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Abstract 
Among soft matter materials,1-3 block copolymers can form ordered structures 

with high regularity by microphase separation, triggered by the selective incompatibility 

of the blocks with each other.4 Many current studies of block-co-polypeptides are 

focused on their self-assembly in dilute solutions.5 This work expands previous research 

on the self-assembly of block-co-polypeptides into micellar structures in dilute solutions 

to the microphase separation in concentrated solutions and on surfaces, by using a 

model family of resilin-like/elastin-like block-co-polypeptides.5 The effects of four 

parameters, including relative block lengths, temperature, concentration, and deposition 

methods, on microphase separation are investigated. The results show that the presence 

of microphase separation and the morphologies of microphase separated structures are 

predictable from our study of thermodynamic theory. This work provides an 

understanding of how sequence design of stimulus-responsive block-co-polypeptides is 

related to their microphase separation. 
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1. Introduction 
Sequences or blocks, which are in the form of chemically distinct repetitive 

subunits, can unite together to form block copolymers.6 At specific conditions, block 

copolymers can generate ordered morphologies, including micelles, cylinders, lamellae, 

and other hierarchical structures, by spontaneous microphase separation. Current 

research on the self-assembly of block-co-polypeptides7 is focused on dilute solutions.5 

However, understanding the microphase separation of block-co-polypeptides in 

concentrated solutions and on surfaces is still largely lacking. 

The overall objective of this research is to explore the conformation of 

microphase separated morphologies of block-co-polypeptides in concentrated solutions 

and on surfaces by experimental approaches. We will focus on three factors: the relative 

composition of each block f, the overall degree of polymerization N, and the Flory-

Huggins interaction parameter c,8 all of which play important roles in the phase 

behavior. Accordingly, we performed experiments dealing with the microphase 

separation behavior of block-co-polypeptides to study the effects of experimentally 

controlled parameters: relative block lengths, temperature, concentrations, and 

annealing, which verified the theoretical prediction. We used several characterization 

methods, including small-angle X-ray scattering (SAXS), atomic force microscopy 

(AFM), and ellipsometry. 
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We found that block-co-polypeptides can form ordered structures with high 

regularity, including hexagonal cylinders and lamellae, both in concentrated solutions 

and on surfaces. The occurrence of microphase separation and the morphologies of the 

ordered structures are consistent with theoretical predictions. The results of this work 

revealed the driving forces and parameters affecting microphase separation in block-co-

polypeptides, and will guide the future fabrication of functional, surface confined 

structures based on stimulus-responsive block-co-polypeptides materials.  

1.1 Background 

1.1.1 Soft matter materials 

The properties of soft matter materials are typically dictated by structures with 

length scales that are larger than atomic scale, but smaller than the macroscopic (overall) 

length scale.9 In contrast to hard condensed matter materials,10 soft matter materials are 

easily deformed and influenced by thermal fluctuations.11 One interesting property of 

soft matter materials comes from the molecular composition and the balance between 

enthalpy and entropy, which results in distinct, spontaneous phase behavior, which 

drives self-assembly (in the solution environment) and microphase separation. The 

microphase separated structures that form on mesoscopic scales can lead to 

hierarchically structured macroscopic structures.12 A small change in the external 

conditions, such as temperature, or intrinsic parameters, such as the relative molecular 

composition, can largely influence the formation and appearance of soft matter 
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structures.2 At the same time, the regular structures are programmable by tuning the 

fabrication process during the microphase separation behavior. Accordingly, the 

functional properties of specific structures give soft matter materials immense potential 

for biomedical applications (e.g., for drug delivery vehicles,13 or as substrates for enzyme 

display14).  

1.1.2 Microphase separation of block copolymers 

Block copolymers, which are composed of chemically distinct repetitive subunits, 

can, under certain conditions, microphase separate into ordered structures of different 

morphologies, including micelles, cylinders, and lamellae. These structures endow block 

copolymers with potential for a broad range of applications, ranging from biomedical 

materials to optoelectric devices.13, 15 

For block copolymers, microphase separation is triggered by incompatibility of 

unlike blocks.16 The schematic in Figure 1 shows an example of the microphase 

separated structures of an AB diblock copolymer.17 
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Figure 1: Individual AB diblock copolymer chain and its (a) lamellar and (b) 
hexagonally cylindrical microphase separated states. From reference 17. Figure used 

with permission by Springer Nature. 

The phase behavior of AB diblock copolymers can be explained by 

thermodynamic theory. Briefly, three factors, the relative fraction of each block in the 

copolymer f, the overall degree of polymerization N, and the Flory-Huggins interaction 

parameter c, play the most important roles in this process.18 The phase diagram for the 

system of melt AB diblock copolymers is shown in Figure 2.4 

For the solvent-less system (melt), the relative fraction of each block in the 

copolymer, f determines the equilibrium microdomain structures. As the fraction of one 

block, fA increases, block copolymers correspondingly exhibit microphase separated 

morphologies of spherical, cylindrical, gyroid, and lamellar.  

The product of the other two factors, cN determines the incompatibility of A and 

B blocks. The equation for cAB is as follows: 
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c!" = $ %
&'(

) *e!" −
,
-
(e!! + e"")1, 4 

where z is the coordination number, kB is the Boltzman constant, T is the temperature, 

and eAA, eAA, eAA are the interaction energies. Typically, cAB is a small number but is 

dramatically influenced by temperature. At the same time, the overall degree of 

polymerization N, which is related to the overall block lengths in the copolymer in bulk, 

also has an effect. When the temperature increases or N decreases, the product of cN 

decreases, which means the incompatibility of A and B blocks decreases. Accordingly, 

microphase separation might not happen. 

