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Abstract 

Amphiphilic short peptides (ASPs) and surfactants (C14DMAO) were employed to 

prepare wormlike micelles. Herein, ASPs were used to induce wormlike micelles 

formation. The formation mechanism was investigated by cryo-TEM, FTIR, CD and 

rheometer. C14DMAO could be protonated by proton which was dissociated from the 

carboxyl headgroups of ASPs. The mean area of headgroup would reduced due to the 

interaction of protonated cationic surfactants and dissociated anionic ASPs which 

would lead to the wormlike micelles formation. And the length of wormlike micelles 

could be modulated by the size of hydrophobic part of ASPs. The wormlike micelles 

could also response to pH and metal ions, respectively. When pH was regulated from 

5.96 to 3.23, the wormlike micelles transformed into nanofibers network. 

Nevertheless, when the pH was regulated over 9, spherical micelles would be formed 

and the solution would lose its viscoelasticity. When a certain amount of metal salts 

were added into the wormlike micelles solution with pH 5.96, the viscosity of solution 

increased signifcantly. The coordination interaction between metal ions and 

C14DMAO was considered as the responsive mechansim. Metal ions with high 

valence have more obvious effects on wormlike micelles. 
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Abstract 

Amphiphilic short peptides (ASPs) and surfactants (C14DMAO) were employed to 

prepare wormlike micelles. Herein, ASPs were used to induce wormlike micelles 

formation. The formation mechanism was investigated by cryo-TEM, FTIR, CD and 

rheometer. C14DMAO could be protonated by proton which was dissociated from the 

carboxyl headgroups of ASPs. The mean area of headgroup would reduced due to the 

interaction of protonated cationic surfactants and dissociated anionic ASPs which 

would lead to the wormlike micelles formation. And the length of wormlike micelles 

could be modulated by the size of hydrophobic part of ASPs. The wormlike micelles 

could also response to pH and metal ions, respectively. When pH was regulated from 

5.96 to 3.23, the wormlike micelles transformed into nanofibers network. 

Nevertheless, when the pH was regulated over 9, spherical micelles would be formed 

and the solution would lose its viscoelasticity. When a certain amount of metal salts 

were added into the wormlike micelles solution with pH 5.96, the viscosity of solution 

increased signifcantly. The coordination interaction between metal ions and 

C14DMAO was considered as the responsive mechansim. Metal ions with high 

valence have more obvious effects on wormlike micelles. 
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Introduction 

Wormlike micelles, long flexible aggregates of surfactant molecules in aqueous 

solution, are extremely simple yet highly versatile. Above a surfactant concentration 

threshold, the overlapping concentration (C*), wormlike micelles entangle into a 

dynamic reversible network that is constantly breaking and reforming, for which they 

are also referred to as “living” or “equilibrium” polymers
1
. The activation of the 

trigger enables the active, tailored tuning of the micellar structures and consequently 

of the associated rheological response
2
. This emerging multidisciplinary field opens 

the door to a range of potential applications, including drag-reducing fluid
3,4

, sensors
5
, 

microfluidics
6
, valves

7
, clean fracturing fluids

8
, tissue engineering

9
, heat transfer

10,11
, 

personal care products
12

, etc.  

Wormlike micelles can be prepared by mixing salts
13,14

, co-surfactant
15,16

 or another 

surfactant
17-19

 into surfactant solutions. The purpose of two components mixing is to 

increase the packing parameter P = v/la by reducing the hydrophilic average area (a). 

Wormlike micelles would form at 1/3 < P < 1/2. However, using ASPs as a participant 

to form wormlike micelles is reported seldom. ASPs are usually composed of 

hydrophobic amino acids as the hydropobic tail and hydrophilic amino acids as the 

head. They can self-assemble into a variety of nanostructures
20-23

 including 

nanovesicles, nanotubes, nanobelts, nanoribbons, and nanofibers, etc., driven by the 

weak interactions such as electrostatic interaction, hydrogen bonds, hydrophobic 

interaction and van der Waals interaction. Because of the biocompatibility of peptides, 

nanomaterials of peptides could be well used in 3D cell or tissue culture, drug 
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delivery, food, cosmetics, environmental monitoring, etc
24,25

. Therefore, it is 

significant to construct wormlike micelle systems that containing ASPs. 

