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Abstract

In this work, ionic gold and gold nanoparticle (AuNPs) solutions/suspensions of different
sizes have been studied by means of high-resolution continuum source graphite furnace
atomic absorption spectrometry (HR CS GFAAS), without any separation step or any
extra technique. The application of slow atomization heating ramps and atomization
temperatures of around 2200°C, in the absence of chemical modifier, allows the
differentiation of ions and nanoparticles according to the signal profile. In addition, the
size of AuNPs can be estimated using the time of appearance of the maximum peak
height, a result of 27.7 £ 8.8 nm was found for a sample provided by NIST of a nominal

value of 30 nm diameter.

The analytical evaluation gave a limit of detection of 5.5 pg (0.55 pg L) and a linear
range up to 10 ng (1000 pg L. Also, the method was successfully validated by spiking
a soft water (certified reference material KEJIM 02). Finally, the possibility of
determining samples mixed with both ionic and NPs showed difficulties if quantitative
information is required, but the behaviour proved to be as predicted by summing the
individual signals of these species.
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1. Introduction

In the last years, nanotechnology has been developed at gigantic steps for the incredible
properties and applications that can be applied. In particular, metallic nanoparticles (NPs)
has been used in biomedical applications,'? with gold nanoparticles as the most important
representative NPs of this group. Their use in therapy diagnosis and imaging has
positioned team as one of the most interesting materials for medicine in the future. The
high surface-volume ratio, high stability and surface reactivity combined with the
capability of entering faster into cells compared with other molecules, his photophysical
properties like the surface plasmon resonance, and its ability to transform radiation into
heat allows its application in detection systems and thermal therapies.® In addition, a lot
of drug delivery systems studied uses gold nanoparticles as carrier for the great properties

already mentioned and an incredible amount of studies involving cancer therapies.*

Despite the amazing properties and promising studies, the concern about safety and
biocompatibility of these materials have stimulate their evaluation. Bulk gold is
considered as an inert material and their reactivity and interaction is weak, but the huge
changes in their properties at the nanoscale makes it a totally different material and
potentially toxic.> Regulatory agencies have started studies to evaluate its possible

dangers in the environment and health.®’

Many techniques are used for the characterization of nanoparticles. Electron microscopies
(transmission and scanning) are probably the most popular ones, as they are able to
characterize properties such as size distribution and shape of nanoparticles, to obtain
images of the sample and make semi quantitative analysis. SEM also presents the problem
of the sample preparation may cause a contraction of it and change their characteristics.
In the case of TEM, it has the advantage of being able to couple with different analytical
techniques and better spatial resolution. Overall electron microscopies are strong tools,
being able to characterize nanoparticles of even 1 nm. However, the need of faster,

cheaper and better quantitative analysis opens the opportunity to new approaches.®



UV-vis have been used over the years to characterize metal nanoparticles taking
advantage of their surface plasmon resonance, which is directly related with the size and

concentration of the nanoparticle.®

Dynamic light scattering can provide size information down to 1 nm taking advantage of
the Brownian motion produced by the deflection of the incident light on the sample that
can be related with the size of spherical nanoparticles by the Stokes-Einstein equation. It
IS a non-invasive technique and short time consuming. However it presents several
drawbacks, it is difficult to master, dust particles interferes in the process of scattering,

modifying its intensity and a small limitation range size (1 nm-3 pum).&°

Inductively coupled plasma mass spectrometry (ICPMS) have shown as an alternative in
the last few years for its capability of quantify the smaller amount of nanoparticles and
also for the appearance of two methodologies that allow the size characterization of
nanoparticles.'"*3 First, the so called single particle mode,'#1 and, second, the coupling
to separation techniques.'®'’ However, complex liquids and solids implies the need of
preparation steps, increasing the possibilities of lose or change the original form of the

nanoparticles.

