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Wearable biosensing platforms using 2D native protein fibers (FA2386-16-1-4114)
Final Performance Report
PI: Young L. Kim (Purdue University), youngkim@purdue.edu

By capitalizing on natural nanomaterials/nanostructures, our research is focused on
interactions of light with some of native protein fibers found in nature. Recent experiments
have revealed that light waves can undergo strong light scattering in the same manner of
Nobel Prize winner Philip Anderson’s theory. This possibility has the potential for a variety
of biomedical applications, including biosensing. However, typical natural materials are
intrinsically limited for strong light scattering as light is freely diffusing in such media.
‘Silvery’ and ‘lustrous’ appearance resulting from strong light scattering of native silk,
produced by Bombyx mori or Araneae, gives us a clue for taking advantage of irregular
nanostructures, while possibly scaling up to flexible or wearable devices and producing large
quantities in an eco-friendly manner. In search of biogenic nanomaterials/nanostructures for
strong light scattering, native silk appears to be an ideal candidate. Native silk is quasi-2D
optical nanostructures, as illustrated in Fig. 0. This nanoarchitecture of silk can allow for
unprecedentedly strong light-matter interactions and efficient nanomaterial hybridizations.

Fig. 0: Schematic illustration of light interactions with numerous
nanofibrils in a native silk fiber.

Chapter 1: We have found that the unique combination of native silk and facile metal
nanoparticle hybridization offers not only nontoxic media, but also utilizes plasmonics. This
idea was inspired by a common method in the 19th century of adding metal salt to the thread
to increase the weight of silk fabrics and raise the sale price. The unprecedentedly strong
affinity of silk to metal ions, which we initially intended to use as a biosensing mechanism,
forms nanoparticulated metal with finite sizes inside silk. Specifically, the combination of
enhanced light-matter interactions and preferable binding features of silk could potentially be
used to monitor specific physiological and biological changes in the body. In addition, the
hybridization of mNPs into the fibrillar nanostructures of silk can offer plasmon-sensitized
photocatalysis using visible light (or solar illumination). Fluorescent silk can also serve as
light-induced electron donors and photoinducible reactive oxygen radical-generating
nanomaterials, which could potentially be used to inactivate harmful pathogens.
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Chapter 2: While studying the biochemical composition of native silk, we have realized that
the protein and amino acid structures of native silk give rise to the strong absorption in the
infrared region (IR) where solar radiation is negligible and thermal radiation is dominant. By
Kirchhoff’s identity, the high absorption leads to a high thermal emissivity in IR. Through
the thermal radiation property of the biochemical compositions of native silk, strong light
scattering in silk gains a functionality that controls radiation heat transfer. Taking advantage
of mesoscopic physics theory, we have found one hidden mechanism in nature (passive
radiative cooling), which can protect the pupa against an excessive external radiative heat
source. Native silk possesses two distinct thermal and photonics mechanisms. The brilliant
whiteness of silk, resulting from strong light localization in the Anderson regime, mostly
reflects sunlight in the visible and NIR range. Owing to the polymeric characteristics, silk
enhance the emissivity in the IR range where solar radiation is negligible and thermal
radiation is dominant.

Our finding can be summarized as “silk is a natural metamaterial: an oxymoron”, because
Anderson light localization is a property not found in nature; it might bring up a new
understanding of white ‘blackbody’. Based on the known biocompatibility and
bioresorbability of silk, these novel functionalities can further be combined with biosensing
platforms for prolonged monitoring of physiological and biological changes. Our results
provide the groundwork as a nanomaterial hybridization platform to implement embedded
functionalities in a fiber geometry, which can easily be constructed into large-area fabrics.
The superior optical and thermal properties of native silk could potentially be a building
block for large-area flexible photonics and for a scalable hybridization platform of
multifunctional nanomaterials. We also envision that our findings could potentially lead to a
novel class of artificially engineered bionic materials in a variety of defense applications.
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Chapter 1: Scalable/continuous nanomaterial hybridization of native and fluorescent silk

