodiimide (DIC), and 1- hydroxybenzotriazole (HOBt) ( 300% mol each 

relative to resin) in 1:1 dimethylformamide/dichloromethane (DMF/DCM). Fmoc group 

was removed under 20 % piperidine in DMF. Fmoc-Phe-OH, Fmoc-Lys(Boc)-NH2 and 

Fmoc-Lys(Mtt)-OH were coupled to the peptide-resin in sequence under 

fluorenylmethyloxycarbonyl group (Fmoc-) protected amino acids, HBTU, HOBt and 

N,N - diisopropylethylamine (DIPEA) in DMF. The methytrityl (Mtt-) protecting group 

was removed with 1% TFA. The SP4 was then coupled to the free amine group after the 

Mtt deprotection. The final product was cleaved off the resin under concentrated TFA 

solution, precipitated from diethyl ether and purified with high performance liquid 

chromatography (HPLC). The purity of product was assessed by 1H, 13C NMR, ESI and 

analytical HPLC.  
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Scheme 1. Synthesis Scheme of Fmoc-KK(SP)KF-NH2(5). 
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Photo-responsive gel-solution conversion  

        To achieve the three different forms: ME, MEH and SP, four different 10 mM stock 

solutions of compound 5 (Fmoc-KK(SP)KF-NH2) were prepared in H2O and 0.75% TFA of 

H2O respectively and labeled a~d. All solutions a~d were heated up to 60℃ for 1 h and then 

cooled down to room temperature in order to open the spiropyran moiety. Solutions a and c 

were prepared in water, solution a was aged 3 days in dark trying to keep the open ME form. 

Solution c was aged under visible light (broad LED light spectrum) for 3 days, trying to 

change back to the SP form under irradiation. Meanwhile, two other solutions, b and d were 

prepared in 0.75% TFA aqueous solution. Solution b was aged in dark for 3 days to keep the 

MEH form and solution d were aged under visible light irradiation (broad LED light 

spectrum) for 3 days to change back into the SP form. In H2O, Fmoc-KK(SP)KF-NH2 stays 

as a solution form under both visible light and in dark (Figure 23). Interestingly, in 0.75% 

TFA, the tetrapeptide conjugates solution d formed gel after aging(Figure 23,24). When 

heated up to over 60℃, the hydrogel formed by Fmoc-KK(SP)KF-NH2 can change into 

liquid solution states and is rather stable under dark condition (Fig.4). This process is 

reversible, since Fmoc-KK(SP)KF-NH2 solution can form hydrogel again under visible light 

irradiation. 
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Figure 23. Solution images of 10 mM Fmoc-KK(SP)KF-NH2: Solution a. 10 mM 5 in 

H2O kept in dark for 3 days, b. 10 mM 5  in 0.75% TFA kept in dark for 3 days, c. 10 

mM 5 in H2O and aged under visible light for 3 days, d. 10 mM 5 in 0.75% TFA and 

aged under visible light for 3 days. 

 

        As is shown in Figure 23, in 0.75% TFA, Fmoc-KK(SP)KF-NH2 stay as the 

hydrophobic closed spiropyran form under visible light so that a rather fibril network can be 

established and even gel is formed. When heated to over 60℃, the spiropyran part converts 

into the protonated merocyanine form (MEH). The protonated merocyanine form (MEH) is 

much polar than the original closed spiropyran form (SP) so that it interrupted the stability of 

the hydrophobic phase and further damaged the fibril network. The ratio change of the closed 

and the open forms under different temperature has been investigated by analytical HPLC 

(Figure 27~28). Solution b and gel formed by solution d can change into each other’s state 

with light irradiation or heat (Figure 24).  
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Figure 24. Conversion of 10 mM Fmoc-KK(SP)KF-NH2 in 0.75% TFA between the gel 

state (solution d) and the liquid state (solution b). 

 

Ratio study of open and closed forms for photo-switchable gel under visible light 

irradiation 

        The structural change of spiropyran can also be investigated by analytical HPLC 

since different closed and open forms of spiropyran have their distinct retention time. The 

open form merocyanine is much more polar than the closed spiropyran form and thus 

have a smaller retention time. 
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Figure 25. Ratio change of the open and the closed forms of 10 mM spiropyran 

tetrapeptides solution in 1% TFA under visible light irradiation. Solution b is the starting 

solution (time = 0). 

   

0 min (in Dark)  

Continued 

 

Figure 26. Corresponding reverse-phase analytical HPLC graphs of spiropyran 

tetrapeptides during the irradiation process. All graphs were taken at 370 nm UV 

absorbance with 0.1% TFA of Acetonitrile/H2O solution, method: 0~5 min 27% 

acetonitrile, increase to 75% acetonitrile at 50 min, decrease to 20% at 55 min. 
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Figure 26 continued 

 

10 min 

 

20 min 

Continued 
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Figure 26 continued 

 

40 min 

 

60 min 

Continued 
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Figure 26 continued 

 

120 min 

 

180 min 

Continued 
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Figure 26 continued 

 

240 min 

 

300 min 

Continued 
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Figure 26 continued 

 

360min 

 

        The existence of closed form of spiropyran and the two different open form of 

spiropyran can be observed by analytical HPLC. From HPLC absorption, at time 0, 

solution b has 77.6% of open spiropyran form (Figure 25). After visible light irradiation, 

a new peak with a larger retention time appeared in the HPLC study increased drastically. 

With longer time irradiation, the open form peaks decreased as the closed form peak 

increased. After 6 hours’ irradiation, the closed form ratio reaches 98.9% and the open 

form decreased to 1.10%. The change in analytical HPLC study with visible light 

irradiation further confirmed the structural change from open protonated merocyanine 

form to the closed spiropyran form. Gelation of the 10 mM solution b also occurred after 

3 days irradiation under visible light of LED broad spectrum at 20 ℃. 
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Thermo-controlled transformations between the closed and the open form of 

spiropyran tetrapeptides. 

 

Figure 27. Ratio change of the open and the closed forms of 10 mM spiropyran 

tetrapeptides 5 solution in 0.75% TFA at different temperature. 

 



53 

 

 

 

 

20℃ 

 

45℃ 

Continued 

 

Figure 28. Corresponding analytical HPLC peaks of solution under different temperature 

during the heating process. All graphs were taken at 370 nm UV absorbance with 0.1% 

TFA of Acetonitrile/H2O solution, method: 0~5 min 27% acetonitrile, increase to 75% 

acetonitrile at 50 min, decrease to 20% at 55 min. 
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Figure 28 continued 

 

60℃ 

 

75℃ 

Continued 
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Figure 28 continued 

 

85℃ 

 

        The opposite process was also investigated by change in temperature as the convert 

between the closed and the open form of spiropyran is also known as a thermo-controlled 

process. Fresh 10 mM Fmoc-KK(SP)KF-NH2 solution in 0.75% TFA was prepared and 

aged under visible light for 3 days at 20℃ with gelation observed. Then the solution was 

heated to different temperature by oil bath and stayed for one hour in dark, and then the 

ratio was studied by analytical HPLC. As temperature increased to 60℃, the gel, formed 

by 97.6% of closed spyropyran form, changed into solution and the open form ratio 

increased drastically from 2.4% to 69.0 %. When heated to 85℃, the open form almost 

reaches 83.3%. The solution formed after heating was cooled down into 20℃ and kept in 

dark for a week. It stayed as liquid form with no gelation occurred. This also confirmed 
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that the solution state forms and stays as the compound stays in majorly open form. When 

opposed under visible light for a week, the solution can changed back into the gel form as 

the open form convert back into the closed form. Therefore, the reversed closed 

spyropyran form to the open protonated merocyanine form process was achieved by 

heating process. This solution-gelation convention can be tested for at least 3 cycles. This 

shows the reversibility of the interconversion between two states.  

Ratio study of gel d heated and stays at 60℃ for different time 

        The influence of time during heating process has also been studied. The 10 mM 

Fmoc-KK(SP)KF-NH2 solution in 0.75% TFA solution gelated in visible light was heated 

by 60℃ oil bath in dark and the ratio was tested after different time. The ratio of the open 

form increased immediately from 1.60% to 72.8 % as the temperature increased during 

the one hour in the 60℃ oil bath and stayed stably over 70% after 3 hours. The solution 

also formed during the process. This indicates that the ratio of the open and the closed 

form are rather stable after stay in oil bath for 1 hour. And the thermo-controlled closed 

to open form conversion is a rather quick process and is almost completed in one hour. 
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Figure 29. Ratio change of the open and the closed forms of 10 mM spiropyran 

tetrapeptides solution in 0.75% TFA heated and stays at 60℃ for different time and 

corresponding analytical HPLC. 

 

Ratio Study of gel d under UV = 254 nm irradiation 

        The reversed process has also been investigated under UV = 254 nm irradiation after 

the solution formed gel. And the corresponding ratio change has been studied by HPLC. 

After 3 days aging under visible light, gelation has been discovered and the ratio of 

closed and open form has also been tested. The initial gel has 96.0% closed form, 2.05% 

open form and a small amount of decomposed impurities with an ESI of 1105.5. With 30 

min UV = 254 nm irradiation, the gel changed into solution again with the open form 

increased and stays rather stable around 40%, the closed form also decreased into 47.6%. 

With longer irradiation, more closed form has decomposed into the impurities. This 
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suggests that the opposite transformation from closed spiropyran form to the open form is 

a partially-reversed process. 

 

Figure 30. Ratio Study of the open and the closed forms of 10 mM spiropyran 

tetrapeptides solution in 1% TFA (gel d) under UV = 254 nm irradiation and 

corresponding analytical HPLC. 

