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ABSTRACT

Vanadium complexes are intensively tested for anti-cancer activities, particularly for the novel treatment pro-
tocols involving injections of cytotoxic compounds directly into the tumor. This approach is increasingly applied
to difficult-to-treat cancers, such as pancreatic cancer. The first study of in-vitro anti-cancer properties of a rare
stable non-oxido V(V) complex, (NH4)[V(dtbc)s], where dtbcH, is 3,5-di-tert-butylcatechol, was performed by a
combination of end-point viability assays and real-time (IncuCyte) proliferation and cytotoxicity assays in
human pancreatic cancer (PANC-1) cells. An improved synthetic procedure led to a nearly quantitative yield of
the complex under ambient conditions. Reactions of (NH4)[V(dtbc)s] either in polar organic solvents or in
neutral aqueous media led to the formation of V(V)-oxido-catecholato intermediates (characterized by elec-
trospray mass spectrometry) that were responsible for its anti-proliferative and cytotoxic (apoptotic or necrotic)
activity (ICso, 3.5-18 uM 'V in 72 h assays). These results demonstrate the link between solution speciation and
biological activity of V complexes. Reaction of (NH4)[V(dtbc);] with human serum albumin (HSA) in aqueous
media led to the formation of protein-bound V(V) oxido-catecholato species that showed high anti-proliferative
activity (ICso ~10 uM V) combined with low cytotoxicity. Formation of HSA adducts of hydrophobic V com-

plexes, such as (NH4)[V(dtbc)s], is a promising way to achieve their sustained delivery to cancer tumors.

1. Introduction

Diverse biological activities of V(IV) and V(V) complexes, particu-
larly their anti-diabetic and anti-cancer (including anti-mutagenic [1])
properties, have been actively studied over the last three decades [2—-6].
Pancreatic cancer is one of the most difficult cancers to treat [7,8], and
there is considerable interest in developing new pancreas-specific che-
motherapeutic agents, including V complexes [9,10]. The main pro-
blem that has hampered the introduction of V-based drugs into clinical
practice is the complicated ligand-exchange and redox chemistry of V
under biologically-relevant conditions [11-13], which leads to low
stability of typical medicinal V complexes in biological media [14,15]
and their unpredictable pharmacokinetics [16-19]. Recently, the Crans
and Lay groups have suggested that the low stability of V complexes in
biological media can be turned into advantage for the use in in-
tratumoral injections for difficult-to-treat cancers, including pancreatic
cancer [7,8]. Namely, a V(V) monooxido complex that contained a
tridentate Schiff base (N-(salicylideneaminato)-N’-(2-hydroxyethyl)
ethane-1,2-diamine) and a bidentate 3,5-di-tert-butylcatecholato ligand
(1 in Chart 1) [20,21] survived long enough in cell culture medium to
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enter cultured human cancer cells intact and cause high cytotoxicity,
while its decomposition products in the medium were less toxic [21],
which is expected to reduce the systemic toxicity of 1 after its release
into the blood stream (A. Levina, D. C. Crans, P. A. Lay et al., manu-
script in preparation). The enhanced stability of 1 in biological media
was due to the steric hindrance of ‘Bu groups, since the same complex
with unsubstituted catechol decomposed within seconds under the
conditions of cell assays [21]. Notably, a tris-catecholato V(V) complex,
[V(dtbc)s]1™ ((where dtbc = 3,5-di-tert-butylcatecholato(2-)); 2 in
Chart 1) formed during the decomposition of 1 in neutral aqueous so-
lutions (identified by mass spectrometry and electronic absorption
spectroscopy) [22] and persisted longer than 1 under these conditions
(A. Levina, unpublished observation).

Compound 2 was probably the first isolated non-oxido V(V) com-
plex [23], characterized by X-ray crystallography in 1986 [24]. Al-
though non-oxido V(V) complexes are rare [25,26], they came into
prominence recently, particularly as catalytic intermediates in water
oxidation catalyzed by amavadin (a natural non-oxido V(IV) complex)
and its synthetic analogues [27]. Detailed experimental (X-ray ab-
sorption spectroscopy) and computational studies of charge distribution
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Chart 1. Typical structures of V-catecholato complexes with in vitro anti-cancer activities: a Schiff base-catecholato-oxido V(V) complex 1 [20,21]; a tris-catecholato
V(V) complex 2 (studied in this work) [22-24]; and a tris-catecholato V(IV) complex 3 [31].

between V(V) center and the ligands in 2 have been performed by our
group [22]. Complex 2 is among the intermediates that are likely to
form during V(V)-catalyzed oxidation of 3,5-di-tert-butylcatechol by O,
(a model of catechol dioxygenase enzymes) [28,29]. Insulin-mimetic
activity of a related complex, [V'V(cat)3]?>~ (where cat = catecholato(2-
)), in cell culture systems was linked to its hydrolysis and oxidation with
the formation of V(IV) and V(V) oxido species [30]. To our knowledge,
the anti-cancer activity of 2 has not been studied previously [15], al-
though encouraging results have been obtained for a non-oxido V(IV)
complex with catechol-modified 3,3’-diindolylmethane (3 in Chart 1)
[31] and for V(IV)-oxido-catecholato complexes with flavonoid ligands
[32,33]. In this work, we present an improved synthetic method for 2
and a detailed study of its reactivity under cell culture conditions, in
conjunction with proliferation and cytotoxicity assays in human pan-
creatic cancer (PANC-1) cells. Formation of an adduct of 2 with human
serum albumin (HSA) is proposed as a convenient way of delivery of
cytotoxic V(V) to pancreatic tumors.

