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Abstract

Understanding the interaction between metal nanostructures and common metal ions is essential for biomedical
applications of metal nanostructures including imaging and therapy. A systemic study of the interaction of citrate-
capped hollow gold nanospheres (HGNs), a unique metal nanostructure that has demonstrated high efficiency for
photothermal ablation (PTA) therapy of cancer cells, with common metal ions: Na*, Ca?, Mg?, Cu?, Zn?, and AP*
was carried out with the goal to determine how these metal ions may affect the properties and thereby performance
of HGNs in biomedical applications. Specifically, the study focuses on the issue of metal ion induced aggregation of
HGNs since aggregation can strongly influence the optical and photothermal properties of the HGNs. The level of HGNs
aggregation caused by interaction with metal ions was found to depend on the nature and concentration of the metal
ions present in the solution as well as the properties of the HGNs. The larger the stability constant of the metal ion citrate
complex (logK,) is, the stronger the interaction between the metal ions and the HGNs was found to be. Lower HGN
concentrations and higher levels of dispersion were correlated to enhanced sensitivity of the HGNs towards metal ion
induced aggregation. The results demonstrate that metal ions can strongly affect how nanostructures like HGNs can be

used in biomedical applications including imaging and therapy.
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Introduction

Gold nanostructures have attracted a great deal of interest
due to their unique optical properties including localized surface
plasmon resonance (LSPR), which make them useful for a variety of
biomedical applications including drug delivery, sensing, imaging and
photothermal therapies [1-9]. The extent of biomedical applicability of
these nanostructures depends strongly upon their stability in biological
solutions [10-14]. Parameters such as size, shape, surface properties,
and the dielectric constant of the surrounding medium influence the
stability of gold nanostructures [10-14]. In particular, surface bound
organic species play an important role in the generation or prevention
of aggregation of nanostructures [15-19].

Since metal ions are common components of biological solutions,
it is important to determine the factors affecting the interaction
between various metal ions and gold nanostructures that can lead to
differences in stability and aggregation. While aggregation resulting
from the formation of coordination complexes between metal ions and
ligands on the surface of gold nanostructures may be undesirable for
certain applications like photo thermal therapies, metal ion induced
aggregation may be useful in other applications. For example, the LSPR
shift resulting from metal ion induced aggregation has been exploited
for use in the colorimetric detection of metal ions [20-22].

A special class of nanostructure, hollow gold nanospheres (HGNs),
has been developed [23-28]. HGNs have the unique combination of
spherical shape, small size (<100 nm), biological compatibility, and
chemical inertness, making them excellent candidates for biological
applications [29]. By controlling the aspect ratio between the hollow
core and shell diameter HGNs can be tuned through synthesis to
absorb any wavelength within visible region and out to the near
infrared (NIR) of the EM spectrum. NIR absorbing nanostructures are
of particular importance since blood and tissue are easily penetrated
by light in this region. HGNs have been successfully used in sensing
applications employing surface enhanced Raman scattering (SERS)
[17,30-32] and photothermal ablation therapy applications [26,33].

HGNs have also been utilized in drug delivery [34,35], including NIR
light triggered release of doxorubicin for photothermal chemotherapy
[36] and in-vivo biological imaging [7,37]. However, the possible effect
of metal ions on the properties and stability of HGNs have not yet been
explored or well understood.

Citrate is a common ligand used in both the synthesis of gold
nanostructures and as a capping agent to prevent aggregation
[24,38,39]. However, in the presence of metal ions, gold nanostructures
capped with citrate [40] or other chelating ligands such as amino
acids [20-22] tend to aggregate due to the coordination complexes
formed between the capping agent and metal ions. In fact, this metal
ion induced nanoparticle aggregation has been explored to develop
inexpensive metal ion detection methods using citrate and amino
acid capped gold nanoparticles [20-22,40]. In this study, citrate was
employed as a stabilizing agent because of its enhanced negative
charge when compared to amino acids, e.g., cysteine at a neutral pH
[41,42]. The structures and pK_ values of citrate and cysteine are shown
in Figure 1. According to the pK, values, citrate has a negative three
charge at neutral pH because all three carboxyl groups are deprotonated
[41], which prevents the particles from aggregating due to electronic
repulsion. In comparison, at neutral pH, cysteine has a positively
charged NH,* group and a negatively charged ~-COO" group [42]. This
means that even after the thiol group of cysteine is deprotonated due

