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Chemically reactive protein nanoparticles for synthesis of a
durable and deformable superhydrophobic material

This research presents a facile and scalable process for developing
a nature-inspired water-repellent interface on an eco-friendly and
naturally abundant fibrous substrate, where naturally abundant and
biodegradable bovine serum albumin protein-derived chemically
reactive nanoparticles are strategically associated with cotton
fibers. This protein-based artificial superhydrophobic interface can
endure severe repetitive physical manipulations, abrasions, and
prolonged chemical exposure, and can also be used for selective
absorption of oil spills, irrespective of the density and viscosity
of the contaminating oil. Such a protein-derived biomimicking
interface is useful for developing various functional materials.
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Chemically reactive protein nanoparticles for
synthesis of a durable and deformable
superhydrophobic material}

Arpita Shome,? Adil Majeed Rather® and Uttam Manna {2 *2°

The past few decades have witnessed significant development in the field of artificially biomimicking
extremely water repellent interfaces, developed mostly through tedious synthetic processes using
synthetic/non-biodegradable polymers and fluorinated derivatives rendering health and environment
related hazards. Only a few approaches furnish superhydrophobic materials that can withstand different
harsh environments. Here, in this current design, naturally abundant and biodegradable bovine serum
albumin (BSA) protein nanoparticles and cotton fibers are rationally selected for environment-friendly
green synthesis of a highly sustainable and deformable artificial superhydrophobic material through
strategic association of facile and rapid Michael addition reactions between amine and acrylate moieties
under ambient conditions without the aid of any catalyst. This protein based nature-inspired interface
can endure severe repetitive physical manipulations, abrasions and prolonged (30 days) chemical
exposure i.e. extremes of pH, artificial sea water, river water and surfactant contaminated water. This
highly durable and compressible superhydrophobic material was successfully exploited for efficient
(above 2000 wt%), selective and repetitive removal of contaminating oils from aqueous phases under
harsh chemical conditions. Such a durable biomimicking interface derived directly from serum protein
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Introduction

Extremely water repellent interfaces are artificially synthesized
by mimicking the essential features and chemistry present in
the ‘lotus-leaf’,'* and have immense potential for resolving
various health and environment related issues, including
controlled and triggered drug delivery, tissue engineering,
antibacterial coatings, eco-friendly remediation of oil spills
etc.>*® However, mostly synthetic polymers, inorganic compo-
nents and fluorinated compounds are used to develop these
artificial superhydrophobic materials,"*® which are known to
have adverse effects on both the environment and health.” The
combination of appropriate hierarchical (micro/nano) struc-
tures and essential low surface energy coatings is the essential
criterion for developing artificial superhydrophobic
surfaces.””** Most of the hierarchical structures are inherently
fragile to various mechanical forces including physical
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following a facile synthetic approach would be useful for developing various other functional materials.

abrasion, stretching, compression etc., which results in the loss
of superhydrophobicity.”*?® Furthermore, appropriate low
surface energy coatings are generally optimized in artificially
fabricated superhydrophobic surfaces by associating with weak
chemical interactions, including metal-thiol interaction,””**
metal-ion interaction*>*° and silane chemistry,*** which are
known to be labile*® and unsustainable in practically relevant
harsh aqueous chemical conditions. Hence, many of the re-
ported superhydrophobic interfaces are inappropriate for per-
forming in practically relevant severe and diverse conditions. As
a consequence, the demonstrations of oil/water separation
under practically relevant harsh conditions are rare in the
literature.**° In the recent past, few early attempts were made
to develop artificial superhydrophobicity using naturally exist-
ing and biodegradable components including cellulose, chito-
san etc. However, the durability of these synthesized materials
under challenging conditions is a major concern, where
superhydrophobicity is compromised after washing the chito-
san derived superhydrophobic interface.*”*® Thus, the further
design of a durable superhydrophobic substrate from naturally
abundant ingredients is essential for sustainable and safe
application of this nature-inspired wettability in practically
relevant severe scenarios. Here, in this current design, a natu-
rally existing biodegradable biomacromolecule, bovine serum
albumin (BSA) protein,®***® has been strategically and unprece-
dentedly exploited for the facile and scalable synthesis of

This journal is © The Royal Society of Chemistry 2019
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a durable and highly deformable superhydrophobic coating for
eco-friendly remediation of various oil-spills in real world
scenarios.

