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Effect of Nanoparticle Size on Cysteine-Gold Surface

Interactions

S. Marzieh Kalantarian, Peter Slovensky, Zhigiang Wang, Valentin Romanovski,
Elena Romanovskaia, Maro$ Halama, Michael Auinger, Heng-Yong Nie,

and Yolanda S. Hedberg*

Gold nanoparticles (AuNPs) are considered for biomedical applications,

and their size influences their effectivity and stability in the human

body. This study investigates the interactions between citrate-stabilized
AuNPs (5, 10, 15, and 20 nm) and L-Cysteine (Cys). The interactions

were probed by time-of-flight secondary ion mass spectrometry (ToF-SIMS),
cyclic voltammetry (CV), dynamic light scattering (DLS), and X-ray absorption
spectroscopy (XAS). Hydrogenated gold cysteine thiolate molecular ions,
gold-sulfur ions, and Au;*/~, as gold atom representatives, were all detected
for the different sizes. Smaller intensity ratios of the gold-cysteine-related
peaks versus the gold reference peaks were observed with increasing

AuNP size. CV confirmed stronger interactions of smaller AuNPs with

Cys. AuNPs bond strongest to the thiol group, followed by the amino group,
while no gold-carboxyl interactions were probed. The nonspecific properties of
the smallest-sized (5 nm) AuNPs stabilized (less aggregation) by the presence
of Cys based on XAS, but all nanoparticle sizes showed more agglomeration
in aqueous solution in the presence of Cys based on DLS. The data confirmed
that the strength of the binding between AuNPs and Cys is size-dependent,
possibly caused by curvature, surface energy, and/or diffusion processes.

1. Introduction

Nanoparticles have extensive applica-
tions in nanomedicine owing to their
unique characteristics toward  high
biocompatibility.l!! In contrast to other
nanoparticles, which may show po-
tential toxicity toward normal, healthy
human cells, tissues, and organs,?! gold
nanoparticles (AuNPs) exhibit relatively low
toxicity,>~) high stability, high biocompati-
bility, and good affinity for biomolecules.!®*]
They can also be synthesized in different
sizes, which makes AuNPs widely used or
considered for medical applications, such
as drug delivery, cancer treatment (using
radiation therapy), and imaging cells.[310-1]

The size and shape of the AuNPs are rea-
sonably controllable,**15] which can help
to maximize the medical effect.’*) A 10
or 15 nm nanoparticle includes more than
50 000 gold atoms, which, due to their

high density, can improve the transferring
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productivity in radiation therapy for cancer treatment.'”] One
of the common synthesis routes for AuNPs is the citrate method,
in which trisodium citrate is used to reduce tetrachloroau-
ric acid.["®) In this case, citrate acts both as a reducing agent and
the surface stabilizer that stabilizes the AuNPs in aqueous so-
lutions via electrostatic repulsion between individual nanoparti-
cles.

The effectiveness, reactivity, and stability of AuNPs in the
human body are size-dependent. According to the literature,
smaller-sized AuNPs are significantly more reactive (degrading
faster) than larger-sized AuNPs.["®] It has been shown that pos-
itively charged nanospheres showed ~10 times higher cellular
uptake than either neutral or negatively charged ones.l"! Also,
the cell uptake concentration of rod-shaped AuNPs differs from
sphere-shaped AuNPs because of the increase in specific surface
area.l?-22 Overall, AuNP size, alongside other physicochemical
properties,|2~2] can change the AuNPs’ interactions with biolog-
ical systems.

Amino acids, abundantly present in the human body en-
vironment, have a high affinity to gold due to their amino
group (-NH,).I?] L-cysteine (Cys) has a thiol functional group
(-SH) in addition to the amino group, which makes it among
the most likely amino acids to bind to gold in a physiologi-
cal environment.[’3% A solid-state NMR study revealed that
Cys binds to AuNPs in two layers;®!l the first layer consisted
of Cys molecules forming thiolate bonds with the gold sur-
face with their charged amino and carboxyl groups oriented
away from the gold surface. The second layer positioned its
amino and carboxyl groups toward the first layer, with its sul-
fur groups facing away. It should be noted that that study was
in the solid state, and the orientation of the ligands might be
different in an aqueous state. This is why it might be contra-
dicted by a resonance light scattering study claiming that the
amino groups of the first layer would interact with negatively
charged (citrate-coated) AuNPs, causing self-assembly of the
nanoparticles.[3234]

Time-of-flight secondary ion mass spectrometry (ToF-
SIMS)®] is a surface-sensitive technique, that probes ele-
mental and molecular information over the outermost 1-3 nm
of the surface.’%] It is suitable for exploring the surface and
interface chemistry of self-assembled monolayers (SAMs),
most of which are less than 2.5 nm.’”*® An ion (m/z 417)
detected by ToF-SIMS was attributed to a complex of threonine-
O-3-phosphate and gold, termed as threonine-O-3-phosphate
aureate.’”) It would be intriguing to understand how thiol
groups and amino groups compete to interact with Au. In
fact, it has been shown that ToF-SIMS peptide signal intensity
was enhanced on an enlarged (nanostructured) gold surface,
with very good sensitivity for thiol groups.l*’l Therefore, those
amino acids containing amino and thiol functional groups,
such as Cys, would serve as a model amino acid to compare
the interaction between Au and thiol groups versus amino
groups.

