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A B S T R A C T

Upconversion nanoparticles (UCNPs) are a class of interesting nanomaterials with unique multi-photon excita
tion photoluminescence properties, and they have been intensively explored as novel contrast agents for 
biomedical imaging and drug delivery. The development of photoinduced drug-release devices has been inten
sively developed in the last years, specially using UCNPs due to their properties to absorb single-band near 
infrared (NIR) light and subsequently emit high-energy UV-to-visible light which could photoactivate several 
prodrugs. Some examples of Pt(II) release have been described, all of them from Pt(IV) complexes taking 
advantage of the Pt(IV)/(II) redox couple. In this work, NIR light-responsive LiYF4:Yb/Tm UCNPs are presented 
as carrier systems to exert photoinduced Pt(II) drug release. For this, the surface of UCNPs were coated with an 
amphiphilic polymer to convert hydrophobic nanoparticles into hydrophilic and to load novel Pt(II) complexes. 
It is demonstrated that NIR radiation-induced Pt(II) drug release can be achieved without the need to use the Pt 
(IV)/(II) redox couple as a trigger. In this way, under NIR excitation, UCNPs can transform NIR irradiation into 
UV radiation which causes direct Pt(II) drug release in a spatial and temporal control manner. The release 
process has been monitored in real-time. Two platforms containing two different Pt(II) complexes have been 
studied, both showing similar results in terms of the enhancement of toxicity caused by the increase in Pt(II) 
concentration. Furthermore, a significant improvement of cytotoxicity against melanoma A375 cells was 
observed after irradiation of these platforms, confirming the feasibility of the proposed upconversion process to 
release Pt(II).

1. Introduction

Metals and metal complexes are of undeniable importance in ther
apies for multiple diseases [1]. In many cases, a limitation in these 
treatments is to control the spatial and temporal administration of the 
metal-based drugs. Over the years, examples have appeared where this 
control has been carried out by external stimuli through different stra
tegies [2]. Among all of these, the use of electromagnetic radiation as an 

activator has been widely studied [3]. One of the main limitations in the 
use of radiation is the wavelength needed, that is, the energy implicit in 
that process. In many cases, the proposed photoactivatable systems 
required irradiation in the UV range, whereby the radiation itself causes 
damage to the cells and poorly penetrates tissues [4]. This is mainly due 
to the fact that UV-responsive metal complexes are more synthetically 
accessible, particularly through the design of ligands bearing simpler 
UV-absorbing motifs (e.g., aromatics) [5]. Numerous efforts have been 
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made in the last years to increase the activation wavelength to reach the 
less harmful visible range [6]. More recently, in very few examples, 
metal complexes capable of being activated with NIR wavelengths have 
been prepared [7], which not only further reduces the radiation energy 
but also provides a clear enhancement in penetration depth in tissues 
[8].

Solubility in biological media is another crucial issue in the rational 
design of photoresponsive species for the effective release of active 
metal complexes. In general, the increase in the activation wavelength, 
mentioned above, has been resolved by increasing the conjugation/ 
electron delocalization in the metal ligands employed; however, this 
strategy usually leads to a decrease in solubility in aqueous media. This 
has become especially evident for Pt(II) [9].

Nanocarrier-based platinum drug delivery systems are promising 
alternatives to avoid the disadvantages of conventional platinum drugs 
such as reduced solubility, dose-limiting toxicity and different side ef
fects [10]. Thus, drug carriers can afford photostability, water solubility, 
biocompatibility, and control of the cytotoxic effect for platinum 
complexes.

Specifically, platinum-loaded nanoparticles [11] ensure an increased 
blood circulation time and accumulation in tumor tissues through the 
enhanced permeation and retention (EPR) effect, resulting in improved 
therapeutic efficacy and reduced systemic toxicity [12].

A particular case in the use of platinum release mediated by nano
particles has been UCNPs. In recent years, UCNPs have gained enormous 
interest for therapy and diagnostics, in particular, in controlled drug 
delivery [13]. The uniqueness of these nanoparticles of presenting anti- 
Stokes emission makes them especially attractive [14]. Through UCNPs 
it is possible to irradiate within the NIR biological window [15] 
(650–1300 nm) and generate UV–vis emission that could be used for the 
consequent activation of UV–vis responsive entities.

Conventional UCNPs for platinum delivery often rely on reduction of 
Pt(IV) to release cytotoxic Pt(II) species, with varying efficacy [16]. 
However, this work presents a distinct strategy. Herein, Pt(II) release is 
triggered by ligand modifications within the UCNP, achieving cytotox
icity without redox processes and enabling spatial-temporal control 
(Scheme 1). This approach deviates from existing UCNP-based Pt de
livery methods.

Pt(IV) complexes have a huge potential as anticancer agents in terms 
of high activity and low toxicity, but this potential has been quietly 
exploited, because Pt(IV) is too easily reduced in the bloodstream [16a]. 
The potential advantages of Pt(IV) complexes remaining in the highest 
oxidation state in the bloodstream are that their lower reactivity would 
decrease the loss of active drug and reduce the incidence of unwanted 
side reactions leading to toxic side effects. Furthermore, the higher 
lipophilicity of some Pt(IV) complexes would be maintained, leading to 
potential improvements in cellular uptake.

However, all these advantages associated with Pt(IV), to a certain 

extent, cease to be so relevant when the platinum complexes are loaded 
into a vehicle such as UCNPs. Although in some cases the reduction of Pt 
(IV) to Pt(II) has been favored by UCNPs, in other cases this reduction 
has required external agents such as glutathione [16g,h,k]. All this ca
suistry made us consider the idea of directly using UV–vis photoreactive 
Pt(II) complexes and basing the release of Pt(II) on changes produced in 
the metal ligand, without the need of photoredox processes. Further
more, if controlled Pt(II) release is achieved exclusively through the 
emission of the UCNPs, this would allow us to use Pt(II) complexes with 
UV–vis response. This is relevant since the design of a platform sensitive 
to NIR but with UV–vis active complexes would allow the recovery of 
many cytotoxic Pt(II) species that were no longer investigated given the 
high energy of the radiation necessary for their activation [3b].

In this work, we demonstrate the usefulness of UCNPs as activators of 
hydrophobic Pt(II) complexes in response to UV–vis radiation and how 
Pt(II) release can be done in a controlled manner within the NIR range. 
For this reason, two new complexes C1 and C2 have been designed, 
synthesized and characterized (Scheme 2) [17]. These complexes are 
endowed with photoactive nitrobenzene ligands (L1 and L2, respec
tively) and can therefore act as photocages when irradiated with UV 
light. Therefore, in the design of the complexes, our starting hypothesis 
was that by photocleaving its nitrobenzene photocages, they should 
generate new Pt species that are reminiscent or even the same to those 
produced by the known drug oxaliplatin after aquation: analogs C1’ and 
C2’ after photocleavage of only one of the photocages, which could 
eventually transform into cis-[1,2-cyclohexanediamine-N,N′]diaquo 
platinum (II) if a double cleavage occurred (Scheme 2).

2. Results and discussion

2.1. Synthesis of ligands L1 and L2 and complexes C1 and C2

Initially, the synthesis of ligand L1 was undertaken. For this, 
α-nitrobenzaldehyde 1 was employed in the formation of diimine 3 with 
(±)-trans-cyclohexane-1,2-diamine, 2 (Scheme 3, Figs. S1–2). Subse
quent double reduction of diimine 3 yielded ligand L1 in 67 % yield (two 
steps). The ligand thus obtained was subsequently fully characterized 
(see experimental procedures and SI, Figs. S3–4). Once ligand L1 was 
prepared, it was complexed with Pt(II). To obtain the corresponding 
dichloro Pt-complex, potassium tetrachloroplatinate was used as a 
platinum source. In this way, complex C1 was finally obtained in 61 % 
yield. The complete characterization of C1 (see experimental procedures 
and Figs. S5–6) revealed that the complexation occurred efficiently since 
the loss of symmetry of the starting ligand L1 was observed by means of 
1H and 13C NMR, which can be attributed to the fact that ligand L1 
adopts a non-symmetrical restricted conformation in the formation of 
C1. Also, a peak detected by MS ([M++DMSO-Cl− ] = 813.1703 Da, 
calc. = 813.2030 Da), showing the characteristic platinum pattern, 

Scheme 1. NIR-activated release of Pt(II) by means of UCNP-based carrier platform. Figures in this scheme are original and created by the authors.
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could be attributed to complex C1 (Fig. S7).
The synthesis of the L2 ligand proved to be much more challenging. 

