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Abstract: In this paper, pure silk protein was extracted from Bombyx mori silks and fabricated
into a new kind of disordered bio-microfiber structure using electrospinning technology. Coherent
random lasing emission with low threshold was achieved in the silk fibroin fibers. The random
lasing emission wavelength can be tuned in the range of 33 nm by controlling the pump location
with different scattering strengths. Therefore, the bio-microfiber random lasers can be a wide
spectral light source when the system is doped with a gain or energy transfer medium with a
large fluorescence emission band. Application of the random lasers of the bio-microfibers as a
low-coherence light source in speckle-free imaging had also been studied.

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

1. Introduction

Traces of natural silks can be found in many places in our daily lives. The properties of natural
silks differ. Some, such as Bombyx mori silks, have perfect bending flexibility and tensile
strength, while others, such as spider silks, exhibit stickiness for purposes such as catching insects.
After human processing, some natural silks can be fabricated into useful items in photonics, such
as silk-based optical-fiber chemical sensors [1], biological optical fibers [2], or new broadband
nonlinear optical materials [3]. In general, the most useful natural silks are Bombyx mori silks,
which are mainly composed of sericin and degummed silks formed from proteins containing
α-amino acids. There are differences between sericin and degummed silks in species of amino
acids, molecular arrangement, and structure. Degummed silks are easy to process and possess
excellent mechanical properties and biological characteristics, and thus they are mainly used in
research [4]. Bombyx mori silks are the earliest known type of natural silk to be used by humans,
and can be spun into clothing or made into silk fibroin solution after degumming, which is an
essential process for rebuilding silks. Various optical structures made of silk protein materials,
such as porous scaffolds, thin films, and microfibers, can be obtained through electrospinning
technology [5]. Silk fibroin (SF) extracted from Bombyx mori cocoons can be used in many
fields, such as photonics and medicine, due to its high biocompatibility of solution processing
and tunability of the material properties [6]. Researchers have also explored the feasibility of SF
in new flexible photonic and optical devices [7].

Random lasers (RLs) have been the subject of intense research owing to their easy fabrication,
low coherence, and small size [8–17]. The lasing feedback mechanism is synergistically
achieved by multiple light scattering, which is different from traditional lasers [18–27]. Generally,
disordered systems containing gain medium and scattering particles are essential for the generation
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of RLs [28]. Recently, some biological samples doped with laser dye have been used as a
new form of RL gain medium. For example, RLs have been observed in organic–inorganic
hybrids, which combine SF with inorganic materials [29]. Some reports have introduced RLs
with Anderson light localization in nanofibrillar structures in silkworm silk fibers [30–32]. From
all of these it can been seen that native silks have great potential in disorder photonics.

In this paper, we created a disordered bio-microfiber structure using electrospinning technology.
The bio-microfibers were fabricated by electrospinning technology, which is capable of high-
volume production. Compared with other methods to fabricate bio-microfibers, the length of
electrospinning bio-microfibers is much longer than those in previous reports. Coherent RLs
have been observed in this structure with a low threshold of 2.68 µJ. The wavelength of the RLs
can be controlled by changing the pump position due to different scattering strengths, which
will be applied in optical biosensors on chips and a multi-color RL. The tunable wavelength
range was as wide as 33 nm (from 556 to 589 nm). Because the bio-RLs possess low spatial
coherence, we can use them as a light source in speckle-free imaging to obtain images with very
low speckle contrast. This achievement demonstrates the potential application of bio-RLs in the
field of speckle-free imaging.

2. Method

2.1. Preparation of SF solution

SF was obtained from Bombyx mori silks using a previous method [33,34]. First, the sericin
and impurities on the surface of the silks were removed for their low crystallinity. The Bombyx
mori cocoons were cut into pieces, of which 2 g were added to 1 L of 0.02 mol/L Na2CO3
solution at 100 °C for 45 min. The sericin and degummed silks were separated. The silks were
washed thoroughly with milli-Q water to obtain pure degummed silks, which were dried at
room temperature for 2 days. Second, the degummed silks were dissolved in 9.3 mol/L LiBr
in a proportion of 1:4 (w/v) of fibroin to LiBr at 60 °C for 5 h, and a pale yellow solution was
obtained. Thirdly, each 20 mL sample of the pale yellow solution was dialyzed with 250 mL of
milli-Q water in a beaker for 4 h. This process was repeated for two days to remove the LiBr.
Lastly, the remaining solution was centrifuged at a speed of 2000 r/min. The supernatant (pure
SF solution) was put into sample bottles and stored at 4 °C.

