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Background: The current progress in pharmaceutical nanotechnology field has been exploited in the
design of functionalized radiolabelled nanoparticles that are able to deliver radionuclides in a selective
manner to improve the outcome of diagnosis and treatment. Silica nanoparticles (SNPs) have been widely
developed for biomedical applications due to their high versatility, excellent functional properties and
low cost production, with the possibility to control different topological parameters relevant for multidis-
ciplinary applications.
Purpose: The aim of the present study was to characterize and evaluate both in vitro, by microscopy tech-
niques, and in vivo, by scintigraphic imaging, the biodistribution of silica nanostructures derivatives
(Cy5.5 conjugated SNPs and 99mTc radiolabelled SNPs) to be applied as radiotracers in biomedicine.
Methods: SNPs were synthesized by hydrolysis and condensation of silicon alkoxides, followed by surface
functionalization with amino groups available for fluorescent dye and radiolabelling possibility.
Results: Our data showed the particles size distribution (200–350 nm), the surface charge (negative for
bare and fluorescent SNPs and positive for amino SNPs), polydispersity index (broad distribution), the
qualitative composition and the toxicity assessments (safe material) that made the obtained SNPs candi-
dates for in vitro/in vivo studies. A high uptake of fluorescent SNPs in all the investigated organs was evi-
denced by confocal microscopy. The 99mTc radiolabelled SNPs biodistribution was quantified in the range
of 12–100% counts/g organ using the scintigraphic images.
Conclusions: The obtained results reveal improved properties, namely, reduced toxicity with a low level
of side effects, an improved biodistribution, high labelling efficiency and stability of the radiolabelled
SNPs with potential to be applied in biomedical science, particularly in nuclear medicine as a radiotracer.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the last period, the growing interest in molecular therapy is
due to the possibilities offered by nanoparticles (NPs) as new tools
for the delivery of therapeutic and target-specific drugs (Morales-
Avila et al., 2012). Multifunctional radiolabelled nanoparticles pro-
vide an ideal platform to combine different approaches such as
drug delivery with functional imaging techniques and used to tar-
get the site of the disease via both specific and non-specific
mechanisms (Hong et al., 2009). Thus, novel strategies were
explored for the radiolabelling of NPs in order to investigate the
in vivo biodistribution in dependence with their architecture, size
and structure (Md et al., 2013). In order to investigate the in vivo
characteristics of NPs it has to be considered how they are interact-
ing with tissues and cells, and especially which time frame allows a
suitable visualization of certain effects and functions (Loudos et al.,
2011). The necessity of creating radiolabelled nanocarriers is
noticeable in all biomedical fields worldwide. Their fundament is
anticipated to lead to advancements in understanding biological
processes at the molecular level in addition to progress in the
development of diagnostic tools and innovative therapies (Peer
et al., 2007). Traditional radioisotope agents have certain disadvan-
tages (instability, lack of specificity, low biodistribution, etc.) that
must be improved by using new multifunctional radiolabelled
structures (Garg et al., 2008; Newman et al., 2003).
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Nanoparticles provide a large surface area and different types of
functional groups available for bioactive agents or ligands attach-
ment. Diverse nanomaterials with unique properties can be found
in various biomedical applications, including in vitro or in vivo imag-
ing, separation and purification of cells or biomolecules, and delivery
of therapeutic agents. In the last two decades silica-based nanoparti-
cles (SNPs) have gained increasing interest for medical applications
because of their biocompatibility, versatility, stability, monodispersi-
ty, large surface area, high drug loading efficiency, and potential for
hybridization with other materials (Argyo et al., 2014).

The surface of SNPs is usually negatively charged due to the
presence of the hydroxyl group, therefore it is convenient to mod-
ify the SNPs’ surface through the silane chemistry. In order to con-
trol the physico-chemical, toxicological and pharmacological
properties, various reactive functional groups like amine, carboxyl,
phosphate or polyethylene glycol could be easily conjugated to
hydroxyl SNPs. Alternatively, the surface chemistry of the SNPs
can be fine-tuned for a specific biological application, optimizing
the dispersion stability and/or cellular uptake, the covalent attach-
ment of imaging agents and targeting ligands the rational control
of drug release rate (Mamaeva et al., 2013).

