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Inorganic nanoparticles with long-chain ligands are usually hydrophobic. However, simple and practical
methods for converting hydrophobic nanoparticles to hydrophilic nanoparticles are still lacking. Herein,
we developed a general method involving using dimercaptosuccinic acid (DMSA) for endowing
hydrophobic nanoparticles with water dispersion abilities. By mixing a tetrahydrofuran solution of DMSA
with a cyclohexane solution of hydrophobic nanoparticles, the long-chain ligands were replaced with
DMSA, with the replacement due to the strong and broad-spectrum coordination abilities of sulphydryls
and carboxyls. Four representative kinds of hydrophobic nanoparticles, namely Ag, NaGdF,4, TiO,, and
ZnS nanoparticles, were selected for verifying the performance of this DMSA-based modification
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method. Meanwhile, this method can also widen the applications of hydrophobic nanoparticles and
facilitate their being subjected to further graft modifications. We hope that our research will increase the
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chances for applications of nanomaterials to be made.

Introduction

Pyrolysis methods are widely used for the synthesis of inorganic
nanomaterials, and could produce monodispersed, uniform
and well-crystallized nanomaterials more easily than other
methods. Pyrolysis has been used to synthesize many kinds
of nanomaterials including rare earth (Re) materials (NaReF,,
Re,0;, etc.), magnetic nanoparticles (Fe;O,, etc.), metal nano-
particles (Pd, Fe, Ag, etc.) and metal chalcogenides (ZnS, FeS,,
Cu,_,Se, etc.)." ° Generally, long-chain ligands including oleic
acid (OA), oleylamine (OAm), and octadecylamine (OctAm)
need to be included when carrying out pyrolysis synthesis,
because these ligands can act as reaction solvents, assist to
form the precursor, and control the growth of a certain crystal
face.'®"> However, the generated nanomaterials with long-
chain ligands are hydrophobic, with this feature not suitable
for biological applications.

In the past decade, various methods have been developed to
endow hydrophobic nanoparticles with water dispersion abil-
ities for broader applications in medicine."”*° Generally, to
show water dispersion abilities, the long-chain ligands should
be replaced with water-soluble ligands. For example, nitroso-
nium tetrafluoroborate (NOBF,) has been reported to replace
OA and OAm ligands reversibly."* Polyethylene glycol (PEG)-
derivatized phosphine oxide (PO-PEG) has been reported to
replace the OA ligands of metal oxide nanoparticles, while the
Lemieux-von Rudloff reagent (i.e., KMnO, and NalO,) was used
for oxidizing the carbon-carbon double bond of OA to obtain
azelaic acid ligands.’>'® However, some issues remain with

This journal is © The Royal Society of Chemistry 2023
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these methods: NOBF, is unstable at room temperature;
PO-PEG is not a commercial product and the process of ligand
exchange requires high temperature; and the Lemieux-von
Rudloff reagent is not suitable for ligands without a carbon-
carbon double bond (such as OctAm) and the high amount of
reaction solution is not conducive for the separation of nano-
materials. Hence, it is necessary to develop a new approach that
can overcome the limitations of the existing methods.
Dimercaptosuccinic acid (DMSA) contains two sulphydryl
(-SH) groups and two carboxyl (-COOH) groups per molecule,
and has been used as a heavy metal antidote in the clinic.
According to the hard and soft acids and bases (HSAB) princi-
ple, -SH is a soft base and -COOH is a hard base.*>** As
decreased radius leads to increased base strength, the -COOH
in DMSA is a stronger base than OctAm, OA and OAm, which
means that DMSA can replace these long-chain ligands. More-
over, with the assistance of -SH (soft base) and ~-COOH (hard
base), DMSA can simultaneously coordinate soft acids (such as
elemental Ag, Au, Pt), hard acids (such as Re*", Ti*") and
borderline acids (such as Cu®", Zn**). Herein, we report a
generally applicable method involving using DMSA to endow
hydrophobic nanoparticles with water dispersion abilities. As
shown in Fig. 1a, a tetrahydrofuran (THF) solution of DMSA was
mixed with a cyclohexane solution of hydrophobic nano-
particles. After 48 hours, the nanoparticles were modified with
DMSA. This method showed several advantages: firstly, the
ability of DMSA to strongly coordinate with most metal ele-
ments, and the ability of many inorganic nanomaterials pro-
duced using pyrolysis to be modified by DMSA; secondly, the
process of ligand exchange being carried out at room tempera-
ture, with the nanomaterials being easily separated by carrying
out distillation at reduced pressure and subsequent methanol/
ethanol rinsing; thirdly, both DMSA and THF being low-cost
commercial products; and finally, the surface of DMSA-
modified nanomaterials containing abundant -SH and -COOH
groups, a benefit to the further grafting. We believe that our
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study will increase the chances for applications of nanomater-
ials to be made and will provide a method with increased
convenience for researchers.

