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ABSTRACT: Optical access of a mouse brain using microscopes is the key to study brain
structures and functions in vivo. However, the opaque skull of a mouse has to be either
opened or thinned in an invasive way to attain an adequate imaging depth in the brain.
Mild skull optical clearing is highly desired, but its chemical mechanism is far from being
understood. Here, we unraveled the molecular process underlying optical clearing of the
mouse skull by label-free hyperspectral stimulated Raman scattering (SRS) microscopy,
thereby discovering the optimal clearing strategy to turn a turbid skull into a transparent
skull window. Furthermore, we demonstrated in vivo three-photon imaging of vascular
structures as deep as 850 μm in the cortex of the mouse brain. Coherent Raman based
microspectroscopy holds great promise to advance skull and tissue clearing methods in
the future.

To achieve in vivo brain imaging by optical microscopes,
the skull of a mouse is typically opened or thinned to

avoid serious optical scattering and aberrations.1−3 However,
neither of them is technically easy to perform on a live mouse.
Especially, the invasive skull operations can result in
physiological alternations, which may interfere with the brain
functions and cause unknown side effects to the live mouse.4,5

Noninvasive through-skull imaging has been explored
recently.6 By reducing the roughness of the skull surface via
index-matching glue, three-photon excitation was able to reach
an imaging depth >500 μm in the mouse brain.7 As an
alternative technique, skull optical clearing with safe and easy-
handling agents can improve skull transparency for direct brain
imaging.8−12 At a depth of about 250 μm in the brain cortex,
the two-photon microscope observed clear microvasculatures
and cortical structures at synaptic resolution.13 Also, the
optical clearing skull window could be repeatedly established
from the regional parietal bone to the bihemisphere.14 In fact,
the decalcification of the inorganic mineral hydroxyapatite and
the depolymerization of collagens are involved in the skull
clearing strategies.15 However, the exact chemical processes
happening between the bone and the various optical clearing
agents are not really observable and clear. It is because the
high-resolution imaging tools with chemical specification are
not readily available. Here, we show that hyperspectral
stimulated Raman scattering (SRS) microscopy16−19 is capable

of visualizing the major chemical compositions of the skull and
monitoring their spatial alternations in concentration during
the skull clearing process. With quantitative imaging, we
developed effective optical clearing strategy, which turned the
turbid mouse skull into a transparent visual window (visible
and NIR) for multiphoton imaging.
To visualize the three-dimensional (3D) microstructures of

the skull, we performed hyperspectral SRS imaging of the
mouse skull and acquired the Raman spectra at all pixels of the
images for in situ chemical identification (Figure S1). Figure 1a
and Figure S2a show the chemical images of the collagenous
fibers in the skull surface, and Figure 1b illustrates the Raman
spectrum obtained in the indicated location (colored in dark
green). We found that the Raman band of type I collagen20 at
2 950 cm−1 (⑥) was shifted from the typical protein band at
2 930 cm−1 (e.g., bovine serum albumin (BSA), colored in light
green). Among the collagenous fibers, we also spotted lipid
droplets with a size less than 2 μm (colored in magenta).
Interestingly, these scattered lipid droplets exhibited a distinct
Raman band at 2 882 cm−1 (⑤, Figure 1b), which implied that
they were saturated fat.21 In contrast, the typical unsaturated
fat, glyceryl trioleate (TO), presented a characteristic Raman

Received: June 8, 2019
Accepted: July 24, 2019
Published: July 24, 2019

Letter

pubs.acs.org/acCite This: Anal. Chem. 2019, 91, 9371−9375

© 2019 American Chemical Society 9371 DOI: 10.1021/acs.analchem.9b02624
Anal. Chem. 2019, 91, 9371−9375

D
ow

nl
oa

de
d 

vi
a 

12
0.

22
9.

17
5.

