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Abstract: Increase of the efficiency of photodynamic therapy (PDT) requires the development of
advanced protocols employing both novel photosensitizer (PS) carriers and aids for online monitoring.
Nanoconstructs may be comprised of a photosensitizer, chemotherapy drugs, or inhibitors of molecular
pathways that support cancer growth. In this paper, we analyze the efficiency of a bimodal approach
involving fluorescence and optoacoustic imaging in monitoring drug distribution and photobleaching.
The study evaluates typical sensitivities of these techniques to the presence of the two key moieties
of a nanoconstruct: benzoporphyrin derivatives (BPD) serving as a PS, and IRDye800 acting as
a contrast agent. Both imaging modalities employ dual-wavelength probing at the wavelengths
corresponding to absorption peaks of BPD and IRDye800, which enables their separate detection.
In an experiment on a tissue-mimicking phantom with inclusions containing separate BPD and
IRDye800 solutions, fluorescence imaging demonstrated higher contrast as compared to optoacoustic
imaging for both components, though strong light scattering in the surrounding media restricted
accurate localization of the markers. It was also sensitive to photobleaching, which is a measure
of PDT efficiency. Optoacoustic imaging demonstrated sufficient sensitivity to both components,
though less than that of fluorescence imaging, however, it enabled depth-resolved detection of an
absorber and estimation of its relative content. Employment of the bimodal approach in monitoring
of PS photobleaching adds to its potential in intraprocedural PDT monitoring.

Keywords: photodynamic therapy; photosensitizer; optoacoustic imaging; fluorescence imaging

1. Introduction

Photodynamic therapy (PDT) is a modern treatment modality based on launching a photodynamic
reaction in a tumor with accumulated photosensitizer upon light irradiation [1,2]. PDT has additional
benefits when tumor localization does not allow for radical resection, which is usually accompanied by
significant damage to the surrounding, functionally important normal tissues. In particular, this aspect
is essential for peritumoral areas of glioblastoma, when damage to normal brain areas may lead to a
patient disability, while incomplete tumor treatment raises the risk of a tumor recurrence [3].
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Increase in the efficiency of PDT treatment requires the development of protocols for a PDT
procedure employing aids for both controlling the delivery of a PS to the tumor area, and monitoring
the photodynamic reaction during light irradiation.

Optical imaging techniques demonstrate high potential for noninvasive monitoring of PS
accumulation and photobleaching in the course of a PDT procedure [4]. Since PSs typically exhibit
strong fluorescence, fluorescence imaging techniques are usually employed for non-invasive PS
distribution monitoring [5-9], while decrease of fluorescence signal as a result of light irradiation
indicates efficient photodynamic reaction [5,10]. Benefits of fluorescence imaging (FL) include high
sensitivity due to low far-red autofluorescence, and relative simplicity of hardware implementation.
On the other hand, FL does not allow for depth-resolved visualization, while multiple scattering leads
to image blurring [11]. In this respect, complementary application of an auxiliary depth-resolving
imaging modality can provide additional information on drug localization.

Targeted nanoconstructs are a modern type of PS carrier that combine the drug itself with additional
complexes, ensuring targeted delivery, and contrasting agents, providing high sensitivity for monitoring
techniques. Employment of benzoporphyrin derivative (BPD), a clinically approved photosensitizer,
as a component of a nanoconstruct can significantly enhance the efficiency of photodynamic therapy
against cancer cells, due to the red-shifted absorption peak (Aex = 690 nm), fast accumulation, and
rapid excretion [12-14]. However, the excitation spectral band in the visible range and relatively low
fluorescence quantum yield of BPD [15] limit the abilities of fluorescence imaging at large depths. This
aspect requires the introduction of an additional contrasting agent as a component of a nanoconstruct.
Infrared fluorescence marker IRDye800 is a potential candidate for complementary use with BPD in
nanoconstructs, owing to its higher fluorescence brightness and the excitation spectrum shifted to the
near-IR spectral range [16].

