
OR I G I N A L R E S E A R C H

Green One-Step Synthesis of Medical Nanoagents

for Advanced Radiation Therapy
This article was published in the following Dove Press journal:

Nanotechnology, Science and Applications

Daniela Salado-Leza1,2

Erika Porcel 1

Xiaomin Yang 1

Lenka Štefančíková1

Marta Bolsa-Ferruz1

Farah Savina1

Diana Dragoe 3

Jean-Luc Guerquin-Kern4

Ting-Di Wu4

Ryoichi Hirayama 5

Hynd Remita6

Sandrine Lacombe 1

1Université Paris Saclay, CNRS UMR

8214, Institut des Sciences Moléculaires

d’Orsay, 91405 Orsay, France; 2Cátedra

CONACyT, Faculty of Chemical Sciences,

Autonomous University of San Luis

Potosí, 78210 San Luis Potosí, Mexico;
3Université Paris Saclay, CNRS UMR

8182, Institut de Chimie Moléculaire et

des Matériaux d’Orsay, 91405 Orsay,

France; 4Paris-Saclay University,

Multimodal Imaging Center (UMS 2016/

US 43) CNRS, INSERM, Institut Curie,

91405 Orsay, France; 5Department of

Charged Particle Therapy Research,

National Institute of Radiological

Sciences, National Institutes for

Quantum and Radiological Science and

Technology, 263-8555 Chiba, Japan;
6Université Paris Saclay, CNRS UMR

8000, Institut de Chimie Physique, 91405

Orsay, France

Purpose: Metal-based nanoparticles (M-NPs) have attracted great attention in nanomedicine

due to their capacity to amplify and improve the tumor targeting of medical beams. However,

their simple, efficient, high-yield and reproducible production remains a challenge. Currently,

M-NPs are mainly synthesized by chemical methods or radiolysis using toxic reactants. The

waste of time, loss of material and potential environmental hazards are major limitations.

Materials and Methods: This work proposes a simple, fast and green strategy to synthe-

size small, non-toxic and stable NPs in water with a 100% production rate. Ionizing radiation

is used to simultaneously synthesize and sterilize the containing NPs solutions. The synthesis

of platinum nanoparticles (Pt NPs) coated with biocompatible poly(ethylene glycol) ligands

(PEG) is presented as proof of concept. The physicochemical properties of NPs were studied

by complementary specialized techniques. Their toxicity and radio-enhancing properties

were evaluated in a cancerous in vitro model. Using plasmid nanoprobes, we investigated

the elementary mechanisms underpinning radio-enhancement.

Results and Discussion: Pt NPs showed nearly spherical-like shapes and an average

hydrodynamic diameter of 9 nm. NPs are zero-valent platinum successfully coated with

PEG. They were found non-toxic and have the singular property of amplifying cell killing

induced by γ-rays (14%) and even more, the effects of carbon ions (44%) used in particle

therapy. They induce nanosized-molecular damage, which is a major finding to potentially

implement this protocol in treatment planning simulations.

Conclusion: This new eco-friendly, fast and simple proposed method opens a new era of

engineering water-soluble biocompatible NPs and boosts the development of NP-aided

radiation therapies.

Keywords: platinum nanoparticles, radiolytic method, environmentally-friendly process,

nanomedicine, radiotherapy

Introduction
The addition of metallic compounds was proposed two decades ago as a novel strategy

to enhance the biological efficiency of medical radiations.1 Biston et al showed the

efficiency of combining cisplatin, a commonly used platinum antineoplastic drug, with

conventional radiotherapy to improve gliomas treatment.2 To selectively increase the

toxic effects of radiation, agents capable of concentrating in the tumor have been

introduced such as nanoparticles (NPs). Indeed, a wide variety of nanostructured

materials have been proposed in the fight against cancer. Organic, inorganic and hybrid

NPs are been studied as adjuvants to enhance the diagnosis and treatment of tumors. In

particular, metal-based NPs endowed with intrinsic physicochemical properties (eg

luminescence or magnetism) and functional surfaces, could be used as: i) contrast
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agents for imaging, ii) vectors for targeted drug delivery, iii)