Numerous studies pointed toward their excellent potential as
biomarkers, calibration standards in confocal fluorescence
microscopy, drug delivery and targeting systems (tumor imaging
and therapy in vitro and in vivo) in biomedical science (Legrand
et al., 2008; Lu et al., 2007; Slowing et al., 2007). The imaging
agents such as, fluorescein isothiocyanate, methylene blue, quan-
tum dots, gadolinium chelates, tetramethylrhodamine or the tar-
geting ligands, such as aptamers, antibodies, peptides, and folic
acid, can be easily doped into or modified on the surface (Wu
et al., 2014). Despite the growing body of papers related to the
use of SNPs as therapeutic and imaging tool, today’s challenge
remains the biodistribution of silica nanostructures for in vivo
diagnostic and therapeutic applications. This study focuses on
the biodistribution of SNPs (fluorescent with Cy5.5 dye and
radiolabelled with 99mTc, respectively) in rodents, in order to
determine possible uses in therapeutic and/or diagnostic schemes.
Due to the increasing health concerns regarding the use of
nanoparticles in medical applications, and more specifically on
amorphous silica nanoparticles, we also performed an acute toxi-
cology screening of SNPs used in this study in order to evaluate
their safety.
2. Materials and methods

2.1. Synthesis of SNPs

For this part of our study TEOS (tetraethyl orthosilicate), APTES
(3-aminopropyltriethoxysilane), aqueous ammonia solution (NH3,
28–30%), Cy5.5 reactive dye and ethanol (>99.9%) from Sigma
Aldrich were used. All solutions were prepared with ultrapure
water.

Four types of silica nanoparticles derivatives were synthesized
and used for in vitro/in vivo evaluation, as follows:

– Batch AA1: bare SNPs were produced by hydrolysis and conden-
sation of TEOS in ethanol in the presence of ammonia as a cat-
alyst using a modified version of the method described by
Stober et al. (1968). Briefly, a solution consisting of ammonia
(25%) and water in 100 mL of ethanol was prepared. 0.28 M
TEOS solution (in ethanol) was added at room temperature
under vigorous stirring for 24 h. Finally, the colloidal solution
was separated by centrifugation at 6000 rpm for 5 min and then
washed with ethanol and ultrapure water for several times to
remove the unreacted species.
– Batch AA2: the surface amine functionalization involved a stan-
dard procedure to synthesize the NH2-SNPs. First, ethanol,
ultrapure water and TEOS (0.28 M) mixtures were prepared, fol-
lowed by addition of 0.14 M APTES in ethanol. The hydrolysis
and co-condensation of TEOS and APTES was initiated by the
addition of 1 mL of ammonia solution (25%) to the reaction
mixture and stirred for 24 h at room temperature, resulting in
the formation of the core–shell-NH2-SNPs. Samples were then
centrifuged (6000 rpm for 10 min) and washed with ethanol
and ultrapure water.

– Batch AA3: the terminal amine groups from batch AA2 were
used for the conjugation of Cy5.5, a near infrared (NIR) optical
probe, using a mixture of Cy5.5 dye (commercially available
with an N-hydroxysuccinimide ester group for binding to amine
groups), ethanol and buffer solution (1 mg; 0.14 M) added
under continuous stirring at room temperature for 6 h.

– Batch 99mTc-SNPs: amine surface-modified SNPs (batch AA2)
were used for coupling 99mTc on the nanoparticle’s surface as a
radiotracer to study the biodistribution of the so-produced SNPs.
Briefly, SNPs were suspended in ultrapure water (5 mg/mL) and
dispersed by sonication for 15–20 min. An aqueous solution of
NaBH4 (reducing agent) was added under continuous stirring
and homogenized for 1 h. Then, to the above mixture 99mTcO4

�Na
solution was added quickly under vigorous stirring and left
for another 30 min. The obtained product was separated by
centrifugation and washed with ultrapure water to remove the
uncoupled 99mTc radionuclide.

