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ARTICLE INFO ABSTRACT

Keywords: In the upcoming decades, the incidence and mortality rates of cancer are expected to rise globally, with colo-
Platinum-based drugs rectal and prostate cancers among the most prevalent types. Despite advancements in molecular targeted ther-
Oxaliplatin

apy, platinum-based chemotherapies remain the cornerstone of treatment, especially for colorectal and prostate
cancer, with oxaliplatin and cisplatin being extremely effective due to their DNA-targeting capabilities. In our
pursuit of new platinum-based chemotherapeutics that are potentially less toxic and more effective, we have
explored the combination of the Pt-binding groups of the diaminocyclohexane ring used in oxaliplatin, with the
stable amino-pyrimidine hemicurcumin moiety. This new derivative exhibit improved stability in physiological
conditions and increased solubility in aqueous media, demonstrating promising effects on cell proliferation of
both colorectal and prostate cells. We report herein the complete synthesis and chemical characterization in
solution of the new derivative [(1R,2R)-N1-(3-(4-((E)-2-(2-Amino-6-methylpyrimidin-4-yl)vinyl)-2-methox-
yphenoxy) propyl) cyclohexane-1,2-diamine] (MPYD). Our analysis includes an examination of its acid-base
equilibria, speciation and stability in physiological conditions. The synthesis and in situ formation of Pt(II)
complexes were investigated by nuclear magnetic resonance spectroscopy, while density functional theory cal-
culations were employed to elucidate the chemical structure in solution. Results on the biological activity were
obtained through cell viability assays on different colorectal and prostate cell lines (HCT116, HT29, PC3 and
LNCaP).

Curcumin derivatives
Nuclear Magnetic Resonance
Density Functional theory
Amino-pyrimidine

1. Introduction line single-agent therapy and in combined regimens such as, for

instance, the FOLFOX that associates folinic acid, 5-fluorouracil (5-FU),

According to the World Cancer Research Fund International, colo-
rectal (CRC) and prostate (PCA) cancers are among the most commonly
occurring cancers worldwide. CRC is the third most common cancer in
both men and women, while PCA is the second most common in men,
respectively [1]. This ranking underscores the significant impact these
tumors have on health globally. Although screening-based early detec-
tion and treatments for both cancers have improved over the last few
decades, reducing the mortality rate compared to other cancers, CRC
and PCA are still significant causes of cancer-related deaths worldwide.

Despite recent developments in molecular targeted therapy,
chemotherapy still remains the bedrock of CRC treatment, both in first-
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and oxaliplatin (OX), a well-known and widely used third-generation
platinum-based pharmaceutical, mostly targeting DNA and blocking
its replication [2]. Although chemotherapy based on taxanes represents
one of the clinically approved most effective treatments for prostate
cancers [3], the development of taxane resistance remains a major
challenge especially for castration resistant prostate cancer [4].
Recently, platinum-based compounds, whose progenitor is Cisplatin (cis-
diamminedichloroplatinum(II) - CDDP) are under investigations in
several clinical trials for defeating castration-resistant and hormone-
sensitive PCA [5-7].

Typical features of platinum-based chemotherapeutics such as OX
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and CDDP are the presence of two cis-labile groups and two strongly
bound cis N-ligands. Intracellularly, labile ligands are exchanged with
water molecules to form the aquo-platinum complex that, in turn, enters
into the nucleus to form DNA adducts by coordination of the cis-[Pt(R-
NHj),] fragment [8-10]. The formation of cross-link adducts, typically
with guanosine and adenosine residues, lead to an impairment of DNA
expression. Recently, Bruno et al. [11] demonstrated that, despite the
similar chemical structure of the metal center, the ability of oxaliplatin
to cross-link DNA might be of little significance in its cytotoxicity, since
the DNA-damage response is not activated. Indeed, oxaliplatin-modified
DNA could still lead to the inhibition of rRNA synthesis, which would
ultimately be responsible for ribosome biogenesis stress. Concerning the
coordination sphere of platinum in OX, the cis-N ligands are provided by
the chelating site diaminocyclohexane (DACH) that, combining bulki-
ness and positive inductive effects, allows to slow down substitution
reactions in the square planar coordination sphere of Pt(II), thus
reducing the rate of the aquation reaction. This improved inertness
possibly diminishes its physiological side-effects [12,13], especially
those due to the binding to sulfur-donor endogen molecules such as
proteins, enzymes and glutathione. The presence of additional sub-
stituents on the N-ligands may also account for hampering the cellular
repairing mechanism and enhancing therapeutic activity. Moreover, if
the bulky substituents have to some extent therapeutic activities, the
final compound could benefit from these as well.

In this scenario, searching for new, possibly less toxic, and more
active Pt-based chemotherapeutics, we have functionalized the stable
amino-pyrimidine hemicurcumin moiety with the DACH Pt-chelating
group. Curcumin has shown a wide range of exciting potential thera-
peutic features in vitro [14-19], sadly disappointed by the outcomes of
the in vivo applications. The poor therapeutic success of curcumin is
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mostly due to a combination of detrimental features, such as its high
instability in physiological conditions as well as its poor uptake and
bioavailability [20-22]. In the last decades, many efforts have been
carried out to overcome these issues, particularly in designing and
synthesizing improved analogues. Among them, aminopyrimidine-
curcumin derivatives have been recently investigated and showed
improved stability in physiological conditions and higher solubility in
aqueous media. Additionally, the effects of these molecules on cell
proliferation of both CRC and PCA cells were tested [23]. Although the
antiproliferative activity of aminopyrimidine hemicurcumin derivatives
was found weaker if compared to the lead compound [23] and only
androgen-sensitive PCA cells (LNCaP) are effectively inhibited,
aminopyrimidine-hemicurcumin moiety can be used as a pivotal mole-
cule to develop new Pt-based drugs potentially targeting PCA and CRC
cancer. The new Pt(I[) complex could take advantage of the
aminopyrimidine-hemicurcumin moiety as well as the metallic core.

The whole synthesis of the new DACH-derivative [(1R,2R)-N1-(3-(4-
((E)-2-(2-amino-6-methylpyrimidin-4-yl)vinyl)-2-methoxyphenoxy)
propyl) cyclohexane-1,2-diamine] (MPYD, L, 5) is reported herein
together with its full chemical characterization in solution, comprising
the acid-base equilibria, speciation and stability in physiological con-
ditions. The synthesis and in situ formation of Pt(II) complexes, inves-
tigated by nuclear magnetic resonance (NMR) spectroscopy and density
functional theory (DFT) calculations, allowed unravelling the chemical
structure in solution. Preliminary results on the biological activity were
collected by cell viability assays on different CRC and PCA cell lines
(HCT116, HT29, PC3 and LNCaP).

