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ABSTRACT: Gold-nanoparticle (AuNP)-conjugated drugs represent a
promising and innovative antitumor therapeutic approach. In our study,
we describe the design, the synthesis, the preparation, and the
characterization of AuNPs conjugated with the pyrazolo[3,4-d]pyrimidine
derivative SI306, a c-Src inhibitor. AuNPs—SI306 showed a good loading
efficacy (65%), optimal stability in polar media and in human plasma, and
a suitable morphological profile: a {-potential of —43.9 mV, a
nanoparticle diameter of 48.6 nm, and a 0441 PDI value. The
antitumoral activity of AuNPs—SI306 was evaluated in vitro in the
glioblastoma model, by the low-density growth assay, and also in
combination with radiotherapy (RT). Results demonstrated that AuNPs
had a basal radiosensitization ability and that AuNPs—SI306, when used
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in combination with RT, were more effective in inhibiting tumor cell growth with respect to AuNPs and free SI306.
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lioblastoma (GBM) is an aggressive intracranial tumor
associated with high morbidity and mortality." It is one
of the most common brain tumors in adults and is
characterized by a high growth rate, invasion, and demand
for nutrients and oxygen, as demonstrated by frequent
evidence of abundant microvascularity and necrosis.” Approx-
imately 18% of reported brain tumors are GBM, with higher
incidence in men.” The prognosis is very poor, with a median
survival time expectancy of less than 1 year after the diagnosis
and a 5 year survival rate of 5%, correlated with fatal relapse
events.) The current standard treatment includes surgical
resection followed by concomitant radiotherapy (RT) and
temozolomide therapy, but these treatments are not able to
improve the prognosis as desirable.’” The major issues
associated with therapeutic failure are represented by the
selection of an effective molecular target and the penetration of
the blood brain barrier (BBB).® For these reasons, novel
therapeutic approaches are needed to improve the prognosis of
GBM patients, which still remains an unmet medical need.
Aberrant regulation of tyrosine kinases (TKs) has been
associated with different types of cancer, including GBM.” One
of the most studied and promising targets in GBM is the
protooncogene c-Src, a nonreceptor tyrosine kinase whose
inhibition by several agents is currently being evaluated in the
clinical phase. However, recent studies indicate that Src
inhibitors, such as dasatinib and bosutinib, are ineffective as
monotherapy in recurrent GBM.® The disappointing results
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obtained with monotherapy could be due to several factors,
including the poor pharmacokinetics and tumor heterogeneity,
but new effective drug combinations or innovative therapeutic
formulations are being studies to increase the brain
bioavailability and effectiveness also in association with
RT.”"" Regardless of these results, c-Src remains a promising
target based on its frequent upregulation in GBM tumor
patients and its key role in promoting cancer invasion.'""?

In this context, nanomedicine seems to be the most versatile
approach to design anticancer agent carriers, target delivery,
and tumor imaging systems, with the aim to overcome poor
biodistribution characteristics and therapeutic resistance
issues.” New technologies based on nanometer-sized particles
(nanotechnology) have been extensively investigated in the
past decade, and this approach shows potential advantages for
cancer diagnosis and treatment.'* Nanometer-scale particles
are able to better extravasate into brain tumor tissue due to the
enhanced permeability and retention (EPR) effect, allowing a
more efficient uptake of therapeutic molecules across the
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BBB." In particular, gold nanoparticles (AuNPs) have recently
received much attention as a potential tool in cancer treatment
and diagnosis due to their low toxicity,'® ideal contrast agent
properties for molecular computed tomography imaging,
unique X-ray attenuation properties,'” possibility of function-
alization with various chemotherapeutic agents'® or targeting
ligands, and ability to enhance the efficacy of RT in vitro and in
vivo."” Several clinical trials are being actively carried out for
the approval of AuNPs for cancer diagnostics and therapy. An
example is Aurimune (CYT-6091), AuNPs used as a vehicle
for the delivery of recombinant human tumor necrosis factor
alpha (thTNF) into tumors.”® Successful AuNP-mediated RT
therapy studies against GBM have been reported by several
research groups, highlighting an improved tumor response
thanks to the enhanced tumor biodistribution of payload
chemotherapeutics, radiation-induced BBB disruption, and
increaseﬂinmtumor perfusion reducing the hypoxic fraction of