Abstract

For widespread practical translation and utilization of plasmonics and nanophotonics, there is
always a need for scalable, cost-effective, eco-friendly, and nontoxic production of
nanomaterials and nanostructures. As alternative fabrication and synthesis approaches, insects
have received considerable attention as bioreactors and biosynthesis factories. However,
scalable fabrication of plasmonic nanomaterials and their integration into flexible and wearable
components are still limited. We show that a unique combination of silkworm factory and green
chemistry appears to be an effective hybridizing platform for integrating natural biomaterials and
metal nanoparticles. Our approach is inspired by a two-century-long method of increasing the
weight of silk fabrics for high price (also known as silk weighting). The reported plasmonics
hybridization of silk results in formation of silver nanoparticles in the interfibrillar space of silk
fibers, which is manifested by the ‘lustrous’ or ‘silvery’ color of silk. We further demonstrate
that plasmon-enhanced photoluminescence of far-red fluorescent protein in silk produced by
genetically engineered silkworms (i.e. silkworm transgenesis). Our results provide the
groundwork for exploiting native silk as a photonic hybridization platform to implement
embedded functionalities in a fiber geometry, which could easily be woven or constructed into
large-area and continuous fabrics using existing textile infrastructures in a sustainable manner.

Introduction

Plasmonic nanomaterials and nanostructures are extensively utilized in a variety of biomedical,
energy harvesting, and photonics applications. Several studies have also been reported on their
integration into wearable and implantable devices. From a nanofabrication and
nanomanufacturing standpoint, it is critical to produce photonic nanomaterials and
nanostructures and to further assemble them into higher-order components and systems in a
scalable, economical, eco-friendly, and sustainable manner. In particular, it is highly beneficial
to realize two crucial features: i) large-area and continuous nanomaterials and nanostructures
with functional fabrics'? (e.g. biosensing, communication, and hazard protection) and ii) eco-
friendly and nontoxic production on an industrially relevant scale. Indeed, the actual
manufacturing processes of current most energy-efficient nanodevices often consume large
amounts of fossil fuel and raw materials, resulting in negative environmental consequences®. In
this respect, there is always a combined need for both flexible/scalable/biosafe functionalities
and green manufacturing/production for plasmonic nanomaterials and nanostructures for the
widespread practical translation and utilization.

Among other insects (e.g. earthworms?), silkworms have received considered attention as
bioreactors and insect factories for producing recombinant proteins, biomaterials, and hybrid
nanomaterials.>! Polymeric materials from silk proteins (i.e. fibroin) are often processed and
fabricated into a variety of types of materials and structures, including optical components (e.g.
lenses, prisms, diffraction gratings, and waveguides)!?4. While the engineering approaches (i.e.
silk protein processing) are highly promising, the direct use of native silk fibers, which are
produced via biological processing of silk proteins (i.e. fiber spinning from silkworms or
spiders)'®>Y’ has their own advantage as a hybridization platform of nanomaterials and
nanostructures. Specifically, we can take use of existing textile technologies and infrastructures

DISTRIBUTION A Distribution Approved for Public Release: Distribution Unlimited



that may allow us to manufacture high-quality plasmonic nanoproducts in a large quantity and an
affordable cost.

Toward this direction in conjunction with plasmonics, we take advantage of a unique silk
property, inspired by a common practice in the 19th century for increasing the weight of
silk fabrics. After degumming silk (i.e. removing the outer sericin layer to improve the
color, sheen, and texture of silk), the weight loss can easily be compensated by soaking
silk fabrics in a bath of metal salts (e.g. tin, iron, and lead)'8-?°. Silkworm silk fibers
contain numerous amino acids, including tyrosine residues that have strong electron
donating complex properties.*®?122 Based on this binding property, we propose to form
nanoparticulated silver inside silk fibers to allow coupling of the electrons of silver
nanoparticles (AgNPs) and electromagnetic waves. For plasmonic investigations, finite
sized AgNPs are crucial for generating coupled electromagnetic-electron waves. Metal or
inorganic nanoparticles are often integrated with silk fibers and fabrics for antibacterial
activities and unique colorations?®3°, However, our approach is distinct from such
nanomaterial hybridizations and chemical functionalizations with silk, which are focused
on coating or attaching metal nanoparticles (mNPs) on the surface of silk fibers. Another
advantage of nanoparticulated Ag inside silk fibers is that AgNPs with finite sizes may
not exhibit direct toxicity, while Ag ions released from AgNPs are known to be harmful®.,
Thus, wholly integrated AgNP-silk complexes could potentially reinforce plasmonic
effects for full integration of natural proteins and synthetic nanomaterials into large-area
and continuous substrates or clothes.