 

Transmission Electron Microscopy (TEM) 

        The self-assembly behavior of the tetrapeptide solutions (a~d) were investigated by 

transmission electron microscopy (TEM) after dilution to 1mM. For aqueous solution a 

and c, SP-tetrapeptide solutions do not have very ordered self-assembly conformation, 

mostly amorphous aggregates. In 0.75% TFA and aged under visible light, solution d 

turned into gel and revealed nanofiber structure under TEM. Each fiber was formed by 

two strands of fibril of 6±1nm diameter twisted together. The fibers further entangle into 
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a network structure and thus form hydrogel. When heated up to 60℃ and aged in dark in 

the presence of TFA, tetrapeptides majorly stays in the protonated open form with a small 

amount of protonated closed form, which provides minimal self-assembly of nanofiber 

structures. The protonated open form failed to assemble into ordered structures since it is 

too polar and hydrophilic. For the small amount of the protonated closed form, the 

hydrophobic phases of molecules face each other. Most of nanofibers are separated as 

monomers rather than entangled together. 
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Figure 31. TEM images of solution a, b, c and d. a. Solution a: 1 mM 5 in H2O kept in 

dark for 3 days, b. Solution b: 1 mM 5  in 0.75% TFA kept in dark for 3 days, c. Solution 

c: 1 mM 5 in H2O and aged under visible light for 3 days, d. Solution d: 1 mM 5 in 0.75% 

TFA and aged under visible light for 3 days. 

 

Atomic Force Microscopy (AFM) 

        In the gel formed by solution d, nanofiber structures were observed by atomic force 

microscopy. In the AFM image, each nanofiber is twisted and a pair of fibers further 
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entangled into twisted fibrils structure. The thickness of each fibril is around 3 nm, which 

is smaller than the 5±1nm diameter measurements by TEM images. This difference is 

most likely due to the compression of the fibril by the AFM tip. These observations are 

consistent with the amyloid fibrils conformation found in the TEM study. 

 

Figure 32. AFM image of nanofibers of gel d (1 mM Fmoc-KK(SP)KF-NH2 in 0.75% 

TFA aged under visible light for a week at 20℃). 

 

Thioflavin-T(ThT) binding experiment 

        The self-assembly nanofiber structures of gel d were investigated by Thioflavin-T 

(ThT) binding experiment (Figure 33). The ThT binding experiments suggest the 

conformation of amyloid fibers for the observed fiber structures. Amyloid formation can 

be detected by ThT as an indicator. Upon binding to amyloid fibrils, the fluorescence 

emission of ThT will increase strongly when excited at 450 nm. As shown in Figure 33, 
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without gel d (Fmoc-KK(SP)KF-NH2) addition,  ThT experiences weak fluorescence. 

However, when 5 μL gel d were added to 0.5 mL 0.05 mM ThT working solution, a 

drastic increase of fluorescence intensity of emission at 482 nm was observed. With 

another 5 μL gel d added to the system, fluorescence intensity further enhanced 

significantly as more gel d bond to ThT. These results suggest the successful binding of 

ThT with gel d, which indicates the self-assembly nanofibers formed by gel d adopt the 

β-sheet amyloid fibril structure as we expected. 
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Figure 33. Fluorescence emission spectra of 25 μL ThT with varying gel d 

concentrations. Black line: 25 μL ThT without gel d binding. Red line: 25 μL ThT with 5 

μL gel d addition (0.1 mM Fmoc-KK(SP)KF-NH2). Blue line: 25 μL ThT with 10 μL gel 

d addition (0.2 mM Fmoc-KK(SP)KF-NH2). 

 



63 

 

 

 

Ultraviolet-visible (UV-Vis) Spectroscopy 

        The conversion between closed spiropyran form (SP) and the open merocyanine 

form (ME) can be observed by Ultraviolet-visible (UV-Vis) microscopy and analytical 

HPLC. In H2O, when heated up to 60℃ and kept in dark (solution a) Fmoc-KK(SP)KF-

NH2 has a small peak at 500~550 nm, which originates from the merocyanine (ME) π-π* 

electronic transition and indicates the presence of the deprotonated open form of 

merocyanine (ME)
148

, (Figure 34 black line). The weak intensity of this peak 

demonstrates that, SP-tetrapeptides majorly stays as the closed spiropyran form 

(SP)(80.8%), which is confirmed with analytical HPLC (Figure 35a). In HPLC, the 

tetrapeptides with the protonated merocyanine form showed as a different peak from the 

closed spiropyran form with higher polarity. With visible light irradiation, this small peak 

disappeared, indicating that Fmoc-KK(SP)KF-NH2 the almost complete change into 

closed spiropyran form (Figure 34 blue line), which is 99.4% based on the HPLC study 

(Figure 35c). For solution in 0.75% TFA, after UV irradiation and kept in dark, there is a 

distinct peak around 415 nm (Figure 34, red line), which is the absorption band of the 

protonated merocyanine form
156

. In this condition, a large portion of SP-tetrapeptides 

changes into the protonated open merocyanine form (85.6% in Figure 35b). With visible 

light irradiation, the decreased intensity of the peak around 415 nm reveals that the 

tetrapeptides covert back into the closed spiropyran form (Figure 34, pink line) with a 

99.5% ratio (Figure 35d). The intense absorption band around 270 nm is related to the 

electronic transitions of the aromatic benzene ring. The band around 340 nm indicates the 

internal charge-transfer transition in the spiropyran system
156

. Although it is not distinct 
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,but both solutions in 0.75% TFA have slight blue shifts compared with the aqueous 

solutions, indicate that an H-type π-π interaction contributes to the self-assembly 

behavior. 

 

Figure 34. The UV-vis absorption of tetrapeptides Fmoc-KK(SP)KF-NH2 solution 

a~d.(0.5 mM) a. in H2O kept in dark, b. in 0.75% TFA kept in dark, c. in H2O and aged 

under visible light, d. in 0.75% TFA and aged under visible light. 

 

http://fsymbols.com/signs/pi/
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Figure 35. The corresponding analytical HPLC ratio of Fmoc-KK(SP)KF-NH2 for UV 

and CD study: a. in H2O in dark (19.2% Open from, 80.8% Closed form), b. in 0.75% 

TFA in dark (85.6% Open form, 14.4% Closed form), c. in H2O under visible light (0.4% 

Open form, 99.6% Closed form), d. in 0.75% TFA under visible light (0.5% Open form, 

99.5% Closed form). 

 

Circular Dichroism (CD) Study 

        To investigate the relative spatial arrangement of Fmoc-KK(SP)KF-NH2 molecules 

in the assembly, the corresponding CD spectra of a~d four solutions have also been 

measured. For both aqueous solution (a,c), there is no distinct CD signal for self-

assembly, which corresponds to the amorphous aggregates in TEM measurements. For 

the Fmoc-KK(SP)KF-NH2 solution in 0.75% TFA in dark(b), there is no distinct CD 

signals either, corresponding to the minimal assemblies in TEM (Figure 36b).For the 

sample in 0.75% of TFA under visible light (solution d), the CD spectra have two distinct 

negative absorbance bands, around 230 nm and around 275 nm. The broad negative band 
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exhibited near 220 nm is also the signature absorbance of β-sheet type secondary 

structure
180

. Thus the nanofibers formed by Fmoc-KK(SP)KF-NH2 solution in 0.75% 

TFA is formed by the protonated closed forms with a β-sheet type secondary structure. 

The excitonic couplets centered at 267 nm correspond to the UV absorption peak at 269 

nm, which is for the electronic π-π* transition band from the indoleline part of 

spiropyran181. This transition, responsible for the first absorption band, is parallel to 

long axis of indoleline part of spiropyran moiety as reported.182 The negative exciton 

couplets indicate an M-type helical structure for assembly. 
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Figure 36. CD spectra (0.5 mM) of tetrapeptides Fmoc-KK(SP)KF-NH2 solution a~d. 
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Fourier-transforminfrared (FT-IR) spectrum study 

        Fourier-transform infrared (FT-IR) studies were conducted to investigate the 

secondary structure of spiropyran tetrapeptide conjugates in self-assembly. For both 

sample b and d, H2O and TFA solvents were removed by lyophilization, and were re-

dissolved in D2O to get the FTIR spectra a and b respectively (Figure 37). In both spectra, 

the major peaks appeared at 1674 cm
-1

 are referred to the C=O stretch absorption band of 

the amide group of spiropyran. The place of the amide I band vibrations arising from 

C=O stretch of amide group is a signature for different secondary structures in poly-

peptides and proteins. For the gel solution under visible light formed by the closed 

spiropyran forms, a distinct peak at 1630 cm
-1

 indicates a β-sheet secondary structure, 

typically 1620 -1640 cm
-1

 amide I band. After deconvolution, a small peak around 1648 

cm
-1

, which is among the 1640 -1650 cm
-1

 non-ordered structure absorption band, 

showed a small portion of Fmoc-KK(SP)KF-NH2 with non-ordered secondary structure 

with 12%. However, the major secondary structure for the closed spiropyran form 

assembly is β-sheet with a much stronger absorption band that takes up 88%. Therefore, 

the tetrapeptides backbone majorly adopts a β-sheet secondary structure in the assembly, 

which is consistent to the CD spectra in Figure 36. For solution in dark formed by the 

open merocyanine form, a non-ordered structure band around 1644 cm
-1

 is much stronger 

and no significant β-sheet band was observed, consistent with the CD spectra, indicating 

a dominate random coil secondary structure.  
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Figure 37.  FT-IR spectra of the tetrapeptides sample b and d re-dissolved in D2O to 

prepare 20 mM solution after lyophilization. a. Gel d under visible light (20 mM), b. 

solution b in dark (20 mM). 

