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Photoelectric Silk via Genetic Encoding and Bioassisted

Plasmonics
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Seong-Wan Kim, Seong-Ryul Kim, WonHyoung Ryu, Yong P. Chen, and Young L. Kim*

Genetically encoded photoelectric silk that can convert photons to electrons
(light to electricity) over a wide visible range in a self-power mode is reported.
As silk is a versatile host material with electrical conductivity, biocompat-
ibility, and processability, a photoelectric protein is genetically fused with

silk by silkworm transgenesis. Specifically, mKate2, which is conventionally
known as a far-red fluorescent protein, is used as a photoelectric protein.
Characterization of the electrochemical and optical properties of mKate2 silk
allows designing a photoelectric measurement system. A series of in situ
photocurrent experiments support the sensitive and stable performance of
photoelectric conversion. In addition, as a plasmonic nanomaterial with a
broad spectral resonance, titanium nitride (TiN) nanoparticles are biologically
hybridized into the silk glands, taking full advantage of the silkworms’ open
circulatory system as well as the absorption band of mKate2 silk. This bio-
logical hybridization via direct feeding of TiN nanoparticles further enhances
the overall photoelectric conversion ability of mKate2 silk. It is envisioned
that the biologically derived photoelectric protein, its ecofriendly scalable pro-
duction by transgenic silkworms, and the bioassisted plasmonic hybridization

implantable photoelectric materials that
convert light to electricity. Retinal pros-
thesis (or artificial retina), artificial pho-
toreceptors, and neurostimulators are key
examples that require such photoelectric
conversion devices implanted in the body.
Historically, photoelectric effects in rho-
dopsin (photosensitive receptor protein),
bacteriorhodopsin  (photosensitive  pro-
tein found in Halobacterium), and chloro-
phyll were intensively studied to develop
bioelectronic devices.l! Recently, several
biomedical photosensors and neural inter-
faces have been successfully developed
using 2D materials (e.g., graphene and
molybdenum disulfide) because of the
excellent structural and optoelectronic
properties.Zl Such materials are known to
be biocompatible, but are still exogenous
and exotic materials with respect to the
human body compositions, most of which

can potentially broaden the biomaterial choices for developing next-genera-
tion biosensing, retina prosthesis, and neurostimulation applications.

1. Introduction

With the recent advances in implantable biosensors and flexible
electronics, there is an ever-growing need for biocompatible or

are proteins.’l As a common example, sur-
gical removal of spinal neurostimulator
electrodes is often necessary due to infec-
tion and allergic inflammation in the sur-
rounding tissue and erosion of the electrodes, putting patients
at risk. In this regard, biologically derived biomaterials have
the potential for minimizing inflammatory and immune
responses in the tissue of the human body.
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One of the best biomaterials found in nature is silk. Pri-
marily, silkworm (Bombyx mori) silk is composed of several dif-
ferent proteins, consisting of heavy-chain (molecular weight =
350 kDa) and light-chain (molecular weight =~ 25 kDa) proteins,
and the protein backbone is a repetitive amino acid sequence
(Gly-Ser-Gly-Ala-Gly-Ala),,.’! Importantly, silk has significant
electrical conductivity when exposed to a humid environment.[®!
Water molecules diffuse into the porous matrix of silk fibers,
become mobile, and interact with common ions forming ele-
ments (i.e., Na, K, Cl, etc.) as well as with the protein matrix,
resulting in the generation of ionic mobile charge carriers. As
manifested by the silvery and vibrant reflection, light scattering
in silk is extremely strong near the Anderson regime,”! poten-
tially allowing for strong coupling of incident light with light-
harvesting devices.l®! Silk produced by silkworms has success-
fully demonstrated as flexible fabrics by processing silk into a
variety of host materials and structures for optics, electronics,
biomedicine, and energy harvesting.’) More importantly, low
immunogenicity and biocompatibility of silk are ideal for bio-
medical applications.I® Silkworms can serve as a bioreactor
(or) to produce recombinant proteins in a scalable and ecof-
riendly manner.'”! Then, would it be possible to further realize
photoelectric conversion silk?

First, we take inspiration from some fluorescent proteins
that can generate reactive oxygen species (ROS) upon visible
light illumination.! The ROS generation and the photoelectric
conversion are two sides of the same coin in terms of redox
reactions and electrochemistry; photoinduced electrons are
tightly related to the photoelectric conversion property.'”l The
phototoxicity and cytotoxicity of some fluorescent proteins
(e.g., KillerRed, SuperNova, mKate2, miniSOG, and TagRFP)
are well acknowledged and are utilized in different manners."!
For example, such ROS-generating fluorescent proteins are
widely exploited to selectively ablate specific tissue (also known
as chromophore-assisted light inactivation).¥l The protein
structure for the generation and release of ROS is currently
understood such that a cleft-like opening channel filled with
water (oxygen) molecules inside a phototoxic fluorescent pro-
tein is responsible.?® Although the exact species of ROS are
dependent on the types of photoreactions and the local mole-
cular oxygen environments,'? Type I photoreaction in fluores-
cent proteins is suggested to have long-range electron transfer
via quantum mechanics of direct tunneling or hopping."
Indeed, there were also successful demonstrations to use green
fluorescent proteins (GFP) as an electron donor in photoelectric
devices.l"®!