 

Figure 2: Phase diagram for melt AB diblock copolymers with four 
equilibrium morphologies: spherical (S), cylindrical (C), gyroid (G), and lamellar (L), 

depending on f and cN. (CPS represents closely packed spheres). From reference 4. 
Figure used with permission by Royal Society of Chemistry. 
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Specifically, when the microphase separation of block copolymers occurs in 

solutions, the addition of small molecules (H2O) can partly screen the monomer-

monomer interactions, and thus leads to a more complicated system.19 Accordingly, 

FcABN, where F is the volume fraction of the block copolymer, should be considered to 

estimate the incompatibility of A and B blocks instead of cABN. cAS and cBS, which 

represent the interactions between each block and the solvent, also affect the phase maps 

of block copolymer solutions. These two parameters are directly determined by the 

distinct properties (e.g., hydrophobicity) of each block, and are functions of the 

temperature. 

For this aqueous environment, amphiphiles self-assemble into spherical micelles 

when the fraction of the hydrophobic A blocks (fA) is relatively low. At this stage, the 

hydrophilic B chains, which are dominant in number, are as far away as possible with 

each other, and have the most interaction with water. This is the most energetically 

favorable phase state for the B blocks. Though it is the least energetically favorable for 

the hydrophobic A chains since they are stretched out and exposed to water, the relative 

low fA of the A blocks makes it insufficient to prevent the formation of micellar 

structures. As the hydrophobic fraction (fA) increases, block copolymers tend to 

microphase separate into cylindrical structures. At this point, the hydrophobic A blocks 

are more closely aggregated. On the other hand, the hydrophilic B blocks approach each 

other and have less interaction with water, which makes them transfer into a lower 
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favorable state since the repulsive forces among the B blocks are increasing. Finally, 

when the fraction of the hydrophobic A blocks (fA) exceeds ~50%, highly ordered, 

lamellar structures form. While the lamellar phase state is the energetically most 

favorable for the hydrophobic A blocks because they are the most aggregated and 

interact the least with water, it is the least favorable phase state for the hydrophilic B 

blocks. 

1.2 Motivation 

1.2.1 Block-co-polypeptides 

Among a large amount of hydrophobic-hydrophilic diblock copolymers, the 

study of stimulus-responsive, recombinantly generated block-co-polypeptides, such as 

resilin-like/elastin-like polypeptides, has only been pursued recently.20-21 Compared with 

classic block copolymers, recombinant block-co-polypeptides have specific advantages. 

First, the resilin-like polypeptide (RLP) blocks’ upper critical solution temperature 

(UCST) behavior is chosen to make it insoluble at low temperature,21-22 while the elastin-

like polypeptide (ELP) blocks’ lower critical solution temperature (LCST) behavior 

makes it soluble at low temperature.23 The solubility difference between RLP and ELP 

blocks, which was discussed in terms of incompatibility in the previous section, triggers 

microphase separation of block-co-polypeptides. Second, recombinant block-co-

polypeptides are perfectly monodisperse with precisely defined amino acid sequences.24 

Therefore, to relate the amino acid sequence to the microphase separation behavior of 
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the recombinant block-co-polypeptides becomes possible. Previously, the Chilkoti group 

has studied the self-assembly of block-co-polypeptides in dilute solutions. They reported 

that resilin-like/elastin-like block-co-polypeptides self-assemble into spherical or 

cylindrical micelles (Figure 3), whose morphologies can be influenced by block lengths 

and hydrophobicity.5 However, the microphase separation phenomena of block-co-

polypeptides in concentrated solution and on surfaces has no yet been fully explored, 

and is the subject of this thesis. 

 

Figure 3: Micellar self-assembly of resilin-like/elastin-like polypeptides in 
dilute solution. From reference 5. Figure used with permission by American Chemical 

Society. 

1.2.2 Objective and specific aims 

Inspired by previous studies of self-assembling block-co-polypeptides in dilute 

solutions, the overall objective of this work is to explore the formation and properties of 

microphase separated structures both in concentrated solutions and on surfaces. 

Theory suggests that several factors are important for the microphase separation 

behavior, including the relative fraction of each block in the copolymer f, the overall 

degree of polymerization N, and the Flory-Huggins interaction parameter c. We use 

experimental approaches, such as small-angle X-ray scattering (SAXS), atomic force 
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microscopy (AFM), and ellipsometry, to study the microphase separation in 

concentrated solutions and on surfaces, respectively. Specifically, in concentrated 

solutions, we adjust (1) the block length of block-co-polypeptides (i.e., variables: f and 

N), (2) temperature (i.e., variable: c), and (3) concentrations of block-co-polypeptides (i.e., 

variable: F), to study the effects on microphase separation. Additionally, we spin coat 

the sample solution onto a substrate to study the phase formation and appearance of 

polypeptide thin film on surfaces. Overall, this work provides a guide to obtain the 

microphase separated morphologies by using bioinspired polypeptide materials. 

1.3 Small-angle X-ray scattering (SAXS) and analysis 

Small-angle X-ray scattering is an important technique to investigate the 

structural properties of soft matter materials such as, liquids, solids, and gels.25 This 

method is made possible by the use of X-ray which can provide information regarding 

the fluctuations of electron density in the sample.26 A typical set up of the SAXS 

instrument is shown in Figure 4. After a beam of incident wave interacts with the 

sample, the intensity of the scattered wave is detected at an angle 2q. The so-called 

‘length of the scattering vector’, q, is used to analyze the scattering patterns: 

𝑞 = 3p
l
∗ sin(q), 

where l is wavelength, so the dimension of q is one over length (e.g., nm-1). For small 

angle scattering, the scattered intensity I(q) is measured at small q vectors. 
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Figure 4: The components of a SAXS instrument. From reference 27. 

