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The BBN-Au-DTDTPA coating is selectively released upon
interaction with glutathione (GSH), rendering this
nanoplatform potentially useful for GSH-mediated drug
delivery.
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In vitro/in vivo "peeling” of multilayered
aminocarboxylate gold nanoparticles evidenced
by a kinetically stable **™Tc-label: implications for
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A thiolated bombesin peptide was conjugated to Au-DTDTPA nanoconstructs to obtain BBN-Au-DTDTPA
targeted to the gastrin releasing peptide receptor (GRPr). Different analytical techniques showed that this
conjugate shares similar physico-chemical properties with Au-DTDTPA; HPLC and XPS analyses corrobo-
rated the attachment of the bioactive peptide to the AuNPs surface. Competitive binding assays in PC3
cancer cells showed that these BBN-containing AuNPs have high affinity for GRPr. BBN-Au-DTDTPA was
successfully radiolabeled with °*™Tc and showed high in vitro stability towards different biological media
and substrates, except for glutathione (GSH). In vitro and in vivo studies, based on gamma-counting
(°*™Tc content) and nuclear activation analysis (Au content), indicated the release of the DTDTPA coating
from the AuNPs. Probably, the “peeling” of the layered-aminocarboxylate coating is GSH-mediated and
involves the cleavage of the DTDTPA disulfide bonds and/or Au—S bonds. These results render BBN-Au-
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Introduction

The recent years have seen a wide variety of reports on the
potential applications of nanoparticles in the field of cancer
theranostics."™ This reflects the favourable physico-chemical
features of the nanoconstructs for biomedical use, such as
their optical, electronic, and magnetic properties, as well as
the possibility of their conjugation to a plethora of different
medically relevant chemical entities, ranging from peptides,
antibodies, proteins, and chemotherapeutic drugs to metal
chelators.”® Among their variety of applications, the use of
nanoparticles as drug delivery platforms to tumor sites is
another topic of great interest among researchers. The two
important factors that guide drug delivery are: (1) conjugation
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DTDTPA an interesting platform deserving further evaluation in target-specific GSH-mediated drug delivery.

of therapeutic molecules to the nanocarrier (either by physical
adsorption, covalent attachment or encapsulation); (2) release
of the therapeutic payload from the nanocarrier to perform its
function.

Triggered-release drug delivery tools based on nanoparticle
platforms have been previously studied, in which the payload
release can be done through a variety of stimulations, such as
photo- or thermal-exposure, enzymatic reaction, or low level
pH in tumor tissues. Another approach that has attracted
much attention in this regard is glutathione (GSH)-mediated
release.’ ™™ GSH is capable of cleaving disulfide bonds
through a reductive reaction and in vivo, it is in a significantly
high concentration intracellularly (1-10 mM), while in the
extracellular environment it is present in a low amount (2 pM).
Developing new nanoparticle tools for GSH-mediated drug
release can be challenging, as in most cases it is difficult to
assess the biological fate of the nanoconstruct in vivo and that
of the released molecule after GSH cleavage. There are several
studies reported in the literature about GSH-mediated drug
delivery from AuNP systems, profiting from the aurophilicity of
GSH.16_18

Radiolabeled nanoparticles can give important insights to
address the above-mentioned issues, as the presence of the
radioactive label allows a non-invasive and quantitative follow-
up of the biological fate of the nanoparticles and/or respective
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coating and payload, depending on how and which radiolabel
is introduced in the nanoconstruct. Several medically relevant
radionuclides can be utilized for the labeling of nanoparticles.
Most importantly, many of them correspond to radioisotopes
that have already been incorporated in clinically approved
radiopharmaceuticals for diagnostic nuclear medicine by
single photon emission computed tomography (SPECT) (e.g.
9Me, ©Ga, '''In) or positron emission tomography (PET) (e.g.
8, %8Ga, ®'Cu).'® In general, it is important to ensure that the
“reporter” radionuclide always travels inside the body together
with the labeled nanocarrier to have a true and reliable picture
of its biodistribution. The introduction of appropriate radio-
labels at the core or on the surface coated ligands of the nano-
particles can be helpful to study in vivo the structural integrity
of the nanoconstruct, and obtain confirmation of coating or
payload release from the nanoparticle structure.*° A represen-
tative example of this approach has been recently reported by
Kreyling et al., who have proved the in vivo release of an
organic polymer coating conjugated to gold nanoparticles
(AuNPs) by studying the biodistribution of the nanoconstructs
based on its *®Au-labeled gold core and its **'In-labeled poly-
meric coating.”!

Gold nanoparticles can be easily functionalized with target-
specific biomolecules and chelators for a stable complexation
of radiometals. The most common strategies for the
functionalization of AuNPs involve the formation of gold-thiol
covalent bonds between gold atoms from the surface of the
nanoparticle and thiol groups from the grafted molecule.”>**
These strategies have been already successfully applied in a
few instances to achieve a target-specific delivery of radiome-
tals to tumor tissues, namely, strategies based on AuNPs con-
jugated with bombesin (BBN) peptide analogs recognizing the
gastrin releasing peptide receptor (GRPr) that is overexpressed
in a series of human cancers.'"”*™® We have recently
described a novel BBN-containing nanoconstruct, stabilized by
a new macrocyclic DOTA derivative (trimethyl 2,2',2"-(10-2(3-
(tritylthio)propamido)ethyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-trityl)triacetate (TDOTA) that allowed also a stable coordi-
nation of ®“Ga*" in biological milieu. The resulting radio-
labeled nanoconjugates displayed a remarkably high cellular
internalization in human prostate cancer PC3 cells that are
known to overexpress the GRPr.>®

