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The development of new active biocompatible materials and devices is a current need for their
implementation in multiple fields, including the fabrication of implantable devices for biomedical
applications and sustainable devices for bio-optics and bio-optoelectronics. This paper describes
a simple strategy to use designed proteins to develop protein-based functional materials. Using simple
proteins as self-assembling building blocks as a platform for the fabrication of new optically active
materials takes previous work one step further towards the design of materials with defined structures
and functions using naturally occurring protein materials, such as silk. The proposed fabrication strategy
generates thin and flexible nanopatterned protein films by letting the engineered protein elements self-
assemble over the surface of an elastomeric stamp with nanoscale features. These nanopatterned
protein films are easily transferred onto 3D objects (flat and curved) by moisture-induced adhesion.
Additionally, flexible nanopatterned protein films are prepared by incorporating a thin polymeric layer as
a back support. Finally, taking advantage of the tunability of the selected protein scaffold, the flexible
protein-based surfaces are endowed with optical functions, achieving efficient lasing features. As such,
this work enables the simple and cost-effective production of flexible and nanostructured, protein-
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Introduction

Active biocompatible materials and devices are emerging as
a new cornerstone in multiple sectors including healthcare,
energy, lighting, information, computer technology, and envi-
ronmental monitoring.* A variety of bioinspired strategies have
recently emerged to develop universal fabrication methodologies
to create new functional biomaterials with improved properties
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based, optically active biomaterials and devices over large areas toward emerging applications.

and potential uses.*” Bioinspired materials are capable of rec-
reating processes that occur in nature, where complex structures
emerge from the combination of small components through self-
assembly, and display a broad variety of functionalities. Although
these bioinspired fabrication approaches have opened new
routes toward the scalable production of biocompatible multi-
functional systems in biooptics* and lighting,® the development
of protein-based devices is still in its infancy. Significant progress
has been made using proteins that encompass the building
blocks of natural protein-based materials, mostly silk fibroin.”
Silk fibroin materials have been fabricated using various strate-
gies, including spin coating, soft lithography, inkjet printing,
and contact printing, of silk solutions.'*™* These pioneering
studies illustrated the great potential of bioinspired building
blocks for the fabrication of active functional materials.
However, the use of natural materials usually requires several
pre-processing steps, which are often complex and involve costly
equipment, hampering their reproducibility in low-resource
laboratories.* Although there is an increasing understanding of
the interactions and processes that govern the structuration of
biomolecules,¢ it remains insufficient, and the state-of-the-art
research in the field of fabrication of hybrid biomaterials and
devices relies on trial-error assays.

This journal is © The Royal Society of Chemistry 2019
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Protein engineering enables the creation—in addition to the
naturally occurring building blocks—of protein-based synthetic
building blocks, and significantly enhances reproducibility
rates and facilitates the rational design and assembly of func-
tional biomaterials.**” Modular building blocks with simple
intermolecular interactions allow for better control of the
assembly,"®*® synthesis of different nanomaterials,*® and even
3D structures®® by using simple building blocks with well-
described intermolecular interactions, such as coiled-coils and
amyloid peptides.®»*® Engineered building blocks enable the
control over the organization from the simplest to more
complicated structures. This is achieved using a bottom-up
strategy based on highly specific biomolecular interactions,
which facilitate the nanometer-scale arrangement of bio-
components, tailoring their final features and functional-
ities.>** Moreover, engineered proteins display similar
biocompatibility, biodegradability, and water-processability to
their naturally occurring counterparts. Owing to their easily
tunable structure, stability, self-assembly properties, and func-
tional reactivities, engineered proteins constitute a promising
biocompatible alternative for the fabrication of the next
generation of bioinspired functional materials.

To study how small engineered proteins perform as building
blocks for materials engineering, we chose a well-characterized
system based on an engineered repeat protein domain, the
consensus tetratricopeptide repeat (CTPR) proteins.>® CTPR
proteins are formed by a variable number of identical repeated
modules, each one comprising 34 amino acids that fold in
a helix-turn-helix motif.>*** Their modular architecture allows
the elongation of the basic structural unit by varying the
number of repeats. CTPR proteins adopt a superhelical struc-
ture with eight repeats per superhelical turn,**-** whose stability
is determined by the number of repeats.**** In previous studies,
we demonstrated the self-assembly properties of CTPR proteins
into nanofibers and thin films, which retained the architectural
and functional features of the individual proteins under these
conditions.**** In particular, CTPR-based solid films are
mechanically robust and present hierarchical anisotropic
mechanical properties that can be tuned by the constituent
molecules.***” This adds an extra advantage over other broadly
studied biomaterials like, for example, those based on silk
fibroin. In addition, we have shown that CTPR-based proteins
can encode diverse recognition activities,*®** and can be further
endowed with other functional elements,*”****> which can be
exploited to introduce new functionalities in the final
biomaterial.