MPYD (5)

Fig. 1. Full reaction scheme for the synthesis of MPYD (5) and [Pt(MPYD)Cl,] (6). i) DMF, Cs,CO3, RT, 48 h; (ii) DMF, Cs>COs3, RT, 24 h; (iii) DCM, TFA, RT, 90 min;

(iv) H,0, K,PtCly, RT, 24 h.
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2. Results
2.1. Synthesis

The full reaction scheme for the synthesis of MPYD (5) and its Pt(II)
chloro-complex is reported in Fig. 1. 4-(2-(2-Amino-6-methylpyrimidin-
4-yl)vinyl)-2-methoxyphenol (MPY, 1) was synthesized through an
aldol-like condensation between vanillin and 2-amino-4,6-dimethyl
pyrimidine, as previously reported [23]. MPY reacts via nucleophilic
substitution (Sy2) with 1,3-dibromopropane in DMF in the presence of
Cs2CO3 to form the bromopropyl-derivative (2) in good yield (65%),
being the combination of dry DMF and cesium carbonate extremely
favourable for alkylating phenolic oxygen [24]. The polar anhydrous
solvent promotes the formation of a “naked” anion (phenoxide), which
acts as a strong nucleophile and allows the reaction to be carried out at
room temperature achieving good yield. The insertion of DACH in the
structure of 2 was performed in similar conditions, indeed CsyCO3
mainly promotes the alkylation of primary amines rather than secondary
ones, hence avoiding the formation of tertiary amines [25,26]. The
asymmetric synthesis requires the Boc-protection of one amine group as
previously reported for similar compounds [27]. After Boc-deprotection
of 4 by TFA, MPYD (5) was isolated.

In solution, only the E isomer of MPYD is observed as shown by the
'H NMR spectrum (Fig. S1) in which the two doublets at 6.90 and 7.62
ppm corresponding to the vinylic protons H-6 and H-7 have a coupling
constant 3Juy equal to 16.0 Hz, typical of alkene protons in the trans
configuration. The aliphatic region of the spectrum is quite complicated
due to the presence of an asymmetrically substituted cyclohexane ring,
in which all the protons are not chemical shift equivalent. Also, propyl
methylene protons (H-17) bound to nitrogen are not chemical shift
equivalent due to the presence of a pro-chiral nitrogen atom and the
high-energy rotational barrier owing to the steric hindrance of bulky
substituents.

The Pt(II) complex [Pt(MPYD)Cly] (6) was prepared following a
direct complexation between MPYD (5) and KoPtCl4 in a 1:1 M ratio in
ethanol/water (1:1 V/V) solution. This type of complexation in hydro-
alcoholic media is well-documented in the literature, particularly for
organic diamino-ligands with low water solubility [28-31]. The isolated
yellow solid displayed poor solubility in water, methanol and nonpolar
organic solvents, while it was soluble in DMSO and DMF.

2.2. Acid-base equilibria of MPYD

MPYD undergoes acid-base equilibria that play a key role in speci-
ation in physiological conditions and for identifying favourable condi-
tions for metal complexation. MPYD is characterized by five nitrogen-
containing groups. Among them the pyrimidine ones are extremely
acidic and totally deprotonated at pH > 2 [23]. Therefore, these py-
rimidine groups were excluded from this investigation.

The overall protonation constants (fy,) are defined by the following
equations:

qL+rH"=[LgH,]"™ 6))
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where L is the ligand in the completely dissociated form and H is proton.

The protonation equilibria (Fig. 2) were determined using UV-Vis
spectrophotometric data. As shown in Fig. 3, in acidic conditions (pH 2),
MPYD exhibits an absorption peak with a maximum at A = 380 nm. The
absence of the phenolic group induces a hypsochromic shift, with a
decrease in the wavelength of the maximum of absorbance of 20 nm in
comparison to the lead compound MPY (Apax 400 nm, [23]). As the pH
increases, a blueshift is observed, with the maximum absorption shifting
to 350 nm, accompanied by a decrease in absorbance (i.e. molar
extinction coefficient). The overall protonation constants and pK, values
calculated from spectrophometric data using Hypspec [32] are sum-
marized in Table 1.

The pK,; value aligns with those obtained for similar amino pyrim-
idine groups [23]. However, the two amine groups bound to the
cyclohexane ring in MPYD are slightly more acidic than those in DACH
(5.79 vs. 6.21 and 8.83 vs. 9.60 for MPYD and DACH [33] respectively).
For brevity, the neutral form of MPYD will be referred to as L in the
following discussion. Under physiological conditions, the prevailing
species is HL" (Fig. 4), in which the secondary ammine is protonated and
the primary one is dissociated.

2.3. Complexation of Pt(II)

The complexing ability of MPYD towards Pt(II) was investigated in
solution by NMR analysis. Although MPYD is highly soluble in meth-
anol, DMSO and DMF, the NMR analysis in deuterated methanol (MeOD-
d4) was not feasible due to the precipitation of Pt(II) complex, thus
excluding this solvent from the investigation. A 1:1 metal-to-ligand
complex was formed by adding an aqueous Ky[PtCl4] solution to
MPYD in DMSO. The complex formation proceeds slowly at room tem-
perature, taking a few days to complete, as shown in Fig. 5. The complex
and the free ligand are in fast exchange with respect to the NMR time
scale, resulting in the shifts of the signals near the metallic core
appearing as a weighted average of the free ligand’s signals and those of
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Fig. 3. UV-Vis pH-metric spectrophotometric titration of MPYD in aqueous
solution (20 pM MPYD,; 0.1 M NaNO3, 25 °C).
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Fig. 2. Step protonation equilibria of MPYD.
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Table 1
Overall protonation constants and pK, values calculated
from UV-Vis spectrophotometric data (0.1 M NaNOs,

25 °C).
logP11 8.83 (3)
logp12 14.16 (3)
logpiz 19.59 (3)
PKa1 = logPi3 - logPi2 4.97 (9)
PKaz = logpi2 - logPi1 5.79 (6)
PKaz = logB11 8.83 (3)
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Fig. 4. Species distribution curves for MPYD calculated from overall proton-
ation constants using PyES [34] (107* M Lyog; 0.1 M NaNOs, 25 °C).

the Pt(I)-bound ligand. The aromatic protons remained unaffected by
the metal additions, whereas the signals experiencing the greater
downfield shifts are those in a position to coordinating amines, i.e. H-17,
H-18 and H-19. Table 2 and Fig. S2 report the details of 'H and '3C
chemical shifts and assignments for the free ligand and the Pt(II) com-
plex. Consistently with previously reported Pt(I[) complexes with
substituted ethylenediamine (en) [35], the larger proton shifts are
observed for methylene/methine groups attached to the secondary
amine (C-17 and C-18). These proton signals exhibit line-broadening
due to 3Jy.p; scalar coupling (~30-50 Hz). In addition, the formation
of the metal complex restricts the free rotation of the propyl chain,
inducing the splitting of H-15 and H-16 protons as a consequence of the
non-chemical equivalency.

In addition to DMSO, the Pt(II) complex formation was investigated
in DMF, a solvent with weaker coordinating properties than DMSO.
Similarly, the investigation in DMF-d; pointed out the slow formation of
the Pt(I) complex (Fig. S3). The chemical shift variation induced by the
addition of the metal are quite similar in both solvents (Table 2,
Table S1), although larger shifts are observed for H-17/17" and H-18 in
the presence of DMSO (Fig. S4).

The 'H and '>C NMR spectra obtained from the in situ addition of Pt
(I1) were compared with those of the isolated metal complex dissolved in
DMF and DMSO. In each solvent, the resulting spectra are almost su-
perimposable with slight shifts probably due to the different proton
activity (ag+) induced by the direct addition of the metal to the solution.
This is suggested by the downfield shift of H,O/HDO residual signal
observed when KyPtCly is added (see Fig. 5 last two spectra from the
bottom).

2.4. DFT calculations

The 'H and '*C NMR chemical shifts were computed at the DFT level
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for the atoms close to the chelating amines for both the solvated MPYD
molecule and two possible Pt(II) complexes.