 

Rheology Study 

        The physical property of gel after annealing process has been tested under the mode 

of dynamic sweep at sweep rate of 6.28 rad/s. Solution d was aged for a week to form gel 

sample after first heating cycle. Then the gel has been heated to 60℃ for an hour and it 

turns into dark liquid solution as a large part of spiropyran opens. Then the solution was 

cooled down and aged for another week to form gel for the second cycle. The rheology of 

the second cycle gel was tested after one week of the heating up process. In Figure 38, 

both the first and the second cycle exhibit higher storage modulus (G') than lost modulus 

(G''), which reveals the viscoelastic property of the gel. The storage moduli of both 

samples exceed the corresponding lost moduli by a factor of 5. The second cycle gel was 

even more viscoelastic than the first cycle gel, with a significantly higher storage 

modulus of 260 Pa, the lost modulus has also increased to around 50 Pa. This increased 
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viscoelasticity showed a rather good recovery of physical properties of gel and indicates 

that the changing process is reversible. The reason for this change remains unclear. One 

hypothesis is that the heating process did not break down the gel fibers completely; short 

fibers still remain in the solution. So after cooling down and aging, a further branched gel 

fiber network was formed with an even firmer gel. The mechanical property of gel is 

concentration-dependent.  
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Figure 38. Rheology of 10 mM Fmoc-KK(SP)KF-NH2 sample gel in 0.75% TFA for 1
st 

and 2
nd

 heating cycle. 

 

        The 20 mM sample showed a much stronger viscoelasticity with a storage modulus 

of around 380 Pa and a similar tolerance of % strain (Figure 39). It also takes much 

longer to form a gel since is more concentrated, which takes longer to be converted by 

visible light and forms a stronger gel with more fiber networks under higher 

concentration. 
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Figure 39. Rheology of 10 mM and 20 mM Fmoc-KK(SP)KF-NH2 sample gel in 0.75% 

TFA. 

 

        The influence of TFA concentration has also been studied, three 10mM Fmoc-

KK(SP)KF-NH2 under 0.75%, 1.0% and 1.5% TFA concentration solutions were 

prepared. The sample under 1.5% TFA precipitated out and failed to form gel. Sample in 

1.0% and 0.75% TFA formed gel successfully after two days’ aging. The rheology 

properties of them have been tested after 1 week aging (Figure 40). The sample in 1% 

TFA shows a better viscoelasticity than the sample in 0.75% TFA with a storage modulus 

of 110 Pa, but less tolerant to the external force as it started to break down under a much 

smaller strain of 2% strain. 
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Figure 40. Rheology of gel samples formed by 10 mM Fmoc-KK(SP)KF-NH2 in 0.75% 

TFA and 1.0% TFA. 

 

2.3 Conclusions 

        We have designed and synthesized a spiropyran tetrapeptides conjugate Fmoc-

KK(SP)KF-NH2 following the solid-phase synthesis route. This compound can dissolve 

in 0.75% TFA aqueous solution and self-assemble into amyloid β-sheet nano-fibrils 

structure and further form gel on macroscale. When heated up to over 60 ℃，spiropyran 

opens and formed the polar protonated MEH form. This process disrupts the nano-fibril 

assembly and turns gel into solution form. The assembly and disassembly were 

confirmed by CD study. With visible light irradiation, protonated merocyanine form 

releases the proton and converts back into the closed spiropyran form, restoring nano-

fiber assembly structure and gel property, rendering the entire process reversible. The 

transision between different states of SP, MEH can be monitored by UV-Vis spectrum 

and also analytical HPLC. Both CD and Infrared spectrums revealed that Fmoc-
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KK(SP)KF-NH2 tetrapeptides adopt β-sheet secondary structure. The gel properties was 

tested and confirmed by rheometer.  

        Herein, we report a novel type of photo-and thermos-responsive assembly material 

that switches its rheology properties in macroscale based on the reversible chemical 

structural change of a small organic molecule. This type of material is very rare so far. 

Our molecule can provide valuable insights to future materials design and may further be 

applied to optical memory devices, wettability and even drug-delivery systems. 

 

2.4 Experimental Section 

Materials and General Method 

        The Fmoc-amino acids, and 1- hydroxybenzotriazole (HOBt), 2-(1H-benzotriazol-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were purchased from 

Chem-Impex Int’l Inc. The rink amide resin was obtained from ChemPep. 4-

hadrazinobenzoic acid, propylmethylketone, iodomethane and 2-hydroxyl-5-

nitrobenzaldehyde were purchased from Sigma-Aldrich. All the solvents were obtained 

from Fisher Scientific and All NMR solvents were from Cambridge Isotope Labs. 

Reversed-phase HPLC was conducted on C18 columns with use of 

water/acetonitrile/TFA gradients between 68:32:0.1 and 25:75:0.1. NMR spectra were 

obtained on Bruker AMX 400 pectrometers. All SP1~SP4 are known compounds, their 

NMRs are adopted from previous literature
183

. 

 

 



73 

 

 

 

2,3,3-Trimethyl-5-carboxy-3H-indole (1)  

        4-hadrazinobenzoic acid (6.1 g, 40 mmol), propylmethylketone (4.8 mL, 44 mmol) 

and concentrated H2SO4 (1.0 mL) was added to EtOH (120 mL) solution and heated 

under reflux for 12 h and then cooled to room temperature and filtered. Then a saturated 

aqueous solution of NaHCO3 (60 mL) was added to the filtrate and EtOH was removed 

under pressure. The left solution was washed with dicloromethane (DCM) (3 × 40 mL). 

Then the pH of aqueous phase was adjusted to 4 with 1M HCl solution and then washed 

with DCM (4 × 40 mL). The combined organic phase DCM was dried over MgSO4 and 

distilled under reduced pressure to obtain 2,3,3-Trimethyl-5-carboxy-3H-indole (7.88 g, 

97%) as a brownish solid: mp = 192℃; FABMS m/z = 204 [M + H]
+
; 

1
H NMR (400 

MHz, CDCl3) δ = 1.35 (6H, s), 2.40 (3H, s), 7.69 (1H, d, 8 Hz), 8.07 (1H, d, 1Hz), 8.15 

(1H, dd, 1 and 8 Hz), 10.64 (1H, bs); 
13

C NMR (100MHz, CDCl3) δ = 15.6, 23.0, 54.1, 

119.7, 123.4, 128.4, 130.9, 145.5, 156.7, 171.0, 192.9
183

 . 

1,2,3,3-Tetramethyl-5-crboxy-3H-indolium iodide (2) 

        A solution of 1 (7.78 g 38 mmol) and MeI (2.8 mL, 44 mmol) in toluene/MeCN 

(2/1, v/v) 90mL was heated under reflux under argon for 14 h. The mixture was cooled to 

0 °C and the resulting precipitate was filtered washed with EtOH (5mL) and hexane (40 

mL) to obtain 1,2,3,3-Tetramethyl-5-crboxy-3H-indolium iodide (7.60 g, 57%) as an 

orange color solid: FABMS m/z = 219 [M + H]
+
; 

1
HNMR [400 MHz, CD3CN/CD3OD 

(5:1, v/v)] δ = 2.93 (6H, s), 4.07 (3H, s), 5.32 (3H, s), 9.18 (1H, d, 8 Hz), 9.63 (1H, dd, 1 

and 8 Hz), 9.68 (1H, d, 1 Hz); 
13

C NMR = 75 MHz, CD3CN/CD3OD (5:1, v/v)] δ = 22.4, 

36.0, 56.0, 116.4, 125.5, 132.2, 133.5, 143.2, 167.5
183

. 
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1,3,3-Trimethyl-2-methylene-5-carboxy-3H-indole (3) 

        A solution of the 2 in aqueous sodium hydroxide (0.32 M, 100 mL) was stirred at 

room temperature for 2 h. The pH of the solution was adjusted to 7 with aqueous HCl (1 

M) and the solution was washed with isopropanol/DCM(1/1, v/v) 6 × 30 mL. The organic 

phase was dried over MgSO4 and filtered, the solvent was removed under reduced 

pressure to yield 1,3,3-Trimethyl-2-methylene-5-carboxy-3H-indole (4.57 g 95%) as pink 

solid: FABMS m/z ) = 218 [M + H]
+
; 

1
H NMR (400 MHz, CDCl3) δ =1.37 (6H, s), 3.11 

(3H, s), 4.00-4.02 (2H, m), 6.56 (1H, d, 8 Hz), 7.79 (1H, d, 2 Hz), 7.98 (1H, dd, 2 and 8 

Hz); 
13

C-NMR (100 MHz, CDCl3) δ = 29.1, 30.0, 43.8, 104.5, 119.1, 123.9, 132.2, 137.9, 

151.2, 162.3, 171.6
183

. 

1’,3’,3’-Trimethyl-5’-carboxy-6nitrospiro[2H-benzopyran-2,2’-3H-indole] (SP-

COOH) (4) 

        (4.56 g 21 mmol) and 2-hydroxyl-5-nitrobenzaldehyde (4.22g, 25 mmol) was 

dissolved in 250 mL MeCN and heated under reflux under argon for 14 h. The solution 

mixture was cooled to 0 °C and the resulting precipitate was filtered and washed with 

hexane (50 mL) to afford 1’,3’,3’-Trimethyl-5’-carboxy-6nitrospiro[2H-benzopyran-2,2’-

3H-indole] (SP-COOH) as a pinkish solid (6.47g, 84%). FABMS m/z = 367 [M + H]
+
; 

1
H 

NMR [400 MHz, (CD3)2SO] δ =1.13 (3H, s), 1.24 (3H, s), 2.76 (3H, s), 6.02 (1H, d, 

10Hz), 6.70 (1H, d, 8 Hz), 6.92 (1H, d, 9 Hz), 7.26 (1H, d, 10 Hz),7.69 (1H, d, 8 Hz), 

7.81 (1H, dd, 2 and 8 Hz), 8.02 (1H, dd, 3 and 9 Hz), 8.24 (1H, d, 3 Hz), 12.39 (1H, s); 

13
C NMR (100 MHz, CDCl3) δ =19.5, 25.5, 28.4, 51.5, 105.9, 106.2, 115.4, 118.8, 120.9, 

121.6, 122.8, 122.9, 125.8, 128.5, 130.8, 135.9, 140.7, 151.2, 158.9, 167.3
183

. 
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Fmoc-KK(SP)KF-NH2 

         The protected amino acid, tetrapeptides Fmoc-K(Boc)K(Mtt)K(Boc)F-NH2 were 

manually synthesized through standard solid-phase peptides synthesis scheme on rink 

amide resin (loading 0.8 mmol/g ) by using Fmoc-Phe-OH, Fmoc-Lys(Boc)-NH2 and 

Fmoc-Lys(Mtt)-OH. Fmoc-Phe-OH were coupled to the rink amide resin swelled in 

DCM for 1 h, with standard techniques: 1,3 - diisopropylcarbodiimide (DIC), and 1- 

hydroxybenzotriazole (HOBt) ( 300% mol each relative to resin) in 1:1 DMF/DCM for 

1.5 h. The general amino acids coupling steps were completed with adding 2.0 

equivalents of targeted fluorenylmethyloxycarbonyl group (Fmoc-) protected amino 

acids, HBTU, HOBt and 4.0 equivalents of N,N - diisopropylethylamine (DIPEA) and 

reacted for 1.5 h. A solution of 20 % piperidine in DMF was used to deprotect the Fmoc 

group and the removal of methytrityl (Mtt-) protecting group was accomplished with 

adding 1% trifluoroacetic acid (TFA) in DCM for 8 × 5min, then the deprotected free 

amine was coupled with 1.5 equivalencts of  4 with HBTU, HOBt and DIPEA in DMF. 