ToF-SIMS signifies a dynamic instrument within the field of
nanotoxicology that is being used for the biomolecular imaging
of cell-nanoparticle interactions. It can then evaluate the chem-
ical distribution of amino acids within newly synthesized gold
particles. ToF-SIMS collects specific chemical information from
the surface with high sensitivity. It can identify the formed com-
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plexes/ligands between gold and Cys and, therefore, enable the
comparison of the effect of the size of AuNPs on Cys binding or
adsorption. Hydrogenated, dehydrogenated, and other Cys and
gold-Cys species can be identified through ToF-SIMS.[3>41=%] [t
is worth mentioning the unavoidability of sulfur contamination
of gold surface due to the extreme affinity of sulfur and gold,!*¢!
which may be called adventitious sulfur#’! and is largely mani-
fested by ToF-SIMS thanks to the high ion yields of sulfur-related
species (mainly S, AuS , and Au,S'). Fortunately, the intensities
of these ions originating from adventitious sulfur are minimal
and thus would not impact the ToF-SIMS results when sulfur-
containing chemicals!*'*8] are purposely anchored on gold sur-
faces.

Furthermore, according to our previous studies using ToF-
SIMS, a gold cysteine thiolate complex, which is relatively sta-
ble, was detected for 5 nm, but not 50 nm, AuNPs. Hence,
based on published results, it can be assumed that ToF-SIMS
could be used to detect any nanoparticle size effect on the
formation of surface complexes and interactions. A stronger
Cys-gold interaction for smaller sizes was also detected elec-
trochemically for the same nanoparticles sized 5, 10, 20, and
50 nm.[48:49]

We hypothesize that the number density (per surface area)
and/or strength of Cys-Au bonds is larger for smaller-sized (5,
10 nm) AuNPs than for larger-sized (15, 20 nm) AuNPs. This
was investigated for citrate-functionalized AuNPs by ToF-SIMS
and cyclic voltammetry (CV). Because size-dependent effects
can be influenced by particle agglomeration (including loosely
bound particles) and aggregation (altering nanospecific proper-
ties), the dry size, hydrodynamic size, and nanospecific prop-
erties were furthermore probed by transmission electron mi-
croscopy (TEM), dynamic light scattering (DLS), and X-ray ab-
sorption spectroscopy (XAS), respectively.

2. Results and Discussion

2.1. Particle Size Distribution and Morphology

The size distributions of the four different AuNPs were distinct,
with only a small overlap of the 5 and 10 nm and the 15 and
20 nm AuNPs, respectively, Figure 1. All mean sizes were within
the nominal size except for the 10 nm, with a slightly smaller
(7.4 = 1.0 nm) mean size. The shape of these AuNPs was spher-
ical, similar to literature findings for citrate-coated AuNPs.[50-53]
There were more particle-particle interactions (aggregation) visi-
ble as the size decreased, Figure 1.

Nanoparticles will aggregate when there is an imbalance be-
tween repulsive electrostatic forces and attractive London-van
der Waals forces.>*] According to the Derjaguin, Landau,
Verwey, and Overbeek (DLVO) theory, when attractive van der
Waals forces outweigh repulsive electrostatic forces, the sum of
these forces leads to the total interaction potential between two
AuNPs.P%I This electrostatic repulsion potential can be expressed
in different ways depending on the particle size and the double-
layer thickness, which depends on the ionic strength.l>’] Based
on the DLVO theory, a decrease in the interaction energy barriers
is expected as the size decreases in particles. In the same manner,
due to the smaller energy barrier, smaller-sized NPs will aggre-
gate more.[58]
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Figure 1. a) TEM images for the 5, 10, 15, and 20 nm AuNPs at different magnifications, and b) number size distribution based on the TEM image
evaluations (129-208 individual particles for each AuNPs suspension) with corresponding mean size, standard deviation, minimum, and maximum

size.

2.2. Dynamic Light Scattering (DLS)

The mean intensity of DLS increased with increasing nanopar-
ticle size, Figure S1 and Table S1 (Supporting Information). All
AuNPs revealed larger mean diameter values than their nomi-
nal values in MES+NaCl, indicative of some agglomeration. It
should be noted that the smallest nanoparticles (especially 5 and
10 nm) are difficult to detect by DLS, and their mean intensity was
close to or below the threshold value for reliable data (indicated
with a red dashed line in Figure S1b, Supporting Information).
However, the mean intensity increased for all nanoparticle sizes
in the presence of Cys except for 15 nm. In all, the presence of Cys
likely increased the hydrodynamic size and tendency to agglom-
erate in solution for all AuNPs sizes. Whether this agglomeration
influenced any nonspecific binding is discussed in sections 3.5—
3.7. In the next two sections, the results of nanospecific binding
are presented and discussed.