We show that native silk produced by silkworms (Bombyx mori) appears to be an
alternative platform for hybridizing natural biomaterials and mNPs via simple green
chemistry. Using the unprecedentedly strong affinity of silk proteins to metal ions,
nanoparticulated silver with finite sizes are formed in the interfibrillar space of silk fibers,
resulting in the ‘lustrous’ or ‘silvery’ color of silk. For plasmon-enhanced light-matter
interactions, we use fluorescent protein-expressing silk, produced by transgenic
silkworms®®28, for selective excitation and emission originating from localized surface
plasmon resonances of AgNPs inside silk fibers. Specifically, we demonstrate strong
emission enhancement of mKate2 fluorescent protein in AgNP-embedded silk. Our
results provide the groundwork for exploiting native silk as a photonic nanomaterial
hybridization platform for implementing embedded functionalities in a fiber geometry,
which can easily be woven or constructed into fabrics using conventional textile
infrastructures. We further anticipate our biogenic hybridization route to be a starting
point for possibly scaling up flexible and wearable photonic components in an eco-
friendly, scalable, and sustainable manner.

Results and Discussion

We realize all-in-one plasmonic silk composed of AgNP-embedded native and transgenic silk
fibers. The hybridization of finite sized AgNPs into silk is based on three unique features: the
internal nanostructures of silk fibers, the strong binding property to metal ions, and facile green
chemistry. First, we actively utilize the fibrillar nanostructures of silk fibers as a physical frame
for hybridization. A natural silk fiber (~ 20 — 50 um in diameter) consists of twin fibroin
filaments and each filament is assembled from a bundle of highly packed nanofibrils (~ 20 — 200
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nm)2%3235 " Indeed, the unique gland environment of silkworms and fibroin chemistry promote
crystallization of nanofibrils with void interfibrillar space.'>*" Second, exploiting the strong
binding property to metal ions, we effectively infiltrate Ag metal salts into the nanofibrillar
structures of natural silk. Third, we further enhance this hybridization process, using tannic acid
(TA) (C76H52046, a plant derived polyphenolic compound) as an eco-friendly reducing and
stabilizing agent for synthesizing AgNPs®®3". As historically used for burns treatments and as an
alkaloid reagent®3, our TA concentration is minimized to reduce potential adverse effects (e.g.
protein denaturation). We note that low concentrations of TA have been generally employed in
dyeing and printing silk fabrics*®. Specifically, we generate AgNP-embedded silk fibers using
facile synthesis processes in agueous solutions with only three basic chemicals of TA, AgNO3,
and K>COz at room temperature. For a systematic synthesis, we prepare for AQNP-embedded
silk with different densities of AgNPs by controlling the mole ratio of AgNO3 and the treatment
time.

For nanostructural characterizations, we focus on using an optical means for characterizations.
Due to polymeric nature of silk proteins (e.g. low atomic weight, low density protein, and rapid
degradation under an electron beam), it is challenging to visualize the composite of AgNPs and
silk using conventional electron microscopy?®3233, Thus, we intensively use RCM to directly
visualize the spatial distribution of AgNPs inside silk fibers, which exhibit slightly bright brown
silk cocoons compared to the pure white color of native silk cocoons (Fig. 1a). It is virtually
impossible to determine the exact sizes of AgNPs using RCM, due to a limited spatial resolution
of RCM. On the other hand, RCM is highly beneficial for 3D visualization of AgNPs, because
plasmonic resonances enhance the scattering cross sections of mNPs. For example, the
scattering cross section of an AgNP with a diameter of 59 nm at 1 = 488 nm is 8.1 times larger
than the geometrical cross section. In Fig. 1b-d, bright spots inside silk fibers are easily seen on
the same optically sectioned plane inside the fiber for three different laser illumination
wavelengths of 1 = 488, 543, and 633 nm. This representative visualization is performed from
silk embedded with a low density of AgNPs by dissolving a small amount of AgNOs (i.e. 0.5
mM) with a short treatment time of five minutes. Fig. 1b-d show that AgNPs inside silk are
formed relatively uniformly across the single imaging plane. The accumulated number of
embedded AgNPs is significantly larger than that attached on the surface (Fig. 1e and video in
ESIt). The spatial distributions of bright spots in Fig. 1b-d are not identical, because different
laser wavelengths are sensitive to different plasmonic resonance bands that correspond to
different dominant sizes of AgNPs. To further confirm the interfibrillar existence of AgNPs, we
examine both inside and surface of AgNP-embedded silk fibers using EDX and SEM (Fig. 1f).
From EDX of AgNP-embedded silk fibers, Ag is detected with 0.58 £+ 0.15 (mean + standard
deviation) in weight percent (wt. %) inside silk fibers and 0.7 + 0.15 wt. % on the surface (Fig.
1g). We also observe randomly distributed AgNPs inside silk fibers from TEM.

