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Abstract: Inkjet printing is an attractive bottom-up microfabrication technology owing to its
simplicity, ease of use, and low cost. This method is particularly suitable for patterning of
biomaterials because biofunctionality and bioactivity can be preserved during the patterning
process in the absence of harsh conditions such as heat, UV radiation, and plasma. However, it is
still challenging to apply this technology to biomaterial-based soft photonics, which requires
precise control over morphology and uniformity to confine photons efficiently. This study
introduces inkjet printing to create silk protein patterns to emit/guide a single-mode distributed
feedback (DFB) laser on a single platform. A thin TiO, coated grating enables coherent feedback
of the generated photons for any shape of the printed silk pattern. The lasing wavelength can be
adjusted by adding gold nanoparticles to the silk/dye ink. Photonic components of lasers and
waveguides are drawn on a DFB board, and the lasing light can be extracted through adjacent
waveguides. The printed components can be reformed by post modification (water-removal and
reprinting). Additionally, optically absorptive melanin nanoparticles placed on the waveguide
can attenuate the propagating light, thus adding utility for sensing applications. This allows a
new method to fabricate cost-effective, easily functionalized, and versatile biomaterial photonic
chips for advanced sensing and diagnosis.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Material patterning is important for demonstrating micro/nanophotonic components and for
generating and manipulating photons in displays [1-5], biosensors [6-9], and data processing
[10-14] applications. Conventional fabrication methods, including photolithography [15-17],
vacuum deposition [18-20], and etching [21-23], have been used to build precise and reliable
photonic devices. However, these techniques may not be suitable for patterning soft biomaterials
because the material traits and biofunctionalities could be influenced by exposure to UV light,
vacuum, and plasma. Recently, printing technology has moved beyond texts and graphics into
photonics because it is a direct, cost-effective, maskless, additive, and eco-friendly method to
obtain photonic components. Among the many available printing technologies, inkjet printing,
which digitally deposits ink into predetermined arrangements, is a very attractive option and
has been adopted to pattern photonic components with desirable features and scales [24-30].
Moreover, the bio-friendly traits of the ink, such as biocompatibility and biodegradability, are
advantageous for fabricating customized biophotonic devices.

Silk protein, which is a natural biopolymer extracted from Bombyx mori cocoons, is gaining
much attention in biophotonic devices owing to its optical transparency [31], water-based
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processability [32], fabrication capabilities [33], and good preservation of functional materials
[34,35], in addition to biocompatibility and biodegradability [33,36]. This unique combination of
features has enabled the innovation of various silk-based biophotonic devices such as waveguides
[37], photonic crystal reflectors [38], metal-insulator—metal resonators [39], distributed feedback
(DFB) lasers [40], lenses [41], and surface plasmon generators [42]. In addition, solution processed
silk is a promising bio-ink for the development of biosensors and responsive biophotonic devices.
Recently, Parker et al. [43] reported a compact design for nanoscale patterned silk waveguides,
and Tao et al. [44] introduced a cost-effective library of functional silk inks by adding organic
dyes, bio-dopants, and metallic nanoparticles. Nonetheless, despite the many attractive features
of silk photonics, it is still a challenge to obtain a highly coherent light source (laser) and a
light coupler on the same platform using inkjet printing because the photonic devices require
precise control of the device morphology in nanoscale that is challenging in the inkjet printing
method. Therefore, another strategy is required to obtain the integrated form of the silk photonic
components with advantages of the inkjet printing method.

Here, we report an arbitrarily patterned single-mode biolaser and a set of coupled waveguides
fabricated via inkjet printing optically active functional silk ink onto a DFB board. The DFB
platform consists of a 30-nm-thick titanium dioxide (TiO;) layer deposited on a quartz grating
surface. The inkjet-printed silk with rhodamine B (RhB) exhibited single-mode lasing regardless
of the pattern geometry and size, down to features of diameter 200 um. In addition, the
lasing wavelength and threshold could be weakly tuned by adding gold nanoparticles (AuNPs)
to the silk ink owing to the change in the effective refractive index (RI). We printed optical
waveguides adjacent to the lasing part on the DFB board and observed that the edge-emitting
DEFB laser signal was coupled to the waveguides and propagating. Melanin nanoparticles (MNPs),
which are absorptive bio-pigments, attenuated the propagating lasing signal when placed on the
waveguide, thereby indicating the sensing capability of the printed optical circuit. The printed
silk components were physically transient, so they could be modified by removing with water
and redrawing. A suitable combination of silk protein, dopants, inkjet printing, and the DFB
platform thus appears to a promising route towards on-demand integrated biophotonic circuits on
a single chip for bio/chemical sensing and diagnostics.