In combination with bottom-up self-assembly approaches, it
is interesting to explore simple top-down fabrication techniques
that are usually applied to polymeric materials, such as replica
molding, in the context of protein-based materials. Providing
these biocompatible functional materials with nanoscale
structures will add an extra level of complexity and open the
door to applications that require nanostructuration, such as the
development of optically active devices. However, many current
techniques in nanofabrication are used in the semiconductor
and electronics industry,*® and their adaptation to other fields
of research such as biology,** organic electronics,*®
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plasmonics,*” or catalysis,***® in which unconventional, soft, or
degradable materials and substrates are used, represents
a challenge.*

Unconventional nanofabrication techniques, such as soft
lithography performed using elastomeric stamps, provide
a simple, affordable, and versatile alternative to traditional lift-
off methods to produce micro- and nano-scale patterns over
large areas.***"* Particularly, soft replica molding enables the
simple transfer of nanostructures from a patterned poly-
dimethylsiloxane (PDMS) stamp to a substrate by placing
a molding agent—typically referred to as “ink”—between the
stamp and sample. With the appropriate choice of stamp, the
final resolution of soft replica molding at room temperature is
only limited by van der Waals forces.*® A variety of soft litho-
graphic techniques have been proposed to pattern biological
materials, such as biomolecules, proteins, or nucleic acids,
providing also control over the surface chemistry of the
patterned substrate.**** Similar approaches have already been
applied to control the structure of cellulose and silk-based
materials,**® but have not been implemented in engineered
building blocks.

Here, we explore the potential of engineered proteins to
develop photoactive protein-based devices using a fabrication
strategy that combines a bottom-up (functionalization of the
protein-based unit cells) and a top-down (topographically
guided molding) approach. This novel system combines the
advantages of soft nanolithographic techniques and self-
assembly of modular repetitive proteins as building blocks. In
addition, we developed a mild crosslinking protocol that
preserves the topographical features in an aqueous environ-
ment. The strategy is fully performed in an aqueous environ-
ment, preserving the structure and function of the constituent
protein building blocks, and allowing the direct incorporation
of different functional moieties. Thus, we were able to introduce
a new functionality focusing on laser applications by incorpo-
rating a lasing dye into the functionalized protein films to
provide the capability to absorb, emit, confine, and amplify
light. The results of this work open up new perspectives for
light-management in devices based on engineered recombinant
proteins with a broader range of applications given the versa-
tility of the methodology presented, and its potential imple-
mentation in other protein systems that may add different
competitive advantages.

Overall, our technique to fabricate flexible and conformable
nanopatterned protein layers over large areas has the potential
to unveil new concepts at the interface of protein engineering,
materials sciences, and biocompatible functional nanodevices.
The possibility of generating fully biodegradable protein
materials patterned on the nanoscale will pave the way towards
the development of biosensors, bio-optics, lasers, nano-
electronics, plasmonics, implantable devices, tissue engi-
neering, and fundamental studies in cell biology.

Results and discussion

To explore the potential of designed proteins to create nano-
patterned biomaterials capable of acting as active optical

Nanoscale Adv., 2019, 1, 3980-3991 | 3981


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00289h

Open Access Article. Published on 21 August 2019. Downloaded on 1/24/2026 12:47:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

devices, we use a designed protein system that exhibits large-
scale self-assembling properties. Fig. 1 shows the topology-
guided self-assembly strategy followed to create flexible nano-
patterned films of engineered proteins. We cast a 0.4-3% water
solution of CTPR protein onto the nanopatterned surface of the
elastomeric stamp and allowed the water of the solution to
slowly dry at room temperature, similarly to previously
described protocols for generating CTPR protein films—see the
Experimental section for more details.”” After 5 h, the solvent
evaporates and generates a thin CTPR film (~5 pm) that can be
easily transferred to wet surfaces via moisture-induced adhe-
sion. A thin layer of polymethylmethacrylate (PMMA) was
deposited onto the unpatterned side of the film while this was
still on the stamp to facilitate its handling (Fig. 1C and D). CTPR
thin films can also be directly printed over any substrate by
pressing the aqueous protein solution with the elastomeric
stamp for 5 h over the target surface (Fig. 1E). After the protein
film is dry, the PDMS stamp could be easily peeled off from the
film exposing its patterned surface. We combined structural
and optical methodologies to verify the structural integrity and
high-resolution successful patterning of the protein films.

The optimum protein concentration required to create
homogeneous nanopatterned films is a trade-off between the

A PDMS stamp on glass slide B Protein casting

vy YYY

D Flexible nanostructured protein film on E
PMMA layer

Transferring nanostructured protein
films onto curved objects

Fig. 1 Schematic strategy for obtaining nanostructured protein films.
(A) PDMS stamp over a microscope slide covered with a plastic film in
order to facilitate the stamp removal. (B) A solution of concentrated
protein with PEG is deposited over the PDMS stamp and dried at room
temperature. (C) Once the protein film is formed, a drop of 10% liquid
PMMA is deposited over the film and dried at 70 °C. (D) When dried, the
PMMA-protein film could be easily peeled off from the PDMS stamp.
(E) As proteins display good adhesion properties, a glass support can
be used instead of PMMA, and in this case the protein film is directly
transferred to the surface of the glass. As an example, a protein film has
been stamped on a glass bottle.
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large protein packing degree to completely fill the nanofeatures
on the stamp and the viscosity required to facilitate the
appropriate flow of molecules inside the stamp channels
(Fig. 1A and B). Bearing this in mind, a range of concentrations
from 0.4 to 3% (w/v) of purified CTPR10 protein, a consensus
CTPR protein with 10 identical repeats,***® were tested in the
formation of nanopatterned films. The generation of contin-
uous and homogeneous patterned protein films was first eval-
uated under an optical microscope, confirming the formation of
patterned films at CTPR10 concentrations from 0.4% to 3%.
Protein concentration below 0.4% leads to heterogeneous
discontinuous films. A CTPR10 concentration of 1.5% was
chosen for detailed characterization, as it led to the highest film
homogeneity and reproducibility with the lowest film thickness
(~1 pm).