Abe et al. studied the formation and rheological behavior of viscoelastic wormlike 

micelles in mixed aqueous systems of acylglutamyllysilacylglutamate (m-GLG-m, m 

= 12, 14 and 16) and cationic coamphiphile (CnTAB, n = 14 and 16)
26

. They thought 

the gemini amphiphile here forms wormlike micelles at lower molar volumes than its 

monomeric counterpart. They also used an amino acid-based surfactant 

(dodecanoylglutamic acid, C12Glu) to form wormlike micelles by mixing with a 

tertiary alkylamine (dodecyldimethylamine, C12DMA) or a secondary alkylamine 

(dodecylmethylamine, C12MA)
27

. Tirrell et al. design a peptide amphiphile (PA)
28

. 

This PA could change its secondary structure of peptides headgroup which cause the 

wormlike micelle to sphrical micelles transition. 

 Based on these previous works, in this article, we use conical ASPs as 

surfactant-like amphiphiles to induce the wormlike micelles formation in surfactant 

(tetradecyldimethylamine oxide, C14DMAO) solution. We could modulate the 

wormlike formation by means of adjusting the volume of hydrophobic part of ASPs. 

Commercial surfactant, e. g. C14DMAO, can synergistically act with amphiphilic 

peptides to form different structures. Hao et al. combined negative ASPs, A6D, and 

C14DMAO, to investigated the influence of surfactant on the self-assembly of 

amphiphilic peptides
29

. Herein, we increased the concentration of C14DMAO to 

investigate how the amphiphilic peptides induce the phase transiton of C14DMAO 

solutions. Meanwhile, the responsive properties of this complex system were also be 
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studied. 

Experimental section 

Materials 

All the amphiphilic peptides were synthesized from ChinaPeptides Co. Ltd 

(purity>98%). C14DMAO were provided by Prof. Jingcheng Hao as gifts 

(purity>98%). The deionized water used was from Millipore. 

Sample preparation 

40 mmol·L
-1

 ASP was added into 200 mmol·L
-1

 C14DMAO to prepare wormlike 

micelles. HCl and NaOH was added by micropipettor and use pH meter to monitor 

pH value variation. 

Circular Dichroism (CD) 

The CD measurements were performed on a MOS-450 spectrometer (Biologic, 

France) using a 0.1 mm path-length quartz cuvette. The CD spectra were recorded at 

room temperature with wavelengths ranging from 190 to 300 nm and a scan speed of 

50 nm▪min
–1

. The bandwidth was set to 0.5 nm, and an Xe lamp was used as the light 

resource. Using the Biokine software package, the solvent background was subtracted 

and the spectra could be smoothed. The resultant CD signals were expressed as [θ] 

(MilliDegree) versus wavelength 

Scanning Electron Microscopy (SEM) 

Gel samples were dried for 10 h under high vacuum after being frozen with liquid 

nitrogen. Then the samples were observed using a JEOL JMS-6700 SEM (Japan). 

Transmission Electron Microscopy (TEM) and Cryogenic Transmission Electron 
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Microscopy (Cryo-TEM) 

A drop of the sample (∼4 µL) at hydrogel state was placed on a TEM grid (copper 

grid, 3.02 mm, 200 meshes). Most of the liquid was removed with blotting paper 

leaving a thin film stretched over the holes. Then the copper grids were put in a 

vacuum extractor to remove water at -50 °C for 24 h. The copper grids were observed 

through a JEOL JEM 1400 Plus TEM (Japan) at an accelerating voltage of 120 kV. 