Pt(II) coordination is assumed to occur with the chelating amine
moieties of DACH (as observed by NMR) occupying two cis positions in
the metal coordination sphere. The two remaining occupancies of the
square planar geometry can be taken by either Cl™ ions or DMSO mol-
ecules. Based on both computed reaction energies and experimental
clues, we considered two candidate stoichiometries for the Pt(II) com-
plexes, namely [PtLCI(DMSO)]™ and [PtL(DMSO),]®", and we
mimicked these replacing MPYD with the smaller ligand (L) obtained
by removing the pyrimidine-hemicurcumin fragment from L (Fig. S5), as
the latter is not interacting with the metal centre. For each complex
stoichiometry, as well as for L molecule in solution, several plausible
geometric conformations were investigated. The resulting spectra are
displayed in Fig. S6. Spin coupling constants were not included in the
computation, so the simulated spectra do not contain multiplets due to
signal splitting. The numerical values for the computed chemical shifts
are reported in Tables S2 and S3.

2.5. Pharmacokinetic study in simulated physiological media

The stability of both ligand and its platinum complex were tested in
simulated human plasma. The stability was investigated by means of
UV-Vis spectroscopy inquiring spectral changes as function of time. As
reported in Fig. S7, the ligand and the metal complex are extremely
stable in the investigated physiological conditions; indeed, no signifi-
cant spectral changes are observed. However, since the formation of the
metal complex does not affect much the appearance of the absorption
spectrum of the ligand, additional LC-MS experiments have been carried
out to check the stability of the metal complex after 48 h in PBS buffer
(37 °C, pH 7.4). The metal complex resulted extremely stable, showing
the typical isotopic spectral pattern of platinum (Fig. S8) characterized
by a parent peak at 678.2 m/z corresponding to the species [PtLCl,].

2.6. Inhibitory effects on the proliferation of human CRC and PCA cells

First, we evaluated the biological activity of MPYD (L) using cell
viability assays in both colon (HCT116 and HT29) and prostate (LNCaP
and PC3) cancer cell lines. The cells were treated with different con-
centrations of MPYD dissolved in DMSO for 48 h and cell viability was
determined (Fig. 6). We previously characterized the lead compound
MPY3 [4-{(E)-2-[4-(3-aminopropoxy)-3-methoxyphenyl]ethenyl}-6-
methylpyrimidin-2-amine] (Fig. S9), which halved the percentage of
LNCaP and HCT116 viable cells at 68.8 + 21.7 pM and 98.0 + 13.6 pM
doses (ICsp), respectively, and was not active in HT29 and PC3 cells
[23]. Conversely, MPYD was effective in all the tested cell lines, with the
ICs concentration being lower than MPY3 in both LNCaP and HCT116
cells (45.95 pM and 37.03 pM, respectively) (Table 3). The adminis-
tration of MPYD to HCT116 cells for 72 h showed similar results (ICsg =
37.92 pM), indicating that the response to treatment occurs within 48 h
(Fig. S10).

Next, we examined whether combining Pt(II) with MPYD would
maintain, enhance, or decrease its biological effect on CRC and PCA
cells. [PtLCly] and MPYD (L) were dissolved in DMF to avoid the coor-
dinating ability of DMSO on Pt(II) complexes [36] and dose-response
effects were measured by cell viability assays after 48 h of treatment,
as reported in Fig. 7. The comparison between cell viability curves
(Fig. 7) and ICsq values (Table 4) highlighted a general decrease in the
activity of [PtLCl,] compared to L. In particular, the Pt(II) complex lost
its inhibitory effect on PCA cell viability (LNCaP and PC3), while
increasing ICso doses from 54.92 pM to 69.58 pM in HT29 and from
31.70 pM to 52.16 pM in HCT116 cancer cells.

Dose-response analysis in HCT116 cells at 72 h confirmed a lower
activity of [PtLCly] versus L. Nevertheless, [PtLCly] showed a greater
effect after 72 h (ICsp = 46.64 pM) compared to 48 h, that was not
observed with MPYD (L), either dissolved in DMF (ICso = 30.89 pM) or
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Table 2

1H and *3C chemical shifts of methine/methylene groups in « position to the coordinating amines: free ligand (L) and the metal-to-ligand 1:1 system in DMSO-de (600

MHz, 25 °C). Atom numbering refers to Fig. 1.

5 (ppm) 15 16 17 18 19 20 21/22 23
2547 1.758 1.61 1.942
1
L H 4.063 1.842 S on 1.929 2196 Lon Lo o
13¢ 65.27 30.31 43.63 64.06 55.21 35.76 25.38 31.30
4117 2.368 3.320 1.997 1.556 2193
1
PtL1:1 H 4.027 2217 2.867 2527 2:430 1.293 1.060 1.161
13¢ 66.26 27.36 43.01 64.61 60.63 32.15 24.43 28.13
. +0.005 +0.530 +0.773 4+0.239 ~0.050 +0.251
A3 (ppm) H ~0.040 +0.380 +0.070 +0.598 +0.234 40253 ~0.100 +0.280
13¢ +0.990 ~2.950 —0.62 0.55 45.42 _361 ~0.95 ~3.18

in DMSO (Fig. S10). Oxaliplatin (OX) was administered as positive
control for the efficacy of Pt(II)-based anti-cancer drugs in both CRC and
PCA cells (Fig. S11).

To further investigate the biological activity of [PtLCl;] compared to
its ligand MPYD (L), we analysed cell cycle distribution of the cells
treated with the molecules at ICs doses for 48 h. As shown in Fig. 8,
MPYD (L) exerted a robust apoptotic effect, with the SubG1 population
increasing from 5.3% of DMF-treated cells to 47.3%, at the expense of
GO/G1 cells that dropped from 66.3% to 29.7%. Differently, the
administration of [PtLCly] mainly affected the replication phase, by
reducing the S-phase population from 14.8% to 6.6%, and only slightly
increased SubG1 events (from 5.3% to 12.5%). Oxaliplatin administra-
tion to HCT116 cells reduced S population (from 22.8% to 3.7%) and
induced a G2/M cell cycle arrest (from 16.4% to 29.7%), consistently
with literature data [37].

2.7. Cellular uptake

To check whether the reduced activity of [PtLCl;] compared to OX
could be ascribable to a lower uptake into cancer cells, we estimated the
internalized Pt by inductively coupled plasma mass spectrometry (ICP-
MS) in HCT116 cells previously treated for 6 h with [PtLCl,] and OX at
different doses (5, 20 and 50 pM). As shown in Fig. 9 (A), for the same
dose of the two platinum complexes, different amounts of platinum were
internalized in HCT116 cells, and higher values were detected for
[PtLCl>]. A dose/response trend is observed particularly for [PtLCly],
suggesting a passive diffusion-driven uptake. If the incubation time is
risen up to 48 h (Fig. 9, B), an increase in the platinum uptake (ng/10°
cells) is observed for both compounds when tested at about their ICsg
doses: OX (5 pM) 5.86 + 0.34 ng (6 h) vs. 59.5 + 36.7 ng (48 h); [PtLCl,]
(50 pM) 391.4 £ 27.1 ng (6 h) vs. 1070 + 207 ng (48 h). Overall data are
presented in Table 5.
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Fig. 6. Dose-dependent effect of MPYD on colon (HT29 and HCT116) and prostate (LNCaP and PC3) cancer cell lines. Cell viability of HCT116, HT29, LNCaP and
PC3 cells was assessed after 48 h treatment with the indicated concentrations of MPYD (L) dissolved in DMSO. Data are presented as percentage of viable cells (%)

following MYPD administration versus DMSO control cells, arbitrarily set at 100% (dashed line). Significance levels compared to DMSO treated cells (100%) are
reported as p < 0.05 (¥), p < 0.01 (**), p < 0.001(**%).