2. Results and discussions

Figure 1(a) shows the schematic diagram for generation of photonic silk text emitting a single-
mode DFB laser via inkjet printing. To obtain a biological light emitter, we prepared a functional
bio-ink by blending silk protein solution with RhB dye (see the Methods), which is widely used
in biotechnology for cell staining [45]. As the inkjet-printed layer is optically thick and has
an uneven surface that inadequately induces coherent feedback of the generated light, a large
DFB board (1 x 1 cm?) with an ultrathin TiO, grating (~30-nm-thick) deposited on quartz was
prepared for the arbitrarily shaped gain. Scanning electron microscopy (SEM) images show that
the fabricated grating with the 380 nm pitch size (A) can be partially covered by the printed silk
protein (Fig. 1(b)). The side-view SEM images reveal the thick and uneven layer of the printed
silk (Fig. 1(c-d)). This indicates that the printed layer cannot solely support the waveguide mode
to induce the long-range coherent feedback and the TiO,-coated DFB board is important for that
purpose.

Figure 2(a) shows the absorption and photoluminescence (PL) spectra of RhB in the printed
silk matrix. The A of 380 nm was chosen for the surface emitting DFB mode to fall into the PL
range of RhB, as determined by Bragg’s law Aprage = Anefr, Where Apragg is the Bragg wavelength
and neg is the effective RI. Under UV excitation, we could observe bright yellow light from the
printed silk letters, and this light could be generated as lasing under proper excitation (Fig. 2).
The inkjet-printed RhB/silk layer exhibited single-mode lasing at the wavelength of 588.3 nm
(Fig. 2(b)). The second harmonic Nd:YAG laser with a wavelength of 532 nm and pulse duration
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Fig. 1. Inkjet-printed silk gain on a distributed feedback (DFB) board. (a) Schematic
illustration of the single mode DFB lasing from the inkjet-printed silk gain layer. Although
the printed silk layer is not optically thin and uniform to support waveguide mode and
DFB effect, coherent feedback can be induced by the thin TiO; layer on the grating. (b-e)
Scanning electron microscopy (SEM) images of the printed DFB board. The top-view SEM
image in b shows the clear boundary between the nonprinted and printed silk layer. The
side-view SEM image in (c) shows the uneven surface of the printed silk layer. Scale bars
indicate 5 pm in (b) and 50 pm in (c). Magnified SEM images are shown in (d) (at the thick
layer) and (e) (at the thin layer).

of 25 ps was used for excitation and was focused on the silk layer with a 0.20 mm? beam spot.
Where, the E-field components of the pump light source were normal to the grating surface. The
single-mode lasing peak showed a full width at half maximum (FWHM) of ~2.2 nm, which
is twice the minimum resolution of the spectrometer used, and red-shifted with increasing A
(Fig. 6 in the Appendix). Far-field images (the inset of Fig. 2(b)) show that the lasing light
(bottom, RhB/silk on TiO,/quartz substrate) is much brighter than the PL (top, RhB/silk on
plain quartz substrate) and can propagate along the TiO; layer. Figure 2(c) shows the light-in
versus light-out (LL) curve to investigate the threshold behavior of the laser. We confirmed that
the transition to single-mode lasing from PL happened above the input power density of 1.5
mJ/cm?. It is worth noting that the inkjet-printed gain layer is optically too thick and uneven
to induce waveguide mode for coherent feedback. In our previous study, we reported that a
thin TiO; layer could induce coherent feedback and enhance gain even when the gain layer is
not uniformly thin. Therefore, our TiO, coated grating platform is a good lasing canvas for the
inkjet printing method, whereas typical DFB lasers require a high RI waveguide gain layer with
thickness under 1 um. Finite-difference time-domain (FDTD) simulations confirmed that the silk
on the TiO,/quartz grating supported a single DFB mode of wavelength 589.3 nm (Fig. 2(d)) and
good agreement with the measured spectrum. The small difference between the simulated and
experimental peaks was due to fabrication tolerance. In addition, we confirmed that the lasing
wavelength increased as A increased in the experiments and FDTD simulations (Fig. 6 and 7
in the Appendix). At resonant wavelength, the simulation showed that photons with transverse
electric (TE) polarization were strongly localized along the TiO; layer (Fig. 2(d)).