Optoacoustic imaging [17] has high potential as a complementary technique for localizing PS
accumulation due to the absorption-based contrast, the in-depth resolution, and relatively high imaging
depth [18]. A spectral approach in optoacoustics, allowing for tuning of the probing wavelength to
the absorption maxima of the employed contrast agent provides high imaging sensitivity. In the case
that the nanoconstruct contains a contrast agent in addition to the PS, dual-wavelength optoacoustic
imaging can provide an additional benefit of complementarily localizing both dyes. Moreover, as
mentioned above, the absorption band of IRDye800 is shifted to the IR range with respect to the
absorption band of BPD, which provides deeper probing of IRDye800-labeled objects compared to
those labeled with BPD.

A previous study demonstrated the efficacy of complementary application of FL and OA in
monitoring targeted nanoconstructs in frames of numerical Monte Carlo simulations [19]. This paper
presents the next step in the study of this bimodal monitoring approach, demonstrating its efficiency
in a phantom study where the BPD and IRDye800-containing inclusions embedded in a biotissue
mimicking phantom are imaged by both FL and OA modalities and the potentiality of joint use of
these techniques is estimated.

2. Materials and Methods

2.1. Fluorescence Imaging Setup Combined with the Irradiation Module

The custom-made fluorescence imaging setup employed in the study (Figure 1) included a CCD
camera, a filter wheel, and an illumination system adapted for nanoconstruct components (both
IRDye800 and BPD dyes). Normalized absorption and emission spectra of both dyes [19] are presented
in Figure 2. The illumination system consisted of two compact diode laser modules with a fiber output
(Hicurtec, Russia) at the wavelengths of 690 and 785 nm, corresponding to the absorption bands of
BPD and IRDye800, respectively. Due to the possibility of tuning the power of the laser source at
A = 690 nm to a wide range (up to 0.75 W), it could also be employed as a source of irradiation in
course of the PDT procedure. Collimating lenses and optical homogenizers (Thorlabs, USA) were used
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to provide a uniform illumination at the object surface. The cooled CCD camera ATIK314L+ (Artemis
CCD Ltd., UK) with the motorized filter wheel FLI (USA) and Sigma lens (focal length: 28 mm; £/1.8)
was employed for fluorescence detection. The 725/40 and 835/70 filters (Semrock, USA) were used for
emission detection and cutting off the excitation radiation of the laser diodes for BPD and IRDye800
sensing, respectively. The CCD camera, filter wheel, and laser sources were controlled by a PC. A dark
frame subtraction was performed prior to fluorescent signal calculations.

Figure 1. Schematic of the experimental setup for fluorescence imaging: 1—dark chamber, 2,3—laser
sources 690 and 785 nm, 4—optical diffusor, 5—experimental object, 6—objective lens, 7—filter
wheel, 8—CCD.
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Figure 2. Absorption and emission spectra of benzoporphyrin derivative (BPD) and IRDye800.
2.2. Optoacoustic (OA) Imaging Setup

The OA imaging setup (Figure 3) employed the concept of dark-field acoustic resolution
photoacoustic microscopy (AR-PAM) [20], where the scanning OA head is represented by a conical
fiber-optic illumination system (CeramOptec, Germany) combined with a spherically focused acoustic
detector made of a polyvinylidene difluoride (PVDF) piezo film with a 25 pm thickness (IAP RAS,
Russia) [21]. The ultrasound antenna with a numerical aperture of 0.6 and a receiving band of 35 MHz
provided a spatial resolution of 40 um at a probing depth of up to 3 mm. For probing, a tunable 2214PC
laser (LOTIS-TII, Belarus) with a wavelength range of 410-2100 nm, pulse duration of 18 ns, and pulse
repetition rate of 10 Hz was used. OA imaging was performed at the probing wavelengths of 690 nm
and 785 nm, corresponding to the optical absorption peaks of BPD and IRDye800. Scanning was
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performed by two M-664 one dimensional positioning stages (PIMicos, Germany). OA A-scans from
individual laser pulses were digitized by a 16 bit ADC Razor 16 (GaGe, USA) with a 200 MHz sampling
rate. Raw OA A-scans were processed using a digital 50MHz low-pass filter, and the resulting raw OA
B-scans were reconstructed based on the synthetic aperture technique [22].
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Computer

Figure 3. The schematic of the optoacoustic (OA) setup and a phantom with three embedded tubes.
2.3. Phantom Design