3. Discussion

Table 3
;?;i g;usgoﬁ/t:r(llc g:ot)r it;::) Egaltl Eziﬁzejiizi:riuczﬁ?;::; MPYD is a new hemicurcumin derivative that combines a DACH
is indicated as means - SEM. Data were obtained moiety, acting as N,N chelating motif, and a pharmacophore unit of
from three independent experiments. amino-pyrimidine that enhances the n-t conjugation and improves the
1Co (M) £ SEM stability with respect to the lead compound curcumin [38]. Indeed, the
pharmacokinetic study demonstrates great stability of MPYD both in
HCT116 37.03 £272 phosphate buffered saline (PBS) (data not shown) and simulated human
ﬂig:p Zf:;ﬁ;ﬁ plasma (SHP) at 37 °C (pH = 7.4) (Fig. S7, A) within 8 h, a pillar
PC3 60.62 + 6.03 requirement in preclinical testing. These results overlay what previously

observed for MPY compounds so far [23].
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Fig. 7. Dose-dependent effect of [PtLCl,] and MPYD (L) on colon (HT29 and HCT116) and prostate (LNCaP and PC3) cancer cell lines. Cell viability was assessed
after 48 h of treatment with the indicated molecules dissolved in DMF in the different cell lines. Data are presented as relative percentage of viable cells (%) following
[PtLCl,] and MPYD (L) versus DMF control cells, arbitrarily set at 100% (dashed line). Graphs represent means + standard errors of the mean (SEM), n = 3. Sig-
nificance levels compared to DMF treated cells are reported as p < 0.05 (*), p < 0.01 (**), p < 0.001(***) and p < 0.0001 (****).

Table 4

ICs values of [PtLCl,] and MPYD (L) determined by PrestoBlue assay on colon
(HT29 and HCT116) and prostate (LNCaP and PC3) cancer cell lines following
48 h from administration. ICs, values (uM) are indicated as means + SEM. Data
were obtained from three independent experiments. na = not active at tested
concentrations.

MPYD is a weak polyprotic acid and the proton dissociation equi-
libria are consistent with those of similar molecules [23,33]. Species
distribution diagram predicts that the dominant species under physio-
logical conditions is HL*, with the secondary amine still protonated
(Fig. 4). Complete deprotonation can be observed above pH 10, how-
ever, in presence of Pt(I) in solution, the dissociation is anticipated to

[PtLCl,] L ox
HCT116 52.16 + 3.47 31.70 + 3.62 417 +1.34
HT29 69.58 + 0.42 54.92 + 10.13 16.33 + 2.74
LNCaP na 43.22 + 6.21 5.85 + 1.82
PC3 na 57.72 + 4.01 20.74 + 2.16

form the metal complex without the addition of any base to adjust the
pH. This behaviour suggests a high affinity of the ligand for Pt(II). In
view of further applications, it is important to test the stability of
[PtLClL,] in the actual physiological conditions of the cancer microen-
vironment. Concerning this, intracellular and extracellular pH represent
a cutting-edge topic in understanding the metabolism of cancer cells.
Recently, thanks to technological advancements, it has been proven that
the intracellular pH (pHi) in cancer cells is actually mildly alkaline or
nearly neutral, similarly to normal cells. These findings undermine the
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Fig. 8. The histogram represents the distribution of HCT116 cells in the
different phases of the cell cycle following the administration of DMF, MPYD
(L), [PtLCI2], and Oxaliplatin for 48 h. The values represent means + SEM of
two independent experiments. Statistical analysis was performed by matching
each treatment with the corresponding solvent: Oxaliplatin was compared to
CTR (complete culture medium); MPYD (L) or [PtLCI2] were compared to DMF.
(two-way ANOVA with Fisher’s LSD test: * p < 0.05, *** p < 0.001, **** p <
0.0001, n = 2).

given for granted assumption that the pHi in cancer cells is more acidic
than normal cells. Conversely, the extracellular pH (pHe) is slightly
more acidic, typically 0.3-0.7 pH unit lower than that of the corre-
sponding normal cells. Hence, what is characteristic of tumor microen-
vironment is the decrease of the ratio pHe/pHi in comparison to normal
tissue [39-42]. Provided this, a potential anticancer drug should be
stable in the 6.5-7.6 pH range. [PtLCly] resulted extremely stable at pH
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complex species present in solution by dissolving the isolated solid
complex has the same spectral pattern of the one formed in situ. In order
to unravel the structure of the complex species in solution, DFT calcu-
lations were carried out to predict the 'H and '3C NMR chemical shift of
both the free ligand and two complex species, providing further vali-
dation of the experimental data, and to shed light on the actual structure
of the Pt(I) complex in solution.

Experimental NMR chemical shifts show good correlation with the
predicted DFT shieldings, with a stronger correlation observed for °C
than 'H (Fig. 10). Although a smaller structure (LS was used for the
prediction, the results are accurate for both 'H and '3C. The fitting for
both complexes is reasonably good, unfortunately the slight differences
are not statistically significant to rule out one of the two possible
structures in solution. However, mass spectrometry data (Fig. S12)
support the presence in solution of the species [PtLCI(DMSO)]™, sug-
gesting that DMSO is able to displace only one chloride anion from the
square planar coordination sphere of Pt(II). The displacement of the
second chloride could possibly be prevented by the bulky ligand that
hinder the formation of penta-coordinated transition state via associa-
tive mechanism, as notably proposed by Corinti et al. [43] for Cisplatin.
The slow formation of the Pt(Il) complex with MPYD in DMSO solution
could be due to the competition with the coordinating solvent molecule.
On the other hand, when [PtLCl,] is dissolved in DMSO, the exchange of
chloride with DMSO, that is enhanced by the trans effect of amine
groups, is extremely fast and not detectable by NMR experiments.

The main route of Cisplatin and OX cell uptake is passive diffusion
across the cell membrane, that is possible because the metal complex has

Table 5

Amount of internalized Pt(ng) into HCT116 cancer cell line upon incubation
with [PtLCl;] and OX at different doses and incubation times. Values are
normalized for a million of treated cells and reported as means +SEM.