The synthesis for L2 was initially proposed analogously to that of L1 
(Scheme 4a). Therefore, a strategy based on a reductive amination was 
again chosen, starting from 4,5-dimethoxy-2-nitroacetophenone, 4. 
However, formation of the corresponding diimine could not be achieved 
in synthetically useful yield. Different attempts were made at different 
conditions involving solvent and temperature. Also, microwave-assisted 
tries were performed. In all cases, an equilibrium between racemic 
diamine 2 and the corresponding monoamine 5 was reached, and no 
diamine was detected. Because of this, reductive amination starting 
from acetophenone 4 and diamine (±)-2 was performed one-pot in the 
presence of titanium isopropoxide in combination with NaBH4 following 

a previously described procedure (Scheme 4b) [18]. Under these con
ditions, a useless mixture of starting ketone 4 together with different 
products was obtained. This lack of reactivity was attributed to the nitro 
group in ortho-benzyl position in 4. Thus, the reaction was repeated 
starting from 1-(3,4-dimethoxyphenyl)ethan-1-one, 6. In this way, the 
diamine ligand 7 was isolated in a 99 % yield but, disappointingly, as an 
inseparable diastereomeric mixture (Fig. S8).

Alternatively, the double methylation reaction of diimine 3 was 
considered since it would be convenient to use a common intermediate 
in the synthesis of both L1 and L2 ligands. However, despite multiple 
attempts with different nucleophiles (MeMgBr [19] or MeLi [20]), 
neither the mono- nor the di-addition of methyl group was likely in any 
case probably due to the presence of nitro groups [21]. These results 

Scheme 2. Synthesis and expected photouncaging of complexes C1 or C2 and subsequent aquation to give analog species to those obtained from oxaliplatin.

Scheme 3. Synthesis of ligand L1 and complex C1.

Scheme 4. a) Attempt to synthesize ligand L2 starting from 4,5-dimethoxy-2-nitroacetophenone, 4. b) Attempts of one-pot synthesis of ligand L2 in the presence of 
Ti(iPrO)4 followed by NaBH4 reduction.
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prompted us to explore a new synthetic approach for L2. Thus, a new 
route avoiding nitro groups until the end of the synthesis was proposed 
starting from 3,4-dimethoxybenzaldehyde, 8, and racemic diamine 2 
(Scheme 5).

In this way, the corresponding diimine 9 was obtained in a satisfy
ingly 76 % yield [22]. As expected, diimine 9 turned out to be a better 
electrophile than 3 and double methylation was finally achieved in 90 % 
yield using MeLi as the nucleophile. To our delight, in this case, diamine 
7 was obtained with complete diastereoselectivity as revealed by 1H and 
13C NMR analysis showing a single set of signals (Figs. S9–10). Diamine 
7 was next subjected to double nitration under standard conditions. 
Finally, ligand L2 was thus obtained in 62 % yield from 8 as a single 
diastereomer and was fully characterized (see experimental procedures 
and SI, Figs. S11–12). Eventually, crystallization of a nitrate salt of L2 
from EtAcO/iPrOH provided cube-shaped crystals suitable for X-ray 
analysis (Fig. 1), which show the relative configuration of the four 
stereogenic centers.

The formation of the Pt(II) complex C2 was carried out under anal
ogous conditions than for C1. In this way, ligand L2 was complexed to 
form C2 in 28 % yield. Complex C2 was then fully characterized and 
analogously to L1 and C1, the loss of symmetry upon complexation was 
corroborated by NMR (Figs. S13–14). Finally, mass spectrometry 
showed a clear peak attributed to complex C2 
([M++Na+] = 821.1461 Da, calc. = 821.5678 Da) with characteristic 
platinum pattern (Fig. S15).

2.2. Synthesis and characterization of UCNPs

The synthesis of oleate-coated UCNP LiYF4, doped with Yb3+ (25 %) 
and Tm3+ (0.5 %) ions, was based on a procedure already described 
(Scheme 6) [23].

It is well known that the rhombohedral morphology of these UCNPs 
is crucial for their optical properties [24]. However, despite following 
the described protocols, the results in terms of morphology and conse
quently, optical properties of different attempts were not consistent. In 
some cases, UCNPs appeared as spheres and in others as rhomboids, 

without apparently any correlation with the conditions employed. As 
small variations have important influence in the size and shape or the 
UCNPs [25], a consistent protocol for their preparation was established. 
The first synthetic step was common to all the studies (Scheme 6). It 

Scheme 5. Synthesis of ligand L2 from 3,4-dimethoxybenzaldehyde, 8.

Fig. 1. ORTEP representation for the resolved structure of ligand L2⋅HNO3. 
Color code: carbon atoms in grey, nitrogen in blue, oxygen in red and hydrogen 
in light grey. Hydrogen bond shown in blue dash line. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)
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consisted in the formation of the yttrium and lanthanide trifluoroacetate 
precursors, M(CF3COO)3 (M: Y, Yb and Tm), by heating a mixture of 
oxides (Y2O3:Yb2O3:Tm2O3) at a given molar ratio in aqueous TFA (1:1) 
(see experimental section). In this way, a M(CF3COO)3 mixture was 
quantitatively isolated as a white powder. Next, the M(CF3COO)3 pre
cursors were thermally decomposed in the presence of Li+. Although the 
use of 2 eq. of LiF [26], 1 eq. of Li(CF3COO) [23] or 1 eq. of LiAcO⋅2H2O 
[27] has been reported, after some screening, LiAcO⋅2H2O was chosen 
as the appropriate lithium source. Thus, several thermal decompositions 
were then performed at different temperature ramps with 1 or 2 equiv
alents of LiAcO⋅2H2O, to find the optimal conditions for nanoparticle 
synthesis (Table 1 and Fig. 2a).

Following a general procedure, a M(CF3COO)3 mixture with 1 or 
2 equivalents of LiAcO⋅2H2O, was heated in the presence of oleic acid 
and 1-octadecene (1:1 ratio). For this, the mixture was first degassed at 
120–125 ◦C and then heated to high temperatures at different rates 
under N2 (Fig. 2a). In all cases, the mixture was maintained at the final 
temperature for 1 h. After cooling to RT, non-polar oleate-capped UCNPs 
were precipitated by the addition of absolute ethanol to the reaction 
mixture. Then, the precipitates were isolated by centrifugation and 
subsequently washed to obtain UCNPs as greyish-white solids in 80 % 
average overall yields. The morphology and composition of the nano
particles obtained in each test was checked by scanning transmission 
electron microscopy (STEM), Fig. 2b, the elemental mapping was 
analyzed by energy-dispersive X-ray spectroscopy (EDX), Fig. S16, and 
the phase identification by X-ray powder diffraction (XRPD), Fig. S17. 
From these results, the best conditions were stablished as: 2 eq. of 
LiAcO⋅2H2O and the final temperature reached as 330 ◦C with a ramp of 
15 ◦C/min (Sample IIIb). In this way, homogeneous and well-defined 
rhombohedral UCPNs were consistently obtained.

Once a reliable procedure for the preparation of rhombohedral 
UCNPs was established, it was investigated whether their shape influ
enced their optical response when measured as solid powders and under 
irradiation with NIR radiation. Comparing the emission spectra of 
spherical and rhombohedral UCNPs, the morphology revealed indeed 
crucial. Thus, while the same upconversion emission bands arising from 
different thulium transitions were measured in both cases, it was 
observed that rhombohedral UCNPs exhibited more intense lumines
cence under equivalent photoexcitation conditions (Fig. 3). For these 
UCNPs, the quantum yield of the upconversion process was measured to 
be 0.053 % when irradiated at a power of 580 W/cm2. As already re
ported for similar UCNPs [28], the upconversion emission of the nano
particles synthesized herein spans over a large spectral range and, more 
importantly, it allows the generation of UV luminescence photons under 

excitation with NIR radiation, as required for our purposes.
With complexes C1 and C2 and UCNPs in hand, the next step was to 

coat the nanoparticles with a polymer able to embed and retain the 
platinum complexes. For this, a previously described methodology was 
applied in which the amphiphilic polymer methoxy poly(ethylene 
glycol)-octadecylamine (mPEG-ODA) [29] was used as the coating agent 
[26]. Basically, the corresponding platinum complex, the UCNPs and 
mPEG-ODA were dispersed in a mixture of water and chloroform (see 
experimental section). Specifically, in the case of C1, it was necessary to 
add THF to increase the solubility of the Pt(II) complex. The resulting 
suspensions were stirred vigorously, and the organic solvent was slowly 
evaporated at 45 ◦C. After this process, the coated nanoparticles 
together with an excess of mPEG-ODA were isolated. The excess coating 
polymer was removed by redispersion in water and filtration through a 
0.4 μm pore size filter [30]. Finally, C1 and C2-mPEG-ODA-coated 
nanoparticles (platforms P1 and P2) were lyophilized. Removal of water 
under vacuum at 60 ◦C was also tried, but part of the nanoparticles was 
disaggregated or degraded as observed by STEM.