In the recent past, BSA protein was successfully deposited on
various nanomaterials for surfactant-free stabilization of
colloidal dispersion, improving therapeutic properties, syner-
gistic therapy of tumors, exfoliation of transition metal dichal-
cogenides, photothermal therapy of cancer cells etc.*™*
Furthermore, nanoparticles of BSA have been widely exploited
for therapeutic applications.****” This economic and naturally
abundant serum protein was successfully exploited for the
synthesis of a covalently cross-linked and chemically reactive
coating (referred to as the BSA coating) on the fibrous water
absorbent cotton for developing a highly tolerant super-
hydrophobic material. In this current approach, the Michael
addition reaction that allowed a catalyst free and rapid chemical
reaction, between amine and acrylate groups under ambient
conditions,*®™° is used for covalently integrating the BSA
protein nanoparticles, and the residual acrylate groups in the
BSA-coating provided a facile basis for post-covalent modifica-
tion with primary amine containing small molecules. This
simple process eventually yielded durable superhydrophobicity,
and the synthesized material is efficient in sustaining repetitive
physical deformations, prolonged (30 days) exposure to UV
radiation and various other practically relevant chemically
severe challenges without compromising the embedded
extreme water repellency.

Results and discussion
Synthesis of chemically reactive BSA protein nanoparticles

In the past, the nanoparticles of serum proteins were mostly
synthesized following the standard desolvation technique,
where the protein nanoparticles are desolvated by the addition
of ethanol followed by covalent cross-linking with glutaralde-
hyde molecules.***” In our current approach, the BSA protein
nanoparticles (10 mg mL ") that were synthesized by adding
ethanol were strategically exposed to dipentaerythritol penta-
acrylate (5Acl), instead of glutaraldehyde as shown in Fig. 1A,
to develop the chemically reactive and covalently cross-linked
protein nanoparticles. The amine groups in the BSA protein
readily react with acrylate groups through a Michael addition
reaction under ambient conditions,**** without the aid of any
catalyst as shown in Fig. 1B, and this strategic cross-linking of
BSA nanoparticles using multifunctional small molecules
(5Acl) provided residual chemical reactivity to the granular BSA
nanoparticles (average diameter: 487 nm =+ 16.85). The
appearance of the IR peaks due to (a) the asymmetric C-H
stretching (at 1410 cm ™) of B carbon of the vinyl group and (b)
stretching of the carbonyl group (at 1736 cm™') together
revealed the presence of unreacted acrylate groups in the BSA
nanoparticles as shown in Fig. 1D.* Hence, these residual
acrylate groups provided further scope for post-covalent
modification with primary amine containing small molecule
i.e. ODA. The treatment of these reactive BSA nanoparticles
with octadecylamine (ODA) resulted in the change of zeta
potential from —10.9 mV to —5.03 mV at pH 7. The long
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Fig. 1 (A) Schematic illustrating the formation of the chemically
‘reactive’ bovine serum albumin nanocomplex by desolvating BSA
protein from aqueous media using ethanol followed by covalent
cross-linking through a Michael addition reaction (B). (C) DLS data
showing the size of the ‘reactive’ BSA nanocomplex. Inset is the FESEM
image of the covalently cross-linked BSA nanocomplex. (D) FTIR
spectra of a BSA nanoparticle (violet) after covalent cross-linking
(black) with 5Acl molecules, and after post-modification with octa-
decylamine (red). The peaks at 1736 cm~* and 1410 cm ™! correspond
to the carbonyl stretching and symmetric deformation of the C-H
bond for the B carbon of the vinyl group, respectively.