2. Experimental
2.1. Materials

Analytical grade (> 99% purity) reagents and HPLC grade solvents
from Sigma-Aldrich or Merck were used without further purification,
and water was purified by the Milli-Q technique. Trace pure HNO;
(69% w/v in H,0) and HCI (37% w/v in H,0) from Merck were used for
digestion of samples for V determination by graphite furnace atomic
absorption spectrometry (GFAAS), and certified V standard solution
(Aldrich 18399) was used for GFAAS calibration. Human serum al-
bumin (Sigma A3782) was used for the preparation of adduct with 2.
Pre-sterilized media and sterile plasticware used in cell culture were
purchased from Life Technologies Australia. PANC-1 (epithelioid car-
cinoma of the pancreas) cells were purchased from American Type
Culture Collection (ATCC, Cat. No. CRL-1469).

2.2. Instrumentation and software

Solution NMR spectra were recorded at 300 K on a Bruker Avance
400 MHz spectrometer. >'V NMR spectra were collected at 26.35 MHz
[34] in the —1000 to 500 ppm spectral window (2560 scans; total scan
time, 23 min), and were externally referenced using 100 mM Na3VO,
solution in 1.0 M NaOH ([VO,4]>~ signal at —541 ppm) [34]. 'H NMR
spectra were collected in the —10 to 15ppm spectral window (16
scans, 2min) and were internally referenced to the solvent peak (de-
DMSO, 2.50 ppm, where DMSO is dimethyl sulfoxide) [35]. Determi-
nations of V content in solid 2, 2-HSA adduct and cell culture media
were performed on an Agilent Technologies series 200 GFAAS spec-
trometer, equipped with Zeeman background correction.

Low resolution electrospray ionization mass spectrometry (ESI-MS)
data were collected on a Bruker amaZon SL spectrometer, using the
following parameters: nebulizer pressure, 27.3psi; spray voltage,
4.5kV; capillary temperature, 453K; N, flow rate, 4Lmin"'; m/z
range, 100-1000 (alternating positive- and negative-ion modes).

Analyzed solutions (5.0 uL) were injected into a flow of MeOH (flow
rate, 0.30 mL min~'). Acquired spectra were the averages of 100-200
scans (scan time, 10 ms). Simulations of the mass spectra were per-
formed using IsoPro software [36]. High resolution negative ion ESI-MS
was performed on a Bruker Solarix 2XR 7 T Fourier transform ion cy-
clotron resonance mass spectrometer via syringe infusion at 120 uL per
hour. The transient length was 2M and acquired in 2-w mode and the
Fourier transform was performed in adsorption mode. The instrument
was externally calibrated from 300 to 2000 m/z prior to analysis, and
the isotopic patterns were simulated using Bruker Compass Data Ana-
lysis 5.0 software. Elemental (C, H, N) analysis were performed by the
microanalytical services of Macquarie University (Sydney, Australia)
and University of Otago (New Zealand).

Solution X-band (9.66 GHz) EPR spectra of decomposition products
of 2 (10 mM in DMF, where DMF is N,N-dimethylformamide) or of a
reference V(IV) compound, VOSO45H,0 (10 mM in H,0) were col-
lected at 295 K using a Bruker EMX Nano spectrometer, equipped with
internal NMR gaussmeter and microwave frequency meter. Solutions
were placed inside glass capillaries (length, 10 mm, internal diameter,
1 mm), using a Hamilton syringe. The capillaries were sealed from the
top with vacuum grease and placed inside a quartz EPR tube (Bruker).
The spectra were acquired at 3480 G center field; 2000 G sweep width,
2.5mW microwave power, 100kHz modulation frequency, 5.0G
modulation amplitude, and 60 s scan time.

Electronic absorption (UV-vis) spectra were collected on a Hewlett-
Packard HP 8452 A diode-array spectrometer (A = 300-820 nm; re-
solution, 2nm; integration time, 0.20s), equipped with HP89090A
Peltier temperature controller. Circular dichroism (CD) spectra were
collected on a Jasco 710 spectropolarimeter (spectral range,
300-800 nm; resolution, 1.0 nm, integration time, 0.25 s; average of 20
scans). The pH values of aqueous solutions were checked immediately
before use with Activon 210 ionometer that was equipped with AEP
321 glass/Ag/AgCl electrode and calibrated daily using standard pH
solutions (Aldrich).

Real-time cell proliferation and cytotoxicity data were collected
using Essen Bioscience IncuCyte Zoom imaging system [37] that was
placed inside a cell culture incubator (310 K, 5% CO-). For all IncuCyte
experiments, images were collected every 2h for 96 h, using x 10 ob-
jective. Green and red fluorescence acquisition times were 0.40s and
0.80s, respectively. Image analyses were performed with IncuCyte
software [37], using the following parameters: cell over background
threshold, 1.0; minimal object size, 300 um?; green threshold, 2.0; red
threshold, 0.5; 5% of green fluorescence removed from the red channel.
Absorbance measurements at 450 nm for WST-8 cell viability assays
[38] were performed on a Victor V3 multi-well plate reader. Plotting
and statistical analysis of cell culture assay results were performed
using Origin software [39].