The cryo-TEM samples were prepared in a controlled environment vitrification 

system (CEVS). ~4µL sample solution was coated onto a TEM copper grid and the 

grid was blotted with two pieces of filter paper for about 4 seconds, leading to the 

formation of a solution thin film. Then, the grid was quickly plunged into a reservoir 

of liquid ethane (-165 ºC, cooled by liquid nitrogen) and kept in liquid nitrogen until 

the observation, After transferring the grid to a cryogenic sample holder (Gatan 626) 

and putting the holder into a JEOL JEM-1400 Plus TEM (120KV) instrument at about 

-174 ºC, one could observe the nanostructures. 

Rheological Measurements.  

Rheological measurements were performed on a Haake RS6000 rheometer with a 

coaxial cylinder sensor system. The viscoelastic properties were determined by 

oscillatory measurements from 0.01 to 100 Hz. In steady shear experiments, the shear 

rate was typically increased from 0.01 to 1000 s
-1

 in a step wise mode within 

approximately 10–35 min. To achieve equilibrium as far as possible, the rheometer 

was set to ensure the gradient was less than 0.5 (∆τ/τ)/∆t % at each shear rate step, 

and the maximum waiting time was 60 s. 
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Small-Angle X-ray Scattering (SAXS) 

Samples were prepared by placing a small amount of the hydrogel between two 

circular Teflon sheets (diameter 2 cm), compressing them, and then placing them in a 

sample holder. After SAXS analysis the samples were still in the hydrogel phase, with 

no visibly observable structural breakdown. The samples of dry gel were prepared in 

the same way. SAXS measurements were conducted at an HMBG-SAX system 

(Austria) with Ni-filtered Cu Kα radiation (0.154 nm) operating at 50 kV and 40 mA. 

Other instrumental characterization 

Fourier Transform Infrared (FT-IR) spectra were obtained on a VERTEX-70/70v 

FT-IR spectrometer (Bruker Optics). Dynamic light scattering (DLS) measurements 

were carried out on a Malvern Zetasizer Nano ZS. 

 

 

Results and disscussion 

The chemical structures of ASPs and the surfactants are shown in Figure 1. 

Hydrophobic part of LIVAGD, LIVAD, IVAD and IVD molecules are conical with the 

large cross section end far away from hydrophilic group, whereas hydrophobic part of 

AAAAAD molecule is cylindrical. The wormlike micelles were prepared by mixing 

these ASPs and surfactants in water with different concentrations at room temperature 

under weak acid environment. Pure 200 mmol•L
-1

 C14DMAO was spherical micelles 

in aqueous
30

. When a certain amount (40 mmol L
-1

 concentration was found to be 

optimal after a few attempts) of ASPs were added into 200 mmol·L
-1 

C14DMAO 
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solutions, the spherical micelles grew into long wormlike micelles. The growth of 

C14DMAO micelles was induced by the interaction between C14DMAO and ASPs. 

According to the critical packing parameter
31

, Pc (Pc= v/lca0), where v is the volume 

of the hydrophobic tail, lc is the maximum extended chain length and a0 is the 

interfacial area occupied by the headgroup, the packing parameter was expected to 

increases towards Pc = 1/3-1/2, when the transition from spherical micelles to 

wormlike micelles. Therefore, either the increase of v or decrease of a0 would lead to 

the increase of Pc. 

 

Figure 1. Table for molecular formula, structural formula, molecular abbreviation and 

molecular configuration. 

 

Firstly, the headgroup interaction of C14DMAO and ASPs would decrease the 

parameter a0. C14DMAO is known to be weak alkaline in aqueous solution, therefore 

when acid molecules are added in C14DMAO solution, C14DMAO would be 
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protonated and produce cationic surfactant C14DMAOH
+
 (Figure 2A). In order to 

examine this transition, Fourier transform infrared spectrum (FT-IR) was used
32

. The 

formation of cationic C14DMAOH
+
 with C−N → OH

+
 at low pH could increase the 

force constant of the bond, which is responsible for the band shift toward higher 

frequency upon protonation of the headgroup. Peaks between 1180 and 1250 cm
−1

 are 

attributed to the antisymmetric stretching of C−N → O. as shown in Figure 2B, the 

intensity of absorption peaks near 1220 cm
−1

 increases when LIVAGD added, 

indicates the degree of protonation of C14DMAO becomes higher with the addition of 

acid molecule. After the protonation process, the nonionic surfactant translated into 

cationic surfactant and the peptides would be negative charged because of the losing 

of proton. The interaction of cation and anion between headgroups could lead to the 

reduction of mean area of headgroup (a0). 

