Purdue University

Purdue e-Pubs
Birck and NCN Publications

Birck Nanotechnology Center

5-2010

Random lasing in bone tissue
Qinghai Song
Purdue University - Main Campus, song85@purdue.edu

Shumin Xiao
Purdue University, xiao2@purdue.edu

Zhengbin Xu
Purdue University - Main Campus, justinxu@purdue.edu

Jingjing Liu
Purdue University - Main Campus, jjliu@purdue.edu

Xuanhao Sun
Purdue University - Main Campus, xuanhao@purdue.edu
See next page for additional authors

Follow this and additional works at: http://docs.lib.purdue.edu/nanopub
Part of the Nanoscience and Nanotechnology Commons
Song, Qinghai; Xiao, Shumin; Xu, Zhengbin; Liu, Jingjing; Sun, Xuanhao; Drachev, V. P.; Shalaev, V. M.; Akkus, Ozan; and Kim,
Young L., "Random lasing in bone tissue" (2010). Birck and NCN Publications. Paper 704.
http://dx.doi.org/10.1364/OL.35.001425

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

Authors

Qinghai Song, Shumin Xiao, Zhengbin Xu, Jingjing Liu, Xuanhao Sun, V. P. Drachev, V. M. Shalaev, Ozan
Akkus, and Young L. Kim

This article is available at Purdue e-Pubs: http://docs.lib.purdue.edu/nanopub/704

May 1, 2010 / Vol. 35, No. 9 / OPTICS LETTERS

1425

Random lasing in bone tissue
Qinghai Song,1 Shumin Xiao,2 Zhengbin Xu,1 Jingjing Liu,1 Xuanhao Sun,1 Vladimir Drachev,2
Vladimir M. Shalaev,2 Ozan Akkus,1 and Young L. Kim1,*
1

Weldon School of Biomedical Engineering, Purdue University, West Lafayette, Indiana 47907, USA
School of Electrical and Computer Engineering and Birck Nanotechnology Center, Purdue University,
West Lafayette, Indiana 47907, USA
*Corresponding author: youngkim@purdue.edu

2

Received January 4, 2010; revised February 26, 2010; accepted March 9, 2010;
posted March 26, 2010 (Doc. ID 122271); published April 28, 2010
Owing to the low-loss and high refractive index variations derived from the basic building block of bone
structure, we, for the first time to our knowledge, demonstrate coherent random lasing action originated
from the bone structure infiltrated with laser dye, revealing that bone tissue is an ideal biological material
for random lasing. Our numerical simulation shows that random lasers are extremely sensitive to subtle
structural changes even at nanoscales and can potentially be an excellent tool for probing nanoscale structural alterations in real time as a novel spectroscopic modality. © 2010 Optical Society of America
OCIS codes: 170.3660, 290.4210, 140.2050, 140.4780.

Random lasers have been the object of intensive investigations, in particular, in strongly scattering materials [1–5]. Conventional lasers consist of an optical
gain material and an optical cavity for the system to
lase. The optical cavity determines the mode of a laser (i.e., directionality and frequency). In a random
laser, the cavity is replaced with closed-loop random
cavities due to multiple scattering and the directionality is not maintained in the emitted light [5]. Since
light diffusion with optical gain was theoretically
studied for random laser action [1], it has been experimentally tested by varying the scattering power
through changing the density of microspheres [2]. In
addition, since light localization for lasing action was
theoretically predicted [3], several experimental
studies have been conducted to understand the origin
of emission spectra of random lasers. Indeed, random
lasing has been widely studied in many types of material systems ranging from strongly scattering regimes to weakly scattering regimes, such as ZnO
powders [4], organic–inorganic materials [6], polymers [7–10], and microsphere suspensions [11]. Furthermore, diffusive random laser action in biological
tissue was observed by Siddique et al. [12], and random lasing action with coherent feedback was also
demonstrated in cancerous tissue by Polson and
Vardeny [13]. A recent study has also demonstrated
that localized and extended random lasing modes can
be formed together in ZnO nanoparticle powders,
supporting the robustness of random lasing [14].
Because random cavities are strongly related to the
structural properties of random media, the emission
spectra can also be used to extract structural information of the samples. Thus an excellent and intriguing application of random lasers is to probe the structural properties and characteristics of bone tissue.
Bone is a nanocomposite of a mineral phase (e.g.,
hydroxyapatite crystals) and an organic matrix
(e.g., mainly collagen protein). This nanocomposite
provides the structural basis for the mineralized collagen fibrils, which serve as the basic building block
of bone, while bone’s entire structure is highly complex and hierarchical, containing multiscale features
0146-9592/10/091425-3/$15.00