Our team has also worked with congener AuNPs with
similar core sizes (3-5 nm) coated with a thiolated DTPA
derivative (2-bis[2-[carboxymethyl-[2-0x0-2-(2-sulfanylethyl-
amino)ethylJaminolethylJaminoJacetic ~ acid (DTDTPA)).
However, these AuNPs were unable to coordinate ®’Ga®" in a
kinetically stable way and the coordinated ®’Ga®" undergoes
fast transchelation processes in the presence of apo-transferrin
or cell medium.”®** These Au-DTDTPA nanoplatforms were
introduced originally by Roux et al. who have evaluated their
usefulness as X-ray contrast agents or as radiosensitizers.’**"
The same authors have also demonstrated that these Au-
DTDTPA can coordinate to gadolinium, showing very promis-
ing results as contrast agents for MRI imaging.** Furthermore,
the same team also showed that Au-DTDTPA can be directly
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labeled with °*™Tc and '''In by reaction with *°™TcO, /Sn**
and ""'InCl;, respectively.*

The DTDTPA coating is polymerized around the nano-
particle structure through disulfide bonds, and we have
hypothesized that these S-S bonds or the Au-S bonds could be
selectively cleaved by GSH. If this should be the -case,
Au-DTDTPA would have potential relevance as target-specific
GSH-mediated drug releasing tools. Previously we have shown
that the DTDTPA coating can be functionalized with bio-
molecules such as the horseradish peroxidase (HRP), a model
molecule that was conjugated to the carboxylic groups of
DTDTPA.** The same type of strategy can be readily explored
for the conjugation of a cytotoxic drug that can be eventually
released from the AuNP surface by GSH-mediated cleavage of
S-S or Au-S bonds.

As a proof of concept for GSH-mediated drug release, we
functionalized Au-DTDTPA nanoparticles with a thiolated
derivative of BBN, a peptide with well-recognized biological
specificity towards prostate cancer cells that overexpress the
GRPr.>® Furthermore, we have studied the °*™Tc-labeling of
the resulting BBN-containing nanoconjugates using the so-
called tricarbonyl approach. We hypothesized that DTDTPA
would provide a stable complexation of the fac-[**™Tc(CO);]"
core, in contrast to the results that we have previously reported
for ©’Ga**.*® Unlike “’Ga**, [**™Tc(CO),]" should be kinetically
stable to allow the follow-up of the in vitro/in vivo fate of the
DTDTPA coating.

In this work, we report the functionalization of Au-DTDTPA
nanoparticles with a BBN peptide analog, their physico-
chemical characterization by a variety of techniques, including
UV-Vis, transmission electron microscopy (TEM), dynamic
light scattering (DLS) and X-ray photoelectron spectroscopy
(XPS) measurements, as well as their binding affinity towards
the GRPr that was assessed by competitive binding assays
using PC3 cells. A study of the radiolabeling of these nano-bio-
conjugates with the fac[*°™Tc(CO);]" core is also presented,
together with the evaluation of their in vitro stability in the
presence of different media, including GSH, and in vivo
stability and biodistribution in normal mice. Altogether, these
studies were expected to provide an insight on the possible
GSH-mediated release of DTDTPA from the nanoparticles
in an in vivo environment and, therefore, on the potential
relevance of these AuNPs for controlled drug release.

Methods

General procedures

The materials used for synthesis of the AuNPs were procured
from standard vendors. All reagents and solvents were com-
mercially acquired from Aldrich. Na[**™TcO,] was eluted from
a commercial **Mo/**™Tc generator, using a 0.9% saline solu-
tion. [*™Tc(H,0)5(CO);]"° was prepared by labeling of a
Isonlink®-kit with Na[**™TcO,], following a procedure
described elsewhere.>® For the preparation of aqueous solu-
tions and for rinsing of gold nanoparticles, Milli-Q (DI) water
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was used. DTDTPA and Au-DTDTPA were synthesized accord-
ing to previously published methods.****

UV-visible spectroscopy. UV-visible absorption spectra were
recorded at room temperature using a Varian Cary 50 UV-Vis
spectrophotometer in disposable or quartz cuvettes with a
10 mm path length.

Transmission electron microscopy (TEM). Transmission
electron microscope images were obtained on a JEOL 1400
TEM, JEOL Ltd, Tokyo, Japan. TEM samples were prepared by
placing 5 pL of gold nanoparticle solution on the 300 mesh
carbon coated copper grid, and the solution was allowed to
remain for five minutes. Excess solution was removed carefully
and the grid was allowed to dry for an additional five minutes.
The average size and size distribution of the nanoparticles
were determined by processing the TEM image Adobe
Photoshop with Fovea plug-ins.

Dynamic light scattering (DLS). DLS measurements were
performed with a Malvern Zetasizer Nano ZS (Malvern
Instruments Ltd, USA) equipped with a 633 nm He-Ne laser
and operating at an angle of 173°. The software used to collect
and analyze the data was the Dispersion Technology Software
(DTS) version 5.10 from Malvern. 600 pl of each sample was
measured in low volume semi-micro disposable sizing cuvettes
(Fisher Scientific, USA) with a path length of 10 mm. Triplicate
measurements were made at a position of 4.65 mm from the
cuvette wall with an automatic attenuator. For each sample, 15
runs of 10 seconds were performed. The size distribution, the
Z-average diameter (Z-ave) and the polydispersity index (PDI)
were obtained from the autocorrelation function using the
“general purpose mode” for all nanoparticle samples.
A default filter factor of 50%, default lower threshold of 0.05
and upper threshold of 0.01 were used. Zeta potential
measurements were performed in triplicate using water as the
dispersant and the Huckel model was followed. For each
sample, 20 runs were performed in auto analysis mode.