compounds for anticancer drug development, iv) radio-

enhancers for improved radiotherapy or v) as multi-modal

platforms for theranostic. For instance, biogenic NPs con-

taining gold (Au NPs) and silver (Ag NPs) have been largely

studied due to their potential use as anticancer nano-

therapeutics, showing remarkable results killing, among

others; colorectal and pulmonary cancer cells.3–5 However,

a suitable radio-enhancer candidate is a non-toxic high-Z

nanoparticle (HZ-NPs) that only under irradiation acts as an

adjuvant anticancer agent. Hainfeld et al demonstrated that

harmless glucose coated Au NPs extend the life of mice

treated with 160 kV X-rays.6,7 Moreover, Yan Li et al proved

that porous Pt NPs enhance conventional radiation therapy

using 250 kV X-rays.8 Currently, clinical trials are in pro-

gress to evaluate the efficiency of hafnium oxide-based NPs

(NBTXR3, Nanobiotix – France),9 gadolinium (AGuIX, NH

TherAguix – France),10,11 and gold (CYT-6091

CytImmune – USA) nanoagents as radio-enhancing or anti-

neoplastic compounds.12

There is theoretical and experimental evidence demon-

strating that the radio-enhancing effect of HZ-NPs is due

to the induction of nanosize damage triggered by the

production of electron bursts and radical clusters in the

vicinity of the agent, far from the nucleus.13–15 More

interestingly, the use of metallic NPs was found to be

effective not only in the case of conventional radiation

treatments (using X-rays or γ-rays) but also with ion

beams, a modality that is superior to conventional radio-

therapy. Shortly, particle therapy (so-called ion beam ther-

apy) is based on the use of charged particles (protons or

carbon ions) accelerated to high energies (70 to 400 MeV/

a.m.u.) to eradicate the intractable radio-resistant

tumours.16,17 Compared to conventional radiotherapy, it

presents two main advantages: i) a precise ballistic effect

with a finite range and ii) a maximum dose deposition at

the end of the ion tracks (Bragg peak), which prevents

damage in the surrounding healthy tissue. The relative

biological efficiency of carbon ions is two to four times

superior to the effect of electromagnetic radiations (X and

γ-rays) that prevents any resistance to the treatment.18 In

this context, Kaur et al showed that the addition of glu-

cose-capped Au NPs improve the treatment of HeLa cells

by 62 MeV carbon ions.19 Kim et al demonstrated that the

effect of 40 MeV protons is enhanced in the presence of

gold and iron oxide NPs using a CT26 mouse model.20

Even if the physicochemical mechanism proposed in that

work was controversial,21,22 it evidenced for the first time,

the radio-enhancement of proton treatment using metallic

NPs. Recently, antibody-functionalized gold and other HZ-

NPs (eg Gd2O3 NCs, Fe2O3 NPs, Pt NDs and Bi NRs)

were tested, using colon, lung and breast cancer cell mod-

els treated by protons (2150 MeV) and carbon ions (100

MeV/a.m.u, LET= 50 keV/μm).23–25 Our group demon-

strated that mono- and bimetallic gold, platinum as well as

gadolinium-based nanoagents increase the induction of

complex biodamage when photons (60Co γ-rays),26,27 pro-
ton (150 MeV)28 or medical carbon beams (276 MeV/a.m.

u) are used as ionizing radiations.29 We also demonstrated

that gadolinium-based NPs amplify the cell killing induced

by ion beams.30

Considering the tremendous potential of metallic NPs

to improve the performances of conventional and ion beam

radiation therapies, the production of ready-to-use stable

colloidal solutions, is critical. Radio-enhancing nanoagents

composed of gold, hafnium, gadolinium and also platinum,

are commonly produced via chemical procedures.31–34 The

use of chemicals, such as organic surfactants in non-polar

solvents to control NPs size and shape may exhibit envir-

onmental hazards, which limits the safe-by-design of

nanoagents and contributes to their toxicity. Hence, multi-

ple steps that include ligand exchange and phase transfer

procedures are required to produce hydrophilic, stable,

biocompatible and non-toxic agents ready-to-use in clinic.

These procedures are time consuming and result in an

intrinsic loss of material.

Radiolysis is an alternative method to produce metallic

NPs of controlled size and shape in solution or on sup-

ports. For instance, the solvated electrons and hydrogen

radicals produced in situ by the radiolysis of the solution

are strong reducing species. This method presents the

following major benefits: limited use of chemical reduc-

tants, high production yields of metallic compounds under

mild conditions (temperature and pressure) and NPs size

monodispersity.35 Different types of NPs have been

synthesized following this methodology (Table 1).36–44

However, in most of the cases, potentially toxic chemicals

are used to control NPs formation and the final products

are not adapted to straightforward medical use. Therefore,

the development of efficient protocols able to produce

non-toxic metallic nanoagents remains a challenge.

In this work, we developed a simple one-pot radiolysis-

driven method to synthesize with a 100% production rate,

biocompatible metallic NPs dispersed in a sterile water

solution, ready to use in clinic. The production of sub-10

nm Pt NPs coated with poly(ethylene glycol) (PEG),
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a non-toxic polymeric coating approved by the FDA and

the EU for internal consumption is presented. The effi-

ciency of these nanoagents to improve the effects of med-

ical radiation beams was demonstrated and quantified on

HeLa cells treated by γ-rays and medical carbon ions. To

elucidate the molecular-scale mechanisms induced by

nanoparticles, experiments were performed using plasmids

as bio-nanoprobes. This new green, simple, reproducible

and efficient method to produce stable and ready-to-use

colloidal solutions containing metallic nanoagents has

been recently registered for being patented (FR1900008).

Materials and Methods
Synthesis of PtPEG NPs
PEGylated Pt NPs were obtained by γ-ray water radiolysis as
described in the French Patent Application FR1900008. In

brief, an aqueous solution containing tetraammine platinum

(II) chloride (Pt(NH3)4Cl2.H2O) (Sigma-Aldrich) and poly

(ethylene glycol) (H(OCH2CH2)nOH, MW = 1000 g.mol−1)

(Fluka) was de-aerated by bubbling with nitrogen and then

exposed to a panoramic 60Co gamma source at the maximum

dose rate of 95.5 Gy.min−1. The optimized PtPEG NPs,

synthesized with a PEG:Pt molar ratio of ca. 100 and a Pt

concentration of 10−2 mol.L−1, were used without further

purification in all cellular and molecular scale experiments.

The as-synthesized colloidal PtPEG NPs, stored at 4°C,

remain stable in pure water for a couple of months.

To guarantee long-term nanoagents storage, NPs fol-

lowed a lyophilization process. PtPEG NPs were stored at

−80°C overnight and freeze-dried at −50°C (40 Bar) for

48 h using a laboratory Alpha 1–2 LDplus lyophilized

(CHRIST, Germany). After 2 days, the vials were sealed

and removed. The physicochemical properties of re-

suspended PtPEG NPs remained constant.

Physicochemical Characterization
The PtPEG NPs core size and morphology were determined

using a JEOL 2200FS Transmission Electron Microscope

operated at 200 kV. Drops of fresh as-synthesized PtPEG

NPs were deposited on carbon-formvar copper grids (200

mesh, Agar Scientific Ltd) and observed after natural drying.

