
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



  

 

 

One pot microwave assisted synthesis of bisphosphonate  
alkene capped gold nanoparticles  

84x47mm (300 x 300 DPI)  

 

 

Page 1 of 9 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

One pot microwave assisted synthesis of bisphosphonate alkene capped 
gold nanoparticles† 

Romain Aufaure,a Yoann Lalatonne,a,b* Nicole Lièvre,c Olivier Heintz,d Laurence Mottea and Erwann 
Guénin a* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 5 

DOI: 10.1039/b000000x 

A new synthetic pathway for the direct synthesis of water soluble gold nanoparticles (GNPs) already 
possessing terminal alkene functional groups was developed. This is achieved by using synthesized (1-
hydroxy-1-phosphonopent-4-enyl)phosphonic acid (HMBPene), presenting advantages of the well known 
bisphosphonate coating applied to colloidal gold instead of metal oxides. The proposed protocol allowed 10 

an accurate control of the particles size in the 13-20 nm diameter range with a high spherical uniformity, 
which is a crucial point for these colloids properties. We have shown that it is possible to synthesize 
functionalized nanoplatform in a one-pot one-phase process with a sacrificial molecule as reductant, pH 
mediator and capping agent. 

Introduction 15 

GNPs have become one of the most commonly studied metallic 
colloids for a variety of potential applications in catalysis, 
biology, and optics due to the surface Plasmon resonance (SPR) 
properties.1-6 This phenomenon strongly depends of the particle 
size & shape, inter-particle distance, and the nature of capping 20 

organic shell. Consequently, the control of the crystalline growth 
and functionalization are crucial challenges in the development of 
GNPs synthesis. Hence a comprehension of Au(III) reduction and 
nanocrystals nucleation-growth mechanism is of critical 
importance. In aqueous media, the citrate reduction of gold 25 

described by Turkevich in 19517 and improved by Frens in 19738 
is an easy reproducible technique still widely use today. Several 
studies have been done on the overall reaction mechanism9-13 
leading to different interpretations. Nevertheless some common 
points can be established: gold ions are firstly reduced to form 30 

nuclei (around 2 nm), which self-assemble in seeds by Ostwald 
ripening and finally the crystalline core growth occur with 
remaining solvated ions. Moreover, Ji et al. has proposed a pH-
dependant model to streamline the nanospheres final diameter 
according to UV-vis records and TEM images of intermediates 35 

states.13 Two different reaction pathways were identified. The 
first one that occurred for the acidic pH range in a three steps 
process: fast nucleation, random attachment to nanowires, and 
intra-particle ripening. The second pathway under high pH is in 
line with the nucleation-growth model. 40 

Turkevich-Frens synthesis due to its unchallenged control over 
size and shape remains a method of choice for the obtaining of 
water soluble GNPs. Nevertheless citrates that act as reducing 
agent and passivation ligands are commonly exchanged after the 
synthesis with thiols in order to enhance the stabilization.14 45 

Several molecules have been tested to replace citrate as reducing 

agent and stabilizer: carboxylic acids,15 amines,16 
polysaccharides,17 thiophene derivatives18 and polymers.19, 20 
Recently, more exotic synthesis have also been described using 
peptides21 or plant extracts derivatives22-25 mainly based on 50 

catechol functionalities.26-28 In this quest for molecules that both 
reduce Au(III) ions and act as stabilizers to protect particles 
against aggregation but also in order to control their functional 
properties, we were interested in molecules of the 1-hydroxy-1,1-
methylene bisphosphonic family (HMBP). These compounds 55 

have been used as biocompatible, negativily charged stabilizing 
agents on superparamagnetic iron oxide (SPIO) nanoparticles29, 30 
since several years. Moreover functionalized HMBPs have shown 
to be of great interest for the carbodiimide or click coupling of 
various compounds on NPs surface.31-35 One of the molecules of 60 

this family called Alendronate bearing an amine functionality has 
also already been used to stabilize (via it amine function) GNPs 
after ligand exchange.36-39 It was even used to synthesize GNPs 
but the mechanism of action was not elucidated.40 Here we 
wanted to study more precisely the suitability of such compounds 65 

