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Figure S2.5: AFM topography and phase images for each blend system. Phase imaging 

is a standard technique for mapping the spatial variations in the surface elasticity. The blend 

structures can be observed due to the difference in elasticity between Ch and BSA or PG. . 109 

Figure S2.6: Topography and map of the elastic modulus of the both the BSA:Ch and 

PG:Ch blend.  Each image is 6.5 × 6.5 µm area.  The protein and polysaccharide can be 

�G�L�V�W�L�Q�J�X�L�V�K�H�G���L�Q���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���P�D�S�������7�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���P�D�S���U�H�V�H�P�E�O�H�V���W�K�H���S�K�D�V�H��

shift image maps of Figure S2.5. .......................................................................................... 110 
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CHAPTER 3 
Figure 3.1: AFM image grid showing results of casting thin-films at 65% relative 

humidity from specific Pr-Ps (protein-polysaccharide) solutions of BSA-Ch-FA at various spin 

speeds.  Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in 4:1 blend at 500 rpm).  

In the image, bright areas are higher and dark areas are lower.  Line profile (blue lines) may be 

found in each image and its corresponding Figure S3.2 �± Figure S3.6.   Column A = 4 w/v% 

BSA and 1 w/v% Ch (4:1), column B = 2 w/v% BSA and 1 w/v% Ch (2:1), column C = 1 

w/v% BSA and 1 w/v% Ch (1:1), column D = 1 w/v% BSA and 2 w/v% Ch (1:2), column E = 

1 w/v% BSA and 4 w/v% Ch (1:4).  Row 1 = 500 rpm, row 2 = 1000 rpm, row 3 = 2000 rpm, 

row 4 = 3000 rpm and row 5 = 4000 rpm. ............................................................................. 119 

Figure 3.2: Statistical analysis of BSA-Ch blends for feature diameter and feature 

number/area.  All but the 4:1 blend refers to protuberance measurements, with the 4:1 and 2:1 

blend data displaying both protuberance and pore data separately. The circular legend for the 

4:1 blend refers to feature diameter in the discontinuous domain, i.e. salami structure regions.  

A) Refers to feature diameter plotted against spin speed while B) details features/µm2 vs spin 

speed for 4:1, 2:1, 1:1, 1:2 and 1:4 blends respectively. ........................................................ 120 

Figure 3.3: AFM images and surface profiles of 1:1 BSA-Ch blends, 3000 rpm on planar 

silicon substrates.  A) Refers to blend before Tris-HCl etch.  B) Refers to blend post selective 

etching.  C) Enhanced view of selectively etched BSA domains demonstrating extruded rim 

structure in Ch film.  D)  Refers to blend post selective metal incorporation and calcination.

................................................................................................................................................ 126 

Figure 3.4: A) FTIR spectra of  i) bare silicon wafer, ii)  1 w/v% BSA film 3000 rpm 

deposition, iii)  1 w/v% Ch film 3000 rpm deposition, iv) 1:1 BSA-Ch blend film 3000 rpm 

deposition, v) 1 w/v% BSA film 3000 rpm deposition crosslinked, vi) 1 w/v% Ch film 3000 

rpm deposition crosslinked, vii)  1:1 BSA-Ch blend film 3000 rpm deposition crosslinked, viii) 

1:1 BSA-Ch blend crosslinked film after Tris-HCl etch and ix) porous iron oxide matrix after 

annealing and calcination treatment.  B) Shows the XPS Fe 2p spectra of iron porous matrix 

after annealing and calcination treatment. ............................................................................. 128 

Figure 3.5: Statistical analysis of BSA-Ch blends for protuberances and frequency of 

protuberance sizes.  Each curve based on approx. 1000 protuberance diameter measurements.  

All but the 4:1 blend refers to protuberance measurements contained within the matrix, with 

the 4:1 blend data displaying protuberance data for the continuous and discontinuous (salami 
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structure) domain.  A �± E displays feature frequency vs diameter of observed features for 4:1, 

2:1, 1:1, 1:2 and 1:4 blends respectively................................................................................ 131 

Figure 3.6: Protuberance SD of A) 4:1 BSA-Ch blend, 4000 rpm deposition, B) 4:1 BSA-

Ch blend, 500 rpm deposition, C) 1:4 BSA-Ch blend, 4000 rpm deposition and D) 1:4 BSA-

Ch blend, 500 rpm deposition.  The black curve (solid) denotes the best unimodal or polymodal 

fit with the distribution.  The deconvouted peaks, shown in red (dashed), show the separate 

populations in the SD. ............................................................................................................ 132 

 

Figure S3.1: AFM images showing results of casting neat thin-films at 65% relative 

humidity at 2000 rpm prepared in the same manner as BSA-Ch blends.  Biopolymer AFM 

images are red, glass substrate AFM image is grey.  Shows 1% BSA film (left), 1% chitosan 

film (right) and glass substrate (bottom).  Scale bars top left hand corner of each image. ... 145 

Figure S3.2: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 4:1 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line. .................................................................... 146 

Figure S3.3: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 4:1 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line. .................................................................... 147 

Figure S3.4: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 1:1 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line. .................................................................... 148 

Figure S3.5: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 1:2 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line. .................................................................... 149 

Figure S3.6: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 1:2 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line. .................................................................... 150 

Figure S3.7: 20 µm line profiles for all 4:1 BSA-Ch. ................................................. 151 

Figure S3.8: 20 µm line profiles for all 2:1 BSA-Ch. ................................................. 152 

Figure S3.9: 20 µm line profiles for all 1:1 BSA-Ch. ................................................. 153 

Figure S3.10: 20 µm line profiles for all 1:2 BSA-Ch. ............................................... 154 

Figure S3.11:  20 µm line profiles for all 1:4 BSA-Ch. .............................................. 155 

Figure S3.12:  Statistical analysis of BSA-Ch blends feature diameter plotted against 

spin speed.  All but the 2:1 blend refers to protuberance measurements, with the 2:1 blend data 
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displaying both protuberance and pore data separately. The circular legend for the 4:1 blend 

refers to feature diameter in the discontinuous domain, i.e. salami structure regions. .......... 156 

Figure S3.13: A and B) 2D and 3D AFM images of 4:1 BSA-Ch blend salami structures, 

inset scale bar 5 µm.  C)  Mechanism of occlusion of the discontinuous phase.  Figure S3.14 

(i) shows homogenous solution before phase separation, (ii)  shows blend phase separation, (iii)  

shows elongated structures which may result from coalescence or high shear forces and (iv) 

phase occlusion and adoption of salami structure.................................................................. 157 

Figure S3.15: Plots the average film thickness (nm) vs spin speed (rpm) for all BSA-Ch 

blends. .................................................................................................................................... 158 

Figure S3.16: A) Plots the RMS roughness vs spin speed for all BSA-Ch blends.  B) 

Plots the surface area ratio (%) vs spin speed for all BSA-Ch blends. .................................. 159 

Figure S3.17: AFM images and surface profiles of 1:4 BSA-Ch blends, 500 rpm on 

planar silicon substrates.  Sample was etched using buffered solutions contained 200 mM Tris-

HCl, pH 8.8 for 20 hrs after crosslinking with 20 wt% glutaraldehyde for 20 hr. ................ 161 

Figure S3.18: Survey spectra of porous iron oxide matrix following calcination 

treatment. ............................................................................................................................... 162 

Figure S3.19: Statistical analysis of BSA-Ch blends for feature diameter and frequency 

of feature diameters.  A) Displays feature frequency vs diameter of observed features for the 

4:1 blends and B) displays feature frequency vs diameter of observed features for the 2:1 blends 

respectively. ........................................................................................................................... 165 

Figure S3.20: Displays plot of average receding contact angle as a function of time for 

BSA, Ch, BSA-Ch blend, Tris-HCl etched blend and porous iron oxide matrix. ................. 166 

CHAPTER 4 
Figure 4.1: AFM images and surface profiles (blue lines) of biopolymer template and 

resulting metal structures. Scale bar bottom right of image. A) Refers to the biopolymer 

template 1:1 BSA-Ch blend, 3000 rpm, 60% RH on planar silicon substrates. Nanoporous 

metal templates were prepared with alternative precursors (1 w/w%-EtOH). B) 1 w/w% FeCl3 

anhydrous precursor, C) 1 w/w% Al(NO3)3.9H2O precursor, and D and E) 1 w/w% AgNO3 

respectively. ........................................................................................................................... 172 

Figure 4.2: AFM images displaying surface morphology and line profiles (blue), 

showing the growth nanoporous iron oxide matrix prepared with different biopolymer 

template�±metal solution contact times. All images 20 x 20 µm, scale bar provided in image A. 
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FeCl3-EtOH solution stirred for 30 min. A �± C) display iron patterns generated with using 5 s, 

15 s and 60 s respectively. ..................................................................................................... 176 

Figure 4.3: Surface morphology and line profiles (blue) showing the growth nanoporous 

iron oxide matrix prepared with different concentrations of FeCl3�±EtOH solution stirred for 30 

min. All images 20 x 20 µm, scale bar provided in image A. A �± E) display iron patterns 

generated with 0.1 w/w%, 0.2 w/w%, w/w%, 0.6 w/w% and 0.8 w/w% respectively. ......... 177 

Figure 4.4: AFM images and z scales of iron oxide matrix prepared with different 

biopolymer template�±metal solution contact times. 1 w/w% Fe(NO3)3.9H2O �± EtOH solution 

stirred for 30 min.  All images 20 x 20 µm, scale bar provided in image A. A �± H) display iron 

patterns generated with using 2.5 s, 5 s, 7.5 s, 10 s, 15 s, 30 s, 45 s and 60 s biopolymer 

template�±metal solution contact time respectively. Annealing and calcination was performed 

with a preheated furnace (700 °C) for 1hr. ............................................................................ 178 

Figure 4.5: AFM images and line profiles (blue) of iron oxide matrix prepared with 

different metal solution concentrations, stirred for 30 min. All images 20 x 20 µm, scale bar 

provided in image A. A �± E) display iron patterns generated with using 0.6 w/w%, 0.8 w/w%, 

1 w/w%, 1.2 w/w% and 2 w/w% Fe(NO3)3.9H2O�±EtOH solution respectively. Annealing and 

calcination was performed with a preheated furnace (700 °C) for 1 hr. ................................ 180 

Figure 4.6: AFM images and 2 µm surface profiles (blue lines) of nanoporous metal 

structures. Metal templates produces with biopolymer template (1:1 BSA-Ch, 4000 RPM, 20% 

RH) on planar silicon substrates, annealed and calcined at 700ºC. Nanoporous metal templates 

were prepared with alternative precursors (1 w/w%-EtOH). (A, F) Fe2O3, (B, G) Ce2O3, (C, 

H) Al 2O3, (D, I) NiO, and (E, J) CuO respectively ............................................................... 181 

Figure 4.7: Shows AFM images of metal masks generated using biopolymer templates 

cast at reduced humidity (20% RH). Masks were produced using metal incorporation of 

Fe(NO3)3.9H2O, subsequent annealing at 160 °C for 2 hr to remove any water, and calcination 

at 700 °C for 1 hour to remove biopolymer template. (A, B) AFM images of Fe2O3 metal masks 

generated from 1:1 BSA-Ch biopolymer template, cast at 4000 RPM.  (B) Provides an 

enhanced view of the tessellated morphology, and variance found within. (C-E) AFM images 

of Fe2O3 metal masks generated from 1:1 BSA-Ch biopolymer template, cast at 3000 RPM. 

(F) �6�F�K�H�P�H�� �I�R�U�� �³�E�R�U�G�H�U�� �F�R�D�O�H�V�F�H�Q�F�H�´���� �G�U�L�Y�L�Q�J�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �P�H�W�D�V�W�D�E�O�H�� �T�X�D�G-junctions 

observed in (B) and (E), a metastable structure resulting from structure observed in (D). ... 184 

Figure 4.8: Each image is 10 x 10 µm, 2 µm scale bar provided in image A and E, and 

line profiles denoted by a blue line. (A, E) AFM images of 1:1 BSA-Ch biopolymer template, 

20% RH, cast at 3000 RPM and 4000 RPM respectively. (B, F) AFM images of Fe2O3 metal 
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masks generated from biopolymer templates (A) and (E), following metal incorporation of 

Fe(NO3)3.9H2O, and subsequent annealing at 160 °C for 2 hr and calcination at 700 °C for 1 

hour. (C, G) AFM images of substrates post-etching samples (B) and (F) with 

NH4F/HNO3/H2O solutions for 5 min. (D, G) line profiles of samples (A, B, C) and (E, F, G) 

respectively. ........................................................................................................................... 186 

Figure 4.9: Statistical analysis of 1:1 BSA-Ch blends. Each curve is based on 

approximately 1000 diameter measurements performed with Gwyddion, and interdomain 

�G�L�V�W�D�Q�F�H���S�H�U�I�R�U�P�H�G���Z�L�W�K���,�P�D�J�H�-�����3�6�'�¶�V���Z�H�U�H���I�L�W�W�H�G���Z�L�W�K���O�R�J-normal curves, while interdomain 

distances were fitted Gaussian curves. The black curve (solid) denotes the best polymodal fit 

with the distribution, while the deconvouted peaks, shown in red (dashed), show the separate 

populations in the PSD. A and D) display the normalized PSD and interdomain distance of 

biopolymer blends cast at 4000 rpm and 20% RH. (B, E) corresponds to the PSD and 

interdomain distance biopolymer blends cast at 3000 rpm, 20% RH. C, F) corresponds to the 

PSD and interdomain distance of biopolymer blends cast at 3000 rpm, 60% RH. ............... 188 
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Figure S4.2: XPS survey spectra of the metal surfaces after metal incorporation and 

calcination at 700 ºC, at a ramp rate of 20 ºC/min. Survey spectra for (A) Fe; (B) Ce; (C) Al; 

(D) Ni; and (E) Cu surfaces. .................................................................................................. 207 

Figure S4.3: Shows the XPS (A) Fe 2p; (B) Ce 3d; (C) Al 2p; (D) Cu 2p; (E) Ni 2p and 

(F) Ni 3p spectra of the metal matrix after annealing and calcination treatment. ................. 208 

Figure S4.4: Plot of humidity of the spin-coating chamber as solvent is lost from the 

sample. The average % RH (black line) plotted as a function of time, with the standard 

deviation of 4 runs plotted as blue region. Humidity of the chamber never exceeded 22% RH. 

The majority of solvent loss was achieved after approx. 50 s. Relative Humidity (RH) readings 

from HOBO MX Temp/RH Logger sensor for 1:1 BSA-Ch blend film cast at 3000 RPM, 20% 

RH. ......................................................................................................................................... 209 

Figure S4.5: Geometry of Fe2O3 masks. Distribution of angles at the vertices of 

polygonal pores. Masks generated with biopolymer template 1:1 BSA-Ch blends cast at 20% 

RH, at (A) 4000 rpm and (B) 3000 rpm. Higher casting speed corresponds to earlier drying.

................................................................................................................................................ 210 
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Figure S4.6: (A) FTIR spectra of Si substrate, biopolymer template and Fe2O3 porous 

matrix after annealing and calcination. (B) Raman spectra of Si substrate and Fe2O3 porous 

matrix after annealing and calcination. .................................................................................. 211 

Figure S4.7: Each image is 2 x 2 µm, scale bar provided in image A. AFM images of 

Fe2O3 metal masks, produced with 1:1 BSA-Ch blend at 20% RH. Metal precursor used was 1 

wt% Fe(NO)3.9H2O-EtOH solution. A-C) Shows Fe2O3 mask created using BSA-Ch blend cast 

at 3000 RPM. D-F) Shows Fe2O3 mask created using BSA-Ch blend cast at 4000 RPM. ... 212 

Figure S4.8: Statistical analysis of Fe2O3 masks generated using various biopolymer 

blends templates. Metal masks were produced as in Figure 4.6, using 1 wt% Fe(NO3)3.9H2O. 

A, D) display the normalized PSD and interdomain distance of pores generated with 

biopolymer blend cast at 4000 rpm and 20% RH. (B, E) corresponds to the PSD and 

interdomain distance of pores generated with biopolymer blends cast at 3000 rpm, 20% RH. 

C, F) corresponds to the PSD and interdomain distance pores generated with biopolymer 

blends cast at 3000 rpm, 60% RH. ......................................................................................... 213 

Figure S4.9: Statistical analysis substrate after 5 min etch with NH4F/HNO3H2O 

solution. A, C) Correspond to diameter and interpore distance of images in Figure 4.8g (3000 

rpm, 20% RH). B, D) Correspond to diameter and interpore distance of images in Figure 4.8c 

(4000 rpm, 20% RH).............................................................................................................. 215 

Figure S4.10: AFM images of the metal surfaces after metal incorporation and 

calcination biopolymer template�±metal solution contact times. Each image is 20 x 20 µm, scale 

bar provided in image A. Metal templates were produced with biopolymer template (1:1 BSA-

Ch, 3000 RPM, 60% RH) on planar silicon substrates. 1 wt% Fe(NO3)3.9H2O-solvent was 

incorporated for 5 s.  Samples were heated to 160 °C for 1 hr, with a ramp rate of 20 °C/min to 

remove water before calcination. Samples were then placed into a cold furnace, heated to 700 

°C and left for 1 hr before removal. Solvents used for incorporation were (A) isopropyl alcohol 

(IPA); (B) acetone and (C) dH2O. ......................................................................................... 217 

Figure S4.11: AFM images of metal oxide structures using (A) CuCl2; (B) 

Cu(CO2CH3).H2O; (C) CuSO4.H2O and (D) NiCl2.6H2O precursors for metal incorporation. 

Image A is 10 x 10 µm, while image B �± D are image 20 x 20 µm in size. Metal templates were 

produced with biopolymer template (1:1 BSA-Ch, 3000 RPM, 60% RH) on planar silicon 

substrates. Metal templates were prepared with 1 wt% metal precursor-EtOH. Samples were 

annealed and calcined as with Figure S4.2. .......................................................................... 219 
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Figure S4.12: AFM images of iron oxide structures using (A) iron (II) acetylacetonate; 

(B) iron (II) acetate; and (C) iron (III) acetylacetonate. Metal templates produces with 

biopolymer template (1:1 BSA-Ch, 3000 RPM, 60% RH) on planar silicon substrates. Image 

A and B are 20 x 20 µm, while image C is 10 x 10 µm in size.  Metal templates were prepared 

with 1 wt% metal precursor-EtOH. Samples were heated to 160 °C for 1 hr, with a ramp rate 

of 20 °C/min to remove water���E�H�I�R�U�H���F�D�O�F�L�Q�D�W�L�R�Q�����6�D�P�S�O�H�V���Z�H�U�H���W�K�H�Q���S�O�D�F�H�G���L�Q�W�R���D���F�R�O�G���I�X�U�Q�D�F�H����

�K�H�D�W�H�G���W�R�����������ƒ�&���D�Q�G���O�H�I�W���I�R�U�������K�U���E�H�I�R�U�H���U�H�P�R�Y�D�O�� ................................................................ 220 

 

Scheme S4.1: (A) 3D structure of BSA (Protein Data Bank ID: 3v03,���Z�Z�Z���U�F�V�E���R�U�J) 

using Swiss-Pdb Viewer V.4.1 software, where the metal binding sites are indicated by colour. 

Cysteine (Cys, 35 residues, sulfhydryl groups, blue) and histidine (His, 16 residues, imidazole 

groups, green). (B) Proposed structure for His-M complex. (C) Proposed structure for Cys-M 

complex. Metal-AA structures drawn using Chemdraw Professional V16.0.1.4.19-23 ........... 221 

Scheme S4.2: (A) Structure of chitosan polysaccharide created using Chemdraw 

Professional V16.0.1.4(77). (B,C) Proposed structure for Ch-M complex. .......................... 222 

Scheme S4.3: Arrows depict strong Coulomb interactions between ion species and film 

surface. A) Depicts hard cations binding to polysaccharide via amine groups. Anion (i.e. Cl
-
) 

does not direct cation to protein domain. B) Depicts late stage cation binding to protein domain. 

Ions approach surface in a pairwise fashion. Anions (i.e. NO3

-
) chaperone cation to protein 

domain. Any repulsion of the cation to the protein domain is offset by the anion. Cation binding 

to polysaccharide domain is omitted for clarity in (B). ......................................................... 222 
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TERMINOLOGY  
AA: Amino Acid 

AR: Anti-reflective 

AFM: Atomic Force Microscope 

BCP: Block copolymer 

Blend: Throughout the scientific literature on materials produced by separating polymers there 

�L�V�� �D�� �F�R�Q�V�L�V�W�H�Q�W�� �D�P�E�L�J�X�L�W�\�� �L�Q�� �W�K�H�� �X�V�H�� �R�I�� �W�K�H�� �Z�R�U�G�� �³�E�O�H�Q�G�´���� �Z�K�L�F�K�� �F�D�Q�� �U�H�I�H�U�� �W�R�� �W�K�H�� �I�L�Q�D�O�� �V�R�O�L�G��

materials produced or to the solutions containing the polymers from which materials are 

�S�U�R�G�X�F�H�G�����,�Q���W�K�L�V���W�K�H�V�L�V���W�K�H���Z�R�U�G���³�E�O�H�Q�G�´���Z�L�O�O���U�H�I�H�U���V�R�O�H�O�\���W�R���W�K�H���V�R�O�X�W�L�R�Q�V���I�U�R�P���Z�K�L�F�K���S�D�W�W�H�U�Q�H�G��

thin-films and surfaces are produced. 

2EHA: 2-ethylhexyl acrylate 

BSA: Bovine serum albumin 

Ch: Chitosan 

CA: Cellulose acetate 

CC: Cellulose carbamate 

CP: Cellulose propionate 

CTA: Cellulose triacetate 

dH2O: Distilled water 

DIB: 1,4-diiodobutane 

EGMA: ethyleneglycol dimethacrylate 

EtOH: Ethanol 

FA: Formic Acid 

Features/area: Features per area 

FMA: Perfluorooctylethyl methacrylate 

FTIR: Fourier Transform Infrared Spectroscopy 

His-tag: Polyhistidine-tag, 6 histidine amino acids in succession 

HSAB: Hard Soft Acid Base 

LAc: Acetlylated Lignin 

MIL : Metal inclusion lithography 

Metal-PBL: Metal polymer blend lithography 

Mw: Molecular weight 

NaAlg: Sodium alginate 

NP: Nano-particle 
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OECD:  Organisation for Economic Co-operation and Development 

P2VP: Poly(2-vinylpyridine) 

P3HT: Poly-3-hexylthiophene 

P(3HB): Poly(3-hydroxybutyrate) 

P(4HB): Poly(4-hydroxybutyrate) 

P4VP: Poly(4-vinylpyridine) 

PAN: Polyacrylonitrile 

PBL: Polymer blend lithography 

PCL: Polycaprylactone 

PDMS: Poly(dimethylsiloxane) 

PDI: Polydispersity index 

PEG: Polyethylene glycol 

PEO: Poly(ethylene oxide) 

PFDA: 1H, 1H, 2H, 2H-perfluorodecyl acrylate 

PG: Pigskin gelatin 

PHB: Poly(3-hydroxybutyrate) 

PHFMA:  2,2,3,4,4,4-hexafluorobutyl methacrylate 

pI: Isoelectric point 

PHEMA: Poly(hydroxyethyl methacrylate) 

PLA: Poly(lactic acid) 

PMMA: Poly(methyl methacrylate) 

Pores/area: Pores per area 

Pr: Protein 

Ps: Polysaccharide 

PS: Poly(styrene) 

PS-co-P5FS: poly(2,3,4,5,6-pentafluorostyrene)-co-polystyrene 

PSD: Particle size distribution 

p(TAN-co-MMA): p(perfluoroacrylate-co-methyl methacrylate 

PTF: Patterned thin-film 

r: (Bio)polymer ratio 

RH: Relative humidity 

RIE:  Reactive ion etching 

RMS: Root mean squared 

SD: Size distribution 
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SFE: Surface free-energy 

Si: Silicon 

Std. Dev.: Standard deviation 

TBMA: tert-butyl methacrylate 

THF: Tetrahydrofuran 

TMSC: Trimethylsilyl cellulose 

WCA: Water contact angle 

XPS: X-ray Photoelectron Spectroscopy 
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1.1. INTRODUCTION AND MOTIVATION  
 

1.1.1. INTRODUCTORY STATEMENT  

Patterned surfaces are a crucial technology in material science.  According to the OECD 

(Organisation for Economic Co-operation and Development), over 20% of emerging 

technologies (in renewable energy, biomedical devices, smart devices and anti-reflective 

surfaces) utilize patterned surfaces.1 The widespread use of these materials is because nano- 

and microscale patterns on a surface impart specific physicochemical properties to that surface. 

Thus, being able to control the nano and micro- surface patterns allows for modification of a 

�P�D�W�H�U�L�D�O�¶�V�� �V�X�U�I�D�F�H�� �S�U�R�S�H�U�W�L�H�V���� �Z�K�L�F�K�� �L�Q�� �W�X�U�Q�� �D�O�O�R�Z�V�� �I�R�U�� �W�D�L�O�R�U�D�E�O�H�� �P�D�W�H�U�L�D�O�V�� �I�R�U�� �W�H�F�K�Q�R�O�R�J�L�F�D�O��

needs.2  However, currently the fabrication methods of almost all the necessary technologies 

of everyday life are unsustainable, including the current generation of patterned surfaces, which 

rely on inefficient manufacturing methods (in certain instances), and unsustainable feedstocks 

(petrochemically derived polymers) that require expensive extraction. We are living through 

an unprecedented sustainability crisis. Almost every functional system humans rely on �± 

energy, transport, food, technology, communications �± is dependent on fundamentally 

unsustainable materials and practices. To alleviate this, we must produce as much of the critical 

components of our technologies as sustainably as possible. Patterned surfaces are just such a 

critical component. To ensure that things like future renewable energy technologies are truly 

renewable, we must ensure that their fundamental components are sustainable.  Patterned 

surfaces are produced by phase separating synthetic polymer blends or block copolymers 

(BCPs), Figure 1.1.  Little work has been done in producing patterned surfaces using 

sustainably sourced materials.  This thesis describes the production of patterned surfaces using 

waste biopolymers.  Biopolymers, unlike synthetic polymers, are renewable, biocompatible, 

biodegradable and are some of the most abundant materials on the planet.  Utilizing waste 

biopolymers, agricultural waste can be minimized using a circular economy system, while 

simultaneously reducing our reliance on petrochemicals. Not only are biopolymers more 

sustainable but their innate physico-chemical characteristics will permit larger scale pattern 

features and superior, application-specific functionalities. 

The aim of this project was to produce patterned thin-films (PTFs), using biopolymer 

blends.  To produce these biopolymer blend thin films, a technique called segregative phase 

separation was used to promote pattern development using a protein and polysaccharide 

biopolymer, in an acidic solvent.  These patterned films have similar size profiles and 
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chemistries to synthetic polymer blends, and demonstrate that we need not rely on 

petrochemically derived polymers when producing patterned surfaces. 

 

Figure 1.1: (A) AFM image showing PTF produced using PS/PMMA blend.  Adapted 

from Johnston.3   (B)  SEM image showing PTF produced using PS-b-PMMA BCP.  Adapted 

from Tian et al.4 

 

1.1.2. CURRENT APPLICATIONS AND ENVIRONMENTAL COST 

Currently, most patterned thin-films used industrially are made from synthetic polymers 

primarily derived from petrochemicals  Due to their chemical inertness, these plastics survive 

in the environment for decades.  Many of these plastics can be recycled in theory, but in reality, 

when used in applications such as food packaging, contamination prevents cost effective 

recycling for companies. Added to this are more basic issues such as; consumers not recycling; 

the unpleasant appearance of some recycled plastics; certain plastics are simply not recyclable; 

and plastics being destroyed during normal use. These issues result in a lot of petrochemical 

plastic ending up in landfills, in the environment, or incinerated.6 These are not sustainable 

ends-of-life-cycle for plastics. Ideally, environmentally friendly biopolymers and biopolymer 

blends could be used to replace unsustainable petrochemical polymers where possible. By 

doing this in an advanced material that is fundamental to many current and future critical 

technologies, we can prove that it is possible. We can then apply the lessons learned to less 

advanced, more readily adaptable technologies.  Biopolymers have many of the same 
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functionalities as traditional polymers; in fact, for many applications they have superior 

functionalities. Crucially, using them would not rely on petrochemically-derived feedstocks.  

Since 2004, the study of biopolymer composites has seen a substantial increase.  

Meanwhile, the use of neat and blended biopolymers has undergone a modest increase in the 

last 10 years.  However, in 2018 the number of publications/year of synthetic polymer blends 

(approx. 22,000 publications) vastly outnumbered that of biopolymer blends (2,000 

publications), with specific applications of biopolymer blends below this number. While the 

need for biopolymers is obvious, the lack of research into biopolymer blends has limited their 

application in a number of fields, Figure 1.2.  Out of the technologies and sectors listed, the 

�T�X�H�V�W�L�R�Q�V�� �D�U�H���� �³�'�R�� �E�L�R�S�R�O�\�P�H�U�� �E�O�H�Q�G�V�� �P�H�H�W�� �W�K�H�� �U�H�T�X�L�U�H�P�H�Q�W�V�� �I�R�U�� �V�F�D�O�D�E�O�H���� �D�I�I�R�U�G�D�E�O�H����

�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�O�\�� �I�U�L�H�Q�G�O�\�� �S�U�R�G�X�F�W�L�R�Q�� �R�I�� �J�U�H�H�Q�� �S�U�R�G�X�F�W�V�"�´�� �D�Q�G���� �³�:�K�\�� �K�D�Y�H�� �E�L�R�S�R�O�\�P�H�U�V�� �Q�R�W��

�E�H�H�Q�� �D�G�D�S�W�H�G�� �L�Q�� �V�H�F�W�R�U�V�� �R�W�K�H�U�� �W�K�D�Q�� �W�K�H�� �I�R�R�G�� �D�Q�G�� �P�H�G�L�F�D�O�� �L�Q�G�X�V�W�U�L�H�V�"�´�� �� �7�K�H�� �D�Q�V�Z�H�U�V�� �W�R�� �W�K�H�V�H��

questions lies in willingness of manufacturers to change production methods, and in the innate 

properties of these biopolymers. 

 

Figure 1.2: Publications corresponding to biopolymer (BP) blend applications and 

synthetic polymer (P) over 20 years. From SCOPUS database for years 1998 - 2018 (Source: 

https://www.scopus.com). 

 

1.1.3. OVERVIEW  

Chapter 1 will introduce key concepts needed to understand the science behind the work 

detailed in subsequent chapters. Chapter 2 will focus on the thin film pattern of pigskin gelatin 

(PG), bovine serum albumin (BSA) and chitosan (Ch) blends when cast in a controlled 

environment in an attempt to achieve feature sizes akin to synthetic polymer blends.  

Parameters including (bio)polymer ratio (r) between the two polymers and ambient relative 

humidity (RH) are used to vary the evaporation rate of the solvent and growth of the biopolymer 

https://www.scopus.com/
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domains.  Chapter 3 focuses on BSA (non-gelling biopolymer) using spin-coating (an 

industrially established technique) of controlling feature size and resulting film properties.  

BSA was identified by selective removal using a buffer solution, while Ch was identified using 

metal incorporation.  Successful identification of the growth mechanism was achieved using 

deconvolution.  Chapter 4 focuses on achieving selective metal incorporation of metal into the 

polysaccharide domain, with parameters such as time of adsorption, metal precursor 

concentration, cation, type and solvent type and rate of annealing, while combining the 

environmental control of Chapter 2 with the deposition technique of Chapter 3.   

We generate metal patterns from the micro- and nano-patterned biopolymers films by 

a method known as metal inclusion lithography (MIL), which produces sub-micron patterns 

rapidly.  The technique is similar to selective metal ion inclusion achieved in block co-

copolymers (BCPs) and metal pattern production in metal polymer blend lithography (metal-

PBL).  BCPs use the variant chemistries of differing blocks of monomer units within their 

polymeric molecular structures to promote metal ion inclusion exclusively in one domain.7  

However, BCPs, are restricted by price, complex syntheses, upper feature size limitations, and 

annealing time.8 Biopolymers, by contrast, are not, as this thesis will show. In metal-PBL, a 

blend of two synthetic polymers are phase separated, one phase is then selectively removed 

with solvents, a metal is thermally deposited on top of the remaining phase, which is 

subsequently removed to produce a porous or dot matrix.  Unlike BCPs, this does not suffer 

from domain size limitations or require long annealing times.  However, the production is 

lengthy, complex, requires multiple steps and expensive equipment.9�±11  Our technique 

(BioMIL) proposes a middle ground, where metal ions can be included into one domain by 

chelation, similar to BCPs, and adopt a larger range of feature sizes, like metal PBL.  The scope 

of this technique is not limited to just metal patterning as will be seen in the review below.     

 

1.2. BIOPOLYMERS VS . SYNTHETIC POLYMERS  
Synthetic polymers are primarily sourced from petroleum (though they can be produced by 

other means) and are non-renewable.12 They consist of simple monomer units - molecules of a 

specific chemistry - combined together in repeating chains. They do not have consistent tertiary 

or quaternary structures. They can be readily engineered to have a wide variety of 

physicochemical properties. Their production methods are not sustainable.13  

Biopolymers are naturally occurring polymers, such as proteins, polysaccharides, and 

DNA, and they are renewable.14 Protein chains are comprised of amino acids (AAs) while 
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polysaccharide chains are sugar based.  Proteins may be sourced from plants (e.g. zein, soy, 

wheat, corn, etc.), animals (e.g. keratin, casein, collagen, silk, etc.) or bacteria (e.g. 

chymotrypsin and fumarase).15  Polysaccharides may be sourced from plants (e.g. cellulose, 

alginate, pectin or starch), animals (e.g. chitin, chitosan and heparin), and bacteria (e.g. 

dextran).16  Extraction and refinement of the raw materials necessary to produce synthetic 

plastics and BCPs destroys ecosystems and is unsustainable method of future production of 

plastic technologies.  The cost of these synthetic polymers will also rise as oil reserves dwindle, 

and usage becomes heavily regulated. 

The lack of industrial adoption of biopolymers is due to historical shortcomings in their 

physiochemical properties.  Biopolymers are often brittle, water soluble, and susceptible to 

heat resulting from their hydrophilic nature.17 Synthetic polymers, though environmentally 

damaging, are quite robust and have seen their mechanical properties improve since the 

1950s.18  The resulting increase in usage of synthetic polymers has already contaminated our 

ecosystems, as microplastics build up in upper trophic levels.  Biopolymers do have some 

advantages over synthetic polymers: They are highly functionalized, and contain polar and 

non-polar groups that allow them to adopt complex structures and perform specific tasks.  By 

contrast, the chemistry of a synthetic polymer is limited in some ways by the simplicity of its 

monomer.  Many biopolymers exist as ultrahigh molecular weight, water soluble chains, and 

thus could be used to develop technologies similar to BCPs without the same environmental 

cost.  Biopolymers are common in the waste streams of food and agricultural industries. This 

is an underutilised resource requiring no additional arable land to produce.  Lastly, the 

historical shortcomings of the physicochemical properties of biopolymers that have limited 

their industrial use can be overcome with the right scientific approaches �± like those in this 

thesis. 

 

1.3. PATTERNING THIN -FILMS : POLYMER BLENDS 
Patterned films are produced from thin castings of polymer blends that are subsequently 

phase separated.  Polymer blends are mixtures of two or more polymers, not chemically bound 

to one another, in a single solvent.  Phase separation in polymer blend systems is the formation 

of two distinct regions of polymers from an initially homogenous solution. Phase separation 

can occur associatively (i.e. by polymer domains attracted to one another), resulting in a 

separation of polymer phase from solvent phase, or segregatively, (i.e. by polymer domains 

repulsed by one another), resulting in separation of one polymer in solvent from another in the 
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same solvent. This can be done with biopolymers as well as synthetic polymers. Only 

segregative phase separation produces patterned films. This review focuses on the most 

relevant biopolymers, blended morphologies, mechanisms of phase separation, and current and 

future applications for these methods. 

 

1.3.1. M ISCIBILITY AND IMMISCIBILITY IN BLENDS 

In general, polymer blends produce a homogenous phase (unpatterned film) if the 

blended polymer molecular structures and polarity are similar, resulting in less repulsion 

between polymer chains.19,20 Interactions between polymer chains such as hydrogen bonding 

improve blend miscibility.21 This does not yield patterned surfaces. For patterns one needs 

some degree of immiscibility.  Molecular weight plays a large role in polymer-polymer 

immiscibility.  While entropy drives mixing of small molecules, its contribution to polymer 

blend miscibility is minimal, increasing the contribution of all other factors.  Polymers are 

heavily influenced by chain connectivity, unlike solvent or small molecules. This imposes 

contiguity limits on the number of states a solvated polymer system can hold.  Therefore, 

mixing must be exothermic, as the entropy gain is negligible to achieve negative free energy 

of mixing.22 External processing parameters and processing conditions also play a role in 

blend miscibility and so also influence final film morphology.  Extrinsic factors include 

(bio)polymer ratio (r), concentration, pH, ionic strength and charge density.  Intrinsic factors 

are predominantly molecular conformation, charge distribution and molecular weight.  Finally 

processing parameters such as shear, pressure, temperature and the method of acidification can 

affect film morphology.23,24   If the two polymers in a polymer blend are immiscible, two 

phases can be observed. This is the key to producing pattern films.  The first phase is a 

discontinuous domain which is formed by the polymer of lower concentration.  The second 

phase is the continuous (matrix) domain, formed by the polymer of higher concentration.  In 

biopolymer systems, pH is an important factor in determining the mechanism of phase 

separation, while in synthetic polymers temperature controls phase separation.25 

 

1.3.1.1. ASSOCIATIVE PHASE SEPARATION 

Biopolymers are characterised by their isoelectric point (pI); the pH at which t�K�H���E�L�R�S�R�O�\�P�H�U�¶�V��

negative and positive charges result in a net-charge of zero.26,27  Associative phase separation 

occurs when oppositely charged groups of each biopolymer associate with one another.  This 

is typified by a biopolymer enriched phase suspended in solvent.  Unlike the phase separation 
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of synthetic immiscible polymer blends, this is entropically driven.  Association of charged 

biopolymer groups generate a neutral structure releasing counterions, increasing overall system 

entropy.28  Accordingly, solution pH is an important parameter in determining the resultant 

blend morphology, as it controls the route of phase separation.26,29  In low ionic strength 

solutions, associative phase separation occurs when bulk concentration exceed a critical 

concentration (approximately 3 �± 4 wt%).24  Different distribution of groups along the 

biopolymer can affect phase separation.30  Associative phase separation has typically been 

employed by the food industry for encapsulation31, emulsions32 and altering food texture.26 As 

previously mentioned, depositing layers of polymer blends that associative phase separate does 

not yield patterned surfaces. For patterns, one needs segregative phase separation.  

 

1.3.1.2. SEGREGATIVE PHASE SEPARATION 

In segregative phase separation, biopolymers separate into two phases. This can be used to 

produce patterned thin-film (PTF) surfaces.  This occurs in biopolymers with similar charges.  

Segregative phase separation is observed with two non-ionic biopolymers, two likely charged 

polyelectrolytes, or a non-ionic biopolymer mixed with a polyelectrolyte.27  Unlike associative 

phase separation, segregative phase separation occurs at high biopolymer concentration, with 

biopolymers of similar charge, in solutions of high ionic strength.27,33  Polysaccharide-

polysaccharide blends are incompatible if they are structurally dissimilar.33,34  Polysaccharide 

incompatibility is determined by their functional groups i.e. incompatibility in order of 

carboxyl-containing polysaccharides > neutral polysaccharides > sulfated polysaccharides.35  

�3�U�R�W�H�L�Q�V���D�U�H���L�Q�F�R�P�S�D�W�L�E�O�H���L�I���W�K�H�\���E�H�O�R�Q�J���W�R���G�L�I�I�H�U�H�Q�W���2�V�E�R�U�Q�H�¶���F�O�D�V�V�L�I�L�F�D�W�Lons such as globulins, 

prolamines, or albumins.  Proteins of the same class are incompatible if they differ in their 

conformations (natured vs denatured conformations).  Even with the same protein, aggregated 

and non-aggregated forms of the protein can cause incompatibility.  Most importantly, a large 

difference in hydrophilicity between the proteins results in higher incompatibility.33,36  This 

type of phase separation is most like that observed in BCPs and synthetic polymer blends, and 

is what promotes pattern formation. In short, there are plenty of ways one can take advantage 

of segregative phase separation of biopolymers to effectively produce patterned thin-films.  

 

1.4. OTHER MORPHOLOGY DETERMIN ANTS 
Apart from the biopolymers themselves and how they interact with one another, there are some 

more prosaic variables that affect the ultimate morphology, i.e. the pattern of a patterned thin-
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film. There is a virtually endless list of such variables, many of them not practically 

controllable. But chief among those that can be controlled are film thickness, means of 

controlling solvent evaporation, and film�¶s substrate type. 