99mTcO4
�Na (sodium pertechnetate) was chosen for labelling

because it is the most commonly used emitting radioisotope in
nuclear medicine having a convenient half-life of approximately
6 h, appropriate energy (140 keV) for imaging on a standard gam-
ma camera and less attenuation by soft tissue. A 12.5 GBq Drytec
Technetium Generator was used for the production of 99mTcO4

�Na
supplied by GE Healthcare.

2.2. Characterization of the SNPs

SEM experiments were carried out at an accelerating voltage of
20 kV on a field emission scanning electron microscope (FE-SEM,
Zeiss, SUPRA VP 40). Samples suspended in ultrapure water
(1 mg/mL) were deposited on freshly cleaved mica surface, dried
and gold/palladium coated.

Determinations of nanoparticles size, zeta potential and poly-
dispersity index were performed using a Zetasizer (Zetasizer Nano
ZS, Malvern Instruments). The samples were dispersed in ultrapure
water and measured at a scattering angle of 90� and 25 �C. Qualita-
tive chemical composition assessment of the nanoparticles was
performed by FTIR analysis (Bomem MB 104 spectrometer). The
material was finely grounded and dispersed into KBr powder-
pressed pellets using a ratio of approximately 1 mg sample/
200 mg KBr. IR absorbance data were obtained over a range of
wavenumbers from 4000 to 400 cm�1.

2.3. Experimental animals

All animals experimental procedures employed in the present
study were strictly in accordance with the European Community
Guidelines regarding ethics and approved by ‘‘Gr. T. Popa’’ Univer-
sity of Medicine and Pharmacy animal care and use committee. The
animal breeding facility of the Central Drug Testing Laboratory,
‘‘Gr. T. Popa’’ University of Medicine and Pharmacy, Iasi, supplied
adult male Swiss mice with an average weight of 20 ± 2 g and male
guinea pigs with an average weight of 600 ± 50 g. The animals
were housed in a temperature-controlled room (21 ± 2 �C) with a
12/12 h light/dark cycle, and given food and water ad libitum.



Fig. 1. Schematic presentation of SNPs design.
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2.4. General toxicity screening

For acute systemic toxicity screening, three groups of mice (10 mice
per dose) received intraperitoneal 0.1 mL SNPs buffer solution (batch
AA3) in a single dose (25, 50 and 100 mg/kg body weight (bw)) and
kept under observation for 5 days after administration. For all experi-
ments, nanoparticles were ultrasonicated for 30 min directly prior to
use. The maximum possible dose (20 mg SNPs per 1 mL PBS) adminis-
tered was defined by preliminary experimental results – maximum
tolerated dose (MTD) (Kong et al., 2011). The animals were carefully
observed for obvious signs of toxicity, such as convulsions or body
weight effects. All mice were necropsied to detect macroscopic evi-
dence of organ and tissue damage or dysfunction.

2.5. Microscopy biodistribution studies

Fluorescent silica nanoparticles (batch AA3) (7.5 mg/1 mL PBS)
were administered via two routes in 2 groups of 6 mice: intra-
venously (0.1 mL /mouse) and orally (0.2 mL/mouse). The control
group (6 animals) received a similar volume of PBS. At specific times
after intravenous (30 min and 2 h) or oral administration (1, 2, 24, 48
and 72 h) of the labelled nanoparticles (batch AA3) the mice were
deeply anesthetized with xylazine and transcardially perfused with
15 mL 0.9% saline solution, followed by fresh 4% paraformaldehyde
(PFA) in 75 mL 0.1 M PBS. Key organs (brain, heart, liver, lung, kid-
neys, spleen, testis and bladder) were extracted and post-fixed over-
night in 4% PFA, followed by cryoprotection in 30% sucrose in PBS for
72 h. Sections of the above mentioned organs were cut using a freez-
ing microtome (CM 1850 Leica Microsystems, Germany), were col-
lected, mounted on slides and examined in a Leica Confocal Laser
Scanning Microscope (TCS SPE DM 5500Q), using a laser diode
(635 nm line), taking account that the Cy5.5 fluorochrome is opti-
mally excited near 675 nm and fluoresces near 694 nm.