for the synthesis of GNPs in water in a similar manner to the 
citrate methodology. We expected that HMBP bearing 
functionality could reduce Au(III) ions and act as an efficient 
stabilizer of the formed GNP in water and last but not least allow 
direct functionalization of the surface. Hence, we explored the 70 

use of HMBPene as a bifunctional chelating agent for a one-pot 
synthesis of water soluble GNPs. We precisely studied the 
mechanism of GNPs formation and the parameter influencing 
size control. Moreover, in order to have a precise control over 
crucial physical parameters such as temperature, reaction time 75 

and stirring rate,41 we used microwave irradiation to perform the 
GNPs synthesis. 

Experimental Part 
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Materials and apparatus 

All water was distilled and subsequently purified to Millipore 
Milli-Q quality. All glassware used was cleaned with 
concentrated nitric acid (60%), then rinsed thoroughly with water 
before use. 5 

UV-Vis Absorption spectroscopy of GNPs dipersions was 
recorded on a Jasco V630 spectrophotometer at neutral pH. 
All experiments under microwave (MW) irradiations were run in 
a 30 mL MW tube, using an Anton Paar monowave 300 
microwave synthesis reactor. 10 

1H NMR spectra (400 MHz), proton-decoupled 13C NMR 
spectra (100.6 MHz) and proton decoupled 31P spectra (162.0 
MHz) were recorded on a Bruker Avance 400 spectrometer and 
chemical shifts are reported in parts per million (ppm) on the δ 
scale. 15 

High resolution Mass Spectrometry (HR-MS) experiments were 
realized on a LTQ Orbitrap Velos (Thermo Scientific) in negative 
mode using an ESI source. MS spectra were recorded in the 
Orbitrap mass analyzer allowing a mass accuracy around 1-2 
ppm. 20 

DLS and ζ potential analyses were performed on a nano ZS (red 
badge) ZEN3600 Zetasizer at neutral pH. 
TEM images were taken on a FEI CM10 electron microscope. 
Samples were prepared by dropping of the colloidal solution onto 
holey carbon-coated Cu grid 10 times. 25 

FTIR absorption spectra were recorded on a Nicolet 380 Thermo 
Scientific FTIR spectrophotometer. Concentrated GNPs colloidal 
solution (neutral pH, pre-washed by ultrafiltration) was added to 
analytical grade KBr and left dried at 80° overnight. The pellet 
was prepared with this crude powder. 30 

The Thermo Gravimetric Analysis (TGA) curves were recorded 
using a LabsSys evo TG–DTA-DSC 16,000 device manufactured 
by Setaram Instrumentation. 
X-ray Photoelectron Spectroscopy (XPS) data were recorded on a 
PHI Versaprobe 5000 device and Al-K monochromated radiation 35 

(1486.6 eV, 50 W with a 200-µm-diameter spot size) was used as 
X-ray source. Pass energy is 200 eV for spectra and 60 eV for 
windows (quantifications and curve fitting are obtained from 
windows acquisitions). Powder samples were prepared by 
pressing the sample powder on an indium sheet. Neutralization 40 

was used to minimize charge effects and the adventitious carbon 
C1s peak at 284.5 eV was used as the reference. The pressure in 
analysis chamber during acquisition is around 8.10-8 Pa. 

HMBPene synthesis 

593 mg (5 mmol) of 4-pentenoyl chloride (ClCO(CH2)2CHCH2, 45 

98%, Sigma-Aldrich, St Louis, MO) were frozen in a round 
bottom flask of 25 mL with liquid nitrogen, then 5 mL of 
tris(trimethylsilyl phosphite) (P(OSiMe3)3, 92%, Acros Organics) 
were added. A white slurry was obtained and stirred over night. 
Unreacted material was evaporated under vacuum at 70°C (0.1 50 

Torr) for 20 minutes and hydrolyzed 4h in 20mL of MeOH. The 
solvent was removed under reduced pressure, and the remaining 
yellow oil was crystallized at pH 2.3 in a MeOH/H2O 9:1 system. 
The white solid was filtered on Buchner yielding (70%) 940mg 
(3.5 mmol) of HMBPene. 55 