In a typical SAXS spectrum, the intensity is plotted versus q, in the range from 

qmin to qmax. The detectable size range in SAXS is limited by Dmin and Dmax, which are 

determined by q (Figure 5): 

𝐷9:; ≈
=

>?@A
, 𝐷9CD ≈

=
>?EF

	. 28 

Accordingly, the technological challenge of SAXS is to reach a small qmin but to have no 

signal disturbance by the stronger direct beam.29 The qmin is determined by the 

collimation system30 and the beam stop alignment.31 Therefore, the SAXS instrument 

quality is usually specified by qmin or Dmax (typical SAXS resolution: Dmax = 30-50 nm). 27   
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Figure 5: q windows which are related to the different detection sizes D. High 
q domain: the “Porod’s region”, which shows contrast at the interface between two 

media;32 Intermediary zone: elementary bricks in the systems, where the form factor 
P(q) can be measured; Low q domain: large window, which shows the interactions of 

particles in the system where the structure factor S(q) can be measured. 

The form factor P(q) is a measure of the characteristic shape and size of the 

particle.33 Generally it is of fundamental interest in SAXS to determine the shape and 

size of the scattering objects by obtaining P(q).34 For reliable measurements, the sample 

solution should be relatively dilute.35 

Moreover, when the sample solution becomes concentrated and particles are 

packed densely, the interference pattern will include interaction information from 

neighboring particles. This additional interference pattern is called the structure factor 

S(q).36 Typically, as the formation of long-range order emerges, the structure factor 
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exhibits pronounced peaks at specific angles (q positions in a spectrum) for the 

corresponding crystal symmetry.37 

Collecting all related terms, the intensity is proportional to the product: 

∆𝐼(𝑞) = 𝐾 ∗ 𝑃(𝑞) ∗ 𝑆(𝑞),38 

where the constant K includes factors of concentration, volume, and contrast, P(q) 

represents shape, size, and internal distribution of particles, and S(q) provides 

information of interactions of particles. The schematics of the product of P(q) and S(q) 

are shown in Figure 6. 
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Figure 6: The scattering curve of a long-range ordered I(q), which is the 
product of P(q) and S(q) of particles in the unit cell. When structure factor peaks and 
form factor minimum collide, systematic extinction occurs, thus the peak cannot be 

observed. From reference 27. 
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2. Materials and methods 
2.1 Resilin-like/elastin-like block-co-polypeptides 

The model family of block-co-polypeptides, which is utilized in this work, was 

obtained from the Chilkoti group. The block-co-polypeptides have the form of G-

(QYPSDGRG)n-[(A/G)GVPG]80-Y where n represents the resilin-like polypeptide (RLP) 

length from 20 to 100 repeats while the elastin-like polypeptide (ELP) length is fixed to 

80 pentapeptide repeats (Table 1). A/G means that A and G have a 50/50 ratio in the 

guest residue.39 The SDS-PAGE gels of all five block-co-polypeptides are shown in 

Figure 7. 

Table 1: The model family of block-co-polypeptides of RLPn-ELPA/G,80. 

Name Amino acid sequence MW (kDa) ELP wt% 

RLP20-ELPA/G,80 G-(QYPSDGRG)20-[(A/G)GVPG]80-Y 47.8 0.63 

RLP40-ELPA/G,80 G-(QYPSDGRG)40-[(A/G)GVPG]80-Y 65.0 0.46 

RLP60-ELPA/G,80 G-(QYPSDGRG)60-[(A/G)GVPG]80-Y 82.2 0.37 

RLP80-ELPA/G,80 G-(QYPSDGRG)80-[(A/G)GVPG]80-Y 99.5 0.30 

RLP100-ELPA/G,80 G-(QYPSDGRG)100-[(A/G)GVPG]80-Y 116.7 0.26 

 

The microphase separation of this novel family of block-co-polypeptides is 

triggered by the solubility difference between RLP blocks and ELP blocks. As 

introduced in 1.2.1, the RLP block has UCST phase behavior and is chosen to already be 
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insoluble at relatively low temperatures, while the ELP block with LCST behavior is 

chosen to be soluble at relatively low temperatures. Related to the theory for diblock 

copolymers in solutions, FcRLP-ELPN should be considered to estimate the incompatibility 

of A and B blocks, while cRLP-S and cELP-S would affect the formation and appearance of 

the microphase separated structures.  

Some details on the expression of our block-co-polypeptides: the genes were 

synthesized by the method of plasmid reconstruction recursive directional ligation.24 The 

block-co-polypeptides were expressed in BL21 E. coli based on the leakiness of the T7 

promoter.40 The purification was performed by the method of inverse transition cycling 

method.41 All available protocols from the synthesis of genes to the purification of block-

co-polypeptides can be inferred from publications by the Chilkoti group.  
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Figure 7: SDS-PAGE gels of the model family of block-co-polypeptides. From 
left to right: RLP20-ELPA/G,80, RLP40-ELPA/G,80, RLP60-ELPA/G,80, RLP80-ELPA/G,80, RLP100-

ELPA/G,80. 

2.2 Characterization of bulk morphology by small-angle X-ray 
scattering (SAXS)  

The characterization by small-angle X-ray scattering was conducted in the 

Shared Materials Instrumentation Facility (SMIF) at Duke University, using SAXSLAB’s 

GANESHA (Figure 8), which also contains the computer station for data analysis (by 

SAXSGUI interface).  
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Figure 8: SAXSLAB's GANESHA small angle X-ray scattering instrumentation. 