2.3. Synthesis and characterization of 2

The complex was synthesized by a modified literature procedure
[23]. Ammonium metavanadate (NH,VO3, 50 mg, 0.42 mmol) and 3,5-
di-tert-butylcatechol (dtbcH,, 285mg, 1.28 mmol) were dissolved in
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HPLC grade acetonitrile (MeCN, 12 mL), and the solution was stirred for
20 h at 295K under ambient air atmosphere. The resultant dark blue
precipitate was separated by vacuum filtration, washed with cold
MeCN, and dried under vacuum over silica gel for 48 h at 295K. Yield,
279mg (91%). Vanadium content (GFAAS): (7.1 = 0.2)% mass.
(n = 3), calc. 7.00%. 'H NMR (10 mM in dg-DMSO): § 1.18 and 1.22 (s,
*Bu groups, 18H); § 6.15 and 6.44 (s, Ph ring, 2H). >'V NMR (10 mM in
d¢-DMSO): § —255. High resolution ESI-MS (~50 M in MeCN): m/
z = —711.38387 (calculated for C45HgoOgV, 711.38350). UV-vis
(50 UM in DMF): Apax = 630NM, emax = 1.4 X 10*M " 1em ™! (Lit.
14.7 x 10°M~'em ™! at 630 nm in MeCN) [22].

2.4. Isolation and characterization of human serum albumin (HSA) adduct
of 2

A solution of 50 mg HSA (MW = 66 kDa, 0.757 umol) in Milli-Q
H,0 (0.80 mL) was mixed with a solution of 2 (0.89 mg, MW = 729 Da,
1.22 ymol V) in DMSO (0.12 mL). The resultant dark blue solution was
immediately loaded on a 3 kDa membrane filter (Pall Life Sciences) and
centrifuged at 14,000g for 15 min at 277 K, to remove low molecular
mass components. The residue on the filter was washed with Milli-Q
H,0 (1.0 mL; 14,000¢ for 15 min at 277 K), then dissolved in ~0.10 mL
H,0 and freeze-dried (217 K and 0.5 mbar for 16 h). The resultant blue
solid was stored desiccated over silica gel at 277 K. For the determi-
nation of V content, three aliquots of the freeze-dried sample (~1.0 mg,
weighed with 0.01 mg precision) were digested with trace pure HNO3
(69% w/v; 0.20mL) and diluted with 0.10M HCI (trace pure) to
~10uMV for GFAAS analysis. The V content (24 * 2nmol V per mg
protein) corresponded to quantitative V-protein binding. UV-vis
(0.24 mM V in Hy0): Amax = 660 N1M; £max = 2.1 X 10°M ™ 1em ™1

2.5. Cell culture, proliferation and cytotoxicity assays

The PANC-1 cells were cultured using standard techniques [40] in
Advanced DMEM (Thermo Fisher 12491-015; DMEM is Dulbecco's
modified Eagle's minimal essential medium), supplemented with t-
glutamine (2.0 mM), antibiotic-antimycotic mixture (100 UmL ™' pe-
nicillin, 100 mg mL ™! streptomycin and 0.25 mg mL ™' amphotericin B)
and foetal calf serum (FCS; heat-inactivated; 2% vol). For proliferation
and cytotoxicity experiments, cells were seeded in 96-well plates at an
initial density of (1-2) x 10° viable cells per well in 100 pL medium
and left to attach overnight.

Stock solutions of 2 (10 mM in DMF) were either prepared on the
day of experiments (fresh solutions) or stored for two weeks at 295K
prior to the experiments (aged solutions, see Results). Stock solutions of
NazVO,4 (10 mM in H,0) or dtbcH, (30 mM in DMF) were prepared on
the day of experiments. Solutions of 2-HSA adduct were prepared by
dissolving the solid in fully supplemented cell culture medium, which
was then sterilized by membrane filtration (0.20 uM pore size). Stock
solutions of the treatment compounds were diluted with fully supple-
mented cell culture media to the required final concentrations, and the
resultant media were either added to the cells within 1 min (fresh so-
lutions), or left in cell culture incubator (310 K, 5% CO,) for 24 h prior
to the cell treatments (equilibrated solutions). Concentrations of V in
cell culture media were verified by GFAAS and were within 10% of the
expected values. Each treatment included six replicate wells and two
background wells that contained the same components except the cells.

For endpoint assays, the plates were incubated for 72 h at 310 K and
5% CO,, then WST-8 reagent [38] (10 uL per well) was added, and
incubation was continued for 6 h, followed by absorbance measure-
ments at 450 nm. Typically, the treatment compounds were applied in a
series of five two-fold dilutions, starting from 80 uM V, plus the vehicle
control, and the ICso values were calculated using Origin software [39].
Similar techniques were used for real-time (IncuCyte Zoom) prolifera-
tion assays, but the treatment compounds (fresh or pre-equilibrated
with the medium) were applied at 10 uM V concentrations. Real-time
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cytotoxicity (apoptosis and cell death) was followed by IncuCyte Zoom
in the presence of Caspase 3/7 Green (3.0 uM) [41] and Cytotox Red
(0.30 uM) [42] fluorescent dyes that were added to cell culture medium
immediately before the measurements.

For all the cell assays, consistent results were obtained in at least
two independent experiments, using different passages of cells and
different stock solutions of the treatment compounds.

3. Results and discussion
3.1. Synthesis and characterization of 2

The first reported synthesis of [V(dtbc)s]~ by the reaction of
NH4VO; with excess dtbcH, in MeOH/Et3N led to a low yield of the
product (16%) [23]. Subsequently, [V(dtbc)s;]~ was synthesized either
by the reaction of [V(CO)e]~ with 3,5-di-tert-butyl-1,2-benzoquinone
(dtbq) [24], or by the reaction of [VO(acac),] (acac = 2,4-pentane-
dionato(—)) with dtbcH, in the presence of EtsN [22]. Both reactions
required the use of dry solvents and inert atmosphere. By contrast, we
found that the reaction of NH,VO3 with three molar equivalents of
dtbcH, in MeCN under ambient conditions led to precipitation of (NHy4)
[V(dtbc)s] (2, dark blue solid) [22-24] with near-quantitative yield
(Eq. (1), see Experimental for details):