Second, transgenic silkworms can be a viable and practical
option for cost-effective and scale-up hybridization of silk with
the proposed photoelectric fluorescent proteins.l”] Transgenesis
of silkworms (Bombyx mori) provides high-level expression and
efficient production of recombinant proteins of interests. The
unique autotomy and physiology of silkworms can be used to
biologically hybridize silk with other functional nanomaterials,
which can overcome some limitations in biologically derived
biomaterials. Due to the open circulatory system of silkworms,
nanomaterials fed by oral exposure and intake are diffused to
the silk glands, which are the only organ where silk proteins
are synthesized and secreted in the silkworm, and nanomate-
rial-embedded silk fibers can be produced by the silk spinning
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process.'®] Several different functional nanomaterials (e.g., gra-
phene, carbon nanotube, titanium dioxide, and quantum dot)
have recently been incorporated with silk via direct feeding of
modified diets to silkworms to produce functionalized silk with
superior mechanical, thermal, and electrical properties, ultra-
violet protection, or fluorescent colors.[31

In this paper, we report a photoelectric conversion ability
of silk genetically fused with a photoelectron-generating fluo-
rescent protein (i.e., monomeric far-red fluorescent protein
mKate2 derived from sea anemone Entacmaea quadricolor).
First, we demonstrate the production of photoelectric silk with
mKate2 via silkworm transgenesis using the piggyBac trans-
poson method (referred to as mKate2 silk). Second, we char-
acterize the bandgap structure and redox potential of mKate2
silk and design a photoelectric detection platform that can
be activated in a broad visible light range. Third, we conduct
a series of in situ photocurrent experiments to demonstrate
the sensitive and stable photoelectric conversion properties of
mKate2 silk under different illumination conditions. Finally,
we show that bioassisted hybridization of unconventional plas-
monic nanomaterials (i.e., titanium nitride, TiN) into mKate2
silk (referred to as TiN-hybridized mKate2 silk) via direct oral
intake enhances the photoelectric conversion performance.
This study lays the foundation that photoelectric silk can serve
as an alternative photoelectric biomaterial and that transgenic
and diet-enhanced silkworms can produce such photoelectric
biomaterials in a scalable and eco-friendly manner.

2. Results and Discussion

2.1. Photoelectric Conversion Silk Produced by Silkworm
Transgenesis

Figure 1a depicts the overall idea that transgenic silk fused with
mKate2 can convert light to electricity by generating photoin-
ducible electrons upon visible light illumination. Here, mKate2,
which is a photoelectric protein, is chosen for the enhanced
fluorescent properties and photostability.”) mKate2 is one of
the highly phototoxic fluorescent proteins, generating mainly
two types (i.e., superoxide anion and singlet oxygen) of ROS
resulting from Type I (electron transfer) and Type II (energy
transfer) photoreactions.'>2dl Far.red wavelength fluorescent
proteins are particularly useful for photoelectric conversion in
the visible light range. As mKate2 has the emission peak at
Aem = 633 nm, the broad absorption range below 633 nm ena-
bles for light trapping in the broad visible wavelength range.[?’!
To genetically hybridize mKate2 and silk, the popular germline
piggyBac transformation method is used for domesticated silk-
worms (Bombyx mori) (see Experimental Section).2417217] [n
brief, the transformation vector (p3xP3-EGFP-pFibH-mKate2)
for mKate2-expressed silk (Figure 1b), which is constructed by
fusing mKate2 gene with N-terminal and C-terminal domains
of the fibroin heavy-chain promoter (pFibH) of silk and the
vector DNA, is injected with a helper vector into preblastoderm
embryos of silkworms. It should be noted that 3xP3-EGFP is
served only for screening a large number of G1 broods, because
the fluorescent signal of enhanced green fluorescent protein
(EGFP) is easily monitored in the stemmata and the nervous
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Figure 1. Photoelectric silk via genetically hybridization of a photoelectric fluorescent protein. a) Photograph of mKate2 silk cocoons produced by
silkworms genetically engineered using the piggyBac transposon method and schematic illustration of photoelectric conversion in transgenic silk
genetically hybridized with a photoelectric fluorescent protein (i.e., mKate2). Reacted by light illumination in the visible light, mKate2 silk generates
a photocurrent. The scale bar is 2 cm. b) Physical structure of the transformation vector (p3xP3-EGFP-pFibH-mKate2) for mKate2 silk. The piggyBac
transposon method transposes between vectors and chromosomes via a “cut and paste” approach. pFibH: fibroin heavy chain promoter domain
(17124 bp), NTR-1: N-terminal region 1 (142 bp), intron: first intron (871 bp), NTR-2: N-terminal region 2 (417 bp), CTR: C-terminal region (179 bp), PolyA:
poly(A) signal region (301 bp), EGFP: enhanced green fluorescent protein gene (720 bp), mKate2: monomeric far-red fluorescent protein (720 bp),
ITR: inverted repeat sequences of piggyBac arms, 3 X P3: 3 x P3 promoter (273 bp), and Sv40pA: Sv40 polyadenylation signal sequence (268 bp). The

restriction enzyme sites for the construction of recombinant vectors are indicated with the arrows.

system at early embryonic and larval stages. In mKate2 silk
spun by the transgenic silkworms, the mass density of mKate2/
fibroin heavy-chain fusion recombinant protein is estimated
to be =12.6%.[21 The mKate2 silk cocoons have a reddish-pink
color owing to the optical absorption and emission bands of
mKate2 (Figure 1a).