2.2.1 Sample preparation 

The solution samples of RLP-ELP block-co-polypeptides, RLP20-ELPA/G,80, RLP40-

ELPA/G,80, RLP60-ELPA/G,80, RLP80-ELPA/G,80, RLP100-ELPA/G,80, were prepared from the 

dissolution of their lyophilized form following the procedure: 1) adding solvent (H2O) 

and holding for 30 minutes, 2) degassing for 60 minutes, 3) centrifuging for 1 minute at 

13000 rpm. Solution samples with two concentrations (20 wt% and 30 wt%) were 

prepared.  
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2.2.1.1 Liquid samples with quartz capillaries 

The typical method to contain liquid samples is to use quartz capillaries (Figure 

9a) here mounted in a JSP multi-capillary holder. The JSP multi-capillary holder (Figure 

9b) is attached to a JULABO cryo-compact circulator, which uses water bath to vary the 

temperature of the JSP multi-capillary holder. For each capillary, the solvent scattering 

profile needs to be obtained prior to sample measurements. 

 

Figure 9: The JSP multi-capillary holder carrying with capillary samples. (a) 
The quartz capillary. (b) The capillary holder with water flowing in and out. 

2.2.1.2 Viscous samples with sandwich cell 

Samples at high concentration often also have high viscosity, making it difficult 

to inject the sample into the fine capillaries. Thus we also used sandwich cells to contain 

block-co-polypeptide samples at high solution concentrations.42 Briefly, the viscous 

sample is sandwiched between two Kapton films (DuPont’s Kapton discs were used in 

this work) and sealed into the sample holder. Figure 10 illustrates the processes to create 

Quartz capillary 
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a sandwich cell. A generic Linkam stage is used to mount sandwich cells for 

measurements at room temperature.  

 

Figure 10: Flow chart to create sandwich cells. 

2.2.2 Experimental configuration 

For our block-co-polypeptide samples, q ranged from 0.05 to 2 nm-1. The distance 

between the sample and the detector was set at 1080 mm. The solvent (here water) 

scattering profile was measured under the exact same conditions. Details of other 

parameters setup (e.g., configuration number) can be found in the protocol from Shared 

Materials Instrumentation Facility (SMIF) at Duke University. 
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2.3 Thin film fabrication 

2.3.1 Substrates 

Two substrates were used to study the effects of different substrates on the 

microphase separation of block-co-polypeptides. For this purpose, a mica and a silicon 

wafer substrate were diced into ~1 cm by 1 cm squares, suitable for mounting in the 

AFM. The cleaning process followed standard procedures adopted by the Zauscher lab 

(shown in Appendix 1). 

2.3.2 Processing technique 

The solution samples of five block-co-polypeptides (shown in Table 1) with a 

range of elastin-like polypeptide block length were prepared from the dissolution of 

their lyophilized form following the procedure: 1) adding solvent (H2O) and holding for 

30 minutes, 2) degassing for 30 minutes, 3) centrifuging for 30 seconds at 13,000 rpm. 

Each solution sample for subsequent spin coating was prepared at 1 wt%  and kept at a 

specific temperature.43 

We used a KW-4A Spin Coater (MicroNano Tools) shown in Figure 11 for our 

experiments. Spin speed influences both the film thickness and the uniformity.43 Here, 

we followed a particular protocol in which we set the initial speed at 500 rpm for 5 

seconds, followed by 3,000 rpm for 60 seconds to generate the thin films of block-co-

polypeptides. 
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Figure 11: MicroNano Tools KW-4A Spin Coater. 

2.3.3 Temperature control 

Since resilin-like/elastin-like block-co-polypeptides are thermo-responsive, which 

is related to the occurrence of microphase separation on surfaces, temperature is one of 

most important variables to control during thin film fabrication. During the spin coating 

process, we studied four different temperatures ranging from 4°C, room temperature (20 

°C), 37 °C, and 45 °C.  

For low temperature, the spin coater was moved into a Fisher Scientific Isotemp 

Chromatography Refrigerator. All other equipment for spin coating, including 

substrates, and micro tubes holding solution samples, were also held in the refrigerator 

with the temperature set at 4 °C. During the process of spin coating for each sample, the 

temperature readings of both the refrigerator panel and the mobile thermometer inside 
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the refrigerator were monitored to confirm that the experimental environment was 

indeed at 4 °C. 

For deposition at high temperature, the spin coater was moved into an Amerex 

Gyromax 747/747R Floor Model Incubator Shaker. Again, all equipment was contained 

in the incubator with the temperature set at 37 °C or 45 °C. 

2.4 Characterization of thin film morphology by atomic force 
microscopy (AFM)  

The block-co-polypeptide thin films were imaged by tapping mode atomic force 

microscopy (AFM) to obtain images of the film surface morphologies, using a Bruker 

MultiMode AFM (Figure 12). The cantilevers, also produced by Bruker, had nominal 

resonance frequencies of about 300 kHz, spring constants of about 40 N/m, and tip radii 

of about 8 nm. 
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Figure 12: Bruker's MultiMode AFM instrument. 

2.5 Characterization of thin film thickness by both atomic force 
microscopy (AFM) and ellipsometry 

The thickness of the spin coated thin film was measured by both AFM44 and 

ellipsometry45. Samples for these measurements were prepared on silicon substrates as 

described in section 2.3. For AFM step-height measurement we scratched the thin film 

with a razor blade, taking care to not damage the silicon wafer. For the same sample we 

also measured the film thickness independently using a J. A. Woollam M88 

spectroscopic ellipsometer. Five positions were measured, and the sample thickness was 

determined as the average of these measurements. 
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3. Microphase separation of stimulus-responsive resilin-
like/elastin-like block-co-polypeptides in concentrated 
solutions and on surfaces 

In this chapter, the investigation of microphase separation of resilin-like/elastin-

like block-co-polypeptides in highly concentrated solutions and on surfaces is described. 

The results show that several parameters play important roles in the microphase 

separation of block-co-polypeptides in concentrated solutions. Both in concentrated 

solutions and on surfaces the block-co-polypeptides exhibit highly ordered phases 

which contain hexagonal cylinders and lamellae. 