Platforms P1 and P2 were characterized by different techniques: 
STEM, EDX, dynamic light scattering (DLS), Fourier transform infrared 
spectroscopy (FTIR) (Figs. S18–21), ζ-potential measurements and 
inductively coupled plasma optical emission spectroscopy (ICP-OES). 
The stability of the platforms was also verified. To this aim, it was first 
observed by DLS analysis that the UCNPs were stable after one week in 
water, phosphate-buffered saline (PBS), and PBS + bovine serum albu
min (BSA). Similarly, it was confirmed that P1 and P2 also remained 
unchanged after one week in water (Fig. S20). FTIR study determined 
that UCNPs had been successfully coated with PEG-ODA polymer in both 
cases (P1, P2). The low concentration of Pt compared to the polymeric 
material did not allow the detection of such complexes by this technique 
due to the shielding of the polymer signals (Fig. S21). STEM showed a 
4 nm thin layer surrounding the nanoparticles, demonstrating that the 
UCNPs were coated (Scheme 7). This coating seems to produce slight 
changes in their morphology, as they showed more ellipsoid than 
rhombohedral shapes (Scheme 7).

The presence of the Pt(II) complex loaded on mPEG-UCNPs through 
the lipophilic interaction in platforms P1 and P2 was confirmed by EDX 
as, in comparison with starting UCNPs, new peaks corresponding to Pt 
were detected (Figs. S17–18). The Pt(II) loading for these platforms was 
determined through ICP-OES resulting in 1.0 % and 1.8 %, for P1 and P2 
respectively [31]. Also, a size around 120 nm was determined by DLS for 
P1 and P2 (Fig. S19). In addition, a ζ-potential of − 12 mV was deter
mined for these materials, thus indicating that the carbonyl groups in 
mPEG-ODA are majorly pointing toward the outside of the platform and 
consequently, the amide nitrogen atoms are toward the inside of the 
platforms [32].

2.3. Photochemical characterization of ligands and complexes

The photoactive behavior of ligands L1 and L2, as well as that of 
their corresponding complexes C1 and C2, was investigated. Initially, 
the UV–vis absorption spectra of the ligands were recorded and 
compared with those of their corresponding complexes (Fig. 4). Both L1 
and L2 ligands presented absorption bands peaking at λabs = 242/245, 
292/305, and 344/345 nm, respectively, which were attributed to their 

Scheme 6. General procedure for the synthesis of UCNPs.

Table 1 
Representative reaction conditions and yields in the second step for the UCNPs 
synthesis. All samples were kept at the final temperature for 1 h.

Sample Ramp T (
◦

C/min) Li(AcO)⋅2H2O (eq.) Final T (◦C) Yield (%)a

I 9 1 315 70
II 11 1 325 80

IIIa 15 1 325 87
IIIb 15 2 330 76

(a) Indicative yields since the composition/coating of each batch may vary 
slightly.
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nitroaromatic chromophore. Upon Pt(II) complexation, the band around 
λabs ~ 300 nm decreased in intensity, while the others only suffered 
minor spectral shifts. As a result, both C1 and C2 presented large ab
sorption within 330–400 nm spectral range, which nicely overlaps with 
the UV emission of UCNPs (Fig. 3).

o-Nitrobenzyl derivatives undergo the UV-induced release of the 
leaving group installed at the benzylic position through an 

intramolecular rearrangement reaction that produces the corresponding 
o-nitrosobenzaldehyde or o-nitrosobenzophenone as by-products [33]. 
To investigate this process for L1, L2, C1, and C2, first, the variation of 
their steady-state electronic absorption spectra upon irradiation with 
365 nm UV light in acetonitrile was monitored (Fig. 5). For ligand L1, 
different spectral changes were observed in this experiment: an increase 
in the intensity of the band at ~242 nm, the emergence of a new band at 
~275 nm, and the rise and red-shifting of the band at ~344 nm which 
eventually decreases in intensity upon further irradiation. The latter 
suggests the existence of at least one intermediate species during the 
photoreaction of L1 under UV irradiation. Interestingly, this outcome 
was not observed for L2. Instead, only the initial increase and bath
ochromic shift of the absorption band at ~345 nm was observed in this 
case. In contrast, the behavior of complexes C1 and C2 was found to be 
much more similar, as both were characterized by the increase and red- 
shift of the absorption band at ~350 nm as well as the appearance of a 
new band at ~520 nm and 496 nm, respectively. Remarkably, for L2 and 
C2, isosbestic points were observed during the UV-induced evolution of 
their UV–vis absorption spectra, which suggested the involvement of 
only two species in their photoreaction process. For all four investigated 
compounds, the mixtures obtained after irradiation appeared to be 
stable in the dark for several days, especially if kept at low temperature. 
In addition, no subsequent recovery of the starting spectra in the dark 
was observed, confirming that all the ligands and complexes undergo 
irreversible phototransformation.

Under equivalent UV irradiation conditions, the spectral changes 
occurring for L1 and L2 were found to be faster than for the 

Fig. 2. a) Plot of the different temperature ramps used in the thermal decomposition/morphology study. b) STEM images of the corresponding UCNPs obtained for 
each ramp.

Fig. 3. Emission spectra of spherical and rhombohedral UCNPs measured as 
solid powders under NIR irradiation (λexc = 980 nm, power density = 3.8 W/ 
cm2, λdetection = 320–730 nm). The thulium emission transitions are indicated in 
the figure.

Scheme 7. STEM images of the rhombohedral UCNPs before and after mPEG-ODA coating for the determination of the thickness of coating.
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corresponding complexes C1 and C2. To rationalize this behavior, the 
quantum yields of their photoreactions (Φph) in acetonitrile were 
determined by analyzing the time dependence of their absorption vari
ation at 355 nm relative to a reference (1, 2-bis(2-methyl-5-trifluoroac
tylthien-3-yl)cyclopentene, Φo-c = 0.37 in toluene [34]). In the case of 
L1, whose photodegradation process presents two distinguishable steps, 
the quantum yield was determined only for the first of them. As ex
pected, higher Φph values were measured for the ligands that agree with 
the data reported for other o-nitrobenzyl photoremovable groups [33]: 
Φph = 0.406 and 0.147 for L1 and L2, with the corresponding Φph εabs 
factors characterizing the efficiency of the photoreaction being 10,041 
and 7424.3 M− 1⋅cm− 1, respectively. Complexation to Pt(II) complexes 
detrimentally affected the efficacy of the photoreactions, as lower Φph 
and Φph εabs values were determined for C1 (Φph = 0.015 and Φph 

εabs = 150 M− 1⋅cm− 1) and C2 (Φph = 0.028 and Φph 
εabs = 224 M− 1⋅cm− 1). Because of the similarity of the ligands and 
complexes absorption spectra, the decrease of the photoreaction quan
tum yield observed for the complexes relative to the free ligands should 
be ascribed to the emergence of new relaxation pathways for the 
intraligand excited state generated in the complexes upon irradiation at 
365 nm. For instance, this could be the case of photoinduced electron 
transfer from the ligand-centered singlet excited state to the Pt center. 
Despite this, the Φph εabs factors obtained for the complexes are still 
sufficiently large to allow photoreaction to take place at reasonable 
rates.

To further investigate the UV-induced photoreactions of L1 and L2 as 
well as C1 and C2, they were monitored by 1H NMR, electrospray 
ionization-mass spectrometry (ESI-MS) and X-ray diffraction (XRD). In 

Fig. 4. Comparison of UV–vis absorption spectra in CH3CN, before and after complexation for a) L1 and C1 and b) L2 and C2. In all cases, the spectral maximum of 
the absorbance band around 350 nm has been normalized to 1 for comparison purposes.

Fig. 5. Time evolution of the UV–vis absorption spectra of ligands L1 and L2, and their Pt(II) complexes C1 and C2 upon UV irradiation in CH3CN solution (365 nm 
and power density of 3 mW/cm2 at 1.0 × 10− 5 M). In all cases, the maximum of the absorbance band around 350 nm for the initial spectrum (t = 0 s) has been 
normalized to 1 for comparison purposes.
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the case of L1, a similar behavior to that observed by UV–vis absorption 
spectroscopy was registered. At short irradiation times in acetoni
trile‑d3, the formation of an initial product was observed and charac
terized by a 1H NMR singlet at δ = 12.10 ppm and some peaks in the 
aromatic region (Fig. 6, t = 35 min).