*Corresponding authors: Jin Z Zhang, Department of Chemistry and Biochemistry,
University of California, Santa Cruz, CA 95064, USA, Tel: 1 310-825-4219; E-mail:
zhang@ucsc.edu

Lihua Wang, Department of Chemistry and Biochemistry, Kettering University,
Flint, M1 48504, USA, Tel: 1 310-825-4219; E-mail: Ivang@kettering.edu

Received April 12, 2016; Accepted April 25, 2016; Published April 30, 2016

Citation: Miller A, Adams S, Zhang JZ, Wang L (2016) Investigation into Drug
Solubilisation Potential of Sulfonated Calix(4)Resorcinarenes. J Nanomed
Nanotechnol 7: 371. doi:10.4172/2157-7439.1000371

Copyright: © 2016 Miller A, et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J Nanomed Nanotechnol
ISSN: 2157-7439 JNMNT, an open access journal

Volume 7 + Issue 2 1000371



Citation: Miller A, Adams S, Zhang JZ, Wang L (2016) Investigation into Drug Solubilisation Potential of Sulfonated Calix(4)Resorcinarenes. J

Nanomed Nanotechnol 7: 371. doi:10.4172/2157-7439.1000371

Page 2 of 7

to its binding to gold, cysteine only has an overall charge of negative
one, which can lead to aggregation of the cysteine capped particles even
without the presence of metal ions [43]. Additionally, cysteine is known
to generate disulfide bonds which may promote aggregation. A study
on the interaction of citrate capped gold nanoparticles and different
salt solutions have been reported [44]. Color change was used to
determine the end points of the titrations of nanoparticles with various
salt solutions [44]. However, since metal ion induced color change of
gold nanoparticles is a gradual process, it is difficult to pinpoint the
exact end point of the titration.

In this study, we have conducted a systematic study of interaction
between the HGNs and metal ions. The strength of the interaction
between the HGNs and metal ions was determined by the slopes of
calibration curves that relate the extent of aggregation of HGNs with
the concentrations of metal ions in solution. The extent of aggregation
of HGNs was determined using the ratio of absorbance at the A__ of
the non-aggregated HGNs solution to the absorbance at the X of
the aggregated HGNSs solution. We found that the extent of metal ion-
induced aggregation depends on the nature and the concentration of
the metal ion, as well as the concentration and the level of dispersion
of the HGNS. The results of this study provide information that may
be used in the design of HGNSs that are stable in electrolyte solutions
and the development of HGNs based colorimetric methods of metal
ion analysis.

Experimental

Materials and equipment

The following chemicals were used in the synthesis of HGNs
without further purification: CoCl, (Certified ACS Reagent,
Fisher Scientific), Sodium Citrate Dihydrate (Analytical Reagent,
Mallinckrodt), HAuCl4 (99.999%, Aldrich), NaBH . (granular, 99.99%,
Sigma). The glassware used for the synthesis was cleaned by Aqua Regia
(three parts of concentrated HCI to 1 part of concentrated HNO, (v/v))
and then rinsed thoroughly with deionized water and ultrapure water
of atleast 15 MQ). The reactions were carried out in ultrapure water that
was degassed with nitrogen.

The following chemicals were used without further purification to
prepare the metal ion solutions for the study of the interaction of HGNs
with metal ions: NaNO, (Certified ACS Reagent, Fisher Scientific),
Ca(NO,),.4H,0 (ACS Reagent, GFS Chemicals), Cu(NO,),3H,0 (ACS
Reagent, ACROS Organics), ZnSO,7H,0 (Certified ACS Reagent,
Fisher Scientific), CuSO,5H,0 (Certified ACS Reagent, Fisher
Scientific), AI(NO,),9H,0 (ACS Reagent, GFS Chemicals), MgSO,
(Analytical Reagent, Mallinckrodt, Inc.).