For AgNP-embedded silk, we can control the density and size of AgNPs formed in the
interfibrillar space of silk by adjusting a mole ratio of AgNO3 and a treatment time (Fig.
2e). In Fig. 2a and 2b, the optical extinction (or absorption) spectra are attributable to the
superposition of plasmon resonances from individual AgNPs. As the mole ratio of
AgNO:s or the treatment time increase, the extinction peaks of AgNP-embedded silk
become stronger and broader, because both density and size of AgNPs in silk are
augmented. The maximum absorption peak position of AgNP-embedded silks at around
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470 nm is relatively invariable (Fig. 2a and 2b). On the other hand, aqueous AgNP
solutions, synthesized without the interfibrillar frame (without silk fibers), result in
broader absorption spectra at larger mole ratios. For photoluminescent utilizations, a high
density of AgNPs is not desirable, due to reabsorption of emission (also known as the
inner filter effect). In general, mNPs have high extinction coefficients larger than
conventional fluorophores*'. Thus, we select a relatively low-density AgNP-embedded
silk (mole ratio of AgNO3 = 0.5 mM and treatment time = 5 minutes) that has 32.5% light
absorption compared to native bare (control) silk (Table S1). Using Mie theory*?43, we
further estimate a size distribution of AgNPs inside silk fibers (Fig. 2c and 2d), assuming
uniform spherical shapes of AgNPs, the known complex refractive index of Ag**, and the
refractive index of silk (~ 1.56%). To inversely estimate the size distribution of AgNPs,
we use a lognormal distribution, which a solution-based AgNP synthesis typically
follows?®, for the probability p as a function of the particle diameter d with two
parameters p and o:

1 _(Ind—p)’ 1
p(d)—damexp{ 7 } (1)

where log(p) is distributed normally with a mean of p and a standard deviation of o. This
theoretical analysis suggests that a mode diameter of AgNPs in silk is 36 nm with py =3 and ¢ =
0.34. This result is in relatively good agreement with AgNPs in TEM. Importantly, we note
that this AgNP hybridization with silk can further be extended to large-area or continuous fabrics
with flexibility and wearability (Fig. 3). The integration of AgNPs into silk leads to no
considerable variations in the mechanical properties of individual fibers. The mechanical
properties of individual silk fibers, including the maximum strain, the maximum stress, and the
Young’s modulus, are not significantly changed after the AgNP hybridization with silk. In other
words, the conventional textile methods can be used as scalable processes for further integration
into higher-order manmade structures of fabrics.

To further embody innocuous nontoxic fluorophores in silk for plasmon-enhanced
photoluminescence, silkworm transgenesis is an attractive route for producing wholly natural
fluorescent silk fibers. By means of a popular germline transformation (i.e. piggyBac
transposon)®®®, we use genetically engineered domesticated silkworms (Bombyx mori bivoltine
strain) to express monomeric far-red fluorescent protein (mKate2) in silk filaments. The
transformation vector p3xP3-EGFP-pFibH-mKate2 is constructed as the piggyBac-derived
vector and the vector DNA is injected with a helper vector into pre-blastoderm embryos. The
analyses using high-performance liquid chromatography with tandem mass spectrometry confirm
the expression of FibH chain-mKate2 fusion proteins. In transgenic silk, the mass density of
mKate2/Fibroin H-chain fusion recombinant protein is estimated to be ~ 12.6 %. The produced
mKate2 silk cocoon has a reddish color under white light illumination, resulting from its
absorption and emission bands. Considering the spectral characteristics of plasmon resonances
of AgNPs (0.5 mM and 5 minutes in Fig. 2) and mKate2 absorption/emission, it appears that
AgNP-embedded mKate2 silk is an excellent photoluminescent platform, assisted by excitation
enhancement of a stronger electric field or emission enhancement from a plasmon-coupled
state?’51,