2.3. ToF-SIMS

Hydrogenated gold cysteine thiolate molecular ion
(AuSC;H,NO,*, m/z 317.99) was studied along with other
ions including Au,* m/z 590.89, Au,S* m/z 425.99, and
Au;St m/z 62296 in the positive mode, and Au;” m/z
590.89, AuS~ m/z 229.03, and S~ m/z 32.06, in the nega-
tive mode. All ions were normalized toward the total intensity
while some specific fragments, as indicated in figure cap-
tions, were also normalized toward gold ions representatives
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Au;™/*, to account for differences in AuNPs coverage in the
imaged areas.

Figure 2 shows images of S=, AuS™ and Au,~ represented by
false colors red, green, and blue, respectively, as well as their over-
lay, for the various sizes of AuNPs. Gold-thiol binding is repre-
sented by AuS~ which reveals a much brighter, distinctive map
for smaller AuNPs. Both S~ and AuS~ were detected from AuNPs
without the presence of Cys, which is due to sulfur contamina-
tion that only could be removed using UV/ozone treatment fol-
lowed by de-ionized water rinse.l® It is clearly demonstrated in
Figure 2 that these two ions became much stronger after the Cys
treatment, reflecting the presence of Cys and its reaction with the
AuNPs.

For all AuNP sizes, Au,~ was detectable, although its intensity
was strongest for the smallest (5 nm) AuNPs due to them remain-
ing preferentially in the folded Al foil. With increasing particle
sizes, the detected gold signals decreased but were still detectable.
The ion images of 5 nm AuNPs show that the deposition and de-
tection of AuNPs were successful. The reason for using Au,~ as
the gold representative and not Au~ (m/z 196.97), despite having
a stronger peak, is that Au~ can interfere with AL,H,O,~ (m/z
196.94), which forms on the Al substrate. Au;~ is known to be the
second most intense ion fragment of gold.[®"2] From Figure 2, it
is furthermore clear that AuS~ signals co-locate with Au,~ sig-
nals for the 5 and 10 nm AuNPs but not very much for the 15
and 20 nm AuNPs.[*!]

Ion images of AuSCyH,NO,* and Au,* for 5 and 20 nm
AuNPs are shown in Figure S2 (Supporting Information). They
revealed the co-location of these two ions for both AuNP sizes,
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Figure 2. Images of S~ represented by red), AuS™ (green), and Auz~
(blue), and their overlay, of the rinsed 5, 10, 15 and 20 nm AuNPs loaded
Al foil before (without Cys) and after (with Cys) immersion in a 0.5 mM
Cys solution for 24 h. The ion images are presented in false color scales,
where a brighter color represents a higher ion intensity.
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Figure S2 (Supporting Information). The corresponding spectra,
normalized on the Au,* intensity, are shown in Figure S3 (Sup-
porting Information). However, the spectra of AuSC;H,NO,*
were detected but were too weak to draw conclusions about the
side effects of the particles because of interfering peaks and a low
signal-to-noise ratio, Figure S3 (Supporting Information).

From both the positive ion maps (Figure 2; Figure S2, Support-
ing Information), it can be concluded that gold signals co-locate
with signals originating from sulfur S and gold-sulfur AuS, or
the gold-cysteine fragment AuSC;H,NO,*.

Figure 3a—f show representative spectra of selected regions for
Au;*, Au,S*, Au, St (a-c), and Au;~, Au,S™, and Au, S~ (d-f) for
the varying AuNPs sizes. Au, S~/* were investigated to study any
evidence of Au-S bonding. All peaks were detectable for all sizes,
however, the strongest (when normalized to total or Au;™/* ion
intensities) was seen for the 5 nm AuNPs, followed by increasing
AuNP sizes.

Figure 4 presents the intensity of AuS~ (as in Figure 2) nor-
malized over the gold signal (Au,~), which gives information
on gold-cysteine interactions as a function of the AuNP size di-
rectly. Figure 4a shows their spectra for AuS~ for differently sized
AuNPs, while Figure 4b shows the averaged ratio for the three
different AuNP samples prepared on an Al foil. Figure 4a clearly
shows that their intensity, when normalized to the gold signal,
is decreasing with increasing AuNPs size. This shows that the
interaction between Cys and AuNPs is related to the size of the
particles. A stronger interaction could mean stronger or more fre-
quent bonds (of any kind) between gold and Cys.

Likewise, Figure 5 shows the intensities of Au,S* (x =2 and 3)
normalized to Au,* intensities. Intensities for Au,S* (x =2 and
3) are decreasing with an increase in AuNPs size.

To investigate if the thiol group interactions were the domi-
nating ones, we also investigated signals relevant to the amino
group or carboxylic group of Cys. There was no detectable peak
for carboxylic group interactions with gold (AuO~, AuCOO~, and
AuCOOH"). Figure 6a—c shows representative spectra of selected
regions for Au,S*, Au,S*, and AuCN~, all normalized to corre-
sponding gold peaks, for the smallest and the largest sizes of
AuNPs. To rule out any possible effect of background contami-
nation, similar measurements were also conducted without ex-
posure to Cys. There was a significantly lower signal in that case
for the gold-sulfur peaks, confirming that the detected Au,S*,
Figure 6a,b, signals mainly originated from gold-cysteine inter-
actions.