The nanopatterned CTPR films prepared by replica molding
are highly transparent and flexible (Fig. 1D). Immediately after
peeling the stamp from the nanopatterned CTPR film, charac-
teristic iridescent reflections can be observed due to the
diffraction of light by the protein nanofeatures on the film
(Fig. 1D and E). We used this observation as the first evidence to
verify that the molding process worked effectively. It is worth
highlighting that adding a PMMA layer as a back support for the
nanopatterned CTPR film is only required to facilitate the
manipulation of the films, and that the free-standing protein
films can also be fabricated and transferred to surfaces by
simply omitting this back support. Also, as proteins display
excellent adhesion properties, we can generate the films directly
on substrates like quartz, polymers, glass, etc. Fig. 1E shows the
lateral wall of a glass bottle coated with a nanopatterned CTPR
film, demonstrating the good adhesion and conformability of
CTPR films created on hydrophilic curved surfaces.

Importantly, the protein structure was altered neither during
the film casting process, as demonstrated previously,”” nor
during the nanopatterning process. We evaluated the protein
structure in the patterned films by circular dichroism observing
that the secondary structure of the CTPR protein remained
helical, showing no evidence of structural alteration during the
casting and drying processes (Fig. 2A). Furthermore, X-ray
diffraction of patterned films showed the most intense broad
signal at 26 around 20° and a minor peak around 10° (Fig. 2B),
and these values with a d-spacing of about 1 nm are similar to
the values that have been previously reported for CTPR unpat-
terned films, which confirms the presence of the signature
peaks ascribed to lamellar packing of CTPR proteins and indi-
cates the directional order.**” These results are critical for
further ordered functionalization of the protein films using the
protein structure as a template to fabricate precisely organized
functional elements.

The nanopatterned protein films were first imaged after
removal of the PDMS stamp under an optical transmission
microscope, revealing in the samples patterned surfaces as
large as 1 cm? The surface morphology, topography, and
roughness were characterized by scanning electron microscopy
(SEM) and atomic force microscopy (AFM) techniques. SEM
images revealed that the protein films accurately replicated the
nanopatterns on the PDMS stamp (Fig. 3), and that the films are

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Structural characterization of the protein films. (A) Circular
dichroism spectra of the nanostructured CTPR protein film deposited
on a sandwich quartz cuvette. (B) X-ray diffraction spectra of the
nanostructured CTPR protein film.

free-standing (Fig. 3B). Additionally, the nanopatterned film
maintained the structural integrity for at least 6 months after
fabrication, which provides additional value to the system

A PDMS stamp Protein replica

Fig. 3 Scanning electron microscopy characterization of the nano-
structured protein films. (A) SEM micrographs showing a comparison of
the surface of the PDMS stamp and the surface of the protein patterned
film, in which the nanostructure patterns are perfectly replicated. (B)
From left to right, the optical image and SEM image of the film cross-
section; the patterned protein films are self-standing. On the right
a higher magnification SEM image of the protein film is shown.
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(Fig. S11). Using AFM, an area of 50 x 50 um®> was imaged
(Fig. 4). The profiles of four different areas of 10 x 10 pm®
scattered across a larger zone demonstrate the uniform
topology of the protein nanopatterns throughout the film. The
protein nanofeatures exhibit a height of ~120-130 nm, while
the nanoscale features on the PDMS stamp used as a template
for the self-assembly of the protein have a height of ~140 nm.
This difference in height may be due to the shrinking caused by
the evaporation of water from the protein structure of the film
(Fig. 4A). The nanostructures of both the stamp and the molded
protein film exhibited a pitch of 700 nm. We compared a section
and the reconstruction of 2 x 2 um? of the PDMS stamp
(Fig. 4B) and the patterned protein film (Fig. 4C). Using high-
resolution AFM microscopy, we found that the root-mean-
square roughness of the protein film on top of the pattern is
below 10 nm.

The low feature variation that soft replica molding provides
over the relatively large area of the nanopatterned CTPR film
enables the development of uniform bioactive elements for
optical applications. UV-Vis characterization showed that the
film presents high transmittance values (up to 95%) across the
visible region (from 300 to 800 nm) (Fig. 5A). As expected for
a protein film, absorption from the high content of aromatic
amino acids was observed in the 200-300 nm range, in which
the characteristic peak corresponding to the absorption of the
proteins appeared at 280 nm (Fig. 5A). These parameters are
similar in patterned and non-patterned protein films, present-
ing in both cases the characteristic high transmission of CTPR
protein films. The real part of the refractive index of the mate-
rial at different wavelengths shows a characteristic tail (Fig. 5B)
with the refractive index values ranging from 1.518 to 1.552
across the visible spectrum. These optical parameters lay in
a similar range to that of most transparent optical glasses,*
thus allowing the implementation of the nanopatterned CTPR
films in conventional optical applications requiring highly
transparent materials with a well-defined refractive index.