2.2. Preparing a spinning solution

Samples of the SF solution were put in petri dishes and dried at 45 °C for 5 h to form SF films.
The SF films were grinded into powders, which were then dissolved into hexafluoroisopropanol
(HFIP) in a proportion of 0.9% (w/w) of fibroin to HFIP. This process lasted for several days, as
the SF does not easily dissolve. The laser dye Rh6G was added into the organic solution in a
proportion of 0.5% (w/w) of dye to fibroin. As the Rh6G was completely dissolved, a spinning
solution was formed.

2.3. Electrospinning SF

The electrospun bio-microfibers were fabricated from SF/HFIP solution using a specific electro-
spinning process. A commercial electrospinning system (Beijing Ucalery Technology, SS-2535H)
was used to electrospin the SF solution at room temperature. A 2.5 mL measure of spinning
solution was put into a syringe with a metal nozzle. Under continuous spinning in an electric field
of 1.5 kV/cm for 5 min, the electrospun bio-microfibers were collected on the aluminum film.

2.4. Laser pumping and spectral acquisition

AQ-switched Nd:YAG laser that outputs a wavelength of 532 nm (pulse duration 10 ns, repetition
rate 10 Hz) was used to pump the electrospun microfibers. A microscope measurement setup



Research Article Vol. 28, No. 4 / 17 February 2020 / Optics Express 5181

was built based on the micro spectrum system (Ideaoptics) to obtain detailed experimental data.
As shown in Fig. 1, the pump pulse energy and polarization are controlled by a Glan prism group.
An attenuator is placed in the optical path to obtain a lower energy. The next two mirrors play
the role of reflecting the pumping laser to change the laser path and guide the laser into the
micro spectrum system. The pumping laser is reflected by a dichroic mirror and focused onto the
samples via an objective. The samples on the objective table are excited by the 532 nm laser
to generate fluorescence emission/random lasing. The emitted light is collected by the same
objective and passed through a dichroic mirror with total transmission. The collected light is
then focused onto a beam splitter via a concave lens, at which point 50% of the light is sent to a
CCD camera to obtain an image of the samples. The other 50% of the light is directly collected
with a fiber-coupled spectrometer (QE65PRO, Ocean Optics, resolution ∼0.4 nm, integration
time 100 ms). The CCD and spectrometer probes are conjugate surfaces, because the optical
distances from the objective table to the faces of the CCD and spectrometer are equal.

Fig. 1. Optical device diagram for bio-RLs. The energy of light passing through the mirror
is modulated by a Glan prism group. A 10−1 attenuator is placed in the optical path to obtain
a lower energy. A set of flat mirror reflectors guides the pump light into pumping the sample.
The morphology of the sample is seen by the CCD camera and the spectra can be captured
by the spectrometer above.

3. Results and discussion

3.1. Characterization of the electrospun microfibers

Figure 2(a) shows images of the electrospinning solution. The left image is the pure SF solution
dissolved in HFIP. The right image is the SF solution mixed with laser dye Rh6G. The solution is
pale yellow and turns yellow after mixing with Rh6G. Figures 2(b)–2(d) show SEM micrographs
of the bio-microfibers with different scale bars. As illustrated in Fig. 2(b), which is magnified by
a factor of 50, the bio-microfibers form a very dense network film. It can be seen from Fig. 2(c)
that the directions of the bio-microfibers are random. Some of the bio-microfibers are straight,
but some are tortuous, and this characterization enhances the inter-microfiber scattering. As
shown in Fig. 2(d), the diameters of the bio-microfibers range from 0.1 µm to 1 µm and their
surfaces are very smooth, which indicates that a single fiber can be used to transmit light. More
importantly, the bio-microfibers are parallel to the plane of the aluminum film.
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Fig. 2. (a) Imaging of pure SF solution and SF solution mixed with Rh6G; (b)–(d) SEM
micrographs at different scale bars.

From the above analysis, the characteristics of the bio-microfibers perform well and are
qualified to generate RLs. To obtain a high-quality sample, degumming is an essential process
before electrospinning, because the sericin on the surface of Bombyx mori silks leads to a low
crystallinity of electrospun bio-microfibers. Moreover, a proper proportion of fibroin to HFIP is
also necessary for the formation of bio-microfibers.