The technique evaluated in this work is high resolution continuum source graphite furnace
atomic absorption spectroscopy (HR CS GFAAS). Principally, this technique was used
for the quantification of the total amount of a metal (expected to be found as
nanoparticles) taking advantage of its possibility of analyse complex liquids and solids
directly without tedious previous steps making it a fast and direct solution.*®2! However,
along the years no other application related with nanoparticles was described. The
traditional methodology of work with this technique involves the optimization of the
parameters in order to obtain similar signals independently of the sample and the form of

the element.

However, a different approach can be followed, optimizing the same parameters in order

to maximize the differences between species of the same element. Three articles written
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by Gagne et al,?? and Feitchmeier and Leopold?>?* demonstrate the possibility of this
technique applied to Ag* and silver nanoparticles (AgNPs) in solid samples with presence
of elements that tend to interact with ionic silver. However, this studies are very specific,
and there is a necessity of investigate the feasibility of the technique for other
nanoparticles, what is the best strategy for the optimization and what parameters are the

optimal for the characterization.

The purpose of this study is to develop a simple and straightforward methodology for the
characterization of gold nanoparticles compare with ionic gold in a simple liquid matrix,

and then to estimate the size of the nanoparticles present in the samples.

2. Experimental

2.1. Instrumentation

All the experiments were carried out with a high-resolution continuum source atomic
absorption spectrometer (ContrAA 700, Analytik Jena, Jena, Germany) equipped with a
transversely heated graphite furnace atomizer. The optical system schemed in figure 1 is
composed by a xenon short-arc lamp operating in ‘hot-spot’mode as the radiation source,
a high-resolution double échelle monochromator, and a linear CCD array detector with
588 pixels.?®> 200 of them are used to measure the absorbance and the rest for internal
corrections. Pyrolytic graphite tubes with platforms were used to perform the analysis and

also a tube without platform for a specific experiment.



Graphite
furnace

or Flame

High-resolution monochromator

Figure 1: Optic system of the HR CS GFAAS with the radiation source, graphite furnace

and flame atomizers, the two monochromators and the detection system.
2.2.Standards, samples and reagents

Purified water was obtained from a Milli-Q system (Millipore, Billerica, USA). Au ionic
solutions were daily prepared by proper dilution of a 1 g L single-element standard
(Merck, Darmstadt, Germany) in HCI 0.12 M. Pd solutions were also prepared from a 1
g L single-element standard (Merck) using purified water. H2SO4 diluted solutions were
made from a concentrated (98%) solution (Merck). Cysteine and thiourea solutions were
prepared from the respective solid reagents, diluted in HCI 0.12 M. All the reagents were

of analytical grade or higher purity.

AUNPs in the form of water suspensions were acquired from Nanocomposix (Prague,

Czech Republic). The particle size distribution of these suspensions was characterized by
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TEM and their exact concentration was determined by ICPMS. Such information is
provided by the manufacturer and is shown in Table 1. Additionally, another water
suspension containing AuNP was purchased from the National Institute of Standards and
Technology (NIST, Gaithersburg, USA): Reference Material 8012 Gold nanoparticles,
nominal 30 nm diameter. The certificate of this material provides the NP size as estimated
using 6 different techniques, with values ranging between 24.9 and 28.6 nm. However,
perhaps the most accepted value is the one obtained via TEM (27.6 + 2.1 nm).

Intended NP size Real mean NP size Standard deviation Concentration
/ nm / nm / nm /gLt
5 4.7 0.6 0.052
20 19.6 2.1 0.051
50 49 11.3 0.052
80 75.7 10.1 0.055
100 100.0 7.4 0.052

Table 1: Table with the information of the AuNPs provided by Nanocomposix.

These suspensions were further diluted in HCI 0.12 M to the required final content (5-
1000 pg L), prior to HR CS GFAAS monitoring. To avoid particle agglomeration, the
original suspensions were sonicated for 5 minutes before their dilution, and the final
working suspensions were sonicated for 5 minutes before HR CS GFAAS measurements.