Some interesting biomedical applications for these nano-
patterned films involve their use in aqueous environments. In
their current form, nanopatterned CTPR films quickly degrade
when in contact with any aqueous solution due to the high
solubility and weak non-covalent interactions of the integrating
proteins. This property can be advantageous for the develop-
ment of transient washable devices; however, for other appli-
cations there is a need for water-resistant films.

We infused glutaraldehyde (GA) through vapor diffusion over
the nanopatterned CTPR film before its unmolding from the
PDMS stamp to create a mild chemical crosslink across the
proteins which made the nanostructured CTPR films water
resistant—see the Experimental section for more details. We
characterized the structural integrity of the nanostructures of
the GA-crosslinked CTPR films using optical microscopy. The
height and pitch of the nanopattern were unaltered and
remained uniform throughout the entire film after GA exposi-
tion (Fig. 6B), when compared to untreated films (Fig. 6A).
Likewise, optical features like transmittance and refractive
index remained constant. We tested the efficiency of the
chemical cross-linking process by immersing the films in

Nanoscale Adv., 2019, 1, 3980-3991 | 3983
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PDMS stamp

Protein replica

Fig. 4 AFM characterization of the nanostructured protein films. For a PDMS stamp (A) and the protein replica (B), AFM images of 2 x 2 pm? and
a height profile are shown. The cross-section of the replica shows a perfect replication of the nanopatterns on the protein film, with a height of
approximately 140 nm and a periodicity of 700 nm (C). The top panel shows a 50 x 50 pum? image acquired by AFM, in which the film patterns can
be observed. The black squares show the four areas of 10 x 10 um? that were selected to evaluate the topography of the surface. The bottom
panels show the AFM profiles of the four areas selected, revealing a regular topography, with heights around 140 nm.

a large amount of stirred warm water (~37 °C) for 1 h. The
structural integrity of the nanopatterned CTPR film remained
unaltered after this solubility test (Fig. 6C and S2t). Moreover, it
is worth mentioning that the lamellar packing of the film is also
unaltered upon cross-linking and even under moisture condi-
tions, i.e. upon water immersion, as shown by X-ray diffraction
(Fig. S371). Finally, the circular dichroism spectrum of the
crosslinked film showed that mild GA crosslinking did not
affect the protein structure (Fig. 6D). Therefore, this cross-
linking procedure makes it possible to use these protein films in
applications requiring the presence of aqueous media, further
expanding the potential uses of nanostructured CTPR films.

After demonstrating the possibility of controlling both the
topology and the solubility of the CTPR films, we expanded the
functionality of these systems from the mere biomolecular
recognition surfaces. We transformed nanostructured CTPR
films into active optical components using a simple yet effective
bottom-up approach consisting of the fabrication of nano-
structured protein films using CTPR proteins functionalized
with rhodamine 6G (Rh6G), an efficient organic fluorescent dye
commonly used in laser cavities.®

Note that our first top-down attempt to dope CTPR films with
Rh6G resulted in a heterogeneous distribution of dye molecules
within the protein films, significantly decreasing their efficiency

3984 | Nanoscale Adv., 2019, 1, 3980-3991

as optical elements.®"*> We then used a bottom-up approach to
achieve the covalent attachment of the dye to the protein
following a procedure that proved to be successful for the
functionalization of CTPR with porphyrins.*** The self-
assembly properties of the CTPR-Rh6G conjugate proteins
remained unaltered, allowing for the generation of nano-
patterned protein films using the replica molding method
described above. The resulting nanopatterned CTPR films
exhibit structural features indistinguishable from those of the
nanopatterned CTPR protein films. The emission features of
Rh6G in the nanopatterned films were characterized to deter-
mine that their integration in the protein material did not
hamper its function for lasing application—see the Experi-
mental section for more details. Protein films with covalently
linked Rh6G exhibited excitation and emission spectra peaking
at 556 and 591 nm, respectively (Fig. S47).

Both spectra resemble those of the corresponding CTPR-
Rh6G conjugate solutions except for a slight dielectric red-shift
and broadening in films, confirming minor dye aggregation in
protein films (Fig. 7A). This is also confirmed by comparing
other figures like the radiative rate constants and photo-
luminescence quantum yields (PLQYs). In short, the PLQY of
Rh6G in solution is ca. 32%, whereas in thin films for lasing
applications a significant reduction up to <1% is observed due

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Optical properties of protein films. (A) Transmittance spectrum
of a nanopatterned CTPR protein film of approximately 1 um thickness
over the UV-visible range showing values up to 95%. The inset shows
the high transparency of the protein film. (B) Wavelength dependence
of the refractive index of a spin-coated protein film. The plot is ob-
tained from measurements of y and 4 at each wavelength on an
ellipsometer.

