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ABSTRACT: The octadentate hydroxypyridinone chelator 3,4,3- Thermodvnamics Gold Lanthanide
LI(1,2-HOPO) is a promising therapeutic agent because of its high Y Nanoparticles Sensing
affinity for f-block elements and noncytotoxicity at medical dosages. '
The interaction between 3,4,3-L1(1,2-HOPO) and other biomedically
relevant metals such as gold, however, has not been explored. Gold
nanoparticles functionalized with chelators have demonstrated great
potential in theranostics, yet thus far, no protocol that combines 3,4,3-
LI(1,2-HOPO) and colloidal gold has been developed. Here, we
characterize the solution thermodynamic properties of the complexes
formed between 3,4,3-LI(1,2-HOPO) and Au’" ions and demonstrate how under specific pH conditions the chelator promotes the
growth of gold nanoparticles, acting as both reducing and stabilizing agent. 3,4,3-LI(1,2-HOPO) ligands on the nanoparticle surface
remain active and selective toward f-block elements, as evidenced by gold nanoparticle selective aggregation. Finally, a new
colorimetric assay capable of reaching the detection levels necessary for the quantification of lanthanides in waste from industrial
processes is developed based on the inhibition of particle growth by lanthanides.

Bl INTRODUCTION therapeutics and sensing agents;“’25 however, the functional-
ization of chelators on AuNPs usually requires tedious
multistep reactions.””” Simultaneous one-pot synthesis and
functionalization of AuNPs with chelating agents is a preferred
approach, yet this has only been successful with a limited suite

Siderophores are a group of biomolecules produced by
bacteria, fungi, and some plants that transport iron across
cell membranes." Bioinspired siderophore analogues that
contain hydroxypyridinone (HOPO) groups, such as 3,4,3- X : i - 3 )
LI(1,2-HOPO), are known for their high affinity for f-block of ligands, including ethylenediaminetetraacetic acid

26 . .
cations.”” As 3,4,3-LI(1,2-HOPO) can be orally administered (EDTA).™ A method that combines the one-pot synthesis

and is noncytotoxic at medical dosages, it is primarily and functionalization of AuNPs with a better performing

developed as a chelating agent for the decorporation of chelator, specifically for f—blo_ck elements such as 3,4,3-LI(1,2-
radionuclides and as a treatment for heavy metal poisoning.*” HOPO), would be .beneﬁ.aal for .the. development of new
In addition, the high stability and fast excretion kinetics of nanoconstructs for biomedical appllcajaons. '

HOPO complexes with alpha-emitting isotopes have resulted In. this worl;, we report a systernz.ltlc StUd)f of the solution
in the pursuit of new radiopharmaceutical agents for cancer affinity of Au™ anc31 the therapeutic chelating agent 3,4,3-
therapy,® and HOPO moieties are also known to sensitize the LI(1,2-HOPO). Au’* complexation was observed even at
luminescence of several lanthanides, which can be applied to acidic pH (2.2), where most of the HOPO binding units were

bioassays.7_9 While the coordination chemistry of 3,4,3-LI(1,2- protonated. Therefore, only a small fraction of partially
HOPO) with fblock cations has been thoroughly inves- deprotonated 3,4,3-LI(1,2-HOPO) was necessary to trigger
tigated,”””" the complexation of noble metals such as gold and complexation, indicative of a high thermodynamic stability
their applications have yet to be explored. between the cation and the chelator. Above pH 2.4,

Gold has been used in medicine throughout history from complexation was followed by the reduction of Au’* to Au’
dentistry to arthritis treatment.'® When the dimensions of and subsequent formation of AuNPs. During the growth of the
metallic gold are reduced to the nanoscale, such as in the form particles, 3,/4,3-L1(1,2-HOPO) acts as both reducing and

of gold nanoparticles (AuNPs), different size- and shape-

dependent physicochemical properties arise.'' 7' Because Received: November 19, 2019
AuNP optical properties are sensitive to the particle Published: January 23, 2020
surroundin7gs, they can be used as transducers for sensitive

bioassays.'’ > Several chelating agents have been function-

alized on the AuNP surface for the development of
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stabilizing agent. The competition between Au®" and cations
with higher binding affinities was used as sensing principle to
quantify lanthanide concentrations in aqueous solutions. The
tunable dynamic range of the colorimetric assay covers a wide
range of concentrations relevant to the detection of lanthanides
in waste from industrial processes.