3.1 Brief predictions from thermodynamic theory 

As discussed in the introduction, the phase behavior of AB diblock copolymers 

in solutions is typically determined by the following factors: the relative fraction of each 

block in the copolymer f, the overall degree of polymerization N, the Flory-Huggins 

interaction parameters cAB (between A blocks and B blocks), cAS (between A blocks and 

the solvent), cBS (between B blocks and the solvent), and volume fraction of copolymer 

F. Accordingly, we are interested in studying the effects of experimentally controlled 

parameters: relative block lengths, temperature, concentrations, and annealing, on the 

microphase separation behavior of block-co-polypeptides. Here the AB diblock 

copolymer has the form of G-(QYPSDGRG)n-[(A/G)GVPG]80-Y where n represents the 

resilin-like polypeptide (RLP) length from 20 to 100 while the elastin-like polypeptide 

(ELP) length is fixed to 80 (Table 1).  
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First, for the effects of RLP block length, the study of microphase separation can 

be based on f, and N. Both fRLP and fELP vary with different block lengths of RLP, and N 

increases as the block-co-polymer contains more RLP blocks. As discussed in Section 

1.1.2, when fRLP is low (N is also relatively small), the block-co-polypeptides amphiphiles 

self-assemble into spherical micelles. This is because the hydrophilic ELP chains are able 

to fully interact with water, which is the most energetically favorable phase state. As the 

hydrophobic fraction (fRLP) increases, which here means the RLP block length increases 

(N also increases), block-co-polypeptides tend to microphase separate into cylindrical 

structures. At this point, the hydrophobic RLP blocks are more closely aggregated while 

hydrophilic ELP chains approach each other. Finally, when the fraction of the 

hydrophobic RLP block (fRLP) reaches a high level, typically over 40% (N becomes 

relatively large), lamellar structures with high regularity will be formed. The lamellar 

phase state is the most favorable for the hydrophobic RLP blocks because they are then 

most aggregated and interact the least with water. Therefore, the first prediction 

regarding the effects of the block length of RLP can be described as follows: as the block 

length of RLP increases, where both fRLP and N increases, block-co-polypeptides tend to 

exhibit changing phases from disorder to order with featured morphologies, including 

hexagonal cylinders and lamellae. 

Second, to study the effects of temperature, the cRLP-ELP can be considered. As 

discussed in Section 1.1.2, cRLP-ELP typically decreases with increasing temperature. Here 
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cRLP-S and cELP-S are also dependent on the temperature, which comes from the distinct 

hydrophobicities of the RLP block and the ELP block. Above the LCST, the ELP becomes 

more hydrophobic which leads to a diminished difference in hydrophobicity between 

RLP and ELP, this entails an order-disorder transition as the temperature increases. We 

expect that at high temperatures (e.g., 50 °C) the RLP and ELP block have similar 

hydrophobicity and thus a fully disordered phase should be observed. 

In addition, we are also interested in the effects of concentration on microphase 

separation. As discussed in Section 1.1.2, FcRLP-ELPN determines the incompatibility of 

the RLP block and the ELP block. As the concentration of block-co-polypeptide 

increases, the volume fraction of the copolymer, F increases, which also means an 

increase of FcRLP-ELPN (if both cRLP-ELP and N are fixed). Thus, the larger hydrophobicity 

difference will potentially lead to a disorder-order transition or an order-order 

transition. Accordingly, one set of initial experiments was performed to explore it. 

3.2 The effects of relative block lengths 

3.2.1 Experimental design 

The block-co-polypeptides used for these experiments had the amino acid 

sequence of G-(QYPSDGRG)n-[(A/G)GVPG]80-Y, which contains ELP blocks of 80 

repetitive pentapeptides with equal amounts of A and G at the guest residue position. 

To investigate the effects of relative block on microphase separation, we varied the 

length of the resilin-like polypeptide from 20 to 100 repeats (Table 1). 
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The samples were prepared as described in Chapter 2, with a final concentration 

of 30 wt%. The high concentration required the use of sandwich cells with double 

Kapton films for SAXS characterization. 

3.2.2 Results and discussion 

As introduced in Chapter 1, structure in highly concentrated solutions is seen as 

a set of narrow peaks at specific angles in the SAXS profile. The peak positions have 

typical values referenced to the fundamental peak at q*, and indicative of specific 

morphologies present (Table 2). 

Table 2: Relationship between crystal symmetry and SAXS spectra peak 
positions. 

Crystal symmetry Ratios of peak positions 

Lamellae q, 2q, 3q, ... 

Cubes q, √2 q, √3 q, 2q, √5 q, ... 

Hexagonal cylinders q, √3 q, 2q, √7 q, 3q, ... 

 

The spectra obtained for five block-co-polypeptides, RLP20-ELPA/G,80, RLP40-

ELPA/G,80, RLP60-ELPA/G,80, RLP80-ELPA/G,80, RLP100-ELPA/G,80, at 30 wt% at room temperature 

are shown in Figure 13. Under these conditions, RLP20-ELPA/G,80 shows a single peak at 

location of q*, which indicates that RLP20-ELPA/G,80 is disordered at this point. As the 

block length of the RLP increases, peaks appear at q* and faintly at 2q* for RLP40-

ELPA/G,80, which means RLP40-ELPA/G,80 is still at the disordered state but also indicates the 
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emergence of ordered morphology (maybe cylindrical structures based on the 

observation below). With further increase in the block length of the hydrophobic RLP, 

both RLP60-ELPA/G,80 and RLP80-ELPA/G,80 show characteristic peaks at q*, √3 q*, 2q*, √7 q*, 

and 3q*, which suggests that RLP60-ELPA/G,80 and RLP80-ELPA/G,80 microphase separate 

into hexagonally cylindrical structures. For RLP100-ELPA/G,80, which has the relatively 

largest RLP block length, the characteristic peaks of the hexagonal cylindrical symmetry 

at √2 q* and √7 q* are disappearing. It suggests that lamellar structures become more 

dominant. 
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Figure 13: Representative spectra for RLPn-ELPA/G,80 at 30 wt% under room 
temperature. The RLP block length varies from 20 to 100 repeats. 

