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The current work is focused on the study of optical clearing of skeletal muscles under local
compression. The experiments were performed on in vitro bovine skeletal muscle. The time
dependence of optical clearing was studied by monitoring the luminescence intensity of NaYF4:
Er,Yb upconverting particles located under tissue layers. This study shows the possibility to use
upconverting nanoparticles (UCNPs) both for studying the dynamics of the optical clearing of
biological tissue under compression and to detect moments of cell wall damage under excessive
pressure. The advantage of using UCNPs is the presence of several bands in their luminescence
spectra, located both at close wavelengths and far apart.
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1. Introduction

At the present day, noninvasive methods of diag-
nostics and therapy of various diseases are being
intensively developed in medicine. The last decades

have seen a massive interest in research in the ¯eld

of interaction of light with biological tissues of the

human body. There are many varieties of optical

imaging techniques suitable for studying the
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biological and optical properties of tissues. Such
research o®ers opportunities to manipulate these
properties and to develop new therapies that are
suitable for clinical use. This knowledge reveals the
possibilities to control these properties and to dis-
cover new treatment methods, which will be suit-
able for clinical application.

Within biological tissue, light is attenuated
through absorption and scattering. Biotissues are
heterogeneous materials and have various compo-
nents. Some of the major tissue light absorbers are
water, blood, and lipids. Several so-called trans-
parency windows with low light absorption by bio-
logical macromolecules and water and suitable for
diagnostic and therapeutic purposes can be distin-
guished. Scattering occurs at inhomogeneities of the
refractive index (RI) of various components. In
general, for biological tissues, values of the scatter-
ing coe±cient are much higher than those of the
absorption coe±cient.1

Using skeletal muscle as an example, consider
why the scattering coe±cient is so high. Skeletal
muscle is a ¯brous tissue that contains actin and
myosin ¯bers. The ¯bers are grouped in ¯ber cords.
The space between the ¯ber cords is ¯lled with the
interstitial °uid, which is composed mainly of water
and some dissolved salts and proteins.1 At 589.6 nm,
the RI of the interstitial °uid usually ranges be-
tween 1.35 and 1.37,2 and the RI of hydrated pro-
teins is of the order of 1.53.3 The considerable
mismatch between the RIs of the ¯ber cords and the
interstitial °uid causes multiple scattering and poor
transmittance of light.2,4,5 As a result, the radiation
penetration depth decreases.

Various methods of reducing light scattering in
tissues are proposed. One of them is the optical im-
mersion of tissues in exogenous hyperosmotic chem-
ical agents.1 To minimize light scattering in
biological tissues, it is necessary to change the RI of
the tissue °uids, raising it to approximate the RI of
tissue scatterers. As a clearing agent, a harmless liq-
uid with a RI higher than that of water is used, better
matched to the RI of other components of the tissue.
Since these agents are hyperosmotic, the interstitial
°uid °uxes out of the tissue, dehydrating it, and the
agent almost simultaneous di®uses into the tissue.
This provides the RI matching mechanism.6,7 As a
result, tissue transparency is increased.8 Both the
tissue dehydration and RI matching are reversible.1

In Ref. 9, it is shown that optical clearing makes
it possible to increase the probing depth and image

quality through the reduction of light scattering in
biological tissue. The optical clearing method can be
used for optical imaging and diagnostics in vivo.
To visualize the biological tissue structure and de-
termine the dynamics of the clearing process, one
can use: confocal microscopy,10 two-photon mi-
croscopy,11,12 transmitted-light registration, optical
projection tomography, registration of auto-
°uorescence of biological tissue or °uorescence of
specially introduced dyes or nanoparticles, nonlin-
ear and Raman microscopy.13

A review of biotissue clearing methods for °uo-
rescence imaging of deep tissue areas is given in
Ref. 14. Tissue auto°uorescence, in vivo °uorescent
labels, endogenous °uorescence, and ex vivo immu-
nolabeling are applied for in situ 3D imaging of
morphological and functional features of unsec-
tioned whole-mount tissue samples.

Visualization of biological tissue can be used not
only to determine its structure, but also to study the
processes of optical clearing. In Ref. 15, a highly
sensitive laser speckle imaging system and °uores-
cent intravital microscopy were used to study the
skin vascular permeability reaction in mouse ear
during the local application of an optical clearing
agent on the skin surface. The obtained results
suggest that this technique is highly e®ective for
monitoring cutaneous vascular permeability and
can be used to assess allergic reactions of the skin
when it interacts with chemicals.