B RESULTS AND DISCUSSION

Complexation of Au** by 3,4,3-LI(1,2-HOPO). The
interaction between Au’* and 3,4,3-LI(1,2-HOPO) (Figure
la) was initially studied at pH 2.2 because the chelator has
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Figure 1. Solution thermodynamics between Au** and 3,4,3-LI(1,2-
HOPO). (a) Structure of the chelator. (b) Spectrophotometric
titration for the Au’*-3,4,3-LI(1,2-HOPO) complex. The concen-
tration of ligand was 400 yM, and the concentration of Au®* ranged
from 0 to 400 uM. The pH of the solution was 2.2 with an ionic
strength of 0.1 M (KCI).

shown different complexation behaviors (from total binding to
no interaction) with several metals at this acidic pH.>> 1,2-
HOPO chromophores have an extinction band at 303 nm,
which is sensitive to metal binding;z’5 thus, the complexation
of Au** was studied by spectrophotometric titration from 250
to 400 nm (Figure 1b). The addition of one equivalent of Au**
to a solution of 3,4,3-LI(1,2-HOPO) increased the intensity of
the chelator band by 10 + 2%, indicating formation of the
complex. Two isosbestic points at 281 and 327 nm were
observed (Figure 1b), which suggested that only two species,
such as 3,4,3-L1(1,2-HOPO) and Au®', formed the complex.27
The proton independent stability constants (i.e. equilibrium
constants for the formation of complexes) between Au®** and
the chelator were determined via refinement of spectrophoto-
metric titration data to be log ff;1, = 16.03 £ 0.04 for the [Au-
3,4,3-LI(1,2-HOPO)]~ complex and logf;;, = 17.98 + 0.04
for the [Au-3,4,3-L1(1,2-HOPO)H] complex (Table S1). The
log Bi1o value is smaller than the corresponding stability
constants reported for lanthanides (ranging from 164 to
22.2),”® which are harder trivalent cations (weakly polarizable)
that form more stable complexes with the HOPO chelator.
Since 3,4,3-LI(1,2-HOPO) binding affinities to cations are
sensitive to the protonation of the 1,2-HOPO subunits (pK,
values ranging from 3.9 to 6.6),” the interaction between the
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ligand and Au®* was further studied at varying pH values
(Figure 2). Au®" can be reduced to Au’ at acidic pH (from 2.0

Extinction

550
Wavelength (nm)

600

Figure 2. UV—vis of 1:1 mixtures of Au®* and 3,4,3-LI(1,2-HOPO) at
different pH values. The concentration of ligand and Au®*" was 400
#M in 100 uL of solution. The UV—vis spectra have been offset for
clarity.