 

1.4.1. THICKNESS 

Film thickness is a prominent factor among many that determine phase-separated, patterned 

film morphology. Sufficiently thin films can result in blends miscible in the bulk becoming 

immiscible, producing morphologies ranging from 1 �± 3 µm spheres in a continuous matrix, to 

a bicontinuous morphology.  This is due to close interactions with the substrate.37  Furthermore, 

�H�O�D�E�R�U�D�W�H���³�V�D�O�D�P�L���V�W�U�X�F�W�X�U�H�V�´���R�F�F�X�U���Z�K�H�Q���W�K�H���V�L�]�H���O�H�Q�J�W�K���R�I���W�K�H���P�R�U�S�K�R�O�R�J�\���D�S�S�U�R�D�F�K���V�D�P�S�O�H��

thickness, resulting in late stage wetting.38  This can result in secondary phase separations, 

Figure 1.3.38,39 

 

 

Figure 1.3: (i) shows homogenous solution before phase separation; (ii)  shows blend 

phase separation; (iii -iv) shows increase in phase size due to Ostwald ripening; (v) elongated 

features which may result from coalescence or response to shear; (iv) phase occlusion and 

adoption of salami structure. 
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1.4.2. SOLVENT EVAPORATION METHOD 

Drying times have a complex relationship with polymer film formation. If one wished to 

increase domain sizes in the final pattern of a PTF, one could increase the thickness of the 

deposited layer of polymer blend used to make that film.  The thicker deposition would take 

longer to dry, thus extending drying times. This would increase the period of time in which 

domain growth can occur, thereby increasing domain size. However, this is also likely to result 

�L�Q���³�V�D�O�D�P�L���V�W�U�X�F�W�X�U�H�V�´���L�Q���W�K�H���I�L�Q�D�O���3�7�)��38,9  If smaller structures are desired, the solvent could 

be evaporated quicker by depositing the blend at high spin speeds while spin coating.  However, 

at high spin speeds, the increase in shear could force mixing between the biopolymers at low 

concentrations.40    Additionally, increased spin speed increase shear forces, deforming 

spherical particles, creating longer, irregularly shaped particles.  The extent of this would 

depend on the viscosity ratio between both phases.41   

 

1.4.2.1. SOLVENT EVAPORATION �± CHANGING AIR CAPACITY 

Environmental factors like % relative humidity (% RH) can control solution evaporation rates.  

Reducing % RH increases the air capacity for solvent vapour, increasing the rate of evaporation 

rate.42  This produces smaller features without changing film composition.  Hygroscopic 

polymers can absorb ambient moisture.  If absorbed, the polarity and interaction parameter of 

the hygroscopic polymer�¶s domain increases, allowing for external control of the 

morphology.43  As biopolymers are typically hygroscopic this would have to be considered.44   

At high % RH, water vapour can condense on the surface creating breath figures.  Polymer 

blends can stabilize and reassemble these water droplets if a hydrophilic polymer is present, 

creating honeycomb arrays.45  Finally, wetting must be considered.  During phase separation, 

one polymer usually enriches the substrate while the other enriches at the air interface.  This 

lowers surface free energy (SFE) at the air-polymer interface, lowering surface tension.46,47  

Changes in % RH alter a po�O�\�P�H�U�¶�V���D�I�I�L�Q�L�W�\���I�R�U���W�K�H���D�L�U���L�Q�W�H�U�I�D�F�H���Z�K�L�F�K���U�H�V�X�O�W�V���L�Q���O�D�W�H�U�D�O�����Y�H�U�W�L�F�D�O����

or mixed internal structures.9,10,48,49  Humidity is rarely discussed in relation to polymer blends 

in the literature.48 

 

1.4.2.2. SOLVENT EVAPORATION �± TEMPERATURE EFFECTS 

Higher temperatures increase the drying rate of blend films.  Elevating temperatures changes 

multiple parameters in polymer blend systems.  Two simple examples are viscosity and solvent 

evaporation rate.  Increased temperature increases rate of solvent loss, vitrifying the polymer 
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blend earlier in its growth process and producing smaller features.  However, increasing 

temperature past a critical point increases polymer mobility, reducing blend viscosity and 

producing larger features.  Thus, temperature control has limitations.50  Temperature control is 

usually employed in synthetic polymer systems, not biopolymer blends.25 

 

 

1.4.2.3. SOLVENT EVAPORATION �± SOLVENT TYPE 

�6�R�O�Y�H�Q�W���³�T�X�D�O�L�W�\�´�� �D�I�I�H�F�W�V�� �E�O�H�Q�G���P�R�U�S�K�R�O�R�J�\��11,51  Simply put, one polymer may dry quicker 

than another, leaving one phase without solvent and the other still solvated.  During demixing, 

the less soluble polymer precipitates earlier.  The precipitated phase typically adopts the 

discontinuous phase or enriches the substrate, while the solvated phase forms around the minor 

phase or enriches at the air interface.52  Thus, the evaporation rates of the solvent from an 

individual polymer may be controlled by suitable solvent, which better solubilizes one 

component over another.53,54   The vapour pressure of the solvent also plays a role in 

determining feature size.  This is further discussed in Chapters 2 and 3. 

 

1.4.3. SUBSTRATE 

Substrates can determine the patterns of BCPs and polymer blends films.  Solvated blends deal 

with two interfaces; the air-polymer and the substrate-polymer interface.  Preferential 

adsorption of one polymer onto the substrate can occur when using a suitable solvent.53,54,55  

�3�K�D�V�H�� �V�H�S�D�U�D�W�L�R�Q�� �L�V�� �³�V�X�U�I�D�F�H-�R�U�L�H�Q�W�D�W�H�G�´�� �L�I�� �R�Q�H�� �S�R�O�\�P�H�U�� �K�D�V�� �D�Q�� �D�I�I�L�Q�L�W�\�� �I�R�U�� �W�K�H�� �V�X�E�V�W�U�D�W�H������

Walheim et al showed that PMMA (polar) in PS/PMMA films selectively adsorbed onto the 

polar SiOx surface.  Coating SiOx with octadecylmercaptan (an alkane) produced a low energy 

surface which selectively adsorbed PS, while PMMA adsorbed at the air interface, i.e. phase 

inversion.54  More recently, selective adsorption has complimented dip-pen nanolithography, 

directing polymers to control pattern growth.  Coffey & Ginger patterned a gold surface with 

16-mercaptohexadecanoic acid using an atomic force microscope (AFM), passivating the gold 

with benzenethiol.  This directed the growth of a PS/poly-3-hexylthiophene (PS/P3HT) blend 

film.  PS selectively adsorbed onto the benzenethiol faster than onto 16-mercaptohexadecanoic 

acid dots as both are chemical similar.56  This requires expensive, specialized equipment, while 

requiring multiple steps.  Ambient air conditions and film thickness also play a role in 

substrate-polymer interactions, described earlier.9,10,48,49  Finally, lateral phase separation in 

films can occur in blends with polymers of similar surface tension.53 
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1.5. GROWTH MECHANISMS  
Everything, whether it be a natural or man-made, exists on a spectrum of production methods, 

ranging from entirely top-down to entirely bottom-up.  Top-down manufacturing removes 

material from the bulk to produce the desired morphology; a subtractive process.57  An example 

of a top-down fabrication would be resist-based nanolithography.58  While top-down has 

worked well for the microelectronics industry57, scalability8, slow processing, substrate 

requirements, and high capital cost limit application in general products.59

 

Figure 1.4: A) Current and future applications of biopolymer PTFs.  B)  Top-down 

method of patterning such as lithography.  C)  Bottom-up method of patterning such as phase 

separation. 

 

Bottom-up manufacturing uses physical forces between molecules to direct self-

assembly into larger structures.  Biopolymers have recently gained attention for the self-

assembly of many materials and devices (Figure 1.4).  Self-assembled manufacturing is 

attractive as it produces little-to-no waste and can achieve complex hierarchal structures.  

Nature produces structures using this type of bottom-up approach.  It is more efficient than top-

down production. There are 3 main routes governing morphology growth: spinodal 

decomposition, Ostwald ripening, and coalescence. Examination of size distributions (SDs) of 

the non-continuous phases that form via growth mechanisms can provide a means of 

determining the exact mechanism occurring in a given phase separation and coalescence.  This 

is useful when examining the patterns formed in thin-films by phase separating polymer blends 

depositions.  
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1.5.1. SPINODAL DECOMPOSITION  

Phase separation occurs either through nucleation and growth or spinodal decomposition.  

Spinodal decomposition occurs in the unstable region of a phase diagram.  When a solution is 

thermodynamically unstable, it is sensitive to spontaneous fluctuations in concentration.25  

Material diffuses from regions of low concentration (regions of high chemical potential) to 

�U�H�J�L�R�Q�V���R�I���K�L�J�K���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����O�R�Z���F�K�H�P�L�F�D�O���S�R�W�H�Q�W�L�D�O�������F�R�L�Q�H�G���³�X�S�K�L�O�O���G�L�I�I�X�V�L�R�Q�´��60  Spinodal 

decomposition typically results in bicontinuous morphology25, though, upon annealing, larger, 

spheroidal structures may develop as the system attempts to minimize interfacial energy61,62  

This primarily distinguishes spinodal decomposition from nucleation & growth. Spinodal 

decomposition usually results in formation of continuous phases, there are no discreet 

particulate structures that can be used to obtain an SD. So this is an instance where an SD 

cannot provide insight into formation mechanisms. 

 

1.5.2. NUCLEATION &  GROWTH  

Nucleation & growth occurs in the metastable region of the phase diagram.61  Nucleation & 

growth mechanisms are examples of cooperative self-assembly that results in features with 

typically biomodal SDs, rather than monomodal, monodisperse SDs.  This reflects the 

mechanism of formation.  Bimodal SDs indicate a nucleation (early growth features) & growth 

(late growth aggregates) mechanism.63    In nucleation and growth mechanisms diffusion is 

downhill, as the concentration of dissolved polymers in closest proximity to stable nuclei is 

�U�H�G�X�F�H�G�������7�K�H���V�\�V�W�H�P�¶�V���I�U�H�H���H�Q�H�U�J�\���L�V���P�L�Q�L�P�L�]�H�G���E�\���S�R�O�\�P�H�U���F�K�D�L�Q�V���P�L�J�U�D�W�L�Q�J���I�U�R�P���U�H�J�L�R�Q�V���R�I��

high concentration to regions of low concentration.  Growth typically results in a drop-in-

matrix or spheroidal morphology.62  Typically, lognormal curves are observed in the SDs of 

growth mechanisms.64    Usually monomodal and monodisperse SDs are desired, as large 

particles in a bimodal distribution have a low surface area to volume ratio reducing the 

efficiency of materials (e.g. catalysts and bioimaging particles).65  The growth of the 

discontinuous domain occurs by Ostwald ripening or coalescence, discussed below.   

 

1.5.2.1. OSTWALD RIPENING  

Ostwald ripening is a downhill diffusion process.  Consider the SD of a thin film blend, vitrified 

early in its growth, as in Figure 1.5A.  Figure 1.5A has both small and large features (Mode I 

and II respectively).  Material transfers from smaller, more soluble particles (Mode I) by 
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resolvating into the matrix and feeding into the larger features (Mode II).66  This increases the 

size of larger features, while decreasing the size of smaller features (Figure 1.5B).67    

 

Figure 1.5: A) Shows the typical SD of a polymer blends features.  B)  Shows the SD 

of (A) after a given period of time, where features have undergone Ostwald ripening.  Greyed 

out plot is original SD.  C)  Shows the SD of (A) after a given period of time where features 

have undergone coalescence. 

 

As a result, mode II shifts to the right (a larger diameter) while Mode I shifts to the left 

(smaller diameter), increasing the difference in mode I and mode II.  This is the characteristic 

trait of Ostwald ripening.  Discontinuous droplet phases of approximate diameter 200 �± 1,000 

nm usually undergo Ostwald ripening.68   

 

1.5.2.2. COALESCENCE 

Coalescence is an attempt by a system to reduce interfacial energy between separated phases 

by fusing separate domains into larger, more circular domains.  A characteristic morphological 

�D�W�W�U�L�E�X�W�H�� �R�I�� �F�R�D�O�H�V�F�H�Q�F�H�� �L�V�� �³8-shaped particles�´���� �Z�K�H�U�H�� �Wwo contacting particles merge.69 

Coalescence occurs in 4 steps: (i) approach, (ii) drainage, (iii) breakup, and (iv) relaxation.69,70   

Coalescence can be inferred from examination of PSDs.  Coalescing particles result in an 

increase in average particle size.  As merging occurs, the average particle diameter increases.  

Particles of small diameter (mode I) reduce in frequency and increase in size as they are 

consumed, and as time advances they have less partners to combine with decreasing 

coalescence probability.  The frequency of particles in the mode II increase as the full width at 

half maximum (FWHM) broadens.  In late stage coalescence, unimodality is achieved, though 

the sample distribution is polydisperse.   

 

1.6. STATE OF THE ART: PTFS  
The shared morphologies of synthetic polymer and biopolymer blend films ensures that there 

is much overlap in their potential applications Figure 1.4A).71 The same is true for their 
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production methods. Some processes used to create micro- and nano-patterned features in 

surfaces, particularly in the most advanced applications, are top-down (Figure 1.4B) but the 

majority are bottom-up manufactured, using self-assembly guided by intermolecular forces 

(Figure 1.4C). Bottom-up processes are a highly sustainable means of manufacturing and are 

akin to natural growth. Taking cues from nature has become commonplace in the field of micro- 

and nano-patterned surfaces. For almost every application - from the most advanced anti-

�U�H�I�O�H�F�W�L�Y�H���V�X�U�I�D�F�H�V���L�Q���H�O�H�F�W�U�R�Q�L�F���D�Q�G���V�P�D�U�W���G�H�Y�L�F�H�V�����W�R���³�V�P�D�U�W�´���U�H�V�S�R�Q�V�L�Y�H���V�X�U�I�D�F�H�V�����W�R���V�W�U�X�F�W�X�U�D�O��

�P�D�W�H�U�L�D�O�V�����W�R���K�\�G�U�R�S�K�R�E�L�F���³�V�H�O�I-�F�O�H�D�Q�L�Q�J�´���P�D�W�H�U�L�D�O�V��- nature has already provided examples that 

engineers and scientists aspire to and are inspired by. Here we will take a look at the major 

applications of micro- and nano-patterned surfaces with direct relevance to the work of this 

thesis; antireflective surfaces, biomedical materials, hydrophobic coatings, and responsive 

surface. In each case we will examine the state of the art, comparing current synthetic standards 

to new biopolymer and semi-synthetic based materials. All will be explored through the lens 

of the natural materials that have spurred their development.  

 

1.6.1. STATE OF THE ART: HYDROPHOBIC SURFACES 

 

1.6.1.1. REPLICATING THE LOTUS LEAF 

Textile industries have long adored hydrophobic surfaces for their water repellent, self-

cleaning, anti-corrosive, antifouling, and stain-resistant properties.72,73 Hydrophobicity is 

rooted in surface morphology and chemistry.74  Immiscible blends produce an array of 

roughened morphologies that mimic natural hydrophobic surfaces, like kale leaves, springtail 

�F�D�U�D�S�D�F�H�V�����D�Q�G���U�R�V�H���S�H�W�D�O�V�����&�K�L�H�I���D�P�R�Q�J���Q�D�W�X�U�H�¶�V���K�\�G�U�R�S�K�R�E�L�F���V�X�U�I�D�F�H�V���D�U�H���O�R�W�X�V���O�H�D�Y�H�V������ 

The lotus leaf surface is a hierarchal structure, comprised of spheroidal papillae, with a 

protruding apex coated in wax tubules.  Hydrophobicity stems from a combination of surface 

roughness (papillae) and chemical composition (wax tubules).  This reduces the contact area 

between leaf. The higher the angle, the more hydrophobic the surface. Generally, a water 

contact angle below 90° is hydrophilic, above 90° is hydrophobic, and above 120° is 

superhydrophobic.75 On a lotus leaf, water droplets make a contact angle of 163°.76  �7�K�H���³�O�R�W�X�V��

�H�I�I�H�F�W�´�� �F�D�Q�� �E�H�� �U�H�S�O�L�F�D�W�H�G�� �X�V�L�Q�J�� �D�U�W�L�I�L�F�L�D�O�O�\�� �U�R�X�J�K�H�Q�H�G�� �V�X�U�I�D�F�H�V���� �Z�K�H�U�H�L�Q�� �W�K�H�� �V�W�U�X�F�W�X�U�H�V�� �W�K�D�W��

render a surface rough also make it hydrophobic through mechanical and electrostatic effects.  

Nature achieved superhydrophobicity long before humanity, and without the need for 

fluorinated polymers and petrochemicals.  Most attempts to emulate the lotus leaf have been 
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conducted using synthetic polymer surfaces as they are typically hydrophobic. However, 

biopolymers can, and have, been used with the same goal, though there are few examples that 

use biopolymers exclusively.  Often biopolymers have been combined with synthetic polymers 

are have been artificia�O�O�\���P�R�G�L�I�L�H�G�����U�H�Q�G�H�U�L�Q�J���W�K�H���I�L�Q�D�O���K�\�G�U�R�S�K�R�E�L�F���V�X�U�I�D�F�H�V���³�V�H�P�L-�V�\�Q�W�K�H�W�L�F�´����

We shall explore synthetic, semi-synthetic, and biopolymeric examples below.    

 

1.6.1.2 STATE OF THE ART: SYNTHETIC POLYMER HYDROPHOBIC SURFACES 

�7�K�H�� �O�R�W�X�V�� �O�H�D�I�¶�V�� �V�X�S�H�U�K�\�G�U�R�S�K�R�E�L�F�� �V�X�U�I�D�F�H�� �L�V�� �F�R�P�S�R�V�H�G�� �R�I�� �Q�D�W�X�U�D�O�� �F�R�P�S�R�X�Q�G�V�� �W�K�D�W�� �D�U�H�� �L�Q��

balance with the ecosystems in which it prevails.  By contrast, synthetic polymer PTFs are 

produced from blends that use environmentally unsustainable fluorinated components, organic 

solvents, and petrochemically sourced polymers.  These are by far the most common type of 

hydrophobic surface that exist today.  Though the materials and some of the methods of 

producing synthetic, hydrophobic surface are often unsustainable, much can be learned from 

such systems and applied to biopolymer films to enhance their hydrophobicity.  Many surface 

structures that enhance hydrophobicity in synthetic films can be readily replicated in 

biopolymeric films.  Blends which produce PTFs with protruding discontinuous domains are 

desired, though pores can yield similar result.  Optimum feature size and number of 

features/area vary for each PTF, with hydrophobicity dependent upon the chemistries of the 

polymers used.  Features can range from 200 nm �± 20 µm.77,78  Rougher films generally produce 

more hydrophobic surfaces, but numerical values for roughness are misleading:  both the 

microscale roughness of the film, and nanoscale roughness of features, must be considered 

together.52  Films with identical roughness, but different feature shapes or polymers, can have 

different hydrophobic properties. 

Gengec et al phase separated a fluorinated (hydrophobic) copolymer 

p(perfluoroacrylate-co-methyl methacrylate) (p(TAN-co-MMA)) from PS, using 

tetrahydrofuran (THF) as a solvent.  Obtention and refinement of such synthetic polymers 

comes with a large carbon footprint, and the solvent (THF) used is highly toxic. Blends 

demixed through drying or vitrification using a non-solvent (EtOH) creating a patterned film.  

Vitrification using EtOH produced a superhydrophobic surface, with WCAs approx. 170°.  

Nano-granules (0.5 �± ���� ���P�� �G�L�D�P�H�W�H�U���� �D�U�R�X�Q�G�� �W�K�H�� �S�R�U�H�� �U�L�P�V�� �S�U�R�Y�L�G�H�G�� �P�L�F�U�R- and nano-

roughness.  This type of hierarchal morphology gives the lotus leaf its superhydrophobicity.  

Blend films, with equivalent PS and copolymer, formed particles between 1 �± �������P��52  

Similarly, López et al created patterned films from a copolymer of 1H, 1H, 2H, 2H-

perfluorodecyl acrylate and 2-ethylhexyl acrylate (PFDA-2EHA)77 which was blended with 
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PFDA to yield PFDA/PFDA-2EHA blends that were used to create patterned surfaces similar 

to the lotus leaf.   PFDA formed the fluorinated, hydrophobic, discontinuous phase. Patterned 

blend films with 75% PFDA had WCAs of approx. 130°.  These films required a highly toxic 

fluorinated synthetic polymer component, and were not as effective as the films created by 

Gengec et al.  López claims that no phase-separating blend films reviewed are environmentally 

friendly, and in another publication, López et al noted that no coating technique produces 

resilient hydrophobic structures while being environmentally friendly and scalable.79  

Wei et al phase separated a styrene and 2,2,3,4,4,4-hexafluorobutyl methacrylate 

copolymer (PS-co-PHFMA) using THF and EtOH. Large spheres (> 20 µm) were surrounded 

by sub-micron spheres when using 50% EtOH.  High non-solvent concentration increased the 

strength of phase separation, increasing surface roughness.  Here, a Cassie state (a 

heterogeneous wetting state, where water contacts both the substrate, and air pockets formed 

by substrate features) with a maximum WCA of 154° was achieve, as air occupied 89.5% of 

the interfacial area between the water and the coating.78  Again, this used THF and fluorinated, 

synthetic polymers - both environmentally damaging. 

Vargas-Alfredo and Rodríguez Hernández spray deposited PTFs of PS with 3 different 

copolymers in chloroform. Neat PS produced a fibrous morphology, while PS and 

poly(2,3,4,5,6-pentafluorostyrene)-co-polystyrene (PS/PS-co-P5FS) blend, or neat PS-co-

P5FS, produced droplet-in-matrix films.  Neat, phase separated PS-co-PSFS had WCA of 159°.  

Blending PS-co-PSFS with PS reduced WCA (113°). This is explained by the reduced film 

surface area, due to the reduced features/area, despite the fluorinated copolymer.80  There are 

typical sustainability concerns with these films (chlorinated solvents, fluorinated components, 

synthetic polymers, etc.). 

Kato & Sato used polymerization-induced phase separation, creating a textured, 

hydrophobic surface from a mixture of ethyleneglycol dimethacrylate (EGDMA), tert-butyl 

methacrylate (TBMA), and perfluorooctylethyl methacrylate (FMA). Monomers and porogen 

were coated on a surface, phase separated by UV exposure. Unusually, porogens were either a 

solvent or, an EtOH soluble polymer phase removed to produce a microtexture (Figure 1.6).  

The fluorinated additive (FMA) was not needed to achieve superhydrophobicity (160°).  WCA 

increased with RMS roughness (max approx. 400 nm).  Roughness increased with film 

thickness; thicker films (max 5 µm) yielded larger features.  Like lotus leaves, patterns with 

micro- and nano-scale roughness were the most hydrophobic.81  Though this work used no 

biopolymers, the use of EtOH and avoidance of fluorinated compounds increased 

sustainability. Such methods are readily applicable to biopolymer systems.  
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Figure 1.6: Selective solvent preferentially removes one (bio)polymer component 

(blue) over another (red) allowing for identification of domains or generation of a structured 

homopolymer surface. 

 

1.6.1.3 STATE OF THE ART: BIOPOLYMER HYDROPHOBIC SURFACES 

There is an obvious issue when using biopolymers to make hydrophobic surface �± the majority 

of them are water soluble. This is a particular problem for polysaccharides. Some few 

polysaccharides are not water soluble, such as cellulose, but are still hygroscopic. Cellulose is 

the most widely used because it is abundant, renewable, and insoluble in water. However, its 

insolubility proposes a problem when considering how to process it.  Among proteins there are 

more options for water insoluble and even hydrophobic materials.  However, they are more 

difficult to source, and processing difficulties arise from their inherently complex molecular 

structures. These problems explain the lack of exclusively biopolymer based surfaces and the 

general lack of sustainable materials in this field of application.  Cellulose derivatives 

dominate, but these are not true biopolymers, requiring processing with unsustainable materials 

and methods to render them suitable for common hydrophobic surface applications. Below is 

a breakdown of the most prominent biopolymeric, hydrophobic materials in the literature into 

pure polysaccharide, protein-polysaccharide, pure protein, and semi-synthetic materials. 

Though not for hydrophobic applications, Czibula et al created microstructured, phase 

separated, cellulose derivative/cellulose film. The WCA for blend films was not reported.   

Derivatives were more hydrophobic than cellulose. Blend film SFE decreased as cellulose 

derivative contribution increased, indicating lower wettability. Though not stated, lower 

roughness appears to favour lower SFE, likely due to lessened exposure of hydrophilic 

cellulose.82  This is counter to the above discussed synthetic blend films with a fluorinated 

component, as biopolymers are innately hydrophilic.   

Hydrophobic surfaces made from patterned protein/polysaccharide blend films are the 

scarcest bio-based hydrophobic surfaces.  Partially phase separated fish gelatin/curdlan blend 

films had higher WCAs than neat films (fish gelatin, 88.6°; fish gelatin/curdlan, 95.4°; and 

curdlan, 92.0°). This was attributed to increased surface roughness.  Increasing curdlan content 

reduced wettability, similar to synthetic blend films incorporating a fluorinated component.83  
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Crosslinking protein/polysaccharide blend films can increase film hydrophobicity by reducing 

the number of free polar groups.  However, these films were subject to swelling, and did not 

exceed a WCA of 80 °, making these films unsuitable for textiles. 84   Whey protein/pullalan 

films incorporated with bees wax increases blend film hydrophobicity (max WCA - 92°), with 

the bees wax behaving in a similar manner to fluorinated additives. 85 

Though not from a blend, Luís et al created hydrophobic zein-based films.  Zein, unlike 

most proteins, is insoluble in water.  It is also rich in hydrophobic amino acids, making it the 

ideal candidate to form hydrophobic PTFs.  Initially, poly(dimethylsiloxane) (PDMS) was used 

to create a negative template of a lotus leaf.  PTFs of zein (with lotus leaf patterns) were 

produced by pouring zein solution into the PDMS template.  Liquorice essential oil was 

incorporated into the zein films to improve antibacterial and hydrophobic character.  These 

films achieved a WCA of 112.5° - the highest to date for any zein film.  The authors note that 

the top-down method used is not feasible for large scale production.  However, this work 

indicates that zein may be a suitable material to produce hydrophobic, biopolymer blend 

films.86   

Similarly, neat hydrophobic soy-protein isolate films were produced via molding.  

Upon acrylation, hydrophobic regions of the soy-protein phase separated from the hydrophilic 

regions.  Phase separation formed hydrophobic microspheres, achieving a WCA > 65°.  

Unfortunately, the plasticizers used are toxic, and unsustainable.  However, phase separation 

would offer a method of producing hydrophobic protein-based PTFs in a scalable fashion.  

 

1.6.1.4 STATE OF THE ART: SEMI -SYNTHETIC HYDROPHOBIC SURFACES 

The most hydrophobic biopolymer based films incorporate semi-synthetic cellulose 

derivatives, usually trimetylsilyl cellulose (TMSC).  Acetylated lignin/TMSC (LAc/TMSC) 

films show no change in WCA regardless of blend ratio (91°), the same as a neat TMSC film. 

After deacetylation and hydrolysis, films with higher lignin content had a higher WCA.  The 

1:1 blend film (highest roughness of measured blends, 4.4 nm) had the highest WCA (55°).87  

Cellulose triacetate (CTA)/TMSC blends WCAs are approx. 90 �± 100°.  Converting TMSC to 

cellulose, and removing CTA, results in WCAs higher than neat cellulose films due to the 

�I�L�O�P�V�¶�� �K�L�J�K�� �U�R�X�J�K�Q�H�V�V���� �� �&�H�O�O�X�O�R�V�H���&�7�$�� �S�D�W�W�H�U�Q�H�G�� �E�O�H�Q�G�� �I�L�O�P�V�� �K�D�G�� �K�L�J�K�H�U�� �:�&�$�V�� �D�W�� �O�R�Z�H�U��

cellulose fractions, likely due to increasing CTA contribution and increased roughness (approx. 

10 �± 30 nm).88  PCL(polycaprylactone)/TMSC blend films behave identically after  hydrolysis 

to the above TMSC blends.89  PHB (poly(3-hydroxybutyrate), bacterial biopolymer)/cellulose 

and PHB/TMSC blend films are an interesting aside. Cellulose or PHB can be removed with 
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enzymes, similar to Figure 1.6.  Features ranged from 50 �± 1,400 nm.  Cellulose films with 

PHB removed had WCAs of approx. 40°.  Films with cellulose removed had WCAs between 

50 �± 60°.  3:1 PHB/TMSC blend films achieved the highest WCA (approx. 100°, likely due to 

TMSC at the surface).90  The above films which use TMSC require chlorinated solvents to 

prepare and develop the films.  Additionally, the cellulose must be derived to create TMSC, 

and hydrolysed to convert it back to cellulose, which is environmentally unfriendly.  Finally, 

after converting the TMSC back to cellulose, most of the hydrophobicity of the film is lost. 

Most of the above films are hydrophilic, and few technically classify as hydrophobic.  

No biopolymer blend films approach superhydrophobicity.  K. Trommer50 showed how 

cellulose derivatives and polyacrylonitrile (PAN) blends could produce similar structures to 

Gengec et al and the PS/p(TAN-co-MMA) bl ends.52  Trommer chose three cellulose 

derivatives; cellulose carbamate (CC), cellulose propionate (CP), and cellulose acetate (CA).  

Similar to Gengec et al, Trommer varied blend r and used a non-solvent combined with thermal 

evaporation.  Solvent evaporation resulted in a porous morphology, while precipitation in 

DMA/water before drying produced a droplet-in-matrix morphology (similar to López et al77 

and Gegnec et al52�������D�S�S�U�R�[���������������P���L�Q���G�L�D�P�H�W�H�U.  Unlike previous biopolymer blends with large 

domain sizes, early precipitation and the use of a volatile solvent produced features of sub-

micron size.    Increasing temperature reduced solvated blend viscosity, increasing feature size.  

Past a critical threshold, higher temperatures rapidly evaporated solvent, increasing solvated 

blend viscosity and reducing feature size.  However, to achieve hydrophobicity, fluorinated 

agents were used. A WCA of 111° was achieved using fluorocarbons, and a WCA of 131° 

degrees was achieved using a fluoralkyl silane.  This is the closest true analogue of a lotus leaf 

to date in the literature. 

 

1.6.2. STATE OF THE ART: RESPONSIVE SURFACES 

 

1.6.2.1 REPLICATING LEAF STOMATA 

Materials which respond to environmental cues are called stimuli responsive surfaces.  Guard 

cells in leaves, which open and close stomata (pores) in response to stimuli, to control gas 

exchange and water loss, are a natural example.  They allow for a plant to respond to stimuli 

automatically.  Such surfaces can be used as containers for drugs, cells, or particles.  They can 

also act as sensors, permitting selective filtration and fluid flow regulation.   Synthetic stimuli-

responsive surfaces work on the same principle as stomata guard cells; volumetric swelling to 
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control the state of the pore (open or closed).  The field of semi-synthetic, stomata-like surfaces 

is relatively new. There are no examples of such surfaces to be found in the literature. Thus, 

no semi-synthetic section is included here. But, biopolymer and synthetic examples abound. 

 

1.6.2.2 STATE OF THE ART: SYNTHETIC RESPONSIVE SURFACES 

Stomatal aperture depends on environmental cues.  Stomata are typically open during the day 

for CO2 diffusion.  This makes sense, as it is when light is available for photosynthesis.  For 

state-of-the-art smart devices, the ability of a material to self-regulate under different 

environmental conditions is of paramount importance.  While some of the examples below use 

synthetic polymers, many of the methods of production, and applications, are applicable to 

biopolymer PTFs. 

Schacher et al produced a double stimuli-responsive surface from synthetic polymer 

blends; PS-b-PDMAEMA (PDMAEMA being temperature and pH sensitive).  Pores were 20 

�± 80 nm, 1 µm deep.  Varying pH and temperature opened pores, increasing permeability/flux 

of water seven-�I�R�O�G���� �� �6�L�O�L�F�D�� �S�D�U�W�L�F�O�H�V�� �Z�H�U�H�� �X�V�H�G�� �W�R�� �W�H�V�W�� �W�K�H�� �I�L�O�P�¶�V�� �P�L�F�U�R- and ultrafiltration 

properties.  At pH 5, no particles passed through; i.e. closed pores (swelling).  Increasing pH 

to 10 filtered particles 36 �± 104 nm diameter, resulting in passage of 63% of particles. This 

material is a strong candidate for ultrafiltration device, to remove bacteria, viruses and 

particles.91 

Tokarev created stimuli responsive films by crosslinking P2VP with 1,4-diioodobutane 

(DIB).  In excess, DIB also acted as the pore forming agent, phase separating from P2VP.  Pore 

diameter was controlled by DIB concentration (0.3 �± 1.5 µm diameter, tessellated).  Pores were 

open at pH 3, closed at pH 2 due to pyridine rings on the P2VP being protonated, resulting in 

swelling.92  Another study showed high humidity was the reason DIB phase separated from 

P2VP, due to the limited solubility of DIB in water.  In this study, larger pores were attributed 

to early phase separation.93  However, this work did not consider the reduced evaporation rate 

of the solvent at higher humidities, leading to larger feature sizes.  Additionally, the effect 

Voronoi tessellation (a mechanism in which features rearrange to form mechanically stable, 

polygonal features) had on pore morphology was not discussed.  Pores were responsive to pH, 

of value for biomedical applications such as drug release.  Similar applications to Schacher are 

envisioned for these PTFs. 

The above methods were used to create a porous P2VP film. Ag and Au nanoparticles 

(NPs) were synthesized inside the pores.  After synthesis, stimuli controlled film swelling 

governed interparticle distance between NPs.  Interparticle distance determines the plasmon 
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coupling strength of the NPs, allowing the film to behave as a nanosensor94  with potential use 

monitoring glucose levels.95  Such films could also mimic skin, or be imbued with sensing, 

antibacterial, and biocatalytic properties, increasing their applicability.  Another application of 

particle infused films is non-invasive examination of biomaterials, such as implants, where 

degradation or local changes occur in the material.96,97  Porous P2VP films also respond to 

cholesterol, making it a suitable material for electrochemical gates, used in biosensors.  These 

films are extremely sensitive to cholesterol, reducing porosity by a factor of 3 (51.7% to 

18.3%).  The rate of change was much higher than other approaches, including monolayers, or 

other thin films.98 

 

 

1.6.2.3 STATE OF THE ART: BIOPOLYMER RESPONSIVE SURFACES 

Switching to biopolymers, Gopishetty et al also created biological responsive film by blending 

sodium alginate (NaAlg) and gelatin in a heated H2O/NaCl solution.96  The NaAlg was 

crosslinked with CaCl2, while simultaneously removing the gelatin producing a porous film, 

similar to Nady & Kandil.84  Pores (380 ± 116 nm in diameter) were open at pH < 4, and closed 

at a pH > 5 due to volumetric swelling.  This altered film permeability, demonstrated with 

switchable diffusion of a water soluble dye (rhodamine B) across the membrane.  Similarly, 

�P�H�P�E�U�D�Q�H�� �D�G�K�H�V�L�R�Q�� �F�R�X�O�G�� �E�H�� �³�V�Z�L�W�F�K�H�G�´���� �I�U�R�P�� �O�R�Z�� �D�G�K�H�V�L�R�Q�� �L�Q�� �W�K�H�� �V�Z�R�O�O�H�Q�� �V�W�D�W�H�� �W�R�� �K�L�J�K��

adhesion in the non-swollen state.  Finally, loading the membrane with nanoparticles and 

enzymes imparted bactericidal and metabolic utility.96  Alginate membranes are notably 

antifouling and biocompatible, an advantage over the P2VP membranes mentioned above.97   

Similar results were achieved by Tokarev et al, using alginate and diamine-PEG.  The 

pores achieved by Tokarev were more monodisperse and smaller (< 100 nm) than Gopishetty 

et al, depending on the total polymer concentration and polymer ratio.  Pores were pH 

responsive, with similar applications to Gopishetty in mind.99   These types of membranes may 

also be used to separate protein mixtures or allow for controlled release of drugs.97 

 

1.6.3. STATE OF THE ART: ANTIREFLECTIVE  SURFACES 

 

1.6.3.1 REPLICATING BUTTERFLY WINGS 

Everything we see is due to reflection of photons of light off surfaces and into our eyes. 

However, certain artificial materials, like phone screens, tv panels, lenses, etc. - by virtue of 
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their relatively featureless, smooth surfaces - sometimes reflect too much light.100 This results 

in glare, temporarily blindness, and renders certain technologies, like solar panels, less 

effective. To remedy this issue, anti-reflective (AR) materials became a focus of research. AR 

materials have micro- and nano-patterned surface structures that essentially trap photons of 

light, preventing their reflection. Hence, �³�D�Q�W�L-�U�H�I�O�H�F�W�L�Y�H�´���� �� �1�D�W�X�U�H���� �D�J�D�L�Q���� �O�H�D�G�V�� �W�K�H�� �Z�D�\����

Butterfly wings and moth eyes are the classic examples of AR surfaces, typifying the two 

structural archetypes in AR materials; those with micro- and nano-scale pillars on their surface 

(moth eyes), and those with porous structures at similar scales (butterfly wings).101,102  The AR 

properties of butterfly wings is a consequence of porous quasi-honeycomb-arrays with the 

parallel-�O�D�P�H�O�O�D�H���V�W�U�X�F�W�X�U�H���R�Q���W�K�H�L�U���V�X�U�I�D�F�H�V�������7�K�H�V�H���F�R�Q�I�H�U���³�V�X�S�H�U���O�L�J�K�W���W�U�D�S�S�L�Q�J�´���S�U�R�S�H�U�W�L�H�V��102  

Porous structures are more desirable than the nanopillars of moth eyes.  Pillars are easily 

contaminated, impossible to clean, have lower damage tolerance, and require complex 

fabrication techniques, unlike porous materials.  Pillars distort and break to different heights 

during cleaning, whereas pores do not.103  Porous surfaces have better mechanical properties 

than pillars.  Butterfly wing pores have a hexagonal morphology, random in size, spacing, and 

pores/area.  Currently, complex, toxic methods are used to create synthetic analogues of moth 

eye and butterfly wing structures.100 Butterfly wing pores are hexagonal (tessellated), 490 nm 

long 380 nm wide, and separated by ribs (max 170 nm wide).104 Across species, pores can 

range from 300 �± 800 nm, with the same core features.105�±108  Current pores created using 

lithography are circular, have narrow SD, are equally spaced, and are smaller than natural 

butterfly wing pores.  Large pores have applications outside of AR surfaces such as 

photocatalysis108, and increasing the dye sorption in solar cells.105  

AR surfaces can be produced directly, or indirectly, from polymers; whether they are 

synthetic or natural. In direct methods, bottom-up or top-down manufacturing produces 

patterned structures in a polymer surface, which provides the AR effects. In indirect methods 

a patterned polymer layer is deposited on an underlying substrate material, typically a metal 

surface. The pattern in the polymer layer can be transferred to the metal substrate. This is done 

by selectively removing one polymer domain of the patterned polymer layer (what remains is, 

�L�Q�� �F�H�U�W�D�L�Q�� �S�U�R�F�H�V�V�H�V���� �F�D�O�O�H�G�� �D�� �³�U�H�V�L�V�W�´������ �2�Q�� �W�K�H�� �U�H�P�D�L�Q�L�Q�J�� �G�R�P�D�L�Q���� �D�� �P�H�W�D�O���� �G�L�I�I�H�U�H�Q�W�� �W�R the 

substrate metal, is selectively deposited. The polymer below this newly deposited metal is then 

removed, leaving the deposited metal on top of the substrate in the pattern of one domain of 

the original patterned polymer layer. This method, often called metal polymer blend 

lithography (metal-�3�%�/���� �I�R�U�P�V�� �Z�K�D�W�� �L�V�� �F�D�O�O�H�G�� �D�� �³�P�D�V�N�´�� ���P�D�V�N�V�� �D�U�H�� �P�R�U�H�� �S�H�U�P�D�Q�H�Q�W�� �W�K�D�Q��
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resists, which can be thought of as temporary masks) which can used for pattern transfer in AR 

surface production. In some instances, the resist alone is enough for pattern transfer.   

The methods outlined above are top-down and intensive. The use of biopolymers will 

make them a little more sustainable but the absolute amounts of polymer used are relatively 

small. The potential advantage of using biopolymers is that they permit production of AR 

structures at scales not feasible with BCPs, making broadband AR materials a possibility. 