The NPs size distribution and roundness were obtained by

analyzing more than 2000 particles using the ImageJ 1.46r

software. The roundness corresponds to the inverse of the

major_axis/minor_axis aspect ratio, which is equal to

4� area=π �major axis2. Avalue of 1.0 indicates its proxi-

mity to a circle (spherical shape descriptor).

The hydrodynamic diameter and surface charge, in terms

of zeta potential, of the PtPEG NPs were determined using

a Zetasizer Nano-ZS (Malvern Instrument Ltd) equipped

with a He-Ne laser (λ = 633 nm). Samples from three inde-

pendent NPs batches, diluted at 5×10−4 mol.L−1 concentra-

tion, were analyzed at room temperature.

The chemical composition and electronic states of NPs

were analyzed by X-ray photoelectron spectroscopy (XPS)

and Fourier transform infrared spectroscopy (FT-IR). The

samples were prepared by drop casting. The XPS spectro-

meter used (K Alpha, Thermo Fisher Scientific, base

Table 1 Overview of High-Z-Based NPs Synthesized by Radiolysis and Their Applications

High-Z

Elements

Size (nm) Radiation Chemicals Research/Application

Au 57 to 120 X-rays,15.6 Gy.min−1 Cetyltrimethylammonium bromide

(CTAB) and L-ascorbic acid

Modelling of Au NPs formation36

Au 2 to 22 γ-rays,60Co 1.5 Gy.s−1 Leaf of C. murale Biosynthesis assisted by radiation37

Au Aspect ratio= 3 γ-rays,60Co 3.4 kGy.h−1 CTAB, isopropanol (IPA), acetone and Ag+ Seedless synthesis of gold

nanorods38

Pt ~ 1.5 γ-rays,60Co 1.25 kGy.h−1 Chitosan (CTS) and lactic acid Synthesis and characterization39

Pt ~ 7.4 γ-rays (60Co), 600 Gy.min−1 Sodium dodecyl sulfate (SDS) and IPA Synthesis using SDS as capping

agent40

Pt < 2.5 γ-rays (60Co), 5 kGy.h−1 Polyacrylic acid (PAA) and IPA Oligomer clusters preparation41

Pt ~ 3 γ-rays (60Co), 2.2 kGy.h−1 PAA Improving radiation therapies29

Pt 3 and 4.4 γ-rays (60Co) - Polyvinyl pyrrolidone (PVP), IPA,

tetrahydrofuran (THF)

Size-controlled and optical

properties42

Pt 10 to 20 γ-rays (60Co), 20 Gy.min−1 Gelatin BDH and methanol Catalytic activity tested by

hydrogenation of C2H4
43

Gd 15 to 250 γ-rays (60Co), 7.7 kGy h−1 Chitosan and acetic acid Synthesis for biomedical

application44
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pressure in the low 10−9 mbar range) was equipped with

a monochromatic aluminum source (Al Kα, 1486.7 eV).

A spot size of 400 µm was used, which corresponds to an

irradiated zone of approximately 1 mm2. The hemispheri-

cal analyzer was operated at 0° take-off angle in the

Constant Analyzer Energy (CAE) mode, with a pass

energy of 200 eV and a step of 1 eV for the acquisition

of survey scans, and a pass energy of 50 eV and a step of

0.1 eV for the acquisition of narrow windows. Charge

compensation was done by means of a “dual beam”

flood gun. The recorded spectra were processed with the

Avantage software, using a peak-fitting routine with

Shirley background and symmetrical 7030% mixed

Gaussian-Lorentzian peak shapes, and a Doniach-Sunjic

type function was used to fit the Pt metal asymmetric

peaks.

The FT-IR analysis was performed using the attenuated

total reflection (ATR) module of an Alpha FT-IR

Spectrometer (Bruker Optik GmbH). The transmittance

FT-IR spectra were measured from 4000 to 400 cm−1

(OPUS software, spectral resolution of ~4 cm−1). Three

independent batches of NPs were analyzed. The resulting

FT-IR spectra are the average of 60 scans.

Irradiation Facilities
A 60Co panoramic gamma source (Energy = 1.25 MeV and

LET = 0.2 keV.μm−1) was used to synthesize the PtPEG NPs

(95.5 Gy.min−1, 10 kGy per 10−3 mol.L−1 of PtII) and to

irradiate the bio-nanoprobe (DNA plasmids) (481 Gy.h−1,

from 0 up to 500 Gy). The dose rates were determined by

Fricke dosimetry. All samples were irradiated with a dose

variation below 10%.HeLa cells were irradiatedwith a GSR-

D1 137Cs gamma irradiator (Energy = 0.662 MeVand LET =

0.2 keV.μm−1) with a dose rate of 1 Gy.min−1 and doses

ranged from 0 up to 5 Gy. The dose difference was <5%.

At the Heavy Ion Medical Accelerator Centre in Chiba,

Japan, HeLa cells were exposed to C6+ ions at the maximum

of the Spread-Out Bragg Peak (5 mm SOBP) (Initial Energy

= 290 MeV/u.m.a, average LET = 110 keV.μm−1), with

a dose rate of approximately 14 Gy.min−1 and doses ranging

from 0 up to 2.5 Gy. The beam delivered a uniform flux

within 2% variation in a 10 cm diameter circle.

In vitro experimentation
Cell Culture Conditions

HeLa cells (cervical cancer-derived cells), purchased com-

mercially from the American Type Culture Collection

(CCL-2TM, LGC Standards S.a.r.l. - France Office), were

grown in monolayer using Dulbecco’s Modified Eagle

Medium (DMEM) (Life Technologies) enriched with

4.5 g/L glucose and supplemented with 10% heat-

inactivated Fetal Bovine Serum (FBS), 1% antibiotics

(100 U/mL penicillin and 100 μg/mL streptomycin) and

1% glutamine (all supplements from PAA Laboratories)

and cultured at 37°C in a humidified 95% air-5% CO2

atmosphere.