To characterize plasmon-enhanced photoluminescence in AgNP-embedded mKate2 silk (Fig.
4a), we collectively excite AgNP plasmon resonances that mostly overlap with the absorption
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band of mKate2. In Fig. 4b, the fluorescent confocal and RCM images on the same optically
sectioned plane indicate colocalization of mKate2 and AgNPs in silk, respectively. In Fig. 4c,
the excitation enhancement from the increased electric field in the vicinity of AgNPs gives rise
to the stronger emission intensity in a mesoscopic (between microscopic and macroscopic)
imaging setup (excitation band Aex = 470 — 550 nm and emission band Aem = 600 — 700 nm). The
photoluminescence spectra (Fig. 4d) clearly reveal that an enhancement ratio of AgNP-
embedded mKate2 silk relative to bare mKate2 silk is 2.1 in the emission wavelengths of 600 —
700 nm. To estimate an average separation distance between mKate2 and AgNPs, we also
model the enhancement ratio (E) of the fluorescent intensity, using the single-molecule
fluorescence model*"°,

E =% () 5 () 2
where Jex is the excitation rate, A% is the corresponding excitation rate in free space, q is
the quantum yield of spontaneous emission coupled into the plasmon resonance, q° is the
corresponding quantum yield in free space (= 0.4 for mKate?2), dex IS the excitation
wavelength, and Zem is the emission wavelength of mKate2. In the excitation rate, we also
incorporate the size distribution of AgNPs (Fig. 2d) obtained from the Mie calculations.
An average separation distance between mKate2 and AgNPs weighted by their size
distribution is likely to be ~ 30 nm (Fig. 4e) with the low density of AgNPs. Importantly,
we can rule out a possibility that the mKate2 emission enhancement is attributed simply
from changes in the scattering strength, resulting from the presence of AgNPs in silk. As
shown in the reflectance images in two wavelength ranges of 470 — 550 nm
(corresponding to Aex) and 600 — 700 nm (Zem), both bare mKate2 silk and AgNP-
embedded mKate2 silk are nearly indistinguishable, while the average reflectance value
of AgNP-embedded mKate2 silk is slightly lower (i.e. ~ 5%) than that of bare mKate2
silk at Aex =470 — 550 nm, due to the absorption of AgNPs (Fig. 2a and 2b). The mKate2
silk with higher AgNP densities shows decreased emission intensity, possibly due to
reabsorption of AgNPs and quenching of mKate2. Thus, the reported results support the
idea that AgNP-embedded silk is a scalable plasmonics route for minimal reabsorption of
mNPs and plasmon-enhanced photoluminescence.

Conclusions

Exploiting native silk, green chemistry-based AgNP formation, and fluorescent proteins
from silkworm transgenesis, we have demonstrated that the presented nanomaterial and
nanostructure hybridization can serve as an affordable and scalable platform to realize
plasmonics with large-area and flexible characteristics. Inspired by the two-century-long
practice of increasing the weight for higher price of silk, AgNP-embedded fluorescent silk
can provide immediately exploitable photonic nanomaterial and nanostructural
hybridizations potentially for photocatalysis, energy harvesting, and biomedical
applications. Specifically, the hybridization of mNPs into the fibrillar nanostructures of
silk can offer plasmon-sensitized photocatalysis using visible light (or solar
illumination)®2%3. The fluorescent protein-expressing silk fibers can also have phototoxic
effects upon light stimulation, because fluorescent proteins can serve as light-induced
electron donors and photoinducible genetically-encoded reactive oxygen species-
generating proteins®*°°. These potential functionalities are ideal combinations with the
strong light scattering of silk, which is manifested by the color of silk. Fluorescent
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proteins and silk materials are also well-known for biocompatibility (or biodegradability)
and high mechanical strength (e.g. stiffness and toughness). Thus, all of the superior
properties associated with plasmonic silk will provide a building block for developing
future multifunctional smart textiles. We also envision that the silkworm insect factory
could potentially open an alternative green manufacturing strategy for producing
plasmonic nanomaterials and nanostructures for integrated systems in an eco-friendly,
scalable, and sustainable manner, minimizing the use of sophisticated nanofabrication
methods.