hydrocarbon tail of attached ODA molecules is likely to screen
the surface charge of the BSA protein nanoparticles. Further-
more, the significant depletion in the IR peak intensity for the
asymmetric C-H stretching (at 1410 cm™ ") of B carbon of the
vinyl group with respect to the carbonyl stretching strongly
suggested the covalent reaction between the chemically reac-
tive protein nanoparticles and ODA through a Michael addi-
tion reaction under ambient conditions. The stretching
vibration of carbonyl groups provided internal reference for
this Michael addition reaction as the carbonyl moiety
remained unaltered during the course of this mutual reaction
between acrylate and amine groups; however, the vinyl moiety
of the acrylate groups is compromised. This FTIR character-
ization and zeta potential analysis unambiguously revealed the
unprecedented synthesis of primary amine reactive BSA
nanoparticles.

Development of protein-derived superhydrophobicity

This simple synthetic approach of catalyst-free covalently
cross-linked and chemically reactive protein nanoparticles

Nanoscale Adv., 2019, 1, 1746-1753 | 1747
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was extended for developing nature-inspired durable super-
hydrophobicity. In the presence of naturally abundant fibrous
medical cotton, the same desolvation process was repeated
for directly depositing the BSA nanoparticles on the selected
fibrous substrate. Upon addition of ethanol, (a) BSA nano-
particles were immediately deposited on the fibrous
substrate, and (b) upon treatment with 5Acl molecules,
a covalently cross-linked uniform coating of BSA nano-
complexes on the selected fibrous substrate was formed as
characterized by FESEM imaging (Fig. 2A and B). The gran-
ular domains randomly aggregated and provided the essen-
tial hierarchical topography for achieving extreme water
repellency. The uncoated. i.e., pristine cotton otherwise has
a smooth and uniform surface as shown in Fig. S1G.{ On the
other hand, the 5Acl treated BSA coating that consists of
residual acrylate groups provided a facile basis for covalent
modulation of essential chemistry in the deposited BSA
coating on the fibrous substrate through appropriate primary
amine containing small molecules. Octadecylamine (ODA)
molecules that consist of a long hydrocarbon tail (-C;5H;oN)
and primary amine group were strategically and covalently
integrated with this hierarchically featured and chemically
reactive BSA coating through a 1,4-conjugate addition reac-
tion for adopting the appropriate chemistry to confer extreme
water repellency. An optimum concentration of BSA, i.e., 10
mg mL™' is required to ensure uniform formation and
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C-H Stretching
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deposition of the nanoparticles. Concentrations less than the
optimized value, i.e., 3 mg mL ™", 5 mg mL~' and 7 mg mL ™"
failed to provide a superhydrophobic interface as the
percentage of nanoparticle deposition is exceedingly reduced.
Only 1.56 wt%, 3.42 wt%, and 4.31 wt% of BSA nanoparticles
were deposited for 3 mg mL™', 5 mg mL " and 7 mg mL ™"
concentrations of BSA solution respectively, whereas 7%
deposition was calculated for 10 mg mL ™' concentration of
BSA. After post-chemical modification with octadecylamine
(ODA), the BSA derived coating that was prepared with a lower
concentration (3 mg mL™') of BSA is hydrophilic (water
contact angle (WCA) of 80°) and higher concentrations of BSA
provided hydrophobic coatings with a WCA of 115° (5 mg
mL™") and 140° (7 mg mL™") as shown in Fig. S1A-F.} The
FESEM images of the BSA derived coating that was prepared
using 7 mg mL ™" concentration of BSA revealed the lack of an
appropriate topography that is essential to display super-
hydrophobicity as shown in Fig. S1H.T Next, the presence of
residual acrylate groups and the post-covalent modification
of the chemically reactive BSA coating with ODA molecules
were characterized with standard and widely recognized FTIR
analysis as shown in Fig. 2C.* The appearance of IR peaks at
1410 cm™ " and 1710 ecm ™' and the reduction in the intensity
of the IR peak at 1410 cm ™' with respect to the IR peak at 1710
cm ™' upon treatment with ODA unambiguously suggested
the existence of residual acrylate functionalities in the BSA
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Fig. 2