NH,VO; + 3 dtbcH, — (NH,)[V(dtbc)s] + 3 H,O (MeCN, 20 h at 295 K).
(€)]

'H NMR spectroscopic data on 2 (10mM in dg-DMSO; Fig. la—c)
showed neat replacement of the signals of aromatic and aliphatic (‘Bu
groups) protons of the ligands with the corresponding signals due to the
V(V) complex. While the single set of both the ‘Bu and aromatic proton
signals are indicative of a pure fac isomer in solution, they are broader
in the complex than the free ligand, which may be indicative of an
equilibrium between the fac and mer isomers that isomerize on a
comparable timescale as the NMR timescale. Broadening due to cou-
pling with 'V nucleus would be expected to be different for the dif-
ferent proton environments, which does not appear to be the case, but
variable temperature NMR would be required to detect the presence of
isomers. >'V NMR spectroscopic data from the same solution (Fig. 1d)
showed the main signal at — 255 ppm, which was consistent with V(V)
tris-catecholato complexes [43], and an additional signal at —510 ppm,
which was due to V(V) oxido-catecholato species (a mixture of cis and
trans isomers is likely) [34] that are formed during the reactions of 2
with trace H,O and O, in dg-DMSO solutions (see below). Close in-
spection of the >'V NMR signal at —255 ppm showed that there were
two peaks (inset in Fig. 1d), which was consistent with both the fac and
mer isomer being present in solution. Low resolution ESI-MS data for a
freshly prepared solution of 2 (50 uM in DMF/MeOH; Fig. 2a, b and
Table 1) showed a clean signal of the parent complex ([V(dtbc)s] ~, m/
z = —711) [22] in the negative mode, as well as its Na* adducts and a
trace of oxidized ligand (dtbq) in the positive mode. The identity of the
m/z = —711 signal has been confirmed by high-resolution ESI-MS (Fig.
S1 in Supplementary Information). Electronic absorption (UV-vis)
spectroscopy of the same solution showed a strong signal at
Amax = 630 1M, £max = 1.4 X 10*M ™' em ™! (line (1) in Fig. 3a), which
is consistent with literature data for [V(dtbc)s]~ [22,23]. Repeated C,
H, N analyses of the solid 2 resulted in significantly lower than expected
C content, possibly due to the formation of V carbides during the
thermal decomposition of the complex [44].

3.2. Reactivity of 2 in organic solvents and in neutral aqueous solutions

ESI-MS data for 2 under biomimetic conditions of pH and con-
centrations (50 yM V in 10 mM aqueous NH,HCO3/MeOH, pH 7.5) [45]
showed significant hydrolysis of [V(dtbc)s]~ within 30 min at 295K
with the release of free ligand and the formation of [VO(dtbc),] ™
(Fig. 2¢, d and Table 1). The corresponding UV-vis spectrum (line (2) in
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Fig. 1. Comparison of NMR spectra of (NH4)[V(dtbc)s] (2) and the free ligand (fresh solutions in dg-DMSO; 10 mM 2 or 30 mM dtbcH,): (a) overview of 1H NMR
spectra; (b) protons of the ‘Bu groups; (c) protons of the phenyl rings; and (d) 5y NMR spectrum of 2. Solvent peaks in (a) were assigned according to literature data

[35].

Fig. 3a) was consistent with the presence of a mixture of [V(dtbc)s] ™~
and hydrolysis products. Aqueous solutions used in Fig. 2¢, d were
obtained by dilution of freshly prepared stock solution of 2 in DMF
(10 mM, dark-blue). If this solution was left to stand under ambient
atmosphere at 295 K, its color gradually changed from blue to green to
yellow within two weeks (Fig. S2 in Supplementary Information). Si-
milar time-dependent spectral changes occurred for a 10 mM solution of
2 in DMSO (Fig. S2). ESI-MS of an aged (two weeks at 295 K) solution of
2 in DMF, diluted with MeOH to 50 uM 'V (Fig. 2e, f and Table 1),
showed the formation of V(V) oxido-catecholato complexes ([VO
(dtbc),] ™ and [VO(dtbc)(OMe),] ), as well as of the oxidized ligand
(dtbq). These changes corresponded to the formation of an absorbance
band at A,.x = 390 nm in UV-vis spectra (line (3) in Fig. 3a). Similar
reactions occurred during the V(V)-catalyzed oxidation of dtbcH, by O,
in organic solvents [28,29]. No detectable amounts of V(IV) species
[46] or semiquinone radicals [28] were observed in decomposed so-
lution of 2 (10 mM in DMF) by EPR spectroscopy (Fig. S3 in Supple-
mentary Information).