2.2. Electrochemical and Optical Properties of mKate2 Silk

With a properly designed electrolytic device, mKate2 silk can
possess current-voltage characteristics in a similar manner to
photosensors. In particular, the electronic energy level between
an electron donor and an electron acceptor plays an important
role in electron transport.?¢?2l To characterize the electronic
energy level of mKate2 silk and to provide the theoretical foun-
dation for electron transfer in mKate2 silk, we conduct a square
wave voltammetry analysis using mKate2 silk (Figure 2a;
Figure S1, Supporting Information). The first reduction peak
is observed at the potential bias of —1.47 V with respect to the
silver/silver chloride (Ag/AgCl) reference electrode. The calcu-
lated energy level of the lowest unoccupied molecular orbital
(LUMO) is —3.18 eV from the first reduction potential, using
the empirical relationship of LUMO = —(Eq + 4.65) eV with
the reduction potential E.4. The optical energy bandgap (Eg)
of mKate2 silk is estimated to be 2 eV, using E, = 1240 eV/4,
(i.e., 4 = 620 nm in Figure 2b). The resultant energy level of
the highest occupied molecular orbital (HOMO) is -5.18 eV.
This theoretical estimation provides us with the idea that the
energy level of mKate2 silk can be well integrated with titanium
dioxide (TiO,), given that the energy level of the conduction
band E. is —4.2 eV, allowing for effective migration of electrons
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photogenerated by mKate2 silk (Figure 2c). Fortunately, TiO,
is readily accessible as one of the common electron acceptors
(e.g., anode electrode) in a variety of optoelectronic devices.?’]

To further assert the generation and transport of photoin-
duced electrons (i.e., charge carriers) by mKate2 silk, we per-
form a photoluminescent (PL) analysis of mKate2 silk in
the presence of TiO, nanoparticles (anatase phase and size
<25 nm). Because PL emission arises from the recombination
of free carriers, PL analyses are useful to investigate the trap-
ping, migration, and recombination processes of photoinduced
charge carriers between photosensitizers and metal oxide
materials.'?) In this additional test, TiO, nanoparticles are ran-
domly embedded in the fiber network of mKate2 silk cocoon
samples (thickness = 250 um and diameter = 0.5 cm) (see
Experimental Section). The concentration of TiO, is minimized
such that the increase in the reflectance intensity at the excita-
tion wavelength range of A = 470-550 nm is only 5%, which
also confirms no light absorption of TiO, at the corresponding
wavelengths. The broadband absorption of mKate2 silk (without
TiO, nanoparticles) in the wavelength range of 400—- 620 nm
means that it can be excited for photoelectric conversion in the
wide visible range (Figure 2b). In the presence of TiO, nanopar-
ticles, the PL emission (A, = 600-800 nm with A., = 530 nm)
of mKate2 silk is considerably lower with a reduction of 26%
in the PL intensity, compared to the bare mKate2 silk sample
(without TiO,) (Figure 2d). This PL quenching indicates that
the electrons excited to the LUMO level of mKate2 silk diffuse
and reach to TiO, nanoparticles.12¢1%] Thus, the electrochem-
ical and optical properties of mKate2 silk support the idea that
transgenic mKate2 silk can be used as a photoelectron-gener-
ating biomaterial, which could also be mass-produced by the
bioreactor (i.e., silkworms).

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electrochemical and optical properties of mKate2 silk. a) Square wave voltammetry plot of mKate2 silk measured with reference to the Ag/
AgCl reference electrode. The first reduction peak is measured at the potential bias of -1.47 V. b) Absorption spectrum of mKate2 silk. ¢) Bandgap
structure and redox potential of mKate2 silk and electron transfer mechanism between mKate2 silk and TiO,. LUMO: lowest unoccupied molecular
orbital. HOMO: highest occupied molecular orbital. E,: energy bandgap. E.: conduction band. E,: valance band. d) Photoluminescence (PL) images
(Aem = 600800 nm) and spectra of bare mKate2 silk and mKate2 silk coated with TiO, nanoparticles at an excitation of A, = 530 nm. PL quenching
of mKate2 silk indicates electron transfer from mKate2 to TiO,. The scale bar is 0.2 cm.