A solid phantom mimicking the optical properties of murine brain tissue at the probing and
detection wavelengths (690, 785, 720, and 835 nm) was employed in the study. The bulk of the phantom
was designed as a mixture of 2.2 g of agar and 75 ml of water, which was heated up to 70 °C at the first
stage. At the next step, the solution was cooled down to 36 °C and was mixed up with 40 ml of 20%
Lipofundin MST/LST (Braun, Germany) and 0.5 uL of black ink (Koh-i-Noor, Czech Republic). The
agar mixture was poured into the special cuvette with three transparent plastic tubes with an internal
diameter of 400 um (Figure 4), and cooled to the room temperature until solid. The cylinder-shaped
cuvette was 20 mm in diameter and 20 mm in the Z-direction. After the mixture hardening, the three
tubes within the phantom were filled, correspondingly, with DMSO solution of IRDye800 (LI-COR,
USA) at a concentration of 178 umol/L, DMSO solution of BPD (USP, USA) at a concentration of
634 pmol/L, and pure DMSO (Paneco Ltd., Russia), used as a reference. According to [23,24] the
selected concentrations of BPD and IRDye800 were below the toxic threshold in animals.
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Figure 4. Photography of the tubes containing the phantom filled with water (a) and agar mixture (b).
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The tube embedding depth in the phantom was about 1 mm. To localize the position of the tubes
with respect to the entire phantom, bimodal imaging of the tubes filled with solutions of IRDye800,
BPD, and DMSO was also performed prior to agar mixture pouring. Figure 3 shows the photos
of the phantom filled with water (Figure 4a) and with agar mixture (Figure 4b). Preparation of
tissue mimicking phantoms, their characterization, and comparison with real biotissues are described
in details in previous papers [8,25,26]. Optical properties of the employed agar mixture and their
comparison to the values for murine brain ex vivo are summarized in Table 1. Here, i, is the absorption
coefficient and ps” = ps(1-g) is the reduced scattering coefficient, where i is the scattering coefficient
and g is the scattering anisotropy factor.

Table 1. Absorption coefficient pu, and reduced scattering coefficient 15" of murine brain ex vivo and of
the phantom at the excitation and emission wavelengths of BPD and IRDye800.

Murine Brain Phantom
A, nm pa (mm-1) ps’(mm=1) pa (mm-1) us’(mm=1)
690 0.09 1.96 0.06 3.6
725 0.071 1.89 0.06 3.25
785 0.06 1.78 0.05 3
835 0.05 1.65 0.05 3

2.4. Numerical Simulations

The shape of the fluorescence image of an object within a scattering medium registered by a CCD
camera is determined by both the lateral size of the fluorescent volume, and its embedding depth. The
full width at half maximum (FWHM) of the fluorescence map potentially allows evaluation of these
characteristics. Our previous Monte Carlo study [19] considering the spherical shape of a model tumor
labeled with nanoconstructs demonstrated that from the FWHM of the fluorescence response, one
can estimate the tumor size using the information about tumor localization depth obtained from OA
measurements. In this study, previously developed MATLAB-based Monte Carlo code was modified
to simulate fluorescence images of the scattering phantom containing cylindrical tubes filled with
fluorescence markers.

The Monte Carlo procedure for simulation of a fluorescence image consists of two steps. At the
first step, the Monte Carlo technique is employed to produce a map of the probing radiation partial
absorption by the fluorophore. A three-dimensional map of the fluorophore distribution in the medium
is predefined. In the voxels containing the fluorophore, the local optical properties (absorption and
scattering coefficients) are calculated as the sums of the partial optical properties of the bulk medium
(phantom) and the fluorophore. At the second step, the fluorophore partial absorption map serves as
a distributed source for Monte Carlo simulations of the fluorescence emission at the corresponding
wavelength. Emission of fluorescence photons is considered to be spherically isotropic in direction.
Distribution of fluorescence intensity at the medium surface represents a fluorescence image recorded
by a CCD camera. Typical number of probing radiation photons employed in simulation amounts to
108,

To simulate the OA image of the BPD-containing tube inside the phantom, the Monte Carlo derived
absorption map was used for calculating the acoustic response on the basis of K-wave toolbox [27]
for MATLAB. In the OA numerical experiment, acoustic signals from BPD serving as an absorber
were recorded by the arc detector with a focal distance R = 6.7 mm and numerical aperture NA = 0.6
focused at the object surface. The scanning step Ax = 50 um was chosen in accordance with the
geometry of the OA phantom experiment. The simulations were performed on the spatial-temporal
grid Ax = Az =50 um (full area 12 mm x 12.7 mm) and At = 5 ns (full time range is 8 ps), corresponding
to the maximum supported frequency, 15 MHz.
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3. Results

