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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 feature sizes, from 160 nm to > 5 μm: Bicontinuous, porous, droplet-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.   

 

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 
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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 tech2, 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 

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 

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 
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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-

films of polysaccharide and protein.  Associative and segregative phase separations of such 

solutions have been studied extensively over the past four decades, primarily in food science.  

However, latter work has focussed on limited applications in packaging and biomedical 

devices.14,17,39,40 

Most scientific literature details phase separation of a variety of proteins and 

polysaccharides, generally in one type of solvent; water.33,41–44  The exception is when the 

polysaccharide of choice is chitosan, when the solvent of choice is typically dilute acetic 
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acid.45–47  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.48–51  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. 

Experimental 

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 

powder, ≥ 96 %, molecular weight ~66 kDa) were purchased from Sigma Aldrich.  Substrates 

used in all cases were Fisherbrand™ Microscopic Slides with Ground Edges (plain).  The 

solvent used was Formic acid, 98+ %, pure, ACROS Organics™ and was diluted to 90 % 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 and 
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so, positively charged.  This was to ensure that any phase separation processes occurring in the 

Pr-Ps-S solutions were segregative. 

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% 10 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. 

Coating Preparation 

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 3, 12 μm casting bar calibrated 

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.52  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 
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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). 

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.53,54  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 

probes (NCSTR, resonance frequency ≈160 kHz, spring constant 7.4 N m−1, tip radius 8 nm). 

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. 

Results and Discussion 

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 
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of the composite film features.  AFM images (see Figure 1 in Supporting Information) 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. 

Pr-Ps-S Solution Thin-Films 

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 1 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 1, Column A), predominantly pores were formed.  AFM data showed that as the 

humidity increased, the number of pores increased (Figure 2a), and the mean pore radius 

decreased (Figure 2b); 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 2a in contrast to a positive slope for 

the other biopolymer ratios (all of which exhibited protuberances as the analysed features).  

Similarly, in Figure 2b, the pores show a positive trend to their frequency, i.e. increasing 

frequency, in contrast to the negative trend-line slopes of the protuberances observed at all 

other biopolymer ratios.51 
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Figure 1: 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 



10 

 

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% 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 1, 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 1.  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.55,56 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.57–59  

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 1, columns C and D. 

Across all humidity values, the protuberances follow the general trend outlined above; 

increasing mean diameter with increasing humidity (Figure 2a).  The aforementioned large 

jump in the scale of the protuberances results in the slope of the trend line for the data at 2:1 
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biopolymer ratio in Figure 2a 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 1, 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.60,61  AFM data in shown in Figure 2a 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 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 1 (and again in image C1 of Figure 3 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.62  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 1 are smaller.At a biopolymer ratio of 1 w/v% BSA to 4 w/v% Ch, across all 

humidity values ( 

Figure 1, 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 2a and 2b. 
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Figure 2: 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. 

 

Thin-films from Phase Separation of PG-Ch-FA Solutions 

Figure 3 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 3, 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 3, panel A2).   
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Figure 3: 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 
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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 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 3 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 4a 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 3, 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 3, column C), show a visual deviation 

from the trends observed in columns A and B of Figure 3.  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 4 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 
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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.62  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.63  When the gelation of both phases is fast, a macroscopic gel is obtained 

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 

is minimised or prevented and the system is “frozen” in a state 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 3.  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. 
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Figure 4: 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 3, column D, are notably different from their 

equivalents in the previous columns, with spherical protuberances.  However, according to the 

data shown in Figure 4a and 5b, 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 3 

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 

observations can be made of the protuberances/globules seen in image D4 in comparison to 

their equivalents in images A4, B4, and C4. 

General Trends in Pr-Ps-S Solution Thin-Films 

The AFM images shown in Figure 1 highlight a trend in pore formation at high protein (BSA) 

concentration to protuberance formation at high polysaccharide (Ch) content.  Moving down 
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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 3, 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 5 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.28,64,65 
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Figure 5:  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 1 and Figure 3.  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 and 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 
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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 1 and Figure 3.  Overall the AFM images of  

Figure 1 and Figure 3 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 and Figure 4, 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. 

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 emulsions66–68, controlling the size 

of crystals69–71 and growing selective nanostructures.72–74  The driving force of the process is a 

decrease in the total surface energy.75–77  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.78  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. 

The following observation was expected of a system undergoing Ostwald ripening; the 

counts per unit area (#) of protuberances would increase lower humidities while particle 
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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 6b, 

Figure 7a 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 6: 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 6 shows histogram data of feature diameter gathered for BSA-Ch blends.  Figure 

6a 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 6b - 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. 

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 7 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. 
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Figure 7: 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. 

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 4 in Supporting Information).  

Phase imaging and the Young’s modulus of both blends show protuberances (discontinuous 

domains) are composed of different a material to the underlying matrix (see Figure 5 and 

Figure 6 in Supporting Information).   The 4:1 BSA:Ch plot shows the opposite, as in previous 

graphs, shifting towards smaller, more numerous holes consistent with other observations.  
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They show the shift from a small number of large features to a large number of small features.  

 

Figure 5  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 
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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. 

 

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. 28,30,31,32,39,62  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 

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 
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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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