to 6.0) by nitrogen-rich molecules,”** and as a result, the

UV—vis spectra of the samples were measured from 450 to 650
nm, where colloidal Au absorbs.'' The pH of the samples was
adjusted prior to the addition of Au** with hydrogen chloride
or sodium hydroxide, and the cation and chelator were left to
react for 1 h. At pH 2.2, no extinction band between 450 and
650 nm was observed because Au®* was complexed by 3,4,3-
LI(1,2-HOPO), as described in the previous paragraph, and no
reduction occurred. As the pH was systematically increased up
to 5.9, an extinction band between 526 and 560 nm appeared,
which correlates to the localized surface plasmon (LSP)
resonances of AuNPs.”' The LSP band was broad at low pH
(from 2.4 to 3.4), indicating particle aggregation and/or
polydispersity. As the pH increased up to 4.9, the LSP band
centered at 526 nm and became sharper, which suggested the
formation of monodisperse and well-dispersed AuNPs. At
higher pH values, larger fractions of HOPO moieties are
deprotonated, thereby providing stronger electrostatic repul-
sion between particles that favor AuNP dispersion. The system
was further characterized by cyclic voltammetry (Figure S1)
under AuNP growth conditions (pH 5.9). As nanoparticles
start forming and depositing on the electrode at this pH,
affecting the measurements, the solutions were mixed and left
to stabilize for only S min before voltammetry measurements
were performed. A positive half-wave potential (i.e. difference
between cathodic and anodic peaks, E,/,) of 0.685 V was
measured, indicating that the reaction is thermodynamically
favorable. The growth of AuNPs within this pH range (from
24 to 5.9) is consistent with the synthesis of particles made
with other reducing agents.” Further increases of pH
diminished the intensity of LSP band until total disappearance
at pH 7.7. The lack of AuNP growth at higher pH was not
caused by the formation of Au hydroxides as the speciation
diagram calculated with the stability constants show that Au®*
and Au**-3,4,3-LI(1,2-HOPO) complexes are the primary
species in solution between pH 1 and 10 (Figure S2).
Characterization of AuNPs. We chose to study the
AuNPs synthesized at pH 4.9 because their UV—vis spectrum
indicated they were primarily monodisperse in solution (Figure
3a). Scanning transmission electron microscope (STEM)
images in dark field mode showed quasi-spherical AuNPs
with average diameters of 24 + 4 nm and a small fraction with
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Figure 3. Characterization of AuNPs grown with 3,4,3-LI(1,2-HOPO) at pH 4.9. (a) UV—vis spectrum, (b) STEM image, and (c) HR-TEM image

of AuNPs.

triangular shapes (Figure 3b and Figure S3). Both size
dispersion (16.5%, calculated as percent of standard deviation)
and crystal structure (the particles were polycrystalline with
multiply twinned structures, Figure 3c and Figure S4) were
very similar to the ones obtained via the Turkevich method by
citrate reduction of gold salts.””* Spectral analysis and
mapping through the energy-dispersive X-ray spectroscopy
(EDS) mode of the STEM confirmed that the NPs were made
of Au (Figure SS). The yield of the particle synthesis defined as
percentage of Au®* that was reduced to metal and formed
AuNP was 87.2% (a description of yield calculations is
provided in the Experimental Section), consistent with well-
established protocols.”” A zeta potential value of —22.9 + 2.6
mV was recorded after washing the particles and resuspending
them in Milli-Q water (Table S2). The negative zeta potential
of the particles confirmed their stability in solution, which was
corroborated by the invariability of the LSP band after one
month (Figure S6), suggesting that the chelator acted as
stabilizing agent. The presence of the 3,4,3-LI(1,2-HOPO) on
the metal surface was confirmed by fluorescence spectroscopy,
exploiting the chelator sensitization properties. The complex
formed between 3,4,3-LI(1,2-HOPO) and Eu** has a
characteristic emission band centered at 618 nm,” which was
recorded after the addition of EuCl; to the washed particle
solution (Figure S7a). The addition of Eu®* also caused the
aggregation of the particles, as observed in their UV—vis
spectrum (Figure S7b). Although AuNPs can quench the
emission of fluorophores located on their surface, fluorescence
enhancement occurs when the particles are aggregated because
of the formation of hotspots.”> Hence, the chelator acted as
both reducing and stabilizing agent in the growth of the
particles. The dual role of 3,4,3-LI(1,2-HOPO) is consistent
with the synthesis of AuNPs with other chelates such as
EDTA.”® We confirmed by AuNP aggregation assay that the
3,4,3-L1(1,2-HOPO) on the Au surface preserved selectivity
toward f-block elements over lighter ones as only lanthanides
induced nanoparticle aggregation (Figure S8).

To further understand the growth mechanism of the
particles, we tested the growth kinetics by UV—vis spectros-
copy (Figure 4). An extinction band below 500 nm, which is
characteristic of Au® interband transitions,”® appeared in the
first min after the addition of Au’* to the growth solution,
resulting in a faint red color visible by naked-eye within 5 min,
and the extinction intensity of this band increased as the
reaction progressed. After 18 min, a LSP band at 518 nm arose,
which denoted the formation and growth of colloidal Au above
2 nm (size necessary to hold LSP resonances).‘?’7 As the
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Figure 4. Growth kinetics of AuNPs at pH 4.9. (a) UV—vis spectra
and (b) extinction variation at 526 nm during particle growth. The
concentration of ligand and Au* was 400 M in 1 mL of growth
solution.

reaction continued, the LSP increased in intensity and shifted
to 526 nm, suggesting particle growth. The reaction ended
after S0 min when the position and intensity of the LSP band
had stabilized.