7.4, as shown by both spectroscopic and LC-MS experiments (Figs. S7 Dose Incubation time (h) [Pt]
and S8). Furthermore, bearing in mind the protonation constants of the (HM) (ng/10° cells + SEM)
ligand, a slight decrease of the pH is not going to affect the platinum- [PtLCL,] 5 6 16.47 + 0.53
complex stability. [PtLCl,] 20 6 64.0 + 15.5
NMR data allowed to investigate the formation of the Pt(II) complex [PtLCl,] 50 6 3914 + 27.1
o . . . [PtLCl,] 50 48 1070 + 207
in situ, suggesting that the reaction is quite slow at room temperature, ox s 6 5.86 < 0.34
but it can be accelerated by raising up the temperature. This method 0X 5 48 50.5 + 36.7
leverages the low solubility of the square planar platinum complex, ()¢ 20 6 6.98 + 0.28
allowing the isolation of the solid [PtLCl,]. NMR data confirmed that the OoX 50 6 1326 £ 1.11
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Fig. 9. Comparison of internalized Pt in HCT116 cells. (A) after 6 h incubation with [PtLCl,] (black bars) and OX (grey bars) at different dosages: 5, 20 and 50 pM;
(B) after 48 h incubation with [PtLCl,] (black bars) and OX (grey bars) at dosages close to ICsg, 50 pM and 5 mM, respectively for [PtLCl;] and OX. The amount of
internalized Pt(ng) is normalized for a million of treated cells. Values are indicated as means + SEM (vertical bar).
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a zero-net charge. Indeed, the high chloride concentration (>100 mM)
in the medium surrounding the cell prevents the aquation reaction that
can only take place within the cytoplasm where chloride concentration
is extremely lower (< 4 mM) [44]. The highly n- conjugated structure of
MPY moiety may favour passive diffusion as pointed out by the higher
internalization observed for [PtLCly] in comparison to OX at the same
dosage. Despite the higher cellular internalization, [PtLCl;] showed a
weaker cytotoxicity than OX, and even lower than the free ligand. On
one side the lipophilicity of MPY moiety could enhance the cellular
internalization, on the other side, the high flexibility of the propyl chain
may account for the folding of the ligand structure in proximity of the
platinum coordination sphere. Thus, the steric hindrance and hydro-
phobic character of the folded ligand may slow down or even prevent
the aquation reaction within the cytoplasm and consequently the
interaction of the aquo-platinum complex with the DNA.

4. Conclusions

Low selectivity, drug resistance, and adverse effects caused by long-
term use are just a few of the numerous challenges in the clinical use of
Pt(II) class of metallo-antitumor medicines. Current research lines for Pt-
based drugs have made significant advances, with a focus on structural
modifications or delivery. The addition of substituents to Pt-based drugs,
as well as conjugation with other chemical structures, may improve the
drug’s therapeutic effect through enhanced activity on DNA or addi-
tional therapeutic effects mediated by the substituents. The newly
designed N,N-chelator (MPYD, L), which bridges DACH with amino-
pyrimidine hemicurcumin has been successfully synthesized and
completely characterized. MPYD exhibits enhanced stability under
physiological conditions compared to the lead compound curcumin. The
DACH chelating site effectively binds Pt(II) forming a 1:1 metal-to-
ligand complex. Due to the low solubility of the isolated solid [PtLCl,]
in aqueous media, the complex formation was investigated in DMF and
DMSO by 'H and 'C NMR spectroscopy. The complex formation kinetic
in both solvents is quite slow at room temperature. Through DFT cal-
culations and MS data, we demonstrated that a coordinating DMSO
molecule can replace one chloride anion in Pt(II) square planar coor-
dination sphere. Despite promising cellular uptake, [PtLCl;] showed
anticancer efficacy at higher concentration than the well-known third-
generation platinum-based medication oxaliplatin after 48 and 72 h of
treatment. Nevertheless, cell cycle arrest was observed after 48 h of
treatment with Oxaliplatin in CRC cells, while a slight increase of cell
death was induced by [PtLCl,] treatment. Differences in the molecular
mechanisms underlying the antiproliferative effect of [PtLCly] versus
Oxaliplatin could account for this seemingly conflicting behaviour.
Hence, the combination of DACH with the stable amino-pyrimidine
hemicurcumin moiety could serve as a promising structure for the

development of new Pt-based cancer treatments. Since the flexible
propyl linker connecting DACH and MPY may account for the reduced
antiproliferative activity, to address this issue the introduction of a rigid
linker will be pursued. On the whole our findings pave the way for a
more thorough pharmacological evaluation and optimisation of the new
generation platinum-based drugs.

5. Material and methods

All the chemicals and solvents were purchased with the highest pu-
rity grade available and used without further purification unless other-
wise specified. pH measurements were carried out using a calibrated pH-
meter (Mettler-Toledo). UV-Visible spectra were acquired using a
JASCO V-770 UV/Vis/NIR spectrophotometer at 25 °C in the 250-600
nm spectral range employing quartz cells (1 cm optical path). Liquid
chromatography/mass spectrometry (LC/MS) was performed on an
Agilent 6300 Ion Trap LC/MS system equipped with an electrospray
ionization (ESI) interface. Elemental analysis was performed on a
Thermo Scientific™ FLASH 2000 CHNS Analyzer. Nuclear Magnetic
Resonance (NMR) spectra were recorded on a Bruker Biospin FT-NMR
AVANCE III HD (600 MHz) spectrometer equipped with a CryoProbe
BBO H&F 5 mm in inverse detection. The nominal frequencies were
150.90 MHz for '3C and 600.13 MHz for 'H, respectively. Atom
numbering of NMR data refers to Fig. 1. NMR spectra were acquired in
CDCls, MeOD-dy, DMSO-dg and DMF-d; depending on the compound
solubility and type of investigation.

All the reaction intermediates were purified as specified in the
following procedures and their purity (>9 5%) was checked by a com-
bination of LC/MS, NMR and elemental analysis.

5.1. Synthesis

5.1.1. 4-(2-(2-Amino-6-methylpyrimidin-4-ylvinyD)-2-methoxyphenol
(MPY, 1) was prepared according to our previously published procedure (1)

5.1.1.1. 4-(4-(3-Bromopropoxy)-3-methoxystyryl)-6-methylpyrimidin-2-

amine (2). MPY (1.227 g, 4.77 mmol) was dissolved in dime-
thylformamide (DMF) (3 mL), Cs2CO3 was added to the flask and kept
under magnetic stirring. The reaction mixture turned immediately from
orange to brown. After the addition of 1,3-dibromopropane (3.864 g,
19.14 mmol), the reaction was maintained under continuous stirring for
24 hin inert (Ar) atmosphere. The reaction was monitored via silica TLC
(ethyl acetate (EtOAc):methanol (MeOH) 98:2 V/V). The final reaction
mixture (brown-green coloured) was filtered off and the solid washed
with acetone. The organic phases were collected, and the solvents were
removed under reduced pressure with a rotary evaporator, giving a
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greenish gluey crude product. The crude was purified by recrystalliza-
tion from ethanol (EtOH) and water (75:25 V/V ratio) to give a yellow
solid. Yield: 65%. Elemental analysis for C;7H29BrN3O5 (378.27 g/mol).:
calc. C(53.98%), H(5.33%), N(11.11%), expt. C(53.84%), H(5.37%), N
(10.95%). ESI-LC/MS: 378.0 m/z [M + H]™.

'H NMR (5 (ppm); MeOD-d,): 2.34 (H-1, s, 3H), 2.34 (H-16, m, J =
6.0 Hz, 2H), 3.68 (H-17, t, J = 6.53 Hz, 2H), 3.92 (H-14, s, 3H), 4.19 (H-
15, t,J = 5.9 Hz, 2H), 6.72 (H-3, s, 1H), 6.88 (H-6, d, J = 16.0 Hz, 1H),
7.01 (H-10, d, J = 8.36 Hz, 1H), 7.17 (H-9, dd, J = 8.4 Hz, 1.9 Hz, 1H),
7.26 (H-13,d,J = 1.9 Hz, 1H), 7.69 (H-7, d, J = 16.0 Hz, 1H). 13¢ NMR
(6 (ppm); MeOD-d,): 22.17 (C-1), 29.24 (C-17), 32.18 (C-16), 55.24 (C-
14), 66.52 (C-15), 107.57 (C-3), 110.15 (C-13), 113.27 (C-10), 121.42
(C-9), 123.73 (C-6), 136.36 (C-7).