This spectral pattern is compatible with the generation of the ex
pected o-nitrosobenzaldehyde by-product 10 ([M + H+] = 196.0607 Da, 
calc. = 196.0610 Da, Fig. S22) accompanied by the release of diamine 
L1’ (Scheme 8a). Indeed, the presence of L1’ in the mixture, produced at 
short irradiation times, was corroborated by mass spectrometry. How
ever, this product was not stable upon further irradiation, as it totally 
evolved to the formation of a unique stable photoproduct as recorded by 
1H NMR (Fig. 6, t = 114 min). To obtain more information and to 
identify this photoproduct, a sample was crystallized, and its structure 
was finally resolved as 1H-pyrazole 11 (Scheme 8 and Fig. S23). For
mation of this tricyclic compound was attributed to a Davis-Beirut-type 
[35] reaction of the enamine resulting from aldehyde 10 and amine L1’ 
which indicates that only one photodeprotection reaction takes place 
within L1 bearing two amino groups protected with o-nitrobenzyl 
moieties. The formation of 11 was also confirmed by mass spectrometry 
analysis of the same sample ([M + H+] = 469.2088 Da, 
calc. = 469.2087 Da), Fig. S24).

Interestingly, the photodegradation of the corresponding complex 
C1 lead to complex C1’ appearing to be stable after 3 h of continuous 
irradiation together with the nitroso aldehyde 10 (Scheme 8a). The 
presence of C1’ was corroborated by mass spectrometry 
([M + Na+] = 598.1 Da, calc. = 598.3 Da, Fig. S25).

The photodegradation of ligand L2 and complex C2, after 1 h of 
irradiation for L2 and 2 h for C2, showed in both cases the formation of 
stable species (Scheme 8b). These photoproducts were attributed to the 
nitroso ketone 12 ([M + H+] = 210.0756 Da, calc. = 210.0766 Da) and 
diamine L2’ ([M + H+] = 324.1927 Da, calc. = 324.4010 Da) or the 
corresponding complex C2’ ([M-Cl− + H+] = 554.1158 Da, 
calc. = 554.1260 Da) when starting from L2 or C2, respectively 

(Figs. S26–27).

2.4. Photoinduced Pt(II) release from P1 and P2

Once proven the photoreactivity of C1 and C2 under direct UV 
irradiation, the main concern was to verify if the same process could be 
induced by UCNPs when these complexes were loaded on the coating 
layer of the P1 and P2 platforms and, as a result, an increased release of 
Pt(II) could be triggered under illumination. For this purpose, three 
different experiments for each platform were carried out in PBS solution 
at 37 ◦C. As a control experiment, one test consisted of monitoring the Pt 
(II) release while keeping the platforms in the dark. A second test con
sisted of monitoring the Pt(II) release while irradiating within the UV 
range (365 nm), and the third test was carried out under NIR irradiation 
(980 nm). All the tests were performed in duplicate. The Pt(II) content in 
the initial sample and the amount of released Pt(II) species at different 
times were determined using ICP-OES. Fig. 7 shows the Pt(II) release 
curves versus time for platforms P1 and P2 under the three different 
conditions (Table S1).

Both plots show Pt(II) released from both platforms in absence of 
light (after 24 h, up to 45 % for P1 and less than 40 % for P2). This 
release could be attributed to a direct diffusion of the entrapped com
plexes. However, in the presence of NIR and UV radiation, there was a 
much higher % release of Pt(II) yet in less time (70–80 % for P1 and 
60–70 % for P2).

Since it was not possible to detect the form in which Pt(II) is released 
with ICP-OES, experiments were performed to try to identify the 
released species. To do this, the supernatant content of three suspensions 
of the P2 platform in water was analyzed by HPLC after being submitted 
to irradiation or dark conditions at room temperature. While one of the 
suspensions was left in the dark, the other two were irradiated under UV 
(365 nm) or NIR (980 nm) at room temperature. The samples were then 
ultracentrifuged and the supernatants were analyzed by HPLC. The 
analysis of the supernatant corresponding to the sample in the dark 

Fig. 6. 400 MHz 1H NMR spectra (acetonitrile‑d3) of the photodegradation of L1 at 365 nm.
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(Fig. S29a), mainly showed a peak at rt. = 9.4 min corresponding to the 
C2 complex (by comparison with a sample of the pure complex, Fig. S30) 
together with another peak at rt. = 9.9 min. This additional peak was 
attributed to a species derived from C2, probably through a chloride/ 
aquo complex exchange, since its intensity was found to increase at the 
expense of the peak corresponding to C2 when incubating a P2 sample in 
water for 24 h in the dark (Fig. S31). For both peaks, the UV spectrum 
was analyzed and resulted in very similar profiles (λabs,max ~ 350 nm), 
which confirmed that they were structurally similar species. Interest
ingly, no relevant peak attributable to the free ligand was observed (by 
comparison with the HPLC chromatogram of pure ligand L2, Fig. S32). 
The supernatant of the UV irradiated sample (Fig. S29b) showed a 
chromatogram where an almost complete conversion into a new species 
was observed with a UV spectrum similar to that of C2 but with a very 
different retention time (rt = 6.3 min). Therefore, this peak was 
attributed to the C2’ photoproduct. Also, according to the release curve 
(Fig. 7) it would be expected that in this chromatogram also C2 or even 
L2 would be observed. However, this was not the case. This could be 
because under irradiation, the possible released C2 complex would be 
also photodegraded in the suspension medium itself. As for the super
natant subjected to NIR irradiation (Fig. S29c), its HPLC chromatogram 
showed both the peaks attributed to C2 and its degradation product in 
the dark (rt = 9.4 and 9.9 min), which would be consistent with the non- 
selective release of a portion of C2. More interestingly, a clear increase 
in the signal corresponding to the desired C2’ photodegradation product 
also observed with direct UV irradiation was found (rt = 3.3 min). This 
fact shows how the photodegradation of C2 and, therefore, the corre
sponding release of C2’ is triggered by irradiating in the NIR, as devised 
in our design.

From the combination of ICP-OES HPLC results, using C2 as a model, 
it would seem reasonable to think that the increase in Pt(II) release 
measured under irradiation is enhanced by the light-induced formation 
of the C1’ and C2’ photoproducts. Although this release mechanism is 
not selective and competitive diffusion of intact C1 and C2 complexes is 
also observed, our photorelease experiments validate the initial hy
pothesis of the present work – i.e., the capacity of using the UV upcon
version emission of UCNPs generated in situ under NIR irradiation to 
produce Pt(II) release from the surrounding coating layer by ligand 
photouncaging. As a result, after about 400 and 200 min of NIR irradi
ation of P1 and P2, respectively, efficient light-induced Pt(II) release is 
achieved, noticeably higher than in the dark.

2.5. Biological assessment of ligands, complexes and their photoproducts

Since DNA is the targeted biological entity, the in vitro reactivity of 
the single complexes C1 and C2 and their photoproducts toward DNA 
was investigated under different conditions. This reactivity was fol
lowed by circular dichroism (CD) and UV–vis absorbance 
spectroscopies.

Circular dichroism. First, the interaction of complexes C1 and C2 
and the corresponding photoproducts C1’ and C2’ with DNA was 
assessed by CD. CD is a technique that is highly sensitive to any small 
change in the structure of the DNA [37] and is widely used to study the 
interaction between metal-complexes and DNA [38]. It is well known 
that when Pt(II) compounds bind to DNA they can provoke structural 
changes in the nucleic acid, impairing the replication of the cells, thus 
acting as cytotoxic agents. DNA presents two bands in the CD spectra at 
the UV region: base stacking causes a positive band at 275 nm, while a 

Scheme 8. Photoreactions under irradiation at 365 nm of a) L1 and C1 and b) L2 and C2.
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negative band at 245 nm is caused by the right-handed helicity of β-DNA 
[39].

In this case, to investigate if the Pt(II) species can interact and 

perturb the DNA strands, replicates of a 50 μM calf thymus DNA (ct- 
DNA) solution were incubated with each of the complexes at different 
molar ratio (r = 0 to 2) along 24 h at 37 ◦C (Fig. 8).

The CD data showed minor interactions between ct-DNA and the 
complexes, in their forms before and after irradiation. For the non- 
irradiated Pt(II) complexes C1 and C2 there is an increase in both, the 
positive and negative bands, presenting C1 a large bathochromic shift. 
Besides, the CD spectra of the photoproducts C1’ and C2’ also show an 
increase and a bathochromic shift for the 245 nm band, but the band at 
275 nm decreases with a bathochromic shift in both cases. These results 
indicate that Pt(II) complexes before and after being irradiated bind to 
DNA, destabilizing both the base stacking and helicity.