40
 o

n 
Ju

ne
 2

5,
 2

02
5 

at
 1

1:
27

:4
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b02624/suppl_file/ac9b02624_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b02624/suppl_file/ac9b02624_si_001.pdf
pubs.acs.org/ac
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.9b02624
http://dx.doi.org/10.1021/acs.analchem.9b02624


band at both 2 850 cm−1 (CH2) and 3 007 cm−1 (=CH) (gray
in Figure 1b).
The other major chemical compositions of the skull are

calcium hydroxyapatite and carbonate.22 Thus, we performed
molecular imaging of the mineral part beneath the collagenous
fibers (Figure 1a, right) and explored their SRS spectra in the
fingerprint region of Raman (orange in Figure 1b).
Interestingly, the bone consisted of a high density of bone
lacunae, and some of them were occupied by osteocytes
(Figure S2b). In the indicated location, the SRS spectrum
presented rich vibrational features of bone, including ν1PO4

3−

of hydroxyapatite band at 961 cm−1, ν3PO4
3− at 1 040 cm−1,

and ν1CO3
2− of B-type carbonate at 1 073 cm−1 (Figure 1b, ①,

③, and ④).23,24 The SRS spectrum of bone also displayed a
special Raman band at 1 005 cm−1 (②), which is the breathing
mode of benzene rings contained in amino acids in
proteins.25,26 Thus, it implied that a large number of proteins
grew with calcium hydroxyapatite in the skull. In further
investigation, we conducted quantitative 3D imaging of both
collagen and calcium hydroxyapatite in the coronal suture of
the skull. The SRS microscope presented unique advantages in
chemical specification and optical sectioning to image distinct
biomolecules in bone. Figure 1c shows the 3D structure of a

piece of coronal suture of the mouse skull. We found that the
collagenous fibers were mainly distributed on the top of the
skull and symbiotic with the framework built by calcium
hydroxyapatite (Figure 1c,d and Movie S1). Figure 1e presents
the concentration maps of collagen and calcium hydroxyapatite
at different depths of the skull. Figure 1f shows the 3D
structures of the suture of another skull, in which the two bone
lamellas were not fully ossified by hydroxyapatite27 (Figure
S3). As a result, the collagens played an essential role to fill the
gap and ensured the complete seal of the skull.
After we proved the capability of SRS microscopy for 3D

chemical imaging of the mouse skull, we examined the process
of optical clearing with chemical agents, including collagenase,
ethylenediaminetetraacetic acid disodium solution (abbrevi-
ated as EDTA), and the chemical combination of urea,28,29

ethanol, sodium hydroxide (NaOH), and dodecylbenzenesul-
fonate acid (together termed as USOCA).14 Figure 2a−c
chemically illustrates the microstructural variations of collagen
fibers and hydroxyapatite at depths of 15 and 40 μm as
collagenase and EDTA were applied to the skull surface,
sequentially. Meanwhile, the sectional views of the skull depict
the compositional variations along the skull depth. At the
surface of the skull, the dominated tissue composition was
collagen fibers. Beneath the layer of collagen fibers, the
proteins and hydroxyapatite were organized closely to form the
main structure of the skull (Figure 2a). After treatment of 10%
collagenase on the surface of the skull for 5−10 min, we
observed that the collagen fibers on the surface were
depolymerized effectively (Figure 2b, left, Z = 15 μm).
However, the collagenase was not able to degrade hydrox-
yapatite and collagens embedded in hydroxyapatite (Figure 2b,
Z = 40 μm). Furthermore, we briefly cleaned collagenase and
replaced it with 10% EDTA, which is able to sequester Ca2+ in
hydroxyapatite and thus weakens the microstructure of the
bone.30 As shown in Figure 2c, we directly visualized
hydroxyapatite corruption appearing in the same location of
the skull (detailed images in Figure S4a and Movie S2).
Because of the bone disintegration, a large number of cavities
formed around the bone lacunae only after 5−10 min of EDTA
immersion (Figure 2c, PO4

3−, Z = 40 μm). At a depth of 30
μm, almost all hydroxyapatite has been degraded (Figure S4a).
In the sectional view shown in Figure 2c, we found that the
thickness of the hydroxyapatite in the skull was significantly
reduced from the original position of ∼15 μm to ∼40 μm
(repeated experiments in Figure S4b,c). Importantly, the
spatial distribution of collagens became more homogeneous
and the SRS images of the original lacunae became more clear
(Figure 2c, left). It implies that EDTA cannot only disintegrate
hydroxyapatite but also homogenizes the proteins and realizes
great transparency of the skull. Meanwhile, the collagen layers
maintained the original thickness and thus actually preserved
the integrity of the skull.
USOCA is recognized as another type of optical clearing

agent for adult mouse skull.14 The major compositions, ethanol
solution of urea (S1), can rapidly depolymerize the triple helix
of collagens,29,31 and the NaOH solution of dodecylbenzene-
sulfonate (S2) is able to homogenize the collagens.32 In the
control experiment (Figure 2d, left), the collagens on the
surface of the skull were highly inhomogeneous. After we
treated the mouse skull with USOCA only for 15 min, the
proteins in both the surface and deep zones of the skull were
depolymerized and redistributed homogeneously (Figure 2e
(left), Figure S5 and Movie S3). We noticed the weak SRS