(A and B) FESEM images of the BSA nanocomplex coated cotton fibres at low (A) and high (B) magnifications. (C) FTIR spectra depicting the

BSA nanocomplex coated cotton before (red) and after (black) treatment with octadecylamine. (D and E) Digital image (D) and static water
contact angle (E) of a beaded water droplet on the BSA protein derived superhydrophobic cotton. (F) Digital image showing a shiny interface
when the superhydrophobic cotton was submerged under water, and the shiny interface revealed the existence of metastable trapped air. (G)
Digital image illustrating the bouncing of a stream of water from the superhydrophobic cotton.
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coating and the mutual covalent reaction between the
primary amine groups of ODA and the residual acrylate
groups of the BSA coating respectively. The water wettability
was examined on this synthesized material wherein a dyed
(aids visual inspection) aqueous droplet (15 pl) was extremely
repelled by this ODA treated BSA coating with a static contact
angle of ~157° as shown in Fig. 2D and E. The shiny interface
(Fig. 2F) of the synthesized material underwater suggested
the presence of an external phase, i.e., metastable trapped air,
which contributed to its extreme heterogeneous water
wettability. A stream of aqueous phase immediately bounced
away upon touching the BSA protein derived super-
hydrophobic cotton as shown in Fig. 2G and Movie 1.7 This
simple demonstration revealed the existence of nonadhesive
superhydrophobicity.

Physical and chemical durability of the synthesized
superhydrophobic interface

Various practically relevant standard physical and chemical
challenges were adopted for investigating the durability of the
embedded extreme water repellency in the BSA protein derived
superhydrophobic material in severe scenarios. First, different
physical manipulations, i.e., bending, creasing, twisting and
winding, were performed on this nature-inspired protein
derived fibrous substrate and it was found that the extremely
water repellent property remained intact with a static contact
angle of ~156° and a contact angle hysteresis of ~7° as shown
in Fig. 3A-F and S2.} Furthermore, severe physical abrasion
tests, i.e., adhesive tape test, sand paper abrasion and finger
wiping tests, were also carried out on the synthesized super-
hydrophobic material; however, the anti-wetting property
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remained intact with a static water contact angle above 155°
and a contact angle hysteresis of ~8° as shown in Fig. 3G-L
and S3.f The FESEM images acquired after performing the
adhesive tape test and sand paper abrasion revealed the
presence of essential hierarchical topography which attributed
to the intact water repellency as shown in Fig. S4A and B.t
These demonstrations unambiguously suggested the existence
of highly tolerant superhydrophobicity in the BSA protein
derived coated medical cotton. Next, this superhydrophobic
cotton was manually separated into four individual pieces
arbitrarily and the water wettability was examined on these
freshly exposed interfaces. The interiors of the synthesized
material were also capable of displaying extreme water repel-
lency with a water contact angle above 155° and a contact angle
hysteresis of ~8° as shown in Fig. S5A.f These simple
demonstrations revalidated the uniform deposition of the BSA
derived coating with essential topography and chemistry,
which allowed it to exhibit nature-inspired super-
hydrophobicity. Next, the as-synthesized superhydrophobic
cotton was physically deformed applying different compres-
sive strains, and the impact of the severe physical deformation
on the nature-inspired water wettability was examined in
detail as shown in Fig. 4A. The applied compressive strain on
the synthesized material was increased from 0% to 80%
without compromising the embedded nonadhesive super-
hydrophobicity, and the red colored aqueous droplet beaded
on the highly compressed superhydrophobic cotton with
a water contact angle above 155° and a contact angle hysteresis
below 10° as shown in Fig. 4A. On releasing the applied load,
the material restored its initial shape and size, and its water
repellency remained unperturbed with a static contact angle of
~153° as shown in Fig. S3A-C.7 This BSA protein derived

Fig. 3 Digitalimages (A, B, D and E) and contact angle images (C and F) depicting various physical manipulations, i.e., twisting (A—C) and winding
(D—F) of the BSA derived superhydrophobic cotton. Digital images (H and K) and contact angle images (I and L) showing the impact of different
abrasive physical durability tests—adhesive tape test (G) and sand paper abrasion test (J)—on the protein derived superhydrophobicity.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4