Electronic absorption spectroscopy. The interaction of the com
plexes with ct-DNA was also detected by UV–vis absorption spectros
copy. Unlike those previous CD experiments, in this study the 
concentration of the Pt(II) complexes was constant, while the DNA 
concentration gradually increased. If the reaction is highly selective and 
specific or poorly reactive, the signals associated with the complex 
would gradually decrease with each addition of DNA. Instead, if the 
reaction is non-specific, fast, and/or strong, the signal of the complex 
would disappear from the first addition. In either case, the binding 
constant can be estimated by the Benesi-Hildebrand approach [40].

The absorbance of each compound alone was recorded at 50 μM and 
as ct-DNA (0–100 μM) was added, the changes in absorbance were 
monitored (Fig. S33). All compounds showed a hypochromic effect as 
the concentration of ct-DNA increased and no significant bath
ochromism was observed in any spectra. This suggests an interaction in 
all cases with DNA via groove binding or electrostatic interactions rather 
than via intercalation with π orbitals of the DNA base pairs [41]. 
Changes in UV spectra revealed specific for each compound. While for 
C1’ and C2 the variation was slight, with a gradual decrease of the 
signal, for C1 and C2’ the variations were more pronounced.

The nature of the interaction of the complexes with DNA was further 
investigated. The intrinsic binding constants (Kb) were calculated using 
the Benesi-Hildebrand host-guest equation [41a,c]. High Kb values are 
usually attributed to strong intercalation with the DNA bases, while low 
Kb values denote poor intercalation of the complex. Table 2 shows the 

Fig. 7. Pt(II) release profiles for platforms P1 and P2 in the dark and under 
365 nm UV, and 980 nm NIR irradiation. In all cases, average data for two 
independent tests are plotted (n = 2) and errors bars are given as the standard 
error of the mean.

Fig. 8. CD spectra recorded for the incubation of ct-DNA with C1, C1’, C2 and C2’ at [0.5:1], [1:1] and [2:1] [Complex:DNA] molar ratios in Tris⋅HCl, at pH 7.2. All 
samples were incubated at 37 ◦C for 24 h.
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values obtained for C1 and C2 and their corresponding photoproducts.
The range of Kb values between 1.8 × 103 to 5.6 × 103 M− 1 suggest a 

binding affinity of moderate strength when compared to Kb of classical 
intercalators such as ethidium (Kb = 7 × 107 M− 1) [42] or proflavine 
(Kb = 4.1 × 105 M− 1) [43], which are 2–4 orders of magnitude higher. 
But it is only one order of magnitude lower when compared to the 
oxaliplatin drug (Kb = 4.12 × 104 M− 1) [44]. These results reinforce the 
hypothesis that the interaction of both the complexes and their irradi
ated forms with DNA occurs more as a covalent interaction than as an 
intercalator.

Cytotoxicity toward A375 cancer cell line. Melanoma is the most 
serious skin cancer; it comes from the transformation of the melanocytes 
and has a high probability of spreading and producing metastases with 
around 20 % mortality [45]. The main cause of melanoma cancer is UV 
radiation from the sun, together with skin type and genetics [46]. Many 
treatments have been applied to avoid this dispersion such as surgery, 
chemotherapy, photodynamic therapy, immunotherapy, radiotherapy, 
and others, but no treatment has been sufficiently effective [47].

First, the cytotoxicity of ligands (L1,L2), and the corresponding Pt(II) 
complexes (C1, C2) was studied against A375 melanoma cell line. As 
none of the compounds out of the platforms are soluble in culture media, 
they had to be diluted in DMF beforehand. Therefore, a previous study 
was done to determine the % of DMF that A375 cell cultures could 
tolerate. This resulted in a 0.4 % (v/v) DMF as the maximum amount to 
be used in further assays (Fig. S34). Next, the cytotoxicity of ligands, Pt 
(II) complexes and their respective photoproducts after irradiation at 
365 nm was compared. To this aim, the effect on cell viability of L1, L2, 
C1, C2, and the respective photoproducts (L1’, L2’, C1’, C2’) was 
evaluated in front of the A375 cancer cell line after 24 h of exposure by 
MTT assay (Fig. 9).

The maximal inhibitory concentration (IC50) values, calculated from 
the viability assays, (Table 3) show that the complexes are more cyto
toxic than their corresponding ligands. C1 and C1’ exhibit IC50 around 
5 μM, while both L1 and L1’ have an IC50 of approximately 130 μM, 
about 26 times higher. On the other hand, L2 and L2’ which have an IC50 
around 100 μM that is 20 times higher than for C2 and C2’, which have 
an IC50 of about 5 μM. From these results it can be concluded that the 
cytotoxicity of the Pt(II) complexes is significantly higher than those 
related to the ligands.

2.6. Biological assessment of platforms P1 and P2

Once Pt(II) was confirmed as a requirement to achieve cytotoxicity at 
low concentrations, the study was undertaken to assess cytotoxicity, 
under the same conditions, of platforms P1 and P2, containing com
plexes C1 and C2, respectively.

To provide an idea about the internalization of the nanoplatforms in 
A375 cells, the cytotoxicity in the dark of both systems was evaluated, 
using different incubation times before washing, 1, 2, and 4 h at 37 ◦C, 
and measuring the cell viability after 24 h (Fig. S35). Platform P1 
resulted in a slightly more cytotoxic than P2. When considering the 
highest concentrations assayed (20 μM), the main difference was 

observed after 2 h of incubation. Also, for the irradiation tests, two 
concentrations (0.5 and 2.5 μM for P1 and 1.0 and 5.0 μM for P2) were 
selected, which correspond to IC10 and IC30 respectively for each plat
form. These specific concentrations were selected because under these 
conditions the platforms exhibit poor cytotoxicity in the absence of light 
and therefore, they can allow the activity under irradiation to be clearly 
evaluated.

Platforms P1 and P2 were next irradiated in the NIR range. 
Considering that water also absorbs NIR irradiation and can provoke 
heating of the cell medium with the concomitant induced cell damaging, 
it was necessary to find the best conditions of power irradiation at 
980 nm in which the upconversion process can take place without 
causing relevant cell death. After extensive research, it was found that 
the best conditions were doing cycles of 1 min irradiation at 4.5 W/cm2 

intensity power and 2 min break.
Once the conditions were established, assays were carried out. The 

concentrations corresponding to IC10 and IC30 (0.5 μM and 5.0 μM of Pt 
(II) for P1 and 2.5 μM and 7.5 μM of Pt(II) for P2) were used to study the 
activity of each platform. Samples with the same concentration were 
placed on different wells, some of which were irradiated while the 
others were kept in the dark, as a blank with the same concentrations for 
comparison. Cells were treated with the different concentrations of each 
platform for 2 h. After this time, the medium was washed to remove the 
non-internalized platform. Each selected well was irradiated at 980 nm 
at 4.5 W/cm2 with cycles of 1 min laser on and 2 min off for 1 h. After 
24 h, the cell viability was determined by MTT assay and compared to 
results obtained in the dark (Fig. 10).

Both platforms show similar increase of the toxicity as raising the 
concentration of Pt(II). Also, a significant improvement in cytotoxicity 
after irradiation was observed confirming the viability of the proposed 
upconversion process to release Pt(II).

The cell viability calculated at the different concentrations assayed 
(Table 4) shows that in the case of P1, the difference in the presence of 
light or in the dark for each concentration was smaller than for P2. If 
considering the similar toxicity observed for both complexes before and 
after irradiation, these slight differences can be explained by the 
different internalization.

To our knowledge, this is the first work presenting the control of the 
activity of Pt(II) complexes by transforming deeply penetrating NIR light 
into UV light through UCNPs as nanotransducers not depending on the 
Pt(IV)/Pt(II) redox pair. When P1 and P2 were exposed to 980 nm ra
diation, they showed increased inhibitor efficiency. The results pre
sented here may constitute a promising step in the future development 
of UCNP-facilitated redox-independent Pt(II) delivery systems, opening 
the way to new UV–vis responsive complexes and to others that were 
discontinued for that very reason.