The SP-peptide conjugates were cleaved from the resin by the TFA/triethylsilane/water 

(94 / 5 / 1) at room temperature for 2 h. The crude tetrapeptides were precipitated with 

cold diethylether and purified by reversed-phased HPLC on preparative Varian Dynamax 

C18 column and stored as lyophilized powers at 0 °C. Peptide purity was assessed by 

analytical reverse-phase HPLC and identity confirmed using ESI-TOF mass spectrometry 

and NMR. FABMS m/z = 1119.5662 [M + H]
+ 

Detailed 
1
H NMR [400 MHz, (CD3)2SO] 

and 
13

C NMR [400 MHz, (CD3)2SO] are reported in Appendix A. Detailed HPLC and 

FABMS are reported in Appendix B. 
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Preparation of Spiropyran Tetrapeptides Solution 

        The freeze-dried tetrapeptides Fmoc-KK(SP)KF-NH2 was added to water and 0.75% 

TFA in water solution to prepare 10 mM stock solution. Each solution was divided by 

half; half of the solution was irradiated by UV = 254 nm for 3 h and aged at room 

temperature in dark condition for 3 days and the other half was moved under visible light 

of table lamp and aged for 3 days at room temperature. And name each solution a, b, c 

and d. 

Transmission Electron Microscopy (TEM) Measurement – Negative Stain TEM 

        Fmoc-KK(SP)KF-NH2 sample solution in H2O and 0.75% TFA (10 mM) were 

prepared and aged in dark for 3 days before the measuments. The solutions were freshly 

diluted to 1 mM and sonicated until completely dissolved. 10 μL drops of each SP-

tetrapeptide solution was applied to carbon coated copper grid (Ted Pella, Inc.) for 3 min. 

The excess solution was removed with filter paper and dried, and then the grid was 

floated on 10 μL drops of 2 % wt uranyl acetate solution for negative stain for 1 min. 

Atomic Force Microscopy (AFM) 

         AFM images were collected on Bruker AXS Dimension Icon Atomic Force 

Microscope under a nitrogen atmosphere in tapping mode using silicon tips 

(NSC14/AIBS, µMasch). Diluted sample solutions were dropped on freshly cleaved mica 

and allowed to dry for 30 min before imaging. The scanning speed was at a line 

frequency of 0.5 Hz, and the original images were sampled at a resolution of 512 × 512 

pixels. 
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Ultraviolet-visible (UV-Vis) Spectroscopy Measurement 

        The UV-Vis spectroscopy studies were conducted using a 1 mm path length quartz 

cuvette over the range of 200-700 nm at room temperatue. Sample solutions (0.5 mM) 

were prepared by freshly dilute the 10 mM peptides solution in water and 0.75 % TFA. 

Spiropyran Closed and Open Form Measurement and UV Calibration 

        The ratio of the closed and the open form of spiropyran tetrapeptides were measured 

by analytical reverse-phase HPLC. 10 mM Fmoc-KK(MC)KF-NH2 stock solution in 

0.75% TFA (solution b) were prepared and stored in dark without visible light irradiation. 

The sample’s analytical HPLC graph was taken at 370 nm (0 min visible light 

irradiation). Simultaneously, corresponding UV spectrum was taken on the same sample 

immediately diluted to 0.5 mM. Irradiate the rest of stock solution under visible light for 

6 hours, and the UV spectra of sample under 120 min, 240 min and 360 min light 

irradiation were taken immediately after dilution. Corresponding analytical HPLC graphs 

were taken (Figure 41). The retention areas of HPLC peak were integrated and 

corresponding UV absorbance were recorded. The ϵ1 of Fmoc-KK(MC)KF-NH2 and ϵ2 of 

Fmoc-KK(SP)KF-NH2 at 370 nm were calculated by using Beer-Lambert law: A=ϵcl. ϵ1 

= 885.7 M
-1

cm
-1

 and ϵ2 = 290.1 M
-1

cm
-1

. The ratio of the open and the closed forms were then 

calibrated. 
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Figure 41. UV of 0.5 mM Fmoc-KK(SP)KF-NH2 in 0.75% TFA under visible light 

irradiation and corresponding analytical HPLC.  

 

Circular Dichroism (CD) Spectroscopy Measurement 

        CD spectra were recored on a Jasco CD spectrometer under a nitrogen atmosphere. 

Experiments were performed in a quartz cell with a 1 mm path length over the range of 

200-700 nm. Samples were prepared from the H2O and 0.75% TFA (10mM) solution 

aged for 3 days at room temperature and freshly diluted to 0.5 mM before measurements. 

Fourier-transforminfrared (FT-IR) spectrum 

        Fourier-transform infrared (FT-IR) studies were conducted by Shimadzu IRAffinity-

1 FTIR spectrophotometer. Two solutions were prepared in 0.75% TFA aqueous solution 

(10 mM) and aged for a week under visible light to form gel and kept in dark 

respectively, lyophilized into solid states and dissolve in H2O and lyophilized 
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immediately to remove solvent. After repeating this process three times, TFA and solvent 

was removed. Then the solid was dissolved in D2O to prevent the overlap of strong 

around bending vibrational band of H2O around 1600-1700 cm
-1

 region. Another solution 

was prepared by dissolve the spiropyran tetrapeptides in TFE. 

Thioflavin-T(ThT) binding experiment 

        2.5 mM ThT stock solution was prepared by adding 8 mg ThT to 10 mL PBS and 

filter through 0.3 μm syringe filter and then kept in dark in 4℃ fridge. Dilute the stock 

solution to 0.05 mM with PBS solution immediately before the analysis. The 

fluorescence intensity of 0.5mL diluted ThT solution was measured with excitation at 

440 nm (slitwidth 5 nm) and emission at 482 nm (slitwidth 10 nm). Then 5μL gel d (10 

mM Fmoc-KK(SP)KF-NH2 aged for a week) was added to the diluted ThT solution and 

stirred for 1 min. The corresponding fluorescence was measured and recorded. Another 

5μL gel d was added subsequently and stirred for 1 min and the fluorescence emission 

spectrum was measured.   

Rheology   

        The physical properties of gel formed by Fmoc-KK(SP)KF-NH2 has been tested by 

the Advanced rheometric expansion system (ARES) rheometer using dynamic sweep 

mode at sweep of 6.28 rad/s. 
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Chapter 3: Self-assembly of Photo-responsive Spiropyran Monopeptide 

and Dipeptides 
 

3.1 Introduction 

        Photochromism by definition is the reversible conversion of a chemical species 

between two isomer states with diverse absorption spectra under photoirradiation in one 

or both directions.
132, 144, 184-187

 Among the known photo-switch chromophores, 

spiropyran and spirooxazine derivatives have become a well-known thermally reversible 

family accompanied with reversible color change. Upon UV irradiation or heat, the 

closed spiropyran form can transform into the open merocyanine form on the right side, 

which is also thermally unstable (Figure 42).
188

  

 

Figure 42. The transformation between nitro spiropyran and merocyanine 

 

        The interconversion between two states is based on pericyclic reaction of 1.6-

electrocyclization by the photochemical or thermal cleavage of C-O bond
147

. The lone 

pair electron on N of the left part partially donates to a vacant antibonding σ*- orbital of 

the spiro C-O bond which cause the extension of the spiro C-O bond. On the contrary, the 
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nO→σ*CN orbital interaction is much weaker due to the weaker donation of oxygen whose 

electronegativity is stronger.
147

 This longer spiro C-O bond facilitates the photochemical 

or thermal cleavage process. 

        The thermal equilibrium of spiropyran in solution has been reported (Figure 43). 

When X = CH, the spiropyran 20 cleaves the C-O bonds and forms intermediate 21, 

which quickly change into planar isomers 22. The configurations of the C-C double bond, 

X-C double bond and the partially double bond C-X are labled cis (C) and trans (T). The 

most stable isomer was reported to be the TTC isomer.
189-193

 It has also been confirmed 

that polar solvent and electron withdrawing group, such as nitro group, on the right 

chromene moiety at para position to O can assist stabilizing the ring-opened merocyanine 

form since it stabilize the negative charge of the zwitterionic form. This zwitterionic form 

is also much polar than the closed spiropyran form.  