UV-Vis spectra were taken using Cary 50 Bio UV-Vis
Spectrophotometer by Varian. Scanning Electron microscopy images
were obtained using an FEI Quanta 3-D dual beam microscope with an
accelerating voltage of 5.00 kV.

Synthesis of citrate-capped hollow gold nanospheres

The synthesis of HGNs was carried out according to a previously
published method with minor modifications [24]. Cobalt nanoparticle
templates were generated by reducing CoCl, with sodium borohydride
in an oxygen free environment. Then a galvanic replacement reaction
was employed to oxidize the sacrificial template by the Au* ions in
the HAuCl, salt, which has a higher reduction potential than cobalt(II)
ions. The reaction takes place according to the following equation:

3Co(0) + 2Au(III) » 3Co(II) + 2Au(0) (1)

Where it can be seen that for every three Co atom oxidized, two
gold atoms are formed. Since the generation of gold shell deposition
is slower than the oxidation of cobalt, the result of this process is the
formation of a hollow structure with a polycrystalline gold shell.

The detailed synthesis procedure is as follows: 200 pL of 0.10 M
sodium citrate and 50 uL of 0.40 M CoCl, solutions were added to
50 mL of degased ultrapure water. The solution was degased with
nitrogen gas for about 45 min. 500 pL of freshly prepared degased 0.1
M NaBH, was added to the solution and 200 uL of additional sodium
citrate solution was injected into the solution as soon as the solution
started to turn brown. The solution was degased for an additional 45
min. Then, 30 mL of the solution was transferred to a degased 10 mL
0.15 mM HAuClI, solution under vigorous stirring. The solution was
then opened to the atmosphere and stirred continuously until the color
changed from brown to red or purple depending on the wavelength of
absorption.

The resulting HGNs were isolated and washed with 0.6 mM sodium
citrate by centrifugation and reconstituted twice. Finally, the HGNs were
re-suspended in fresh citrate and stored. Immediately prior to use in the
binding study, the HGNs were isolated by centrifugation and washed twice
with ultrapure water to remove any remaining unbound citrate.

Study of the Interaction of citrate-capped HGNs with metal
ions

The interaction of citrate-capped HGNs with a variety of metal
ions, including Na*, Ca*, Zn*, Mg*, Cu** and Al*, was studied
using UV/Vis absorption spectroscopy. Both metal nitrates and metal
sulfates were used in this study and no significant difference was found
in the extent of aggregation of HGN's generated due to the presence of
either anion. In a typical experiment, 900 pL of the HGNs solution was
placed in a cuvette. A spectrum was then collected across the visible
region from 350-800 nm. The HGNs were then titrated with small
increments of a 10 mM metal ion solution. A new spectrum was taken
every 5 minutes after each addition of the metal ion solution until the
SPR stabilized and no longer shifted. Usually, 5-20 min was needed to
allow the reaction to reach equilibrium. The ratio of absorbance at the
A, of the non-aggregated HGNs solution to the absorbance at 750 nm
or 700 nm (A of the aggregated HGNs solution) after each addition of
metal ion was determined and graphed against the concentration of the
metal ion. The absorbance ratio was used instead of absorbance at one
wavelength in order to eliminate the effect of the HGNs concentration
on the slope of the calibration curve. The slopes of the calibration
curves were used to compare the strength of the interaction between
the HGN’s and various metal ions.

Results and Discussions

Characterization of citrate-capped hollow gold nanospheres

The citrate-capped HGNs used in the study were characterized
by UV/Vis spectroscopy and scanning electron microscope. The
absorption maximum of the HGN SPR depends mainly on the aspect
ratio between the solvent filled hollow core diameter and the diameter of
the gold shell. The larger the diameter of the core is and the thinner the
gold shell is, the more red shifted the SPR will be [24]. The absorption
maxima of the HGNs used in this study ranged from 550 nm to 590
nm. Typical UV/Vis spectral changes induced by the introduction of
the metal ions, is shown in Figure 2 where Cu?* was used as an example.