Using sequential optical coherence tomography
imaging of mouse skull samples during the clearing
process, the e±ciency of reversible optical clearing
was evaluated in vitro and in vivo for minimally
invasive longitudinal imaging of the rodent brain.16

Di®erent clearing agents were used to study optical
clearing processes in vitro. The dynamics of clearing
with various clearing agents was also studied using
two-photon microscopy.17

The injection of osmotically active substances
into a sample leads to changes in the shape and size
of structural elements, though. Furthermore, the
injection of an immersion agent in a biotissue in vivo
is di±cult because of the homeostasis of living
systems.

Another e®ective method of controlling the op-
tical properties of biological tissues is local me-
chanical compression.18–30 The amount of scattering
in a tissue depends not only on the RI mismatch,
but also on the concentration and spacing of scat-
terers. Under mechanical compression, the
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interstitial water and blood fractions decrease in the
compressed region. This leads to a RI matching,
which in turn causes a decrease in the average light
scattering. Eventually, tissue transmittance increa-
ses and tissue re°ectance decreases.1 On the other
hand, compression decreases sample thickness (up to
78%),19 which leads to an increase in the e®ective
concentration of scattering centers and chromo-
phores inside the tissue. This causes a certain increase
in the absorption and scattering coe±cients. But a
signi¯cant decrease in sample thickness compensates
for certain elevations of these coe±cients, providing
an increase in the transmitted light intensity.1

Analysis of the image dynamics in clearingmade it
possible to study the contributions of various pro-
cesses (lipid removal, size change, andmatching of the
RI between the imaging solution and the tissue).31

The dynamics of changes in transmission of bio-
logical tissues in vitro can be studied by collimated
transmission measurements.2 However, this mode is
not available for in vivo studies and medical appli-
cation. One solution to this problem is to measure
the luminescence intensity from nanoparticles em-
bedded in biological tissue. The use of nanoparticles
for obtaining luminescent images makes it possible
to study the dynamics of not only biotissue clearing,
but also the penetration of nanoparticles into tis-
sues and their spatial distribution.32

Upconverting nanoparticles (UCNPs) are highly
promising for visualizing the structure of deep bio-
logical tissues in luminescent light. UCNPs are ca-
pable of converting long-wavelength exciting
radiation into short-wavelength luminescent radia-
tion.33–35 In this case, the background auto-
°uorescence of tissues in the spectral region of
recording upconversion luminescence is signi¯cantly
reduced. The illumination from the pump laser can
usually be almost completely suppressed by using
additional spectral ¯lters. Application of infrared
light (in a tissue optical transparency window) for
the excitation of UCNPs makes them suitable for
in vivo deep imaging, as con¯rmed by many
studies.33,34,36–40

The aim of this work is to study optical clearing of
skeletal muscles under local compression. The time
course of clearing was determined from the time de-
pendence of the luminescence intensity of nano-
particles located deep in a tissue layer. Experiments
should take into account the size, shape, and distri-
bution of muscle ¯bers relative to the long axis of the
muscle and the direction of compression.

2. Materials and Methods

2.1. Materials

The following experiments were performed on
bovine skeletal muscle specimens in vitro. The
eight specimens with the average thickness of
h1:174� 0:134imm before clearing were used.
Muscle tissue was sliced along the ¯bers, so the
¯bers were arranged parallel to each other. All the
tissue specimens were about 20� 20mm2 in size.
Adipose tissue was removed.

To record the time course of clearing, we used
NaYF4:Er,Yb UCNPs synthesized in-house. The
nanoparticles were embedded in cellulose acetate
¯lm. The room temperature luminescence spectrum
of these nanoparticles is shown in Fig. 1.

2.2. Methods

Figure 2 represents the schematic diagram of the
experimental setup. UCNPs were excited using a
LSR980NL-1W laser diode (980 nm) (Lasever,
China) with an output of 0.5W power. Lumines-
cence spectra were recorded using a ¯ber optic
spectrometer (Ocean Optics QE65000 FL, USA).
The excitation beam was supplied, the luminescence
was collected using a R400-7-VIS/NIR ¯ber optic
probe (Ocean Optics, USA) coupled with the laser
and the spectrometer. Diameter of the probe end is
6.2mm, and the optical ¯bers are arranged as
shown in Fig. 2(b). The ¯ber diameter is 400�m.
Excitation light was provided from a central ¯ber.
Luminescence was collected by six peripheral ¯bers.

Fig. 1. Luminescence spectrum of NaYF4:Er,Yb nanoparticles
embedded in cellulose acetate ¯lm (without muscle tissue) under
980nm excitation. Relative intensities are shown in arbitrary units.
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Cellulose acetate ¯lm with embedded NaYF4:Er,
Yb UCNPs was placed on a ¯xed base. A muscle
tissue specimen was disposed directly on the ¯lm.
Pressure on the muscle tissue specimen was carried
out using the ¯ber optic probe. The probe was
rigidly ¯xed to a lever, at the end of which weights
were suspended, thus creating the necessary
pressure. The pressure was applied to the tissue
specimen by the bottom side of the probe. External
pressure was increased gradually from 80 kPa to
560 kPa by adding a weight every 10 min.