3.2. Spectral characteristics of the electrospun microfibers

The random lasing emission spectra obtained from the microfibers mixed with Rh6G at different
pump energies are shown in Fig. 3(a). Typical random lasing behavior with spiked peaks was
observed, which indicates that resonant feedback has occurred in this structure. At a low pump
energy of 1 µJ, there was no lasing emission. When the pump energy was over 2 µJ, random
lasing appeared with very small spiked peaks. The spiked peaks represent specific laser modes,
which are strong evidence of the generation of coherent random lasing. At the energy of 2 µJ,
there was only one spiked peak. When the pump energy increased to 3 µJ, there was also one
main emission peak, but there were also imperceptibly weak peaks around the main peak. The
weak peaks became obvious at the energy of 5 µJ. The intensities of the peaks increased at the
energy of 8 µJ. The insert of Fig. 3(a) is an enlarged view of the spectrum at the energy of 10 µJ,
where there were eight peaks from 564 to 573 nm and the full width at half maximum (FWHM)
reached as low as 0.4 nm at 567 nm. When the pump energy increased above 1 µJ, the number
of spiked peaks increased. This indicates that there are more coherent loops to boost lasing
modes. When the number of spiked peaks reached its maximum, the intensities of the peaks
increased without new peaks emerging as the pump energy increased. From the relationship
between input and output, as shown in Fig. 3(b), it can be seen that there is a nonlinear increment
and the threshold is obtained as 2.68 µJ.
The scattering strength varies in different locations on the sample, which results in different

random lasing emissions. As shown in Fig. 4, there are four random lasing spectra in different
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Fig. 3. (a) Evolution of random lasing spectra at different pump energies; (b) input–output
relationship. Inset: random lasing spectrum at pump energy of 10 µJ.

pump locations under the pump energy of 10 µJ. Initially, the spectrum (red line) with lasing
wavelength range from 564 to 568 nm was found when the pump light was moved with a random
displacement distance. When the sample was moved to change the pump position, a different
spectrum was found with lasing wavelength range from 576 to 589 nm, as shown by the pink line.
There is a significant difference between the two spectra in lasing wavelength. This interesting
phenomenon gave us the possibility to control the wavelength of bio-RLs by changing the
pumping location. A large number of spectra were collected to change the pumping area. Four
typical spectra are selected and shown in Fig. 4 after analyzing the collected spectra from different
locations on the sample. As shown in Fig. 4 by the black line with lasing wavelength range
from 556 to 561 nm, the smallest wavelength is 556 nm. The blue line with lasing wavelength
range from 566 to 574 nm illustrates that the lasing wavelength is changed continuously. Two
reasons are proposed for the different random lasing wavelengths in different pumping locations.
The first reason is different arrangements of bio-microfibers in different locations, which causes
different scattering paths, thus generating various random lasing wavelengths. The second reason
is that the diameters of the different bio-microfibers are not uniform, which results in different
thickness of laser gain. As mentioned above, the diameters of some bio-microfibers are as thick
as 1 µm, but some are only as thick as 0.1 µm. This feature also introduces differences between
the scattering paths. As the above analyses show, the tuning wavelength range in the bio-RL
system is about 33 nm. This feature indicates that it is possible for the RLs to be used as a
multi-color random laser.

To illustrate this clearly, Fig. 5 shows bio-RL images of the bio-microfibers and corresponding
chromatogram from 550 to 600 nm. Figure 5(a) is the light image of bio-RLs shown by the black
line in Fig. 4. The main emission color of the bio-RLs was green, which was consistent with the
color of the corresponding chromatogram. The brightest part was in the center of the glowing
area. Figure 5(b) is the light image of bio-RLs with wavelength range from 566 to 574 nm. As
shown in the image, the emission color was green and yellow. The color of the chromatographic
columns started to change from green to yellow as the wavelength shifted from 556 to 574 nm.
The yellow parts were mainly located in the center, and the green light was seen at the edge of
the yellow light. The most intense part of the light was slightly outward from the center, which
was different from in the previous image. The light spot in Fig. 5(c) is formed completely by
yellow light. The color of the wavelength range from 576 nm to 589 nm was already yellow. The
bright parts of the picture formed a circle, and the intensity of light in the center was slightly
weaker. Comparing the images of three different random lasing behaviors, we can observe the
transmission of color from green to yellow. This is a powerful evidence for the feasibility of a
multi-color RL. As the structures of the three images vary, it is proven that different disordered
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Fig. 4. Random lasing spectra at different pump positions.

structures can provide different feedbacks to the generation of RLs. This is why bio-RLs of
different wavelengths can be obtained in different pumping areas in just one sample.

Fig. 5. (a)–(c) Imaging of structure with different random lasing emission wavelengths; (d)
corresponding chromatogram from 550 to 600 nm.