 

Figure 2. Protonation process of C14DMAO (A); FTIR spectrum for proving 

protonation of C14DMAO (B). 
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Secondly, the volume of hydrophobic part (v) also played important roles in the 

formation of wormlike micelles due to the ASPs have larger hydrophobic chain 

compared to alkane long chain of conventional surfactants. From cryo-TEM images in 

Figure 3 (A and B), molecules with larger hydrophobic tails, LIVAGD and AAAAAD 

could form long and dense wormlike micelles. However, with the size decreasing of 

hydrophobic part, LIVAD, IVAD and IVD (Figure 3C, D and E, respectively) 

molecule formed short and sparse wormlike micelles. 

 

Figure 3. Cryo-TEM images of wormlike micelles formed by 200 mmol•L
-1

 

C14DMAO and 40 mmol•L
-1 

LIVAGD(A), AAAAAD(B), LIVAD(C), IVAD(D) and 

IVD(E). 

 

CD spectrum (Figure 4A) shows that ASPs molecules are random coil condition in 
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surfactant solutions. That is because, the two carboxylic acids are negative charged 

when pH changed to about 6 (Aspartic Acid pKα = 2.09 and pKβ = 3.86, respectively). 

More C14DMAO with positivety charge would be attracted around the negative 

carboxylic acids as shown in Figure 4B. Thus, the existence of C14DMAO hinders the 

intermolecular hydrogen bonding formation of ASPs. Therefore, it could be assumed 

that ASPs molecules were inserted into surfactant aggregates with the headgroups 

exposed to the aqueous phase and hydrophobic part solubilized in hydrophobic core 

(Figure 4B). 

  

Figure 4. CD spectrum of 200 mmol·L
-1 

C14DMAO and different ASPs (A); schematic 

cartoon of wormlike micelles formation (B). 

 

The rheological properties of wormlike micelle solutions have been investigated by 

rheometer. The results were in accordance with Maxwell’s mechanical model at low 

shear frequency which was reported by Cates et al.
33

, a model to be used to describe 

living polymers (e.g. wormlike micelles). The storage modulus G’ and the loss 

modulus G” obey the following equations, which considered a single stress relaxation 

time τR: 
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G��ω� = �	
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�            (1) 

G"�ω� = �	

�

��
��
�            (2) 

Where ω, represents angular frequency (here we use frequency, f, as an independent 

variabl, that ω = 2πf). G0 and τR are high frequency plateau modulus and relaxation 

time, respectively. G0 and τR can be obtained from the critical angular frequency (ω*) 

and modulus (G*) at which the curve of G’ and G” intersects according to the 

equations: 

τR = 1/ω*   (3) 

G0 = 2G*   (4) 

As shown in the set of diagrams in Figure 5 A to E, the decrease of hydrophobic part 

of ASPs leads to the increase of ω* value (crossover point of G′ and G″), indicates the 

shortened stress relaxation time (τR, see Table 1). It shows that the entangling of 

wormlike micelles was more relaxed with the decreasing of hydrophobic part of 

ASPs. 

  The viscosity (η) has a plateau value (so-called zero-shear viscosity, η0), which 

represents the process of disentanglement (Figure 5F). And the zero-shear viscosity 

value (η0) is lower (see Table 1) with the decreasing of hydrophobic part of ASPs. It 

was coincided with the cryo-TEM images (Figure 3), where a lot of short wormlike 

micelles were observed, when the hydrophobic part of ASPs were decreasing. 
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Figure 5. Rheology properties of 200 mmol·L
-1 

C14DMAO and 40 mmol·L
-1

 LIVAGD 

(A), AAAAAD(B), LIVAD(C), IVAD(D) and IVD(E); steady shear experiments of 

200 mmol·L
-1 

C14DMAO and 40 mmol·L
-1

 ASPs (F). 