Figure 1. Hyperspectral SRS imaging of 3D microstructures in the
mice skull. (a) The SRS images of collagenous fibers and calcium
hydroxyapatite (Calc. hydro.). (b) SRS spectra obtained from the
indicated locations in part a. The characteristic Raman bands:
ν1PO4

3− of hydroxyapatite at 961 cm−1, benzene rings of protein at
1 005 cm−1, ν3PO4

3− at 1 040 cm−1, and ν1CO3
2− of carbonate at

1 073 cm−1 (①, ②, ③, and ④, orange), lipid droplets at 2 882 cm−1 (⑤,
magenta), type I collagen at 2 950 cm−1 (⑥, dark green), BSA at 2 930
cm−1 (light green), and glyceryl trioleate (gray). (c,d) Quantitative
3D images of both collagen and calcium hydroxyapatite in the coronal
suture of the skull. Collagen and PO4

3− (c) and PO4
3− (d). (e) 2D

imaging at depths of Z = 10, 30, 40, 80 μm of the skull. (f) 3D
structures of the suture of another skull, in which the gap between the
two bone lamellas was not fully ossified by hydroxyapatite. The
cranium bones were obtained from the red-boxed region of indicated
in part f. Scale bars, 50 μm.
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signal from USOCA on the surface of the skull, but this
background interference became a minimum in the deep
region of the skull (Figure S6b).18,28,33,34 It suggests that the
USOCA has stronger capability to dissolve the proteins in
contrast to collagenase. As a result, the skull appeared more
transparent, and the SRS images of osteocytic lacunae in the
same location of hydroxyapatite displayed much clearer shapes
in contrast to the control (Figure 2d,e, right). Furthermore, we
tested another skull, which was sequentially treated with
USOCA and EDTA before. Strikingly, we found that the
densities of both collagens and hydroxyapatite were signifi-
cantly reduced, while the depths of them remained roughly the
same. It was probably because the corrosivity of EDTA became
mild in the presence of USOCA. Hence, the reduced density of
proteins and minerals in the skull can significantly mitigate the
light distortion, which is highly preferred for the through-skull

imaging. Meanwhile, the skull maintained with thick and
homogenized proteins and hydroxyapatite could effectively
protect the brain from outside environments.
Further, we compared the skull transparency after we treated

the mouse skull with saline, USOCA, EDTA, and glycerol
sequentially. As shown in Figure 3a,b, the untreated skulls were
almost opaque. After treatment by a simple saline immersion
for 5 min, the skulls became translucent. After the optical
clearing treatment of USOCA for 15 min, the in vitro skull was
no longer turbid. In addition, for in vivo treatment of USOCA
for 25 min, the skull turned to be transparent, and we could
directly visualize the major brain blood vessels beneath the
skull. Next, we applied 10% EDTA to the skulls for 1 h (in
vitro) and 25 min (in vivo) to degrade the hydroxyapatite,
respectively. However, both skulls returned to be turbid.
Importantly, the in vitro skull became remarkably transparent

Figure 2. 3D SRS images of skull optical clearing process. (a−c) Microstructural images of collagenous fibers and hydroxyapatite in a piece of
parietal bone from an 18-day-old mouse. The skull was untreated (a), treated with 10% collagenase for 5−10 min (b), and treated with 10% EDTA
for 5−10 min (c), successively. (d−f) Microstructural variations of collagenous fibers and hydroxyapatite in parietal bones from 2-month-old mice.
The bone before treatment (d), treatment of USOCA for 15 min (e), and then treatment of 10% EDTA for 5−10 min on another bone (f). The
cranium bones were from parietal regions of the skull, which is boxed in black in Figure 1f. The asterisks (*) indicate the locations of the plastic
films that covered the samples, which presented strong SRS signals. Scale bars, 30 μm.