 

1.6.3.2 STATE OF THE ART: SYNTHETIC POLYMERS IN AR SURFACE PRODUCTION 

Synthetic AR surfaces are typically made with BCPs, usually with pillared, rather than 

porous, surfaces.  Recent work by Mokarian-Tabari et al shows that such surfaces can achieve 

1.75% reflectivity from 400 �± 900 nm, using up to a 75° incidence angle.8  Patterning was 

achieved by phase separating PS-b-P2VP, incorporating metal into the P2VP domain, and 

transferring the pattern with a plasma etch.  This produced 870 nm diameter nanopillars, with 

Gaussian SD (80 �± 160 nm), hexagonal arrangement (not to be confused with tessellated), and 

wide spacing (180 nm).  Smaller diameter pillars did not suppress reflectivity as well as larger 

ones. As always with BCPs, pattern generation required solvent annealing (THF, chloroform), 

and the patterning agent was a petrochemical polymer, both environmentally damaging and 

time consuming.  Etches > 870 nm caused the capillary forces of the pillars to exceed the 

supportive force of the pillars, resulting in pillar aggregation at the surface, increasing 

reflectivity.8 

Unlike BCPs, using polymer blends can achieve broad pore SDs (like butterfly wings), 

in a rapid and economical manner. Huang et al achieved lateral phase separation of PS 

discontinuous domains in a PMMA matrix, by controlling % RH during spin casting.  Lateral 

phase separation is achieved through self-stratification, driven by lower surface tension, lower 

solubility of one component, and polymer-substrate interactions.109 Feature diameter was 

controlled by varying the PS mw, and r.  Increased PS mw resulted in larger, less monodisperse 

PS domains while increasing interdomain spacing.  SDs could be tuned from 50 �± 150 nm to 

200 �± 800 nm ranges - comparable to butterfly wings.104�±108  To create a mask, one polymer 

was selectively dissolved, a functional silane was deposited by vapour-phase deposition, and 

the remaining polymer phase removed to yield a patterned silane surface.  That surface could 

be used for lithography, cell-adhesion, and the growth of various oxide nanostructures.9 

Guo et al produced similar micro and nanoporous films, metal masks, and substrates 

by phase separating PS/PEG blends.11  The discontinuous domain (PEG) was removed through 

dissolution with a selective solvent (water) producing a nanoporous PS matrix.  Using e-beam 
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evaporation, nickel was deposited on the surface.  The remaining polymer was removed with 

solvent, leaving a nanodot array (Figure 1.7).  The silicon was reactive ion etched, producing 

tapered pillars under the nickel dots.  Alternatively, Ag was deposited via e-beam evaporation 

and solvent removal of the porous PS matrix.  PS nanopores (and resulting Ni dots) typically 

ranged from 200 �± 400 nm. Again, these were within the range of butterfly wing pores.104�±108  

Between 4.57 x 108 and 8.48 x 109 features/inch2 were formed in PS/PEG blend films.  Pillars 

produced with Ni template were 870 nm tall, < 500 nm in diameter, and had reflectance for 

silicon below 3% in the 450 �± 950 nm range. 11  Guo may not have tried to etch beyond 870 

nm due to the capillary forces that would exceed supportive forces of the nanopillars.8  The Ag 

nanodot arrays had a surface enhanced Raman scattering of 1.64 x 108, making it suitable for 

chemical and biological sensing applications such as environmental and food monitoring.11,110  

 

Figure 1.7: (A-C) Selective polymer phase removal.  The remaining polymer is 

sometimes referred to as a soft resist, in certain processes, and may be used to transfer 

patterns.  (D) Metal deposition on top of remaining polymer phase, forming a metal pattern.  

(E)  Lift off of underlying polymer phase leaving metal adhered to substrate.  Any metal 

deposited on the polymer phase is removed, while metal in contact with the substrate remains.  

The final metal pattern is the inverse of the soft resist in (C).  This metal pattern may be used 

for pattern transfer (lithography).  

 

Huang, in another study using a PS/PMMA PTF, could selectively remove either the 

PS or PMMA domain using cyclohexane or acetic acid respectively (Guo only removed the 

PEG phase).  This produced either a porous PMMA matrix, or a PS island array - a more robust 

blend.  Again, metal was thermally evaporated to produce a mask (Figure 1.7) using Fe, Au, 

Cu, Pd and Cr, demonstrating the feasibility of the technique to produce different metal films.  

Features were typically 200 �± 800 nm in diameter with a minimum diameter of 50 nm, 

achieving a maximum feature/area of 220 million/cm2.8  Again, this is similar to butterfly 
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wings104�±108, and exceeds the size limitations of BCPs.  It was suggested these metal films 

would act as good etch resists (as with Guo et al�¶�V���S�X�E�O�L�F�D�W�L�R�Q�������D�Q�G���D�V���V�H�O�H�F�W�L�Y�H���R�S�W�L�F�D�O���I�L�O�W�H�U�V��10    

Metal-PBL has been used recently to create nanopillars on solar cells to increase light 

retention.  Pillars (0.5 µm spacing, 140 �± 560 nm in diameter) were created using a PS/PMMA 

blend.  PMMA was removed using acetic acid, and PS pillar heights optimized by O2 plasma 

etch.  Unlike previous work, metal was deposited directly onto the polymer, now behaving as 

a patterned back-reflector.  Removal of PS, and subsequent etching of the substrate, was not 

required.  Compared to an Asahi cell, PS nanopillars increased power conversion by 65%, due 

to a decrease in reflection loss, with improved light trapping above 600 nm.  Asahi cells also 

have local thickness variations, which can result in electrical shorts.  The PS layer assisted the 

growth of high quality Si layers upon it, minimizing the possibility of an electrical short. 111 

 

1.6.3.3 STATE OF THE ART: SEMISYNTHETIC POLYMERS IN AR SURFACE PRODUCTION 

There is no reason that PBL and metal-PBL techniques could not be applied to 

biopolymer PTFs.  It is useful to contemplate the possible pros and cons. Using biopolymers 

would make use of water or dilute acid as a common solvent for blends, possible. As with Nady 

& Kandil, EtOH/H2O or buffered solutions could be used to selectively remove components 

resulting in dots or tessellated porous matrices, akin to butterfly wings84, or pillars111 as 

discussed above. 

Niegelhell et al created a PTF using PHB/TMSC blends.90  Similar to Taajamaa et al88 

and Czibula et al82, TMSC was converted to cellulose using  HCl vapour.  Buffered enzyme 

solutions (either PHB-depolymerase or cellulose) then selectively removed either the PHB 

domain or cellulose domain (similar to Figure 1.6).  This results in either a porous or dot-

matrix of either cellulose or PHB.  Features ranged from 50 nm �± 1.4 µm, with varying size 

polydispersity.  The resulting biopolymer pattern is described as a biopolymer resist, with the 

aim of using it as a replacement for petrochemically derived polymer blend resists, biosensors 

or, antifouling surfaces.90  The morphology is remarkably similar to the synthetic materials of 

Huang et al9,10  and Guo et al.11  Similar cellulose blends have been made by Taajamaa et al 

for use as diagnostic membranes, catalysts, templates and sensors.88  �3�R�U�H�V�������� ���P���G�L�D�P�H�W�H�U����

with elevated rims formed through dewetting. Pore formation was controlled by humidity.  

Removal of the cellulose triacetate phase left a sub-micrometre dot matrix - perfect candidates 

for metal-PBL.10  Czibula et al worked with cellulose derivative blends to create structures 

inhibiting bacterial adhesion and biofilm formation.82  The TMSC phase in Taajamaa et al88 

and Czibula et al�¶s 82 work was converted to cellulose in the same manner as Niegelhell et al 
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technique90, though both removed remaining derivative with chloroform in place of enzymes.  

�7�K�R�X�J�K���W�K�H�V�H���D�U�H���L�G�H�D�O���F�D�Q�G�L�G�D�W�H�V���I�R�U���3�%�/���L�Q���W�H�U�P�V���R�I���I�H�D�W�X�U�H���V�L�]�H�����W�K�H���³�J�U�H�H�Q���D�S�S�H�D�O�´���L�V���O�R�V�W��

when using cellulose derivatives and chlorinated solvents.  Taajamaa continued work on 

cellulose blends, using a PS/TMSC blend to immobilize gold nanoparticles (AuNPs) on the 

surface in an organized manner.  This was achieved by; 1) phase separating PS from TMSC; 

2) adsorbing BSA onto PS; and 3) attaching AuNPs onto the adsorbed BSA.  The described 

goal was to create a 2D architecture decorated with AuNPs for diagnostic, electronic and 

biomedical applications such as drug release.  In 1:5 cellulose/PS blends, spherical PS domains 

were approx. 200 nm in diameter.  With the differing solubility of cellulose and PS, this blend 

would be suitable for metal PBL.  But PS and toluene precludes this as a true green 

alternative.112 

Finally, many of the blends in the stimuli responsive membrane section (detailed above) 

meet the morphological requirements for metal-PBL.  As an example, Na-Alg/PVA blends 

with 50% PVA fraction produce porous structures (pores 130 nm in diameter).113.  The size 

and disordered nature of these features (incorporated with metal-PBL) would allow for greater 

suppression of reflectivity than the typically produced sub-100 nm BCP features.8,111  Orlov et 

al�¶�V showed that tessellated pores (84 �± 1,500 nm diameter) were achievable with up to 16.2 

pores/µm2.93  In metal-PBL, �+�X�D�Q�J���H�W���D�O���S�U�R�G�X�F�H�G���S�R�U�R�X�V���P�H�W�D�O���P�D�W�U�L�F�H�V�����Z�L�W�K���S�R�U�H�V���E�H�W�Z�H�H�Q��

���������±�����������Q�P�������7�K�H���P�D�[�L�P�X�P���Q�X�P�E�H�U���R�I���S�R�U�H�V���D�U�H�D���Z�D�V�����������K�R�O�H�V���—�P�������������*�X�R���H�W���D�O���S�U�R�G�X�F�H�G��

�S�R�U�H���U�D�Q�J�L�Q�J���I�U�R�P�����������±�����������Q�P�������������Q�P���D�S�D�U�W�����Z�L�W�K���S�R�U�H�V���D�U�H�D���U�D�Q�J�L�Q�J���I�U�R�P�����������S�R�U�H�V���—�P�����W�R��

�����������S�R�U�H�V���—�P�������������*�L�Y�H�Q���W�K�D�W���E�X�W�W�H�U�I�O�\���Z�L�Q�J���S�R�U�H�V���D�U�H���K�L�J�K�O�\���W�H�V�V�H�O�O�D�W�H�G����Orlov et al�¶�V���P�H�W�K�R�G��

�R�I���S�U�R�G�X�F�L�Q�J���I�L�O�P�V���P�D�\���E�H���D���E�H�W�W�H�U���P�H�W�K�R�G���R�I���D�F�K�L�H�Y�L�Q�J���$�5���I�L�O�P�V���� �� �)�L�Q�D�O�O�\���� �1�D�G�\�� �	�� �.�D�Q�G�L�O��

�S�R�U�H�V�� �P�R�U�S�K�R�O�R�J�L�F�D�O�O�\�� �D�U�H�� �L�G�H�Q�W�L�F�D�O�� �W�R�� �W�K�D�W�� �Z�K�L�F�K�� �J�L�Y�H�V�� �E�X�W�W�H�U�I�O�\�� �Z�L�Q�J�V�� �W�K�H�L�U���$�5�� �S�U�R�S�H�U�W�L�H�V��

���K�L�J�K�O�\�� �W�H�V�V�H�O�O�D�W�H�G���� �G�H�Q�V�H�� �S�D�F�N�L�Q�J������ �W�K�R�X�J�K�� �D�U�H�� �D�S�S�U�R�[���� ������ �W�L�P�H�V�� �O�D�U�J�H�U�� �W�K�D�Q�� �W�K�H�� �U�H�T�X�L�U�H�G��

�G�L�P�H�Q�V�L�R�Q�V���I�R�U���$�5���D�S�S�O�L�F�D�W�L�R�Q�V�������)�X�U�W�K�H�U���U�H�I�L�Q�H�P�H�Q�W���R�I���W�K�L�V���E�O�H�Q�G���F�R�X�O�G���S�U�R�Y�L�G�H���W�K�H���E�H�V�W���$�5��

�S�U�R�S�H�U�W�L�H�V���G�X�H���W�R���W�K�H���H�Q�K�D�Q�F�H�G���S�D�F�N�L�Q�J���D�E�L�O�L�W�\���R�I���W�K�L�V���E�O�H�Q�G������  

 

1.6.3.4 STATE OF THE ART: BIOPOLYMERS IN AR SURFACE PRODUCTION 

The only conceivable issues which may arise from using biopolymers in PBL would be 

obtaining laterally phase separated structures. Though not an issue for metal PBL, as 

biopolymers are generally hydrophilic17, using humidity to organize the internal structure 

would be a complex process.9 Niegelhell et al90, and Czibula et al82 showed that enzymes can 

be used to create a mask from semi-synthetic polymers. This is possible with biopolymers too, 

as is the use of water as a solvent.    
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Caillau et al showed that nanopatterned polysaccharides could be used as resists for 

silicon etching, without the need for metal masks.  Using e-beam, regions of the chitosan film 

were degraded, increasing their solubility, allowing removal with deionised water, leaving 50 

nm wide chitosan lines on the silicon wafer.  The SiO2 was etched by reactive ion etching (RIE) 

using CHF3 gas, which removed the 90 nm oxide layer exposing the silicon.  The chitosan was 

able to tolerate the CHF3 etch, successfully transferring the pattern into the silica layer.114    

Jiang et al115 used egg-white protein as a resist material, aiming for a simpler, more 

environmentally friendly, and cheaper process.   This was much cheaper than derived polymers 

such as PMMA, dramatically reducing the cost of fabrication.  The egg-white was either mixed 

with glycerol to inhibit aggregation and promote chain scission upon UV or e-beam exposure 

(positive resist), or used without glycerol to promote protein aggregation upon UV or e-beam 

exposure (water insoluble regions, negative resist). Patterned films could then be produced with 

just water. These patterns could then be transferred with few defects to Si, SiO2, Au and Cu 

�V�X�E�V�W�U�D�W�H�V�� �X�V�L�Q�J�� �+�)���� �+�)�� �Y�D�S�R�X�U���� �D�T�X�H�R�X�V�� �1�(�E�U�R�P�R�V�X�F�F�L�Q�L�P�L�G�H�� �D�Q�G�� �S�\�U�L�G�L�Q�H���� �R�U�� �5�,�(���� �� �7�K�H��

protein could then be removed in 15 hr using the enzyme trypsin at 37 °C.  Though lengthy, 

this is a process with improved sustainability.114  It is the first study to report deep etching using 

a biomaterial.  Features 60 nm in size could be transferred to a typical depth of 5 µm.115   

This showcases the capacity of biopolymers in substrate etching, without the need of 

metal incorporates.  Considering all of the above biopolymer blends, the potential to produce 

lithographic masks and resists is there.  Similar techniques have been used to create fibroin 

features approx. 100 nm features, using UV crosslinking and e-beam treatment. Though these  

used DMSO116, it could be replaced by using only water as a solvent, if the fibroin conformation 

is carefully controlled.117 Unlike for hydrophobic surfaces, there is no innate property needed 

to be overcome for protein pattern development.  

 

1.6.4. STATE OF THE ART: BIOMEDICAL SURFACES 

 

1.6.4.1 REPLICATING WOOD AND BONE SURFACES 

For cell adherence, few structures compare to the natural morphologies of wood and bone.  

Bone is porous, with hierarchal, microscale, sub-microscale, and nanoscale morphologies, that 

are key to vascularisation, and the ability of cells to attach, proliferate, differentiate, and 

grow.118 Woods have a range of structures that imitate bone, such as, bamboo (honeycomb 

structure)119, pine (honeycomb)120, rattan (hierarchal pore structure mimicking the Haversian 
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and Volkmann system pores )120, and sipo (micropores similar to cortical bone).121 Much of 

biomedical materials research focuses on mimicking wood and bone structures in surfaces and 

thin-films on medical devices. 

Unlike the other fields we have explored, in biomedical industries, biopolymers are 

already extensively used because they are innately antimicrobial and biocompatible.  They have 

the added advantage of being renewable, less toxic, cheap, abundant, biodegradable, and more 

effective than industry standard materials like polymeric quaternary ammonium salts.122  

Another advantage of biopolymers in is that most are hydrophilic, so they do not produce 

inflammatory responses, unlike synthetic polymers which cause inflammation and inhibit cell 

adherence.123 But even synthetic polymers, despite this disadvantage, can be made into 

effective biomedical surfaces with the right surface structures, such as those of wood and 

bone.124 The most commonly used polymers in this field are polyesters, which are hydrophobic, 

inhibiting cell adherence, and their degradation promotes inflammatory responses.123 

Biopolymer PTFs with wood and bone like pore structures in their surfaces provide enhanced 

biofactor delivery125, vascularization, cell profileration, and migration.126  Pores are typically 

10 �± ���������������P���L�Q���G�L�D�P�H�W�H�U125.  Specific applications of various pore sizes are summarized by 

Guarino & Ambrosio127, and Sarazin et al.128      

 

1.6.4.2 STATE OF THE ART: SYNTHETIC BIOMEDICAL PTFS 

Huang et al produced bi-continuous porous networks in a PTF by phase separating immiscible 

polymers; PLA (poly(lactic acid)) and PCL.  The phases were coarsened with supercritical CO2 

(environmentally friendly).  The PCL phase was removed using acetic acid to yield a porous 

structure (Figure 1.8A).129  Pores size was controlled at 50 �± 150 ���P��- suitable for biological 

scaffolds.  Fibroblasts were grown on the material, showing the potential for biomedical 

applications.  No further cell growth data was provided, though it is the focus of future work129 

in which the PTF is expected to be a good scaffold, as pores from bottom-up methods have 

better mechanical and fluid exchange properties than those from salt leeching.123  

Similarly, de Moura et al created a porous PTF using a PLA/PCL blend for bone 

regeneration.  Hydroxyapatite particles (80 �± 90 nm in size) were incorporated to improve the 

PTFs bioactivity.  PTF roughness ranged from 1.24 �± 3.92 µm.  Median pore size ranged from 

3.05 �± 4.79 µm.  Hydroxyapatite had no effect on cell viability, though increasing 

hydroxyapatite content increased PTF roughness, improved PTF degradation temperature, and 

prevented microfracture formation (improving PTF mechanical properties).130   



52 
 

Guarino & Ambrosio explored the use of co-continuous PCL/PEO blends through melt 

blending and extrusion. PEO was selectively removed with water, leaving a porous matrix 

�E�H�K�L�Q�G���� �� �3�R�U�H�V�� �Z�H�U�H�� ������ ���P���� �D�Q�G�� �V�K�H�D�U�� �V�W�U�H�V�V�� �S�U�H�Y�H�Q�Wed developing domain growth, limiting 

�P�D�[���S�R�U�H���V�L�]�H���W�R�����������P�����W�K�H�U�H�E�\���O�L�P�L�W�L�Q�J���S�R�V�V�L�E�O�H���D�S�S�O�L�F�D�W�L�R�Q�V��127  Sarazin et al also achieved 

a porous scaffold through melt blending of PLLA and PCL, and also selectively removed PEO 

with water.  Pore size was controlled through r and annealing, achieving average sizes from 

1.5 �± ���������P�����F�O�D�L�P�L�Q�J���W�K�H�\���Z�H�U�H���V�X�L�W�D�E�O�H���I�R�U���E�R�W�K���W�L�V�V�X�H���U�H�J�H�Q�H�U�D�W�L�R�Q���D�Q�G���G�U�X�J���U�H�O�H�D�V�H��128  Both 

studies use melt blending which removes the need for organic solvents, but cannot be used with 

biopolymers which decompose under melt blending conditions.  Though each uses petroleum 

based polymer, the use of water eliminates the need for toxic organic solvents. 

Bui et al fabricated a honeycomb PTF using PLA in a chloroform/methanol 

(solvent/nonsolvent) solution.  Methanol has a high affinity for water, allowing for the water 

adsorption, and so formation of the honeycomb array.   The gel-like layer formed by the 

chloroform/methanol solution also stabilized water droplets, preventing them from coalescing, 

forming tessellated pores.  Pores were highly ordered.  PTFs contained pores approx. 2.8 �± 6.1 

µm in diameter, 1 µm in depth, with 0.03 �± 0.11 pores/µm2.  Pores were either circular or 

tessellated.  When compared to unpatterned PLA, PLA PTFs enhanced cell adhesion.  Cell 

filopodia attached to honeycomb pore walls.  Films containing 6 µm pores provided the best 

cell proliferation within a 24-hour period, approx. 25% more effective than films with 2.8 µm 

pores.  It must be noted, while this method does produce PTFs in a timely manner, the 

requirement of chloroform and methanol is unsustainable for large scale production.131 

 

1.6.4.3 STATE OF THE ART: SEMI -SYNTHETICS BIOMEDICAL PTFS 

PCL has been blended with TMSC (subsequently converted to cellulose) to create nano- and 

micropatterned surfaces.  This is a formulation of a biodegradable hydrophobic polyester and 

hydrophilic polysaccharide.  Hydrophobic polyesters adsorb proteins, which result in clot 

formation after implantation of a medical device.  The blend produced spheres and salami 

structures, with features approximately 0.5 �± 1 µm in diameter.  The hydrophilic cellulose 

domains repelled blood clotting protein.  The blend surface acts as an anti-coagulative, and 

promoted better cell viability than neat, unpatterned cellulose.  These are key attributes in 

devices such as vascular grafts or other regenerative medicine devices.89   

Pulieri et al created a gelatin/chitosan PTF using a PDMS micromold, creating 

microstructured thin films with different morphologies.132   Cell adhesion and proliferation was 

tested using NIH-3T3 fibroblasts (indicative of tissue regeneration) and S5Y5 neuroblastoma 
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(indicative of nerve regeneration cells).  Cell growth was better on blends containing 2D 

architectures.  After 24 hrs, adhesion of fibroblast cells was higher on PTF blends than 

unpatterned films.  Similarly, PTFs with higher chitosan content promoted more fibroblast 

adhesion, due to the higher surface charge.  In contrast, PTF blends with 80 wt% gelatin was 

the best for neuroblastoma cell adhesion and proliferation.  Similarly, neuroblastoma achieved 

90% of the cell proliferation of the control (poly-l-lysine, a superb material for tissue 

regeneration133). It was not stated which microstructured film was used for cell adhesion.  

However, the chitosan/gelatin blends PTFs demonstrated themselves suitable candidates for 

nerve and tissue regeneration.132 

Peschel et al blended poly(3-hydroxybutyrate), P(3HB), and poly(4-hydroxybutyrate), 

(P(4HB), with the polysaccharides alginic acid, chitosan, hyaluronic acid, and pectin, to 

produce porous PTFs.  Pore diameter depended on blend composition; P(4HB)/hyaluronic acid 

(30 �± 150 µm); P(4HB)/chitosan (25 - 65 µm); P(3HB)/hyaluronic acid (30 �± 150 µm); 

P(3HB)/chitosan (20 �± 110 µm); P(3HB)/pectin (100 �± 300 µm); P(3HB)/alginic acid (30 �± 70 

µm).  Similarly, porous PTF WCAs varied from 75 �± 93°. Porosity increased PTF 

hydrophobicity (which normally would impede cell proliferation).  However, the macroporous 

pores counteracted this. HaCaT (keratinocytes) proliferated 25% better with the 

P(4HB)/hyaluronic acid blend, when compared to the control.  This was attributed to the pore 

size range pore.  P(3HB) PTFs were more hydrophobic than P(4HB) PTFs, resulting in poorer 

cell attachment on the P(3HB) PTFs.  HaCaT cells had fewer filaments on P(3HB) PTFs, 

resulting in poor cell attachment and adherence.134 

Mahato et al created a hydrogel PTF, blending chitosan lactate and PVA to produce a 

porous matrix, which could be loaded with a drug (ciprofloxacin).  The cytotoxic effect of the 

PTF was evaluated with and without ciprofloxacin.  Increased chitosan lactate content resulted 

in smaller pores, though no numerical value was given.  Smaller pores showed reduced drug 

loading.  Antimicrobial efficiency was tested using E. coli.  PTFs with the largest pores showed 

zones of inhibition approx. 2.3 times the diameter of PTFs with the smallest pores.  Both neat 

and blend films effectively inhibited E. coli growth.  All PTFs showed a similar ability for cell 

proliferation, though the PTF with the smallest pores showed a small reduction in fibroblast 

cell viability.  Cell viability over the PTF surface was > 80%.  The PTFs described are good 

candidates for wound dressing, due to their biocompatibility and drug-loading capability.135   
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1.6.4.4 STATE OF THE ART: BIOPOLYMER BIOMEDICAL PTFS 

One of the more elegant applications of biopolymer immiscibility is by Hu et al,136 who 

blended recombinant tropoelastin (an unstructured protein which assembles to form elastin)137 

and silk fibroin (a fibrous protein with excellent mechanical properties).138  The proteins were 

slowly mixed together to prevent aggregation, not an issue with synthetic blend films.  This 

system used water as the common solvent, making the process more environmentally friendly. 

10:90 r tropoelastin/fibroin films contained small diameter pores (pores approx. 20 �± 50 nm).  

At 75:25 tropoelastin:fibroin r, pore depth (2 nm) and size (50 �± 90 nm) increased.  In 90:10 

blends, 0.1 �± 0.4 µm pores appear in the film, surrounded by smaller sub-20 nm pores.  Hu 

suggests a morphology formation mechanism described by Reguera et al139.  However, 

disparity between results obtained using DSC and AFM suggest segregative phase separation 

�R�F�F�X�U�V���������7�K�H���V�W�D�W�H�P�H�Q�W���³�V�L�O�N���I�R�U�P�V���K�\�G�U�R�J�H�Q���E�R�Q�G�V���D�Q�G���E�H�F�R�P�H�V���P�L�V�F�L�E�O�H���Z�L�W�K���W�U�R�S�R�H�O�D�V�W�L�Q���D�W��

�G�L�I�I�H�U�H�Q�W�� �E�O�H�Q�G�� �U�D�W�L�R�V�� �Z�L�W�K�R�X�W�� �P�D�F�U�R�S�K�D�V�H�� �V�H�S�D�U�D�W�L�R�Q���´�� �F�R�Q�W�U�D�G�L�F�W�V�� �W�K�H�� �V�W�D�W�H�P�H�Q�W�� �³�W�K�H��

tropoelastin proteins tend to microphase-separate and formed [sic] only monomers or 

discontinuous small aggregates in the silk �³solvent� .́  The lack of information on casting 

solution pH, and unreliability of phase imaging in rough biological samples140, would suggests 

the phase separation was incorrectly assigned or miscommunicated.84  Regardless, by addition 

of a small amount of tropoelastin, cells adhered faster and easier, growing twice as fast with 

only 10% tropoelastin content. On unpatterned surfaces, cells could not easily attach and 

proliferate.136 

Hu et al followed this paper up in 2011, testing the mechanical, topographical and 

biological activity of the tropoelastin/fibroin blends.141  Increasing the ratio of tropoelastin 

increased surface roughness (max. roughness 90.9 nm) and decreased in stiffness (elastic 

modulus).  Lowering the tropoelastin ratio to get low film roughness and high stiffness 

favoured C2C12 myoblasts.  Specifically, 10% tropoelastin blend films exhibited 3 times the 

myogenic markers after 2 weeks, indicative of improved differentiation.  Human mesenchymal 

stem cell proliferation and differentiation was enhanced by high surface roughness films with 

phase separated patterns.  Osteogenic-differentiation markers were up to 8 times higher in 50% 

tropoelastin blends than pure fibroin films.141  Similarly, Skopinska-Wisniewska et al found 

that blended elastin/collagen films exposed to UV-radiation induced better cell adhesion and 

growth attributed to the morphological and chemical properties of the blend.142   

Lee et al phase separated fibroin and alginate, creating macrophase separated sponges.  

Incorporating alginate made the sponges suitable for wound dressing by improving physical 

properties and biocompatibility.143 De Moraes evaluated fibroin/alginate blends as versatile 
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wound dressings.  Fibrils (resulting from macroscopic phase separation) occurred at fibroin 

contents > 25 wt%.  In 25/75 fibroin/alginate blends morphology was droplet-in-matrix. 

Feature SD was typical of a nucleation and growth mechanism, though the exact mechanism 

was not specified.  The blend film was non-cytotoxic, had good permeability, and had better 

elongation at break and tensile strength than pure fibroin films.  It is speculated that compounds 

could be incorporated into the fibroin domain, allowing for controlled release over a time.144 

A possible replacement material for the synthetic biomedical PTF made by Huang et 

al129 (Figure 1.8) would be non-gelling oxidized starch/gelatin blends, used to alter the texture 

of food.145  Using �1�D�G�\�� �	�� �.�D�Q�G�L�O�¶�V�� �P�H�W�K�R�G84, the gelatin could be leeched to produce a 

continuous porous starch matrix, while avoiding the use of a polyester. Starch scaffolds have 

�E�H�H�Q���V�K�R�Z�Q���W�R���E�H���D���V�X�L�W�D�E�O�H���³�P�L�Q�H�U�D�O�L�]�H�G���E�R�Q�H-like extracel�O�X�O�D�U���P�D�W�U�L�[�´���G�X�H���W�R���W�K�H�L�U���S�R�U�R�X�V��

and hydrophilic nature, and have doubled the number of osteoblast cells grown, when 

compared to a control.146 

 

Figure 1.8: Image A is a scanning electron microscope image of PCL/PLA blend 

annealed in CO2 at 150 °C for 60 min, with an average pore size approx. 150 µm. Adapted 

from Huang et al, 2017.129  Image B shows a confocal laser scanning microscope image of 

gelatin/starch film thermally annealed for 30 min.  Bright regions are gelatin, dark are starch. 

Adapted from Firoozmand et al, 2009.145 

 

Nady & Kandil produced biopolymeric PTFs for biomedical applications (cell growth 

and cytotoxicity assays).  Chitosan and gelatin were dissolved in acetic or formic acid and 

mixed in the presence of a crosslinker (ferulic acid).  Upon phase separation, the gelatin may 

be removed with 80% EtOH, acting as a porogen.  The assigned phase separation mechanism 
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was coacervation, though this is incorrect.  Both biopolymers have a net positive charge below 

pH 6.5.147,148  Blend solutions pH was 2.57 for formic acid blends, and 3.95 for acetic acid 

blends.84  Coacervation occurs when biopolymers of opposite charge, suspended in a 

supernatant, associate.149  Both would behave as polycations in the acidic solvent, thus 

segregatively phase separate.148  Rather than forming an associative complex in a supernatant, 

a discontinuous gelatin phase formed in a continuous chitosan matrix, indicating segregation. 

Though the mechanism attributed is incorrect, forming a porous matrix with this method is 

interesting.  The tesselated array with large and small pores demonstrates the capacity to form 

organised hierarchal structures.118,119  Hexagonal pores produced using hydrophilic synthetic 

polymers are used as cell scaffolds, greatly increasing their efficacy.124,150  The benefits of 

using biopolymers outweigh the benefits of using synthetic polymers.  EtOH/water is a benign 

solvent mixture, improving the environmental aspects of using this process.  Ferulic acid use 

in the synthesis is also a nice inclusion, as it is antioxidizing, antimicrobial, and a by-product 

of wheat, sugar beet, and rice production.  No effort was made to deduce the mechanism of 

gelatin domain growth.  No cytotoxic or cell growth studies were done on these surfaces, 

though pore SD range seems ideal for fibroblast growth127, and possibly hepatocytes.128   

Unlike Bui et al, this did not require a chlorinated solvent, or methanol, to create a honeycomb 

array, a much more environmentally conscious method of producing tessellated arrays.131 

 

1.7. BEYOND STATE OF THE ART: PTFS 
Taking PTFs beyond state of the art in all of the aforementioned industries seems, at first 

glance, like a daunting task. Acute research focus on biopolymeric PTF developments in each 

specific sector is underway. However, because of the common structural motifs of all PTFs 

across biomedical device, hydrophobic, smart, and antireflective surfaces, it is possible to 

develop research methodologies that make fundamental progress on biopolymeric PTFs which 

benefits all these sectors at once. This is the aim of the work detailed in this thesis.  

The demands made of biopolymeric PTFs for their successful application in AR 

materials are the most onerous. The degrees of control required for feature scale, density, and 

morphology exceed those required for biomedical devices, hydrophobic surfaces, or smart 

materials. As such, if one can successfully meet the demands of AR materials with 

biopolymeric PTFs, the lesser demands of these other sectors are automatically met. This is the 

optimal research approach for future developments.  
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Ideally, future PTFs will achieve a smaller carbon footprint than those currently in use.  

Appropriate choice of biopolymer, solvent, environmental conditions, and film developer are 

how this will be achieved.  Biopolymers already exist which outperform synthetic polymers in 

terms of price and performance.115  Through wider adoption of biopolymers in existing 

technologies, economies of scale in manufacturing will  reduce bulk prices of biopolymers.  

Alternatively, waste products from agriculture offer themselves as a cheap, renewable method 

of obtaining polymers.  Such sources of biopolymers are easily accessible, when compared to 

finding (and exploiting) ever dwindling oil reserves.   

As most biopolymers are water soluble, their adoption will reduce the need for organic, 

or chlorinated solvents.  Similarly, biopolymer PTFs may be developed using enzymes, further 

removing the need for organic solvents.  Phase separation is the greenest method for PTF 

production.  Bottom-up processes mimic nature; nature wastes no energy, as energy is the 

means to survival.  For manufacturing, it would mean less wasted material, while achieving 

ever-more complex architectures.  Phase separation already provides a plethora of available 

morphologies.  However, there is little understanding on how environmental conditions (such 

as humidity) play in feature formation. Furthermore, biopolymers, particularly proteins, are 

innately more complex than industrially produced synthetic polymers.  More work needs to be 

conducted using solely biopolymeric blends if we are to exploit these materials for future PTFs.  

Few PTFs attempt to achieve micro- and nanoscale roughness, relying mainly on a 

droplet-in-matrix morphology.52,81  Deposition of a wax tubule 50 �± 100 nm long may be 

sufficient to achieve superhydrophobicity on a bottom-up, phase separated cellulose film.  

Alternatively, approaches such as functionalizing the surface with natural, environmentally 

friendly, hydrophobic chemicals such as liquorice essential oil, cinnamic acid, or bees wax 

could lower SFE reducing wettability.85,86,151   

For responsive surfaces with biological applications, materials must work within the 

narrow range of biological temperature and pH. Similarly, for medical applications, 

biocompatible biopolymers are favoured over almost universally incompatible synthetic 

polymers. Current research is attempting to control pore size, morphology, and develop sensing 

techniques for biological markers.  (There is an interesting secondary application to these 

blends �± their use as nanopatterned templates. This can be achieved using metal-PBL methods.) 

This technology has the potential not just for selective filtration, but release of biological 

payloads such as enzymes and drugs.  A benefit of this technique is the protection of payloads, 

by sequestering it in a material that releases it with the target stimuli.  Biopolymer PTFs are 

promising way of producing stimuli controlled devices in non-invasive, easily monitored 
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materials.97  Finally, the ability to produce tessellated PTF structures could be exploited to 

enhance cell growth. 124   

Many biopolymer derived blends achieve the feature size demands that must be met for AR 

applications. Thus far, this has been mostly ignored in favour of BCP based methods that are 

more limited in the feature sizes that can be obtained but are a far more familiar technology to 

the industries involved. But the surface features needed for effective AR materials, particularly 

broadband AR materials, can be produced most effectively through a synthesis of nature-

inspired bottom-up and artificial top-down methods: Producing biopolymer PTFs and 

transferring their patterns to substrates using etching techniques of synthetic polymer PTF 

pattern transfers. Rather than metal-PBL, this new synthesis of methods should be called 

�³�P�H�W�D�O-�E�L�R�3�%�/�´. The volumes of polymeric materials used in production of AR surfaces, even 

at scale, are relatively small. So the use of biopolymers, while undoubtedly making processes 

a little more sustainable, would not make for vast improvements in sustainability. Far greater 

gains will instead come from the far cleaner production methods that biopolymers permit, 

wherein water can used as a PTF solvent, while either pure water, buffered water, or enzymes 

could be used as film developers.  

While the future of biopolymers in production of hydrophobic, AR, and biomedical surfaces is 

obvious, the route for biomedical surfaces is not as apparent.  This is due to the numerous types 

of cells one may wish to adhere to a PTF, or repel.  Each type of cell can show different 

preferences for PTF morphology, or blend chemistry.133,141  However, unlike other fields, the 

applications of various pore sizes have been thoroughly investigated and identified for 

biomedical surfaces. Production of biopolymer PTFs with pores at these requisite scales has 

been repeatedly demonstrated, particularly in the food industry.  Food texturing produces pores 

within the range for cell adherence, while using biocompatible materials.  Phase separated 

biopolymers for food are well documented, with information on feature size, resistance to 

water, and mechanical properties.  What remains is to bring together these two disparate fields 

of materials knowledge to produce biopolymeric materials tailored to the demands of the 

biomedical industry, thereby improving the future of biomedical devices. 

The work presented in this thesis aims to add to the knowledge of biopolymer blends, 

so that they might be more easily adopted into industrial processes, and replace synthetic 

polymer materials.  Chapter 2 aims to determine the effect of ambient humidity and blend 

ratio, on the phase separation of 2 biopolymer blends, when casting with a Meyer bar.  From 

this, a deeper understanding of biopolymeric blend systems will be gained, so that an optimum 

blend for surface patterning (either BSA-Ch or PG-Ch) could be used for further surface 
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patterning. Chapter 3 focuses on the BSA-Ch blend. Chapter 3 aims to form patterned BSA-

Ch thin films, using spin-coating as a rapid and facile deposition technique. Here, we aimed to 

determine; 1) the effect of increased spin speeds and; 2) the effect of blend viscosity on pattern 

formation.  Additionally, both the BSA and Ch phases are identified through selective etching 

and selective metal inclusion.  Finally, the growth mechanism of high protein content films 

was evaluated, and contrasted, with high polysaccharide content films, through an analysis of 

�I�H�D�W�X�U�H���6�'�¶�V�����D�Q�G���G�H�F�R�Q�Y�R�O�X�W�L�R�Q���R�I���W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���S�H�D�N�V�����)�L�Q�D�O�O�\����Chapter 4 focuses on two 

primary areas. Firstly, the metal incorporation of Chapter 3 is refined, so that biopolymer 

blends may be used as a template to produce hard metal masks. Secondly, the growth 

mechanisms of the biopolymer blend are identified, and modified, by changing casting 

conditions to inhibit coalescence. Through this, tessellated structures can be formed, 

mimicking the natural, AR morphology of butterfly wings.  Chapter 5 summarizes the findings 

of the previous chapters, and suggests areas which could be the primary focus of future work.  
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2.1. ABSTRACT 
Greater sustainability in mass manufacturing is essential to alleviating anthropogenic climate 

change.  High surface-area, micro- and nano-patterned films have become a fundamental tool 

in materials science, however, these technologies are subject to a dwindling petrochemical 

supply, increasing costs and disposability concerns.  This paper describes the production of 

patterned biopolymer films utilizing controlled phase separation of biopolymeric thin films into 

nanopatterns using easily transferable variables and methods.  Similar morphologies to those 

commonly observed with synthetic block-copolymers (BCPs) were achieved across a large 

range of feat�X�U�H�� �V�L�]�H�V���� �I�U�R�P�� �������� �Q�P�� �W�R�� �!�� ���� ���P���� �E�L�F�R�Q�W�L�Q�X�R�X�V���� �S�R�U�R�X�V���� �G�U�R�S�O�H�W-matrix, 

particulated and dimpled. Protein and polysaccharide type, protein to polysaccharide ratio, 

casting method and ambient humidity were primary conditions found to influence the pore 

morphology of the films.  High protein concentrations (4:1 and 2:1 blends) generally resulted 

in porous structures whereas high polysaccharide concentrations (1:2 and 1:4 blends) resulted 

in spherical structures.  High humidity conditions (60% + relative humidity) resulted in the 

growth of large protuberances up to 10 µm in diameter while lower humidity (10% - 30%) 

resulted in discrete features smaller than 200 nm.   

 

2.2 INTRODUCTION  
Sustainable materials is a term that encompasses a sustainable, materials science based 

approach to technological development and product lifecycles.  It focusses on bottom-up 

production methods; biodegradable, renewably sourced materials; and environmentally benign 

usage.  The development of technologies from sustainable sources is essential to minimising 

negative anthropogenic effects on environment and climate.  Resource finitude; waste 

management; and production and usage emissions need to be addressed.  Our most crucial 

technologies must be prioritised for the initial developments of these new, sustainable 

materials.  

Electronic and smart devices, and advanced medical materials; these are among our most 

vital modern technologies.  High surface-area, micro- and nano-patterned films are 

fundamental to the manufacture and function of the aforementioned technologies, as well as 

finding widespread use in a variety of other applications.  Apart from semiconductor1 and 

medical technology2, they are critical to superhydrophobic3, anti-reflective4,5 and self-cleaning 

materials5; anti-fouling coatings; and food texture technologies6 (which will be of increasing 

importance as more and more synthetic food equivalents are required to replace 
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environmentally unsustainable foodstuffs).7  The patterns are produced through phase 

separation of highly refined, synthetic, block-copolymer thin-films.8  These polymers are a 

perfect example of a long term, unsustainable material.  Sourced from petrochemicals, they 

will become prohibitively expensive with time, they are non-renewable, non-biodegradable, 

and the refinement processes of their production are environmentally damaging. Our research 

shows the development of a sustainable materials alternative; bottom-up production of 

patterned films from renewable, biodegradable biopolymers. 