The gold-amino group (AuCN™) is presented in Figure 6¢. The
signal is relatively high even before Cys exposure but still in-
creases after exposure for the 5 nm AuNPs, showing some in-
teraction. However, the relative increase after exposure to Cys for
the Au,S* fragments (Figure 6a,b) is far greater, showing that
gold bonds strongest to the thiol group.

2.4. Cyclic Voltammetry (CV)

A similar approach that has been described in detail elsewherel*
was used to investigate the electrochemical activities of the 5, 10,
15, and 20 nm AuNPs in an electrolyte with 0.5 mM Cys (pH 4.25)
and without Cys (pH 4.76), which is shown in Figure 7.
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Figure 3. Secondary ion mass spectra representing a) Au;*, b) Au,S*, ¢) Au;S*, d) Au; ™, e) Au,S™, and f) Au;S™ for different sizes of AuNPs after
exposure to 0.5 mM Cys solution (not pH-adjusted) for 24 h. Representative spectra normalized to total intensity (a and d), Au;* (b and c), and Au;~
(e and f) are shown. Please note that the lines are only a guide for the eye (connecting raw data) and that the intensity ratios (y-axis scale) vary for each

ion.

The electrochemical activity of the AuNPs (at a constant sur-
face area) strongly depended on their size, Figure 7, agreeing with
our previous study at pH 7.4 for 5, 10, 20, and 50 nm AuNPs.[*"]
In this study, to enable a direct comparison with the ToF-SIMS
results, the pH of the solution was much lower (pH 4.25 for Cys-
containing solution), so even the larger nanoparticles showed a
higher activity.

For particle sizes of 5, 10, and 15 nm AuNPs, repeated mea-
surements confirmed the reproducibility of peak positions and
shapes, although the current values were more variable. Current
variability may be attributed to the active surface area, which
depends on the distribution and dispersity of the AuNPs on
the electrode surface. As these are drop-casted on irregularly
porous (freshly polished) electrode surfaces, some variability in
the distribution of the AuNPs between replicate measurements
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is expected. In contrast to the sizes, up to 15 nm, 20 nm-sized
AuNPs caused more irreproducible measurements, for which re-
producibility was only observed up to the first oxidation peak at
0.78 V. However, the second oxidation peak (0.9 V) exhib-
ited visible splitting and proved challenging to reproduce.

The size dependence was noticeable in several points. The
peak position and signal width changed according to the AuNP
size. For the 5 nm AuNPs, the first isolated peak was measured
at 0.75 £ 0.002 Vg, corresponding to the oxidation of the amino
acid.[%®] This peak shifted only slightly to more positive values for
larger sizes (10 nm AuNPs: 0.77 + 0.003 Vg, 15 nm AuNPs:
0.76 =+ 0.003 Vg, 20 nm AuNPs: 0.78 + 0.003 V). A more
striking difference among the AuNP sizes was that this amino
acid oxidation peak broadened for increasing AuNP size. The
second peak (0.81 + 0.003 V. for 5 nm, 0.84 + 0.002 V. for
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Figure 4. The intensity ratio of AuS™ against Au;™ as ion mass spectrum for each of the AuNPs a) and as a function of the size of AuNPs b) after
exposure to a 0.5 mM Cys solution for 24 h. The error bars in (b) indicate the standard deviation of three different measured locations representing

different AuNPs.

10nm, 0.87 + 0.003 V. for 15 nm) indicates gold oxidation,[6*%3]
with a shifting tendency to more positive values with increasing
AuNP size.[*] For the 20 nm, a splitting tendency for this gold
oxidation peak was observed, ranging between the potentials of
0.87 and 0.91 V.

In the CV measurements, we examined the interaction be-
tween AuNPs and Cys and interpreted it as an increased pres-
ence of free cysteine in solution and decreased Cys-Au interac-
tions for increasing the size of AuNPs, as explained in the fol-
lowing. A plateau peak at 0.4 V13 more significant for the
smallest size, is reported to be related to the adsorption of Cys
on the gold surface. This plateau peak is not observable for the
20 nm AuNPs, indicative of fewer Cys-gold interactions (except
for a large oxidative overpotential). It is well-known that Cys can
be oxidized in water.[®] If there is no direct reaction with gold, wa-
ter oxidation of Cys can lead to the formation of disulfide bonds or
acidic oxidized Cys species; sulfenic acid (R-SOH), sulfinic acid
(R-SO,H), sulfonic acid (R-SO;H), or cystine (R-S-S-R).I%] The
latter can also adsorb onto the gold surface and cause its surface
oxidation.[6¢]