Results and discussion

Four representative kinds of hydrophobic nanoparticles,
namely Ag, NaGdF,, TiO,, and ZnS, were applied for verifying
the performance of this DMSA-based modification method. The
procedure used to synthesize these nanomaterials is shown in
Fig. 1b. For the synthesis of Ag-OctAm, we poured AgNO;
powder directly into a solution of OctAm at 180 °C, and Ag-
OctAm nanoparticles were obtained after 0.5 h.’° For the
synthesis of NaGdF,-OA, first GdCl;, OA and octadecene
(ODE) were mixed at 140 °C to obtain Gd precursor, and then
this Gd precursor was reacted with sodium fluoride (NaF)
powder at 290 °C to obtain NaGdF,-OA. For the synthesis of
TiO,-OA, we mixed and reacted tetrabutyl titanate (Ti(OC,Hy),),
OAm, OA, water and ethanol at 180 °C for 18 h to obtain TiO,-
OA.""?? For the synthesis of ZnS-OAm, first ZnCl,, trioctylpho-
sphine oxide (TOPO) and OAm were mixed at 180 °C to obtain
Zn precursor, and then this Zn precursor was reacted with
sulfur solution in OAm at 320 °C to obtain ZnS-OAm.”> More
experimental details can be found in the Methods section.

To clarify the performance of the DMSA-based method, we
carried out a series of characterizations of the hydrophobic
nanoparticles and DMSA-modified nanoparticles. A photo-
graph of hydrophobic nanoparticles in cyclohexane is shown
in Fig. S1a (ESIT) and that of DMSA-modified nanomaterials in
water is presented in Fig. S1b (ESIT). All the solutions were clear
and transparent liquids. Then, transmission electron micro-
scopy (TEM) was carried out. Both the Ag-OctAm and Ag-DMSA
particles were observed to be spheres with dimensions of
~8 nm (Fig. 2a and e), and both the NaGdF,-OA and
NaGdF,-DMSA particles were observed to be spheres with
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Fig. 1 Illustrations of (a) the DMSA-based modification procedure and (b) the procedures used to synthesize Ag-OctAm, NaGdF4-OA, TiO,-OA and

ZnS-OAm.
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Fig. 2 TEM images of (a) Ag-OctAm, (b) NaGdF4-OA, (c) TiO,-OA, (d) ZnS-OAm, (e) Ag-DMSA, (f) NaGdF4-DMSA, (g) TiO,-DMSA and (h) ZnS-DMSA.

dimensions of ~5 nm (Fig. 2b and f). In contrast, TiO,-OA and
TiO,-DMSA both formed spindles with dimensions of ~15 nm
(Fig. 2e and g). And both the ZnS-OAm and ZnS-DMSA
particles were observed to be spheres with dimensions of
~5 nm (Fig. 2d and h). Hydrodynamic radii were also mea-
sured using dynamic light scattering (DLS). The hydrodynamic
radii of Ag-OctAm (Fig. S2a, ESIT), NaGdF,-OA (Fig. S2b, ESIY),
TiO,-OA (Fig. S2c, ESIt) and ZnS-OAm (Fig. S2d, ESIY) particles

were measured to be 9.09 nm, 6.83 nm, 19.87 nm and 6.43 nm,
respectively, in accordance with the TEM image data. X-ray
diffraction (XRD) patterns showed the crystal structures of Ag-
OctAm (Fig. 3a), NaGdF,-OA (Fig. 3b), TiO,-OA (Fig. 3c), ZnS-
OAm (Fig. 3d), Ag-DMSA (Fig. 3e), NaGdF,,-DMSA (Fig. 3f), TiO,-
DMSA (Fig. 3g) and ZnS-DMSA (Fig. 3h) to be in accordance
with standard samples, with only a few differences between the
XRD patterns of the hydrophobic nanoparticles and those of
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Fig. 3 XRD patterns of (a) Ag-OctAm, (b) NaGdF4-OA, (c) TiO,-OA, (d) ZnS-OAm, (e) Ag-DMSA, (f) NaGdF4-DMSA, (g) TiO,-DMSA and (h) ZnS-DMSA.
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the DMSA-modified nanoparticles. Hence, neither the mor-
phology nor the crystal structure of any of the nanoparticles
changed upon the modification being performed.

Fourier-transform infrared spectroscopy (FTIR) data were
collected and showed differences between the hydrophobic
nanoparticles and the DMSA-modified nanoparticles. As shown
in Fig. 4a-d, the four kinds of hydrophobic nanoparticles all
showed strong absorption for methylene asymmetric carbon-
hydrogen bond (C-H) stretching and methylene symmetric C-H
stretching, attributed to the presence of many methylene C-H
groups, specifically 28, 30 and 34 of them, per OA molecule,
OAm molecule and OctAm molecule, respectively.”* After ligand
exchange, the methylene C-H absorption almost disappeared
(Fig. 4e-h), attributed to the DMSA molecule having no methy-
lene C-H. Ultraviolet-visible (UV-Vis) spectra of all related
nanomaterials were also acquired (Fig. S3a-S3h, ESIt). The
differences observed may have been due to the coordination
between DMSA and the metal ions.

