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1. Abstract:  

The existence of liquid repellent interfaces in nature has stimulated widespread research towards 

fabrication of bio-inspired anti-wetting materials utilizing numerous synthetic and naturally derived 

components. However, the earlier reported approaches of naturally derived bio-inpsired materials 

suffer from durability concerns on prolonged exposure to challenging physical and aqueous chemical 

settings. Most importantly, the existing approaches mostly fail to provide a facile basis to further 

induce the desired chemical functionalities in the interfaces ‘three-dimensionally’ to tailor the liquid 

wettability and also modulate other physical parameters. The substitution of synthetic components 

with naturally derived eco-friendly alternatives with residual reactivity to tailor both the liquid 

wettability and mechanical property for developing robust bio-inspired anti-wetting materials can 

prove vital for biomedical applications and tackling environmental issues. In this synopsis report, I 

have strategically exploited low-cost, naturally abundant polymers and hydrogel to develop robust, 

three-dimensional, abrasion-tolerant anti-wetting materials exploiting the catalyst-free Michael 

addition reaction and facile Schiff base reaction. The use of Michael addition reaction allowed the 

‘three-dimensional’ induction of residual chemical reactivity into the substrates that gave the 

opportunity to tailor the liquid wettability through appropriate post covalent modification with the 

desired chemical functionalities and also modulate the mechanical property. The synopsis report 

entitled ‘Bio-Inspired Anti-Wetting Materials Derived from Natural Components’ is divided into 

seven chapters. Chapter 1 introduces the basics of liquid wettability, the challenges associated with 

the existing bio-mimicked anti-wetting materials and the probable solutions. In Chapter 2, I have 

developed ‘reactive’ protein nanoparticles for obtaining robust superhydrophobicity wherein the 

presence of ‘reactivity’ allowed to tailor the water wettability for controlled release of bioactive 

molecules. In Chapter 3, I have utilized the silk-biopolymer to construct mechanically tailorable 

sponges through ethanol assisted embedment of beta sheet structures. The same mechanically 

tailorable sponges were rendered with chemical reactivity through Michael addition reaction to allow 

the modulation of water wettability. In Chapter 4, I judiciously aimed for waste management by 

exploiting a single chemical approach to convert waste paper into mechanically tailorable, 

superhydrophobic sponges for resolving another major environmental concern of oil spillages. In 

Chapter 5, BSA protein and Schiff base reaction were strategically extended for developing 

sustainable underwater superoleophobicity. In Chapter 6, the underwater superoleophobic property 

of Aloe Vera mucilage was discovered and directly utilized for fabricating stretchable and abrasion 

tolerant underwater oil repellent coatings for filtration-based oil/water separation. Chapter 7 
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summarizes the synopsis report and provides a futuristic direction to the existing works discussed in 

the report.  

2. Chapter 1: Introduction 

In 1944, Cassie and Baxter first introduced the 

water-repellent characteristics of the duck’s 

feathers widely recognized as superhydrophobicity 

(Figure 1B). The structural morphology of the 

duck’s feathers was found to satisfy the theoretical 

requirements of achieving water repellence in 

accordance to the Cassie-Baxter heterogenous 

model of liquid wetting on a rough solid surface 

(Figure 1A). To survive and adapt to the harsh 

environment, plants and animals in the water 

kingdom have been gifted with underwater 

superoleophobic property referring to extreme oil 

repellence underwater (Figure 1D-F). In 2009, Liu 

et al, first discovered the underwater oil repellence 

of fish-scales with hierarchal featured scales made 

up of calcium phosphate, proteins and a thin mucus 

layer (Figure 1E). Bio-mimicking i.e. fabricating 

artificial interfaces inspired by the design of 

naturally occurring plants/insects requires the 

presence of a) hierarchal or micro/nano topography 

to entrap the metastable air (for 

superhydrophobicity) or water layer (in case of 

underwater superoleophobicity) and b) low/high 

surface energy coating for superhydrophobicity 

and underwater superoleophobicity respectively. 

Over the years, various synthetic components including fluorinated molecules, hydrocarbons, 

polymers and naturally derived counterparts including cellulose, chitosan, clay, phytic acid, etc have 

been used for constructing bio-inpsired anti-wetting materials for applications in oil/water separation, 

self-cleaning etc. 

 
 
Figure 1. A) Cassie-Baxter model of heterogenous 
water wettability on a solid surface in air. B-C) Image of 
non-adhesive superhydrophobic duck feather’s (B) and 
lotus leaf (C). D) Cassie-Baxter model of heterogenous 
oil wettability on a solid surface underwater. E) Image of 
underwater superoleophobic fish scales. F) Image of 
underwater superoleophobic clam’s shell. H) Image of 
underwater superoleophobic seaweed. Adapted with 
permission from J. Mater Chem. A, 2021, 9, 824. 
Copyright 2021, The Royal Society of Chemistry.  
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Generally, metal-ion interactions, metal-thiol bonding, polyelectrolytes assembly, inert fluorine 

chemistry involving synthetic/natural components have been adopted for fabrication purposes, 

wherein the essential chemical optimization is restricted to only the top surface of the substrate 

imparting a ‘thin’ layer (order of few nanometers) of the relevant surface functionalization. Thus, 

subjecting the thin layer of surface coating to severe physical abrasion leads to its removal and 

eventually compromises the embedded liquid wettability. Moreover, durability of the polyelectrolytes 

and metal-ions under prolonged aqueous exposure leads to its disintegration whereas hydrogels that 

are widely used for developing underwater superoleophobicity, are also known to be extremely 

delicate and deformable. Further, in some cases, the surfaces are rendered with hierarchal features 

through complex chemical treatments or corrosion and thereby, the waste by-products formed will 

pose additional environmental threats. Subsequently, a few robust covalent chemistries were explored 

for association with the hierarchal topography or imparting the essential surface energy to tackle the 

durability issues, but these lacked the ability to further functionalize the interfaces ‘three-

dimensionally’ with the desired chemical functionalities to tailor the embedded liquid wettability and 

also modulate other physical parameters. Moreover, the derivation of durable bio-inspired wettability 

from naturally existing components are extremely rare in the literature. Thus, the strategic association 

 
 
Figure 2. Schematic representing the integration of various naturally derived components with a facile chemical 
approach for embedment of chemical reactivity that would further allow to tailor the liquid wettability. Furthermore, such 
natural ingredients can be strategically integrated to tailor the mechanical property.  
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of naturally abundant ingredients with a facile chemical approach imparting residual reactivity is an 

unprecedented pathway for developing eco-friendly, bio-inpsired anti-wetting materials for extensive 

real-world applications. Michael addition reaction between a synthetic amine-containing polymer and 

acrylate functional small molecule was explored recently for developing abrasion-tolerant, three-

dimensional anti-wetting materials but the use of synthetic ingredients is likely to pose hindrance for 

bio-medical applications and combating environmental issues.  

In this thesis work, the major aim was to strategically exploit this facile, catalyst-free Michael addition 

reaction and Schiff base reaction to integrate various well-known naturally abundant, eco-friendly, 

low-cost ingredients including natural polymers and hydrogels to develop robust anti-wetting 

materials. The use of Michael addition reaction provided an unprecedented chemical avenue to tailor 

the water wettability ‘three-dimensionally’ as well control the mechanical property of the as-fabricated 

materials (Figure 2). Such facile association of a strategic chemical approach with naturally abundant 

materials has immense potential for drug delivery, wound healing and remediation of major 

environmental concerns.  

3. Chapter 2: Protein Derived Chemically ‘Reactive’ Interface for Obtaining 

Durable Superhydrophobicity  

Bovine serum albumin (BSA) is an abundant plasma protein derived from cows that is known for its 

biocompatibility, non-toxicity and biodegradability and has been widely used for therapeutic 

applications. The chemical modification of the amino acid residues of BSA has been explored in the 

past utilizing specialized chemistries. However, there is a dearth of chemical approaches that exploits 

the amine residues to cross-link the protein network and render  residual chemical ‘reactivity’ to the 

proteins that would allow to install various desirable chemical functionalities. In this chapter, BSA 

nanoparticles were synthesized following de-solvation technique with ethanol as the anti-solvent and 

subsequently exposed to dipentaerythritol pentaacrylate (5Acl) (Figure 3A-B), to develop chemically 

‘reactive’ and covalently cross-linked protein nanoparticles with an average diameter: 487 nm ±16.85. 

The amine groups of BSA readily reacted with the acrylate groups of 5Acl following the catalyst-free 

Michael addition reaction (Figure 3C). The appearance of the IR peaks due to (a) the asymmetric C–

H stretching (at 1410 cm-1) of β carbon of the vinyl group and (b) stretching of the carbonyl group (at 

1736 cm-1) together revealed the presence of unreacted acrylate groups in the BSA nanoparticles as 

shown in Figure 3D. Hence, these residual acrylate groups provided further scope for post-covalent 

modification with primary amine containing small molecule i.e. octadecylamine (ODA) as indicated 

by the decrease in peak intensity at 1410 cm-1 (Figure 3D, red). Thus, these post modifiable 

nanoparticles were believed to be capable of producing durable superhydrophobicity.  
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In the presence of naturally abundant fibrous medical cotton, the same de-solvation process was 

repeated for directly depositing the BSA nanoparticles on cotton. Upon addition of ethanol, (a) BSA 

nanoparticles were immediately deposited on cotton, and (b) upon treatment with 5Acl molecules, a 

covalently cross-linked uniform coating of BSA nanocomplexes on cotton was obtained as 

characterized by FESEM (Figure 3E-F). The granular domains randomly aggregated and provided the 

essential hierarchical topography for achieving extreme water repellence. The 5Acl treated BSA 

coating with residual acrylate groups provided a facile basis for covalent association of ODA to 

achieve a superhydrophobic cotton (Figure 3G-H). The presence of a shiny interface on submerging 

 

Figure 3. A-C) Schematic illustrating the formation of the chemically ‘reactive’ bovine serum albumin nanoparticles 
through Michael addition reaction between amine residues of BSA and multi-functional acrylate (5Acl). D) FTIR spectra 
of BSA nanoparticle (violet) after covalent cross-linking (black) with 5Acl, and after post-modification with 
octadecylamine, ODA (red). E-F) FESEM images of the BSA nanocomplexes coated cotton fibres. G-H) Digital image 
(G) and static water contact angle (H) of a beaded water droplet on the BSA derived superhydrophobic cotton. I) Plot 
depicting the static water contact angles on cotton after post modification with different alkylamines. J) Plot depicting the 
sustained release of tetracycline from the ODA treated cotton. K) Plot illustrating the controlled release of tetracycline 
loaded into the BSA nanoparticles coated ‘reactive’ cotton  that was selectively post modified with different alkylamines.  
(Nanoscale Adv. 2019, 1, 1746-1753, ACS Sustainable Chem. Eng., 2019, 7, 7502-7509) 
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the superhydrophobic cotton underwater, validated the existence of metastable trapped air that 

conferred the heterogenous water wettability.  

Different physical manipulations, i.e. bending, twisting, winding, and severe physical abrasion tests, 

i.e. adhesive tape test, sand paper abrasion were performed on the BSA derived superhydrophobic 

cotton that revealed the interiors of the fibrous substrate. However, the anti-wetting property remained 

intact both on the surface as well as on the newly exposed interiors of cotton with static water contact 

angles >155°, thus, revealing the presence of bulk superhydrophobicity. The superhydrophobic cotton 

was also exposed to extremes of pH, artificial sea water, river water and surfactant contaminated 

aqueous phases, UV radiation for 30 days without any perturbation in the water repellence property. 

Such a durable, ‘reactive’ fibrous substrate was further subjected to post covalent modification with 

amine containing different small molecules including pentylamine, hexylamine, octylamine, and 

decylamine to tailor the water wettability from hydrophobic, adhesive superhydrophobic and non-

adhesive superhydrophobic as shown in Figure 3I. The presence of metastable trapped air allowed the 

sustained release of the loaded drug molecules owing to the slow impregnation of aqueous phase into 

the bulk of the substrate. Subsequently, the ODA modified superhydrophobic cotton loaded with 

tetracycline displayed an initial burst release which was attributed to the loosely bound drug molecules 

on the outer exposed surface followed by a sustained release over a period of 100 days from the bulk 

of the fibrous substrate (Figure 3J). Post covalent modification with different alkylamines altered the 

water wettability of the fibrous substrate and consequently, allowed to control the rate of drug release 

(Figure 3K). Increasing the hydrophobicity led to an extended time period of release, wherein it was 

observed that pentylamine modified cotton (with water contact angle ~128°) released ~64% 

tetracycline over 2 days whereas decylamine (with water contact angle ~157°) modification led to 

~36% release in 2 days. Moreover, anti-bacterial studies revealed that the released drug remained bio-

active against E.coli and S. aureus. 

4. Chapter 3: Silk Cocoon derived Superhydrophobicity with Tailorable 

Mechanical Property 

In the previous chapter, the ‘reactive’ protein nanoparticles allowed the facile tailoring of the water 

wettability for extended drug delivery applications but the simultaneous modulation of the mechanical 

property in the substrate was not viable.  In this chapter, the naturally derived silk cocoon of Bombyx 

mori silkworm was exploited to fabricate mechanically deformable and chemically ‘reactive’ silk 

sponges denoted as silk microfiber reinforced silk fibroin sponge (SMFRSFS). Silk fibroin (protein) 

is a widely known biodegradable protein biopolymer that is present in α-helical and random coil 
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conformations in its liquid state. Liquid silk fibroin experiences immense shear when spun by 

silkworms that causes β-sheet crystallization and generates stable microfibers with high tensile 

strength. Inspired from this concept of β-sheet microfibers spun by silkworms, the current work on silk 

cocoon derived sponges involves the use of silk microfibers as reinforcements in a silk fibroin matrix 

to modulate the mechanical property as shown in Figure 4A-B. 

 
 
Figure 4. A-B) Silk fibroin, which is predominantly present in α-helical and random coil structures, can undergo 
transformation to β-sheet structures on exposure to ethanol, thus providing a facile basis to tailor the mechanical 
property by varying the ethanol concentration. C) Plot accounting for the compressive modulus of the different variants 
of sponges. D-E) The presence of amine residues in the silk cocoon derived sponge paves way for associating chemical 
reactivity following the facile, catalyst-free Michael addition reaction between amine and a multifunctional acrylate 
crosslinker at ambient conditions to obtain a chemically ‘reactive’ sponge (E). F-G) The appropriate post-covalent 
modification of the residual acrylate groups with selected alkylamines allowed to tailor with the desired water wettability. 
H) Plot representing the advancing contact angle (black) and contact angle hysteresis (red) of the beaded water droplet 
on the silk cocoon-derived superhydrophobic sponge that was subjected to 50% manual compression.  (ACS Appl. 
Mater. Interfaces, 2021, 13, 24258-24271). 
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The ethanol-assisted controlled induction of β-sheets in the silk fibroin skeletal framework allowed to 

tune both the compressive (90-290 kPa) and tensile (180-980 kPa) moduli while the ethanol treatment 

did not perturb the conformation of the silk microfiber reinforcement that is already present in stable 

beta sheet form (Figure 4C). Keeping the content of silk fibroin and microfiber similar, the increase in 

concentration of ethanol (40-100 v/v%) led to an increase in the beta sheet content and subsequently, 

an increase in the compressive/tensile modulus. The silk microfiber reinforcement imparted 

mechanical stability to the sponges that aided in self-recovery after physical deformation of the as 

fabricated sponges. Further, the catalyst-free Michael addition reaction between the amine residues of 

silk protein and 5Acl provided a facile basis to fabricate a chemically ‘reactive’ silk cocoon derived 

material (Figure 4D-E). The residual reactive acrylate functionalities of the cross-linker rendered the 

synthesized material chemically ‘reactive’ for facile and rapid covalent post functionalization with 

different primary amine-containing desired molecules (Figure 4F-G) to embed a wide range of water 

wettability (36°-161°) including hydrophobicity, rose petal-inspired adhesive superhydrophobicity and 

lotus leaf-inspired non-adhesive ‘bulk’ superhydrophobicity. The embedded water wettability in the 

silk cocoon derived sponges remained unperturbed even after 500 cycles of repetitive compression 

(50%) as shown in Figure 4H, 28 days of UV exposure and severe physical abrasions that revealed the 

interiors of the sponge. The silk cocoon sponges with three-dimensional water repellence were capable 

of repelling chemically contaminated aqueous droplets (acidic, basic, salt and surfactant contaminated) 

with water contact angles above 150° and contact angle hysteresis below 10°. 

5. Chapter 4: Conversion of Waste Products into Robust Functional  Materials  

In this chapter, the aim revolves around the sustainable waste management by catalyst-free chemical 

conversion of discarded waste paper into lightweight, porous, highly compressible sponges for 

remediation of another major environmental concern. The strategic condensation of the cellulosic 

hydroxyl groups (of waste paper) with the hydroxyl groups of an amine functionalized binder i. e. 3-

(2-aminoethylamino)-propyltrimethoxysilane (AEPTMS)11 during the sponge fabrication process 

(Figure 5), provided a facile basis to modulate both the a) porosity and b) compressive modulus of the 

paper-derived sponges. The polymerization of the selected binder (also comprising of primary amines) 

provided a covalently cross-linked network that imparted mechanical stability to the paper sponge 

thus, exhibiting high compressibility. Increasing the concentration of the binder led to an increase in 

the compressive modulus hence, providing an unprecedented basis to modulate the mechanical 

property through this facile chemical approach. Further, the catalyst-free Michael addition reaction 

cross-linking of the amine functionalized waste paper with  5Acl induced the desired chemical 

‘reactivity’ in the waste paper derived sponge. The presence of residual acrylate groups in the 

TH-2950_176122042



Synopsis 

 

xi 

 

covalently cross-linked, chemically ‘reactive’ waste paper derived compressible sponge provided a 

simple basis to tailor the water wettability from hydrophobic, adhesive superhydrophobic to non-

adhesive superhydrophobic with water contact angles ~25° to 161°, following the post covalent 

modification with the appropriate alkylamines adopting the Michael addition reaction.  

The as developed waste paper based ‘bulk’ superhydrophobic sponges could sustain repetitive 

compression (60% compressive strain) for 1000 cycles, severe physical abrasions including sand paper 

abrasion, sand drop test, prolonged (30 days) exposure to harsh chemical aqueous conditions and UV 

irradiation without compromising the embedded anti-wetting property. Furthermore, the robust waste 

paper sponge with the highest compressibility (lowest young’s modulus), was successfully extended 

for repetitive (25 times) absorption-based separation of various oils from chemically contaminated 

aqueous phases without compromising the embedded water repellence and physical integrity of the 

sponge. Furthermore, the analogous waste paper derived membranes with the highest porosity and 

subsequently, highest oil flux rate, was utilized for repetitive (50 times) gravity-driven filtration-based 

 

Figure 5. A-C) Schematic illustrating the facile chemical conversion of waste papers into a deformable and chemically 
‘reactive’ sponge following the hydrolytic condensation of the amine functionalized silane binder with the hydroxyl groups 
of waste paper. The polymerization of the binder provided mechanical stability to the sponge to withstand repetitive 
compression. The Michael addition reaction between the amine functionalized deformable sponge and acrylate cross-
linker provided chemical reactivity to the sponge that allowed the fine tailoring of the water wettability on post covalent 
modification with the selected alkylamines. (Chem Asian J. 2021, 16, 1988-2001). 
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oil/water remediation with oil separation efficiency above 95%. Thus, a single chemical approach 

allowed the facile tailoring of both the mechanical property and the water wettability of the robust 

functional material. 

6. Chapter 5: Protein derived Sustainable Underwater Superoleophobicity  

Nature is a vast reserve that has provided both inspiration as well as the ingredients for the fabrication 

of artificial anti-wetting materials. Fish-scales were revealed to exhibit underwater oil repellence 

owing to the hydrophilic protein building blocks that provided both the essential micro/nano 

topography and high surface energy. Inspired by the hydrophilic, protein constituent of fish-scales, in 

this chapter I have judiciously exploited bovine serum albumin to construct robust underwater oil-

repellent interfaces.  

In this chapter, reversible imine bond formation between amine and aldehyde followed by reduction 

of imine to obtain stable cross-linkages (Figure 6A) was associated with BSA to achieve durable 

underwater oil repellence. The cross-linking of the aldehydic groups of glutaraldehyde with the amine 

residues of the protein chain led to the formation of Schiff’s base (imine) as one of the expected 

products (Figure 6B). The deposition of the dynamically cross-linked BSA derived imine on a fibrous 

substrate provided a) the essential topography to trap the aqueous layer for exhibiting the anti-oil 

repellent property and b) the presence of hydrophilic amino acid residues enhanced the stability of the 

trapped aqueous phase. However, since the imine bond is well-known to be labile under acidic media, 

thus, the embedded underwater superoleophobicity was expected to be compromised. Therefore, 

reduction of the imine linkage is essential to obtain a stable underwater oil-repellent coating (Figure 

6G). A commercially available fibrous substrate was coated with the dynamically cross-linked BSA 

to obtain a fluorescent underwater oil repellent interface with oil contact angle ~161° in alkaline media 

(Figure 6C-D). However, exposure of the BSA derived imine coated fibrous substrate to acidic media 

(pH 1) led to compromise of the embedded oil repellence with oil contact angle reducing to ~107° 

(Figure 6E-F). To obtain a stable protein derived underwater superoleophobic coating on the substrate, 

reduction of the imine with sodium borohydride was carried out and it was observed that the selected 

oil repellence was preserved in acidic media as shown in Figure 6H-I with oil contact angle ~162°, 

upto 30 days. The presence of granular aggregates on the otherwise featureless fibrous substrate after 

deposition of the BSA-derived reduced imine, plays a key role in exhibiting heterogenous oil 

wettability (Figure 6J-K). Exposure of the BSA-derived reduced imine coated fabric to various harsh 

aqueous conditions and UV radiation for 30 days, severe physical abrasions failed to deter the 

embedded oil repellence. Furthermore, even stretching the fibrous substrate from 0 to 150% tensile 

strain for 1000 times failed to perturb the underwater oil wettability.  
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7. Chapter 6: Aloe Vera Mucilage derived Abrasion Tolerant Underwater 

Superoleophobicity 

In the previous chapters, nature inspired liquid repellence was integrated with naturally abundant 

components to construct anti-wetting materials. In this chapter, Aloe Vera mucilage (AVM) a naturally 

existing hydrogel, was discovered to be inherently underwater superoleophobic (Figure 7B, D) and 

hence, was directly utilized for developing a stretchable, abrasion-tolerant underwater oil repellent 

coating. Aloe Vera mucilage consists of an immobilized aqueous phase (~99 wt%) (Figure 7A-B) 

whereas the outer green peel with water content ~7%, displayed underwater oil contact angle ~67° 

(Figure 7B-C). The presence of an immobilized aqueous layer in the mucilage aided in displaying 

 

Figure 6. A) Illustrating the Schiff base reaction between amine and glutaraldehyde resulting in an acid reversible imine 
bond. This imine bond can be reduced to a secondary amine using sodium borohydride. B–F) The facile and dynamic 
cross-linking process between the amine residues of bovine serum albumin protein and glutaraldehyde yielded a 
fluorescent coating on a fibrous substrate that displayed underwater superoleophobicity in alkaline media (C, D). The 
coating failed to perform in acidic media owing to the hydrolysis of the imine (E, F). The reduction of the imine bond 
resulted in a stable crosslinked BSA coating (G) that continued to display unperturbed underwater superoleophobicity 
in acidic media (H, I). J-K) FESEM images at of the BSA-derived reduced imine coating on the fibrous substrate. (J. 
Mater. Chem. A, 2020, 8, 15148-15156) 
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excellent non-adhesive oil repellence underwater that remained unperturbed even after exposure to 

boiling water (100°C) for 1 h, liquid nitrogen (-196°C) for 24 h and extremes of aqueous conditions 

for 30 days. This prompted to exploit the naturally abundant hydrogel to coat on a commercially 

available, inherently oleophilic (oil contact angle 0°) fibrous substrate to obtain an underwater 

superoleophobic coating. However, exposure of the AVM coated fabric to severe physical abrasions 

i.e. adhesive tape test sand paper abrasion, knife scratch test and sand drop test led to compromise of 

the embedded bio-mimicked wettability with oil contact angles <100°.  

To ensure a stable attachment of the coated AVM on the selected fibrous substrate, a covalent cross-

linking chemistry was introduced. The inherently underwater superoleophobic AVM consisting of 

amine functionalities was covalently modified with a multi-functional cross-linker (5Acl) following 

the facile and catalyst-free Michael addition reaction between amine and acrylate. This simple 

chemical approach provided a basis for both covalent cross-linking and essential post modification of 

the entire deposited AVM to obtain a robust AVM coating. The 5-Acl modified AVM exhibited highly 

adhesive underwater superoleophobicity with advancing oil contact angle ~152° and contact angle 

hysteresis ~ 14°, but it comprised of residual acrylate groups. Hence, the residual acrylate 

functionalities on the covalently cross-linked AVM aided in associating a high surface energy 

 

Figure 7. A) Schematic representing oil wettability on an immobilized-aqueous phase under water. B–D) Digital image 
(B) and contact angle images (C, D) of beaded oil droplets on the exterior (C) and interior (D) of the Aloe Vera leaf under 
water. E-F) Digital image (E) and contact angle image (F) of the beaded oil droplet on the AVM-Glu coated fibrous 
substrate under water. G–I) Digital images showing the gravity-driven separation of kerosene oil/water mixture by 
selective filtration of aqueous phase through the AVM-Glu coated stretchable bio-mimicked membrane. I) Plot showing 
the water separation efficiency (red) through the AVM-Glu coated membrane for motor oil/water mixture under various 
harsh aqueous chemical conditions. J) Plot illustrating the water separation efficiency after repetitive (25 times) use of 
the same Glu-AVM coated fibrous substrate for kerosene oil/water mixture (red) and dichloroethane/water mixture 
(black). (J. Mater. Chem. A, 2018, 6, 22465-22471) 
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molecule i.e. glucamine to achieve non-adhesive underwater superoleophobicity with advancing 

contact angle ~161° and contact angle hysteresis ~6° (Figure 7E-F). The glucamine modified coating 

(denoted as AVM-Glu) withstood 150% tensile strain for 1000 times sustained severe physical 

abrasions and exposure to several chemically contaminated aqueous phases.  

This robust nature-inspired interface was further exploited for gravity-driven oil/water separation of 

both light (kerosene, Figure 7G-I) and model heavy (dichloroethane, DCE) oils, wherein the aqueous 

phase selectively passed through the AVM-Glu coated fibrous substrate and the oil phase remained 

suspended at the top. Furthermore, even after contamination of the water phase with acid, base, salt, 

surfactant, extremes of temperatures (10°C and 100°C) and physical deformation (150% tensile 

deformation) of the membrane ensured efficient, selective filtration of the aqueous phases with 

unperturbed underwater non-adhesive superoleophobicity as shown in Figure 6I. The same AVM-Glu 

coated membrane was repetitively used for the separation of both light and heavy oils for a minimum 

of 25 times with water separation efficiency above 97% (Figure 7J).  

8. Chapter 7 : Conclusion and Future Directions 

In conclusion, the work reported in this synopsis strategically utilizes the naturally abundant, low-cost 

components including natural polymers and hydrogel to develop abrasion-tolerant, three-dimensional 

bio-inspired liquid repellent materials. The strategic use of Michael addition reaction allowed the 

embedment of chemical ‘reactivity’ into protein nanoparticles for developing durable 

superhydrophobicity and also tailor the water wettability for controlling the release profile of the 

loaded drugs. The controlled induction of beta sheet in a silk fibroin matrix reinforced with silk 

microfibers generated mechanically modulable sponges that were further imparted chemical reactivity 

exploiting the Michael addition reaction between amine residues of silk protein and an acrylate cross-

linker. The deformable sponges exhibited extremely durable superhydrophobic property. Further, a 

single chemical approach allowed precise control over the mechanical property as well as the water 

wettability in waste paper derived sponges. The superhydrophobic paper sponges that displayed 

impeccable physical and aqueous chemical durability, were further extended for selective, repetitive 

absorption of the oil phase from various oil/water mixtures even under harsh aqueous settings. The 

association of amine residues of proteins with an aldehydic cross-linker followed by reduction of the 

as obtained imine bond generated sustainable underwater superoleophobic coatings. Aloe Vera 

mucilage, a naturally existing, undiscovered underwater superoleophobic hydrogel was explored in an 

unprecedented approach for developing stretchable and robust underwater superoleophobicity on a 

fibrous substrate for selective filtration of the water phase from various oil/water mixtures at 

challenging aqueous settings.   
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Superhydrophobic, blood-repellent coatings have  recently accumulated attention for minimizing 

blood loss, easier wound dressing removal and triggering faster clotting. In that context, the protein 

derived superhydrophobic coatings on fibrous substrates that was demonstrated for proof-of-concept 

drug delivery can be extended to develop mechanically deformable, blood-repellent bandage materials 

for use as external wound healing patches. The ability to tailor the water wettability in such bio-viable 

materials would prove useful to control the rate of release of the drugs loaded in the blood-repellent 

patches, thus, preventing excessive blood loss and enabling faster clotting, as desirable. The silk-

cocoon derived sponges with tailorable mechanical property and water wettability possess immense 

potential for tissue engineering applications, where bio-compatibility and bio-degradability plays an 

important role. The controlled embedment of ethanol-assisted beta sheet content tunes the mechanical 

property which in turn can aid in controlling the degradability of the sponge when used as implants in 

vivo. The opportunity for simultaneous tailoring of the water wettability in such deformable implants 

would provide a platform for stem cell differentiation. Moreover, the integration of superhydrophobic, 

mechanically deformable substrates (silk or waste paper derived) with electrical conductivity can also 

be useful in developing bio-compatible, wearable electronics, where embedment of water repellence 

would enhance the longevity of the devices. The eco-friendly, stretchable and abrasion-tolerant 

underwater superoleophobic coatings can be used for anti-platelet adhesion purposes, underwater 

wearable electronics etc. Such naturally derived coatings with tuneable liquid wettability can be used 

as coatings for medical devices without imparting any side effects. Thus, naturally derived components 

integrated with a smart chemical approach possess potential for a variety of bio-medical applications 

and remediating environmental concerns.   
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Chapter 1. Introduction 

 

1.1. ‘Nature’: A Reservoir of Inspiration and Innovation for Science and Technology 

Over the years, investigations on the pointed beak of the kingfisher,1 echo-sounding of bats and 

dolphins,2 the hump-back of whales,3 etc, has formed the basis of bionics.4 These observations have 

led to the invention of airplanes, bullet trains, Velcro, turbines etc, that has instigated technological 

transformation.5-6 The study of the interaction of a liquid droplet on a solid surface constitutes a major 

branch of surface science that has opened up multiple interdisciplinary research areas. Interestingly, 

the in-depth research and analysis in this area has also drawn its inspiration from the infinite reserve 

of nature.7 Thus, nature is invariably the one stop solution for all the problems plaguing science and 

technology. The extreme water-repellent behaviour exhibited by the lotus-leaf, rose-petal, legs of the 

water strider or the extreme oil repellent behaviour displayed by the fish-scales, clam’s shell, sea-

weed, bestows its survival under harsh aqueous conditions.8-9 Mimicking the extreme liquid (water/oil) 

repellent behaviour exhibited by the naturally existing species is widely termed as bio-mimicked anti-

wetting behaviour.10 Adaptation of the liquid repellence behaviour of such naturally existing species 

has revolutionized the development of bio-mimicked anti-wetting functional materials for widespread 

applications in engineering, healthcare and environmental remediation.11-12 For the replication of the 

characteristic anti-wetting properties of naturally existing species, considerable attention was focussed 

on examining the structural and chemical composition of these species.10 Over the years, synthetic 

polymers13 or small molecules14-15 and even naturally abundant, bio-compatible components16-17 have 

been strategically integrated together to develop numerous bio-mimicked anti-wetting materials for 

various potential applications.18-19 

In the following sections, an extensive discussion on the origin of liquid wettability in nature and its 

theoretical aspects studied over the years have been provided. Moreover, a brief evaluation of the 

essential parameters for mimicking the characteristic anti-wetting properties of the naturally existing 

species has also been discussed in detail. Further, the advancement in the development of natural 

components derived bio-mimicked anti-wetting interfaces, the problems associated and the probable 

solutions for extending it for practical applications is the main motive of this thesis that has been 

outlined in detail in this chapter.  
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1.2. Exploring the Naturally Existing Anti-Wetting Interfaces 

The hidden treasures of nature have always astonished mankind and paved away for revolutionizing 

industrialization. In 1923, Thomson in a pioneering approach, elaborated the structural features of the 

duck’s feathers that displays extreme water repellence behaviour (Figure 1.1A).20 Later in 1997, 

Barthlott and Neinhuis discovered the water repellence property of the lotus leaf, wherein the water 

droplet remained perfectly spherical on the surface of the leaf and easily rolled off on tilting the surface 

carrying the deposited dirt along with it, thus, exhibiting self-cleaning property (Figure 1.1B).21 

 

 
 

Figure 1.1. A) Water-repellent duck feather. Reprinted with permission from (Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 6930-

6935). Copyright 2017, National Academy of Sciences. B) Rolling of the water droplet carrying dust along with it from the surface 

of the lotus leaf. C) Extremes of wettability patterned back of the Stenocara beetle. D) Directional water wettability of the rice leaf. 

E) Highly adhesive water-repellent foot of Gecko. F) Water-repellent legs of the water strider that helps it to stay afloat on water. 

G) Directional water wettability of the butterfly wings. H) Adhesive water-repellent surface of the rose petal. I) Underwater oil-

repellent fish-scales. J) Adhesive water-repellent surface of Salvinia Molesta. K) Directional water wettability of spider silk. L) 

Underwater oil-repellent lower side of the lotus leaf. M) Underwater oil-repellent Clam’s shell. N) Directional water wettability of 

cactus. O) Underwater, directional oil-repellent property of file fish. Reprinted with permission from (J. Mater. Chem. A, 2021, 9, 

824-856). Copyright 2021, The Royal Society of Chemistry.    
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Detailed investigation on the surface of the lotus leaf revealed micro-meter sized papillae (~5-9 µm) 

which were further decorated with nanometre sized epicuticular wax crystalloids (~200 nm) secreted 

by the leaf itself, thus, resulting in a dual degree of surface roughness as shown in Figure 1.2A-C. The 

dual degree or two-tier roughness along with the hydrophobic wax coating was responsible for the 

extreme water repellence behaviour exhibited by the lotus leaf.21-22 In 2002, the anisotropic water 

wettability of the rice leaf was revealed, where the beaded water droplet rolled off along the direction 

parallel to the leaf edge but remained pinned in the perpendicular direction (Figure 1.1D).23 This 

anisotropic behaviour was attributed to the parallel arrangement of micro-papillae along the leaf edge 

and randomly in the other directions, as shown in Figure 1.2D-F. The highly water adhesive behaviour 

of the surface of rose petal was discovered in 2008 (Figure 1.1H), where the presence of a close array 

of micro-papillae decorated with nano-folds led to the extreme adhesion of the beaded water droplet 

even on inverting the surface upside down as shown in Figure 1.2G-J.24   

The extreme water repellence behaviour is not just restricted to the plant kingdom. Several insects 

present in nature have also been gifted with this marvellous water repellence property that aids in their 

survival under harsh conditions. The stenocara beetle has an astounding water collection mechanism 

 
 

Figure 1.2. A-C) Scanning electron microscopic images of the lotus-leaf. Reprinted with permission from (Soft Matter, 2009, 5, 

1386-1393). Copyright 2009, The Royal Society of Chemistry. D-F) Scanning electron microscopic images of rice leaf that displays 

anisotropic water wettability. Reprinted with permission from (Adv. Mater., 2002, 14, 1857-1860). Copyright 2002, Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. G-H) Scanning electron microscopy images of the surface of rose petal. I-J) Water contact 

angle images on the surface of rose petal in the upward direction (I) and on inversion (J). Reprinted with permission from (Langmuir, 

2008, 24, 4114-4119). Copyright 2008, The Royal Society of Chemistry. K-M) Scanning electron microscopy images of the highly 

adhesive gecko foot. Reprinted with permission from (Nanoscale Horiz., 2019, 4, 52-76). Copyright 2019, The Royal Society of 

Chemistry. N-P) Scanning electron microscopy images of the outer (N) and inner (P) portions of the clam’s shell. Reprinted with 

permission from (Adv. Mater., 2012, 24, 3401-3405). Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.  
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embedded on its back (Figure 1.1C). In 2001, Parker et al. revealed that the beetle back comprises of 

randomly distributed hydrophilic smooth bumps (0.5 mm diameter) and wax coated extreme water-

repellent (superhydrophobic) valleys forming micro-structures.25 The water droplet bounces off on 

hitting the superhydrophobic valleys and accumulates at the hydrophilic regions until a size is reached 

wherein it can easily slide off from the beetle back. Over the years, the directional water repellence 

property of spider silk (Figure 1.1K)26 and cactus (Figure 1.1N)27 was also discovered that provided 

inspiration for designing its artificial counterparts. In 2002, Autumn et al. were the first to report the 

highly adhesive water-repellent feature of the Gecko foot (Figure 1.1E) that comprises of thousands 

of hydrophobic, micro-meter sized keratinous setae that are further split into hundreds of nanoscale 

ends as shown in Figure 1.2K-M.28 The legs of the water strider comprise of numerous oriented needle-

shaped setae with diameters ranging from 3 µm to several hundreds of nano-meters. Nanoscale grooves 

atop the micro-setae along with a hydrophobic wax coating helps the water strider to float on the 

surface of water (Figure 1.1F).29   

To survive and adapt to the harsh aqueous environments, the various species in the water kingdom 

have been bestowed with special anti-wetting properties for their survival. In 2009, Liu et al. first 

reported the extreme oil repellence exhibited by fish-scales that helps it to stay clean and survive even 

in oil contaminated aqueous phases (Figure 1.1I).30 Hierarchically featured fish-scales were revealed 

to be made up of hydrophilic components comprising of calcium phosphate, protein and a thin layer 

of mucus. The scales consist of radially arranged micro-papillae (length ~100-300 µm and width 30-

40 µm) topped with nanoscale structures. The presence of this dual degree of roughness and 

hydrophilic coating aided in exhibiting extreme underwater oil repellence. Apart from the fish scales, 

the lower side of the lotus leaf (Figure 1.1L),31 clam’s shell (Figure 1.1M, 1.2N-P),32 snail shell,33 file 

fish34 (Figure 1.1O) and seaweed35 were also discovered to exhibit extreme underwater oil repellence. 

Investigations of structural and chemical properties of these naturally existing species have led to the 

widespread development of bio-mimicked anti-wetting functional materials over the years for 

numerous ‘real’ world applications. 