to aggregation-induced emission quenching. In stark contrast,
the CTPR-Rh6G conjugate showed a PLQY of 24.5% in solution
and 17% in thin films. In addition, time-resolved fluorescence
constants are similar in solution and films for the CTPR-Rh6G
conjugates, concomitant to an increase in the non-radiative
decay rates in films (6.2 x 10® s~*) with respect to solution (2.5
x 10® s7') (Fig. S5 and Table S1t). Furthermore, the photo-
stability of the films was studied under constant irradiation at
505 nm (6.6 mW cm %) in air, showing a remarkable stability for
ca. 100 h. The mechanical stability of these films was tested
taking into account optical (emission band shape and PLQY
values) and morphological (roughness and crack formation)
changes under bending stress (single cantilever, 0.1% strain
and 1 Hz, 10 000 cycles). As shown in Fig. S6, the emission
band of both the CTPR and Rh6G as well as the PLQY values
remain constant upon bending tests. This is in line with the
neglectable changes in the film morphology, lacking a critical
change in roughness and/or crack formation (Fig. S77). Finally,
the PLQY of the CTPR-Rh6G film was not altered upon cross-
linking and after water exposure demonstrating the optical
stability and usability of the material (Fig. S87).
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Fig. 6 Crosslinking of protein films. Optical microscopy images of the
nanostructured protein film (A), the film after the crosslinking reaction
with glutaraldehyde (B), and the crosslinked film after immersion in
water (C). (D) Circular dichroism spectrum of the crosslinked protein
film showing the unaltered characteristic signal of the alpha-helical
protein structure after wetting (in comparison with the non-cross-
linked dry protein films, see Fig. 2A).

The emission features, photostability, and homogeneity of
CTPR-Rh6G films give rise to the possibility of observing light
amplification upon photoexciting the film with laser pulses.
Upon pumping the protein films with a pulsed stripe (532 nm, 4
ns, 10 Hz, 3 mm x 700 um size) above a certain fluence
threshold (2.5 mJ cm™?), we observe emission linewidth nar-
rowing due to the appearance of amplified spontaneous emis-
sion (ASE) at 621 nm arising from the edge of the film (Fig. 7B).
The nanostructured protein films (Fig. 7C) obtained by depos-
iting the protein on IPS grating templates of 416 nm periodicity
(Fig. 7D) behaved as second order surface emitting distributed
feedback (DFB) lasers leading to a sharp emission line (0.5 nm
linewidth) centered at 625 nm (Fig. 7B). The onset for laser
action measured upon changing the excitation density (Fig. 7E)
indicated a linewidth collapse from 44 to 0.5 nm and a sudden
change in the slope of the emission output (Fig. 7F) at fluences
above a 55 pJ cm? lasing threshold (see the ESIf for
a description on how the lasing threshold was obtained). This
value is below those reported in DFB lasers based on chemically
unbound Rh6G on different hosts (refer for instance to 1.7 m]J

m > found on Rh6G-doped silk fibroin or 140 pJ cm >
observed in Rh6G-doped cellulose acetate).**** Our approach
benefits from a combination of enhanced Rh6G emission in the
solid state and efficiently supported feedback provided by the
highly defined periodical patterning.®

Owing to its large fluorescence quantum yield (0.94)* and
outstanding optical gain properties, Rh6G has been the choice
as the optical gain medium to develop optically-pumped lasers
upon its dispersion on a myriad of organic matrices including
for instance mesoporous silica,***® aerogels,”*”* latex,”
PMMA,”® methyl methacrylate copolymers,”” cellulose nano-
fibers or cellulose acetate,””””® among many others. The solid-
state biological lasing platform demonstrated in this work
offers attractive assets for integration of light sources in bio-
logical media aiming for instance at in vivo imaging or
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(A) Normalized photoluminescence excitation PLE (black) and photoluminescence (PL) (red) spectra of CTPR-Rh6G protein solutions

(dashed) and films (solid). (B) Normalized PL (black) and ASE (blue) spectra of CTPR—Rh6G protein films and laser emission (red) from nano-
structured CTPR-Rh6G protein films. The inset shows the picture of a CTPR—Rh6G film under UV illumination. (C) Vertical cut SEM image of
nanostructured CTPR—Rh6G on top of IPS with 416 nm periodicity. (D) SEM image of an IPS template showing lines of 125 nm height and 416 nm
period. (E) log—-lin plot of the PL spectra as a function of excitation fluence. (F) log—log plot of the PL linewidth (circles, left Y-axis) and emission
output normalized by the output at the highest fluence (squares, right Y-axis) as a function of excitation fluence (red and blue arrows indicate,

respectively, their corresponding Y axis).

diagnosis. Furthermore, our approach opens up possibilities to
combine lasing and protein functionalities through protein
engineering such as their unique recognition capabilities which
can be exploited for constructing highly sensitive and selective
bio-sensors.

Experimental
Protein production and purification

The gene encoding CTPR proteins were previously generated
based on a consensus CTPR protein.>* The encoding gene was

3986 | Nanoscale Adv., 2019, 1, 3980-3991

ligated into the His tag expression vector pPROEX-HTa vector,
which produces a His-tag fused protein for affinity purifica-
tion.” The plasmid was transformed into BL21 (DE3) Escher-
ichia coli cells. The cells were grown in LB medium with 0.1 mg
ml~ " ampicillin under agitation to an O.D. between 0.6 and 0.8.
Protein expression was induced with 0.6 mM IPTG for 5 hours,
and after this, the cells were centrifuged at 4500 rpm and
resuspended in 300 mM NaCl, 50 mM Tris pH = 8.0 lysis buffer
with 1 mg ml™" lysozyme, 5 mM B-mercaptoethanol, and 1 pul
ml ! protease inhibitor. The resulting lysate was sonicated for 2
minutes with 30 second intervals, and centrifuged at 10 000

