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Prospects for multimodal visualisation
of biological tissues using fluorescence imaging

D.K. Tuchina, I.G. Meerovich, O.A. Sindeeva, V.V. Zherdeva,
N.I. Kazachkina, I.D. Solov’ev, A.P. Savitsky, A.A. Bogdanov Jr., V.V. Tuchin

Abstract. We investigate skin optical clearing in laboratory ani-
mals ex vivo and in vivo by means of low-molecular-weight para-
magnetic contrast agents used in magnetic resonance imaging
(MRI) and a radiopaque agent used in computed tomography (CT)
to increase the sounding depth and image contrast in the methods of
fluorescence laser imaging and optical coherence tomography
(OCT). The diffusion coefficients of the MRI agents Gadovist®,
Magnevist®, and Dotarem®, which are widely used in medicine, and
the Visipaque® CT agent in ex vivo mouse skin, are determined
from the collimated transmission spectra. MRI agents Gadovist®
and Magnevist® provide the greatest optical clearing (optical trans-
mission) of the skin, which allowed: 1) an almost 19-fold increase in
transmission at 540 nm and a 7-8-fold increase in transmission in
the NIR region from 750 to 900 nm; 2) a noticeable improvement in
OCT images of skin architecture; and 3) a 5-fold increase in the
ratio of fluorescence intensity to background using TagRFP-red
fluorescent marker protein expressed in a tumour, after application
to the skin of animals in vivo for 15 min. The obtained results are
important for multimodal imaging of tumours, namely, when com-
bining laser fluorescence and OCT methods with MRI and CT,
since the contrast agents under study can simultaneously enhance
the contrast of several imaging methods.
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1. Introduction

X-ray computed tomography (CT), magnetic resonance
imaging (MRI) or optical tomography are commonly used to
study the 3D structure of pathologies in biological tissues and
organs. The optical tomography is based on various laser
techniques, such as diffuse reflection, fluorescence imaging,
photoacoustic and optical coherence tomography (OCT),
which provide information about the structure and functions
of tissues and organs [1—4]. The use of multimodal biomedi-
cal imaging is often the key to understanding physiological
processes, as well as a tool for monitoring disease progression
and optimising treatment. Multimodal concepts combining
the strengths of various imaging technologies [1, 2] are
expected to help in obtaining high-quality optical image
reconstruction. Modern methods of tomographic clinical
imaging, such as CT and MRI, are being permanently mod-
ernised to use new and more effective contrast agents [5]. In
general, medical optical imaging methods provide high spa-
tial resolution, speed, and specific molecular contrast [2—4].
However, they generally have limited probing depth and field
of view.

Strong light scattering significantly complicates optical
imaging of tissues and organs [3, 4]. Recent advances in
reducing the effect of scattering of the probing and detected
laser beams on obtaining high-contrast optical images are
associated with the development and application of a new
methodology for immersion optical clearing (OC) of tissues
[3, 4, 6-32]. OC is based on the temporary and reversible
equalisation of the refractive indices of solid components of
tissue and interstitial fluid to reduce structural inhomogeneity
and, accordingly, strong light scattering, by using immersion
solutions — optical clearing agents (OCAs).

Various biocompatible agents have been successfully used
for in vitro, ex vivo and in vivo studies, alone or in combina-
tion with traditional chemical or physical enhancers com-
monly used to deliver drugs through biological membranes,
especially through the eye sclera, dura mater and skin
[6-10, 14, 17, 23, 27, 29, 30]. Recently, a number of more
complex OCAs have been developed for application to fixed
tissues with preliminary fluorescent labelling [11—16]. These
multicomponent agents include 3DISCO, uDISCO, FDISCO,
SeeDB, ScaleS, Clear T2, PACT, FASTClear, and CUBIC
[11-16, 18-22, 24-28, 31, 32]. All of them are successfully
used for three-dimensional imaging of various organs, includ-
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ing the brain, as well as the entire body of small animals.
However, it takes a long time (hours and days) for volumetric
clearing of fixed tissues; therefore, such methods cannot be
used in in vivo studies.

It is important to note that some CT contrast agents
(Omnipaque®, Trazograph®, Hypaque®, Urografin®, etc.)
improve the optical transparency of the eye sclera, skin, carti-
lage tissue and some other tissues [6, 8—10, 20, 23, 30—35].
Since CT agents are well studied as effective OCAs
[8,20, 34—37], a combination of CT and optical imaging is pos-
sible.

The combination of optical imaging and MRI is also
potentially relevant for multimodal imaging. Any OCA must
be biocompatible, and many MRI agents are already widely
used in clinical practice [38—41]. By the end of 2009, the num-
ber of doses of MRI agents used in the United States was esti-
mated at 87.5 million [40]. For this study, Gadovist®,
Magnevist®, and Dotarem® were selected, i.e. agents contain-
ing paramagnetic gadolinium (Gd**), which has the largest
number of unpaired electrons among all stable ions (seven)
and creates a high electron spin moment, effective for enhanc-
ing proton relaxation [38—40]. Of these agents, Magnevist®
was developed in 1988 and further distributed in many regions
of the world. In the USA, the macrocyclic non-ionic agent
Gadovist® was approved in 2011, and the macrocyclic ionic
agent Dotarem®, in 2013 [41]. Recently, the clinically approved
iodine-based isoosmolar CT agent Visipaque® has been pro-
posed as an MRI agent [42]. Based on it, an approach was
developed for bimodal CT/MRI imaging to monitor the deliv-
ery and biodistribution of liposomes loaded with Visipaque®.

It should be noted that the potential of multimodal imag-
ing is highly dependent on the spatial resolution of each of the
methods involved, as well as on the time required to obtain an
image. Optical methods such as OCT and laser fluorescence
provide subcellular resolution of several microns with an
image acquisition rate from tens of frames per second to one
frame in a few minutes [1—4]. The spatial and temporal reso-
lution of preclinical MRI and micro-CT is at least 10 times
lower. These methods ensure a comparable spatial resolution
of 125 um for in-plane MRI images and 88 um for isotropic
resolution micro-CT for an animal model of cancer [43].
However, the ‘anatomical’ resolution of MR is highly depen-
dent on many variables, and even with the most comparable
imaging modes, such as using fast MR pulses, imaging can
take up to 5 times longer than micro-CT. Thus, when using
additional multimodal approaches, the specifics of each of
them should be taken into account.