The shape of the Cys-related peaks (not only the height)
and their position also depend on the Cys concentration.!?’]
For the Cys concentration in this study, the shape and position
(0.76 + 0.002 V) agree well with observations inl®’] for the
5 nm AuNPs. The various oxidations involving Cys species may
also broaden the peaks. However, for the CV of the 20 nm Au
NPs, their broadening of the peak (very broad peak at 0.78 V)
suggests the presence of (R-SOH), (R-SO,H), (R-SO;H) or (R-
S-S-R), where the latter is the dimer Cys. The oxidation poten-
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tial of these species (and other disulfide-derived thiol groups) is
slightly shifted toward more positive potentials compared to pure
Cys.1307]

Fawcett et. al.[%] showed the dependence of gold oxidation (for
polycrystalline polished gold) and of the shape of the voltammo-
grams on the concentration of Cys and its species. Our CVs for
the 15 and 20 nm AuNP sizes resemble those of Fawcett et al.,[®3]
considering expected potential shifts due to different working
electrodes. We can, therefore, speculate that slower reactions of
Cys with the gold surface of the larger AuNPs, as also seen by
ToF-SIMS, could have caused subsequent oxidation to sulfonic
acid (peak ~0.78 V), followed by the reaction with gold (peak
at 0.89 V) for the larger sized AuNPs.

The CVs of AuNPs in the absence of Cys showed only one oxi-
dation peak (at 0.81 + 0.01 V¢ for 5 and 10 nm, 0.86 = 0.01 Vg
for 15 nm, and 0.89 + 0.003 V; for 20 nm), Figure 7. Hence,
with increasing nanoparticle sizes, the oxidation peak maxima
shifted slightly to more positive potentials, agreeing with litera-
ture findings in a study on 30-120 nm sized AuNPs.[%%] This is
because smaller AuNPs are more prone to oxidation than larger
ones, which leads to a positive shift in the potential with increas-
ing size. In the presence of chloride ions but the absence of Cys,
the chlorides effectively hinder the adsorption of hydroxyl ions,
thereby impeding the oxidation of gold to AuOH and instead fa-
vor binding to chloride. Consequently, under acidic conditions,
AuCl,~ species are preferentially formed.[”!

Overall, without Cys in the solution, there was a significant
decrease in current compared to the measurements with Cys in
the solution.
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Figure 5. lon intensity of gold-thiolate ions (Au,S*), normalized to Au;™ intensities, as a function of AuNPs size (positive ion polarity) after exposure
to 0.5 mM Cys for 24 h. The error bars indicate the standard deviation of three different measured locations representing different AuNPs.

When reversing the scan in a solution without Cys, adequate
broad reduction peaks were present for all sizes at the same po-
sition (0.55 + 0.02 V). According to,”!] this peak corresponds
to the reduction of Au'! to Au® (peak position at 0.55 Vg inl”!]).
In contrast, in the presence of Cys, there was no or negligible
reduction peak due to the irreversible gold-Cys oxidation.!”>74l

2.5. XAS

Considering the previous sections’ findings of more aggregation
(dry and in solution) and more binding to Cys for smaller sizes of
AuNPs, XAS was utilized to study the electronic structures and
nanospecific properties of the differently sized AuNPs as is and
after exposure to Cys. This would enable an understanding of
whether the observed aggregation for smaller sizes is mitigating
the AuNPs’ binding to Cys.

There are two main regions in an X-ray absorption spec-
troscopy spectrum; X-ray absorption near edge structures
(XANES) and extended X-ray absorption fine structures (EXAFS).
XANES describes the absorption features in the vicinity of an ab-
sorption edge up to ~50 eV above the edge, which is strongly
sensitive to the chemistry of the X-ray absorbing atom, such as
oxidation state and geometry. In contrast, EXAFS describes the
modulation of the absorption coefficient of the element from 50
up to 1000 eV above the absorption edge, which can provide in-
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formation on the local structure, such as interatomic distances
and coordination numbers.

First, AuNPs were examined independently (without Cys).
Figure 8a displays the Au L;-edge XANES of AuNPs of sizes 5,
10, 15, and 20 nm, and gold foil, which shows an almost iden-
tical line shape. A very weak white line (WL) ~11924.5 eV (Au
2p;,, to 5d transition) was observed for all AuNPs and the gold
foil because the 5d orbital of gold is fully occupied. It indicates
that gold atoms in these AuNPs were in the metallic state, as ex-
pected. A closer examination (inset of Figure 8a) shows that the
WL of all AuNPs was slightly stronger than that of gold foil. WL
intensity shows a weak trend of Au foil < 20 nm AuNPs < 15 nm
AuNPs < 10 nm AuNPs =~ 5 nm AuNPs. The threshold energy E,
(the energy of the maximum derivative in Figure 8b) of AuNPs
was also slightly higher than that of the gold foil. These observa-
tions suggest a charge transfer from the Au 5d orbital of AuNPs to
surface ligands (citrates).””! The Au 5d orbital of AuNPs was not
fully occupied (Au 5d depletion due to the interaction between
AuNPs and carboxylate groups from citrates); therefore, the ex-
citation of a gold 2p,, electron required slightly more energy.
As shown in Figure 8c,d, Fourier-transformed EXAFS spectra of
AuNPs had a smaller amplitude than the gold foil. Au-Au scat-
tering became weaker as the size of the AuNPs decreased due to
a higher surface-to-volume ratio for smaller AuNPs (gold atoms
on the surface are less coordinated). In the absence of Cys, the
Au-Au peak intensity of 5 nm AuNPs was stronger than that of
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Figure 6. Representative secondary ion mass spectra representing a) Au,S™, b) Au;S*, and c) AuCN™ for 5 and 20 nm AuNPs before (without Cys) and
after exposure to 0.5 mM Cys (not pH-adjusted) for 24 h. Representative spectra normalized to total intensity are shown. Please note that the lines are
only a guide for the eye (connecting raw data) as the intensity ratios vary for each ion.