2.6. Scintigraphy biodistribution studies

99mTc radiolabelled NPs were used in order to study the biodis-
tribution (batch 99mTc-SNPs).

Five groups of 4 male guinea pigs were injected with 37 MBq/kg
bw of 99mTc-coupled amino SNPs. Jugular vein was exposed and
cannulated for infusion of radiotracer.

A control group of 4 male guinea pigs received 37 MBq/kg bw of
99mTcO4

�Na, in the same conditions. The guinea pigs were placed
under a dual-head gamma camera (SPECT Siemens Gamma camera
with LEAP (Low Energy All Purpose) collimators). The body distri-
bution profile was recorded in dynamic mode till 5 min post injec-
tion and in static mode every 15 min for 2 h, then every 30 min for
a total of 6 h.

The animals were sacrificed after 6 h and different organs were
extracted and immediately gamma counted.

2.7. Statistical analysis

The experiments were replicated three independent times and
the data are presented as ±SD (standard deviation). Statistical
analysis was carried out using ANOVA followed by Bonferroni post
hoc test. Differences were considered statistically significant when
p-value was less than 0.05.

3. Results and discussion

3.1. SNPs design

Four types of SNPs were synthesized, as shown in Fig. 1 using a
derived method with original modifications for the synthesis of
spherical and monodisperse silica nanoparticles. First, SNPs
bearing OH groups were prepared from aqueous alcohol solutions
of silicon alkoxides in the presence of ammonia as a catalyst by
hydrolysis with the formation of silanol groups and condensation
reaction for the siloxane bridges development (batch AA1). Since
it is supposed that the binding affinity between the nanocarrier
and the radioisotope along with the stability of the obtained radio-
tracer could be modulated by modifying the surface properties of
the silica nanocarrier, functionalization via covalent bonding of
organic groups was achieved by co-condensation of TEOS and
APTES to obtain amine-functionalized silica nanoparticles with
high specific surface area in a one-step reaction (batch AA2). The
third type of SNPs involves a contrast agent attachment for biodis-
tribution studies. Cy5.5 is a highly sensitive and bright cyanine dye
with superior photostability compared to more commonly used
dyes allowing more time for image detection. Cy5.5 is a good
candidate for biological applications due to its stability and low
non-specific binding. Cy5.5 is commercially available with an
N-hydroxysuccinimide (NHS) ester group for binding to amine
groups. Thus, SNPs comprising free amino group were used to
conjugate Cy5.5 to the particle via active NHS ester.

In order to monitor their route in vivo and obtain an accurate
biodistribution profile in each organ, NH2-SNPs were labelled with
a gamma emitting radioisotope, 99m-technetium (99mTc). Thus,
the amino functionalized SNPs (batch AA2), selected for their
enhanced surface reactivity, were first labelled with 99mTc radionu-
clide and then tested in healthy control groups for their visualiza-
tion and tracking by gamma scintigraphy. The radionuclide 99mTc is
commonly used as a radioisotope-tracer for diagnosis in nuclear
medicine because it radiates gamma rays and is suitable for label-
ling different vector molecules.

Physicochemical characterization was performed only on bare,
amino and fluorescent SNPs (batches AA1, AA2 and AA3), further
studies will be performed regarding the mechanism of labelling
between the amino groups and 99mTc, their size, surface charge
and stability of the formed complex (Sarparanta et al., 2011).

3.2. Physico-chemical properties of SNPs

The surface structure and morphology of SNPs were investigat-
ed using FE-SEM. Fig. 2 shows SNPs as fairly uniform spherical



Fig. 2. FE-SEM images of A. bare SNPs (batch AA1); B. amino SNPs (batch AA2) and C. fluorescent SNPs (batch AA3).