In the present study, we obtained and analysed the time-
dependent optical transmission and OCT images of ex vivo
laboratory mice skin samples exposed to MRI and CT contrast
agents (Gadovist®, Magnevist®, Dotarem® and Visipaque®).
Using on the data obtained, the diffusion coefficients of these
agents were found, which made it possible to elaborate the
research protocol for in vivo measurements of pulsed laser-
excited fluorescence images of labelled tumour cells with topi-
cal application of the most efficient agent (Gadovist®) to the
surface of the animal’s skin. These studies prove the efficacy of
using contrast CT and MRI agents for OC in the context of mul-
timodal MRI/CT/optical tissue imaging.

2. Materials

Optical measurements were performed using the ex vivo skin of
inbred white mice (Saratov State Medical University, Russia)

and Nu/Nu hairless mice (Federal Research Centre
‘Fundamentals of Biotechnology’ of the Russian Academy of
Sciences, Moscow, Russia). Skin samples (10 x 15 mm) were
obtained by biopsy from white mice after hair removal with
depilatory cream. Before the measurements, the subcutaneous
fat layer was also removed with tweezers as much as possible to
allow the free OCA diffusion through the dermal layer of the
skin. For all ex vivo studies, the sample thickness was measured
with a digital micrometer (Fujisan, China) with an accuracy of
~1 um before and after saturation of the skin sample with a
contrast MRI or CT agent used as an OCA, and the data were
averaged over three to five measurements for each sample. The
Ethics Committee of Saratov State Medical University
(Protocol No. 8 dated April 10, 2018) approved animal studies.

In OC experiments, Gadovist® (1.0 mmol mL™") and
Magnevist® (0.5 mmol mL™") (Bayer HealthCare Pharma-
ceuticals, Germany), as well as Dotarem® (0.5 mmol mL™")
(Guerbet, France) were used. Saline served for a control
solution.

To prove the concept of three-modal imaging of biologi-
cal tissue based on the simultaneous use of MRI, CT and
optical methods, an iodine-containing isoosmolar X-ray
contrast agent iodixanol (1550.2 g mol™!) with an iodine
concentration of 270 mg mL! (Visipaque®, GH Healthcare,
Chicago, Illinois, USA) was used.

To quantify the potential of MRI and CT contrast agents
as an OCA, the refractive indices of the agents and control
saline were measured using an Abbe DRM2/1550 multiwave
refractometer (ATAGO, Japan) in the range of 450—1550 nm
at a temperature of 22.4 &+ 1.1 °C. The refractometer measure-
ment accuracy is £0.0002 refractive index units. Refractive
indices were measured three times for twelve wavelengths

(Fig. 1).
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Figure 1. Wavelength dependences of refractive indices of MRI and CT
contrast agents, as well as saline solution.

3. Visualisation of the test object
and OCT measurements

Digital visualisation of the test object and OCT measure-
ments were performed using ex vivo white mouse skin sam-
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ples. Each sample was photographed with a camera equipped
with a colour CMOS sensor IMX286 (Sony) with a resolution
of 3968 x 2976 (12 megapixels) to register different degrees of
transparency of optically cleared skin in the U-zone (a section
of the lettering ‘SSU” printed using a laser printer on a sheet
of white paper placed immediately behind the biotissue sam-
ple). Then, images were obtained in the form of B-scans using
a Spectral Radar OCT system (OCP930SR 022, Thorlabs
Inc., USA) operating at a wavelength of 930 nm with a spec-
tral band of 100 nm and an output power of the radiation
beam of 2 mW. The scanning depth and longitudinal spatial
resolution in air were 1.6 mm and 6.2 um, respectively, and
the transverse spatial resolution was 8 um [44]. OCT images
of the skin were recorded from the side of the epidermis sur-
face of each sample before and after 30 and 60 minutes of
immersion in agent solutions or saline (control). Skin samples
were immersed in Petri dishes with agents completely cover-
ing them.

After obtaining the mean grayscale values of the black
character U (/;;,) and the white area (/,,,,) located under the
skin sample, using the ImageJ package (NIH, USA) for digi-
tal image analysis, the image contrast K was calculated before
and after the action of the agents:

_ o = Inin
K= Imax + Imin ’ (1)

Digital images of the U-zone were obtained for three MRI
agents (Gadovist®, Magnevist® and Dotarem®) and CT agent
(Visipaque®), as well as saline, before immersing the tissue
sample in the agent and in 30 and 60 minutes after the immer-
sion. The results shown in Fig. 2 allow a visual assessment of
the OC effect. Skin samples become visually clearer, with the
most pronounced effect observed for Gadovist®.

The average values and standard deviations of the image
contrast enhancement after 30 and 60 min of MRI and CT
agents or saline solution acting on the murine skin (Table 1)

were determined from the images in Fig. 2 as a ratio of con-
trast after 30 and 60 min of immersion to the contrast before
the immersion.

Figure 3 shows ex vivo OCT B-scans of mouse skin sam-
ples before and after 30 and 60 min immersion in OCA solu-
tions. The sample thickness values measured with a digital
micrometer before and after immersion in these solutions are
shown in Table 2.

Figure 4 shows typical dependences of the OCT signal on
the optical probing depth of the mouse skin before and after
the sample immersion in the Gadovist® solution. A decrease
in the slope of the dependence of the magnitude of the OCT
signal on depth and an increase in the signal at great depths
(Fig. 4b) with an increase in the immersion time in this solu-
tion, which is due to a decrease in scattering in the upper lay-
ers of the skin [3].