5.1.1.2. Tert-butyl ((1R,2R)-2-aminocyclohexylcarbamate (3). The
synthesis was performed according to the literature [5]. (1R,2R)-
Cyclohexane-1,2-diamine (DACH, 2.01694 g, 17.66 mmol) was dis-
solved in 10 mL of ice-cooled dichloromethane (DCM). After 15 min, a
solution of di-tert-butyl dicarbonate (Bocy0, 1.35 mL, 5.89 mmol) in
DCM (10 mL) was added dropwise under continuous stirring over a
period of 30 min keeping the mixture cool by an ice-bath. The clear-
colourless DACH solution turned white and cloudy after the addition,
the temperature was risen up to room temperature and the reaction
stirred overnight. Finally, 10 mL of DCM and 8 mL of water were added.
The organic phase was separated, dried under NasSO4 and the organic
solvent was eliminated under reduced pressure by rotary evaporator.
The gluey crude product was suspended in 10 mL of water, the pH was
set below 5 with HCl 4 M. The mixture was extracted with diethyl ether
(Et20) (3 x 10 mL) to remove the bis-Boc by-products. The aqueous
phase was basified to pH ~10-11 with NaOH 2 M and extracted with
EtOAc (4 x 12 mL). The organic phase was dried over MgSO4, and the
solvent was removed by rotary evaporator, giving a light-yellow solid.
Yield: 72.3%.

Elemental analysis for C;1H22N202 (214.31 g/mol): calc. C (61.65%),
H (10.35%), N (13.07%), expt. C (61.84%), H (10.60%), N (13.19%).
ESI-LC/MS: 215.1 m/z [M + H]™.

'H NMR (8 (ppm); DMSO-de): 1.03 (H-3/H-6, m, 2H), 1.14 (H-4/H-5,
m, 2H), 1.38 (H-9, s, 9H), 1.58 (H-4’/H-5, m, 2H), 1.75 (H-3’/H-6/, m,
2H), 2.31 (H-1, m, 1H), 2.88 (H-2, m, 1H), 6.63 (CHNHCO, 1H). 13C
NMR (6 (ppm); DMSO-dg): 24.69, 24.86 (C-4/C-5), 28.28 (C-9), 32.08,
34.44 (C-3/C-6), 53.74 (C-1), 57.02 (C-2), 77.3 (C-8), 155.6 (C-7).

5.1.1.3. Tert-butyl ((1R,2R)-2-((3-(4-(2-(2-amino-6-methylpyrimidin-4-
yDvinyl)-2-methoxyphenoxy) propyDamino)cyclohexyDcarbamate (4).

Cs2C0O3 (0.38862 g, 1.19 mmol) was suspended in 3 mL of anhydrous
DMF, stirred under Ar atmosphere, then 3 (0.17188 g, 0.80 mmol) was
added to the reaction flask. A solution of 2 (0.30020 g, 0.79 mmol) in
anhydrous DMF (3 mL) was slowly dropped into the reaction mixture
that rapidly turned light brown. The reaction was maintained under
stirring in inert atmosphere (Ar) at room temperature for 24 h, then the
temperature was risen up to 50 °C and stirring was continued for 24 h.
The solid was filtered off. The solvent, dried under MgSO4, was then
removed by rotary evaporator. The product was purified by silica flash-
chromatography (gradient EtOAc:MeOH from 100:0 to 80:20 V/V),
obtaining a brown solid. Yield: 41.0%. Elemental analysis for
CogH41N504 (511.67 g/mol): calc. C(65.73%), H(8.08%), N(13.69%),
expt. C(65.24%), H(8.37%), N(13.97%). ESI-LC/MS: 512.1 m/z [M +
H]*. 'H NMR (6 (ppm); MeOD-d,): 1.31(H-20/H-21/H-22/H-23, m, 4H),
1.37 (H-26, s, 9H), 1.77 (H-21°/H-22/, m, 2H), 1.95 (H-20', m, 1H), 2.05
(H-16, m, 2H), 2.10 (H-23', m, 1H), 2.35 (H-1, s, 3H), 2.57 (H-18, m, 1H),
2.89 (H-17, m, 1H), 3.04 (H-17', m, 1H), 3.37 (H-19, m, 1H), 3.93 (H-14,
s, 3H), 4.13 (H-15, m, 2H), 6.72 (H-3, s, 1H), 6.88 (H-6, d, J = 16 Hz 1H),
7.01 (H-10,d, J=8.3 Hz, 1H), 7.17 (H-9, dd, 1H), 7.27 (H-13,d,J = 1.8
Hz, 1H), 7.70 (H-7, d, J = 16.0 Hz, 1H). 13C NMR (5 (ppm); MeOD-d,):
22.14 (C-1), 24.10, 24.61 (C-21, C-22), 27.29 (C-26), 27.93 (C-16),
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29.57 (C-23), 32.26 (C-20), 43.11 (C-17), 53.03 (C-19), 55.15 (C-14),
60.26 (C-18), 67.69 (C-15), 107.53 (C-3), 109.96 (C-13), 113.29 (C-10),
121.41 (C-9), 123.76 (C-6), 136.27 (C-7).

5.1.1.4. (1R,2R)-N1-(3-(4-((E)-2-(2-Amino-6-methylpyrimidin-4-yl)
vinyl)-2-methoxyphenoxy) propyl) cyclohexane-1,2-diamine (MPYD, L,
5). 4 (103.95 mg, 0.2032 mmol) was dissolved in 3 mL DCM and tri-
fluoroacetic acid (TFA, 1 mL) was then added. The solution turned from
yellow orange to dark red. The reaction mixture was sonicated for 90
min at RT. The solvent was then evaporated by rotary evaporator and
the obtained product dissolved in 3 mL DCM. The DCM was then
removed (3 cycles of DCM solubilization — evaporation). The final
product was dissolved in water (2 mL) and precipitated by the addition
of NaOH 2 M. The solid was isolated by centrifugation and dried under
vacuum, giving a brown-yellow solid. Yield: 50%.

Elemental analysis for CogH33N502 (411.55 g/mol): calc. C (67.12%),
H (8.08%), N (17.02%), expt. C (66.98%), H (7.98%), N (17.21%). ESI-
LC/MS: 412.1 m/z [M + H]". "H NMR (5 (ppm); MeOD-d,): 1.06 (H-23,
m, 1H), 1.20 (H-20, m, 1H), 1.29 (H-21/H22, m, 2H), 1.73 (H-21°/H22",
m, 2H), 1.92 (H-20', m, 1H), 2.01 (H-16, qt, J = 6.3 Hz, 2H), 2.08 (H-23,
m, 1H), 2.17 (H-18, m, 1H), 2.32 (H-1, s, 3H), 2.43 (H-19, m, 1H), 2.71
(H-17, m, 1H), 2.98 (H-17, m, 1H), 3.90 (H-14, s, 3H), 4.15 (H-15, t,J =
5.5 Hz, 2H), 6.70 (H-3, s, 1H), 6.85 (H-6, d, J = 16.0 Hz, 1H), 6.98 (H-
10, d, J = 8.6 Hz, 1H), 7.15 (H-9, dd, J = 8.4 Hz, 1H), 7.24 (H-13,d, J =
1.9 Hz, 1H), 7.68 (H-7, d, J = 16.0 Hz, 1H). '3C NMR (5 (ppm); MeOD-
dg): 23.60 (C-1), 26.14 (C-21, C-22), 30.32 (C-16), 31.55 (C-23), 35.23
(C-20), 45.30 (C-17), 55.70 (C-19), 56.50 (C-14), 64.43 (C-18), 69.06
(C-15), 108.92 (C-3), 111.27 (C-13), 114.03 (C-10), 122.89 (C-9), 124.8
(C-6), 137.76 (C-7).