Cytotoxicity Determination

HeLa cells were incubated for 6 h with an enriched med-

ium containing PtPEG NPs at two different Pt molar con-

centrations, 5×10−4 and 10−3 mol.L−1(ca. 1.08×1010 and

2.16×1010 NPs per cell). After a standard 14 days culture

time,45 the obtained colonies were scored and the plating

efficiency was compared to a control sample consisting of

HeLa cells incubated with an equal amount of pure water

(vehicle). The analysis of variance was performed using

the ANOVAOneWay method provided by OriginPro 8.5.

Uptake Quantification

Around 2×106 HeLa cells were incubated for 6 h with PtPEG

NPs at a final Pt concentration of 5×10−4 mol.L−1. After

incubation the culture medium was removed, cells were

rinsed with a phosphate-buffered saline solution (PBS, pH

7.4) and collected by trypsinization. Cells were then counted

and centrifuged (7 min at 1200 rpm). The pellets were dis-

solved in aqua regia and finally diluted in ultrapure water.

The internalized Pt content (μg.L−1) in HeLa cells was thus

determined by Inductively Coupled Plasma (ICP) using an

Optical Emission Spectrophotometer (OES) Varian 720 ES.

Intracellular Localization

Nanoscale Secondary Ion Mass Spectrometry (Nano-SIMS)

experiments were performed with a CAMECA NanoSIMS

50™. About 35,000 HeLa cells were plated on a 1.0 cm2

Melinex film support (Agar Scientific Ltd., Stansted, Essex,

UK) and left to attach at 37°C in a humidified 95% air-5%

CO2 atmosphere for 2 h. The cells were grown overnight and

then incubated for 6 hours with PtPEG NPs at a Pt concen-

tration of 5×10−4 mol.L−1. After incubation, non-internalized

NPs were removed by rinsing with PBS and new enriched

medium was added. The Melinex supports were then cut in

small squares (9 mm2) and cells were fixed by slam freezing

on a metal mirror pre-cooled to −180°C with liquid nitrogen.

The cryofixation was performed in a Leica EM CPC system.

The samples were dehydrated following a freeze-drying pro-

tocol which started at −130°C. After reaching 0°C, dehy-

drated samples were embedded in resin and polymerised at
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60°C for 8 h. After polymerization several sections of ca. 0.2

μm were deposited on a silicon holder and analyzed. The

primary incident ion beam was generated from a cesium

source with energy of 16 keV and a probe size of ca. 50 nm

in diameter. The magnetic field was set to detect simulta-

neously sputtered platinum ions (Pt) on one of the detectors

and sputtered phosphorus ions (P−) on another one. The mass

spectrometer was calibrated with a control sample consisting

of a Pt layer deposed on a gold film. The 194Pt− secondary ion

was selected as the isotopic Pt marker. It did not present any

interference with other cell components.

Clonogenic Assay

Cell survival was assessed by a standard 14 days colony

formation assay (CFA). Exponentially grown HeLa cells

(2×105) were plated in T25 culture flasks (BioLite 25 cm2

cell culture treated flask, Thermo Scientific) and main-

tained overnight in a 5% CO2 incubator at 37°C. Cells

were then incubated for 6 h with enriched culture medium

containing PtPEG NPs at a final Pt concentration of

5×10−4 mol.L−1. An equivalent water volume was added

into control samples. Afterwards, the cells were irradiated

in fresh medium under atmospheric conditions at room

temperature, independently by γ-rays (137Cs) and C6+

ions. Immediately after exposure, the cells were trypsi-

nized and re-seeded into 10 cm Petri dishes (Falcon

3002) at different densities in order to achieve ca. 100

colonies per dish. Formed colonies were fixed and stained

with a 0.5% methylene blue 50% (v/v) methanol solution.

The colonies containing more than 50 cells were scored

and the calculated survival fractions were normalized to

the survival fraction of the corresponding control. The

HeLa plating efficiency was found close to 65%.

Bio-Nanoprobe Sample Preparation and Analysis

The bio-nanoprobe samples were prepared as described in our

previous works with minor modifications.26 Prior to irradia-

tion, 500 ng of the pBR322 DNA plasmid (Sigma-Aldrich)

diluted in a TE buffer solution (10 mmol.L−1 Tris-HCl (pH =

7.6) and 1mmol.L−1 ethylenediaminetetraacetic acid (EDTA))

were incubated for 1 h with PtPEG NPs (Pt 2.42×10−4 mol.

L−1), or with the same amount of ultra-pure water (18.2

MΩ·cm at 25°C) in control samples. The contribution of

indirect effects was highlighted by adding dimethylsulfoxide

(DMSO) at a final concentration of 1 mol.L−1 to control

samples and to samples containing PtPEG NPs. Aliquots of

18 μL were then exposed to γ-rays (doses ranged from 0 up to

500 Gy) under aerobic conditions. After irradiation, the three

conformations of DNA plasmids were separated by electro-

phoresis (75 V, 101 mA and 7 W) in a 1% agarose gel, loaded

with ethidium bromide (0.003%), for 3 h at room temperature.