After immersion of the skin in a solution of an MRI or CT
agent, the OCT scan shows less scattering of light in the skin
samples (Figs 3, 4). In the case of immersion in saline, the
opposite effect was observed, i.e., a slight increase in scatter-
ing. Compared with saline, the action of contrast agents leads
to the appearance of a more detailed structure of the skin and
subcutaneous adipose tissue on OCT images. The possibility
of observing a finer tissue structure arose after 30 and 60 min-
utes of exposure to all studied contrast agents, but to a differ-
ent extent. At the same time, the depth of tissue sounding
increased.

The sample thickness /, measured with a micrometer
(Table 2), correspond to the OCT data (see Fig. 3), taking
into account the values of the average refractive index n of the
tissue samples, since OCT actually measures the optical path
length nl. Note that one should expect some increase in n val-
ues caused by the penetration of agents with a higher refrac-
tive index (see Fig. 1) than in the interstitial medium (intersti-
tial fluid), » = 1.34—1.35 [3], and some dehydration upon
exposure to Magnevist® and Visipaque® agents (Table 2). No
change in skin thickness was observed within 60 minutes after

CT agent

MRI agents
Gadovist® Magnevist® Dotarem®
Before
immersion
o -

Visipaque®

Figure 2. Digital images of a test object located behind white mouse skin samples exposed to Gadovist®, Magnevist®, Dotarem®, Visipaque® and
saline: before immersion, 30 and 60 minutes after immersion of the sample in solution.

Table 1. Mean values and standard deviations of the multiplicity of the increase in the contrast of images after 30 and 60 min of exposure of skin

of white mice to MRI and CT agents or saline.

Time/min MRI agents CT agent Saline
Gadovict® Magnevist® Dotarem® Visipaque®

30 1.9+£0.8 20+ 1.0 2.0=£0.6 1.4£22 0.6 £04

60 44+£19 49 £ 1.7 28+04 22+29 0.7+0.2
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Figure 3. B-scans of OCT [-1g(R)] ex vivo skin samples of white mice before and after 30 and 60 min immersion in solutions of contrasting MRI
and CT agents, as well as in saline (control).

Table 2. Mean values and standard deviations of thickness / (mm) of skin samples used in digital (Fig. 2) and OCT imaging (Figs 3, 4) before and
after 60-min immersion in MRI and CT agents or in saline.

y MRI agents CT agents Sali
Ti i ~ — — — aline
Hermn Gadovict® Magnevist® Dotarem® Visipaque®
Before immersion 0.31 £ 0.02 0.32+0.03 0.26 = 0.04 0.33 = 0.07 0.32 £ 0.02
60 0.31 £0.02 0.27 = 0.07 0.28 = 0.04 0.27 = 0.07 0.34 £ 0.02
70
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Figure 4. (Colour online) Typical dependences of the OCT signal on the optical depth of probing of the mouse skin before and after 30 and 60 min
immersion of the sample in the Gadovist® solution (a), as well as the scaled up OCT signal in the depth range of 440—-810 um (b).
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immersion of the samples in Gadovist®, while Magnevist®
and Visipaque® caused some reduction in skin thickness
(transverse shrinkage). Conversely, the use of the Dotarem®
MRI agent, which has a high water content, or saline results
in some tissue swelling.

4. Spectral measurements
of collimated transmittance

For spectral measurements of collimated transmittance, skin
samples from hairless Nu/Nu and white mice were used. Each
skin sample was fixed on a plastic plate with a hole in the
centre for light passage. The plate was placed in a glass cuvette
with OCA or saline. The cuvette with the sample was placed
between two QP400-1-UV-VIS optical fibres (Ocean Insight,
USA) with a core diameter of 400 um and 74-ACR collima-
tors (Ocean Insight, USA). A HL-2000 halogen lamp (Ocean
Insight, USA) was used as a light source. All measurements
were performed at room temperature (~25°C). The colli-
mated transmission spectra of skin were recorded every 30 or
60 s for 60 min using a USB4000-Vis-NIR multichannel spec-
trometer (Ocean Insight, USA) (Fig. 5) [45] in the wavelength
range of 500—900 nm. For noise correction, the MATLAB®
R2018a moving average algorithm was used. These time-
dependent spectra were used to quantify the diffusion coeffi-
cients of agents in the skin using an algorithm detailed in
[46, 47]. In addition to measuring the thickness of the samples
(Table 2), which is necessary for the algorithm to work cor-
rectly, their weight was measured using a digital balance
(Scientech, USA) with an accuracy of 1 mg before and after
60 min of exposure to the agent. The data were averaged over
three to five measurements, which is important for taking into
account water losses during the immersion process when
interpreting the measurement results.

USB4000-Vis-NIR spectrometer
Halogen lamp

QP400-1-UV-VIS
optical fibres

74-ACR
collimators

Figure 5. Experimental setup for measuring collimated transmission spec-
tra of skin samples ex vivo placed in contrast MRI or CT agents [45].

The effective diffusion coefficients D" of the OCA in
mouse skin were calculated using the time dependences of the
collimated transmission coefficient 7(¢) [47]:

T(1) o< 1 —exp(-tlr), 2
__4r
T= nZthlissue } (3)

where 7 is the characteristic diffusion time of the agent during
its delivery, preferably through one of the surfaces of the sam-
ple, i.e., through the dermis of the skin, which is more perme-
able than the stratum corneum and epidermis; the sample
thickness / is much less than its area.

Diffusion of molecules in tissues can be considered as a
process that is impeded by cells and fibrous tissue structures,
which leads to an increase in the path length of molecules
caused by their interaction with these obstacles. This diffu-
sion in tissues, which is hindered compared to diffusion in a
homogeneous medium (water or a very dilute gel), as well as
in tissue interstitial fluid (ISF), is quantitatively determined
by the tortuosity of the tissue structure [48—50]:

l Dgree
T =4 e “4)

where DI is the agent diffusion coefficient in a homoge-
neous liquid free of inclusions; and D} is the effective dif-
fusion coefficient, taking into account the lengthening of its
path. The tortuosity is a measure of the geometric complexity
of a porous medium, such as biological tissue, and it can be
represented as the ratio of the molecular flow path length
between two points /4 to the direct distance L between these
points [51].