For evaluating the performance of the method with an environmental sample, the certified
reference material KEJIM 02, soft water from Kejimkujik Lake (lot 0914), was purchased
from Environment Canada (Burlington, Canada) and spiked with the suspensions of the
NPs of different sizes or with the Au ionic standard, until the intended Au concentration
was reached. The same procedure regarding sonication that is described above was

followed.



3. Results and Discussion

3.1. Au Monitoring by GFAAS. Enhancing differences between ions and NPs

The ionic gold signals obtained without any modifier shows two peaks, caused by the
atomization mechanism of this element. The first peak is associated to the formation of
microdroplets and the second to the interaction between the gold and carbon active sites
present in the tube that delay the atomization process. This effect becomes more
problematic while the tube ages.?® The addition of a modifier such as ascorbic acid
increases the affinity of gold for those carbon sites, augmenting the proportion of the
second peak.?®

The typical modifier for gold analysis by GFAAS is Pd, the postulated mechanism
describes the interaction of Pd with those active sites in carbon, and in this situation Au
atoms will interact with Pd instead of carbon sites. When a certain temperature enough to
vaporize the Pd is reached, the gold is released and the signal obtained is a unimodal peak
reproducible and independent on the chemical form of the gold.'®*° In Figure 2 two
signals of gold (ionic and nanoparticles) were obtained with the addition of 10 pg of Pd,
both signals are practically identical in area and shape.
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Figura 2: Time-resolved absorbance of ionic Au and AuNPs solutions (50 pg L) with

Pd (10 pg) as chemical modifier using standard conditions.

All the conventional methodologies based on the addition of a modifier and fast
atomization ramps called stabilized temperature platform furnace (STPF) are against the

goal of this work, so, in order to separate ions from NPs, the strategy must be different.

The first article released about differentiating ions and NPs with HR CS GFAAS worked
with silver at low atomization temperatures (1700°C). The ionic signal was significantly
higher compared with the AgNPs signals and among this the peak is smaller as the size
increases.?* This means that the atomization process is easier as the species has a smaller
size. However, the selectivity was low and the method could not separate between 20 and
60 nm. A more in depth study, carried out by Feitchmeier and Leopold, demonstrated the
necessity of optimize other parameters of the temperature program. In contraposition with
the previous article, the ionic signal appeared after the NPs signal. The explanation

provided by the authors was that the solid matrix was interacting strongly with ions
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delaying the signal, proving that every sample behaves differently and must take into

account.?%

With all the previous information, a set of experiments were carried out to separate gold
ions and nanoparticles by using HR CS GFAAS. It seems logic to use slow atomization
ramps to provide time to maximize the potential differences existing between both
atomization mechanisms. This will cause wider and lower signals meaning a worse signal
to background ratio, but the higher atomization temperature of Au compared with Ag

could improve the differences too

Figure 3 shows the results of two solutions of ionic gold standard and an AuNPs
suspension of 50 nm atomized with variable heating ramps. The shape of the ionic Au
signals (double peaks) shows an increasing proportion of the second peak as the
atomization heating ramp decreases, the shape of the AuNPs signals remains Gaussian
independently of the ramp used. This differences in shape as well as the time of the
maximum are more notorious for slow atomization heating ramps (150-300°C s) up to

more than 1 second between maximums. Quantitative results are shown in table 2.
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Figure 3: Time-resolved absorbance of ionic Au and AuNPs of 50 nm solutions (70 and
50 pg L respectively) with atomization heating ramps of: a) 150°C s%; b) 300°C s%; ¢)
800°C s and d) 1500°C s™.

Heating ramp  Peak maximum for  Peak maximum for At Uat
/°Cs? ionic Au /s AUNPs /s /s /s
150 8.175 9.489 1.314 0.073
300 4.321 5.073 0.752 0.053
800 1.995 2.287 0.292 0.042
1500 0.817 0.967 0.150 0.049

Table 2: Time of appearance of the maximum peak height for the signals obtained by HR
CS GFAAS for solutions containing Au and AuNPs, as a function of the heating ramp
applied to the atomization step. Every value is the average of 5 replicates. The uncertainty
(u) is expressed as the square root of the sum of the variances of both maximum peak

height measurements.