Table 1
Size distribution, zeta potential and PDI data of SNPs derivatives.

Batch Z-average hydrodynamic diameter
(nm)

Zeta potential (mV) PDI

AA1 408 ± 0.91 �37.8 ± 13.8 0.26
AA2 384 ± 0.72 +23.2 ± 3.6 0.12
AA3 460 ± 0.89 �25.5 ± 4.91 0.53
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particles with an average size of 200–300 nm. FE-SEM image of
spherical bare SNPs with a mean particle diameter of 300 ± 5 nm
(batch AA1) is presented in Fig. 2A. Fig. 2B shows the amino-func-
tionalized SNPs (batch AA2) with a narrow particle size distribu-
tion of about 250 ± 2 nm. After the Cy5.5 dye attachment on the
amino groups, SNPs decreased in size to about 200 ± 2 nm due to
the shrinking and partial dissolution of the particle, according to
the FE-SEM pictures. The morphology and size distribution of
Cy5.5 labelled SNPs (batch AA3) are shown in Fig. 2C.

In agreement with FE-SEM results, dynamic light scattering
measurements evidenced (Table 1) the increase of the apparent
hydrodynamic diameter when dispersed in aqueous solution. The
large diameter (Table 1) might be explained by the polydispersity
of the sample and indirectly confirms the presence of aggregates
Fig. 3. FT-IR of bare SNPs (batch AA1), amino SNPs
formed in the presence of water, which modifies the particles’ lipo-
philic character by increasing the hydrophilic balance.

In order to evaluate the surface properties of the produced
SNPs, zeta potential measurements were performed. As expected,
bare SNPs showed negative zeta potential values (�38.7 mV) due
to the silanol groups, which is in agreement with previous studies
(Digigow et al., 2014). Upon addition of APTES, the zeta potential
increases to a positive value of +23.2 mV, which is attributed to
the appearance of the protonated amine (�NH3

+) groups (pKa = 9)
on the nanoparticle surface. The zeta potential measurements of
samples made with Cy5.5 dye showed a negative value
(�25.5 mV), which could come from negative charges of the
carboxyl groups and the disappearance of the amino moieties.

The polydispersity index (PDI) describes the width of the
assumed Gaussian distribution of the SNPs. The obtained
dimensionless values indicate that the samples have a broad size
distribution since PDI > 0.1, fact explained by the dispersion of
the nanoparticles in water.

Additional stability studies were performed in order to evaluate
the strength of the SNPs in biological environment over 240 min.
The obtained results demonstrate that the bare, amino and
fluorescent SNPs tend to form large aggregates when dispersed in
water, therefore, the hydrodynamic diameter is increasing over
(batch AA2) and fluorescent SNPs (batch AA3).



Fig. 4. SNPs distribution in A. Liver; B. Liver control; C. Lung; D. Feces; E. Testis and F. Kidney (2 h after intravenous administration – batch AA3; 630�).
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time. Further studies must be conducted in order to optimize the
in vitro serum stability of the radiolabelled complexes.

FT-IR measurements were performed to identify the structural
differences between bare, amino and fluorescent SNPs. Fig. 3 illus-
trates the FT-IR spectra of all samples in the range of 400–
4000 cm�1. The bare SNPs (batch AA1) exhibited IR peaks at the
bands attributed to Si-O-Si bending (468 cm�1), Si-O-Si symmetric
stretching (808 cm�1), external Si-OH groups (976 cm�1), Si-O-Si
asymmetric stretching (1098 cm�1), water molecules retained by
siliceous materials (1652 cm�1), and -OH stretching (3468 cm�1)
(Kamarudin et al., 2013). After modification with APTES, the SNPs
still retained its siliceous structure, displaying no major changes
in the formation of NH2-SNPs (batch AA2). The new absorption
band at 1561 cm�1 is attributable to a NH2 scissor vibration,
suggesting the presence of the amino groups of APTES molecules.
Also, compared with the bare SNPs, the APTES-modified SNPs show
an additional weak band at 2929 cm�1, which can be assigned to
the alkyl groups [–(CH2)n–] present in APTES.