1H NMR: δ = 5.90 (m, 1H, HC=CH2) ; 5.02 (dd, Jtrans (H-H) = 
17.2 Hz, Jcis (H-H) = 10.2 Hz, 2H, C=CH2) ; 2.32 (t, 3H, 

CH2COH) ; 1.99 (dt, 3H, CH2CH2COH).  
13C NMR (100.63 MHz, 25°C, D2O) : δ = 139.5 ; 114.3 ; 73.8 (t, 
J1(P-C) = 135.5 Hz, COH) ; 32.8 ; 28.0. 60 

HR-MS (ESI--Q Tof) C5H11O7P2: m/z (M-H)-: 244.99818 ; calc: 
244.998 
31P NMR (161.98 MHz, 25°C, D2O): δ = 18.9 (s). 
IR (KBr, pH7): 2920, 2852, 1640, 1448, 1163, 1107, 907. 

General procedure for Au@HMBPene synthesis ([Au] = 65 

0.25mM, HMBPene:HAuCl4 = 4.4) 

Two precursor solutions were prepared: Solution A- 38.8 mg of 
chloroauric acid (HAuCl4•3H2O, ≥99.9%, Sigma-Aldrich, St 
Louis, MO) were dissolved in 5 mL of deionized (DI) water. 
Solution B- 53.6 mg of HMBPene were dissolved in 4.5 mL of 70 

DI water, then adjusted to pH 8.2. 125 µL of solution A and 250 
µL of solution B were added to 9.5 mL of DI water in a 30 mL 
MW tube. The mixture was heat at 100°C during 10 min. A red 
wine coloured solution of 14.4 ± 1.0 nm diameter GNPs was 
obtained. 75 

General procedure for Au@Ct synthesis ([Au] = 0.25mM, 
CtNa3:HAuCl4 = 4.4) 

Two precursor solutions were prepared: Solution A- 38.8 mg of 
chloroauric acid (HAuCl4•3H2O, ≥99.9%, Sigma-Aldrich, St 
Louis, MO) were dissolved in 5 mL of DI water. Solutions B- 80 

59.1 mg of trisodium citrate (Na3C6H5O7, ≥99%, Acros Organics) 
were dissolved in 5 mL of DI water. 125 µL of solution A and 
250 µL of solution B were added to 9.5 mL of DI water in a 30 
mL MW tube. The mixture was heat at 100°C during 10 min. A 
red wine coloured solution of 14.1 ± 1.1 nm diameter GNPs was 85 

obtained. 25 µL of solution B were added to this Au@Ct NPs 
solution in order to adjust the citrate concentration on previously 
described HMBPene:HAuCl4 ratio. 

Stability test against Cysteamine hydrochloride 
(Au@HMBPene vs Au@Ct) 90 

100 µL of Cysteamine hydrochloride (HSCH2CH2NH2 •HCl, 
≥98%, Sigma-Aldrich, St Louis, MO) solution (0 µM, 10 µM, 20 
µM and 40 µM) were added to 2 mL of 14 nm GNPs solution 
(freshly synthesized following the general procedure). UV spectra 
were registred after 10 min. 95 

Results and discussion 

Microwave assisted synthesis of Au@HMBPene nanoparticles 
in water 

The HMBPene was synthesized according to a methodology 
already described31 from condensation of pentenoyl chloride with 100 

tris(trimethylsilyl) phosphite. This compound was fully 
characterized by NMR (see ESI, Fig. S1-S2†) and mass 
spectrometry. This work proposes to use the HMBPene as the 
reductant and stabilizer for GNPs synthesis within one step 
process. In order to control precisely the heating of the solution 105 

and get reproducible synthesis we evaluated the GNPs synthesis 
under MW conditions. First of all the Turkevich-Frens classical 
synthesis was adapted to MW conditions by mixing at room 
temperature HAuCl4 and citrate and heating 10 min. at 100°C. 
Concerning the spherical shape and the size distribution of the 110 

obtained nanoparticles, no major differences between classical  
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Fig. 1 Au@HMBPene NPs (a) synthesis, (b) TEM image, (c) TEM size distribution (bar chart),  Z-Average diameter (blue bar) and (d) UV-vis absorption. 