 

The properties of wormlike micelles are determined by their structures, 

especially the average contour length of wormlike micelles, which is generally 

represented by the Maxwell fluid behavior: 

�"���

�
∞
� �

��

��
     (5) 

where Lc is the average contour length and le is the average length between two 

entanglement points. G”min is the minimum of loss modulus in the high frequency 
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region and G’∞ is the plateau modulus of storage modulus. Although, le is not 

currently available, as a comparison, a typical value of 80−150 nm for wormlike 

micelles can be adopted
34,35

 to estimate Lc. The Lc statistics from cryo-TEM and 

calculated form rheometer are both listed in Table 1. The Lc data indicates that the 

average contour length are decreased with the decrease of hydrophobic part of ASPs. 

Lc (rheometer) of AAAAAD is bigger than that of LIVAGD, which indicates that 

AAAAAD is more beneficial to wormlike micelles formation than the corresponding 

conical peptide LIVAGD.  

 

Table 1. Rheology parameters of 200 mmol·L
-1 

C14DMAO and 40 mmol·L
-1

 ASPs. 

 

 

Several stimulus-responsive properties has been showed by the system of 200 

mmol·L
-1 

C14DMAO and 40 mmol·L
-1

 ASPs, such as pH-thickening, pH-thinning and 

metal ionic thickening (Figure 6). 
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Figure 6. Schematic illustration of multiple-stimulus responsive wormlike micelles. 

 

Because of the two carboxyl groups on aspartic residue, we found that the ASPs 

and C14DMAO wormlike micelle systems could response to pH variation. However, 

ASPs with larger hydrophobic part changed significantly. Therefore, LIVAGD was 

chosen as an example to explain the mechanism of transition. When pH was above 

9.88, viscoelastic wormlike micelles changed into spherical micelles and the solution 

lose its viscoelastic properties. It can be assumed that, when pH increased, the charge 

situation of C14DMAO will be changed. C14DMAO is a nonionic surfactant in 

aqueous alkaline medium. The headgroup interaction between C14DMAO and ASPs is 

not strong as that of in aqueous acidic medium. Therefore, spherical micelles are the 

main aggregates in this condition (see in Figure 7 A and B). DLS showed the diameter 

of spherical micelles was about 3-4 nm (Figure 7A), and it was in accordance with the 

cryo-TEM result in Figure 7B. 
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Figure 7. DLS (A) and Cryo-TEM images (B) of 200 mmol·L
-1 

C14DMAO and 40 

mmol·L
-1

 LIVAGD at pH = 9.88. 

 

When pH below 3.23, the transparent hydrogels changed into turbid hydrogels 

(Figure 6). The microstructure of turbid hydrogels has been characterized by TEM, 

SEM, SAXS and CD. According to the TEM and SEM images (Figure 8 A and B), the 

turbid hydrogels are consist of nanobelts with the width of about 200 nm. SAXS 

(Figure 8C) curve has two peaks with the ratio about 1:2 which indicate that nanobelts 

composed of lamellar structures. The d-spacing (distance of lamellar structures), 

which can be calculated by Bragg equation, is about 4.18 nm. The molecule length (l) 

of C14DMAO can be estimated as 2.05 nm from the equation l = 1.5 + 1.265N. And 

the length of LIVAGD obtained from previous references
21,36

 was about 1.8 nm. The 

data from SAXS (4.18 nm) was basically accordance with the estimated addition data 

of C14DMAO and LIVAGD (2.05nm + 1.8nm = 3.85nm). CD spectrum indicated 

β-sheet formed at pH = 3.23. Hauser et al. explained the formation of hydrogel was 

caused by the anti-parallel arrangement of LIVAGD
36,37

. Therefore, according to 

SAXS and CD measurements, we considered the ASPs and C14DMAOH
+
 molecules 
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arranged as shown in Figure 8E. ASPs molecules arranged by adopting anti-parallel 

forms and C14DMAOH
+
 molecules around the ASP molecules depend on electrostatic 

interaction. Due to the decrease of pH to 3.23, ASPs carried less charge than that at 

pH = 5.96. Only α-carboxyl group was still charged (pKα = 2.09), with β-carboxyl 

group remains no change (pKβ = 3.86). Therefore, the interaction between ASPs and 