After cyanine dye attachment, the relative intensity of amine
group vibrations became less intense, suggesting that Cy5.5 was
successfully loaded onto the surface of SNPs. New bands at
1668 cm�1, and 1629 cm�1 appeared after the loading process,



Fig. 5. SNPs distribution in A. Liver; B. Lung; C. Spleen; D. Testis; E. Kidney and F. heart (2 h after oral administration – batch AA3; 630�).
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which might be associated with the aqueous solution of Cy5.5, and
N-H group. All these facts suggest that Cy5.5 has been successfully
attached to the surface of the NH2-SNPs.
3.3. Toxicity evaluation

Nanoparticle toxicity has been shown to occur in a concentra-
tion-dependent manner (Lewinski et al., 2008). The determination
of the appropriate dose of SNPs to use in a cytotoxicity assay is a
key element to understand the toxic effects of the nanoparticles
under true physiological conditions (Kong et al., 2011).

Although amorphous SNPs are commonly used as an FDA-ap-
proved food additive (Barnes et al., 2008) there are still numerous
cytotoxicity studies raising concern about their toxic effects for
human health: over exposure to amorphous SNPs has been shown
to cause cytotoxic damage (as indicated by lactate dehydrogenase
release) and a decrease in endothelial cell survival (Napierska et al.,
2009).

According to the data obtained by Napierska et al. (2009), the
toxicity of the SNP is size dependent, the smaller particles (di-
ameters less than 15 nm), appear to affect the exposed cells faster
with cell death, compared with larger ones (diameters of 104 and
335 nm) that showed low toxicity response. Also, the toxic effects
depend on the nanoparticle’s shape, charge and density, as well as
the viscosity and density of the solution, properties that influence
the effective dose. As a result, defining the appropriate dose for
in vitro/in vivo study is still a challenging task.

In this study, fluorescent SNPs were used for general toxicity
assessment. The acute toxicity screening allowed identifying the
dose of 100 mg/kg bw as MTD for this study, with no significant
changes in animal behavior or weight.

The histological examination (data not shown) of main organ
tissue (liver, kidney, heart, stomach and intestine) that followed
the five days observation period identified no histological changes
from the normal tissues characteristics. The MTD was several times
higher than the doses administered in the bioavailability studies,
profiling a good safety profile for future therapeutic associations
of the SNPs with drugs.
3.4. Biodistribution of the fluorescent SNPs by microscopy

The therapeutic efficiency of a drug carrier does rely not only on
its intrinsic activity but also on the bioavailability of the drug at
targeted site. In the development of novel therapeutics, the ability
to design a suitable pharmaceutical formulation for delivery is of
utmost importance.

Following the intravenous administration of fluorescent SNPs,
batch AA3 (size 200 nm), at specific time points (30 min and 2 h)
the SNPs did not penetrate the blood brain barrier and were not
present in the myocardium. Bladder tissue sample were also nega-
tive. However, SNPs were found in the rest of the investigated
organs (liver, kidney, testis, feces and lung, see Fig. 4).

In order to validate the obtained results, the organs of the con-
trol groups were also evaluated after PBS administration. Fig. 4B
represents the comparative control liver examination at 2 h in
the same conditions as the SNPs. The image evidenced the aut-
ofluorescence that was taken into consideration for the evaluation
of the SNPs biodistribution as an example. The same pattern was
observed also for the control images taken for both intravenously
and oral administration of the fluorescent SNPs.

The biodistribution studies were performed also after the oral
administration at specific time points (1 and 2 h). The SNPs were
present in all the investigated organs (liver, kidney, testis, spleen,
and lung) except the brain and heart (Fig. 5). However, we also
found that significant amounts of SNPs were distributed at 24
and 48 h after administration, especially in the liver. After 72 h a
gradually decrease of SNPs accumulation in liver and spleen was
noticed.



