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Abstract: Highly biocompatible nanostructures for multimodality imaging are critical for clinical
diagnostics improvements in the future. Combining optical imaging with other techniques may lead
to important advances in diagnostics. The purpose of such a system would be to combine the indi-
vidual advantages of each imaging method to provide reliable and accurate information at the site
of the disease bypassing the limitations of each. The aim of the presented study was to evaluate
biodistribution of the biocompatible technetium-99m labelled bovine serum albumin-gold
nanoclusters (*™Tc-BSA-Au NCs) as photoluminescence-SPECT/CT agent in experimental animals.
It was verified spectroscopically that radiolabelling with *mTc does not influence the optical prop-
erties of BSA-Au NCs within the synthesized #™Tc-BSA-Au NCs bioconjugates. Biodistribution im-
aging of the ®mTc-BSA-Au NCs in Wistar rats was performed using a clinical SPECT/CT system. In
vivo imaging of Wistar rats demonstrated intense cardiac blood pool activity, as well as rapid blood
clearance and accumulation in the kidneys, liver, and urinary bladder. Confocal images of kidney,
liver and spleen tissues revealed no visible uptake indicating that the circulation lifetime of *™Tc-
BSA-Au NCs in the bloodstream might be too short for accumulation in these tissues. The cellular
uptake of ®mTc-BSA-Au NCs in kidney cells was also delayed and substantial accumulation was
observed only after 24-h incubation. Based on our experiments, it was concluded that *mTc-BSA-
Au NCs could be used as a contrast agent and shows promise as potential diagnostic agents for
bloodstream imaging of the excretory organs in vivo.

Keywords: imaging; multimodality; gold nanoclusters; luminescence; SPECT/CT; radiolabelling;
technetium 99m; biodistribution; accumulation in cells

1. Introduction

Early and precise tumour detection is one of the most important keys to successful
elimination of cancerous diseases. In many cases of malignant tumours, non-invasive de-
termination of the disease spreading in the body can be a problematic task for either on-
cologists or surgeons. In recent years, advances in imaging instruments, imaging probes,
and quantification techniques have enabled more refined and better-quality images for
more accurate diagnoses. Molecular imaging can be defined as in vivo visualization, char-
acterization and measurement of biological processes at the molecular and cellular levels
[1,2]. Various molecular imaging modalities have been exploited for cancer diagnosis and
treatment assessment. The commonly used molecular imaging techniques include com-
puted tomography (CT), positron emission tomography (PET), single photon emission
computed tomography (SPECT), molecular magnetic resonance imaging (MRI), contrast-
enhanced ultrasound (CEU), optical bioluminescence, and optical fluorescence [3-6]. Each
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imaging method has its own advantages and limitations. Radionuclide-based imaging
techniques, such as PET and SPECT, are highly sensitive and quantitative, but they have
relatively poor spatial resolution. MRI provides high spatial resolution images with ex-
quisite soft tissue contrast, yet it suffers from low sensitivity. Meanwhile, optical imaging
can sensitively and sequentially interrogate cellular and molecular functions in living sub-
jects; however, the energies in the visible (VIS) to near-infrared region (NIR) of the spec-
trum are limited to penetrate the depth of mammalian tissues. Therefore, combinations of
imaging techniques, as so-called “multimodality imaging”, are being designed to take ad-
vantage of the strengths of modalities while minimizing their limitations, which, as a re-
sult, may simultaneously provide comprehensive biological information [7,8]. The pro-
spect of combining optical with other imaging methods has drawn attention, and it could
lead to important advances in clinical diagnostics [6]. Multimodality imaging is aimed at
detecting progress of various diseases, biodistribution of drugs, assessing metabolic
changes, and molecular events in vivo [9]. Such approach would provide additional
pathological information to the physicians compared with single modality methods and
might help to shorten the patient’s pathway to recovery. For each of the currently existing
diagnostic imaging methods (optical, MRI, X-ray), a development of more sensitive and
specific contrast agents is a major scientific and clinical goal.

Progress of nanomaterial science provides the ability to design multifunctional im-
aging agents that could be used for several imaging techniques. Among the wide spec-
trum of nanomaterials currently in use, gold nanoclusters (Au NCs) have drawn a lot of
attention in scientific community as promising agents for cancer diagnostics and therapy
[10-16]. Au NCs have absorption and photoluminescence (PL) in the VIS spectral region
[10,12], as well as strong X-ray absorption [11,17], which makes them good candidates for
dual-modality imaging [18]. Fang et al. demonstrated that specifically targeted Au NCs
might be used not only for bioimaging but also to enhance the radiosensitization effect,
resulting in cancer cells” death in vitro [19]. Moreover, Au NCs have been shown as effec-
tive photosensitizers for photodynamic tumour therapy [20,21].