3.1. Fluorescence and Optoacoustic Imaging

Figure 5 demonstrates FL and OA images of the phantom, obtained consequently at the probing
wavelength of 690 nm corresponding to the absorption peak of BPD. In the FL. modality, the probing
power density on the surface was about 30 mW/cm? and the diameter of illuminated area was about
25 mm. The exposure times of 10 and 30 ms were used for the water phantom (top row) and agar
mixture phantom (bottom row), respectively. In the OA modality, the irradiance on the surface was
about 7.5 mJ/cm? and the sample interval between B-scans was 30 s. The OA B-scans of the phantom
were acquired by mechanical scanning of the OA head with a step of 50 um, resulting in a B-scan
consisting of 330 A-scans. Figure 5b shows the OA B-scan cross-sections along the Z-direction. In the
water phantom, the tube with the BPD solution was easily located and demonstrated a higher signal as
compared to the IRDye800 tube. Despite out-of-resonance excitation, the signal from the IRDye800
tube was detected in OA images due to its long tail of absorption spectra in the visible wavelength
range (Figure 2). For the agar mixture phantom, the fluorescence image became blurred due to multiple
scattering, thus limiting exact localization and detection of the BPD-containing tube, although its
presence was evident. The OA signal from both BPD and IRDye800 tubes decayed in this case due to
the attenuation of probing radiation in the agar phantom, although both BPD and IRDye800 tubes
were still detectable. One can see that the tube cross-sections in the OA images are not represented by
uniform circles. This phenomenon is governed by the OA reconstruction artifacts originating from
the finite numerical aperture of the focused detector [19]. Complementary information from FL and
OA imaging can allow evaluation of the size of the fluorescent object based on both the in-depth
information from OA and the fluorescence profile width from FL imaging [19].
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Figure 5. Fluorescence images (a) and reconstructed optoacoustic B-scans (b) of the water phantom
(top) and agar mixture phantom (bottom) for the excitation wavelength of 690 nm. Solid green circles
represent the areas of averaging for the contrast calculation. Dashed green lines depict the position of
tubes filled with dyes.

Figure 6 demonstrates the FL and OA images of the phantom obtained at the probing wavelength
of 785 nm, corresponding to the absorption peak of IRDye800. Similar to the previous case, for each
modality the images were obtained for a cuvette filled with water (top), in order to locate the tubes, and
with agar mixture (bottom). The signal from the IRDye800 tube was pronounced in both FL and OA
images, while there was no signal from both BPD and DMSO tubes, since the probing wavelength was
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outside the BPD absorption band. Similarly to Figure 5, the presence of agar mixture in the cuvette led
to broadening of the fluorescence profile and a decrease in OA signal. However, since the attenuation
of probing radiation in the phantom at 785 nm was smaller, the OA signal decay was less than that for
the excitation wavelength of 690 nm.
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Figure 6. Fluorescence images (a) and reconstructed optoacoustic B-scans (b) of the water phantom
(top) and agar mixture phantom (bottom) for the excitation wavelength of 785 nm.
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Table 2 summarizes the Weber contrast of FL and OA images calculated by the following formula

mean(IDye) — mean(Ippso)

Contrast =
mean(Ippmso)

@

where mean (Ipy.) is the intensity of the corresponding (FL or OA) signal averaged over the tube with
the dye, and mean (Ippso) is the intensity of the signal averaged over the tube with DMSO. Averaging
was performed over the green solid circles in the OA images (Figure 5b), and over the whole tube for
FL imaging.

Table 2. Weber contrast calculated by the fluorescence imaging (FL) and optoacoustic (OA) images of
the phantom for probing wavelengths of 690 and 785 nm.