The width of the signals at slow ramps and the double peak of the ionic solutions are the
biggest drawbacks of the method, preventing the complete separation of the ionic and the
AUNPs and its quantification in mixtures.

This second peak was associated previously to the reduction of gold in the carbon active
sites, probably producing NPs of metallic gold of different sizes and precluding the

complete separation of signals of different species.

Trying to overcome this problem a set of experiments were carried out. The addition of
molecules with S atoms as modifier were added with the intention of favour a stronger
interaction between them and the ionic Au and modify its atomization mechanism. The
molecules tested were cysteine, thiourea and diluted H2SO.. Unfortunately, the results for

these experiments did not improve those obtained previously. Looking for a different
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heating profile, the current tube with platform was substituted by another without it.
Heating directly from the wall provides a different heating profile, which could derive in
a better resolution in the separation. However the results were more irreproducible and

the difference in time did not increase.

In conclusion, an atomization ramp of 150 °C s with a graphite tube with platform and

not adding any chemical modifier was selected as the best method tested.

The next parameter optimized was the atomization temperature as one of the most
important to achieve the best resolution possible. Atomization curves of ionic Au and
AUNPs of 76 nm showed differences to reach the maximum signal, 1400°C were needed
for the ionic Au and 1500°C for the case of the AuNPs.

This difference in the atomization temperature could derive in an improvement in the
separation. Thus, a study of sequential atomization temperatures were carried out keeping
the selected heating ramp (150°C s1). The samples measured were ionic Au solution and
two suspensions of AuNPs (20 and 76 nm). The results for 2000 °C are shown in the

Figure 4 as an example.
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Figure 4: Time-resolved absorbance for an Au aqueous standard (50 pg L) and for a
suspension of AuNPs of 20 and 76 nm in aqueous media (50 pg L) using an atomization

temperature of 2000°C and a heating ramp of 150 °C s

The results exhibit the described double peaks for the ionic Au appearing earlier than the
two NPs Gaussian signals which appear in order depending on its size. This sequence
dependant on the size could be caused by the necessity of more energy to vaporize higher
NPs, but the release of the atoms in the NPs may be faster by the extra energy given to
the system contributing the narrowing of the peak, although the size distribution could

counteract this effect.

In table 3 the results of the maximum of the peak at different atomization temperatures
are shown, demonstrating that higher temperatures improves the separation, especially
between ions and small nanoparticles. However, for bigger nanoparticles the effect is
practically inexistent and an intermediate temperature of 2200°C was selected as the best

option to increase the life time of the graphite tube for obtaining good results for small
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sized particles and the same resolution compared with 2400°C when the size is increased

(20 nm and 76 nm).

Temperature Aty Atp Uatl Uat2
/°C /s /s /s /s

2000 0.73 0.44 0.21 0.15
2200 1.17 0.60 0.10 0.13
2400 1.48 0.44 0.16 0.12

Table 3: Time difference of the maximum peak height for the signals obtained by HR CS

GFAAS for solutions containing ionic Au and AuNPs (20 and 76 nm), as a function of

the atomization temperature.

All the peak areas shown until now were consistent independently of the specie involved,

demonstrating the feasibility of this selected parameters to quantify the total amount of

Au in the samples analysed.?

In table 4 are collected all the instrumental parameters used by HR CS GFAAS.

Wavelength 242.795 nm
Number of detector pixels summed per line 3 (4.20 pm)
Sample volume 10 uL
Temperature program
Step Ar gas
Temperature Ramp Hold
flow
/°C st /°C st /s _
/ L mint
Drying 90 3 20 2.0
Drying 110 5 10 2.0
Pyrolysis 300 50 30 2.0
Pyrolysis 300 0 5 0.0
Atomization 2200 Variable? 10 0.0
Cleaning 2450 500 4 2.0

3A value of 150 °C s was finally selected as optimum.