Acknowledgements

This work was supported by Cooperative Research Program for Agriculture Science &
Technology Development (PJ011835) from Rural Development Administration, South
Korea and Asian Office of Aerospace Research and Development (FA2386-16-1-4114)
from Air Force Office of Scientific Research, USA.

DISTRIBUTION A Distribution Approved for Public Release: Distribution Unlimited



AgNPs

Silk cocoons Silk fibroin filament

X

Optical sectioning §- Optical sectioning Optical sectioning

A =488 nm

f i g 1o
Inside 1 Inside AgNPs 60 +
0.8 I &= Surface @ 0.5mMand 50 {_
;\3 5 minutes 40
% = 06
<
o 5 30
o D 04
o $ 20
02 ﬁﬂ 10
0
i e o v
S Ca Ag K Na Mg

Element

Fig. 1: Cooperative hybridization of AgNPs with native (Bombyx mori) silk. (a) Photographs
of bare native (control) and AgNP-embedded silk cocoons with punched holes. Schematic
illustration of AgNP-embedded silk filaments. (b-d) 2D optical sections and (e) 3D stack of
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reflectance confocal microscopy (RCM) images of AgNP-embedded silk fibers under different
laser illuminations at A = 488 nm, 543 nm, and 633 nm. (f&g) Energy dispersive X-ray (EDX)
spectrum (inside) and element data from AgNP-embedded silk fibers with a low density of
AgNPs (i.e. mole ratio of AQNO3z = 0.5 mM and treatment time = 5 minutes), which is an
optimal condition for photoluminescence. EDX results show that silk contains the main three
elements of carbon (C), nitrogen (N), and oxygen (O), including other minor elements of sulfur
(S), calcium (Ca), potassium (K), sodium (Na), and magnesium (Mg). Importantly, native bare
silk fibers do not show any element of Ag.
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Fig. 2: Spectroscopic characterizations of AgNP-embedded in silk. (a&b) Measured
extinction spectra of AgNP-embedded silk synthesized by different mole ratios of AgNOs or
different treatment (dipping) times, which allow us to control the size and density of AgNPs
inside silk fibers. (c) Calculated extinction spectrum using Mie theory, compared with a
measured spectrum at the optimal AgNP density for photoluminescence. (d) Estimated size
distribution (i.e. lognormal distribution) of AgNPs inside silk fibers by Mie theory. (e)
Photograph of systematically synthesized AgNP-embedded silk specimens.
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Fig. 3: Scalable and continuous nanomanufacturing using conventional textile

infrastructures. (a) Photograph of native bare (control) and AgNP-embedded silk fabrics at an
aqueous solution of 0.5-mM AgNO:s for five minutes. (b) SEM and (c) RCM images of AgNP-
embedded silk fabrics. The silk fabrics were woven without any additional chemical treatments

in the Korea Silk Research Institute, Jinju, South Korea.

12
DISTRIBUTION A Distribution Approved for Public Release: Distribution Unlimited



mKate2 b mKate2 fluorescence
silk cocoons

AgNP-embedded
mKate2 silk fibers

Transgenic
bare AgNPs

(Control) 1em

Illumination Detection
1 1 d . . .
| | I 12 F . _—
0 2 0 2 | Bare mKate2 silk
470-550 nm 600-700 nm - (Control) 1
Sos} -
) cU
Intensity ;
Max © 0.4 f
e
£
0.0
Control Ae= 470 - 550N
600 650 700 750
Wavelength (nm)
M|n 1 2 [ '_I T T T ]
) 1] AgNP-embedded
- mKate2 silk 1
’50.8 (AgNPs) |
2 4 : : : : N2
[ e 2
- 3 -1 wo4ar
5 g
Y - =
3
2.l A 0.0
c | Ae,= 470 -550 nm A
c 1 \ 4 1 1 1 1 1 1 1
4 20 40 60 80 100 600 650 700 750
Distance between AgNP and mKate2 (nm) Wavelength (nm)