A, nm 690 nm 785 nm
Marker/phantom FL OA FL OA
BPD + DMSO/water 4.6 3.8 0 0
IRDye800 + DMSO/water 0 0.7 29.1 4.4
BPD + DMSO/agar mixture 2.8 1.1 0 0
IRDye800 + DMSO/agar mixture 0 0.6 15 3.8

As seen from Table 2, the fluorescence/absorption contrast in the turbid phantom was significantly
reduced as compared to that in water. Generally, IRDye800 provided higher contrast compared to
BPD, which proves its potential as an auxiliary contrast agent. Note that at the excitation wavelength
of 690 nm, the IRDye800-containing tube provided non-zero contrast in the OA image, while in the FL
image its contrast was zero. This is the result of the relatively strong out-of-resonance absorption of
IRDye800. Table 2 also demonstrates that FL contrast was higher than OA contrast for both BPD and
IRDye800. This conclusion contradicts the results obtained in [18], where it was shown that the OA
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contrast was higher or comparable to the FL one. However, in the cited paper, the background signal
was calculated in the vicinity of the tube with the dye, where the medium is uniformly scattering
and absorbing, while in our study, the average signal from the tube with DMSO was taken as the
background for mimicking the absorbing inhomogeneity. The OA and FL contrasts become comparable
in our study if the background signal is calculated in the same way as in Reference [18].

3.2. Monte Carlo Simulations of Fluorescence Imaging

In order to approve the relevance of the obtained fluorescence images, Monte Carlo simulations
were performed for the geometry corresponding to that of the agar mixture phantom. Figure 7 depicts
the results of the simulations for the phantom with an embedded BPD tube for the probing wavelength
of 690 nm. The top row of Figure 7 demonstrates the distribution of the probing radiation absorption
within the medium. The maps demonstrate photon fraction absorbed per unit volume, normalized by
the number of launched photons per unit area. One can see that the absorption within the BPD tube
was quite uniform, confirming that the registered fluorescence response originated from the entire
labeled volume. Figure 7c demonstrates the simulated fluorescence image, while Figure 7d shows
the simulated and experimentally registered central cross-sections of the fluorescence profile. The
calculated fluorescence map shows the ratio of densities of fluorescence photons that reached the top
surface of the medium to the number of launched photons; fluorescence quantum yield was taken to
be equal to 1. Similar results were obtained for the FL of the phantom with the embedded IRDye800
tube for the probing wavelength of 785 nm (not shown).

£3 E3
N N 0.001
4 4p 0.0001
5k 50 1l 1e-05
N : 2 s o ki USRI Sl i 106
0 2 4 6 8 0 1 2 3 4 5 6 7 8 9
Y, mm X, mm

—Monte Carlo modeling
Fluorescenceimaging

TN M
0 5 10 15 20

X, mm

Figure 7. Monte Carlo simulations: absorption maps within the agar mixture phantom with embedded
BPD tube at the wavelength of 690 nm in two projections (a,b), corresponding fluorescence image (c),
and comparison of experimental and simulated fluorescence profiles (d). All maps are normalized
for the number of launched photons per unit area. The absorption values in (a,b) are shown in mm~7,

fluorescence intensity is dimensionless (c). Color map values in (a—c) are shown in logarithmic scale.

Figure 8 demonstrates the widths of the fluorescence profile central cross-sections for different
diameters of the labeled tubes. The demonstrated monotonous dependence of FWHM on the tube size
confirms that complementary bimodal imaging allows to obtain additional information on the size
of the nanoconstruct-containing volume based on a given depth which can be determined from OA
measurements. Note that the value of the fluorescence profile FWHM calculated for the tube with the



Appl. Sci. 2019, 9, 1918 9of12

inner diameter of 0.5 mm and located in a turbid phantom at the depth of 1 mm is FWHM = 3.3 mm
which completely agrees with the corresponding value given in [18].

3.6 1

2.2 T T T T
0.0 0.2 0.4 0.6 0.8

d, mm

Figure 8. Dependence of the fluorescence profile FWHM on the BPD tube diameter. The tube center is
located 1.1 mm under the surface.

3.3. Numerical Simulations of Optoacoustic Imaging

Figure 9a demonstrates the raw OA B-scan (composed of 89 A-scans) of the cylindrical tube filled
with BPD and embedded in the turbid phantom. The B-scan was simulated in k-Wave toolbox based
on the Monte Carlo derived absorption map, as in Reference [19]. The raw image demonstrates that
absorption in the bulk medium was weaker compared to the BPD-containing tube, therefore one
can see a pronounced signal from the fluorophore. However, typical artifacts originating from the
employment of a spherical acoustic antenna are present in the image. In this connection, reconstruction
of the raw OA image was applied. The reconstructed OA image of the BPD-containing tube (Figure 9b)
was in better agreement with the real shape and position of the tube.
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Figure 9. Numerical simulation of OA imaging of the BPD tube within the agar mixture phantom:
(a) raw OA B-scan modeled in k-Wave (in kPa) and (b) reconstructed OA B-scan. Dashed black circle
represents the actual cross-section of the BPD-containing tube. (¢) Comparison of the simulated and
experimentally registered OA signals.