Pyrazolo[3,4-d]pyrimidine derivatives, a promising class of
¢-Src TK inhibitors®* have been extensively studied by our
research group. They exhibited strong antiproliferative and
pro-apoptotic effects toward several cancer cell lines, includin,
neuroblastoma,”>*® chronic myeloid leukemia,”” and GBM.”
In particular, compound SI306 has shown a very good activity
profile against GBM, alone or in combination with RT, both in
vitro toward the U87 cell line and in vivo in both subcutaneous
and intracranial GBM (U87 cells) models. SI306 was able to
reduce the tumor mass volume by 40% when used alone and
by 80% in combination with RT.”® Nevertheless, the good
antitumor activity of these promising compounds is usually
associated with suboptimal aqueous solubility, which might
hinder their further development. Recently, a prodrug strategy
was applied with the aim of validating a novel and useful
approach to overcome the poor aqueous solubility that
characterizes this class of compounds.” The prodrug approach
we developed was successful in improving the in vitro
physicochemical and in vivo pharmacokinetic properties of
SI306, thus allowing the parent drug as well as its prodrug to
efficiently reach the brain.

To develop the prodrug design, we followed three steps:
First, the most suitable position of the pyrazolo[3,4-d]-
pyrimidine core to attach the prodrug linker was selected.
Then, the appropriate enzymatically cleavable linker and
solubilizing moiety were chosen. To design the most versatile
protocol, the secondary amine in the C4 position was selected
(Figure 1). Indeed, the NH group on the C4 position
represents an essential feature to create favorable interactions
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Figure 1. Structure of SI306 and the different portions of the
AuNPs—SI306 nanosystem.
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within the ATP binding site of TKs, as previously
demonstrated by structure—activity relationships (SARs) and
computational studies.’” A thorough literature review
suggested the O-alkyl carbamate moiety, easily cleavable in
vivo by plasma esterases, as a viable linker to connect the
secondary amino group at C4 with the solubilizing group.”**
Taking the water solubility issue into account, an N-
methylpiperazino moiety, protonated at physiological pH
(pK, 927 + 0.1)** and characterized by a high water solubility
(molar solubility 9.98 mol-L™!, pH 7), was chosen to increase
the water affinity of the prodrug in comparison with the
starting drugs.

Starting from these assumptions, in this work, pyrazolo[3,4-
d]pyrimidine-functionalized gold nanoparticles (AuNPs—
SI306 nanosystem) were designed and synthesized as a
potential agent for GBM treatment. After that, the AuNPs—
SI306 nanosystem was characterized and tested alone and in
combination with RT on the U87 GBM cell line (low-density
growth assay), highlighting promising results compared with
free SI306 and providing a novel effective nanotechnology to
be potentially used against this malignancy.

The AuNPs—SI306 nanosystem is constituted by different
portions, each designed to perform a determined function
(Figure 1): the pyrazolo-pyrimidine core (black), which is the
drug active against c-Src, AuNPs (yellow), which have been
demonstrated to be able to increase the efficacy of RT, and a
hydrolyzable linker (blue) that connects the drug and AuNPs
and that is required to allow the drug release at the tumor site.
On the basis of our experience in this field,” the O-alkyl
carbamate could be a suitable in vivo hydrolyzable group to
connect the secondary amine at C4 of the SI306 with the
AuNPs. The drug would then be released by enzymatic
hydrolysis to carry on its inhibitory activity, alone or in
combination with RT. The piperazino moiety (green) was
chosen for its solubility properties while also guaranteeing the
possibility of performing a one-pot two-step synthetic
approach (see later). To connect the piperazino moiety and
the AuNPs, another link portion is necessary. The selection of
the linker was based on two main aspects: first, the necessity of
having a disulfide bridge, required to bind the AuNPs, and
second, the availability of a moiety able to link the amino
group of the piperazine. On the basis of the literature, the a-
lipoic acid (red) is a common stabilizing agent and linker used
for the functionalization of AuNPs given the high affinity
between sulfur (S) and gold (Au). Consequently, a-lipoic acid
was chosen as the most suitable linker to connect the drug to
the AuNPs.”!