Protein stabilized Au NCs are especially promising due to their eco-friendly green
synthesis and biocompatibility [10,20,22,23]. Since Xie et al. demonstrated Au NCs stabi-
lization with bovine serum albumin (BSA) [10], various proteins were used for Au NCs
synthesis [24], although BSA-Au NCs still remain one of the most common choices. BSA-
Au NCs are investigated as potential photoluminescent labels for cancer detection [25-
28]. However, due to limitation of excitation light penetration into deeper tissues and low
PL quantum yield, BSA-Au NCs are more suitable for superficial imaging as optical track-
ing of such NCs in vivo is complex and requires extra efforts. BSA-Au NCs could be used
as a multimodality imaging agents, without any additional modifications. For example, it
was demonstrated that BSA-Au NCs could be used for diagnostic of renal abnormalities
with computerized tomography (CT): 2 h post intravenous injection, BSA-Au NCs were
detected in the renal collecting system of mice [29]. In addition, the zwitterion functional-
ized Au NCs show potential to efficiently absorb NIR light and generate photoacoustic
signals in vivo [30]. However, in some cases extra modifications are necessary due to a
peculiarity of a specific method. BSA-Au NCs functionalization with gadolinium (Gd) al-
lows to use them for MRI [28,31,32]. The iodine-124 labelled gold nanoclusters showed
potential as imaging agents for positron emission tomography of lung tumours [33].

SPECT is a common diagnostic method used for precise tumour diagnostics, three-
dimensional (3D) imaging of organs or organ-systems as well as blood flow and metabo-
lism examination in the body. The technique requires the injection of a gamma-emitting
radionuclide into the patient’s bloodstream. Currently, the most-used radionuclides for
SPECT are *nTc (t12= 6 h) and "In (t12= 2.8 days) [34]. SPECT is frequently combined
with CT, which lends itself to a wide range of useful diagnostic applications and has a
well-established clinical impact in most cases [34,35]. It was demonstrated, that *Tc
SPECT/CT improves the detection rate of cervical [36], endometrial [37] and other
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locations’ [35] cancers compared to lymphoscintigraphy. Derivatives of the serum albu-
min, radiolabelled with ®mTc have already been applied in routine clinical practice [38].

Due to their characteristic optical and gamma radiation emitting properties, we have
chosen BSA-Au NCs and *"Tc for creating the biocompatible multifunctional imaging
tracer for SPECT/PL dual imaging. The purpose of this study was to evaluate accumula-
tion and distribution of ®"Tc-BSA-Au NCs in experimental animals and assess their suit-
ability as dual-imaging probes for in vivo imaging.

2. Materials and Methods
2.1. 9mTc-BSA-Au NCs Synthesis

BSA-Au NCs were synthesized according to [10] by mixing tetrachlorauric acid
(HAuCls) (Sigma-Aldrich, St. Loui, MO, USA) with BSA (Sigma-Aldrich, St. Loui, MO,
USA) and then adding sodium hydroxide (NaOH) (Sigma-Aldrich, St. Loui, MO, USA) as
a reducing agent in the final step (Figure 1A).

To prepare dual-imaging probe, BSA-Au NCs were radiolabelled with 99mTc.
Briefly, 1 mL 24 mg/mL BSA-Au NCs aqueous solution was mixed with the stannous chlo-
ride (SnClz) (Sigma-Aldrich, St. Loui, MO, USA) solution (4 mg of SnCl: salt (Sigma-Al-
drich, St. Loui, MO, USA) was dissolved in 10 mL of saline (NaCl) (0.9%)) according to
[38,39] (Figure 1B). The optimal amount of SnCl> was determined using the thin-layer
chromatography (TLC) (Whatmann 3 MM chromatography paper (Sigma-Aldrich, St.
Loui, MO, USA) was used as a stationary phase and 99% acetone (Sigma-Aldrich) as a
mobile phase). 2.0 GBq of sodium pertechnetate (NaTcOs) was added to the SnCl: and
BSA-Au NCs mixture (Figure 1B). 99mTc was eluted from a Molybdenum-99/Tech-
necium-99m generator using 0.9% NaCl solution (GE Healthcare, Chicago, IL, USA). The
radioactivity was measured by dose calibrator (VDC-404, Veenstra Instruments, Ah-
lerstedt, Germany). Chromatographic strips were scanned using a Siemens Symbia T6
gamma camera with a Low Energy High Resolution (LEHR) collimator, placing a strip on
the detector, and acquiring a 5 min static image. Quantitative analysis of the images based
on the counts in regions of interest (ROIs) was carried out using Image]J software [40].
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Figure 1. (A)—BSA-Au NCs synthesis: tetrachlorauric acid (HAuCls) was mixed with BSA and then
sodium hydroxide (NaOH) was added as a reducing agent in the final step. (B) —Radiolabelling was
performed by mixing BSA-Au NCs with the stannous chloride (SnClz) aqueous solution and sodium
pertechnetate (NaTcOs). (C)—Graphical illustration of ®"Tc-BSA-Au NCs thin-layer chromatog-
raphy. Samples prepared with different SnCl2 concentrations were applied onto chromatography
paper strips and then placed in 99% acetone solution for 5 min. (D)—Chromatography results of
»mTc binding to BSA-Au NCs at various SnClz concentrations. From left to right: VIS picture under
ultraviolet (UV) light, NIR PL image, nuclear medicine static images aligned with the thin-layer
chromatography strips used for radiochemical quality control of the "Tc-BSA-Au NCs solutions
with varied concentration of SnClz used for the labelling: 0 mg/mL, 0.1 mg/mL, 0.2 mg/mL.