X-ray photoelectron spectroscopy (XPS). XPS analysis was
performed by Rocky Mountain Labs Inc., Colorado, USA, in a
Kratos XSAMS800 spectrometer, operated in the fixed analyser
transmission (FAT) mode, with a pass energy of 20 eV and a
power of 120 W and using non monochromatic Al Ka and
Mg Ka radiations.

High performance liquid chromatography (HPLC). HPLC
analyses were performed in a PerkinElmer LC200 pump with a
UV-visible Shimadzu LC290 and a Berthold LB-507A
y-detector, using a Macherey-Nagel EC 250/4 Nucleaosil 100-5
C18 with a flow rate of 0.5 mL min~". The solvents used were
HPLC grade; H,O was bidistilled and filtered in 0.22 pm
Millipore filters. Solvents: A = TFA 0.1% (aq.), B = MeOH.
Gradient: 10 min (100% A), 10 min (100% B), 20 min (100%
B), 1 min (100% A), 9 min (100% A).

Synthesis of TA-BBN. Thioctic acid terminated bombesin
peptide was prepared as reported previously,””””® in an auto-
mated peptide synthesizer (Liberty; CEM, Matthews, NC, USA).
Following the coupling of all the amino acids in the appropri-
ate sequence, thioctic acid was coupled using a mixture of
DIC/HOBt. Cleavage from the resin and removal of the amino

This journal is © The Royal Society of Chemistry 2017
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acid side chain protecting groups of the peptides were per-
formed using a solution of TFA/thioanisole/H,0 (95 :2.5:2.5),
and finally, purification by HPLC was done.

Synthesis of BBN-Au-DTDTPA. Thioctic acid terminated
bombesin was reacted with DTDTPA stabilized gold nano-
particles with stoichiometric ratios of Au:BBN 1:0.25, 1:0.5,
1:1,1:2 and 1:4. Typically, in a 20 ml glass vial, a solution of
Au-DTDTPA ([Au] = 2.28 pmol) using aqueous/methanolic
mixture (1:9) of 0.01 M NaOH was prepared. Thioctic acid ter-
minated bombesin (TA-BBN) 0.64 mg (0.57 pumol), 1.28 mg
(1.14 pmol), 2.56 mg (2.27 pmol), 5.12 mg (4.54 pmol) and
10.24 mg (9.08 pmol) were dissolved in 4 mL of MeOH and
then added to the nanoparticle solution. The reaction mixture
was stirred for 2 hours at room temperature and formation of
a dark brown precipitate was observed. The mixture was centri-
fuged (12 000 rpm for 5 min at 20 °C) and the supernatant was
removed. The precipitated AuNPs were washed two times with
MeOH and three times with water. The washed AuNPs were
dried at low pressure and stored at —20 °C.

IC5, measurements. The receptor binding affinities of the
BBN conjugated gold nanoconstructs were determined by a
competitive cell-binding assay on PC-3 cell cultures using
12 Tyr4-bombesin as the GRP specific radio-ligand.
Approximately 30000 cells were incubated at 37 °C for
40 minutes under 5% CO, in the presence of 20000 cpm
1251 Tyr4-bombesin (2200 Ci mmol™*) and an increasing con-
centration of the gold nanoconjugates. After incubation, the
reaction medium was aspirated, and the cells were washed
three times with cold RPMI 1640 modified buffer. Cell-associ-
ated radioactivity was determined by counting in a Packard
Riastar y counting system. ICs, values were calculated using
GraphFit 4.0 graphing software.

Radiolabeling BBN-Au-DTDTPA with **™Te. 25 pL of a solu-
tion of BBN-Au-DTDTPA (5 mg mL™", H,0) were placed in a
10 mL glass vial. The vial was encapsulated and purged with N,.
500 pL of [*™Tc(H,0);(CO);]", previously adjusted to pH ~ 7,
was added. The mixture was heated at 100 °C for 30 min. The
solution was centrifuged (12 000 rpm for 5 min at 20 °C) and
the supernatant was removed. The precipitated AuNPs were
washed three times with water. Purity control was performed by
TLC using MeOH/HCI (6 M) 95 : 5 as eluent in ITLC-SG.

Radiolabeling DTDTPA with °*Te. 50 uL of a solution of
DTDTPA (0.02 M, H,0) were placed in a 10 mL glass vial. The
vial was encapsulated and purged with N,. 500 uL of [**™Tc
(H,0)3(CO)5]", previously adjusted to pH =~ 7, was added. The
mixture was heated at 100 °C for 30 min. Radiochemical yield
was performed by HPLC (>99%) and the radioactive compound
was used without further purification.

Radiolabeling GSH with **™Tc. 20 pL of a solution of GSH
(0.02 M, H,0) were placed in a 10 mL glass vial. The vial was
encapsulated and purged with N,. 180 pL of [*™Tc
(H,0)5(CO);]", previously adjusted to pH ~ 7, was added. The
mixture was heated at 100 °C for 30 min. Radiochemical yield
was performed by HPLC.

Stability studies. Stability studies for BBN-Au-DTDTPA-"*"Tc
were performed by incubation in the presence of different
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media: 0.1 M PBS, 0.9% NaCl, cell culture medium, histidine
(0.02 M) and glutathione (0.02 M). To 30 pL of the ®’Ga-
labelled AuNPs were added 120 pL of the different challenging
solutions, and the resulting mixtures were incubated at 37 °C
for different intervals of time (0-24 h). For each time point,
the radiochemical purity of the BBN-Au-DTDTPA-"*"Tc was
assessed by TLC using MeOH/HCI (6 M) 95:5 as eluent in
ITLC-SG.