The lines were then revealed under UV light (λ= 302 nm) and

recorded by a CCD camera. ImageQuant 5.0 software was

used to quantify the intensity of each DNA line corresponding

to each DNA conformation. The yields of single and double-

strand breaks were calculated as described elsewhere.26

Results and Discussion
Synthesis and Characterization of PtPEG

NPs
The mechanisms underpinning the formation of PtPEG

NPs are the following.46–48 The excitation and ionization

of water molecules by high-energy radiation (γ-rays,
X-rays, electrons or ion beams) leads to the production

of radiolytic species (Equation 1). These species are

homogeneously distributed in the bulk.47,49

H2O !γ�rays
e�aq;H3O

þ;H;OH;H2;H2O2 (1)

The solvated electrons eaq
− and hydrogen atoms H∙ are

strong reducing agents (E°(H2O/eaq
−) = –2.87 V and

E°(H+/H∙) = –2.31 V). They efficiently reduce dissolved

metal ions (Mn+) (Equation 2 and 3).

e�aq þMnþ ! M n�1ð Þþ (2)

H� þMnþ ! Hþ þM n�1ð Þþ (3)

Thus, the PtII precursor was reduced to the zero-valent

state following the multi-step reaction: PtII → PtI and PtI

→ Pt0. The uniform energy deposited in the medium led to

a homogeneous distribution of nucleation sites in the solu-

tion and the formation of metal clusters during the coales-

cence step with a remarkable monodispersity (Equation 4).

Pt0 ! Pt0x ! Pt0xþ1 (4)

PEG was used to limit the nucleation and growth steps,

and increase the NPs stability in suspensions. The surface

coating with PEG chains was achieved in situ,

a remarkable advantage of our method.

The UV-vis absorption spectra showed that before irra-

diation the aqueous solution containing tetraammine plati-

num (II) chloride and PEG displayed an absorption peak at

240 nm and a small shoulder around 290 nm, which corre-

spond to the ligand-to-metal charge transfer (LMCT) band of

the precursor (Figure S1).50 Supplementary Figures and

Tables are described at the Supporting Information file.
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After irradiation, the appearance of a stretched absorption

spectrum with a single broad peak centered at 270 nm,

indicated the formation of small Pt aggregates.47,50 The

color of the solution changed from colorless before irradia-

tion to dark brown after irradiation (inset in Figure S1). The

spectrum and the color remained unchanged for several

weeks indicating the complete reduction of the PtII precursor

and the formation of stable PtPEG NPs.

High resolution-transmission electron microscopy

(HR-TEM) (Figure 1AC) revealed that PtPEG NPs were

homogeneously formed as sub-10 nm semi-spherical nano-

particles (roundness = 0.66 ± 0.17 nm, Figure S2) with an

average core diameter of 3.2 ± 0.8 nm (Figure 1D). It

corresponds to the assembly of ca. 1000 Pt atoms. We

have actually shown that the core’s size and shape, of the

PEGylated metal-based NPs synthesized in pure water by

our method using γ-rays, strongly depend on the chemicals

nature, ie the metallic precursor (oxidation state and coor-

dination) and stabilizer (functionality and chain length),

their molar ratio and radiation dose.26,27 In this work, the

NPs obtained using an optimized PEG-OH:PtII molar ratio

of ca. 100 showed the greatest qualities such as; colloidal

stability and size homogeneity.

Hence, Dynamic Light Scattering (DLS) measurements

(Figure 1E) of the as-synthesized PtPEG NPs showed an

average hydrodynamic diameter of 8.8 ± 3.1 nm and

a homogenous distribution (PdI= 0.238 ± 0.004). The zeta

potential was found close to −16.6 ± 5.1 mV in pure water

(pH 6.2). The PZC or isoelectric point was observed at pH =

3, a result that reflects the good stability of the PtPEG NPs at

the pH of the intracellular fluids (between 6.8 and 7.4). The

negative zeta potential is attributed to the –OH functional

end-group of the PEG coating, which favors electrostatic and

steric repulsions between particles preventing their aggrega-

tion in polar solvents and biological relevant solutions such

as PBS, NaCl and TE. In addition, the observed negative

charge suggests that PEG molecules thereby remain grafted

at all pH values. This size and grafting, schematically repre-

sented in Figure 1F, is compatible with passive accumulation

of NPs in tumors by the enhanced permeability and retention

(EPR) effect.51 The freshly prepared PEGylated NPs were

stable in aqueous solution for a couple of months at 4°C. To

optimize the long-term storage, they were successfully lyo-

philized using a two-step freeze-drying method. The shelf

life of lyophilized NPs was found higher than 6 months when

stored at 4°C. Their re-suspension in various biocompatible

buffers (eg PBS, NaCl and TE) did not modify their

characteristics.

XPS was used to probe the result of the in situ

PEGylation and verify the reduction of PtII into Pt0. The

survey XPS spectrum (Figure S3) revealed the presence

of Pt, C, O, N and Cl, which confirmed the purity and

Figure 1 HR-TEM images of PtPEG NPs synthesized in water with an initial PtII concentration of 10−2 mol.L−1 and a PEG:Pt molar ratio of ca. 100, measured at different

magnifications. Scale bars: (A) 0.5 μm, (B) 50 nm and (C) 10 nm. Size distribution of PtPEG NPs determined by (D) HR-TEM and (E) DLS. (F) Scheme of PtPEG NPs in

aqueous solution.
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elemental composition of the NPs. For a better clarity, in

Figure 2, narrow windows on the energy range of each

element are presented. Figure 2A displays the two spin-

orbit components of Pt, Pt-4f7/2 and Pt-4f5/2.
52,53 The

peaks were deconvoluted using Shirley background, sym-

metrical 7030% mixed Gaussian-Lorentzian shapes and

a Doniach-Sunjic type function for the fit of metallic Pt

peaks. The peaks at 71.2 and 74.4 eV correspond to zero-

valent Pt atoms located at the NPs’ bulk. The peaks at

70.4 and 73.7 eV correspond to Pt atoms located at the

surface. This measurement confirms the complete reduc-

tion of PtII into Pt0. Interestingly, the full width at half

maximum (FWHM) of the peaks increased by about 33%

(FWHM from 1.2 to 1.6 eV) in comparison to the peaks

of solid Pt. It indicates a strong interaction between the

metallic surface and the PEG polymer.54 The peak cen-

tered at 286.0 eV (Figure 2B) is characteristic of carbon

adjacent to oxygen in an ether environment (C-O-C) and

the small shoulder at a lower binding energy corresponds

to the carbon-carbon bond in PEG.55,56 Moreover, at

286.0 eV, an overlap between the peaks characteristic of

aminated carbons (C-N) and those given by C-O may

also indicate the presence of the amine group at the

NPs surface.57,58 The tail observed at higher binding

energy (BE), from ca. 287 to 288 eV in Figure 2B, may

indicate the presence, in a very small amount, of C=O

bonds.57,59 The peak at 532.3 eV (Figure 2C) corresponds

to the C-O-C (ether) and C-O-H (hydroxyl) oxygen.55

The position and FWHM of the peaks remained

unchanged, which indicates the formation of a PEG

monolayer56,60 perpendicular to the NP surface.61

Interestingly, the N-1s peak at 398.2 eV (Figure 2D)