2.2. Radiochemical Yield

The quality of radiolabelling was evaluated using TLC. Schematic illustration of pro-
cedure is presented in Figure 1C. The radiochemical purity was calculated by measuring
the counts corresponding to the free pertechnetate and the overall activity from the strip
[31]. As it can be seen from the chromatograms presented in Figure 1D, the sufficient
amount of tin chloride for radiolabelling of BSA-Au NCs was 0.2 mg/mL.

The calculated radiochemical purity resulted in above 95%. Visualization of the BSA-
Au NCs photoluminescence in ®"Tc-BSA-Au NCs complex on the TLC strips was per-
formed employing an IBOX® UV lamp with an excitation band-pass filter (peak at 400 nm)
and registered using a CCD camera with a pass-filter in the spectral region 615-685 nm.

The stability of the radiolabelled nanoparticles was checked by repeating the TLC
test over a 2 h period. Testing at 2 h post-labelling, yielded a radiochemical purity of over
95% (comparable to that obtained initially), indicating that imaging can be performed
through at least 2 h (see supplementary materials, Figure S1).

2.3. Optical Spectroscopy Measurements

Absorption spectra were measured using a Cary50 (Varian. Inc., Australia) spectrom-
eter (slit bandwidth 1.5 nm, step—1 nm). Photoluminescence (excitation wavelength 405
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nm) and PL excitation (emission wavelength 650 nm) spectra of BSA-Au NCs and *"Tc-
BSA-Au NCs were measured using a Cary Eclipse (Varian Inc.) fluorescence spectrometer
(excitation and emission slits 5 nm, step—1 nm). Spectroscopic measurements in the visi-
ble spectral region were performed using aqueous BSA-Au NCs and *mTc-BSA-Au NCs
solutions of 24 mg/mL and 6 mg/mL concentrations, respectively. Due to the high optical
density of proteins in UV region, absorbance measurements were performed using 10-
times lower concentrations. Quartz cells (Hellma Optik GmbH, Germany) with an optical
path length of 1 cm were used for all optical measurements.

2.4. Animal Model

All animal procedures were performed in accordance with the guidelines established
by State Food and Veterinary Service Animal Care and Use Committee (Vilnius, Lithua-
nia) that approved the current study (approval No. G2-156, approved 15 September 2020).
Albino Wistar rats (9 weeks old, approx. 185 £ 11 g, female, n = 9) were obtained from the
State Scientific Research Institute of Innovative Medical Center (Vilnius, Lithuania). Ani-
mals were housed under conditions of constant temperature, humidity, and standard
light/dark cycle. Food and fresh drinking water were available ad libitum. Animals were
acclimated for at least 7 days before the experiments.

2.5. In Vivo Imaging

All animals were anesthetized and positioned supine for the experiments in vivo.
Experimental animals (n = 6) received an injection of 150 MBq in 0.2 mL of ®"Tc-BSA-Au
NCs (6.5 mg/kg) into a tail vein. Additionally, for control animals (n = 3) BSA was dis-
solved in 0.9% saline and 0.2 mL of BSA-saline solution (6.5 mg/kg).

Siemens Symbia T6 clinical SPECT/CT dual-headed gamma camera with Low Energy
High Resolution (LEHR) collimators was used for planar, dynamic and SPECT/CT stud-
ies. The dynamic acquisition was started 1 min after the injection of the selected radio-
pharmaceutical. The gamma camera energy window was set to 140 keV +/-10%. Dynamic
imaging parameters were as follows: 256 x 256 matrix; zoom 3.2, 360 frames, single frame
duration 15 s. Static image settings: 256 x 256 matrix; zoom: 3.2, single frame duration 20
s. SPECT acquisition parameters: 256 x 256 matrix; zoom 3.2, 15 s per projection; and 90
projections.

All CT images were recorded using the same Siemens Symbia T6 Hybrid system. CT
acquisition parameters: slice thickness 1.25 mm, X-ray tube voltage 120 kVp, X-ray tube
rotation speed 0.8 s per rotation, and tube current 100 mA. CT FOV corresponding to the
full SPECT FOV.

CT and SPECT images were merged using the Siemens MI Syngo multi-image view-
ing software. SPECT/CT images were used for anatomical localization to identify the re-
gions of functional accumulation of the tracer compared with planar studies.

