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a b s t r a c t

Here we report and review the investigation of bone microenvironment in vivo with harmonic generation
microscopy. Excited by an infrared femtosecond laser, the second harmonic generation images can reveal the
bone structures and boundaries. The third harmonic generation images can reveal the osteocytes, connecting
canaliculi, and granular bone marrow cells. These imaging features can be used to observe and analyze the
histology of the bone microenvironment in the future.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Label-free second harmonic generation (SHG) and third harmonic
generation (THG) contrasts have been widely used for the sectioning
imaging of biomedical tissues both ex vivo and in vivo. The imaging
signals depend nonlinearly on the excitation intensity of femtosecond
lasers and can only be efficiently generated around the focal point.
The out-of-focus background interference can thus be greatly reduced.
Compared with the reflectance confocal microscopy excited at the same
wavelength, the spatial resolution can also be improved by a factor
of

√

2 and
√

3 for SHG and THG microscopy, respectively [1]. By
scanning the laser beam, the sectioning images can be point-by-point
obtained without a confocal pinhole. Compared with two-photon [2] or
three-photon fluorescence [3] microscopy, the SHG and THG contrasts
has less molecular but more morphological information. Since they
are virtual state transitions, the signals can be excited at a near-
infrared wavelength, which falls within the penetration window of
most biological tissues and does not photobleach. The SHG contrast
needs a non-central symmetry of materials and can effectively reveal
the extracellular collagen networks [4–12]. Bone, as mineralized col-
lagens, also have strong SHG signals [11]. On the other hand, SHG
signals are usually undetectable within cells unless there are structured
proteins like spindle fibers [13]. This modality can be used to identify
collagen remodeling in tumor microenvironment [6], fibrosis in liver
tissues [7], structural alteration in corneal edema [8], calcified plaques
in atherosclerosis [9], the diagnosis of atrial fibrillation [10], the
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deformation of cartilage microstructures in osteoarthritis [11], and the
boundaries of bone marrow cavities [12]. The THG contrast, different
from SHG, can be generated even in homogeneous media. But due
to a Gouy phase shift, the third-harmonic electric field generated
before and after the focus will cancel each other. Therefore, only
tight focusing at the interface of materials with different refractive
indices or 𝜒 (3) can generate detectable THG signals. With excitation
at around 1200–1300 nm, the THG microscopy can reveal cellular
morphology, subcellular organelles, and melanin distributions in deep
tissues for the application of developmental biology [13,14] and clinical
diagnosis [15–17] without labeling. In deep tissues, this technique has
less background interference than reflectance confocal microscopy and
better transverse resolution (∼500 nm) [17] than infrared-laser based
𝜇-optical coherence tomography (OCT) [18] and spectrally encoded
confocal microscopy [19]. Recently, our group demonstrated that 30
Hz frame-rate THG microscopy at 1200–1300 nm excitation wavelength
can in vivo capture the images of human blood cells and resolve their
dynamic morphologies [20]. Simply using the cross-sectional area and
the average THG intensity in the 2D THG microscopy, three major
types of human leukocytes (neutrophils, monocytes, and lymphocytes)
can be differentiated with high sensitivity and specificity [21]. This
is because THG microscopy is a modality sensitive to intracellular
lipids, which is a characteristic feature of leukocytes [21]. These results
indicated that harmonic generation microscopy is a powerful method
for label-free imaging of tissue both ex vivo and in vivo, such that
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Fig. 1. Third harmonic generation (left column), second harmonic generation (middle column), and combined (right column) images of the calvarial bone of a mouse at the imaging
depth of 20 μm (first row), 40 μm (second row), and 60 μm (the bottom row). Fields of view: 240 × 240 μm. Scale bars: 40 μm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