(A) The plot showing the advancing contact angle (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 super-

hydrophobic cotton with various compressive strains—including 0% (left), 40% (middle) and 80% (right). (B) The plot illustrates the advancing
contact angle (black) and contact angle hysteresis (red) of the protein coated superhydrophobic cotton after repetitively squeezing the material
with 80% deformation for 1000 cycles. (C) Plot showing the advancing contact angle (black) and contact angle hysteresis (red) of the super-
hydrophobic cotton exposed to UV radiation for 30 days. Inset images of beaded water droplets on the substrate before and after prolonged UV
irradiation. (D) Plot showing the impact of various severe chemical exposures including acidic (pH 1, grey), alkaline (pH 12, orange), anionic (SDS,
black) and cationic (DTAB, red) surfactant contaminated water, artificial sea water (blue) and river water (green) on the extremely water repellent

property of the superhydrophobic cotton for 30 days.

superhydrophobic and spongy cotton was successively
squeezed with 80% compressive strain 1000 times; however,
the material remained capable of displaying uninterrupted
superhydrophobicity with an advancing water contact angle
above 155° and a contact angle hysteresis below 10° as shown
in Fig. 4B. This highly compressible superhydrophobic mate-
rial that is capable of sustaining repetitive physical deforma-
tion is of potential interest for absorption based eco-friendly
remediation of oil spills under severe practical conditions.
This aspect will be discussed later in more detail. Another
important durability test was performed on this synthesized
material, where the superhydrophobic cotton was kept under
UV radiation (at A,ax = 254 nm and 365 nm) for 30 days, and
the water wettability was examined at regular time intervals for
examining the stability of the embedded superhydrophobicity.
The prolonged UV light irradiated superhydrophobic cotton
continued to display extreme water repellency and the water
droplets (inset of Fig. 4C) beaded with an advancing water
contact angle above 158° and a contact angle hysteresis below
10° as shown in Fig. 4C. The superhydrophobic cotton was also
exposed to various practically relevant chemically challenging
conditions, i.e., extremes of pH, artificial sea water, river water
and even surfactant contaminated aqueous phases for 30 days;

1750 | Nanoscale Adv., 2019, 1, 1746-1753

however, the embedded superhydrophobicity remained intact
with an advancing water contact angle of above 155° and
a contact angle hysteresis below 10° as elucidated in Fig. 4D.
This unperturbed biomimicked wettability indicating the
coexistence of appropriate topography and essential chemistry
in the treated material.

Absorption based selective removal of various oil spills under
severe conditions

These extremely water repellent interfaces were noticed to be
inherently superoleophilic with an oil contact angle of 0° as
shown in Fig. S5 and Table S1.7 This selective and extreme
affinity (oil/oily phase) and repellency (aqueous phase) of the
synthesized material towards two distinct liquids phases (oil
and water) provided a facile basis to extend this durable
superhydrophobic material for the eco-friendly remediation
of oil/oily pollution from aqueous phases. As a proof of
concept demonstration, a droplet of floating oil, i.e., motor oil
at an air/water interface was selectively removed using the BSA
derived superhydrophobic cotton as shown in Fig. 5A-C, S6A-
D and Movie 2,1 where the oil phase was selectively and
rapidly absorbed by the as-synthesized material, and the

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Digital images (A-C) illustrating the absorption based separation of light oil (motor oil) and heavy oil (DCE, D—F) from aqueous phases
using superhydrophobic cotton, and the absorbed oils were collected back by simply squeezing the material. (G) The plot showing the capacity
of the superhydrophobic cotton to absorb oils having a wide range of densities and viscosities. (H) The plot illustrating the oil separation effi-
ciency of the superhydrophobic cotton for the removal of both model heavy (chloroform, black) and light (ethylacetate, red) oils from oil/water
mixture 50 times. (I) The plot showing the oil separation efficiency of the BSA derived superhydrophobic cotton in the separation of both light
(red) and heavy (black) oils under various practically relevant and severe conditions—including pH 1, pH 12, surfactant contaminated water, river

water and sea water.