Biopolymers (proteins and polysaccharides primarily) are an ideal sustainable material, 

and an obvious alternative to conventional, petrochemical polymers in all but the most 

specialised applications.9  They are abundant, readily accessible, renewable, compostable and; 

produced and extracted with minimal to no environmental impact.10  Biopolymers also have a 

suite of attractive features for manufacturers; high structural specificity; well-defined and 

varied functionalities; structure dependant solubility11; predictable viscosity12; bactericidal 

properties13; and biocompatibility.14 Molecular weight distributions of polysaccharides can 

vary15 but are readily refined16 and in the case of proteins, monodisperse molecular weight 

distribution is an innate property.  For all the above reasons, naturally occurring biopolymers 

have interested scientists and engineers for decades.  They are used in food texturing17, personal 

care products18, cell binding19, textiles20 and membranes.21,22,23 Many of these applications 

involve patterning of biopolymer surfaces; though the structures obtained have so far been 

much larger than those required for use in applications such as substrate patterning.24,25,26,27,28,29  

There are only a few notable examples of biopolymer blends being used to create surfaces with 

structures on a scale akin to those in this work.30,31,32  However, these typically involve 

secondary etch steps, with harsh solvents and functionalised biopolymers to achieve desired 

morphologies, making them environmentally damaging. 

Microphase separation phenomena in biopolymer-biopolymer-solvent systems falls into 

two categories; associative and segregative.33,34  Categorisation is dependent on the affinity 

between the biopolymers and the solvent.  Associative phase separation occurs when the 

biopolymers carry opposite charges, and segregative when they carry the same charge.  

Complexities arise in the form of; kinetic competition between gelation processes and phase 

separation process35; the influence of shear forces on formation mechanisms36,37; the influence 

of humidity on solution behaviours38; and the vagaries of biopolymer structure in solution, to 

name only a few.  This paper reports phase separations of a specific type of biopolymer-

biopolymer-solvent system; protein-polysaccharide-solvent solutions (hereafter referred to as 

the Pr-Ps-S solutions).  These solutions are used to produce surface patterned, composite thin-
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films of polysaccharide and protein.  Associative and segregative phase separations have been 

studied extensively over the past four decades, primarily in food science.  However, the latter 

focussed on limited applications in packaging and biomedical devices.39,17,40,41 

Most scientific literature details phase separation of a variety of proteins and 

polysaccharides, generally in one type of solvent; water.33,42�±45  The exception is when the 

polysaccharide of choice is chitosan, when the solvent of choice is typically dilute acetic 

acid.46�±48  The research reported here builds upon state-of-the-art in the field of biopolymer 

phase separation in four ways: firstly, unique Pr-Ps-S solutions are studied; proteins are bovine 

serum albumin (BSA) and pigskin gelatin (PG), polysaccharide is chitosan (Ch) (, and solvent 

is formic acid (FA).  Secondly, the production of thin-films from these Pr-Ps-S systems is 

examined with a view to their use in materials applications beyond the food, packaging and 

biomed industries.  Specifically, utilising micro- and nanopatterns in templating, and smart 

textiles applications.  Thirdly, the control of formation conditions under which these phase 

separations occur is different.  Control of conditions such as humidity and ambient temperature 

is usually more associated with the formation processes of synthetic polymer solutions for 

medical device and advanced membrane applications.49�±52  Control of biopolymer phase 

separation of the Pr-Ps-S solutions confers a degree of control over the morphology final thin-

films, affecting utility.  Fourthly, the analytical data concerning the growth of surface features 

of the biopolymer thin-films is compared to that of Ostwald ripened structures.  The findings 

described in this paper shows that controlled phase separation of biopolymer blends is an 

effective method of producing micro- and nano-patterned surfaces.  

 

2.3 EXPERIMENTAL  
 

2.3.1 BIOPOLYMERS , CASTING SOLUTIONS AND SUBSTRATE 

Low molecular weight chitosan (50-190 kDa) > 75% deacetylation, high bloom gelatin from 

porcine skin (~300 bloom, Type A premium grade) and Bovine Serum Albumin (lyophilised 

�S�R�Z�G�H�U�����•�������������P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���a�������N�'�D�����Z�H�U�H���S�X�U�F�K�D�V�H�G���I�U�R�P���6�L�J�P�D���$�O�G�U�L�F�K����Figure 2.1).  

�6�X�E�V�W�U�D�W�H�V���X�V�H�G���L�Q���D�O�O���F�D�V�H�V���Z�H�U�H���)�L�V�K�H�U�E�U�D�Q�G�Œ���0�L�F�U�R�V�F�R�S�L�F���6�O�L�G�H�V���Z�L�W�K���*�U�R�X�Q�G���(�G�J�H�V�����S�O�D�L�Q��������

�7�K�H���V�R�O�Y�H�Q�W���X�V�H�G���Z�D�V���)�R�U�P�L�F���D�F�L�G�������������������S�X�U�H�����$�&�5�2�6���2�U�J�D�Q�L�F�V�Œ���D�Q�G���Z�D�V���G�L�O�X�W�H�G���W�R����������

w/v before use using distilled water.  Casting solutions were prepared using 90% formic acid 

as solvent to ensure that the biopolymers above were below their isoelectric point in solution 
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and so, positively charged.  This was to ensure that any phase separation processes occurring 

in the Pr-Ps-S solutions were segregative. 

 

Figure 2.1: (A) 3D structure of BSA (Protein Data Bank ID: 3v03,���Z�Z�Z���U�F�V�E���R�U�J) using 

Swiss-Pdb Viewer V.4.1 software. (B) Structure of chitosan polysaccharide created using 

Chemdraw Professional V16.0.1.4. (C) Basic structure of gelatin created using Chemdraw 

Professional V16.0.1.4. 

 

2.3.2 SOLUTION PREPARATION  

Prior to dissolution, proteins and polysaccharides were dried overnight at room temperature 

under vacuum.  Polymer stock solutions were made by solubilising chitosan (Ch), bovine serum 

albumin (BSA) and pigskin Gelatin (PG) in 90% formic acid (FA) acid at 5 w/v% and 10 w/v%.  

These solutions were stirred in a closed vessel for 3 hr in a closed container at room 

temperature.  The solutions were then centrifuged at 13,000 rpm in a Beckman Coulter Avanti 

J-26XPI centrifuge at 18 ºC for 15 min and decanted.  Following this, stock solutions were 

stored at -20 ºC for further use or used immediately.  Stock solutions were diluted with fresh 

formic acid and/or mixed with each other to produce coating solutions. 

 

http://www.rcsb.org/
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2.3.3. COATING PREPARATION  

 

2.3.3.1 THIN -FILM CASTING 

Thin-films were prepared in triplicate using an automatic film applicator, (K202 Control 

Coater, RK Printcoat Instruments Ltd, UK) to produce biopolymer solution coatings of uniform 

thickness.  Standard conditions: applicator electrical drive speed ���������������P���F�D�V�W�L�Q�J���E�D�U���F�D�O�L�E�U�D�W�H�G��

to height of thin film substrate (note that initial solution casting thickness does not match final 

thin-film thickness).  Substrates were glass slides onto which single biopolymer solutions and 

Pr-Ps-S solutions were cast.  Humidity controlled experiments were conducted in a purpose 

built chamber, also described by Idris et al.53  Air passed through a humidification system.  

Ambient air was mixed with dry, synthetic air to influence humidity.  Humidity control was 

achieved by passing the air through a Dreschel bottle containing distilled water and air, 

respectively.  Monitoring of humidity was achieved through use of a humidity meter (HOBO 

MX Temp/RH Logger), which also functioned as an ambient temperature meter.  Temperature 

was stabilised by laboratory air conditioning, at approx. 18 ºC.  Air pressure was normal 

atmospheric pressure at sea level in our geographical region (approx.10.1 N/cm2). 

 

2.3.3.2 ATOMIC FORCE MICROSCOPY (AFM) 

The surface topography and phase of the prepared samples was analysed by atomic force 

microscopy (AFM) using a Park Systems, XE-100 instrument under ambient conditions.  Scans 

were performed in non-contact mode with high resolution, silicon micro-cantilever tips.  

Topographic images were recorded at a resonance frequency of 270-300 kHz.  Images were 

analysed using "Gwyddion" and "Park XEI" image analysis software.  Features were measured 

using "Gwyddion" and descriptive statistics calculated using "Origin".  Surface roughness was 

measured using "XEI" software.  RMS (root means square arithmetical mean roughness or 

root means square average roughness) is the average between the height deviations and the 

mean line/surface, taken over the evaluation length/area.  All figures were calculated from 

AFM data with equations defined by the Japanese Standards Association.54,55  Surface feature 

diameters were measured using the Gwyddion watershed algorithm for scanning probe 

microscopy.  Force-distance mapping was performed using a Park XE-100 AFM using silicon 

�S�U�R�E�H�V�����1�&�6�7�5�����U�H�V�R�Q�D�Q�F�H���I�U�H�T�X�H�Q�F�\���§���������N�+�]�����V�S�U�L�Q�J���F�R�Q�V�W�D�Q�W�����������1���P�í��, tip radius 8 nm). 
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Data was processed using XEI and SPIP software, where young's modulus was calculated using 

a Hertzian model. A minimum of 64 data points were recorded for each sample. 

 

2.4 RESULTS AND DISCUSSION 
 

2.4.1. SINGLE POLYMER SOLUTION THIN -FILMS  

Biopolymer thin-films were cast from the three single biopolymers; Ch, BSA and PG.  

Solutions of 4 w/v%, 2 w/v% and 1 w/v% were used for each, to confirm that no patterned 

structures were forming from the pure polymers.  If present in pure biopolymer films, such 

features in the composite films would be difficult to distinguish from those due solely to the 

composite formation mechanisms.  Furthermore, their formation may influence the formation 

of the composite film features.  AFM images (see Figure S2.1, in section 2.7 Appendix) 

showed that films were indistinguishable from one another.  No structures likely to align at the 

interface of the biopolymer domains, thereby increasing mutual solubility of the biopolymers 

and retarding the phase separation processes of the Pr-Ps-S solutions, were noted. 

 

2.4.2 PR-PS-S SOLUTION THIN -FILMS  

 

2.4.2.1 THIN -FILMS FROM PHASE SEPARATION OF BSA-CH-FA SOLUTIONS  

Growth mechanisms typically describe the increase in size of features in phase separated films.  

This is most typically shown in graphs of feature size per unit time, where, for example, feature 

diameter is seen to increase with time. Figure 2.2 (and Figure S2.2, in section 2.7 Appendix) 

shows AFM images of BSA-Ch composite thin-films cast from BSA-Ch-FA Pr-Ps-S solutions.  

At biopolymer ratio of 4 w/v% BSA to 1 w/v% Ch, across all humidities (Figure 2.2, Column 

A), predominantly pores were formed.  AFM data showed that as the humidity increased, the 

number of pores increased (Figure 2.3a), and the mean pore radius decreased (Figure 2.3b); 

highlighting an inverse correlation between pore growth and humidity.  Thus, pore formation 

at this biopolymer ratio does not occur via a growth mechanism, i.e. with an increase of pore 

mean diameter with time.  This is reflected in the negative slope of the trend line for feature 

size at the 4:1 biopolymer ratio in Figure 2.3a in contrast to a positive slope for the other 

biopolymer ratios (all of which exhibited protuberances as the analysed features).  Similarly, 

in Figure 2.3b, the pores show a positive trend to their frequency, i.e. increasing frequency, in 
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contrast to the negative trend-line slopes of the protuberances observed at all other biopolymer 

ratios.52 
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Figure 2.2: AFM image grid and associated line profiles showing results of casting thin-

films at 12µm from specific Pr-Ps-S solutions of BSA-Ch-FA at specific humidities.  Each 

image in column A and column B is 40 µm × 40 µm area. Each image in column C and column 
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D is 10 µm × 10 µm area.  Column A = 4 w/v% BSA 1 w/v% Ch (4:1), column B = 2 w/v% 

BSA 1 w/v% Ch (2:1), column C = 1 w/v% BSA 2 w/v% Ch (1:2), column D = 1 w/v% BSA 4 

w/v% Ch (1:4).  Row 1 = 10% humidity, row 3 = 30% humidity, row 3 = 60% humidity and 

row 4 = 90% humidity. 

 

At a biopolymer ratio of 2 w/v% BSA to 1 w/v% Ch, (Figure 2.2, column B) at 10% and 

30% humidity, discontinuous porous domains and protuberances were observed.  At 60% and 

90% humidity however, (B3 and B4 respectively) no pores were visible and protuberances 

were solely present, but more globular and larger than those in the images of columns C and D 

of Figure 2.2.  The ovoid shape of these protuberances is most likely an attempt at the adoption 

of a spherical shape, resulting from coalescence.  As the only parameter varying in column B 

is humidity, the large globules observed must result from high humidity conditions. High 

humidity, i.e. 60% +, generates thermodynamic instability in the system which drives phase 

separation.  Excessively high humidity during film formation may excessively increase the 

water content of the cast solution to be phase separated.  This decreases the solubility of any 

hydrophobic biopolymers in solution; in this instance, Ch.56,57 This difficult to control 

reduction in the solubility of Ch within the overall biopolymer solution results in an instability 

that causes the Ch to crash out.  BSA, by contrast is more soluble in formic acid than Ch.58�±60  

However, one would expect this effect to be more exaggerated at higher Ch ratios and this does 

not appear to be the case in the images of Figure 2.2, columns C and D. 

Across all humidity values, the protuberances follow the general trend outlined above; 

increasing mean diameter with increasing humidity (Figure 2.3a).  The aforementioned large 

jump in the scale of the protuberances results in the slope of the trend line for the data at 2:1 

biopolymer ratio in Figure 2.3a being the steepest of the four ratios tested.  At biopolymer 

ratio of 1 w/v% BSA to 2 w/v% Ch, across all humidity values (Figure 2.2, Column C), only 

protuberances were formed.  Increased humidity resulted in the subsumption of smaller 

protuberances and interconnects to form much larger well-defined protuberances.  This typifies 

the behaviour of the phase separation of colloidal systems; a growth process proceeding by the 

nucleation and growth of the dispersed phase from the dispersion medium.61,62  AFM data in 

shown in Figure 2.3a and b corroborate that the mean density of features decreases and mean 

feature diameter increases as a function of humidity at this biopolymer ratio.  There is one 

deviation from the trend.  In proceeding from 60% to 90% humidity, the feature density 
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decreased while the mean feature diameter increased, also apparent from the AFM images.  

This is likely due to the increased height of protuberances formed in the 90% blend. 

Similar structures to those in shown in image C1 of Figure 2.2 (and again in image C1 

of Figure 2.4 at the same ratio for PG:Ch) were observed by de Jong and van de Velde by 

AFM (their images were of 160 µm × 160 µm area, compared to 10 µm × 10 µm areas here).35  

In a later publication, the same authors attributed the formation of these structures to nucleation 

and growth processes in phase separations.63  They did not specify any particular growth 

processes.  The diameters of the protuberances in the de Jong and van de Velde images are 

approx. 7 - 15 µm, while those in image C1 and C3 of Figure 2.2 are smaller.  At a biopolymer 

ratio of 1 w/v% BSA to 4 w/v% Ch, across all humidity values (Figure 2.2, column D), again 

only protuberances were formed.  Here the same general trends outlined in column C were 

observed without deviations and attributed to a growth process, corroborated by AFM data 

analysis in Figure 2.3a and 2b. 

 

Figure 2.3: Statistical analysis of BSA-Ch blends for feature size and density.  All but 

the 4:1 blend refers to protuberance measurements, with the 4:1 blend data displaying pore 

data.  A) Refers to feature diameter plotted against humidity while B) Details features/µm2 

vs.% humidity for 4:1, 2:1, 1:2 and 1:4 blends respectively. 
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2.4.2.2 THIN -FILMS FROM PHASE SEPARATION OF PG-CH-FA SOLUTIONS 

Figure 2.4 (and Figure S2.3, in section 2.7 Appendix) shows a grid of AFM images of PG-

Ch composite thin-films cast from PG-Ch-FA solutions.  For these films, the features analysed 

by software were the protuberances as these were the features we were interested in controlling 

both the size and morphology of. 

In thin films cast from a ratio of 4 w/v% PG to 1 w/v% Ch a wider variety of structures 

was seen than in the BSA-Ch films (Figure 2.4, Column A).  In films cast at 10% humidity 

protuberances were approx. 230 nm wide.   Increasing humidity to 30% resulted in larger, but 

less defined protuberances (Figure 2.4, panel A2).   
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Figure 2.4: AFM image grid and associated line profiles showing results of casting thin-

films at 12µm from specific Pr-Ps-S solutions of PG-Ch-FA at specific humidities.  Each image 

in column A and column B is 40 µm × 40 µm area. Each image in column C and column D is 

10 µm × 10 µm area.  Column A = 4 w/v% PG 1 w/v% Ch (4:1), column B = 2 w/v% PG 1 
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w/v% Ch (2:1), column C = 1 w/v% PG 2 w/v% Ch (1:2), column D = 1 w/v% PG 4 w/v% Ch 

(1:4).  Row 1 = 10% humidity, row 2 = 30% humidity, row 3 = 60% humidity and row 4 = 

90% humidity. 

 

Image A3 in Figure 2.4 shows that 60% humidity yields poorly defined protuberances 

accompanied by pores.  At 90% humidity, shown in image A4, ill-defined protuberances are 

observed on a much larger scale compared to the well-defined protuberances of image C1 and 

D3. 

Figure 2.5a and b show AFM data from PG-Ch blends highlighting a trend of increasing 

protuberance size and decrease in number with humidity.  As with the BSA-Ch films previously 

discussed, this is indicative of a growth process. The precise nature of the growth process is 

discussed below.  

Films cast from 2 w/v% PG 1 w/v% Ch (Figure 2.4, column B) show a similar trend to 

those cast from 4 w/v% PG to 1 w/v% Ch but with fewer interconnects between protuberances, 

defining the protuberances more sharply.   

Films cast from 1 w/v% PG 2 w/v% Ch (Figure 2.4, column C), show a visual deviation 

from the trends observed in columns A and B of Figure 2.4.  Image C1 exhibits the best defined 

and smallest structures of any of the samples produced in this study, with protuberances of 

approximately 180 nm in diameter.   

Image C2 presents a deviation from the trends observed up to now, with a particulated 

structure.  The mean protuberance diameter and features per area of Figure 2.5 presents no 

deviation.  Software analysis of image C2 identified protuberance structures of a mean diameter 

larger than those in image C1 and smaller than those in image C3.  However, inspection of 

these images with the naked eye clearly shows that a particulate morphology is formed.  

According to Doublier et al, thin-film microstructures formed from protein/polysaccharide 

blends can result from two simultaneously occurring processes: phase separation and 

gelation.34  De Jong et al expanded on this, showing that the final kinetically arrested structure 

in such instances originates from a competition between these two processes.63  During the late 

stages of phase separation for many protein/polysaccharide systems, viscoelasticity in either 

one or both of the phases builds up, leading to a final gelled state of at least one of the phases.  

The morphology of this final stage is determined by the ratio of the rates of gelation and phase 

separation.33  This creates difficulties when describing the structures arising from such phase-

separated systems.64  When the gelation of both phases is fast, a macroscopic gel is obtained 
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with a bicontinuous structure.  When the gelation is slow, phase separation can proceed until 

the phase highest in viscosity breaks up into droplets.33  However, under certain conditions if 

the gelation of just one phase is rapid, phase separation can be hindered, as is the case with a 

PG-Ch system.  As soon as the gelled protein network is formed, the separation of the phases 

�L�V���P�L�Q�L�P�L�V�H�G���R�U���S�U�H�Y�H�Q�W�H�G���D�Q�G���W�K�H���V�\�V�W�H�P���L�V���³�I�U�R�]�H�Q�´���L�Q���D���V�W�D�W�H determined by the gelation of 

the PG phase.34  This frozen state offers an explanation for the structures observed in images 

C2, (and D1 and D2) of Figure 2.4.  What specifically caused the relatively rapid gelation of 

the PG under these conditions remains unclear.  Given the inherent complexity and sensitivity 

of such systems it could be any number of the system parameters or, uncontrollable interactions 

between them. 

 

Figure 2.5: Shows statistical analysis of PG-Ch blends for feature size and density.  A) 

Refers to feature diameter plotted against humidity.  B) Details features/µm2 vs.% humidity. 

 

Images D1 and D2 shown in Figure 2.4, column D, are notably different from their 

equivalents in the previous columns, with spherical protuberances.  However, according to the 

data shown in Figure 2.5a and 2.4b, the same trends in feature size and number are also 

observed.  This is a result of the particulated structure as described for image C2.  Image D3 in 

Figure 2.4 shows the most sharply defined protuberances of all PG-Ch films.  These were the 

second smallest features with clear definition (approx. 389 nm) observed in our study and are 

in stark contrast to the features seen for the other PG-Ch films of different biopolymer ratio at 

the same humidity values.  The protuberances are sharper, smaller and greater in number, the 

culmination of a trend in this direction with increasing Ch content at this humidity.  These same 
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observations can be made of the protuberances/globules seen in image D4 in comparison to 

their equivalents in images A4, B4, and C4. 

 

2.4.2.3 GENERAL TRENDS IN PR-PS-S SOLUTION THIN -FILMS  

The AFM images shown in Figure 2.2 highlight a trend in pore formation at high protein (BSA) 

concentration to protuberance formation at high polysaccharide (Ch) content.  Moving down 

the columns, changing humidity and maintaining the BSA:Ch ratio, there is a trend from 

smaller protuberance size at low humidity to larger protuberance size at high humidity; 

indicative of a protuberance growth process as humidity increases.  Opposite trends are 

observed for the pores formed at the 4 w/v% BSA to 1 w/v% Ch ratio, suggesting they do not 

form by a growth process or, that pore growth is correlated with decreasing humidity.  

However, this is not the case for any other biopolymer ratios investigated. 

Focusing on protuberances as the features conforming to a growth process behaviour, the 

images of PG-Ch blends from Figure 2.4, as with BSA-Ch blends, show that increasing Ch 

concentration results in smaller protuberances.  In addition, as with BSA-Ch, an increase in 

humidity leads to larger protuberances.  Larger BSA-Ch protuberances appeared better defined 

than larger PG-Ch protuberances. 

The root-mean-squared (RMS) roughness vs % humidity graphs in Figure 2.6 showed 

similar trends increased protuberance diameter with increased humidity.  All blends displayed 

increased roughness with increased humidity, similar to that of feature size.  Slopes of 4:1 

compared to 2:1, while 1:2 and 1:4 were similar with one another, except for the 2:1 BSA:Ch 

blend, which formed the tallest features at 60% humidity.  RMS roughness is an indicator for 

applicability of materials to hydrophobic applications.  In recent years, there has been much 

interest in developing rough high aspect ratio micro- and nanostructured surfaces to emulate 

the properties of self-cleaning and hydrophobic leaves.28,65,66 
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Figure 2.6: Plots the RMS vs % humidity for all BSA-Ch blends.  B) Plots the RMS vs % 

humidity for all PG-Ch blends. 

 

Trommer et al28 have shown how certain mechanisms during demixing of incompatible 

polymer blends leads to the growth of large spherical structures in thin-films.  These structures 

are similar to those seen throughout the images of Figure 2.2 and Figure 2.4.  Size of spherical 

protuberances was controlled through polymer ratio and solution temperature.28  Increased 

temperatures led to more extensive nucleation, due to the reduced viscosity of the solutions and 

higher polymer mobility, which resulted ultimately in larger structures.  However, higher 

temperatures also resulted in faster rates of solvent evaporation.  This loss of solvent increased 

solution viscosity, reducing polymer mobility, and so reducing the size of the spherical 

structures. 

Although temperature was not varied for the Pr-Ps blends investigated in this study, 

similar structural growth trends were observed.  AFM data shown in Figure 2.3 and 2.4 

revealed that humidity was the predominant factor for protuberance diameter.  Drying time was 

proportional to relative humidity within the chamber.  Low humidity permitted faster drying 

times while higher humidity provided longer drying times.  As in the Trommer study28 the 

greater rate of solvent loss increased solution viscosity, reducing polymer mobility, and so 

reducing the final size of the spherical structures.  Such a growth process would explain the 

trends observed in the images of Figure 2.2 and Figure 2.4.  Overall the AFM images of 

Figure 2.2 and Figure 2.4 seem to show the subsumption of smaller protuberances into larger 

ones with increased humidity.  This is corroborated by the statistical data shown in Figure 2.3 
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and Figure 2.5, which highlights the increase in the mean protuberance size (approx. 7 µm) 

subsequent decrease in protuberance frequency for each blend with humidity; conforming to 

known growth processes, specifically, Ostwald ripening. 

 

2.4.3 FEATURE GROWTH IN PR-PS-S THIN -FILMS  

Ostwald ripening is a phase transition resulting from the coalescence of material.  Ostwald 

ripening has been extensively studied in the formation of emulsions67�±69, controlling the size 

of crystals70�±72 and growing selective nanostructures.73�±75  The driving force of the process is a 

decrease in the total surface energy.76�±78  Characteristic trends in the evolution of cluster size 

distributions over time indicate Oswald ripening growth processes.  In this instance, those 

characteristic trends were observed in the distribution and growth of spherical structures in the 

thin film surfaces.  Unlike in materials where Oswald ripening is more commonly studied, 

annealing time was not a factor in the formation of the Pr-Ps thin films.  Instead, relative 

humidity was controlled to limit the evaporation rate of formic acid .79  As such, film drying 

rate and the length of time that the system has sufficient molecular mobility for growth to occur 

is controlled.  Once the formic acid leaves the system, the biopolymer chains become locked 

in place.  Thus, humidity in these experiments is proportional to time when observing Ostwald 

ripening (Scheme 2.1). 

 

Scheme 2.1: Shows the effect of humidity on blend drying rate. At low humidity, the 

solvent (formic acid) rapidly evaporates into the atmosphere, quickly vitrifying the blend 

pattern early in development. At high humidity, the solvent evaporates slowly, allowing more 
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time for blend features to grow, before vitrification. This results in high humidity environments 

producing PTFs with larger feature sizes. 

The following observation was expected of a system undergoing Ostwald ripening; the 

counts per unit area (#) of protuberances would increase at lower humidities while particle 

dimensions would decrease at low humidity due to high evaporation rate/insufficient time for 

growth phase.  Furthermore, the opposite was expected to be observed at higher humidity 

values.  This is precisely what was observed, with inset histograms required in Figure 2.7b, 

Figure 2.8a and b to show the expanded range at high humidity.  Increased frequency of 

protuberances of smaller diameter are seen at low humidities.  Conversely, fewer protuberances 

of greater diameter are observed at higher humidities.  

 

Figure 2.7: Statistical analysis of BSA-Ch blends for feature and frequency of feature 

sizes.  All but the 4:1 blend refers to protuberance measurements, with the 4:1 blend data 

displaying pore data.  A - D displays feature count vs diameter of observed features for 4:1, 

2:1, 1:2 and 1:4 blends respectively. 
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Figure 2.7 shows histogram data of feature diameter gathered for BSA-Ch blends.  

Figure 2.7a displays the size distribution of the pores (predominant feature) in a 4:1 blend.  As 

shown in the mean feature diameter size and humidity graphs, there is a shift towards smaller 

sizes with increased humidity.  Figure 2.7b - d display the size distributions of protuberances 

in the films.  There is an increased frequency of protuberances of smaller diameter at low 

humidities, parallel to increased feature density.  This effect is attributed to viscous Ch 

solutions reducing BSA polymer mobility, retarding the growth process.  The frequency of 

larger protuberances increases with increased humidity and may be attributed to the formation 

of larger structures with longer drying times; suggesting that the growth mechanism occurs 

similarly to that of Ostwald ripening, as discussed earlier, with the consumption of smaller 

particles to form fewer larger particles. 

 

Figure 2.8: Statistical analysis of PG-Ch blends for feature size and frequency of feature 

sizes.  A - D displays feature count vs diameter of observed features for 4:1, 2:1, 1:2 and 1:4 

blends respectively. 
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Ostwald ripening in thin films follows a sinusoidal curve, so 2:1 may be closer to the 

midpoint.  The 4:1 closely mirrors 1:2, again due to increasing number of holes preceding to 

the development of hills, and perhaps indicating that hole formation follows an inverse Ostwald 

ripening process. 

Figure 2.8 shows histogram data gathered for PG-Ch blends.  A to D display the size 

distribution of protuberances in the film.  Going from A to D results in an increased frequency 

of smaller protuberances at lower humidities, parallel to the increase in feature density.  Again, 

this effect is attributed to viscous Ch solutions reducing PG polymer mobility, retarding the 

growth process.  Frequency of protuberance numbers also reduced with increased humidity. 

Histograms were normalised on the y axis for clarity.  Data shows that for protuberance 

forming blends, a Gaussian population of protuberances was observed.  For the 1:2 PG:Ch 

blend, it was possible to overlay Gaussian plots for 10%, 30%, 60% and 90%, showing the 

formation of larger features at higher humidities (see Figure S2.4, in section 2.7 Appendix).  

�3�K�D�V�H���L�P�D�J�L�Q�J���D�Q�G���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���E�R�W�K���E�O�H�Q�G�V���V�K�R�Z���S�U�R�W�X�E�H�U�D�Q�F�H�V�����G�L�V�F�R�Q�W�L�Q�X�R�X�V��

domains) are composed of different a material to the underlying matrix (see Figure S2.5 and 

Figure S2.6, 2.7 Appendix).   The 4:1 BSA:Ch plot shows the opposite, as in previous graphs, 

shifting towards smaller, more numerous holes consistent with other observations.  They show 

the shift from a small number of large features to a large number of small features. 

  

 

Figure 2.6: Plots the RMS vs % humidity for all BSA-Ch blends.  B) Plots the RMS vs % 

humidity for all PG-Ch blends. 
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 Figure 2.6 displays RMS roughness of biopolymer blend films.  There is an increase in 

the RMS roughness, parallel to the increase in feature size with increased humidity. 

These results show it is possible to achieve sub-micron features utilizing only 

biologically sourced polymers.  A particularly attractive property of biopolymer blends 

includes their self-assembly upon deposition and solvent evaporation, facilitating rapid pattern 

realisation and feature size tunability by easy control of the evaporation rate upon casting.  This 

technique avoids the use of solvent annealing, functionalisation and pH control, while 

achieving the smallest domain size of such films to date.  The combination of a viscous 

polysaccharide, volatile solvent and low humidity resulted in the first sub-micron structures 

obtained with a biopolymer blend seen in the literature.  This could be further enhanced by 

choosing a higher molecular weight (Mw) chitosan. The increased viscosity due to the higher 

Mw would impede Ostwald ripening, resulting in smaller features of uniform spacing due to 

inhibited polymer mobility.  A similar effect would be observed with a more viscous protein.  

Furthermore, other casting methods such as spin coating would achieve smaller feature sizes 

due to the faster rate of solvent removal, and would be further enhanced by humidity control.  

Reducing the overall concentration of the phase system could optimize domain spacing, size 

and definition.  This would result in smaller features by reducing the amount of material 

available to feed into the discontinuous domain, and reduce the number of aggregated features 

on the surface, resulting in uniform monodispersed features.  However, this method would 

likely result in conflicting mechanisms due to a reduction in overall viscosity of the system, 

promoting discontinuous domain growth.  Finally, as with Trommer et al's work28, temperature 

control could be employed in conjunction with this humidity regulated approach to achieve 

highly tuneable structures which would allow greater control over the materials properties and 

avoid functionalisation of components to improve domain definition.  Such improvements 

would be required for applications in patterning and textiles. 

 

2.5 CONCLUSION  
This work has demonstrated that humidity is the defining factor in determining feature 

morphology and size in biopolymer blends, exceeding previously attained feature sizes in a 

facile and benign manner. 28,30,31,32,39,63  Segregative phase separation is successfully employed  

to achieve sub-micron structures.  The use of a viscous polysaccharide, thin, wet deposit and 

low humidity in the casting process achieved a feature size of approx. 200 nm.  Formic acid 

serves as a proficient solvent for most biopolymers, ensuring segregative phase separation and 
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fast evaporation rates.  The smallest feature sizes of both blends were achieved at 10% humidity 

with a high proportion of Ch in the casting blend. Protuberances observed in our films generally 

displayed higher monodispersity at lower humidites and at higher Ch contribution, indicating 

this is caused by an impeded growth process.  BSA blends produced well-defined large 

structures while PG blends produced well-defined small structures. The increased viscosity of 

PG solutions explains the smaller feature sizes in PG blends.  Blend films display a similar 

growth mechanism regardless of category (high protein or high polysaccharide concentration); 

Ostwald ripening. The growth processes could be controlled more effectively with this insight. 

Our results show the smallest and most monodisperse features yet seen in such biopolymer 

films. However, the insights we have gained into the growth processes permit even smaller and 

more monodisperse feature size than those shown here, subject to effective controls.  Due to 

the chemical properties of these blends, it is hoped that they will be employed as a cheaper and 

greener templating alternative. Such shifts in materials design are paramount in the progression 

towards a more sustainable future. 
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2.7. APPENDIX 
 

 

 

Figure S2.1: AFM image grid showing results of casting thin-films at 12µm wet deposit 

from specific P-S or Ps-S solutions. Each image is 10 µm x 10 µm area. Films produced from 

solutions containing 4%w/v, 2% w/v or 1%w/v biopolymer. 

 

 

 

 

 

 

 

 

 

 

 



106 
 

 

Figure S2.2: AFM image grid showing results of casting thin-films at 12µm from 

specific P-Ps-S solutions of BSA-chitosan-formic acid at specific humidities.  Each image in 

column A and column B is 40 µm × 40 µm area. Each image in column C and column D is 10 

µm × 10 µm area.  Column A = 4 w/v% BSA 1 w/v% chitosan (4:1), column B = 2% BSA 1% 

chitosan (2:1), column C = 1% BSA 2% chitosan (1:2), column D = 1% BSA 4% Chitosan 

(1:4). Row 1 = 10% humidity, row 3 = 30% humidity, row 3 = 60% humidity, row 4 = 90% 

humidity. 
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Figure S2.3: AFM image grid showing results of casting thin-films at 12µm from 

specific P-Ps-S solutions of PG-Ch-FA at specific, controlled humidities with the automatic 

film applicator and 12µm bar.  Each image in column A and column B is 40 µm × 40 µm 

area. Each image in column C and column D is 10 µm × 10 µm area. Column A = 4 w/v% 

PG 1 w/v% Ch (4:1), column B = 2% PG 1% Ch (2:1), column C = 1% PG 2% Ch (1:2), 

column D = 1% PG 4% Ch (1:4). Row 1 = 10% humidity, row 2 = 30% humidity, row 3 = 

60% humidity and row 4 = 90% humidity. 
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Figure S2.4: Graph depicts the size distribution of 1w/v% PG 2w/v% Ch displaying 

overlayed Gaussian p rofile dried under various ambient humidities. 
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Figure S2.5: AFM topography and phase images for each blend system. Phase imaging 

is a standard technique for mapping the spatial variations in the surface elasticity. The blend 

structures can be observed due to the difference in elasticity between Ch and BSA or PG. 
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Figure S2.6: Topography and map of the elastic modulus of the both the 

BSA:Ch and PG:Ch blend.  Each image is 6.5 × 6.5 µm area.  The protein and 

�S�R�O�\�V�D�F�F�K�D�U�L�G�H�� �F�D�Q�� �E�H�� �G�L�V�W�L�Q�J�X�L�V�K�H�G�� �L�Q�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �P�D�S���� �� �7�K�H�� �<�R�X�Q�J�¶�V��

modulus map resembles the phase shift image maps of Figure S2.5. 
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3.1. ABSTRACT 
Greater patterned films are essential to the commonplace technologies of modern life.  

However, they come at high cost to the planet, being produced from non-renewable, 

petrochemical-derived polymers and utilising substrates that require harsh, top-down etching 

techniques.  Biopolymers offer a cheap, sustainable and viable alternative easily integrated into 

existing production techniques.  We describe a simple method for the production of patterned 

biopolymer surfaces and the assignment of each biopolymer domain, which allows for selective 

metal incorporation used in many patterning applications.  Protein and polysaccharide domains 

were identified by selective etching and metal incorporation; a first for biopolymer blends.  

Morphologies akin to those observed with synthetic polymer blends and block-copolymers 

were realised across a large range of feature diameter (200 nm to - ���������P�����D�Q�G���W�\�S�H�V�����V�D�O�D�P�L��

structure, continuous, porous and droplet-matrix).  The morphologies of the films were 

tuneable with simple recipe changes, highlighting that these biopolymer blends are a feasible 

alternative to traditional polymers when patterning surfaces.  The protein to polysaccharide 

ratio, viscosity, casting method and spin speed were found to influence the final film 

morphology.  High protein concentrations generally resulted in porous structures whereas 

higher polysaccharide concentrations resulted in spherical discontinuous domains.  Low spin 

speed conditions resulted in growth of protuberances ranging from 200 nm to 22 µm in 

diameter, while higher spin speeds resulted in more monodisperse features, with smaller 

�P�D�[�L�P�D�O���G�L�D�P�H�W�H�U���V�W�U�X�F�W�X�U�H�V���U�D�Q�J�L�Q�J���I�U�R�P�����������Q�P���W�R���������������P�� 

3.2. GRAPHICAL ABSTRACT 
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3.3. INTRODUCTION  
There is an urgent and growing need for micro- and nano-structured surfaces that can be 

produced at low environmental and economic cost.  Micro- and nano-structured surfaces are 

essential to an array of advanced and emerging technologies.  In 2016 the OECD identified 40 

�N�H�\���H�P�H�U�J�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V���I�R�U���W�K�H���I�X�W�X�U�H�����L�Q�F�O�X�G�L�Q�J���W�K�H���³�L�Q�W�H�U�Q�H�W���R�I���W�K�L�Q�J�V�´���V�P�D�U�W���G�H�Y�L�F�H�V�����O�L�J�K�W��

technologies, regenerative medicine and tissue engineering, nanomaterials, nanodevices, 

carbon nanotubes, functional materials, synthetic biology, and marine and tidal power 

technologies.  One fifth of these require patterned thin-films as integral components or as 

essential aspects of their production processes.1 

Micro- and nano-structured surfaces occur throughout the natural world and exhibit a range of 

useful properties; self-cleaning and hydrophobicity (lotus leaf)2; anti-reflectivity (moth eyes)3; 

iridescence (butterfly wings)3; anti-ice formation (kale) 4; and anti-fouling (shark skin)5, to 

name only a few.  Current human manufacturing of equivalent surfaces uses top-down and 

bottom-up approaches: top-down is expensive, wasteful, not readily scalable, and generally 

restricted to planar surfaces.3  Bottom-up requires the use of block co-polymers (BCPs) which 

can be expensive, are synthetically derived, require environmentally damaging organic 

solvents and require intricate control of the polymer-surface interface via brush layers.6 Feature 

diameter and spacing is limited to sub-100 nm due to the kinetic penalties imposed on high 

molecular weight BCPs requiring long annealing times, limiting their applications in the optics 

industry.  Additionally, refining BCPs of a high molecular weight to obtain a polydispersity 

index (PDI) close to 1 is difficult and costly.3 

In contrast to BCPs and other synthetic polymers, proteins innately have a PDI of 1, are 

cheap, abundant, renewable, do not require the use of toxic solvents and are easy to 

manufacture.7  More generally, biopolymers (proteins and polysaccharides) are well-defined 

with varied functionality8, hydrophilic, photostable, nontoxic, biocompatible9,10 and have 

predictable viscosities.11  The domain sizes of features in polymer blends (synthetic and 

biopolymer) have been shown to exceed to 10 µm, although feature size showed considerable 

variance.12�±19  For decades biopolymer blends have been utilised in food texturing15,16,19,20, with 

few notable examples using biopolymer blends beyond this.21,22,31,32,23�±30  These, however, 

incorporated synthetic polymer additives, biopolymer derivatives, and/or specialist enzymes 

for etching or functionalisation of patterned surfaces.  This renders these techniques either 

unsuitable for large scale manufacturing or environmentally damaging.  Protein blends are 

expected to become prevalent in electronic, optical, chemical, mechanical, biomedical and 
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nanotech applications in the coming years.33  However, the use of biopolymer blend thin films 

in materials science for surface patterning is further limited by the relative infancy of the field.31 

The aim of this study was the further development of bovine serum albumin (BSA) and 

chitosan (Ch) blend thin films, using a protic solvent (formic acid, FA) to promote segregative 

phase separation in a rapid and facile manner.  Current efforts to replace BCPs involve the use 

of synthetic polymer blends to generate patterns.  However, as with BCPs, these are not 

renewable.  To offer an alternative, renewable solution to both BCPs and synthetic polymer 

blends, biopolymer blend thin films must show that they can achieve similar patterns, using 

established methods.  To this end, BSA and Ch were chosen as our biopolymers.  BSA and Ch 

may be blended without fear of gelation when subjected to shear forces.34  Ch is also 

antimicrobial35, biocompatible and biodegradable, increasing the number of possible 

applications.36  Finally, both BSA37 and Ch���������� can selectively bind metals, similar to BCPs.  