      As previously mentioned, the three forms of spiropyran, SP, ME and MEH possess 

different physical and chemical properties and moreover, display different absorbance 

band in UV spectrum which can be easily detected
156-163

. 
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Figure 43. Thermal equilibrium of spiropyran in solution (X = CH). Copyright 2004 

American Chemistry Society.
147

  

 

        Several self-assembly systems have been designed incorporated with the photo-

switch chromophore, spiropyran. In 2014, a photo-controlled hyperbranched 
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polyglycerol
194

 with spiropyran self-assembly material was developed by Son and 

coworkers.
195

 They have designed a structure connecting polyglycerols with spiropyran 

(Figure 44). Having plethora of hydroxyl groups, the polyglycerols serve as a hydrophilic 

moiety whereas the closed spiropyran serve as the hydrophobic moiety. Upon UV 

irradiation, the spiropyran convert into the much polar merocyanine form that causes the 

disassembly. This assembly and disassembly process can be achieved by light irradiation 

at different wavelengths. This design may be applied as a smart drug-delivery system.  

 

Figure 44. Photo-responsive micelle assembly and disassembly of spiropyran-

hyperbranched polyglycerol.
195

 Copyright 2014 American Chemical Society. 

 

        In their design, the spiropyran (SP) piece and a hydrophobic alkyl chain (C16) was 

associated with the polyoxometalate (POM) platforms with covalent bond. The POMs are 
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known as molecular oxides with charges and well-defined sizes
196

. The POM used in the 

design is a hydrophilic Anderson-type POM with tetrabutylammonium (TBA) complex, 

(TBA)3[MnMo6O18{(OCH2)3CNHC21H19N2O4}{(OCH2)3CNH2}].The monomer can be 

represented as SP-POM-C16. 

 

Figure 45. Illustration of self-assembly model of the hybrid SP-POM-C16 in polar 

solvent.
197

 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 

 

        This hybrid molecule SP-POM-C16 is discovered to be insoluble in water or toluene 

with too much hydrophobic interaction. However, the self-assembly process was 

triggered upon UV irradiation at 365 nm that changed the SP into merocyanine (ME) 

isomer. During this process, a hydrophilic head containing the charged ME piece and 
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POM piece was formed. The molecule changed into the surfactant-like structure that 

possesses a hydrophobic tail and a hydrophilic head. As a result, vesicles have been 

discovered in polar solvent (acetonitrile solutions containing 2.0 or 2.5 v/v% H2O). 

Interestingly, in nonpolar solvent, the reverse vesicles with better stability were also 

discovered. The vesicles can be reversibly assembled and disassembled with 

corresponding light control.  

        In 2015, Wang and coworkers have done a fantastic job on spiropyran smart 

material development.
18

 They have fabricated a poly(ethylene oxide)-b-PSPA (PEO-b-

PSPA) diblock copolymer that can assemble into polymersomes that can change its 

permeability on and off upon light irradiation. The SPA stands for the spiropyran (SP) 

piece containing a unique carbamate linkage (Figure 46). In their design, the PEO-b-

PSPA molecules are capable of self-assemble into vesicle structures with the 

preorganization of SP moieties into bilayer membrane structure caused by the carbamate-

incurred hydrogen bonding. When irradiated with light (λ1 < 420 nm), the SP moiety 

changes into the zwitterionic merocyanine (MC) moiety, the vesicle structures will 

remain due to the enhanced cooperative MC-MC interactions. Albeit the same 

conformation in assembly structures, the permeability of the vesicle changes as 

hydrophilic small molecules can enter the membrane with the hydrophilic MC moiety. 

With λ2 > 450 nm irradiation, the permeability is turned off as MC changed back into 

hydrophobic spiropyran moiety.  
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Figure 46. Model of assembled polymersomes of amphiphilic PEO-b-PSPA diblock 

copolymers and its photo-responsive permeability.
18

 Copyright 2015 American 

Chemistry Society. 

 

        The SP and MC conversion is confirmed by both UV study and cryo-TEM when the 

vesicles doped with cysteine-stabilized Au NPs (AuNP-Cys). The PEO-b-PSPA with 

zwitterionic MC moiety can attract the AuNP-Cys on the membrane surface with 

electrostatic attractions whereas the SP moiety will not. As a result, the gold 

nanoparticles are observed attaching on membranes of MC moieties only. Moreover, the 

permeability ON and OFF process is confirmed by confocal laser scanning microscopy 

study and the cumulative photo-control-release of anticancer drug, 2′-deoxy-5-

fluorouridine (5-dFu). 
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        Most of self-assembly designs based on spiropyran moiety are rather large 

molecules that are inconvenient and complicated in synthesis. Herein, we report a series 

of small and simple molecules incorporating the spiropyran moiety and their and photo-

controlled self-assembly behaviors.   

 

3.2 Results and Discussion  

Design of spiropyran-monopeptide and spiropyran-dipeptides  

        A series spiropyran-monopeptide: NH2-K(SP)-OH, NH2-K(SP)-NH2, Ac-K(SP)-

NH2, spiropyran-dipeptides: NH2-KK(SP)-OH, Ac-KK(SP)-OH, Fmoc-KK(SP)-OH  

Fmoc-KK(SP)-NH2 hybrids have been designed and synthesized following standard 

solid-phase peptides synthesis strategy with the spiropyran carboxylic acid piece SP-

COOH. Detailed synthesis are listed in the 3.4 experimental section. 
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Figure 47. Chemical structures of spiropyran-peptide(s) hybrids. 

 

Ultraviolet-visible (UV-Vis) Spectroscopy 

        UV-Vis spectra were taken to confirm the merocyanine, protonated merocyanine 

and spiropyran forms transformations. Solution A, B and C after annealing were diluted 

to 0.5 mM and corresponding UV-Vis spectra were taken before and after 3 days visible 

light irradiation. 
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Figure 48. UV-Vis spectra of 1 mM solution A, B and C after LED broad spectrum 

visible light irradiation. a. Solution A, b. Solution B, c. Solution C. 

 

        As indicated in Figure 52, solution A after annealing in dark shows a strong peak at 

405 nm before visible light irradiation, which is near the reported signature absorbance 

for protonated merocyanine (MEH) form. This indicates a large portion of NH2-K(SP)-

OH undergoes ring-opening and protonation process after heated up to 75℃ and cooled 

down and stays as the NH2-K(MEH)-OH form. Besides, a very small peak at 520 nm, 

which is the absorbance area of merocyanine form, reveals a existence of small portion of 

the open form without protonation NH2-K(ME)-OH. Inevitably there is also a portion of 

NH2-K(SP)-OH exist due to the incomplete transformation. This solution has both ribbon 

and sheets structures on nano scale. After visible light irradiation, both peaks at 405 nm 

and 510 nm decrease and disappear, showing the complete transformation into the closed 

spiropyran form that forms only sheets nano-structures. Similarly, solution C before 

visible light irradiation has a strong peak at 410 nm and a small peak at 510 nm, 

corresponds to a large portion of Ac-K(MEH)-OH form and a small portion of Ac-

K(ME)-OH that overall forms nanobelt assembly structure. After visible light irradiation, 
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the disappearance of both peaks indicates the conversion into closed SP form. 

Consequently, large non-ordered sheets are formed during the irradiation process. 

Different from solution A and C, solution B after annealing in dark condition only has 

very weak absorbance at 404 nm that corresponds a very small portion of the protonated 

open form. The majority of is still the closed spiropyran form. The small peak also 

vanishes after visible light irradiation. This explains the similar short nanotube assembly 

structures of solution B before and after irradiation as the compound majorly stays in the 

NH2-K(SP)-NH2 form.  

        The reverse process of UV=254 nm irradiation was not very effective for A, B and C 

water solutions.  

  

Figure 49. UV-Vis Absorbance of 1 mM 1% TFA sample solutions before and after 

visible light irradiation: a. NH2-K(SP)-OH in 1% TFA , b. NH2-K(SP)-NH2 in 1% TFA, 

c. Ac-K(SP)-OH in 1% TFA. 

 

        For the three compounds in 1% TFA aqueous solutions, we can see there are no 

absorbance bands around 510 nm for graphs of both before and after visible light 

irradiation, showing no ME forms in the strong acidic solutions as expected. A large 
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portion of compounds stay in the protonated open MEH form after annealing in dark, as 

the strong absorbance around 410 nm, after visible light irradiation, the peak disappears 

as all MEH changed into SP forms. All solutions in 1% TFA fail to form ordered 

assembly structures due to the strong repulsion under this strong acidic condition. 

        The photo-controlled reverse ring-opening process was tested under UV=254 nm 

irradiation for NH2-K(SP)-OH and NH2-K(SP)-NH2 in H2O. Unfortunately, after 1 hour 

irradiation, there is no significant change in the UV spectra, indicating the reversing ring-

opening process was not efficient in H2O solution for both compounds.  

 

Figure 50. UV-Vis spectra of 1 mM compounds under UV=254 nm irradiation of the 

closed form NH2-K(SP)-OH and NH2-K(SP)-NH2 in H2O. 

 

        The solution colors also changed during the visible light irradiation process (Figure 

55), for NH2-K(SP)-OH and NH2-K(SP)-NH2 in H2O solution, after annealing , they 

showed bright orange and red color that indicates the existence of open form ME and 

protonated open form MEH. For NH2-K(SP)-OH and NH2-K(SP)-NH2 in 1% TFA, both 
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solutions showed yellow color due to the protonated open MEH form, corresponds to the 

UV-Vis absorbance around 410 nm on the spectra. After visible light irradiation, all of 

the solutions turned into the colorless, revealing the formation of the colorless spiropyran 

form. This colorless result also was shown in the UV-Vis spectra as no significant 

absorbance bands were presenting in the visible light region (400 nm~800 nm). 