1.3. Theoretical Origins of Liquid Wettability on a Solid Surface 

To adapt the characteristic anti-wetting features of the naturally existing species, detailed 

understanding on the theoretical models of liquid wettability is significant. Wettability of a solid 

surface is an important property since controlled wettability has prospective applications.18-19 The 

wetting of a liquid on a solid surface can be determined experimentally by measuring the angle between 

the surface and the liquid meniscus at the line of contact known widely as the contact angle.10 Contact 

angles can be classified as static contact angle and dynamic contact angles. Static contact angle is an 
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equilibrium angle which is obtained when the beaded liquid drop has acquired a steady state on the 

solid interface as shown in Figure 1.3A. Dynamic contact angles are non-equilibrium contact angles 

which are further recorded during the advancing and receding of a liquid droplet on a solid surface. 

Advancing contact angle is measured during the growth of a liquid droplet i.e., when the liquid droplet 

wets the solid interface (Figure 1.3B), whereas receding contact angle is measured during the shrinkage 

of the droplet i.e., when the droplet de-wets the surface (Figure 1.3C). The timeline of the theoretical 

evolution of liquid wettability on a solid surface is discussed below in detail.  

1.3.1. Young’s Model of Liquid Wettability: 

The wetting of a liquid droplet on a smooth, homogeneous solid surface was first explained by Thomas 

Young in 1805, wherein it was observed that the liquid droplet continued to expand on the solid surface 

until the equilibrium state is achieved as shown in Figure 1.3D.36 The contact angle of the liquid droplet 

on the flat, homogeneous solid surface was mainly dependent on the interfacial energy between the 

solid-vapor, solid-liquid and liquid-vapor interfaces expressed as follows: 

𝑐𝑜𝑠𝜃 =
ϒ𝑆𝑉 − ϒ𝑆𝐿

𝛾𝐿𝑉

 

where, θ is Young’s contact angle, ϒSV is the solid-vapor interfacial energy, ϒSL is the solid-liquid 

interfacial energy and ϒLV is the liquid-vapor interfacial energy. 

The Young’s model of liquid wettability in ‘air’ can also be extended for explaining the wetting of an 

oil droplet on a flat solid surface placed underwater, resulting in a solid/water/oil three phase interface.9 

The contact angle of an oil droplet in the underwater Young’s state can be expressed as follows,    

𝑐𝑜𝑠𝜃𝑂𝑊 =
ϒ𝑆𝑂 − ϒ𝑆𝑊

𝛾𝑂𝑊

 

where, θOW is the Young’s underwater contact angle, ϒSO is the solid-oil interfacial energy, ϒSW is the 

solid-water interfacial energy and ϒOW is the oil-water interfacial energy. But, in real-world scenarios, 

the solid surfaces are not smooth or homogeneous and consist of a certain degree of roughness. This 

condition led to the failure of the Young’s model at practical settings.  

1.3.2. Wenzel Model of Liquid Wettability:  

In 1936, Wenzel explained the liquid wettability on a non-homogenous, non-uniform solid surface by 

considering a dimensionless roughness factor (Figure 1.3E).37 It was stated that water conformally 

filled the rough surface asperities on the solid surface forming a continuous line of wetting and the 

equilibrium state equation for such surfaces is expressed as follows,   

𝑐𝑜𝑠𝜃𝑊 =  𝑟𝑐𝑜𝑠𝜃𝑌 
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where, θw is the apparent contact angle in the Wenzel state, θY is the Young’s contact angle on a flat 

surface and r is the roughness factor = 
𝐴𝑐𝑡𝑢𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
 

Thus, surfaces with static water contact angles less than 90⁰ are known as hydrophilic surfaces while 

surfaces with static water contact angles greater than 90⁰ are known as hydrophobic surfaces as shown 

in Figure 1.4B-C. According to the Wenzel model, the hydrophobicity of a surface can be further 

increased by enhancing the surface roughness,  however in reality, for roughness values greater than 

1.7, the cosine limits are not defined and thus, the Wenzel model fails.  

In the underwater Wenzel state, the oil droplet fills the rough asperities of the solid substrate and the 

relationship between the oil contact angle and surface roughness can be expressed as follows,9 

𝑐𝑜𝑠𝜃∗
𝑂𝑊 = 𝑟𝑐𝑜𝑠𝜃𝑂𝑊 

where, θ*ow and θow are the oil contact angles underwater on a rough and smooth surface respectively. 

1.3.3. Cassie-Baxter Model of Liquid Wettability: 

In 1944, Cassie-Baxter explained that on increasing the roughness factor beyond 1.7, the liquid droplet 

remained suspended atop the rough surface asperities, thus, forming a discontinuous line of contact 

with the solid surface as shown in Figure 1.3F.7 The rough surface features were revealed to trap an 

external third phase i.e. a metastable layer of air that aided in minimizing the contact of the beaded 

liquid droplet with the solid surface. The sum of contributions from all the different phases account 

for the apparent contact angle as expressed below,    

                                    𝑐𝑜𝑠𝜃𝐶𝐵  = 𝑓1𝑐𝑜𝑠𝜃1 + 𝑓2𝑐𝑜𝑠𝜃2 …………………….(1) 

 
 

Figure 1.3. A-C) Schematic illustrating the static contact angle (A), advancing contact angle (B) and receding contact angle (C). D-

F) Schematics depicting the different models of liquid wettability on a solid surface including Young’s model (D), Wenzel model 

(E) and Cassie-Baxter model (F).  
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where, θCB is the apparent contact angle, f1, f2 are the fraction of the solid-liquid, liquid-vapour surfaces 

in contact, respectively and θ1, θ2 are the contact angles of the solid-liquid, liquid-vapour phases. The 

contact angle of the liquid droplet with air, θ2 can be considered to be 180°. Moreover, if the solid 

fraction of a rough surface is f, the air fraction can be considered to be 1-f, thus equation 1 sums up as 

follows,  

𝑐𝑜𝑠𝜃𝐶𝐵 = 𝑓(1 + 𝑐𝑜𝑠𝜃) − 1 

Where, θCB is the apparent contact angle and f is the fraction of solid in contact with the beaded liquid 

phase. 

In the underwater Cassie state, the trapped external third phase is a layer of water in between the rough 

surface asperities such that the oil droplet remains suspended atop the water trapped surface features 

with apparent contact angle expressed as follows,9  

𝑐𝑜𝑠𝜃𝐶𝐵
𝑜𝑖𝑙 = 𝑓𝑊𝑐𝑜𝑠𝜃𝑂𝑊 + 𝑓𝑊 − 1 

where, 𝜃𝑂𝑖𝑙
𝐶𝐵  is the apparent oil contact angle and fw is the fraction of solid surface in contact with the 

oil droplet, underwater.  

Thus, for surfaces with static contact angles greater than 150°, the fraction of contact between the solid 

surface and the beaded liquid droplet is minimum. Considering the theory of the models of liquid 

wettability, a superhydrophobic or underwater superoleophobic surface can be formally defined as a 

surface with both static and advancing liquid (water/oil) contact angles greater than 150° as shown in 

Figure 1.4D.9-10 The difference between the advancing contact angle and receding contact angle is 

known as the contact angle hysteresis that accounts for the adhesive interaction between the beaded 

liquid droplet and the solid surface. Based on the contact angle hysteresis, surfaces with contact angle 

hysteresis value below 10⁰ display lotus-leaf inspired non-adhesive superhydrophobicity, whereas 

surfaces with contact angle hysteresis above 10⁰ display rose-petal inspired adhesive 

superhydrophobicity. The same definitions are applicable for underwater superoleophobicity.  

 

 
 

Figure 1.4. A-D) Schematic illustrating superhydrophilic (A), hydrophilic (B), hydrophobic (C) and superhydrophobic (D) surface.    
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1.4. Bio-Mimicked Anti-Wetting Interfaces: Assessing the Fundamental Requirements 

The lotus-leaf with dual degree of surface roughness that exhibits non-adhesive superhydrophobicity 

with water contact angle ~161° and hysteresis ~2°, is a special case of the Cassie-Baxter heterogenous 

liquid wetting state.22-23,38 It was experimentally proven that the presence of either micro or nano-

structures individually created surfaces with large contact angle hysteresis.23 In case of the micro-

structures, the trapped external phase i.e. the metastable air layer is unstable, whereas the nano-

structures itself are incapable of trapping enough metastable air that is required for displaying non-

adhesive superhydrophobicity. Thus, only surfaces with both micro and nano features display the lotus-

leaf inspired self-cleaning property as shown in Figure 1.5A-I.10 The rose petal with water contact 

angle above 150⁰ and contact angle hysteresis above 10⁰ is an example of the transitional state between 

Wenzel and Cassie state.24,38 The beaded water droplet impregnates only the microstructures of the 

rose petal (not the nano-folds) thus, creating surfaces with large hysteresis. Further, investigations on 

the lotus-leaf further revealed the presence of low surface energy coating i.e. a hydrophobic coating as 

the second essential parameter for exhibiting superhydrophobicity.21-23 Thus, the presence of 

hierarchical topography and hydrophobic coating are the two essential parameters that need to be 

adapted for fabricating bio-mimicked non-adhesive superhydrophobicity.10-19  

Similarly, investigations on the underwater superoleophobic fish-scales (Figure 1.6A-B) revealed the 

essential presence of two vital parameters i.e., a) hierarchical topography (Figure 1.6C-F) and b) 

 
 

Figure 1.5. A-I) Scanning electron microscopy images of nano structures (A-C), micro-structures (D-F) and micro-nano structured 

G-I) surfaces developed using replicas of lotus leaf. Reprinted with permission from (Soft Matter, 2009, 5, 1386-1393). Copyright 

2009, The Royal Society of Chemistry.  
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hydrophilic surface coating (Figure 1.6G).9,30 In an oil/water/solid system, a solid surface with 

micro/nano features aids in effectively trapping an external phase i.e. the impregnated water layer like 

the ‘fish scales’ forming a new composite interface that can extremely repel the oil phase . Further, to 

stabilize the trapped water layer in the hierarchal features, a high surface energy coating (hydrophilic) 

mimicking the mucus layer of fish scales is of utmost importance. Experimental evidences proved that 

the removal of the mucus layer altered the oil wettability of the fish-scales from underwater 

superoleophobicity (oil contact angle ~178°) to oleophobicity (oil contact angle ~148°) as shown in 

Figure 1.6G, thus, re-validating the need for the hydrophilic mucus layer to stabilize the trapped water 

layer for displaying extreme oil repellence.39-40 Therefore, a combination of the aforementioned two 

criteria have been successfully deployed to fabricate bio-mimicked underwater superoleophobicity. 

1.5. The Prospective Applications of Bio-Mimicked Anti-Wetting Interfaces 

The main objective of mimicking the characteristic extremes of anti-wetting properties of the naturally 

existing species is for resolving the day-to-day problems afflicting mankind and the environment 

alike.10-19 Over the years, the different types of superhydrophobic and underwater superoleophobic 

functional materials have been extended for widespread applications as shown in Figure 1.7.9-19,30 A 

hydrophobic surface is incapable to clean the dust deposited on the surface as shown in Figure 1.8A. 

However, the hierarchically featured lotus-leaf, often considered as a symbol of purity has inspired the 

design of various superhydrophobic interfaces exhibiting the self-cleaning property similar to the 

lotus-leaf as shown in Figure 1.8B.8,10-11 In 2020, Geyer et al. determined the removal of single particle 

contaminant from a silicone nanofilament coated, nano-porous superhydrophobic surface.41 It was 

concluded that the presence of hydrophobic or hydrophilic contaminants doesn’t affect the 

superhydrophobicity, however, the pore size of the superhydrophobic interfaces determines the 

 
 

Figure 1.6. A-B) Underwater superoleophobic property of the fish-scales. C-F) Scanning electron microscopy images of the fish-

scales. Reprinted with permission from (Adv. Mater., 2009, 21, 665-669). Copyright 2009, Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. G) Bar diagram illustrating the change in water and oil contact angles in ‘air’ and ‘underwater’ in the presence and 

absence of the mucus layer. Reprinted with permission from (Sci. Rep., 2014, 4, 7454-7459). Copyright 2014, Springer Nature.  
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complete removal of the deposited contaminants from the solid interface. Superhydrophobicity also 

finds applications in sustained drug delivery,42-44 water-proof textiles,15,18,45 anti-icing interfaces,46-47 

anti-corrosion surfaces,48-49 catalysis,50 anti-bio-adhesion,51-52 oil/water separation10-19 etc. The 

association of superhydrophobicity with electrical devices increase the longevity and performance of 

such devices under aqueous exposure.53 Wu et al. exploited branched poly(ethylenimine), silver 

nanoparticles and fluorinated decyl polyhedral oligomeric silsesquioxane to fabricate a colorful, self-

healing superhydrophobic coating on a cotton fabric that exhibited anti-bacterial property.45 The 

degradation of metals and its alloys on exposure to corrosive aqueous environments is another urgent 

issue that has been successfully tackled using various superhydrophobic interfaces.48 Xiang et al. 

developed a porous Zn-Ni-Co coating on an underlying steel substrate followed by the modification 

with low surface energy molecule, myristic acid to obtain a superhydrophobic surface that displayed 

excellent anti-corrosion performance even after submersion in sodium chloride solution for 48 h.49 The 

presence of the metastable air layer in the porous, superhydrophobic interface restricts the interaction 

between the corrosive liquids and the underlying metal-based solid interface.  

Grinstaff et al. were the first to hypothesize that three-dimensional (3D) superhydrophobic materials 

entrap a robust air layer in comparison to a two-dimensional superhydrophobic material which results 

in the delayed impregnation of an aqueous phase into a 3D-superhydrophobic material as shown in 

Figure 1.8C.54 This delayed infiltration of aqueous phase to displace the trapped air layer proved 

beneficial for prolonged drug release applications that holds potential utility in pain therapy and wound 

healing.42 A 3D, porous, electrospun mesh of poly(Ɛ-caprolactone) and a hydrophobic dopant was 

developed which was pre-loaded with an anti-cancer drug molecule. The slow displacement of the 

metastable air layer from such 3D, porous meshes on exposure to phosphate buffer, generated a 

 
 

Figure 1.7. Schematic illustrating the various prospective applications of the superhydrophobic and underwater superoleophobic 

materials developed over the years following the mimicking of the characteristic water wettability of lotus-leaf and underwater oil 

repellence of fish-scales.  
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sustained release profile over a period of 70 days as shown in Figure 1.8D. However, non-porous 

meshes that lacked the metastable air layer, released the entire loaded drug molecules in just 28 days.  

The vast practical utility of anti-wetting materials is not just limited to superhydrophobicity. 

Underwater superoleophobicity has been widely adopted for applications in anti-fouling of marine 

vessels,9,55 underwater sensors,56 oil droplet manipulation,57-58 oil/water separation,9,11,18, anti-platelet 

adhesion59 etc. The underwater superoleophobic surfaces exhibit excellent self-cleaning property 

wherein, an oil contaminated surface on submerging underwater removes the oil phase owing to the 

rapid impregnation of a water layer into the hydrophilic, rough solid surface.9,60 Pipe blockages due to 

 

 

Figure 1.8. A-B) Schematic illustrating the sliding of a water droplet on a tilted hydrophobic surface that is incapable of cleaning 

the dust particles deposited on the surface (A), whereas a tilted superhydrophobic surface ensures the removal of the dust particles 

along with the rolling water droplet (B). Reprinted with permission from (Chem. Soc. Rev., 2017, 46, 4168-4217). Copyright 2017, 

The Royal Society of Chemistry. C) Schematic representing the rapid water wetting mechanism of a two-dimensional 

superhydrophobic interface and the delayed water wetting of a three-dimensional, bulk superhydrophobic material. Reprinted with 

permission from (Adv Funct Mater., 2013, 23, 3628-3637). Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

D) Schematic depicting the gradually water impregnation into a bulk superhydrophobic material that leads to the displacement of 

the metastable air layer and aids in the sustained release of the loaded drug molecules. Reprinted with permission from (J. Am. 

Chem. Soc., 2012, 134, 2016-2019). Copyright 2012, American Chemical Society.  
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fouling by oil/oily phases present in a continuous water phase is a common problem around the globe 

(Figure 1.9A). The low oil adhesion of underwater superoleophobicity presents a facile way to prevent 

the pipe blockage in households and industries due to the discharge of oil contaminated water phase 

as shown in Figure 1.9B.61  

The prolonged sustenance of the micro/nano structured, underwater superoleophobic interfaces (with 

a stable, trapped water layer) on aqueous exposure imparts its potential applicability in inhibiting 

platelet adhesion on the surface of medical implants to prevent thrombosis.62-64 Chen et al. developed 

nanoscale topography on the surface of (poly(N-isopropylacrylamide), PNIPAAm) following the 

surface-initiated atom transfer radical polymerization of silicone nanowires, such that the nanoscale 

topography aided in trapping an increased water content by hydrophilic PNIPAAm generating 

underwater oil repellent interfaces that exhibited reduced platelet adhesion at temperatures both below 

and above the lower critical solution temperature of PNIPAAm as shown in Figure 1.9E-F.59 However, 

the smooth, non-structured PNIPAAm surfaces with a reduced content of trapped water, exhibited 

anti-platelet adhesion property only at temperatures below the LCST as shown in Figure 1.9C-D. Self-

repairable, underwater superoleophobic coating that displayed excellent protein anti-adhesion upto 30 

days was developed by Chen et al. following the self-assembly of hydrophilic polymeric chains grafted 

onto silica nanoparticles to obtain hierarchical microgel spheres.55 Thus, such self-healable, 

underwater superoleophobic surfaces with an ability to prevent the adhesion of proteins, bacteria, 

 
 

Figure 1.9. A) Schematic representing the flow of oil contaminated water through a conventional pipe. B) Schematic depicting the 

flow of oil contaminated water through a pipe coated with an underwater superoleophobic coating where, the black dotted arrows 

represent the water flow and the red arrow indicates the rolling of the oil droplet without pinning on the walls of the pipe. Reprinted 

with permission from (Chem. Soc. Rev., 2017, 46, 4168-4217). Copyright 2017, The Royal Society of Chemistry. C-F) Schematic 

representing the hydrated polymeric chains of a smooth PNIPAAm hydrogel restricting the platelet adhesion at low temperature 

(C). At higher temperature (D) the polymeric chains of a smooth PNIPAAm hydrogel crumble into a hydrophobic pocket and 

promotes platelet adhesion. However, a nanoscale structured PNIPAAm  hydrogel the water entrapping ability of the hydrogel 

inhibits platelet adhesion at both low (E) and higher (F) temperatures. Reprinted with permission from (J. Am. Chem. Soc., 2009, 

131, 10467-10472). Copyright 2009. American Chemical Society.  
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spores of micro-algae, diatoms etc, hold potential for remediating the marine vehicles and devices bio-

fouling concerns. Later, various groups developed salt and harsh chemically contaminated aqueous 

conditions resistant underwater superoleophobic interfaces that holds potential for marine anti-

biofouling applications.35,65-66 

Furthermore, underwater superoleophobicity has also been extended for the no-loss transfer of oil 

droplets underwater that presents advanced applications for droplet derived micro-reactors, lab-on-

chip devices thus, reducing the conventional operational costs and minimizing droplet loss due to 

pinning and wetting.9,57-58  

Interestingly, the acute issue of oil spill remediation has been successfully tackled exploiting both 

superhydrophobicity and underwater superoleophobicity in different ways.9-19 The progress of human 

civilization has led to an increase in the demand for energy, which in turn has escalated issues related 

to oil-spill incidents, industrial oily waste discharge affecting the industrial economy and 

environment.67-69 The conventional ways of remediating oil spills from vast, open water bodies involve 

spraying chemical dispersants, in-situ burning, skimming etc, that suffers from the inherent drawbacks 

of generating secondary pollution, time and energy inefficient and cost-ineffective.70-71 Moreover, 

these conventional methods lack selectivity towards a particular liquid phase that further limits its 

efficiency and recyclability. Bio-inspired super-wettability with extreme repellence towards either 

water or oil has received widespread attention over the years for its selectivity and efficiency in 

segregating the oil and water phases in an economic way without producing any additional secondary 

by-products.9-19 In that context, bio-inspired superhydrophobicity with extreme repellence towards the 

 
 

Figure 1.10. A-F) Digital images depicting the selective, absorption-based collection of both light (A-C) and heavy (D-F) oils from 

an oil/water interface using a poly(lactic) acid derived superhydrophobic foam. Reprinted with permission from (ACS Appl. Mater. 

Interfaces, 2019, 11, 14362-14367). Copyright 2019, American Chemical Society.  

 

TH-2950_176122042



Chapter 1 

 

14 
 

water phase, exhibits an inherent affinity towards the oil phase.72 Thus, superhydrophobic oil 

absorbents have been deployed over the years for the selective collection of both floating and heavy 

oil/oily phase from an oil/water interface as shown in Figure 1.10A-F.10-19,72-76 Das et al. reported the 

absorption-based selective separation of both oil-in-water and water-in-oil emulsions using 

magnetically active, superhydrophobic graphene oxide powder.77 Moreover, superhydrophobic 

membranes have also been fabricated for the selective filtration of both light and heavy oil phases from 

the respective oil/water mixtures as shown in Figure 1.11A-D and water-in-oil emulsion separation.10-

19,78-79 However, at conditions wherein the content of water phase in an oil/water mixture is higher, 

thus, demanding the selective filtration of only the water phase, underwater superoleophobicity plays 

an important role in this regard. At such scenarios, underwater superoleophobic membranes with 

extreme oil repellence property and an affinity for the water phase, allows the selective filtration of 

only the water phase while restricting the oil phase.9-19,80-83 Such filtration-based separation of oil/water 

mixtures and oil-in-water emulsions can be performed even under harsh settings as shown in Figure 

1.11E-H.66 

 
 

Figure 1.11. A-D) Digital images depicting the selective, gravity-driven filtration-based permeation of the oil phase from both light 

(A-B) and heavy (C-D) oil/water mixtures through a superhydrophobic membrane. Reprinted with permission from (J. Mater. Chem. 

A, 2017, 5, 15208-15216). Copyright 2017, The Royal Society of Chemistry. E-H) Digital images depicting the selective, gravity-

driven filtration-based permeation of the water phase from oil/water mixtures through an underwater superoleophobic membrane 

wherein the high (100°C, E-F) and low (10°C, G-H) temperature aqueous phases were taken for the demonstration. Reprinted with 

permission from (J. Mater. Chem. A, 2018, 6, 22027-22036). Copyright 2018, The Royal Society of Chemistry. 
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1.6. Components and Chemistries Integrated to Develop Bio-Mimicked Anti-Wetting Interfaces 

In the previous section, an elaboration about the various prospective applications of bio-inspired liquid 

wettability was provided, that pressed the urgent necessity for the development of bio-mimicked anti-

wetting functional material. In the following sections, a detailed discussion on the various synthetic 

and naturally derived chemical components-based bio-mimicked anti-wetting interfaces are outlined. 

However, the basic challenges faced by the existing reports makes them less appropriate for practical 

applicability and tackling these shortcomings using facile fabrication approaches and chemical 

avenues is the motive of this thesis. 

1.6.1. Synthetic Chemical Constituents Derived Bio-Mimicked Wettability  

The construction of the various bio-inspired anti-wetting interfaces have generally adapted three 

routes, a) building the rough topography followed by appropriate surface chemical modification,84-85 

b) selection of appropriately chemically modified surface followed by construction of the adequate 

topography86 or c) in-situ development of both topography and chemistry.42,54,66 The appropriate 

topography and chemistry of bio-inspired interfaces have been developed following majorly the top-

down and bottom up approaches.10 Top-down approach involves the carving, moulding or machining 

into the bulk of a material to design the pre-defined topographical patterns or arrangement that aid in 

trapping the external third phase for conferring bio-inspired wettability.87 Such approaches involve 

templation,88-89 lithography,90-91 plasma etching,92-93 etc. Bottom up approaches involve the physical 

or covalent assembly of the basic building blocks to generate larger, macroscopic materials consisting 

of a porous, rough topography and desired chemistry that is appropriate for imparting bio-inspired 

wettability.10 Such approaches involve sol-gel,66,85,94 layer-by-layer assembly,95-97 chemical vapour 

deposition,98-99 electrospinning100-101 etc.  

Over the years, the topography and chemistry of lotus-leaf inspired artificial superhydrophobic 

interfaces have been developed using various synthetic components such as carbon materials (carbon 

nanotubes, carbon nanofibers, soot particles, graphene derivatives, Mxenes),102-103 polymers (such as 

polydimethylsiloxane, polystyrene, polyacrylonitrile,),42,46,48,54,104 organo-silicones (fluoroalkylsilane, 

octadecyltrichlorosilane),15,45,85 metal oxides (zinc oxide, copper oxide),46,49,84, organic monomers 

(such as long chain thiols, hydrophobic amines) etc.12,18,43,45,49 The deposition of carbon nanotubes,105-

106 soot particles107-108 , polymeric nanoparticles66 or the metal oxides nanoparticles46,49,84 generate the 

required rough surface topography and the subsequent post modification with low surface energy 

molecules such as fluoro/alkyl silanes,15,45,85 long chain amines/thiols43,45,49 or hydrophobic polymers 

such as polydimethylsiloxane,48,54,104 imparts the essential low surface energy coating to exhibit 

superhydrophobicity.12,18 
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Metal-thiol bonding (Figure 1.12A),84,109 metal-ion interaction,110-111 hydrogen bonding (Figure 

1.12B),112 electrostatic interactions (Figure 1.12C),96-97 silane chemistry (Figure 1.12E),85,113 etc are 

the dominant chemistries utilized for fabricating conventional superhydrophobic interfaces. However, 

the susceptibility of electrostatic multilayers, metal-ion interactions, brittle metal oxides etc to physical 

abrasions and prolonged exposure to chemically contaminated aqueous phases limits the practical 

 
 

Figure 1.12. A) Schematic illustrating the fabrication of superhydrophobic fabric following the in-situ growth of transition-

metal/metal oxide nanoparticles followed by post modification with thiols. Reprinted with permission from (ACS Appl. Mater. 

Interfaces, 2013, 5, 1827-1839). Copyright 2013, American Chemical Society. B) Schematic depicting the development of a 

superhydrophobic surface following the quadruple hydrogen bonding of an organo-silane. Reprinted with permission from (J. Am. 

Chem. Soc., 2004, 126, 4796-4797). Copyright 2004, American Chemical Society. C) Schematic depicting the development of 

superhydrophobic multilayer coating following the layer-by-layer assembly of oppositely charged polyelectrolytes. Reprinted with 

permission from (Langmuir, 2010, 26, 12203-12208). Copyright 2010, American Chemical Society. D) Schematic depicting the 

UV-assisted click chemistry for developing superhydrophobic-superhydrophilic patterned surface following the tetrazole ring 

opening reaction with thiols. Reprinted with permission from (Angew. Chem. Int. Ed., 2015, 54, 8732-8735). Copyright 2015, Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim. E) Depiction of the fabrication of superhydrophobic fabric following silanization and 

post modification with fluorine chemistry. Reprinted with permission from (ACS Appl. Mater. Interfaces, 2013, 5, 10221-10226). 

Copyright 2013, American Chemical Society. F) Schematic depicting the azlactone ring opening chemistry following the post 

modification with a hydrophobic alkylamine (decylamine) to obtain bio-inspired superhydrophobicity. Reprinted with permission 

from (Adv. Mater., 2012, 16, 4291-4295). Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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utility of the earlier conventional superhydrophobic interfaces.110-112 On exposure to harsh physical 

abrasions, the low surface energy coating on the top of the interface is easily eroded that exposes the 

underlying hydrophilic building blocks (such as metal oxides), thus, compromising the 

superhydrophobicity as shown in Figure 1.13A.114 To tackle the durability concerns, post-repairing115-

116 and self-healing approaches117-118 were introduced that involved the stimuli-assisted regeneration 

 
 

Figure 1.13. A) Schematic representing the conventional superhydrophobic surfaces that compromise the inert low surface energy 

coating on top during harsh physical abrasions, thus, exposing the hydrophilic building blocks and eventually compromising the 

embedded water-repellent property. B-C) Schematic illustrating the regeneration of topography through post repairing approach (B) 

and chemistry following self-healing pathway (C) to restore the compromised superhydrophobicity. D) Schematic illustrating the 

bulk superhydrophobicity wherein the topography and chemistry is co-optimised throughout the material i.e. three-dimensionally. 

Reprinted with permission from (J. Mater. Chem. A, 2021, 9, 824-856). Copyright 2021, The Royal Society of Chemistry. 
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of the topography and chemistry at the site of damage as shown in Figure 1.13B-C. However, such 

stimuli-assisted regeneration restricts the scalability due to cost-ineffectiveness, need for external 

intervention and limited regeneration cycles. 

Levkin et al. introduced the concept of three-dimensional or bulk superhydrophobicity that ensures the 

uniform co-optimization of the topography and chemistry throughout the material, thus, providing an 

abrasion-tolerant functional superhydrophobic material as shown in Figure 1.13D.119 Subsequently, a 

few robust covalent chemistries were introduced that generated highly physically and chemically 

durable superhydrophobic materials for various practical applications.120-125 In 2020, Wang et al. 

designed armoured microstructures that consisted of fragile nanostructures which collectively 

generated highly mechanical and physical abrasion tolerant superhydrophobicity.126 However, such 

complex and expensive design processes would be less appropriate for practical applications. Table 

1.1 summarizes a few superhydrophobic interfaces that were fabricated using different types of 

Table 1.1 Illustrating the various superhydrophobic functional materials developed using synthetic, chemically 

hazardous building blocks following different chemical pathways. 
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synthetic building blocks following different chemical approaches and the details of the durability of 

these reported interfaces are also enlisted. 

Similarly, fish-scale inspired underwater superoleophobic interfaces have been developed exploiting 

hydrogels,55,59,128-130 electrostatic multilayers9,65,131 and metal oxides.32,57-58,132,133 Hydrogels have the 

tendency to entrap a large amount of aqueous phase that inclines with the hydrophilic mucus layer of 

fish-scales which aids in  extremely repelling the oil phase underwater. Covalently cross-linked 

hydrogels of polyacrylamide,59,82 polyvinyl alcohol (Figure 1.14A),134 composite hydrogels135 etc have 

been explored in the past for developing underwater superoleophobicity.9,12,15,18 The electrostatic 

assembly of oppositely charged, hydrophilic polymers, metal oxides etc are other reported approaches 

for fabricating underwater superoleophobic interfaces that allows to have precise control over the 

 

 

 

Figure 1.14. A) Schematic illustrating the cross-linking of diisocyanate with polyvinyl alcohol to obtain a polyurethane hydrogel. 

Reprinted with permission from (ACS Appl. Mater. Interfaces, 2020, 12, 56530-56540). Copyright 2020, American Chemical 

Society. B) Schematic illustrating the ion-induced electrostatic assembly of polyelectrolytes to generate underwater 

superoleophobicity. Reprinted with permission from (Adv. Mater., 2013, 25, 606-611). Copyright 2013, Wiley-VCH Verlag GmbH 

& Co. KGaA, Weinheim. C-F) Scanning electron microscopic images of the outer (C) and inner (E) portion of clam’s shell that 

exhibits oleophobicity (D) and underwater superoleophobicity (F) respectively.  G-H) Scanning electron microscopic images of a 

smooth copper oxide film (G) and micro/nano featured copper oxide film (H) that exhibits oleophobicity and non-adhesive 

underwater superoleophobicity respectively. I-J) Graph depicting the variation in underwater oil contact angle (I) and adhesive force 

(J) with the change in corrosion time of the cooper sheets. Reprinted with permission from (Adv. Mater., 2012, 24, 3401-3405). 

Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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thickness of the coating.9,65,131 Xu et al. developed NaCl-induced, underwater superoleophobic 

multilayer coating following the layer-by-layer assembly of poly(diallyldimethyl-ammonium 

chloride), poly(styrenesulfonic acid) and Au nanoparticles as shown in Figure 1.14B.65 The NaCl 

induced structural changes in the multilayer coating enhanced the underwater oil wettability. Liu et al. 

reported the distinct underwater oil wettability of the inner and outer regions Clam’s shell.133 The outer 

portion of the clam shell exhibited oleophobicity (Figure 1.14C-D) whereas the inner potion exhibited 

underwater superoleophobicity (Figure 1.14E-F) which was attributed to the presence of high surface 

energy building block of inorganic, calcium carbonate that imparted the hierarchical topography and 

hydrophilic surface coating. Inspired from the clam’s shell, hydrophilic metal oxides have been widely 

explored in the past for building the hierarchal surface topography for displaying underwater oil 

repellence. 32,57-58,132,133 For instance, chemical etching of copper sheets generated hydrophilic, copper 

oxide films with micro-sized cauliflower structures topped with nano-meter branches exhibited non-

adhesive underwater superoleophobicity as shown in Figure 1.14H.133 The duration of corrosion time 

altered the underwater oil wettability and oil adhesion as shown in Figure 1.14I-J, from oleophobicity, 

adhesive underwater superoleophobicity to non-adhesive underwater superoleophobicity (Figure 

1.14H), where smooth copper oxide films exhibited only underwater oleophobicity (Figure 1.14G). 

However, hydrogels are well-known to be fragile on swelling underwater and thus, hydrogel derived 

coatings are prone to fracture under applied mechanical stress and physical abrasions. Moreover, brittle 

metal oxides and electrostatic multilayers are susceptible to disintegration under prolonged exposure 

to chemically contaminated aqueous phases including extremes of pH, salt and surfactant contaminated 

water. 

Recently, a few bio-inspired robust approaches reported the fabrication of mechanically tough, 

abrasion resistant, sea-water tolerant underwater superoleophobicity.35,136 The strategic uses of 

covalent chemistries provided a basis for developing highly abrasion-tolerant, prolonged aqueous 

exposure tolerant underwater superoleophobicity.66,137 However, the fabrication process of such 

approaches is tedious for practical applications. Table 1.2 summarizes the various types of underwater 

superoleophobic interfaces that were fabricated using different types of synthetic building blocks 

following different chemical approaches and durability of these interfaces are also accounted in the 

table. The vast applications of bio-inspired wettability have triggered its rapid advancement over the 

years. Even though, robust superhydrophobic and underwater superoleophobic coatings as well as bulk 

materials have been developed over the years following different chemical approaches, the major 

concern regarding the bio-degradability and toxicity of the basic chemical constituents hinders the 

industrial scalability owing to the health and environmental hazards.143-144 Industrialization and 
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economic growth at the cost of the environment is not a desirable policy for a sustainable economy. 

Thus, in this context, the shift towards the substitution of synthetic components with naturally 

occurring, abundant, low-cost and eco-friendly alternatives for the development of bio-inspired anti-

wetting interfaces has recently been explored.  

1.6.2. Natural Derived Bio-Mimicked Wettability: Progress and Drawbacks 

Well-known naturally derived, abundant, cheap and environment-friendly components such as 

cellulose, chitosan, nano-clay, phytic acid, phenolic acid, poly(lactic) acid etc, have been explored 

over in the recent years for the development of various bio-mimicked anti-wetting materials.17,111,145-

155    

Natural components are processed strategically to impart the essential rough surface topography 

followed by the chemical modification with low surface energy molecules to impart 

superhydrophobicity. 17,111,145-155 Table 1.3 summarizes a few superhydrophobic interfaces that were 

Table 1.2 Illustrating the various underwater superoleophobic functional materials developed using synthetic, chemically 

hazardous building blocks following different chemical pathways. 
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fabricated using different types of naturally derived components following different chemical 

approaches and the details of their durability examination are also provided. 

Cellulose and its derivatives, abundantly found in nature, are the most explored natural components 

for achieving superhydrophobicity.17,148-149,156-158 Badiya et al. spray deposited fluoroalkyl silane 

modified cellulose nanofibers on a commercial filter paper to generate a water-proof paper substrate, 

where the cellulose nanofibers provided the topography and the fluoroalkyl modification imparted the 

low surface energy as shown in Figure 1.15A-D.158 The resultant superhydrophobic paper with water 

contact angle ~160°, exhibited self-cleaning property with tolerance towards physical abrasions such 

as knife scratch test, tape adhesion, finger wiping for 100 cycles, high temperature (200°C), low 

temperature (-80°C), direct sunlight and inertness towards organic solvent. Phytic acid, a naturally 

occurring, non-toxic component found in legumes, cereals, oil seeds etc, consists of six phosphate 

groups that bind the toxic minerals in the human body and help in excretion.159 Zhou et al. explored 

Table 1.3 Illustrating the various superhydrophobic functional materials developed using naturally derived building 

blocks following different chemical pathways. 
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phytic acid as ligand to bind to metal ions (AgI, FeIII, CeIII, ZrIV, SnIV) to produce the hierarchical 

topography on a wide range of substrates followed by post modification with polydimethylsiloxane 

(PDMS) to impart the low surface energy as shown in Figure 1.15E.111 The superhydrophobic Phytic 

acid-FeIII- polydimethylsiloxane coated fabric with water contact angle ~151°, retained the embedded 

water wettability even after 30 cycles of sand paper abrasion and adhesive tape peeling, UV irradiation 

for 24 h, heat treatment 2 h, immersion in organic solvents for 7 days. Thus, such a durable interface 

was extended for oil/water remediation. DNA was exploited as bio-viable flame retardant to develop 

a superhydrophobic, flame-retardant coating on cotton fabric.154 The deposition of electrostatically 

bound silver nanoparticles-deoxyribonucleic acid on cotton fabric provided the essential surface 

topography whereas the further modification with octadecyltriethoxysilane following the 

polycondensation of silane provided the low surface energy framework. The resultant 

superhydrophobic fabric with water contact angle ~157° repelled the chemically contaminated, beaded 

aqueous droplets of pH 1-14 and retained the embedded water repellence property even after detergent 

washing for 4 cycles. Bio-degradable polylactic acid was exploited by Wang et al. to obtain 

lightweight, porous, superhydrophobic foams for selective and repetitive oil/water remediation.152 The 

non-solvent induced phase separation approach introduced porosity into the foams while the 

subsequent skin peeling with an adhesive tape produced rough features on the surface of the foam. The 

as-obtained superhydrophobic foam repelled the beaded water droplet with water contact angle ~151°, 

however, the durability of the embedded water repellence property was not examined.  

However, there exists major issues with the reported natural ingredients derived superhydrophobic 

interfaces. The use of fluorinated molecules for post modification to achieve durable 

superhydrophobicity limits its scalability due to the associated environmental hazards.158,160 The metal-

ion interactions,111 electrostatic interactions154 derived superhydrophobicity was demonstrated to 

retain the water repellence behaviour even after performing harsh physical abrasions and exposure to 

UV, organic solvents, however, the durability of such interfaces on prolonged exposure to chemically 

contaminated aqueous phases were not demonstrated. The prolonged durability of any 

superhydrophobic interface  in harsh aqueous phases is of utmost importance since such severe settings 

are bound to be present at practical settings.  