Synthetic polymer blends utilize selective removal of one polymer domain, followed by 

deposition of a metal to generate a patterned hard mask.  In our work, we successfully removed 

the protein domain using a buffer solution, and selectively incorporated metal into the 

polysaccharide domain.  BSA-Ch blends achieve feature diameters comparable with synthetic 

polymer blends.3,40,41  This method could be easily employed in other studies of biopolymer 

blends.  Furthermore, this is the first time a hard mask has been produced with bottom-up 

biopolymer blends. Lastly, we have successfully differentiated the growth mechanisms 

occurring with dissimilar blend compositions. 

 

3.4. EXPERIMENTAL  
 

3.4.1. BIOPOLYMERS , CASTING SOLUTION AND SUBSTRATE 

Low molecular weight chitosan (Ch, 50-190 kDa, > 75% deacetylation) and bovine serum 

�D�O�E�X�P�L�Q�����%�6�$�����O�\�R�S�K�L�O�L�V�H�G���S�R�Z�G�H�U�����•������������molecular weight ~66 kDa) were purchased from 

Sigma Aldrich.  While the Ch we sourced was the deacetylated form of chitin (i.e. a chitin 

derivative, which may be considered a semisynthetic), Ch may also be sourced from fungal 

biomass without the need for derivatization.42  Ch is renewable, and it is much more easily 

solubilized than chitin.  Hence it was chosen for this work.  Low molecular weight chitosan 

was chosen as it was shown previously shown to be easily solubilized in the FA, while not 

being excessively viscous.34    Substrates used in all ca�V�H�V���Z�H�U�H���)�L�V�K�H�U�E�U�D�Q�G�Œ���0�L�F�U�R�V�F�R�S�L�F��

Slides with Ground Edges (plain) or planar substrates.  Highly polished single-crystal silicon 
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<100> wafers (p-type, boron) with a native oxide layer of ~2 nm were also used.  For FTIR, 

XPS, water contact angle, and selective metal inclusion, samples were deposited on a Si 

substrate.  This was done to prevent any deformation of a glass substrate during annealing.  The 

�V�R�O�Y�H�Q�W���X�V�H�G���Z�D�V���I�R�U�P�L�F���D�F�L�G�����)�$���������������������S�X�U�H�����$�&�5�2�6���2�U�J�D�Q�L�F�V�Œ�����D�Q�G���Z�D�V���G�L�O�X�W�H�G���W�R����������

w/v with distilled water before use.  Casting solutions were prepared using 90% formic acid as 

the solvent to ensure that the biopolymers were below their isoelectric point in solution and so, 

positively charged. 

 

3.4.2. SOLUTION PREPARATION  

Biopolymers blend preparation may be found in our previous work, or in section 2.3.2 Solution 

Preparation.  In short, stock solutions were made by dissolving biopolymers in 90% FA, and 

stored at -20 ºC.  Before coating, stock solutions mixed with one another and diluted with fresh 

FA.34  5 solutions were prepared.  4 w/v% BSA 1 w/v% Ch (4:1 blend ratio), 2 w/v% BSA 1 

w/v% Ch (2:1 blend ratio), 1 w/v% BSA 1 w/v% Ch (1:1 blend ratio), 1 w/v% BSA 2 w/v% 

Ch (1:2 blend ratio) and 1 w/v% BSA 4 w/v% Ch (1:4 blend ratio).   

 

3.4.3. COATING PREPARATION AND ANALYSIS  

 

3.4.3.1. THIN -FILM CASTING 

 

Thin-films were prepared using a spin coater (Speciality Coating Systems, 6800 Spin Coater 

Series) to produce biopolymer solution coatings of uniform thickness.  Standard conditions: 30 

s spin time (ramp time 5 s, dwell 25 s).  Substrates were glass slides onto which single 

biopolymer solutions were cast.  Temperature and humidity was maintained at approx. 18 ºC 

and 65% relative humidity.  Monitoring of humidity and ambient temperature was done by 

HOBO MX Temp/RH Logger sensor. 

 

3.4.3.2. ATOMIC FORCE MICROSCOPY 

Sample morphology was analysed by atomic force microscopy (AFM) using a Park Systems, 

XE-100 instrument under ambient conditions in non-contact mode, and this methodology was 

used in our previous work.34  Scans were performed in non-contact mode with high resolution, 

silicon micro-cantilever tips.  Topographic images were recorded at a resonance frequency of 

270-300 kHz.  Images were analysed using Park XEI and Gwyddion, and resulting data 



116 
 

analysed using Origin.  Images were flattened by removal of the background plane (using a 

first or second regression order).  Features were then identified using the Gwyddion watershed 

�D�O�J�R�U�L�W�K�P���I�R�U���D�Q�D�O�\�V�L�V�����D�Q�G���G�H�V�F�U�L�S�W�L�Y�H���V�W�D�W�L�V�W�L�F�V���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���³�0�L�F�U�R�F�D�O���2�U�L�J�L�Q�´���V�R�I�W�Z�D�U�H������

Surface roughness (nm) and surface area ratios (%) were measured using "XEI" software.  

RMS (root means square arithmetical mean roughness or root means square average 

roughness) is the average between the height deviations and the mean line/surface, taken over 

the evaluation length/area.  Surface area ratios (%) were calculated by the following formula: 

Surface Area Ratio (%) = 100 (%) × (Geometric Area �± Surface Area) / (Geometric Area).  

Surface feature diameters were measured using the Gwyddion watershed algorithm for 

scanning probe microscopy (approx. 1000 features).  Film thickness was determined by AFM. 

AFM height scans were performed on areas which had been scratched to expose the underlying 

substrate.26 

 

3.4.3.3. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

XPS spectra were acquired on an Oxford Applied Research Escabase XPS system equipped 

with a CLASS VM 100 mm mean radius hemispherical electron energy analyser with a five-

channel detector arrangement in an analysis chamber with a base pressure of 10 × 10-10 mbar.  

Survey scans were acquired between 0-1000 eV with a step size of 0.7 eV, a dwell time of 0.5 

s and pass energy of 50 eV.  Core level scans were acquired at the applicable binding energy 

range for each core level, with a step size of 0.1 eV, dwell time of 0.1 s and pass energy of 20 

eV averaged over 20 scans.  A non-�P�R�Q�R�F�K�U�R�P�D�W�H�G���$�O���.�.���[-ray source at 200 W power was 

used for all scans.  Multiplier voltage was maintained at 2.0 kV for all acquisitions.  All spectra 

were acquired at a take-off angle of 90º with respect to the analyser axis and were charge 

corrected with respect to the C 1s photoelectric line by rigidly shifting the binding energy scale 

to 285 eV.  Data were processed using CasaXPS software where a Shirley background 

correction was applied and peaks were fitted to Voigt profiles. 

 

3.4.3.4. ATTENUATED TOTAL REFLECTION FOURIER TRANSFORM INFRA-RED (ATR-

FTIR)  SPECTROSCOPY 

Infrared spectra were recorded on a PerkinElmer Spectrum 2 FT-IR Spectrometer.  Perkin-

Elmer Spectrum v5.0.1 software was used to perform baseline corrections and evaluate spectra.  

Each spectrum was scanned between 400 and 4000 cm-1 with a resolution of 4 cm-1 and a 

minimum of 64 scans were collected and averaged in order to gain good quality spectra. 
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3.4.3.5. SELECTIVE ETCHING 

A wet etch was used in order to selectively remove BSA over Ch due to its limited solubility.43  

Biopolymer blend films were crosslinked with a 20 wt% glutaraldehyde solution for 20 hr.  

Coated substrates were immersed in a buffered solution stirring for 20 hr at 300 rpm.  Buffered 

solutions contained 200 mM Tris-HCl, pH 8.8.  The substrate was then washed thoroughly with 

deionised water to remove residual salt.  Finally, the substrate was washed with isopropanol 

alcohol and dried under nitrogen for analysis. 

 

3.4.3.6. SELECTIVE METAL INCLUSION 

To confirm the results of the selective etching of BSA using a basic buffer solution, and identify 

the Ch domain, selective inclusion of the metal into the Ch domain used.  As a 1:1 BSA-Ch 

blend was used to identify the BSA domain using a selective etch, the 1:1 BSA-Ch blend was 

also used for selective metal inclusion.  1:1 blend films were prepared as described in the Thin-

film Casting section, producing a film with discontinuous spheres in a matrix.  After casting, 

films were crosslinked with a 20 wt% glutaraldehyde solution for 20 hr to prevent 

oversaturation of metals in the Ch domain.  1 wt% FeCl3 solutions were produced with 

anhydrous ethanol.  Biopolymer blend films were covered with 1 mL of metal solution for 15 

s before spin coating.  The films were then immediately spin coated for 30 s (3000 rpm, ramp 

time 5 s, dwell 25 s).  The samples were then oxidised in a furnace at 550 ºC for 2 hr.  

Calcination at 800 ºC for 20 hr was used to remove the biopolymer template and any residual 

organic residue.  No other processing steps were needed. 

 

3.4.3.7. WATER CONTACT ANGLE (WCA) 

Water contact angle measurements were obtained using the Ossila Contact Angle Goniometer 

(error ± 1º) and accompanying software Ossila Contact Angle v1.0.  A deionised water droplet 

������ ���/���� �Z�D�V���G�H�O�L�Y�H�U�H�G���W�R���W�K�H���F�R�D�W�H�G���V�X�U�I�D�F�H���E�\�� �D���F�D�O�L�E�U�D�W�H�G���Y�D�U�L�D�E�O�H���S�L�S�H�W�W�R�U������ �&�R�Q�W�D�F�W���D�Q�J�O�H�V��

were measured in triplicate as a function of time.  Measurements were taken at 10 s intervals 

over 160 s including measurements at 0 and 160 s. 
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3.5. RESULTS AND DISCUSSION 
 

3.5.1. SINGLE POLYMER SOLUTION THIN -FILMS  

AFM images (see Figure S3.1) showed that thin-films cast from the two individual 

biopolymers (Ch and BSA) did not produce any phase separated patterns.  Neat BSA films 

were totally featureless (Figure S3.1), while Ch showed partially aggregated structures, likely 

due to its limited solubility.  Glass slides were smooth and featureless.  This shows that features 

present in subsequent composite biopolymer films are due solely to the composite formation 

mechanisms and not due to structures from an individual biopolymer.  This is consistent with 

our previous findings.34  

 

3.5.1.1. THIN -FILMS FROM PHASE SEPARATION OF BSA-CH-FA SOLUTIONS  

Phase separation in polymer blend systems is the development of two distinct regions (phases) 

of polymers from an initially homogenous solution.  Similar to oil and water, polymers which 

are incompatible separate from one another.  Dissolving biopolymers in an acid protonates the 

polymer chains, promoting segregative phase separation.15  Upon separation, topographical 

features develop as the film dries as the system attempts to minimize surface energy.  Typically, 

spheres or pores are formed as they have the lowest surface area to volume ratio.  These features 

grow as the system continues to minimize total surface energy. 44,45 

Figure 3.1 shows AFM images of BSA-Ch blend films.  High resolution images each 

blend are provided in Figure S3.2 �± S3.6, with accompanying line profiles provided in Figure 

S3.7 �± S3.11).  Pores formation in the 4:1 and 2:1 BSA-Ch blend formed through different 

mechanisms.  Pores are discussed in the in the Appendix, section 3.8.3. 

In the 4:1 BSA-Ch blend, increased spin speed inhibited protuberance (spherical bumps) 

growth, resulting in smaller, more homogeneously dispersed spheres.  Feature diameter and 

density data (represented as mean±standard deviation, Figure 3.2 and Figure S3.12) shows 

increased spin speed decreased protuberance diameter, and increased protuberance number per 

area (protuberances/µm2).  This follows the general trend observed for all films.  Mean 

�S�U�R�W�X�E�H�U�D�Q�F�H���G�L�D�P�H�W�H�U���G�H�F�U�H�D�V�H�G���I�U�R�P���������������P�������������U�S�P�����W�R���������������P���������������U�S�P������Figure 3.1, 

A1 �± A5).  The 4:1 BSA-Ch blend w�D�V���W�K�H���R�Q�O�\���E�O�H�Q�G���W�R���F�R�Q�W�D�L�Q���V�D�O�D�P�L���V�W�U�X�F�W�X�U�H�V���•���������—�P��

(Figure S3.13).  Deposition at 500 rpm of the 4:1 blend resulted in dewetting, attributed to the 

feature length approaching film thickness.17  This is known to occur during the latter stages of, 

and interfere with, phase separation.  Low spin speeds when casting films allows more time for 
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phase separation to occur, causing feature diameter to exceed film thickness (Figure S3.12, 

Figure S3.15), leading to the salami structure.  The discontinuous salami domain is composed 

entirely of protuberances.  Pores are localised outside perimeter of the salami domains.  The 

formation of the salami morphology at this blend ratio may explain the variation in growth 

mechanism compared to a high polysaccharide content blend (see below).  This indicates that 

pores within the BSA domain (and protuberances contained within the discontinuous Ch 

domain) are controlled by a secondary phase separation process, which is consistent with our 

observations of film thickness 17,46. Lastly, in the 4:1 blend, higher spin coating speeds resulted 

in thinner samples, as did blend solutions with lower viscosity (lower w/v% solutions, Figure 

S3.15). 

 

Figure 3.1: AFM image grid showing results of casting thin-films at 65% relative 

humidity from specific Pr-Ps (protein-polysaccharide) solutions of BSA-Ch-FA at various spin 
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speeds.  Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in 4:1 blend at 500 rpm).  

In the image, bright areas are higher and dark areas are lower.  Line profile (blue lines) may 

be found in each image and its corresponding Figure S3.2 �± Figure S3.6.   Column A = 4 w/v% 

BSA and 1 w/v% Ch (4:1), column B = 2 w/v% BSA and 1 w/v% Ch (2:1), column C = 1 w/v% 

BSA and 1 w/v% Ch (1:1), column D = 1 w/v% BSA and 2 w/v% Ch (1:2), column E = 1 w/v% 

BSA and 4 w/v% Ch (1:4).  Row 1 = 500 rpm, row 2 = 1000 rpm, row 3 = 2000 rpm, row 4 = 

3000 rpm and row 5 = 4000 rpm. 

At all spin speeds, protuberances follow a general trend of decreasing mean diameter 

with increasing spin speed (Figure 3.2a).  As a result, BSA-Ch blend film root-mean-squared 

(RMS) roughness of the films and surface area ratio (%) decreases with increasing spin speed, 

discussed in more detail in section 3.8 Appendix (Figure S3.16).  As protuberances are the 

desired morphology, a simple, predictable and efficient method of controlling feature diameter 

like this is highly advantageous. 

 

Figure 3.2: Statistical analysis of BSA-Ch blends for feature diameter and feature 

number/area.  All but the 4:1 blend refers to protuberance measurements, with the 4:1 and 2:1 

blend data displaying both protuberance and pore data separately. The circular legend for the 

4:1 blend refers to feature diameter in the discontinuous domain, i.e. salami structure regions.  

A) Refers to feature diameter plotted against spin speed while B) details features/µm2 vs spin 

speed for 4:1, 2:1, 1:1, 1:2 and 1:4 blends respectively. 

 

Figure 3.1 Column B contains the most visually distinct film structures, with the largest 

protuberances of any blend formed. Figure 3.1, B1 and B2, show that increasing the film 

casting spin speed of 2:1 BSA-Ch blends reduced mean protuberance diameters from 2.91 µm 
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(500 rpm) to 1.60 µm (1000 rpm).  The same increase in rpm also narrowed protuberance size 

distribution (SD), from 1.5 µm �± 6.1 µm to 0.7 µm �± 3.2 µm.  Spin speeds above 2000 rpm 

produced a mixed porous/protuberant (Figure 3.1, B3 �± B5).  Protuberance diameter decreases 

from 1000 rpm to 3000 rpm (1.6 µm to 0.81 µm).  This reduction in protuberance diameter is 

less than the initial reduction from 500 to 1000 rpm (Figure 3.1, B2 �± B4).  Protuberance mean 

diameter increases at 4000 rpm (Figure 3.1, B5) to 0.99 µm.  The increase in mean diameter 

is likely due to shear at high speeds, as increased speeds should remove solvent quicker, 

inhibiting growth.  Spin speed thereby reduces the diameter of protuberances through faster 

solvent evaporation and create larger ovoid protuberances (non-spherical protuberances 

elongated on one axis) through shear forces, similar to the pore effect described in the 2:1 blend 

(Scheme 3.1)..18  The number of protuberances per area increased linearly from 500 rpm to 

4000 rpm with increased spin speed (Figure 3.2b).  The submicron features in Figure 3.1 are 

smaller than most biopolymer blends in the literature (typically 10 µm in diameter and above).  

We attribute our smaller features to the chosen biopolymers, spin speed, and chosen solvent.12   

 

Scheme 3.1: Increasing deposition speed results in an initial reduction of the diameter 

of discontinuous features, followed by an elongation of these features at excessive spin speeds, 

due to the shear forces exerted on the blend. 

 

Solvents likely play a large role in forming the large features typically associated with 

biopolymer thin-films morphologies and other structures produced from biopolymer blends.  

Slowly evaporating blends produce large scale features.23,47  Low vapour pressure (non-

volatile) solvents evaporate slowly, while high vapour pressure (volatile) solvents evaporate 

quickly producing smaller feature sizes.47,48  This may explain why biopolymer blends produce 

large features, as water is the typical solvent. 12,49�±51  De Jong & van de Velde segregatively 
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phase separated whey protein/polysaccharide blends using water.  Features were 5 �± ���������P���L�Q��

size.12  PS/PEG blends use toluene, which is much more volatile than water, producing features 

200 �± 400 nm in diameter.40  Furthermore, using toluene as a solvent (less volatile) produces 

larger features than chloroform (more volatile).47   

When the quantities of protein and polysaccharide are approximately equal (1 w/v% 

BSA to 1 w/v% Ch (Figure 3.1, Column C)) an intermediate state is seen, where larger, 

coalesced features are observed, but a continuous phase is not sufficiently formed.  

Protuberance diameter initially increases from approx. 1.40 µm to 1.67 µm with spin speed 

increase from 500 to 1000 rpm (Figure 3.2a).  This is in conjunction with a sharp decrease in 

protuberances per area (Figure 3.1b) suggesting a growth process.  From 1000 rpm to 4000 

rpm (Figure 3.1, C2 �± C5), protuberance diameter decreases from 1.67 µm to 0.71 µm, while 

the number per area increases (Figure 3.2b).  This data shows that reducing the time for solvent 

loss produces smaller protuberances and that there is a large degree of control over pattern 

formation.  However, above 1000 rpm protuberances are more irregular and less circular in 

shape.  While the 1:1 BSA-Ch blend produces smaller protuberances than previously discussed 

blends, higher speeds introduce an undesired pattern inhomogeneity.  Increasing spin-coating 

speed from 2000 rpm to 4000 rpm results in increased average diameter of these irregular 

protuberances (2.6 �± 6.0 µm).  These features appear similar to high spin speed 2:1 blends 

(Figure 3.1, B2 �± B5).  The 1:1 blend at 2000 rpm (Figure 3.1, C3) adopts a morphology 

similar to 2:1 blend at 1000 rpm (Figure 3.1, B2) with larger protuberances interconnecting to 

form irregularly shaped ovoids.  3000 rpm (Figure 3.1, C4) produces flatter, larger, more 

branched features, similar to 2:1 BSA-Ch blends at 2000 rpm (Figure 3.1, B3).  This effect is 

further exaggerated at 4000 rpm (Figure 3.1, C5).  We attribute this to higher shear stresses on 

larger structures at higher spin speeds. 

Reduction of the BSA ratio from 2:1 to 1:1 (Figure 3.1 Column C, Figure S3.4) results 

in insufficient protein quantity to form a continuous phase as in Figure 3.1 B3, i.e. phase 

inversion does not occur preventing the pseudo pores seen in the 2:1 blend. This indicates that 

high protein concentration is required for pore formation.  The reduction of protein content to 

1 w/v% produced a more monodisperse sample, and provided smaller feature diameters than 

2:1 and 4:1 BSA-Ch blends, both desirable traits for patterning surfaces. Equally, the reduced 

BSA content produced smaller protuberances, as did higher spin speeds.  Complicating things 

further, spin speeds above a certain maximum elongate the larger structures on the surface; that 

maximum is blend dependant.  The reduction of BSA w/v% (in contrast to the 2:1 and 4:1 

blends) produces smaller BSA domains as less material is present to form these domains.  
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While mean diameter reduces with increased spin speed, larger domains increase in diameters 

under shear with increased spin speed. Nevertheless, the 1:1 BSA-Ch blend results demonstrate 

the ability to easily control feature diameters and features/area. This is vital for maximising 

applicability. Use of patterned biopolymer films in a broad range of applications necessitates 

�W�K�H���D�E�L�O�L�W�\���W�R���S�U�R�G�X�F�H���D�Q���H�T�X�D�O�O�\���E�U�R�D�G���U�D�Q�J�H���R�I���I�H�D�W�X�U�H�V�¶���G�L�D�P�H�W�H�U�V���D�Q�G���I�U�H�T�X�H�Q�F�L�H�V��33   

1:2 (Figure 3.1, Column D and Figure S3.5) and 1:4 blends (Figure 3.1, Column E 

and Figure S3.6) follow the simplest, and near identical, trends. Protuberance diameter 

decreases linearly while increasing spin speed for both blends, with diameters generally smaller 

for the 1:2 BSA-Ch blend.  Mean protuberance diameter ranges from 1.21 - 0.51 µm for 1:2 

blends compared to 1.29 - 0.52 µm for 1:4 blends, with spin speeds increased from 500 to 4000 

rpm.  Both the 1:2 and 1:4 blends show feature diameters smaller than 1:1, 2:1 and 4:1 blends.  

The increased concentration of the continuous phase (Ch) increases viscosity, limiting 

coalescence thereby reducing feature diameter (Scheme 3.2) .33  The primary differences lie in 

the histograms for both blends, with the 1:4 blends showing better defined peaks at higher spin 

speeds, indicating inhibited growth.52  Both blends exhibit little growth in protuberances per 

area until a large increase is observed from 2000 - 3000 rpm (Figure 3.2b).  This demonstrates 

that biopolymer blends may be treated the same way as traditional polymer blends, meaning 

biopolymer blends can be processed with pre-established techniques.  Further, this method of 

producing a patterned surface with biopolymer blends is much quicker than previously 

�G�L�V�F�X�V�V�H�G�� �W�H�F�K�Q�L�T�X�H�V���� �D�Q�G�� �S�U�R�G�X�F�H�V�� �I�H�D�W�X�U�H�V�� �R�I�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� ���� ���P��34 This is much smaller 

than other bottom-up biopolymer techniques, and is similar to blends produced with synthetic 

polymers.40,53�±57 
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Scheme 3.2: Increasing the viscosity of the continuous phase, the wt% of Ch (blue) 

reduces the diameter of discontinuous features, BSA (red), by impeding polymer mobility. 

 

3.5.1.2. CHEMICAL CHARACTERISATION OF BSA-CH BLEND FILMS  

Immersing coated substrates in a basic aqueous solution selectively dissolves the readily water-

soluble BSA.  This allows for selective removal of the protein (Scheme 3.3a).  Figure 3.3a 

shows the 1:1 BSA-Ch blend, while Figure 3.3b shows both the large and small BSA domains 

removed from the Ch matrix. Line profile analysis shows that larger domains do not penetrate 

directly to the substrate, but are suspended in the Ch matrix.  Smaller spherical domains 

protrude much deeper into the Ch domain confirming late stage dewetting.  Many of the pores 

in Figure 3.3b contain extruded rims extending from the surface, producing a crater shape.  

This provides insight into the protuberances formation mechanism.  Coalescence of droplets is 

generally broken into four steps: (i) droplet approach, (ii) matrix drainage between droplets, 

(iii) breakup of the matrix film and (iv) relaxation of coalesced droplet into spherical shape.58�±

60  Drainage of the Ch matrix is observed in smaller BSA protuberances in contact with larger 

BSA domains.  However, many pores retain this crater morphology (Figure 3.3c).  Other work 

on polymer blends has shown these sharp, elevated rims occur when the continuous phase 

climbs around the discontinuous droplets, i.e. pinning of the triple-phase protein-

polysaccharide-air boundary, droplet breakup, and resultant inhibited growth.61,62 Note that the 

features in our etched BSA-Ch blend are over thirty times smaller than those of 

polystyrene/poly(methyl methacrylate) blends, and are equivalent to polyfluorene blends.  This 

was seen in other blends (Figure S3.17 in section) with rim height approx. 40 nm.  
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Scheme 3.3: (A) Details the removal of BSA (the discontinuous phase) via a buffered 

etch, to leave a porous array of Ch. (B) Shows the infusion of metal into the Ch phase, with 

calcination of the biopolymer template resulting in a porous metal array, mimicking the Ch 

phase. 

When using BCPs to pattern metals, metal is incorporated in to a single domain due to 

the different chemistries of each BCP block.63  Ch is well known for its metal binding capacity, 

due to the free electron pair on the amino group.64�±67  FeCl3 was chosen as the metal 

incorproate, as the amino group of Ch will chelate hard cations such as Fe3+ (Scheme 3.3b).68  

Unlike Ch, BSA binds to soft metal cations.37  FeCl3 was chosen as the metal incorporate for a 

second reason.  Metal anions can promote, or inhibit, the binding of metal cations to proteins.  

In particular, the Cl-
 anion has a low affinity for BSA, as it is weakly hydrated.  This effect is 

described by the Hofmeister series.69,70  By choosing FeCl3 as the metal precursor, both the 

hard nature of the metal cation, and weakly hydrated nature of the metal counter-anion, ensure 

that metal is incorporated only into the Ch domain.  This allows for identification of the Ch 

phase.  Water was not chosen as a solvent for FeCl3, as BSA is soluble in water.  Using water 

as a solvent for metal incorporation would result in the solubilization (and removal) of BSA 

during the metal incoporation step, interfering with the identification of the Ch phase.  The use 

of anhydrous EtOH ensures the BSA domain is not solubilized.  Though the number of factors 

considered may seem excessive, trying to incoproate metal into a singular biopolymer domain 

is no small feat.  Figure 3.3d confirms that the continuous phase is Ch due to the Fe3O4 uptake 

mirroring the BSA-Ch blend.  Large BSA ovoid protuberances are reflected as large irregularly 

shaped voids (large areas absent of metal uptake) in Figure 3.3d.  Smaller BSA protuberances 

are reflected as circular pores in the metallic film.  Both the BSA etch and metal incorporation 

do not reveal the bottom silicon substrate, indicating a thin layer of Ch separates the BSA 

droplets from the substrate, blocking the Si surface, a feature observed in almost all polymer 
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blends.53  Any application this may have as a hard mask would require perforation of the BSA 

domain to the Si substrate, as the Si must be accessible to the etchant. To the best of our 

knowledge, purely lateral phase separation of a polymer blend has only been achieved once.53 

 

Figure 3.3: AFM images and surface profiles of 1:1 BSA-Ch blends, 3000 rpm on 

planar silicon substrates.  A) Refers to blend before Tris-HCl etch.  B) Refers to blend post 
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selective etching.  C) Enhanced view of selectively etched BSA domains demonstrating 

extruded rim structure in Ch film.  D)  Refers to blend post selective metal incorporation and 

calcination. 

 

Figure 3.4A shows FTIR transmission spectra of the biopolymer blend after various 

processes.  This was done to confirm chemical changes in the sample after BSA removal, 

crosslinking, and calcination.  For clarity of comparison, a bare Si wafer, plain BSA, and plain 

Ch were analysed so that their identifying peaks could be differentiated from any unique to the 

blend films. The bare Si wafer (Figure 3.4A, spectra i) has standard identifying peaks at 514 

(Si�±O deformation)71,  611 (Si�±Si bond vibrations in the bulk)72, 739 (O�±H out of plane 

bending)71, 891 (Si�±O�±H mode due to oxidation of upper silicon layer)72 and 1108 cm-1 (Si�±

O�±Si asymmetric stretching).73  The shape and intensity of these peaks are similar for all 

samples.  The neat BSA film spectrum (Figure 3.4A, spectra ii) contained a weak band at 1376 

cm-1 due to CH3 symmetric bending.74    The amide I, and amide II modes of BSA were 

observed at 1656 cm-1 and 1544 cm-1 respectively.74  �7�K�H���D�P�L�G�H���,�,�¶���W�U�D�Q�V�P�L�V�V�L�R�Q���E�D�Q�G���L�V���V�H�H�Q��

at 1448 cm-1.75  The peak at 3208 cm-1 can be assigned to asymmetric and symmetric H�±O�±H 

stretching, resulting from residual water in the film after casting.74  Peaks in the Ch spectra 

(Figure 3.4A, spectra iii) are observed at 1718 cm-1, 1573 cm-1 and 1374 cm-1 corresponding 

to the amide I, amide II, and amide III bands, respectively.74,76,77   The peak at 1445 cm-1 can 

be assigned to an N-H bending of Ch. 78,79   

The 1:1 blend (Figure 3.4A, spectra iv) exhibited no new peaks indicating no new 

bonds occur.  The Amide II peak for the non-crosslinked BSA film and the non-crosslinked Ch 

film becomes less prominent after crosslinking (Figure 3.4A, spectra v and vi).  This indicates 

a reduction in free amines after crosslinking and the formation of a Schiff base.80  After 

crosslinking, the 1:1 BSA-Ch blend (Figure 3.4A, spectra vii) has a peak at 3264 cm-1: this is 

�G�X�H�� �W�R�� �Z�D�W�H�U�� �U�H�W�D�L�Q�H�G�� �L�Q�� �W�K�H�� �I�L�O�P�� �D�I�W�H�U���Q�L�W�U�R�J�H�Q�� �G�U�\�L�Q�J���� �� �7�K�H�� �F�U�R�V�V�O�L�Q�N�H�G�� �������� �I�L�O�P�¶�V�� �D�P�L�G�H�� �,�,��

peaks are less prominent post crosslinking, confirming crosslinking occurred.  As the peaks 

appear similar to those in the neat biopolymer films after crosslinking, we can infer only 

intramolecular crosslinking has occurred which would suggest no BSA remains on the film 

after etching.  This is expected as BSA is segregated from the Ch domain.  However, some 

small degree of intermolecular crosslinking may occur at the BSA-Ch interface, though this 

may be below the detection limit of the machine.10    
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Figure 3.4: A) FTIR spectra of  i) bare silicon wafer, ii)  1 w/v% BSA film 3000 rpm 

deposition, iii)  1 w/v% Ch film 3000 rpm deposition, iv) 1:1 BSA-Ch blend film 3000 rpm 
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deposition, v) 1 w/v% BSA film 3000 rpm deposition crosslinked, vi) 1 w/v% Ch film 3000 rpm 

deposition crosslinked, vii) 1:1 BSA-Ch blend film 3000 rpm deposition crosslinked, viii) 1:1 

BSA-Ch blend crosslinked film after Tris-HCl etch and ix) porous iron oxide matrix after 

annealing and calcination treatment.  B) Shows the XPS Fe 2p spectra of iron porous matrix 

after annealing and calcination treatment. 

 

The spectra of the etched film (Figure 3.4A, spectra viii) after crosslinking retains the 

BSA peaks.  This suggests residual BSA on the surface due to intermolecular crosslinking, or 

after washing.  Calcination of the BSA-Ch blend after metal incorporation results in a spectra 

with no characteristic peaks of BSA or Ch, indicating their removal (Figure 3.4A, spectra ix).  

The more prominent Si�±O�±Si band at 1108 cm-1 after calcination indicates a thicker oxide layer 

than the native oxide of the original Si wafer.  This is further confirmed by the peak in the bare 

Si wafer (1237 cm-1) shifting to 1245 cm-1, which occurs when oxide thickness increases, a 

consequence of the long calcination time and high temperature required to ensure complete 

biopolymer removal.81  This peak corresponds to the longitudinal optical phonon of SiO2 (LO) 

around 1250 cm�í1, which occurs in thermal oxides.82  Fe peaks were not observed at 630 cm-1 

or 540 cm-1, characteristic of magnetite and hematite respectively. FTIR confirmed successful 

crosslinking of the biopolymer film before etching and successful removal of the biopolymers 

after calcination.83   

XPS was used to determine whether the iron present was predominantly hematite or 

magnetite to confirm metal incorporation and oxidation (Figure 3.4B). The chemical 

composition of the iron oxide matrix before/after annealing and calcination was confirmed by 

Fe 2p XPS studies.  Following calcination, the Fe 2p core level spectrum (see Figure 3.4B) 

consists of two sharp peaks at 711.6 eV (Fe 2p3/2) and at 725.7 eV (Fe 2p1/2) which are 

broadened due to the presence of Fe2+ and Fe3+ ions.  Curve-fitting using Gaussian�±Lorentzian 

line shapes provides individual binding energies of 710.7/724.3 eV (assigned to Fe2+) and 

712.0/726.0 eV (Fe3+) in agreement with literature reports.84  The Fe3+/Fe2+ ratio was estimated 

to be approx. 2:1, typical of magnetite. The formation of Fe3O4 rather than Fe2O3 may be 

attributed to the use of chitosan as a chelating agent.  Chitosan also behaves as an 

environmentally friendly reducing and stabilising agent, due to the presence of amino and 

hydroxyl groups on the chain. 85�±88   This occurs as glucose, a key building block of chitosan, 

is a reducing sugar. Glucose alone can reduce metal ions89�����Z�L�W�K���í�&�+2OH groups of glucose 

within chitosan reducing metal ions.86 Alternatively, in an acidic solution, chitosan may be 
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hydrolysed to form D-glucosamine, which can also reduce metals.86 Through either 

mechanism, a mixture of Fe3+ and Fe2+ metal ions are formed. In the correct ratio (1 Fe2+: 2 

Fe3+), Fe3O4 forms after thermal oxidation.90 Thus, the formation of Fe3O4 can be explained 

by; 1) an initial reduction of approx. �•  of the Fe3+ ions by chitosan, followed by 2); an oxidation 

of the Fe2+/Fe3+  mixture.  The C1s peak is nominal demonstrating the effective removal of 

biopolymeric material during calcination, and is consistent with extraneous carbon species 

adsorbed during sample preparation (Figure S17 in section 3.8 Appendix).   

 

3.5.2. PROTUBERANCE GROWTH IN BLEND THIN -FILMS  

Feature diameter determines the properties of a surface, such as pattern transferability, 

hydrophobicity, etc.  SDs can be used provide insight into film features and their growth 

mechanisms52. This allows control of feature formation to optimise films for specific 

applications.  Protuberance diameter data was extracted from AFM images and presented as 

SDs in normalized frequency histograms (Figure 3.5).  Information about pore diameter and 

mechanism of pore formation can be found in in section 3.8 Appendix (Figure S3.19).  All 

blends exhibit multimodal SDs with protuberances of large diameter at low spin speeds.  

Increasing spin speed reduces the number of modes and shifts population weight to narrower 

diameters, further indicating a nucleation and growth process. This also indicates that faster 

spin speeds, up to certain thresholds, produce more homogenously distributed features of more 

uniform diameter. This is crucial to production of effective patterned thin films. The 2:1 BSA-

Ch blend at 4000 rpm (Figure 3.5b) is an exception to the above, exhibiting a bimodal SD with 

peaks at 1.3 µm and 1.5 µm protuberance diameters. This is likely due to shear effects at higher 

spin speeds. 
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Figure 3.5: Statistical analysis of BSA-Ch blends for protuberances and frequency of 

protuberance sizes.  Each curve based on approx. 1000 protuberance diameter measurements.  

All but the 4:1 blend refers to protuberance measurements contained within the matrix, with 

the 4:1 blend data displaying protuberance data for the continuous and discontinuous (salami 

structure) domain.  A �± E displays feature frequency vs diameter of observed features for 4:1, 

2:1, 1:1, 1:2 and 1:4 blends respectively. 

 

Ostwald ripening occurs by the transfer of material from smaller features to larger 

features by diffusion.  The result is smaller features reducing in diameter while larger features 

increase in diameter.52 This is distinct from coalescence, where multiple spherical features 

merge to form a larger version of the feature with lower surface area to volume ratio.  Ostwald 

ripening results in broader SDs and is undesirable.  SDs arising from these processes have 
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distinct identifiable characteristics.  Curve fitting may be used to determine the modality of the 

SD (either unimomodal or polymodal), identify the mode diameter (Mo), and centre of gravity 

(Xc) of the identified peaks.91  Typically, this includes the fitting of a lognormal curve to the 

SD. 52,91�±94  Lognormal peak fitting was achieved using the non-linear least squares method.94,95 

The 4:1 blend exhibits coalescence characteristics; increased feature diameter and peak 

broadening corresponding to longer evaporation times (Figure 3.6a and b).  Additionally, the 

SD transitions from a bimodal distribution to unimodal distribution.96  In contrast, the 1:4 BSA-

Ch blend exhibits Ostwald ripening characteristics; feature diameter increases with longer 

evaporation time (Figure 3.6c and d), but formation of an extra peak (at approx. 0.3 µm) is 

observed with longer drying time (Peak 1, Figure 3.6d), indicating production of smaller 

particles, characteristic of Ostwald ripening.  Increasing the concentration of Ch increased the 

continuous phases viscosity, resulting in Ostwald ripening being the dominant growth 

mechanism.33 

 

Figure 3.6: Protuberance SD of A) 4:1 BSA-Ch blend, 4000 rpm deposition, B) 4:1 

BSA-Ch blend, 500 rpm deposition, C) 1:4 BSA-Ch blend, 4000 rpm deposition and D) 1:4 

BSA-Ch blend, 500 rpm deposition.  The black curve (solid) denotes the best unimodal or 
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polymodal fit with the distribution.  The deconvouted peaks, shown in red (dashed), show the 

separate populations in the SD.   

 

These results show sub-micron features may be achieved using industrial standard 

deposition techniques.  This technique produces rapid pattern realisation, without requiring 

extensive environmental controls such as temperature or humidity regulation.  Feature diameter 

and frequency/area are substantially similar to synthetic polymer blends.  This means that 

biopolymer blends could be incorporated into existing production processes for applications 

where biopolymers offer a distinct advantage, with all the environmental and economic benefits 

that come with using renewable resources.  Furthermore, assignment of the protein and 

polysaccharide domain was possible due to selective etching and metal incorporation.  Both 

techniques show promise as a method of identification of each domain (inaccessible to typical 

staining techniques at such a small scale).  This is simply achieved by the use of a crosslinking 

agent, aqueous buffer and cheap metal additive, avoiding the use of expensive or specialist 

enzymes for identification.  The attraction of these techniques is the ability to identify each 

domain without reliance on highly sensitive surface specific methods.  Furthermore, these 

techniques compliment other facile surface probing techniques such as water contact angle 

measurements, which show clear differences when analysing the various surfaces encountered 

(Figure S3.20 in section 3.8 Appendix).  Though incorporation and etching provides insight 

into the internal structure (and thereby formation mechanism) of the film, they do little to 

inform us of the chemical state of the crosslinked blend at the interface.   Higher sensitivity 

ATR-FTIR would be required to determine if crosslinking occurs at the interface.  

Deconvolution of the SD clearly shows the presence of 2 growth mechanisms (Ostwald 

ripening and coalescence).  Understanding of the growth mechanisms is invaluable when 

choosing protein:polysaccharide ratios for surface patterning.  Selective incorporation of a 

metal salt could further be enhanced by use of other metal salt derivatives, varying weight 

percentage of the salt type or varying contact time with the blend film.  It would be interesting 

to see if other salts could show preference to the protein domain when incorporating into the 

blend film.   

 

3.6. CONCLUSION  
Spin speed and blend ratio are major factors when determining feature diameter, growth 

mechanism and morphology.  Blends generally showed a decrease in feature diameter and 
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roughness, while increasing in features per area with increasing spin speeds and polysaccharide 

content.  Faster drying times (high spin speeds) generally resulted in smaller features, while 

longer drying times (low spin speeds) resulted in larger features.  Simply put, faster spin speeds 

increase the evaporation rate, limiting the amount of time features have to grow.  Increasing 

viscosity by increasing the relative Ch ratio reduced feature diameter due to lowered polymer 

mobility.  As Ch content is increased, it creates a viscous, honey-like matrix in which BSA 

domain growth is hindered���� �� �)�D�V�W�H�U�� �V�S�L�Q�� �V�S�H�H�G�V�� �U�H�V�X�O�W�H�G�� �L�Q�� �P�R�U�H�� �P�R�Q�R�G�L�V�S�H�U�V�H�� �E�O�H�Q�G�� �6�'�¶�V����

unless banding occurred due to shear effects at high speed.  Protein:polysaccharide ratio played 

an important role in determining morphology.  Increasing the relative BSA ratio resulted in 

larger BSA domains, and banding of the BSA domain at high shear due to the difference in 

viscosity between the two phases.18  Selective etching and selective incorporation of the metal 

salts in the Ch domain allowed for protuberances to be assigned as the BSA domain, a first for 

biopolymer blends.  Coalescence was inhibited in 1:4 BSA-Ch blends due to the increased 

viscosity of the blend, with feature growth described by Ostwald ripening.  4:1 blends grew by 

a coalesence mechanism.  1:2 and 1:4 BSA-Ch blends have the smallest circular protuberances.  