Biodistribution studies. Animal studies were conducted in
conformity with the national law and with the EU Guidelines
for Animal Care and Ethics in Animal Experimentation. The
animals were housed in a temperature- and humidity-
controlled room with a 12 h light/12 h dark schedule.
Biodistribution of the radioactive compounds was evaluated in
CD-1 mice. The animals were intravenously (i.v.) injected by
tail vein administration of the compounds (1.5-6.0 MBq)
diluted in 100 pL of NaCl 0.9%. The dose administered and
the radioactivity in the sacrificed animals were measured
using a dose calibrator (Capintec CRC25R). The difference
between the radioactivity in the injected and sacrificed
animals was assumed to be due to excretion. The tissues of
interest were dissected, rinsed to remove excess blood and
weighed, and their radioactivity was measured using a
y-counter (LB2111, Berthold, Germany). The uptake of radio-
active compounds in the tissues was calculated and expressed
as a percentage of the injected radioactivity dose per gram of
tissue. To measure the Au content, blood, liver and pancreas
were frozen immediately after radioactivity measurement and
allowed to decay before sample treatment for nuclear acti-
vation analysis. Urine was also collected and pooled together
at the time the animals were sacrificed. TLC control of the
urine was performed using MeOH/6 M HCI (95 : 5) as eluent in
ITLC-SG. The urine samples were centrifuged at 5000 rpm for
5 min before injection in the HPLC.

Nuclear activation analysis (NAA). Primary standard solu-
tions containing gold were prepared and dispersed onto cell-
ulose in cleaned high-density polyethylene vials, and used as
standards. Prior to analysis, the blood tissues, liver and pan-
creas were freeze-dried and ground in a Teflon™ mill. Then
the samples were weighted into identical polyethylene vials.
A similar geometry was used for both standards and samples.

The three standards and all the samples were irradiated
together for 4 h in the core grid of the Portuguese Research
Reactor (CTN/IST, Bobadela) at a thermal flux of 3.96 x 10'?
nem > s hn/depi = 96.8; Pen/drase = 29.8.°° The bundles were
rotated continuously during irradiation to ensure that all the
samples received the same exposure to neutrons. Even so, Fe
flux monitors were placed in appropriate plastic containers for
irradiation together with the samples and standards for
neutron flux variation corrections. Gamma-ray spectrometry
was carried out after a delay of 7 to 9 days. A high purity
germanium detector with nominal resolutions (FWHM) of
450 eV at 5.9 keV and 2100 eV at 122 keV was used to quantify
the 412 keV peak from '°®Au. Details of the analytical method
may be found elsewhere (Gouveia et al, 1992, Gouveia and
Prudéncio, 2000).>”%8

4 | Dalton Trans., 2017, 00, 1-12

Dalton Transactions

Results

Functionalization with the bioactive peptide: synthesis of
BBN-Au-DTDTPA

The Au-DTDTPA nanoconjugate was obtained based on the
method reported by Roux et al. by reduction of HAuCl,-3H,0
with NaBH, in the presence of excess DTDTPA.?® As previously
described, in these nanoparticles DTDTPA forms a multi-
layered coating around the gold core as a result of a catenation
process due to the formation of S-S bonds between indepen-
dent units of DTDTPA.*° Therefore, the surface bound
DTDTPA is rich in disulfides, secondary amines and carboxy-
lates. Previously the free carboxylate groups from Au-DTDTPA
were explored for conjugation with biomolecules, namely the
enzyme horseradish peroxidase (HRP).>* Alternatively, in this
work we have sought to explore the possibility of attaching
BBN analogs to Au-DTDTPA based on the formation of Au-S
bonds. For this purpose, we focused on a BBN analog
(TA-BBN) that contains the eight aminoacid BBN [7-14]
sequence and a thioctic acid group (TA) for conjugation to the
surface of the AuNPs*®2®

The functionalization of Au-DTDTPA with TA-BBN was
performed by reacting the AuNPs with the peptide in methanol
at room temperature using different Au: TA-BBN molar ratios
(1:0.24,1:0.4, 1:0.8, 1:2 and 1:4) (Scheme 1). After 2 h of
reaction, the resulting functionalized nanoconstruct (BBN-Au-
DTDTPA) was separated from the supernatant by filtration,
followed by washing with MeOH to remove any non-reacted
TA-BBN, and finally washed with H,O.

The amount of TA-BBN conjugated to Au-DTDTPA was
determined based on the HPLC analysis of the supernatants of
the different reaction mixtures and comparison with the start-
ing TA-BBN solutions (Fig. 1). The differences in the TA-BBN
peak areas, before and after reaction, were used to quantify the
amount of peptide conjugated to the AuNPs. The maximum
amount of TA-BBN that can be conjugated to Au-DTDTPA is
~0.26 mg mg ' of nanoparticles. Saturation of the AuNP
surface with the peptide was achieved when the conjugation of
the peptide is performed using a molar ratio of at least 1:2
(Au: TA-BBN). As previously reported by our group,® nano-
particle tracking analysis (NTA) of Au-DTDTPA indicated that
there are 1.67 x 10'* nanoparticles per mg of compound;
based on this value it was possible to estimate the number of
TA-BBN molecules conjugated to each AuNP, which is roughly
53 units of TA-BBN at the saturated nanoparticle surface.

Binding affinity and physico-chemical characterization of
BBN-Au-DTDTPA

We investigated the in vitro binding affinity of BBN upon con-
jugation to AuNPs and the influence of peptide payload on
GRPr-affinity. Competitive binding assay experiments were per-
formed with the commercially available radiopeptide ***I-Tyr,-
BBN using prostate cancer PC3 cells that are known to overex-
press GRPr. The binding affinity towards PC3 cells was evalu-
ated for all three nanoconstructs prepared with different molar
ratios (Au : TA-BBN molar ratio of 1: 0.4, 1:2 and 1:4).