Table 4: Instrumental parameters used to monitor Au by HR CS GFAAS.
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3.2. Evaluation of parameters to characterize the NP size

Along this work, the maximum of the peaks have shown differently depending on the
specie (ions appear before NPs) and the size (bigger NPs appear after small NPs).
Therefore the time at the maximum of the peak can be treated as a key parameter to
determine differences and discriminate between ions and NPs of different sizes. This
parameter was already referred by Feichtmeier and Leopold with another that they called
atomization rate which is the slope of the upper curve of the peak.?® Those parameters
will be denoted as tmax and Kat respectively from now on in this text. To fully characterize
the signal another parameter was evaluated, the peak width at 50% of the maximum
absorbance, denoted as Aty To calculate ki the first part of the peaks were adjusted
linearly around the first inflection point with at least R?> 0.9 and a minimum of 50 points.

A scheme of this three parameters can be seen in figure 5.

0.300

0.250

0.200 k

at

0.150

Absorbance

0.100

0.050

0.000 —fr—rrmsaa - , , i

Time /s

15



Figure 5: Example of a time-resolved absorbance signal obtained for a suspension of
AuUNPs (76 nm) in aqueous media showing the different parameters evaluated in this

work.

The results obtained after evaluate this three parameters are collected in figure 6,
compering the results of two different days to evaluate the reproducibility of the
parameters chosen. Figure 6a shows the values of tmax versus size, for ions the ionic
diameter of Au was selected. It is clear that this first parameter depends on the size of the
particle and can be correlated linearly in two regions, the first region from ions to 20 nm,
with a bigger slope, indicating a better resolution and a second region from 20 to 100 nm
with a softer slope, decreasing the differences while the size is increased. The resolution
for other techniques worsen while the size of the NPs decrease, being a potential

alternative for small NPs.51°

Compering the results of both days, it can be seen the necessity of calibrate every day.
The region of appearance of the signals and the sensitivity varies and it has been seen the
influence of the age of the graphite tube, delaying the signals as the tube is wearing away.
Therefore, a calibration at the start of a new day would be needed with at least three

points: lonic Au, 20 nm and 76 or 100 nm to define the two linear ranges.

The other two parameters (figures 6b and 6c) did not show such clear and direct tendency
as the tmax. The atomization rate, ks, Seems to have a certain tendency increasing with the
NPs size, but the uncertainty makes this parameter unacceptable and hardly interpretable.
(14% DSR). The value for ionic Au, bigger than for any NPs measured, makes this
parameter useless for the characterization of ions. In addition, a correlation with the
concentration were observed and will be described later. Finally, the last parameter (At1/2)

showed no tendencies and is related with the concentration as the previous parameter.
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Figure 6: Representation of signal parameters compared with AUNPS size: a) tmax; b) Kat;
c) Ati. Results of two different days are shown with their uncertainties calculated with
5 replicates.

Summarizing, only the time at the maximum of the peak accomplished the requirements
to characterize the size of the AuNPs. The method was also evaluated by interpolating a
sample from another manufacturer (NIST) obtaining a result of 27.7 £ 8.8 nm fitting

perfectly with the result provided (27.6 + 2.1 nm measured by TEM).

3.3.Analytical performance

With a suspension of AuNPs of 76 nm, different analytical parameters were evaluated.
The limit of detection (LOD) calculated as three times the standard deviation of ten blank
replicates divided by the slope of the calibration curve, gives a result of 5.5 pg,

demonstrating the capability of the method to perform trace analysis.
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The next parameter studied was the linearity of the method, and as can be seen in figure
7a, two linear regions clearly defined appear, the first region covers the LOD up to 70 g
L1, and the second last from 70 to 1000 pg L. This behaviour was already observed for
other elements using this technique.?® Therefore, quantification of Au can cover around

three orders of magnitude in this conditions.