UCNP luminescence was detected through a
muscle tissue specimen layer. The luminescence
spectra were recorded with an interval of 3min.

Specimen thicknesses were measured before and
after the experiment was completed and the pres-
sure was released.

3. Results and Discussion

Table 1 lists examples of the thickness decreasing
due to compression.

By the way of illustration, Fig. 3 shows UCNP
luminescence spectra recorded at the time of changing

the pressure applied to the muscle tissue specimen
No. 4. The recorded luminescence intensity of the
nanoparticles increases with increasing pressure.

Using the obtained luminescence spectra,
NaYF4:Er,Yb nanoparticle luminescence intensity
at individual wavelengths was plotted as a function
of time of pressure application to the muscle tissue
specimens (see Fig. 4). The black vertical lines point
to the weight change moments.

(a) (b)

Fig. 2. (a) Schematic diagram of the experimental setup:
(1) ¯ber optic probe, (2) muscle tissue specimen, (3) cellulose
acetate ¯lm with embedded NaYF4:Er,Yb UCNPs, (4) ¯xed
base. (b) Image of the probe end.

Table 1. Thicknesses of the skeletal muscle tissue specimens.

Before compression
clearing

After compression
clearing

Specimen
No

Thickness
(mm)

Standard
deviation
(mm)

Thickness
(mm)

Standard
deviation
(mm)

1 1.24 0.01 0.82 0.026
2 1.33 0.01 1.05 0.044
3 1.08 0.01 0.8 0.04
4 1.045 0.005 0.85 0.025
Average

thickness
h1:174i 0.134 h0:88i 0.114

Fig. 3. Time dependence of the luminescence spectrum of
NaYF4:Er,Yb nanoparticles embedded in cellulose acetate ¯lm,
recorded in the process of compression of muscle tissue (speci-
men No. 4). Excitation of wavelength equal to 980 nm was used.
Relative intensities are shown in arbitrary units.

Fig. 4. Intensity of NaYF4:Er,Yb nanoparticle luminescence
at individual wavelengths as a function of time of pressure
application to the muscle tissue specimens. The moments of
pressure change are marked with black thick vertical lines. The thin
vertical lines show the standard deviation values. Relative inten-
sities are shown in arbitrary units.

M. Kozintseva et al.

2143001-4

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
1.

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/0
7/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



The dynamics of luminescence intensity changes
in the recorded spectra is obvious. The increase of
the intensity within the ¯rst 4min is clearly seen.
Then, regardless of pressure, the intensity increases
slowly up to a pressure of 300 kPa. At high pres-
sures, a sharp increase in the luminescence signal is
observed at approximately 35, 40 and 50min, fol-
lowed by a slow increase in the luminescence intensi-
ty. In our opinion, at pressures of 300 kPa and higher,
destruction of the cell walls can happen, which leads
to a sharp decrease in the specimen thickness.

The observed changes could have been caused by
a decrease in both absorption and scattering of light
in the muscle tissue specimens. The reduction of the
attenuation of the luminescence signal could be the
result of a decrease in the total amount of absorbing
centers in the optical path, or shortening the optical
path due to a decrease in scattering.

We also studied the time dependence of the
upconversion luminescence intensity of NaYF4:Er,
Yb nanoparticles, provided that pressure was ap-
plied directly to the cellulose acetate ¯lm (without
tissue specimen). The experimental conditions were
similar to those for muscle tissue. The experiment
showed that the luminescence intensity does not
depend on the amount of pressure applied and the
compression duration. The signal instability did not
exceed 5%, which corresponds to the nameplate
instability of the power of the laser used.

For the model of in¯nite cylinders, the scattering
coe±cient �s of a tissue is de¯ned by the following
equation41,42:

�s ¼
fs
�a2

ð1� fsÞ3
1þ fs

� �s; ð1Þ

where a is the scatterer radius, �s is the scattering
cross section, and fs is the volume fraction of tissue
scatterers. In our case:

fs þ fw ¼ 1;

where fw is the volume fraction of the interstitial
water.

The scattering cross section is determined by the
ratio of the refractive indices of collagen ¯brils (ncÞ
and the interstitial °uid (nw)

43:

�s ¼
�2ax3

8
ðm2 � 1Þ2 1þ 2

ðm2 þ 1Þ2
� �

; ð2Þ

where x ¼ 2�anw=�0 is the di®raction parameter, �0

is the wavelength of the incident light in a vacuum,
and m ¼ nc=nw is the relative RI of the scatterers.