With the help of Eqn (2), the efficiency of OC (EOC) 5 can
be introduced, which is defined as the ratio of the collimated
transmission coefficient 7.°€ after the completion of the OC
process to its initial value 27,

n=T>IT. (5)

The transmission of a narrow collimated light beam
through a thin layer of tissue / is described by the Bouguer—
Beer—Lambert law [3]:

T. = I(Dly = exp(-ul), (6)

where I, and I(]) are the intensities of the incident and trans-
mitted light, respectively; and

Py =ty T s (7

are the coefficients of light extinction (attenuation), absorp-
tion and scattering, respectively. For soft tissues in the visible
and NIR ranges u, > u,.

For many soft tissues, consisting of Mie scatterers, for
which the scattering anisotropy factor g = 0.9, the diameter
2a and the relative refractive index (RI) m = ng/n, lie in the
ranges 5 < 2ma/A < 50 and 1< m < 1.1, respectively, the scat-
tering coefficient is expressed as [52, 53]

2 0.37

s = L, (2] = 127, ®)
where p, is the volume density of the scatterers; A is the wave-
length of the incident light; and n; and n, are the RIs of the
scatterers and the environment (e.g., collagen fibres and ISF),
respectively.

In general, it is necessary that the RI in OCA be higher
than that of ISF, and as close as possible to the RI of hard
tissue components (scatterers), such as conglomerates of pro-
teins, lipids, etc. [3, 27, 29, 30]. Typically, the ISF has n =
1.35-1.36 for A = 400 nm and 1.33-1.34 for A = 1000 nm)
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[27, 52, 54], which is close to the RI of water, which varies
from 1.34 (A = 400 nm) to 1.33 (1 = 1000 nm) [55].

To make sure that the investigated agents can provide the
required OC efficiency, we will make estimates using the
Gladstone—Dale formula for the RI of a two-component
mixture and literature data for RI of the components of bio-
logical tissues and their volume fractions [8, 27]. In particular,
for RI of the skin 7, in the model of a mixture of ISF (with
a fraction of figr and RI ngp) and a hydrated solid (protein)
component of the skin dermis (with a fraction of 1 — figr and
RI 71ppo1cin) We have

Nskin = nlSFfiSF + nprotein(l _fiSF)- (9)

Assuming fisg = 0.5 and using the known data for ng;, [3], we
obtain 7pyorein = 1.44 (A = 400 nm) and 1.41 (4 = 1550 nm).
For skeletal muscle tissue of rats, np.ocin = 1.56 (4 = 400 nm)
and 1.51 (A = 1000 nm) [27, 54], and for the mucous mem-
brane of the human colon, 7pgein = 1.377 (A = 400 nm) and
1.343 (1 = 1000 nm) [27, 52]. These data make it possible to
determine the required value of the RI of the used OCA and
associate it with the EOC [Eqn (5)].

From Eqn (8), it follows that the tissue scattering coeffi-
cient is very sensitive to changes in the relative RI m, which
changes during tissue immersion in the OCA. If we assume
that for the initial (non-cleared) state of a tissue sample with
thickness /, u,/ = 2, then, taking into account that u, >> u,,
the coefficient of the initial collimated transmission of the

sample is calculated using Eqn (6) as T2 = 0.14. If it is neces-
sary to obtain n = 2.6 [Eqn (5)], i.e., to increase the transmit-
tance to 7.0C€ = 0.37, then uy/ = 1 must be ensured.

To estimate the RI of the OCA that can provide such an
efficiency, let us consider as an example the data for the
human colon membrane [52], for which the initial values of
the relative RI before clearing are m = 1.019 (400 nm) and
m = 1.013 (1000 nm). From Eqn (8), it is easy to obtain that
after clearing

moc ~ 1+ (m-1)Y/2, (10)
i.e., moc = 1.0135 (400 nm) and 1.009 (1000 nm). According
to [52], g = nyrotein = 1.377 (400 nm) and 1.343 (1000 nm), and

ny = 1.351 (400 nm) and 1.325 (1000 nm). Upon clearing, the
RI of the ISF changes from n to

nP = ny fise + noca(l - fisp),

ey
where fisr is the volume fraction of the initial ISF; 1 — figE is
the volume fraction of OCA penetrating into the tissue; and
noca is its RI. For equal volume fractions of ISF and OCA,
fise = 0.5, then to obtain # = 2.6 it is necessary that ngcp =
1.367 (400 nm) and 1.337 (1000 nm). It is easy to see that all
the agents whose RIs are shown in Fig. 1 can provide such
and even greater efficiency.

Figure 6 shows the dependences of the collimated trans-
mission coefficients at a number of wavelengths for the skin
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Figure 6. Dependences of the collimated transmission coefficients of Nu/Nu mice skin samples on the time of action of the contrast MRI agents
Gadovist® (a), Magnevist® (b), and Dotarem® (c), as well as of the skin samples of white mice on the time of action of the contrast CT agent

Visipaque® (d).
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Table 3. Optical clearing efficiency [Eqn (5)] of the murine skin after 60 min of exposure to contrast MRI agents (Nu/Nu mice) and a contrast CT

agent (white mice).

n=TOYT?

Wavelength/nm MRI agents CT agent

Gadovict® Magnevist® Dotarem® Visipaque®
540 18.87 £ 0.19 8.99 £0.18 6.85 £ 0.17 3.54 £ 1.09
600 12.56 + 0.14 9.18 £ 1.30 474 £0.28 2.34 £0.24
750 8.29 £ 0.04 9.11 £0.07 3.80 £ 0.02 2.61 £0.18
800 7.21 £0.01 9.00 £ 0.20 3.78 £ 0.03 2.69 = 0.19
900 6.73 £ 0.04 10.60 = 0.81 4.48 £ 0.05 4.08 £ 0.75

samples of white and Nu/Nu mice on the time of their immer-
sion in various agents. The data illustrating the EOC [Eqn (5)]
of the mouse skin at individual wavelengths after 60 min of
immersion are summarised in Table 3.