The synthesis and characterization of pyrazolo[3,4-d]-
pyrimidine compound SI306 were previously reported by
us.'” First of all, the synthetic approach to prepare the SI306-
linker/hydrolyzable function derivative (5) was set up and
developed in good yield, as summarized in Scheme 1.

Linker 2 was synthesized by a coupling reaction between the
a-lipoic acid and 1-(2-hydroxyethyl)piperazine using HOBt
and EDC as activating agents. The preparation of 5 was
performed by applying the one-pot, two-step synthetic
approach previously developed in our laboratory.”® The
reaction of compound 3 (SI306) with triphosgene generated
intermediate 4, bearing the carbonyl-chloride group on the
secondary amine at C4. The displacement of the chlorine using
the appropriate alcohol (linker 2) afforded the final product 5.

Different methodologies for preparing AuNPs are widely
reported in the literature®>° and provide the use of different
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Scheme 1. Preparation of SI306-Linker/Hydrolyzable Function®
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“Reagents and Conditions: (i) 1-(2-hydroxyethyl)piperazine, HOBt, EDC-HCl, CH,Cl,, rt, 12 h. (ii) NaHCO;, triphosgene, CH,Cl, dry, from 0

°C to rt, 6 h. (iii) Linker 2, CH,Cl, dry, rt, 72 h.

procedures and reagents. For our purpose, the Turkevich and
Frens method”” was chosen because of its compatibility with
the pyrazolo[3,4-d]pyrimidine core (Scheme 2; see the
Supporting Information for details).

Scheme 2. Preparation of AuNPs

HAuCly - 3H,0 + Na;CgHs0, - 2H,0 —R0miliQ o Ay NP

Other techniques that involve the use of NaBH, as a
reducing agent were, in fact, not compatible with our
molecules. On the contrary, the procedure we used
encompassed the use of water as the solvent and trisodium
citrate as the reducing and stabilizing agent. Furthermore, the
selected procedure allowed the preparation of AuNPs with the
right size (<30 nm).

Next, the following reaction of functionalization was
performed in H,O/DMSO 90:10 to guarantee the disulfide
bridge formation between AuNPs and S.

Finally, to eliminate and quantify the unbound 3, the AuNP
suspension was ultracentrifugated (Beckman Coulter Optima
L-90K; see the Supporting Information for details); after three
ultracentrifugation cycles, the AuNPs—SI306 pellet was
resuspended in water. The concentration of the compound
in the supernatant solution was determined by LC-UV/MS,
and the amount of AuNP-bound § was determined by the
difference between the total amount of initial 5 added and the
amount of 5 in the supernatants obtained during the
purification step. (LC-UV/MS methods are reported in the
Supporting Information.) Results showed a good loading
efficacy % (LE%) with a value of 65%. (For details, see the
Supporting Information.)

The successful functionalization was further confirmed by
spectrophotometric UV—vis analysis (Figure 2): A red shift of
~3 nm’’ of the maximum absorption wavelength between
AuNPs (530.78 nm) and the AuNPs—SI306 nanosystem
(533.01 nm) was recorded. In addition, usually, an absorption
maximum around 530 nm indicates a nanoparticle size of 40
nm.*® Moreover, the absence of peaks for high wavelengths
suggested that no agglomeration of particles takes place under
normal conditions.

Once the LE% was determined, bare AuNPs and AuNPs—
SI306 nanosystems were characterized for mean diameter,
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Figure 2. Spectrophotometric analysis in the UV—vis range (900—
400 nm) of AuNPs (red line) and the AuNPs—SI306 nanosystem
(blue line).