2.6. Nuclear Medicine Imaging Quantification

Dynamic nuclear medicine images were analysed using Siemens MI Apps software
dedicated to renography studies. Regions of interest were drawn around certain regions
on an image corresponding to a specific organ or a group of organs according to a rat’s
atlas and CT images. Time-activity (kCounts) curves were generated for all ROIs, consid-
ering decay correction, and are presented as gamma intensity rate in kCounts per second
vs. min.

2.7. Histology

Immediately after SPECT/CT imaging (2 h post injection, n = 3) or the next day (24 h
post injection, n = 3), experimental animals were euthanized, and organs dissected. Histo-
logical sections of the organs were prepared by freezing the organs and using standard
staining procedure with haematoxylin-eosin (H&E). Mirrored sections of each sample
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were left unstained and used for a confocal laser scanning microscopy (Nikon Eclip-
seTE2000 Clsi confocal microscope, Nikon, Tokyo, Japan) to determine ®mTc-BSA-Au
NCs localization in the kidneys, liver, and spleen. Photoluminescence signal in tissues was
evaluated with 488 nm argon laser excitation.

2.8. Laser Scanning Confocal Microscopy

The accumulation and distribution of mTc-BSA-Au NCs in histological section of the
organs and kidney cells were assessed using the Nikon EclipseTE2000 C1si confocal mi-
croscope (Nikon, Japan) equipped with a diode laser for 404 nm wavelength excitation
and an argon ion laser for 488 nm excitation. Imaging was performed using 10x/0.25 NA
and 20%/0.50 NA objectives (Nikon, Japan) and 60x/1.4 NA oil immersion objective (Ni-
kon, Japan). The three-channel RGB detector filters (band-pass filters 450/17, 545/45 and
688/67 for blue, green, and red channels, respectively) were used. Image processing was
performed using the Nikon EZ-C1 Bronze version 3.80 and Image]J 1.8.0_172 software.

2.9. Cell Culturing

Embryonic human kidney cells HEK-293T were used for cellular experiments. Cells
were cultured in a cell growth medium (DMEM, Corning, New York, NY, USA), supple-
mented with 10% (v/v) foetal bovine serum (Gibco, USA), 100 U/mL penicillin and 100
ug/mL streptomycin (Gibco, USA) and 1% MEM Non-Essential Amino Acids (Gibco,
USA). Cells were maintained at 37 °C in a humidified atmosphere containing 5% of CO..
The cells were routinely subcultured 2-3 times a week in 25 cm? cells’ culture flasks (TPP,
Switzerland).

2.10. Cytotoxicity

HEK-293T cells were seeded on a 96-wellplate (TPP, Switzerland) at a density of 1.2
x 10° cells/well. After 24 h, the old medium was replaced with a fresh medium containing
1.5, 3, 7.5 or 15 mg/mL *mTc-BSA-Au NCs, while medium alone without *mTc-BSA-Au
NCs was a control. Cells were incubated for 24 h in the dark. The next day, Pierce LDH
Cytotoxicity Assay Kit (Pierce Biotechnology, Thermo Scientific, Eugene, OR, USA) was
used to detect extracellular appearance of lactate dehydrogenase (LDH). The concentra-
tion of extracellular LDH was quantified by measuring absorbance at 490 and 630 nm
wavelength with plate-reading spectrophotometer (BioTek, Winooski, VI, USA). After
obtaining absorbance values, they were recalculated according to the protocol to represent
percentage values of cytotoxicity. For better data representation, estimated cytotoxicity
(%) was recalculated to viability of cells (100% — cytotoxicity (%)). Data are expressed as
mean * standard deviation (SD). The statistical significance of differences between studied
groups was assessed using a two-tailed independent Student’s ¢-test at the 95% confidence
level. The level of statistical significance was expressed as p-values < 0.05.

2.11. Accumulation in Cells

For intracellular imaging studies, HEK-293T cells were seeded into an 8-chambered
cover glass plate (ThermoFisher, Rochaster, NY, USA) with a density of 3 x 10* cells/cham-
ber. For the evaluation of ®mTc-BSA-Au NCs uptake and intracellular localization, cells
were treated with 15 mg/mL of ®"Tc-BSA-Au NCs and incubated for different periods of
time. Nuclei of the cells were stained with 0.01 mg/mL Hoechst 33258 (Sigma-Aldrich,
Germany). The accumulation of ®mTc-BSA-Au NCs was observed using confocal laser
scanning microscopy, as describe before. Hoechst 33258 was excited at 404 nm, ®"Tc-BSA-
Au NCs was excited at 488 nm. During imaging the cells were incubated at 37 °C in the
Microscope Stage Incubation System (OkoLab, Pozzuoli, Italy) in a humidified atmos-
phere containing 5% of CO2 (0.80 N1/min Oz and 0.04 N1l/min COz).