Fig. 4. Plasmon-enhanced photoluminescence of transgenic fluorescent (mKate2) silk

hybridized with AgNPs. (a) Photograph of a native control mkate2 silk cocoon and an AgNP-

embedded mkate2 silk cocoon synthesized under a condition of 0.5-mM AgNOs and five

minutes. (b) Fluorescence confocal microscopy image of AgNP-embedded mKate?2 silk fibers.
Fluorescence confocal microscopy and RCM images from the same optical section of an AgNP-
embedded mKate2 silk fiber, showing colocalization of mKate2 and AgNPs. (c) Fluorescent
image of bare mKate2 silk (control) and AgNP-embedded mKate2 silk (AgNPs). Four different
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punched specimens are arranged within the field of view of the mesoscopic imaging setup, which
has excitation and emission filters as illustrated on top. (d) Emission spectra of mKate2 silk
without (i) and with (ii) AgNPs under excitation ex = 470 — 550 nm. The solid lines indicate
mean values averaged from multiple fluorescent spectra, corresponding to the mKate2 silk
specimens in (c). (e) Theoretical fluorescence enhancement ratio of mKate2 by AgNPs as a
function of separation distance between mKate2 and AgNP. The enhancement ratio of
approximately 2 (i.e. dotted red line) indicates that a possible average separation distance
between mKate2 and AgNP is ~ 30 nm.
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Chapter 2: Cooperative self-cooling of native silk

Abstract

Since radiative cooling was proposed as early as in 1970s,' this idea has recently regained
considerable attention thanks to the advances in plasmonics and nanophotonics.*® Although
nanoscale fabrication and synthesis have shown the possibilities of thermal photonic
nanomaterials and nanostructures, these are intrinsically limited for large-scale, sustainable,
economical, and environmentally-friendly production. In search of biogenic nanomaterials and
structures for radiative self-cooling, native silk, produced by Bombyx mori, appears to be an ideal
candidate as possessing two distinct optical and thermal mechanisms: i) The brilliant whiteness
of silk, resulting from strong light scattering, enhances reflectivity of sunlight in the visible and
NIR ranges. ii) The protein and amino acid structures of native silk give rise to strong emissivity
(or absorption) in the infrared (IR) region where solar radiation is negligible and thermal
radiation is dominant. We report the spectral properties of silk support these combined photo-
thermal mechanisms. By conducting thermal experiments, we directly verify that temperature is
controlled in native silk under excessive sunlight. These results provide a better understanding
of dissipating heat back to the surroundings via blackbody radiation in nature. We further
envision that biogenic self-cooling of silk could potentially be a building block for large-area
flexible thermal-photonics and for a scalable hybridization platform of multifunctional
nanomaterials in a variety of defense applications.

Introduction

It is well known that a silk cocoon shell has multiple vital functions as a habitat of a silkworm
for regulating physical and biological conditions (e.g. carbon dioxide, temperature, humidity,
mechanical attack, and electrical properties).”2° It would also be critical for the silkworm to
have a protection mechanism against heat retention from excessive sunlight, because the pupa
spends the most of time inside the silk cocoon during the life cycle. Thus, one can speculate that
the silk cocoon shell could potentially have a photo-thermoregulatory function, in particular for
radiation heat transfer. In this respect, the optical and thermal properties of native silk may
provide a clue for passive radiative cooling in nature.

Native silk possesses a distinct photonic property. The natural color of silk cocoon shells is
described by the ‘lustrous’ or ‘silvery’ reflection, indicating strong light scattering and Anderson
light localization in silk. In particular, strong light localization often results in the suppression of
light transmission. Thus, this optical property can make silk highly reflective to solar radiation
that dominates the visible and NIR region. In Fig. 5a, integrating sphere measurements show
that a white cocoon shell reflects 80% of sunlight in the visible and NIR region; the reflectance
values reaches 90% at 550 nm where the sunlight is strongest. In other words, as shown in the
visual appearance of the brilliant whiteness, native silk effectively reflects out solar radiation.

Native silk also possesses a unique thermal radiation property. The protein and amino acid
structures of native silk give rise to the strong absorption (i.e. high emissivity by Kirchhoff’s
identity) in IR. For the broad spectral area of first and second atmospheric transparency
windows (i.e. 7 — 14 um and 16 — 25 pum), native silk shows an extremely high thermal
emissivity, which is comparable to the blackbody in Fig. 5a. Silk proteins are mainly composed
with fibroin (e.g. heavy and light chains of polypeptides) and sericin.**? In particular, fibroin is