The observed results are consistent with predictions from polymer physics. 

RLP20-ELPA/G,80, i.e., the construct with the least hydrophobic RLP block and the most 

hydrophilic ELP block, is soluble because the RLP block is too short to drive the phase 

separation. As the RLP block length increases (RLP40-ELPA/G,80) an ordered phase is 

beginning to be formed which is driven by the solubility difference between the 

hydrophilic ELP block and the hydrophobic RLP block. For RLP60-ELPA/G,80 and RLP80-

ELPA/G,80, the well-defined hexagonal cylindrical morphology exists. Further increasing 

RLP block length results in a transition to a lamellar morphology. 
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Table 3 shows the feature sizes of these five block-co-polypeptides at the 

concentration of 30 wt% at room temperature, determined by 2p/q*. The feature size 

increases steadily with the increase in the RLP block length. 

Table 3: SAXS spectra feature sizes for RLPn-ELPA/G,80 at 30 wt% under room 
temperature. 

Name q* (nm-1) 2p/q* (nm) 

RLP20-ELPA/G,80 0.249 25.2 

RLP40-ELPA/G,80 0.201 31.2 

RLP60-ELPA/G,80 0.131 47.9 

RLP80-ELPA/G,80 0.115 54.6 

RLP100-ELPA/G,80 0.0938 66.9 

 

Overall, the predictions from Section 3.1 are verified in that as the length of the 

RLP block increases, which also means that fRLP and N increases, the block-co-

polypeptides tend to exhibit changing phases from disorder to order with featured 

morphologies, from hexagonal cylinders to lamellae.  

3.3 The effects of temperature 

3.3.1 Experimental design 

The block-co-polypeptides used for these experiments had the amino acid 

sequence of G-(QYPSDGRG)100-[(A/G)GVPG]80-Y, i.e., they contained 100 repeats in the 

resilin-like polypeptide block, and 80 repeats in the elastin-like polypeptide. This block-
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co-polypeptide was selected because it has the potential to exhibit an order-disorder 

transition (since it already exhibits ordered structures in Section 3.2 at room 

temperature).  

To investigate the effects of temperature on microphase separation, the sample of 

RLP100-ELPA/G,80 was characterized by SAXS using quartz capillaries mounted in the 

multi-capillary holder at 30 wt%. SAXS measurements were conducted at 10 °C, 20 °C, 

30 °C, 40 °C, and 50 °C.  

3.3.2 Results and discussion 

Figure 14 shows the SAXS spectra for RLP100-ELPA/G,80 at 30 wt% for a range of 

temperatures. The relationship between the peak positions and the phase morphology 

has been discussed above in Section 3.2.2. Accordingly, at 10 °C, RLP100-ELPA/G,80 has 

peaks at the position of q*, √7 q*, as well as faint peaks at 2q*, 3q*, which suggests some 

hexagonal cylinder phase. This is consistent with the fact that the solubility difference 

between ELP and RLP blocks triggers the phase separation when the temperature is 

below the LCST of the ELP block. As temperature increases, RLP100-ELPA/G,80 undergoes 

at 20 °C an order-order transition from hexagonal cylinders to lamellae with peaks at the 

position of q*, 2q*, and 3q*. At 30 °C, RLP100-ELPA/G,80 keeps the lamellar phase with a 

relative shift of the characteristic peaks to the right (i.e., a decrease in overall dimension), 

and with a diminished intensity of the characteristic peaks, compared with the spectrum 

at 20 °C.  
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When temperature is increased to 40 °C, the characteristic peaks disappear 

altogether, which indicates an order-disorder transition of RLP100-ELPA/G,80. At 50 °C, the 

block-co-polypeptide remains amorphous, indicated by the absence of any regular 

morphology. This is in line with the notion that at high temperature the solubility 

difference between the blocks is insufficient to drive microphase. 

 

Figure 14: Representative SAXS spectra of RLP100-ELPA/G,80 at a range of 
temperature from 10 °C to 50 °C. 

Table 4 shows the corresponding feature sizes of RLP100-ELPA/G,80 at 30 wt% at a 

range of temperature. The feature size decreases steadily as the temperature increases at 

the area of ordered phases. The reason could be that the ELP block tends to aggregate 

together when it becomes less hydrophilic (more hydrophobic). When the temperature 
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increases upon the order-disorder transition (here 40 °C), the block-co-polypeptide tends 

to become amorphous till the q* will not be observed. 

Table 4: SAXS spectra feature sizes for RLP100-ELPA/G,80 at a range of 
temperature. 

Temperature (°C) q* (nm-1) 2p/q* (nm) 

10 0.0724 86.7 

20 0.0777 80.8 

30 0.0831 75.6 

40 0.0724 86.7 

 

3.4 The effects of concentration 

3.4.1 Experimental design 

The block-co-polypeptides used for these experiments have the amino acid 

sequence of G-(QYPSDGRG)100-[(A/G)GVPG]80-Y, i.e., 100 RLP repeats, and 80 ELP 

repeats with equal amounts of A and G at the guest residue position. Two solution 

concentrations, 20 wt% and 30 wt% were prepared. SAXS measurements were 

performed at room temperature (20 °C), with the two samples contained in quartz 

capillaries. 