broadened after irradiation (Table S1). This suggests the

contribution of several amine species. The chemical shift

of the peak to a lower BE (from 400.2 eV to 398.2 eV

after synthesis) suggests an interaction of nitrogen-

containing functional groups with the NP surface.61

Figure 2 XPS spectra of PtPEG NPs in the ranges of (A) Pt-4f, (B) C-1s, (C) O-1s and (D) N-1s core levels.
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The analysis of the surface chemistry was completed

using FT-IR spectroscopy (Figure 3). The initial compounds

and the mixed solution were characterized before and after

irradiation. The band located at 3424 cm−1 corresponds to the

hydroxyl stretchingmode νO-H of the bonded hydrogen of the

native PEG-OH (Figure 3A).62 The peak centered at

2885 cm−1 is characteristic of the alkyl stretching mode

(νCH2) and the peaks in the region from 1000 to 1300 cm−1

are characteristic of the stretching vibrational modes of ether

(νC-O). The Pt(NH3)4Cl2 precursor (Figure 3B) displayed

bands at 3242 and 3135 cm−1, which are attributed to the

asymmetric and symmetric vibrational N-H stretchingmodes

(νNH3). From 1564 to 842 cm−1 the bending and rocking

vibrational modes (δHNH and ρNH3) were observed. The IR

band at 510 cm−1 corresponds to the Pt-N stretching mode.63

The interaction of the PtII precursor with PEG-OH

before irradiation was confirmed by FT-IR (Figure 3C).

The peaks observed at 3477 and 3286 cm−1 are character-

istic of the N-H stretching mode (νNH) of a new amide

group. In particular, the IR band at 1642 cm−1 is attributed

to the C=O stretching vibrational mode of primary amides.

This signal overlaps with the 1620 to 1655 cm−1 region,

which corresponds to the N-H bending vibrational mode of

this functional group. At 1453 cm−1, the C-N stretching

mode (νCN) of primary amides was also observed. All

these features converge and indicate stable intermediate

species are formed before irradiation. The peak at

541 cm−1 is attributed to the Pt-N bond and confirms this

statement.64 Its broadening is attributed to the overlap with

the C=O bending vibrational mode of amides

(535–615 cm−1 region). We suggest that the Pt(NH3)4Cl2
precursor reacts with PEG to form an amide linker due to

an initial PEG activation. In the presence of oxygen, this

activation may take place via dehydrogenation (oxidation)

of the hydroxyl-end group of the PEG. The oxidation of

PEG is thermodynamically favourable.65 In the present

case, the reaction may also be catalyzed at room tempera-

ture by Pt.66–68 PEG may be oxidized into aldehydes

(-CHO) or carboxylic acids (–COOH), and thus react pre-

ferentially with the ammonium ligand (–NH3
+) of the Pt

precursor69 to form a stable conjugation shell (Figure S4).

After irradiation, minor changes were observed and the

bonds visible by IR remained unchanged (eg C-O, C=O,

O-H and N-H) (Figure 3D). This result suggests that the

PEGylation of small Pt NPs is due to Pt-H-N moieties or

electrostatic interactions between amide species and Pt, as

proposed in other work.70

Cytotoxicity, Uptake and Localization of

PtPEG NPs in Cells
The cytotoxicity of PtPEG NPs in HeLa cells was evalu-

ated by performing CFA. This assay essentially tests every

single cell in the population for its ability to proliferate.

The CFA is used to determine cell survival after exposure

to ionizing radiation and thus, it is the method of choice to

evaluate the toxicity of potential radio-nanoenhancers

prior to irradiation. The plating efficiencies (PE) of the

control culture and of cells incubated for 6 h with PtPEG

NPs at a Pt concentration of 5×10−4 mol.L−1, were similar

(~65%, p= 0.42). It indicates that PtPEG NPs are harmless

for HeLa cells at this concentration. However, significant

cytotoxicity (~30%) appeared at a concentration of 10−3

mol.L−1 (PE ~42%, p= 0.02). Therefore, cells were irra-

diated at the harmless 5×10−4 mol.L−1 Pt concentration.

Differing from other cytotoxic assays, such as those

using tetrazolium reagents (eg MTS) to evaluate cells viabi-

lity as a function of their metabolic activity, a CFA describes

the NPs concentration range to safely fight cancer cells

through combining nanomedicine and radiation therapy.

For instance, it has been shown that HfO2-based NPs do

not decrease the viability of adherent normal human primary

prostate epithelial cells (HPrEC) in terms of their metabolic

activity in a wide concentration range (up to 1000 μg.mL−1)

but, determined by CFA, they significantly induced cytotoxi-

city at 1000 μg.mL−1.71 Indeed, the toxicity determination is

a challenging step for NPs clinical translation. Even if green

strategies are used to synthesize metal-based NPs, they are

susceptible to experiencing, eg metallic ions dissolution that

induces genotoxicity and produces toxic reactive oxygen

species.72,73 The methodology here presented, assure that

PEGylated Pt NPs are appropriate capped with a robust

and stable biocompatible shell, which may minimize metal-

lic ions release and non-specific interactions.