 

 
Fig. 2 31P NMR (300MHz) spectra of HMBPene partial degradation. 5 

conditions and microwave conditions were observed (see ESI, 
Fig. S5†). Therefore the MW method appears to be a more 
convenient method compared to the classical one because the two 
reagents were mixed together at room temperature before heating. 
We performed the first experiment using HMBPene instead of 10 

citrate with similar conditions compared to Ji et al. work. Hence, 

HAuCl4 concentration was fixed to 0.25 mM, a 
HMBPene:HAuCl4 ratio at 4.4 was used and the initial pH of 
HMBPene solution fixed at 8.2. After 10 min microwave heating 
at 100°C, the resulting wine-red solution obtained has similar 15 

characteristics to the citrated GNPs synthesized (prepared with 
classical conditions or MW conditions) (Figure1). The formed 
gold nanoparticles presented a relatively narrow size distribution 
with a mean diameter of 14.4 ± 1.0 nm, as depicted on Figure 1, 
proving the homogeneity of the nucleation process. The 20 

Au@HMBPene nanoparticles formed highly stable water 
dispersion. At neutral pH, the Z-Average diameter and zeta 
potential surface are found equal to 16.5 nm and -38 mV 
respectively. Considering mean crystalline core (14 nm in 
diameter) and a layer of HMBPene, this suggested very low 25 

aggregation of the synthesized materials. The colloidal stability is 
mainly due to electrostatic repulsion between the negatively 
charged GNPs, induced by the HMBP moieties. No aggregates 
were observed by DLS over one month (see ESI, Fig. S6†). The 
Surface Plasmon Resonance (SPR) band in the UV visible region 30 

has a maximum absorption at λ = 516 nm, which is in good 
accordance for this scale range, according to Haiss et al.42 This 
particles synthesis was scaled up until a gold concentration of 1 
mM with minor changes of obtained physical properties (see ESI, 
Fig. S7†). 35 

In order to understand the process by which HMBPene allow the 
formation of GNPs the colloid solution just after reaction was 
analyzed by NMR (Figure 2). On the 31P NMR spectrum the  
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Fig. 3 FTIR analysis: HMBPene.(red spectrum) vs GNPs surface (purple spectrum). 

 

 
Fig. 4 Binding energy of phosphonate P2p electrons: Au@HMBPene (a) 5 

vs HMBPene (b). 

signal corresponding to the HMBPene remains the most intensive 
one but the apparition of several peaks belonging to PO4R3 
species could be observed in the -10 to 5 ppm region and many 
shifted peaks around 18 ppm corresponding to phosphonate 10 

groups with an electronically modified environment were 
discernable. So it can be reasonably hypothesized that the 
chemical reduction of Au(III) complex occurred mainly because 
of the oxidation of the phosphonate group to phosphate group. 
This can happened by degradation of the P-C-P bridge. Though 15 

extremely stable in bisphosphonic acid form such degradation 
was already observed for bisphosphonate esters in basic 
conditions through phosphono-phosphate isomerisation.43 
Moreover it should be noted that such formation of phosphoric 
adducts is one of the fragmentation pathways that can be 20 

observed when studying by mass spectrometry several 
bisphosphonic structures.44-46 As the 13C and 1H NMR did not 
show significant modifications compared to the starting 
compound (see ESI, Fig. S3-S4†), we can conclude that the 
carbon skeleton has not reacted. 25 

Surface characterization 

HMBPene and by-products can be removed by ultrafiltration, 
then GNPs are dispersed in pure water and analyzed by FTIR 
spectrometry (Figure 3). The chemisorption of HMBPene was 
qualitatively assessed comparing the coated nanocrystals (purple 30 

curve) with the free HMBPene molecule (red curve). Large 
modifications are observed within the PO region (900 – 1200 cm-