Competition Experiments. As the interaction between
Au** and 3,4,3-LI(1,2-HOPO) resulted in both complex
formation and particle growth, we studied whether chelation
of Au®* was necessary to synthesize AuNPs or whether both
events were independent. We performed a competition
experiment with Eu®*, whose thermodynamic stability constant
with 3,4,3-LI(1,2-HOPO) is higher (log 3,0 of 20.2)” than the
one we determined for Au®". It was previously shown that the
complexation of Eu** by 3,4,3-LI(1,2-HOPO) occurs within
10 min;® thus, Eu®* was added to the solution and allowed to
interact with the chelate for 10 min prior the addition of Au®*.
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After Au®" addition, the mixture was left to react for 1 h and
then characterized by UV—vis spectroscopy. Figure Sa shows
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Figure 5. Competition experiments with Eu®*. (a) UV—vis spectra of
AuNPs grown after addition of Eu**. The final volume of the solutions
was 100 L. The inset is the picture of AuNP solution grown in the
presence of 0, 200, and 400 uM Eu’*. (b) Variation of the extinction
intensity at LSP band maxima (526 nm) under different
concentrations of Eu*'.

that increasing the concentration of Eu®" prevented the
formation AuNPs as the LSP band decreased in intensity
and red-shifted. This confirmed that the reduction of Au®" to
Au’ by 3,4,3-LI(1,2-HOPO) required the complexation of
Au®" because the presence of a cation with higher affinity for
the chelator hindered the particle growth, and these results
were consistent with a previous publication that observed the
reduction of hexavalent cations after being complexed by 3,4,3-
LI(1,2-HOPO).*® The variations in the LSP band due to the
presence of Eu®* during AuNP formation were examined as
colorimetric sensing principle, where the color change of the
solution could be used to quantify the analyte concentration
(Figure Sb). Although lanthanides are usually quantified by
ICP-MS and ICP-OES, these instruments are intensive in cost
and personnel. Thus, a rapid and straightforward assay capable
of quantifying lanthanide concentrations with minimal
instrumentation or simply by naked-eye would be highly
beneficial. Conventional colorimetric assays based on AuNP
aggregation (Figure S8) only change in color as the
concentration of analyte increases; the one presented in Figure
S, however, shows simultaneous color change (shift of the LSP
band) and color disappearance (decrease of LSP intensity),
which provide a more distinguishable analytical response,
particularly when used as a point-of-care assay read by the
naked-eye. The quantification accuracy was 87% (Table S3),
which was estimated by analyzing a reference sample (250 uM
Eu’*), and it was similar to other nanoparticle-based
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colorimetric assay accuracies.”” As a result, we explored the
quenching of AuNP growth as a sensing principle with other
lanthanides such as La**, Gd*', and Tb**, which also have
thermodynamic stability constants with 3,4,3-LI(1,2-HOPO)
higher than that with Au**? As controls, we used Ca** and
Cu®, two divalent cations commonly found in buffers that are
softer than Au®* and are expected to have a lower affinity for
the chelator. The binding curves showed similar responses for
all lanthanides (Figure 6), while Ca®" and Cu** did not induce
any significant changes as they did not prevent the formation
of AuNPs.
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Figure 6. Colorimetric response for different metals. The concen-
tration of ligand and Au** was 400 M. The binding curves have been
offset for clarity.