This journal is © The Royal Society of Chemistry 2019
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rpm for 45 min. Protein purification was performed by affinity
chromatography using high density cobalt ABT beads. The
eluted protein was dialyzed overnight in PBS (150 mM Nacl, 50
mM phosphate buffer pH = 7.4 with 2.5 mM B-mercaptoetha-
nol). Then, the protein was concentrated and purified by FPLC
gel filtration chromatography over a Superdex 200 HiLoad
column. Fractions containing the protein were analysed in 15%
acrylamide gels to confirm the purity of the protein. Finally, the
protein was concentrated until the desired concentration, from
50 to 300 pM, determined using the estimated molar extinction
coefficient at 280 nm from the amino acid composition.*

Generation of nanopatterned protein films

In order to prepare the PDMS stamps, a section of a DVD was cut
off with scissors. Carefully, the two polymer layers were peeled,
keeping the polycarbonate layer as the master piece. Then,
a 10 : 1 mix of Slygard prepolymer and curing agent was poured
over the master piece and left curing at 70 °C for an hour.
Finally, the PDMS stamp ready for use was removed with a razor
blade. The approximate area of each stamp was 2.5 cm? and the
gratings can be defined based on the application. In this work
we used gratings with periods of 700 nm and 416 nm and
a height of 140 nm. The diffraction grating had a groove density
of 1500 grooves per mm.

The PDMS stamps were washed with distilled water and 70%
ethanol and dried at room temperature (ideally under a N, flow,
to avoid watermarks). Two approaches were used for the
generation of nanopatterns on the protein films. First, for the
generation of free-standing CTPR protein-PMMA films, a PDMS
stamp was placed with the pattern facing-up over a plastic piece
on a microscope slide. The plastic piece was useful to avoid the
adhesion of the stamp to the slide. As shown in Fig. 1, protein
solutions of 300 pM CTPR and 1% (w/v) PEG-400 were deposited
over the PDMS stamp and left to dry for at least 4 hours at room
temperature to ensure the formation of the film. PEG is used as
a plasticizer as previously described.”” Once the film was
formed, a solution of 10% PMMA 950 kDa in GBL (gamma
butyrolactone) was deposited over the film and left until solid-
ification at 70 °C. GBL was used as a solvent since it does not
affect the protein film during its evaporation. The PMMA layer
was added with two objectives: (i) to provide a back support that
will facilitate handling of the films and (ii) to be used as an
adhesive to transfer the patterns to other surfaces. The second
approach was the generation of CTPR films directly on a variety
of substrates, such as glass, quartz, or plastic. In this latter case,
a protein solution with PEG-400 was deposited on the selected
substrate and the PDMS stamp placed over the drop for drying
the film at room temperature. Films were readily released from
the PDMS stamp without requiring functionalization or surface
treatment of the elastomer. The PDMS stamps were used several
times to fabricate protein films without degradation in their
performance.

Crosslinking of the nanostructured protein films

Glutaraldehyde at 0.5% was used as a crosslinking agent for
a gentle vapor diffusion crosslinking.®® The reaction was

This journal is © The Royal Society of Chemistry 2019
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carried out in wells of 1 ml for 24 h at room temperature. At the
bottom of the well was added 500 pl glutaraldehyde solution
while the protein film was fixed on a cover slip used to seal the
well. After the reaction, the films were recovered and dipped
into water solution to monitor the potential release of the
protein into the solvent in order to evaluate the cross-linking
efficiency.

Structural characterization of the nanostructured protein
films

Scanning electron microscopy (SEM, Carl Zeiss AURIGA Cross-
Beam FIB/SEM) was used to image the surface patterning of the
films. Films were mounted over a carbon tape and imaged
under vacuum conditions, applying an electron high tension
(EHT) of 3.00 kv, WD of 5.8 mm and an aperture size of 20 um.

Atomic force microscopy (AFM), to determine the groove
height, surface roughness and thickness of the patterned films,
was performed using a JPK NanoWizard II, coupled to a Nikon
Eclipse Ti inverted fluorescence optical microscope. An
Olympus commercial silicon nitride cantilever tip (OMCL-
RC800PSA) with a force constant of 0.76 N m ™" and a resonant
frequency of 71 kHz was employed in dynamic mode. The
surface morphology of the patterns was studied under ambient
conditions in an air environment. To remove the large area
background, 1 to 3™ order polynomial fitting was applied
using JPK Data Processing software.

Film thickness was measured using a mechanical profil-
ometer, “Dektak XT”, with a 2.5 mm radio stylus. The applied
strength was the minimal (around 1 mg), and the length of
analysis was 7500 um.

Circular dichroism experiments to determine the secondary
structure of the CTPR components within the films were per-
formed using a Jasco J-815 spectropolarimeter. The solid films
were deposited on a sandwich quartz cuvette (0.1 mm path
length). The CD spectra were acquired at 1 nm increments and
10 second average time over a wavelength range of 190 to
260 nm.

X-ray diffraction was performed on a PANalytical X'Pert PRO
diffractometer with a Cu tube (A = 1.54187 A) operated at 45 kV,
40 mA, a Ni beta filter, programmable divergence and anti-
scatter slits working in fixed mode, and a fast linear detector
(X'Celerator) working in scanning mode.