3. Summary and conclusions

In summary, we have developed two novel photoactive Pt(II) com
plexes and characterized the photoproducts resulted from the contin
uous radiation with UV light. These platinum complexes have been 
loaded into the mPEG-ODA coating of UCNPs giving rise to two new 
nanoplatforms for the study of the NIR radiation induced release of 
platinum complexes. Upon exposure to a 980 nm NIR laser, UCNPs emit 
UV-light demonstrating an efficient triggering of Pt(II) complexes 
release in both spatially and temporally controlled manner. This is the 
first time that the release of Pt(II) species promoted by UCNPs is 
described without depending on the Pt(IV)/Pt(II) redox couple. The Pt 
(II) release in solution in the dark and upon NIR radiation has been 
tracked in real-time, which is very stimulating to the practical applica
tion of Pt-based nanotherapeutics in medical applications. This type of 
complexes, being part of the nanoplatforms presented here, can be very 
inspiring in the development of future biomedical applications related to 
precise and effective drug delivery systems based on the release of Pt(II) 
with light as an external stimulus. These Pt(II) complexes, before and 

Table 2 
Kb values and the % hypochromic effect obtained for the interaction of ct-DNA 
and with each Pt(II) complex preparation: C1, C1’, C2 and C2’. Kb was calcu
lated from the ratio of the intercept to the slope, according to the Benesi- 
Hildebrand equation after the fitting of the UV–vis data from Fig. S33. The hy
pochromic effect was calculated in reference to the initial intensity at the 
wavelength indicated in parentheses.

Complex Kb (M− 1) log Kb % hypochromic effect (λ in nm)

C1 2.4 × 103 3.38 29 % (358 nm)
C1’ 1.8 × 103 3.25 14 % (354 nm)
C2 5.6 × 103 3.75 15 % (363 nm)
C2’ 4.0 × 103 3.60 52 % (348 nm)
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after irradiation, are more cytotoxic than the respective ligands and 
their photoproducts, leading to the conclusion that Pt(II) plays an 
important role in preventing cell division.

Platforms P1 and P2 were assessed against the A375 cancer cell line. 
Increasing cytotoxicity for each platform irradiating with NIR light, with 
a significant difference compared to that in the dark, has been achieved. 
These results demonstrate an alternative way of activating UV- 
photoresponsive Pt(II) complexes under NIR radiation through an 
upconversion process. In addition, the mPEG-ODA coating provides a 

solution to the common issue concerning low water-solubility of Pt(II) 
species.

This work reveals how photoactive Pt(II) complexes, with response 
limited to the UV range, and also very poorly soluble in physiological 
medium, can be used for NIR-controlled Pt(II) release in physiological 
medium. We hope that this work will serve as motivation and pave the 
way for future designs of Pt(II) release systems without being restricted 
to the need to reduce Pt(IV). We also believe that the approach here 
presented may stimulate future review of many Pt(II) complexes that 
were once dismissed because they were not activatable under NIR or 
were not sufficiently soluble in physiological media.

4. Experimental procedures

Materials. K2PtCl4 was purchased from Precious Metal Online. 
Different organic reagents used for ligands synthesis were purchased 
from Sigma-Aldrich, Alfa Aesar, Thermo Fisher and Biosynth. Carbon 
Synth. Organic solvents were dried before use when required. LiAcO 
(>99 %) and CaCO3(99.5 %) were purchased from Sigma Aldrich. Y2O3 

Fig. 9. Effect of a) L1 and L1’ b) C1 and C1’ c) L2 and L2’ d) C2 and C2’ on the cell viability of A375 cell line. Cells were exposed to different concentration of each 
compound for 24 h and cell viability was determined using MTT assays with 3 independent experiments for triplicate.

Table 3 
Calculated IC50 values for ligands and Pt-complexes before (L1, L2, C1, C2) and 
after (L1’, L2’, C1’ C2’) irradiation, and exposure to A375 cells for 24 h.

Ligand IC50 (μM) Complex IC50 (μM)

L1 130.0 ± 1.0 C1 4.7 ± 1.1
L1’ 131.0 ± 1.0 C1’ 5.3 ± 1.1
L2 111.0 ± 1.1 C2 4.1 ± 1.1
L2’ 84.6 ± 1.5 C2’ 6.2 ± 1.4

Fig. 10. A375 cell viability vs. Pt(II) concentration. All assays consisted in measuring the internalization after 2 h of incubation with a) C1/UCNP/mPEG-ODA and b) 
C2/UCNPs/mPEG-ODA.
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(99.999 %), Yb2O3 (99.999 %), and Tm2O3 (99.999 %) were purchased 
from Sigma Aldrich. Trifluoroacetic acid, hydrochloric acid, ethanol, 
cyclohexane, dimethyl sulfoxide (DMSO), and dichloromethane (DCM) 
were purchased from Fischer. Methoxy poly(ethylene glycol) (mPEG, 
average molecular weight 2000), Octadecylamine (ODA), triethylamine 
(TEA), Hydroxybenzotriazole (HOBt) and o-benzotriazole N,N,N′,N′- 
tetramethyluronium hexafluorophosphate (HBTU) were purchased from 
Sigma Aldrich. All of the chemical reagents were used as received 
without further purification.

Characterizations. Fourier transform infrared spectroscopy (FTIR) 
was performed on a Tensor 27 FT-IR Spectrometer (Bruker) in the range 
of 400–4000 cm− 1. The hydrodynamic size for the nanoparticles were 
measured by DLS, using the Zetasizer Nano 3600 instrument (Malvern 
Instruments, UK) equipped with a 633 nm “red” laser. STEM images 
were performed on a scanning electron microscope Magellan 400 L 
extreme resolution (XHR) at a voltage of 20 kV. Carbon coated copper 
grid was used as support. STEM images and EDX scan profiles were also 
obtained with a FEI Tecnai G2 F20 coupled to an EDAX detector. Ob
servations were performed at room temperature at a voltage of 200 kV. 
FT-IR spectra were collected. Emission spectra of UCNPs as solid pow
ders were recorded in reflection mode on a custom-made spectrofluo
rometer where photons emitted are detected using an Andor ICCD 
camera coupled to a spectrograph. Excitation was conducted with a NIR 
laser (λexc = 980 nm, 140 mW) focused on the sample with a NA = 0.25 
objective. All of fluorescence studies were performed at room temper
ature. Ultraviolet− visible (UV − vis) absorption spectroscopy was per
formed on a HP8453 UV − vis spectrophotometer. 1H NMR spectra were 
collected by a Bruker spectrometer DPX-360, and 400 MHz instruments 
and 13C NMR spectra were collected by a Bruker AR430, 101 MHz in
strument. Mass spectrometry (MS) and high-resolution mass spectrom
etry (HRMS) spectra were recorded in a MicroTOF-Q (Brucker Daltonics 
GmbH, Bremen, Germany) instrument equipped with an electrospray 
ionization source (ESI) in positive mode. Inductively coupled Plasma- 
Optical emission Spectroscopy (ICP-OES) was employed to quantify 
the amount of Pt(II) released from both platforms. The analyses were 
performed on Agilent 5900 apparatus of samples previously digested in 
HCl/HNO3. Ultracentrifugations to obtain HPLC samples were per
formed in a Oltoalresa Biocen 22R apparatus,15.000 rpm, 5 min at 7 ◦C. 
HPLC analyses were collected by an Agilent Technologies 1100 Series 
apparatus in reversed phase and Waters Xterra©MSC18 3.5 μm, 
100 × 2,1 mm column.

4.1. Synthesis

Synthesis of N,N′-(cyclohexane-1,2-diyl) bis(1-(4,5-dimethoxy-2- 
nitrophenyl) methanimine) (3): (±)-trans-1,2-diaminocyclohexane 
(604 μL, 4.63 mmol) was added to a solution of 3,4-dimethoxy-6-nitro
benzaldehyde (1) (2000 mg, 9.44 mmol) and 4 Å molecular sieves in 
anhydrous THF (20 mL). The mixture was stirred overnight at room 
temperature under an argon atmosphere. DCM was added, and the 
resulting mixture was filtered through silica, the filtrate was evaporated 
under vacuum to give a yellow solid. This crude solid was recrystallized 
from absolute ethanol to yield diamine 3 as a yellowish solid (1618 mg, 
69 %). 1H NMR (400 MHz, CDCl3): δ = 8.72 (s, 2H), 7.49 (s, 2H), 7.42 (s, 
2H), 3.96 (s, 6H), 3.93 (s, 6H), 3.61–3.49 (m, 2H), 2.0–0.7 (m, 4H). 13C 

NMR (100 MHz, CDCl3): δ = 156.9, 153.3, 150.1, 141.8, 126.4, 110.3, 
107.1, 74.2, 56.7, 32.9, 24.5 MS (ESI+): calculated for [C24H28N4O8]: 
501.199 [M + H]+, found: 501.199 [M + H]+.