The coefficients of collimated transmission of mouse skin
in the spectral range of 540—900 nm increase significantly,
almost up to 19 times, with a gradual saturation of their time
dependences under conditions of continuous exposure of the
samples to agents for 30—40 min. The best result was obtained
for Gadovist® (Fig. 6a, Table 3) for wavelengths of 540—
600 nm. The transmittance of mouse skin samples at a wave-
length of 540 nm increased by 8 times after the first 10 min-
utes and almost by 19 times after 60 minutes of incubation in
Gadovist®. For a longer wavelength (4 = 600 nm), the use of
Gadovist® increased the transmittance by 5.6 times during the
first 10 min and by 12.6 times during 60 min of exposure. It is
important to note that during the OC, no changes were found
in the geometry or weight of the sample, which retained a con-
stant thickness of 0.27 mm and a weight of 94 mg (Table 4).

The action of Magnevist® on the skin during 60 min also
produced a significant OC with an increase in the transmit-
tance by a factor of 9-10 for all wavelengths (Fig. 6b,
Table 3). It is important to note that at longer wavelengths
Magnevist® proved to be more effective than Gadovist®. This
fact may be due to the influence of an additional clearing
mechanism, namely, partial tissue dehydration caused by
Magnevist® (Fig. 6b, Tables 2—4), which is an ionic agent
with a linear ligand structure and a higher osmolarity than
Gadovist® [56—65].

Exposure to Dotarem® also leads to a high EOC level
with an increase in the transmittance in the first 10 min by 3
times and almost 7 times in 60 min at a wavelength of 540 nm
(Fig. 6¢c, Table 3). Exposure to Visipaque® produces the
smallest increase in skin optical transmission compared to
other agents (Fig. 6). Nevertheless, the EOC for it is also quite
high and amounts to 3.5-4.0 for all wavelengths (Table 3).
For wavelengths above 600 nm, both Dotarem® and
Visipaque® have close EOC values, which are about half that

of Gadovist® or Magnevist®. For Visipaque®, the transmit-
tance is not as high as for Dotarem® because, as shown in
Fig. 6, the initial transmittance of a skin sample immersed in
Visipaque® is less than in the experiment with Dotarem®. In
the control experiment, i.e., for the sample immersed in saline,
only a slight decrease in the transmittance was observed over
time due to tissue swelling.

The initial coefficient of collimated transmission of tissue
samples is much lower for shorter wavelengths [see Eqns (6)—
(8)] due to the stronger light scattering [3], which leads to a
higher OC efficiency at these wavelengths.

To determine the diffusion coefficient based on kinetic
curves (Fig. 6) using relations (2) and (3), the thickness and
weight of the skin samples were measured before and after
immersion in solutions. Table 4 shows the average values of
these parameters. The effect of Gadovist® does not change
the thickness and weight of the samples, Magnevist® and
Dotarem® also have little effect on the thickness of the sam-
ples, but lead to their slight shrinkage (Magnevist®) or swell-
ing (Dotarem®), which is expressed in a slight decrease or
increase in their weight, respectively (Table 4). Differences in
volumetric and transverse shrinkage/swelling [47] may be
associated with differences in molecular structure (linear or
macrocyclic), osmolarity and pH of agents [S6—65], to which
collagen structures are sensitive because of their tendency to
shrink or swell [66, 67]. Some transverse and volumetric swell-
ing of the skin samples was found under the action of
Visipaque®. Note that in order to avoid strong swelling of tis-
sue samples when using agents, the exposure time should not
exceed 60 min [68].

The main physicochemical properties of MRI contrast
agents can be found in Refs [56—-65]. The absence of charge in
the case of non-ionic agents (Gadovist®) as compared to ionic
agents (Magnevist® and Dotarem®), as well as their osmolar-
ity, should potentially affect OC efficiency and diffusion
kinetics. According to the obtained kinetic data, Gadovist®
demonstrated a better ability to OC, which is also expressed
in an increase in the optical transmittance of skin 0.27 mm

Table 4. Results of measurements of thickness (/y, /) and weight (w,, w) of mouse skin samples before (/y, w,) and after (/, w) immersion in MRI and

CT agents for 60 min.

Agents [o/mm [fmm wo/mg w/mg
Gadovict® 0.27 £ 0.02 0.27 £ 0.02 94 £9 94 £38
Magnevist® 0.35 £ 0.05 0.37 £0.10 130 £ 25 118 + 30
Dotarem® 0.32 £ 0.05 0.32 £ 0.05 96 £ 10 102 £ 8
Visipaque® 0.34 £0.07 0.39 £ 0.07 70 £ 2 752
Saline 0.27 £ 0.02 0.32 £0.02 84 £2 105 £ 2

Note. The thickness measurements were carried out using a digital micrometer (Fujisan, China). The data correspond to the results of spectral

measurements shown in Fig. 6.
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thick approximately by 3.5-4 times at wavelengths 750-—
900 nm 10 min after the beginning of the agent action (Fig. 6).
The use of Magnevist® showed approximately the same
increase in transmittance at these wavelengths during the first
10 min, but led to a greater effect than in the case of Gadovist®,
under prolonged (60 min) action of the agents (see Table 3).

Using the algorithm described by Eqns (2) and (3), the
effective coefficients D5 of contrast agents diffusion in the
murine skin were found (Table 5) from the kinetic curves 7,()
in Fig. 6 and with the data on the samples thickness from
Table 4 taken into account. It is important to compare the
data obtained with the measured diffusion coefficients of
MRI contrast agents in other tissues. Typically, such a com-
parison is made using data for D™, i.e., the diffusion coeffi-
cient of an agent in a homogeneous medium such as water or
ISF [48-50].