3.3. Characterization of 2-HSA adduct

Reaction of a concentrated aqueous solution of HSA with 1.6 molar
equivalents of 2 resulted in quantitative V binding to the protein (see
Experimental for details). The blue color of the freeze-dried adduct and
its V content (determined by GFAAS) did not change for at least six
months when stored desiccated at 277 K. A concentrated solution of the
2-HSA adduct (10 mg mL ™! protein, 0.24 mM V) in phosphate buffered
saline (PBS; 150 mM NaCl, 20 mM phosphate, pH 7.4) showed char-
acteristic absorbance of V-catecholato complexes at A,.x ~660 nm (line
(1) in Fig. 3b), but its intensity was ~15% of that for the fresh solutions
of 2 in organic solvents (emax = 2.1 X 10°M~'em™1). These data
suggest that [V(dtbc);]™ was partially hydrolyzed during isolation of
the HSA adduct and/or during its re-dissolution in PBS. The same so-
lution showed a weak but significant CD signal at ~650 nm (line (2) in
Fig. 3b), which confirms that V-dtbc species interacted with the chiral
environment of HSA. A weak CD signal (Fig. 3b) is consistent with
predominantly non-covalent 2-HSA binding, most likely due to the
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______________ 711 Fig. 2. Typical low-resolution ESI-MS data for 2 and its
decomposition products (see Table 1 for assignment of
4 a : the major signals and Fig. S1 for high-resolution data).
: Reaction conditions: (a) freshly prepared 10mM 2 in
I DMF, diluted 200-fold with MeOH, negative ion mode;
24 (b) same as (a), positive ion mode; (c) freshly prepared
10mM 2 in DMF, diluted 100-fold with 10 mM aqueous
NH4HCO;3 (pH ~7.5), then immediately diluted 2-fold
0 \ with MeOH, negative ion mode; (d) freshly prepared
T — — T ) 10 mM 2 in DMF, diluted 100-fold with 10 mM aqueous
200 400 600 800 1000 NH4HCO3 (pH ~7.5), reacted for 30 min at 295K, then
b diluted 2-fold with MeOH, negative ion mode; (e) 10 mM
10 +1 57— 2 in DMF, aged for 14 days at 295 K, then diluted 200-fold
735 with MeOH, negative ion mode; (f) same as (e), positive
+ ion mode. The inset in (a) shows experimental (line) and
351 simulated [36] (dots) isotopic distribution for the main
+243 signal.
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interactions of lipophilic dtbc ligands with the hydrophobic binding
pockets of HSA [47,48].

3.4. Effects of 2, 2-HSA and their decomposition products on PANC-1 cell
viability

Conditions for testing the anti-proliferative activity of 2 in PANC-1
cells (Table 2) were designed based on its reactivity studies in organic
solvents (used for preparation of stock solution for cell assays) [14] and
in neutral aqueous media (Figs. 2 and 3). Like our studies with other V
complexes [21,45], the effect of 2 that was freshly added to cell culture

medium was compared with that of 2 equilibrated with cell culture
medium for 24h at 310K and 5% CO, before the addition to cells
(conditions 2 and 3 in Table 2). Equilibration conditions were chosen
based on the results of X-ray absorption spectroscopic studies of typical
biologically relevant V(V) and V(IV) complexes [49], which showed
their convergence into the same mixtures of predominantly five-co-
ordinate V(V) (~75%) and six-coordinate V(IV) species under these
conditions. Studies on 2 that was aged in DMF stock solution for two
weeks prior to the addition to cell culture medium were also performed
(conditions 4 and 5 in Table 2), since such aging significantly changed
V speciation (Figs. 2e, f and 3a). Dissolution of the solid 2-HSA adduct
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Table 1

Assignment of ESI-MS signals (Fig. 2).
m/z* Assignment”
—-221 dtbcH ™
+243 dtbgNa™
—303 [V(0),(dtbe)] ™
—349 [VO(dtbc)(OMe),] ~
—443 dtbcH,-dtbeH ™
+463 2dtbg:-Na™
—-507 [VO(dtbc),] ~
—-711 [V(dtbe)s]
+735 [V(dtbc)s]~ H**Na*
+757 [V(dtbc)s] ~-2Na™

# The m/z values correspond to the most abundant
peaks in the isotope distribution (Fig. 2). ESI-MS con-
ditions are listed in the Experimental Section.

b Designations: dtbcH, = 3,5-di-tert-butylcatechol;
dtbq = 3,5-di-tert-butyl-1,2-benzoquinone.

a 2 (50 pM) under ESI-MS conditions
0.8 (1) Figure 2a,b
- - -(2) Figure 2¢
—o— (3) Figure 2e,f
064 (3) Fig
0.4+
0.2
€
o
~ 0.0 T T .
I 300 450 600 750
§ 2-HSA (10 mg mL™"; 0.24 mM V) in PBS
® 0.6 1 -5
£ (1) UV-vis
9 0O
a ——(2)CD o
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Fig. 3. Typical electronic absorption (UV-vis) and circular dichroism (CD)
spectra for 2 and its decomposition products at 295K: (a) UV-vis spectra of
dilute solutions of 2 (50 uM), prepared identically to those used in ESI-MS
(Fig. 2 and Table 1); and (b) UV-vis (line (1)) and CD (line (2)) of a freshly
prepared concentrated solution of 2-HSA adduct in PBS. The CD spectrum
(average of 20 scans) was normalized against a spectrum of PBS blank, recorded
under identical conditions.

in cell culture medium either immediately or 24h before the cell
treatment (conditions 6 and 7 in Table 2) was studied as an alternative
to using stock solutions of 2 in organic solvents. Separate addition of V
(V) (NazVOy,4) and dtbcH, (three molar equivalents to V), followed by
24 h equilibration, was used to model the decomposition products of 2
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Table 2
Conditions of cell viability assays for 2 and its decomposition products in
PANC-1 cells.

Cond.? Reagent Medium” ICso, UM®

1 Vehicle control Fresh -

2 2, fresh stock® Fresh 18 + 4

3 2, fresh stock® Equil. 17 + 4

4 2, aged stock’ Fresh (3.5 + 0.8)"*
5 2, aged stock’ Equil. 16 = 4

6 2-HSA® Fresh (9.5 = 2.5)*
7 2-HSA® Equil. 17 = 4

8 NazVO," + 3eq. dtbcH,' Equil. 15 = 3

9 NazVo," Equil. (26 + 5)*
10 dtbcH,' Equil. (66 + 11)=*

@ Designations of experimental conditions correspond to those used in
Figs. 4-6 and S4-S7.