Fig. 6. Graphic biodistribution profile in different tissues at the times: 30, 60 and 240 min of A. 99mTc-SNPs and B. 99mTc. Values expressed as mean ± SD.
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3.5. Biodistribution of the radiolabelled SNPs by scintigraphy

Although there are some studies in the literature about the
qualitative in vivo distribution of SNPs, quantitative distribution
data are still lacking. In our study, the fixation degree of the
99mTc-SNPs in different living structures (thyroid, eyeball right
and left, salivary glands right and left, heart, stomach, liver, kidney,
bowel, gall bladder, urinary bladder and seminal vesicle), at differ-
ent time intervals was quantitatively evaluated on the scintigraph-
ic images, in comparison with identical dimension background
aria. The maximum uptake observed was considered 100% (found-
ed to correspond to the stomach region at 4 h for 99mTc-SNPs) and
all the other measured uptakes were calculated as percentages in
reference to the maximum, per g organ. Data were graphically rep-
resented, making evidence of 99mTc-SNPs biodistribution. Same
data were obtained on the free 99mTc biodistribution images, for
the control group.
Fig. 6 reveals, graphically, the significant difference in biodistri-
bution between 99mTc labelled nanoparticles prepared by sodium
borohydride method and free 99mTc. The 99mTc-SNPs exhibited
higher uptake in all the investigated organs (27–100% count/g
organ at 4 h) as compared to free 99mTc images (in the range of
18–88% count/g organ at 4 h).

In the case of free 99mTc (Fig. 6A), a discreet (17–20% count/g
organ) area of fixation corresponding to thyroid was observed at
all times (from 30 to 240 min). Also, a high uptake (with diffuse
character on the scintigraphic images) was quantified in the upper
abdominal region (63–88% count/g organ). Fixation consistent to
the bladder region was also present (16–88% count/g organ),
behavior that can be explained by the fact that the radiotracer
was extensively excreted by urine.

The obtained quantified results (Fig. 6B) showed that in the case
of 99mTc labelled nanoparticles, after 30 min, reached systemic cir-
culation and were captured mainly in the salivary glands (51%



Fig. 7. Scintigraphic images after immediately i.v. administration of A. 99mTc-SNPs and B. free (99mTcO4
�).

Fig. 8. Scintigraphic images at 30 min post injection of A. 99mTc-SNPs and B. free (99mTcO4
�). The values explain the image heterogeneity: SG - salivary glands; T - thyroid

gland; H - heart; S + L - stomach and liver; B - bladder; RAA - radiotracer administration aria; Bk - background.
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count/g organ), stomach (75% count/g organ), and kidney (37%
count/g organ) in addition to a significant accumulation in the
bladder region (28% count/g organ). This behavior was also
observed at times of 60 and 240 min after injection, as it was
expected, due to the nature of the injected compound.

One hour after injection, the 99mTc-SNPs were accumulated in
all investigated organs and animal tissues, except in the thyroid.
We also found that, within 4 h after injection, silica nanostructures
undergo an increasing accumulation in the stomach (100% count/g
organ).

The scintigraphic examination has also evidenced an important
percentage (13 and 9% count/g organ for right and left eyeball,
respectively, at 30 min) of 99mTc-SNPs in the eyeballs with an
increasing trend in time (27 and 36% count/g organ for right and
left eyeball, respectively, at 4 h).
After 4 h, a low percentage of the injected dose could be
observed in the liver. This conduct could be explained probably
by the fact that SNPs can be metabolized in the body due to the
pH-dependent dissolution process that can occurs in aqueous solu-
tions. The fixation corresponding to the urinary bladder also
decreases gradually due to the radiotracer’s elimination in the
urine and also biological and physical half-life of the radioisotope.

These graphically results are validated by studying the gamma
scintigraphic images of guinea pigs as shown in Fig. 7. The dynamic
scintigraphic images (Fig. 7) showing localization of 99mTc-SNPs
and free 99mTc in different organs, taken in the first 5 min
(Fig. 7A and B), sustained the in vivo biodistribution profile
observed on the static images and quantified on the graphs.