2.3. Photoelectric Conversion Characterizations of mKate2 Silk

To test the photoelectric conversion property of mKate2 silk in
the visible wavelength range, we fabricate a simple measure-
ment testing device (Figure S2, Supporting Information) and
conduct a series of in situ photoelectric measurements.?l By
measuring the short-circuit current density (/i) and the open-
circuit voltage (V,), we quantify the time-resolved switching
behavior of mKate2 silk (Figure 3a). Repeated visible light
illumination with on and off is applied at different central
wavelengths of A = 470, 530, 565, and 625 nm with the optical
intensity of 14 mW cm™ (see Experimental Section). Figure 3a
clearly shows that both J,. and V,. photogenerated by mKate2
silk are reproducibly switched from the “high” state to the
“low” state by periodically turning each light source on and off.
This result supports the idea that the electrons photogenerated
by mKate2 silk are transferred to the anode electrode (ie.,
TiO, layer), owing to the higher LUMO level than the conduc-
tion band of TiO, (Figure 2c). The decaying pattern with the
increase in A is also in excellent agreement with the absorp-
tion spectrum of the mKate2 silk device (Figure S3, Supporting
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Information). We further evaluate a photoresponsivity (R) and
a light on/off ratio in a self-power mode without applying
external power to the device at zero bias (i.e., 0 V) (Figure 3b).
The highest photoresponsivity (R = J/P) of 1.103 mA W and
light on/off ratio (Jiight/Jaard) of 2.574 x 10° are obtained at A =
470 nm with the optical intensity of 14 mW cm2, where the
photocurrent density ] is determined by | = Jight = Jaark (tight =
15.443 +0.012 A cm™ and J, = 0.006 £ 0.004 HA cm2) and P
is the incident light intensity (i.e., 14 mW cm™2).

To factor out contributions from the electrolyte and the nat-
ural silk compositions, we separately test two different devices,
consisting of the electrolyte without any silk and with white silk
(Bombyx mori) only under the same experimental conditions,
respectively (Figure S4, Supporting Information). Because
the electrolyte consisting of triiodide/iodide (I37/I7) partially
absorbs the visible light, dominantly in 1 < 480 nm,/*! the
device without any silk still shows the time-resolved switching
behavior. However, J,. and V,. values are very low as J, =
5.642 + 0.017 uA cm™ and V,. = 0.167 + 0.001 V at A = 470 nm
with 14 mW cm™, respectively (Figure S4a, Supporting Infor-
mation). Compared to the electrolyte one, the device with white

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Photoelectric conversion characteristics of mKate2 silk in the visible range. a) Time-resolved photoresponses on the short-circuit current
density (Js.) and the open-circuit voltage (V,.) measured for the light-on and -off states upon light illumination at A = 470, 530, 565 nm, and 625 nm
with the optical intensity of 14 m\W cm™2. b) Photoresponsivity R (circle) and light turn-on/-off ratio (square) on J,. and V, for the corresponding light
illumination. Rising and falling edges zoomed to estimate the rise time R, and the fall time F, for ¢) J,. and d) V,. at A = 470 nm (optical intensity =
14 mW cm™2). e) Photoresponsivity R of optical switching on J,. upon the light-on and -off states (1 Hz, 1 =470 nm, and 14 mW cm™2) as a function of
the on/off optical switching number. f) Long-term stability under the laboratory conditions (22 + 2 °C and 40-50% relative humidity).

silk (without mKate2) shows slightly higher J,. and V, values of
8.386 £ 0.022 UA cm™2 and 0.178 £ 0.001 V at A = 470 nm with
14 mW cm™2, respectively (Figure S4b, Supporting Information).
This enhancement for natural silk (without mKate2) can be
ascribable to the strong light scattering of silk fiber structures.!
This result can also be understood by the fact that additional
ionic charge carriers in natural silk, caused by the presence of
ionic elements (i.e., Na, Cl, K, etc.) in white silk (Bombyx mori),
facilitate electron transport with electrolyte ions (i.e., I;7/17).1621
In other words, the current flowing property in mKate2 silk
fibers can be attributable to the migration of ionic charge car-
riers, such as Ca, Na, Mg, K, and Cl (Table S1, Supporting Infor-

Adbv. Biosys. 2020, 4, 2000040 2000040 (5 of 11)

mation),l®l circulating the electrons in the whole device. More
importantly, these results show that mKate2 plays a dominant
role in the generation of photoinduced electrons, mainly con-
tributing to the photoelectric conversion performance.

We also characterize the response speed of mKate2 silk
from the temporal photoresponse curves. The response speed
is extracted by determining the rise time R, and the fall time
F,, respectively (Figure 3c,d); R, is defined as a time interval to
rise from 10% to 90% of its peak value, while F, is defined as
a time interval to decay from 90% to 10% of its peak value. A
relatively rapid photoresponse speed is observed for J,., while
a slow photoresponse with much longer R, and F, is shown

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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for V. Specifically, under the blue light illumination (4 =
470 nm and optical intensity = 14 mW cm™2), R, and F, values
are =0.098 and =0.107 second for J,. (15.443 £ 0.012 LA cm™?),
=0.335 and =1.816 second for V,. (0.256 + 0.001 V), respectively.
For V.., these characteristics indicate a slow recombination
rate of photogenerated electrons by the electrolyte ions at the
TiO,/electrolyte interface, because there is no current passing
through the external circuit.?®! We also evaluate the temporal
stability of mKate2 silk, because almost all fluorescent mole-
cules are subject to photobleaching.?#12"] The photostability
of real-time J, responses is tested by periodically switching
the illumination signal (4 = 470 nm and optical intensity =
14 mW c¢cm~2) on and off with a frequency of 1 Hz (Figure S5,
Supporting Information). Figure 3e shows a reproducible and
stable photoresponse between light on- and off-states. Even
after optical switching cycles of 5000, the photoresponsivity (R)
is reached to be 1.09 mA W, but the relative decrease is only
1.2% compared to its initial R = 1.103 mA WL The long-term
stability of mKate2 silk is further examined for an extended
period of 63 d (the device was stored in the laboratory under
the dark ambient conditions of 22 £ 2 °C and 40-50% relative
humidity). Figure 3f reveals that the photocurrent is signifi-
cantly retained with a reduction percentage of =7.7% only with
R = 1.018 mA WL Indeed, mKate2 silk is stable even when
contacted with TiO, and the electrolyte for the extended period
of time.