1). The strong tightening of P=O and P-O vibration bands around 
1000 cm-1 (purple curve) which is characteristic of the chelation 
of phosphorus species on a metallic surface,29, 34 suggested a 35 

coordination of phosphonates as chelating groups. Contrary to the 
previous work of Drogat et al.,40 it appears that the 
bisphosphonate function is coordinated to the gold surface. The  
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Fig. 5 Summary of the average sizes of GNPs using (a) different HMBPene/HAuCl4 precursor ratios compared to Ji et al. Work (captions, adapted with 
permission from (X. Ji, X. Song, J. Li, Y. Bai, W. Yang and X. Peng, Journal of the American Chemical Society, 2007, 129, 13939-13948). Copyright 

(2007) American Chemical Society) and (b) different initial HMBPene solution pH compared to enlarged graph (a) corresponding to dotted square. 
Summary of final pH were reported using (c) different HMBPene/HAuCl4 precursor ratios compared to Ji et al. Work (captions, adapted with permission 5 

from (X. Ji, X. Song, J. Li, Y. Bai, W. Yang and X. Peng, Journal of the American Chemical Society, 2007, 129, 13939-13948). Copyright (2007) 
American Chemical Society) and (d) different initial HMBPene solution pH compared to enlarged graph (c) corresponding to dotted square. All of these 

experiments have been done with the general method described in the experimental part. (solid lines are a guide to the eye). 

observed modifications in the PO region also suggested that no 
free phosphonate functions were present at the surface, ruling out 10 

the possible formation of a bilayer of HMBP with ethylenic part 
in the middle. Further evidence of a monolayer formation was 
given by TGA (see ESI, Fig. S8†) that indicated a surface 
coverage of 2.2 HMBPene/nm2 which is in complete accordance 
to the results already observed for formation of HMBP 15 

monolayer onto iron oxide nanoparticles.32 Vibration bands of C-
H stretching (2920-2852 cm-1), C-H scissoring (1448 cm-1) and 
C=C stretching (1640 cm-1) remained unmodified compared to 
free HMBPene. We pointed out that C-H stretching signals were 
enhanced when HMBPene was adsorbed on GNPs surface, but 20 

also CH2 deformation (1391 cm-1) instead of C-H scissoring. 

These results are in accordance with the observation of the 
phosphonate binding on the gold surface and the double bond 
C=C remained unmodified after synthesis. Hence ethylenic 
functions are still available as a reactive group on the 25 

nanoplatform. 
XPS analysis of the isolated HMBPene showed that binding 
energy of P2p electron is about 132.8-133.9 eV (Figure 4). GNPs 
powder has a P2p peak around 132.5-133.6 eV. Such a difference 
could be related to the fact that oxygen withdrawing effect on the 30 

phosphorus atom is declined when phosphonic functions are 
engaged in coordination bonding to the metal. Basly et al. has 
observed the same effect for phosphonate binding to iron oxide 
surface.47 Moreover the P2p peak width of Au@HMBPene is  
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Fig. 6 TEM images of GNPs synthesized by varying the HMBPene solution pH and corresponding size distribution. All of these experiments have been 

done with the general method described in the experimental part. 

 

 5 

Fig. 7 TEM images (a-b) and UV-vis absorption (c) for unachieved 
reaction for a precursor ratio of (0.7:2). 

lower than the HMBPene one, proving that phosphorus electronic 
environment has changed. Therefore we propose a 
phosphonatechelation of the NP surface according to FTIR data 10 

and XPS data.  

pH effect on final size of Au@HMBPene NPs: analogy with 
the Turkevitch-Frens synthesis 

As already mentioned, in Turkevich GNPs synthesis pH effect is 
described to have crucial importance on the GNPs growth 15 

mechanism and therefore on the final size or shape of the 
nanoparticles. So, we studied the pH solution (Figure 5). Firstly 

the initial gold chloride concentration of the solution was 
unchanged and the concentration of HMBPene at constant pH 
was varied (Figure 5a and see ESI, Fig. S9†). Secondly we kept 20 

both gold chloride and HMBPene concentration unchanged and 
varied the pH of HMBPene solution (Figure 5b). Figure 5 also 
presents the results of these two experiments with final pH in 
ordinate rather the final diameter (Figure 5c-d). The first study 
(Figure 5a-c) clearly showed the same trend as the Turkevich-25 