A few covalent chemistries such as Schiff base reaction (Figure 1.16A),148 click-chemistry,145,147 

condensation reactions (Figure 1.16B)151,153-155 were also associated to develop natural components 

derived superhydrophobic materials, but, the physical or chemical durability examination of these 

materials were not examined in the earlier reported studies. Importantly, there exists a dearth of reports 

in literature providing a facile, catalyst-free chemical pathway for tailoring the embedded water 
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wettability or other associated physical properties of the materials. Such an avenue to tailor the water 

wettability is useful for sustained drug delivery applications42 and the integration of bio-viable natural 

components would prove useful for real-life applicability. In a rare demonstration, Behboodi et al. 

reported the dip coating of alkene substituted resorcinarene (plant derived phenolic compound) 

coatings on a wide range of substrates via hydrogen bonding, electrostatic interactions to provide the 

essential surface topography as shown in Figure 1.17A-B.147 The UV-initiated thiol-ene reaction of 

the residual alkene groups with alkyl-thiol (perfluorodecanethiol) and hydrophilic thiol (2-hydroxy-1-

 
 

Figure 1.15. A) Schematic representing the silanization of cellulose nanofibers with an amine containing silane and a fluoro-silane 

followed by spray coating of the modified cellulose nanofibers on a filter paper to obtain a water-proof paper. B-C) Water wettability 

on the modified (B) and unmodified cellulose nanofibers coated filter paper (C). D) Digital image showing the bouncing of a water 

jet from the surface of the water proof-paper. Reprinted with permission from (ACS Nano, 2017, 11, 11091-11099). Copyright 2017, 

American Chemical Society. E) Schematic representing the phytic acid coordinated metal ion complexes deposited on a fabric to 

obtain the essential topography followed by post modification with polydimethylsiloxane to obtain a superhydrophobic fabric. 

Reprinted with permission from (ACS Appl. Mater. Interfaces, 2017, 9, 9184-9194). Copyright 2017, American Chemical Society.  
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ethane thiol) generated superhydrophobic/superhydrophilic patterns as shown in Figure 1.17C-D. The 

physical and chemical durability examination of this macrocycle derived superhydrophobic interface 

was not examined. Moreover, such catalyst-assisted embedment of water wettability is less likely 

feasible for large scale production and further, resorcinarene extraction, processing is an expensive 

approach. Moreover, most of the naturally derived superhydrophobic interfaces that lack both 

 
 

Figure 1.16. A) The self-polymerization of dopamine on nano-fibrillated cellulose followed by post modification with 

octadecylamine adopting Schiff base chemistry to obtain a superhydrophobic aerogel. Reprinted with permission from (ACS 

Sustainable Chem. Eng., 2018, 6, 9047-9055). Copyright 2018, American Chemical Society. B) Schematic depicting the 

condensation of the hydroxyl groups of halloysite nanotube with polysiloxanes, such that the dip coating of the modified halloysite 

nanotubes on a polyurethane foam produced a superhydrophobic foam. Reprinted with permission from (ACS Appl. Mater. 

Interfaces, 2019, 11, 25445-25456). Copyright 2019, American Chemical Society. 

 
 

Figure 1.17. A-D) Schematic representing the hydrogen bonding of alkene-substituted resorcinarene onto various planar substrates 

(B) followed by UV-assisted thiol-ene post modification with alkyl-thiol (perfluorodecanethiol) and hydrophilic thiol (2-hydroxy-

1-ethane thiol) (C) to produce superhydrophobic/superhydrophilic patterns (D). Reprinted with permission from (ACS Appl. Mater. 

Interfaces, 2018, 10, 39268-39278). Copyright 2018, American Chemical Society. 
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durability and chemical reactivity have been developed following tedious, complicated and expensive 

fabrication processes that raises challenges related to scalability.145,147,149-150,152,154  

Natural components have also been exploited to develop underwater superoleophobic interfaces for 

various prospective applications.161-174 Table 1.4 summarizes a few underwater superoleophobic 

interfaces that were fabricated using different types of naturally derived components following 

different chemical approaches and the durability examinations of these interfaces. Processed, 

hydrophilic cellulose nanosheets,162 sand layer,164 wood,165 walnut shell powder,169 are some of the 

unconventional ingredients that exhibited underwater extreme oil repellence property on conversion 

into a membrane or physical deposition on the appropriately selected substrates.  

Table 1.4 Illustrating the various underwater superoleophobic functional materials developed using naturally derived 

building blocks following different chemical pathways. 
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Cai et al. reported that seaweed S. japonica made up of polysaccharides such as carrageenan, alginate 

and agar, exhibited salt-water tolerant underwater superoleophobicity as shown in Figure 1.18A-D.35 

Atomic force microscopy of dehydrated seaweed revealed a porous outer interface with reticular 

structures and microfibers, resembling a dehydrated hydrogel. However, atomic force microscopy 

performed underwater revealed the absence of reticular structures and confirmed the presence of 

randomly distributed micro-domains that in turn generated nanoscale roughness. The presence of 

polysaccharides ensured the trapping of a large amount of water, similar to a hydrogel that aided in 

exhibiting underwater oil repellence. Inspired from the seaweed, a hybrid hydrogel of calcium alginate 

with polyacrylamide was fabricated with doping of nano-clay, where the hydrogel entrapped the water 

phase to exhibit underwater oil repellence and the presence of nano-clay imparted mechanical stability 

to the otherwise fragile hydrogel.35 The resultant double network-composite hydrogel with inherent 

nanoscale roughness exhibited underwater oil contact angles above 150° in saturated NaCl solutions 

and retained the anti-fouling property even after immersion in viscous oils for 30 days. Figure 1.18E 

shows the cleaning of the contaminated oil phase from the surface of the hydrogel coated glass using 

a splash of water whereas the oil phase sticks to the bare glass surface. Moreover, the immersion in 

distilled water, artificial sea-water for 5 days and consecutive drying and swelling of the hydrogel for 

5 cycles failed to deter the embedded oil wettability. Fan et al. reported a cellulose-polyvinyl alcohol 

hydrogel cross-linked with glutaraldehyde following the ether/acetal formation reactions as shown in 

Figure 1.18F.163 The covalently cross-linked hydrogel coating on a filter paper exhibited underwater 

superoleophobicity with oil contact angle above 150° that was extended for oil/water separation using 

hexane as the model oil and chemically contaminated aqueous phases such as 2 M H2SO4, 2 M NaOH, 

saturated NaCl and for surfactant stabilized oil-in-water emulsion separation. The hydrogel coated 

filter paper repelled the chemically contaminated beaded aqueous droplets (with pH 1-14) and different 

concentrations of NaCl.  

Hou et al. exploited the electrostatic interactions between negatively charged halloysite nanotubes and 

positively charged poly(diallyldimethyl ammonium chloride) to build a hierarchically featured, 

underwater superoleophobic coating on a stainless-steel mesh (Figure 1.18G ) that was extended for 

selective and repetitive oil/water separation.168 The clay derived underwater oil repellent interface 

retained its embedded wettability even after exposure to chemically aqueous acidic and salt 

contaminated environments for 12 h and after sand drop test.   

Chen et al. reported transparent and mechanically durable underwater superoleophobicity inspired by 

the bio-mineralization assisted mechanically tough, hierarchical outer surface of nacre composed of 

5% organic matrix and 95% inorganic aragonite, which protects the inner soft body.175 Nacre-inspired 
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mineralized, transparent films of chitosan as the organic component and aragonite platelet as the 

inorganic component was developed on a wide range of planar substrates that exhibited underwater oil 

repellence with oil contact angles above 150°. Primarily, methacrylic anhydride modified chitosan was 

photo-cross linked to form a thick film on the desired substrate followed by the deposition of 

amorphous calcium carbonate that reduced the mineralization time and acted as seed molecules for the 

growth of inorganic aragonite platelet as shown in Figure 1.19A-B. The chitosan derived underwater 

oil repellent coating retained its oil repellence property even after 30 days immersion in sea water and 

dropping from upto 60 cm height.  

 
Figure 1.18. A-D) Underwater superoleophobic property of seaweed. E) Digital images depicting the anti-fouling property of the 

alginate hydrogel coated glass slide. The oil phase is easily washed off by water on the alginate coating whereas the uncoated glass 

slide is stained by the oil phase. Reprinted with permission from (Adv. Mater., 2015, 27, 4162-4168). Copyright 2015, Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. F) Schematic depicting the cross-linking of cellulose and polyvinyl alcohol with 

glutaraldehyde to obtain an underwater superoleophobic hydrogel coating on filter paper. Reprinted with permission from (Adv. 

Funct. Mater., 2015, 25, 5368-5375). Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. G) Schematic depicting 

the layer-by-layer electrostatic assembly of poly(diallyldimethyl ammonium chloride) with halloysite nanotubes to generate 

underwater superoleophobicity on a stainless-steel mesh. Reprinted with permission from (Appl. Surf. Sci., 2017, 416, 344-352). 

Copyright 2017, Elsevier B. V.  
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Zou et al. developed a polydopamine filled cellulose aerogel cross-linked via epichlorohydrin 

following ether formation, self-polymerization reactions to produce an underwater superoleophobic 

aerogel that was extended for solar-assisted dye separation from wastewater.173 The durability of the 

reported oil-repellent aerogel was not examined. 

Even though appreciable progress has been made in the area of natural components derived underwater 

superoleophobicity, there exists glaring loopholes in the reported approaches. For instance, the 

hydrogel-based coatings were not thoroughly demonstrated for its ability to withstand severe physical 

abrasions such as scratch test, tape peeling test, sand paper abrasion or subjection to mechanical 

stretching.35,163 Hydrogels are extremely fragile on exposure to aqueous phase which renders their 

mechanical handling difficult. Moreover, the acetal ring/ether linkages oil-repellent coatings would be 

susceptible under acidic conditions due to hydrolysis of ether/acetal,176-177 thus, such coatings would 

be unfit for practical applications. Even though a few approaches reported the salt-tolerant oil repellent 

 

 

Figure 1.19. A-B) Schematic representing the photo-crosslinking of methacrylic anhydride modified chitosan to form a thick film 

followed by deposition of amorphous calcium carbonate that reduced the mineralization time of the chitosan film and also acted as 

seed molecules for the growth of aragonite platelets. The nacre-inspired mineralized (NIM) film exhibited underwater transparent, 

superoleophobicity. Reprinted with permission from (Adv. Mater., 2020, 32, 1907413-1907420). Copyright 2020, Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim.  
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coatings upto 30 days of exposure to saturated NaCl ,35,163,178 Most of the reports failed to examine the 

long duration sustainability of the oil-repellent coatings after exposure to chemically contaminated 

aqueous phases including extremes of pH, surfactant contaminated water etc. The halloysite derived 

oil-repellent multilayer coatings were exposed to acidic water and seawater for a mere 12 h duration,168 

whereas for practical applications, the prolonged durability examination is a necessity. Furthermore, 

most of the reported approaches involve the use of catalyst-assisted cross-linking or oxidation 

processes,170,175 laborious layer-by-layer assembly168 and multistep synthesis167,172-175 which adds to 

the cost of production and thus, limits its scalability. Although mechanically tough coatings have been 

achieved,133,175,178 however, none of the approaches till date have exploited natural components to 

obtain stretchable and durable underwater superoleophobicity. Importantly, natural components 

derived durable anti-wetting materials that allow to associate other relevant physical properties is rare 

in the literature.  

Thus, to address the inadequacies of the reported approaches, I have adopted facile chemical pathways 

to fabricate bio-mimicked anti-wetting interfaces with impeccable long-term durability exploiting 

cheap, eco-friendly components. 

1.7. Motivation and Objectives 

The development of bio-inspired wettability has witnessed widespread advancement in the recent 

decade owing to its enormous practical applicability.9-19 Various types of synthetic components have 

been utilized to develop both artificial superhydrophobic and underwater superoleophobic interfaces, 

however, the associated toxicity and non-biodegradability of the as-fabricated materials or the 

constituent building blocks of the synthetic counterparts pose a major hindrance for scalability and the 

related health, environmental hazards.143-144 As already discussed in section 1.6.2, Table 1.3 and 1.4, 

recently, natural components derived  anti-wetting interfaces have gained precedence owing to its low-

cost, abundance and environment-friendliness.145-155,161-174 However, the naturally derived anti-wetting 

material integrated together through weak physical interactions or susceptible covalent chemistries 

suffer from major durability issues that limits their practical applicability, where prolonged chemical, 

physical and mechanical durability of the materials is of utmost importance.110-112,114 Moreover, the 

reported naturally derived anti-wetting interfaces lack a facile, catalyst-free chemical avenue to tailor 

the embedded liquid wettability and other physical parameters that would be useful for various relevant  

applications. Furthermore, most of the synthetic and naturally derived anti-wetting materials have been 

developed adopting expensive, tedious and complex fabrication processes that is non-viable for 

industrial scale-up. 65,113,139,145,147,149-150,152,154,167,172-175   
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To combat the durability challenges associated with the anti-wetting interfaces and the lack of 

chemical reactivity that would allow to tailor the embedded liquid wettability, a robust, readily 

reactive, covalent chemistry appears as a promising counter-tool.114 For example, the catalyst-free 

Michael addition reaction between an amine containing branched polymer (BPEI) and a multi-

functional acrylate cross-linker (5Acl) was exploited earlier to generate chemically ‘reactive’ 

nanocomplexes that imparted both the a) essential topography and b) residual chemical reactivity for 

post modification with the desired chemical functionalities to exhibit anti-wetting property.114 The 

‘reactive’ nanocomplexes derived free-standing, porous monoliths or thick polymeric coatings 

displayed superhydrophobicity on post modification with a hydrophobic alkylamine i.e. decylamine.179 

 
 

Figure 1.20. A-C) Schematic illustrating the formation of the chemically ‘reactive’ polymeric nanocomplexes following the  

catalyst-free Michael addition reaction between a branched amine containing polymer and multi-functional acrylate cross-linker. 

D-F) The growth of the ‘reactive’ polymeric nanocomplexes generate three-dimensional monoliths that produce bulk 

superhydrophobicity after post modification of the residual acrylate groups with decylamine. Reprinted with permission from 

(Chem. Mater., 2016, 28, 8689-8699). Copyright 2016, American Chemical Society. G-I) The deposition of a dispersion of 

‘reactive’ polymeric nanocomplexes generate underwater superoleophobicity on a fibrous substrate following the post modification 

of the residual acrylate groups with glucamine. Reprinted with permission from (J. Mater. Chem. A, 2018, 6, 22027-22036). 

Copyright 2018, The Royal Society of Chemistry. 
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Moreover, the post covalent modification of the ‘reactive’ polymeric coating with a high surface 

energy molecule i.e. glucamine, imparted underwater superoleophobicity.66 Even though, robust 

superhydrophobic and underwater superoleophobic functional materials were obtained following 

Michael addition chemistry, but those materials were developed using synthetic and non-

biodegradable polymer i.e. BPEI. 180 Moreover, BPEI is synthesized from aziridine which is widely 

known for its toxicity, hence, the industrial scalability is a major threat.181 

Thus, the development of robust, functional anti-wetting interfaces exploiting low cost, abundant and 

widely known eco-friendly alternatives following facile Michael addition reaction and Schiff base 

reaction using an economical fabrication technique, is the motive of my thesis. The strategic 

association of Michael addition reaction at ambient conditions is expected to provide residual chemical 

reactivity to the naturally derived functional interfaces for the three-dimensional tailoring of the 

embedded liquid wettability. The tailoring of water wettability in a bulk superhydrophobic material 

would provide a facile avenue for the controlled and sustained release of the loaded drug molecules. 

Such prolonged drug release using naturally abundant components derived anti-wetting materials is 

unprecedented in literature, that can be extended for prospective bio-medical applications. Moreover, 

the tailoring of both liquid wettability and other physical parameters such as porosity, mechanical 

 
 

Figure 1.21. Schematic representing the exploitation of various naturally derived, abundant, eco-friendly ingredients for the 

fabrication of bio-mimicked anti-wetting interfaces following a facile chemical approach that would allow the induction of chemical 

reactivity to tailor the embedded liquid wettability. Furthermore, such natural ingredients associated chemical strategies can be 

explored to modulate the mechanical property. 
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property of the naturally derived functional materials is rare in the literature but would be useful for 

various real-world potential applications. Moreover, the uniform co-optimization of topography and 

chemistry is expected to produce physically and chemically durable, stretchable and mechanically 

deformable, eco-friendly, anti-wetting materials for extended applications in oil/water separation even 

at diverse severe settings.  
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Chapter 2. Protein Derived Chemically ‘Reactive’ Interface for 

Obtaining Durable Superhydrophobicity* 

 

Over the years, the conventional bio-mimicked extreme liquid-repellent interfaces that have been 

developed using synthetic/non-synthetic polymers adopting various chemistries generally failed to 

provide a facile avenue for tailoring the water wettability. Hence, chemically ‘reactive’ interfaces were 

extended to integrate and modulate different water wettability on the same interface, however, 

derivation of such interfaces from natural protein is rare in the literature. In this chapter, a naturally 

abundant, well-known biodegradable protein i.e. bovine serum albumin, was exploited to develop 

chemically ‘reactive’ protein nanoparticles following the catalyst-free Michael addition reaction 

between the amine residues of BSA and an acrylate cross-linker at ambient conditions. The deposition 

of chemically ‘reactive’ protein nanoparticles on a fibrous cotton substrate imparted the essential 

topography and residual chemical reactivity that allowed to associate the desired chemical functional 

groups. The appropriate post covalent modification of the ‘reactive’ coating with the selected 

alkylamines allowed to tailor the water wettability from hydrophobicity, adhesive superhydrophobicity 

to non-adhesive superhydrophobicity. This protein-derived ‘bulk’ superhydrophobicity could endure 

severe repetitive compression, physical abrasions and prolonged exposure (30 days) to chemically 

contaminated aqueous phases. Moreover, the chemically modulable water wettability was rationally 

utilized for the controlled and sustained release of the bioactive small molecules that were post loaded 

onto the fibrous substrate, from days to months. Moreover, the small molecules from the 

superhydrophobic cotton remained highly bioactive and prevented the proliferation of bacteria.  

 

 

 

 

 

 

 

 

 

 

 

*A. Shome et al., Nanoscale Adv., 2019, 1, 1746-1753, A. Shome et al., ACS Sustainable Chem. Eng., 2019, 7, 

7502-7509. 
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2.1. Introduction 

Superhydrophobic interfaces have been fabricated over the years through mimicking the structural 

features and chemical composition of the lotus-leaf for applications in drug delivery, oil/water 

separation, anti-counterfeiting, self-cleaning etc.1-3 Superhydrophobicity guided prolonged drug 

delivery (upto 70 days) was first reported by Grinstaff and co-workers.4 Electrospun, three-

dimensional superhydrophobic meshes made up of a synthetic polymer i.e. poly(Ɛ-caprolactone) and 

a hydrophobic dopant were fabricated wherein, the drug molecules were pre-loaded into the meshes 

during fabrication. The presence of metastable trapped air in such ‘bulk’ superhydrophobic substrates 

(thickness ~300 μm) was revealed to be responsible for the prolonged drug release owing to the slow 

penetration of the aqueous phase into the bulk of the substrate. Moreover, it was proven that two-

dimensional superhydrophobic interfaces with a ‘thin’ layer of metastable trapped air at the surface, 

allowed the rapid infiltration of the aqueous phase leading to the quick displacement of the metastable 

trapped air layer.5  In such a scenario, the loaded drugs are expected to be released rapidly, hence, 

failing to provide a prolonged release profile. Moreover, the pre-loading of drugs limits the 

concentration of drug loaded without compromising the embedded water wettability and also restricts 

the loading of a wide range of drugs owing to solubility issues with the reaction solvent. Importantly, 

the superhydrophobic meshes reported by Grinstaff et al. allowed to control the embedded water 

wettability through optimizing the hydrophobic dopant concentration.5 But, for practical applicability, 

a facile approach is required to control the rate of drug release and significantly enhance the drug 

loading capacity. In that context, chemically ‘reactive’ interfaces integrated with bio-inspired 

wettability can prove to be a turning point. 

Over the last two decades, catalyst-free, chemically ‘reactive’ coatings have been explored for various 

relevant medical applications including patterning of proteins and mammalian cells, developing 

antibacterial coatings, tissue engineering, drug delivery etc.6-9 In general, such chemically ‘reactive’ 

coatings have been developed through the uncontrolled polymerization of chemical vapor deposited  

monomers10-11 and layer-by-layer deposition of non-biodegradable synthetic polymers.12-14  Levkin et 

al. have exploited catalyst-assisted click chemistry for fabricating chemically ‘reactive’ interfaces 

using synthetic polymers for integrating extreme liquid-repellence properties for a wide range of 

biological applications.15-18 Lynn et al, developed chemically ‘reactive’ polymeric multilayers of 80 

μm thickness exploiting azlactone ring opening chemistry, that were embedded with 

superhydrophobicity and extended for the post loading and release of drug molecules/peptides for a 

prolonged (~400 days) period.19 However, such earlier reported chemically ‘reactive’ coatings were 

mostly derived from synthetic and non-biodegradable polymers following complex and tedious 
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fabrication processes that is likely to limit the practical bio-medical applicability. Thus, in this chapter, 

naturally abundant and well-known biodegradable protein,20 bovine serum albumin (BSA) was 

strategically exploited for the facile and scalable synthesis of a durable, deformable, bulk 

superhydrophobic coating on a fibrous substrate adopting the catalyst-free Michael addition chemistry 

for the proof-of-concept prolonged drug release demonstrations. 

In the recent past, BSA protein was successfully integrated with various nanomaterials for surfactant-

free stabilization of colloidal dispersion, improving therapeutic properties, synergistic therapy of 

tumours, exfoliation of transition metal dichalcogenides, photothermal therapy of cancer cells etc.21-28 

Furthermore, BSA nanoparticles have been widely exploited for therapeutic applications.25-28 

However, reports on the ambient condition chemical modification of the amine residues of BSA to a) 

cross-link the protein network and b) induct chemical reactivity such that the further post 

functionalization would be possible, is scarce in literature. In this chapter, the economically feasible 

and naturally abundant serum protein was successfully exploited for the synthesis of covalently cross-

linked and chemically ‘reactive’ BSA nanoparticles following the catalyst-free Michael addition 

reaction between the amine residues of BSA and an acrylate cross-linker at ambient conditions. The 

residual acrylate groups in the  BSA nanoparticles were exploited to decorate an abundantly available 

fibrous substrate i.e. medical cotton, where the chemically ‘reactive’ BSA nanoparticles provided both 

the a) essential surface topography and b) residual chemical reactivity for the post covalent 

modification of the chemically ‘reactive’ coating on a fibrous substrate. The post modification of the 

residual acrylates with octadecylamine provided durable, bulk superhydrophobicity which remained 

unperturbed even after repetitive physical deformations, prolonged (30 days) exposure to UV radiation 

and chemically contaminated aqueous phases. Moreover, the presence of residual chemical reactivity 

allowed to tailor the embedded water wettability from hydrophobicity, adhesive superhydrophobicity 

to non-adhesive superhydrophobicity through the post covalent modification with the desired amine 

containing small molecules following the catalyst-free Michael addition reaction at ambient 

conditions. The tailorable water wettability allowed the controlled and sustained release of the drug 

molecules (aspirin and tetracycline)  from days to months that were loaded onto the appropriately post 

modified fibrous substrates. The tailored water repellence in the appropriately post modified coating 

remained intact even after post loading with the hydrophilic dye molecules. The released tetracycline 

continued to display bioactivity against E. coli and S. aureus.  

2.2. Experimental Section:  

2.2.1. Materials Required:   

TH-2950_176122042



Chapter 2 

 

45 

 

Bovine serum albumin (BSA, MW∼66.5 KDa, faction V), dipentaerythritol penta-acrylate (5Acl, MW 

= 524.51 g/mol), pentylamine, hexylamine, octylamine, decylamine, octadecylamine (ODA), sodium 

dodecyl sulfate (SDS), dodecyl trimethyl ammonium chloride (DTAB), octanol, fluorescein, 

tetracycline hydrochloride, aspirin, phosphate buffer saline (PBS) capsules (pH 7.4, 0.01 M), 

rhodamine 6G and methylene blue, were purchased from Sigma-Aldrich (Bangalore, India). Absolute 

ethyl alcohol (CAS 64-17-5, Lot No. 17030799) was purchased from TEDIA Company (United States 

of America). Methanol (CAS 67-56-1) was purchased from RANKEM (Maharashtra, India). Reagent 

grade THF was purchased from RANKEM (Maharashtra, India). Sodium chloride, magnesium 

chloride, calcium chloride, magnesium sulphate and sodium hydroxide were purchased from Merck 

Specialties Private Limited. Hydrochloric acid was purchased from Fischer Scientific (Hyderabad, 

India). Adhesive tape was purchased from Jonson Tapes Pvt Ltd. New Delhi, India. Calibration 

weights were procured from Amazon, India. Aluminium wire, tissue and sand paper used for 

submersion of loaded cotton in PBS buffer was purchased from a local shop in Guwahati city (Assam, 

India). Sand was collected from a local construction site in IIT Guwahati and rinsed with water, dried 

before use. River water was collected from Brahmaputra river, Guwahati, Assam. 

2.2.2 General Considerations:  

Glass vials used for preparing the solutions were washed thoroughly with water and acetone prior to 

use. The Zeta potential (ζ) and dynamic light scattering (DLS) analysis was carried out using Zetasizer 

Nano ZS90 (model no. ZEN3690). Contact angles were measured using KRUSS Drop Shape 

Analyser-DSA25 with an automatic liquid dispenser at ambient conditions. The contact angles were 

measured using 5 μl water droplet at three different locations for each sample. FTIR spectra was 

recorded with a Perkin Elmer instrument at ambient conditions using KBr pellets. Scanning electron 

microscope images were obtained using a Sigma Carl Zeiss scanning electron microscope (samples 

were coated with a thin layer of gold prior to imaging). Fluorescence microscopic images of the 

superhydrophobic cotton before and after loading of Rh-6G and fluorescein were acquired using an 

AX10 observer Z1 & AXio Cam MRCS, Carl Zeiss, Germany. Digital images were acquired using a 

Canon Powershot SX420 IS digital camera. Milli-Q grade water was used for all experiments. 

2.2.3. Synthesis of Chemically ‘Reactive’ BSA-Protein Nanoparticles: 

BSA nanoparticles were prepared by following the de-solvation method. Briefly, 3 mL of ethanol was 

added dropwise (at the rate of 1 mL/min) to 1 mL (30 mg/mL) of  aqueous BSA solution, under 

constant stirring (600 rpm). Thereafter, the resulting solution was centrifuged down (at 12000 rpm for 

15 mins), re-dispersed in 5Acl/methanol (1.325 g in 10 mL) and kept undisturbed for 2 hours. The 

resulting chemically ‘reactive’ covalently cross-linked nanoparticles were collected through 
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centrifugation, and re-dispersed in methanol. The re-dispersion followed by centrifugation of the 

‘reactive’ nanocomplexes was repeated multiple times (at 12000 rpm for 10 mins) to wash off the 

loosely bound 5Acl molecules. After washing, the obtained nanoparticles were re-dispersed in Milli-

Q water. For the post covalent modification of the chemically ‘reactive’ covalently cross-linked 

nanoparticles, the nanoparticles were re-dispersed in a solution of octadecylamine denoted as ODA (5 

mg/mL) in THF and kept for 5 hours. The size and surface potential of the nanoparticles was 

characterized using DLS and the morphology was examined using field emission scanning electron 

microscopy (FESEM). FTIR spectra were recorded for examining the residual chemical functionalities 

and post modification of the nanoparticles. 

2.2.4. Bovine Serum Albumin (BSA) Derived Superhydrophobicity: 

To develop a durable and highly compressible superhydrophobic material from a naturally existing 

ingredient, the following steps were followed: 1) fibrous medical cotton of dimension (1.5 cm × 1.5 

cm × 0.5 cm) was dipped in 3 mL aqueous solution of BSA (10 mg/mL) and kept for continuous 

agitation for 3 hours. 2) To this aqueous BSA solution with the dipped fibrous substrate, 6 ml of ethanol 

was added dropwise till turbidity appeared indicating the formation of nanoparticles. The whole system 

was left undisturbed for 1 hour. Subsequently, the nanoparticles deposited cotton was washed 

thoroughly with ethanol. (3) The BSA nanoparticles deposited cotton was then further treated with 

5Acl in methanol (1.325 g in 10 mL) for 3 hours to obtain a chemically ‘reactive’ fibrous substrate, 

which was further washed with methanol to remove the loosely adhered 5Acl molecules. (4) To 

achieve the extreme water repellence property, the BSA nanoparticles derived chemically ‘reactive’ 

cotton was treated with ODA solution (5 mg/mL) for 12 hours. Thereafter, the post modified fibrous 

substrate was washed thoroughly with ethanol and left to air dry. The residual chemical reactivity was 

characterized via FTIR analysis. For the appropriate and desired post chemical modulations, this 

chemically ‘reactive’ BSA coating on the fibrous substrate was exposed to primary amine containing 

selected small molecules with concentration (30 mg/mL), including pentylamine, hexylamine, 

octylamine and decylamine. The anti-wetting property of the fibrous substrate treated with amine 

containing small molecule was examined through visual inspections and contact angle measurements. 

2.2.5. Physical and Chemical Durability Tests:  

Various severe and practically relevant standard physical and chemical durability tests were imposed 

on the BSA derived superhydrophobic cotton to examine the durability of the embedded extreme water 

repellence. The details of each of these tests have been explained in detail below: 
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2.2.5.1. Compressive Deformation: The BSA derived superhydrophobic cotton was manually 

compressed by gradually  increasing the strain from 0% to 80% wherein the fibrous substrate restored 

its shape after releasing the applied manual stress. The manual compressive strain (80%) was 

repetitively inflicted for 1000 times. The water wettability was examined at regular intervals to account 

for the durability of the embedded superhydrophobicity in the BSA derived superhydrophobic cotton. 

2.2.5.2. Adhesive Tape Test: Adhesive tape was fixed onto the BSA derived superhydrophobic cotton 

and peeled out to arbitrarily expose the interior of the synthesized material. The contact angle and 

digital images were thereafter acquired to examine the anti-wetting property on the freshly exposed 

interior of the as-synthesized material. 

2.2.5.3. Sand Paper Abrasion : Sand paper abrasion was executed by fixing the protein coated cotton 

(2 cm x 2 cm) onto a glass slide using adhesive tape and thereafter, the top interface was rubbed using 

an abrasive sand paper in back and forth motion with a 200 g load atop for 5 times. Subsequently, the 

anti-wetting property on the freshly exposed interior of the substrate was examined using contact angle 

measurement and digital images. 

2.2.5.4. Finger Wiping Test: In this durability test, the BSA derived superhydrophobic cotton was 

immobilized on the microscopic glass slide using adhesive tape and rubbed with the right-hand index 

finger for multiple (10) times. Thereafter, the anti-wetting property was examined on the abraded 

surface through visual inspection and contact angle measurements. 

2.2.5.5. Tissue Paper Wiping Test: Similar to the finger wiping test, the tissue paper wiping test was 

performed. Here, tissue paper was used instead of finger. Thereafter, the anti-wetting property was 

examined on the abraded surface through visual inspection and contact angle measurement. 

2.2.5.6. Scissor Cutting Test: In this test, a thick piece of BSA derived superhydrophobic cotton was 

cut with a sharp-edged scissor at one end and which was considered as the first cycle of cutting. The 

anti-wetting property was examined after each cycle of cutting (that exposed a fresh interior interface) 

through visual inspection and contact angle measurement. 

2.2.5.7. Physical Manipulations: Bending, creasing, twisting and winding was performed on the BSA 

coated superhydrophobic cotton for 25 times to examine the durability of the material. The anti-wetting 

property was further validated after these physical manipulations through contact angle measurements 

and digital images.   

TH-2950_176122042



Chapter 2 

 

48 

 

2.2.5.8. UV Irradiation Test: The protein derived superhydrophobic cotton was exposed to both short 

(254 nm) and long (365 nm) wavelengths UV radiation for 30 days. The water wettability was regularly 

examined through visual inspections and measuring the water contact angles (WCA). 

2.2.5.9. Chemical Durability Tests: The BSA protein derived superhydrophobic cotton was exposed 

to various chemically contaminated aqueous media including acidic (pH 1), alkaline (pH 12), anionic 

(SDS, 1 mM)/cationic (DTAB, 1 mM) surfactant contaminated aqueous phases, artificial sea and river 

(Brahmaputra, Assam, India) water for 30 days. The artificial sea water was prepared by mixing 

MgSO4 (0.325 g), MgCl2 (0.226 g), CaCl2 (0.112 g) and NaCl (2.673 g) in 100 mL deionized water in 

a volumetric flask. The water wettability was examined at regular intervals through visual inspections 

and measuring the WCA.  

2.2.6. Post-Loading and Release of Drug Molecules: 

Ethanol solvent assisted reversible switching of water wettability was strategically exploited for the 

post loading of various small molecules with different structures and functions. For the proof of 

concept demonstration of post loading of small molecules, Rhodamine 6G, fluorescein and methylene 

blue were the selected dye molecules loaded onto the BSA-derived superhydrophobic (ODA modified) 

cotton. Thereafter, the selected dye/drug loaded substrates were left to air dry in a dark place. Aspirin 

and tetracycline hydrochloride were the selected bio-active drug molecules that were loaded from its 

ethanolic solution onto the protein coated fibrous substrate that was embedded with various water 

wettability. The deposition of dye/drug molecules were examined through fluorescence images and 

the anti- wetting property was examined through digital images and contact angle measurements. To 

perform the release study of the post loaded drug molecules from the ‘reactive’ BSA nanoparticles 

coated fibrous substrate with tailored water wettability, the drug loaded functional cotton was 

incubated in PBS buffer (pH = 7.4) at 37°C. The aliquot was collected at different time intervals, and 

the UV/Vis absorption was recorded at wavelengths 265 nm and 385 nm for aspirin and tetracycline 

hydrochloride, respectively to determine the concentration of the drug released.  

2.2.7. Disc-Diffusion Assay: 

Disc diffusion method was performed to determine the antibacterial activity of released tetracycline 

from the matrix. Briefly, Staphylococcus aureus MTCC (gram +ve bacteria) 3160 and Escherichia 

coli MTCC 40 (gram -ve bacteria) (MTCC, IMTECH, India) were used for the anti-bacterial 

assessment. 100 µl of bacterial suspension (108 CFU/ml) was spread over the surface of solidified 

nutrient-agar plate (Himedia, India) using a sterile glass L-spreader followed by drying for 10 min 

under sterile laminar air flow. Prior to the test, the concentration of released tetracycline was adjusted 
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to 180 µg/ml. Thereafter, sterile paper discs (6 mm) were soaked in released tetracycline solution 

followed by placing them on the bacterial lawn. On the other side, freshly added tetracycline having 

the same concentration (180 µg/ml) and sterile PBS (pH 7.4) were used as positive (+ve) and negative 

(-ve) control, respectively. Test plates were incubated at 37°C for 48 h. The antibacterial activity of 

the released tetracycline against the test bacteria was measured as “zone of inhibition” using a Vernier 

calipers. 

2.3. Results and Discussions:  

2.3.1. Synthesis of Chemically ‘Reactive’ BSA Nanoparticles 

In the past, BSA nanoparticles were mostly synthesized following the standard de-solvation technique, 

where the protein nanoparticles were de-solvated from the respective aqueous solution by the addition 

of ethanol followed by covalent cross-linking of the amine residues with glutaraldehyde molecules.25-

28 However, the glutaraldehyde cross-linking approach limits the further chemical functionalization of 

the readily ‘reactive’ amines residues at ambient conditions. In this chapter, de-solvated BSA protein 

nanoparticles (10 mg/mL) were strategically exposed to di-pentaerythritol penta-acrylate (5Acl), 

instead of glutaraldehyde, to develop chemically ‘reactive’ and covalently cross-linked protein 

nanoparticles as shown in Figure 2.1A-C. The amine groups of BSA readily underwent Michael 

addition reaction with the acrylate groups of the cross-linker without the aid of any catalyst at ambient 

conditions,29-31 as shown in Figure 2.1D. This cross-linking approach of de-solvated BSA 

nanoparticles using a multifunctional small molecule (5Acl) imparted residual chemical reactivity to 

the protein nanoparticles (average diameter: 487 nm ± 16.85 nm, Figure 2.1E). The appearance of the 

IR peaks at 1410 cm-1 and 1736 cm-1 corresponding to the asymmetric C-H stretching of β-carbon of 

the vinyl group and carbonyl stretching revealed the presence of unreacted acrylate groups in the 

prepared nanoparticles as shown in Figure 2.1F (black). Prior to 5Acl treatment, these IR signature 

peaks for acrylate were missing in the de-solvated BSA nanoparticles (Figure 2.1F, violet). Hence, 

these residual acrylate groups provided further scope for post-covalent modification with a primary 

amine containing small molecule i.e. octadecylamine (ODA). The covalent modification of these 

‘reactive’ BSA  nanoparticles with ODA resulted in the change of zeta potential  from  -10.9  mV  to  

-5.03  mV  at  pH  7.  The  long hydrocarbon tail of the attached ODA molecules is likely to screen the 

surface charge of the BSA nanoparticles. Furthermore, the significant depletion in the IR peak intensity 

for the asymmetric C-H stretching at 1410 cm-1 of β-carbon of the vinyl group with respect to the 

normalized carbonyl stretching at 1736 cm-1 strongly suggested the covalent reaction between the 

chemically ‘reactive’ protein nanoparticles and ODA through the catalyst-free Michael addition 

reaction at ambient conditions as shown in Figure 2.1F (red). The stretching vibration of carbonyl 
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groups provided an internal reference for the Michael addition reaction as the carbonyl moiety 

remained unaltered during the course of this mutual reaction between acrylate and amine groups. This 

FTIR characterization and zeta potential analysis unambiguously revealed the unprecedented synthesis 

of  readily ‘reactive’ BSA nanoparticles. 

2.3.2. BSA-derived Chemically ‘Reactive’ Coating on a Fibrous Substrate and its Post Covalent 

Modifications 

This simple, catalyst-free approach of synthesizing covalently cross-linked and chemically ‘reactive’ 

protein nanoparticles was extended for developing nature-inspired durable superhydrophobicity. In the 

presence of a naturally abundant fibrous substrate i.e. medical cotton, the same de-solvation process 

was repeated for directly depositing the BSA nanoparticles on the selected fibrous substrate. The 

deposited BSA protein strongly adheres to the cotton fibres likely through hydrogen bonding, similar 

to the mussel inspired chemistry.32 Upon addition of ethanol, (a) BSA nanoparticles were immediately 

deposited on the fibrous substrate, and (b) upon  treatment  with  5Acl  molecules,  a covalently cross-

linked, chemically ‘reactive’, uniform coating of BSA on the selected fibrous substrate was obtained. 