Additionally, accumulation dynamics of *"Tc-BSA-Au NCs in HEK-293T cells was
spectroscopically evaluated using Edinburgh spectrometer FL5920, measuring emission



Nanomaterials 2022, 12, 3259

7 of 16

Optical density, o.d.u.
o o o o
— N w S

o
o

-
D 0 O
o O O

Intensity, a.u.
N b
o O

o

intensity of cell suspensions. Accumulation dynamics is determined as integral of emis-
sion intensity (600-700 nm) at the specific time divided by cell number at that time in the
suspension and plotted as emission intensity per cell. Experiments with cells were per-
formed in triplicate and repeated three times. Data are expressed as mean + standard de-
viation (SD).

3. Results and Discussion
3.1. Characterisation

Optical and spatial characteristics of BSA-Au NCs were measured and displayed in
Figure 2. Absorption, PL and PL excitation spectra of freshly synthesized BSA-Au NCs
are presented in Figure 2A. Absorption of BSA-Au NCs increases in the short wavelength
region and has an absorption band around 280 nm (Figure 2A, blue line), which coincides
with to the absorption band of pure BSA (Figure 2A, light blue line), indicating that 280
nm wavelength is mainly absorbed by the protein part of BSA-Au NCs. The PL band of
the BSA-Au NCs (ex. at 405 nm) have a maximum around 650 nm (Figure 2A, light red
line). BSA-Au NCs PL excitation spectrum have a gradual slope from UV to the longer
wavelength region with a slope at 510 nm (Figure 2A, green line). PL in the red spectral
region makes the BSA-Au NCs a promising PL marker for biological tissues because of
the biological tissue transparency window in the red and NIR spectral region.

" Absorption of BSA-Au NCs 3 T 50nm
[ Absorption of BSA A 110 BSA-Au NCs
—PL excitation of BSA-Au NCs ‘i, =
—— PL of BSA-Au NCs f \ los 5
— —PLof *"Tc-BSA-AUNCs | | S
] \ -
" JoeE
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Figure 2. Spectroscopic analysis of BSA-Au NCs and *™Tc-BSA-Au NCs (A), histogram of hydro-
dynamic diameter of BSA-Au NCs and *™Tc-BSA-Au NCs (B), AFM images of BSA-Au NCs (C)
and *mTc-BSA-Au NCs (D), scale bars correspond to 100 nm.

BSA-Au NCs radiolabelling with 99mTc did not affect the optical properties of the
BSA-Au NCs. ®mTc-BSA-Au NCs have characteristic PL band with a peak around 650 nm
(Figure 2, red dashed line) which coincide with the PL band of the BSA-Au NCs (Figure
2A, red line) The fact that the shape of the PL curve is not influenced by labelling retains
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the possibility of optical detection in a clinical environment. Due to characteristic optical
and gamma radiation emitting properties, multifunctional imaging tracer ®mTc-BSA-Au
NCs could be used for SPECT/PL dual imaging.

AFM images of BSA-Au NCs and *"Tc-BSA-Au NCs did not reveal significant dif-
ferences between BSA-Au NCs and *"Tc-BSA-Au NCs. It is reported that during synthe-
sis of the BSA-Au NCs a small cluster consisting of 25 gold atoms is formed inside the
BSA molecule [10,21]. It was demonstrated that formation of gold nanoclusters within
BSA leads only to a slight increase in size: the hydrodynamic diameter of the BSA-Au NCs
is 8.4 nm compared to 6.8 nm in case of the BSA [12,21]. Dynamic light scattering results
showed that attaching of the *"Tc to the BSA-Au NCs increases the hydrodynamic diam-
eter from 9 nm to 13 nm of ®"Tc-BSA-Au NCs. The increase in NCs could appear due to
BSA conformation changes after Tc attachment [41,42].

In our previous study we demonstrated that BSA-Au NCs are colloidally stable for
more than a month in stock solution after synthesis [12]. Additionally, BSA-Au NCs re-
mained stable for at least for 24 h in 10% FBS buffer solution [29]. However, there is not
enough information about *mTc-BSA-Au NCs stability in biological media; stability of
9mTc-BSA-Au NCs in Wistar rat’s blood plasma was investigated before moving on with
in vivo experiments. Our result showed that ®mTc-BSA-Au NCs are stable in rat’s blood
plasma, at least for 3 days (see supplementary materials, Figure S2), and are suitable for
in vivo studies. Additionally, for ®Tc-BSA-Au NCs, dispersed in plasma, binding stabil-
ity was evaluated and compared to stock solutions. There were no differences observed
comparing binding stability of stock solution and *mTc-Au-BSA NCs diluted in Wistar
rat’s blood plasma (see supplementary materials, Figure S1).