Table 5. Effective coefficients of diffusion DI in the mouse skin
tissue for MRI (Nu/Nu mice) and CT contrast agents (white mice),
extracted from the measurements of the collimated transmittance
kinetics (Fig. 6) and sample thicknesses / = L (Table 4), as well as the
estimated structural tortuosity paramete /;/L of the of mouse skin.

MRIagents CTagent — plisue/em? g Dfrecfem? st 1o/L
Gadovist® (4.29£0.39)x 107 3.9x10° 3.0
Magnevist® (5.00£0.72)x 107 - -
Dotarem® (3.72+0.67)x 107 4.5x 107 3.5
Visipaque® (1.64+0.18)x 107  — -

Note. Averaging was performed for all kinetic curves from 500 to
900 nm. The data for the free diffusion coefficient Df were taken from
[49, 50].

Diffusion of molecules in tissues is a free diffusion process
impeded by tissue structures. In this regard, there is an
increase in the path length of the molecule to /4 in comparison
with the path length L in the free medium, which is quantita-
tively determined by Eqn (4) as the parameter of the tortuos-
ity of the tissue structure /4/L. For Dotarem®, Dfree = (5.18 +
1.18) x 10° cm? s7! at room temperature. It was recalculated
for a physiological temperature of 37°C and amounted to
(7.96 = 1.82) x 107° cm? s7! [49]. According to [50], Dfree=3.9
x 107° cm? s7! for Gadovist® and 4.5 x 10 cm? s7! for
Dotarem®. These values were used to estimate the parameter
of the structural tortuosity of the skin based on the measured
effective diffusion coefficients presented in Table 5. The value
of the tortuosity parameter determined in this way /4/L =
3-3.5 for the skin is quite acceptable in comparison with rat
brain tissues more permeable to molecules with an estimated
structural tortuosity of 1.2—1.6 [48—50]. Note that the effec-
tive diffusion coefficients of MRI agents in the skin of mice
obtained in this work are higher than those of the Visipaque®
CT agent. In particular, the measured diffusion coefficient for
Dotarem® is approximately twice that for Visipaque®, which
is in good agreement with the ratio of their molecular masses
753.9/1550.2 [56—65], as follows from the dependence of the
diffusion coefficient on the molecular mass of the agent dur-
ing diffusion in muscle fibre preparations [69].

5. Investigation of the OC effect
on the fluorescence of experimental tumours

To obtain xenografts, Nu/Nu nude mice were used. Adhesive
culture of human laryngeal adenocarcinoma cells HEp2, sta-

bly expressing the TagRFP protein, was grown in a culture
flask in an RPMI-1640 medium (Paneco, Russia) supple-
mented with 10% fetal bovine serum (Bioclot, Germany) up
to 70% confluence, then removed with trypsin, washed and
resuspended in cold Dulbecco’s phosphate buffered saline
(DPBS) (10° cells in 100 uL of DPBS). The cell suspension
was injected subcutaneously into the right flank of the ani-
mals [70].

Fluorescence images of mouse tumour xenografts were
obtained using a Nikon Eclipse TE2000-U microscope
equipped with a DCS-120 confocal scanning system (Becker
& Hickl GmbH, Germany), a WL-SC-480-6 Supercontinuum
laser, and an AOTF-V1-DFDS acousto-optical tunable filter
-SM (Fianium, Great Britain), as well as a hybrid detector
HPM-100-40 (Becker & Hickl GmbH, Germany) (Fig. 7).
The fluorescence was recorded using a DCS-120 system, to
which a light signal was directed through a quartz beam split-
ter plate, as well as low-pass (HQ 550LP Chroma) and band-
pass (580BP40 Omega) filters for separating excitation and
fluorescence signals. The DCS-120 system is based on the
multidimensional time-correlated single photon counting
(TCSPC) method described in Ref. [71]. For measurements,
the intensity mode (integral signal) of TCSPC was used,
which gives a gain in sensitivity due to background suppres-
sion, since only the photons correlated with the flash are
counted rather than all photons arriving at the PMT.

The test animal was anesthetised by intramuscular (IM)
injection using a 1:1 mixture of Zoletil 50 (Virbac, France)
and Rometar 2% (Spofa Praha, Czech Republic), and then
placed in a standard small animal imaging cassette (FMT4,
Perkin Elmer, USA) and positioned on a movable microscope
stage (Figs 7c, 7d). Laser radiation with a wavelength of
540 nm was focused on the mouse skin surface after passing
through an acousto optic tunable filter, Nikon TRITC
EX540/25 nm bandpass optical filters, and a Nikon 2x plan
achromatic objective. The fluorescence radiation of the
TagRFP-marked tumour was collected through the same
objective in the inverted epi-illumination mode configuration
(Fig. 7) [70, 72].

Fluorescence images of the mouse tumour xenograft were
recorded before OC, immediately after OC, and then again 1
hour later. After obtaining the first control image, the cassette
with the animal was opened and OC was performed by apply-
ing OCA to the tumour area using a thin cotton swab pre-
impregnated with OCA (Gadovist®, 1 mmol mL"!, Bayer
HealthCare Pharmaceuticals, Germany) during 15 min. After
OC, the cassette with the animal was carefully closed and
returned to the movable stage to obtain the second image
(immediately after OC). The settings of the measuring system
ensured practical coincidence of the coordinates of the first
and second images. The next images were recorded every
15 min for 60 min without opening the cassette. The time of
data collection in order to obtain one image for the anesthe-
tised mouse ranged from 1 to 2 min (depending on the level of
fluorophore expression). Fluorescence images were analysed
using the NIH ImageJ 1.48v software.

An in vivo study aimed at verifying the effectiveness of OC
using the Gadovist® MRI contrast agent applied to the skin
of Nu/Nu nude mice was performed using an implanted sub-
cutaneous tumour and measuring the fluorescence intensity
profiles of the TagRFP marker expressed in HEp2-TagRFP
tumour cells.