Frens synthesis (Figure 5a,c captions). Therefore Au@HMBPene 
NPs were formed through the two pathways described by Ji et al. 
for citrate capped GNPs: i) fast nucleation – random attachment-
ripening ii) nucleation-growth. On the other hand when studying 
the effect of pH of HMBPene solution on final diameter (Figure 30 

5b or final pH Figure 5d) the obtained results could also be 
related to the first study. Hence These results were comparable to 
the effect of HMBPene/HAuCl4 ratio from 2:1 to 4.4:1 (inserted 
graphs of Figures 5b,d). When varying pH of the precursor 
solution from 4.2 to 11.8 one must note that obtained GNPs 35 

perfectly kept their spherical aspect with narrow size distributions 
(Figure 6). 
When decreasing the HMBPene:HAuCl4 ratio below 2, obtained 
GNPs gradually lost their sphericity. For a ratio 
HMBPene:HAuCl4 = 1, slightly elongated GNPs ("nanorice") 40 

were obtained and further decreases of the ratio (0.9 and 0.8) 
were correlated to an increase of the phenomenon together with 
an increase of size and polydispersity (see ESI, Fig. S10†). This 
behavior could be correlated to a default in ligands amount during 
the crystal growth..Interestingly, nanowires were obtained for 45 

HMBPene:HAuCl4 = 0.7 as showed by TEM images (Figure 7a-
b). The UV-vis spectra (Figure7c) showed a broad peak in the 
500-700 nm range with low absorption intensity. This spectral 
signature is a feature of the gold nanowires anisotropic nature as 
observed by Ji et al. for Ct:HAuCl4 = 0.7 until 300 seconds of 50 

reaction. This result suggests that the intra-particle ripening step 
was unfinished after 10 min at 100°C for this ratio. This fact is 
once again in perfect agreement with the proposed nucleation-
aggregation-smoothing model for acidic conditions.13 
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Fig. 8 Absorption spectra of (a) Au@Ct and (b) Au@HMBPene after 

adding cysteamine hydrochloride (Cy) at different concentrations. 

Stability tests against Cysteamine hydrochloride: HMBPene 5 

vs Citrate 

Cysteamine as water soluble thiolate molecule was used to 
differentiate citrate and HMBPene GNPs by their binding 
strength to the gold surface. It is widely known that thiolate 
compounds are able to link gold more strongly than oxygen 10 

chelating groups48 according to the HSAB (Hard and Soft Acids 
and Bases) theory. Therefore, a ligand exchange proceeds by 
introducing a thiol solution in aqueous GNPs dispersions 
stabilized with carboxylate groups. Cysteamine hydrochloride 
brings a positive charge on the NP surface and decreasing the 15 

absolute negative charges. This reduces electrostatic repulsion 
between GNPs and leading to aggregation. Varied load of 
Cysteamine hydrochloride were added to several samples of 
previously described GNPs dispersions and spectrum were 
recorded after 10 minutes of stirring (no more colour changes 20 

were seen over this time Figure 8). 
Unambiguously, Au@HMBPene NPs remained stable whereas 
Au@Ct NPs were partially aggregated. This means that the 
thermodynamic aspect of exchange reactions is correlated to the 
strength bonding interaction difference between phosphonate 25 

group and carboxylate group. Therefore HMBPene appears to be 
a more efficient stabilizer than citrate against ligand exchange. 
This advantage of Au@HMBPene NPs constitutes a key property 

for further functionalization on the terminal alkene group. 

Conclusions 30 

A new GNPs synthesis was performed in one-pot protocol 
including MW assisted gold reduction, coating and 
functionalization steps using HMBPene. GNPs were well-
dispersed, stable and isolated in water. Changing the reaction pH 
allowed an accurate control of GNPs size following the 35 

Turkevich-Frens synthesis mechanism proposed by X. Ji et al. 
The GNPs shape remains spherical on a large pH scale variation. 
These nanocrystals surface present an ethylenic bond, which can 
be a reactive site for further functionalization. Hence, 
bisphosphonate chemistry appears to be a promising tool for the 40 

development of functionalized gold nanoplatform. 
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