> Mode of addition of the reagents to cell culture medium: Fresh = freshly
added to the medium (within 1 min before treating the cells); Equil. = pre-
equilibrated with cell culture medium for 24 h at 310K and 5% CO, before
treating the cells.

¢ Concentration of the treatment (uM) that caused 50% decrease in cell
viability after 72 h treatment (determined by WST-8 colorimetric assay; see Fig.
S4 for details) [38]. The data are the mean values and standard deviations of six
replicate wells. One or three stars designate statistically significant differences
(P < 0.05 or P < 0.001, respectively; one-way ANOVA) [39] compared with
condition 2.

4 DMF (0.20% vol.) in cell culture medium; the same amount of DMF was
present under all the experimental conditions.

¢ Stock solution (10 mM V in DMF) was prepared within 1h before the ad-
dition to cell culture medium and had dark blue color (A ax = 630 nm, line (1)
in Fig. 3a).

f Stock solution (10 mM V in DMF) was kept for two weeks at 295K before
the addition to cell culture medium and had yellow-green color
(Amax = 390 nm, line (3) in Fig. 3a).

& Isolated solid (see Experimental Section) was directly dissolved in cell
culture medium, followed by sterile filtration, DMF (0.20% vol) was added
separately to cell culture medium.

" Stock solution (10mM V in sterile H,0) was prepared on the day of the
experiment; DMF (0.20% vol) was added separately to cell culture medium.

! Stock solution of dtbcH, (30 mM in DMF) was prepared on the day of the
experiment.

in cell culture medium (condition 8 in Table 2) [14,15]. For compar-
ison, either Na3VO, or dtbcH, were added alone and equilibrated with
cell culture medium (conditions 9 and 10 in Table 2). All the conditions
(Table 2) included the same amount of organic solvent (0.20% vol.
DMF), which did not have a significant effect at cell growth at this
concentration [50].

Concentration-dependent changes in the PANC-1 cell viability under
the conditions listed in Table 2 (72h incubation, WST-8 colorimetric
assay) [38] are shown in Fig. S4, Supplementary Information, and the
corresponding ICs, values are listed in Table 2. Most notably, aging of 2
in DMF solution led to five-fold increase in anti-proliferative activity
compared with a fresh solution of 2 in DMF, when both solutions were
freshly added to cell culture medium (conditions 2 and 4 in Table 2).
There was also nearly two-fold increase in activity for 2-HSA that was
freshly dissolved in cell culture medium, compared with freshly added
solution of 2 in DMF (conditions 2 and 6 in Table 2). There was no
significant difference in activity of V-containing treatments that were
equilibrated with cell culture medium (conditions 3, 5, 7 and 8 in
Table 1), except for a slightly lower effect of Na;VO, alone (condition 9
in Table 2). By contrast, the ligand alone had much lower activity
(condition 10 in Table 2). Based on the ICs, values listed in Table 2,
10uM V and/or 30 uM dtbcH, were used for more detailed studies of
anti-proliferative activities of 2 and its decomposition products (see
next sections).
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Fig. 4. Typical morphology and fluorescent staining of PANC-1 cells (IncuCyte Zoom with X 10 objective; blended phase contrast and green and red fluorescence
channels) [37] under the treatment conditions listed in Table 2: (a) condition 1, 48 h; (b) condition 2, 48 h; (c) condition 4, 4 h; and (d) condition 6, 48 h. Caspase 3/7
green stain for apoptosis (3.0 uM) [41] and Cytotox Red stain for dead cells (0.30 uM) [42] were added to cell culture medium (see Experimental Section). Typical
healthy, apoptotic (green staining, apoptotic bodies) [52] and necrotic (red staining, membrane blebbing) [53,54] cells are marked by arrows. Green fluorescence
intensity has been enhanced for better visibility. Full-scale phase contrast and fluorescence images corresponding to (a-d) with original fluorescence intensities are
shown in Fig. S5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.5. Decomposition of 2 and 2-HSA in cell culture medium

Results of UV-vis spectroscopic studies of the reactions of 2 and its
derivatives (conditions 2-8 in Table 2; 10uM V) with cell culture
medium at 310 K are shown in Fig. S5, Supplementary Information. The
medium used in these experiments was identical to that used in cell
assays, except that it did not contain phenol red, and was additionally
supplemented with 10mM HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) to maintain a pH value of 7.4 under an am-
bient atmosphere [14]. Absorbance peaks due to V-dtbc species
(Amax = 660 or 390 nm, Fig. 3a) were observed immediately after the
addition of fresh or decomposed solutions of 2 in DMF to cell culture
medium (Fig. S4). These peaks mostly disappeared after 24 h at 310K,
leading to featureless spectra over 300-820 nm that were similar at all
conditions, except for trace absorbance at 660 nm for condition 3
(Table 2). The data within Fig. S5 support the choice of equilibration
conditions of 2 and its derivatives with cell culture medium prior to cell
treatment (24 h at 310K; 3, 5, 7-10 in Table 2).

3.6. Real-time cell proliferation and cytotoxicity assays

Real-time cell proliferation assays using an IncuCyte Zoom imaging
system [37] provided deeper insight into the mechanism of anti-cancer
activity of 2 and its derivatives, compared with the commonly used
endpoint assays [51]. Quantitative real-time cytotoxicity measurements
were performed with fluorescent dyes that were specifically designed
for IncuCyte: green-fluorescent Caspase 3/7 reagent (specific for early
stage apoptosis) [41] and red-fluorescent Cytotox reagent (staining late
apoptotic and necrotic cells with damaged membranes) [42]. Typical
morphological features [52-54] and fluorescent staining of healthy,
apoptotic and necrotic PANC-1 cells are shown in Fig. 4, and the cor-
responding full-scale phase contrast and fluorescence images are shown
in Fig. S6, Supplementary Information.