Optical characterization of the nanostructured protein films

Optical images of the patterned films were acquired on a Leica
DMI 3000 B optical transmission microscope using a 63x
objective lens, or using an Olympus optical microscope Model
(BX51) with an objective of 100x (Nikon) and a numerical
aperture of 0.70. Images were processed using Image] software
for background subtraction.

Ellipsometry measurements were performed on a spectro-
scopic rotating compensator ellipsometer (M2000V, Woollam,
NE, USA) at room temperature (21 + 1 °C), operating in the
wavelength range from 380 to 1000 nm, using an angle of
incidence of 70°. The protein sample was deposited on silicon
wafers (SiO,) using a spin coating method (Laurell Technologies
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Corporation, Model WS-400B-6NPP/LITE) at 1000 rpm for 10
min. First, the silicon surface was cleaned in pure acetone to
remove the coated surface, and rinsed thoroughly with MilliQ
water. Second, it was cleaned with 96% v/v ethanol and rinsed
with water. Finally, the surface was dipped in 2% w/v solution of
SDS for 30 min and then rinsed with water. In order to ensure
the complete surface cleaning, ie. the surface is free from
organic molecules, UV/ozone treatment was carried out using
a UV/ozone ProCleaner™ (Bioforce Nanosciences). To calculate
the refractive index the data were processed using the software
CompleteEASE (Woollam, NE, USA) and the Cauchy model was
used to fit the results.
B C

ZTr

n(Ad) =4+

The steady-state transmittance and emission measurements
were performed in both solution and thin films using Varian
Cary 50 UV-VIS (spot size of 1 mm? in the 200-700 nm spectral
region) and FS5 (Edinburgh) spectrophotometers (spot size of 1
mm?” and excitation at 500 nm) coupled with an integrating
sphere for PLQY measurements. The photostability of both
CTPR-Rh6G films was analyzed using a home-made system that
consists of a high power excitation station - LED WINGER®
WEPGN3-S1 Power LED Star green (520 nm) 3 W - 120 Im (505
nm and 6.6 mW cm?) - coupled to an IR camera (FLIR FS5),
and a detection station consisting of a spectrophotometer
(Avaspec-ULS2048L-USB2). Both temperature and emission
changes of the films were monitored over time.

Bending assays were performed with a DMA Q800 from TA
Instruments in a multi-frequency-strain module with a single-
cantilever clamp. The experiment was carried out with 0.1%
strain and a frequency of 1 Hz at room temperature on a sample
size of 17.5 mm x 5.2 mm X 0.2 mm. Optical images were
acquired using a 5x objective lens. Atomic force microscopy
was performed to measure the film roughness in an area of 15 x
15 pm?.

Time-resolved photoluminescence emission measurements
were performed using a pulsed laser diode (405 nm, 80 ps, LDH
Picoquant) for photoexcitation. The emission intensity of the
sample (in 10~> mbar vacuum) was collected in free space,
subsequently dispersed by the grating of a 1/2 m mono-
chromator and detected with a PMT assembly (PMA - Hybrid
from Hamamatsu Photonics) coupled to a Picoquant Hydraharp
time-correlated single photon counting system.

Laser action in distributed feedback (DFB) lasers based on
CTPR-Rh6G proteins was performed by exciting with a fraction
of the 532 nm output provided by a narrow-band OPO
(Continuum Sunlite, bandwidth 0.075 cm™", pulse width 3 ns)
pumped by a seeded frequency-tripled Nd:YAG laser
(Continuum Powerlite PL8000) and equipped with a frequency
doubler delivering 300 ps pulses at 532 nm with a 70 kHz
repetition rate (Continuum FX-1). The pump beam was focused
under oblique incidence on the DFB surface (placed in
a vacuum) using a 200 mm focal length spherical lens, with the
sample placed slightly out of focus (9.4 x 10~% cm?). Laser
action emitted perpendicularly from the DFB surface was
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detected with a spectrometer (SP2500, Acton Research) equip-
ped with a liquid nitrogen cooled back-illuminated deep
depletion CCD (Spec-10:400BR, Princeton Instruments). A 533
nm notch filter was placed in front of the spectrometer slit to
selectively remove pump laser scattering. Intensity dependent
measurements were performed upon pump beam attenuation
with a set of neutral density filters. Amplified spontaneous
emission (ASE) measurements on CTPR-Rh6G protein films
were performed with the same photoexcitation as lasing
measurements but using a 200 mm focal length cylindrical lens
and a 3 mm slit width to define a photoexcited rectangular area
of 700 um x 3 mm on the sample, and the photoluminescence
(PL) was collected from the edge of the sample (90° with respect
to incidence) and sent onto the spectrometer. The pump
thresholds for laser action and ASE were obtained as the inci-
dent fluences at which the FWHM linewidth falls to half of the
difference between the linewidths of the PL and laser and ASE
spectra, respectively.

Distributed feedback (DFB) lasers from nanostructured
CTPR-Rh6G films

In order to obtain a DFB protein based system, nanostructured
protein films doped with a laser dye were fabricated. For this
purpose two approximations were tested: (1) mixing of the
laser dye with the protein solution and (2) covalent coupling of
the laser dye to the protein unit. In the first approach, to
obtain nanostructured protein films doped with Rh6G, 15 pl of
300 uM CTPR10 were mixed with PEG 1% (w/v) and Rh6G 1 mg
ml . The solution was mixed gently for 10 min and left in the
dark for the formation of the nanostructured film following
the procedure described above. In the second approach,
a CTPR10 protein with a single cysteine at the C-terminal end
was used to generate a CTPR-Rh6G covalent conjugate for
a better organization of the Rh dye in the protein films. Tet-
ramethylrhodamine-5-maleimide (Sigma-Aldrich)
attached to the CTPR10-cys protein following previously
described protocols.®»*> Nanopatterned films for DFB lasers
were produced using a solution of the CTPR-Rh6G conjugate
at 300 uM and PDMS stamps with a period of 416 nm as
described above.