The smooth fibres of the uncoated i.e. bare cotton (Figure 2.2A-B) were entirely decorated by the 

 
 

Figure 2.1. A-D) Schematic illustrating the formation of the chemically ‘reactive’ BSA nanoparticles 

(C) by de-solvating BSA protein (A) from aqueous media using ethanol followed by covalent cross-linking with an acrylate cross-

linker (B) through Michael addition reaction (D). E) DLS data depicting the size of the ‘reactive’ BSA nanoparticles. D) FTIR spectra 

of BSA nanoparticles (violet) after covalent cross-linking (black) with 5Acl molecules, and after post-modification with ODA (red).  
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randomly aggregated granular domains of BSA nanoparticles that provided the essential hierarchical 

topography for achieving extreme water repellence as shown in Figure 2.2C-D. Moreover, this 

hierarchically featured, hydrophilic (Figure 2.2E-F), chemically ‘reactive’ BSA coating consists of 

residual acrylate groups that provided a facile basis for the post covalent modulation with the desired 

chemical functionalities to embed superhydrophobicity. The presence of residual acrylate groups and 

the post covalent modification of the chemically ‘reactive’ BSA coating with a selected alkylamine 

i.e. ODA were characterized through FTIR analysis as shown in Fig. 2.2G. The appearance of IR peaks 

at 1410 cm-1 and 1710 cm-1 that corresponds to the asymmetric C-H  stretching of β-carbon of the vinyl 

group and the carbonyl stretching frequency, suggested the existence of residual acrylate 

functionalities in the BSA coating. The reduction in the IR peak intensity at 1410 cm-1 with respect to 

the IR peak at 1710 cm-1 upon treatment with ODA unambiguously proved the mutual covalent  

 
 
Figure 2.2. A-D) FESEM images of bare cotton fibres (A-B) and the ‘reactive’ BSA nanoparticles coated cotton fibres at low (A,C) 

and high (B,D) magnifications. E-F) Digital image (E) and static WCA image (F) of a beaded water droplet on the ‘reactive’ BSA 

nanoparticles coated cotton. G) FTIR spectra depicting the ‘reactive’ BSA nanoparticles coating on a fibrous substrate (red) and 

after its post covalent modification (black) with octadecylamine.   
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reaction  between  the  primary amine groups of ODA and the residual  acrylate  groups of the BSA 

coating (Figure 2.2G, black). The carbonyl peak at 1735 cm-1 remained unaffected during the course 

of the reaction thus, serving as an internal reference. 

The water wettability on the ODA post modified ‘reactive’ fibrous coating was investigated wherein 

a dyed water droplet beaded on the interface with static water contact angle (WCA) ~157° as shown 

in Figure 2.3A-B. The appearance of a shiny interface (Figure 2.3C) in the superhydrophobic cotton 

after immersing underwater, suggested the presence of a metastable trapped air layer which contributed 

to the extreme heterogeneous water wettability. A stream of aqueous phase immediately bounced away 

from the interface of the BSA protein derived superhydrophobic cotton as shown in Figure 2.3D, 

revealing the presence of robust, non-adhesive superhydrophobicity. However, below a certain 

concentration of BSA (10 mg/mL), the deposited coating failed to provide extreme water repellence 

as showed in Figure 2.3E. The depositing solution with concentrations accounting to 3 mg/mL, 5 

mg/mL and 7 mg/mL failed to impart superhydrophobicity as the percentage of ‘reactive’ BSA 

complexes deposition is exceedingly reduced. Only 1.56 wt%, 3.42 wt%, and 4.31 wt% of ‘reactive’ 

BSA complexes were deposited for concentrations corresponding to 3 mg/mL, 5 mg/mL and 7 mg/mL 

respectively, whereas 7% deposition was calculated for 10 mg/mL concentration of BSA. After post-

chemical modification with ODA, the BSA derived coating that was prepared with a lower 

concentration (3 mg/mL) of BSA was found to be hydrophilic (WCA~80°) while the higher 

concentrations of BSA provided hydrophobic coatings with WCA~115° (5 mg/mL) and ~140° (7 

 
 
Figure 2.3. A-B) Digital images (A) and static WCA image (B) of the beaded water droplet on the ‘reactive’ BSA complexes coated 

cotton that post modified with ODA to achieve superhydrophobicity. C) Digital image showing a shiny interface on submerging the 

superhydrophobic cotton under water. D) Digital image illustrating the bouncing of a stream of water from the superhydrophobic 

cotton. E) Bar diagram accounting for the static WCA of ‘reactive’ BSA nanoparticles coated cotton after post modification with 

ODA wherein varying concentrations of BSA (3,5,7,10 mg/mL) was used to examine the impact of protein concentration on the 

resultant water wettability.  
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mg/mL) as shown in Figure 2.3E. Thus, the concentration of BSA in the deposition solution played an 

important role for achieving extreme water repellence. 

The presence of residual reactivity in the chemically ‘reactive’ BSA coating paved an opportunity to 

embed a wide range of water wettability following the appropriate post covalent functionalization with 

the selected amine containing small molecule adopting the Michael addition pathway (Figure 2.4A-

B). The post covalent modification of the hydrophilic, chemically ‘reactive’ BSA coating with 

pentylamine, hexylamine, octylamine and decylamine embedded hydrophobicity (pentyl WCA~125°, 

hexyl WCA~134°), adhesive superhydrophobicity (octyl WCA~145°) and non-adhesive 

superhydrophobicity (decyl WCA~151°, ODA WCA~155°) respectively in the BSA derived coating 

on the fibrous substrate as shown in Figure 2.4C-G and Table 2.1. FTIR analysis confirmed the 

successful post modification of the ‘reactive’ coating with the various amine containing small 

 

 

Figure 2.4. A-B) Schematic illustrating the post covalent modulation of the chemically ‘reactive’ BSA coating through Michael 

addition reaction with the selected alkylamines. C-F) Digital images depicting the beaded water droplet on the pentylamine (C), 

hexylamine (D), octylamine (E) and decylamine (F) post modified ‘reactive’ BSA cotton. G) Bar diagram representing the static 

WCA on the chemically ‘reactive’ BSA coated cotton after post modification with different alkylamines. N) FTIR spectra of the 

chemically ‘reactive’ BSA nanoparticles coated cotton after post covalent modification with pentylamine, hexylamine, octylamine 

and decylamine.  
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molecules. The ‘reactive’ BSA coating exhibited IR peaks at 1410 cm-1 and 1710 cm-1 that corresponds 

to the asymmetric C-H stretching of β-carbon of the vinyl group and the carbonyl stretching frequency 

as shown in Figure 2.4H. The reduction of the residual acrylate IR peak intensity at 1410 cm-1 with 

respect to the normalized IR peak at 1710 cm-1 after modification with the alkylamines, unambiguously 

suggested the successful post covalent reaction of the chemically ‘reactive’ acrylates present in the 

BSA coating with the primary amine groups of the selected alkylamines as shown in Figure 2.4H.  

2.3.3. Physical and Chemical Durability of the Protein Derived Superhydrophobicity  

Various practically relevant, standard physical and chemical durability tests were performed for 

investigating the robustness of the embedded extreme water repellence in the BSA derived 

superhydrophobic cotton. First, different physical manipulations, i.e. bending, creasing, twisting and 

winding, were performed for 25 times on this nature-inspired protein derived fibrous substrate and it 

was found that the embedded superhydrophobicity remained intact with static WCA above 150° and 

 
 
Figure 2.5. Digital Images (A-B, D-E, G-H, J-K) and static WCA images (C, F, I, L) demonstrating the impact of various physical 

manipulations—including bending (A-C), creasing (D-F), twisting (G-I) and winding (J-L) on the BSA coated superhydrophobic 

cotton. 

 

Table 2.1. Accounts for the advancing WCA and contact angle hysteresis of the ‘reactive’ BSA complexes coated cotton after post 

modification with different alkylamines. 
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contact angle hysteresis below 10° as shown in Figure. 2.5A-L and Table 2.2 (the dynamic water 

contact angles are provided in table 2.2). Furthermore, severe physical abrasion tests, i.e. adhesive tape 

test, sand paper abrasion, finger wiping test, tissue wiping test and scissor cutting were also imposed 

on the synthesized superhydrophobic substrate (Figure 2.6A,D,G,J,M). The random peeling of the 

adhesive tape from the surface of the cotton exposed the bulk of the substrate (Figure 2.6A-B). During 

sand paper abrasion, the continuous to and fro rubbing of the sand paper over the fibrous substrate (for 

5 times) exposed the interiors of the cotton (Figure 2.6D-E). Moreover, rubbing the protein derived 

superhydrophobic substrate with the finger (Figure 2.6G-H) and a tissue paper (Figure 2.6J-K) for 10 

times exposed a fresh interface for examining the sustenance of the water wettability. Further, during 

 
 
Figure 2.6. A-O) Digital images and static WCA images revealing the impact of different physical abrasions on the protein derived 

superhydrophobic cotton including—adhesive tape test (A-C), sand paper abrasion test (D-F), finger wiping test (G-I), tissue wiping 

test (J-L) and randomly cutting the substrate (M-O).  

 

Table 2.2. Accounts for the advancing WCA and contact angle hysteresis of the BSA derived superhydrophobic cotton after various 

physical abrasions.   
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scissor cutting test, every cycle of scissor cutting exposed a fresh layer of the bulk (Figure 2.6M-N). 

Interestingly, even after inflicting these severe physical abrasions, the freshly exposed interiors (bulk) 

of the fibrous substrate continued to exhibit unperturbed superhydrophobicity with static WCA above 

150° and contact angle hysteresis below 10° as shown in Figure 2.6B-C,E-F,H-I,K-L,N-O and Table 

2.2. Thus, these demonstrations undoubtedly revealed the presence of abrasion tolerant three-

dimensional or bulk superhydrophobicity. The uniformly co-optimized essential topography and 

chemistry of the BSA derived coating, three-dimensionally was responsible for exhibiting the robust 

nature-inspired bulk superhydrophobicity.  

Next, the as-synthesized superhydrophobic cotton was subjected to manually imposed varying 

compressive strain and the impact of compressive deformation on the nature-inspired water wettability 

was examined in  detail. The applied compressive strain on the synthesized material could be increased 

from 0% to 80% gradually without compromising the embedded non-adhesive superhydrophobicity 

 
 

Figure 2.7.  A) Plot depicting the advancing WCA (black) and the contact angle hysteresis (red) of a beaded water droplet on the 

superhydrophobic cotton that was manually and gradually deformed up to 80% compressive strain. The inset digital images show 

the superhydrophobic cotton after applying 0% (left), 40% (middle) and 80% (right) compressive strains. B) Plot illustrating the 

advancing WCA (black) and contact angle hysteresis (red) of the protein coated superhydrophobic cotton after repetitively squeezing 

with 80% deformation for 1000 cycles. C) Plot depicting the advancing WCA (black) and contact angle hysteresis (red) of the 

superhydrophobic cotton that was exposed to UV radiation for 30 days. Inset images of the beaded water droplets on the substrate 

before and after prolonged UV irradiation. D) Plot showing the impact of various chemically contaminated aqueous phases on the 

superhydrophobic cotton upto 30 days of exposure. 
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with advancing WCA above 155° and contact angle hysteresis below 10° as shown in Figure. 2.7A. 

This  BSA  protein  derived superhydrophobic, spongy cotton was successively squeezed with 80% 

compressive strain for 1000 times, however, the spongy cotton remained capable of displaying 

uninterrupted superhydrophobicity with advancing WCA above 155° and contact angle hysteresis 

below 10° as shown in Figure. 2.7B.  

Another important durability test was performed, where the superhydrophobic cotton was kept under 

UV radiation (at λ ~ 254 nm and 365 nm) for 30 days and the water wettability examined at regular 

time intervals revealed the presence of unperturbed embedded superhydrophobicity with advancing 

WCA above 158° and contact angle hysteresis below 10° as shown in Figure 2.7C. The 

superhydrophobic cotton was also exposed to various practically relevant chemically challenging 

conditions, i.e. extremes of pH, artificial sea water, river water and surfactant contaminated aqueous 

phases for 30 days. However, the embedded superhydrophobicity remained intact with advancing  

WCA above 155° and contact angle hysteresis below 10° as elucidated in Figure. 2.7D. Thus, the 

unperturbed bio-mimicked water wettability was attributed to the covalent cross-linking and 

modification of BSA based coating through Michael addition reaction between amines and acrylates.  

2.3.4. Michael Addition Reaction Assisted Controlled and Sustained Drug Release   

In the past, the metastable trapped air that was deemed responsible for conferring the extreme 

heterogeneous water wettability34 was smartly exploited for the long-term and sustained release of 

small molecules, where the external trapped air phase controlled the rate of infiltration of the aqueous 

phase into the small, hydrophilic molecules loaded superhydrophobic materials.4-5, 19, 33 However, the 

past demonstrations on prolonged release of the encapsulated small molecules were performed using 

synthetic polymers derived bulk superhydrophobic substrates, wherein the drug molecules were 

preloaded onto the superhydrophobic substrates while material fabrication.4,33 This pre-loading 

approach limits the drug loading capacity of the material. Moreover, many of the reported approaches 

failed to offer a facile, catalyst-free, robust avenue for tailoring the water wettability.4,19,33 In this 

context, the protein derived three-dimensional superhydrophobicity with an advanced avenue for 

tailoring the embedded water wettability, holds potential for the post loading and controllable release 

of bio-active drug molecules.  

For the proof-of-concept demonstration, the superhydrophobic fibrous substrate (Figure 2.8A-B) was 

post loaded with cationic (Figure 2.8D,J) and anionic dye (Figure 2.8G)  molecules from the respective 

ethanolic solutions with concentrations upto 45 mg of the dye per gram of cotton. This concentration 

is notably higher than the concentration of dye loaded previously using the pre-loading approach (10 
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mg/g).4 Interestingly, even after loading such a high amount of the hydrophilic dye, the embedded 

superhydrophobicity remained unperturbed with WCA above 150° and contact angle hysteresis less 

than 10° as shown in Figure 2.8D-E,G-H,J-K and Table 2.3. Fluorescence microscopic image further 

confirmed the uniform deposition of the selected dye molecules in each and every individual fibre of 

the fibrous substrate as shown in Figure 2.8F,I,L. Thus, this superhydrophobic fibrous substrate 

capable of post loading hydrophilic small molecules was utilized for demonstrating the release of bio-

active molecules following the same post loading approach.  

 
 

Figure 2.8. A-C) Digital image (A) and static WCA image (B) of a non-fluorescent (C) superhydrophobic cotton without any loaded 

dye. D-L) Digital images and static WCA images of the superhydrophobic cotton that was post loaded with various hydrophilic dyes 

including rhodamine 6G (D-E), fluorescein (G-H), methylene blue (J-K) and subsequently, the fibres of the cotton exhibited 

fluorescence as viewed under the fluorescence microscope (F,I,L). 

 

Table 2.3. Accounts for the advancing WCA and contact angle hysteresis of the BSA derived superhydrophobic cotton after loading 

of various hydrophilic dye/drugs. 
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Tetracycline, which is a widely used antibiotic,35 was post-loaded onto the superhydrophobic fibrous 

substrate following the ethanol assisted reversible switching of extreme water repellence. Loading 

tetracycline from its ethanolic solution turned the colour of cotton from white to pale yellow, however, 

the embedded water repellence was restored after air-drying the solvent with static WCA~158° as 

shown in Figure 2.9A,B and Table 2.3. For every gram of cotton, 15 mg tetracycline could be loaded 

without affecting the embedded superhydrophobicity which is a) higher than the concentration of drug 

loaded adopting the pre-loading approach and b) sufficient to exhibit bio-activity. Further, the 

fluorescence microscopic images revealed the successful and uniform deposition of tetracycline as 

shown in Figure 2.9C,D. Similarly, aspirin, a well-known anti-inflammatory agent36 was post loaded 

onto the medical cotton (15 mg aspirin per gram of cotton) without affecting the embedded 

superhydrophobicity with static WCA~157° as shown in Figure 2.9E,F and Table 2.3. Thereafter, the 

tetracycline and aspirin post loaded superhydrophobic cotton was separately exposed to PBS buffer at 

pH 7.4 and 37 °C for monitoring the release rate of the encapsulated small molecules from the protein 

derived superhydrophobic cotton. Both tetracycline and aspirin, which are widely different with 

respect to their structures and functionalities, continued to release over 100 days. Initially, around 30% 

of the loaded drug was released over 2 days for both tetracycline (Figure 2.9H) and aspirin (Figure 

2.9J). Subsequently, this release was sustained for a prolonged duration and it required 110 days for 

releasing ~90% of the total loaded drug molecules from the as-synthesized superhydrophobic cotton 

as shown in Figure 2.9G,I. The initial burst release was attributed to the drug molecules present at the 

 
 

Figure 2.9. A-B) Digital image (A) and static WCA image (B) of beaded water droplet on the protein derived superhydrophobic 

cotton after post loading with tetracycline. C-D) Bright field (C) and fluorescence (D) microscopic images of tetracycline loaded 

superhydrophobic cotton. E-F) Digital and static WCA image illustrating the beading of water droplet on aspirin loaded 

superhydrophobic cotton. G-J) Plots illustrating the release of tetracycline (G-H) and aspirin (I-J) from the BSA derived 

superhydrophobic cotton after 2 days (H,J) and 110 days (G,I) in phosphate buffer at pH 7.4 and 37 °C. 
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less compact, exposed outer surface, thus leading to the rapid release. However, the slow displacement 

of the metastable trapped air layer from the bulk of the substrate was responsible for the delayed release 

profile.  

The protein derived chemically ‘reactive’ coating that provided a unique avenue to tailor the water 

wettability through appropriate post covalent modulation was rationally exploited for controlling the 

release rate of the encapsulated drug molecules. The pentylamine post modified coating with moderate 

hydrophobicity (static WCA~125°), released ~64% of the total encapsulated tetracycline over 2 days 

as shown in Figure 2.10A, and this extent of release was observed to have gradually decreased on 

increasing the hydrophobicity of the selected fibrous substrate through strategic post modification of 

the ‘reactive’ coating with hexylamine and octylamine. However, the extent of release over the same 

duration (2 days) was significantly reduced to ∼36% after modifying the chemically ‘reactive’ coating 

with decylamine molecules. Moreover, only ∼62% of the total drug was released over 50 days for the 

decylamine modified coating as shown in Figure 2.10A,B, whereas the pentylamine modified coating 

released ~90% of the loaded tetracycline. The pentylamine and hexylamine modified protein derived 

hydrophobic coatings represent the homogenous model of water wettability that facilitates the faster 

 

 

Figure 2.10. A-D) Plots illustrating the controlled release of tetracycline (A,B) and aspirin (C,D) from the chemically ‘reactive’ 

BSA coated cotton after the post modification with selected alkylamines, including pentylamine (blue), hexylamine (grey), 

octylamine (yellow) and decylamine (red) respectively upto 2 days (A,C) and 50 days (B,D). 
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ingression of the aqueous phase and subsequently the rapid displacement of the trapped air layer to 

release the loaded drug molecules in comparison to the octylamine modified substrate present in the 

Cassie-Wenzel transitional state. However, the decylamine modified substrates represent the 

heterogeneous model of water wettability where sufficient trapped air is stabilized to a greater extent, 

thus, inhibiting the rapid ingression of the aqueous phase. Hence, the delayed displacement of the 

trapped air layer is likely to lead to the prolonged rate of drug release. Similar trend for the release of 

aspirin was observed for the different alkylamines post modified protein derived coatings as shown in 

Figure 2.10C,D. Therefore, a facile and catalyst-free post covalent modification approach allowed to 

alter the water wettability at ambient conditions which subsequently bestowed a novel way to tailor 

the rate of drug release.   

2.3.5. Anti-Bacterial Analysis of the Released Drug Molecule 

In the previous reports, the drug molecules collected after release from the superhydrophobic 

substrates continued to exhibit bioactivity. Thus, we also aimed to examine the released drug for its 

bio-activity in the current work. The antibacterial study of the released tetracycline from the BSA 

derived superhydrophobic cotton was performed against two different types of bacteria, i.e. S. aureus, 

a Gram-positive bacteria and E. coli, a Gram-negative bacteria. To determine the activity of released 

 
 
Figure 2.11. A-F) Digital images of disc-diffusion assay of released tetracycline (180 μg/mL) from the BSA derived 

superhydrophobic cotton at different time intervals including 1 day (A,D), 3 days (B,E) and 7 days (C,F) against E. coli (A−C) and 

S. aureus (D-F). +ve and −ve control represent as freshly added tetracycline (180 μg/mL) and sterile PBS impregnated discs, 

respectively. In the digital images, “S” represents “released tetracycline” from BSA derived superhydrophobic cotton. 
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tetracycline from the superhydrophobic cotton, an inhibition zone of bacterial growth surrounding the 

discs on nutrient-agar plate was estimated and its activity was compared to the activity of the freshly 

added tetracycline molecules. In both the cases, the concentration of the tetracycline was 180 μg/mL. 

In the case of E. coli, around 14 mm of inhibition zone was measured, whereas a similar anti-bacterial 

activity (∼17 mm of inhibition zone) in S. aureus was recorded for both the released tetracycline and 

freshly added tetracycline (Figure 2.11A,D). The sterile PBS (negative control) did not show any anti-

bacterial activity against the both bacteria. Moreover, the released tetracycline over 3 days and 7 days 

remained efficient in inhibiting the bacterial growth as shown in Figure 2.11B-F. The overall results 

indicated that there was no significant difference in inhibition zones by both the released tetracycline 

and freshly added tetracycline against both bacteria. The details of inhibition zone by both released 

tetracycline and freshly added tetracycline against both bacteria have been presented in Table 2.4.  

2.4. Conclusion 

In this chapter, a facile and scalable chemical process was introduced for embedding the nature-

inspired extreme water repellence on a naturally  abundant  fibrous  substrate  utilizing  a well-known 

bio-degradable protein macromolecule. Bovine serum protein was rationally utilized to develop 

chemically ‘reactive’ nanoparticles following Michael addition reaction that were subsequently 

deposited on a fibrous substrate for inducting the essential topography and achieving a chemically 

‘reactive’ coating. The further post covalent modulation of the ‘reactive’ coating with ODA conferred 

bio-inspired, bulk superhydrophobicity that sustained repetitive (1000 times) and high (80%) 

compressive strain, different physical manipulations (e.g. bending, creasing, twisting etc), various 

physical abrasions  (adhesive tape test, abrasive sand paper abrasion etc.), prolonged exposure (30 

days) to UV radiation and subjection to various chemically contaminated aqueous phases i.e. extremes 

of pH, surfactant contaminated aqueous phases, artificial sea water and river water. Furthermore, the 

residual chemical ‘reactivity’ of the protein coating allowed to tailor the embedded water wettability 

from hydrophobicity, adhesive superhydrophobicity to non-adhesive superhydrophobicity, following 

Table 2.4. Measurement of Antibacterial Activity (zone of inhibition) of Releasate Tetracycline against the Test Bacteria (S. aureus 

and E. coli) Following Disc-Diffusing Methoda 

 
 

a +ve control = tetracycline (180 μg/mL), −ve control = sterile PBS (pH 7.4) and N.D. = not detected. 
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the strategic post covalent modulations with the selected alkylamines. This Michael addition reaction 

assisted controllable water wettability was successfully extended for the controlled and sustained 

release of bioactive small molecules. Thus, the current approach has advanced potential for utility as 

durable coatings on medical implants for inhibiting platelet adhesion, bacterial growth and thrombosis 

through strategic selection of bio-active molecules. 
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Chapter 3. Silk Cocoon derived Superhydrophobicity with Tailorable 

Mechanical Property* 

 

Naturally derived components have lately gained widespread attention for the eco-friendly design of 

durable, bio-inspired superhydrophobic interfaces for relevant applications. However, reports on the 

simultaneous tailoring of the mechanical property as well as the embedded water wettability of the 

functional materials made out of protein bio-polymers is rare in the literature. Silk fibroin and silk 

microfibers, both derived from silk cocoon, have been used in the past for prospective biomedical, 

energy, and environmental applications. However, the chemical modification of silk fibroin-based 

materials for association of various functionalities has mostly been reported following catalyst-based 

and complex chemical approaches. In this chapter, both mechanical property and water wettability 

were tailored in silk microfiber reinforced silk fibroin sponges (SMFRSFSs) through the strategic 

introduction of β-sheets and a catalyst-free chemical reaction at ambient conditions. The ethanol 

assisted controlled induction of β-sheets in the silk fibroin skeletal framework of the sponges allowed 

to modulate the compressive modulus whereas Michael addition reaction between the amine residues 

of silk and acrylate groups of a multifunctional cross-linker imparted residual chemical reactivity to 

the sponges. The additional silk microfibre reinforcements aided in self-recovery of the sponges on 

subjection to compressive deformation. The presence of chemical ‘reactivity’ in the sponges provided 

a facile basis for post modification with selected alkylamines to embed a wide range of water 

wettability from hydrophobicity, adhesive superhydrophobicity to non-adhesive superhydrophobicity 

without affecting the tailored mechanical property. Furthermore, the embedded ‘three-dimensional’ 

superhydrophobicity in the silk-cocoon derived sponges remained intact even after subjection to 

repetitive compressive deformations for 500 cycles, UV irradiation (for 28 days) and severe physical 

abrasions. Moreover, the sponges were capable of extremely repelling various chemically 

contaminated beaded aqueous phases. Thus, such silk cocoon-derived mechanically tailorable and 

chemically ‘reactive’ sponges could be useful for various biomedical and energy and environment 

related applications.  

 

 

 

 

 

*A. Shome et al., ACS Appl. Mater. Interfaces, 2021, 13, 24258-24271.              
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3.1. Introduction 

Naturally abundant proteins have emerged as the new greener and sustainable solution for fabricating 

functional materials to combat the existing challenges related to healthcare, bioengineering, water 

transport, energy harvesting, etc.1-13 For instance, silk fibroin derived from silk cocoon has been 

utilized for applications in anisotropic thermal transport, water transport, bioengineering, energy 

harvesting, wearable sensors and so on.1,2,4-6,12 In the previous chapter, ‘reactive’ protein nanoparticles 

derived controllable water wettability was introduced through the catalyst-free Michael addition 

reaction at ambient conditions for modulable drug release demonstrations, however, in the previous 

work, the simultaneous tailoring of the mechanical property and the embedded water wettability was 

not a feasible option. Thus, in this chapter, the aim was to introduce a distinct approach for tailoring 

both the mechanical property as well as the water wettability exploiting the different ingredients of 

silk cocoon.  

It has been widely established that the controlled tailoring of chemistry is an important parameter for 

integrating various functionalities for applications, including association of bioinspired liquid 

wettability,14-16 regulation of cellular attachment,17-19 proliferation and survival,20 tunable drug 

delivery, etc.21-23 In that context, the covalent chemical modification of the amino acid residues of silk 

fibroin has generally followed the diazonium coupling  reaction, copper-catalyzed “click chemistry” 

to tailor the chemistry of silk fibroin-derived  functional materials.20,24-27 For example, Raynal et al. 

controlled the water wettability of a silk fibroin-derived membrane from ∼34 to ∼85° through the 

strategic use of catalyst-assisted click chemistry between azide and alkyne, where the silk membrane 

was functionalized with alkyne groups following the coupling reaction of diazonium with the tyrosine 

residues of the protein.26 In another approach, Zheng et al. performed the targeted oxidation of the 

serine residues of silk fibroin using sodium hypochlorite in a basic environment to investigate the 

impact of human bone marrow-derived mesenchymal stem cell proliferation and differentiation on the 

oxidized silk scaffolds.28 But a catalyst-free approach to optimize the chemistry of silk protein-derived 

materials at ambient conditions is rare in the literature. 

Recently, a few silk-based hybrid materials exhibiting water-repellent behavior have been 

introduced.29,30 For example, Maleki et al. successfully embedded silk fibroin (SF) into a homogeneous  

interpenetrated (IPN) network of poly-(methylsilsesquioxane) (PMSQ)−SF to develop a hybrid 

hydrophobic (water contact angle, WCA∼145°) sponge for oil-spill remediation.29 In another  

approach, Zhou et al. integrated silk fibroin with graphene oxide (GO) for fabricating a hydrophobic 

coating on the commercially available, synthetic melamine sponge that exhibited WCA∼130°.30 

However, these synthetic components-intertwined hybrid designs lack any residual ‘reactive’ 
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functionalities for tailoring the embedded water wettability for relevant applications. Furthermore, 

entirely silk cocoon-derived ‘reactive’ spongy/porous materials with an avenue to tailor both the 

mechanical property and water wettability for realistic, durable applications is yet to be introduced in 

the literature. 

Inspired from the earlier reports, a fundamentally different design has been introduced in this chapter, 

where the strategic integration of silk fibroin and silk microfibers generated a mechanically tailorable 

sponge facile while the catalyst-free Michael addition reaction between the amine residues of silk and 

acrylates of a cross-linker at ambient conditions, allowed to induct chemical ‘reactivity’ in the silk 

cocoon-derived functional material as shown in Figure 3.1. The ethanol-assisted controlled tailoring 

of β-sheets in the silk fibroin skeletal framework allowed to tune the compressive modulus from 90-

290 kPa, while the silk microfiber reinforcement further enhanced the mechanical durability of the silk 

 
 

Figure 3.1.  Silk fibroin, which is predominantly present in α-helical and random coil structures, can undergo transformation to β-

sheet structures on exposure to ethanol, thus providing a facile basis to tailor the mechanical property by varying the ethanol 

concentration. Moreover, the silk microfibers act as reinforcements to enhance the mechanical durability of the fabricated sponges. 

The presence of amine residues in silk paves way for associating chemical reactivity following the facile, catalyst-free Michael 

addition reaction between amine residues of silk and a multifunctional acrylate crosslinker at ambient conditions. Thus, variation of 

the ethanol content provided an avenue to obtain a silk cocoon-derived sponge with tailorable mechanical property, and the existence 

of unreacted acrylate groups resulted in a chemically ‘reactive’ sponge. Further, an appropriate post-covalent modification of the 

residual acrylate groups with selected alkylamines allowed to tailor the embedded water wettability keeping the mechanical property 

unaltered.  
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cocoon-derived sponges. The residual ‘reactive’ acrylate functionalities that rendered the sponges 

chemically ‘reactive’ paved an avenue for the facile and rapid covalent post functionalization with 

different primary amine-containing molecules to embed a wide range of water wettability, including 

rose petal-inspired adhesive superhydrophobicity (WCA∼145°, contact angle hysteresis∼13°) and 

lotus leaf-inspired non-adhesive superhydrophobicity (WCA∼160°, contact angle hysteresis∼7°). 

Moreover, the silk cocoon derived superhydrophobic sponges retained the embedded water-repellent 

property even after exposure to various challenging settings, including repetitive compressive 

deformation, sand paper abrasion, sand drop test, contaminated aqueous phases (e.g. pH 1 and 12, 

surfactant water, river water and artificial seawater) and UV irradiation.  

3.2. Experimental Section:  

3.2.1. Materials Required:   

Bombyx mori silk cocoons obtained from local silk farms. Dipentaerythritol penta-acrylate (5Acl, 

MW=524.51g/mol), rhodamine 6G (CAS No. 989-38-8), sodium dodecyl sulfate (SDS), dodecyl 

trimethyl ammonium chloride (DTAB), octadecylamine, decylamine, octylamine, hexylamine, 

pentylamine, butylamine, lithium bromide, sodium carbonate, ethyl alcohol, 12 kDa cut-off dialysis 

membrane were procured from Sigma-Aldrich (Bangalore, India). Tetrahydrofuran was procured from 

FINAR. Sodium Chloride, magnesium chloride, calcium chloride, magnesium sulphate, sodium 

hydroxide was purchased from Merck Specialties Private Limited. Hydrochloric acid was purchased 

from Fischer Scientific (Hyderabad, India). Calibration weights were purchased from Amazon, India. 

Sand paper purchased from a local grocery shop in Guwahati. River water was obtained from 

Brahmaputra river Guwahati, Assam, India. Sand were acquired from a neighboring construction site 

at IIT, Guwahati and washed thoroughly with water, dried before use. 

3.2.2. General Considerations:  

Glass vials used for preparing the solutions were washed thoroughly with water and acetone prior to 

use. Contact angles were measured using KRUSS Drop Shape Analyser-DSA25 with an automatic 

liquid dispenser at ambient conditions. The contact angles were measured using 5 μl water droplet at 

three different locations for each sample. Digital images were acquired using a Canon Powershot 

SX420 IS digital camera. Milli-Q grade water was used for all experiments. 

3.2.2.1. Field Emission Scanning Electron Microscopy and Pore Size Analysis: 

The surface features and microarchitecture of the fabricated sponges were visualized using field 

emission electron microscope (FESEM, ∑IGMA, Carl Zeiss). The pore size distribution analysis was 

performed from the acquired micrographs (n = 3) following previous reports31,32 using ImageJ software 
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(Wayne Rasband, National Institute of Health (NIH), USA) using nearest distances (ND) plugin by 

marking at least 35 measurements. ND plugin’s algorithm31,32 is equipped to calculate pore size from 

2D cross sections of electron micrographs by defining pore boundaries from 8-bit images using image 

processing toolkit. 

3.2.2.2. Infrared Spectroscopy: 

Attenuated total reflectance sampling through infrared spectrometer (PerkinElmer Spectrum Two) for 

the sponges were performed and the spectral measurements averaging 30 scans were recorded between 

4000 to 400 cm-1 with a resolution of 2 cm-1. To understand the secondary structural conformational 

changes, the Amide-I spectra between 4000 to 400 cm-1 were deconvoluted (n = 3) following second 

order derivatization based on previous reports,33 and gaussian peaks were fitted and the area under the 

curve was referenced to quantify the secondary structures of proteins. The band assignments for the 

fitted peaks were referenced as follows: β- sheets ranging between 1620-1640 cm-1; anti-parallel β-

sheets ranging between 1670-1695 cm-1; α-helices ranging between 1650-1658 cm-1; and disordered 

structures ranging between 1640-1650 cm-1. 

3.2.2.3. Wide angle X-ray Diffraction: 

To ascertain the degree of crystallinity of samples, wide angle X-ray diffraction studies (WAXD) were 

performed using an X-ray diffractometer (Rigaku TTRAX III) with Cu Kα radiation source operating 

at 50 kV/ 100 mA, where data was recorded between 5° to 50° (2θ angles), with a step size of 0.5° and 

scan speed of 1°/min. 

3.2.2.4. Characterization of Mechanical Property: 

Unconfined uniaxial compressive loading tests of the sponges were performed using a universal testing 

machine (UTM, Instron 5944) with a 100 N load cell under non-hydrated ambient conditions. 

Compressive strength and Young’s modulus were evaluated by adopting American Society for Testing 

and Materials (ASTM) standard - D1621-04a meant for testing rigid cellular foams.34 Briefly, 

cylindrical specimens (20 mm height and 20 mm diameter, n = 5) with a crosshead displacement (1 

mm/min) and corresponding load values were recorded till 70 % deformation. The stress-strain curves 

were plotted and compressive strength at 70% strain, Young’s modulus (tangential slope of the linear 

region of the effective stress–strain curves) was determined through Bluehill software (Instron). 

Similarly, unconfined cyclic loading tests of the cylindrical specimens were carried out for 100 cycles 

corresponding to 50% deformation strain at loading/ unloading displacements of 10 mm/min. The 

Young’s modulus, effective from the linear region of stress- strain curve from each loading cycle was 

recorded using the Bluehill software. For tensile testing, ASTM standard ASTMD882−02 was 
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followed, where membrane like formats (rectangular strips (width, length, thickness) 1 cm x 3 cm x 

0.1; n = 5) were used and measurements were performed at a displacement rate of 1mm/min until yield. 

The corresponding stress-strain curves were recorded and the effective tensile modulus, tensile stress 

at yield and tensile strain yield were calculated using Bluehill software. 

3.2.2.5. Porosity Measurements:  

The porosities of the sponges were calculated using the following widely accepted standard formula, 

𝐏𝐨𝐫𝐨𝐬𝐢𝐭𝐲 (%) = (𝟏 −
𝛒

𝛒𝐬
) 𝐱 𝟏𝟎𝟎 

where, ρ and ρs is the volumetric mass density of the dry sponge and wet sponge respectively.35,36  

3.2.2.6. Statistical Analysis: 

The experiments were performed in triplicates unless and otherwise mentioned, and the results are 

represented as mean ± standard deviation. The data obtained where analyzed for statistical significance 

using analysis of variance (ANOVA) through Tukey’s test (OriginPro8 software) and groups with 

datasets with p ≤ 0.05 were considered statistically significant, whereas with p ≤ 0.01 were considered 

highly significant. 

3.2.3. Silk Cocoon derived Sponge Fabrication Process: 

3.2.3.1. Obtaining Microfibers and Regeneration of Silk Fibroin Solution: 

Bombyx mori silk cocoons were processed following our reported procedure.31,33,37 Briefly, cut silk 

cocoons were degummed in boiling 0.02 M Na2CO3 aqueous solution for 15 min to remove silk sericin, 

rinsed thoroughly in ultrapure water and dried to obtained silk fibroin (SF) fibers. SF microfibers were 

obtained through manual comminution 37-38 which were used as reinforcements for sponge fabrication. 

Concurrently, dissolution of dried silk fibers was done in 9.3 M LiBr and dialyzed thoroughly against 

Table 3.1. Illustrates the composition of silk fibroin solution, silk microfibers and volume percent of ethanol used for fabrication of 

the different variants of silk-cocoon derived sponges.   
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ultrapure water at ambient conditions using a 12 kDa cut-off dialysis membrane to obtain the 

regenerated aqueous SF solution. 

3.2.3.2. Fabrication of Silk Microfiber Reinforced Silk Fibroin Sponges (SMFRSFS): 

The SF microfibers were packed in custom teflon molds and SF fibroin solution was added to fabricate 

the sponges/membranes. The composition of microfiber and fibroin is listed in Table 3.1. Briefly, for 

every mL of aqueous regenerated SF solution, 20 mg SF microfiber was packed in cylindrical teflon 

molds (for sponges/ membranes alike) and the regenerated aqueous SF solution was added on top of 

the packed column. For fabrication of one cylindrical sponge, 5 mL of the SF solution was used and 

100 mg microfiber. Similarly, for preparation of membrane, 3 mL of SF solution and 60 mg microfiber 

was used. The packing densities were maintained to ascertain uniformity throughout the fabrication 

process. As control groups, sponge without SF microfiber reinforcements were molded wherein only 

SF solution was added to these molds denoted as SFScontrol (Table 3.1). 

After addition of silk fibroin solution, the molds were frozen at -20°C overnight and lyophilized using 

a freeze drier. The content of β-sheet in the freeze-dried sponges were subsequently modulated by 

varying controlling the ethanol exposure as listed in Table 3.1. After the β-sheet induction, the 

sponges/membranes were washed thoroughly with ultrapure water and lyophilized again to be used 

further. 

3.2.4. Chemically ‘Reactive’ Silk-Cocoon derived Sponge and Post Covalent Modification: 

The silk microfiber reinforced silk fibroin sponges were subjected to covalent modification with 

dipentaerythritol penta-acrylate (5Acl), wherein, the sponges were dipped in an ethanolic solution of 

5Acl (1.325 g in 10 mL ethanol) and kept undisturbed for 6 hours followed by thorough washing with 

ethanol and THF. Thereafter, the covalent post modification of the chemically ‘reactive’ 

sponges/membranes were carried out with different alkylamines (30 mg/mL) i.e. pentylamine, 

hexylamine, octylamine, decylamine and octadecylamine (5 mg/mL) in THF and kept for 12 hours 

undisturbed. Subsequently, the sponges were transferred in THF for washing for half an hour and air 

dried. 