 

  

Figure 51. a. Photos of 1 mM solutions 1~4 after annealing in dark: 1. NH2-K(SP)-OH in 

H2O,  2. NH2-K(SP)-OH in 1% TFA 3. NH2-K(SP)-NH2 in H2O, 4. NH2-K(SP)-NH2 in 

1% TFA, b. Photos of 1 mM solutions 1~4 after visible light irradiation, c. corresponding 

UV-Vis absorbance for a, d. corresponding UV-Vis absorbance for b. 
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        For dipeptides NH2-KK(SP)-OH and Ac-KK(SP)-OH in H2O after annealing 

(solution D and E), the UV-Vis absorbance spectra were also taken. NH2-KK(SP)-OH 

showed a rather strong peak around 405 nm, relating to the absorbance of the protonated 

open MEH form, NH2-KK(MEH)-OH. The weak peak around 510 nm indicates a very 

small portion of ME form, NH2-KK(ME)-OH. Overall, solution majorly stays in the 

protonated open form NH2-KK(MEH)-OH that did not assemble. After visible light 

irradiation, solution D changed to the complete closed spiropyran form, NH2-KK(SP)-OH 

that assemble into large sheets structure as the bands at 405 nm and 510 disappears. 

Diversely, solution E showed majorly stays in the closed SP form both after annealing in 

dark and after visible light irradiation since the ring-opening process is less favored in the 

equilibrium. Consequently, solution E has sheets and nanobelt assembly structure both 

before and after visible light irradiation.    
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Figure 52. UV-Vis Absorbance of 1 mM sample solutions before and after visible light 

irradiation in H2O and 1% TFA: a. NH2-KK(SP)-OH in H2O (solution D) , b. Ac-

KK(SP)-OH in H2O (solution E), c. NH2-KK(SP)-OH in 1% TFA, d. Ac-KK(SP)-OH in 

1% TFA. 
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        From the spectra of the 1% TFA dipeptides solution NH2-KK(SP)-OH, Ac-KK(SP)-

OH, a higher ratio of protonated MEH form was observed with a stronger peak around 

405 nm as acid assists the ring-opening process. No ME forms existed as no peaks around 

510 nm were shown at this strong acidic condition.      

 

Figure 53. Heat the 1 mM solutions to 90℃ and cool down to room temperature, the 

UV-Vis spectra of solutions before and after the heating process: a. NH2-KK(SP)-OH in 

H2O, b. Ac-KK(SP)-OH in H2O, c. NH2-KK(SP)-OH in 1% TFA, d. Ac-KK(SP)-OH in 

1% TFA. 

 

         The reverse ring-opening heating process was also investigated. The NH2-KK(SP)-

OH and Ac-KK(SP)-OH solutions were heated to 90℃ and corresponding UV-Vis 

absorbance were tested. Generally heating process can open the spiropyran ring, TFA 
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addition will enhance the ring-opening ratio. As shown in Figure 57, NH2-KK(SP)-OH in 

H2O showed a large portion of MEH form with the absorbance increased at 405 nm and a 

small portion of ME form at 510 nm after the heating process. Ac-KK(SP)-OH showed 

two small ME and MEH peaks after heating as a small portion of the SP rings are opened. 

For both compounds in 1% TFA, the ring-opening process was more effective with 

strong peaks around 405 nm corresponding to the MEH absorbance.     

 

Figure 54. a. Photos of 1 mM solutions 1~4 after annealing in dark: 1. NH2-KK(SP)-OH 

in H2O,  2. NH2-KK(SP)-OH in 1% TFA 3. Ac-KK(SP)-OH in H2O, 4. Ac-KK(SP)-OH 

in 1% TFA, b. Photos of solutions 1~4 after visible light irradiation. 

 

        Color changes for the dipeptides solutions can also be observed during the ring 

closing/opening process. The aqueous solutions after annealing process in dark have 

shown orange color, which is the mixture color for both ME and MEH forms. With 1% 

TFA addition, solution color turned yellow for MEH forms. After visible light irradiation, 

all solution colors fade as the colorless spiropyran form increases. The reversing coloring 

process can be achieved by heating the solution to 90℃. 
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         For Fmoc dipeptides Fmoc-KK(SP)-OH and Fmoc-KK(SP)-NH2, UV-Vis 

absorbance were also studied.  

 

Figure 55. UV-Vis Absorbance of 1 mM sample solutions before and after visible light 

irradiation in H2O and 1% TFA: a. Fmoc-KK(SP)-OH in H2O (solution F) , b. Fmoc-

KK(SP)-NH2 in H2O (solution G), c. Fmoc-KK(SP)-OH in 1% TFA, d. Fmoc-KK(SP)-

NH2 in 1% TFA. 

 

        Fmoc-KK(SP)-OH H2O solution after annealing displayed a mixture of MEH, ME 

and SP forms as both peaks around 405 nm and 510 nm present but not strong, indicating 

possibly considerable amount of SP forms. In TEM study, some sheets-like structure 

were observed due to the presence of closed SP form, but not prominent as the other 
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forms did not form ordered assemblies. Fmoc-KK(SP)-NH2 H2O solution after annealing 

showed mostly SP form and a small portion of MEH form with the weak absorbance 

peak. Visible light irradiation changed MEH to SP form and the SP form conjugate self-

assembles into the belt-like sheet structures. Both Fmoc dipeptides in 1%TFA showed a 

higher portion of MEH forms in 1% TFA with the rather strong peaks around 405 nm. 

Visible light can also change the solutions into the closed SP forms. But both before and 

after visible light irradiation, no ordered assembly structures were observed in 1% TFA 

solutions.  

 

Figure 56. a. Photos of 1 mM solutions 1~4 after annealing in dark: 1. Fmoc-KK(SP)-

OH in H2O,  2. Fmoc-KK(SP)-OH in 1% TFA 3. Fmoc-KK(SP)-NH2 in H2O, 4. Fmoc-

KK(SP)- NH2 in 1% TFA, b. Photos of solutions 1~4 after visible light irradiation. 

 

        Similarly, the solutions after annealing showed darker color via ring-opening 

reactions. However, the colors are generally lighter than other SP-peptides solutions after 

anealing as less ME/MEH forms were produced, which was also shown as weaker 

absorbance bands in the UV-Vis graphs. Addition of 1% TFA change the orange color 

into yellow as the ME changed into MEH forms. All colors for the four solutions faded 
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after visible light irradiation as ring close reaction changed the open forms into the 

colorless spiropyran form. Heating process can also bring the color back via ring-opening 

process.  

 

Transmission Electron Microscopy (TEM) 

        Three 10 mM solutions were prepared and labeled A: NH2-K(SP)-OH, B: NH2-

K(SP)-NH2 and C: Ac-K(SP)-OH in H2O. The solutions were heated to 75℃ and cooled 

down in dark condition to get the majorly open merocyanine (ME) forms. The pH values 

of solutions were tested to be around 3 to 4, which means the compounds majorly stay as 

the protonated merocyanine (MEH) forms. NH2-K(MEH)-OH, NH2-K(MEH)-NH2 and 

Ac-K(ME)-OH. The solutions were aged without light irradiation for another 3 days; 

corresponding TEM images were taken after solutions diluted to 1mM to investigate the 

assembly behaviors. Then the solutions were moved to visible light and irradiated for 
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another 3 days and turned almost colorless. The self-assembly behaviors were examined.         

 

Figure 57. TEM images of 1mM solution A, B and C before and after visible light 

irradiation for 3 days. Before: a. NH2-K(MEH)-OH, b. NH2-K(MEH)-NH2 c. Ac-

K(MEH)-OH. After Vis irradiation: d. NH2-K(SP)-OH, e. NH2-K(SP)-NH2 f. Ac-K(SP)-

OH. 

 

        Solution A adopts a mixed ribbon and sheets-like assembly structure after heating 

and cooling process and aged without light irradiation, which means it majorly stays in 

the NH2-K(MEH)-OH form. We hypothesis that the ribbon-like structure was formed by 

the open merocyanine NH2-K(MEH)-OH forms, since with visible light irradiation, 

nearly all assembly structure changed to flat sheets conformations with almost no ribbons 
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found. It is known that the conversion from the open ME or MEH form to the closed SP 

form under visible light is a rather complete process as spiropyran form is 

thermodynamically more stable.
146

 The ribbon like structure can be formed as each NH2-

K(MEH)-OH monomer carries overall one positive charge as the cations were partially 

mediated by the carboxylate group. For solution B in dark after heating, generally no 

ordered aggregates were discovered except few tube-like fragments. This may results 

from the open form NH2-K(MEH)-NH2 is too polar and hydrophilic. Each molecule 

carries two positive charges under this slight acidic condition that are too repulsive to 

form effective assembly structures. The few tube-like fragments were assembled from the 

closed form structure NH2-K(SP)-NH2. After visible light irradiation, the closed 

spiropyran form can provide hydrophobic interaction that triggers the assembly, with the 

electrostatic interaction offered by the cation on lysine residue. Consequently, the NH2-

K(SP)-NH2 self-assembles into short tube structures with a diameter of 90±1 nm. The 

short tubes formed are 200-400 nm long. Solution C before irradiation adopts a flat belt 

like conformation with a width of 104±1 nm and over 500 nm lengths. This may due to 

the packing of the zwitterionic open merocyanine moieties.  
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Figure 58. Proposed conversion between the protonated open merocyanine forms and the 

closed spiropyran forms for solution A, B and C. 

 

        The monomer Ac-K(MEH)-OH overall carries one positive charge. The open MEH 

form is planar due to the large conjugation, which is different from the spiropyran moiety 

in which the indole and benzopyran part are not in the same plane. This planar structure 

enhances the π-π stacking interaction that helps assembly. After visible light irradiation, 
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the closed spiropyran was formed and the Ac-K(SP)-OH amphiphile can self-assemble 

into large non-ordered sheets-like aggregates with the hydrophobic spiropyran moiety. 

        When the pH of aqueous solutions A, B and C were adjusted to 7 with NaHCO3, the 

aggregates precipitated out at this neutral condition with this high salt concentration. As 

is known that TFA addition assists the ring-open process, NH2-K(SP)-OH, NH2-K(SP)-

NH2 and Ac-K(SP)-OH in 1% TFA aqueous solution were also prepared to examine the 

self-assembly behaviors under strong acidic addition
156

. The protonated open MEH form 

was also achieved by heating and cooling process in dark condition and aged for 3 days. 