Figure 9c shows the comparison of the simulated and experimentally registered A-scans in a
central cross-section of the BPD tube. One can see that the shapes of the OA signals replicate each
other, and the calculated diameter of the tube matches the measured one. However, in the numerically
simulated A-scan, the BPD tube appeared as a solid object, while in the experiment, the tube was
visualized by its upper (point 1 in Figure 9c) and lower (point 2 in Figure 9c) boundaries. This can
be explained by the reduced spatial resolution in numerical simulations, specified by the maximum
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detection frequency of the antenna, which was limited (as compared to that of the real antenna) for the
sake of reasonable calculation time.

3.4. Monitoring of Photobleaching

Perspectives of the developed approach in monitoring of a PDT procedure were studied in the
course of the BPD photobleaching. The phantom was irradiated at the wavelength of 695 nm, with the
intensity at the surface amounting 150 mW/cm?, which is typical for an anti-tumor PDT procedure.
The irradiation lasted until the delivered dose amounted to 270 J/cm?, typical for antitumor treatment.
Fluorescence images acquired at different stages of irradiation are shown in Figure 10b, together with
the corresponding delivered doses. Figure 10a shows the decrease of the fluorescence intensity with
the increase of the accumulated dose which indicates photobleaching of the PS. One can see that this
dependence is accurately (R? = 0.989) approximated by an exponential decay law. A photobleaching
level of 50% was achieved at the dose of 120 J/cm?2, and the level of 80% was reached after the full dose
of 270 J/em 2. Figure 10c,d show the OA B-scans of the phantom with agar mixture obtained at 690 nm
before (Figure 10c) and after (Figure 10d) the PDT-mimicking procedure. One can observe a decrease
of OA signals from BPD, indicating decrease of absorption as a result of photobleaching. The OA
image contrast of BPD at 690 nm, calculated using Equation (1), decreased from 1.1 to 0.5 after the
procedure and corresponds to the relative signal decrease of 28% due to photobleaching, which was
significantly lower than the corresponding FL signal decrease. This fact indicates that fluorescence
imaging is more sensitive to detecting photobleaching compared to OA, which is in good agreement
with the results of other researchers [28].
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Figure 10. Dependence of the fluorescence signal in the course of BPD photobleaching on the delivered
irradiation dose with the confidence bounds (a). Fluorescence images of a BPD-containing tube
corresponding to the indicated doses (b), and OA B-scans at 690 nm before (c) and after (d) the
PDT-mimicking procedure.

4. Conclusions

In this study we demonstrated the abilities of a bimodal approach combining fluorescence and
optoacoustic imaging in monitoring the distribution of BPD and IRDye800, two components of the
targeted nanoconstructs for photodynamic therapy of gliomas.
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Both imaging modalities employ dual-wavelength probing at the wavelengths corresponding to
the absorption peaks of the two components enabling their separate detection. Fluorescence imaging
demonstrated higher contrast as compared to optoacoustic imaging for both components, suffering,
however, from strong light scattering in the bulk media, which restricted accurate localization of the
markers. Optoacoustic imaging also demonstrated sufficient sensitivity to both components, enabling
their depth-resolved detection in a scattering medium. However, limited aperture of the scanning
acoustic detector, along with low repetition rate of laser pulses (and therefore, low acquisition rate)
restricted accurate visualization of the absorber shape. Fluorescence imaging, in its turn, is simple in
implementation compared to OA, does not require direct contact with the tissue, and is sensitive to
photobleaching, which is a measure of PDT efficiency.

Analysis of the marker fluorescence profile combined with the information on the marker depth
obtained from OA imaging was shown to be useful in the characterization of the drug-containing
volume. Employment of the bimodal approach in monitoring of PS photobleaching indicates its high
potential in intraprocedural PDT monitoring.
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