5.1.1.5. Dichloro((1R,2R)-N1-(3-(4-((E)-2-(2-amino-6-methylpyrimidin-
4-yDvinyl)-2-methoxyphenoxy) propyl) cyclohexane-1,2-diamine)platinum
(ID [PtLCly] (6). The following synthesis is a modification of previ-
ously reported syntheses of similar Pt(II) complexes [9-12]. A solution
of 5 (12.99 mg, 0.0316 mmol) in EtOH (1 mL) was dropped to a KyPtCly
aqueous solution (15.08 mg/mL, 0.0363 mmol/mL) under magnetic
stirring. The reaction mixture was stirred for 24 h in the darkness at RT,
and it turned slowly from light-red to yellow-orange. The reaction
mixture was centrifuged and the solvent was removed. The solid was
then washed with cold H,O (2 x 1 mL), cold EtOH (2 x 1 mL) and Et,0
(2 x 1 mL), removing every time the solvent after centrifugation.
Finally, the yellow solid was dried under vacuum. Yield: 86%. Elemental
analysis for C3H33Ns502CloPt (677.53 g/mol): cale. C (40.77%), H
(4.91%), N (10.34%), expt. C (40.66%), H(4.85), N (10.23%). ESI-LC/
MS: 677.17 m/z [M + H]™. 'H NMR (6 (ppm); DMF-dy): 1.19 (H-21,
H-22, m, 2H), 1.37 (H-23, m, 1H), 1.51 (H-20, m, 1H), 1.63 (H-21/, H-
22/, m, 2H), 2.18 (H-20, m, 1H), 2.32 (H-16, m, 1H), 2.37 (H-23/, m,
1H), 2.38 (H-1, s, 3H), 2.49 (H-18, m, 1H), 2.59 (H-19, m, 1H), 2.83 (H-
16/, m, 1H), 2.86 (H-17, m, 1H), 3.40 (H-17', m, 1H), 3.96 (H-14, s, 3H),
4.13 (H-15, m, 1H), 4.31 (H-15, m, 1H), 5.16 (CHNHy, t, J = 10.4 Hz,
1H), 5.61 (CHNHy, d, J = 7.0 Hz, 1H), 6.18 (CHo,NHCH, d, J = 10.0 Hz,
1H), 6.81 (H-3, s, 1H), 7.09 (H-6, d, J = 16.0 Hz, 1H), 7.13 (H-10,d, J =
8.5Hz, 1H), 7.26 (H-9, dd, J = 8.4 Hz, 1.7 Hz, 1H), 7.44 (H-13,d, 1.7 Hz,
1H), 7.88 (H-7, d, J = 16.0 Hz, 1H). 13C NMR (5 (ppm) DMF-d,): 22.16
(C-1), 24.53 (C-22), 24.77 (C-21), 27.21 (C-16), 28.09 (C-23), 32.18 (C-
20), 43.48 (C-17), 55.59 (C-14), 62.46 (C-19), 66.10 (C-18), 66.54 (C-
15), 107.65 (C-3), 110.33 (C-13), 112.97 (C-10), 122.24 (C-15).

5.2. Spectrophotometric pH-titrations

Spectrophotometric pH-titrations were performed on MPY-DACH
following the procedure previously reported for the lead compound
MPY and its derivatives [23]. Briefly, MPYD (denoted generally as L in
the following) was dissolved in methanol and then diluted in water to
the final concentration of 20 pM (MeOH <3% V/V). 25 mL of the
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solution were analysed. The pH was varied by adding small amounts (1
pL) of concentrated NaOH/HCI (4 M) in order to investigate the spectral
behaviour in the 2-11 pH range. In these conditions volume variations
are negligible. The titration was performed in triplicate. A constant ionic
strength (NaNOs, 0.1 M) was maintained in all the experiments.

Bqr values were refined from spectrophotometric data using least-
squares calculation in HypSpec [32]. The results of least-squares cal-
culations include the standard deviations and correlation coefficients of
the refined parameters. The quantities are obtained by performing error
propagation calculations from the experimental errors onto the param-
eters. The stability constant refinement furnishes least-squares estimates
of the standard deviation, o, of the stability constant p. The error on logp
is calculated as follows: o(logp) = [log(p + o) — log(p — 6)1/2.

5.3. Complexation studies with Pt(II) by NMR

The complexation studies of 5 with Pt(II) were performed in NMR
test tube at 25 °C, both in DMSO-dg and DMF-d;. The procedure used for
the study is the following. A solution in the deuterated solvent of 5 (3.00
mg in 750 pL of DMSO-dg; 5.47 mg in 750 pL of DMF-d;) was prepared
and then 1 equivalent of KoPtCly 147.7 mM in D20 (49 pL for DMSO-dg
solution; 86 pL for DMF-d; solution) was added in order to reach a metal:
ligand ratio of 1:1. The spectra were acquired at different time intervals
in order to follow the kinetics of complexation.

5.4. Computational details for NMR chemical shift simulations

In order to tune and assess a viable computational approach,
experimental reference values for NMR chemical shifts (5§) were ob-
tained from literature [45,46], comprising experimental values for 66
organic compounds in a few commonly used solvents, including DMSO.
These include 590 hydrogen and 291 carbon atoms, corresponding to
155 'H and 190 '3C NMR signals useful for fitting. All computations
were performed using Gaussian09 [47] or Gaussian16 [48] with SCRF
implicit solvation with the dielectric parameters for DMSO, namely € =
46.515 [49] and eco = 2.1904, obtained from the square of the refractive
index [50]. Following the approach proposed in literature [51-53]
different levels of theory were tested to compute geometries and NMR
shieldings. The method and basis sets used are reported in Table S4,
along with their usage (geometry optimization or NMR response) and
short labels. These were then combined to indicate the method used to
compute NMR shieldings. For instance the label GIN3 refers to B3LYP/
6-31+G(d,p) geometries (level G1) and B3LYP/6-311+G(2d,p) NMR
shieldings (level N3). The computed 1 NMR shiedings (c) were plotted
against the experimental chemical shifts and a linear least squares
regression line was determined. Due to significant deviations from
linearity observed for protons bound to oxygen using SCRF implicit
solvation (Fig. S13) and the difficulties in adding explicit solvent mol-
ecules for the investigated systems, we decided to exclude alcoholic
hydrogens from the fit. Overall results are summarized in Table S5. The
slight discrepancies in the RMSE obtained with respect to data reported
by Pierens et al. [52], based on gas phase geometries, may be due to a
different set of training compounds. Upon these findings, the combina-
tion G1N3 was selected. For applications to the systems relevant for this
investigation, Pt atoms were described with the LANL2 [54] effective
core potential and corresponding basis set matching the G1 and N3
number of polarization functions. To sample the configuration space, we
treated the system as follows:

i) molecular dynamics simulation based on the Universal Force
Field (UFF) [55] was performed for 20 ps at 900 K, generating
20,000 structures for each of the species [PLLECI(DMSO)] Y,
[PtLE(DMSO),)%", and LS;

ii) for each structure, the value of the internal dihedrals were
measured and rounded to the nearest stable value (180°, 60°, and
— 60° for ternary; 180° and 0° for binary dihedrals) and for each
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combination of dihedrals the geometry closest to the stable values
was selected for the following step, with a reduction of the overall
number of structures from 60,000 (3 - 20,000) to 163;

iii) the geometry for these configurations was optimized with a low
level of quantum mechanics (B3LYP/6-31G) and only the struc-
tures with different values of rounded dihedrals were selected,
resulting in 159 configurations;

iv) These were optimized at the more accurate level G1 and again
only the structures with different rounded torsions were selected;

v) The probability distribution for these geometries was estimated
based on Boltzmann equation for room temperature using G1
energies, and NMR shieldings were computed for structures with
a probability >1% relative to the lowest energy configuration;