Random lasing spectra for different random lasing emission wavelengths are shown in Fig. 6.
The thresholds of the bio-RLs with wavelength ranges of 560–566 nm, 565–575 nm, 570–580
nm, and 570–589 nm were approximately 4, 5, 2, and 2 µJ, respectively. The thresholds for these
cases were almost the same. There is no relationship between the threshold and these cases. The
thresholds of the RLs showed fluctuation, and some of the bio-RLs had very low thresholds.
These prevented us from studying the relationship between laser threshold and random lasing
emission wavelength. The emission wavelength of RLs is related to both the thickness of the film
and the arrays of bio-microfibers. If the film is thicker, the self-absorption will be stronger. The
random lasing wavelength exhibits red-shift. The scattering intensity is strongly dependent on
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the arrangements of the bio-microfibers. If the scattering becomes stronger, the wavelengths
exhibit blue-shift. Because the structure of the bio-microfibers is very complicated, it is difficult
to obtain and control the precise parameters of the thicknesses and arrays.

Fig. 6. Random lasing spectra for different wavelength. (a) the evolution of random lasing
spectra with wavelength ranges of 560–566 nm; (b) 565–575 nm; (c) 570–580 nm; (d)
570–589 nm.

3.3. Spatial characteristics of the electrospun microfibers

Due to the low spatial coherence of RLs, there is an interesting opportunity for application
in speckle-free optical imaging. Here, two kinds of laser lights were studied as imaging light
sources: one was the pump light reflected from the electrospun bio-microfibers, which had a high
degree of spatial coherence; the other was the bio-RLs generated from the bio-microfibers, which
had a low degree of spatial coherence. Figure 7(a) shows the experimental setup for speckle-free
imaging using the RLs generated from bio-microfibers as an illumination source. The sample
was placed at 45° with respect to the pump light direction. The bio-RLs were passed through a
filter to remove the pump light. The bio-RLs were focused onto the resolution chart by a lens. An
opaque lens barrel was used to connect the objective lens and camera to avoid the effects of stray
light. After adjusting the distance between the objective and resolution chart to image it on the
camera, the light source with a high degree of spatial coherence created a speckle image, while
the light source with a low degree of spatial coherence created a speckle-free image. Because the
bio-RLs are scattered in all directions due to the cylindrical shape of the bio-microfibers, and
the bio-microfibers themselves introduces random phase delay into the bio-RLs, the directions
and phases are in random order, which causes the low spectral coherence. Figure 7(b) shows
the speckle-free imaging under the illumination of the bio-RLs. Figure 7(c) shows the speckle
imaging under the illumination of the pump light. Due to the low spatial coherence that allows
speckle-free images to be obtained, bio-RLs perform well in this imaging system.
To analyze the spatial coherence, the speckle contrast C is defined as σ1/(I), where σ1 is

the standard deviation of the image intensity and I is the average intensity of the image. The
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Fig. 7. (a) Experimental setup for speckle-free imaging using the electrospun microfibers
as an illumination source; images of the resolution chart under the illumination of the (b)
RLs and (c) pump light; and speckle contrast of the (d) pump light and (e) RLs.

situation in which the light has a speckle contrast of 1 indicates totally spatial coherent light,
and that in which the light has a speckle contrast of 0 indicates that the light is totally spatial
incoherent. Here, the speckle contrast of the bio-RLs (Fig. 7(e)) was 0.02, showing the low
spatial coherence of the RLs. As shown in Fig. 7(e), there is speckle-free imaging caused by
coherent light. The light intensity was very uniform. It can be seen that bio-RLs are the ideal
light source for speckle-free imaging. In contrast, the pumping laser with very high spatial
coherence (Fig. 7(d)) led to a very large speckle contrast of 0.97, which degraded the imaging
quality as demonstrated in Fig. 7(b). From the above discussion, it is clear that the bio-RLs have
great potential in speckle-free imaging.

4. Conclusion

Silk protein was extracted from Bombyx mori cocoons and mixed with Rh6G to obtain a spinning
protein solution. Further, Bombyx mori silk was spun into a new disordered structure by
the electrospinning technique. The bio-microfibers were arranged in all directions to form a
disordered structure. Coherent RLs with wide ranges of wavelengths and low thresholds were
observed in this complex disordered structure. The random lasing emission wavelength was tuned



Research Article Vol. 28, No. 4 / 17 February 2020 / Optics Express 5187

within a range of 33 nm by controlling the pump location with different scattering strengths. RLs
with a speckle contrast of 0.02 had been used as an illumination source for optical speckle-free
imaging. From the results illustrated, it is clear that biological silks perform well in photonics.
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