2.4. Bioassisted Plasmonic TiN-Hybridized mKate2 Silk
Production

One common approach for enhancing the light coupling and
absorption in optoelectronic devices is to incorporate plas-
monics, in which a plasmonic enhancement requires spatial
and spectral arrangements.??#?] First, the distance between
a plasmonic nanoparticle and a fluorophore should be within
the spatial extent of the plasmonic hot field, which is typically
less than 5-100 nm.[’©?8] A simple coating of plasmonic nano-
particles or nanomaterials on the surface of mKate2 silk fibers
(diameter =~ 10-20 um) has a fundamental limitation, given that
a larger amount of mKate2 exists inside silk fibers as a part of
the protein sequences.?477< Thus, bioassisted direct feeding
of nanoparticles of interests allows for nanomaterial hybridiza-
tion inside the silk glands, resulting in nanomaterial-embedded
silk fibers via the silkworm’s spinning process.'$1%2) Second,
to fully utilize the broad absorption band (4 = 400-620 nm) of
mKate2 silk (Figure 2b), the plasmonic resonance band should
be spectrally overlapped, which requires metal nanoparticles
with large sizes of >50 nm when conventional noble metals
such as gold and silver are used.*] This poses a challenge for
bioassisted direct feeding, because the diffusion of large-sized
nanoparticles is limited in the open circulatory system of silk-
worms.'®! To overcome the size limitation, we turn to TiN
nanoparticles that satisfy the key plasmonic conditions (e.g.,
negative permittivity).’!l Importantly, TiN nanoparticles only
with an average size of 20 nm have a broad absorption band,
covering the entire visible region of 400-700 nm (Figure S6,
Supporting Information). As an alternative plasmonic mate-
rial for replacing expensive noble metals, TiN has recently
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received considerable attention, including additional advan-
tages of low cost, high thermal/oxidative stability, and even
biocompatibility.3!32!

Figure 4a,b shows TiN-hybridized mKate2 silk cocoons
via direct feeding of modified diets, using mulberry leaves
immersed in a 0.5% (w v'!) suspension of TiN nanoparticles
(see Experimental Section). TiN-hybridized mKate2 silk emits
stronger red fluorescent emission (A, = 600-750 nm) with a
PL enhancement percentage of 12.1% at the maximum emis-
sion peak of 633 nm, upon green light excitation at A =
530 nm (Figure S7, Supporting Information). The devices con-
structed with TiN-hybridized mKate2 silk show similar trends
in the absorption and the enhancement ratio (Figure S8, Sup-
porting Information). To verify the presence of TiN nanopar-
ticles inside mKate2 silk fibers, we use an energy dispersive
X-ray (EDX) analysis (Figure 4c and Figure S9, Supporting
Information). In TiN-hybridized mKate2 silk, titanium (Ti) is
clearly detected with 0.20 + 0.10 (mean + standard deviation)
weight percent (wt%) on the fiber surface and 0.18 + 0.07 wt%
inside the cross section, respectively (Table S2, Supporting
Information), in addition to the main three elements (i.e., C,
O, and N) and other minor elements (i.e., Ca, Na, Mg, K, S,
and Cl) (Tables S1 and S2, Supporting Information). We fur-
ther confirm the presence of TiN inside silk fiber using a
Raman analysis (Figure 4d). In general, the strong emission
intensity of mKate2 silk completely masks the original Raman
scattering signals of silk. Thus, we use TiN-hybridized white
silk in the absence of mKate2 produced by natural silkworms
(Bombyx mori) fed with the same modified diets under the
same rearing processes. More importantly, TiN-hybridized silk
shows the enhanced Raman intensity at 1085, 1231, 1668, and
2932 cm™! that correspond to the main proteins in Bombyx
mori silk,?l as the absorption enhancement band of TiN is
close to the excitation wavelength (i.e., A = 532 nm) (Figure
S7b, Supporting Information). It should be noted that this
bioassisted TiN hybridization does not significantly affect the
fundamental mechanical properties of the resultant silk fibers
(p-value of 0.26 in an ANOVA test for comparing the Young’s
moduli among bare mKate2 silk, TiN-hybridized mKate2 silk,
and wild-type white silk) (Table S3 and Figure S10, Supporting
Information).