Typical time-dependent changes in cell proliferation (phase contrast
images), apoptosis (green fluorescence) and cell death (red fluores-
cence) under the conditions of Table 2 (10 uM V) are shown in Fig. 5
and in Fig. S7, Supplementary Information. All the V-containing treat-
ments (2-9 in Table 2) caused > 50% inhibition of PANC-1 cell pro-
liferation at 72h at 10uM V (Figs. 5a and S6a, b), which was higher
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Fig. 5. Time dependences of cell proliferation (a; phase contrast images),
apoptosis (b; green fluorescence, Caspase 3/7 stain) [41] and necrosis/cell
death (c; red fluorescence, Cytotox Red stain) [42] for selected treatment
conditions (Table 2), as observed by IncuCyte Zoom imaging system [37]. Error
bars represent the mean values and standard deviations for six replicate wells.
The corresponding data for the all the conditions listed in Table 2 are given in
Fig. S6, Supporting Information.

than expected based on the ICsq values in Table 2. This increase in anti-
proliferative activity is likely to be caused by photo-activation of V
species [55] with the laser light (Ao, = 488 nm) used in IncuCyte ex-
periments [37]. However, the extent of cell proliferation inhibition
under various conditions (4 > 6 > 2-3-5-7-8 > 9 > 10; Figs. 5a
and S7a,b) corresponded to the order of ICso values listed in Table 2.

In agreement with the results of cell viability assays (condition 4 in
Table 2 and Fig. S4), an aged solution of 2 in DMF that was freshly
added to cell culture medium (10 UM V) completely halted cell pro-
liferation immediately after the treatment (condition 4 in Fig. 5a).
These conditions also caused remarkably rapid (2-4h after the
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treatment) and extensive onset of cell necrosis (condition 4 in Fig. 5c),
which was characterized by red fluorescence staining and membrane
blebbing in the affected cells (Figs. 4c and S6c) [53,54]. There was also
concomitant significant increase in cell apoptosis (condition 4 in
Fig. 5b, and green fluorescent cells in Fig. S5c). Fresh solutions of 2 in
DMF that were freshly added to cell culture medium caused slower and
less extensive onset of apoptosis and cell death, which peaked at ~48h
and ~80 h, respectively (condition 2 in Fig. 5b, c). Notably, a fresh 2-
HSA adduct caused stronger inhibition of cell proliferation, but a lower
extent of apoptosis and cell death, compared with a fresh solution of 2
in DMF (conditions 2 and 6 in Table 2 and in Fig. 5). Typical apoptotic
cells, featuring green fluorescence and apoptotic bodies [52], were
observed under both conditions (Fig. 4b, d).

Conditions 3, 5 and 7 in Table 2 (decomposition products of 2 or 2-
HSA in cell culture medium, 10 uM V) led to a similar degree of in-
hibition in cell proliferation (~60% at 72h, Fig. S7a), but the time
profiles of apoptosis and cell death were different (Fig. S7c, e), which
indicated that the decomposition products formed under these condi-
tions were not the same. For instance, the extent of apoptosis caused by
the decomposition products of 2-HSA (condition 7) was the lowest
among all the V-containing treatments (Figs. 5b and S7c, d). Taken
together, the data within Figs. 5 and S6 suggest that the action of 2-HSA
adduct on PANC-1 cells was predominantly anti-proliferative, while the
solutions of 2 in DMF led to significant cell death via apoptosis and/or
necrosis, particularly after aging. Time-dependent cell proliferation and
cytotoxicity studies (Figs. 5 and S7) highlighted the crucial role of
speciation of V complexes in cell culture medium and in stock solutions
in their activity in cell-based assays [13-15,56].

3.7. Mechanisms of anti-proliferative and cytotoxic activity of 2 and
implications for anti-cancer treatment

Like the previously studied V(V)-Schiff base-catecholato complex, 1
[21], strong absorbance in the visible range (Fig. 3a) due to charge
transfer between the V(V) center and catecholato ligands [22] fa-
cilitated stability studies of 2 under cell culture conditions. Complex 2
persisted longer than 1 under the conditions of cell assays, since trace
absorbance at A,,x = 660 nm was observed even after 24 h of reaction
of 2 (10 uM) with cell culture medium at 310K (Fig. S5a, f), while 1
decomposed completely under these conditions [21]. On the other
hand, 1 was relatively stable in stock solutions (10 mM in DMF or
DMSO) that were used for cell assays [21], while 2 decomposed visibly
within days under ambient conditions (Figs. 2a and S2). Spectral
changes in DMF solutions within 1-3 d at 298 K were also reported for 3
[31], although the reaction mechanism has not been examined.

The main decomposition pathway of 2 in organic solvents, based on
literature data on V(V)-catalyzed oxidation of dtbcH, by O, [28,29] and
on the ESI-MS results (Fig. 2e, f and Table 1), is shown in Scheme 1a.
Interestingly, the decomposition products of 2 in organic solvents were
much more cytotoxic than the fresh complex 2 (conditions 2 and 4 in
Table 2 and Fig. 5), while the opposite trend was observed for 3 [31].
Thus, unlike for 1 [21], the cytotoxicity of 2 was not due to cellular
uptake of the intact complex. The most likely reactive species in this
case were [VO(dtbc),] ™ or similar V(V)-oxido-catecholato complexes
(framed in Scheme 1) [30], based on the absence of other potential
reactive species (V(IV) complexes or semiquinone radicals) [27,44] in
EPR spectra of decomposed solutions of 2 (Fig. S3). Other evidence that
the decomposition products of 2, such as [VO(dtbc),] ~, are the likely
ultimate cytotoxic species, is the delayed onset of apoptosis and cell
death when fresh solution of 2 in DMF is directly added to cell culture
medium, compared with rapid effect of the aged solution of 2 in DMF
(conditions 2 and 4 in Fig. 5b, c).