The uptake of PtPEG NPs at a Pt concentration of

5×10−4 mol.L−1 in HeLa cells was quantified, after

6 h of incubation. The ICP-OES analysis showed that

0.495 Pt μg was internalised by ca. 2×106 cells, which

corresponds to ~5.178×105 NPs per cell.

The intracellular mapping of NPs was investigated by

Nano-SIMS. The Nano-SIMS analysis was performed on

HeLa cells loaded with PtPEG NPs at the non-toxic condi-

tions mentioned before. This technique allows for detecting

different chemical elements simultaneously (Figure 4A). The

distribution images of phosphorus (P−) and platinum (Pt−) are

presented in Figure 4B–D (square frame of 50 µm × 50 µm).
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The morphological cell structure was derived from the P−

image (Figure 4B). Phosphorus is essentially contained in

DNA, RNA and phospholipids. So its detection is used to

distinguish individual cells and delineate the nucleus from

the cytoplasm. The 194Pt− image (Figure 4C) shows the

distribution of Pt compounds. Figure 4D presents the merged

image of 194Pt− and P−. The Nano-SIMS analysis clearly

demonstrated the presence of Pt inside the cell. PtPEG NPs

were seen in the cytoplasm exclusively but not in the nucleus.

This is in agreement with other works performed by the

group with Pt complexes75 and other studies with metal-

containing NPs.76–78 Note that PtPEG NPs preferentially

Figure 3 FT-IR spectra of (A) pure PEG-OH, (B) pure PtII precursor, (C) PtII precursor mixed with PEG-OH before irradiation and (D) PtPEG NPs obtained after

irradiation of the PtII precursor mixed with PEG-OH.
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accumulated at cytoplasmic sites poor in phosphorus (region

indicated with an arrow). This was observed in other works

where 15N-labeled peptide vectors co-localized in HeLa

cytoplasmic zones with a low phosphorous concentration.79

Effect of PtPEG NPs on

Radiation-Induced Cell Killing
The impact of PtPEG NPs on cell killing induced by medical

carbon ions (provided by the HIMAC particle therapy cen-

tre, Chiba, Japan) of 290 MeV/u.m.a incident energy and an

average linear energy transfer LET of 110 keV.μm−1 (5 mm

SOBP mode) was evaluated by performing clonogenic

assay. For comparison, similar experiments were performed

with γ-rays. The survival curves of the controls and cells

incubated with PtPEG NPs (Pt 5×10−4 mol.L−1, 6 h) are

shown in Figure 5A. The surviving fractions (SF) of cells

were determined for doses ranging from 0 up to 5 Gy, and

from 0 up to 2.5 Gy for γ-rays and carbon ions, respectively.

The cell response curves were simulated using the

linear quadratic (LQ) model:

SF Dð Þ ¼ e� αDþβD2ð Þ (5)

where the parameter α is attributed to the induction of

directly lethal damage and β to the additive sub-lethal

lesions leading to cell death.80,81 The analysis shows that

PtPEG NPs induced an increase of α from 0.15 to 0.26

with γ-rays and from 1.50 to 1.78 with carbon ion radia-

tion. Contrary β remained nearly constant. So, the pre-

sence of PtPEG NPs during carbon irradiation enhances

cell killing due to the increased induction of directly lethal

damages (α). The efficiency of PtPEG NPs to amplify

cancer cell killing was quantified using the amplification

factor (AF), and the dose-enhancing factor (DEF). AF was

used to quantify the efficiency of NPs to enhance cell

killing at a defined dose point (D). It is equivalent to the

radiation sensitising enhancement ratio (SER) commonly

Figure 4 (A) Schematic representation of the Nano-SIMS principle. Nano-SIMS images of a HeLa cell loaded with PtPEG NPs. Panels correspond to the intracellular

location of (B) P− and (C) 194Pt−. (D) Merged image of 194Pt− and P−. The arrow points out the location of NPs in the cell cytoplasm.
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used to describe cell-specific radiosensitization effects.77

AF was calculated as follows:

AF ¼ SFfitted curve
control � SFfitted curve

PtPEG NPs

SFfitted curve
control

100 ¼½ �% (6)

SFfitted curve
control and SFfitted curve

PtPEG NPs correspond, respectively, to the

survival fraction of the control and the survival fraction of

the cells loaded with NPs obtained at the same irradiation

dose. The values are reported in Figure 5B. Interestingly,

at 2 Gy, the AF increased by 44% with incident carbon

ions and 14% with γ-rays. This clearly shows that the

amplification of cell killing with carbon ions is stronger

than with γ-rays at the same dose.

DEF is commonly used to assess the dose enhancement

in vitro for a given survival fraction, commonly 10% of

survival (SF = 10%).82

DEF ¼ D10control

D10PtPEG NPs
(7)

where D10 corresponds to the dose required to reach 10%

survival. DEFs of 1.1 and 1.19 were found for γ rays and

carbon ion irradiations, respectively. This corresponds to

dose enhancements of about 10% and 16%, respectively,

confirming that PtPEG NPs are more efficient for improv-

ing the lethality of carbon ions than γ-rays. It indicates that

lower radiation doses are needed to obtain the same effect,

in particular for carbon ions.

We evaluated the relative biological efficiency

(RBE) at 10% of survival using γ-rays as a reference

beam.83

RBEcontrol ¼
D10

γ rays control

D10
C6þcontrol

(8)

and

RBENPs ¼
D10

γ rays control

D10
C6þwith NPs

(9)

The RBE was found close to 3.09 for free HeLa cells,

which is in good agreement with other works.2 In the

presence of PtPEG NPs, the RBE value was 3.68 which

is a ~19% increase. This result clearly demonstrates that

the treatment of HeLa cells with PtPEG NPs increased the

RBE of carbon ions.