It can be seen that when the HGNs are suspended in solution,
without the addition of any metal ions, the absorption peak is centered
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Figure 1: Structures and pK values of citrate and cysteine.
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Figure 2: Typical UV-Vis spectra of HGNs before and after introducing a metal
ion. The narrow, symmetrical peak corresponds to the HGN sample before the
addition of Cu?* ions. After exposure to Cu?* ions, a new broad band peaked
around 700 nm appeared, which is indicative of aggregation of HGNs.

at ~550 nm. This peak is symmetric in shape and has a narrow full width
half maximum (FWHM), which is indicative of a homogeneously sized
and monodispersed nanoparticle population in solution. Once the
metal ions are added the spectrum both red shifts and broadens. In
addition to a shoulder near the original absorption of ~550 nm, there
is a new absorption peak at ~650 nm. This indicates polydispersity of
size among the HGNss in solution. Additionally, the absorption FWHM
extends several hundred nanometers indicative of aggregation.

Figure 3 shows representative SEM images of HGNs before and
after exposure to Cu** metal ions. Before the HGNs were exposed to
metal ions, the average particle diameter, including core and shell, was
determined to be 17.7 + 2.0 nm (Figure 3a). The particles were uniform
in size and shape and monodispersed within the solution. Figure 3b is
representative of the induced aggregation generated by the exposure of
the HGNs to Cu?* ions. Once in contact with the metal ions, the HGN's
became aggregated into a variety of large, irregularly shaped clusters.

Interaction of citrate-capped HGNs with common metal ions

Typical changes in the absorption spectrum of the citrate-capped
HGNSs with increasing concentration of metal ions are shown in Figure
4 using Cu** and Ca** as examples. As the metal ion concentration

increases, the absorption maximum is shifted to a longer wavelength,
which is consistent with the aggregation of the HGNs. Concentration
dependence of the absorbance ratio, absorbance at A of non-
aggregated HGNs to the absorbance at the A___of aggregated HGNs,
was used to determine the extent of metal ion binding with the HGN?s.

Effects of the properties of the HGNs on the calibration curve:
It was observed that the calibration curves were dependent on the
concentration and the level of dispersion of the HGNs before the
addition of metal ions. The concentration of HGNs did not affect
the slope of the calibration curve, but did affect the linear range of
the calibration curve (Table 1). The calibration curves are based on
absorbance ratio instead of absorbance at a particular wavelength,
which eliminates the dependence of the slope of the calibration curve
on the concentration of the HGNs. However, the detection limit and
the linear concentration range of the calibration curve did vary with
the concentration of the HGNs used. It was found that the higher
the concentration of the HGNss is, the higher both the lower and the
upper limits of the linear concentration range are (Table 1). The limits
of the linear range increase because a higher concentration of HGNs
requires a higher concentration of metal ions to reach the same level
of aggregation.

The slope of the calibration curve was independent of the
concentration of the HGNs and was correlated to the level of HGN
dispersion before the introduction of metal ions. The absorbance ratio
of the HGNGs in the absence of metal ions is a good indicator of the level
of dispersion of the HGNs, with a higher absorbance ratio indicating
greater dispersity. Table 2 shows the results of Ca** and Mg** binding
studies using two different batches of HGNs having different levels of
dispersion but the same concentration. It can be seen that the more
dispersed HGN’s generated larger calibration curve slopes. This shows
that the more dispersed the HGNs are, the more sensitive they are to
the binding of metal ions.

Effects of the nature of the metal ions: The calibration curves were
determined for the binding of HGNs with a variety of common metal
ions including Na*, Ca*, Zn*, Cu®*, Mg?* and AI**. It was observed
that the slope of the calibration curve was dependent on the nature of
the metal ions when HGN's of the similar size, level of dispersion and
concentration were used. The slope of the calibration curve indicates
the sensitivity of HGNs aggregation to the change in metal ion
concentration, which in turn indicates the binding strength between
the HGN’s and the metal ions.