10 nm AuNPs but weaker than that of 15 nm AuNPs, suggesting
that 5 nm AuNPs were less stable, and aggregation took place.

Figure 9a shows the Au L;-edge XANES of AuNPs with Cys in
comparison to standard gold foil without Cys. XANES of AuNPs
with Cys is similar to their counterpart without Cys. However,
in the presence of Cys, the WL intensity shows a more obvious
trend with decreasing size of AuNPs; Au foil < 20 nm AuNPs with
Cys < 15 nm AuNPs with Cys < 10 nm AuNPs with Cys < 5 nm
AuNPs with Cys. The threshold energy E, (Figure 9b) of AuNPs
with Cys is still slightly higher than that of the gold foil. Fourier-
transformed EXAFS spectra of AuNPs with Cys (Figure 9c¢,d)
show that the Au-Au scattering of 5 nm AuNPs with Cys is signif-
icantly weaker than that of 10 nm AuNPs with Cys. In the pres-
ence of Cys, the Au-Au scattering amplitude decreases with de-
creasing size of AuNPs. Note that the data for 15 nm AuNPs with
Cys (purple curve) is excluded from the discussion due to its poor
signal-to-noise ratio and a spike in EXAFS ~6.25 A~! (Figure 8c).
Together with the clearer trend in WL intensity, these data sug-
gest that Cys molecules aided in protecting small AuNPs (e.g.,
5 nm) from any aggregation, which would result in a change in
electronic structure. These smallest AuNP sizes were, therefore,
more stable than in the absence of Cys.
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2.6. Mechanistic Discussion

This study showed by two independent methods that Cys-gold
interactions increase with decreasing AuNPs size (from 20 to
5 nm). CV further indicated that free Cys signals increased with
increasing AuNPs size (from 5 to 20 nm). Our hypothesis, that
the strength of Cys binding to AuNPs is size-dependent, was con-
firmed.

According to several studies, a higher surface-to-volume ratio
increases reactivity, leading to a reduction of the melting point,
depending on the size of particles.l”® Theoretical predictions sug-
gest that the correlation is significant for particle sizes below
5 nm. As the size of AuNPs decreases, the melting behavior
also becomes less uniform, with a broader range of tempera-
tures at which melting occurs. The suppression of melting points
was found to be directly correlated with various physicochemical
properties, including those important to surface reactivity.”’! The
smaller size also influences the pH gradient in the diffusion layer
and, therefore, diffusion distances of Cys to the gold surface,!”87]
as well as potentially the inner and outer Helmholtz planes. The
latter will affect the kinetics of Cys-Au surface reactions beyond
a purely transport-controlled effect. This might, hence, shift the
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Figure 7. CV (5 mV s™!, OCP to 1 V¢ to OCP) of different sizes (5, 10, 15, and 20 nm) of AuNPs with applied masses corresponding to a constant

surface area of 8.64 x 1072 cm?

, immobilized on a paraffin-impregnated graphite electrode (PIGE), with and without 0.5 mM Cys in 5 mM MES buffer

and 5 g L1 NaCl as an electrolyte (not pH-adjusted). The numbers indicate the peak positions for Cys and gold oxidation, as discussed in the text. The

solution pH was 4.76 in the absence of Cys and 4.25 in its presence.

CV peaks along the scan direction, especially for stagnant elec-
trolytes (as in this study). It has been suggested previously that
diffusion alone cannot explain the higher reactivity of smaller
NPs.®% Our study also suggests that a difference in diffusion
kinetics alone does not explain the higher reactivity of smaller
AuNPs toward Cys, as 1) the ToF-SIMS experiments were pre-
pared for 24 h of immersion with excess concentrations of Cys,
2) the difference in CV was not only quantitative but also qualita-
tive, 3) free, unreacted Cys was detected in excess on larger sized
AuNP surfaces by CV and 4) our previous modeling study,”®!
which considered diffusion effects, suggested that there should
be a linear relationship of Cys-Au reactivity with the reciprocal
of the AuNPs size, which is not what this study observed. There-
fore, the size dependence most likely involves a clear difference in
surface energy. Thermodynamically, it is well understood that the
generation of new surface area stores energy (¢ dA) which adds
to the Gibbs free energy of the gold phase, hence increasing its
reactivity.[®] It has also been shown that decreasing particle size
leads to a decrease in the standard molar dissolution Gibbs en-
ergy, the standard molar dissolution enthalpy, the standard molar