3.2. Dynamic Analysis of the 9"Tc-BSA-Au NCs Biodistribution In Vivo

Distribution dynamic of "Tc-BSA-Au NCs in experimental animals (at 2, 30, 60 and
120 min post injection (p.i.)) are presented in Figure 3. Within the first few minutes the
radioactivity signal from *mTc-BSA-Au NCs was detected all over the body of the exper-
imental animals. It seems that radioactivity signal detected corresponds to the distribution
of #mTc-BSA-Au NCs in the blood stream. The highest signal intensity of ®"Tc-BSA-Au
NCs was detected in the organs, which have higher volume of the blood (heart, lung, liver,
kidneys) and head, neck and bladder regions. Rapid decrease in the radioactivity signal
of the “"Tc-BSA-Au NCs 30 min p.i. was detected all over the bodies of rats. Reduced
intensity in lung, head and neck regions was observed indicating the rapid clearance of
the #mTc-BSA-Au NCs from the blood vessels and moving to the liver, kidney and the
bladder. Within 60 min of the monitoring, the heart region exhibited over time decreasing
radioactivity intensity, whereas in the liver region, as well in the kidneys and the bladder,
the radioactivity signal intensity continued to increase. At 60 min p.i., notable radioactiv-
ity signal intensity appeared in the intestine region. At 120 min p.i., the detectable radio-
activity signal remained in the bladder, liver and both kidneys, low signal was registered
in the intestine region, and no radioactivity signal was observed in the chest, head and
neck regions. The highest radioactivity signal intensity was detected in the bladder region.
Such findings indicate the urinary tract as one of the possible pathways for excretion of
the ®mTc-BSA-Au NCs.

Following the accumulation experiments, the regions of interest assigned for partic-
ular organs (head and neck ROJ, heart ROI, liver ROI, left kidney ROI, right kidney ROI,
bladder ROI) were identified (Figure 3B) and were used for dynamic analysis (Figure 3C-
D). The radioactivity signal of the ®mTc-BSA-Au NCs from the head and neck region grad-
ually decreased for at least 2 h p.i. A similar tendency was observed in the heart region.
As the concentration of the tracer in the heart, head and neck regions was decreasing, the
kinetic measurements showed an increase in the radioactive signal intensity in ROIs of
kidneys and liver until it reached plateau at 60 min. However, as it can be seen from Figure
3D, the radioactivity signal intensity in the bladder continued to increase further. After
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emptying the bladder at ~90 min p.i., the radioactivity signal intensity in the bladder ROI
started increasing again until the end of the measurement (Figure 3D).

B 2min 30 min 60 min 120 min

(N, 4.0 kCounts/s

0 kCounts/s
D

4.0

16 F = Bladder
g = Heart 2 30f
g 1.2 eleft Kidney e Liver S
g eRight Kidney « Head & Neck g 20 L
S 08 | S :
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204 < L—

: \ 1.0 I
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Figure 3. (A)— Anatomy of Wistar rat. Main organs marked as ROIs: heart (green), liver (pink), left
kidney (black), right kidney (red), bladder (blue). (B)— Anterior planar nuclear medicine images
acquired respectively at 2, 30, 60 and 120 min p.i. On the static planar images, the black colour rep-
resents the highest intensity, and orange, correspondingly, the lowest intensity. The head and neck
regions were included for the purposes of quality control. (C)— Activity vs. time curves of the se-
lected ROIs on planar dynamic images. (D)— Activity vs. time curves of the bladder ROI on planar
dynamic images.

The relatively high uptake of Tc-BSA-Au NCs in the urinary system suggests ex-
cretion of ®mTc-BSA-Au NCs to the bladder. The hydrodynamic diameter of ®mTc-BSA-
Au NGCs is 13 nm (Figure 2). The glomerular slit pore size was originally reported to be a
rectangular pore approximately 4 by 14 nm in cross section and 7 nm in length [43]; and
by an electron tomography study it has been revealed that the glomerular slit-pores are
3.5 nm in diameter with some variation in size [44]. Nevertheless, it has been shown that
some fraction of albumin could pass through the slit pores in normal rats, probably be-
cause of their flexibility and ellipsoid shape [45]. In the other literature, albumin molecules
are reported to be taken up into lysosomes in the proximal tubule within 6 to 15 min and
then degraded to amino acids during renal passage probably by tubular cells after 30 to
120 min in the proximal tubule [46,47]. Therefore, as ®"Tc-BSA-Au NCs are comparable
in size to the glomerular slit pore, thus **Tc-BSA-Au NCs could have been excreted
through the slit pores. That could explain the detected activity in the bladder. It is known
that to some extent albumin is degraded to amino acids in the kidneys, yet it does not
contradict the hypothesis that the radiolabelled portion of ®mTc-BSA-Au NCs can get
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excreted to the bladder as is observed during our experiments. The results of the distribu-
tion in vivo would suggest that ®mTc-Au-BSA kinetic pathways correspond with the re-
sults presented in [48]. Zhang et al. showed that BSA-Au NCs aggregates (40-80 nm) ac-
cumulates mainly in the liver and spleen, whereas smaller GSH-Au NCs (5-30 nm) are
cleared through the urinary tract. Additionally, as it can be seen from Figure 3A, up to 1
h p.i. minor accumulation of *~Tc-BSA-Au NCs was detected in the gut. This could be
due to the alternative mechanism of the excretion pathway of the tracer, allowing for
»mTc-BSA-Au NCs to be potentially used for protein-losing gastroenteropathy as has been
established for ®mTc-HSA [49,50]. Moreover, “"Tc-BSA-Au NCs could also be employed
as a tracer for lymphoscintigraphy as the conventional mTc-HSA [45]. It would add value
to the morphological in vitro investigation of the node as a cross-check confirmation of
the in vivo findings. As a multimodal tracer, ®"Tc-BSA-Au NCs could add useful optical
information to the diagnostics, in comparison with the conventional serum albumin-based
radiopharmaceuticals [51,52].