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Structure of TA-BBN and synthesis of BBN-Au-DTDTPA.

The binding affinities of the nanoconstructs varied with the
amount of conjugated TA-BBN, and the measured ICs, values
ranged between 0.6 and 0.02 ug mL™", as depicted in Fig. 2.
This trend indicates that the TA-BBN peptides attached to the
nanoparticle surface still recognize the GRPr in a concen-
tration-dependent manner. In particular, the BBN-Au-DTDTPA
nanoparticles obtained with a molar ratio of 1:2 (Au: TA-BBN)
display a binding affinity (ICs, = 0.1 pg mL™") comparable to
that exhibited by Au-TDOTA (ICs, = 0.045 pg mL™") functiona-
lized with the same BBN derivative.>® These BBN-Au-DTDTPA
nanoconjugates are saturated with TA-BBN, and were used for
further physico-chemical characterization and °°™Tc-labelling
studies.

BBN-Au-DTDTPA was characterized by UV-Vis spectroscopy,
TEM analysis, DLS and zeta-potential measurements (Fig. 3),

This journal is © The Royal Society of Chemistry 2017

aiming to assess the influence of the incorporation of the BBN
peptide in the physico-chemical properties of the AuNPs.

As shown in Fig. 3, the UV-Vis spectrum of BBN-Au-
DTDTPA shows a broad absorption band centered at ~520 nm,
similar to Au-DTDTPA. This indicates that the conjugation of
TA-BBN to the AuNPs did not alter the core size of the nano-
particles, and was corroborated by the TEM analysis of
BBN-Au-DTDTPA (~2 nm; Fig. 3c).

By contrast, the hydrodynamic size of BBN-Au-DTDTPA in
water (~146.2 nm) is slightly higher than that of Au-DTDTPA
(¢100.6 nm), in agreement with an increasing radius of the
AuNP coating due to the conjugation of TA-BBN (Fig. 3b). On
the other hand, there is minimal change in the zeta-potential
values of BBN-Au-DTDTPA (-71.5 + 9.1 mV) compared with
that of Au-DTDTPA (—80.7 = 15.6 mV), showing that the pres-
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Fig. 2 1Cso values measured for BBN-Au-DTDTPA synthesized using
different Au : TA-BBN molar ratios. Measurements were done in prostate
cancer PC3 cells by competition binding experiments with the radio-
peptide 2°I-Tyr,-BBN.

ence of TA-BBN did not affect much the highly negative charge
character of the nanoconstruct and indicating the high stabi-
lity of the particles.**

BBN-Au-DTDTPA was also characterized by XPS (see
Fig. S1f). The obtained high-resolution XPS spectra revealed
the presence of S 2ps, and S 2p,, energy bands, ranging
between 162.3 eV and 164.4 eV. These bands are most likely
due to the presence of covalent Au-S bonds, and disulfide
bonds of the DTDTPA coating and thioether bonds from the
methionine group of the BBN derivative.?® The high resolution
XPS spectrum of the C 1s region indicates two distinct binding
energy bands, centered at ~285 eV and =288 eV. The deconvo-
lution of the first band gives rise to two types of C 1s bindings,
one with binding energy at ~285 eV (C-C and C-H from
methylenic groups) and another one showing slightly higher
binding energy levels at ~286 eV (C-N groups).>* The second C
1s band, centered at ~288 eV, corresponds to the C-O binding

6 | Dalton Trans., 2017, 00, 1-12
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energies of COOH and CONH.*” The intensity of this band is
much higher than in the XPS spectrum of Au-DTDTPA. This is
most likely due to the presence of the peptide which has a
high amount of amino acid groups, therefore corroborating
the attachment of the BBN derivative to the AuNPs surface.

Radiolabeling with fac-[**™Tc(CO),]" and in vitro stability
studies

By choosing the fac-[*™Tc(CO);]" core as the radioactive label,
we have taken into consideration the characteristic high
kinetic inertness of Tc() tricarbonyl complexes. In particular,
we expected to overcome the unstable radiolabeling that we
have previously found when the Au-DTDTPA nanoplatform was
labeled with ®’Ga. Ga®" is a quite labile metal-ion and, in the
absence of strong-donor multidentate chelators, readily under-
goes transchelation processes involving biologically relevant
molecules like transferrin, as we have observed in the case of
%’Ga-labelled Au-DTDTPA.>>*° Previous reports describe the
labelling of Au-DTDTPA nanoconstructs via the reduction of
%™1e0,” by SnCl,.** However, this labeling approach involves
medium oxidation states of Tc, like Tc(wv) or Tc(v), which have
the tendency to form complexes with less kinetic inertness
when compared with organometallic Tc(1) complexes.
Technetium(i) tricarbonyl complexes usually display a high
kinetic inertness and can be stabilized by a variety of bi- and
tridentate chelators, including hard donors with amino or
carboxylic acid coordination functions.’”** Hence, we anti-
cipated that DTDTPA would provide a stable complexation of
the fac-[**™Tc(CO);]" core and should be a kinetically stable
label for the follow-up of the in vitro/in vivo fate of Au-DTDTPA
nanoconstructs. Such kinetic inertness supports the notion
that a multitude of bi- and tridentate chelators can stabilize
the fac-[>™Tc(CO);]" core, even in the presence of biologically
relevant molecules, like aminoacids, peptides or proteins.*® In
particular, hard donor chelators (e.g. iminodiacetic, lanthio-
nine or DTPTA derivatives) displaying amino or carboxylic acid
coordination functions form °°™Tc(1) tricarbonyl complexes
that are stable in vivo.*"**