Synthesis of N1,N2-bis(4,5-dimethoxy-2-nitrobenzyl) cyclohexane- 
1,2-diamine (L1): Diimine 3 (700 mg, 1.39 mmol) and sodium cyano
borohydride (220 mg, 3.49 mmol) with 6.5 mL of glacial acetic acid 
were stirred at room temperature for 5 min. After 5 min 7 mL of MeOH 
were added and stirring was continued for 1 h. The solution was evap
orated under vacuum. A solution of potassium hydroxide was added up 
to basic pH and extracted with DCM. The DCM layer was dried over 
anhydrous Na2SO4, filtered, and evaporated to give a yellow solid. The 
solid was purified with silica gel flash chromatography with DCM:MeOH 
(9.5:0.5) + 2 % of TEA to give L1 as a yellow solid (683 mg, 97 %). 1H 
NMR (400 MHz, CDCl3): δ = 8.72 (s, 2H), 7.49 (s, 2H), 7.42 (s, 2H), 3,96 
(s, 6H), 3,93 (s, 6H), 3.55 (m, 2H), 1,98–1.70 (m, 6H), 1,51 (m, 2H). 13C 
NMR (100 MHz, CDCl3): δ = 153.4, 147.1, 141.1, 131.7, 112.9, 108.2, 
61.6, 56.6, 48.6, 31.8, 25.1 MS (ESI+): calculated for [C24H32N4O8]: 
505.230 [M + H]+, found: 505.230 [M + H]+.

Synthesis of C1: A solution of L1 (65 mg, 0.130 mmol) in THF (2 mL) 
was added to an aqueous solution that contained the equivalent amount 
of K2PtCl4 (54 mg, 0.130 mmol). THF was added to the solution until all 
the solution was dissolved, the reaction was stirred at room temperature 
overnight. After this time, an orange solid was precipitated which was 
filtered and washed with acetone to give C1 as an orange solid (61 mg, 
61 %). 1H NMR (400 MHz, DMF-d7) δ = 8.68 (s, 1H), 7.78 (s, 1H), 7.69 
(s, 1H), 7.65 (s, 1H), 6.62 (bs, 2H), 4.91 (bd, J = 16 Hz, 1H), 4.59 (bdd, 
J = 13.7 Hz, J = 6.2 Hz, 1H), 4.30–3,80 (m, 2H), 4.15 (s, 3H), 4.07 (s, 
3H), 4.05 (s, 3H), 3.97 (s, 3H), 3.39 (m, 1H), 3,04 (m, 1H), 1.68–0.68 
(m, 8H). 13C NMR (400 MHz, DMF-d7) δ = 153.2, 153.0, 149.2, 148.8, 
143.1, 141.3, 126.3, 124.7, 116.5, 115.7, 108.2, 108.1, 71.2, 63.6, 56.5, 
56.4, 56.1, 55.9, 50.3, 49.0, 24.7, 24.5 HRMS (ESI+): calculated for 
[C24H32Cl2N4O8Pt]: 788.1572 [M + NH4]+, found: 788.1592 
[M + NH4]+, 813.1686 [M – Cl− + dmso]+, found 813.1703 [M – 
Cl− + dmso]+.

Synthesis of N,N′-(cyclohexane-1,2-diyl) bis(1-(3,4-dimethox
yphenyl)methanimine) (9) [36]: To a solution of benzaldehyde 8 
(2000 mg, 12 mmol) in DCM (4 mL) with 4 Å molecular sieves at room 
temperature, (±)-1,2-diaminocyclohexane (680 mg, 5.96 mmol) was 
added. The reaction mixture was stirred for 2 h and then filtered. The 
resulting filtrate was evaporated under vacuum to give a solid that was 
purified by a recrystallization from absolute ethanol to give 9 as a yellow 
solid (1861 mg, 76 %) 1H NMR (360 MHz, CDCl3): δ = 8.09 (s, 2H), 7.24 
(d, J = 1.3 Hz, 2H), 7.02–6.99 (dd, J = 8.1 Hz, J = 1.3, 2H), 6.78–6.76 
(d, J = 8.1 Hz, 2H), 3.87 (s, 6H), 3.86 (s, 6H), 3.36–3.34 (d, 2H), 
1.95–1.43 (m, 8H).

Synthesis of (1SR,2SR)-N1,N2-bis((SR)-1-(3,4-dimethoxyphenyl) 
ethyl)cyclohexane-1,2-diamine (7): Methyllithium (1.6 M in Et2O, 
4.10 mmol, 2.56 mL) was added to stirred solution of the diimine 9 in 
THF (15 mL) which was previously cooled at − 78 ◦C. After 30 min, the 
reaction mixture was slowly warmed up to 0 ◦C, stirred for a further 2 h, 
and then quenched with saturated aq. NaHCO3. The organic phase was 
extracted with EtOAc and the organic layers were collected, dried over 
Na2SO4 and concentrated to give the crude product. Flash column 
chromatography (Al2O3), eluting with n-hexane /EtOAc (1:1), gave a 
yellow oil that was characterized as a single diastereomer of diamine 7 
(403 mg, 90 %). 1H NMR (360 MHz, CDCl3): δ = 6.95 (d, J = 1.8 Hz, 2H), 
6.87 (dd, J = 8.2 Hz, J = 1.8 Hz, 2H), 6.80 (d, J = 8.2 Hz, 2H), 3.89 (s, 
6H), 3.87 (s, 6H), 3.80 (q, J = 6.5 Hz, 2H), 2.24 (m, 2H), 1.76 (m, 2H), 
1.56 (m, 2H), 1.31 (d, J = 6.5 Hz, 6H), 1.10 (m, 2H), 0.89 (m, 2H). 13C 
NMR (100 MHz, CDCl3): δ = 148.9, 147.8, 140.4, 118.47, 110.9, 109.7, 
60.5, 56.0, 56.0, 56.0, 32.8, 25.1, 24.2 HRMS (ESI+): calculated for 
[C26H38N2O4]: 443.2904 [M + H]+, found: 443.2897 [M + H]+.

Synthesis of (1SR,2SR)-N1,N2-bis((SR)-1-(4,5-dimethoxy-2-nitro
phenyl)ethyl)cyclohexane-1,2-diamine (L2): To a solution of 5.80 mL 
of HNO3 60 % in an ice-bath, acetic anhydride (0.984 mL) was added 
and stirred for 10 min. To that solution, 7 (2.091 g, 4.73 mmol) was 

Table 4 
Viability of A375 cells after 2 h of internalization of the platforms and 24 h of 
incubation after irradiation of NIR light and in the dark.

Entry Platform Concentration (μM) Cell Viability (%)

Dark NIR light

1
P1

0.5 91 ± 5.1 77 ± 3.8
2 5.0 67 ± 2.9 56 ± 5.9
3

P2
2.5 80 ± 1.6 73 ± 3.3

4 7.5 62 ± 9.8 46 ± 3.2
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added. The reaction was stirred for another 3 h and then poured into 
water. A solution of potassium hydroxide was added up to basic pH and 
the resulting mixture was extracted with DCM. The organic phase was 
dried over Na2SO4 and concentrated under vacuum. Flash column 
chromatography, eluting with DCM: EtOAc (1:1) + 2 % TEA, gave a 
yellow solid that was characterized as L2 (Single diastereomer, 2.287 g, 
91 %). 1H NMR (360 MHz, CDCl3): δ = 7.45 (s, 2H), 7.43 (s, 2H), 4.56 (q, 
J = 6.3 Hz, 2H), 4.01 (s, 6H), 3.93 (s, 6H), 2.23 (m, 2H), 1.69 (m, 2H), 
1.53 (m, 2H), 1.39 (d, J = 6.3 Hz, 6H), 1.06 (m, 2H), 0.85 (m, 2H). 13C 
NMR (100 MHz, CDCl3): δ = 153.0, 147.3, 140.7, 138.0, 110.2, 107.5, 
61.3, 56.3, 51.3, 32.9, 24.8, 23.8 HRMS (ESI+): calculated for 
[C26H36N4O8]: 533.2606 [M + H]+, found: 533.2591 [M + H]+.

Synthesis of C2: A solution of L2 (50 mg, 0.094 mmol) in THF (2 mL) 
was added to a water solution of an equivalent amount of K2PtCl4. THF 
was added to the mixture up to complete dissolution. After stirring 
overnight at room temperature, a brown solid was obtained which was 
filtered. The solid was purified by precipitation in acetone/Et2O and 
identified as C2 (21 mg, 28 %). 1H NMR (400 MHz, CDCl3) δ = 7.48 (s, 
1H), 7.33 (s, 1H), 7.26 (s, 1H), 7.01 (s, 1H), 5,56 (bs, 1H), 5,33 (bs, 1H), 
5,11 (bs, 1H), 4,40 (bs, 1H), 4.35 (s, 3H), 4,01 (s, 6H), 3,90 (s, 3H), 3,31 
(bs, 1H), 2,60 (bs, 1H), 2,00 (bd, 2H), 1.76 (d, J = 4 Hz, 3H), 1.40 (d, 
J = 8 Hz, 3H), 2.00–0,50 (m, 6H). 13C NMR (100 MHz, CDCl3): 
δ = 153.6, 152.9, 149.0, 148.5, 141.9, 140.5, 131.0, 130.7, 115.5, 
110.9, 107.7, 107.0, 72.1, 71.9, 64.0, 57.7, 56.9, 56.6, 56.4, 48.9, 31.6, 
30.0, 26.2, 25.3, 25.1, 23.5 HRMS (ESI+): calculated for 
[C26H36Cl2N4O8Pt]: 821.1439 [M + Na]+, found: 821.1461 [M + Na]+.