Figure 3. Bright-field images of the skull before and after optical clearing. (a) In vitro images of a piece of parietal bone from a 2-month-old mouse.
The bone was successively immersed in saline for 5 min, USOCA for 15 min, 10% EDTA for 1 h, and 80% glycerol for 1 min. (b) In vivo images of
mouse brain after skull optical clearing. Exposed skull of the mouse was photographed before and after successive treatment of saline for 5 min,
USOCA for 25 min, 10% EDTA for 25 min, and 80% glycerol for 5 min (similar results for n > 5). Scale bars, 1.5 mm (a) and 1 mm (b).
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in less than 1 min as we treated the skull with 80% glycerol. We
also discovered that the original rigid skull turned to be very
soft and flexible as a transparent plastic film. The in vivo test
also confirmed the great skull transparency achieved with
sequential treatment of USOCA, EDTA, and glycerol (Figure
3b). More cortical blood vessels and their detailed branches
were visually observable. Although glycerol can improve the
transparency of the skull by matching the refraction index,35

we found that EDTA indeed played an essential role in this
clearing process and must be used before applying glycerol. To
confirm this, we reversed the procedure and treated the skull
with glycerol before EDTA. We found that the optical clearing
was not effective (Figure S7), which probably implied that
glycerol may reduce the corrosive power of EDTA.
Furthermore, we performed a safety assessment of this method.
The result of hematoxylin and eosin (H&E) staining of a brain
slice showed no difference between the untreated and treated
regions. It indicates that this optical clearing technique does
not affect the microenvironment (Figure S8).
Next, we performed three-photon fluorescence imaging of

the vasculature in the mouse brain in vivo (Figure 4a).
Through the cleared skull (Figure 4b), the 3D reconstructed
image clearly reveals the Texas Red-labeled brain vasculature in

the 2-month-old mouse. As shown in Figure 4a, the thickness
of the skull after optical clearing was maintained at about 100
μm, and “0” denotes the surface of the brain. From the
individual 2D images and z-projections of the substack shown
in Figure 4c, blood vessels down to a depth of 850 μm were
still visible. This indicates that our skull clearing technique is
suitable for through-the-skull deep-brain multiphoton micros-
copy. Although the transparency of the cleared skull is high, we
postulate that the current imaging depth could be partly
limited by the flatness of the cleared skull, which is bound to
introduce aberrations to the wavefront of the laser and
degrades the laser focus, especially deep in the brain.
In summary, we implemented a hyperspectral SRS micro-

scope to directly visualize the optical clearing process of a
mouse skull. The high-resolution and label-free 3D imaging
not only revealed spatial distributions of collagens and mineral
hydroxyapatite in the skull but also uncovered chemical and
microscopic processes of their transition to form a transparent
skull window. We found that USOCA, EDTA, and glycerol
played different roles during skull optical clearing. USOCA
only degrades the protein-rich composition, mainly collage-
nous fibers on surface of the skull and proteins embedded in
the bone. EDTA is able to homogenize the proteins and
effectively decompose the matrix of inorganic phosphates by
chelating the calcium ions and significantly reduces both the
thickness and density of inorganic minerals in the skull.
Importantly, USOCA must be used first to reduce the
corrosivity of EDTA. As a result, the combination of
USOCA and EDTA could reduce the density of both the
organic and inorganic compositions of the bone but maintain
the thickness of the skull. The index-matching glycerol should
be applied in the last step to achieve the best transparency of
the skull. We further demonstrated that the three-photon
microscope was able to image the cortical vasculature at a
depth of >850 nm beneath the transparent skull window. The
developed skull visual window may open the possibilities for
less invasive in vivo brain imaging. Assisted by mathematical
simulation of the photon scattering in different materials,15 this
molecular 3D imaging methodology holds great promise to
lead to advanced tissue clearing techniques in the future.
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Movie S2, 3D SRS imaging of microstructural variations
of hydroxyapatite before and after treatment with EDTA
in parietal bone from an 18-day-old mouse (Figure 2a,c)
(AVI)

Figure 4. Three-photon excitation imaging of mouse vasculature
through the transparent skull window. (a) 3D reconstruction of the
vasculature of the mouse brain with Texas Red-labeled (BALB/c
mouse, 26 g, 8 weeks old; similar results for n = 3). (b) Photographed
image of the mouse skull after optical clearing. (c) Three-photon
excitation images at various depths. Scale bars, 1 mm (b) and 50 μm
(c).
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Movie S3, 3D SRS imaging of collagen before and after
treatment with USOCA in parietal bone from a 2-
month-old mouse (Figure 2d,e) (AVI)
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