The labeling of BBN-Au-DTDTPA with the fac-[**™Tc(CO);]"
core was done by reaction with the precursor [**™Tc
(H,0)5(CO);]" at pH ~ 7, using a final nanoparticle concen-
tration of 0.19 mg mL™". The reaction was conducted at 100 °C
for 30 min, affording a maximum radiochemical yield of
~75% (Scheme 2). The **™Tc-labeled AuNPs were purified by
ultra-filtration to remove any unreacted tricarbonyl precursor,
and recovered by redissolution in water. The purified BBN-Au-
DTDTPA-*™Tc were obtained with high radiochemical purity
(>95%), as assessed by TLC with MeOH/6 M HCI (95: 5) as the
eluent (Fig. 4). Only purified nanoparticles were used in the
stability and biological studies described below.

The in vitro stability of BBN-Au-DTDTPA-"’™Tc¢ was moni-
tored in the presence of different biologically relevant solu-
tions: NaCl 0.9% and PBS 0.1 M, at 37 °C. Additionally, chal-
lenge experiments were also performed for histidine and gluta-
thione (GSH), which are both small biomolecules that
are present in vivo. Histidine is a strong chelator towards the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) UV-Vis spectrum (8 x 1072 mg mL™), (b) hydrodynamic size and zeta potential values (H,O, pH = 6), and (c) TEM image with respective

size histogram for BBN-Au-DTDTPA.

BBN-Au-DTDTPA BBN-Au-DTDTPA-%"Tc

Scheme 2 Radiolabeling of BBN-Au-DTDTPA with ¢’ Ga.

fac[*°™Tc(CO),]" unit, and is commonly used to check the
kinetic inertness of Tc(i) tricarbonyl complexes in transchela-
tion processes.”®> GSH also presents metal coordination pro-
perties and, in addition, as mentioned previously, it can also
interfere with the Au-S and S-S bonds. Hence, we have con-
sidered that the GSH challenge experiments could give some
indications on the possible detachment of the DTDTPA
coating from the nanoparticles surface.

The in vitro stability of BBN-Au-DTDTPA-**™Tc was studied
by incubation in the presence of different biologically relevant
media at 37 °C during different intervals of time (0-24 h) and
by performing radio-TLC analysis at different time points. The
radio-TLC analysis was done using ITLC-SG plates with MeOH/
6 M HCI (95:5) as eluent. In this system, the radiolabeled
AuNPs remain at Ry = 0, while °*™Tc radiochemical species
released from the nanoparticle surface are expected to migrate
to the solvent front. The results obtained for the in vitro stabi-
lity studies are presented in Fig. 5.

This journal is © The Royal Society of Chemistry 2017

As shown in Fig. 5, BBN-Au-DTDTPA-"*"Tc¢ showed high
stability in the presence of 0.9% NacCl, 0.1 M PBS and 20 mM
histidine. More than 90% of the AuNPs remain labeled with
9™Tc even after 24 h incubation at 37 °C. By contrast, GSH
led to a very fast release of *™Tc; only ~40% of the radioac-
tivity is associated with the AuNPs for incubation times less
than 1 h (Fig. 5). Taking into account the well-recognized
affinity of histidine towards the [*°™Tc(CO),;]" core, these
results led us to consider that the GSH-mediated release of
99™Tc from BBN-Au-DTDTPA->’™Tc should not correspond to a
simple transchelation process.

To understand this in detail, we have performed HPLC ana-
lysis of the supernatant of the reaction mixture obtained by
incubation of BBN-Au-DTDTPA-"°™T¢ with GSH, at 37 °C and
for 4 h. Following incubation and prior to the HPLC analysis,
it was confirmed that most of the radioactivity (x67%) was
present in the analyzed supernatant. As shown in Fig. 6, the
obtained HPLC chromatogram displays an unresolved set
of peaks with the major ones having retention times (r.t.)
centered at 26 min. None of these peaks correspond to
fac[?*™Tc(CO);(H,0);]", which has a much shorter retention
time (r.t. < 10 min) when analyzed under the same analytical
conditions.

We have studied the labelling of GSH with the
[*°™Tc(CO),]" core to check trans-chelation processes from the
nanoconstruct coating to GSH. As can be seen in Fig. 6, the
reaction of fac-[**™Tc(CO);(H,0);]" with GSH was not complete
and led to a mixture of radioactive species. The HPLC chroma-
togram of the reaction mixture showed a major species with a
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Fig. 4 Radiochromatogram of purified BBN-Au-DTDTPA-°°™Tc. Analysis was performed in ITLC-SG using 6 M HCl/MeOH (5 : 95) as eluent. In this
system, BBN-Au-DTDTPA-°°"Tc remains at the application point (R; = 0) and [°*™Tc(H,0)s(CO)s]* shows R; = 1.
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Fig. 5 In vitro stability of BBN-Au-DTDTPA-°°™Tc in different biologi-
cally relevant solutions.

retention time of ca. 24 min, which is eluted before the predo-
minant radiochemical species that are formed in the reaction
of BBN-Au-DTDTPA-"*"Tc with GSH. These data show that the
GSH-mediated release of **™Tc from the AuNP surface does
not involve predominantly a ¢rans-chelation process,
suggesting a more probably detachment of the **™Tc-labelled
DTDTPA from the gold surface.