To investigate the minimum size of the lasing pixel, silk dots with different diameters (from 50
um to 1600 pm) were printed on the DFB board. Lasing (population inversion) is possible when
the gain enhanced by the coherent feedback exceeds the loss. This means that a large number
of grooves is required to obtain sufficient feedback. DFB lasing could be observed from the
printed silk dots down to features of diameter 200 um, with lower lasing thresholds associated
with larger diameters owing to the enhanced feedback (Fig. 3(a) and (b)). In addition, the reduced
dot size affects the effective RI that the waveguided photons experience. FDTD simulations for
the DFB grating with finite numbers of groves show that the resonant wavelength is red shifted
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Fig. 2. Optical properties of the inkjet-printed DFB-lasing silk texts. (a) Normalized optical
absorption and photoluminescence (PL) spectra of the printed silk/RhB layer. The inset
shows a photograph for the printed silk text under UV laser excitation. (b) PL spectra of
the printed silk/RhB letters under picosecond-pulsed excitation. Above the threshold, the
lasing peak is seen at a wavelength of 588.3 nm. Insets show the photographs of the printed
silk/RhB layer on the plane quartz (top) and the TiO,-coated quartz grating (bottom). (c)
Plot for the light-in versus light-out (LL) of the DFB laser showing threshold behavior. (d)
Simulated spectrum of the DFB mode. The inset shows the electric field (parallel to the
grating surface) profile of the DFB mode.

(owing to increased effective RI) and the quality factor increases (owing to increased feedback)
when the number of grooves increases (Fig. 8 in the Appendix). Figure 3(a) shows that the
lasing wavelength is blue shifted with decreasing dot sizes (from 591.0 nm to 583.1 nm). Over a
diameter span of 1600 um, the lasing wavelength and threshold were stabilized. These results
indicate that a minimum of 1600 um pixel is required to integrate a high-efficiency lasing source
even when smaller dots can achieve lasing.

To tune the lasing wavelength, because the morphology of the grating (including A and height)
is fixed, an additional process is required to change the RI of the silk ink. We investigated the
effect of AuNP addition (biocompatible and plasmonic green absorber) on the lasing wavelength
(Fig. 4(a)). Figure 4(b) shows that the lasing peak was blue shifted (41 =4.1 nm for an AuNP-
addition of 100 ul/ml) upon incorporating the AuNPs into the optical gain silk ink. The addition
of AuNPs played a constructive role in reducing the effective RI of the silk film, and such a
reduction of the effective RI of the gain layer could be used to tune the resonance behavior of the
bio-light source to a lower wavelength [46]. Figures 9(a) and (b) (in the Appendix) show that
the simulated resonance peak can be blue shifted by 4 nm when the RI of the silk superstrate
is reduced to 1.52 from 1.54. Additionally, introducing a cation species into the RhB-based
organic gain can also induce self-aggregation by reducing the number of excitation states. This
phenomenon could be observed by the threshold behaviors of the DFB laser. Figure 4(c) shows
~2.5 times increase in threshold from 3.1 mJ/cm? to 7.7 mJ/mm? where the gain area was
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Fig. 3. Size dependence on lasing characteristics. (a) Lasing spectra with increasing
diameter of the printed silk/RhB dots. (b) Corresponding LL curves to compare thresholds
of lasing modes for each dot size.

occupied by the additional cation species (AuNPs) that could be explained by the blue shift in the
absorption peak (Fig. 10 in the Appendix). Furthermore, no plasmonic effects were observed in
the lasing spectrum (additional peaks) that could be attributed to the non-uniform surface of the
printed area with a low concentration of AuNPs.
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Fig. 4. Tuning of the DFB laser. (a) Schematic illustration for inkjet printing of the gold
nanoparticle (AuNP) mixed silk/RhB ink. (b),(c) Lasing spectra showing the blue shift in (b)
and LL plots showing threshold behaviors in (c) with increasing concentration of AuNPs.