Specifically, NMR shieldings were computed for 10, 7, and 23 con-
figurations for [PtLS(DMS0),]1%*, [PtL°CI(DMSO)]*, and LS
respectively.

Shieldings for equivalent atoms were averaged and the values from
all geometries were combined with Boltzmann weights to generate a
simulated spectrum at room temperature. Standard deviations were
obtained with standard error propagation techniques accounting for (a)
the uncertainty in the interpolating coefficients, based on likelihood
function formalism, and (b) the standard deviation from the Boltzmann
averaging over several geometric configurations. The resulting standard
deviation is consistently larger than the RMSE from the interpolating
reference set, mainly due to averaging over the sampled geometric
configurations.

5.5. Stability in simulated physiological conditions

The chemical stability at 37 °C in darkness was evaluated for L and
[PtLCl;] by UV — Vis spectroscopy as a change in absorbance in the
250-600 nm range over a period of 8 h. 20 pM solution of L and [PtLCly]
was prepared in simulated plasma fluid (SPF) as previously reported
[56] at pH 7.4. Spectra were recorded every 5 min during the first hour
and every 30 min the following ones. The stability of [PtLCl,] in phos-
phate buffered saline (PBS, pH 7.4) was tested after 48 h of incubation at
37 °C by ESI-LC-MS.

5.6. Cell lines

The human colon cancer cell lines HT29 (ATCC Cat# HTB-38) and
HCT116 (ATCC Cat# CCL-247) were grown in DMEM High-Glucose
Medium (Biowest, France). The human prostate cancer cells PC3
(ATCC Cat# CRL-1435) and LNCaP (ATCC Cat# CRL-1740) were grown
in Ham’s F12 (Biowest, France) and RPMI 1640 (Biowest, F[14-17]
rance), respectively. All media were supplemented with 10% Foetal
Bovine Serum (FBS, Gibco), 2 mM ti-glutamine, 100 IU/mL penicillin
and 100 pg/mL streptomycin. The cells were grown at 37 °C in a hu-
mified 5% CO4 atmosphere.

5.7. Cell viability assay

The inhibition of cellular proliferation was measured using Presto
Blue cell viability reagent (#A13261, Thermo Fisher Scientific, Wal-
tham, MA, USA), according to the manufacturer’s protocol. HCT116,
HT29, PC3, or LNCaP cells were seeded into a 96-well plate at a density
of 4000 cells/well. Cells were treated for 48 h or 72 h with seven
different concentrations of MPYD (L) dissolved in DMSO or or [PtLCl5]
and L dissolved in DMF, at concentrations starting at 70 pM with 1.5-fold
serial dilutions. The percentage (V/V) of DMSO or DMF in the final so-
lution was below 1%. The positive control drug Oxaliplatin dissolved in
H20 (MedChemExpress, NJ, USA) was administered for 48 h or 72 h,
starting at a concentration of 33.3 pM or 14.8 pM, respectively, with 1.5-
fold serial dilutions. Matched serial dilutions of DMSO and DMF were
included as controls; the percentage of viable cells in compound-treated
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samples was normalized to the values obtained with the same amount
(%, V/V) of matched solvent (DMSO or DMF, as needed), to avoid
possible solvent-related biases. The concentration at which the cell
population is reduced by 50% (ICsg) was then determined. Statistical
analysis was performed using GraphPad PRISM 8 software (GraphPad
Prism), using two-way ANOVA with Fisher’s LSD test. Graphs represent
means =+ standard errors of the mean (SEM), n = 3. Data were statisti-
cally significant if p < 0.05 (*), p < 0.01 (**), p < 0.001(***), and p <
0.0001 (****),

5.8. Cell cycle analysis

Cells were seeded into a 24-well plate at a density of 35,000 cells/
well, harvested after 48 h of treatment with Oxaliplatin, MPYD (L) or
[PtLCl,] at IC50 concentrations and stained with propidium iodide so-
lution (propidium iodide 25 pg/mL, Na-Citrate 3.4 mM, NaCl 9.65 mM,
NP-40 0.03%). Complete culture medium (CTR) or DMF were used as
controls. Cell cycle analysis was performed using an Attune Next cyto-
fluorimeter (Thermo Fisher Scientific, Waltham, MA, USA). Statistical
analysis was performed with GraphPad PRISM 8 software (GraphPad
Prism), using two-way ANOVA with Fisher’s LSD test: Oxaliplatin was
compared to CTR, while MPYD (L) or [PtLCl,] were compared to DMF,
to account for the matched-solvent of the different compounds. Graph
represents means =+ standard errors of the mean (SEM), n = 2. Data were
considered to be statistically significant if p < 0.05 (*), p < 0.01 (**), p
< 0.001(***), and p < 0.0001 (****).

5.9. Platinum uptake in cells

60.000 HCT116 cells were seeded into 12-well plates and treated at
different dosages (5, 20, 50 pM) and incubation times (6 h and 48 h)
with [PtLCl,] and Oxaliplatin (OX) in DMF. The percentage of DMF (V/
V) was kept below 1%, and the same conditions (1% V/V DMF) were
used as control. After the incubation time, the cells were washed twice
with PBS and cell pellets were frozen and stored at —80 °C. The cell
pellets were digested for 24 h in 200 pL of ultrapure HNO3 65% w/w,
obtained from analytical grade nitric acid (Carlo Erba, Milan, Italy) after
sub-boiling distillation performed with a sub-boiler SAVILLEX DST 1000
(Savillex Corp. USA) apparatus. The resulting solutions were diluted up
to a total mass of 4 g with Milli-Q water in 15 mL polypropylene tubes
and analysed for their Pt content. The collected samples were randomly
acquired using the inductively coupled plasma mass spectrometer iCAP
TQ ICP-MSX (Thermo Fisher Scientific) equipped with Peltier cooled
(3 °C) spray chamber. Samples were introduced by the autosampler ESI
SC-2 DX FAST into the nebulizer, and the positively charged ions were
then produced by a high-temperature, inductively coupled plasma. Data
were analysed by Qtegra software. The instrument was tuned daily with
an ICP-MS tuning solution. Y in HNO3 2% (100 ppb) was used as internal
standard. Pt standard solutions ranging from 0.1 to 100 ppb were freshly
prepared before each analysis and used to build the calibration curve.
Two replicates of each experiment were carried out. Each sample was
analysed at least in 2 independent measurements and each measurement
is the average of 5 repetitions. Results are given as mean value =+ stan-
dard deviation.
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