The closed SP forms were obtained after 3 days irradiation under visible light. For both 

MEH and SP forms, no ordered aggregates were observed under this strong acidic 

condition for NH2-K(SP)-OH, NH2-K(SP)-NH2 and Ac-K(SP)-OH in 1% TFA with only 

large non-ordered sheets-like structure presented.   

        For SP-dipeptides series, 10 mM solutions in H2O for NH2-KK(SP)-OH, Ac-

KK(SP)-OH were also prepared and labeled as solution D and E respectively. The open 

forms and closed forms solutions were obtained by annealing in dark condition or 

irradiation under visible light. The compounds dissolved well in both solutions. After 

aging for over three days and diluted to 1mM, the TEM images were taken to investigate 

the assembly conformations. For all D and E solutions, no ordered assembly forms were 

observed in TEM for both without and with irradiation. This may result from the high 

ratio of hydrophilic components with dilysine structures. The molecules overall are too 

hydrophilic to assembly in aqueous solution. The closed spiropyran piece fail to provide 

enough hydrophobic forces to assemble as the hydrophilic peptides portion is too high. 
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Although the transformation between the open and the closed forms were successful 

based on ultraviolet (UV) study, the molecules did not form effective self-assembly 

conformations. No assembly behaviors were discovered for NH2-KK(SP)-OH and Ac-

KK(SP)-OH in 1% TFA aqueous solutions for both the open and the closed forms. 

         To achieve assembly structures for dipeptides, we increase the hydrophobic 

component portion by incorporating Fmoc group into the dilysine structure and designed 

the Fmoc-KK(SP)-OH  Fmoc-KK(SP)-NH2 sequences. The corresponding 10 mM stock 

solutions were prepared. The solutions were annealed in dark to achieve the open forms 

and labeled solution F and G, and then aged for 3 days. From TEM study, Solution F did 

not form ordered assembly structures without visible light irradiation when it majorly 

stays as the protonated open form, Fmoc-KK(MEH)-OH. After visible light irradiation, it 

converted into the closed spiropyran form Fmoc-KK(SP)-OH that self-assembled into 

large sheets-like structures. This is due to the hydrophilic to hydrophobic transformation 

from MEH to SP moiety. The protonated open form Fmoc-KK(MEH)-OH, is too 

hydrophilic to form assembly structures whereas the closed Fmoc-KK(SP)-OH have both 

Fmoc- and SP components that can provide enough hydrophobic interaction and π-π 

association forces for assembly process.  
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Figure 59. TEM images of 1mM solution F and G before and after visible light 

irradiation for 3 days.  
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Figure 60. Proposed conversion between the protonated open merocyanine forms and the 

closed spiropyran forms for solution F and G. 

 

          Similarly, from TEM study, solution G without visible light irradiation reveals 

mostly amorphous with some sheets-like structure. The formation of those few sheets-

like structures are possibly from some leftover closed Fmoc-KK(SP)-OH forms due to 

the incomplete open process (Figure 51). More belt-like sheet structures were observed 

after visible light irradiation due to the MEH to SP hydrophilic to hydrophobic 
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transformation. After 1% TFA were added to the Fmoc-KK(SP)-OH  Fmoc-KK(SP)-NH2 

aqueous solutions, no ordered assembly structures were observed due to the strong acidic 

condition that increases the electrostatic repulsion among monomers.     

 

Circular Dichroism (CD) Study 

       Circular dichroism graphs were taken to study the packing behavior of assembly 

structures. In the three monolysine-spiropyran hybrids, solution A (NH2-K(SP)-OH) 

displayed a positive peak around 275 nm and a negative peak around 310 nm, 

corresponds to the ribbon and sheet self-assembly of open forms. The negative cotton 

effect for the exciton couplets centered at 296 nm indicates an M-type aggregates for the 

ribbons. The couplets corresponds to the electronic π-π* transition band from the indole 

part of spiropyran181. This transition, responsible for the first absorption band, is 

parallel to long axis of indole part of spiropyran moiety as reported.182   We can 

observe the direction change, from negative to positive and from positive to negative in 

CD spectra after visible light irradiation since the open forms converted into the closed 

SP forms. The change of exciton couplets can be observed, showing the assembly 

changed from M-type to P-type helical structures.  Similarly, NH2-K(SP)-OH in 1% TFA 

also showed peaks at the same region with same directions, also corresponds to the 

aggregates formed by SP forms. However, the aggregates in 1% TFA are some large 

irregular sheet-like structures. the For both NH2-K(SP)-OH and NH2-K(SP)-NH2 in 1% 

TFA after annealing, no absorbance bands were shown in CD graph, indicating no 

assemblies for the MEH protonated open forms (red lines in Figure 61 a and b). The 
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peaks for the two CD signals under visible light of all three mono-lysine spiropyran 

hybrids are quite similar as all assemblies were from the same SP forms (the green and 

the blue line). The intense negative absorption at 275 nm and the negative absorption at 

220 nm are the signature absorbance bands of β-sheet type secondary structure180. The 

positive exciton couplets centered at 290 nm also indicates a P-type helical chirality for 

the sheets and short tubes formed by SP aggregates. The signal for Ac-K(SP)-NH2 is 

much stronger due to the large sheets structure formation. For CD of Ac-K(SP)-NH2 in 

H2O in dark, the negative absorbance at 220 nm also reveals the β-sheet type secondary 

structure. After visible light irradiation, the assembly structures formed by SP moieties 

displayed positive exciton couplets centered at 290 nm, indicating P-type helical 

structure. Before visible light irradiation in H2O, Ac-K(SP)-NH2 showed another positive 

exciton couplets that centered at 505 nm, which corresponds to the electronic transition 

dipole moment along the long axis of open merocyanine form as reported.182
 This 

indicates the P-helical assembly structure formed by the open form Ac-K(ME)-NH2. The 

signal displayed a strong negative peak around 450 nm and a strong positive peak around 

520 nm, with corresponding to the UV absorbance of ME form and MEH forms. This 

reveals that the ME and MEH forms contributes to the nanobelt assembly structures in 

H2O after annealing in dark.   
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Figure 61. CD of 1mM solutions: a. NH2-K(SP)-OH, b. NH2-K(SP)-NH2, c. Ac-K(SP)-

OH Corresponding UV absorbance of 1mM solutions: d. NH2-K(SP)-OH, e. NH2-K(SP)-

NH2, f. Ac-K(SP)-OH. 

 

        The CD for dipeptides NH2-KK(SP)-OH and Ac-KK(SP)-OH were also tested. Only 

amorphous aggregates were observed for the two conjugates solutions based on the TEM 

study.  In accordance with the TEM findings, the CD signals are almost flat for both 

solutions in H2O and 1% TFA both before and after visible light irradiation. This 

confirmed the no assembly results for these two dipeptides as they are too hydrophilic in 

aqueous solution. 

Ratio study of Ac-K(SP)-OH during visible light irradiation 

        The ratio of the open and the closed form was studied by analytical HPLC during 

the visible light irradiation for solution G. The protonated open (MEH) forms and closed 
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(SP) forms have different retention time in HPLC due to polarity change. In 0.1% TFA of 

acetonitrile and H2O solution, almost all open forms exist as the MEH forms, which are 

much polar than the closed SP form and have a smaller retention time.  

 

Figure 62. Ratio change and corresponding analytical HPLC of the open and the closed 

forms of 10 mM Ac-K(SP)-OH in H2O after annealing under visible light irradiation. 

Solution G is the starting solution (time = 0). 

 

        Solution G originally has 86.4% of MEH forms before visible light irradiation. This 

water solution can self-assemble into nano-belt structure with the high portion of MEH 

and ME forms. During the visible light irradiation, the ratio of the closed form increased 

as the ration of the MEH form decreased. After 50 minutes irradiation, over 99.5% of 

molecules changed into the closed SP form, revealing the relative complete 

transformation of the equilibrium. The resulting SP solution can self-assemble into large 
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irregular sheet structures. This ratio study is consistent with the UV-Vis absorbance 

result.     

Ratio study of Ac-K(SP)-OH in 1% TFA during Heat and UV irradiation. 

        The reverse ring-opening process for Ac-K(SP)-OH in 1% TFA was also studied as 

TFA addition helps the ring-opening reaction.  

 

Figure 63. Ratio change and corresponding analytical HPLC of the open and the closed 

forms of 10 mM Ac-K(SP)-OH in H2O at different temperature during heating process. 

 

        The starting solution is solution G after visible light irradiation which has 99.6% of 

closed SP form. The solution was heated in dark and the ratio was analyzed by HPLC. 

After heated to 75℃, the ratio of the open form increased drastically. The ratio of the 

protonated open form MEH reached 91.5% after heated to 90℃ and the ratio of the 

closed form dropped. The ratio change during the heating process has displayed great 

reversibility for the change from SP to MEH forms in acidic condition.  
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        Nevertheless, the influence of UV = 254 nm irradiation was also tested on the same 

solution closed form SP solution. The results showed very limited change in open form 

MEH ratio during 1 h irradiation. This result indicates the reversing ring-opening process 

is not effective under photo-control even in acidic condition for Ac-K(SP)-OH.  

3.3 Conclusion 

        We have designed a series of spiropyran-lysine monopeptide and dipeptides series 

based on solid-phase peptides synthesis strategy and studied their assembly behaviors. 

The mono-peptide compound NH2-K(SP)-OH and Ac-K(SP)-OH adopt different 

assembly structures from ring closing/opening process. The ring-closing process is 

achieved via visible light irradiation whereas the ring-opening process can be achieved by 

the annealing process in dark. NH2-K(SP)-NH2, Fmoc-K(SP)-OH and Fmoc-K(SP)-NH2 

can only form aggregates from the closed spiropyran forms. Besides, the ring-opening 

was hard and incomplete for NH2-K(SP)-NH2 and Fmoc-K(SP)-NH2 aqueous solution. 