cellular and structural information can be preserved at its original state
and the morphodynamics can be analyzed in real time [20]. For the
studies of bone tissues, the 1200–1300 nm excitation wavelength has
the advantages of low scattering and absorption coefficients compared
with visible and 800–1100 nm excitation [22]. Besides, THG modality
provides label-free contrasts for the analysis of mineralization in bone
development [23], cracks in human enamel [24], dentin tubules in fossil
teeth [25], chondrocytes in mice ears [26], porosity and interfaces of
bones [27], and osteocyte densities [28]. Most of these previous studies
used ex vivo samples, and the information about cells may be lost. Here,
we report and review the use of harmonic generation imaging of bone
microenvironment in vivo. The star-shaped osteocytes and extended
canaliculi can be easily observed in bone by THG contrast. In the bone
marrow, we found THG contrast can highlight the granular leukocytes
and the osteoblast on the wall of bone marrow cavities. Both bone repair
process and hematopoietic stem cells niche can be studied based on this
live imaging platform in the future.

2. Experimental setup

The laser source and imaging setup of this work have been mentioned
in our previous report [6]. Basically, the laser source is a home-build
femtosecond Cr:forsterite laser operating at 1250 nm. The pulse width
is 100 fs, and the repetition rate is about 110 MHz. To initiate the
mode-locking, the laser cavity uses a semiconductor saturable mirrors
(SESAM). The SESAM consisted of 25 periods of GaAs/AlAs quarter-
wave layers, followed by an Al0.48In0.52As quarter wave layer with
two embedded Ga0.47In0.53As quantum wells. The laser beam was two-
dimensionally scanned by a commercialized scanning unit (FV300,

Olympus, Tokyo, Japan). A telescope lens tube was inserted between
scanner and objective to form a 4𝑓 scanning structure. The scanning
rays of the laser beam were converged to the back aperture of the
objective, and the beam size was expanded to fit that of the back
aperture. Before the objective, the laser beam transmitted through
a multiphoton dichroic beam splitter with 865-nm edge wavelength.
Finally, the laser beam was focused by a 60× water-immersion objec-
tive with a numerical aperture of 1.2 (UPLANSAPO, Olympus, Tokyo,
Japan). The laser power after the objective was around 80 mW. The
generated two-photon fluorescence (TPF), SHG, and THG signals were
epi-collected by the same objective. The SHG and THG signals were
reflected by the multiphoton dichroic beam splitter, separated by 490-
nm edged dichroic beam splitters, and detected by photomultiplier tubes
(PMT: R4220P for THG and R943-02 for SHG, Hamamatsu). The TPF
signals of indocyanine green (ICG), an angiography dye, transmitted
the multiphoton dichroic beam splitter, returned to the scanner and
detected by the built-in PMT in the FV300 scanner (R928, Hamamatsu).
The photocurrents from PMTs were converted to voltages and digitized
by the analog to digital converter in the imaging system (Fluoview,
Olympus). The assembled TPF, SHG, and THG images have 512 × 512
pixels at a 3 Hz frame rate.

3. Harmonic generationmicroscopy of mouse bonemarrow in vivo

To image the bone microenvironment in vivo, we chose the calvarial
bone marrow of an ICR mouse as the imaging site. The ICR mouse
is a strain of albino mice originating in Switzerland and selected by
Dr. Hauschka. The experimental procedure met the criteria outlined by
the Institutional Animal Care and Use Committee of National Taiwan
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Fig. 2. (A–D) Third harmonic generation images of osteocytes within lacunae. Fields of
view: 40 × 40 μm (E) Projected third harmonic generation images in Fig. 1 at different
depths. Magenta, cyan, and yellow colors represent the image at the depth of 20 μm, 40
μm, and 60 μm, respectively. Fields of view: 240 × 240 μm. Scale bars: (A–D) 10 μm; (E)
40 μm. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

University (NTU-IACUC), and we handled the mice according to the
guidelines in The Handbook of the Laboratory Animal Center, Na-
tional Taiwan University. We performed all experiments as carefully
as possible to minimize the suffering of the animals. The mouse was
anesthetized with isoflurane. Its vital sign and body temperature were
monitored and maintained (94–163 breaths/min, 325–780 beats/min,
37.5 ◦C). Then we used sterile forceps and scissors to open the skin
and exposed the calvarium region for the imaging. For angiography, we
tail-vein injected 100 μL of 0.5 mg/mL indocyanine green (ICG) as a
contrast agent. The TPF signals of ICG at 870–1000 nm can be excited
by the 1250 nm femtosecond pulses and detected by the PMT inside the
scanner.