3.2.5. Physical and Chemical Durability Tests: Various severe and practically relevant standard 

physical and chemical durability tests were imposed on the silk cocoon derived superhydrophobic 

sponges to examine the durability of the embedded extreme water repellence. The details of each of 

these tests have been explained in detail below: 

3.2.5.1. Compressive Deformation: The silk microfiber reinforced silk fibroin superhydrophobic 

sponge (SCDSHS40) was manually compressed by gradually  increasing the strain from 0% to 50% 
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wherein the spongy substrate restored its shape after releasing the applied manual stress. The manual 

compressive strain (80%) was repetitively inflicted for 500 times. The water wettability was examined 

at regular intervals to account for the durability of the embedded superhydrophobicity in the silk 

cocoon derived superhydrophobic sponge. 

3.2.5.2. Sand Paper Abrasion : In sand paper abrasion, a part of the silk microfiber reinforced silk 

fibroin superhydrophobic sponge (SCDSHS40) was manually rubbed with a sand paper in back and 

forth motion with a 500 g load on top to inflict severe damage to the sponge. Thereafter, the embedded 

water-repellent property was examined through digital images and contact angle measurements. 

3.2.5.3. Sand Drop Test: Here, 150 g sand grains were poured from the height of 25 cm onto the 

surface of the silk microfiber reinforced silk fibroin superhydrophobic sponge (SCDSHS40) which was 

pre-tilted at an angle 45°. Thereafter, the embedded water-repellent property was examined through 

digital images and contact angle measurements. 

3.2.5.4. Bulk Superhydrophobicity: The superhydrophobic sponge (SCDSHS40) was arbitrarily cut 

into pieces to expose the interiors of the substrate and subsequently, the embedded water repellence 

property was examined through digital images and contact angle measurements. 

3.2.5.5. UV Irradiation Test: : SCDSHS40 was subjected to both short (254 nm) and long (365 nm) 

wavelength UV irradiation for 28 days. The embedded extreme water-repellent behavior was examined 

at regular intervals through digital images and contact angle measurements. 

3.2.5.6. Chemical Durability Tests: SCDSHS40 was subjected to various severe, chemically 

contaminated aqueous media including acidic water (pH 1), basic water (pH 12), surfactant 

contaminated water (SDS, 1 mM and DTAB, 1 mM), river water (Brahmaputra river, Guwahati, 

Assam) and seawater. The artificial sea water was prepared by mixing MgSO4 (0.325 g), MgCl2 (0.226 

g), CaCl2 (0.112 g) and NaCl (2.673 g) in 100 mL deionized water in a volumetric flask. The water 

wettability was examined at regular intervals through visual inspections and measuring the water 

contact angles.  

3.3. Results and Discussions:  

3.3.1. Facile Tailoring of Mechanical Property in the Silk Cocoon-Derived Sponges 

The naturally abundant silk cocoon derived silk fibroin and microfibers have been used individually 

to develop various functional materials for achieving smart solutions to the existing challenges related 

to environment, energy, and health.1,2,4-6,12 In the past, different sources of silk fibroin and composites 

of silks were introduced to tailor the mechanical property.39-41 It is pertinent to note here that the liquid 
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silk fibroin present predominantly in α-helical and random coil conformations, experiences immense 

shear when spun by silkworms that causes β-sheet crystallization and provides stable microfibers.42,43 

Inspired from this concept of β-sheet microfibers spun by silkworms, the current report on silk 

microfiber reinforced silk fibroin sponges (SMFRSFSs) involves the controlled tailoring of β-sheet in 

the silk fibroin skeletal framework to modulate the mechanical property while the additional silk 

microfiber reinforcement was hypothesized to provide mechanical durability. The silk cocoon-derived 

sponges were prepared following a facile fabrication strategy, where silk microfibers (0.02 (w/v) %) 

packed in Teflon molds were cast with 1 (w/v) % aqueous silk fibroin solution, followed by freeze-

drying. The ice crystals (acting as porogens) developed during slow freezing (−20°C) sublimate to 

leave behind pores that were templated around the spaces occupied by ice crystals44 in the silk 

microfiber reinforced silk fibroin sponge (SMFRSFS). The controlled exposure of freeze-dried 

SMFRSFSs to different (40, 60, 80, and 100 v/v%) concentrations of ethanol allowed the tailoring of 

the β-sheet content (and thereby the mechanical property) in SMFRSFS, which were classified into 

four different sponges (SMFRSFS40, SMFRSFS60, SMFRSFS80, SMFRSFS100), where the subscript 

denotes the content of ethanol exposure (refer to Table 3.1 for detailed sponge composition).  

The porous and highly hydrophilic silk fibroin sponge that was fabricated without any fiber 

reinforcement (denoted as SFScontrol, Figure 3.2A,B) was compressed with a 500 g external load and it 

subsequently underwent permanent deformation after removing the applied load, as depicted in Figure 

3.2E-F. Field emission scanning electron microscopic (FESEM) images further revealed the existence 

of a porous microarchitecture without any fibrous morphology (Figure 3.2C,D). However, silk 

 
 

Figure 3.2. A-F) Digital images (A,E,F), WCA image (B) of the silk fibroin-derived sponge without any silk microfiber 

reinforcement (SFScontrol) that exhibits an interconnected porous microarchitecture (C,D). On applying a 500 g external load (E), the 

sponge underwent permanent deformation and failed to recover its original shape (F). G-J) Digital image (G) and WCA image (H) 

of the silk microfiber reinforced silk fibroin sponge, SMFRSFS40, which was subjected to 500 g external load (I). On releasing the 

load, the deformed sponge self-recovered its shape (J). 
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microfiber (0.02 w/v%) reinforcement provided a mechanically stable and hydrophilic sponge (Figure 

3.2G,H), which underwent reversible deformation on compressing with a 500 g load as shown in 

Figure 3.2I,J. Further, the FESEM images of SMFRSFS revealed a porous interconnected network 

with fibrous morphology. With an increase in the ethanol content, the pore boundaries appeared to be 

more defined as in the case of SMFRSFS100 while the pore boundaries of SMFRSFS40 had fibrillar 

protrusions, as shown in Figure 3.3A-H, which is plausibly due to the difference in the β sheet content. 

The average pore size ranged between 120-140 μm (Figure 3.3I), and the porosity of the sponges was 

found to be 95-96% (Table 3.4). Such topography is important to adopt bioinspired super-water-

repellence. 

The incorporation of β-sheet conformation was further characterized through attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) spectral analysis, which revealed that the 

controlled ethanol treatment caused a secondary conformational change in the silk fibroin skeletal 

framework. On increasing the content of ethanol exposure, a red shift in amide-I peak from ∼1610 to 

1640 cm−1 was observed, which is indicative of secondary structural transition (from silk-I to silk-II 

conformation) as shown in Figure 3.4A.45−47 Further, to get a better insight, these amide-I spectra were 

deconvoluted (Figure 3.5A-D), band assignments were made, and the secondary structures were 

quantified from the area-normalized fitted peaks. It was seen that with an increase in the ethanol content 

(from 40% to 100%), the β-sheet content increased 

(SMFRSFS100>SMFRSFS80>SMFRSFS60>SMFRSFS40), where the total β-sheet content for 

SMFRSFS40 and SMFRSFS100 were estimated to be ∼20 and ∼84%, respectively (Table 3.2). It is 

important to note here that even though SFScontrol exhibited a higher percentage of β-sheet (~58%, 

exposure to 100 v/v% ethanol) compared to SMFRSFS40 (~20%) as tabulated in 3.2, the absence of 

microfiber reinforcement led to poor mechanical recovery of the sponge as discussed already in Figure 

 
Figure 3.3. A-H) FESEM images exhibiting the porous interconnected fibrous network of the sponges including SMFRSFS40 (A-

B), SMFRSFS60 (C-D), SMFRSFS80 (E-F), SMFRSFS100 (G-H). I) Plot depicting the pore size analysis data for the different beta 

sheet containing silk-cocoon derived sponges using Image-J plug in. 
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3.2E-F. Thus, the controlled tailoring of β-sheet would allow to modulate the mechanical property, but 

the fiber reinforcement is important for the mechanical recovery of the sponges. Moreover, when 

SFScontrol is untreated with ethanol (Figure 3.6A,C), then it exhibits predominantly α-helical/disordered 

structures, as tabulated in Table 3.2. The presence of only α-helical/disordered structures is similar to 

liquid SF present in silkworms prior to spinning in the glands.43 The spinning of this α-

 
Figure 3.4. A) ATR-FTIR spectra of the silk microfiber reinforced silk fibroin sponges (SMFRSFS) that were fabricated following 

exposure to different concentrations of ethanol, where the subscript in SMFRSFS depicts the v/v % ethanol.  

 

 
 

Figure 3.5. A-D) Deconvoluted secondary spectra of Amide-I peaks of SMFRSFS40 (A), SMFRSFS60 (B), SMFRSFS80 (C) and 

SMFRSFS100 (D). 
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helical/disordered conformational liquid SF generates stable microfibers with β-sheet conformation. 

Thus, it can be concluded that ethanol treatment indeed induces the β-sheet conformational changes. 

To reaffirm the β sheet crystallinity within the sponges, wide-angle X-ray diffraction analysis was 

performed (Figure 3.7A) to assess the crystallinity (imparted due to β-sheets) of the sponges. Ethanol 

treatment induced a conformational change to silk-II, where the β-sheets are predominated as 

characterized by the appearance of two broad peaks in the range of 2θ (angles) from 5 to 35° (Figure 

3.7A).46 It was seen that with an increase in ethanol treatment, from SMFRSFS40 to SMFRSFS100, 

 

 
 

Figure 3.6. A) ATR-FTIR Spectra of the silk fibroin sponge control group (SFScontrol) which is devoid of any fibre reinforcement 

(red) and SFScontrol which was untreated with ethanol (black). B-C) Deconvoluted secondary spectra of Amide-I peaks of SFScontrol 

(B) and SFScontrol which was untreated with ethanol (C). 

Table 3.2. Accounts for the percentage of secondary structures present in the silk-cocoon derived sponges determined through the 

deconvoluted spectra. 
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these peaks became more intense suggesting the increase in crystallinity attributed to the increase in 

β-sheet structures. The ethanol exposure altered the hydration state in the sponges, where bound water 

molecules acting as plasticizers between the silk fibroin chains are displaced (Figure 3.7B). This 

displacement of water molecules helps in helix−helix interaction and promotes β-sheet 

crystallization,46,48 thus, an increased ethanol content drives this structural transition by altering the 

hydration state.  

The compressive stress/strain analysis revealed two important aspects of the current design: (1) the 

ethanol assisted controlled modulation of β-sheet conformation in the silk fibroin skeletal framework 

allowed to tailor the mechanical properties of the sponges, as shown in Figure 3.8A, (2) the 

incorporation of silk microfibers within the silk fibroin network improved the mechanical stability 

(self-recovery) as compared to the control sponge, SFScontrol that is devoid of fiber reinforcement as 

shown in Figure 3.8B-F. The increase in the β-sheet content led to an increase in the compressive 

modulus as observed for the prepared sponges in the order SMFRSFS40< SMFRSFS60< 

SMFRSFS80<SMFRSFS100. Thus, the ethanol assisted induction of β-sheet allowed to tailor the 

compressive modulus from 90-290 kPa as shown in Figure 3.12A (red bar). Furthermore, the ability 

to retain the tailored mechanical properties after repeated compressive deformations (100 cycles with 

50% strain) was investigated (Figure 3.8B-F). It was found that all the fiber-reinforced sponges 

retained their elastic region with good recovery throughout the 100 cycles (under the applied 50% 

compressive strain) as illustrated in Figure 3.8C-F. However, recovery for SFScontrol was poor (as 

indicated by the red arrow, Figure 3.8B), indicative of plastic deformation under the subjected strain. 

Thus, both fiber reinforcement and controlled modulation of β-sheet conformation are important 

 
 

Figure 3.7. A) Wide-angle X-ray diffraction analysis showing increasing crystallinity in the order SMFRSFS100 > SMFRSFS80 > 

SMFRSFS60 > SMFRSFS40. B) Schematic representing the effect of increasing ethanol treatment on removing water molecules 

(which acts as plasticizers, depicted as blue spheres) and promoting helix-helix interaction, thus increasing the β-sheet content from 

SMFRSFS40 to SMFRSFS100. 
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parameters to obtain the desired mechanical property and recovery of the shape of the sponges after 

incurring physical deformation. 

3.3.2. Design of Chemically ‘Reactive’ Silk Cocoon-Derived Sponges Followed by Integration of 

Various Water Wettability 

In the past, the covalent chemical modification of silk fibroin has been strategically performed adopting 

various chemistries. The process of altering the chemical functionalities of silk fibroin is mostly 

achieved through modification of the tyrosine amino acid residues following the diazonium coupling 

reaction,20,25−27 oxidation of serine,28 and condensation  of  the  hydroxyl  residues  of  silk.29  

Furthermore, the diazonium salt modification approach was adopted to impart reactivity to the silk 

fibroin substrates, which were further exploited for post modification following the catalyst-assisted 

azide−alkyne click chemistry.25,26 Recently, Sun et al. exploited the amine and hydroxyl residues of a 

silk fibroin derived nanofibrous membrane for modification with pyro-mellitic dianhydride following 

the acid-catalyzed anhydride ring-opening reaction.49 

In this chapter, the catalyst-free Michael addition reaction at ambient conditions50-51 was exploited for 

the facile tailoring of chemistry in a silk cocoon-derived functional material while keeping the 

 

 

Figure 3.8. A) Compressive stress-strain plot for the silk microfiber reinforced silk fibroin-derived sponges. B) Cyclic mechanical 

properties of the silk fibroin control sponge, where the red arrow denotes the permanent deformation of the sponge after the 1st 

compression cycle. C-F) Cyclic stress-strain analysis of the silk microfiber reinforced silk fibroin sponges SMFRSFS40 (C), 

SMFRSFS60 (D), SMFRSFS80 (E), SMFRSFS100 (F) conducted for 1st, 12th, 25th, 75th and 100th cycles. 
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mechanical property of the substrate unaltered. In the current design, the amine residues of the silk 

cocoon-derived sponges were covalently modified with 5Acl, a penta-acrylate cross-linker following 

the Michael addition as depicted in Figure 3.9A-B. The progress of the reaction was monitored through 

ATR-FTIR analysis, as shown in Figure 3.9D. The ATR-IR spectrum of 5Acl (blue) displayed the 

characteristic acrylate signatures at 1408 cm−1 and 1726 cm−1, which corresponds to the C-H 

deformation of β carbon of the vinyl group and carbonyl stretching, respectively (Figure 3.9D, blue). 

Prior to 5Acl treatment, such IR signatures for acrylates were not observed for the silk cocoon-derived 

sponge (Figure 3.9D, green). During the Michael addition reaction between the amine residues of silk 

sponge with the acrylate cross-linker (5Acl), the IR signature at 1408 cm−1 underwent depletion 

(Figure 3.9D, red), suggesting the selective consumption of the vinyl moiety (∼29%) with respect to 

the carbonyl signature at 1726 cm−1, which served as an internal standard to examine the progress of 

 

Figure 3.9. A-C) Schematic illustrating the Michael addition reaction between the amine residues of silk cocoon-derived sponge 

and 5Acl to obtain a chemically ‘reactive’ sponge (B). The residual acrylate reactivity of the sponge allowed the post modification 

with amine-containing molecules following the facile Michael addition reaction to obtain an interface with tailorable wettability 

(C). D) ATR-FTIR spectra of the unmodified silk cocoon-derived sponge (green), multifunctional acrylate cross-linker, 5Acl (blue), 

CRSCDS (red) and after covalent post modification of CRSCDS with ODA (black). E-F) Digital image (E) and WCA image (F) of 

CRSCDS. G-H) Digital image (G) and WCA image (H) of the beaded droplet on the silk cocoon-derived sponge that was post 

modified with ODA, denoted as SCDSHS40. I) Digital image exhibiting the presence of a shiny interface on submerging SCDSHS40 

underwater, thus revealing the presence of a trapped metastable air layer. J) Digital image demonstrating the bouncing of a stream 

of water from the surface of SCDSHS40. 
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the reaction.50-51 After the 5Acl treatment, the IR intensity for the vinyl group remained significantly 

high in the silk derived sponge, indicating the presence of unreacted acrylate functionalities in the 

prepared spongy material (Figure 3.9D, red). Thus, the chemically ‘reactive’ silk cocoon-derived 

sponge (denoted as CRSCDS) with residual acrylate groups, which was observed to be hydrophilic 

with WCA∼0° as depicted in Figure 3.9E-F, provided a general avenue for post-covalent 

functionalization with the desired amine containing small molecules at ambient conditions (Figure 

3.9C). The successful post modification of CRSCDS with a hydrophobic alkylamine i.e. ODA was 

confirmed through the ATR-FTIR analysis, where the characteristic peak at 1408 cm−1 underwent 

significant depletion (∼91% residual acrylates were consumed) with reference to the normalized IR 

signature for carbonyl group at 1726 cm−1, as shown in Figure 3.9D (black). Digital images further 

revealed that the post modification of CRSCDS (previously SMFRSFS40) with ODA conferred 

superhydrophobicity to the sponge wherein, a dyed water (red) droplet beaded with static WCA∼160° 

and contact angle hysteresis ∼7° as shown in Figure 3.9G-H and Table 3.3. It is worth to mention that 

the previously reported silk-based materials barely displayed WCA ≥ 150°.27,28 Both static and 

dynamic water contact angles (Table 3.3) were measured to examine the superhydrophobicity. The 

post-modified sponge was denoted as the silk cocoon-derived superhydrophobic sponge (SCDSHS40; 

subscript 40 specifying the ethanol treatment). A characteristic shiny interface was observed on 

submerging the silk cocoon-derived superhydrophobic sponge underwater, due to the existence of a 

metastable trapped air layer that imparts the heterogeneous extreme water repellence, as depicted in 

Figure 3.9I. Further, a water stream immediately bounced off from the synthesized SCDSHS40, 

indicating the presence of non-adhesive superhydrophobicity (Figure 3.9J).  

Furthermore, to examine the impact of the concentration of cross-linker, the sponges were exposed to 

different concentrations (15 mM-250 mM) of the multi-acrylate cross-linker, however, the extent of 

reaction between amines and acrylates remained very similar, as depicted through the ATR-IR analysis 

in Figure 3.10A. Varying the acrylate concentration led to changes in the intensity of the IR peak at 

1408 cm−1 in comparison to the normalized IR signature for the carbonyl group at 1726 cm−1. With 

respect to the 5Acl spectrum (blue), ∼28, 32, and 34% of the IR peak intensities depleted during the 

reaction between amines and 5Acl with concentrations corresponding to 0.25 M (red), 0.0625 M 

(yellow) and 0.015 M (green), respectively, as shown in Figure 3.10A. This minimal variation in the 

depletion of the IR peak for acrylate groups indicated insignificant changes in the cross-linking density 

of the sponges on varying the concentration of the multi-functional acrylate. Thereafter, a decrease in 

the IR peak intensity at 1408 cm−1 with respect to the normalized carbonyl stretching frequency at 
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1726 cm−1 was observed after post modification of the prepared sponges with ODA which indicated 

the successful covalent functionalization of the residual acrylates as shown in Figure 3.10B, to embed 

superhydrophobic behavior as shown in Figure 3.10C.   

The presence of residual acrylate reactivity in CRSCDS was further exploited to embed a wide range 

of water wettability. CRSCDS was post modified independently with different alkylamines through 

the Michael addition reaction to tune the water wettability. The moderate increase in the hydrocarbon 

chain length of the selected alkylamines from butylamine to decylamine led to modulation of the water 

wettability corresponding to hydrophilicity (butylamine, WCA~36°), hydrophobicity (pentylamine, 

WC ~120°; hexylamine, WCA~136°), adhesive superhydrophobicity (octylamine, WCA~145°) to 

non-adhesive superhydrophobicity (decylamine, WCA~155°), as characterized by measuring the static 

 

Figure 3.10. A) ATR-FTIR analysis of the silk-cocoon derived sponges that were subjected to covalent cross-linking with varying 

concentrations of 5Acl i.e. 250 mM (red), 62.5 mM (yellow) and 15 mM (green) for embedment of chemical reactivity. B) ATR-

FTIR analysis of the silk cocoon derived sponges that were modified with varying concentrations of the multi-functional acrylate 

followed by post covalent modification with ODA. C) Plot illustrating the advancing WCA (black), contact angle hysteresis (red) 

and inset digital images of the silk-cocoon derived sponges that were subjected to cross-linking with different concentrations of 5Acl 

followed by post modification with ODA. 
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WCA (Figure 3.11A) and dynamic WCA (Table 3.3). The porosity of the sponges barely changed 

before after the covalent cross-linking and the subsequent post modification with ODA as shown in 

Figure 3.11B and Table 3.4.  

The compressive modulus of the as prepared sponges remained very similar before (i.e. SMFRSFS40, 

SMFRSFS60, SMFRSFS80, SMFRSFS100) and after post modification with ODA (i.e. SCDSHS40, 

SCDSHS60, SCDSHS80, SCDSHS100), as shown in Figure 3.12A. This indicates that the covalent cross-

linking with the multifunctional acrylate cross-linker in ethanolic solution followed by covalent post 

modification of the residual acrylates with ODA barely impacted the mechanical property of the as-

 

 Figure 3.11. Bar diagram illustrating the static WCA of the silk cocoon-derived chemically ‘reactive’ sponge after post-covalent-

modification with different amine-containing small molecules, including butylamine, pentylamine, hexylamine, octylamine and 

decylamine. B) Plot depicting the pore size analysis data for the different silk-cocoon derived superhydrophobic sponges using 

Image-J plug in.   

Table 3.3. Illustrates the advancing WCA and contact angle hysteresis of the beaded water droplet on the silk cocoon-derived 

chemically ‘reactive’ sponge that was post modified with different alkylamines 

 

Post Modification 

with Alkylamines

Advancing 

Contact Angle (°)

Contact Angle 

Hysteresis (°)

Butylamine 35.7 ± 0.6 -

Pentylamine 121.3 ± 1.0 22.2 ± 0.5

Hexylamine 135.2 ± 1.3 19.8 ± 0.7

Octylamine 144.7 ± 0.7 13.6 ± 1.4

Decylamine 155.8 ± 1.1 7.8 ± 0.6

Octadecylamine 162.6 ± 0.9 7.2 ± 1.0
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prepared sponges. Thus, the current design provided a rare opportunity to covalently embed and tailor 

the chemical functionality of the substrate while keeping the mechanical property intact.  

3.3.3. Examining the Durability of the Silk Cocoon-Derived Superhydrophobic Sponges 

The silk cocoon-derived highly compressible and chemically ‘reactive sponge’ embedded with 

superhydrophobicity (SCDSHS40) was subjected to various harsh and practically relevant physically 

abrasive tests to investigate the robustness of the covalently embedded bio-mimicked extreme water 

wettability. First, the embedded anti-wetting property of the silk cocoon-derived sponge was 

investigated after physical deformation, wherein the compressive strain on the sponge was gradually 

Table 3.4. Summarizes the porosity of the different silk-cocoon derived sponges calculated experimentally before (SMFRSFS) and 

after covalent post modification with ODA (SCDSHS). 

 

Sample Porosity (%)

SMFRSFS40 96.85 ± 0.8

SMFRSFS60 95.81 ± 1.2

SMFRSFS80 96.93 ± 0.7

SMFRSFS100 96.35 ± 0.4

SCDSHS40 95.90 ± 1.1

SCDSHS60 96.18 ± 0.6

SCDSHS80 95.76 ± 0.8

SCDSHS100 96.92 ± 1.3

 

Figure 3.12. A) Comparative plot representing the compressive modulus of the silk microfiber reinforced silk fibroin sponges before 

(red) any covalent modification and after post modification with ODA (black) that indicates that the mechanical property of the 

sponges remained unaffected by the covalent chemical modification of the sponges . 
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increased from 0 to 50%. It was observed that the extreme water repellence remained intact with 

advancing WCA above 150° and contact angle hysteresis below 10°, as shown in Figure 3.13A. On 

removal of the applied strain, SCDSHS40 recovered its dimensions and retained the water repellence 

as depicted in Figure 3.13A (inset). Furthermore, investigation of the anti-wetting property on the 

synthesized sponge after every 100 cycles of repetitive compression for 500 cycles with an applied 

compressive strain of 50% revealed that the embedded superhydrophobicity persisted with advancing 

WCA above 150° and contact angle hysteresis below 10° throughout all the cycles, as shown in Figure 

3.13B. To examine the existence of three-dimensional water-repellent behavior, SCDSHS40 was sliced 

into multiple pieces arbitrarily to expose the interiors and it was observed that the water droplet beaded 

on the freshly exposed interiors of the sponge with static WCA∼157° and contact angle hysteresis 

∼7°, as shown in Figure 3.14A-B, thus revealing the presence of non-adhesive three-dimensional 

superhydrophobicity.  

A few standard and widely accepted physical abrasion tests were strategically imposed to examine the 

sustenance of the silk cocoon-derived superhydrophobic sponge at practically harsh and relevant 

scenarios. In the sand drop test (Figure 3.14C), 150 g of sand grains was dropped onto SCDSHS40 

from a 25 cm height. The static WCA∼156° and contact angle hysteresis ∼ 7° revealed that such an 

abrasive exposure failed to perturb the embedded bio-mimicked antiwetting property, as shown in 

Figure 3.14D-E and Table 3.5. In another physically harsh test, an abrasive sand paper was manually 

rubbed in a back and forth motion multiple times on SCDSHS40 with a 500 g load atop (Figure 3.14G), 

followed by investigation of the embedded anti-wetting property on the abraded surface of the silk 

 

Figure 3.13. A) Plot representing the advancing WCA (black) and contact angle hysteresis (red) of the beaded water droplet on the 

silk cocoon-derived superhydrophobic sponge (SCDSHS40) that was subjected to 50% manual compression. Inset images show the 

embedded extreme antiwetting property on the superhydrophobic sponge before (left), during 50% compression (middle), and after 

strain release (right). B) Plot representing the advancing WCA (black) and contact angle hysteresis (red) of a beaded water droplet 

on SCDSHS40 that was repetitively deformed under 50% strain for 500 cycles. 
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cocoon-derived superhydrophobic sponge which revealed that the water droplet beaded with static 

WCA∼154° and contact angle hysteresis ∼8°,  as shown in Figure 3.14H-I and Table 3.5. Such 

demonstrations unambiguously implied the existence of impeccable three-dimensional durability of 

the implanted water wettability. Furthermore, exposure of SCDSHS40 to UV radiation (254 and 365 

nm) for 28 days failed to perturb the superhydrophobic property, where the water droplet beaded with 

advancing water WCA above 150° and contact angle hysteresis below 10° as depicted in Figure 3.15A. 

 

Figure 3.15. A) Plot depicting the change in advancing WCA (black) and contact angle hysteresis (red) of the beaded water droplet 

after exposing the silk-cocoon derived superhydrophobic sponge, SCDSHS40 to both long (365 nm) and short (254 nm) UV 

irradiation for 28 days. Inset images illustrates the embedded anti-wetting property of the sponge before and after 28 days of UV 

exposure. 

 

Figure 3.14. A-B) Digital image (B) and static WCA (B) on SCDSHS40 that was arbitrarily cut into small pieces to examine the 

water-repellent property in the bulk of the substrate. The inset image is the original sponge before slicing. C-E) Digital images (C, 

D) and static WCA (E) illustrating the sand drop test (C) and retention of the extreme water-repellent property (D, E) by the silk 

cocoon derived superhydrophobic sponge after the harsh physical abrasion. F-G) Digital image (F) of SCDSHS40 before sandpaper 

abrasion. Abrasive sandpaper was rubbed on one side of the sponge with an applied load of 500 g on top (G) such that the top surface 

was completely abraded, exposing the interiors. H-I) Digital image (H) and static WCA (I) on the abraded sponge area, which 

continued to display impeccable water repellence. 
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Chemical durability is a vital parameter to examine the relevance of any substrate for practical utility. 

In this context, exposure of SCDSHS40 to various severe aqueous chemical settings, i.e. basic water 

(pH 12), acidic water (pH 1), river water, surfactant-contaminated water (SDS and DTAB) and 

artificial seawater, revealed that the water droplet beaded with advancing WCA above 150° and contact 

angle hysteresis below 10°, as shown in Figure 3.16A-L and Table 3.5. Hence, the silk cocoon-derived 

superhydrophobic sponge survived various harsh physically abrasive and chemically contaminated 

aqueous phases and thus, can be deemed appropriate for outdoor applications even at diverse and 

challenging conditions.  

Table 3.5. Accounts for the advancing WCA and contact angle hysteresis of the beaded water droplet on the silk-cocoon derived 

superhydrophobic sponge (SCDSHS40) after various physical and chemical exposures. 

 

 

Physical/Chemical 

Exposures

Advancing 

Contact Angle (°)

Contact Angle 

Hysteresis (°)

Sand Paper Abrasion 158.3 ± 0.8 8.2 ± 1.2

Sand Drop Test 159.5 ± 1.1 7.5 ± 0.9

Acidic Water (pH 1) 158.4 ± 0.4 7.2 ± 0.5

Basic Water (pH 12) 159.1 ± 0.8 6.9 ± 1.1

SDS (1mM) 157.5 ± 1.4 7.2 ± 0.8

DTAB (1mM) 156.8 ± 0.9 7.9 ± 0.7

River Water 158.8 ± 0.7 6.5 ± 1.2

Artificial Sea Water 156.0 ± 1.3 7.5 ± 0.6

 

Figure 3.16. A-L) Digital images and WCA images of the water droplet on the silk-cocoon derived superhydrophobic sponge, 

SCDSHS40 where the water droplet was chemically contaminated i.e. acidic water (A-B), basic water (C-D), surfactant contaminated 

water (E-H), river water (I-J) and artificial sea water (K-L). 
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3.4. Conclusion 

In this chapter, the controlled tailoring of the mechanical property and water wettability in a silk 

cocoon-derived sponge (denoted as silk microfiber reinforced silk fibroin sponge, SMFRSFS), was 

introduced following a green and eco-friendly synthetic route. The ethanol-assisted modulation of β-

sheet content in the silk fibroin network allowed to tailor the compressive modulus, while the rational 

integration of ‘reactive’ residual acrylate groups with the amine residues of silk, bestowed a pathway 

for modulating the water wettability adopting the catalyst-free Michael addition reaction at ambient 

conditions. The micro-fiber reinforcements further imparted mechanical durability to the sponges. The 

induction of residual acrylates allowed the embedment of various water wettability (WCA~ 36°-161°), 

including adhesive to non-adhesive superhydrophobicity, without perturbing the tailored mechanical 

property. The embedded bio-inspired superhydrophobicity could sustain various severe physical 

abrasive tests including sand paper abrasion and sand drop test, UV irradiation (for 28 days), repetitive 

(500 cycles) exposure to 50% compressive strain and repel the beaded chemically contaminated 

aqueous droplets including acidic water, basic water, river water, surfactant water and artificial 

seawater.  
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Chapter 4. Conversion of Waste Products into Robust Functional 

Materials* 

 

Controlled tailoring of mechanical property and water wettability is important for designing various 

functional materials. The integration of these characteristics with waste materials is unprecedented in 

literature, however, it can provide economically and environmentally sustainable solutions to combat 

relevant environmental pollutions. In this chapter, the strategic conversion of discarded and abundant 

waste paper into functional products has been introduced following a catalyst-free chemical approach 

to tailor both the mechanical property and water wettability at ambient conditions for sustainable waste 

management and remediation of another important environmental pollution. The controlled and 

appropriate silanization of waste paper allowed to modulate the a) porosity b) compressive modulus 

of the paper-derived sponges and c) induct the labile amine functionality. Further, the strategic 

association of Michael addition reaction between the amine and acrylate groups allowed to obtain an 

unconventional waste paper-derived chemically ‘reactive’ sponge. The appropriate covalent 

modification of the residual ‘reactive’ acrylate groups with the selected alkylamines at ambient 

conditions provided a facile basis to tailor the water wettability from moderate hydrophobicity, 

adhesive superhydrophobicity to non-adhesive superhydrophobicity, without altering the mechanical 

property of the sponges. The embedded superhydrophobicity in the waste paper-derived sponge was 

capable of sustaining large physical deformations, severe physical abrasions, prolonged exposure to 

harsh aqueous conditions, etc. Further, the waste paper-derived, extremely water-repellent sponges 

were successfully extended for proof-of-concept demonstration of selective oil/water separation, 

where the repetitive separation of oil phases were demonstrated following selective absorption of oils 

(for 25 repetitive cycles). The analogous waste paper derived superhydrophobic membranes were 

extended for gravity-driven filtration-based separation of oils (for 50 repetitive cycles) from various 

oil/water mixtures even under practically relevant aqueous settings, without compromising the 

embedded water repellence property. 

 

 

 

 

 

 

 

*A. Shome et al., Chem Asian J., 2021, 16, 1988-2001. 
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4.1. Introduction 
 

In the past, mechanically durable materials embedded with superhydrophobicity have been fabricated 

extensively for various prospective energy and health related applications through the strategic 

integration of carbon nanotubes,1-2 graphene derivatives,3-4 cellulose nanocrystals,5 elastomers, 

MXenes, electrodeposited nano-alloys etc.6-8 However, such approaches utilizing synthetic 

components are inadequate to simultaneously tailor the mechanical property and water wettability 

using a single chemical approach due to the lack of any residual chemical reactivity. Chemically 

‘reactive’ interfaces have been designed adopting click chemistry,9-10 azlactone ring opening 

reaction,11 for modulating the chemical functionalities of the interface and subsequently tailor the 

water wettability,12-13 however, such reported approaches are unable to provide a common avenue to 

tune the mechanical property. In the previous chapter, silk-cocoon derived microfibers were used as 

reinforcements in a silk fibroin network wherein, the ethanol assisted induction of β-sheets into the 

silk fibroin network allowed to modulate the mechanical property and the microfibers reinforcements 

imparted mechanical durability to the sponges.14 Moreover, the catalyst-free Michael addition reaction 

between the amine residues of silk and an acrylate cross-linker imparted chemical reactivity to the silk 

sponges to tailor the water wettability, keeping the mechanical property unaltered. However, such 

modulation of mechanical property through varying the β-sheet content is specific to proteins. Thus, 

in this chapter, the aim was to introduce a facile and separate chemical approach that would allow the 

consecutive tailoring of mechanical property and water wettability of a waste material to ensure its 

conversion into a robust functional material.   

In the past, discarded plant bio-mass was transformed into functional materials to combat potential 

environmental pollutions.15-16 In that context, waste paper that poses major concerns including 

deforestation, water consumption and pollution, landfills, air pollution,17-18 was transformed into paper 

based functional materials for example, rewritable and functional chromogenic interfaces,19 

electrochemical devices for on-site bio-sensing,20 energy storage devices,21 combating electro- 

magnetic pollution22 etc. Recently, a few water-repellent papers were developed through the strategic 

association of bio-inspired wettability for demonstrating controlled droplet manipulation, microbial 

resistance, self-cleaning performances etc.23-29 For example, Li et al. oxidized office paper with sodium 

chlorite followed by carbonization at 1000°C under inert atmosphere to develop a compressible, 

superhydrophobic carbon aerogel.25 In another report, Yue et al. developed a banana peel/waste paper 

derived hydrophobic, compressible hybrid aerogel with WCA~149° by adopting the pyrolysis 

approach (900°C).29 However, the direct transformation of waste paper into durable and functional 

materials following a facile and scalable synthesis process is yet to be introduced in the literature.24-29 
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The existing approaches for deriving functional superhydrophobic materials from waste paper 

primarily depends on the high temperature pyrolysis process,24-27,30-33 which is an energy consuming 

approach.34 Furthermore, the previously reported approaches lacked the ability to modulate the 

compressive modulus of the synthesized materials, which could prove beneficial for obtaining the ideal 

substrate for oil/water separation and spongy thermal insulators.30-31,35 Hence, a facile, economic 

design for converting waste paper into chemically ‘reactive’, durable sponges with the scope to tailor 

both the mechanical property and water wettability for practical applications has been introduced in 

chapter 4. 

Different types of waste papers (i.e. tissue paper, office paper, newspaper, cardboard paper) were 

reconstructed into porous, highly compressible, covalently integrated, chemically ‘reactive’ sponges 

with tailorable mechanical property and water wettability. The strategic covalent integration of waste 

 
 

Figure 4.1. Schematic illustrating the facile and robust conversion of waste papers into a deformable and chemically ‘reactive’ 

sponge. The covalent association of an amine modified silane i.e. 3-(2-aminoethylamino)-propyltrimethoxysilane (AEPTMS) with 

waste paper paved an avenue to tailor the mechanical property of the sponge by varying the concentration of AEPTMS used. The 

catalyst-free Michael addition reaction between the amines of the silanized paper sponge with a multi-functional cross-linker 

provided a facile basis to induce residual chemical ‘reactivity’ in the waste paper derived sponge. The residual acrylate reactivity 

was exploited to alter the water wettability of the sponge following the Michael addition reaction with alkylamines of varying chain 

lengths. 
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paper with an amine functionalized silane molecule provided a facile basis for modulating the a) 

porosity, b) compressive modulus of the paper sponges and c) integrating a multi-functional acrylate 

cross-linker following the catalyst-free Michael addition reaction (Figure 4.1). This simple cross-

linking process induced the desired chemical ‘reactivity’ in the waste paper derived sponge that 

allowed to modulate the embedded water wettability from hydrophobic, adhesive superhydrophobic 

to non-adhesive superhydrophobic (~25° to 161°) through the post covalent modification of the 

chemically ‘reactive’ paper sponge with the appropriate alkylamines following the same Michael 

addition reaction at ambient conditions. The embedded superhydrophobicity in the waste-paper 

derived spongy material withstood various harsh physical abrasions, repetitive manual compression 

(1000 times), prolonged (30 days) exposure to UV radiation, organic solvents and chemically 

contaminated aqueous phases. Such a durable and highly compressible superhydrophobic sponge was 

extended for proof of concept oil/water separation, wherein selective absorption based repetitive (25 

times) cleaning of a wide range of oil phases at chemically harsh aqueous settings with high oil 

absorption capacities (upto 4000 wt%) was successfully demonstrated without compromising the 

physical integrity of the sponge and the embedded water wettability. The analogous waste paper 

derived membranes were also extended for repetitive (50 times) gravity-driven filtration-based 

separation of various oils from the respective oil/water mixtures with oil separation efficiency above 

95% even at chemically contaminated aqueous environments without compromising the associated 

anti-wetting property. Thus, such strategic association of a facile and robust chemistry with the 

valueless waste paper at ambient conditions could be further useful for developing smart bio-

interfaces, thermal insulators, open-microfluidic devices etc. 