- i ¥ 500 nm
Tt A Ty g

Figure 3: SEM image of HGN'’s before and after exposure to Cu?* metal
ions. Image (a) shows HGNs suspended in water. The nanoparticles are
monodispersed with an average diameter, including both core and shell, of
17.6 = 2.0 nm. Image b shows the aggregation of HGNs following titration
with Cu?* ions.
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Metal lons Ca* Cu®
A, of nonaggregated
HGNSs 575 nm 578 nm 575 nm 587 nm
Absorbance atA 0.0861 0.136 0.0800 0.1818
Slope of the -0.0046 -0.0048 0015 | 0014
Calibration Curve
Absorbance Ratio
without the presence 3.31 3.85 3.90 3.97
of metal ion
Linear Concentration
Range of the 110-530 200-700 0-100 0-200

Calibration Curve

Table 1: Effects of HGNs concentration on the linear concentration range of the
calibration curve.

Metal lons Ca% Mg*
A, of nonaggregated
HGNSs 560 nm 561 nm 561 nm 560 nm
Absorbance at A, 0.103 0.106 0.103 0.118
Slope of the
Calibration Curve -0.0158 -0.0224 -0.007 -0.0086
Y-Intercept of the 5.85 7.59 5.64 7.98

Calibration Curve

Table 2: Effects of the level of dispersion of the HGNs on the calibration curve.

Interaction of citrate-capped HGNs with Na* was studied in the
concentration range of 0-20 mM and the resulting calibration curve are
shown in Figure 5. The calibration curve is linear up to about 8.0 mM
Na* and the slope of the line is -0.0008 uM!. Calibration curves for Ca?*
and Cu* are shown in Figure 6. The slope of the linear portion of the
graph for Cu** (-0.0623 uM') is greater than that of Ca** (-0.0224 uM-
!). Both are much higher than that of Na* due to the charge difference
of the ions. The slopes of the calibration curves for Mg?* (-0.0084
uM™?) and Zn** (-0.0168 pM™') have also been determined (Table 1).
According to the results, the order of increasing strength of interaction
of the HGNs with the divalent metal ions is Mg?*<Zn*'<Ca?'<Cu*,
which in general correlates well with the order of increasing binding
constant of metal citrates except for Zn**:Mg** (logK =2.8)<Ca*
(logK =3.5)<Zn** (logK ,=4.5)<Cu ** (logK =6.1) [44]. It is not clear
why Zn?* does not follow the trend.

Plasmon resonance shift was observed for AI’* in the concentration
range of 0-16 pM, which is about ten times lower than that observed for
Cu?* and other divalent ions. The linear range of the calibration curve
is 0-11 uM AP** (Figure 7). The slope of the line (-0.501 pM™) is much
greater than that of the divalent ions studied due to the higher charge
of AI** (Table 3).

Effects of the nature of the anion on the interaction of citrate-
capped HGNs with Cu*": The interaction of citrate-capped HGNs with
Cu(NO,), was compared to that of CuSO, to determine the effects of
different anions on the interaction of metal ions with the HGNs. The
absorbance ratio vs. concentration graphs for CuSO, and Cu(NO,),are
shown in Figure 8. It can be seen that the slope and the linear range
for both graphs are the same. Therefore, no significant difference was
observed for the interaction of HGNs with Cu* in the presence of
either NO, or SO,* counter ion. This result is consistent with that of
the previous study of the interaction of metal ions with citrate capped
gold nanoparticles [44,45].

Feasibility of using HGNSs for metal ion detection

Colorimetric analysis of low levels of metal ions based on metal
ion induced aggregation of gold nanostructures has the advantages
including inexpensive instrumentation and easier to perform compared

to atomic absorption methods. And it has the ability to detect metal
ions such as Ca*, Mg*, and AP* that are colorless without using
complex ligands to generate fluorescence or other optical signals. Gold
nanoparticles capped with amino acids and citrates have been used for
the detection of various metal ions [20-22,40].