Formation of [VO(dtbc),;]™ and other reactive V(V) species [30]
after the addition of 2 to cell culture medium (Scheme 1b) explains the
similar anti-proliferative and cytotoxic effects of 2 before and after its
equilibration with cell culture medium (conditions 2 and 3 in Table 2
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and in Figs. 5 and S7), in contrast to the drastic decrease in activity
observed for 1 [21]. This factor is likely to complicate the use of 2 for
direct injection into pancreatic and other cancer tumors [7,8], since
cytotoxic decomposition products of the drug will lead to high systemic
toxicity. However, this disadvantage can be overcome by using ap-
propriate formulations of 2, such as 2-HSA adducts. Addition of 2 to
aqueous solution of HSA is likely to lead to the formation of V(V)-HSA
adducts that partially retain bound catecholato ligands (Scheme 1c),
similarly to the extensively studied reactions of anti-diabetic V(IV)
complexes with blood serum proteins [57-59]. Comparison of condi-
tions 6 and 7 in Table 1 and in Figs. 5b and S6 shows that the de-
composition of 2-HSA adducts in cell culture medium (Scheme 1d) [49]
supressed the induction of apoptosis at ~48 h of treatment and sig-
nificantly reduced the anti-proliferative activity of 2-HSA. Similarly,
the anti-proliferative and cytotoxic activity of an aged solution of 2 in
DMF drastically decreased after its equilibration with cell culture
medium (conditions 4 and 5 in Table 2 and in Figs. 5 and S7), as shown
in Scheme 1le.

The adduct with HSA is also a convenient delivery form of 2, since it
is stable in the dry form, and can be dissolved in physiological saline
immediately before use. The use of HSA as a delivery vehicle for anti-
cancer drugs has become increasingly common, because HSA stabilizes
lipophilic drugs in aqueous solutions and facilitates their uptake by
cancer cells [48]. A recent precedent for metal-based drugs is a non-
covalent HSA adduct of a lipophilic Pt(IV) pro-drug that is converted to
cytotoxic Pt(II) species in the reducing environment of solid tumors
[47]. Formation of albumin adduct of a Ru(Ill) complex, NAMI-A, is
likely to be responsible for its anti-metastatic activity [60].

Optimization of conditions for the preparation of HSA adducts with 2 or
other lipophilic V(V) and V(IV) complexes, such as 1 [21] or 3 [31], can
lead to the development of clinically useful formulations for treating
pancreatic cancer and other difficult-to-treat cancers by intratumoral
injections (A. Levina, D. C. Crans, P. A. Lay et al., manuscript in pre-
paration).

4. Conclusions

A stable non-oxido V(V) complex, (NH4)[V(dtbc)s] (2;
dtbcH, = 3,5-di-tert-butylcatechol) [22,24] was synthesized con-
veniently in high yield by the reaction of NH,VO3 with three equiva-
lents of dtbcH, in MeCN under ambient conditions. The complex un-
derwent redox reactions in polar organic solvents (DMF or DMSO) in
the presence of O, (Scheme 1a), which led to the formation of reactive
V(V) oxido-catecholato intermediates, such as [VO(dtbc),] ™~ (detected
by ESI-MS, Fig. 2 and Table 1). These intermediates were likely to be
responsible for the rapid onset of cell death via necrotic pathway when
aged stock solutions of 2 in DMF were used for cell culture assays
(condition 4 in Table 2). The same intermediates were formed to a
lesser extent when freshly prepared stock solutions of 2 were added to
cell culture medium (condition 2 in Table 2). The extensive reactivity of
2 in both organic and aqueous media (Scheme 1) complicates its use for
controlled anti-cancer activity. One possibility to avoid such compli-
cations is the isolation of adducts of 2 with human serum albumin
(HSA). Although 2 was likely to partially lose the catecholato ligands
during the binding to HSA in aqueous solutions, the resultant adduct
showed strong anti-proliferative activity in PANC-1 cells with no
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significant necrotic cell death (condition 6 in Table 2 and Fig. 5). The
effect of 2-HSA adduct was reduced after the decomposition in cell
culture medium for 24 h at 310K (condition 7 in Table 2 and Fig. S6),
which is likely to lead to the loss of remaining catecholato ligands and
to binding of the resultant V(V/IV) oxido species to the medium com-
ponents [14]. These properties make the 2-HSA adduct a suitable
candidate for potential use in intratumoral injection formulations for
the treatment of pancreatic cancer [7,8].
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Appendix A. Supplementary data

Figures showing the high-resolution ESI-MS data for 2 (Fig. S1); the
time-dependent changes in UV-vis spectra of 2 in organic solvents (Fig.
S2); EPR spectra of decomposed solution of 2 in DMF in comparison
with that of aqueous V(IV) (Fig. S3); results of WST-8 viability assays of
2 and its decomposition products in PANC-1 cells (Fig. S4); UV-vis
spectra of 2 and its decomposition products (10uM V) in cell culture
medium (Fig. S5); typical phase contrast and fluorescence images of
PANC-1 cells treated with fresh and decomposed 2 and with 2-HSA
adduct (Fig. S6); and kinetics of cell proliferation, apoptosis and cell
death for PANC-1 cells treated with decomposition products of 2 (Fig.
S7). Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jinorgbio.2019.110815.
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