Part. Part. Syst. Charact. 2025, 70001 70001 (9 Of'|4)

dissolution entropy, and an increase in the dissolution equilib-
rium constant.®" The higher surface energy of smaller AuNPs
also leads to less stability and a higher tendency of aggregation
compared to larger ones, which has also been confirmed by TEM
and XAS in this study. In the XAS study, the aggregation of the
5 nm compared to the 10 nm AuNPs in the absence of Cys was in-
dicated by a higher occupied density of states on the Au 5d orbital
and more coordinated gold atoms in 5 nm AuNPs compared with
10 nm AuNPs. However, in the presence of Cys, the stronger in-
teraction between Cys and the smallest (5 nm) AuNPs effectively
prevented their aggregation. Therefore, both Au 5d occupied den-
sity of states and coordination showed a clear trend with decreas-
ing AuNP size in the presence of Cys, confirming the AuNPs’
nanospecific properties, which were also reflected in the binding
studies by ToF-SIMS and CV.

For the spherical AuNPs in this study, the curvature in-
creases strongly with decreasing AuNPs size, which results
in a greater conformational degree of freedom for interacting
molecules.®2#4 and a higher packing density. The forces be-
tween these materials and their surrounding environment are
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Figure 8. Au L;-edge XANES and EXAFS (FY mode) curves of citrate-coated AuNPs (5, 10, 15, and 20 nm) and Au foil. a) XANES, b) the 1st derivative of
XANES (threshold energy E, is defined as the energy of the maximum derivative of XANES), and k? weighted Fourier transforms of EXAFS in c) k space,
and d) R space. The inset of a) shows the white line of each AuNP size. The arrows in a) and b) indicate the change in white line intensity and threshold
energy of AuNPs compared to standard gold foil, respectively. The color legend in a) corresponds to all figures (a—d).

governed by the interplay of confinement and curvature.l’””!
Smaller particles (more curvature) have less prominent packing
constraints indicating that thiol coverage per unit area rises as
particle size decreases.

Considering that Cys has three functional groups (-COOH, -
SH, and -NH,), it is a promising compound to be used for bind-
ing to AuNPs. However, the pKa values are different as it is,
10.28, 8.18, and 1.96 for the amino, thiol, and carboxyl groups, re-
spectively. Among these functional groups, thiol groups demon-
strated a higher affinity to gold (as also confirmed in this study)
and, therefore, have been widely studied.!®>%] This is similar to
what would be expected in solution for a soft cation like gold or
silver, interacting stronger with a thiol group compared with ni-
trogen and oxygen donors.[®’]

From a geometric aspect, the Cys molecule may not be able
to interact with all three functional groups (carboxyl group,
amino group, thiol group) when the nanoparticle is small and
hence does block a smaller area as compared to large nanoparti-
cles or flat surfaces.[”>82] This geometric consideration explains
well the experimental observation that more free Cys molecules
and less or no Cys-Au complexes were detected for larger-sized
AuNPs. On top of the pure geometric aspect, the density of sur-
face defects, such as step edges and kinks, might be higher
for differently sized AuNPs providing preferential Cys reac-
tion sites. However, it is unclear if this played a role in this
study.
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2.7. Limitations and Future Studies

The interaction between Cys and the AuNPs is likely influenced
by the agent used to stabilize the nanoparticles.[®®! Based on dis-
cussions with the supplier and examining the ToF-SIM spectra,
we can conclude that the AuNPs were synthesized using a cit-
rate reduction protocol and they were stored in citrate buffer. No
evidence for oxalate, tannic acid, or phosphates was found.

DLS and XAS findings partially contradicted each other, since
DLS suggested that the presence of Cys increases agglomeration
for all AuNP sizes, while XAS suggested a stabilizing effect of Cys
especially for the smallest AuNP size (5 nm). First, 5 nm AuNPs
are hard to detect with DLS, so the findings might not be contra-
dicting. Second, DLS measured the hydrodynamic size in situ (in
solution), while XAS measured deposited AuNPs after the reac-
tion. This means that DLS could also detect loosely bound particle
agglomerates in solution and these might not result in the loss of
nanospecific properties. Third, an effect of the Cys solution itself
on the detected DLS sizes or in-situ agglomeration behavior can-
not be excluded, as also the background solution containing Cys
but no AuNPs showed a higher light scattering intensity than the
control buffer solution without Cys.

In preparation for the ToF-SIMS measurements, our current
approach of removing excessive molecules/ions from the Cys-
coated AuNPs deposited on an Al foil is a simple (1 min) rinse
using ultrapure water. Insufficient rinses resulted in abundant
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Figure 9. Au L;-edge XANES and EXAFS (FY mode) curves of citrate-coated AuNPs (5, 10, 15, and 20 nm) after loading with L-Cys and Au foil. a) XANES,
b) the 1st derivative of XANES (threshold energy E, is defined as the energy of the maximum derivative of XANES), and k? weighted Fourier transforms
of EXAFS in ¢) k space, and d) R space. The inset of a) shows the white line of each AuNP size. The arrows in a) and b) indicate the change in white line
intensity and threshold energy of AuNPs compared to standard gold foil, respectively. The color legend in a) corresponds to all figures (a—d).

alkali ion residues (mainly Na*t and K*), whose presence ap-
parently reduced the abundance of positive ions related to gold
and gold thiolates. However, excessive rinses would remove the
AuNPs from the Al foil. Therefore, developing methodologies to
rinse off excessive alkali ions while keeping the AuNPs with the
molecules of interest adsorbed on a substrate warrants further
investigation.