After 30 min post-tail injection (Fig. 8), the scintigraphic images
showed the rapidly accumulation of 99mTc-SNPs in the salivary
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glands, stomach, kidney and bladder region, which is in accordance
with the fluorescent biodistribution study. These results are con-
sistent with data published in the last years (Pandey et al., 2014;
Simone et al., 2012; Xie et al., 2010) in a previous studies per-
formed on radiolabelled nanoparticles.

The most important difference is the presence of the free 99mTc
fixation area corresponding to thyroid observed at all times (from
30 to 240 min), but not evidenced on the 99mTc-SNPs images. These
images can be explained by the known cellular uptake mechanism
of the free 99mTc: the radioisotope is taken up via sodium iodide
symporter system (NIS), a transmembrane transport system that
was find to mediate the transport and cellular accumulation of
both iodine and 99mTc to some tissues including mainly the thy-
roid, but also stomach, salivary glands, and to some extent the
small intestine (Kiratli et al., 2009; Mu et al., 2012). Our SNP carry-
ing amino groups on their surface are also electrically charged. Due
to their small size and ionic charge, it is very likely that a passive
transport is involved, according to the electrochemical gradient.
In fact, the lack of the thyroid scintigraphic uptake for the SNP sus-
tains the hypothesis of different transmembrane transport
mechanisms for the radiotracer. The 99mTc-SNPs rapidly appear
in the tissues, faster when compared to the 99mTc. This could be
explained in relation their smaller size which gives them the pos-
sibility to a faster transmembrane passage. However, more
detailed studies regarding the bioaccumulation of SNPs in the liver,
spleen, intestines, kidneys, and bladder is warranted to better clar-
ify the adverse effects arising from such an accumulation.

Considering the results obtained in our study, the SNPs showed
in vivo similar biodistribution behavior to that demonstrated by
others groups on nanostructured systems as silica nanoparticles
(obtained by the same method) or chitosan nanoparticle, when
the radioactivity was determined by scintigraphy (Banerjee et al.,
2005; Xie et al., 2010). (Sakai et al. (2012)) analyzed the whole-
body distribution of 14C-ADP-labeled silica nanoparticles after
intravenous injection into mice and the obtained radioactivity
results showed also similar distribution patterns when determined
by liquid scintillation counter.

Identifying the specific biodistribution areas (compared with
free 99mTc) could be the start point for the use of this nanostructure
system as vector molecule for a certain radioisotope, to be used for
diagnosis in nuclear medicine imaging (using a classical gamma
emitter radioisotope, such as 99mTc) and, respectively, therapy
(using a suitable corpuscular emitter radioisotope such as 131I)
purposes.
4. Conclusions

In the present investigation, spherical bare, amino functional-
ized, Cy.5.5 fluorescent and 99mTc radiolabelled SNPs were success-
fully synthesised by the hydrolysis reaction of TEOS in ethanol
containing water and ammonia. Particle sizes in the range of
200–350 nm, as determined by field emission SEM analysis, as well
as the physico-chemical properties made the obtained SNPs poten-
tial candidates for in vivo studies. No significant signs of toxicity of
the administered SNPs at a dose of 100 mg/kg bw were noted,
proving a good level of safety for the tested nanoparticles. Using
confocal microscopy technique, we demonstrated the high uptake
of fluorescent SNPs in all the investigated organs (liver, kidney, tes-
tis, spleen and lung) for both oral and intravenous administration.
The results of radiolabelled biodistribution indicated that 99mTc-
SNPs accumulated mainly in salivary glands, stomach, kidney and
bladder region and retained in these tissues for over 240 min. Col-
lectively, the obtained radiolabelled SNPs exhibited high labelling
efficiency and stability along with their biodistribution. Future
work should focus on the ultimate combination of diagnostic and
therapeutic capabilities of the functional SNPs with reduced toxi-
city, low level of side effects and a reduced cost, starting with
understanding 99mTc-SNPs tissular uptake mechanisms.
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