The images obtained in the form of the TagRFP fluores-
cence intensity distribution, presented in Fig. §, well demon-
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Figure 7. Schematic diagram of the experimental setup for visualising the distribution of fluorescence intensity with additional detector 2 used for
simultaneous studies at a second wavelength (a); functional diagram of the experimental setup (b); movable microscope stage with a cassette con-
taining an animal (¢); scaled up image of a mouse inside the cassette; the arrow points at the tumour xenograft (d).

strate the high efficiency of the clearing effect of the MRI
contrast agent Gadovist® in in vivo studies. These images were
recorded before the OC, 15 min and 1 hour after the OC. The
details of the fluorescence intensity profile along the line in
the tumour image are shown in Fig. 9. The same Figure shows
the distribution of the ratio of the fluorescence intensity to the
initial value of the profile measured at the same points, which
was evaluated immediately and 1 hour after the OC (Fig. 9b).
The distribution of this ratio was also analysed depending on
the initial level of tumour fluorescence (Fig. 9¢). This allows

establishing the tendencies of changes in the fluorescence
intensity during the experiment. For tumour areas with aver-
age or low intensity of initial fluorescence (these are small
tumour nodes or the peripheral region of a tumour), OC
causes a significant, almost twofold, increase in the intensity
of tumour fluorescence in the region of coordinate 0.5 imme-
diately after application of OCA (Fig. 9a). An hour after
OC, the fluorescence intensity of the tumour is already more
than 3 times higher than the initial level. This is in good
agreement with the data in Table 3 for the efficiency of ex



Prospects for multimodal visualisation of biological tissues using fluorescence imaging 113

65535

Intensity (arb. units)

Figure 8. (Colour online) Distributions of fluorescence intensity in the
subcutaneous xenograft of the HEp2-TagRFP tumour before (a), im-
mediately after (b) and 1 h after (c) topical application of the Gadovist®
contrast MRI agent. The wavelength of the exciting light is 540 nm. The
fluorescence intensity was measured in the spectral region of 560—
600 nm, each image was acquired for about 2 min. The images are pseu-
do-coloured using the ImageJ program.

vivo skin clearing, taking into account the differences in the
method of the agent application, the time of its action and
the method of optical measurements. It is important that
even 1 hour after application of the agent to the skin, it con-
tinued to act, providing a better signal-to-noise ratio and
image contrast of tumour nodes. The maximum possible
clearing efficiency reaches 7-9 times (Fig. 9c), which is in
good agreement with the data of ex vivo measurements (see
Table 3).

In the case of medium levels of the initial tumour fluores-
cence intensity, the fluorescence intensity in the non-periph-
eral region increased up to 1.5 times immediately after the
OC, with even greater increase observed 1 hour after the OC
(Fig. 9¢). Such differences in the distribution of fluorescence
intensity after OC in areas with initially lower intensity can be
explained by different rates of OCA diffusion in the central
and peripheral regions of the tumour, different density of tis-
sues and tumour vasculature. In the case of a higher initial
fluorescence intensity in the central areas of the tumour, the
fluorescence intensity under the action of the agent does not
increase so much (Fig. 9a).

An increase in the contrast of the fluorescence image is
clearly seen in another example shown in Fig. 10, which
demonstrates the distributions of the fluorescence intensity
from a tumour fragment in the region of a blood vessel of
another mouse with a more developed tumour [73]. The
data in Fig. 10 allow evaluating the contrast of the vessel
image and its apparent diameter before and after OC. To
estimate contrast K we used Eqn (1). The apparent diame-
ter of the vessel was determined as the full width at half
maximum (FWHM) of the intensity profiles along the
black lines in Figs 10a—10c, presented in Fig. 10e. It
turned out that before the OC, the measured diameter of
the vessel was about 200 um, and the contrast of its image
was K = 0.14. After 15 min of OC, the visible vessel diam-
eter became 140 um with good contrast, K = 0.67. This
4.8-fold increase in contrast with the application of
Gadovist® agent is in good agreement with the improve-
ment in contrast obtained for the murine skin ex vivo in
the model experiment shown in Fig. 2 and Table 1. An
hour after the OC, the optical properties of the skin par-
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Figure 9. (Colour online) Distributions of the fluorescence intensity of
the HEp2-TagRFP tumour node along the lines shown in Fig. 8 before
OC, immediately after OC, and 1 h after OC: fluorescence intensity pro-
files (a), profiles normalised to the initial fluorescence intensity immedi-
ately and 1 h after OC (b), and normalised fluorescence intensity versus
initial intensity for the same profiles (c).

tially returned to the initial levels of scattering and fluo-
rescence due to washing out of the OCA from the skin of
a living mouse. The contrast of the image decreases to
0.27, and the apparent diameter of the vessel increases to
180 um. Typically, it takes several hours for the complete
termination of OCA action [8].
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Figure 10. (Colour online) Distributions of fluorescence intensity from a tumour node near a blood vessel before optical clearing (a), after 15 min-
utes of clearing with the contrast MRI agent Gadovist® (b) and 1 hour after the end of clearing (c); profiles of the distribution of fluorescence inten-
sity along the blue 1 (d), black 2 (e) and green 3 (f) lines in the images (a), (b) and (c).

Generally, in vivo studies confirm the idea that the effi-
ciency of OC is much higher in the case of initially lower
fluorescence intensity. As follows from Fig. 9c, for low
intensities the maximum OC efficiency is 2—9, which is in
good agreement with the trend observed in ex vivo studies
(see Table 3).

No signs of any systemic toxicity (including behavioural
changes) were observed in the studied animals after topical
application of the Gadovist® MRI contrast agent with a con-
centration of 1 mmol mL~!. In addition, no hyperaemia of the
tissue surrounding the mouse tumour was observed during
the OC procedure and within 24 h after OC. There were no
signs of inflammation in the area of tumour tissue exposed to
OC during and after the exposure.