For efficient lasing an optimized nanoimprinting process
was required. A grating with a period of 416 nm was fabricated
by thermal nanoimprinting lithography (T-NIL) on a soft
material, frequently used as an intermediate polymer stamp
(IPS®, Obducat) (Fig. 7D). The grating period was chosen
considering the Bragg’s condition given by eqn (1) in order to
obtain a constructive interference of light:

was

Am
A= — 1
™ (1)

where the /4 is the grating period, m is the order of Bragg
diffraction induced by the grating, A is the target wavelength,
and n is the refractive index. The pattern was replicated from
a Si master mold (NIL Technology) by using an EITRE Nano
Imprint Lithography system (Obducat) as schematically depic-
ted in Fig. S9.f The imprinting parameters were adjusted

This journal is © The Royal Society of Chemistry 2019
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according to the manufacturer specifications. The T-NIL was
accomplished in a sequential process. Temperature and pres-
sure profiles during the process are described in Fig. S5.f
Initially, the temperature was raised up to 155 °C, then the
pressure was increased sequentially to 20 and 40 bar and kept
constant during the rest of the process. After 3 minutes at 155
°C the temperature was decreased in two steps down to 100 °C
and 70 °C before releasing the pressure. Finally, the sample was
cooled down to room temperature before unmolding. Subse-
quently, CTPR-Rh6G protein films were deposited on top by
spincoating protein solutions (CTPR-Rh6G at 500 uM) in PBS
on top of IPS templates. The SEM image of the vertical cut of
CTPR-Rh6G on nanostructured IPS (Fig. 7C) depicts a fibrillar
protein network which replicates the ripples underneath.

Conclusions

Bioinspired approaches to produce biocompatible protein-
based devices are highly promising; however, protein-based
devices are not a reality yet. The use of bottom-up approaches to
produce biocompatible protein-based surfaces has proven to be
useful to fabricate a variety of biomaterials.*** Unfortunately,
the applicability of these protein-based materials as active
devices has been limited by the difficulty to tune their micro-
structure using top-down approaches without altering the self-
assembly of its constituents. Here, we explored the potential of
engineered proteins to develop protein-based optically active
materials using a fabrication strategy that combines a bottom-
up (functionalization of unit cells) and a top-down (topologi-
cally guided self-assembly) approach. In addition, compared to
previous reports, inspired by naturally existing protein-based
materials such as silk, we provide a significant step further,
using engineered recombinant proteins as platforms for the
generation of active materials.

We reported the generation of nanopatterned protein films
using simple designed modular proteins. We achieved macro-
scale materials composed of structured nanoscale elements
ordered across different size scales. In addition, these materials
were mouldable using a cost-effective top-down soft-nano-
lithography technique. The protein material replicated with
high fidelity the pattern of the stamp, resulting in bio-compat-
ible nanopatterned films. These films are flexible, easy to
handle, and highly transparent. We improved the stability of the
protein materials for their use in aqueous environments using
mild cross-linking without affecting the optical or structural
properties of the material. Finally, we exploited the unique
modularity and designability of the protein scaffold of choice to
introduce an optical functional element, i.e. an active laser dye,
in the material. This resulted in a nanopatterned DFB laser
based on protein thin films with good lasing efficiency.

Hence, we demonstrate a biocompatible and cost efficient
technology to fabricate functional materials by a combination
of bottom-up and top-down approaches. Active elements are
integrated in the basic structural unit of this material, and in
addition to bottom up approaches that result in an ordered
protein material, top-down soft nanolithography approaches
can be implemented for the next level of organization. We

This journal is © The Royal Society of Chemistry 2019
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present a cost-efficient and easy-to-follow technology for
patterning nanostructured thin films using PDMS stamps that
can embed different functional elements of industrial interest
maintaining their functionality. This work represents a starting
point to implement this technique in the future to produce
protein-based materials with a set of different topologies and
patterns, by using molds with different shapes ranging from
a few nanometres to the limits of microfabrication. Further-
more, the properties of these scaffold proteins can be easily
tuned to embrace different functionalities and protein variants
can easily be expressed recombinantly, making the described
process versatile, affordable and scalable.

This work is a step toward the development of bioinspired
multifunctional devices. Overall this work has deep implica-
tions in the design of new bioinspired devices and functional
materials based on a combination of bottom-up and top-down
approaches using simple protein based scaffolds. Further
research is needed in order to establish the real potential of
these approaches in materials sciences. The application of this
strategy could drive the design of next generation biomaterials
following a combined bottom-up/top-down strategy and
choosing between a variety of engineered proteins, shapes,
topologies, and functionalities, to be applied in very diverse
fields including regenerative tissue medicine, nanobiocatalysis,
photonics, bioelectronics, biosupporting or biosensing.
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