Nanoscale Mechanisms of PtPEG NPs

Activated by Radiation
The interaction of ionizing radiation with biomolecules

leads to bond cleavages in nucleic acids, lipids and pro-

teins. It is commonly accepted that complex damage to

sizes in the nanometer range is the most lethal for cells. In

order to characterize the impact of NPs on the induction of

complex lesions, we used DNA plasmids as bio-

nanoprobes and quantified the induction of double-strand

breaks (DSB). The average number of nanosized damage

per plasmid induced in the bio-nanoprobes free of NPs

(control) and in the presence of PtPEG NPs at different

radiation doses is presented in Figure 6. In some experi-

ments, dimethyl sulfoxide (DMSO), a well-known radical

scavenger with redox potential 0.16 V, was added to dis-

entangle the effect of water radicals, in particular the

highly reactive hydroxyl radicals (OH∙).84

Figure 5 (A) Surviving fractions of HeLa cells irradiated by γ-rays (●, ●) and carbon ions (■, ■) in controls and in the presence of PtPEG NPs as a function of the radiation

dose. (B) Amplification factors as a function of the radiation doses for γ-rays (red columns) and carbon ions (blue columns).
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The induction of nanosized damage increased linearly

with the irradiation dose for all samples. It indicates that

the damage was induced by single ionising events.85 In the

presence of PtPEG NPs, the induction of nanosized

damage was strongly amplified and it sharply decreased

in the presence of DMSO (dotted lines). This is in agree-

ment with previous studies performed with metal-based

NPs activated by photons26,84 or by incident ions.27–29

The yields of nanosized damage in NPs free samples

yieldcontrolð Þ and NPs loaded samples ðyieldPtPEGNPs) cor-
respond to the slopes of the respective dose-response

curves. The values are reported in Table 2. The efficiency

of PtPEG NPs to amplify the induction of nanosized

damage was quantified using the molecular amplification

factor (mAF):

mAF ¼ yieldPtPEG NPs � yieldcontrol
yieldcontrol

100 (10)

In the presence of PtPEG NPs, the induction of nanosized

damage was enhanced by 83% (from 11.40×10−5 to

20.90×10−5 damage per plasmid per Gy). On the other

hand, the presence of DMSO decreased the induction of

nanosized damage (from 20.90×10−5 to 2.48×10−5), which

indicates that the amplification of complex damage trig-

gered by PtPEG NPs is mediated in 90% by water radi-

cals (OH∙).

In summary, the amplification of complex damage by

Pt NPs is attributed to a sequence of physical and chemical

processes.15,29 Briefly, Pt NPs are activated (ionized) by

the incident radiation (eg photons or particles) and related

secondary electrons produced along the track. The prob-

ability of ionization and consecutively the number of elec-

trons emitted locally increases with the atomic number (Z)

of the compounds in the NPs. In addition, relaxation

processes such as Auger de-excitation, plasmon de-

excitation and electron capture take part in the emission

of electrons.86–89 The excitation and ionization of water

molecules close to the NPs lead to the production of highly

reactive radicals nano-clusters. The interaction of these

radical clusters with biomolecules will cause nanosized

lesions. The activation of PtPEG NPs and the induction

of spatially confined perturbations are toxic for cells.

Conclusion
This work presents a simple, fast, scalable and eco-

friendly method to produce non-toxic metallic nanoagents

dispersed in sterile water solution with a remarkable pro-

duction rate of 100%, ready-to-use in clinic. As proof-of-

concept, the synthesis of small negatively charged

PEGylated Pt NPs is presented. The method consists of

a one-step radiolytic protocol, using gamma radiation,

combined with in situ PEGylation.

As a major characteristic, the PEGylated Pt NPs have

the singular property to improve the performance of med-

ical radiations, particularly the effect of particle therapy

beams as shown by the 44% amplification of cell killing

induced by carbon ions. The enhancement of complex

biodamage confirms that the amplification of radiation

effects is due to a cascade of early-stage mechanisms

that follow the activation of nanoparticles by radiation.

This finding is important to improve the composition of

future nanoagents and simulate treatment planning.

Figure 6 Nanosized damage induced by γ-rays in the bio-nanoprobes free from

NPs (■) and in the presence of PtPEG NPs (■), as a function of the irradiationdose.

Results obtained in the presence of DMSO in samples free from NPs (□) or with

PtPEG NPs (□).

Table 2 Yields of Controls and Plasmids Loaded with PtPEG NPs

with an NP:Plasmid Ratio Close 4:1. DMSO Was Added in Some

Experiments. The mAF is Also Reported

Samples Nanosize Breaks/

Plasmid/Gy ×10−5
mAF (%) OH

Effect (%)

Control 11.40 ± 0.25 – –

+ PtPEG NPs 20.90 ± 0.21 83 ± 4 –

Control + DMSO 1.34 ± 0.18 – 88 ± 1

+ PtPEG NPs +

DMSO

2.48 ± 0.11 85 ± 15 88 ± 1
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Gamma radiation is currently used in a large scale by

private stakeholders to decontaminate food or sterilise med-

ical instrumentation. Therefore, the production of non-toxic

metallic nanoagents using this singular method may be trans-

posable to industrial production in the medium term.

Dense metallic materials are well detected in computed

tomography (CT). Moreover, PEGylated Pt NPs may be

functionalized with elements active in Positron-emission

tomography (PET) or Magnetic resonance imaging (MRI)

(eg 89Zr for PET, Gd for MRI). Thus, the remarkable

competitiveness of this synthesis reinforces the develop-

ment of advanced radiation strategies such as “image

guided radiation therapy”.
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