3.3.99mTe-Au-BSA NCs Localization

In order to precisely evaluate the localization of " Tc-BSA-Au NCs after intravenous
injection, SPECT/CT imaging was performed. SPECT imaging was utilized to examine in
vivo trafficking of "Tc-BSA-Au NCs and CT scan was used to visualize anatomical struc-
tures of Wistar rat. In vivo SPECT/CT imaging (Figure 4) demonstrated that after 90 min
p-i. the highest uptake of “Tc-BSA-Au NCs was in the kidneys and the bladder. All other
organs showed a minimal uptake. It seems that distribution of *mTc-BSA-Au NCs
throughout the experimental animal body is similar to the behaviour of ®~Tc-HSA [38,39],
contrary to the accumulation of the free pertechnetate which is known to be accumulated
mainly in thyroid and salivary glands [53]. In addition, from our results it could be con-
cluded that gold nanoclusters formed inside the albumin do not affect the behaviour of
the albumin itself in vivo. specific accumulation in kidney and bladder could be useful for
the early diagnostics and treatment of these organs’ tumours; however, the possible tox-
icity of ®mTc-BSA-Au NCs must be considered before these nanoclusters are used in a
clinical environment.

kidneys

kidneys

. bladder ‘ bladder



Nanomaterials 2022, 12, 3259

11 of 16

Figure 4. CT, SPECT and fused SPECT/CT coronal image of *™Tc-BSA-Au NCs distribution in the
animal model at 90 min p.i. (A)—CT image with clear anatomical visualization of kidneys. (B)—
SPECT coronal slice with the visible kidneys and bladder regions. (C) —Fused images giving a more
precise localization of the tracer uptake in the organ areas seen on planar images. (D) —3D volume
rendered image using the data from (A-C).

3.4. Histology

During ex vivo histology assessment of the rat organs by SPECT imaging, “mTc-BSA-
Au NCs were detected in kidneys, liver and spleen. Two target times were chosen: 2 h
and 24 h p.i. into the tail vein. Figure 5 shows standard Hé&E-stained images of organs
from control and #mTc-BSA-Au NCs injected rats. H&E images were taken with a conven-
tional bright field microscope at a magnification of 10x. The unstained, mirrored slices of
tissues were imaged with a laser scanning confocal microscope at a magnification of 20x.
In green channel (500-590 nm) auto-fluorescence signal from sections of organs was de-
tected, while in red channel (620-755 nm) PL signal from gold nanoclusters was depicted.
However, as it is seen in Figure 5, no signal of ®mTc-BSA-Au PL in red channel was de-
tected, or it was lower than auto-fluorescence in red channel. Our results demonstrate that
»mTc-BSA-Au NCs penetration from blood vessels to tissues are probably limited or very
slow. Since ®"Tc-BSA-Au NCs clearance from blood is fast—*"Tc-BSA-Au NCs quickly
are filtered through kidneys to urine—presumably *mTc-BSA-Au NCs circulation in
bloodstream time is too short for accumulation in tissues.

Control 2 h with *"Tc-BSA-Au NCs 24 h with “"Tc-BSA-Au NCs

e 4%
A -t Ay~
TS
- f S0 ak
T\ iy
S0 W/ - —
= o S IR A

Figure 5. Representative H&E staining and confocal microscopy ex vivo images showing distribu-
tion of mTc-BSA-Au NCs in the kidney, liver and spleen (2h and 24 h p.i.) of Wistar rat, which was
intravenously injected with *"Tc-BSA-Au NCs (6.5 mg/kg body mass) into the tail vein. Control rats
received 6.5 mg/kg BSA dissolved in saline injection. Green colour—autofluorescence signal, red —
photoluminescence of *"Tc-BSA-Au NCs. Scale bars for all images—100 pm.