from the nanoscale to the macroscales [15]. The properties of bone at the microscale have been intensively
studied for better understanding of the deformation
and fractures in terms of plasticity and toughness.
However, prefailure damage and deformation mechanisms in bone still remain relatively unexplored, in
part, due to current technical limitations for nondestructively studying its structural properties at
nanoscales. Light propagation in bone tissue can be
strongly influenced by multiple scattering and may
potentially result in some degree of light confinement. Thus, emission spectra of a random laser can
be extremely sensitive to subtle changes in nanostructures or refractive index fluctuations in the selfformed resonant cavities. As the first step to test this
feasibility for a sensitive means for bone or biomaterial characterizations, in this Letter, we demonstrate
the random lasing action in bone tissue infiltrated
with a laser dye and the feasibility that the narrow
laser peaks can potentially be used as a sensitive detector for structural changes at the nanoscale.
We used cortical bone from bovine femurs and prepared the specimens using a precision saw, a polishing paper, and a sonicator. The dimension of the
specimen was approximately 10 mm⫻ 5 mm with the
thickness of 200 m – 5 mm. We immersed the specimen in a common laser (or fluorescence) dye solution
for a few hours [i.e., laser dye: Rhodamine 800, solvents: ethanol or dimethyl sulfoxide (DMSO), and
weight ratio: 0.3%]. Both sides of the specimen were
covered both with microscope slides and mounted it
on a translation stage. As the size of the dye molecule
is below 1 nm, the dye was expected to be uniformly
distributed inside the bone tissue.
In lasing measurements, we optically pumped the
sample using a tunable pulse laser (an optical parametric amplifier pumped with a Ti:sapphire regenerative amplifier). The wavelength of the pump laser
was 690 nm. The pulse width was 100 fs, and the repetition rate was 1 kHz. The pump beam was focused
normally onto the sample through a cylindrical lens
to form a narrow strip with a width of 100 m,
covering a length of 1–3 mm. The emission light was
© 2010 Optical Society of America
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collected by a fiber bundle through a lens and coupled
to a spectrometer with a resolution of ⬃0.2 nm. A
bandpass filter of a 20 nm width was used to block
the pump laser illumination. The length of the pumping strip was varied, and the minimum illumination
length for generating narrow peaks was about 1 mm.
The inset in Fig. 1(d) is a representative scanning
electron microscopy (SEM) image of the bone specimen. This clearly shows that the mineralized collagen fibrils are the building blocks of the bone structure.
We first tested the emission from the dye solution
at the pump power of 20 mW. No lasing spikes have
been observed, and the spectral shape merely followed the spontaneous emission through the bandpass filter in our experimental setup as shown in Fig.
1(a). The solid line in Fig. 1(b) shows the emission
spectra from the bone specimen infiltrated with the
dye solution. At the same pump power as in Fig. 1(a),
discrete narrow peaks can be observed in the spectrum. The linewidths of these peaks were 100 times
narrower than the spontaneous emission spectrum.
These are originated from the bone structure, which
consists mainly of the mineralized collagen fibrils
(⬃100 nm in diameter). Thus, light is strongly scattered at the lasing wavelength range. To exclude the
possibility of Fabry–Perot cavity resonance resulted
from the top and bottom surfaces of the specimen, we
also measured random laser emission from a relatively thick bone specimen without polished parallel
surfaces. As shown in Fig. 1(c), discrete spikes can
still be observed.
To further confirm the lasing action, we plotted the
output emission intensity over the pump power as
shown in Fig. 1(d). Figure 1(d) depicts a clear threshold behavior at ⬃15 mW. During the increase in the

Fig. 1. (Color online) (a) Emission spectrum of the dye solution (Rhodamine 800 in ethanol) without the bone specimen. (b) Emission spectra of random lasers from the bone
tissue 共thickness= 200 m兲 infiltrated with Rhodamine 800
at different positions. (c) Emission spectrum of random lasers obtained from a thick bone specimen 共thickness
= 5 mm兲 infused with Rhodamine 800 in DMSO. (d) Dependence of the output laser intensity on the pump power. Inset: SEM image of the bone tissue. The scale bar is 1 m.