We experimentally determined the RI of the in-
terstitial °uid (nw) using a DR-M2/1550 refrac-
tometer (Atago, Japan) with interference ¯lters
with center wavelengths of 480, 486, 546, 589, 644,
656, 680, 800, 930, and 1100 nm (see Table 2). The
RI of muscle tissue (nm) was calculated using the
Cauchy equation1:

nm ¼ Aþ B

�2
þ C

�4
: ð3Þ

Values of the dispersion coe±cients A, B, and C
were taken from Ref. 44. Using the Gladstone–Dale
law and assuming the volume fraction of muscle
¯bers (fc) equal to 0:244� 0:003,45 the RI of muscle
¯bers (nc) was calculated:

ncð�Þ ¼
nmð�Þ � nwð�Þð1� fcÞ

fc
: ð4Þ

Calculated values of RIs for muscle tissue and
muscle ¯bers are listed in Table 2.

The obtained values of (nc) are less than those
indicated for dry muscle ¯bers (1.584).46,47 Obvi-
ously, this is caused by the presence of water in the
¯bers of the specimens under study.

When the specimen is compressed and tissue cells
are not destroyed, the amount of the interstitial
°uid in the specimen decreases, but its composition
does not change. Consequently, the scattering cross
section does not change, and changes in the scat-
tering coe±cient should be caused by a change in
the volume fraction of the scatterers in the tissue. In
this case, the relative change in the luminescence
intensity at di®erent wavelengths should be the
same, if the removal of the °uid is not accompanied
by a change in the absorption coe±cient. Based on
the results from Table 2, we have calculated the
relative RI (m) for the wavelengths shown in the
table. The value of the relative RI varies slightly
with wavelength (within 1.06–1.07). At the same

Table 2. RIs of the interstitial °uid (nw), muscle tissue
(nm), and muscle ¯bers (nc) at di®erent wavelengths.

� (nm) nw nm nc

480 1.3557 1.37592 1.44597
486 1.35683 1.37569 1.441
546 1.35307 1.37385 1.44586
589 1.3517 1.37293 1.44648
644 1.3508 1.37205 1.44569
656 1.35047 1.3719 1.44614
800 1.34743 1.37059 1.45081
1100 1.34163 1.36944 1.46575

Varying of UCNPs luminescence from the muscle tissue depth
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time, the absorption coe±cient is small in the
520–530 and 600–650 nm ranges and rather large
in the 540–560 nm range due to the absorption of
hemoglobin.

We analyzed the behavior of the intensity ratios
of the UCNP luminescence in the spectral regions of
strong and weak absorption. For the case of weak
absorption, in Fig. 5 the intensity ratios (I1=I2) of
luminescence bands peaking at 526 and 519 nm in
Fig. 5(a) and at 659 and 656 nm in Fig. 5(a) have
been plotted as a function of time of pressure ap-
plication to the muscle tissue specimens. In Fig. 6,
similar dependences are plotted for luminescence
bands peaking at 548 and 656 nm (the regions of
strong and weak absorption, respectively).

It is apparent from Fig. 5 that applying pressure
does not a®ect the luminescence intensity ratio.
This does not happen even after the application of

pressure, which, in our opinion, leads to the de-
struction of the cell walls and a sharp clearing of the
tissue. This is because the intracellular °uid has the
same RI as the interstitial °uid. In this case, a sharp
clearing occurs due to a change in the specimen
thickness during cell deformation.

It is apparent from Fig. 6 that the clearing occurs
faster at 548 nm than at 656 nm. This is due to the
change in absorption at 548 nm due to the removal
of hemoglobin. The di®erence in the dependences
for di®erent specimens is explained by the di®erence
in their thickness. Similar to Fig. 5, no change in the
dynamics of the dependences is observed when the
threshold of cell destruction is exceeded.

4. Conclusion

It has been shown that the proposed technique
using UCNPs is suitable for studying the dynamics
of the optical clearing of biological tissue under
external pressure. It is also possible to register the
moment of destruction of the cell walls when the
required pressure is reached. The technique makes it
possible to monitor separately the clearing caused
by pressure and due to the change in absorption in
the sample. To do this, you need to choose di®erent
wavelengths. The advantage of using UCNPs is the
presence of several bands in their luminescence
spectra, located both at close wavelengths and
far apart.

Con°ict of Interest

The authors declare to have no con°ict of interest.

(a) (b)

Fig. 5. Intensity ratios of the UCNP luminescence bands peaking at (a) 526 and 519 nm and (b) 659 and 656 nm versus time of
pressure application to the muscle tissue specimens.

Fig. 6. Intensity ratios of the UCNP luminescence bands
peaking at 548 and 656 nm versus time of pressure application
to the muscle tissue specimens.
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