4.2. Experimental Section:  

4.2.1. Materials Required:   

Dipentaerythritol penta-acrylate (5Acl, MW=524.51 g/mol), silicone oil (CAS No. 63148-58-3), 

methylene blue (CAS No. 122965-43-9), rhodamine 6G (CAS No. 989-38-8), nile red (CAS No. 7385-

67-3), octadecylamine, decylamine, octylamine, hexylamine, pentylamine, butylamine, 3-(2-

aminoethylamino)-propyltrimethoxysilane (CAS No. 1760-24-3), sodium dodecyl sulfate (SDS), 

dodecyl trimethyl ammonium chloride (DTAB) were obtained from Sigma-Aldrich (Bangalore, India). 

Chloroform, tetrahydrofuran, dichloromethane was procured from FINAR. Ethyl acetate was procured 

from RANKEM (Maharashtra, India). Sodium chloride, magnesium chloride, calcium chloride, 

magnesium sulphate, and sodium hydroxide were purchased from Merck Specialties Private Limited. 

Hydrochloric acid was purchased from Fischer Scientific (Hyderabad, India). Ethanol was purchased 

from Changshu Hongsheng Fine Chemical Co. Ltd. Adhesive tape, calibration weights, vegetable oil, 
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tissue paper, sand paper were purchased from Amazon, India. Motor Oil (Castrol GTX 20 W-50), 

kerosene oil, petrol and diesel were purchased from Indian Oil petrol pump. Newspaper, cardboard 

paper, office paper was purchased from a local store in IIT Guwahati. Sand grains were collected from 

a construction site at IIT Guwahati and rinsed with water, dried prior to use. River water was collected 

from Brahmaputra River, Guwahati (Assam, India) 

4.2.2. General Considerations:  

All the glass wares were washed with acetone prior to use. Contact angle measurements were carried 

out using a KRUSS Drop Shape Analyzer-DSA25 with an automatic liquid dispenser at ambient 

conditions. The contact angles were measured using 5 μl water droplet at three different locations for 

each sample. Labconco Freezone Freeze Dryer was used for lyophilization of the paper sponges. 

Scanning electron microscope images were acquired using the Sigma Carl Zeiss scanning electron 

microscope. The samples were sputtered with gold prior to imaging. ATR-FTIR spectra was recorded 

using the Perkin Elmer instrument at ambient conditions. To identify the chemical oxidation states of 

the elements, XPS was performed by using an ESCA probe TPD spectrometer, Omicron 

Nanotechnology with a polychromatic Al Kα (hν = 1486.6 eV) X-ray source with a step size of 0.1 eV 

per second. The binding energy (B.E) of all the elements was calibrated with respect to C 1s (284.8 

eV). Compressive and tensile measurements were carried out using a 5 kN electromechanical 

Universal Testing Machine. Digital images were acquired using a Canon Power shot SX420 IS digital 

camera. Milli-Q grade water was used for all experiments. 

The porosity measurements were calculated using the widely adapted standard formula, 

𝐏𝐨𝐫𝐨𝐬𝐢𝐭𝐲 (%) = (𝟏 − 𝛒/𝛒𝐬) 

where, ρ and ρs is the volumetric mass density of the dry sponge and wet sponge respectively.36-37 

4.2.3. Fabrication of Chemically ‘Reactive’ Waste Paper Sponges and Post Chemical 

Modification:  

To fabricate the waste-paper derived sponges, 1.96 wt% of waste paper was shredded into pieces and 

dispersed in 30 mL of water under constant stirring for 1 hour followed by addition of 3-(2-amino-

ethylamino)-propyltrimethoxysilane (AEPTMS) in the desired amounts and the resultant sponges were 

denoted as WPDS0.5, WPDS1, WPDS2, WPDS3 respectively. Refer to Table 4.1 for detailed sponge 

composition.  

Here, tissue paper was selected as the model waste paper for performing all the experiments. The 

AEPTMS added waste paper mixture was kept under continuous stirring at room temperature for 6 
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hours to ensure uniform mixing. Thereafter, the mixture was poured into cylindrical molds and glass 

petri-dish for fabricating the sponges and membranes respectively. The molds were frozen in liquid 

nitrogen and subsequently, lyophilized at -101°C for 36 hours. Afterwards, the dried 

sponges/membranes were further treated with an ethanolic solution of dipentaerythritol penta-acrylate 

(1.325 g 5Acl in 10 mL ethanol) for 3 hours followed by thorough washing in ethanol and THF for 15 

mins each. Thereafter, the sponges were subjected to post covalent modification with amine containing 

small molecules with concentrations (30 mg/mL) i.e. butylamine, pentylamine, hexylamine, 

octylamine, decylamine and octadecylamine (5 mg/mL) for 12 hours. The samples were thoroughly 

washed with THF after the post modification and subsequently dried at ambient conditions. 

4.2.4. Physical and Chemical Durability Tests: To examine the durability of the embedded anti-

wetting property of the waste paper derived superhydrophobic sponges, various harsh physical and 

chemical challenges were imposed as described in detail below. 

4.2.4.1. Sand Paper Abrasion: In this test, the waste paper derived compressible, superhydrophobic 

sponge, WPDSHS1 (length ~ 5 cm) was rubbed manually with a sand paper for 20 times back and forth 

with a 500 g load on top to inflict severe damage to the sponge. Thereafter, the embedded anti-wetting 

property on the freshly exposed interior of the sponge was examined through contact angle 

measurements and digital images. 

4.2.4.2. Bulk Superhydrophobicity: The presence of three-dimensional water wettability in the waste 

paper derived sponge (WPDSHS1) was examined by arbitrarily slicing the sponge into pieces to expose 

the interiors. Subsequently, the anti-wetting property was examined using contact angle measurements. 

4.2.4.3. Sand Drop Test: In this test, 150 g of sand grains were poured from a height of 25 cm on the 

waste paper derived superhydrophobic sponge, WPDSHS1 (length ~ 4 cm) which was pre-tilted at 45°. 

Thereafter, the embedded anti-wetting property was examined on the abraded surface of the sponge 

via contact angle measurements and digital images. 

Table 4.1 Accounting for the concentration of waste paper and AEPTMS used for developing the different waste paper derived 

sponges. 
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4.2.4.4. UV Irradiation: The waste paper derived superhydrophobic sponge, WPDSHS1 was 

subjected to both short (254 nm) and long (365 nm) UV irradiation for 30 days. The embedded water-

repellent property was examined at regular intervals through contact angle measurements and digital 

images. 

4.2.4.5. Chemical Durability: The waste paper derived superhydrophobic sponge, WPDSHS1 was 

exposed to various harsh chemically complex aqueous phases including acidic water (pH 1), basic 

water (pH 12), surfactant contaminated water (SDS, 1 mM and DTAB, 1 mM), river water 

(Brahmaputra River, Assam, India) and artificial seawater. Artificial seawater was prepared by mixing 

MgCl2 (0.226 g), MgSO4 (0.325 g), NaCl (2.673 g) and CaCl2 (0.112 g) in 100 mL of de-ionized water 

in a volumetric flask. Similarly, the waste paper derived superhydrophobic sponge, WPDSHS1 was 

exposed to various polar and non-polar organic solvents including methanol, ethanol, tetrahydrofuran, 

dimethyl sulfoxide, acetone, chloroform, hexane, dichloromethane for 30 days and subsequently, the 

embedded water repellence was examined at regular intervals through contact angle measurements.   

4.2.5. Absorption Based Oil/Water Separation: The waste paper derived compressible 

superhydrophobic sponges were exploited successfully for absorption-based collection of oils of 

varying densities and viscosities from an oil/water interface. Briefly, 1 mL of the oil (dyed with Nile 

red for petrol, diesel, silicone and vegetable oil for visual inspection) was placed in a petri-dish filled 

with water. Then, the waste paper derived superhydrophobic sponge was placed at the oil/water 

interface such that it selectively absorbed only the oil phase. The absorbed oil was recovered by 

manually squeezing the sponge. Furthermore, this absorption-based selective separation was extended 

for model heavy oil i.e. dichloromethane, DCM (dyed with Nile red). Briefly, 5 mL of DCM was 

poured in a beaker filled with 15 mL of water followed by immersion of the superhydrophobic sponge 

into the oil/water mixture such that sediment oil phase was selectively absorbed. The absorbed oil was 

recovered by manual squeezing of the sponge. 

4.2.6. Gravity-Driven Filtration Based Oil/Water Separation: The waste paper derived 

superhydrophobic membranes were extended for gravity-driven selective filtration of various light and 

heavy oils from the respective oil/water mixtures. A lab made proto-type was developed using a 50 

mL falcon tube where one end of the tube was tied with the waste paper derived superhydrophobic 

membrane and a hole was made at the closed end of the tube to pour the oil/water mixture with the 

help of a funnel. Water was dyed with methylene blue and rhodamine 6G as required and dichloro- 

methane (model heavy oil) was dyed with Nile red. To demonstrate the gravity-driven filtration-based 

oil/water separation, an equal amount of oil and water (20 mL each) was poured through the funnel at 
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the closed end such that the oil phase selectively permeated through the superhydrophobic membrane, 

while the water phase remained restricted by the water-repellent membrane.  

4.3. Results and Discussions:  

4.3.1. Fabrication of Waste Paper Derived Mechanically Tailorable Sponges 

In this chapter, waste paper was converted into a functional material with the ability to tailor both the 

1) mechanical property and 2) chemistry following a catalyst-free, facile chemical approach. In the 

recent past, Baidya et al. developed a fluorinated cellulose nanofiber based superhydrophobic coating, 

where perfluoro-octyltriethoxysilane and AEPTMS were covalently integrated with the hydroxyl 

groups of cellulosic nanofibers.23 The polymerization of AEPTMS imparted mechanical stability to 

the silane modified cellulose nanofibers in comparison to the unmodified one. Inspired from this 

report, in the current chapter, the association of AEPTMS and chemically ‘reactive’ cross-linking with 

waste paper allowed to tailor the mechanical property and water wettability respectively. Shredded 

pieces of a model waste paper (i.e. tissue paper) in aqueous media were stirred under room temperature 

for 6 hours and thereafter, this mixture was poured into cylindrical molds followed by freeze drying to 

obtain an inherently hydrophilic sponge (with WCA of 0°), denoted as WPScontrol as shown in Figure 

4.2A-B. On application of an external load (500 g), WPScontrol underwent permanent deformation and 

failed to regain its original shape as shown in Figure 4.2C-D. FESEM images of WPScontrol revealed 

compact and fibrous domains as shown in Figure 4.2E-F, the compact network is attributed to the 

distortion of the skeletal framework of the fragile WPScontrol while manual handling. However, the 

 
 

Figure 4.2. A-D) Digital image (A) and WCA image (B) illustrating the hydrophilic waste paper sponge (WPScontrol) that was 

compressed with an external load of 500 g (C) such that WPScontrol underwent permanent deformation on releasing the load (D). E-

F) FESEM images at low (E) and high (F) magnifications revealing the morphology of WPScontrol. G-J) Digital image (G) and WCA 

image (H) illustrating a waste paper derived sponge that was developed by in situ covalent modification of waste paper with an 

amine modified silane moiety (AEPTMS). On compressing the silane modified waste paper derived sponge, (WPDS1 where 1 

denotes the concentration of AEPTMS) with an external load of 500 g (I) followed by load release (J) led to complete recovery of 

the sponge dimensions thus, validating the role of AEPTMS in imparting mechanical durability to the sponge. 
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strategic in situ association of AEPTMS with this disintegrated waste paper fibers in aqueous media 

followed by freeze drying yielded a hydrophilic and spongy material that can regain its original shape 

after removal of the external load (500 g) as shown in Figure 4.2G-J. Thus, the addition of AEPTMS 

to waste paper denoted as waste paper derived sponge WPDS1 (where the subscript denotes the 

concentration of AEPTMS added, refer to Table 4.1), resulted in a highly porous interconnected 

spongy network as shown in Figure 4.3C-D. Varying the concentration of AEPTMS further led to 

change in the morphology and porosity of the as prepared sponges as shown in Figure 4.3A-H and 

Table 4.2. Increasing the AEPTMS concentration decreased the porosity of the sponges as tabulated 

in 4.2. This change in morphology was attributed to the polymerization of AEPTMS resulting in a 

polymeric network.  

The integration of AEPTMS with the waste paper sponge was validated through XPS analysis as 

shown in Figure 4.4D, where the additional peaks corresponding to N and Si were exhibited after 

AEPTMS modification. These peaks were absent in the waste paper sponge without any added 

AEPTMS as shown in Figure 4.4A. De-convoluted XPS for C 1s of waste paper sponge (WPScontrol) 

is shown in Figure 4.4B, where the peaks at 284.5, 286.5 and at 287.6 eV corresponds to C-C, C-O 

 
 

Figure 4.3. A-H) FESEM images at low (A, C, E, G) and high (B, D, F, H) magnifications exhibiting the interconnected, fibrous 

and porous morphology of the waste paper derived sponges doped with different concentrations of AEPTMS. 

Table 4.2 Accounting for the porosity of the waste paper derived sponges with varying concentrations of AEPTMS. 
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and O-C-O respectively. After the association of AEPTMS, the relative peak intensity corresponding 

to C-O depleted and slightly shifted (to 286.1 eV) as shown in Figure 4.4E, which was attributed to 

the covalent bonding between Si of (AEPTMS) with the hydroxyl groups of cellulose.23 Further, the 

polymerization of AEPTMS in aqueous media was confirmed through the standard FTIR analysis. The 

AEPTMS monomer exhibited the characteristic Si-O-C stretching peak at 1078 cm-1 as shown in 

Figure 4.5A (black). On polymerization of AEPTMS, the peak at 1078 cm-1 diminished and a new 

peak at 1020 cm-1 appeared which corresponds to the Si-O-Si stretching as shown in Figure 4.5A(red). 

Moreover, Energy Dispersive X-ray (EDX) analysis of the paper sponge confirmed the doping of 

AEPTMS, where the peaks corresponding to N and Si elements were exhibited in addition to the C 

and O peaks of cellulose as shown in Figure 4.5B. The uniform and varying distribution of C, O, N, 

Si was confirmed with elemental mapping for the AEPTMS associated sponge as shown in Figure 

4.5C-G. Hence, EDX analysis confirmed the homogenous integration of AEPTMS with the waste 

paper mixture, providing a uniform skeletal network of AEPTMS all throughout the sponge. 

 
 

Figure 4.4. A) XPS spectra of waste paper sponge, WPScontrol. B-C) De-convoluted XPS spectra of C 1s (B) and O 1s (C) of WPScontrol 

respectively. D) XPS spectra of waste paper derived sponge,WPDS1. E-H) De-convoluted XPS spectra of C 1s (E), O 1s (F), N 1s 

(G) and Si 2p (H) of WPDS1 respectively. 
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The compressive stress-strain analysis further revealed that the AEPTMS modification played the 

major role in tailoring the compressive modulus of the sponges as shown in Figure 4.6A. Varying the 

AEPTMS concentration provided a facile avenue to modulate the mechanical property of the sponges. 

The compressive modulus values decreased in the order as WPDS3 >WPDS2 >WPDS1 >WPDS0.5 

 
 

Figure 4.5.  A) ATR-FTIR analysis of AEPTMS monomer exhibits a peak at 1078 cm-1 corresponding to the Si-O-C bond of the 

monomer (black) which depleted entirely on polymerization and a new peak at 1028 cm-1 corresponding to the Si-O-Si bond appeared 

for the AEPTMS polymer, thus, confirming the silane polymerization process (red). B-G) Energy dispersive X-ray spectral analysis 

(B) and mapping images (C-G) of WPDS1. 

 
 

Figure 4.6.  A) Plot depicting the stress-strain analysis of the different sponges derived from waste paper. B) Bar diagram accounting 

for the varying compressive modulus values of the sponges developed using waste paper doped with different concentrations of 

AEPTMS. 
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>WPScontrol as shown in Figure 4.6B. Thus, the lower concentration of AEPTMS yielded a highly 

compressible sponge whereas higher concentration generated a comparatively stiffer sponge. In-plane 

compression test was further performed to evaluate the shape recovery of the AEPTMS associated 

sponges after application of external strain. In case of WPScontrol, a permanent physical deformation 

was observed after the 1st cycle of compression as shown in Figure 4.7A. However, the physically 

deformable WPDS1, which was subjected to 20%, 40% and 60% compressive strain, recovered its 

original shape, once the applied load was released as evident from the hysteresis curve as shown in 

Figure 4.6B. Moreover, the cyclic compressive study of WPDS1 revealed that the as fabricated sponge 

exhibited satisfactory recovery even after 1000 cycles of compression (Figure 4.6C), unlike WPScontrol. 

Thus, the controlled association of AEPTMS with waste paper allowed to adopt a route for tailorable 

and durable mechanical property. 

4.3.2. Induction of Chemical ‘Reactivity’ in the Waste Paper Derived Highly Compressible 

Sponges 

Over the years, various waste paper derived functional substrates have been developed for a wide range 

of applications.18-26,29-33 However, the reported materials lack the covalent cross-linking network and 

none of the reported approaches provides an avenue to associate diverse and the desired chemical 

functionalities.18-26,29-33 In this chapter, the catalyst-free Michael addition reaction between amine and 

acrylate was adopted to induct readily ‘reactive’ residual acrylate groups for post covalent modification 

with different nucleophiles at ambient conditions.38-39 The XPS analysis of the deconvoluted N 1s peak 

(at ~400 eV, Figure 4.8A) of WPDS1 revealed the presence of amine moiety in the paper sponge after 

addition of AEPTMS. The induction of chemical reactivity in the paper sponge was achieved through 

the reaction of the amine groups of the AEPTMS modified paper sponge with a multifunctional 

acrylate cross-linker (5Acl) following the catalyst-free Michael addition reaction between amine and 

acrylate groups at ambient conditions (Figure 4.1). The presence of ‘reactive’ acrylate groups in the 

waste paper sponge rendered it chemically ‘reactive’ at ambient conditions towards amine containing 

 
 

Figure 4.7. A) Plot accounting for the cyclic compression analysis of the waste paper derived sponge, WPScontrol. B) Plot illustrating 

the cyclic stress-strain analysis of WPDS1 under different percentage of strain. C) Plot accounting for the cyclic compression analysis 

of the waste paper derived sponge, WPDS1. 
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nucleophiles (Figure 4.8B-C). The successful covalent incorporation of acrylate groups in the 

AEPTMS modified paper sponge was characterized. The appearance of the characteristic IR peaks for 

acrylate groups in the AEPTMS functionalized waste paper derived sponge was further confirmed 

through standard FTIR analysis.38-39 The appearance of the peaks at 1408 cm-1 and 1730 cm-1 

corresponding to the C-H stretching of β carbon of the vinyl group and the carbonyl stretching 

respectively confirmed the presence of the residual presence of the groups in the paper sponge (Figure 

4.8D, red) due to the integration of 5Acl with the paper derived sponge. These FTIR signatures were 

 
 

Figure 4.8.  A) De-convoluted XPS spectra of  N 1s of the waste paper derived sponge that was covalently associated with AEPTMS. 

The peak at 400 eV indicates the presence of amines in the fabricated sponge owing to the presence of AEPTMS. B-C) Schematic 

depicting the Michael addition reaction of the chemically ‘reactive’ waste paper derived sponge with amine containing small 

molecules that provides an avenue to tailor the water wettability. D) ATR-FTIR analysis of the chemically ‘reactive’ waste paper 

derived sponge (red) revealed the presence of peaks at 1408 cm-1 and 1730 cm-1 which corresponds to the symmetric deformation 

of the C-H bond of β carbon of the vinyl group and carbonyl stretching frequency respectively. However, the AEPTMS modified 

waste paper derived sponge did not exhibit the mentioned peaks (green). The reduction in the peak intensity at 1408 cm-1 with respect 

to the normalized carbonyl peak at 1730 cm-1 confirmed the covalent linkage of the residual acrylate functionalities with ODA 

(black). E-F) Digital image (E) and static WCA image (F) of the beaded water droplet on the waste paper derived sponge, WPDSHS1 

that was post modified with ODA. G) Digital image demonstrating the bouncing of a stream of water from the surface of  WPDSHS1. 

H) WPDSHS1 on submerging underwater, displayed a shiny interface that confirmed the presence of a metastable air layer 

responsible for conferring heterogeneous water wettability.  
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not observed in WPDS1 prior to treatment with 5Acl as shown in Figure 4.8D (green). Interestingly, 

the existence of residual acrylate groups render the paper derived sponge chemically ‘reactive’ and 

after post modification of the chemically ‘reactive’ waste paper derived sponge with an amine 

containing nucleophile i.e. ODA, the FTIR peak intensity at 1408 cm-1 decreased with respect to the 

normalized carbonyl peak at 1730 cm-1 (which serves as the internal standard) as shown in Figure 4.8D 

(black). Hence, the FTIR analysis confirmed the successful post modification of the residual acrylates 

of the paper sponge with an amine containing nucleophile. The post covalent modification of the 

chemically ‘reactive’ waste paper sponge with ODA transformed the hydrophilic sponge into a 

superhydrophobic sponge with static WCA ~160° as shown in Figure 4.8E-F and Table 4.3. A stream 

of water readily bounced off from the surface of WPDSHS1 thus, displaying non-adhesive 

superhydrophobicity as shown in Figure 4.8G. Moreover, on submerging WPDSHS1 underwater, a 

shiny interface was observed which validated the presence of a metastable trapped air layer that is 

responsible for the existence of heterogeneous wettability as shown in Figure 4.8H. As shown in Table 

4.3, the concentration of another reactant i.e. AEPTMS also influenced the water wettability where, 

 
 

Figure 4.9. A) Bar diagram representing the static WCA of the beaded water droplet on WPDS1 that was modified with different 

amine containing small molecules. B) Plot illustrating the compressive modulus (black) and porosity (red) of the waste paper derived 

superhydrophobic sponges before 5Acl treatment and after post covalent modification with ODA.   

Table 4.3 Accounting for the advancing WCA and contact angle hysteresis of the beaded water droplet on the waste paper derived 

sponges after post covalent modification with ODA. 
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3.25 wt% AEPTMS w.r.t. 1.96 wt% of waste paper (denoted as waste paper derived superhydrophobic 

sponge, WPDSHS1) is the minimum concentration of AEPTMS required to display 

superhydrophobicity. However, the waste paper derived chemically ‘reactive’ sponge with 1.65 wt% 

AEPTMS (denoted as WPDSHS0.5) after post modification displayed only hydrophobicity with 

advancing WCA~146° as shown in Table 4.3. The sponges developed with concentrations above 3.25 

wt% of AEPTMS (denoted as WPDSHS2 and WPDSHS3) successfully displayed the extreme anti-

wetting property with advancing WCA above 150° and contact angle hysteresis below 10° as shown 

in Table 4.3.  

Moreover, the presence of residual acrylate based chemical reactivity provided a facile basis to tune 

the wettability from ~25° to ~161° i.e. moderate hydrophobicity, adhesive superhydrophobicity to non-

adhesive superhydrophobicity following the Michael addition reaction between residual acrylates and 

selected various amine containing small molecule as shown in Figure 4.9A and Table 4.4. Moreover, 

the covalent modification with 5Acl and post modification with ODA did not alter the mechanical 

property of the sponge as confirmed from the study on the compressive modulus of the sponge before 

and after chemical modification as shown in Figure 4.9B (black line). Thus, AEPTMS is responsible 

for modulating the mechanical property of the sponges, however, the tailored mechanical property 

remains unchanged during further chemical modification of the sponges. Also, the porosity of the 

sponges remained unaltered after post covalent modification as shown in Figure 4.9B (red line). 

Irrespective of the type of waste paper, this facile fabrication procedure could be further extended for 

developing compressible superhydrophobic sponges using different types of waste papers, including 

office paper (A4 paper), newspaper and cardboard paper as shown in Figure 4.10A-F. The water 

droplets beaded with WCA above 150° and contact angle hysteresis below 10° as shown in Table 4.5. 

Even the mixture (1:1:1:1 weight ratio) of all the different types of waste papers (tissue paper, 

Table 4.4 Accounting for the advancing WCA and contact angle hysteresis of the beaded water droplet on WPDS1 after post covalent 

modification with different amine containing small molecules.  
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cardboard, newspaper and office paper) generated a superhydrophobic sponge as shown in Figure 

4.10G-H and Table 4.5. The compressive modulus and porosity of the synthesized superhydrophobic 

sponges varied based on the nature of the waste paper used, even though the silanization and post-

covalent modification process remains unchanged. Interestingly, the maximum compressive modulus 

(1285 kPa) and minimum porosity (85%) was observed for the sponge derived from the mixture of 

 
 

Figure 4.10. A-H) Digital images (A,C,E,G) and WCA images (B,D,F,H) of the superhydrophobic sponges that were developed 

using different types of waste papers i.e. office paper (A, B), newspaper (C, D), cardboard paper (E, F) and a mixture of the mentioned 

papers (G, H). I) Plot illustrating the compressive modulus (black) and porosity (red) of the different types of waste paper derived 

superhydrophobic sponges.  

 

Table 4.5 Accounting for the advancing WCA and contact angle hysteresis of the beaded water droplet on the different types of 

waste paper derived superhydrophobic sponges. 
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different papers as shown in Figure 4.10I. The order of porosity and compressive modulus followed a 

completely opposite order as shown in Figure 4.10I, since increased porosity reduces the cross-

sectional area for stress tolerance. 

4.3.3. Examining the Durability of the Embedded Water Repellence in the Waste Paper Derived 

Sponge 

The sustainability of the waste paper derived superhydrophobic sponges at severe challenging physical 

and chemical environments is of utmost importance for real life applicability. WPDSHS1 displaying 

superhydrophobicity and appreciable compressibility was chosen to investigate the durability of the 

embedded water repellence. To examine the impact of physical deformation, WPDSHS1 was gradually 

compressed upto 60% compressive strain and on releasing the applied strain the sponge regained its 

original shape without perturbing the embedded superhydrophobicity as shown in Figure 4.11A. 

Further, imposing repetitive, 60% compressive strain for 1000 consecutive cycles failed to perturb the 

embedded anti-wetting property in the sponge (WPDSHS1) with advancing WCA above 150° and 

contact angle hysteresis below 10° as shown in Figure 4.11B.  

The superhydrophobic property is not just limited to the surface of the sponge but was exhibited by 

the bulk of the prepared sponge as well as shown in Figure 4.12A-B, where WPDSHS1 (inset image) 

was arbitrarily sliced into pieces to randomly expose the interior of the sponge. The freshly exposed 

interiors of the waste paper derived superhydrophobic sponge continued to repel the beaded water 

droplet with static WCA~158° as shown in Figure 4.12A-B. Next, a standard and widely accepted 

abrasive test, 150 g of sand grains were poured onto the surface of WPDSHS1 (tilted at 45°) from a 

height of 25 cm (Figure 4.12C). The sand grains exposed interface of WPDSHS1 displayed extreme 

 
 

Figure 4.11. A) Plot accounting for the advancing WCA (black) and contact angle hysteresis (red) of the beaded water droplet on 

WPDSHS1 that was subjected to 60% manual compression. The inset images exhibit that the embedded water repellence behaviour 

remains intact before (left), during (middle) and after (right) compression. B) Plot representing the advancing WCA (black) and 

contact angle hysteresis (red) of the beaded water droplet on WPDSHS1 that was repetitively deformed for 1000 cycles under 60% 

manual compression. 
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water repellence with static WCA~157° and contact angle hysteresis ~ 6° as shown in Figure 4.12D-

E and Table 4.6. Next, an abrasive sand paper was rubbed with an applied load of 500 g in back and 

forth direction multiple (~20) times (Figure 4.12G) on WPDSHS1. Although the physical integrity of 

the sponge was compromised (Figure 4.12H), the embedded water repellence on the physically 

abraded interface remained intact with static WCA~155° and contact angle hysteresis ~8° as shown in 

Figure 4.12H-I and Table 4.6. In addition to various severe physical abrasions, chemical durability is 

also vital for practical applications. In that context, WPDSHS1 was exposed to severe harsh and 

practically relevant complex aqueous media including acidic water (pH 1), basic water (pH 12), 

surfactant water (SDS, DTAB), river water and seawater for a prolonged duration (30 days). The anti-

 
 

Figure 4.12.  A-B) Digital image (A) and static WCA image (B) of WPDSHS1 (inset image) that was arbitrarily sliced into pieces 

to investigate the presence of bulk superhydrophobicity. C-E) Digital image (C,D) and static WCA image (E) illustrating the sand 

drop test (C) on WPDSHS1 followed by examination of water repellence (D-E). F-I) Digital images illustrating the rubbing of a sand 

paper on the surface of WPDSHS1 (F) with a 500 g load on top (G). The freshly exposed interior of the superhydrophobic sponge 

continued to display unperturbed water repellence behaviour (H-I). 

 

Table 4.6 accounting for the advancing WCA and contact angle hysteresis of the beaded water droplet on WPDSHS1 after 

performing san paper abrasion and sand drop test.    
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wetting property was examined at regular intervals and it was concluded that the embedded 

superhydrophobicity remained intact with advancing WCA above 150° and contact angle hysteresis 

below 10° as shown in Figure 4.13A. Moreover, WPDSHS1 was exposed to various polar and non-

polar organic solvents for 30 days, however, the embedded water repellence remained unaltered as 

shown in Figure 4.13B. Furthermore, the prolonged (30 days) exposure to both short (254 nm) and 

long (365 nm) UV radiation failed to perturb the embedded water repellence, which is evident with 

advancing WCA above 150° and contact angle hysteresis below 10° as shown in Figure 4.14A. Hence, 

the abundant and valueless waste paper was successfully reconstructed into a highly compressible 

superhydrophobic spongy material with extremely durable embedded water repellence property that 

would be appropriate for practical utility even at harsh and hostile practical settings. 

 
 

Figure 4.13. A) Plot accounting for the advancing WCA and contact angle hysteresis of the beaded water droplet on the WPDSHS1 

that was exposed to chemically contaminated, harsh aqueous phases for 30 days. B) Plot accounting for the advancing WCA (black) 

and contact angle hysteresis (red) of the beaded water droplet on WPDSHS1 after 30 days exposure to different polar and non-polar 

organic solvents. 

 
 

Figure 4.14. A) Plot accounting for the advancing WCA (black) and contact angle hysteresis (red) of the beaded water droplet on 

WPDSHS1 after 30 days exposure to UV radiation. 
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4.3.4. Absorption Based, Selective Oil/Water Separation at Challenging Environments 

In the past, a few approaches were introduced to convert the valueless and highly abundant waste paper 

into functional materials for various applications.18-26,29-33 However, most of the earlier approaches 

failed to demonstrate the physical and chemical durability of the waste paper derived functional 

materials. Some of the waste paper derived bio-inspired materials that were prepared following the 

carbonization process at very high temperatures were successfully extended for oil/water separation, 

however, tolerance of such materials at harsh physical and chemical settings was not examined.31-32,35 

The highly compressible waste paper derived sponge with an interconnected porous network exhibited 

high porosity (above 95%, Figure 4.9B) and contrasting water/oil wettability (Figure 4.15A, inset) was 

exploited to demonstrate the energy efficient and environment friendly separation of oils from the 

aqueous phase. The embedded superhydrophobicity allowed the selective infiltration of the oil phase, 

while higher porosity facilitated the absorption and gravity-driven filtration of the oily phase. The oil 

 
Figure 4.15. A) Plot accounting for the oil absorption capacities of the different waste paper derived compressible, 

superhydrophobic sponges i.e. WPDSHS1, WPDSHS2, WPDSHS3 for a wide range of oils with varying densities and viscosities. 

Inset digital image displaying the presence of contrasting oil and water wettability on WPDSHS1. B-G) Digital images illustrating 

the absorption based selective oil absorption of light oil i.e. motor oil (B-D) and model heavy oil i.e. dichloromethane (E-G) by 

WPDSHS1 from an oil/water interface, such that the absorbed oil can be re-collected by manually squeezing the sponge (D, G). H) 

Plot illustrating the selective oil absorption capacity of WPDSHS1 for both light (red) and heavy (black) oils under chemically 

contaminated aqueous phases. I) Plot illustrating the repetitive oil absorption capacity of WPDSHS1 upto 25 cycles for both light 

(red) and heavy (black) oils. 
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absorption capacities were calculated for all the waste paper derived superhydrophobic sponges 

(WPDSHS1, WPDSHS2, WPDSHS3) having different porosities using the formula given below, 

𝑄 = (𝑀2 − 𝑀1)/𝑀1 

where, M1 and M2 is the weight of the sponge before and after oil absorption. The oil absorption 

capacities were noted to be proportional to the porosity of the sponges. The oil absorption capacity of 

WPDSHS1 was found to be maximum (~4000 wt% for chloroform) in comparison to WPDSHS2 and 

WPDSHS3 as shown in Figure 4.15A. The presence of high compressibility in a material which allows 

the easy compressive deformation, is appropriate for repetitive absorption/desorption of oil/oily phase 

without compromising the physical integrity of the substrate. Compressive modulus and cyclic 

compressibility analysis revealed that WPDSHS1 is the most compressible, superhydrophobic variant 

with unperturbed embedded water repellence even after 1000 cycles of compression (as shown in 

Figure 4.11B). Therefore, the highly porous, durable and compressible WPDSHS1 proved to be the 

ideal candidate for repetitive collection of the oil phase selectively from the water phase with high oil 

absorption capacities. 

To demonstrate the selective collection of floating oil, motor oil was placed in a petri-dish filled with 

water and subsequently, WPDSHS1 was placed at the oil/water interface and it rapidly, selectively 

absorbed only the oil phase while repelling the water phase as shown in Figure 4.15B-D. The absorbed 

oil was collected by manual squeezing of the sponge as shown in Figure 4.15D. Moreover, WPDSHS1 

was also extended for the selective collection of model sediment oil i.e. dichloromethane (DCM; dyed 

 

 
 

Figure 4.16.  A-L) Digital images illustrating the absorption based selective separation of vegetable oil (A-D), petrol (E-H) and 

diesel (I-L) using WPDSHS1 from the respective oil/water interfaces. 
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pink for visual inspection) as shown in Figure 4.15E-G. The absorbed oil was collected, and no trace 

of water was observed even though the sponge was first in contact with the aqueous phase prior to 

absorption of the model heavy oil phase as shown in Figure 4.15G. Furthermore, the same sponge was 

extended for the selective removal of various other floating oils including vegetable oil, petrol and 

diesel as shown in Figure 4.16A-L. The oil absorption capacity of WPDSHS1 was further calculated 

for motor oil and dichloromethane in chemically harsh aqueous environments including acidic water 

(pH 1), basic water (pH 12), surfactant contaminated water (SDS, DTAB), river water and seawater. 

Remarkably, the oil absorption capacity remained unperturbed (i.e. ~2500 wt% for motor oil and 

~3500 wt% for DCM) even at such extreme environments as shown in Figure 4.15H. Recyclability of 

the oil absorbents is an essential factor for practical applications. The repetitive absorption-desorption 

ability of WPDSHS1 was examined with motor oil and DCM for 25 cycles and it was observed that 

 

 
 

Figure 4.17.  A-H) Digital images (A, C, E, G) and static WCA images (B, D, F, H) of WPDSHS1 before (A-D) and after (E-H) 25 

times reuse for selective absorption of light (motor oil) and heavy oils (dichloromethane) from an oil/water mixture. I) Plot 

accounting for the advancing WCA (black) and contact angle hysteresis (red) of the beaded water droplet on WPDSHS1 that was 

used repetitively for 25 times of selective absorption of both light (motor oil) and heavy (dichloromethane) oils from the respective 

oil/water mixtures. 
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the oil absorption capacities remained unaltered as shown in Figure 4.15I. Even after repetitive use of 

WPDSHS1 for selective collection of the oil phase, the physical integrity and embedded extreme water 

wettability of the sponges remained intact as shown in Figure 4.17A-H. The extreme water repellence 

was examined after every 5 cycles of absorption-desorption for both floating and sediment oils and it 

was found that the anti-wetting property remained intact with advancing WCA above 150° and contact 

angle hysteresis below 10° as shown in Figure 4.17I. 

4.3.5. Gravity-Driven Filtration-Based, Selective Oil/water Separation Under Harsh Settings 

Furthermore, this design provided a single strategy to fabricate waste paper derived superhydrophobic 

membranes of varying tensile strengths with compositions analogous to the sponges as shown in Figure 

4.18A-B. The waste paper derived superhydrophobic membranes (WPDSHM1, WPDSHM2, 

WPDSHM3) with varying compositions of AEPTMS displayed bio-mimicked extreme water 

repellence with advancing WCA above 150° and contact angle hysteresis below 10° as shown in Table 

4.7. The tensile strength of the membranes revealed that the increase in AEPTMS content led to an 

increase in the tensile modulus in the order WPDSHM3 > WPDSHM2 > WPDSHM1 as shown in Figure 

 

 
 

Figure 4.18. A-F) Digital images (A) and static WCA image (B) of the beaded water droplet on the waste paper derived 

superhydrophobic membrane, WPDSHM1. C) Bar diagram accounting for the tensile modulus of the waste paper derived 

superhydrophobic membranes. D) Plot accounting for the rate of flux of model sediment and floating oils through the waste paper 

derived superhydrophobic membranes with varying porosities. 
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4.18C. To maximize the utilization of the current design, the waste paper derived superhydrophobic 

membranes were extended for gravity-driven filtration-based oil/water separation. All three 

superhydrophobic membranes were individually tied to the open end of a lab made prototype followed 

by pouring of the respective oil/water mixtures to allow the selective filtration of the oil phase. 

 
 

Figure 4.19.  A-F) Digital images illustrating the gravity-driven filtration based selective passage of model sediment oil phase i.e. 

dichloromethane (A-C) and light oil i.e. kerosene (D-F) from the respective oil/water mixtures through WPDSHM1 (inset image in 

A). G) Plot illustrating the oil separation efficiency of WPDSHM1 for a wide range of oils with varying densities. H) Plot depicting 

the oil separation efficiency of WPDSHM1 for both light (red) and heavy (black) oils under chemically contaminated aqueous phases. 

I) Plot illustrating the repetitive oil separation efficiency of WPDSHM1 upto 50 cycles for both light (red) and heavy (black) oils. 