To validate the GSH mediated release of DTDTPA from
AuNPs we have studied the [*™Tc(CO);]-labeling of DTDTPA
(with no nanoparticles), and performed the HPLC analysis of
the complexes formed. The reaction of DTDTPA with fac-[*°™Tc
(CO)5(H,0);]" was run at 95 °C for 30 min., using a 2 mM
ligand concentration. Under these conditions, there was a
complete consumption of the tricarbonyl precursor with for-
mation of a mixture of *™Tc(1)-DTDTPA tricarbonyl complexes
with retention times in the range 24-26 min, as shown by

HPLC analysis of the reaction mixture (Fig. 6). DDTPA can act

8 | Dalton Trans., 2017, 00, 1-12
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Fig. 6 HPLC chromatograms of: (A) reaction of fac-[**™Tc
(CO)3(H,0)3]* with GSH (ca. 2 mM) at 100 °C for 30 min; (B) supernatant
of the reaction of BBN-Au-DTDTPA-?°"Tc with GSH at 37 °C for 4 h,
after separation of the nanoparticles by ultrafiltration; (C) reaction
of DTDTPA (ca. 2 mM) with fac-[*°™Tc(CO)s(H,0)s]* at 95 °C for 30 min;
*[99mTC(CO)3(H20)3]+-

as an ambivalent chelator towards the fac-[**™Tc(CO),]" core,
through the three carboxylic acid, three amine and even the
two thiol groups, which can justify the formation of different
complexes. The retention times of predominant °°™Tc(i)-
DTDTPA tricarbonyl complexes are almost coincident with
those exhibited by the major *™Tc(i) species released from the
reaction of BBN-Au-DTDTPA->™Tc¢ with GSH (see radioHPLC
traces (B) and (C) in Fig. 6).

Overall, these results indicate that in the presence of GSH
there is no dissociation of [**™Tc(CO);]" from the DTDTPA che-
lator, with subsequent trans-chelation to GSH. Most probably,
GSH promotes the release of DTDTPA-""Tc(CO); complexes

This journal is © The Royal Society of Chemistry 2017
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from the AuNPs by replacing the Au-S bonds involving
DTDTPA or, alternatively, by cleaving the S-S bonds from the
polymeric DTDTPA coating. Both possibilities are well docu-
mented in the literature and have been explored in several
instances to design GSH-mediated drug delivery systems.**
With our data, it is difficult to draw conclusions on preference.
However, we can presume that the cleavage of the S-S bonds is
more plausible, as these bonds at the outer surface of the
nanoconstructs are more exposed to GSH action than the
inner Au-S bonds are.

In vivo studies

Thereafter, we have investigated if the action of GSH that was
observed in vitro will also be translated in vivo, by performing
the following studies in normal CD1 mice: (i) biodistribution
studies of BBN-Au-DTDTPA-™Tc in comparison with
DTDTPA-*™T¢(CO); and fac-[>°™Tc(CO);(H,0);]", by gamma-
counting measurements; (ii) radio HPLC analysis of the urine
collected from mice injected with BBN-Au-DTDTPA-"*"Tc and
DTDTPA-**™T¢(CO)3; (iii) quantification of the gold content in
selected organs and tissues using NAA for comparison.

The mice were injected with BBN-Au-DTDTPA->’™Tc and
sacrificed at 1 h and 4 h p.i. Major organs were excised and
their radioactivity measured as detailed in the Methods
section. The results are presented in Fig. 7 and in ESI
(Table S17).

BBN-Au-DTDTPA-**™Tc¢ shows a fast blood clearance with a
decrease of the circulating activity from 1.1 + 0.1 to 0.4 + 0.1 %
ID g ' at 1 h and 4 h p.i., respectively. There is also a rather
fast rate of excretion being observed, with an overall excretion
of 50% at 1 h p.i. The retained activity is mainly in the organs
that are involved in excretory pathways, like the liver (4.2 + 1.0
%ID g~ at 4 h p.i.) and the kidney (31.3 + 4.8 %ID ¢” ", at 4 h
p.i.). This biodistribution profile clearly contrasts with that
exhibited by the fac[**™Tc(CO);(H,0);]" precursor (see
Fig. S27), which has a very slow blood clearance (12.0 %ID g~ "
at 1 h p.i) and a much lower rate of excretion (13.8 %ID)
reflecting most probably its reactivity and ability to interact
with blood proteins. These differences show that BBN-Au-

30 A E1lh
B4h

10 4

Fig. 7 Biodistribution results of BBN-Au-DTDTPA-°°"Tc in female
CD-1 mice showing organ and tissue uptake (expressed in %ID g~*) and
overall excretion at 1 h and 4 h after i.v. administration.
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DTDTPA-"*"Tc does not release the fac-[**™Tc(CO);]" in vivo by
transchelation processes to proteins or other biological
substrates.

BBN-Au-DTDTPA-**™T¢ has a fast overall excretion primarily
via urine. Therefore, we have analyzed the urine of a
CD-1 mice injected with these **™Tc-labeled nanoconstruct by
radioTLC (Fig. S31), in order to compare the chromatographic
behavior of the excreted °°™Tc-species with the injected
BBN-Au-DTDTPA-**™Te. Most of the **™Tc (~89%) migrated to
R¢ = 0.9 indicating that the radiometal was released in vivo
from the AuNP surface, as the injected BBN-Au-DTDTPA->"™Te
present Ry ~ 0.0 in the same chromatographic system (see
Fig. 4).

The urine of the mice injected with BBN-Au-DTDTPA-"™Tc
and with DTDTPA->*"Tc(CO); was analyzed by HPLC (Fig. 8, trace
A). The obtained HPLC radiochromatograms are almost super-
imposable and show a profile very similar to that of the injected
preparation of DTDTPA-">™T¢(CO); (see Fig. 8, trace B).
Altogether, these results indicate that [**™Tc(CO);]” remains co-
ordinated to DTDTPA and corroborate the in vivo release of the
DTDTPA coating, most probably through GSH-mediated processes
in agreement with the in vitro challenge experiments.