2.5. Photoelectric Conversion Characterizations
of TiN-Hybridized mKate2 Silk

Owing to the unique TiN plasmonic effects, the biological
hybridization of TiN with mKate2 silk results in improved
performance with an overall enhancement factor of about
1.9 at 470 nm in photoresponsivity (Figure S11, Supporting
Information). The current density-voltage (J-V) curve of TiN-
hybridized mKate2 silk shows the enhanced photoelectric con-
version property under the illumination at A = 470 nm with
the optical intensity of 14 mW cm™ (Figure 5a). Clearly, J
and V,, are higher values with J,. = 29.306 £ 0.035 HA cm™2
and V.. =0.390 £ 0.001 V, compared to bare mKate2 silk (J,. =
15.443 £ 0.012 HA cm™2 and V,,. = 0.256 £ 0.001 V), respectively.
In addition, both of R and the light turn-on/-off ratio are
considerably enhanced to be 2.093 mA W~! and 5.861 x 103,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Biological hybridization of titanium nitride (TiN) nanoparticles with mKate2 silk. a) Schematic diagram of the biological hybridization of
TiN nanoparticles (average size of 20 nm) with mKate2 silk by direct feeding of modified diets, i.e., mulberry leaves immersed in a 0.5% (w v') TiN
suspension with 4% (w v') sucrose, to mKate2 (transgenic) silkworms. The scale bar is 2 cm. b) Photographs of white silk cocoons and mKate2
(transgenic) silk cocoons with and without TiN nanoparticles. Upon the green light excitation (4., = 530 nm), the fluorescent image (1= 600-800 nm)
of TiN-hybridized mKate2silk shows a higher intensity than that of mKate2 silk. The scale bars are 2 cm. c) Energy-dispersive X-ray spectroscopy (EDX)
elemental mapping images and spectrum on the surface of TiN-hybridized mKate2 silk and its corresponding SEM image. The EDX results show that
silk contains the main three elements of carbon (C), oxygen (O), and nitrogen (N), including other minor elements of calcium (Ca), sodium (Na),
magnesium (Mg), potassium (K), sulfur (S), and chlorine (Cl). Note that TiN-hybridized mKate2 silk contains the element of titanium (Ti). The scale
bars are 200 um. d) Plasmon-enhanced Raman spectrum of TiN-hybridized white silk upon the excitation at A., = 532 nm, compared to bare white silk.

respectively (Jga = 0.005 + 0.004 LA cm~2). In Figure 5b, Ji
and V,. of mKate2 silk with and without TiN are further ana-
lyzed as a function of the incident optical intensity under illu-
mination at 4 = 470 nm. For TiN-hybridized mKate2 silk, Jq.
covers a wider range up to =68 WA cm™?, linearly increasing
with the light intensity from 2 to 30 mW cm™2. On the other
hand, V,. rises rapidly at low optical intensity (2-10 mW
cm™?) followed by a plateau at the optical intensity above
10 mW cm™2, due to the proportional relationship of V,. and
In(Jiight/Jaark)- In Figure 5c, TiN-hybridized mKate2 silk also
exhibits reliable time-resolved switching behavior for i sig-
nals (i.e., self-power mode) upon visible light illumination on
and off for different central wavelengths of 470, 530, 565, and
625 nm with the optical intensity of 14 mW cm™2. J,. of TiN-
hybridized mKate2 silk has the rise time R, of =0.092 s and
the fall time F, of =0.111 s, comparable to those of bare mKate2

Adbv. Biosys. 2020, 4, 2000040 2000040 (7 of 11)

silk (Figure 5d). Finally, TiN-hybridized mKate2 silk dem-
onstrates reliably reproducible and stable photoresponsivity
between the light on- and off-states after optical switching
cycles of 5000 and 63 d with low degradation percentages of
1.4% and 9%, respectively (Figure 5e; Figure S12, Supporting
Information).

2.6. Outlook

The reported photoelectric silk can provide an ab initio foun-
dation for opening up largely unexplored opportunities for
utilizing biologically derived natural biocompatible or implant-
able photoelectric materials. Numerous medical and bio-
logical applications, such as biosensing, retina prosthesis,
artificial photoreceptors, neurostimulation, and optogenetics,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Bioassisted plasmon-enhanced photoelectric conversion characteristics of TiN-hybridized mKate2 silk in the visible range. a) Current density—
voltage (/-V) curves of bare mKate2 silk and TiN-hybridized mKate2 silk under blue light illumination of 1 =470 nm. b) Short-circuit current density (/s.)
and open-circuit voltage (V,) of bare mKate2 silk and TiN-hybridized mKate2 silk as a function of the optical intensity under blue light illumination of
A =470 nm. c) Time response of J,. measured for light turn-on/-off states for TiN-hybridized mKate2 silk under visible light illuminations at A = 470,
530, 565, and 625 nm with the optical intensity of 14 mW cm~2. d) Rising and falling edges zoomed to estimate the rise time R, and the fall time F, for
Jsc at =470 nm (14 mW cm™2). e) Optical switching response on J. under the light-on and -off states (1 Hz, =470 nm, and 14 mW cm™2) after an
on/off optical switching number of 5000 and long-term stability under the laboratory conditions (22 + 2 °C and 40-50% relative humidity).

require biocompatible photoelectric materials that convert
light to electricity. Although photosensitive receptor proteins
and 2D materials have been intensively studied, biologically
friendly materials are still limited. Silk itself has biocompat-
ibility, biodegradability, and low immunogenicity. Fluorescent
silk does not cause additional toxicity to a biological system
as tested in cell viability assessments (Figure S13, Supporting
Information). As future development and research enhance
the overall photoelectric conversion ability of photoelectric
silk comparable to conventional optoelectronic materials, the
key advantage that photoelectric silk can potentially provide
with biosensors, photoreceptors, and neurostimulators is to
minimize material toxicity, tissue reaction, and inflammatory
response.