6. Discussion of results

In the present study, several clinically available MRI and CT
contrast agents were investigated to determine their efficiency
for optical clearing of skin ex vivo and in vivo. In in vitro stud-
ies with chemical fixation of biological tissues, the relative
volume fractions of their components undergo significant
changes; in addition, intra- and intermolecular cross-links
occur, which significantly distort the diffusion properties of
tissues, slowing down the rate of diffusion of molecules
[74, 75]. In this regard, all studies in this work were carried
out on fresh tissues ex vivo or in vivo.

The main motivation for the study was that the existing
OC protocols developed for optical imaging have not yet been
applied for multimodal imaging of tissues and organs, e.g., in

combination with MRI, CT or Cherenkov-excited lumines-
cence sheet imaging (CELSI) [76], as well as with other
methods, potentially offering a variety of possibilities for
visualising both structural and functional features of normal
and pathological tissues and organs with high anatomical
resolution and molecular specificity. A clinically approved
iodine-based isoosmolar CT contrast agent, iodixanol
(1550.19 g mol™!) (Visipaque®), was included in this study due
to its efficacy as an MRI contrast agent, which has recently
allowed testing for bimodal CT/MRI visualisation using
iodixanol-loaded liposomes [42].

In addition to evaluating the efficiency of OC using con-
trast MRI and CT agents, the data obtained are important for
clinical endoscopic optical studies in combination with MRI
or CT, i.e., for multimodal diagnostic schemes.

Measurements of the refractive indices of all selected
agents showed that they are all high enough to provide skin
OC in the entire spectral range selected for testing (see Fig. 1).
Gadovist® was shown to have a greater clearing effect,
assessed by both OCT imaging and collimated transmittance
measurements. In addition, unlike other agents, incubation of
skin samples in Gadovist® did not result in tissue swelling or
shrinkage, and a pilot study using a tumour xenograft express-
ing the fluorescent TagRFP protein showed excellent optical
clearing properties of Gadovist® in vivo.

The observed lower OC efficiency achieved ex vivo
in the case of the isoosmolar CT agent Visipaque® may
be due to the relatively high molecular weight of iodixanol
(1550.19 g mol™") compared to about 50% less mass of
iohexol molecules (821.14 g mol™'), the previously tested
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iodine-containing Omnipaque® CT agent. The latter has
been reported to improve the optical transparency in a
number of tissues [20, 23, 27, 34—37] and can also poten-
tially be used instead of Visipaque® for CEST imaging [42].
Although the efficiency of OC with Visipaque® was not as
high as in the case of MRI agents, the concept of tri-modal
MRI/CT/optical tissue imaging using iodine-based CT
contrast agents could be proposed based on the data
obtained in this study.

It is important to note that a simple and reliable optical
method based on the concept of the free diffusion coefficient
[48—50] made it possible to measure the diffusion coeffi-
cients of MRI agents in the skin of mice and compare their
values with those measured in other tissues using MRI. Such
a comparison made it possible to estimate the parameter of
tortuosity of the murine skin structure at the level of 3—3.5,
which is quite acceptable for a tissue with barrier func-
tion [66].

Pilot in vivo studies in tumour xenografts expressing the
red fluorescent protein TagRFP showed that the fluorescence
intensity significantly increases after optical clearing with the
Gadovist® MRI agent, thereby demonstrating good pros-
pects for the use of contrast MRI agents in optical imaging
and in combination with MRI.

When using the MRI agent Gadovist® in vivo, an almost
five-fold increase in the contrast of the fluorescence image of
the vessels in the tumour area was observed, which is in
good agreement with the contrast improvement observed in
mouse skin ex vivo. The increased contrast of the fluores-
cence image allowed realistic estimation of the diameter of
the initially hidden vascular structure. The concept of high
efficiency of OC for initially lower fluorescence intensity
found a successful confirmation in both ex vivo and in vivo
studies.

Multimodal technologies for visualisation of biological
tissues using optical and CT/MRI methods have obvious lim-
itations due to the physical principles of each of the methods.
For example, optical methods do not allow imaging of the
whole body or a single large organ, but they can visualise
pathology of the brain, breast, finger joints, and hollow
organs (using endoscopes). In all these cases, optical clearing
helps to reduce scattering and obtain a better optical image
[3, 33, 77, 78]. The technology of injection of an agent for
multimodal imaging should correspond to the tasks to be
solved. For example, for OCT/MRI/CT studies of superficial
organs, it will be sufficient to inject the agent locally
[60, 79—-81]; for combined imaging of deeper tissues, intersti-
tial/intraorganic injection or combined topical and interstitial
administration can be used [79, 82, 83]. Oral administration is
also possible, and not only for the study of the gastrointesti-
nal tract, but also for saturating other organs having pathol-
ogy with a contrast/clearing agent (as an alternative to intra-
venous injection) [79, 82—85].

7. Conclusions

This paper is the first to describe the optical and diffusion
properties of contrast MRI agents and discuss their potential
in terms of optical clearing of biological tissues, which has
been demonstrated using digital microscopy, OCT, spectral
collimated transmittance measurements and fluorescence
imaging. The new data from the skin of mice could poten-
tially be important for preclinical and clinical studies that use

MRI in combination with optical imaging. Therefore, con-
trast MRI agents (based on gadolinium) can not only increase
the contrast of MRI images of tissues and organs, but also
effectively reduce the scattering of optical radiation by bio-
logical tissues, which leads to an increase in the contrast and
depth of probing of optical methods and, ultimately, opens
perspective of using multimodal diagnostics with a single
agent. In addition, such agents are able to enhance the fluo-
rescence intensity of molecular markers expressed in tumours
in vivo.

Since several contrast CT agents can also provide
increased contrast of optical and MRI images, the results of
our study open the way to a fundamentally new approach to
multimodality, including optical, MRI and CT imaging syn-
chronised in time and space. This is because the same agent is
able to increase simultaneously the contrast of all three imag-
ing methods.

Optical methods, the efficiency of which can be signifi-
cantly increased by means of optical clearing using contrast
MRI agents, are not limited to spectral, OCT and fluores-
cence imaging, but also include confocal microscopy, Raman
spectroscopy, multiphoton microscopy, photoacoustic imag-
ing, etc.
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