pump power, the emission spectra changed from a
broad spontaneous emission peak to multiple sharp
peaks. Meanwhile, similarly to the previous report
[4], the number of narrow peaks also changed with
the pump power. The dashed line in Fig. 1(b) shows
the spectrum obtained from different positions on the
same bone sample as a solid line. But the lasing
peaks are totally different. These differences were
caused by the nonuniform structures of the bone tissue and also indicate the sensitivity of random lasers
on subtle structures in bone tissue.
We further conducted numerical stimulations to
understand light confinement in the bone tissue. We
simplified the bone structure to a quasi-onedimensional structure in the following reasons: (i)
The minimum pumping area= 1 mm⫻ 100 m. (ii)
Because multiple scattering events along the depth
quickly decrease the pumping intensity below a lasing threshold, laser actions can only be occurred in
the internal structure of the superficial layer. (iii)
The mineralized collagen fibrils of ⬃100 nm in diameter are the basic building blocks of the bone as
shown in Fig. 1(a). Our quasi-one-dimensional
sample consisted of 400 layers, and the thickness of
each layer was randomly varied from 60 to 120 nm to
mimic the size of the mineralized collagen fibrils and
the separation matrix between the fibrils. We randomly tilted each layer in a small range of 0.5° to
mimic the nonuniform diameter and alignment of the
mineralized collagen fibrils as shown in Fig. 2(a). We
simulated the system with a finite-element method
(Comsol Multiphysics 3.5a). The refractive index of
each layer was alternated between n = 1.4 and
1.6. The refractive index outside the sample was set
to be 1.
The calculated eigenvalues inside the system and
are shown in Fig. 2(b). Except for several high Q

Fig. 2. (Color online) (a) Schematic picture of a representative area of the simulation structure. (b) Eigenvalues in
the quasi-one-dimensional random structures. (c1) The
field distribution of a randomly selected high Q resonant
mode at  = 9.1378− iⴱ0.0099 关m−1兴. (c2) The field distribution of the highest Q resonant mode at  = 9.0139
− iⴱ0.0023 关m−1兴. (c3) After slightly increasing the thickness of one single layer by 10 nm while keeping other layers the same, the field distribution of the highest Q resonant mode at  = 9.0115− iⴱ0.0024 关m−1兴. Although its field
pattern is almost the same as in (c2), surprisingly, the resonant wavelength was significantly shifted by ⬃0.2 nm.
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modes, most of the resonant modes had relative low
Q factors 关Q = −Re共兲 / 2 / Im共兲兴. Considering the
simple relationship between Q factors and laser
thresholds, it is obvious that more lasing peaks can
be observed at a higher pump power. Figures 2(c1)
and 2(c2) show the spatial intensity distribution of a
randomly selected high Q mode at  = 9.1378
− i*0.0099 关m−1兴 and that of the highest Q mode at
 = 9.0139− i*0.0023 关m−1兴, respectively. As shown in
the two modes, the light was well confined inside the
random structures, and the different eigenvalues
were localized in the different spatial positions. This
is also consistent with the experimental observation
of the position dependent laser spectra. Our numerical simulation clearly shows that the light is confined
in a relatively large area. The random lasing modes
should also be formed by a relatively large volume of
the bone specimen. Therefore, the sensitivity of random lasers to subtle structural alterations in bone
tissue can potentially be achieved in a relatively
large volume.
We further tested the sensitivity of random resonance (i.e., random lasers if gain is applied) on to a
structure change. We randomly selected a single
layer among the 400 layers in the previous sample
and slightly increased its optical thickness by 10 nm
while keeping the thicknesses of other layers the
same. When we visualized the spatial intensity of the
highest Q mode as shown in Fig. 2(c3), the confined
mode pattern was almost exactly the same as that of
the highest Q mode in the previous random structured sample. Surprisingly, its eigenvalue ,
however, changed from 9.0139− iⴱ0.0023 关m−1兴 to
9.0115− iⴱ0.0024 关m−1兴, corresponding to a wavelength difference of ⬃0.2 nm [Fig. 2(b)]. Such a wavelength shift can be easily resolved using a common
spectrograph. This implies that even though the
transport-mean-free paths are almost the same, the
local difference of scattering properties can also generate a dramatic difference in random lasing spectra,
given that in the quasi-one-dimensional system, the
resonant modes are dominantly localized in large areas. Thus, our results strongly support the idea that
random lasing emission spectra can be extremely
sensitive to subtle nanoscale structural changes in a
relatively large volume of bone and biomaterials. We
also tested the sensitivity of extended modes in a
two-dimensional system and observed a similar sensitivity.
In conclusion, we experimentally demonstrated
random lasing action originated from the bone struc-
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tures infused with a common laser dye or a fluorescence dye. Discrete peaks and threshold behavior
were successfully obtained from the optical excitation
experiments to confirm the random lasing action. Because the random lasing modes are closely correlated
with the structural properties of the random media,
lasing spectral properties can potentially be used to
probe subtle structural alterations even at nanoscales. Thus, our finding serves as a first step to use
random lasing for potentially studying material damage and deformation at nanoscales. For example,
during in situ mechanical testing, we will be able to
monitor structural deformations to study nanoscale
bone properties and characteristics. We further envision that random lasing can potentially be established as a novel spectroscopic modality for investigating structural properties in various types of
biomaterials and biological tissue.
We thank Umut Atakan Gurkan for the SEM image of the bone specimen. This project was supported
in part by a grant from Purdue Research Foundation.
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