Figure 7b shows signals of AuNPs of 76 nm at different concentrations, demonstrating
that tmax IS @ parameter independent of the amount of the element introduced in the tube
and establishing as the key parameter to determine the size of the NPs without the
necessity of compare solutions of the same range of concentration. It also can be seen
how the other two parameters studied (ka and Ati2) has a strong influence with the
concentration, making this parameters useless unless the concentration of the suspensions

were equal.
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Figure 7: a) Linearity observed measuring AuNPs of 76 nm aqueous standard of different
concentrations. b) Time-resolved signals for an AuNps of 76 nm aqueous standard of
different concentrations.

The method was evaluated in a real sample to test the possible matrix effects. The sample
used was a certified reference material from the Kejimkujik Lake in Canada (KEJIM 02),
a soft water containing several ions and carbon matter at the mg L range that could
interact with Au. The sample was spiked with 50 pg L™ of ionic Au and AuNPs of 5, 20,
50, 75 and 100 nm and evaluated the parameters determined in section 3.2 (tmax, Kat and
At12) and under the conditions optimized previously (table 4). The results of figure 8
shows how the tendencies of the three parameters remains the same, showing an
increment in the tmax With the size of the particle with a change in the slope at 20 nm. The
results obtained from the other two parameters showed the same trend than in the aqueous

suspensions.
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Summarizing, no matrix effect was found when the method is evaluated in an

environmental soft water sample, demonstrating its feasibility for this type of samples.
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Figure 8: Representation of tmax compared with AuNPs size for KEJIM-02
solutions/suspensions spiked with 70 pg L™ of ionic Au and AuNPs. Uncertainties

calculated with 5 replicates.

Finally, the possibility of elucidate the presence of ions and NPs in mixtures was studied.
Three different aqueous solutions were prepared with ionic Au, AuNPs of 76 nm and the
last with both species of Au with the same concentration. The profile of the signal have
been already discussed, being able to differentiate them just by visual inspection (shape)
and also by the tmax parameter, but when a mixture of ions and nanoparticles is measured,
a double signal is clearly found, being the second peak more pronounced due to the
contribution of the AuNPs and the second peak of the ionic Au associated to part of this
Au atomized by a reduction mechanism via carbon active sites. The sum of the areas and
the shape of the two signals of ionic Au and AuNPs separately provides a similar result

as the area calculated for the signal measured with the mixture as can be seen in figure 9.
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Figure 9: Time-resolved absorbance for: a) an Au aqueous standard (i) and an aqueous
suspension of AuNPs of 76 nm (ii); b) Mixture of both ionic Au and AuNPs of 76 nm
experimentally obtained and calculated as the sum of signals from figure 9a.

4. Conclusions

The application of slow atomization ramps and the absence of modifiers allow to HR CS
GFAAS to obtain analytical information to differentiate between ionic and nanoparticles

of Au in aqueous solutions in a fast and simple way.

It has been demonstrated that the time of appearance of the maximum of the peak can be
related with the particle size, due to the delay caused by the difficulty to atomize bigger
particles. This parameter follows a trend that can be measured and exploited for the
calculation of the size of uncharacterized AuNPs with a calibration curve, a few

requirements and keeping the quantitative information provided by the technique.

The linear range of the method provides information for at least three orders of magnitude
with a LOD of 5.5 pg. Only the time at the maximum of the signal remains stable
independently from the concentration, therefore is the only parameter suitable for the
characterization of the size of the AuNPs in aqueous solutions. The evaluation of the
method in an environmental sample (KEJIM-02) demonstrates the feasibility of the

method in the presence of ions such as sulfates, chlorides and carbon matter.

Mixtures of ions and NPs of Au can be detected but not quantified, however, with the
introduction of a previous separation step the analysis by GFAAS seems to be perfectly

suitable.30-32

The possibility to make direct analyses in solid samples in conjunction with the results
obtained makes this technique a promising approach for the future.
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