For the integrated biophotonic circuit, we printed optical waveguides (no gain material) with a
width of 200 pm near the DFB lasing region (with gain material) to couple the lasing light to the
waveguides on a single DFB board with A =375 nm (Fig. 5(a)). Even if the second order DFB
laser used in this study shows surface emission, it contains strong edge emissions at the longer
wavelength band edge of the photonic band structure [47-49] and is therefore suitable for the
light source of the 2D integrated circuit. Figure 5(b) and (c) show the photographic image and
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spectra of the waveguide-coupled lasing light (lasing wavelength of 580.6 nm and threshold of
9.0 mJ/cm?). In the edge-emitted configuration, the lasing threshold significantly increased when
compared with the surface-emitted mode because of the low diffraction efficiency of the grating.
In addition, the integrated platform has sensing capability to determine if the propagating light
can be influenced by the analytes on the waveguide. As a proof of concept, we placed the MNP
powder on the printed waveguide and observed that the waveguide-propagating laser signal was
attenuated by the broadband optical absorption of the MNPs (Fig. 5(d) and (e)). The intensity
of the laser light decreased by 40% when the MNP covered half the waveguide and decreased
by over 90% when covering the entire waveguide. Additionally, all photonic components can
be revised by ex situ modification (post-production modification) as the printed photonic text is
physically transient. As shown in Fig. 5(f) and (g), the waveguides were partially removed by
water and were reconnected by the redrawn waveguide where the coupled lasing light gathered.
Inkjet printing using silk bio-ink would thus be useful for compact biophotonic devices such as
lab on a chip for bio/chemical sensors and optical communication circuitry by controlling the
emitted light.
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Fig. 5. Integrated biophotonic circuit printed on a DFB board (a),(b) Photographs of the
printed waveguide adjacent to the printed laser device (a) in daylight and (b) under pumping.
The lasing light is coupled-out to the waveguide and propagated through it. (c) Measured
lasing spectra at the end of the waveguide. The inset shows the LL curve of the laser. (d)
Schematic illustration of the particle sensing application of the device. (e) Lasing spectra
attenuated by the melanin nanoparticles on the waveguide. (f) Schematic illustration and (g)
photograph for the post modification of the printed circuit by water washing and reprinting.
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3. Conclusion

We demonstrated inkjet-printed silk protein patterns that could have arbitrary shapes and show
DFB lasing and waveguiding properties. Using a DFB board with a thin TiO, layer, the printed
silk protein layer with RhB dye was able to emit single-mode DFB lasing with low threshold even
though the printed layer was optically thick and nonuniform. We confirmed that the minimum
diameter of the dot required to show lasing was around 200 pm. The lasing wavelength could be
slightly tuned by adding nanomaterials (AuNPs in this study) to the silk ink. On the DFB board,
integrated silk photonic components, including the DFB laser and coupled optical waveguides,
were generated and the lasing light was coupled-out through the adjacent waveguides under
excitation. On-demand modification of the printed components was possible by removal of the
ink with water and redrawing. In addition, we showed the sensing capability of the printed
silk photonic circuit for detecting MNPs that influenced light propagation owing to high optical
absorption. Our study thus promises a new platform to utilize a photonics-based lab-on-a-chip
for sensing, diagnosis, and therapy.

4. Methods

Preparation of silk ink. Bombyx mori cocoons were boiled in a 0.02 M Na,CO3 solution for
120 min to remove the sericin; the remained fibroin was rinsed with distilled water and then
continuously dried in air for a day. Subsequently, the dried fibroin was dissolved in a 9.3 M LiBr
solution at 60 °C for 4 h to yield a 20 wt% aqueous solution. The silk/LiBr solution was dialyzed
using a dialysis membrane (Cellu-sep T1, MWCO 3.5 K, Membrane Filtration Products) at room
temperature for 48 h to obtain a 6.0 wt% silk aqueous solution that was purified using a syringe
filter with pore size of 0.45 pum. Furthermore, the silk solution was further diluted to 3 wt% for
inkjet printing.