PD], and (-potential (Z-pot.) by dynamic light scattering
(DLS, Zeta Sizer Nano ZS90, Malvern Instruments, Malvern,
U.K.). Nanoparticles were dispersed in water and measured at
24 °C with a scattering angle of 90°. The particle diameter
should be in the 50—70 nm range to enhance the diffusion and
transport through the BBB and allow the nanosystem to reach
the brain,* improving the tumor penetration and retention.*’
Moreover, this diameter range strengthens the radiosensitiza-
tion effects of AuNPs.*

The Z-pot. is a stability indicator and offers a prediction
about the tendency of nanoparticles to form aggregates over
time: Values greater than +25 mV or less than —25 mV are
considered to be ideal.””

DLS measurements showed optimal results for the AuNPs—
SI306 nanosystem, with no remarkable differences from bare
AuNPs and revealing size and Z-pot. values of 48.6 nm and
—43.9 mV, respectively. Moreover, the PDI value of 0.441
demonstrated a relatively monodispersed particle population
(Table 1). These results suggest that the obtained nanosystem
could represent a promising anti-GBM platform, especially in
association with RT.*'~*

To probe the nanoparticle agglomeration state in the
presence of salts and proteins, UV—vis spectra have been
recorded upon the addition of NaCl or KCI (0.01 to 0.1 M
concentration range) or human serum albumin (HSA, 12.5, 25,
50 mg/mL) to the AuNP suspension. HSA and salts at lower
concentration did not affect the stability of AuNPs, and no
agglomeration took place. On the contrary, AuNPs showed a
visible color change from red to blue (example in Figure 3B,C)

https://dx.doi.org/10.1021/acsmedchemlett.9b00538
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Table 1. DLS Characterization of AuNPs—SI306 and Bare
AuNPs”

sample Z-pot. (mV) size (nm) PDI
AuNPs—SI306 —43.9 + 04 48.6 + 1.3 0.441 + 0.02
bare AuNPs —41.5 + 1.1 41.8 + 0.9 0.637 + 0.05

“Mean values + S.D. calculated from three independent experiments
(n = 3). For experimental details, see the Supporting Information.
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Figure 3. (A) Time-resolved UV—vis spectra of AuNPs (blue) and
AuNPs upon interaction with NaCl 0.1 M after 1 (red), S (green),
and 10 min (pink). (B) Aspect of AuNPs. (C) Aspect of AuNPs
immediately after NaCl 0.1 M addition.

upon the addition of salts at higher concentrations due to the
formation of aggregates, also highlighted by a red shift and
broadening of the surface plasmon band, as in Figure 3A,
which shows the spectrum of AuNPs upon the addition of
NaCl 0.1 M. (For more details, see the Supporting
Information.)

To avoid potential side effects as well as guarantee the
highest efficacy, the active compound SI306 should be released
from the AuNPs—SI306 nanosystem. To investigate this
aspect, the rate of plasma hydrolysis was evaluated in vitro.
First, the stability in polar media such as H,O, ACN, methanol,
DMSO, and PBS was evaluated by LC-UV/MS. The
determined half-lives (t,/,) resulted in being>48 h, confirming
the good stability of the AuNPs—SI306 nanosystem. This good
stability allowed us to run the subsequent studies. The
nanosystem was then incubated in human plasma at 37 °C, and
the release rate of SI306 was monitored by LC-UV/MS at
different time points over 24 h. As expected, good plasma
hydrolysis of the carbamate linker after 24 h was found (76%),
indicating the release of the antitumor compound by plasma
esterases via enzymatic hydrolysis.