3. Conclusion

We report that mKate2 silk is a biologically derived natural pho-
toelectric biosystem. The genetic hybridization of mKate2 and
silk can potentially provide additional advantages originating
from the unique physical and biological properties of silk as
well as scalable and ecofriendly production using silkworms

Adv. Biosys. 2020, 4, 2000040 2000040 (8 of 11)
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(i.e., biogenic bioreactor). A fluorescent protein with electron
transfer is used as a photoelectric protein. Silk serves a host
material as silk proteins have the excellent biocompatible and
physical properties. The bioassisted plasmonic functionalization
further enhances the light sensing performance in the broad
visible wavelength range. Overall, the reported photoelectric
silk may offer an alternative protein-based strategy to broaden
our material choices to facilitate future bioelectronics device
development.

4. Experimental Section

Transformation ~ Vector  Construction  for  Silkworm  Transgenesis:
Using germline transformation (i.e., piggyBac transposon), the
transformation vector (p3xP3-EGFP-pFibH-mKate2) was constructed
as a piggyBac-derived vector and then injected it with a helper vector
into preblastoderm embryos.2417217] To obtain the fibroin promoter,
the DNA fragment (GenBank Accession No. AF226688, nucleotides
61312-63870) including pFibH promoter domain (1124 bp), N-terminal
region 1 (NTR-1, 142 bp), first intron (871 bp), and N-terminal region 2
(NTR-2, 417 bp) was amplified by polymerase chain reaction (PCR)
using the genomic DNA from Bombyx mori and specific primers
(pFibHN-F: 5-GGCGCGCCGTGCGTGATCAGGAAAAAT-3" and pFibHN-R:
5"-TGCACCGACTGCAGCACTAGTGCTGAA-3), followed by treatments
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with the restriction enzymes of Ascl/Notl. The resultant DNA fragment was
cloned into pGEM-T Easy Vector System (Promega, Co), named as pGEMT-
pFibH-NTR. The DNA fragment (GenBank Accession No. AF226688,
nucleotides 79021-79500) including C-terminal region (179 bp, CTR) and
poly(A) signal region (301 bp) of the heavy chain was amplified by PCR
using genomic DNA from Bombyx mori and specific primers (pFibHC-F:
5~ CCTGCAGGAAGTCGACAGCGTCAGTTACGGAGCTGGCAGGGGA-3
and pFibHC-R: 5- GGCCGGCC TATAGTATTCTTAGTTGAGAAGGCATA-3")
and then the resultant DNA fragment was cloned into pGEM-T Easy
Vector System with the restriction enzymes of Sall/Sbfl/Fsel, named
as pGEMT-CTR. These two fragments were cloned with pBluescriptll
SK(-) (Stratagene, CA) digested with Apal/Sall, creating pFibHNC-null.
The mKate2 gene was synthesized from BIONEER Co., and then it was
cloned into pGEM-T Easy Vector System pGEMT-mKate2 (720 bp). N-
and C-terminal had the Notl and Sbfl restriction sites, respectively. The
mKate2 cDNA was digested with Notl/Sbfl and was subcloned into a
pFibHNC-null digested with Notl/Sbfl, resulting in pFibHNC-mKate2.
The pFibHNC-mKate2 vector was digested with Ascl/Fsel and was
subcloned into pBac-3xP3-EGFP. The final resultant vector was named as
p3xP3-EGFP-pFibH-mKate2.

Bioassisted Hybridization of Titanium Nitride (TiN) with mKate2
Silk: Modified diets were fed containing TiN nanoparticles to
transgenic silkworms as follows: A uniformly dispersive solution with
a concentration of 0.5% (w v7') TiN nanoparticles (size = 20 nm)
was prepared in deionized water including 4% (w v7') sucrose. Fresh
mulberry leaves were soaked into the TiN suspension for five minutes
and then placed in a cool place to be dried before feeding each day.
mKate2 (transgenic) silkworm larvae were raised with normal diets (i.e.,
fresh mulberry leaves) from their hatch to the first day of their fifth instar.
Healthy and active larvae were randomly selected and were divided into
two groups of 30 larvae. A control group was raised with a normal diet of
fresh mulberry leaves. The experimental group was reared with modified
diets of fresh mulberry leaves containing TiN nanoparticles until their
spinning. The rearing condition was 25 + 2 °C and 40 + 10% relative
humidity.

Electrochemical Characterizations of mKate2 Silk: Square wave
voltammetry was used to characterize the energy level of mKate2
silk. The electrochemical measurement was performed using a
standard three-electrode configuration with indium tin oxide on a
polyethylene naphthalate substrate as a working electrode, a platinum
(Pt) counter electrode, and an silver/silver chloride (Ag/AgCl) (3 m
potassium chloride saturated) reference electrode in solution phase
containing high performance electrolyte (EL-HPE; Greatcell Solar
Ltd.). The photoresponse currents from the electrode were obtained
using the potentiostat (CompactStat; lvium Technologies) controlled
by a computer equipped with the IviumSoft software package.
The potential bias was swept in a scan range from -3.5 to 0.5 V
relative to the reference Ag/AgCl electrode using a pulse amplitude
of 100 mV, a scanning frequency of 10 Hz, and a voltage step of
5 mV at room temperature. For square wave voltammetry analyses,
a customized template (the same platform of mKate2 silk devices)
containing a mKate2 silk sample was used (Figure S1, Supporting
Information).