C14DMAOH
+
 molecules was weakened. And the interaction between ASPs and ASPs 

molecules was enhanced due to the absence of C14DMAOH
+
 disturbance around 

ASPs. 

 

Figure 8. TEM(A), SEM (B) SAXS (C) and CD (D) mesurements of 200 mmol·L
-1 

C14DMAO and 40 mmol·L
-1

 LIVAGD at pH =3.23; schematic cartoon of nanobelts 

formation (E). 
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The rheological properties of turbid hydrogels were investigated by rotary 

rheometer. The results showed that the viscoelastic property of turbid hydrogels was 

different from that of transparent hydrogels. G’ is 10 times larger than G” without 

crosspoint in our measurement range. G’ is about 70 Pa and G” is about 7 Pa. The 

complex viscosity (η*) decreased linearly over the whole measurement range. Steady 

shear viscosity (η) also decreased linearly with the increasing of shear rate. These 

rheological behaviors clearly indicated the viscoelastic properties of turbid hydrogels 

were solid-like hydrogel systems (or “strong” hydrogels), comparing to wormlike 

micelle systems which were also called liquid-like hydrogel system (or “weak” 

hydrogels).
38,39

  

According to pH responsive properties, a pH switchable fluid-solid transition was 

designed. The viscosity of fluid could be continuously adjusted by HCl and NaOH. 

When the pH decrease to 3 around, the viscosity reached to above 10
3 

Pa·s, whereas 

when the pH return to 6 around, the viscosity decreased to about 2 Pa·s. Further adjust 

the pH to 9 around led the viscosity to be lowered to 0.1 Pa·s. This variation of 

viscosity was stable and repetitive even after 12 times of pH adjustments. (Figure 9C) 
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Figure 9. Viscoelastic property (A) and steady shear experiment (B) for 200 mmol·L
-1 

C14DMAO and 40 mmol·L
-1

 LIVAGD at pH =3.23; pH cycle scheme of 200 mmol·L
-1 

C14DMAO and 40 mmol·L
-1

 LIVAGD (C). 

 

C14DAMO and metal ions have strong coordinating interaction according to 

previous work
40,41

. Therefore, metal ions would have effect on properties of wormlike 

micelles of C14DMAO and ASPs. In order to examine this behavior, a set of 

experiments was designed: firstly, NaCl was added into wormlike micelle solutions of 

C14DMAO and LIVAGD. It was found that the viscosity increased with increase of 

concentration of NaCl. The addition of NaCl raised viscosity more than 3 times 

(Figure 10A). Secondly, Other metal ions were also investigated. We found metal ions 

with higher valence had better effect on increasing viscosity of wormlike micelles., 

The addition of divalent metal ions and trivalent metal ions further increased the 

viscosity of wormlike micelles 10 and 25 times, respectively. However, the detailed 
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machanism of metal ions effect is still not clear. System researches on metal ion 

effects will be presented in our future work. 

 

Figure 10. Zero-shear viscosity as a function of concentration of NaCl (A); viscosity 

increasing effect by different metal ions (B). 

Conclusions 

The combination of ASPs and C14DMAO complexes formed wormlike micelles 

in aqueous solution. The structure of ASPs had significant effect on the properties of 

wormlike micelles. ASPs with larger hydrophobic part was beneficial to the formation 

of wormlike micelles. These wormlike micelles transformed into nanobelts networks 

when pH was decreased and spherical micelles when pH was increased. The 

transitions were regulated by charge variation of ASPs and C14DMAO which was 

induced by pH changing. These wormlike micelles also have ionic thickening 

property. 
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