This is attributable to the blend solutions high viscosity and low amount of BSA to form a 

discontinuous phase.  The 1:1 blend smaller, circular features decrease in diameter, while larger 

ovoid features increase in diameter at higher spin speeds (i.e. high shear).  This shows inhibited 

growth of the film morphology at higher spin speeds, and (similar to the 2:1 blend at 1000 rpm) 

an attempt to phase invert its morphology.  Porous films are formed in the 4:1 BSA-Ch blend.  

Pores decrease in diameter with increasing spin speed.  Pores are produced from a solvent rich 

phase.  The 2:1 blend phase inverts at high spin speeds.  After phase inversion, pores increase 

in diameter with increasing spin speed due to high shear elongating their domains. 

This work demonstrates that protein-polysaccharide blends can be used to rapidly 

produce biopolymer thin films with sub-micron patterns, all without requiring extracting, 

refinement and production of synthetic polymer precursors.  Due to their patterns, these unique 

biopolymer thin-films present a vast spectrum of possible applications.  These range from 

simple applications including traditional packaging alternatives and smart foods production, to 

more complex applications such as hydrophobic textile coatings, lithographic templates, 

antireflective coatings, and state-of-the-art hierarchal designs used in biomedicine or 

responsive membranes.22,33  Feature growth mechanisms were identified through analysis of 

the SD.  We did not find any previous attempts into the literature to determine the growth 

mechanism, which may be one reason biopolymer blends thus far have had such large feature 

diameters.  Not only do these blends use environmentally benign and economically cheap 
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biopolymers, but they have feature diameters on a scale with those of synthetic polymer blends, 

while utilizing industrially viable methods.  This bottom-up method allows for instant pattern 

production without the need for complex equipment and techniques such as e-beam 

lithography.  Patterns may be produced using benchtop equipment, without the long annealing 

times associated with synthetic polymers.  Biopolymer blends are projected to play a pivotal in 

future manufacturing of biomedical, electronic, sensor and optical components.22,32,33  

Research into the properties of biopolymer blends thin-film surface morphologies is an 

emerging field, and our method for producing these blends in a controlled manner is a 

progressive step in the adoption of these films in modern technologies. 
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3.8. APPENDIX 
 

3.8.1. SOLUTION PREPARATION  

Prior to dissolution, proteins, and polysaccharides were dried overnight at room temperature 

under vacuum.  Biopolymer stock solutions were made by solubilising Ch and BSA in 90% 

FA at 5 w/v%, 10 w/v%.  These solutions were stirred in a closed vessel for 3 h at room 

temperature.  The solutions were then centrifuged at 13,000 rpm in a Beckman Coulter Avanti 

J-26XPI centrifuge at 18 ºC for 15 min and decanted.  Following this, stock solutions were 

stored at -20 ºC for further use or used immediately.  Stock solutions were diluted with fresh 

FA and/or mixed with each other to produce coating solutions. 

 

Figure S3.1: AFM images showing results of casting neat thin-films at 65% relative 

humidity at 2000 rpm prepared in the same manner as BSA-Ch blends.  Biopolymer AFM 

images are red, glass substrate AFM image is grey.  Shows 1% BSA film (left), 1% chitosan 

film (right) and glass substrate (bottom).  Scale bars top left hand corner of each image. 
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Figure S3.2: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 4:1 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line. 
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Figure S3.3: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 4:1 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line. 
 



148 
 

 

Figure S3.4: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 1:1 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line.   
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Figure S3.5: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 1:2 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line.   
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Figure S3.6: AFM images depicting the effect spin speed in ambient air (65% RH) for 

the 1:2 BSA-Ch blend. Each image is 40 µm × 40 µm area (scale bar 10 µm, shown in the 500 

rpm image).  Line profile denoted by blue line.   
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Figure S3.7: 20 µm line profiles for all 4:1 BSA-Ch. 
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Figure S3.8: 20 µm line profiles for all 2:1 BSA-Ch. 
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Figure S3.9: 20 µm line profiles for all 1:1 BSA-Ch. 
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Figure S3.10: 20 µm line profiles for all 1:2 BSA-Ch. 
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Figure S3.11:  20 µm line profiles for all 1:4 BSA-Ch. 
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Figure S3.12:  Statistical analysis of BSA-Ch blends feature diameter plotted against 

spin speed.  All but the 2:1 blend refers to protuberance measurements, with the 2:1 blend data 

displaying both protuberance and pore data separately. The circular legend for the 4:1 blend 

refers to feature diameter in the discontinuous domain, i.e. salami structure regions.   
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Figure S3.13: A and B) 2D and 3D AFM images of 4:1 BSA-Ch blend salami 

structures, inset scale bar 5 µm.  C)  Mechanism of occlusion of the discontinuous phase.  

Figure S3.14 (i) shows homogenous solution before phase separation, (ii)  shows blend phase 

separation, (iii)  shows elongated structures which may result from coalescence or high shear 

forces and (iv) phase occlusion and adoption of salami structure.   
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3.8.2. GENERAL TRENDS IN BLEND THIN -FILMS  

  

Figure S3.15: Plots the average film thickness (nm) vs spin speed (rpm) for all BSA-

Ch blends. 

 

Figure S3.15 shows the average film thickness of BSA-Ch blends.  1:1 BSA-Ch films are the 

thinnest, due to low solution viscosity.  Doubling the BSA wt% in the 2:1 BSA-Ch blends 

increases film thickness due to increased solution viscosity.  As Ch produces more viscous 

solutions in formic acid, the 1:2 BSA-Ch blend produces thicker films than the 1:1 or 2:1 BSA-

Ch blends.  Similarly, the 4:1 BSA-Ch blend is thicker than the 2:1 BSA-Ch blend.  However, 

�D�W�� �K�L�J�K�H�U�� �V�S�L�Q�� �V�S�H�H�G�V�� ���•�� ���������� �U�S�P���� �������� �%�6�$-Ch blends have equivalent film thickness 

measurements to 4:1 BSA-Ch blends.  This is most likely due to faster evaporation during spin 

coating resulting in more viscous solutions.  This, in turn, would result in more Ch retained on 

the substrate.  As the most viscous solution, the 1:4 BSA-Ch films are the thickest.  All blends 

(with the exception of the 1:4 BSA-Ch blend) achieved minimal reduction in film thickness 

with speeds exceeding 2000 rpm.  The 4:1 BSA-Ch blend was the only blend to result in salami 

structure formation. 
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Figure S3.16: A) Plots the RMS roughness vs spin speed for all BSA-Ch blends.  B) 

Plots the surface area ratio (%) vs spin speed for all BSA-Ch blends. 

 

Figure S3.16 shows the BSA-Ch blend film RMS roughness as a function of spin speed for all 

samples.  RMS of polymer blends can affect coating properties such as hydrophobicity23 and 

wettability97 and bacterial adhesion.31  Therefore, tailorable RMS is desirable. In all blends, 

roughness decreased with increased spin speed.  Slopes of the 4:1 BSA-Ch blend were similar 

to the 2:1 blend, showing the sharpest reduction in RMS roughness from 500 rpm to 2000 rpm.  

For the 4:1 blend, this is likely due to a reduction in the diameter of all features as rpm increases.  

By contrast, the 2:1 blend loses large, tall features in favour of a smooth continuous BSA 

domain.  At 4:1, 1:1, 1:2 and 1:4 ratios, protuberances become oblate, pancake-like structures 

with increasing spin speed, thereby reducing RMS roughness.  This also occurs in the 2:1 BSA 

blend, but to a lesser degree. Transitions in spin speed from 500 rpm to 1000 rpm reduced 

�S�U�R�W�X�E�H�U�D�Q�F�H���K�H�L�J�K�W���I�U�R�P���������P���W�R�����������Q�P���U�H�V�X�O�W�L�Q�J���L�Q���W�K�H���O�D�U�J�H�V�W���G�H�F�U�H�D�V�H���L�Q���5�0�6���U�R�X�J�K�Q�H�V�V��

(242 nm, Figure S3.16A).  However, a smooth continuous domain appears to be the 

predominant feature when determining RMS roughness for this blend. 

Figure S3.16B plots surface area ratio (%) as a function of rotational speed in spin coating.  In 

general, surface area ratio (%) is reduced with increased spin speed due to the reduced height 

of the structures. This result shows that aspect ratio of features can be tuned, allowing broader 

applicability. Higher aspect ratios are particularly useful for enhancing anti-reflective 

properties.  This aligns with previous data seen with RMS roughness in Figure S3.16A.  The 

1:2 blend deviates from the general observation by increasing surface area ratio (%) with spin 
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speed. This is due to interconnects (necks) forming between individual protuberances.  As spin 

speed is increased from 500 rpm to 1000 rpm (Figure 3.1,  D1 and D2), protuberance growth 

is inhibited by faster spin speed (Figure 3.2a).  Protuberances however appear interconnected 

by a wall structure, referred to as a neck (i.e. inhibited coalescence).58  As viscosity increases 

(due to increased concentration of the continuous phase) coalescence is supressed.  This is to 

be expected as the adoption of a spheroidal shape is impeded.40 These structures become more 

numerous as spin speed increases to 2000 rpm (Figure 3.1, D3) and growth is further inhibited.  

These interconnects increase the surface area ratio (%) of the sample.  This is further supported 

by interconnects becoming less prominent at speeds exceeding 2000 rpm, though not totally 

removed (Figure 3.1, D4 and D5).   In contrast to 4:1, 2:1 and 1:1 blends, the 1:2 blend features 

are compacted together and are not as well resolved from one another. 
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Figure S3.17: AFM images and surface profiles of 1:4 BSA-Ch blends, 500 rpm on 

planar silicon substrates.  Sample was etched using buffered solutions contained 200 mM Tris-

HCl, pH 8.8 for 20 hrs after crosslinking with 20 wt% glutaraldehyde for 20 hr.   
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Figure S3.18: Survey spectra of porous iron oxide matrix following calcination 

treatment. 
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3.8.3. PORE GROWTH IN BLEND THIN -FILMS  

At biopolymer ratio of 4 w/v% BSA to 1 w/v% Ch, across all spin speeds (Figure 3.1, Column 

A and Figure S3.2), pores (spherical holes) formed. Two relationships between pores and spin 

speed were observed: as spin speed increased, the mean pore diameter (Figure 3.2a) decreased 

and the number of pores per unit area (pores / µm2, Figure 3.2b) increased.  The mean pore 

�G�L�D�P�H�W�H�U���G�U�R�S�S�H�G���I�U�R�P���������������P�������������U�S�P�����W�R���������������P���������������U�S�P������Figure 3.2a.  Thus, pore 

formation at this biopolymer ratio occurs via an inhibited growth mechanism, i.e. a decrease in 

pore diameter with faster solvent removal.23,34,40  The mechanisms of pore formation vary for 

each blend, unlike protuberances which show a consistent formation mechanism.  The 2:1 

BSA-�&�K�� �E�O�H�Q�G�� �R�Q�O�\�� �I�R�U�P�V�� �³�S�V�H�X�G�R�� �S�R�U�H�V���� ���G�L�V�F�R�Q�W�L�Q�X�R�X�V�� �L�Q�G�H�Q�W�H�G�� �U�H�J�L�R�Q�V�� �F�D�X�V�H�G�� �E�\��

dewetting and phase inversion) at spin speed�V�� �•���������� �U�S�P (Scheme S3.1), unlike in the 4:1 

blend. 15,18,19,34,98,99    An increase in spin speed increased pore diameter and decreased the 

numbers of pores per area (Figure 3.1, Column B and Figure S3.3).  This is in contrast to the 

trend observed with the 4:1 BSA-Ch blend which showed a decrease in pore diameter and an 

increase in pores per area with increased spin speed (Figure 3.1, Column A) which suggests a 

secondary phase inversion rather than salami structure formation.17,100 

 

Scheme S3.1: Pore forming process for the 2:1 blend. With sufficient BSA in the blend, 

the film phase inverts, so that the continuous phase comprises of BSA (red), while the 

discontinuous phase now comprises of Ch (blue), forming a porous array. 

�,�U�U�H�J�X�O�D�U�O�\���V�K�D�S�H�G���S�V�H�X�G�R���S�R�U�H�V���D�U�H���J�H�Q�H�U�D�W�H�G���D�W���•�����������U�S�P���D�V���S�K�D�V�H���L�Q�Y�H�U�V�L�R�Q���R�F�F�X�U�V��

(Figure 3.1, B3) due to the BSA component forming a continuous phase.  Differences between 

the protein and polysaccharide phase viscosities at the 2:1 blend ratio, and strong shear forces 

at high spin speeds are the cause of phase inversion and phase elongation.1898  These shear 

stress effects also contribute to the increased pore diameter, the decreased number of 

features/area, and the irregular pore shapes.18,34   The pseudo pores observed in the 2:1 BSA-

Ch blend are much larger than that of the pores caused by solvent-rich phase evaporation in the 
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4:1 blend (Figure 3.1 Column A and B, Figure 3.2A).  This is due to pseudo pores arising 

�G�X�U�L�Q�J���W�K�H���%�6�$���F�R�Q�W�L�Q�X�R�X�V���S�K�D�V�H���I�R�U�P�D�W�L�R�Q���D�Q�G���V�K�H�D�U���H�I�I�H�F�W�V���L�Q���W�K�H�����������E�O�H�Q�G�����Z�K�H�U�H�D�V���³�W�U�X�H�´��

pores in the 4:1 blend appear to be formed from a solvent rich phase and solvent evaporation 

upon film vitrification. 53��  

Figure 3.1, image B5 shows that 4000 rpm yields small, circular pores.  The larger 

pores form longer continuous phases resulting in a minor increase of mean pore diameter.  This 

indicates that the 2:1 BSA-Ch blend pore growth mechanism differs to that of the 4:1 blend, 

resulting from the formation of a continuous BSA phase.   

Pore diameter data was also extracted from AFM images and the corresponding 

normalized frequency histograms are shown in Figure S3.19.  The 4:1 BSA-Ch blend pores 

exhibited similar growth patterns to protuberances.  At low spin speeds, the blends exhibit 

multimodal SDs over a broad diameter range.  Increasing spin speed reduces the number of 

modes and population weight shifts to a smaller diameter (Figure S3.19a). This suggests that 

the pores, like the protuberances, develop via nucleation and growth.  The 2:1 BSA-Ch blend 

produces a multimodal pore SD at high spin speeds (Figure S3.19b).  These pores are 

irregularly shaped and do not form via the same process as 4:1 BSA-Ch blend pores Figure 

3.1, Column A).26  They are caused by the BSA phase inverting and forming a continuous 

domain.15  As such, increasing spin speed to 4000 rpm does little to shift the pore diameter, 

though the blend exhibits more pronounced peaks at 1.4 µm, 1.8 µm, 2.4 µm and 2.8 µm.  It 

must be stated, however, that phase separation of polymer blends at high humidity and resulting 

pore formation is poorly understood.26  Furthermore, humidity is not typically monitored, 

regulated or even discussed in the majority of polymer blend literature.101  If pores are the 

desired morphological structure, removal of the discontinuous domain may be a more reliable 

manner of achieving a porous matrix.57 
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Figure S3.19: Statistical analysis of BSA-Ch blends for feature diameter and frequency 

of feature diameters.  A) Displays feature frequency vs diameter of observed features for the 

4:1 blends and B) displays feature frequency vs diameter of observed features for the 2:1 

blends respectively. 
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3.8.4. WATER CONTACT ANGLE 

 

Figure S3.20: Displays plot of average receding contact angle as a function of time for 

BSA, Ch, BSA-Ch blend, Tris-HCl etched blend and porous iron oxide matrix. 

 

Figure S3.20 shows water contact angles of the various relevant surfaces to confirm chemical 

and morphological changes in the samples with processing.  This is to done to confirm the 

removal of BSA and the formation of a metal oxide on the surface to demonstrate correct 

assignment of each domain.  All tested surfaces displayed a reduction in measured contact 

angle after 160 s.  The 1:1 BSA-Ch blend exhibited the largest water contact angle, starting at 

92º receding to 85º.  This is unsurprising due to the rough nature of the blend surface and the 

incorporation of BSA, which is shown to have the second largest contact angle (85º �± 79 º).13    

While on its own, water contact angle measurements do not confirm the removal of BSA or 

formation of the metal oxide, these results compliment the findings of the etching, metal 

incorporation, FTIR and XPS. 
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The porous Ch matrix (73º �± 64 º) has a higher contact angle than the pristine Ch surface 

(42º �± 32 º): This is due to surface roughening caused by the pores.  The reduction in the contact 

angle, compared to the 1:1 BSA�±Ch, confirms the successful removal of BSA from the blend.  

Finally, the water contact angle of the iron oxide film (46º �± 42 º) indicates magnetite 

composition, with the increased roughness and presence of pores contributing to a slightly 

larger contact angle than the literature.102  The changes in the morphology and surface 

chemistry are as expected, and support the data seen in the FTIR and XPS spectra (Figure 3.4). 
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4.1. ABSTRACT 
Patterned thin films (PTFs) films are essential to the commonplace technologies of modern 

life, and have a crucial role in a host of current and emerging critical technologies across a 

broad range of industries. Contemporary PTFs rely on unsustainable and relatively ineffective 

petrochemical polymers. These generate pollution; come from dwindling, finite resources; and 

are suboptimal for making the structures needed for certain advanced applications �± 

particularly broadband anti-reflective (AR) materials, where biomimicry of the AR structures 

of butterfly wings is the goal. Here we describe the first successful development of an 

uncomplicated, cheap, sustainable fabrication process for patterned metal templates with 

tessellated, sub-micron scale structures, like those of butterfly wings, and their transfer to a 

substrate by wet etching: Biopolymer metal-inclusion lithography (BioMIL). Patterning is 

achieved through phase separation a biopolymer blend, creating a PTF then used as a template 

for a metal precursor. Biopolymer template morphology is readily controllable and transfer to 

metals makes for more robust materials, opening up other applications, such as lithography. 

BioMIL is simple - not requiring enzymes, master templates, or thermal deposition of metals, 

while selective metal incorporation into a chosen pattern domain is easily achieved. Transfer 

of metal patterns was done by wet etching, showing these biopolymer templates could replace 

synthetic polymer blends as pattern-transfer agents. 

 

4.2. INTRODUCTION  
The production of patterned surfaces plays a pivotal role in a vast number of current and 

emerging technologies. Micro and nanostructured surfaces have found applications in textiles1, 

optical components2, self-cleaning/hydrophobic surfaces3,4, fluid engineering5�±7, anti-reflective 

(AR) surfaces2,8�±10, gas sensors8, food texturing11�±16, edible coatings17, packaging18,19, 

lithographic masks20�±24 and in medical technologies.25�±32 These patterns are often dot arrays, 

nanopillars, or porous materials. AR surfaces have attracted a great deal of research focus for 

their uses in photonics, smart devices, and renewable energy technologies. Broadband AR 

surfaces are an acme of AR technology. Nature, as is often the case, has evolved broadband 

AR materials superior to anything we can produce artificially. Such natural AR technology is 

epitomised by butterfly wings. Making synthetic broadband AR materials that are equivalent, 

�W�R���Q�D�W�X�U�H�¶�V���I�L�Q�H�V�W���$�5���V�X�U�I�D�F�H�V���L�V���D���S�U�L�P�D�U�\���R�E�M�H�F�Wive of research in this area. This is a technical 

challenge greater than any in other areas of patterned or structured surfaces research. Currently, 

synthetic block co-polymer (BCP) based AR materials have not managed to produce, at scale, 
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an adequate equivalent of butterfly wings. By turning to nature, and using naturally occurring 

polymers �± biopolymers �± to replicate the structures of butterfly wings, reliable, cleaner, more 

sustainable production of materials with the necessary structures and scale for broadband AR 

materials is feasible. 

Butterfly wings contain a porous, quasi-honeycomb-array (tessellated), which confer super 

light trapping properties.33 These pores are random in size, shape, spacing, and pores/area. Pore 

diameter appears to range from 300 �± 800 nm.34�±37 Evolution is a, slow, imperfect process, and 

so it can be refined. Nature has not settled on either pores or pillars for butterfly wing AR 

structures. However, we can ascertain that porous structures are the best option for artificial 

AR materials for a few reasons: pillars are subject to capillary forces causing aggregation, 

increasing reflectivity;2 are easily contaminated and broken, and have no easy means of 

restoration.38 Porous structures are stronger than pillar structures, use less material than pillar 

based surfaces to form structures37, and do not require the precise, sub-100 nm block 

copolymers (BCPs) patterns needed to produce pillars. Many methods are used to produce 

porous structures on substrates where limitations exist due to the number of defects, feature 

size restrictions, cost, and controllability.9 Synthetic BCPs and homopolymers are traditionally 

used, either as device components or in critical production steps. But BCPs are expensive; 

petrochemically derived; have complex and inefficient manufacturing syntheses; and require 

long process times.2,39 This has led to investigations of polymer blends as a simple, low-cost, 

bottom-up, alternative in AR surface production, and in patterned/structured surface production 

generally.1,8�±10 This opens up the possible use of biopolymer blends to the same ends.  

Most research into polymer blends for patterned surface production employs environmentally 

damaging, synthetic polymer blends. Biopolymers have not been adopted, seemingly as a result 

of the complexity of their phase separations, and their wide variation in functional groups. We 

previously demonstrated the benefits of biopolymer blends in producing patterned thin-films 

(PTFs).40,41 PTFs can be produced from biopolymer blends by controlling the phase separation 

process of the blend.40,41 This is done by controlling their drying processes. As solvent 

evaporates, the precipitating polymers phase separate. The manner in which this separation 

occurs determines the final PTF, allowing for controllable production of surface structures and 

their patterns. Adjusting experimental parameters such as blend deposition speed and ambient 

relative humidity, determines the growth mechanisms, and structure scales in the PTF.  Here, 

we demonstrate that the same methods can be applied to AR surface production to develop a 

new biopolymer based process called, biopolymer metal inclusion lithography (BioMIL). 

BioMIL is similar to conventional metal polymer blend lithography (metal-PBL). It can readily 
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produce metal patterns with the > 100 nm feature sizes needed for broadband AR surfaces that 

are, thus far, beyond the reach of BCPs. BioMIL also allows for varied morphology, without 

the need for solvent annealing, or brush layers.9,10,42 Traditional metal-PBL first requires 

selective polymer dissolution by solvent annealing, subsequent metal deposition, and lift-off 

of the final polymer layer under the metal deposition to achieve a metal pattern. But, BioMIL, 

by using biopolymer PTFs, achieves metal incorporation into a specific domain, similar to the 

�P�H�W�D�O�� �L�Q�F�R�U�S�R�U�D�W�L�R�Q�� �R�I�� �%�&�3�¶�V���� �U�H�V�X�O�W�L�Q�J�� �L�Q�� �D�� �V�L�P�S�O�H���� �F�O�H�D�Q���� �S�U�R�F�H�V�V���� �Z�L�W�K�R�X�W�� �W�K�H�� �Q�H�H�G�� �I�R�U��

complex processing techniques or large capital investments.  

Our biopolymer blend is composed of a protein, bovine serum albumin (BSA) and a 

polysaccharide, chitosan (Ch) with BSA forming the discontinuous domain. Metal-PBL has 

historically relied on synthetic polymers such as polystyrene (PS) and poly(methyl 

methacrylate) (PMMA)8, or PS and polyethylene glycol (PEG)9 to form immiscible blends. 

One of the polymers is selectively solubilized/removed, and metal is thermally deposited on 

the remaining PTF, followed by removal of the polymer situated under the metal to produce 

either a metallic porous matrix or, inversely, a dot array.10 In BCP patterning, metal is typically 

incorporated into a single domain by selective inclusion of the metal.43 By using a biopolymer 

blend instead, and selecting Ch as a component, we can utilize the metal binding capacity of 

Ch to direct the growth of a metal film mirroring the Ch domain.44�±47 Specifically, the amino 

group of Ch is responsible for the chelating ability of metal cations.44,45,48,49 In comparison, 

BSA is a protein comprised of 583 amino acids (AAs).50 Selective adsorption of soft metal ions 

occurs due to the �K�D�U�G���V�R�I�W�� �D�F�L�G�� �E�D�V�H��(HSAB����principle due to the imidazole and thiol 

containing AAs.51  Using a protein-polysaccharide blend is closer to the approach used in 

�%�&�3�¶�V���W�K�D�Q���W�K�H���P�R�U�H���F�R�P�S�O�L�F�D�W�H�G���W�H�F�K�Q�L�T�X�H�V���X�V�H�G���L�Q���P�H�W�D�O-PBL. BioMIL surpasses metal-PBL 

in terms of simplicity, cost, time and required infrastructure. BioMIL exemplifies how 

biopolymer blends could replace existing synthetic polymer technologies. Additionally, the 

initial morphology of the PTF and the chemistry of each domain will determine the metal 

oxides features. This makes BioMIL a simpler process than traditional metal-PBL, as well as 

being more sustainable, cheaper, cleaner, and better able to produce surface structures at the 

scales needed to manufacture broadband AR materials.  
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4.3 RESULTS AND DISCUSSION 
 

4.3.1. FABRICATION OF METAL OXIDE HARD MASK PATTERNS  

Biopolymer pattern formation and growth mechanisms have been extensively discussed in our 

previous work.40,41 To produce effective metal masks for production of broadband AR surfaces, 

metals must be incorporated selectively into a specific biopolymer phase after phase separation. 

Therefore, initially, a variety of metals were incorporated (3000 rpm, 60% RH) into the patterns 

of a 1:1 BSA-Ch blend biopolymer template, in order to determine which, if any, could be 

incorporated most selectively (Figure 4.1). Porous structures were desired as they are more 

robust and more easily cleaned when transferred, and exhibit enhanced mechanical properties. 

 

Figure 4.1: AFM images and surface profiles (blue lines) of biopolymer template and 

resulting metal structures. Scale bar bottom right of image. A) Refers to the biopolymer 

template 1:1 BSA-Ch blend, 3000 rpm, 60% RH on planar silicon substrates. Nanoporous 

metal templates were prepared with alternative precursors (1 w/w%-EtOH). B) 1 w/w% FeCl3 

anhydrous precursor, C) 1 w/w% Al(NO3)3.9H2O precursor, and D and E) 1 w/w% AgNO3 

respectively. 

 

Figure 4.1 shows the AFM of the 1:1 BSA-Ch template (Figure 4.1a) and oxide patterns 

(Figure 4.1b, c, d and e) generated by spin coating of 1 wt% metal precursor in EtOH solutions 

(1 wt% precursor-EtOH)�����$�Q�K�\�G�U�R�X�V���(�W�2�+���Z�D�V���X�V�H�G���D�V���V�R�O�Y�H�Q�W���W�R���O�L�P�L�W���D�Q�\���H�I�I�H�F�W���Z�D�W�H�U���P�D�\��

�K�D�Y�H���R�Q���W�K�H���E�L�R�S�R�O�\�P�H�U���W�H�P�S�O�D�W�H�����W�K�H���S�U�R�W�H�L�Q���G�R�P�D�L�Q���L�V���Z�D�W�H�U���V�R�O�X�E�O�H�������%�6�$���V�S�K�H�U�H�V����Figure 

4.1a�����Z�H�U�H�������������“�������������—�P���L�Q���G�L�D�P�H�W�H�U���Z�L�W�K�������������“�������������V�S�K�H�U�H�V���—�P�������7�K�L�V���G�L�D�P�H�W�H�U���L�V���V�P�D�O�O��

�I�R�U�� �D�� �E�L�R�S�R�O�\�P�H�U�� �E�O�H�Q�G�����������������±�������D�Q�G�� �F�R�P�S�D�U�D�E�O�H�� �W�R���� �R�U�� �H�Y�H�Q�� �V�P�D�O�O�H�U�� �W�K�D�Q���� �I�H�D�W�X�U�H�� �V�L�]�H�V�� �R�I��

�V�\�Q�W�K�H�W�L�F���E�O�H�Q�G�V�����L�Q�G�L�F�D�W�L�Q�J���Y�L�D�E�L�O�L�W�\���D�V���S�D�W�W�H�U�Q�L�Q�J���D�J�H�Q�W�V����������������������������Figure 4.1b �F�O�H�D�U�O�\���V�K�R�Z�V��

�D�Q���L�U�R�Q���R�[�L�G�H���S�R�U�R�X�V���P�D�W�U�L�[�����L�Q���J�R�R�G���D�J�U�H�H�P�H�Q�W���W�R���S�U�H�Y�L�R�X�V���Z�R�U�N���������0�H�D�Q���S�R�U�H���G�L�D�P�H�W�H�U���Z�D�V��
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�����������“�������������—�P�����Z�L�W�K�������������“�������������S�R�U�H�V���—�P�������7�K�L�V���Z�D�V���D�F�K�L�H�Y�H�G���Z�L�W�K�R�X�W���J�O�X�W�D�U�D�O�G�H�K�\�G�H�����Z�K�L�F�K��

�Z�D�V���S�U�H�Y�L�R�X�V�O�\���X�V�H�G���W�R���V�O�R�Z���P�H�W�D�O���E�L�Q�G�L�Q�J���W�R���W�K�H���&�K���G�R�P�D�L�Q�����7�K�L�V���U�H�P�R�Y�H�V���W�K�H���Q�H�H�G���W�R���S�U�H��

�S�U�R�F�H�V�V���W�K�H���E�L�R�S�R�O�\�P�H�U���W�H�P�S�O�D�W�H���Z�L�W�K���D�Q���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�O�\���X�Q�I�U�L�H�Q�G�O�\���S�U�H�F�X�U�V�R�U������ 

Figure 4.1c, d and e show the Al(NO3)3.9H2O precursor and AgNO3 precursor produced a 

mixed morphology of pores and spheres. All samples in Figure 4.1 had the same metal ion 

solution - biopolymer template contact times, indicating non-specific binding to both the BSA 

and Ch domain occurred �± not ideal, given our objectives to produce reproducible, porous, 

metal films with a consistent morphology. BSA binds to mononuclear and polynuclear 

metals57, and binds to soft and borderline metals through its Cys and His residues (Scheme 

4.1).51 Some of these suggested AA-metal complexes are shown in Scheme S4.1, in section 

Appendix 4.7.58,59 The pores produced using the Ag precursor had a mean diameter of 0.12 ± 

0.07 µm, with 31.15 ± 5.11 pores/µm2. These pores are smaller and more frequent than 

protuberances created by the biopolymer template features. The metal spheres formed on the 

surface were 0.21 ± 0.07 µm, with 2.47 ± 0.09 spheres/µm2. This suggests that the Ag+ (a soft 

metal cation) may preferentially bind to the BSA domain to produce metal spheres, while pores 

formed through another mechanism.  

 

Scheme 4.1: Shows the directional binding of hard and soft metals to the blend film. (i) 

Shows the binding of soft metal cations to the protein domain (BSA). (ii) Shows the binding of 

hard metals to the polysaccharide domain (Ch).  
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The smaller sphere size may result from the finite number of binding sites that exist in BSA, 

when compared to chitosan. Binding of different cations to specific domains is supported by 

the hard-soft acid base (HSAB) principle, which suggests that amine ligands will bond 

preferentially to hard acids (Fe3+), while binding to soft acids (Ag+) is unfavourable. This is 

consistent with our results in Figure 4.1.60 Knowing this, we can appropriately choose metal 

precursors which only incorporate into the polysaccharide domain (Scheme 4.2). The 

coordination of metal cations with Ch is well documented61,62, with example structures shown 

in Scheme S4.2. Figure 4.1e shows that some particles form with a crater in the middle. This 

morphology can occur when using AgNO3; gases produced during thermal annealing lead to 

�H�[�S�O�R�V�L�Y�H���G�H�F�R�P�S�R�V�L�W�L�R�Q���F�U�H�D�W�L�Q�J���³�Q�D�Q�R�U�L�Q�J�V�´��63 Overall, Figure 4.1 indicates soft cations may 

provide a path to forming dot arrays, while hard cations provide a means of producing porous 

matrices. The mixed porous/particulate morphology in the Ag and Al templates present a 

challenge in developing either purely porous or purely dot array masks.  

 

 

Scheme 4.2: Schematic illustration of the fabrication of porous metal matrix on substrate 

the substrate. (A) Substrate after cleaning. (B) 1:1 BSA�±Ch blend thin film after spin coating. 

(C) Metal precursor solution incorporated into the template. (D) Porous metal oxide matrix 

formed after annealing and calcination treatment. (E) Porous silicon generated by the silicon 

etch process. 

 

The Al product contained cracks between pores. Water loss during annealing was the 

culprit.64,65 This is likely exacerbated by broad distribution in feature size compared to 

monodisperse BCP systems as polydisperse feature sizes results in more drying stress.64 These 

initial tests suggest that to generate a porous matrix suitable for pattern transfer, with no 

cracking, an un-hydrated metal salt with a hard cation should be used. This limits metal 

precursors to unhydrated metals, as cracking is detrimental to final thin film surface 

properties.64 With this in mind, the Fe precursor gave the most promising results. FeCl3 allowed 

for selective metal incorporation into the Ch domain. Using metal incorporation rather than 

thermal deposition eliminates the need for selective removal of one domain, deposition onto 

the patterned film, and subsequent removal of the final polymer as is typical in current 

PBL.8,10,42 This reduces the number of steps required for metal incorporation, the need for 
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expensive equipment, and is more similar to industrial standard BCP metal incorporation. Such 

methods could be easily substituted into existing manufacturing protocols.  

 

4.3.1.1 FeCl3 PRECURSOR 

Figure 4.2 shows the surface morphology of porous iron oxide films, produced using 

increasing metal ion solution �± biopolymer template contact time. Figure 4.2a shows large 

pores, as in Figure 4.1b. Increased contact time resulted in mesa formation (a localized flat 

topped region with an abrupt change in slope at the boundary, Figure 4.2b). Inhomogeneity in 

pores/area, depth, and mean diameter are poor characteristics in a hard mask, resulting in 

inconsistent pattern transfer. Additionally, mesa formation results in regions of different 

characteristics. Mean pore diameter in the lower (darker) region of the mesa is 0.41 ± 0.39 µm 

with 2.31 ± 0.25 pores/µm2, while higher (brighter) region has mean diameter of 0.16 ± 0.09 

µm, with 2.78 ± 0.65 pores/µm2. The formation of a mesa, and the reduction of pore density 

and size in the upper mesa region suggests that increased contact time overfilled the biopolymer 

template.66 Pores in the upper portion of the mesa are much deeper compared to the lower 

portion, indicating more Fe3+ uptake with increased time. Increasing metal contact time to 60 

s results in no discernible mimicry of the biopolymer template pattern. With increasing time, 

mesas become large enough to be observed even by optical microscope, Figure S4.1. 

Increasing metal ion solution contact time increases the amount of metal bound by the Ch 

domain. This occurs until no free sites exist and metal is deposited on the surface (Figure 4.2). 

In summary, minimising Ch-metal ion binding time provides the most homogenous metal 

template when using FeCl3. Homogeneity and timely production are both desirable traits in 

metal mask production. Reducing the time Ch has to bind to the metal prevents random 

deposition onto the surface. At 15 s, no binding was observed to the BSA domain, while pores 

were still observed in the upper portions of the mesa. This shows that FeCl3 has no affinity for 

the BSA domain, showing high selectivity for the Ch domain. This is crucial for selective metal 

incorporation.  
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Figure 4.2: AFM images displaying surface morphology and line profiles (blue), 

showing the growth nanoporous iron oxide matrix prepared with different biopolymer 

template�±metal solution contact times. All images 20 x 20 µm, scale bar provided in image A. 

FeCl3-EtOH solution stirred for 30 min. A �± C) display iron patterns generated with using 5 

s, 15 s and 60 s respectively. 

Wt% of the FeCl3 precursor was also varied, with a 5 s metal ion solution �± biopolymer template 

contact time. Figure 4.3 shows the morphology and line profiles of porous iron oxide films 

generated with increasing concentration of the metal precursor. Figure 4.3a shows no pores 

were generated using 0.1 wt% FeCl3. Increasing this to 0.2 wt%, Figure 4.3b, formed regions 

with minor mesas and ill-defined pores. 0.4 wt% FeCl3, Figure 4.3c, produced larger mesas, 

along with the first evidence for well-defined pores. Upper mesa regions contained pores with 

a mean diameter 0.29 ± 0.08 µm with 2.68 ± 0.14 pores/µm2, while lower regions had a mean 

pore diameter of 0.33 ± 0.11 µm, with 3.23 ± 0.08 pores/µm2. This shows upper portions of the 

mesa suffer from partial overfilling, reducing mean diameter and the number of features/area 

as with Figure 4.2b. Again, the lack of pore formation and inhomogeneity of the matrix prove 

that a minimum metal concentration is required to form a suitable metal mask. This suggests a 

minimum metal ion concentration threshold must be surpassed for sufficient pattern adoption. 

This is unsurprising as metal binding rates vary with increasing metal ion concentration in 
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sorbent Ch materials.44  Figure 4.3e, produced pores with a mean diameter of 0.26 ± 0.10 µm 

with 3.6 ± 0.17 pores/µm2. Varying the wt% of the metal ion precursor also resulted in mesa 

formation in the metal oxide. However, the mesas formed in Figure 4.3 are also much smaller 

in height than in Figure 4.2, indicating that varying wt% produces subtler changes in 

morphology. Again, this is similar to the metal inclusion mechanism of PS-b-PEO BCP films. 

Thus, the same techniques used to refine metal masks with BCP films are transferable to 

biopolymer blends. For new technologies such as this to be adopted, easy integration into 

existing manufacturing processes is essential.  

 

Figure 4.3: Surface morphology and line profiles (blue) showing the growth 

nanoporous iron oxide matrix prepared with different concentrations of FeCl3�±EtOH solution 

stirred for 30 min. All images 20 x 20 µm, scale bar provided in image A. A �± E) display iron 

patterns generated with 0.1 w/w%, 0.2 w/w%, w/w%, 0.6 w/w% and 0.8 w/w% respectively. 
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4.3.1.2 Fe(NO3)3.9H2O PRECURSOR 

To avoid over-flooding of the biopolymer template, as observed above, the Fe precursor anion, 

concentration, and metal contact time with the biopolymer template were varied. 1 wt% 

Fe(NO3)3.9H2O�±EtOH solutions were contacted with 1:1 BSA-Ch blend biopolymer templates 

(produced at 3000 rpm and 60% RH). Metal ion solution contact time was varied from 2.5 s to 

60 s before spin-coating. The patterns generated from Fe(NO3)3.9H2O deviate from those of 

the FeCl3 precursor and are more akin to those of Al oxide (Figure 4.1c), showing spherical 

particles and undesired cracking of the matrix. 

 

 

Figure 4.4: AFM images and z scales of iron oxide matrix prepared with different 

biopolymer template�±metal solution contact times. 1 w/w% Fe(NO3)3.9H2O �± EtOH solution 

stirred for 30 min.  All images 20 x 20 µm, scale bar provided in image A. A �± H) display iron 

patterns generated with using 2.5 s, 5 s, 7.5 s, 10 s, 15 s, 30 s, 45 s and 60 s biopolymer 

template�±metal solution contact time respectively. Annealing and calcination was performed 

with a preheated furnace (700 °C) for 1hr. 