Table 4.7 Accounts for the advancing WCA, contact angle hysteresis and porosity of the waste paper derived superhydrophobic 

membranes that were developed with different concentrations of AEPTMS. 
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However, the flux of oils through WPDSHM1 was found to be maximum for both light and heavy oils 

compared to the other membranes as shown in Figure 4.18D. The oil flux rate was noted to be directly 

proportional to the porosity of the membranes which decreases in the order WPDSHM1> 

WPDSHM1>WPDSHM1 as shown in Table 4.7. Thus, WPDSHM1 was chosen as the ideal substrate 

for further demonstrations of gravity-driven filtration-based oil water separation. First, model sediment 

oil i.e. dichloromethane (dyed pink for visual inspection)/water (dyed blue for visual inspection) 

mixture was poured through the funnel of the lab-based prototype as shown in Figure 4.19A. The oil 

phase selectively permeated through the WPDSHM1 while the water phase remained suspended and 

restricted by the superhydrophobic membrane as shown in Figure 4.19B-C. Furthermore, the same 

approach was extended for separation of floating oil i.e. kerosene/water (dyed red for visual inspection) 

mixture where the oil phase selectively permeated through the membrane as shown in Figure 4.19D-

F. This energy efficient separation technique was also used for separation of other floating oil/water 

mixtures including petrol and diesel (Figure 4.20A-H). The oil separation efficiency of WPDSHM1 

was calculated for a wide range of oils including petrol, diesel, kerosene, dichloromethane and 

chloroform using the formula given below, 

ƞ = (
𝑉𝑓

𝑉𝑖
) 𝑋 100 

 
 

Figure 4.20. A-H) Digital images illustrating the gravity-driven filtration based selective separation of diesel (A-D) and petrol (E-

H) using WPDSHM1 from the respective oil/water mixtures. 
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where, Vi and Vf is the volume of the oil before and after separation respectively. The oil separation 

efficiency remained above 97% irrespective of the densities of the oils used as shown in Figure 4.19G. 

Moreover, the separation efficiency was calculated at extremes of harsh aqueous media including 

acidic water (pH 1), basic water (pH 12), surfactant contaminated water (SDS, DTAB), river water 

and seawater for oil/water mixtures using both heavy (i.e. dichloromethane) and light (i.e. kerosene) 

oils as shown in Figure 4.19H, where oil separation efficiency remained unperturbed. The recycling 

ability of the membrane was also examined for 50 cycles of separation for both sediment 

(dichloromethane) and floating (kerosene) oils and the oil separation efficiency remained above 95% 

for 50 consecutive cycles as shown in Figure 4.19I. Moreover, the embedded water repellence of the 

membrane was examined after every 5 cycles of separation for both dichloromethane and kerosene 

and the anti-wetting property was observed to remain intact with advancing WCA above 150° and 

contact angle hysteresis below 10° as shown in Figure 4.21A. Thus, such a robust and highly durable 

material that was prepared following a facile fabrication process displayed impeccable recyclability 

would be appropriate for applications at practical context. 

4.4. Conclusion 

In this chapter, the unconventional restructuring of discarded and valueless waste paper into a highly 

porous, compressible and chemically ‘reactive’ sponges embedded with extreme water repellence 

behaviour was reported. The varying concentration of the covalently integrated amine functionalized 

silane with the waste paper provided a basis to tailor the mechanical property. Further, the catalyst-

free Michael addition reaction at ambient conditions between the labile amines of the silanized waste 

 
 

Figure 4.21. A) Plot accounting for the advancing WCA (black) and contact angle hysteresis (red) of the beaded water droplet on 

WPDSHM1 that was repetitively used (50 times) for separation of both light (kerosene) and heavy (dichloromethane) oils from the 

respective oil/water mixtures. Inset images exhibit the intact water repellence property and physical integrity of the membrane after 

reuse. 
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paper and a multi-functional acrylate cross-linker allowed to induce chemical ‘reactivity’ in the waste 

paper derived sponge. The strategic post covalent modification of the residual acrylate functionalities 

in the waste paper derived sponge was extended to tailor the water wettability from hydrophobicity to 

3D-superhydrophobicity, without perturbing the tailored mechanical property. The as developed waste 

paper based superhydrophobic sponges could sustain repetitive compression (60% compressive strain) 

for 1000 cycles, severe physical abrasions including sand paper abrasion, sand drop test, prolonged 

(30 days) exposure to harsh chemical aqueous conditions including extremes of pH (1, 12), surfactant 

contaminated water (SDS, DTAB), river water, seawater, various organic solvents and UV irradiation 

for 30 days without compromising the embedded water-repellent property. These highly compressible, 

physically and chemically durable waste paper derived sponges were successfully extended for 

repetitive (25 times) absorption-based separation of various oils from the aqueous phase with oil 

absorption capacities upto 4000 wt%, without compromising the embedded water repellence and 

physical integrity even at chemically harsh aqueous settings. Furthermore, the waste paper derived 

membranes were utilized for repetitive (50 times) gravity-driven filtration-based oil/water remediation 

at chemically harsh aqueous settings with oil separation efficiency above 95%, without compromising 

the embedded lotus-leaf inspired anti-wetting property. Such an approach of converting waste paper 

into functional materials could be further useful for developing various other functional interfaces. 
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Chapter 5. Protein Derived Sustainable Underwater 

Superoleophobicity* 

 

Similar to superhydrophobicity, nature has furnished ample examples of underwater superoleophobic 

interfaces that has been the source of inspiration for fabricating its artificial counterparts. However, 

inspired by fish-scales, direct utilization of proteins for designing durable underwater 

superoleophobicity is rare in literature. In this chapter, Bovine serum albumin (BSA) derived, dynamic 

and stable chemical cross-linkages integrated coatings were strategically introduced to obtain durable 

underwater superoleophobicity. In-situ modification of the amine residues of the deposited BSA 

protein on a fibrous substrate with glutaraldehyde (at pH 8) provided an imine-based cross-linked and 

the fluorescent coating following the Schiff Base reaction, that exhibited uninterrupted underwater 

superoleophobicity even after prolonged (30 days) exposure to alkaline (pH 12), surfactant-

contaminated aqueous phases, river water and artificial sea water. However, the accelerated hydrolysis 

of imines under acidic conditions led to the compromise of the embedded underwater 

superoleophobicity. To restrict the dynamic nature of the imine bond, the reductive conversion of 

imine to secondary amine was adopted to generate a BSA-derived stably cross-linked underwater 

superoleophobic coating. The resultant coating on the fibrous substrate preserved the embedded oil 

repellence even under various challenging settings, including prolonged (30 days) exposure to different 

aqueous phases i.e. extremes of pH (1, 12), artificial seawater, river water and surfactant contaminated 

water, different physical abrasions, 150% tensile stretching and UV irradiation (for 30 days). Thus, 

this simple and scalable chemical approach provided a platform for developing highly sustainable 

underwater superoleophobicity, which holds potential for applicability under challenging scenarios. 

 

 

 

 

 

 

 

 

 

*A. Shome et al., J. Mater. Chem. A, 2020, 8, 15148-15156.  
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5.1. Introduction 

As I discussed earlier, the appropriate optimization of both topography and chemistry is essential for 

developing interfaces embedded with bio-inspired liquid wettability.1-3 The fish scale-inspired 

extremely oil-repellent interfaces known as underwater superoleophobicity, have been commonly 

designed through association of a high surface energy coating along with hierarchical topography for 

a wide range of applications.4-10 The infiltrated external third phase (i.e. aqueous phase), which is held 

within the hierarchal topography and stabilized by the presence of high surface energy chemistry, 

ensures minimized contact of the beaded oil phase with the bio-inspired interface under water.2,3 

However, the uninterrupted performance of the artificially synthesized underwater superoleophobic 

interfaces at diverse and severe settings is highly essential for its prospective applications. In the past, 

deformable polymeric hydrogels, brittle metal oxides and electrostatic multilayer coatings have been 

exploited to achieve artificial underwater superoleophobicity.11-25 However, such reported interfaces 

fail to sustain severe physical abrasions and prolonged exposure to chemically contaminated aqueous 

phases. A few unique designs were introduced to achieve salt-tolerant underwater superoleophobicity 

and mechanically stable underwater superoleophobicity,6,10,26-28 however, their prolonged durability 

and performance at other diverse and severe settings was not investigated in detail.  

Chemically ‘reactive’ multi-layered coatings were introduced using synthetic, non-biodegradable 

polymers to achieve highly durable underwater superoleophobicity,29,30 but the reported fabrication 

approaches are relatively laborious and time consuming. In the previous chapter, bovine serum 

albumin (BSA) was exploited to develop BSA nanoparticles-derived chemically ‘reactive’ coating on 

a fibrous substrate following the Michael addition reaction between the amine residues of BSA and an 

acrylate cross-linker.31,32 Further, the post-chemical modification of the BSA-derived chemically 

‘reactive’ coating with a hydrophobic alkylamine through Michael addition reaction resulted in 

superhydrophobicity. Moreover, the presence of residual reactivity allowed to tailor the water 

wettability and thus, control the release of bioactive small molecule.32 Interestingly, naturally existing 

fish-scales and shark-skin that are made up of proteins display robust underwater superoleophobicity,3 

however, utilization of protein for the synthesis of a highly durable and artificial underwater 

superoleophobic coating has rarely been reported. Hence, the aim in this chapter was to obtain a bio-

mimicked durable underwater superoleophobic coating from protein following the facile and scalable 

Schiff base reaction between amine and aldehyde. 

In the past, the dynamic and covalent imine bond widely recognized as Schiff's base, has been 

synthesized through the condensation reaction between amine and aldehyde.37-41 This facile chemical 

approach is the basis for synthesizing various functional and prospective materials, including covalent 
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organic frameworks, organic cages, capsules, responsive coatings, biosensors, molecular motors and 

other functional polymeric materials.40-42 Further, a simple reductive amination can convert the 

dynamic imine to a stable secondary amine.43 In this chapter, this simple and scalable Schiff base 

chemistry was rationally integrated with BSA to achieve dynamically cross-linked, fluorescent, 

underwater superoleophobicity on a fibrous substrate. However, as expected, the protein-derived 

underwater superoleophobic interface consisting of the dynamic, covalently bonded imine failed to 

sustain aqueous acidic exposure and thus, the wettability transformed from underwater 

superoleophobicity to oleophobicity. However, the simple reduction of imine aids in restricting the 

dynamic nature of the imine bond and results in stably cross-linked BSA derived underwater 

superoleophobicity. After reduction, the resultant BSA derived underwater superoleophobic coating 

sustained prolonged (30 days) and continuous exposure to highly acidic (pH 1) aqueous phases. 

Moreover, the synthesized interface that was subjected to various, severe physical abrasions and other 

chemically complex aqueous conditions continued to display uninterrupted underwater 

superoleophobicity.  

5.2. Experimental Section:  

5.2.1. Materials: Bovine Serum Albumin (MW ~ 66.5 kDa, Faction V), sodium dodecyl sulfate (SDS), 

dodecyl trimethyl ammonium chloride (DTAB) and sodium borohydride were purchased from Sigma-

Aldrich. Nile Red (CAS No. 7385-67-3) was purchased from Tokyo Chemical Industry. Absolute ethyl 

alcohol (CAS No. 64-17-5) was purchased from TEDIA Company (United States of America). 

Glutaraldehyde (25% aqueous solution), sodium chloride, magnesium chloride, calcium chloride, 

magnesium sulphate, sodium hydroxide was purchased from Merck Specialties Private Limited. 

Hydrochloric acid was purchased from Fischer Scientific (Hyderabad, India). Polyurethane fabric and   

calibration weights were procured from Amazon, India. Sand paper and adhesive tape was procured 

from a local stationary shop. Sand was collected from a local construction site in IIT Guwahati and 

rinsed with water, dried before use. River water was collected from Brahmaputra river, Guwahati, 

Assam. 

5.2.2 General Consideration: The glass wares were washed with water and acetone thoroughly prior 

to use. Kruss Drop Shape Analyzer-DSA25 instrument with automatic liquid dispenser was used for 

contact angle measurements. The contact angles were measured using a droplet (5µL) of a model oil 

phase i.e. dichloromethane at four different locations of each sample. Field Emission Scanning 

Electron Microscope (FESEM) images were obtained using a Carl Zeiss Field Emission Scanning 

Electron Microscope. The samples were sputtered with gold coating prior to analysis. UV spectra was 

obtained using the Perkin-Elmer Lambda 750 (UV/Vis/NIR Spectrometer). Digital images were 
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captured using a Canon Powershot SX420 IS digital camera. Phase contrast and fluorescence 

microscopic images were obtained using a ZEISS Axio Vert.A1 inverted microscope. Milli-Q grade 

water was used for all experiments. 

5.2.3. Synthesis of Durable Underwater Protein Derived Superoleophobicity: 

Briefly, 1 mL aqueous solution of 40 mg/mL bovine serum albumin (pH adjusted to 8.0 with 0.1 N 

NaOH) was taken in a beaker. To this solution of BSA, 7 ml of ethanol was added at a rate of 1 mL/min 

under continuous stirring at room temperature till faint turbidity was observed. Thereafter, a 

commercially available polyurethane based fibrous substrate (3 cm x 3 cm) was placed in the beaker 

to ensure the deposition of BSA followed by in-situ addition of 200 μl of 8% aqueous solution of 

glutaraldehyde (GA) to induce imine-based cross-linking in the freshly deposited BSA protein. The 

reaction was kept undisturbed for 12 hours under constant stirring. Subsequently, the imine derived 

cross-linked BSA coating (turbid brown solution) was subjected to reduction by addition of 25 mL 

sodium borohydride aqueous solution (70 mg/mL) and kept unperturbed for 6 hours. During this 

reduction process, the turbid brown solution became colourless. Thereafter, the fabric was taken out 

and washed thoroughly with water and the embedded underwater superoleophobic property was 

examined through contact angle measurements and digital images. To verify the process of cross-

linking and reduction, the as obtained de-solvated BSA, GA-crosslinked BSA and the reduced GA-

cross-linked BSA were subjected to centrifugation at 12000 rpm for 15 mins to collect the sediments, 

which were further washed thoroughly thrice with water before recording the UV spectrum.  

5.2.4. Physical and Chemical Durability Tests: To examine the robustness of the embedded oil 

repellent property, various practically relevant and harsh physical and chemical durability tests were 

imposed on the protein derived underwater oil repellent fibrous substrate. 

5.2.4.1. Sand Paper Abrasion: In sand paper abrasion, an abrasive sand paper was manually rubbed 

across the reduced-BSA coated fibrous substrate (4 cm x 2 cm) for ~50 cycles with 700 g load on top 

at a sliding speed of 4 cm/sec. Thereafter, the durability of the embedded oil repellent property was 

examined via contact angle measurements and digital images. 

5.2.4.2. Adhesive Tape Test: The reduced-BSA coated substrate (4 cm x 2 cm) was placed under an 

adhesive tape with 700 g load on top to ensure uniform contact between the substrate and adhesive 

tape. Subsequently, the adhesive tape was peeled off from the surface of the fibrous substrate and the 

same process was repeated for 25 cycles, Thereafter, the freshly exposed interface was examined for 

its oil repellence property via contact angle measurements and digital images.  
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5.2.4.3. Sand Drop Test: In this particular test, 150 g of sand was poured from a height of 25 cm on 

the reduced-BSA coated fibrous substrate (4 cm x 2 cm) which was pre-tilted at an angle of 45°. After 

performing sand drop test, the underwater oil repellence was examined by measuring the underwater 

oil contact angles and the digital images. 

5.2.4.4. Knife Scratch Test: Random scratches were made on the reduced-BSA coated fibrous 

substrate (4 cm x 2 cm) in all possible directions using a sharp-edged knife for multiple times (~30) 

and thereafter, the oil repellence was examined via contact angle measurements and digital images. 

5.2.5. Physical Manipulations: The reduced-BSA coated fibrous substrate (5 cm x 2 cm)  was 

manually bended, creased, twisted and winded for 25 times arbitrarily. Thereafter, the digital images 

were acquired, and the underwater oil contact angles were measured to examine the impact of these 

physical manipulations on the embedded underwater superoleophobicity. The protein-based fibrous 

substrate was also subjected to 150% tensile strain for 1000 cycles and subsequently, the digital images 

and oil contact angles were measured at regular intervals. 

5.2.6. UV irradiation: The reduced-BSA coated fibrous substrate was exposed to both short (254 nm) 

and long (365 nm) wavelength UV irradiation for 30 days. The embedded oil repellence was examined 

at regular intervals by measuring the oil contact angles and acquiring digital images. 

5.2.7. Chemical Durability: The underwater extreme oil repellence on the reduced-BSA coated 

fibrous substrate was examined at regular intervals after exposure to different chemically harsh 

aqueous conditions i.e. acidic water (pH 1), basic water (pH 12), surfactant contaminated water (SDS, 

1 mM and DTAB, 1 mM), river water (Brahmaputra river, Assam, India) and seawater for 30 days. 

Artificial seawater was prepared by mixing MgCl2 (0.226 g), MgSO4 (0.325 g), NaCl (2.673 g) and 

CaCl2 (0.112 g) in 100 mL of de-ionized water in a volumetric flask. All the interfaces were washed 

with DI water prior to examination of the oil-wettability. 

5.3. Results and Discussions:  

5.3.1. BSA Derived Dynamically Cross-linked Coating: 

Glutaraldehyde (GA), a bifunctional cross-linker, is well-known to form imine-based linkages through 

the Schiff base reaction with amine-containing polymers, proteins, DNA, enzymes, antigens, 

antibodies, etc.44-54 This simple chemical approach has been widely used to develop various bio- 

interfaces, functional  nanotubes,  microcapsules,  etc.55-63 for biosensing, gene therapy and inhibition 

of enzyme degradation. 44-63 Specifically, various proteins were rationally associated with 

glutaraldehyde to develop cell arrays, nanolithography of proteins, drug delivery vehicles, immuno-

sensors, etc.55-63 Recently, a biocompatible and biodegradable auto-fluorescent protein hydrogel was 

TH-2950_176122042



Chapter 5 

 

125 

 

developed, where BSA protein was covalently cross-linked with GA through the Schiff base reaction.64 

Inspired by these earlier reports, the Schiff base reaction between BSA protein and GA (Figure 5.1A-

B) was extended in this chapter to achieve fish scale-inspired underwater superoleophobic coating, 

that is covalently cross-linked on a selected fibrous substrate (Figure 5.1E).  The deposited BSA was 

hypothesized to provide the a) essential topography to entrap the infiltrated aqueous phase and b) the 

hydrophilic moieties of BSA would stabilize the entrapped aqueous phase that is responsible for 

conferring extreme oil repellence under water. However, this dynamic, imine linkage in the fluorescent 

BSA derived coating would compromise the embedded oil repellence owing to the acidic hydrolysis 

of its imine bond, as shown in Figure 5.1A-B,F. To prevent the loss of super-oil wettability under 

acidic conditions, the facile reduction of imine (Figure 5.1D-G) was introduced to generate a BSA 

derived stably cross-linked coating (reduced imine) exhibiting durable underwater superoleophobicity 

(Figure 5.1H). 

The widely used de-solvation technique was adopted here to achieve a BSA protein derived 

luminescent coating on a selected fibrous substrate. Prior to the study on BSA derived coating, the 

 
 

Figure 5.1. A-B) Depiction of the Schiff base reaction between amine and glutaraldehyde. The dynamic imine bond can revert in 

the presence of acidic media. This reversibility can be restricted via conversion of the imine bond to a secondary amine using 

sodium borohydride (C). D-F) The facile Schiff base assisted dynamic cross-linking process between the amine residues of bovine 

serum albumin protein and glutaraldehyde is expected to generate a fluorescent coating on a fibrous substrate displaying underwater 

superoleophobicity in alkaline media (E). However, the oil wettability would be compromised in acidic media owing to the 

hydrolysis of the imine bonds (F). Thus, the reduction of the imine bonds would result in a stable cross-linked BSA coating (G) 

capable of displaying unperturbed underwater superoleophobicity even in acidic media (H). 
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luminescence of the phase-separated BSA residue (indicated by faint turbidity, Figure 5.2A) was 

investigated under a fluorescence microscope before and after the GA-based cross-linking (brown 

solution indicates imine formation, Figure 5.2E). As expected, without GA treatment, no fluorescence 

signal was observed for the phase-separated BSA (Figure 5.2C-D). However, similar to the 

fluorescence activity of the earlier reported BSA-GA cross-linked hydrogel, the phase separated BSA 

that was cross-linked with GA displayed both green and red fluorescence under the optical microscope, 

as shown in Figure 5.2G-H. The n-π* transition in the imine bond65,66 imparts fluorescence to the GA-

crosslinked  BSA residue. Further, the imine-based cross-linking between BSA protein and GA 

through the Schiff base reaction was investigated through UV-Vis spectral analysis. The milky white 

turbid solution of phase-separated BSA that turned into a brown coloured solution after the GA 

treatment (Figure 5.2A,E) was accompanied by the appearance of two characteristic UV-Vis peaks at 

380 nm and 460 nm suggesting the Schiff base formation between the amines of BSA and aldehyde of 

GA, as shown in Figure 5.2I.  

Thus, the same de-solvation of BSA followed by in situ treatment with GA was performed in the 

presence of a fibrous substrate. As expected, after GA-treatment, the BSA-derived coating displayed 

a uniform green and red fluorescence on the fibrous substrate, as shown in Figure 5.3E-F, which 

unambiguously revealed the deposition of the GA-treated BSA on the selected fibrous substrate. No 

fluorescence signals were observed in the native fibrous substrate (Figure 5.3B). Next, the underwater 

oil wettability was investigated on the fibrous substrate, before and after deposition of the GA-

crosslinked BSA-coating. The uncoated fibrous substrate, a polyurethane fabric immediately soaked 

the beaded oil droplet underwater with oil contact angle (OCA) ~0°, as shown in Figure 5.3C-D. 

Interestingly, as hypothesized (Figure 5.1E), the GA-cross-linked BSA coating strongly repelled the 

 
 

Figure 5.2. A) Digital image of the faintly turbid solution of BSA protein after de-solvating with ethanol. B-D) Phase contrast image 

(B) and fluorescence microscope images (C-D) of de-solvated BSA protein residues. E) Digital image of the brown solution of BSA 

protein after in-situ addition of glutaraldehyde to form imine. F-H) Phase contrast image (F) and fluorescence microscope images 

(G-H) of GA-crosslinked BSA protein. I) UV spectra of de-solvated BSA before (green), after (red) treatment with glutaraldehyde 

and after reduction of the imine bonds (black).  
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beaded oil droplet even after exposure to alkaline water for 12 h with OCA~161° as shown in Figure 

5.3G-H. The GA-crosslinked BSA coating continued to display extreme oil repellence with advancing 

oil contact angles above 150° and contact angle hysteresis below 10°, even after 30 days exposure to 

chemically contaminated aqueous phases including alkaline water, surfactant contaminated water etc, 

as shown in Figure 5.3I.  

However, the embedded extreme oil repellence was gradually compromised on exposure of the same 

coating to an acidic aqueous phase as shown in Figure 5.4. The exposure of the GA-crosslinked BSA 

coating to pH 1 for a short duration (4 h) led to a significant change in the static OCA of the beaded 

oil droplet from ~155° to ~128° (Figure 5.4A-D). Upon increasing the duration (12 h) of acidic 

exposure, the same interface became underwater oleophobic with static OCA~108° as shown in Figure 

5.4E-F. Further, the fluorescence signal of the GA-crosslinked coating on the fibrous substrate 

 

 

Figure 5.3. A-B) Phase contrast image (A) and fluorescence microscope images (B) of the commercially available, uncoated fibrous 

substrate. C-D) Digital image (C) and static OCA image (D) of the beaded model oil (dichloroethane, DCE) droplet underwater on 

the uncoated fibrous substrate. E-F) Fluorescence microscope images of the GA-crosslinked BSA deposited fibrous substrate. G-H) 

Digital image (G) and static OCA (H) of the beaded oil droplet on the GA-crosslinked BSA coated fibrous substrate after exposure 

to alkaline water for 12 h. I) Plot showing the change in advancing OCA and contact angle hysteresis, after exposing the GA-

crosslinked BSA coated fibrous substrate to various chemically harsh aqueous media including basic water (pH 12), surfactant 

contaminated water (SDS, DTAB), river water and seawater for 30 days.  
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significantly diminished after exposure to the acidic aqueous phase for 12 h, as shown in Figure 5.4G-

H. The compromise of underwater superoleophobicity was also observed on varying the acidic pH of 

the aqueous media with respect to time as shown in Figure 5.4I. The acidic hydrolysis of the dynamic 

covalent bond imine in the GA-based cross-linkage is responsible for the loss of bio-inspired 

underwater superoleophobicity during acidic aqueous exposure.67  

5.3.2. Reduction of Dynamically Cross-linked BSA to Achieve Stably Cross-Linked Coating: 

To prevent the acidic hydrolysis, the GA-crosslinked BSA coating was treated with sodium 

borohydride to reduce the imine bond into a stable secondary amine bond, as shown in Figure 5.1B-

D,G-H to achieve highly tolerant underwater superoleophobicity. Even after exposure to highly acidic 

(pH 1) aqueous phase for 12 h, the same BSA-derived coating after reduction, remained extremely oil 

repellent with static OCA~162°, as shown in Figure 5.5A-B. The fluorescence signals of the BSA-

 
 

Figure 5.4. A-F) Digital images (A,C,E) and OCA images (B,D,F) of the beaded oil droplet (underwater) on the fibrous substrate 

coated with GA-crosslinked BSA—after exposure to acidic water (pH 1) at t= 0 h (A-B), t= 4 h (C-D) and t= 12 h (E-F). G-H) 

Fluorescence microscope images of the fibrous substrate coated with GA-crosslinked BSA after exposure to acidic media (pH 1) 

for 12 h. G) Plot accounting for the change in underwater OCA with time on the GA-crosslinked BSA coating after exposure to 

different acidic media i.e. pH 1 (black), pH 2 (red), pH 4 (blue) and pH 6 (green).  
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derived coating were completely quenched following the reduction process. The durability of the 

underwater superoleophobicity after extended (12 h) exposure to a highly acidic phase re-validated the 

successful reduction of imine bonds in the BSA derived bio-inspired coating. Further, FESEM images 

of the BSA-derived underwater superoleophobic coating revealed the existence of granular aggregates 

(Figure 5.5E-F) on the otherwise featureless fibrous substrate (Figure. 5.5C-D). This topography likely 

plays an important role in achieving the heterogeneous oil wettability under water.  

Further, the BSA-derived coating with secondary amine-based cross-linkages was exposed to various 

complex aqueous phases, including extremes pH values, sea water, river water and surfactant-

contaminated aqueous phases upto 30 days with regular monitoring of the underwater oil wettability. 

As expected, the BSA-derived underwater superoleophobic coating withstood the prolonged and 

 
 

Figure 5.5. A-B) Digital image (A) and static OCA image (B) of the beaded oil droplet underwater on the BSA-coated fibrous 

substrate after reduction of imine followed by exposure to acidic water for 12 h. C-F) FESEM images of the uncoated fibrous 

substrate (C-D) and the BSA-derived coating on the fibrous substrate (E-F). G) Plot showing the changes in advancing OCA and 

contact angle hysteresis, after exposing the stable cross-linked (treated with sodium borohydride) BSA-coated fibrous substrate to 

various chemically harsh aqueous media including acidic water (pH 1), basic water (pH 12), surfactant contaminated water (SDS, 

DTAB), river water and seawater for 30 days. 
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severe aqueous environments, wherein the embedded underwater superoleophobicity remained intact 

with advancing OCA above ~155° and contact angle hysteresis below 10°, as shown in Figure 5.5G.  

5.3.3. Investigating the Durability of the BSA-Derived and Reduced Imine Coating 

The BSA-derived and reduced imine linkage-based coating with embedded underwater 

superoleophobicity was exposed to various challenging physical abrasions to examine the durability 

of the coating and sustenance of the oil wettability for prospective practical applications. The reduced 

imine coating on the fabric was exposed to various relevant physical manipulations, including bending, 

twisting, and winding as shown in Figure 5.6A,D,G,J. However, the embedded underwater oil 

wettability remained unchanged even after performing these physical manipulation tests, where the oil 

droplet beaded with static OCA above 150° and contact angle hysteresis below 10° as shown in Fig. 

5.6B-C,E-F,H-I,K-L and Table 5.1. Both the static OCA (Figure 5.6C,F,I,L) and dynamic oil contact 

angles (Table 5.1) were measured to reflect the non-adhesive underwater oil wettability. Thereafter, 

some standard and harsh physical abrasions were inflicted on the synthesized underwater 

superoleophobic coating. An abrasive sand paper with a 700 g load on top was rubbed on the reduced 

imine coated fabric in a back-and-forth motion multiple times (abrasion distance ~ 400 cm) during 

which the top portion of the synthesized interface was physically abraded (Figure 5.7A). However, the 

physically damaged interface continued to display underwater extreme oil repellence with static 

OCA~157° and contact angle hysteresis ~8°as shown in Figure 5.7B-C and Table 5.1. The abrasion 

tolerance of the synthesized interface was likely due to the uniform deposition of the BSA-derived 

coating on each individual fibre of the selected substrate. Further, an adhesive tape was repetitively 

 
 

Figure 5.6. A-L) Digital images (A-B,D-E,G-H,J-K) and OCA images (C,F,I,L) of the beaded oil droplet underwater on the BSA-

derived and reduced imine linkage-based fibrous coating after performing various physical manipulations including bending (A-C), 

twisting (D-F), winding (G-I) and creasing (J-L). 
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(25 times) peeled off from the coated substrate to disrupt the BSA reduced imine coating, as shown in 

Figure 5.7D, however, the embedded bio-inspired underwater superoleophobicity remained 

unperturbed as shown in Figure 5.7E-F and Table 5.1. Thereafter, standard sand drop test (Figure 5.7G) 

and knife scratch test (Figure 5.7J) were performed on the BSA derived and reduced imine based 

underwater superoleophobic interface. The investigation of oil wettability confirmed the existence of 

uninterrupted underwater oil repellence, as shown in Fig. 5.7H-I,K-L and Table 5.1. Thus, the superior 

durability of extreme oil repellence under water, even after performing these widely accepted physical 

abrasion tests on the synthesized bio-inspired interface revealed its potential applications at diverse 

and challenging practical settings. 

 
 

Figure 5.7. A-L) Digital images (A,B,D,E,G,H,J,K) and OCA images (C,F,I,L) images of the beaded oil droplet (underwater) on 

the reduced imine-based BSA-coated fibrous substrate after subjecting to various physically harsh abrasive tests including sand 

paper abrasion (A-C), adhesive tape test (D-F), sand drop test (G-I) and knife scratch test (J-L). 

Table 5.1. Accounts for the change in advancing OCA and contact angle hysteresis after exposing the BSA-derived and reduced 

imine linkage-based fibrous coating to various physical manipulations and abrasions. 
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Furthermore, tensile strain was applied to the BSA derived reduced imine coated superoleophobic 

interface to investigate its ability to endure such practically relevant physical deformation. The tensile 

strain was gradually increased from 0 to 150% but the physically deformed interface continued to 

display underwater superoleophobicity with advancing OCA above 155° and contact angle hysteresis 

below 10°, as shown in Figure 5.8A. Further, such large (150%) physical deformation was repetitively 

imposed for 1000 times, but the underwater oil wettability remained intact with advancing oil contact 

 
 

Figure 5.8. A) Plot accounting for the change in oil wettability on the reduced imine-based BSA-coated fibrous substrate after 

subjecting to different percentage of tensile strain ranging from 0% to 150%. B) Plot showing the advancing oil contact angle and 

contact angle hysteresis after subjecting the same fibrous substrate to 150% tensile deformation for 1000 cycles. C-E) Microscopic 

bright field images illustrating the change in the fibrous network of the used substrate after subjecting to repetitive 150% tensile 

deformation for 1000 cycles.  

 
 

Figure 5.9. Plot showing the change in advancing oil contact angle and contact angle hysteresis after exposing the reduced imine-

based BSA-coated fibrous substrate to UV radiation (254 nm and 365 nm) for 30 days. 
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angles above 155° and contact angle hysteresis below 10° as shown in Figure 5.8B. Microscopic 

images further revealed the physical deformation of the fibres of the fabric after repetitive tensile 

stretching (Figure 5.8C-E) however, the underwater oil repellence behaviour remained unperturbed. 

Moreover, the same artificial underwater superoleophobic interface was subjected to prolonged UV 

irradiation (254 nm and 365 nm) for 30 days, however, the embedded oil repellence remained 

unperturbed with advancing OCA above 150° and contact angle hysteresis below 10°, as shown in 

Figure 5.9A.  

Further, the BSA-derived reduced imine coating was successfully extended on planar (microscopic 

glass slide) and non-fibrous (metal mesh) substrates, where the uncoated glass slide is inherently 

oleophobic (OCA~121°) and the metal mesh is oleophilic (OCA~67°) underwater as shown in Figure 

5.10A-B,E-F. However, the BSA-derived reduced imine coating rendered both the substrates 

underwater superoleophobic with static OCA above 150°, as shown in Figure 5.10C-D,G-H. Thus, this 

protein derived coating can be used to endow various substrates with underwater superoleophobicity. 

5.4. Conclusion 

Thus, in this chapter, the facile and reversible Schiff base reaction between amines and aldehydes was 

followed to generate underwater superoleophobicity. The mutual reaction between glutaraldehyde and 

bovine serum albumin (BSA) was adopted to develop a fluorescent coating on a fibrous substrate that 

displayed fish scale-inspired extreme oil repellence underwater. However, the synthesized underwater 

superoleophobicity failed to sustain under acidic aqueous exposure due to the predicted acidic  

hydrolysis  of  the  imine  bond, thus, transforming the wettability from superoleophobicity 

(OCA~155°) to oleophobicity (OCA~108°). Thus, a simple reduction of the dynamic imine cross-

linkages was adopted to obtain a stable cross-linkages based underwater superoleophobic coating. The 

prepared coating sustained various physical abrasions, repetitive (1000 times) tensile strain (150%), 

 
 

Figure 5.10. A-H) Digital images (A,C,E,G) and contact angle images (B,D,F,H) of the beaded oil droplet underwater on the 

uncoated (A-B, E-F) and reduced-imine based BSA-coated (C-D, G-H) glass slide (A-D) and metal mesh (E-H). 
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prolonged exposure (30 days) to chemically complex aqueous phases, including extremes pH values 

(1 and 12), artificial sea water, river water and surfactant-contaminated (SDS, DTAB; 1 mM) aqueous 

phases and UV radiation (30 days). Thus, a facile chemical approach proved to be an efficient  way to 

achieve sustainable underwater superoleophobicity that can perform under practically relevant and 

diverse conditions. 
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Chapter 6: Aloe Vera Mucilage Derived Abrasion-Tolerant Underwater 

Superoleophobicity* 

 

In this chapter, the inherent underwater superoleophobicity of Aloe Vera Mucilage (AVM), a naturally 

existing hydrogel was discovered and strategically exploited for achieving a durable and highly 

stretchable underwater oil repellent coating on a fibrous substrate. The high content of aqueous phase 

(~99 wt%) entrapped within the mucilage imparted extreme oil repellent characteristics to the 

mucilage. Direct utilization of this mucilage to coat on a fibrous substrate led to the compromise of 

the embedded oil repellence behaviour on subjection to harsh physical abrasions and chemically 

contaminated aqueous settings. Therefore, the catalyst-free Michael addition reaction was strategically 

exploited to covalently cross-link the deposited mucilage and obtain a robust AVM coating on the 

fibrous substrate. Moreover, the presence of residual acrylate reactivity on this covalently deposited 

AVM aided in recovering the non-adhesive underwater superoleophobicity following the Michael 

addition assisted post covalent modification. The post covalently modified AVM coating was capable 

of sustaining various challenging chemical (pH 1, pH 12, surfactant water, sea water, and river water) 

settings upto 30 days and physical (150% tensile deformation, scratching and other abrasions) 

exposures without compromising the embedded underwater superoleophobicity. Further, the post-

covalently modified, highly durable AVM coating on the fibrous substrate was extended for the 

gravity-driven, selective and repetitive (25 cycles) separation of the water phase from various oil/water 

mixtures with water separation efficiency above 97%, even under various severe practically relevant 

physically harsh settings and chemically harsh aqueous media. 

 

 

 

 

 

 

 

 

 

 

 

*A. Shome et al., J. Mater. Chem. A, 2018, 6, 22465-22471.  
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6.1. Introduction 

Nature-inspired anti-fouling interfaces have been artificially synthesized by strategic confinement of 

a third external phase between the solid interface and the beaded droplets of the probe liquid, and this 

immobilized third phase eventually provides the essential heterogeneous wettability.1-11 In this context, 

the underwater superoleophobic property exhibited by ‘fish-scales’,3 was mimicked through 

fabricating highly water compatible hierarchical interfaces, where the trapped aqueous layer 

contributed to the heterogeneous super oil wettability. Such bio-inspired underwater superoleophobic 

interfaces have emerged as an important avenue for developing smart materials for various practically 

relevant applications—including eco-friendly remediation of oil spillages, anti-biofouling coating, 

anti-platelet adhesion, smart robotics under water, etc.12-18 Over the years, synthetic hydrogels, 

polyelectrolytic multilayers and metal oxides3,17-27 were extensively used for developing underwater 

oil-repellent interfaces, however, these reported approaches have (a) poor durability28-29 and (b) 

involve complex/tedious fabrication processes.3,17-27 Recently, there were a few reports on 

mechanically durable underwater superoleophobic interfaces—where tensile moduli of the bio-

mimicked artificial coatings are very high and physical deformation of the interfaces is highly 

restricted.28-29 However, such designs are mostly inappropriate for developing durable and stretchable 

underwater superoleophobic membranes. Furthermore, utilization of naturally derived components 

over the synthetic counterparts would provide an economic and eco-friendly alternative for practical 

utility. Over the years, naturally derived chitosan,30 nano-clay,31 cellulose components32 have been 

utilized to develop eco-friendly alternatives for developing materials for practical applications, but the 

prolonged durability concerns persist.33-34 Thus, in this chapter we derived both the inspiration and 

ingredients from nature to develop durable and stretchable underwater superoleophobicity.  

In the previous chapter, abundant proteins and waste papers were utilized to develop underwater 

superoleophobicity.35 However, in this chapter, we have discovered the inherent underwater 

superoleophobicity of Aloe Vera mucilage and directly exploited it for developing sustainable 

underwater oil repellent interfaces. The naturally stored mucilage within the Aloe Vera leaf comprises 

of ~99 wt% water,36 which imparted non-adhesive underwater superoleophobicity that remained intact 

even after exposure to extremes of temperature and chemically contaminated aqueous phases. Thus, 

this naturally abundant hydrogel was covalently cross-linked and embedded on a fibrous substrate 

following the Michael addition reaction at ambient conditions. The resultant, chemically modified 

hydrogel derived oil repellent interface could endure various severe physical abrasions, 150% tensile 

stretching and chemically contaminated aqueous phases for a prolonged duration (30 days), without 

compromising the embedded underwater oil repellence property. Thus, this highly durable, underwater 
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oil-repellent interface was extended for the gravity-driven filtration based selective and repetitive (25 

times) separation of both light and heavy oil/water mixtures wherein, selectively the water phase 

permeated through the oil-repellent interface with water separation efficiency above 97% even under 

extremes of physically and chemically challenging settings.   