absorbed oil was collected back by squeezing the super-
hydrophobic cotton. Furthermore, this material is capable of
removing selectively sediment oil under water as shown in
Fig. 5D-F, S7A-E and Movie 3.1 The oil/water separation for
silicone oil and crude oil has been illustrated in Fig. S6E-L.T
The oil absorption capacity was found to be more than 2000
wt%, irrespective of the density (heavy and light oils; from
0.83 gcm ® t0 1.49 g cm ™ ?) and viscosity (from 0.428 cP to 244
cP; see Fig. S8Bt) of used oils (i.e. motor oil, silicone oil, ethyl
acetate, crude oil, dichloroethane and chloroform) as shown
in Fig. 5G. Next, the oil absorption capacity of the protein
derived superhydrophobic cotton was investigated in the
presence of various severe chemical conditions including
extremes of pH, sea and river water and surfactant contami-
nated water, where oil/aqueous mixtures were prepared using
both heavy (chloroform) and light (ethylacetate) oils. The oil
absorption capacity remained above 2000 wt%, in the pres-
ence of the various severe practically relevant challenges as
shown in Fig. S8A.f The repetitive use of the BSA derived
superhydrophobic cotton for the removal of oil spillages was
also examined wherein the cotton was used for the separation
of oil from water followed by squeezing out the oil. The same
material was reused for repetitive separation of oil/water

This journal is © The Royal Society of Chemistry 2019

mixtures and interestingly, the oil separation efficiency
remained above 95% even after 50 cycles of subsequent reuse
of the protein derived material in selective collection of either
light or heavy oils as shown in Fig. 5H. After successive (50
times) uses of the protein based superhydrophobic coating, it
continued to display extreme water repellency with an
advancing contact angle above 150° and a contact angle
hysteresis below 10° as shown in Fig. S9.f The oil separation
efficiency was also calculated under various harsh chemical
conditions, i.e., extremes of pH, seawater, river water and
surfactant contaminated water using both heavy (chloroform)
and light (ethylacetate) oils, and the oil separation efficiency
remained above 95% irrespective of the imposed chemical
challenges as shown in Fig. 5. Hence, this naturally derived
superhydrophobic cotton can be used under harsh practical
conditions without compromising the embedded water
repellent property. The oil absorption capacity was noticed to
be significantly higher compared to recently developed
superhydrophobic materials.*>** Furthermore, this BSA
protein derived functional material can be strategically used
for post-loading, followed by sustained release of selected
bioactive drug molecules®* for various biomedical
applications.

Nanoscale Adv., 2019, 1, 1746-1753 | 1751
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Conclusion

To summarize, for the first time, a facile and scalable process
for developing a nature-inspired water-repellent interface on an
eco-friendly and naturally abundant fibrous substrate with
a biodegradable protein macromolecule has been developed.
The naturally synthesized bovine serum protein was rationally
integrated for developing the essential hierarchical topography,
and further, covalent modulation of appropriate chemistry
conferred artificial superhydrophobicity. The BSA protein
derived artificial superhydrophobic material was capable of
sustaining repetitive (1000 times) and high (80%) compressive
strain, different physical manipulations (e.g., bending, creasing,
twisting), various abrasive (adhesive tape test, abrasive sand
paper abrasion etc.) physical challenges, prolonged exposure
(30 days) to UV radiation and various severe chemical expo-
sures, Le., extremes of pH, surfactant contaminated aqueous
phases, artificial sea water, river water, etc. Moreover, the as-
synthesized superhydrophobic material was further exploited
for selective absorption (efficiency above 2000 wt%) based eco-
friendly remediation of oil spills repetitively, irrespective of the
density and viscosity of the contaminating oil/oily phases under
various practically relevant challenges. This current approach
has immense potential for developing different functional
materials for various applications in practically relevant
scenarios.
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