3.4.2 Results and discussion 

The SAXS spectra for RLP100-ELPA/G,80 at 30 wt% and 20 wt% are shown in Figure 

15. At 30 wt%, RLP100-ELPA/G,80 has characteristic peaks at the position of q*, 2q* and 3q*, 
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which suggests a lamellar microstructure. When the sample becomes more dilute, i.e., 

from 30 wt% to 20 wt%, the peaks at q*, 2q* and 3q* still exist but are less pronounced 

than the peaks at 30 wt%. Compared with the concentration of 30 wt%, RLP100-ELPA/G,80 

has a larger feature size at 20 wt%, which is indicated by a left shift of q*. It could be 

explained by the packing effect that block-co-polypeptides swelled from more 

interaction with water at the lower concentration solution. 

 

Figure 15: Representative SAXS spectra for RLP100-ELPA/G,80 at 30 wt% and at 20 
wt% at room temperature. 

These results suggest that the block-co-polypeptides could have an order-

disorder transition as the concentration decreases. This is consistent with the prediction 

discussed in Section 3.1 that as the volume fraction of the copolymer F decreases, the 
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hydrophobicity difference between the RLP block and the ELP block decreases. 

However, more experiments at even lower concentrations, e.g., 10 wt%, 5 wt%, are 

needed to confirm this hypothesis. 

3.5 Microphase separation of block-co-polypeptides on surfaces 

3.5.1 Experimental design 

Experiments used for these experiments encompassed the block-co-polypeptides 

with the amino acid sequence of G-(QYPSDGRG)n-[(A/G)GVPG]80-Y, which contained 80 

or 100 repetitive resilin-like polypeptide blocks (n=80, 100), and again 80 ELP 

pentapeptide repeats with equal amounts of A and G at the guest residue position. 

RLP80-ELPA/G,80 and RLP100-ELPA/G,80 were selected from the range of block-co-

polypeptides because they both can exhibit three possible phases over the accessible 

temperature range.  

We found that spin coating a 1 wt%, i.e., a dilute solution of the block-co-

polypeptides, yielded uniformly smooth films with increasing surface concentrations as 

the solvent evaporates. The spin coating process can be described by three consecutive 

steps: 1. Block-co-polypeptide self-assembles into micelles at dilute solutions. 2. As the 

solution becomes concentrated (e.g., 30 wt%), which is above the overlap concentration, 

microphase separated, highly ordered structures such as hexagonal cylinders and 

lamellae are formed. 3. As more solvent evaporates till the evaporation is complete, the 

structures persist after block-co-polypeptides are deposited onto surfaces.  
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By the characterization of thin films which are formed on substrate surfaces, we 

seek to establish the link to morphologies of phase-separated block-co-polypeptides in 

concentrated solutions.  

To investigate the effect of temperature on block-co-polypeptide microstructures, 

we spin coated the block-co-polypeptide solutions at a range of temperatures: 4 °C, 20 

°C, 37 °C, and 45 °C. AFM was used to image the surface morphologies of the block-co-

polypeptide thin films, and both AFM (as shown in Figure 16) and ellipsometry were 

used to measure the thickness of the thin films. 

 

Figure 16: Optical microscope snapshot showing the AFM cantilever scanning 
laterally over the scratch, which cuts through the total thickness of the thin film but 

does no damage to the substrate. 

3.5.2 Film thickness 

Figure 17 shows the AFM thickness profile of a RLP80-ELPA/G,80 thin film 

fabricated at room temperature (20 °C) on a silicon wafer. The valley in the plot 
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represents the scratch which cuts through the total thickness of the thin film. The 

relatively flat regions on the either side of the valley represent the block-co-polypeptide 

surface. The average depth from the block-co-polypeptide surface to the valley bottom is 

20 nm, and reflects the thickness of the spin coated RLP80-ELPA/G,80 in the dry state. 

 

Figure 17: Representative AFM thickness profile of RLP80-ELPA/G,80 thin film 
fabricated at room temperature on the silicon wafer. All thickness profiles of different 

points are shown in Appendix 2 with consistent results. 

The thickness of the thin film was also measured by ellipsometry. For the same 

sample the thickness at five, separate locations on the sample surface were measured 

(Table 5). The average ellipsometric thickness obtained was 23 nm, which is reasonably 

close to the thickness obtained by AFM. 
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Table 5: Thickness data of RLP80-ELPA/G,80 thin film fabricated at room 
temperature on the silicon wafer by ellipsometry. 

Location #1 #2 #3 #4 #5 

MSE 3.39 5.45 4.04 1.57 2.36 

Thickness 

(nm) 
22.59 15.92 24.33 26.37 24.17 

 

3.5.3 Morphologies of microphase separated structures on surfaces 

As block-co-polypeptides are concentrated from dilute solution (1 wt%) by 

solvent evaporation to induce microphase separation, the temperature plays an 

important role for the type of nanostructures formed. When RLP100-ELPA/G,80 is spin 

coated at room temperature (20 °C) (Figure 18a), a hexagonal cylinder phase is visible. 

Here, the elongated features represent a side view of the chains, while the hexagonal or 

circular features represent a cross-sectional view. For RLP80-ELPA/G,80 (Figure 18b), 

patterned structures also appear on surfaces. 
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Figure 18: AFM images for RLP100-ELPA/G,80 and RLP80-ELPA/G,80 thin films 
fabricated at room temperature. (a) Hexagonal cylinders of RLP100-ELPA/G,80 on mica. 

(b) Patterned structures of RLP80-ELPA/G,80 on mica. 