6.2. Experimental Section:  

6.2.1. Materials: Di-pentaerythritol penta-acrylate (5Acl, MW = 524.51 g/mol), silicone oil (CAS No. 

63148-58-3), rhodamine-6G (CAS No. 989-38-8), methylene blue (CAS No. 122965-43-9) and  

sodium dodecyl sulfate were obtained from Sigma Aldrich, (Bangalore, India). Dimethyl sulfoxide 

(DMSO) and hydrochloric acid were obtained from Fischer Scientific (Mumbai) India. Chloroform 

and tetrahydrofuran (THF) were obtained from FINAR. Sodium chloride, magnesium chloride, 

calcium chloride, magnesium sulphate, and sodium hydroxide were purchased from Merck Specialties 

Private Limited. Ethyl Alcohol (CAS No. 64-17-5, Lot No. 17030799) was purchased from TEDIA, 

United States of America. Adhesive Tape was obtained from Jonson tape Ltd Pvt., New Delhi, India. 

Nile Red (CAS No. 7385-67-3) and D-Glucamine (>95%) were purchased from Tokyo Chemical 

industry. Dichloroethane (CAS No. 107-06-2ADR) was purchased from Lobo Chemie Pvt. Ltd., 

Mumbai, India. Fibrous polyurethane (PU) fabric, vegetable oil and kerosene oil were purchased from 

a local shop in Guwahati City, Assam, India. Motor oil (Castrol Active 20W-40) was purchased from 

Castrol India Ltd. Sand was collected from a construction site at IIT, Guwahati and rinsed with water, 

dried prior to use. River water was collected from Brahmaputra river, Guwahati, Assam. Aloe Vera 

was generously obtained from the balcony garden of Mrs. Tumpa Manna Jana.  

6.2.2 General Consideration: The glass wares were washed thoroughly with ethyl alcohol and 

acetone prior to preparing the desired solutions. Kruss Drop Shape Analyzer-DSA25 instrument with 

mechanical liquid dispenser was used for contact angle measurements at ambient temperature. The 

contact angles were measured using 5 μl model oil droplet (dichloroethane) at three different locations 

for each sample. Field Emission Scanning Electron Microscope (FESEM) images were obtained using 

a Carl Zeiss Field Emission Scanning Electron Microscope. FTIR spectra were recorded using a Perkin 

Elmer Instrument at ambient temperature by preparing KBr pellet with the sample. The digital 

photographs were captured by Cannon Powershot SX420 IS digital camera for all experimental 

demonstrations. Both the exterior green peel of the Aloe Vera leaf and the stored mucilage (hydrogel) 

within the leaf was lyophilized (Analytical Chemistry, 1973 45, 1296) using Labconco FreeZone 

Freeze Dryer instrument. The mucilage is exposed to liquid nitrogen for freezing the immobilized 

water, and then under the automated applied vacuum (0.310 mbar), the frozen aqueous phase 

sublimates. This approach is highly adopted in drying materials without destroying its structure. 
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6.2.3. Aloe Vera Mucilage Coating on a Stretchable, Fibrous Substrate: 

In order to coat the stretchable polyurethane fabric (14 cm x 14 cm) with Aloe Vera Mucilage, the 

mucilage was collected by peeling off the rind (green portion that acts as a protective layer) and 

discarding the aloin (yellowish portion). Subsequently, Aloe Vera Mucilage weighing 8.5 g was 

squashed manually and coated over an area of 196 cm2 using a paint brush in to-fro motion to ensure 

a uniform coating on the fabric. The fabric was allowed to air dry overnight and thereafter, the 

underwater oil wettability was examined using contact angle measurements and digital images. 

6.2.4. Chemically ‘Reactive’ Aloe Vera Mucilage Coating and its Post Modification: 

The Aloe Vera Mucilage coated fibrous substrate was thereafter treated in a solution of 5Acl (1.325 g 

in 10 mL of ethanol) for 2 h, this interface was denoted as the chemically ‘reactive’ AVM coating. 

Afterwards, it was washed thoroughly in ethanol to remove the excess 5Acl. Thereafter, the 5Acl 

modified AVM coated substrate was dipped in a solution of glucamine (5 mg/ml in DMSO) and kept 

overnight. Next, the glucamine post modified AVM substrate (denoted as Glu-AVM) was washed 

using DMSO and THF. Finally, the Glu-AVM was pre-wetted with water, and the oil wettability was 

examined through contact angle measurements and digital images. 

6.2.5. Physical and Chemical Durability Tests:  

Various practically relevant challenging physical and chemical settings were performed to examine 

the durability of the AVM derived underwater superoleophobicity on the fibrous substrate. The details 

of the durability tests have been outlined in the following sections. 

6.2.5.1. Sand Drop Test: 100 g of sand was poured from a height of 25 cm onto both the AVM and 

Glu-AVM coated fibrous substrates (2 cm x 2 cm), titled at an angle of 45⁰. The underwater oil 

wettability after the sand drop test was investigated by measuring the oil contact angles and visual 

inspections. 

6.2.5.2. Sand Paper Abrasion Test: Sand paper abrasion test was performed by fixing the respective 

AVM coated fibrous substrates (2 cm x 2 cm) onto a glass slide and subsequently rubbed with a sand 

paper in back and forth motion with a 500 g load on top for 50 cycles. Thereafter, the oil wettability 

was examined with contact angle measurements and digital images. 

6.2.5.3. Adhesive Tape Test: The AVM coated fibrous substrates (2 cm x 2 cm) were horizontally 

exposed to an adhesive surface with an external load of 500 g on top and this set-up was kept 

undisturbed for 10 minutes to ensure uniform contact between the respective substrate and the adhesive 

interface. Thereafter, the fabric was peeled off form the adhesive tape manually and the underwater oil 
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wettability was re-examined by following standard characterization processes. This process of 

exposing with the adhesive tape and subsequent peeling of the coating was repeated for 25 cycles. 

6.2.5.4. Knife Scratch Test: Random scratches were made on the AVM coated fibrous substrate (2 

cm x 2 cm) in all possible directions using a sharp-edged knife for multiple times (~30) and thereafter, 

the oil repellence was examined via contact angle measurements and digital images. 

6.2.5.4. Physical Manipulations: Both the AVM and Glu-AVM coated substrates (5 cm x 5 cm) were 

manually bended, creased, twisted and winded arbitrarily for 25 times. Subsequently, the digital 

images were acquired, and oil contact angles were measured underwater to examine the impact of 

these physical manipulations on the embedded underwater superoleophobic property. Tensile strain 

was gradually applied on both the AVM and Glu-AVM coated substrates through manual stretching 

upto 150% and subsequently, the oil wettability under water was examined after regular intervals. 

6.2.5.5. Chemical Durability Tests: The underwater oil wettability on the freshly exposed Aloe Vera 

Mucilage and its coating on the fibrous substrates were examined separately after exposing them to 

various chemically harsh aqueous phases i.e. artificial sea water, river water, extremes of pH (1 and 

12), surfactant contaminated water (SDS, 1 mM) for 30 days. The artificial sea water was prepared by 

mixing MgCl2 (0.226 g), MgSO4 (0.325 g), NaCl (2.673 g) and CaCl2 (0.112 g) in 100 mL of de-

ionized water in a volumetric flask. 

6.2.5.6. Examining the Impact of Heating on the Oil Wettability of Aloe Vera Mucilage: 

The Aloe Vera mucilage was cut into a small piece (2 cm x 1.5 cm x 0.8 cm) and carefully fixed onto 

a glass slide with the rind acting as the base on the glass slide. The mucilage was subsequently 

submerged in de-ionized water (40 mL) in a glass beaker. This beaker was placed on a hot plate, and 

a mercury thermometer was used for continuously monitoring the temperature of the system. Nile red 

dyed dichloroethane droplet of size (15 μl) was placed on the mucilage exposed to water and the 

temperature of the system was gradually increased up to 100°C using a hot plate. The effect of this 

gradual heating of the aqueous phase on the oil wettability of the mucilage was examined through 

contact angle measurements and digital images. 

6.2.6. Gravity-driven Oil/Water Separation: 

The post covalently modified AVM derived durable underwater oil repellent fibrous substrate was 

used as a membrane for the separation of various oil/water mixtures. A lab made prototype was 

developed using a 50 mL falcon tube wherein the Glu-AVM derived stretchable underwater 

superoleophobic membrane (pre-wetted with water) was tied to the opening of the falcon tube and 

another hole was made near the closed end of the tube in order to pour the oil/water mixtures using a 
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funnel. The aqueous phase was dyed with rhodamine-6G and methylene blue as required, and the oil 

was dyed with Nile Red for visual inspection. The water phase selectively impregnated through the 

underwater oil-repellent membrane and was subsequently collected in a beaker. The selective oil/water 

separation was performed even for chemically harsh aqueous phases, wherein the aqueous phase was 

contaminated with acid, base, surfactant, salt and river water. The selective water separation efficiency 

was calculated using the following formula, 

ƞ =
𝑉𝑓

𝑉𝑖
𝑥 100 

where, Vi is the initial volume of water poured and Vf is the final volume of water collected.  

6.3. Results and Discussions:  

6.3.1. Discovering the Underwater Superoleophobicity of Aloe Vera Mucilage 

Aloe Vera Mucilage (AVM), a naturally existing hydrogel comprising of various bioactive agents 

including anthraquinones, carbohydrates, enzymes, amino acids, vitamins, etc was exploited over the 

years for wound healing, tissue engineering, drug delivery and edible coatings for food preservation.36-

38 In this chapter, the mucilage comprising of a large quantity of an immobilized aqueous phase (~99 

wt%) was discovered to be inherently embedded with underwater superoleophobicity. The large 

content of the immobilized aqueous phase in AVM was hypothesized to contribute to the 

heterogeneous oil wettability (Cassie–Baxter state) underwater (Figure 6.1A).3 The underwater oil 

wettability was examined in detail on an Aloe Vera leaf, where both the outer green exterior of the leaf 

and the mucilage were exposed to a 40 μL dichloroethane droplet (DCE; model heavy oil coloured red 

for visual inspection) under water as shown in Figure 6.1B. The outermost green skin of the Aloe Vera 

leaf was noticed to be oleophilic under water with oil contact angle (OCA) ~67° (Figure 6.1C), but 

interestingly, the encapsulated AVM repelled the beaded oil droplet extremely under water with static 

OCA~163° and contact angle hysteresis ~5° as shown in Figure 6.1D. The total immobilized water 

content in the exterior green peel of the Aloe Vera leaf was estimated to be ~7%, which is significantly 

lower than the amount (~99 wt%)36 of aqueous phase immobilized within the AVM. Thus, the distinct 

difference in the underwater oil wettability in the exterior and interior of the leaf was attributed to the 

varying quantity of the immobilized aqueous phase. The trapped aqueous phase within the mucilage 

was concluded to be the key factor in controlling the super-oil repellence under water. The topography 

of the thick mucilage and the exterior of the leaf was characterized under field emission scanning 

electron microscope (FESEM) as shown in Figure 6.1E-F. Primarily, AVM was lyophilized for 

complete removal of the embedded water phase prior to imaging. The removal of a large amount of 
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embedded water led to a folded morphology (Figure 6.1F) as observed under the FESEM, whereas the 

topography of the exterior of the leaf exhibited completely distinct and compact features as shown in 

Figure 6.1E. Further, an experiment was designed to examine the non-adhesive oil wettability on the 

interface of AVM, wherein a beaded oil droplet was moved from left to right as shown in Figure 6.1G-

J. Interestingly, the beaded oil droplet completely receded from the interface of AVM without leaving 

behind any trace of the oil phase as shown in Figure 6.1J. Furthermore, the durability of the inherently 

embedded oil wettability in the AVM was investigated by subjecting it to practically relevant and 

challenging scenarios. The AVM was kept in boiling (100°C) water for 1 h and it was noted that the 

colour of the exterior green peel changed to yellow; however, both the physical integrity of the AVM 

and the embedded underwater oil wettability remained unaffected. The beaded oil droplet was repelled 

extremely with static OCA~160° and contact angle hysteresis ~6° as shown in Figure 6.1K-L. Another 

extreme condition was imposed on the AVM, where the interior of the AV leaf was exposed to liquid 

 
 
Figure 6.1. A) Schematic representation of oil wettability on the immobilized-aqueous phase under water. B-D) Digital image (B) 

and static OCA images (C-D) of the beaded oil droplets on the exterior (C) and interior (D) of the Aloe Vera leaf under water. E-F) 

FESEM images of the exterior (E) and interior (F) of the Aloe Vera leaf. G-J) Digital images displaying the translation of oil droplet 

on the top surface of AVM under water (G-I) and receding (J) of the beaded oil droplet from the AVM surface. K-N) Digital images 

(K,M) and OCA images (L,N) of the beaded oil droplet on the AVM under water after exposure to boiling water (K-L) and liquid 

nitrogen (M-N). O) Plot accounting for the advancing OCA and contact angle hysteresis of the beaded oil droplet on the AVM after 

exposing it to various harsh aqueous chemical conditions for 30 days. 
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nitrogen (-196°C) for 24 h and thereafter, the material was lyophilized. However, the lyophilized AVM 

remained efficient in displaying superoleophobicity with OCA~161° and contact angle hysteresis ~7°, 

after submerging in an aqueous phase (Figure 6.1M-N), where the external aqueous phase rapidly 

infiltrated the matrix and the immobilized water layer contributed to the extreme oil repellence. 

Furthermore, this AVM was exposed to various chemically severe conditions—including extremes of 

pH (1 and 12), surfactant (SDS; 1 mM) contaminated aqueous phase, artificial sea water and river 

water for 30 days. However, the embedded extreme oil repellence of  AVM remained unperturbed 

with advancing OCA above 150° and contact angle hysteresis below 10° as shown in Figure 6.1O. 

Thus, the embedded oil wettability in the AVM was found to be extremely durable and capable of 

preserving its naturally embedded super-oil wettability even under highly drastic physical and 

chemical conditions, which provided a unique avenue to directly exploit the AVM for developing 

stretchable and durable underwater superoleophobic membranes for gravity-driven filtration-based 

oil/water separation. 

6.3.2. Chemically Modulated Aloe Vera Mucilage derived Underwater Superoleophobic Coating 

A commercially available fibrous and stretchable substrate, which is inherently oleophilic under water, 

was selected for coating with this naturally packaged underwater superoleophobic AVM. Fresh AVM 

(8.5 g) was uniformly deposited on the selected fibrous substrate (14 cm x 14 cm). The underwater 

oleophilic fibrous substrate (Figure 6.2A-B) transformed into an extremely oil repellent interface under 

water as measured through the static and dynamic oil contact angles where, the oil droplet beaded with 

static OCA~157° and contact angle hysteresis ~7° as shown in Figure 6.2C-D. Next, the durability of 

the embedded oil wettability on the AVM deposited fibrous substrate was examined adopting standard 

processes. Different physical manipulations including bending, twisting, creasing and winding were 

imposed on the AVM coated fibrous substrate for multiple times (25 times). However, the AVM coated 

 
Figure 6.2. A-D) Digital images and static OCA images of the beaded oil droplet on the commercial, uncoated polyurethane fabric 

(A-B) and after coating the same fabric with Aloe Vera mucilage (C-D).  
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substrate remained efficient in displaying non-adhesive superoleophobicity under water as shown in 

Table 6.1. Thereafter, severe physical abrasions, including adhesive tape peeling (Figure 6.3A), sand 

paper abrasion (Figure 6.3D) and sand drop test (Figure 6.3G), knife scratch test were performed on 

the AVM coated fibrous substrate, but it completely failed to survive under such challenging physical 

abrasions. The AVM coated fibrous substrate compromised the embedded nature-inspired underwater 

superoleophobicity with oil contact angles decreasing below ~105° as show in Figure 6.3B-C,E-F,H-

I. The underwater superoleophobic coating survived exposure to various complex aqueous phases—

including highly acidic water, alkaline water, artificial sea water, river water and surfactant 

 
 
Figure 6.3. A, D, G) Digital images illustrating the set-up for different physical abrasions—including adhesive tape test (A), sand 

paper test (D) and sand drop test (G). Digital images and static OCA images of the beaded oil droplets under water on the AVM 

coated fibrous substrate after performing various physical abrasions, including adhesive tape test (A-C), sand paper abrasion (D-F), 

and sand drop test (G-I). 

Table 6.1 Illustrating the change in the advancing OCA and contact angle hysteresis of the beaded oil droplet under water on the 

AVM coated fibrous substrates after incurring various physical and chemical exposures. 
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contaminated (SDS) water only upto 72 h as shown in Table 6.1. Thus, the AVM derived underwater 

superoleophobic coating on the fibrous substrate is capable of withstanding various physical 

manipulations, but at the same time, it is incapable of surviving severe physical abrasions (i.e., 

adhesive tape peeling test, sand paper test sand drop test and knife scratch test). To combat this 

challenge, a chemically ‘reactive’ and covalently cross-linked approach was rationally exploited for 

improving these noted physical durability issues, which are highly relevant for practical utility of the 

material. The inherently underwater superoleophobic AVM comprises of various amino acids and 

enzymes with amine functionalities36 which provides a facile avenue for the further covalent chemical 

modifications. 

In the current design, a multifunctional cross-linker (5Acl) was rationally associated with AVM 

following the catalyst-free Michael addition reaction between amines of AVM and the acrylate cross-

linker as shown in Figure 6.4A-B. This simple chemical post modification (a) allowed the covalent 

cross-linking of the entire deposited AVM, and (b) the residual acrylate groups in the deposited AVM 

provided a facile basis to modulate the desired chemistry through the essential post-covalent 

modification process to achieve non-adhesive underwater superoleophobicity as shown in Figure 6.4C. 

For the proof-of-concept demonstration, AVM was treated with 5Acl in ethanol for 2 h. After this 

covalent cross-linking process, the oil wettability underwater transformed to adhesive 

superoleophobicity with static OCA~151° and contact angle hysteresis ~14° as shown in Figure 6.4D-

E and Table 6.2. Further, the 5Acl treated AVM (denoted as AVM-5Acl) was characterized through 

FTIR analysis, where the appearance of the characteristic IR signature at 1735 cm-1 corresponding to 

the carbonyl stretching frequency and 1410 cm-1 for the symmetric deformation of the C–H bond for 

the β-carbon of vinyl groups revealed the existence of residual acrylate functional groups in the 

modified AVM as shown in Figure 6.4J (black). Such acrylate signatures are absent in the native AVM 

(Figure 6.4J; blue). The residual acrylate moieties rendered this AVM chemically ‘reactive’ and 

allowed the further induction of chemical functionality in AVM to modulate the oil wettability. The 

chemically ‘reactive’ AVM coated fibrous substrate was strategically modified with a hydrophilic 

small molecule—i.e. glucamine, which is well recognized for its inherent anti-biofouling property.39 

After the post covalent modification, the adhesive underwater superoleophobicity after 5Acl treatment 

(Figure 6.4D-E) transformed to non-adhesive underwater superoleophobicity with static OCA~162° 

and contact angle hysteresis ~6° (denoted as Glu-AVM) as shown in Figure 6.4F-G and Table 6.2. 

Both dynamic and static contact angles were measured to examine the non-adhesive underwater 

superoleophobicity. The successful post chemical modification of the chemically ‘reactive’ AVM with 

glucamine molecules was confirmed through standard FTIR analysis. During the Michael addition 
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reaction, the vinyl groups were consumed, while the carbonyl peak remained unaffected and provided 

an internal reference to monitor the progress of the reaction. The significant depletion of the IR peak 

intensity at 1410 cm-1 with respect to 1710 cm-1 strongly revealed the successful chemical modification 

as shown in Figure 6.4J (red). Further, the chemically modulated AVM coating on the fibrous substrate 

was characterized through FESEM, where the collapsed and folded layers on the otherwise smooth 

and featureless selected fibrous substrate (Figure 6.4H) confirmed the successful deposition of AVM 

as shown in Figure 6.4I.  

 
 

Figure 6.4. A-C) Schematic representing the covalent cross-linking of the deposited AVM on a fibrous substrate (A) with a multi-

functional cross-linker following the Michael addition reaction between the amine groups of AVM and the acrylate cross-linker. 

The AVM-5Acl coating (B) comprises of residual acrylates that allows the post functionalization with a high surface energy 

molecule i.e. glucamine to obtain non-adhesive underwater superoleophobicity (C). D-G) Digital images and static OCA after 

treatment of the AVM coating with 5Acl (AVM-5Acl; D-E) and after glucamine treatment (Glu-AVM; F-G). H-I) FESEM images 

illustrating the morphological changes in the fibrous substrate before (H) and after (I) AVM coating. J) FTIR spectra of AVM 

(purple), AVM-5Acl coating (black) and after Michael addition reaction with glucamine, Glu-AVM (red).  

 
 

Table 6.2 Illustrating the change in the advancing OCA and contact angle hysteresis of the beaded oil droplet under water on the 

AVM coated fibrous substrates and after the chemical modification.  
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6.3.3. Examining the Durability of the Chemically Modified, Underwater Oil-Repellent Aloe 

Vera Coating 

The durability of the covalently cross-linked and post modified AVM coated substrate was examined 

in detail, where various physical manipulations—including bending, creasing, winding and twisting 

were repetitively imposed (25 times), however, the Glu-AVM coated substrate continued to display 

non-adhesive underwater superoleophobicity as shown in Table 6.3. Thereafter, harsh physical 

abrasions were imposed on the Glu-AVM substrates to examine the durability of the embedded oil 

repellence. A freshly exposed adhesive tape was brought in contact with the Glu-AVM coated fibrous 

substrate with an applied pressure of 12.25 kPa. After peeling off the adhesive tape, the oil wettability 

on the Glu-AVM coating was examined. Unlike the untreated AVM coated fibrous substrate, this 

glucamine modified AVM was capable of sustaining this severe physical exposure with static 

OCA~159° and contact angle hysteresis ~8° as shown in Figure 6.5A-B and Table 6.3. Next, 100 g of 

sand was dropped on the Glu-AVM coated fibrous substrate from a height of 25 cm, but the coated 

interface remained extremely oil repellent under water with static OCA~160° and contact angle 

hysteresis ~8° as shown in Figure 6.5C-D and Table 6.3. Other severe physical abrasions—including 

sand paper abrasion and knife scratching were also performed on this Glu-AVM coated fibrous 

substrate but the nature-inspired and nature-derived wettability remained intact with advancing OCA 

above 150° and contact angle hysteresis below 10° as shown in Table 6.3. Further, the Glu-AVM 

fibrous coating was exposed to various harsh chemically complex aqueous phases for 30 days 

including acidic, alkaline, surfactant-contaminated water, artificial sea water and river water, however, 

the Glu-AVM coated fabric continued to display uninterrupted underwater superoleophobicity as 

depicted in shown in Table 6.3 through the dynamic contact angles measured after 30 days.  

Table 6.3 Illustrating the change in the advancing OCA and contact angle hysteresis of the beaded oil droplet under water on the 

Glu-AVM coated substrates after incurring various physical and chemical exposures. 

 
 

 

TH-2950_176122042



Chapter 6 

 

149 

 

Furthermore, this Glu-AVM coated fibrous substrate was found to be extremely tolerant towards 

repetitive tensile deformations (150%) for 1000 cycles without affecting the embedded underwater 

superoleophobicity with advancing OCA above 150° and contact angle hysteresis below 10° as shown 

in Figure 6.6A-C.  

Thus, the tremendous improvement of physical and chemical durability was unambiguously attributed 

to the strategic chemical modulation of the AVM coating and this development certainly allowed the 

 
 

Figure 6.5. A-D) Digital images and OCA images of the beaded oil droplets on the Glu-AVM coated substrate under water after 

performing adhesive tape test (A-B) and sand drop test (C-D). E) Plot accounting for the advancing OCA and contact angle hysteresis 

of the beaded oil droplet on the Glu-AVM coated fibrous substrate after exposing it to various harsh aqueous chemical conditions 

for 30 days. 

 

 

 
 

Figure 6.6. A-B) Digital image and OCA image of the Glu-AVM coated membrane before tensile deformation. C) Plot illustrating 

the changes in the advancing OCA (black) and contact angle hysteresis of the beaded oil droplets on the Glu-AVM coated fibrous 

substrate that was subjected to 150% tensile deformation repetitively for 1000 times. Inset image of the membrane after 150% 

stretching. 
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utilization of this naturally derived material for gravity-driven filtration-based separation even under 

practically relevant and extremely severe settings. The design of such naturally derived, stretchable 

and durable underwater superoleophobic coatings is rare in the literature. 

6.3.4. Gravity-driven Oil/Water Separation at Challenging Settings 

The covalently cross-linked and post modified, robust underwater oil-repellent interface derived 

directly from AVM, was further exploited for gravity-driven oil/water separation. The Glu-AVM 

coated fibrous substrate was used as a membrane and tied onto the open end of a lab-made prototype 

and mixtures of light (kerosene oil) and heavy (dichloroethane, DCE, model oil) oils were separated 

through selective filtration process. On pouring the light oil (Figure 6.7A-B) and heavy oil (Figure 

6.7D-E) water mixtures, selectively only the aqueous phase was allowed to permeate through the Glu-

AVM membrane as shown in Figure 6.7C,F while the oil phase remained restricted by the membrane. 

The Glu-AVM coated membrane was repetitively used for the separation of both light and heavy oils 

for a minimum of 25 times, and the water separation efficiency remained above 97% as shown in 

Figure 6.7G. Moreover, the Glu-AVM membrane was capable of successfully separating various 

oil/water mixtures, where oils of varying viscosities were taken, and water separation efficiency 

remained above 95% as shown in Figure 6.7H. Further, even viscous oil/water mixtures such as 

 
 
Figure 6.7. A-F) Digital images showing the gravity-driven separation of both light (kerosene oil; (A-C)) and heavy oils 

(dichloroethane, DCE; (D-F)) following the selective filtration of the aqueous phase through the Glu-AVM coated stretchable bio-

mimicked membrane. G) Plot illustrating the water separation efficiency after repetitive use of the Glu-AVM coated membrane for 

both kerosene (red) and dichloroethane/water mixture (black). H) Plot displaying the water separation efficiency of various oil/water 

mixtures where oils with a wide range of densities and viscosities were used. 
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silicone oil (Figure 6.8A-D) and motor oil (Figure 6.8E-H) could also be successfully separated using 

this robust underwater oil-repellent membrane. Furthermore, this bio-mimicked interface was 

exploited for oil/water separation under harsh aqueous conditions i.e. extremes of pH, artificial sea 

water, extremes of temperatures (10°C and 100°C) and even after physical deformation of the 

membrane for 1000 times, however, the water separation efficiency remained unperturbed (Figure 

6.8I, red bar). Moreover, even after selective filtration of the aqueous phases under challenging 

conditions, the Glu-AVM coated interfaces continued to display underwater superoleophobicity with 

oil contact angles above 150° as shown in Figure 6.8I (black bar).   

6.4. Conclusion 

In this chapter, we introduced a simple environment-friendly approach for the strategic and direct use 

of the naturally preserved hydrogel from Aloe Vera leaf for developing robust underwater 

superoleophobicity. The Aloe Vera mucilage that mainly consists of an immobilized aqueous phase 

 
 
Figure 6.8. A-H) Digital images showing the separation of viscous oil/water mixtures i.e. silicon oil (A-D) and motor oil (E-H) 

through the Glu-AVM coated membrane. I) Plot depicting the water separation efficiency (red) through the Glu-AVM coated 

membrane for motor oil/water mixtures under various harsh aqueous chemical conditions, extremes of temperatures (10°C and 

100°C) and after 1000 times stretching the membrane. The black bars represent the change in the oil contact angle on the Glu-AVM 

coated membrane after performing the oil/water separations at the respective severe settings. 
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(~99 wt%) was discovered to display highly tolerant underwater superoleophobicity and the embedded 

super-oil repellence remained intact even after subjection to severe challenging settings including 

extremes of temperatures (100°C and -196°C), extremes of pH (1 and 12), sea water, and surfactant 

contaminated water for 30 days. Further, this naturally derived hydrogel was directly applied on a 

selected (oleophilic) fibrous substrate to develop highly durable and stretchable super-oil-repellent 

membranes adopting the covalent modification of AVM following the catalyst-free Michael addition 

reaction between the amino acid residues of the mucilage and an acrylate cross-linker. The covalently 

modified AVM was subjected to post modification with a high surface energy molecules to impart 

non-adhesive underwater superoleophobicity that was found to be chemically and physically durable 

and thus, such a robust interface was extended for gravity-driven filtration-based oil/water separation 

of both light and heavy oils wherein selective passage of only the aqueous phase was allowed. This 

selective oil/water separation was performed repetitively (25 times) and even under practically relevant 

challenging aqueous settings circumstances with water separation efficiency above 97% for all cases. 

Such naturally derived, and extremely durable materials have immense potential for ‘real world’ 

prospective applications. 
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Chapter 7: Conclusion and Future Directions 

This chapter provides an overview of the various works discussed in the individual chapters. The thesis 

revolves around the strategic use of naturally abundant, low-cost materials including natural polymers, 

waste materials and natural hydrogel to develop three-dimensional sponges and coatings embedded 

with abrasion-tolerant bio-inspired liquid repellence for proof-of-concept drug release and oil/water 

remediation applications.1-6 In Chapter 1, I have provided a brief overview on the discovery of the 

naturally existing species with characteristic liquid repellent properties and the introduction of the 

theoretical models of liquid wettability on a solid surface. Moreover, I have outlined the various 

prospective applications of bio-inspired liquid wettability and the different types of non-biodegradable, 

environmentally hazardous synthetic components explored over the years to fabricate bio-inspired 

anti-wetting materials. Further, I have discussed the different kinds of naturally abundant, eco-friendly 

and low-cost components that have been exploited to develop anti-wetting materials and  the associated 

durability concerns that hinder their practical applicability. Thereafter, I have enlisted my motivation 

and objectives for designing the chapters in this thesis. In Chapter 2, I covalently intertwined the amine 

containing bovine serum albumin nanoparticles with a multifunctional acrylate cross-linker following 

the catalyst-free Michael addition reaction to develop chemically ‘reactive’ protein nanoparticles that 

provided the appropriate topography and residual ‘reactive’ chemistry for constructing a durable 

protein-based coating on a fibrous substrate. The presence of residual chemical functionalities allowed 

the post covalent modification with the desired small molecules to embed a wide range of water 

wettability including hydrophobicity, adhesive superhydrophobicity and non-adhesive 

superhydrophobicity. The tailorable water wettability aided in the controlled and sustained release of 

the drug molecules loaded onto the three-dimensional, superhydrophobic fibrous substrate.2 Since the 

mechanical property of the fibrous superhydrophobic substrate in the previous chapter could not be 

tailored, thus, in Chapter 3, silk-cocoon derived silk microfibers and silk fibroin were strategically 

combined to develop silk sponges with both tailorable mechanical property and abrasion-tolerant water 

wettability. The ethanol assisted controlled induction of beta sheet in the silk fibroin network that was 

reinforced with silk microfibers, allowed to tailor the mechanical property of the sponges. Further, the 

facile Michael addition reaction between the amine residues of silk protein and an acrylate cross-linker 

imparted chemical reactivity to the sponges to modulate the water wettability. The controlled 

introduction of beta sheet content in the silk cocoon derived sponges is specific for tailoring the 

mechanical property of only protein derived materials, thus, I further explored a single chemical 

avenue that allowed to modulate both the mechanical property as well as the water wettability in waste 

paper derived functional materials in chapter 4. The covalent integration of a silane moiety with waste 
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paper provided a facile avenue to tailor the porosity and compressive modulus of the sponges. The 

Michael addition assisted covalent cross-linking of the silanized waste paper sponges with a multi-

functional acrylate cross-linker allowed to develop physically and chemically durable, highly 

compressible paper sponges were extended for the selective, repetitive absorption of the oil phase from 

various oil/water mixtures even under harsh aqueous settings. The analogous waste paper derived 

membranes were extended for gravity-driven filtration-based, selective and repetitive oil/water 

separation even under harsh aqueous settings. In Chapter 5, the Schiff base reaction was exploited to 

introduce another type of liquid wettability i.e. underwater superoleophobicity. I derived inspiration 

from the protein constituent of fish-scales that aided in exhibiting extreme oil repellence underwater. 

The association of the amine residues of  BSA protein with an aldehydic cross-linker followed by 

reduction of the as obtained imine bond generated highly sustainable underwater superoleophobic 

coatings on the selected fibrous and planar substrates. Subsequently, I discovered the inherent 

underwater superoleophobicity of Aloe Vera mucilage which was directly exploited following the 

Michael addition pathway for developing stretchable and robust underwater superoleophobicity on a 

fibrous substrate for selective filtration of the water phase from various oil/water mixtures even under 

challenging aqueous settings and extremes of temperatures as presented in Chapter 6.   

The research works described in this thesis possess potential for various bio-medical, environmental 

and electronics applications. The substitution of the existing synthetic ingredients derived functional 

materials with naturally existing, low-cost counterparts would eliminate the concerns related to 

environmental hazards. In that context, superhydrophobic, blood-repellent coatings with hierarchical 

topography have recently garnered limelight for minimizing blood loss, easier wound dressing removal 

and triggering faster clotting.7-8 The hierarchal topography associated with the water repellent 

interfaces aid in minimizing the effective surface area available for platelet adhesion.9 Moreover, the 

textured surfaces alter the conformation of the blood proteins and thus, minimize the blood adherence 

to the surface. Thus, the bovine serum albumin derived hierarchically featured, coating on fibrous 

substrates with tuneable water wettability that was demonstrated for proof-of-concept drug delivery in 

this thesis, holds potential for fabricating mechanically deformable, superhydrophobic, blood-repellent 

bandage materials for use as external wound healing patches. The tuneability of a wide range of water 

wettability in such bio-viable functional materials is a facile avenue to control the rate of release of the 

drugs loaded in the blood-repellent patches, thus, preventing excessive blood loss and enabling faster 

clotting, as desirable. In the past, the water wettability of a surface has been well established to regulate 

stem cell differentiation.10-11 In that context, the silk-cocoon derived sponges with tailorable 

mechanical property and water wettability possess immense potential for tissue engineering 
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applications. Therefore, the opportunity for simultaneous tailoring of the water wettability and 

mechanical property would provide a platform for developing bio-degradable implants initiating stem 

cell differentiation. Moreover, silk-cocoon derived, or the waste paper based mechanically deformable 

substrates embedded with superhydrophobicity can be integrated with conductive 2D-nanomaterials 

to develop bio-compatible, wearable electronics where embedment of water repellence would enhance 

the longevity of the devices. Recently, porous xerogels and aerogels have been exploited to develop 

thermally insulating sponges, but the prolonged physical and chemical durability was not investigated 

in detail which limits its practical applicability.12-15 Thus, the porous, highly compressible, 

superhydrophobic waste paper derived sponges with prolonged physical and chemical durability can 

be successfully extended for developing thermal insulators for practical applications. On the other side, 

underwater superoleophobicity coatings have recently been explored to study the platelet adhesion in 

order to minimize thrombosis and in-stent restenosis.16-17 However, the existing reports mostly exploit 

synthetic polymers for demonstrating anti-platelet adhesion behaviour which limits its practical 

medical applicability. Thus, the naturally derived, stretchable and extremely abrasion-tolerant 

underwater superoleophobic coatings can be extended for developing coatings on implantable medical 

devices with tuneable liquid wettability to modulate the platelet adhesion. Moreover, association of 

such low-cost, highly durable underwater oil-repellent coatings with marine vessels have potential for 

reducing biofouling and bio-adhesion18, thus, increasing the longevity and efficiency of the vessels. 

Thus, naturally derived components integrated with a smart chemical approach possess potential for a 

various prospective practical applications.  
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Patents 
 

1. U. Manna, V. Nandakumar, Karthick R, K. Maji, A. Shome, A. M. Rather, Selective and Super Oil 

Absorbent for Remediation of Oil Spills, Indian Patent: 201841029004, Filling Date: 01.08.2018. 

2. U. Manna, V. P.  Nandakumar, K. Ramalingam, M. Megur G. BHAT, P. K. Hegde, A. Das,  A. 

Shome, M. Dhar, A Coating Composition and a Process of Preparation, Indian Patent: 202041020725, 

Filling Date: 16.05.2020. 

3. U. Manna, V. Nandakumar, Karthick R, A. Das, K.  Maji, A. Shome, A Process for Preparation of 

a Superhydrophobic Membrane, Indian Patent: 202041005525, Filling date :  07.02.2020. 

 

Conferences and Workshops Attended 
 

1. Flash Talk at International Conference in Advanced Nanomaterials and Nanotechnology, ICANN 

2021 organized by Centre for Nanotechnology, IIT Guwahati.  

2. Poster presentation at National Science Day celebration, 2021 and National Seminar on Material 

Chemistry-Today and Tomorrow organised by Indian Chemical Society. 
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3. Oral presentation at the 57th Annual convention of chemists, 2020, International Conference on 

Recent Trends in Chemical Sciences organised by Indian Chemical Society. 

4. Oral Presentation at National Conference on Issues and Challenges in Water Treatment and Allied 

Research for Sustainable Environment (WATER 2020) organized by Centre for Environment, IIT 

Guwahati.  

5. Poster presentation at Research Conclave 2019, organized by Students Academic Board, IIT, 

Guwahati. 

6. Oral Presentation at Reflux 7.0, 2019 organized by Department of Chemical Engineering, IIT, 

Guwahati. 

7. Oral Presentation at National Conference in Green, Sustainable and Evolving Sciences, 2019 

organized by Cotton University and Assam Science Society.   

8. Poster Presentation at National Conference on Upstream Petroleum Engineering (NCUPE), 2019 

organized by Department of Chemical Engineering, IIT Guwahati. 

9. Poster Presentation at ICANN 2019 organized by Centre for Nanotechnology, IIT Guwahati.  

10. Workshop on Thermal Analysis of Materials, 2019 organized by Department of Chemical 

Engineering, IIT, Guwahati and Guwahati Regional Centre Indian Institute of Chemical Engineers. 

11. Poster presentation at Frontiers in Chemical Sciences, 2018 organized by Department of 

Chemistry, IIT, Guwahati. 

Awards and Achievements 
 

1. AWSAR-DST 2019, Popular Science Story Award for the article entitled ʽʽCotton -  The Trivialzed 

Treasure.ʼʼ 

2. Sir C V Raman Award of Excellence for poster presentation at National Science Day celebration-

2021 and National seminar on ’’Material Chemistry-Today and tomorrow’’ organised by Indian 

Chemical Society.  

3. Professor G. Gopalarao Centenary Young Scientist Award for oral presentation at  the 57th 

Annual convention of chemists, 2020, International conference on recent trends in chemical sciences 

organised by Indian Chemical Society.  

4. Best Oral Presentation at National Conference on Issues and Challenges in Water Treatment and 

Allied Research for Sustainable Environment (WATER 2020) organized by Centre for Environment, 

IIT Guwahati.  

5. Best Oral Presentation at Reflux 7.0, 2019 organized by Department of Chemical Engineering, 

IIT, Guwahati. 

6. Best Poster Presentation at ICANN 2019 organized by Centre for Nanotechnology, IIT Guwahati.  
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7. Best Poster Presentation at National Conference on Upstream Petroleum Engineering (NCUPE), 

2019 organized by Department of Chemical Engineering, IIT Guwahati. 

8. Best Poster Presentation at Frontiers in Chemical Sciences, 2018 organized by Department of 

Chemistry, IIT, Guwahati.  
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