19
DISTRIBUTION A Distribution Approved for Public Release: Distribution Unlimited



composed of highly repetitive glycine and alanine-rich regions. The numerous strong absorption
peaks in IR originate from molecular vibrational and rotational modes supported in the complex
protein structures of silk. Predominantly, silk forms antiparallel B-sheet nanocrystals, which are
mainly responsible for the mechanical properties,*>*° determines the major absorption bands of
several amides.'® Thus, this high emissivity characteristic of native silk can be advantageous
over typical synthetic cooling materials, in which the emissivity engineering of synthetic
radiative coolers often rely on a single absorption peak of silicon dioxide (SiO2) or hafnium
dioxide (HfO) in IR.41

Results and Discussion

To experimentally validate radiative cooling of native silk, we utilize measurement testbeds for
radiation heat transfer, minimizing convection and conduction heat exchange between the
ambient air and native silk (and other reference materials). In the testbed, a 200-mm-diameter
native silk cocoon panel, in which circular patches (diameter = 10 mm) are constructed in a fish
scale pattern, is cemented with a resistance temperature detector on the surface of a polystyrene
base, and is covered by a transparent acrylic box. The top of the testbed is shielded by a thin
low-density polyethylene film (thickness = 19 um), which is transparent in the entire visible-
NIR-IR regions. As a conventional rooftop material, an aluminum panel is also compared,
because aluminum can serve a sunlight reflector as strong as native white silk in the visible and
NIR region (Fig. 5). Fig. 5b shows that the steady-state temperature of the native silk panel
under direct sunlight is 10 °C below the temperature of aluminum under the solar irradiance
exceeding 1,000 Wm. In the absence of sunlight at night, a slight temperature increase (~ 0.8
°C) in the aluminum panel agrees with the low emissivity of aluminum (Fig. 5c), compared with
the night temperature of the silk and black paint-coated panels.

The backyard measurements are further investigated using a 3D multiphysics model of heat
transfer, including surface-to-surface radiation, in which the unique spectral behavior of the
testing materials is incorporated in the entire visible-NIR-IR regions. In Fig. 5b&c, the
temperature profiles of the theoretical models are in excellent agreement with the experimental
results obtained during daytime and nighttime with clear sky in late summer. This result
provides an example that Anderson light localization in silk offers an integrated property of a
sunlight reflector and a thermal emitter, which is often challenging to achieve using conventional
reflectors or synthetic radiative coolers.

Conclusion

We envision that our results will open up largely unexplored opportunities for self-cooling
effects found in nature. As one of the protection mechanisms, the silk cocoon shell provides a
photo-thermoregulatory function. Our results explain that the silk cocoon itself suppresses most
of transmission by strongly light localization (or strong light scattering), making silk highly
reflective for solar radiation in the visible range. Also, the protein and amino acid structures of
native silk intrinsically support the numerous molecular vibrational and rotational modes,
making silk highly emissive for thermal radiation in the IR range. Thus, the spectral properties
of native silk are ideal for the self-cooling effect, supporting the combined photo-thermal
mechanisms. Indeed, native silk is a biophotonic cooler. Based on the biocompatibility and
bioresorbability of silk, we further anticipate that this novel functionality can be combined with
biosensing platforms for prolonged monitoring of physiological and biological changes.
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Fig. 5: Anderson light localization mediates a self-cooling function. (a) Measured
reflectance and emissivity of a 400-um-thick white silk sample from 400 nm to 20 pm (blue
line). In the visible/NIR range, the entire hemispherical measurements are conducted. For the
IR range, after the loss for limited NA of FTIR microscopy measurements (blue line) is
compensated, the emissivity is calculated in a silk specimen with a thickness of ~100 pm.

(b) Backyard measurements (left) and simulations (right) of the native silk cooling testbed (blue
line), compared to other reference roofing materials (i.e. carbon black paint and aluminum). The
black paint reaches a temperature up to 90 °C under direct solar irradiance power of 1,000 W/m?
(gray line) during clear daytime of late summer. The geographic location of the backyard
measurements is West Lafayette, Indiana. With an accuracy of 0.15 °C, the resistance
temperature sensors monitor the back-surface temperature of each cooling panel. The
temperature profiles are also simulated using a 3D multiphysics model of heat transfer. (c)
Night-time radiative cooling measurements (left) and simulations (right). The measurements are
conducted after 6 PM in local time during the Sun set. Night-time radiative cooling
demonstration is particularly important, capturing the thermal emissivity of materials.
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