Synthesis of LiYF4; Yb3+; Tm3+ nanoparticles: LiYF4; Yb3+; Tm3+

UCNPs were synthesized via thermal decomposition, as a two-step pro
cess. In the first step, a mixture of water/trifluoroacetic acid (1:1) 
(10 mL), was added to a 2-neck round-bottom flask containing Tm2O3 
(0.0024 g, 6.25 × 10− 3 mmol, 0.5 mol% Tm3+), Yb2O3 (0.1232 g, 
3.13 × 10− 1 mmol, 2.5 mol% Yb3+) and Y2O3 (0.2103 g, 
9.31 × 10− 1 mmol). The cloudy solution was heated at 80 ◦C until it was 
clear. The resulting solution was heated at 60 ◦C for 5 h to form the Y+3, 
Yb3+, and Tm3+ trifluoroacetate precursors, then the solvent was 
evaporated under pressure. In the second step, LiAcO⋅2H2O (160 mg, 
1.6 mmol) was added to the dried precursor mixture (655 mg), with 
oleic acid (10 mL) and 1-octadecene (10 mL) and the final mixture was 
degassed for 30 min at 120 ◦C. The temperature was increased at a rate 
of 15 ◦C/min to 330 ◦C. Then, the reaction mixture was stirred at 330 ◦C 
for 1 h. After cooling to room temperature absolute ethanol was added to 
precipitate LiYF4, Yb3+, and Tm3+ UCNPs, which were subsequently 
isolated via centrifugation (3000 rpm, 15 min). The pellet was washed 
with a 1:3 hexane/ethanol mixture twice to remove any impurities.

Synthesis of P1: C1/UCNPs/mPEG-ODA: 110 mg of mPEG-ODA, 
10 mg of C1 and 20 mg of UCNPs were mixed in 2 mL of CHCl3. The 
mixture was sonicated for 5 min and THF (1 mL) was added to the 
mixture. After 5 min under sonification, 6 mL of water were added to the 
mixture and sonicated for 3 h to evaporate CHCl3 and THF, keeping the 
water bath of the sonicator below 50 ◦C. Then, the resulting solution was 
added to a falcon tube and centrifuged at 4000 rpm for 2 h, excess 
mPEG-ODA in supernatant was removed. The resulting nanoparticles 
were dispersed in water and filtered through a 0.45 μm syringe filter to 
remove large aggregates and possible mPEG-ODA traces. After that, the 
solvent was removed by lyophilization overnight.

Synthesis of P2: C2/UCNPs/mPEG-ODA: 110 mg of mPEG-ODA, 
11 mg of C2 and 20 mg of UCNPs were mixed in 2 mL of CHCl3. Then 
the mixture was sonicated for 5 min. After this time, 6 mL of water was 
added to the mixture and sonicated for 3 h to evaporate CHCl3, keeping 
the water bath of the sonicator below 50 ◦C. Then, the solution was 
added to a falcon tube and centrifuged at 4000 rpm for 2 h, excess 
mPEG-ODA in supernatant was removed. The nanoparticles were 
dispersed in water and filtered through a 0.45 μm syringe filter to 
remove large aggregates. After that, the solvent was removed by 
lyophilization overnight.

4.2. Pt (II)-release experiment

ICP-OES: As a general procedure, the corresponding amounts of P1 
or P2 to 80 μg Pt(II) were suspended in 2 mL of PBS solution. This 
suspension was introduced in a polypropylene cuvette with 1 mm holes 
(ca. 9 per cm2) tightly surrounded by a dialysis bag (3 nm pore). The 
cuvette was placed in 65 mL of a PBS surrounding bath at 37 ◦C. The 
cuvette was then irradiated under UV-light (365 nm) or NIR light 
(980 nm) or kept in the dark. Aliquots (1 mL) were collected from the 
PBS surrounding bath at different times and replaced with the same 
volume of fresh PBS (See table S1). The aliquots were digested with HCl 
1 % (v/v) and HNO3 1 % (v/v) and analyzed by ICP-OES.

HPLC: Equal platform P2 samples were suspended in milliQ water 
(2 mg/200 μL) were subjected to UV (365 nm, W⋅cm-2) and NIR 
(980 nm, W⋅cm-2) irradiation while another sample was left in the dark. 
While irradiation, samples were ventilated to avoid temperature in
crease due to the radiation itself. After 3 h under irradiation or darkness, 
all three samples were subjected to ultracentrifugation and samples of 
the supernatant were taken. These samples were analyzed by HPLC. 
Method: H2O:ACN from 80:20 to 5:95, 10 min, 5:95, 5 min, from 5:95 to 
80:20 in 1 min, 80:20, 9 min, const. Flow: 0.3 mL min− 1.

4.3. Cell viability assays

Cell culture: A375 human melanoma cell line was acquired from the 
European Collection of Authenticated Cell Cultures (ECACC). Cells were 
cultured at 37 ◦C under 5 % CO2 in DMEM culture medium, supple
mented with 10 % FBS, 2 mM L-glutamine, 1 % penicillin–streptomycin 
(100 U/mL penicillin, 100 μg/mL streptomycin) and 1 % fungizone 
(250 U/mL). Cells were monitored to ensure satisfactory confluence and 
morphology using an inverted phase-contrast Eclipse TS100 microscope 
(Nikon, Tokyo, Japan). When 70–80 % of confluence was reached, cells 
were treated with trypsin-EDTA (0.25 % trypsin and 1 mM EDTA) and 
used in the in vitro cell viability assays.

Cytotoxicity of ligands and complexes: Stock solutions were freshly 
prepared in DMF for L1, L2, C1, C2. To prepare L1’, L2’, C1’, and C2’ 
stocks, half of volume of stock of each compound (L1, L2, C1, C2) was 
taken and irradiated with UV lamp at 365 nm for 2 h. Each stock solu
tions were diluted in the culture medium for working concentrations 
(maximum 0.2 % DMF in biological experiments). Stock solutions were 
freshly prepared in water for C1/UCNPs/mPEG-ODA (P1) and C2/ 
UCNPs/mPEG-ODA (P2). Each stock solution was diluted in the culture 
medium for working concentrations.

A375 cells were seeded in 96-well plates at 40000 cells/mL for 24 h 
of exposure. After 24 h, medium was replaced with fresh medium con
taining: (i) L1 and L1’ (0, 25, 50, 100, 125, 150 μM), (ii) L2 and L2’ (0, 5, 
10, 25, 50, 75, 100 μM), (iii) C1 and C1’ (0, 0.5, 1, 2.5, 5, 7.5, 10, 
20 μM), (iv) C2 and C2’ (0, 0.5, 1, 2.5, 5, 7.5, 10, 20 μM) and incubated 
for 24 h. At the end of the incubation time, the medium was removed 
from each well and replaced by fresh culture medium with 50 μL of MTT 
(1 mg/mL in PBS) and incubated for 4 h at 37 ◦C in a 5 % CO2 humified 
atmosphere. Thereafter, the culture medium with MTT was removed 
and replaced by 150 μL of DMSO to dissolve the formazan crystals. The 
absorbance was measured with a plate reader (Synergy HT Multi-Mode, 
BioTek, Winoski, VT) at 570 nm with blank corrections.

Cytotoxicity of NIR activated nanoplatforms: For the study of the in 
vitro cytotoxicity of P1 and P2, A375 cells were seeded in 96-well plates 
as described above. After 24 h, medium was replaced with fresh medium 
containing P1 (0, 0.5, 5 μM of Pt(II)) or P2 (0, 2.5, 7.5 μM of Pt(II)) and 
incubated for 2 h. After the incubation time, the supernatant was 
removed to discard what was not internalized and new medium was 
added. Subsequently, wells were irradiated at 980 nm with a power 
intensity of 4.5 W/cm2 for 60 min (repeating the sequence: 1 min of 
irradiation after 2 min break to avoid photothermal effects). Then the 
cells were incubated for another 24 h. Cell viability was evaluated as 
described above.
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