Unlike gold nanoparticles, HGNs can be synthesized to absorb
light over a much wider range of wavelengths including the NIR region
where cloudy solutions or biological tissues are more transparent
[23,27-29,34]. This study also provides some new insight into the
feasibility of using citrate-capped HGNs for metal ion detection.
First, the sensitivity and detection limit of the HGNs used in this
study for Cu** and AP** detection were determined to be comparable
to that of gold nanoparticles reported in the literature [20,40]. In
addition, the sensitivity and detection limits were found to vary with
the concentration and the degree of dispersion of the HGNs used.
When using HGNs of the same size and level of dispersion at similar
concentration, the sensitivity of detection increases with the charges
of the metal ion and the stability of the metal-citrate complex (Table
3 and Figure 9).

Correlating the strength of metal-ion-HGN interactions with the
stability constants of metal-capping agents (Table 3 and Figure 9)
provides a path toward predicting the relative strength of the interaction
between HGN’s and different metal ions. The relative strength of HGN-
metal ion interactions can also be used to identify which metal ion is
present in a particular sample. For example, the citrate-capped HGN's
used in this study are about 623 times more sensitive to AI** than to Na*
(Table 3). Therefore, the presence of Na* at the same concentration as
AP* will cause an approximate 0.1% error. However, the presence of a
divalent ion, such as Cu?', at the same concentration would cause an
error about 12% to 13% because AI** is only eight times more sensitive
than Cu?*. In addition, a sample with much higher concentration of a
particular metal ion than other metal ions present may be analyzed by
this method.

Conclusions

The results of this study indicate that the interaction between
citrate-capped HGNs and metal ions depends on the nature and the
concentration of the metal ions, as well as the concentration and the level
of dispersion of HGN’s before the addition of metal ions. In general, the
strength of interaction between the HGNs and metal ions, represented
by the slope of the calibration curve, correlates to the stability constant
(logK)) of the metal—citrate complex. It was found that the larger the
log K, is, the stronger the interaction is, and the larger the slope of the
calibration curve is. This type of correlation could be used to predict
and compare the relative strength of interaction between citrate-
capped HGNSs and different metal ions and to determine the stability
of the HGNs in a solution with a particular metal ion composition.

Slope (A abs/

Metal lon pM) LogK, Linear Range (M)
Sodium(l) -0.0008 --- 0-8,000
Magnesium(ll) -0.0086 2.8 0-620
Calcium(ll) -0.0224 3.5 0-270
Zinc(I) -0.0169 45 0-380
Copper(ll) -0.0623 6.1 0-90
Aluminum(lIl) -0.4991 1.7 0-11

"Citrate-Capped HGNs of similar size, level of dispersion, and concentration
were used.

Table 3: Relationship between the Binding Strength of Citrated-Capped HGNs’
with Metal lons and the Stability Constants (LogK,) of Metal-Citrate Complexes.
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Interaction of Citrate-Capped HGNs Interaction of Citrate-Capped
with Ca2* lons HGNSs with Cu?* lons
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Figure 4: Plasmon resonance spectra of citrate-capped HGNs at the presence of various concentrations of Ca?* ion (A) and Cu?* (B).
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Figure 5: Concentration dependence of the absorbance ratio and linear calibration curve for the binding of citrate-capped HGNs with Na*.
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Figure 6: Calibration curves for the binding of citrate-capped HGNSs with Ca?* (A) and Cu?* (B).
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In addition, lower HGN concentration and higher level of dispersion
of HGNs increase the sensitivity of the HGNs to metal ion induced
aggregation. The results have important implications in the use of
HGNs or similar metal nanostructures for biomedical applications such
as sensing, imaging, drug delivery, and cancer therapy. In addition, the
results provide some new insights for the development of colorimetric
analysis of metal ions using HGNs.
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