Optical Characterizations of mKate2 Silk: The optical properties
were including absorption spectra, reflectance images, and
photoluminescence (PL) images/spectra, using a fiber bundle-coupled
spectrometer with an integrating sphere and a customized mesoscopic
spectrometer/imaging setup. For the PL measurements of mKate2 silk
in the presence of titanium dioxide (TiO,) nanoparticles (anatase phase
and size < 25 nm). Punched mKate2 silk cocoon discs with a diameter
of 0.5 cm were immersed into a solution containing 0.5% (w v') TiO,
nanoparticles for 5 min with stirring of 400 rpm at room temperature
and were followed by rinsing with deionized water and drying for 24 h in
dark. To detect the PL emission of mKate2 silk, the samples were placed
on a mesoscopic spectrometer-imaging system, in which an excitation
source at A, = 530 nm and an emission filter with A, = 600-800 nm
were used.

Adbv. Biosys. 2020, 4, 2000040 2000040 (9 of 11)

www.adv-biosys.com

To confirm the presence of TiN nanoparticles in silk fibers, a
confocal Raman system (HORIBA Jobin Yvon, XploRA) was used with
an excitation laser of 532 nm. For mKate2 silk, the strong fluorescence
background signal of mKate2 completely masked Raman signals as
expected. Thus, white silk cocoons were used without mKate2, which
were obtained by wild-type silkworms (Bombyx mori) rearing under
the same conditions of mKate2 transgenic silkworms fed with TiN
nanoparticles. Using a 100 x and NA = 0.90 objective, the Raman laser
spot size was smaller than 1 um?. To minimize any thermal damage of
silk in the air, all measurements were taken with a relatively low excitation
power of 1.5 mW (10% of the maximum power). The spectrometer was
calibrated with a silicon substrate at 520 cm™' before the measurements.
Spectra were recorded from 500 to 3500 cm™ with a 1.4 cm™' spectral
width resolution. Two measurements of 10 s scans were averaged for
Raman analyses.

Device Fabrication for Photoelectric Conversion Measurements: To
explore the photoelectric conversion property of mKate2 silk, we
constructed working prototypes of devices using mKate2 silk as follows:
As an electron transport layer, a commercial TiO, nanoparticulated
paste was coated on the conducting side of fluorine-doped tin oxide
(FTO) glasses (1.7 cm x 2.5 cm) using a doctor-blade (tape casting)
method. The coated TiO, film was sequentially annealed at 120 °C for
15 min at 350 °C for 15 min and at 475 °C for 30 min on a hot plate,
resulting in the film thickness of =10 um. After cooling, the annealed
films were immersed in an aqueous 15 x 107 m titanium(IV) chloride
solution at 70 °C for 30 min to improve the physical contact between
TiO, nanoparticles, followed by a rinse with deionized water. mKate2
silk cocoons were punched into discs with a diameter of 0.6 cm. To
ensure firm physical contact with electrodes, the mKate2 silk discs
were wet by deionized water and then were flatten in between glass
slides by applying mechanical pressure (i.e., =5 N) in an oven at 37 °C.
The resultant thickness was =230 £ 20 um. An organic solvent-based
liquid electrolyte (EL-HPE) was uniformly permeated into the mKate2
silk discs. A Pt-coated FTO glass was used as a counter electrode. For
assembly, the electrolyte-containing silk disc was placed between TiO,
and Pt electrodes and was sealed with a hot-melt Parafilm in a sandwich
geometry. After assembling the electrodes, small air pockets could
be introduced due to the network porosity of silk cocoons. Thus, the
electrolyte solution was additionally injected into the device through
predrilled holes on the counter electrode and the openings were sealed
with the Parafilm and a thin coverglass.

In Situ Characterizations of Photoelectric Conversion: The current
density-voltage (J-V) characteristics of the fabricated mKate2 silk
devices using a programmable source meter (2400, Keithley Instruments
Inc.) controlled by a LabView program was measured. Time-resolved
photoresponse measurements of the devices were performed using
a low-noise current preamplifier (Stanford Research Systems, model:
SR570) and a real-time digital oscilloscope (DPO7104, Tektronix)
with a 10 GS s 1 GHz bandwidth. The photoresponse rise and fall
time was defined as the time between 10% and 90% of the maximum
photocurrent. For illumination light sources, blue, green, orange, and
red light emitting diodes (LEDs; Thorlabs Inc.) with central wavelengths
of 470 nm (full width at half maximum; FWHM = 25 nm), 530 nm
(FWHM = 33 nm), 565 nm (FWHM = 104 nm), and 625 nm (FWHM
=18 nm) were used. A black mask with a diameter of 0.6 cm (area of
0.283 cm?) was utilized to ensure an accurate measurement of the
incident light. The LED power was tuned by controlling the LED drive
current (LEDD1B, Thorlabs Inc.) and was calibrated using a power meter
(PM100D, Thorlabs Inc.). All measurements were carried out under a
dark ambient condition.

Statistical Analysis: For mechanical and cell viability tests, ANOVA
tests were conducted using Stata 14.2 statistical software (College
Station, TX, USA). For the cell viability test, the metabolic activity results
of silk groups were normalized to those of control groups. Error bars
in all data represent standard deviations. The number of samples
are presented in the figure legend of each dataset. A level of 5% was
considered statistically significant.
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