The United States Department of Energy (DOE) has
highlighted the lanthanides as critical materials for clean energy
technologies with high risk of supply disruptions in the near
future.*” Hence, new strategies to quantify and recycle rare-
earth elements in waste streams are required.”” One major
challenge when characterizing lanthanides in solution is their
wide concentration variations depending on the sample (i.e.
from low to high micromolar or millimolar range in high level
waste waters from nuclear reactors).*' To take full advantage
of a colorimetric assay, tunable limits of detection and dynamic
ranges are necessary. Toward this goal, we adjusted both the
limit of detection and the dynamic range by changing the
concentration of chelate and Au®'. Figure 7 depicts the
colorimetric response at five different concentrations (from
100 to 600 yM HAuCl, and 3,4,3-LI(1,2-HOPO)). The limit
of detection shifted from 3 to 302 M as the concentrations of
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Figure 7. Colorimetric assay with tunable dynamic range. The
response curve of the colorimetric assay under different concen-
trations of Au®** and 3,4,3-L1(1,2-HOPO).
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Au®* and chelator increased. Thus, the combination of the five
solutions yielded a colorimetric assay capable of covering the
content of several lanthanides in waste from industrial
processes (eg 3.1 uM Tb*, 105 uM Gd*, and 148 uM
EuY).

B CONCLUSIONS

In summary, we characterized the interaction between the
hydroxypyridinonate chelator 3,4,3-LI(1,2-HOPO) and Au**
in solution, where we observed ligand complexation of the
cation even at acidic pH (2.2) when most of the HOPO
binding units were protonated. As the pH increased, the
formation of the complex was followed by the reduction of
Au*" to Au’. Monodisperse AuNPs were obtained at pH 4.9
with the 3,4,3-LI(1,2-HOPO) acting as both reducing and
stabilizing agent. The inhibition of particle growth by
lanthanides was used as a colorimetric sensing principle, and
the dynamic range of the assay was tuned by varying the
concentrations of Au** and 3,4,3-LI(1,2-HOPO), reaching the
limits of detection (3 4uM) necessary to quantify lanthanides in
waste from industrial processes. Finally, because our protocol
allows for the straightforward synthesis of AuNPs that feature a
chelator with high affinity for f-block elements on the surface,
we anticipate new opportunities in biosensing and therapeutics
will follow.

B EXPERIMENTAL SECTION

Materials. 3,4,3-L1(1,2-HOPO) was prepared and characterized as
previously described.* Chloroauric acid 99.9%, citric acid, disodium
phosphate, lanthanum(III) chloride 99.9%, europium(III) chloride
hexahydrate 99.99%, gadolinium(III) chloride hexahydrate 99%,
terbium(III) chloride hexahydrate 99.9%, calcium chloride, copper-
(I1) chloride 97%, 2-(N-morpholino)ethanesulfonic acid (MES),
nitric acid (70%), and sodium hydroxide 97% were purchased from
Sigma-Aldrich (St. Louis, MO). Hydrogen chloride 0.1 and 6 N was
bought from VWR International (Radnor, PA). All solutions were
prepared with Milli-Q water.

Spectrophotometric Titrations. Varying amounts of HAuCl,
(from 0 to 1 equiv) were added to a set of solutions containing 3,4,3-
LI(1,2-HOPO) kept at pH 2.2 with the addition of HCI, and an ionic
strength of 0.1 M (KCl). The final volume of the solutions was 100
#L with a ligand concentration of 400 yM. The solutions were mixed
for 10 s after the addition of Au** and incubated at room temperature
without stirring for 1 h before recording UV—vis spectra from 250 to
400 nm with a SpectraMax iD3Multi-Mode Microplate Reader
(Molecular Devices, Sunnyvale, CA).

Titration Data Treatment. Titration data were analyzed by
nonlinear least-squares refinement with HypSpec software.*’ Equili-
brium constants were defined as cumulative formation constants
(B,n) based on eqs 1 and 2, where metal, ligand, and protons are
described as M, L, and H, respectively.

mM + IL + hH = [M, LH,] (1)

_ M, LH,

)

The h value for hydroxides was defined as negative. Based on
previous studies,”*** all species formed with 3,4,3-LI(1,2-HOPO)
were considered to have observable absorbance and were included in
the data refinement. The chemical equilibria included in the constant
calculations were water autoprotolysis, ligand protonation, ligand—
metal complex formation, and metal hydroxide formation. The
stability constants used during the refinement process are included in
Table S1. The speciation diagram was calculated using the Hyperquad
Simulation and Speciation (HYSS) software.**
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Growth of AuNPs with 3,4,3-LI(1,2-HOPO). AuNPs were
synthesized by adding 1 equiv of HAuCl, to 3,4,3-LI(1,2-HOPO)
solutions (400 uM final concentration). The pH of the solutions was
adjusted with hydrogen chloride or sodium hydroxide prior to the
addition of Au®*. The resulting solutions were mixed for 10 s and left
undisturbed at room temperature for 1 h.