Figure 4 shows the antiproliferative effects of the AuNPs—
SI306 nanosystem, the respective nonfunctionalized AuNPs,
and the free SI306 dissolved in DMSO evaluated alone
(orange bars) and in combination with RT (blue bars) at two
different final concentrations of SI306 (1 and 10 M) by cell
low-density growth assay using the U87 GBM cell line."* (For
materials and methods, see the Supporting Information.) In
Table 2, the reduction in cell viability % with respect to the
corresponding control (vehicle-associated or not with RT,
CNTRL) has been reported for all of the tested formulations.
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Figure 4. In vitro antiproliferative effect of AuNPs, SI306, and the
AuNPs—SI306 nanosystem. Results are expressed as the percentage
mean + SD (n = 3). A Bonferroni’s one-way multiple comparisons
test (ANOVA) was performed to test the significance of the observed
differences. * indicates statistically significant differences in group
“RT” (blue bars) versus CNTRL RT (**p < 0.01, ****p < 0.0001). §
indicates statistically significant differences in group “NO RT”
(orange bars) versus CNTRL NO RT (§§§p < 0.001, §§§§p < 0.0001).

Table 2. Mean Reduction % in Cell Viability + S.D. with
Respect to Corresponding CNTRL (RT or NO RT)“

samples RT NO RT
AuNPs 12.60 + 7.88 0
SI306 1 uM 1235 + 7.23 14.96 + 3.60
SI1306 10 uM 40.62 + 11.07 47.32 + 447
AuNPs—SI306 1 uM 22.57 + 12.07** 0
AuNPs—SI1306 10 uM 68.65 + 7.51%** 39.02 + 3.68

“Bonferroni’s one-way multiple comparisons test (ANOVA) was
performed. Asterisks mark significantly different values between RT
and NO RT in the row. **, p < 0.01. *** p < 0.001.

As expected, nonfunctionalized AuNPs, when not associated
with RT, did not provoke any mortality in cells, proving to be
safe. In addition, nonirradiated cell growth was inhibited
exclusively by free SI306 (10 uM) and AuNPs—SI306 (10
uM). However, because nonfunctionalized AuNPs did not
show any effect, it is likely that the inhibitory activity of
AuNPs—SI306 is due to the SI306 portion and not to AuNP
system. On the contrary, when combined with RT, non-
functionalized AuNPs were able to slightly reduce the
proliferation of U87 cells with respect to their corresponding
control (~13% reduction). Free SI306 has been proved to be
active in reducing the GBM cell viability, but RT did not
enhance its antiproliferative effect. Indeed, from the statistical
analysis reported in Table 2, significant differences between
free SI306 with or without RT have not been observed for
either 1 (12 and 15%, respectively) or 10 uM (40 and 47%,
respectively) concentration. However, the highest antiprolifer-
ative effect was achieved by the combination treatment with
the AuNPs—SI306 nanosystem (10 yM) and RT. This
combination resulted in a significant decrease in the number
of viable cells of ~70% with respect to RT alone.

In conclusion, in this work, we have reported the design,
preparation, and characterization of the AuNPs—SI306 nano-
system as a novel potential anticancer agent toward GBM.
AuNPs were prepared using the Turkevich and Frens method,
whereas the key compound $ was synthesized in good yield by
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exploiting a one-pot, two-step approach developed in our
laboratories.

The functionalization of AuNPs with compound § was
achieved (qualitatively confirmed by spectrophotometric
analysis) with a 65% loading efficacy (quantitatively confirmed
by LC-UV/MS analysis) after the disulfide bridge formation
between AuNPs and 5. The characterization of the nanosystem
showed an optimal stability and morphology profile: t,,, in
polar media >48 h, release of 76% of the active compound
SI306 when incubated with human plasma, Z-pot. of —43.9
mV, nanoparticle diameter of 48.6 nm, and 0.441 PDI value.
Moreover, a biological assay with the U87 cell line has proved
an effective antiproliferative activity of the association between
the AuNPs—SI306 nanosystem and RT that was significantly
higher than the effect of SI306, AuNPs, and RT alone.

Taken together, the results described in this work reflect the
promising properties of the molecule SI306 when developed as
a AuNP nanosystem toward GBM. This strategy might allow
us not only to exploit the synergy of RT with both a gold
platform and the pyrazolo[3,4-d]pyrimidine compound but
also to overcome the problems related to tumor localization
and the pharmacokinetic issues related to the poor solubility of
SI306.

Our results offer a promising rationale for the further
development of the AuNPs—SI306 nanosystem and for
experimental confirmation in different cancer models.
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