Rhodamine B was selected as the gain material for the inkjet-printed silk pattern. A RhB/water
solution with concentration of 5 x 1072 wt% was blended with the 3 wt% silk at the ratio 1:20
(v/v) to yield a final ratio of RhB in silk film as 0.25%1073 wt%.

Fabrication of the grating. The grating template was fabricated on a square-shaped quartz
substrate of size 1 x 1 cm?. The 250-nm-thick layer of negative photoresist (AZ nLOF, Michro-
chemicals) was then spin coated on the quartz at 4000 rpm and then baked at 90 °C for 1 min.
The 1D diffraction grating pattern was generated by laser interference lithography (LIL) (Fig. 11
in the Appendix). The exposure time and incident beam angle were controlled for the desired
duty cycle (i.e. ~60%) and grating period, respectively. After post-exposure baking at 110 °C,
the exposed resist was developed. The resist pattern was transferred to the quartz substrate using
reactive ion etching equipment (RIE 80 plus, Oxford instrument). Then, a 30-nm-thick TiO,
layer was deposited using sputter to finalize the template.

Arbitrary patterning of silk ink. One layer of the silk/RhB was inkjet printed using a
Dimatix Material Printer DMP-2831 (equipped with cartridges with 21 um nozzle diameter,
FUJIFILM, Santa Clara, CA, USA) with a custom designed waveform. The droplet spacing was
set as 20 um, substrate thickness was 1000 um, and cartridge height was 0.75 mm. The letters
“SILK” and dots were printed parallel to the gratings with four nozzles at a firing voltage of
around 35V and short cleaning cycle every 45 s during the printing process.

Optical measurement. Optical measurements were performed to obtain the PL signals from
the bio-light source as illustrated in Fig. 12(Please see the Appendix). The devices were pumped
using the second harmonic Nd: YAG laser with a repetition rate of 10 Hz, wavelength of 532 nm,
and pulse width of 25 ps. The pumping beam size (~3 mm diameter) was tightly focused onto
the sample in an area of 0.20 mm? using a circular lens. Further, the emitted laser signal was
collected by a pair of circular lenses of focal length 5 mm followed by a long pass filter to quench
the role of the transmitted pump wavelength. Then, the lens collected light was fed into a 200 pm
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diameter fiber connected to an optical spectrum analyzer (USB-2000, Ocean Optics, Inc.) with a
resolution of 1.2 nm. For the absorption measurement, we utilized a 1 x 2 fiber coupler to feed
into and collect light from the sample with the optical analyzer.

Simulation. Numerical simulations were carried out by the FDTD method. 2D simulations
were performed to characterize the DFB modes with the Bloch boundary condition (k, = 0) along
the x-direction, while the perfect matching layers were applied at the top and bottom ends in the
y-direction. The cell was excited by randomly distributed multiple electric dipole sources in the
silk layer. The RI of the silk was assumed as 1.54, while the RI of quartz is taken 1.48 and that
TiO, as 2.20. Additionally, spectral and spatial data of the magnitude of the electric field was
obtained by setting time conditions of 5,000 fs.

Appendix
Supplementary materials
Lasing from versatile grating periods

In order to design the inkjet-printed silk DFB lasers, it was required to analyze the operation
range in terms of grating pitch size and area of the printed gain. Figure 6 shows the optical
properties of the printed silk/RhB laser for gratings with different pitch sizes. Lasing peaks at
wavelengths of 581, 588, and 593 nm appear on the TiO,-coated gratings with pitch sizes of 375,
380, and 385 nm, respectively. When the pitch size is increased, the threshold also increases.
FDTD simulations exhibit that the simulated resonant wavelengths are in good agreement with
the measured lasing wavelengths, as shown in Fig. 7.
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Fig. 6. DFB modes at gratings with different pitch sizes. (a) Lasing spectra from the
inkjet-printed silk/RhB layer on gratings with pitch sizes of 375, 380, and 385 nm and (b)
their corresponding LL curves.
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