One-hundred microliters of the AuNP solutions was used to record
UV—vis spectra with a SpectraMax iD3Multi-Mode Microplate
Reader. Transmission electron microscopy (TEM) was performed
using a FEI ThemlS (Thermo Fisher Scientific, Waltham, MA) with
an image aberration corrector operated at 300 kV. AuNP morphology
and elemental composition were characterized by high-angle annular
dark field (HAADF) and energy dispersive spectroscopy (EDS) in
STEM mode. High-resolution TEM (HR-TEM) micrographs were
acquired on a FEI Ceta camera. Hydrodynamic diameter and zeta
potential values were measured with a ZetaPlus BI-90 Plus
(Brookhaven Instruments Corporation, Holtsville, NY).

To quantify the yield of the AuNP synthesis, the particles were
washed by centrifugation (12 000 X g) for 15 min to remove
unreacted Au®* and redispersed in Milli-Q water. Fifty microliters of
washed AuNPs were digested in 100 yL of nitric acid (70%) and 100
uL of hydrogen chloride (6 N) for 30 min at room temperature and
redispersed in 4.75 mL of Milli-Q water, following previous published
protocols.***” The final concentration of Au in solution was
quantified by inductively coupled plasma optical emission spectros-
copy (ICP-OES, PerkinElmer, Waltham, MA).

Cyclic voltammetry (CV) data were collected at room temperature
in water using 1 M of CaCl, as a supporting electrolyte with sweep
rates of SO mV/s over the range —200 to 1000 mV on a Pine Research
(Durham, NC) WaveNow potentiostat. Gold ceramic screen-printed
electrodes were used for CV measurements with a Ag/AgCl reference
electrode, and the electrode surfaces were checked in between each
measurement for potential deactivation using a 3 mM Fe(CN)*"/
Fe(CN)4>~ solution. CVs of blank solutions were also measured to
subtract the influence of nonfaradic current; thus, all spectra
presented herein are background subtracted.

Interaction between AuNPs and Cations. AuNPs were washed
by centrifugation (12000 X g) for 15 min to remove unreacted Au>*
and redispersed in MES buffer (0.1 M, pH 6.0). One microliter of
cation solution was added to 100 uL of the AuNP solution, mixed,
and incubated at room temperature for 10 min. The final
concentration of cations was either 10 or 100 uM (the concentrations
are described in the figure captions). The fluorescence and UV—vis
spectra of solutions were recorded with a SpectraMax iD3Multi-Mode
Microplate Reader.

Growth Kinetics of AUNPs. A 1 mL solution containing 400 uM
of HAuCl, and 3,4,3-L1(1,2-HOPO) at pH 4.9 was prepared at room
temperature and immediately transferred to a plastic cuvette. Solution
state UV—vis spectra (from 450 to 650 nm) were recorded with a
Cary 4000 UV—vis-NIR spectrophotometer (Agilent, Santa Clara,
CA) at fixed intervals (one spectrum every min).

Competition Experiments. Solutions containing divalent (Ca**
or Cu®") or trivalent (La*, Eu**, Tb*, or Gd**) cations were spiked
into a set of 3,4,3-LI(1,2-HOPO) solutions at pH 4.9 and left to react
for 10 min. Fixed amounts of HAuCl, were added into the mixtures
for a final volume of 100 uL, where ligand and Au®* concentrations
were 400 yM, and the cation concentrations ranged from 0 to 1.25
equiv. The solutions were mixed after the addition of Au** and
incubated at room temperature for 1 h before recording UV—vis
spectra from 450 to 650 nm with a SpectraMax iD3Multi-Mode
Microplate Reader. The measurement variation is reported as error
bars in the figures, which represent one standard deviation of the
measurements. For the tunable dynamic range experiments, the same
protocol was followed, varying the amount of both 3,4,3-LI(1,2-
HOPO) and HAuCl, in the growth solutions.
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