We have also evaluated the pharmacokinetics and biodistri-
bution of DTDTPA-**"Tc(CO); in the mice (see Table S27).
DTDTPA-**"T¢(CO); has a blood clearance (1.0 + 0.2 %ID g~
at 4 h p.i.) and overall rate of excretion (46.2 + 0.6 %ID at 4 h
p.i.) slower than BBN-Au-DTDTPA-*"Tc that presented 0.4 +
0.1 %ID g~' and 64.3 + 0.9 %ID values for the same time
point, respectively. One should not expect that both radio-
conjugates would present an identical biodistribution profile.
First, a small part of **"Tc is excreted associated with the
nanoparticles, ca. 10% according to the ITLC results (Fig. 8).
Second, the GSH-mediated release of DTDTPA-"*"Tc(CO);
must have its own kinetics and this can be expected to occur
more easily at a intracellular level, where the concentration of
GSH is highest.

Finally, we have compared the in vivo tracking of **™Tc and

Au following intravenous administration of BBN-Au-
rl
J‘f[ \
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N
il
4\ A ru \ W
by vt W/"‘ e Vs an P A A A N‘\f"\/‘ W W
MNWWWJJ
28 min

Fig. 8 HPLC radiochromatograms of urine samples collected at 1 h p.i.
from CD-1 mice injected with: (A) BBN-Au-DTDTPA-°°"Tc;
(B) DTDTPA-2°"T¢(CO)s.
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DTDTPA-™Tc by measuring the Au content of selected
organs and tissues (blood, liver and urine) by NAA analysis
(Fig. 9 and Table S37).

The comparison of the NAA (Au content) and gamma-
counting (**™Tc content) biodistribution results showed that
there are significant differences in the %ID g~ of both metals,
as follows: (i) the blood clearance observed for *™Tc is faster
than that of Au (%ID g~' (°™Tc)/%ID g~ (Au) = 0.37 at 4 h
p.i.); (ii) the liver uptake is higher and more prolonged for
9™ e than for Au (%ID g~ (**™Tc)/%ID g~ " (Au) = 2.85at 1 h
p.i.); (iii) the pancreas uptake is higher for Au than for
9™ e (%ID g~ (*°™Tc)/%ID g~* (Au) = 0.39 at 4 h p.i.). These
results show that Au and °°™Tc have independent kinetics,
which is consistent with the excretion of **™Tc in the form of
DTDTPA->*"Tc(CO); released from the AuNPs.

An important point is the difference in °°™Tc and Au
uptake in the pancreas, an organ with high GRPr density;** for
this reason, it is common to observe a high pancreatic uptake
for BBN derivatives.'®*® For instance, the group of Morales-
Avila et al. described AuNPs targeted at GRPr with a pancreatic
uptake as high as ~39.83 %ID g~' at 1 h p.i."° By contrast,
BBN-Au-DTDTPA-**™Tc displayed a negligible **™Tc-uptake in
the pancreas (maximum of 0.45 + 0.03 %ID g ' at 1 h p.i.)
(see Fig. 7 and Table S1t). This can be related to the tendency
of these AuNPs to release the [**™Tc(CO),;]" coordinated to

10
8 -
& 6] mih
e
s 2 B4h
2 o
0 T T T
Blood Liver Pancreas
B
3 -
.
g @1h
E m4h
2
® 1
-3
0 .
Blood Liver Pancreas
Fig. 9 (A) Uptake of Au in selected organs and tissues after BBN-Au-

DTDTPA-°"Tc (n = 2) in CD1 mice, injected via the tail vein. Data are
expressed as mean of percentages of injected dose per gram of tissue
(%ID g7Y); (B) ratio (%ID g~* of *°™Tc)/(%ID g~ of Au) for the selected
organs/tissues.
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DTDTPA monomers or oligomers, upon a probable GSH-
mediated release of the DTDTPA covering. The highest Au
content found in the pancreas might indicate the involvement
of GRPr-mediated specific uptake for the BBN-Au-DTDTPA
nanoparticles; however, this aspect was not investigated in the
present work.

Conclusions

A thioacetic acid-containing BBN derivative was successfully
conjugated to Au-DTDTPA nanoparticles to obtain BBN-Au-
DTDTPA, which displayed high affinity towards GRPr. These
nanoconjugates were efficiently labelled with the fac-[>*™Tc
(CO)5]" core and the radioactive label resisted, in vitro, trans-
chelation reactions with histidine, one of the most powerful
tridentate chelators towards this Tc(1) core. By contrast, GSH
promoted a fast in vitro release of the radiolabel; a detailed
in vitro and in vivo investigation proved that the release of the
radiolabel is due to the detachment of the DTDTPA coating
from the nanoparticle surface.

In an in vivo environment, GSH is very abundant and pre-
vious reports have demonstrated that GSH can lead to the
release of thiolated molecules from AuNPs, either by replace-
ment of Au-S bonds or cleavage of S-S bonds.'®'®***” Both
types of bonds are present in the BBN-Au-DTDTPA nanoconju-
gates and the results corroborate the effect of GSH on the
nanoconjugates. However, with our data it would be hard to
conclude which type of these bonds was directly involved in
the DTDTPA release.

In summary, our research showed that Au-DTDTPA nano-
platforms surface functionalized with a BBN analog retain
binding affinity towards GRPr overexpressed in PC3 prostate
cancer cells in vitro. This result proves the suitability of
Au-DTDTPA for functionalization with biomolecules aiming to
obtain target-specific nanoconstructs and suggests the judicial
use of the nanoconstructs for selective release of therapeutic
agents.
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