 

Cracking is evident from 2.5 s (Figure 4.4a) until 15 s (Figure 4.4e). From 30 s (Figure 4.4f), 

cracked pores are mostly replaced with spherical particles. Larger metal discontinuous domains 

occur at 30 s, similar to that of the coalesced BSA regions (Figure 4.1�D). Metal particle size 

increased as contact time with the metal solutions increased from 30 s to 60 s. From 30 s �± 45 

s contact time, mean particle diameter increased from 0.23 �“�������������—�P�����Z�L�W�K�������������“�������������—�P��

�S�D�U�W�L�F�O�H�V���—�P�����W�R�������������“�������������—�P�����Z�L�W�K�������������“�������������S�D�U�W�L�F�O�H�V���—�P�������$�W���������V���D���G�H�F�U�H�D�V�H���W�R���P�H�D�Q��

�S�D�U�W�L�F�O�H�� �G�L�D�P�H�W�H�U�� ���������� �“�� ���������� �—�P���� �Z�L�W�K�� ���������� �“�� ���������� �S�D�U�W�L�F�O�H�V���—�P�����Z�D�V�� �V�H�H�Q���� �7�K�H�� �Q�X�P�E�H�U�� �R�I��

�P�H�W�D�O���S�D�U�W�L�F�O�H�V���D�U�H�D���P�D�W�F�K�H�V���W�K�H���Q�X�P�E�H�U���R�I���%�6�$���V�S�K�H�U�H�V���L�P�E�H�G�G�H�G���L�Q���W�K�H���&�K���G�R�P�D�L�Q�����V�K�R�Z�L�Q�J��
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�J�R�R�G�� �D�G�R�S�W�L�R�Q�� �R�I�� �W�K�H�� �E�L�R�S�R�O�\�P�H�U�� �W�H�P�S�O�D�W�H�� �S�D�W�W�H�U�Q�����7�K�H�� �P�H�W�D�O�� �S�D�U�W�L�F�O�H�� �G�L�D�P�H�W�H�U�� �Z�D�V�� �V�P�D�O�O�H�U��

�W�K�D�Q�� �%�6�$�� �G�R�P�D�L�Q�� �V�L�]�H�� �L�Q��Figure 4.1�D�����$�V�� �%�6�$�� �L�V�� �Q�R�W�� �F�R�P�S�U�L�V�H�G�� �V�R�O�H�O�\�� �I�U�R�P�� �P�H�W�D�O�� �E�L�Q�G�L�Q�J��

�U�H�V�L�G�X�H�V���� �L���H���� �U�H�S�H�D�W�L�Q�J���+�L�V���D�Q�G���&�\�V���U�H�V�L�G�X�H�V���� �W�K�H�U�H���D�U�H���I�H�Z�H�U���V�L�W�H�V���I�R�U���P�H�W�D�O���L�R�Q�V���W�R���E�L�Q�G���W�R����

�X�Q�O�L�N�H���&�K���R�U���� �V�\�Q�W�K�H�W�L�F���S�R�O�\�P�H�U�V���V�X�F�K�� �D�V���3�(�2�����7�K�L�V���O�D�F�N���R�I�� �P�H�W�D�O���L�R�Q�V���L�Q���W�K�H���%�6�$���G�R�P�D�L�Q�V��

�U�H�G�X�F�H�G���S�D�U�W�L�F�O�H���G�L�D�P�H�W�H�U�����%�X�W���W�K�L�V���L�V���X�V�H�I�X�O�����D�V���R�Q�O�\���P�H�W�D�O���E�L�Q�G�L�Q�J���W�R���W�K�H���&�K���G�R�P�D�L�Q���L�V���G�H�V�L�U�H�G����

�7�K�H���O�D�F�N�����D�Q�G���W�\�S�H�����R�I���P�H�W�D�O���E�L�Q�G�L�Q�J���V�L�W�H�V���L�Q���%�6�$���L�Q�K�L�E�L�W���K�D�U�G���P�H�W�D�O���E�L�Q�G�L�Q�J���� 

The formation of particle arrays seems contrary to the HSAB mechanism, as the hard Fe3+ 

cation is still in use. It implies that changes in the metal template morphology result from the 

metal salts anion, NO3-. Anions can affect the metal binding ability of proteins. Cl- has a weak 

affinity for proteins, while NO3- has a slightly stronger affinity for proteins, according to the 

Hofmeister series.67,68 The stronger affinity for the NO3- results in enhanced attraction between 

the protein and cation.69 This results in the BSA domain being filled with the metal cation. In 

short, specific anions can behave as a metal chaperone, shuttling metals to the BSA domain 

through Coulomb interactions.70,71 In addition to HSAB theory. the Hofmeister effect may 

explain the particles formed in Figure 4.4 and Figure 4.1c, d and e using the Al(NO3)3.9H2O 

and AgNO3 precursor sample. Just as longer binding times must be avoided with the FeCl3 

precursor to prevent mesa formation, longer metal inclusion times must be avoided with 

Fe(NO3)3.9H2O to prevent protein binding. Rather than the Cl- anion preventing protein 

binding of metal, protein binding of the metal ion must be avoided kinetically. This allows for 

the use of hydrated, atmospherically stable precursors such as Fe(NO3)3.9H2O, while 

controlling which domain incorporates metal. This greatly increases the range of suitable metal 

compounds. For technologies like this to be adopted, broad choice of precursor compounds is 

essential for facile integration into existing industrial processes. 

To compare cation uptake of the Fe(NO3)3.9H2O precursor to the FeCl3 precursor, wt% of the 

Fe(NO3)3.9H2O precursor was varied (Figure 4.5) from 0.6 wt% to 2 wt%. Unlike the FeCl3 

precursor, pattern adoption did not occur until 1 wt% (Figure 4.3c). This morphology, like 

Figure 4.1c and Figure 4.4d and e, contained both metal pores and metal particles. Increasing 

the concentration of the metal precursor to 2 wt% produced a well-defined particle matrix 

(Figure 4.5e) with no pores present. Metal particles were 0.44 ± 0.31 µm in mean diameter, 

with 2.04 ± 0.25 particles/µm2. The 1 wt% and 1.2wt% oxide films both exhibited cracking of 

the pore walls, similar to the Al precursor (Figure 4.1c) and Fe precursor in Figure 4.4. As 

both precursors were hydrated, this is likely due capillary pressure of water menisci exceeding 

the strength of the metal matrix during water loss.64,65 Cracked pores reduce the fidelity of the 

metal mask to the biopolymer template and result in poor pattern transfer, both negatively 
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impacting metal film performance.64,65 Increasing the metal precursor concentration results in 

more anions binding to the protein surface, resulting in a negatively charged protein-anion 

complex. This results in a stronger affinity of the protein to the Fe3+ cations to decrease the 

surface charge.69 Chaperoning is again due to anions delivering metal cations to the protein 

surface through Coulomb interactions.70,71 As such, rather than large mesas being formed in 

the Ch domain, the protein is filled with the metal cation (Scheme S4.3). While Fe(NO3)3.9H2O 

did not suffer from mesa formation as with the FeCl3 products, increased metal concentration 

resulted in increased metal binding to the protein domain, producing a non-porous matrix. As 

the aim is to produce a porous metal matrix, low concentrations of the NO3
- precursor or short 

incorporation times are required to selectively incorporate metal into the polysaccharide 

domain when using a metal nitrate precursor. However, this does demonstrate that a dot matrix 

surface pattern could be achieved by selective metal incorporation into the protein domain, if 

one takes advantage of the Hofmeister effect and appropriately chosen biopolymers and metal 

precursors.   

 

Figure 4.5: AFM images and line profiles (blue) of iron oxide matrix prepared with 

different metal solution concentrations, stirred for 30 min. All images 20 x 20 µm, scale bar 

provided in image A. A �± E) display iron patterns generated with using 0.6 w/w%, 0.8 w/w%, 

1 w/w%, 1.2 w/w% and 2 w/w% Fe(NO3)3.9H2O�±EtOH solution respectively. Annealing and 

calcination was performed with a preheated furnace (700 °C) for 1 hr. 

 

4.3.2. SPEED AND HUMIDITY VARIATION  

To improve pore packing and metal incorporation, metal matrices were produced by varying 

humidity and spin speed when forming the biopolymer template. A range of metal precursors 
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were used to produce a porous matrix with a range of applications discussed in the introduction. 

Cracking of pores in the metal mask was a problem, as outlined above. Based on the literature, 

if capillary pressure was the cause, then reducing the evaporation rate of residual water should 

result in a reduction or absence of cracks.64,65 To achieve this, rather than using a preheated 

furnace, samples were brought to a 1hr hot hold of 160 ºC at a ramp rate of 20 ºC/min. Samples 

were then heated up to 700 ºC, at a ramp rate of 20 ºC/min. This was done to remove residual 

water before formation of the metal oxide. This successfully reduced cracking of the pores in 

the masks and increased transfer fidelity, as shown in Figure 4.6.  To achieve tiling/Voronoi 

tessellation (the formation of quasi-honeycomb arrays, with tri-junctions at pore interfaces) to 

mimic the morphology of butterfly wings, the humidity was reduced during blend casting.  

To determine if a slower heating ramp rate reduced metal oxide cracking, metal 

precursors Fe(NO3)3.9H2O, Ce(NO3)3.6H2O, Cu(NO3)2.3H2O, Ni(NO3)2.6H2O, and 

Al(NO3)3.9H2O were used for inclusion; all hydrated metal nitrate precursors of varying metal 

hardness. Figure 4.6 shows the morphology and line profiles of the metal oxide films. XPS 

survey and core level spectra are shown in Figure S4.2 and Figure S4.3 respectively. Only the 

Al and Cu precursors produced a particulate/porous matrix. All others produced a purely 

porous matrix. The Fe, Al, Ni, and Cu samples all exhibited tiling after incorporation into the 

biopolymer template, and annealing. This is the first evidence that biopolymer blends may be 

used to form honeycomb metal masks, and emulate the pores of butterfly wings. Our 

experiments show that tessellation became more prominent with reduced humidity (Figure 

S4.1, Figure S4.4, & Figure S4.5), consistent with the literature.72     

 

Figure 4.6: AFM images and 2 µm surface profiles (blue lines) of nanoporous metal 

structures. Metal templates produces with biopolymer template (1:1 BSA-Ch, 4000 RPM, 20% 

RH) on planar silicon substrates, annealed and calcined at 700ºC. Nanoporous metal 
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templates were prepared with alternative precursors (1 w/w%-EtOH). (A, F) Fe2O3, (B, G) 

Ce2O3, (C, H) Al2O3, (D, I) NiO, and (E, J) CuO respectively 

 

None of the walls exhibited the cracking seen in the previous hydrated metal precursors 

(Figure 4.1c, Figure 4.4a �± e, Figure 4.5c and d). This confirmed the removal of water pre-

calcination was the key factor in preventing crack formation. This allows for the use of hydrated 

precursors (stable at ambient humidity) without compromising the metal oxide morphology 

through cracking, improving the number of precursors available to this technique. XPS (Figure 

S4.3 a �± f�����F�R�Q�I�L�U�P�H�G���W�K�H���S�U�H�V�H�Q�F�H���R�I���.-Fe2O3
73

, Ce2O3
74

, Al 2O3
75, NiO76 CuO77 respectively.  

Binding of the metal precursor to the biopolymer can be determined from the domain in which 

the metal resides post calcination, wall height and wall thickness. Fe3+ and Ce3+ are hard acids 

using the HSAB principle, and thus, bind well to the Ch domain but not the BSA domain, as 

seen in Figure 4.6a and b.78 Ni2+ is considered a borderline acid, which is reflected in the low 

wall height and thin walls indicating low metal uptake by the Ch domain, as seen in Figure 

4.6and i.78 Al3+ and Cu2+ are considered hard and borderline hard acids respectively.78,79 The 0 

precursor binds less with the Ch in the allotted time than other hard cations, similar to the Ni2+ 

ion. The unbound metal ions result in random Cu oxide formation over the substrate.  Localised 

agglomerates of particles are produced by this, which has also been seen in PS-b-PEO BCP 

fil ms over a critical Cu precursor concentration.73 This debris makes the sample unsuitable for 

pattern transfer. Al produced a mixed porous/particulate matrix (Figure 4.6c and h). Particles 

were restricted to within the BSA domain indicating binding to the protein. As such, no 

secondary growth mechanisms are likely to be the cause of the formation of metal oxide 

particles, and the metal anion is responsible for protein binding. This means that by choosing 

an appropriate biopolymer blend and an appropriate the metal precursor, the metal can be 

selectively incorporated into a chosen phase, and the resulting film properties can be more 

effectively controlled. Particle formation did not occur in every pore. This can be attributed to 

the hardness of Al3+, the enhanced Hofmeister effect occurring in a limited time (5 s),67�±69 and 

small BSA domains limiting the probability of nucleation within this time period.80 To form 

purely porous structures, particle formation (promoted by the Hofmeister effect) must be 

avoided kinetically and chemically, to ensure a homogenous pattern for transfer. 

None of the walls exhibited the cracking seen in the previous hydrated metal precursors 

(Figure 4.1c, Figure 4.4a �± e, Figure 4.5c and d). This confirmed the removal of water pre-

calcination was the key factor in preventing crack formation. This allows for the use of hydrated 
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precursors (stable at ambient humidity) without compromising the metal oxide morphology 

through cracking, improving the number of precursors available to this technique. XPS (Figure 

S4.3 a �± f�����F�R�Q�I�L�U�P�H�G���W�K�H���S�U�H�V�H�Q�F�H���R�I���.-Fe2O3
73

, Ce2O3
74

, Al 2O3
75, NiO76 CuO77 respectively. 

�.-Fe2O3 was also confirmed using FTIR (Figure S4.6a) and Raman spectroscopy (Figure 

S4.6b), see 4.7 Appendix .  

There are numerous advantages to tessellated geometries; they provide greater mechanical 

strength than spheroidal features, while economically encapsulating a material (honey, air, etc.) 

with minimal wall material. In other words, greater strength with less material. Voronoi 

tessellation in polymer blends seem elusive in the literaure72, but in reality they occur regularly 

but are often unassigned.1,9,25,81�±85 Tessellation is the result of the formation of tri-junctions 

with angles of 120° occurring at each vertex in close packed systems of spheroidal cells. This 

is due to attempts by the system to reduce surface energy along the plane.86�±88 Our experiments 

show that tessellation became more prominent with reduced humidity (Figure 4.7, Figure 

S4.1, & Figure S4.5), consistent with the literature.72 

Tessellated pores are advantageous, as it is this morphology which provides butterfly wings 

with their unparalleled AR properties.33 Both porous silicon and butterfly wings with sub-

micron pores are antrireflective.33,89 This is attributed to the increase in the optical path length. 

Butterfly wings with honeycomb structures are significantly less reflective than those with 

cross ribbing structures.  Butterfly wings take advantage of refraction, like a fibre optic cable. 

The wing material has a high refractive index, meaning they can take advantage of total internal 

reflections. i.e. when light enters the material, it is continuously reflected, until absorbed.90  

Honeycomb structures can also diffract light, increasing the amount of light scales absorb.91   

The role of periodic ridges which surround the pores of butterfly wings is subjected to debate, 

Some evidence supports that these ridges increase light absorption by funnelling light into the 

pores.92  However, other evidence suggests these ridges have an inconsequential effect on 

broadband light absorption in the visible range.93  Both can be true, as feature dimensions in 

different species appear to play a key role.94  Regardless, honeycomb pores are regarded  as a 

key feature in antireflectivity.  This is a different mechanism to how nanostructured silicon 
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absorbs light. Nanostructured materials behave as if they have a gradient refractive index, 

progressively bending light until absorbed. 95  

 

Figure 4.7: Shows AFM images of metal masks generated using biopolymer templates 

cast at reduced humidity (20% RH). Masks were produced using metal incorporation of 

Fe(NO3)3.9H2O, subsequent annealing at 160 °C for 2 hr to remove any water, and calcination 

at 700 °C for 1 hour to remove biopolymer template. (A, B) AFM images of Fe2O3 metal masks 

generated from 1:1 BSA-Ch biopolymer template, cast at 4000 RPM.  (B) Provides an 

enhanced view of the tessellated morphology, and variance found within. (C-E) AFM images 

of Fe2O3 metal masks generated from 1:1 BSA-Ch biopolymer template, cast at 3000 RPM. (F) 

�6�F�K�H�P�H�� �I�R�U�� �³�E�R�U�G�H�U�� �F�R�D�O�H�V�F�H�Q�F�H�´���� �G�U�L�Y�L�Q�J�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �P�H�W�D�V�W�D�E�O�H�� �T�X�D�G-junctions 

observed in (B) and (E), a metastable structure resulting from structure observed in (D). 

Figure 4.7 shows the formation of a quasi-honeycomb hole array when humidity was lowered 

to 20% RH.37 Tessellation of the BSA domains results from an increased evaporation rate of 

the solvent, allowing less time for feature development, essentially pausing development in an 

earlier, tessellated form.72 With the median interior angle at approx. 120° (Figure S4.5), the 

BSA wall tensions approach near uniformity with slower solvent removal. Figure 4.7b 

provides more information on structural formation.  Less discrete wall formation results in 

larger voids.���7�K�H�V�H�� �S�R�R�U�O�\�� �G�H�I�L�Q�H�G�� �Z�D�O�O�V�� �R�F�F�X�U�U�H�G�� �Z�K�H�Q�� �E�L�R�S�R�O�\�P�H�U�� �W�H�P�S�O�D�W�H�V�� �Z�H�U�H�� �F�D�V�W�� �D�W��

�����������U�S�P����Figure 4.7 & Figure S4.7�H�������7�K�L�V���L�V���D�W�W�U�L�E�X�W�H�G���W�R���W�K�L�Q�Q�H�U���E�L�R�S�R�O�\�P�H�U���W�H�P�S�O�D�W�H���I�L�O�P�V����

�Z�K�L�F�K���P�H�D�Q�W���W�K�H�U�H���Z�D�V���O�H�V�V���P�D�W�H�U�L�D�O���R�Y�H�U�D�O�O���D�Q�G���V�R�����O�H�V�V���&�K���W�R���L�Q�F�R�U�S�R�U�D�W�H���W�K�H���S�U�H�F�X�U�V�R�U���L�Q���W�K�H��

�D�O�O�R�W�W�H�G�� �W�L�P�H�� Additionally, while this morphology is referred to in the literature as quasi-
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honeycomb hole array, many of these pores are not hexagonal. Rather these pores can be made 

with n border walls (e.g. n = 5, pentagonal). The spreading of defects occurs in regions where 

coalescence occurs.96  This can result in the adoption of energetically unfavourable angles, and 

increases disorder within the array.  This is evidenced in Figure 4.7c, where pores are formed 

with wide internal pore walls (Figure 4.7d).  During tessellation, border coalescence results in 

the formation of metastable fourfold vertices, Figure 4.7e.   As this is a 2D, rather than 3D, 

�K�R�Q�H�\�F�R�P�E���D�U�U�D�\�����L�W���L�V���Q�R�W���F�R�Q�V�W�U�D�L�Q�H�G���E�\���3�O�D�W�H�D�X�¶�V���U�H�T�X�L�U�H�P�H�Q�W���I�R�U���W�K�U�H�H�I�R�O�G���Y�H�U�W�L�F�H�V�����7�K�X�V����

pores can either form quad-junctions, or two tri-junctions with minimal separation of the 

threefold vertices (�0), (Figure 4.7e & f.97  This supports that faster drying of the biopolymer 

blends results in tessellated structures (Scheme 4.3).  

 

Scheme 4.3: Scheme detailing pattern development blend films.  (i) Contacting BSA 

domains deform to adopt polygonal morphologies. (ii) With longer drying times, morphologies 

adopt tri-junctions with internal angles averaging 120°. (iii)  Further growth of the BSA 

domains sees the collapse of polygonal features via coalescence, and the adoption of a 

spheroidal morphology. 

Tessellation of the BSA domains results from an increased evaporation rate of the solvent, 

allowing less time for feature development, essentially pausing development in an earlier, 
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tessellated form.72 With the median interior angle at approx. 120° (Figure S4.5), the BSA wall 

tensions approach near uniformity with aging.  The biopolymer blend film (cast at 4000 rpm, 

20% RH) produces a metal mask,  (Figure 4.7a & Figure S4.5b) which contains more extreme 

internal angles, resulting in a higher population in the first mode (data value that occurs most 

often), compared to the film cast at 3000 rpm at 20% RH (Figure 4.7c & Figure S4.5a). Newly 

formed vertices result in more extreme tessellation values. A longer evaporation time resulted 

in relaxation of the structures and adoption of 120° tri-junctions.98
 This effect can be observed 

in the 4000 rpm film, which dried more quickly, and a broader distribution of interior angles is 

seen, because the vertices in the 4000rpm film are younger. This is unsurprising, as Voronoi 

tessellation is deeply rooted in nucleation and growth processes.99 

 

4.3.2.1 �.-Fe2O3 MASK ETCHING AND ANALYSIS 

 

Figure 4.8: Each image is 10 x 10 µm, 2 µm scale bar provided in image A and E, and 

line profiles denoted by a blue line. (A, E) AFM images of 1:1 BSA-Ch biopolymer template, 

20% RH, cast at 3000 RPM and 4000 RPM respectively. (B, F) AFM images of Fe2O3 metal 

masks generated from biopolymer templates (A) and (E), following metal incorporation of 

Fe(NO3)3.9H2O, and subsequent annealing at 160 °C for 2 hr and calcination at 700 °C for 1 

hour. (C, G) AFM images of substrates post-etching samples (B) and (F) with 

NH4F/HNO3/H2O solutions for 5 min. (D, G) line profiles of samples (A, B, C) and (E, F, G) 

respectively.  

�.-Fe2O3 �L�V���W�\�S�L�F�D�O�O�\���X�V�H�G���D�V���D���P�D�V�N���I�R�U���S�D�W�W�H�U�Q���W�U�D�Q�V�I�H�U�����7�K�H���.-Fe2O3 sample also had the least 

amount of defects (particle formation), and was well-defined in Figure 4.6�D, so the Fe2O3 mask 
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was used for further processing (i.e. etching). Figure 4.8��shows the biopolymer template, metal 

mask and subsequent etching of the silicon substrate with NH4F/HNO3/H2O. Biopolymer 

templates were produced at 3000 rpm and 4000 rpm at 20% RH (Figure 4.8�D��and e). Metal 

masks were produced, as in Figure 4.6, using 1 wt% Fe(NO3)3.9H2O, with low temperature 

heating (160 ºC) for 1 hr before calcination (700 ºC) for 1 hr, using a ramp rate of 20 ºC/min 

(Figure 4.8�E��and f). The mask-substrate assembly was then treated with NH4F/HNO3/H2O 

solution for 5 min (Figure 4.8�F��for 1:1 BSA-Ch 3000 rpm 20% RH metal template, and Figure 

4.8�J��for 1:1 BSA-Ch 4000 rpm 20%), to transfer the mask pattern to the Si substrate. Though 

not all pores transferred, later discussed, t�U�D�Q�V�I�H�U�U�H�G���S�R�U�H�V���U�H�W�D�L�Q�H�G���D���S�R�O�\�J�R�Q�D�O���P�R�U�S�K�R�O�R�J�\����

�V�K�R�Z�L�Q�J���H�[�F�H�O�O�H�Q�W���W�K�H���I�L�G�H�O�L�W�\���R�I���S�R�U�H�V���W�K�D�W���W�U�D�Q�V�I�H�U�U�H�G�� 

Figure 4.8�E���D�Q�G���I�����V�K�R�Z�Q���L�Q���P�R�U�H���G�H�W�D�L�O���L�Q��Figure S4.7���� �V�K�R�Z�V���G�L�I�I�H�U�H�Q�F�H�V���L�Q���P�H�W�D�O���P�D�V�N�V��

�S�U�R�G�X�F�H�G���X�V�L�Q�J���E�L�R�S�R�O�\�P�H�U���W�H�P�S�O�D�W�H�V���F�R�D�W�H�G���D�W���G�L�I�I�H�U�H�Q�W���V�S�L�Q���V�S�H�H�G�V�����D�W�����������5�+�����'�L�V�F�X�V�V�H�G��

�E�U�L�H�I�O�\�� �H�D�U�O�L�H�U���� �D�V�� �Z�L�W�K��Figure 4.6���� �W�K�H��Figure 4.8���P�H�W�D�O�� �P�D�V�N�V�� �V�K�R�Z�� �W�H�V�V�H�O�O�D�W�L�R�Q���� �&�D�V�W�L�Q�J��

�E�L�R�S�R�O�\�P�H�U�� �E�O�H�Q�G�V�� �D�W�� ���������� �U�S�P�� �P�H�D�Q�W�� �D�� �V�O�R�Z�H�U�� �V�R�O�Y�H�Q�W�� �H�Y�D�S�R�U�D�W�L�R�Q�� �U�D�W�H�� �Z�K�L�F�K�� �D�O�O�R�Z�H�G��

�V�W�U�X�F�W�X�U�H�V���W�R���D�J�H���P�R�U�H�����7�K�X�V�����S�R�U�H�V���F�R�X�O�G���D�G�R�S�W���W�K�H���G�H�V�L�U�H�G���U�H�O�D�[�H�G���V�W�U�X�F�W�X�U�H�V���Z�L�W�K���D�Q�J�O�H�V���R�I��

�D�S�S�U�R�[�L�P�D�W�H�O�\�� �������ƒ�� ��Figure 4.8�D���E����Figure S4.5�E�����	�� Figure S4.7�D���F�������$�� �V�P�D�O�O�� �Q�X�P�E�H�U�� �R�I��

�H�[�W�U�H�P�H���L�Q�W�H�U�L�R�U���D�Q�J�O�H�V���Z�H�U�H���R�E�V�H�U�Y�H�G���L�Q���S�H�D�N�������R�I��Figure S4.5�E�����6�K�R�U�W�H�U���G�U�\�L�Q�J���W�L�P�H�V���S�H�U�P�L�W��

�O�H�V�V�� �D�J�L�Q�J�� �D�Q�G�� �V�R�� �S�U�R�G�X�F�H�� �P�R�U�H�� �D�F�X�W�H�� �D�Q�G�� �R�E�W�X�V�H�� �L�Q�W�H�U�L�R�U�� �D�Q�J�O�H�V�� ��Figure S4.5�D���S�H�D�N�� ���� �D�Q�G��

Figure S4.7�D���������������������������U�S�P���E�O�H�Q�G�V���Z�H�U�H���D�O�V�R���O�H�V�V���K�R�P�R�J�H�Q�R�X�V���D�F�U�R�V�V���W�K�H���V�D�P�S�O�H���W�K�D�Q������������

�U�S�P���E�O�H�Q�G�V����Figure S4.7�������6�S�D�U�V�H���S�D�U�W�L�D�O���P�H�V�D���I�R�U�P�D�W�L�R�Q���Z�D�V���R�E�V�H�U�Y�H�G���L�Q���)�H���2�����P�D�W�U�L�F�H�V�����Z�K�H�Q��

�E�L�R�S�R�O�\�P�H�U���W�H�P�S�O�D�W�H�V���Z�H�U�H���F�D�V�W���D�W�������������U�S�P����Figure S4.7�E�������D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���W�K�L�F�N�H�U���G�H�S�R�V�L�W��

�R�I���W�K�H���E�L�R�S�R�O�\�P�H�U���W�H�P�S�O�D�W�H�����%�R�W�K���P�D�V�N�V���F�U�H�D�W�H�G���X�V�L�Q�J�������������D�Q�G�������������U�S�P���E�O�H�Q�G�V���K�D�G���S�R�U�H�V���R�I��

�V�X�E�����������Q�P���G�L�D�P�H�W�H�U�V���L�Q���E�H�W�Z�H�H�Q���O�D�U�J�H�U���S�R�U�H�V�����)�L�Q�D�O�O�\�����P�H�W�D�O���P�D�V�N�V���S�U�R�G�X�F�H�G���X�V�L�Q�J���W�K�H������������

�U�S�P�� �E�O�H�Q�G���H�[�K�L�E�L�W�H�G���X�Q�G�H�V�L�U�H�G�� �G�H�I�R�U�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �S�R�U�H�� �Z�D�O�O���� �Q�R�Q���F�R�Q�Q�H�F�W�L�Y�H�� �Z�D�O�O�� �V�W�U�X�F�W�X�U�H�V��

�D�Q�G���V�O�L�J�K�W�O�\���M�D�J�J�H�G���U�H�J�L�R�Q�V����Figure S4.7�I�������3�R�U�H�V���S�U�R�G�X�F�L�Q�J���X�V�L�Q�J�������������U�S�P���E�L�R�S�R�O�\�P�H�U���E�O�H�Q�G��

�Z�H�U�H���Q�R�W���D�V���G�H�I�R�U�P�H�G����Figure S4.7�F�������,�W���L�V���S�R�V�V�L�E�O�H���W�K�D�W���W�K�H���D�F�X�W�H���D�Q�J�O�H���R�I���V�R�P�H���R�I���W�K�H���S�R�U�H��

�Z�D�O�O�V����Figure S4.5�����F�D�X�V�H�V���V�W�U�D�L�Q���G�X�U�L�Q�J���R�[�L�G�H���I�R�U�P�D�W�L�R�Q�����D�Q�G���P�D�\���U�H�V�X�O�W���L�Q���W�K�L�V���G�H�I�R�U�P�D�W�L�R�Q���� 
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Figure 4.9: Statistical analysis of 1:1 BSA-Ch blends. Each curve is based on 

approximately 1000 diameter measurements performed with Gwyddion, and interdomain 

�G�L�V�W�D�Q�F�H���S�H�U�I�R�U�P�H�G���Z�L�W�K���,�P�D�J�H�-�����3�6�'�¶�V���Z�H�U�H���I�L�W�W�H�G���Z�L�W�K���O�R�J-normal curves, while interdomain 

distances were fitted Gaussian curves. The black curve (solid) denotes the best polymodal fit 

with the distribution, while the deconvouted peaks, shown in red (dashed), show the separate 

populations in the PSD. A and D) display the normalized PSD and interdomain distance of 

biopolymer blends cast at 4000 rpm and 20% RH. (B, E) corresponds to the PSD and 

interdomain distance biopolymer blends cast at 3000 rpm, 20% RH. C, F) corresponds to the 

PSD and interdomain distance of biopolymer blends cast at 3000 rpm, 60% RH.   

 

Figure 4.9 shows the particle size distributions (PSDs) and interdomain distances for the 1:1 

BSA-Ch biopolymer templates cast at; 3000 rpm 60% RH (Figure 4.9a & d);  3000 rpm 20% 

RH (Figure 9b &d); and 4000 rpm 20% RH (Figure 4.9c & f). Analysis of the BSA domain 

size and interdomain spacing provides insight into the growth mechanism of the biopolymer 

blend, and the expected morphology following metal inclusion and etching. This provides 

greater understanding of the growth mechanism and, thereby, control of the biopolymer and 

metal template. At 20% RH, reducing spin speed from 4000 rpm to 3000 rpm resulted in a 

reduction of the domain size of smaller BSA spheres, while increasing the size of the larger 

BSA spheres (Figure 4.9a and b). The mean diameter of BSA spheres increased from 0.29 �“��

����������µm to 0.54���“������������µm. The number of BSA spheres/area reduced slightly from 4.99 �“���������� 

spheres/µm 2 to 4.66 �“���������� spheres/µm2. The interdomain distance of the BSA remains the 

same, approximately 0.5 �“���������� µm. The growth of larger particles, with a reduction in size of 
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smaller particles, and little-to-no change to the interdomain distance between particles 

describes a diffusion process (i.e. Ostwald ripening, Figure 4.9d and e), indicating Ostwald 

ripening is dominant in this blend when reducing spin speed.100,101 This supports the formation 

of more acute and obtuse interior angles earlier in the growth process (Figure S4.5). However, 

increasing humidity to 60%, as with the initial templates, results in an increase in size of both 

smaller and larger features, which is evident in the modal shift observed in Figure 4.9c. Mean 

particle diameter is increased to 0.51 �“���������� µm�����7�K�H���O�D�U�J�H���Y�D�U�L�D�W�L�R�Q���L�Q���V�L�]�H���U�H�V�X�O�W�V���I�U�R�P���I�H�D�W�X�U�H�V��

�L�Q���W�K�L�V���E�O�H�Q�G���H�[�F�H�H�G�L�Q�J���� µm. BSA spheres/area is further reduced to 3.62 �“������������spheres/µm2.��

This results in a larger interdomain spacing observed in Figure 4.9f, 0.82 �“�� �������� µm.  This 

indicates that increasing the humidity results in coalescence of BSA domains.100�±102  

To achieve smaller feature sizes used in pattern transfers to produce AR coatings,9 inhibition 

of coalescence (growth by Ostwald ripening) is required. Any deviations from the modes of 

the diameter, mean diameter, features/area, loss of tessellation, or feature spacing from the 

biopolymer template will indicate the efficacy of the metal patterning (Figure S4.8) and 

subsequent etching (Figure S4.9). An in-depth discussion of such can be found in the SI. 

Numerous mechanisms involve the removal of water in some form or another, or the overfilling 

of pores.  However, the strain caused by such extreme interior angles formed by the pores likely 

plays a role, e.g. peak 1 in Figure S4.5a, & Figure S4.7 d �± f. In contrast, larger pores appear 

�L�Q���W�K�H���P�H�W�D�O���R�[�L�G�H���6�'�¶�V�����D�W�W�U�L�E�X�W�H�G���W�R���U�H�J�L�R�Q�V���R�I���S�R�R�U���P�H�W�D�O���X�S�W�D�N�H���R�E�V�H�U�Y�D�E�O�H���L�Q����Figure 4.7 

and Figure 4.8. The increase in interpore spacing is ascribed to the number of pores transferred 

to the substrate, likely caused by limited perforation of the BSA domains to the substrate.9 

�7�K�R�X�J�K�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �W�U�D�Q�V�I�H�U�U�H�G�� �S�R�U�H�V�� �D�S�S�U�R�D�F�K�H�V�� �W�K�H�� �W�K�H�R�U�H�W�L�F�D�O�� �Q�X�P�E�H�U�� �R�I�� �W�U�D�Q�V�I�H�U�D�E�O�H��

�S�R�U�H�V�� �P�D�G�H�� �W�K�U�R�X�J�K�� �V�\�Q�W�K�H�W�L�F�� �S�R�O�\�P�H�U�� �E�O�H�Q�G�V���� �I�H�D�W�X�U�H�V�� �W�K�D�W�� �D�U�H�� �Q�R�W�� �W�U�D�Q�V�I�H�U�U�H�G�� �D�I�I�H�F�W�� �W�K�H��

�L�Q�W�H�U�S�R�U�H�� �V�S�D�F�L�Q�J���� �7�K�L�V�� �Z�R�X�O�G�� �O�L�N�H�O�\���D�I�I�H�F�W�� �W�K�H�� �K�R�P�R�J�H�Q�H�L�W�\�� �R�I�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �D�F�U�R�V�V�� �W�K�H��

�V�X�E�V�W�U�D�W�H���� �D�Q�G�� �L�V�� �X�Q�G�H�V�L�U�D�E�O�H�� �Z�K�H�Q�� �X�Q�L�I�R�U�P�� �K�R�P�R�J�H�Q�H�R�X�V�� �S�D�W�W�H�U�Q�� �L�V�� �U�H�T�X�L�U�H�G�����������7�K�H�� �O�D�F�N�� �R�I��

�F�R�P�S�O�H�W�H���S�D�W�W�H�U�Q���W�U�D�Q�V�I�H�U�� �O�L�N�H�O�\�� �U�H�V�X�O�W�V�� �I�U�R�P�� �D�� �P�L�[�H�G�� �O�D�W�H�U�D�O�� �D�Q�G�� �Y�H�U�W�L�F�D�O�� �S�K�D�V�H�� �P�R�U�S�K�R�O�R�J�\����

�H�[�K�L�E�L�W�H�G���E�\���D���P�D�M�R�U�L�W�\���R�I���S�R�O�\�P�H�U���E�O�H�Q�G�V���D�Q�G���Z�K�\���P�R�V�W���K�D�Y�H���Q�R�W���E�H�H�Q���X�V�H�G���D�V���O�L�W�K�R�J�U�D�S�K�L�F��

�P�D�V�N�V�������������+�R�Z�H�Y�H�U���� �W�K�H�� �X�V�H�� �R�I�� �S�R�O�\�P�H�U�� �E�O�H�Q�G�V�� �U�D�W�K�H�U�� �W�K�D�Q�� �%�&�3�V�� �L�V�� �P�R�U�H�� �F�R�V�W�� �H�I�I�H�F�W�L�Y�H����

�L�Q�F�U�H�D�V�H�V�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �P�D�W�H�U�L�D�O�V�� �D�Y�D�L�O�D�E�O�H�� ���F�R�P�S�D�U�H�G�� �W�R�� �S�U�R�G�X�F�L�Q�J�� �Q�H�Z�� �%�&�3�V������ �D�O�O�R�Z�V�� �I�R�U��

�P�R�U�H�� �I�O�H�[�L�E�L�O�L�W�\�� �Z�L�W�K�� �D�� �U�D�Q�J�H�� �R�I�� �S�D�W�W�H�U�Q�V�� �V�L�]�H�V�� �D�Q�G�� �V�K�D�S�H�V���� �V�L�P�S�O�H�� �P�X�O�W�L�V�F�D�O�H���S�D�W�W�H�U�Q�L�Q�J�� �L�Q�� �D��

�V�L�Q�J�O�H���V�W�H�S���•�����������Q�P���S�D�W�W�H�U�Q�V���G�X�H���W�R���W�K�H���O�D�F�N���R�I���E�O�R�F�N���O�H�Q�J�W�K���U�H�V�W�U�L�F�W�L�R�Q�V���������������� 

�+�X�D�Q�J���H�W���D�O���S�U�R�G�X�F�H�G���P�H�W�D�O���P�D�V�N�V���W�K�U�R�X�J�K���V�S�L�Q���F�D�V�W�L�Q�J���R�I���3�6���3�0�0�$���E�O�H�Q�G�V���D�Q�G���G�H�S�R�V�L�W�L�R�Q��

�R�I���P�H�W�D�O���Y�L�D���W�K�H�U�P�D�O���H�Y�D�S�R�U�D�W�L�R�Q�����7�K�L�V���D�F�K�L�H�Y�H�G���D���S�R�U�R�X�V���P�H�W�D�O���P�D�W�U�L�[���Z�L�W�K���S�R�U�H�V���E�H�W�Z�H�H�Q����������

�±�����������Q�P���Z�L�W�K���D�Q���D�Y�H�U�D�J�H���R�I�����������Q�P�����7�K�H���O�D�U�J�H�V�W���Q�X�P�E�H�U���R�I���S�R�U�H�V���D�U�H�D���L�Q���W�K�H���P�H�W�D�O���P�D�V�N���Z�D�V��
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���������K�R�O�H�V���—�P�����������*�X�R���H�W���D�O���D�F�K�L�H�Y�H�G���V�L�P�L�O�D�U���U�H�V�X�O�W�V���Z�L�W�K���3�6���3�(�*���E�O�H�Q�G�����7�\�S�L�F�D�O���S�R�U�H���G�L�D�P�H�W�H�U�V��

�U�D�Q�J�H�G���I�U�R�P�����������±�����������Q�P�����V�S�D�F�H�G�����������Q�P���D�S�D�U�W�����3�R�U�H�V���D�U�H�D���U�D�Q�J�H�G���I�U�R�P�����������K�R�O�H�V���—�P�����W�R������������

�S�R�U�H�V���—�P�������+�R�Z�H�Y�H�U�����K�L�J�K���S�R�U�H���D�U�H�D���I�L�O�P�V���Z�H�U�H���Q�R�W���K�R�P�R�J�H�Q�R�X�V�O�\���S�R�U�R�X�V�����Z�K�L�O�H���O�D�U�J�H�U���S�R�U�H��

�I�L�O�P�V���H�[�K�L�E�L�W�H�G���E�L�P�R�G�D�O���3�6�'�V�������$�V���W�K�H���Q�X�P�E�H�U���R�I���S�R�U�H�V���D�F�W�X�D�O�O�\���W�U�D�Q�V�I�H�U�U�H�G���W�R���W�K�H���V�X�E�V�W�U�D�W�H���L�Q��

�R�X�U���Z�R�U�N���H�[�F�H�H�G���W�K�H���W�K�H�R�U�H�W�L�F�D�O���P�D�[�L�P�X�P���Q�X�P�E�H�U���R�I���S�R�U�H�V���W�K�D�W���F�R�X�O�G���E�H���W�U�D�Q�V�I�H�U�U�H�G���E�\���+�X�D�Q�J��

�H�W���D�O�����E�L�R�S�R�O�\�P�H�U���E�O�H�Q�G�V���V�K�R�Z���W�K�H�\���D�U�H���D���Y�L�D�E�O�H���F�D�Q�G�L�G�D�W�H���I�R�U���P�H�W�D�O���W�H�P�S�O�D�W�L�Q�J���� 

Finally, the dielectric constant and donor number of the solvent appear to affect metal uptake 

rate (Figure S4.10, discussed in SI). The strength of hydration of the anion appears to play a 

role in chaperoning the anion to protein functional groups rather than the backbone (Figure 

S4.11, discussed in SI), thereby chaperoning the metal to the protein domain. Finally, very 

little metal can be adsorbed by the Ch domain if the anion and cation do not promote chelation 

(Figure S4.12 discussed in SI) resulting in no metal oxide pattern development.  ���� 

 

4.4. EXPERIMENTAL  
 

4.4.1. BIOPOLYMERS , CASTING SOLUTIONS AND SUBSTRATE 

Low molecular weight chitosan (50-190 kDa, 75% deacetylation) and bovine serum albumin 

���O�\�R�S�K�L�O�L�V�H�G���S�R�Z�G�H�U�����•�������������P�R�O�H�F�X�O�D�U��weight ~66 kDa) were purchased from Sigma Aldrich. 

Substrates used all cases were planar substrates, highly polished single-crystal silicon <100> 

wafers (p-type, boron) with a native oxide layer of ~2 nm, were used. Stock and working 

solutions were prepared as reported in our previous work.41 Films were cast using a spin coater 

(Speciality Coating Systems, 6800 Spin Coater Series). The substrate was spun for 30 s (ramp 

time 5 s, dwell 25 s). Casting solutions contained 1 w/v% BSA 1 w/v% Ch (1:1 blend ratio).  

Biopolymer films were cast at 60% and 20% relative humidity (RH). 20% RH was achieved 

by a custom-built humidity controlled spin coating chamber. Temperature and humidity were 

monitored using a HOBO MX Temp/RH Logger sensor. 