When the operating temperature of the spin coating process decreases to 4 °C, 

RLP100-ELPA/G,80 (Figure 19a) adopts a purely lamellar microphase. This is indicated by 

the disappearance of the circular or hexagonal features observed in the images for block-

co-polypeptides solutions deposited at room temperature. Similarly, RLP80-ELPA/G,80 

(Figure 19b) adopts a mostly lamellar phase when the thin film is fabricated at 4 °C. 
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Figure 19: AFM images for RLP100-ELPA/G,80 and RLP80-ELPA/G,80 thin films 
fabricated at 4 °C. (a) Lamellae of RLP100-ELPA/G,80 on silicon. (b) Lamellae of RLP80-

ELPA/G,80 on silicon. 

When the thin films are fabricated at 37 °C, both RLP100-ELPA/G,80 (Figure 20a) and 

RLP80-ELPA/G,80 (Figure 20b) exhibit a largely amorphous phase, consistent with our 

results in concentrated solutions.  
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Figure 20: AFM images for RLP100-ELPA/G,80 and RLP80-ELPA/G,80 thin films 
fabricated at 37 °C. (a) Lamellae to near-disordered phase of RLP100-ELPA/G,80 on silicon. 

(b) Lamellae to disordered phase of RLP80-ELPA/G,80 on silicon. 

As the temperature reaches 45 °C, the block-co-polypeptides (Figures 21a and 

21b) aggregate into disordered coacervate structures. 

 



 

42 

 

Figure 21: AFM images for RLP100-ELPA/G,80 and RLP80-ELPA/G,80 thin films 
fabricated at 45 °C. (a) Disordered phase of RLP100-ELPA/G,80 on silicon. (a) Disordered 

phase of RLP80-ELPA/G,80 on silicon. 

Temperature thus plays a critical role for the microphase separation of block-co-

polypeptides on surfaces. The transition from concentrated solution to thin film on 

surfaces is complete in several seconds. We are interested in whether the microphase 

separated structure is at equilibrium state, so we try to figure out the effects of annealing 

in the following section. 

3.6 The effects of annealing 

In this section, we study the effect of solvent annealing on the morphology of the 

block-co-polypeptide thin films. Figure 22a shows the morphology of a RLP100-ELPA/G,80 

thin film fabricated at 37 °C. A large amount of immature cylindrical and lamellar 

phases exists due to incomplete phase separation. After annealing with water at 37 °C, 
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and subsequent solvent evaporation, also at 37 °C, more ordered, patterned structures 

appear (Figure 22b).  

 

Figure 22: AFM images for RLP100-ELPA/G,80 thin films fabricated at 37 °C on 
silicon: (a) before annealing, (b) after annealing. 

Annealing thus gives block-co-polypeptides a “second chance” to complete the 

microphase separation.  
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4. Conclusions 
In this work, we reported that block-co-polypeptides can form ordered structures 

with high regularity, including hexagonal cylinders and lamellae, both in concentrated 

solutions and on surfaces. The presence of microphase separation and the related 

morphologies are consistent with predictions from theory. Our work explores the 

driving forces and key parameters that drive microphase separation.  

The microphase separated structures which exhibit highly ordered phases in 

concentrated solution and on surface have great potential for biomedical applications.46-

47 For example, the patterned structures generated on surfaces from microphase 

separation can be used for the ordered display of functional groups, for example, 

enzymes.48 The patterned surfaces can also be used in the design of biosensors, if 

subsequent surface modifications are applied.  

Based on this work, future efforts can be made in the following directions. First, a 

complete phase map for block-co-polypeptides could be achieved. For example, 

experiments of microphase separation of block-co-polypeptides at more concentrations, 

e.g., 5 wt%, 10 wt%, 15 wt%, 25 wt%, 40 wt%, are required. Second, the study of 

annealing for block-co-polypeptide thin films can be expanded to annealing with 

temperature control. For example, if the thin film is fabricated at low temperature and 

the following annealing is performed at high temperature, a morphology switch could 

be observed.   
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Appendix A 

1. The cleaning process for substrates 
1) SDS sonication: 

a) Rinse surface with ethanol to remove major debris. Rinse with a 1% SDS 

solution in MilliQ grade water. 

b) Place surface(s) in clean glassware and cover with a 1% SDS solution. 

c) Sonicate at 50 °C for 5 minutes. 

d) Rinse with copious MilliQ. 

2) DI sonication: 

a) Place surface(s) in clean glassware and cover with MilliQ water. 

b) Sonicate at 50 °C for 5 minutes. 

c) Rinse with DI. Rinse with acetone followed by rinsing with ethanol. 

3) Ethanol sonication: 

a) Place surface(s) in clean glassware and cover with ethanol. 

b) Sonicate at room temperature for 5 minutes. 

c) Rinse with copious ethanol. 

d) Dry with nitrogen. 

4) Plasma etching: 

a) Place clean surface face up on the quartz plate in the plasma cleaner. 

b) Turn on the pump. 



 

46 

c) Wait for the meter to read 200 umHg. 

d) Rotate the black arrow to point left. Slowly rotate the metal knob until the 

pressure meter ascends slightly. Wait for the meter to go back down to around 

150 umHg. 

e) Turn the power dial to “Low” to ignite the plasma for 2 minutes. 

f) Turn off the plasma and pump. Close the metal knob and rotate the black 

arrow to the “Down” position. 

g) Rotate the black arrow to the right very slowly, until a faint hissing is heard. 

h) Remove chips and use immediately. 
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2. AFM thickness profiles 

 

Figure 23: AFM thickness profiles of RLP80-ELPA/G,80 thin films fabricated at 
room temperature on silicon wafer. 
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3. Transition temperatures of block-co-polypeptides in 
dilute solutions. 

 

Figure 24: LCST phase behavior of block-co-polypeptides in dilute solutions. 
From reference 5. Figure used with permission by American Chemical Society. 

RLP block plays a role in tuning the entire transition temperature of the block-co-

polypeptide that larger RLP block length lowers the transition temperature. The data 

was obtained at dilute solution conditions.  
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