The change among the three states can be observed from change UV-Vis absorbance and 

also CD signals. The detailed ratio change among SP and MEH form can also be 

monitored by analytical HPLC. The assembly structures formed by SP bear β-sheet 

secondary structure and P-type helical structure from CD study. The assembly structures 

formed by open form possess different CD signals. The two dipeptides compounds NH2-

KK(SP)-OH and Ac-KK(SP)-OH fail to self-assemble due to high hydrophilic part ratio. 

The ring-opening process is favored in 1% TFA solution under heat, but the compounds 

cannot self-assemble into ordered nanostructures under this high acidic condition.  
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        In conclusion, we report a series of spiropyran mono-peptide or dipeptide hybrids 

that have photo- and thermo- responsive self-assemblies by the ring closing/opening 

conversion of the spiropyran moiety. Although the transformation of the ring-opening 

process was not ideal and the concrete ratio of the ME and MEH forms remains unclear, 

this type of compounds is simple and convenient to synthesis, can shed light to future 

photo-controlled smart material study.  

3.4 Experimental Section 

Materials and General Method 

         The Fmoc-amino acids, and 1- hydroxybenzotriazole (HOBt), 2-(1H-benzotriazol-

1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were purchased from 

Chem-Impex Int’l Inc. The rink amide resin was obtained from ChemPep. 4-

hadrazinobenzoic acid, propylmethylketone, iodomethane and 2-hydroxyl-5-

nitrobenzaldehyde were purchased from Sigma-Aldrich. All the solvents were obtained 

from Fisher Scientific and All NMR solvents were from Cambridge Isotope Labs. 

Reversed-phase HPLC was conducted on C18 columns with use of 

water/acetonitrile/TFA gradients between 68:32:0.1 and 25:75:0.1. NMR spectra were 

obtained on Bruker AMX 400 pectrometers. All SP1~SP4 (SP-COOH) are known 

compounds, their yields are listed in section 2.4, the NMRs are adopted from previous 

literature.
183
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Scheme 2. Synthesis scheme for 4 (SP-COOH). 

 

General preparation of spiropyran-peptide(s).  

NH2-K(SP)-OH  

        Fmoc-K(Mtt)-Wang Resin was synthesized following standard solid phase peptides 

synthesis method on Wang resin (loading 1.2 mmol/g) by using Fmoc-Lys(Mtt)-OH. 

Fmoc-Lys(Mtt)-OH was coupled to the Wang resin after swelled in DCM for 1 h, with 

DIC, HOBt ( 300% mol each relative to resin) and 4-dimethylaminopyridine (DMAP) 

(10% mol each relative to resin)in DCM for overnight. The coupling completion was 

tested by Kaiser’s test. Methytrityl (Mtt-) protecting group was removed by 1% 

trifluoroacetic acid (TFA) in DCM solution for 8 × 5min, then the deprotected free amine 

was coupled with 1.5 equivalencts of SP-COOH with HBTU (4.0 equivalents), HOBt 

(4.0 equivalents), and DIPEA (2.0 equivalents)  in DMF for overnight. Fmoc group was 

deprotected  under a solution of 20 % piperidine in DMF. The NH2-K(SP)-OH were 

cleaved from the Wang resin by the TFA : TES : H2O : DCM = 60 : 2.5 : 2.5 : 35 solution 

https://en.wikipedia.org/wiki/4-Dimethylaminopyridine
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at room temperature for 1.5 h. The crude product precipitated with cold diethylether and 

purified by reversed-phased HPLC on preparative Varian Dynamax C18 column and 

stored as lyophilized orange powers (88.4 mg 35%).
1
H NMR (400 MHz; DMSO-d6) δ 

=1.14 (3H, s), 1.25 (3H, s), 1.35-1.41 (2H, m), 1.45-1.51 (2H, m), 1.70-1.76 (2H, m) 2.75 

(3H, s), 3.25 (2H, dd, 6 and 9 Hz), 3.31(1H, dd, 6 and 7 Hz), 6.02 (1H, d, 10Hz), 6.67 

(1H, d, 8 Hz), 6.89 (1H, d, 9 Hz), 7.26 (1H, d, 10 Hz), 7.64 (1H, d, 2 Hz), 8.09 (1H, dd, 2 

and 8 Hz), 8.06 (1H, dd, 3 and 9 Hz), 8.21-8.28 (3H, m), 8.70 (1H, t, 5 Hz), 9.08 (1H, d, 

3 Hz). ESI-MS for C26H31N4O6 [M+H]
+
 calculated 495.22; found.                                                                                             

 

Scheme 3. Synthesis route for NH2-K(SP)-OH. 

 

NH2-K(SP)-NH2 

        Fmoc-K(Mtt)-Resin was prepared following standard solid phase peptides synthesis 

method on rink amide resin (loading 0.8 mmol/g). After swelled for 1 h, Fmoc-Lys(Mtt)-

OH was couple to the rink amide resin with DIC and HOBt ( 300% mol each relative to 

resin) in 1:1 DMF/DCM for 1.5 h. After deprotection of Mtt group and coupling of SP-

COOH, Fmoc group was removed by 20 % piperidine in DMF. The spiropyran-peptide 

was cleaved off the resin in TFA/triethylsilane/water (94 / 5 / 1) solution at room 



116 

 

 

 

temperature for 2 h and precipitated out in diethyl ether. The product was and purified by 

reversed-phased HPLC and lyophilized as orange powders (31 mg 15%). 
1
H NMR (400 

MHz; DMSO-d6) δ =1.14 (3H, s), 1.25 (3H, s), 1.35-1.41 (2H, m), 1.51-1.57 (2H, m), 

1.71-1.76 (2H, m) 2.73 (3H, s), 3.24 (2H, dd, 6 and 9 Hz), 3.69 (1H, dd, 6 and 7 Hz), 

6.02 (1H, d, 10Hz), 6.67 (1H, d, 8 Hz), 6.88 (1H, d, 9 Hz), 7.25 (1H, d, 10 Hz), 7.63 (1H, 

d, 2 Hz), 7.71 (1H, dd, 2 and 8 Hz),7.55(1H, s), 7.82 (1H, s), 8.00-8.08 (4H, m), 8.19 

(1H, t, 5 Hz), 8.25 (1H, d, 3 Hz). ESI-MS for C26H32N5O5 [M+H]
+
 calculated 494.24; 

found 494.26. 

 

Scheme 4. Synthesis route for NH2-K(SP)-NH2. 

 

Ac-K(SP)-OH 

        Fmoc-K(SP)-Wang resin was prepared on Wang resin (loading 1.2 mmol/g). Fmoc 

group was removed by 20 % piperidine in DMF and then washed. A solution of acetic 

anhydride/DIPEA/DMF = 1:1:8 (v : v : v) was prepared and added. After reacted for 1 h, 

Ac-K(SP)-Wang resin was cleaved off the resin by the TFA : TES : H2O : DCM = 60 : 

2.5 : 2.5 : 35 solution. The crude product precipitated with cold diethylether and purified 
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by reversed-phased HPLC. The product was obtained as dark orange solid (60 mg 23%).  
 

ESI-MS for C28H33N4O7 [M+H]
+
 calculated 537.23; found 537.23. 

 

Scheme 5. Synthesis route for Ac-K(SP)-OH. 

 

Spiropyran dipeptide hybrids Synthesis  

        A series of spiropyran dipeptide conjugates, NH2-KK(SP)-OH, Ac-KK(SP)-OH, 

Fmoc-KK(SP)-OH and Fmoc-KK(SP)-NH2 were designed and synthesized based on 

standard solid-phase peptides synthesis strategy with following schemes. The product 

were purified by reversed-phased HPLC on preparative Varian Dynamax C18 column 

and yields 169 mg (55%), 53 mg (16%), 57 mg (14%) and 87 mg (21%) respectively. 

The detailed 
1
H NMR [400 MHz, (CD3)2SO] and 

13
C NMR [400 MHz, (CD3)2SO] are 

reported in Appendix A.  
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Scheme 6. Synthesis route for NH2-KK(SP)-OH.  

 

 

Scheme 7. Synthesis route for Ac-KK(SP)-OH. 
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Scheme 8. Synthesis route for Fmoc-KK(SP)-OH. 

 

Scheme 9. Synthesis route for Fmoc-KK(SP)-NH2. 

 

Transmission Electron Microscopy (TEM) Measurement – Negative Stain TEM 

        10 mM stock sample solution was aged for at least 3 days and diluted to 1 mM 

before TEM measurement. 10 μL drop of each solution was applied to carbon coated 

copper grid (Ted Pella, Inc.) for 3 min. The excess solution was removed with filter paper 

and dried. Then the grid was floated on 10 μL drops of 2 % wt uranyl acetate solution for 
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negative stain for 1 min. The extra solution was also dried with filtering paper without 

touching the grid surface.  

Ultraviolet-visible (UV-Vis) Spectroscopy Measurement 

        The UV-Vis spectroscopy studies were conducted using a 1 mm path length quartz 

cuvette over the range of 200-700 nm. Stock sample solutions were freshly diluted to 1 

mM before taking the test.  

Circular Dichroism (CD) Spectroscopy Measurement 

        CD spectra were recorded on a Jasco CD spectrometer under a nitrogen atmosphere. 

Experiments were performed in a quartz cell with a 1 mm path length over the range of 

200-700 nm. Sample solutions were freshly diluted to 1mM from 10 mM aged stock 

solution before measurements. 

Spiropyran Closed and Open Form Measurement 

        The ratio of the closed (SP) and the protonated open form (MEH) of spiropyran 

tetrapeptides were measured by analytical reverse-phase HPLC. Solution phase: 0.1% 

TFA of H2O and Acetonitrile mixed solution. 
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