From the surface of the calvarial bone (𝑑 = 0 μm) down to an
imaging depth of 60 μm, harmonic generation microscopy can reveal
the distribution of lacuna/canaliculi (magenta color, Fig. 1) in bone
(green color, Fig. 1). Each black hole in the SHG images is the lacunae
of the osteocytes. Since the solid bone has a higher refractive index than

the cells and interstitial fluids within lacunae cavities, the Gouy phase
shift of focused Gaussian beam will give strong THG contrast at these
interfaces of lacuna cavities and canaliculi. The difference in refractive
indices further back-scattered the forward-generated THG signals and
enhanced their THG contrasts. That is why lacuna has such strong
THG contrast in bone. Inside each lacuna, at some sectioning planes,
we could observe negative THG contrast [Fig. 2(A)–(D)]. Previously,
we found the three-photon fluorescence contrast of interstitial fluids
and the two-photon fluorescence contrast of labeled osteocytes did not
overlap well in lacunae cavities [28], indicating that osteocytes did not
occupy the whole lacunae cavities. A similar conclusion was drawn
based on the transmission electron microscope images of bones [29].
Moreover, the osteocytes emanate many filopodia into the canaliculi
spaces, holding osteocytes at the center of cavities [30]. According to
these reports, this negative contrast of THG might be contributed by
the major cell bodies of osteocytes, where material refractive indices
are relatively homogeneous under the scale of excitation wavelength.
Similar to the ex vivo results [27], the canaliculi fine structures can also
be clearly resolved in vivo by the THG images (Figs. 1 and 2). Inter-
estingly, our THG tomography also found nearby layers of osteocytes
did not overlap vertically [Fig. 2(E)]. They transversely interleaved and
formed a three-dimensional network connected by multiple canaliculi.
When the imaging depth went down to 80 μm, we dived in a bone
marrow cavity and observed the relative straight and thin arteriole
(left, Fig. 3) [31] and winding sinusoid vessels (Fig. 3) revealed by the
TPF imaging of tail-vein injected ICG. Since the sinusoidal vessels are
fenestrated, the ICG-bounded albumin could leak out, and the densely
packed bone marrow cells can be outlined (honey cone structures among
vessels in Fig. 3). Some cells aggregated in the vicinity of sinusoids
have strong THG contrast within (Fig. 3). According to our previous
studies, red blood cells have strong THG contrast, and THG images can
reflect the granularity of leukocytes [21]. These high-granularity cells
might be the myelocytes, reticular cells, or plasma cells. The identity
confirmation needs further studies with immunofluorescence labeling or
transgenic labeled mice. Finally, on the wall of bone marrow cavity, we
can find a lining of cells with strong THG signals (Fig. 4). Compared with
anatomical images of bone marrow cavity [32], they could be either
osteoblasts or osteoclasts.

4. Summary

In summary, we report the label-free harmonic generation mi-
croscopy of bone microenvironment in vivo. Although SHG and THG
are not imaging modalities with molecular specificity, their morpholog-
ical information allows the identification of osteocytes, lacunae, and
connecting canaliculi inside the bone. Typically, SHG signals have a
higher intensity than that of THG one. Their nuclei can be analyzed.

Fig. 3. Combined second harmonic generation (green color), third harmonic generation (magenta color), and two-photon fluorescence (yellow color) imaging of the calvarial bone
marrow in vivo. Fields of view: 240 × 240 μm. Scale bars: 40 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Third harmonic generation imaging (magenta color) of cells lining on the wall
(green color) of bone marrow cavity. Fields of view: 300 × 300 μm. Scale bar: 50 μm. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Into the bone marrow cavity, combined with ICG angiography, THG
images can see the granulocytes reside near the sinusoidal vessels and
the osteoblast lining on the wall of bone marrow cavities. These findings
provide a valuable background information for the future studies with
fluorescence-labeled cells.
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