After the DMSA modification, we measured the hydrody-
namic radii of the nanoparticles each at different pH values.
The abundant -COOH groups on the surfaces of nanoparticles
were expected to dissociate into H" and -COO™ reversibly in
aqueous solutions. Generally, higher surface charges enhance
electrostatic repulsion between nanoparticles. Hence, a higher
PH in the solution was expected to promote the dissociation of
-COOH and improve surface charge density, leading to better
dispersity of DMSA-modified nanoparticles. As shown in
Fig. 5a-d, the particles were determined to be smaller at pH
7.4 than at pH 5.0. Additionally, the absolute value of the zeta
potential at pH 7.4 was much greater than that under pH 5.0
(Fig. 5e-h). We also characterized the stability levels of the
modified nanomaterials at pH 7.4. As shown in Fig. S4a-S4d
(ESIT), no significant difference in hydrodynamic size was
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observed for Ag-DMSA, NaGdF,-DMSA, TiO,-DMSA, and
ZnS-DMSA between 1-, 7- and 14-day periods. Hence, the
modified nanomaterials could remain stable at pH 7.4. In
addition, we measured the leakage of Zn®** from the
ZnS-DMSA surface at pH 5.0. As shown in Fig. S5 (ESIY), only
2% of the Zn** was released in 6 days, indicating the stability of
ZnS-DMSA in an acid microenvironment. These data confirmed
our analysis about the dissociation of ~-COOH and concurrently
indicated that the modification with DMSA occurred.

Finally, we verified that there could be biological applica-
tions of DMSA-modified nanoparticles. Due to DMSA bringing
-SH and -COOH groups to the surfaces of the nanoparticles,
further grafting was expected to be feasible. The aminated
polyethylene glycol 2000 (PEG2000-NH,) was selected to be
reacted with ZnS-DMSA using an amide reaction. C-O-C
stretching was not present in the FTIR spectrum of
ZnS-DMSA, but appeared in the spectrum of ZnS-PEG
(Fig. 6a), indicating the successful modification of PEG.**
Aminated fluorescein isothiocyanate-polyethylene glycol 2000
(FITC-PEG2000-NH,) was also selected for further modification
of TiO,-DMSA.>**® The obtained TiO,-FITC was applied for the
fluorescence imaging of cytophagy. As shown in Fig. 6b, after 4
hours of co-culture, MG63 cells (human osteosarcoma cells)
and PANC-1 cells (human pancreatic cancer cells) both showed
the green fluorescence of TiO,-FITC as measured using a
confocal laser scanning microscope (CLSM). In addition,
NaGdF,-DMSA was applied for magnetic resonance imaging
(MRI). As shown in Fig. 6c, the relaxation rate of NaGdF,-DMSA
was 6.51 mM ™' s ' at 3.0 T, higher than those of commercial
MRI contrast agents such as Magnevist (4.1 mM ™' s~ ') and
Omniscan (3.3 mM ' s7').” Finally, the Ag-DMSA was applied
for treating cancer due to the widely reported anticancer activity
of Ag nanoparticles.”®*?° As shown in Fig. 6d, Ag-DMSA
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Fig. 4 FTIR spectra of (a) Ag-OctAm, (b) NaGdF4-OA, (c) TiO,-OA, (d) ZnS-
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(20 ppm) can effectively kill 4T1 cells (mouse breast cancer
cells) as measured using calcein-AM and propidium iodide (PI)
stainings. We also used human umbilicus vein endothelial cells
(HUVECGs) and 4T1 cells to test the cytotoxicity of Ag-DMSA. As

| J Mater. Chem. B, 2023, 11, 8464-8470

Bright Fleld

T

DAPI

TiO,-FITC

Fig. 6 Further applications of DMSA-modified nanomaterials. (a) FTIR spectrum of ZnS-PEG. (b) CLSM images showing the cytophagy of TiO,-FITC.
(c) Plot showing the MRI performance of NaGdF4-DMSA. (d) Images with calcein-AM and PI stainings showing the anticancer effect of Ag-DMSA.

shown in Fig. S6 (ESIT), Ag-DMSA exhibited little toxicity to
HUVECs, but were obviously lethal for 4T1 cells. Hence, accord-
ing to these results, Ag-DMSA showed favorable biocompat-
ibility with normal cells and obvious toxicity to cancer cells, in

This journal is © The Royal Society of Chemistry 2023
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accordance with previous research.>**> In a word, the
DMSA-based modification can widen the applications of hydro-
phobic nanoparticles.

Conclusions

In summary, we have developed a generally applicable and easy
method for endowing hydrophobic nanoparticles with water
dispersion abilities. By mixing a THF solution of DMSA with a
cyclohexane solution of hydrophobic nanoparticles, the long-
chain ligands are replaced with DMSA, due to the strong
coordination abilities of -SH and -COOH groups. In principle,
this method can be applied at a large scale. DMSA modification
widens the applications of hydrophobic nanoparticles to
include MRI and cancer treatment. Additionally, further graft-
ing based on -SH and -COOH groups can be achieved. We hope
this method will increase the chances for investigating the
applications of nanomaterials.
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