3.5. Cellular Studies

A cellular accumulation study in human embryonic kidney HEK-293T cells was per-
formed to determine whether #"Tc-BSA-Au NCs could penetrate cells plasma membranes
(Figure 6). We observed that up to 3 h incubation the accumulation is very low —only
individual cells internalized *mTc-BSA-Au NCs (Figure 6A). After 4 to 6 h higher amounts
of ¥mTc-BSA-Au NCs were already visible within the cells area. Finally, ¥Tc-BSA-Au
NCs were efficiently accumulated inside HEK-293T cancer cells after 24 h of incubation
(Figure 6A). No photoluminescence of ®"Tc-BSA-Au NCs was observed in the nuclei of
the cells, nanoclusters were localized in the cytoplasm of cells (Figure 6B). Furthermore,
to quantify the “mTc-BSA-Au NCs accumulation in cells, spectroscopic evaluation by
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w Photoluminescence

PL + Brightfield

Control

measuring emission intensity of cell suspensions was performed. The results confirmed
that uptake of Au NCs within HEK-293T cells increased with each hour of incubation.
According to the accumulation dynamics curve, after 6 h of incubation the saturation pro-
cess of mTc-BSA-Au NCs PL signal within the cells began and after 24 h it reached satu-
ration (Figure 6C). These findings are consistent with previous research of BSA-Au NCs
on other cell lines, which found that saturation is reached after 6 h of and that longer
incubation times do not significantly increase photoluminescence intensity per cell [27].
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Figure 6. (A)—Confocal microscopy images of HEK-293T cells after different periods of incubation
with *mTc-BSA-Au NCs. (B)—Confocal microscopy images of *™Tc-BSA-Au NCs localization in
HEK-239T cells. (C) —Photoluminescence intensity per cell of HEK-293T cells incubated with *mTc-
BSA-Au NCs. At 0 h autofluorescence of control cells is displayed. Intensity values were calculated
as mean + standard deviation (N = 3, n = 3). Line is a guide to the eye.

Cellular accumulation study in HEK-293T cells demonstrated that internalization of
»mTc-BSA-Au NCs into cells is a slow process and takes several hours (Figure 6), whereas
clearance of ®mTc-BSA-Au NCs from bloodstream is fast and begins minutes after intra-
venous injection (Figure 3). Confocal imaging of histological sections revealed that there
was no PL signal of ®mTc-BSA-Au NCs in tissues even after 24 h after injection (Figure 5).
Thus, our findings demonstrate that "Tc-BSA-Au NCs penetration from the bloodstream
to tissues is limited.
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Previous studies have shown that BSA-Au NCs are non-toxic to the cells [27,54-56].
In order to evaluate if the addition of ®"Tc could have any effects for cell viability, we
assessed the cytotoxicity of ®mTc-BSA-Au NCs to kidney cells. HEK-293T cells were
treated with 1.5, 3, 7.5 or 15 mg/mL of *"Tc-BSA-Au NCs for 24 h. LDH detection assay
indicated that *"Tc-BSA-Au NCs are non-toxic for the HEK-293T cells as their viability
remained close to 100% even after 24 h of treatment with the concentration of 15 mg/mL
of ®mTc-BSA-Au NCs (Figure 7).

°\0100
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©
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¥mTc-BSA-Au NCs concentration, mg/mL

Figure 7. Viability of HEK-293T cells after 24 h of incubation with different concentrations of *mTc-
BSA-Au NCs. There were no statistically significant changes compared to control.

4. Conclusions

Overall, our study evaluated *"Tc-BSA-Au NCs as SPECT/PL dual-imaging probe
distribution in vivo. Briefly, results demonstrated that attachment of ®~Tc to the BSA-Au
NCs did not affect the optical properties of the *Tc-BSA-Au NCs. Over the first 2 h post-
labelling *mTc-BSA-Au NCs yielded radiochemical purities of more than 95% (compara-
ble to that obtained originally), indicating that in vivo imaging can be performed for at
least 2 h. ®mTc-BSA-Au NCs are stable in plasma for at least 3 days, exhibiting their eligi-
bility for in vivo application. In vivo imaging of the Wistar rat, demonstrated intense car-
diac blood pool activity, with fast blood clearance and rapid accumulation of *"Tc-BSA-
Au NCs in the kidneys, liver and urinary bladder, consistent with primarily renal excre-
tion. However, there was no accumulation of “"Tc-BSA-Au NCs in kidney, liver and
spleen tissues after 2 and 24 h post injection. Cellular studies demonstrated that *mTc-
BSA-Au NCs accumulation in kidney cells is a slow process, thus probably *Tc-BSA-Au
NCs are cleared from the bloodstream faster than it can accumulate in tissues. Therefore,
»mTc-BSA-Au NCs could be used as a SPECT/PL agent for bloodstream imaging of excre-
tory organs, since they are stable enough for diagnostic purpose, are non-toxic and are
easily eliminated from organism via urinary excretion system.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/nan012193259/s1, Figure S1: ®mTc-Au-BSA NCs binding stability
over time. Stability of *"Tc-Au-BSA NCs stock solution and *Tc-Au-BSA NCs diluted in Wistar
rat’s blood plasma is compared. Figure S2: Photoluminescence spectra of "Tc-BSA-Au NCs and
normalized photoluminescence spectra of ®™Tc-BSA-Au NCs dispersed in rat’s blood plasma meas-
ured every 3 h. Changes of maximum PL spectral band intensity and maximum position (Amax) dur-
ing time. References [12,57,58] are cited in the Supplementary Materials.
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