 

4.4.2. METAL INCLUSION  

All metal precursors were purchased from Sigma-Aldrich and used as received.  Metal reagents 

included AgNO3, Al(NO3)3.9H2O, FeCl3, Fe(CO2CH3)2, Fe(acac)2, Fe(acac)3, Fe(NO3)3.9H2O, 

Ce(NO3)3.6H2O, CuCl2, Cu(CO2CH3).H2O, Cu(SO4).H2O, Cu(NO3)2.3H2O, Ni(NO3)2.6H2O, 

and NiCl2.6H2O. Before metal inclusion, metals were dissolved in anhydrous EtOH.  

Experiments with other solvents (such as dH2O, acetone, and isopropyl alcohol may be found 
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in 4.7 Appendix. Substrates were cleaned using acetone and EtOH for 30 min via 

ultrasonication, and were dried using a nitrogen stream. Metal inclusion was achieved by 

exposing the biopolymer blend film to 0.5 mL of metal solution for a set amount of time before 

spin coating, with inclusion times for the Fe precursors ranging from 2.5 s to 60 s. The wt% of 

the Fe precursors was varied from 0.1 wt% - 1.2 wt%. Metal inclusion was performed at 3000 

rpm (ramp time 5 s, dwell 25 s) at ambient humidity (60% RH).  

After metal inclusion, incorporated films were then placed into furnace, and calcined at 700 ºC 

for 1 hr, to remove the biopolymer template, and oxidize the metal precursor.  The furnace was 

either: 1) preheated to 700 °C for rapid calcination or; 2) samples were heated to 160 °C for 1 

hr, with a ramp rate of 20 °C/min, to remove water before calcination. After calcination, 

samples were removed, and allowed to cool to room temperature before further processing or 

analysis. 

Samples were then placed into a cold furnace, heated to 700 °C (with a 20 °C/min ramp) and 

left for 1 hr before removal. Selected metal oxides were etched using NH4F (0.5 g), dH2O (12.6 

mLs) and 70% HNO3 (8.3 mLs).  

4.4.3. CHARACTERIZATION  

Surface topographies were imaged by atomic force microscopy (AFM) in non-contact mode 

using a Park Systems, XE-100 instrument. Images were analysed using Park XEI, Gwyddion, 

and ImageJ, and resulting data analysed using Origin.41 Inter-domain distances were 

determined using ImageJ, and fitted with Gaussian curves.102,106,107 Voronoi tessellation (used 

to determine inter-domain distance) was analysed using ImageJ, using the method developed 

by Corson et al.98 Feature diameter, features/area, and inter-domain distance were represented 

as mean±standard deviation, using approx. 1000 features. Infrared spectra of the substrate, 

biopolymer blend and iron oxide were recorded using a PerkinElmer Spectrum 2 FT-IR 

spectrometer. 64 scans were collected and averaged in the range of 400 �± 4000 cm-1. with a 

resolution of 4 cm-1. Elmer Spectrum v5.0.1 software was used to perform baseline corrections. 

X-Ray photoelectron spectroscopy (XPS) on metal oxides were performed using an Oxford 

Applied Research Escabase XPS system with a non-�P�R�Q�R�F�K�U�R�P�D�W�H�G�� �$�O�� �.�.�� �[-ray source 

operated at 200 W. This is further detailed in our previous work.41 XPS data was processed 

using CasaXPS software with a Shirley background correction applied and peaks fitted to Voigt 

profiles. Raman spectra of the Si substrate and iron oxide sample were collected using a 

Renishaw InVia Raman Spectrometer using a 40 mW Ar+ laser at 514 nm excitation, with the 

beam focused onto the samples using a 50 x objective lens. Spectra were collected using a 
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RenCam CCD camera and plotted using Origin. biopolymer blends could replace existing 

synthetic polymer technologies in a simple manner. 

 

4.5. CONCLUSION  
Evolutionary processes have sculpted nanoscale structure in the wings of butterflies, rendering 

them optimally reflective for their niche. BioMIL is the first method that allows us to mimic 

those structures by fabricating metallic, tessellated features, in a bottom-up process. It is also 

the first description of how to selectively incorporate a metal into one biopolymer (a 

polysaccharide), while avoiding incorporation into another (a protein). This opens up a source 

of green materials for bottom-up manufacturing of metallic structures, and provides a means 

to create these intricate biological patterns. 

The morphologies of the biopolymer templates we used here can be readily modified by 

controlling ambient humidity, or deposition spin speed. To achieve feature sizes suitable for 

AR surfaces9, features were grown by Ostwald ripening rather than coalescence mechanisms 

(Figure 9). The binding of cations to either the protein or polysaccharide domain follows the 

HSAB principle. Additionally, specific anions, such as NO3
-, behave as chaperones, shuttling 

metals to the protein (BSA) domain.70,71 Increasing the precursor concentration enhanced 

chaperoning of metal to the protein domain, when using a more strongly hydrated anion. As 

more anions bind to the protein surface, the protein-anion complex becomes more negatively 

charged, enhancing the affinity of the protein domain for the Fe3+ cations, allowing for even 

more selective metal incorporation. This is a significant advantage as Fe is one of the most 

commonly used metals industrially in metal-PBL type processes.69 Undesired metal chelation 

to the protein domain can be avoided by reducing metal ion solution �± biopolymer template 

contact times, or by reducing the wt% of the metal ion solution. Similarly, limiting the contact 

time of the metal ion solution with the biopolymer template prevents the formation of 

problematic mesa structures.  

Typically, metal-PBL methods require selective removal of one polymer domain, then thermal 

deposition of a metal, followed by removal of the final polymer domain, to produce a metal 

mask.8,10,42 BCP patterning is more efficient; metal is typically incorporated into a single 

domain by selective inclusion of the metal into that domain.43 Our BioMIL process makes use 

of the greater efficiencies in BCP patterning based methods, and enhances them with the 

advantages found in biopolymers. By using a biopolymer blend instead of synthetic BCPs, and 

by selecting Ch as one of the components, BioMIL makes use of the metal binding capacity of 
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Ch to promote the growth of a metal film that mirrored the Ch domain.44�±47 Common problems 

like cracking in the resultant metal mask were prevented by the use of an unhydrated metal 

precursor, or the removal of water through a simple bake (160 °C) before annealing.  

By using a wet etch (NH4F/HNO3/H2O solution), a maximum of 53% of pores could be 

transferred to the substrate. This results from a mixed �O�D�W�H�U�D�O�� �D�Q�G�� �Y�H�U�W�L�F�D�O�� �L�Q�W�H�U�Q�D�O�� �S�K�D�V�H��

�P�R�U�S�K�R�O�R�J�\������������Pore wall aspect ratio could be improved by modifying the deposition speed 

of the metal precursor, or through the FeCl3 precursor mesa formation mechanism, which may 

help reduce the effects of mask erosion during lithography. Pores of this size could be used as 

optical filters, anisotropic etching masks and hierarchical patterns for cell adhesion studies.10 

Numerous optical and optoelectronic technologies derive their properties from the average 

surface morphology, making blends an ideal candidate.9 Etched silicon solar cells with 

irregular pores approximately 100 nm deep can reduce reflection loss to as much as 2.1%.105. 

This would reduce the effects of mask erosion during lithography. Etching could be improved 

by using an anisotropic reactive ion etch, or refinement of BSA perforation to the substrate.9 

This method could be used to produce porous surfaces for optical filters, anisotropic etching 

masks and hierarchical patterns for cell adhesion studies.10 �7�K�H���Q�X�P�E�H�U���R�I���S�R�U�H�V���V�X�F�F�H�V�V�I�X�O�O�\��

�W�U�D�Q�V�I�H�U�U�H�G���W�R���W�K�H���V�X�E�V�W�U�D�W�H���L�Q���W�K�L�V���Z�R�U�N���R�X�W�S�H�U�I�R�U�P���W�K�H���W�K�H�R�U�H�W�L�F�D�O���P�D�[�L�P�X�P���Q�X�P�E�H�U���R�I���S�R�U�H�V��

�Z�K�L�F�K�� �F�R�X�O�G�� �E�H�� �W�K�H�R�U�H�W�L�F�D�O�O�\�� �W�U�D�Q�V�I�H�U�U�H�G�� �E�\�� �+�X�D�Q�J���H�W�� �D�O���� �H�P�S�K�D�V�L�V�L�Q�J�� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �R�I�� �W�K�H��

�%�L�R�0�,�/���S�U�R�F�H�V�V���I�R�U���S�D�W�W�H�U�Q���W�U�D�Q�V�I�H�U���D�S�S�O�L�F�D�W�L�R�Q�V������Pore transference could be further improved 

by the use of reactive ion etches to expose the Si substrate before pattern transfer of the metal 

mask to the silicon. This could achieve up to 570 million pores/cm2, which exceeds most 

synthetic polymer PBL pores/area. 

Arguably the most promising finding in this work is that by maintaining low humidity 

environments and high spin speeds, our BioMIL process produced tessellated structures. 

Analysis of the tessellation patterns and the PSD of the protein domains indicated an inhibited 

growth mechanism. This is the first evidence that metal adsorption into a polymer blend of any 

type can produce tessellated features. The highly AR structures of butterfly wings are 

tessellated, and their successful replication in synthetic materials has long been sought. The 

range of feature sizes, tessellated morphologies, and pores/area seen in this work are the closest 

replication of the porous butterfly wing structure to date using a bottom-up approach.33�±37���� 

 Reflecting on our findings, though the theory behind BioMIL is more complex than that of 

metal-PBL, its methods are simpler, as scalable, and more affordable. The biopolymers that 

underpin the process are renewable, biodegradable, and can be sourced from the wastes of other 

industries as part of a circular economy. The phase separation processes that determine the 
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patterns of the metal masks occur within a minute, and metal incorporation can also be 

performed in under a minute, making for rapid production. Processing conditions allow for 

total control of the metal oxide morphology. The BioMIL process is a feasible, economical, 

more controllable, cleaner, more sustainable, and potentially superior alternative to synthetic 

polymer based metal-PBL process, and holds great promise for future sustainable technologies. 
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4.7. APPENDIX 

 

Figure S4.1:���$�)�0�� �D�Q�G�� �R�S�W�L�F�D�O�� �P�L�F�U�R�V�F�R�S�\�� �L�P�D�J�H�V�� �R�I�� �W�K�H�� �P�H�W�D�O�� �V�X�U�I�D�F�H�V�� �D�I�W�H�U�� �P�H�W�D�O��

�L�Q�F�R�U�S�R�U�D�W�L�R�Q�� �D�Q�G�� �F�D�O�F�L�Q�D�W�L�R�Q�� �D�I�W�H�U�� �Y�D�U�L�R�X�V�� �G�L�I�I�H�U�H�Q�W�� �E�L�R�S�R�O�\�P�H�U�� �W�H�P�S�O�D�W�H�±�P�H�W�D�O�� �V�R�O�X�W�L�R�Q��

�F�R�Q�W�D�F�W���W�L�P�H�V�������$�����D�Q�G�����%���������V�������&�����D�Q�G�����'�����������V�����D�Q�G�����(�����D�Q�G�����)�����������V���F�R�Q�W�D�F�W���W�L�P�H�V�� 
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Figure S4.2: XPS survey spectra of the metal surfaces after metal incorporation and 

calcination at 700 ºC, at a ramp rate of 20 ºC/min. Survey spectra for (A) Fe; (B) Ce; (C) Al; 

(D) Ni; and (E) Cu surfaces. 
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Figure S4.3: Shows the XPS (A) Fe 2p; (B) Ce 3d; (C) Al 2p; (D) Cu 2p; (E) Ni 2p and 

(F) Ni 3p spectra of the metal matrix after annealing and calcination treatment. 
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Figure S4.4: Plot of humidity of the spin-coating chamber as solvent is lost from the 

sample. The average % RH (black line) plotted as a function of time, with the standard 

deviation of 4 runs plotted as blue region. Humidity of the chamber never exceeded 22% RH. 

The majority of solvent loss was achieved after approx. 50 s. Relative Humidity (RH) readings 

from HOBO MX Temp/RH Logger sensor for 1:1 BSA-Ch blend film cast at 3000 RPM, 20% 

RH. 
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Figure S4.5: Geometry of Fe2O3 masks. Distribution of angles at the vertices of 

polygonal pores. Masks generated with biopolymer template 1:1 BSA-Ch blends cast at 20% 

RH, at (A) 4000 rpm and (B) 3000 rpm. Higher casting speed corresponds to earlier drying. 
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Figure S4.6: (A) FTIR spectra of Si substrate, biopolymer template and Fe2O3 porous 

matrix after annealing and calcination. (B) Raman spectra of Si substrate and Fe2O3 porous 

matrix after annealing and calcination. 

 

The FTIR spectra of Figure S4.6a show a band at about 480 cm-1 corresponding to pseudocubic 

�.-Fe2O3.1 The FTIR data of the biopolymer blend and Si substrate were found to be consistent 

with what was reported in our previous work.2 No biopolymer was detected on the substrate 

�D�I�W�H�U���F�D�O�F�L�Q�D�W�L�R�Q�������.-Fe2O3 was also confirmed using Raman spectroscopy, Figure S4.6b. As 

with the FTIR spectra, bands mainly arose from the Si substrate due to the small thickness of 

the film. The broad intense peak band observed at around 1310 cm-1 corresponds to the 2LO 

line occurs due to resonance enhancement.3 The modes observed 305, 416, 616 cm-1 

correspond to the Eg �P�R�G�H�V���R�I���.-Fe2O3,3,4 while the modes observed at 662 and 819 cm-1 are 

�R�Q�O�\���R�E�V�H�U�Y�H�G���L�Q���K�L�J�K�O�\���F�U�\�V�W�D�O�O�L�Q�H���K�H�P�D�W�L�W�H�����V�X�F�K���D�V���F�R�P�P�H�U�F�L�D�O���.-Fe2O3.
3,4  
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Figure S4.7: Each image is 2 x 2 µm, scale bar provided in image A. AFM images of 

Fe2O3 metal masks, produced with 1:1 BSA-Ch blend at 20% RH. Metal precursor used was 1 

wt% Fe(NO)3.9H2O-EtOH solution. A-C) Shows Fe2O3 mask created using BSA-Ch blend cast 

at 3000 RPM. D-F) Shows Fe2O3 mask created using BSA-Ch blend cast at 4000 RPM.   
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Figure S4.8 shows the PSD and spacing of metal masks generated using various biopolymer 

templates, which will highlight any issues in incorporation of the metal. The Fe2O3 mask 

generated using BSA�±Ch template, 4000 rpm, 20% RH contains 4 modes rather than 2 (Figure 

S4.8a). Small pore formation (0.09 µm) in iron oxide may result from a number of mechanisms; 

ejection of retained water5,dehydration/dehydroxylation during conversion of goethite 

(FeO(OH), an intermediate of iron nitrate nonahydrate decomposition) to hematite6�±8, local 

stress resulting from rapid local temperature changes or rapid grain growth9, defects formation 

during Fe2O3 formation.7 Liu et al showed increasing temperature produces larger pore 

diameter in Fe2O3 (though no mechanism was provided), and pores in this mode of the size 

distribution are of comparable size.10 It is possible that some pores were overfilled, reducing 

the diameter, and that the formation of this mode in the PSD is a combination of the above 

mechanisms.11 However, we believe the most likely mechanism is strain caused by more acute 

and obtuse interior angles causing additional pore formation (Figure S4.5�D & Figure S4.7f). 

In support of this, the production of extra pores is much less evident in Figure S4.8b, and non-

Figure S4.8: Statistical analysis of Fe2O3 masks generated using various biopolymer 

blends templates. Metal masks were produced as in Figure 4.6, using 1 wt% Fe(NO3)3.9H2O. 

A, D) display the normalized PSD and interdomain distance of pores generated with 

biopolymer blend cast at 4000 rpm and 20% RH. (B, E) corresponds to the PSD and 

interdomain distance of pores generated with biopolymer blends cast at 3000 rpm, 20% RH. 

C, F) corresponds to the PSD and interdomain distance pores generated with biopolymer 

blends cast at 3000 rpm, 60% RH.  
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existent in Figure S4.8c. The large tail in the zone of bigger pores in Figure S4.8a (> 0.5 µm) 

indicates poor resolution between the some of the pores. This may be due to insufficient metal 

incorporated into the Ch domain, due to the thinner nature of the 4000 rpm biopolymer film. 

Both modes in the PSD of the biopolymer template are observed in the PSD of the metal mask 

(0.25 µm and 0.38 µm, Figure S4.8a). The addition of smaller and larger pores is reflected in 

the bimodal spacing between the pores (Figure S4.8d) with pores approx. 0.54 �“�� �������� µm 

apart. The number of pores/area (5.72 �“������������pores/µm2), is slightly increased from the number 

of BSA spheres/area; the highest number of features/area achieved thus far. We suspect that 

strain caused by the acute and obtuse interior angles of tessellated pores causes additional pore 

formation by deformation of the pore wall (i.e. defect pores). In summary, fast solvent 

evaporation causes tessellation. However, when evaporation is too fast, deformation of the 

pores occurs due to strain (caused by obtuse and acute interior angles of the pores, e.g. peak 1 

in Figure S4.5a & Figure S4.7 d �± f).  

 

Figure S4.8b and d shows the size distribution and spacing of pores for the metal oxide 

produced using 1:1 BSA-Ch template, 3000 rpm at 20% RH. The PSD of the pores (Figure 

S4.8b) matches that of the biopolymer template (Figure 4.9b). Again, the peak at 0.09 µm is 

prominent, indicating a similar mechanism to the 4000 rpm 20% RH biopolymer blend, though 

to a lesser extent. The absence of a long tail extending past 0.8 µm in Figure S4.8b shows 

better adoption of the biopolymer pattern. This is attributed to the thicker nature of the film 

(being cast at 3000 rpm), improving the adsorption of the metal precursor due to the presence 

of more Ch. The number of pores/area matched that of the biopolymer template (4.50 �“��������������

pores/µm2) with a minor decrease in the mean pore diameter (0.37 �“������������µm) due to the mode 

at 0.09 µm (Figure S4.8b). Pore spacing remained unimodal with an average spacing of 0.63 

�“������������µm, a slight increase from the biopolymer template it was generated from. The PSD and 

interpore spacing of the metal mask have a higher similarity to the biopolymer template than 

the metal mask generated using the 1:1 BSA-Ch template, 4000 rpm at 20% RH. Though the 

number of features/area is not as high, the retention of the original pattern and higher definition 

of the pattern make it more suitable as a pattern transfer mask.  

Finally, the metal mask generated from BSA-Ch template, 3000 rpm at 60% RH produced a 

bimodal size distribution. The first peak at 0.31 µm increased in intensity (Figure S4.8c) while 

number of pores/area is slightly lower than the number of BSA spheres in the biopolymer 

template, with �����������“������������pores/µm2. The slight reduction in pores/area and reduction in mean 

pore diameter suggest partial overfilling of the pores and secondary overlayer formation.11 The 



215 
 

spacing of pores compared to the BSA domains was similar, though, due to the reduction in 

density, a tail is observed in the pore spacing distribution (Figure S4.8f). Because of the larger 

pores formed due to coalescing BSA domains, the reduction in features/area compared to the 

biopolymer template, and the reduction in mean pore diameter, this metal mask is not suitable 

for pattern transfer.  

 

Figure S4.9 shows the PSD and spacing distribution of pores after a 5 min etch in 

NH4F/HNO3/H2O solution, with AFM images shown in Figure 4.8c and g. The 3000 rpm 

template generated etched pores with a mean diameter of 0.36 �“�������������—�P�����Z�L�W�K���D���P�D�[���G�L�D�P�H�W�H�U��

�R�I�������������—�P����Figure 4.8c �D�Q�G��Figure S4.9a�����7�K�H���Q�X�P�E�H�U���R�I���S�R�U�H�V���S�H�U���D�U�H�D���G�H�F�U�H�D�V�H�G���W�R�������������“��

���������� �S�R�U�H�V���—�P�������7�K�L�V�� �G�H�F�U�H�D�V�H�� �L�V�� �U�H�I�O�H�F�W�H�G�� �L�Q�� �W�K�H�� �V�S�D�F�L�Q�J�� �E�H�W�Z�H�H�Q�� �W�U�D�Q�V�I�H�U�U�H�G�� �S�R�U�H�V����Figure 

S4.9c�����Z�L�W�K���D���E�U�R�D�G�H�Q�L�Q�J���R�I���W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���X�S���W�R�������������—�P�����)�R�U���W�K�H�������������U�S�P���W�H�P�S�O�D�W�H�������������R�I��

Figure S4.9: Statistical analysis substrate after 5 min etch with NH4F/HNO3H2O 

solution. A, C) Correspond to diameter and interpore distance of images in Figure 4.8g (3000 

rpm, 20% RH). B, D) Correspond to diameter and interpore distance of images in Figure 4.8c 

(4000 rpm, 20% RH). 
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�S�R�U�H�V�� �Z�H�U�H�� �W�U�D�Q�V�I�H�U�U�H�G�� �W�R�� �W�K�H�� �V�X�U�I�D�F�H���� �V�K�R�Z�L�Q�J�� �W�K�H�� �%�6�$�� �G�L�G�� �Q�R�W�� �V�X�I�I�L�F�L�H�Q�W�O�\�� �S�H�U�I�R�U�D�W�H�� �W�R�� �W�K�H��

�V�X�E�V�W�U�D�W�H�� .12���,�Q���F�R�Q�W�U�D�V�W�����W�K�H�������������U�S�P���W�H�P�S�O�D�W�H���S�U�R�G�X�F�H�G pores 0.41 �“�������������—�P���L�Q���G�L�D�P�H�W�H�U����

�Z�L�W�K���D���P�D�[���G�L�D�P�H�W�H�U���R�I�������������—�P����Figure S4.9b�������7�K�H���Q�X�P�E�H�U���R�I���S�R�U�H�V���D�U�H�D���G�H�F�U�H�D�V�H�G���W�R������������

�“�������������S�R�U�H�V���—�P��
�����Z�L�W�K���W�K�H���V�S�D�F�L�Q�J���E�H�W�Z�H�H�Q���S�R�U�H�V���E�U�R�D�G�H�Q�L�Q�J���Z�L�W�K���D���P�D�[���S�R�U�H���V�S�D�F�L�Q�J���R�I������������

�—�P����Figure S4.9d�������7�K�L�V���L�Q�G�L�F�D�W�H�V���W�K�D�W���D�S�S�U�R�[�������������R�I���S�R�U�H�V���Z�H�U�H���W�U�D�Q�V�I�H�U�U�H�G���E�\���W�K�H���H�W�F�K�L�Q�J��

�S�U�R�F�H�V�V�� 
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Figure S4.10: AFM images of the metal surfaces after metal incorporation and 

calcination biopolymer template�±metal solution contact times. Each image is 20 x 20 µm, scale 

bar provided in image A. Metal templates were produced with biopolymer template (1:1 BSA-

Ch, 3000 RPM, 60% RH) on planar silicon substrates. 1 wt% Fe(NO3)3.9H2O-solvent was 

incorporated for 5 s.  Samples were heated to 160 °C for 1 hr, with a ramp rate of 20 °C/min 

to remove water before calcination. Samples were then placed into a cold furnace, heated to 

700 °C and left for 1 hr before removal. Solvents used for incorporation were (A) isopropyl 

alcohol (IPA); (B) acetone and (C) dH2O. 

 

Differing solvent systems are known to elicit differing metal binding selectivity onto 

polysaccharides in solvents with different dielectric constants.13 Decreased dielectric constant 

of the solvent results in a reduction of the amount of metal adsorbed by a biopolymer, though 

other factors also play a role.14 Using the dielectric constant of the solvent (solvent polarity) as 

a predictor of metal binding, metal binding was expected to increase in the order of IPA < 

(CH3)2CO < EtOH <<H2O using dielectric constants provided by Sherwood et al (and 

references therein).15 This works well for IPA and H2O (Figure S4.10A and C), with dielectric 

constants in extreme contrast to one another. However, acetone (Figure S4.10B) incorporates 

more metal than EtOH in 5s (shown throughout this work). While dielectric constants may play 

a partial role in metal incorporation, there are other factors to consider. As water is the least 

volatile, we would expect slower water evaporation, thereby including more metal in the film. 

However, as acetone is the most volatile solvent, less metal should be incorporated, though this 

is not observed. Complexation between ligands and cations depend on the solvents ability to 

compete for the cation contesting with the ligand. The ability of the solvent to do this is 

expressed by the solvents donor number.16 The series of donor numbers for solvents chosen 

increase accordingly: (CH3)2CO < H2O << EtOH < IPA.15 Here we see that both acetone and 

water do not strongly compete to solvate the metal, whereas the alcohols do compete, 
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�³�V�K�L�H�O�G�L�Q�J�´���W�K�H���O�L�J�D�Q�G���I�U�R�P���W�K�H���P�H�W�D�O���V�O�R�Z�L�Q�J���P�H�W�D�O���X�S�W�D�N�H��17 Finally, H2O was the only solvent 

to incorporate metal into the BSA domain within 5 s. As the Hofmeister effect also relies on 

the hydration of the solvent to chaperone metals, the increased availability of water likely plays 

a role. Additionally, the swelling of the BSA and Ch likely increase the availability of 

functional groups for chelation within that time.   
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Figure S4.11: AFM images of metal oxide structures using (A) CuCl2; (B) 

Cu(CO2CH3).H2O; (C) CuSO4.H2O and (D) NiCl2.6H2O precursors for metal incorporation. 

Image A is 10 x 10 µm, while image B �± D are image 20 x 20 µm in size. Metal templates were 

produced with biopolymer template (1:1 BSA-Ch, 3000 RPM, 60% RH) on planar silicon 

substrates. Metal templates were prepared with 1 wt% metal precursor-EtOH. Samples were 

annealed and calcined as with Figure S4.2.   
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Figure S4.12: AFM images of iron oxide structures using (A) iron (II) acetylacetonate; 

(B) iron (II) acetate; and (C) iron (III) acetylacetonate. Metal templates produces with 

biopolymer template (1:1 BSA-Ch, 3000 RPM, 60% RH) on planar silicon substrates. Image 

A and B are 20 x 20 µm, while image C is 10 x 10 µm in size.  Metal templates were prepared 

with 1 wt% metal precursor-EtOH. Samples were heated to 160 °C for 1 hr, with a ramp rate 

of 20 °C/min to remove water���E�H�I�R�U�H���F�D�O�F�L�Q�D�W�L�R�Q�����6�D�P�S�O�H�V���Z�H�U�H���W�K�H�Q���S�O�D�F�H�G���L�Q�W�R���D���F�R�O�G���I�X�U�Q�D�F�H����

�K�H�D�W�H�G���W�R�����������ƒ�&���D�Q�G���O�H�I�W���I�R�U�������K�U���E�H�I�R�U�H���U�H�P�R�Y�D�O���� 

 

The Fe2+ precursor with the acetylacetonate anion (Figure S4.12A) incorporated little metal, 

as expected due to the softer nature of the cation. Using a more strongly hydrated anion, acetate 

allowed for partial incorporation of Fe into the BSA domain (Figure S4.12B). Less metal was 

incorporated than in Figure S4.12B, as Cu2+ is a softer cation than Fe2+, with both likely 

bonding to Cys and His residues.18 Increasing the hardness of the Fe cation (Figure S4.12C), 

while using the same concentration and anion as Figure S9A, incorporated far more metal into 

the Ch domain, as with all Fe3+ samples in the bulk of this work. However, the sample is poorly 

resolved and not suitable for potential applications, highlighting the importance of the cation 

charge, and nature of the anion.19  
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Scheme S4.1: (A) 3D structure of BSA (Protein Data Bank ID: 3v03,���Z�Z�Z���U�F�V�E���R�U�J) 

using Swiss-Pdb Viewer V.4.1 software, where the metal binding sites are indicated by colour. 

Cysteine (Cys, 35 residues, sulfhydryl groups, blue) and histidine (His, 16 residues, imidazole 

groups, green). (B) Proposed structure for His-M complex. (C) Proposed structure for Cys-M 

complex. Metal-AA structures drawn using Chemdraw Professional V16.0.1.4.19-23 
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Scheme S4.2: (A) Structure of chitosan polysaccharide created using Chemdraw 

Professional V16.0.1.4(77). (B,C) Proposed structure for Ch-M complex.  

 

 

 

 

Scheme S4.3: Arrows depict strong Coulomb interactions between ion species and film 

surface. A) Depicts hard cations binding to polysaccharide via amine groups. Anion (i.e. Cl
-
) 

does not direct cation to protein domain. B) Depicts late stage cation binding to protein 

domain. Ions approach surface in a pairwise fashion. Anions (i.e. NO3

-
) chaperone cation to 

protein domain. Any repulsion of the cation to the protein domain is offset by the anion. Cation 

binding to polysaccharide domain is omitted for clarity in (B). 
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5.1 CONCLUSION  
Biopolymer blends have a wide array of applications in bottom-up manufacturing of 

structures due to the facile nature of production, tuneable feature size, tuneable morphology, 

potential to reuse agricultural waste and applicability in industrial scale techniques.  Of interest 

to myself is their application in future optoelectronic devices.  Current interest in polymer 

blends stems from a desire to achieve a greater range of feature sizes, outside the capable range 

of BCP, in a rapid and cheap fashion.  These polymers are still derived from petroleum oil, and 

require environmentally damaging extraction of the finite raw chemicals, synthetic 

manufacturing of the polymer and refinement of the polymer once produced.  To achieve 

polymers with varying chemistry, new synthesis routes must be discovered.  Production of 

patterns also require the use of organic solvents, often environmentally unfriendly.  

Biopolymers by their very nature are renewable, sustainable, environmentally friendly, require 

little refinement, are easily accessible and use environmentally benign solvents throughout 

their processing.  A plethora of biopolymers exist, providing an inexhaustible reservoir of 

chemical diversity.  While work must still be done to overcome the challenges of using a 

biopolymer blend system, our work shows that these blends are viable candidates for next-

generation smart materials.  As the need for sustainable manufacturing increases, I foresee 

growing interest in this bottom-up approach to design surfaces. 

 

In summary, I have reported in this thesis the morphological control of biopolymer 

blended films, by regulating atmospheric humidity to modulate solvent evaporation.  In 

Chapter 2, I reported the effect of humidity on film formation.  Casting was done using a 

Meyer bar.  Use of FA (formic acid) ensured segregated phase separation and fast solvent 

evaporation.  Morphology was dependant on atmospheric conditions, biopolymers used, r, and 

solution viscosity.  AFM indicated that PG/Ch blends were subject to gelation, making them 

unsuitable for future work.  With reduced humidity, vitrification of the phase separation process 

took place earlier.  This was attributed to fast solvent evaporation arresting feature growth.  

Similarly, by increasing the viscosity of the discontinuous phase (Ch), protein phase growth 

was impeded.  BSA/Ch blends provided films with clear phase boundaries, necessary for the 

fabrication of templates.  Blends achieved a smaller feature size than any previous biopolymer 

blends and were comparable or exceeded current synthetic polymer blends. 
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Chapter 3 described the use of BSA/Ch blends deposited on a substrate using spin 

coating as the casting technique.  The formation of BSA continuous phases and salami 

structures occurred at high wt% concentrations of BSA, low spin speeds or a combination of 

the two factors.  Through selective buffered etching of the biopolymer films, and selective 

metal incorporation and water contact angle characterisation, BSA was identified as the 

discontinuous phase and Ch as the continuous phase.  Both the selected phase removal, and 

selective iron incorporation, were a first for films of this nature.  An iron oxide copy of the Ch 

domain was achieved by selectively incorporating a hard metal cation into the Ch domain 

before annealing.  Ch rim formation around the BSA domain occurred, resulting from pinning 

of the triple-phase protein-polysaccharide-air boundary.  Identification of the growth 

mechanism for high protein or high polysaccharide content blends was also determined to be 

either Ostwald ripening or coalescence, depending on the casting conditions. 

 

Chapter 4 combined the environmental control demonstrated in Chapter 2 with the 

spin casting and metal incorporation technique explained in Chapter 3, to develop a metal 

mask suitable for pattern transfer.  Selective incorporation of the metal depended on two 

primary factors; the metal salt cation and the metal salt anion.  Due to the lone pair on the 

primary amine of Ch, hard metals were chelated and incorporated into the Ch domain, when 

using an anion with weak protein affinity, e.g. Cl-, producing a porous matrix.  Cracking of the 

porous matrix upon annealing was prevented by pre-heating the sample at 160 °C to remove 

water.  Using an anion with a stronger protein affinity (NO3
-), result in hard metals being 

shuttled to the protein backbone.  Using strongly hydrated anions, e.g. SO4
2-, resulted in metals 

being shuttled to protein functional groups.  Anions such as NO3
- and SO4

2- result in particulate 

formation in the BSA domain.  Solvents with weak solute interactions and low dielectric 

constant resulted in improved metal incorporation into the biopolymer blend.  Tessellation of 

the biopolymer blend occurred when the environmental control detailed in Chapter 2 and 

deposition technique outlined in Chapter 3 were combined, highly uncommon for polymer 

blends.  A maximum of 53% of pores were successfully transferred to the substrate. 

�� 

5.2 FUTURE WORK  
The films produced in this thesis are ideal candidates for AR (antireflective) 

applications, where polydisperse sub-micron features are required.  Voronoi tessellation 

provides a bottom-up method of realising pores identical to those of butterfly wings.  The 
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morphology, size, and disordered nature of butterfly wings is what provides them with their 

�D�P�D�]�L�Q�J�� �$�5�� �S�U�R�S�H�U�W�L�H�V���� �� �)�R�U�� �E�X�W�W�H�U�I�O�\�� �Z�L�Q�J�V���� �³�U�D�Q�G�R�P�Q�H�V�V�� �L�V�� �W�K�H�� �R�U�L�J�L�Q�� �R�I�� �W�K�H�� �U�H�P�D�U�N�D�E�O�H��

broadband and omnidirectional anti-�U�H�I�O�H�F�W�L�Y�H���S�U�R�S�H�U�W�\�´��1 The disordered nature of 2D pores 

in a butterfly wing is an improvement on synthetic films which are produced using a periodic 

array of features (pores or pillars).2  While other polymer blend film research has focused on 

achieving disordered patterned thin films, > 100 nm pores to emulate butterfly wings3, they 

cannot achieve: (1) the tessellated nature of butterfly wing pores, thus achieving the high 

number of pores/area shown in this work and (2) pores with the correct SD (approx. 300 �± 800 

nm in diameter).4�±7  To fully capitalise on this work in future studies, total transference of pores 

to the substrate must be achieved.  There are a few approaches that could be used to achieve 

this. 

Approach #1; discussed in Chapter 4, environmental controls could achieve full 

perforation of BSA to the substrate.8,9  With sufficient control, after metal incorporation and 

annealing, fully perforated pores could be transferred to the substrate via etching.  This method 

would be ideal, as it would require the least amount of post-processing.  However, as both 

biopolymers are just varying degrees of hydrophilic, achieving this will be difficult.  The WCA 

(water contact angle) in Chapter 4 show there is some difference in hydrophilicity between 

BSA and Ch, so this should be achievable.  As BSA is more hydrophobic, increasing humidity 

would improve BSA perforation8,9, as evidenced in Figure 4.8���� �� �+�R�Z�H�Y�H�U���� �W�K�L�V�� �Z�L�O�O�� �O�H�D�G�� �W�R��

�O�R�Q�J�H�U���S�K�D�V�H���J�U�R�Z�W�K���W�L�P�H�V�����S�U�R�G�X�F�L�Q�J���O�D�U�J�H�U���V�W�U�X�F�W�X�U�H�V�������7�K�H���W�H�V�V�H�O�O�D�W�L�R�Q���U�H�V�X�O�W�V���I�U�R�P���W�K�H���E�O�H�Q�G��

�E�H�L�Q�J���L�Q���D���I�U�R�]�H�Q���V�W�D�W�H���� �Z�K�L�O�H���E�H�L�Q�J���K�L�J�K�O�\�� �S�D�F�N�H�G���� ���7�R���P�D�L�Q�W�D�L�Q���W�H�V�V�H�O�O�D�W�L�R�Q���D�Q�G���S�R�U�H���V�L�]�H�V����

�K�L�J�K�H�U���V�S�L�Q���V�S�H�H�G�V���P�D�\���E�H���U�H�T�X�L�U�H�G���D�W���K�L�J�K�H�U���K�X�P�L�G�L�W�L�H�V�������7�K�L�V���P�D�\���L�Q�W�U�R�G�X�F�H���V�K�H�D�U���H�I�I�H�F�W�V�����D�V��

�G�L�V�F�X�V�V�H�G���L�Q���&�K�D�S�W�H�U������ 

Approach #2: to avoid the complexities of modifying the internal structure of the 

BSA/Ch film, a simple reactive ion etch could be used to remove Ch at the bottom of film 

pores, after BSA removal.10  This would fully expose the Si substrate.  However, requires more 

post processing than just achieving BSA perforation, and runs the risk of expanding the 

diameter of already perforated pores, making this technique less attractive than Approach #1.  

Alternatively, enzymes could be used to develop the template.  Though much more 

environmentally friendly, this is a timely process, and would hinder the possibility of industrial 

adoption.11 

Approach #3: similar to etching residual Ch at the bottom of pores to expose the 

substrate, residual iron could be removed through a similar etch.  However, the same issues 

(expanding the diameter of pores) exist here.  The removal of residual Ch would have to be 



230 
 

compared to the removal of residual iron, to determine which method better retains the 

morphology of the biopolymer template.   

Approach #4: after using buffer to selectively remove the BSA phase, and residual Ch 

is removed using a reactive ion etch, a CHF3 etch could then be used to transfer the biopolymer 

template pattern to the substrate, without the need for metal.11,12  However, finding the right 

etch recipe can be difficult, if one wishes to retain the fidelity of the biopolymer template. 

Approach #5: Polymer brushes are used when preparing patterned BCP films, to 

prevent preferential adsorption of one block to the substrate.13  Already, brushes exist which 

repel BSA adsorption onto a surface, such as poly(oligo(ethylene glycol) monomethacrylate) 
14, or prevent adsorption, such as poly(2-(dimethylamino)ethyl methacrylate).15  Using a 

polymer brush could allow for full perforation of the BSA domain.  However, brush layers are 

avoided if possible, as developing them can be complex, and adds additional processing steps 

to prepare the surface.13  

 

Finally, using the information gained in Chapters 3 and 4, metal binding to the biopolymer 

PTF could be optimized in 3 ways. 

Approach #1: An alternative protein could be chosen with no metal binding sites, i.e. 

no histidine or cysteine residues.  This would achieve only binding to the polysaccharide phase, 

reducing the number of variable when including metal into the PTF.  Alternatively, by using a 

viscous polysaccharide and a protein with a high affinity for specific metals, i.e. haemoglobin, 

a dot matrix could be formed without incorporation into the polysaccharide phase. 

Approach #2: This approach looks to the future of materials chemistry and is one of 

the more ambitious ideas.  Rather than looking to nature to produce the biopolymers needed 

for PTFs, we could utilise nature to produce proteins to our specifications.  Synthetic biology 

is a sub-section of genetics and biochemistry.  Using modular parts, cells (typically E. coli) can 

be programmed to perform various tasks, such as producing specific proteins.  Most proteins 

produced in this manner have a polyhistidine-tag (His-tag, 6 histidine amino acids in 

succession).  This His-tag allows for purification of the protein from all other proteins within 

the cell after lysis.  His-tags chelate chromatography resins which contain divalent metals, such 

as Ni2+, Cu2+, or Co2+.  Cu2+ resins provide the poorest specificity.  Ni2+ resins are the most 

common, though non-specifically bind to proteins with groups of histidine.  Co2+ resins 

produce the highest purity filtrates, with minimal non-specific interactions with proteins.  

Using this knowledge, a protein could be designed, in a similar manner to BCPs, with blocks 
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of Hi-tags.  This would ensure both high purity of the protein after chromatography, and high 

metal binding capacity when producing a metal film. 

Approach #3: Lastly, a variant on Approach #2, would to be to create a recombinant 

protein divided into blocks, similar to BCPs.  Rather than blending with a polysaccharide, this 

recombinant protein could be used as a replacement for BCPs, as the AAs are covalently 

bonded.  Block 1 would need to contain a polar amino acid for metal binding, such as histidine 

or cysteine, while the second block would need to contain a hydrophobic amino acid to promote 

phase separation.  With enough dissimilarity between the block, phase separation of the blocks 

would occur upon casting.  This approach would analogous to Ps-b���3�(�2�����������:�K�L�O�H���W�K�L�V���Z�R�X�O�G��

�F�U�H�D�W�H�� �D�� �V�X�V�W�D�L�Q�D�E�O�H�� �V�R�X�U�F�H�� �R�I�� �E�L�R�O�R�J�L�F�D�O�O�\�� �S�U�R�G�X�F�H�G�� �%�&�3�V�����$�S�S�U�R�D�F�K�� �������D�Q�G���������Z�R�X�O�G�� �E�H��

�G�L�I�I�L�F�X�O�W���D�V���\�L�H�O�G�V���I�R�U���U�H�F�R�P�E�L�Q�D�Q�W���S�U�R�W�H�L�Q�V���D�U�H���Q�R�W�R�U�L�R�X�V�O�\���O�R�Z��  
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