The ion yield of the same species may be different depending
on the chemical environment the species is fragmented from,
which is the matrix effect in ToF-SIMS.[**%] Normalizing in-
tensities of ions of interest against either total ion intensity or
the intensity of a specific ion serves to mitigate this matrix ef-
fect. This is the reason why Au;*/~ was used to normalize pos-
itive and negative Au-containing ions, respectively, so that the
ToF-SIMS results relevant to the interaction between Cys and
the differently sized AuNPs can be compared. Hence, we can
be confident that our enhanced gold-Cys fragments for smaller
AuNPs sizes are due to increased interactions and not a physical
effect.

In our work, we performed electrochemical measurements on
a very complex system. Changing the size not only changed the
reactivity of AuNPs but might also have affected Cys speciation
through a different pH profile close to the gold surface when an
overpotential is applied.[”®! Future investigations should also de-
termine the effect of pH on the interactions between Cys and
AuNPs.
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It should be noted that ToF-SIMS is a surface-sensitive method
(information depth of ~1-3 nm), which is based on mass, so
normalization should occur by Au,*/~ m/z. Larger nanoparticles
will be probed only on the surface, whereas smaller nanoparticles
have a larger bulk contribution to the signal (2 nm out of a 5 nm
nanoparticle is a significant fraction). Still, in all cases, the nor-
malization to the Au,*/~ signal ensures that only relevant signals
from gold surfaces are compared for all different nanoparticle
sizes. Note also that the surface area, not the mass, of the dif-
ferently sized AuNPs was kept constant for the electrochemistry
measurements.

3. Conclusion

This study investigated the size dependence of Cys-Au inter-
actions for 5-20 nm AuNPs by two different experimental ap-
proaches. Both ToF-SIMS and CV showed stronger and/or more
frequent interactions for smaller (5 and 10 nm) than larger (15
and 20 nm) AuNPs with Cys. Free Cys was more detected for
larger than smaller NPs by CV. ToF-SIMS studies were conducted
for the same mass of 5, 10, 15, and 20 nm AuNPs, pre-reacted
with 0.5 mM Cys (in ultrapure water, not pH-adjusted), while
CV was conducted in an electrolyte of the same pH and Cys
concentration, for equal surface area of AuNPs. ToF-SIMS de-
tected a preferential binding of gold to cysteine through the thiol
group, followed by the amino group, and no interactions with
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the carboxyl group. Hydrogenated gold thiolate molecular ion,
gold, and various gold-sulfur ions were detected for the different
sizes of AuNPs. Smaller AuNP sizes revealed stronger peaks for
Au,S,/* normalized to Au,*/~. CV revealed these Cys-Au inter-
actions through specific peaks and peak shifts. Free, unreacted
Cys (and cystine) showed the opposite — it was increasing with
increasing particle size — meaning that the adsorption/bonding
with the Au surface weakens for larger NP sizes. The nanospe-
cific properties of the smallest-sized (5 nm) AuNPs were stabi-
lized (less aggregation) by the presence of Cys based on XAS,
but all nanoparticle sizes showed more agglomeration in aque-
ous solution in the presence of Cys based on DLS. In the absence
of Cys, the smallest AuNPs aggregated most, based on both TEM
and XAS.

4. Experimental Section

Chemicals and Apparatus: 5, 10, 15, and 20 nm citrate-coated AuNPs
in aqueous suspension were purchased from Millipore Sigma, Sweden,
and Canada (article numbers 741949-25ML, 741957-25ML, 741965-25ML,
and 742007-25ML) and stored at 4 °C and vortexed ~10 s before be-
ing used. The suspensions had 5.5 x 10" particles mL™! for 5 nm,
6.0 x 102 particles mL~1 for 10 nm, 1.64 x 1012 particles mL~ for 15 nm,
and 6.54 x 10" particles mL™" for 20 nm AuNPs. If the gold density
is assumed to be 19.23 g mL~7, the corresponding mass concentration
would be 69.5, 60.6, 55.9, and 52.9 ug mL~! for 5, 10, 15, and 20 nm
AuNPs stock solutions, respectively. L-cysteine (>98%) was bought from
Millipore Sigma, Canada. All the solutions were prepared with ultrapure
water (resistivity of 18.2 MQ cm, Millipore Sigma, Canada). A paraffin-
impregnated graphite electrode (PIGE) was manufactured at the Techni-
cal University of Ko3ice, Slovakia, through the same process as described
elsewhere in detail.[4°]

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS):  For each
experimental condition, fresh aluminum (Al) foil was used as a substrate.
80, 92, 99, and 105 pL of the 5, 10, 15, and 20 nm AuNPs suspension
(non-diluted), respectively, were dropped on the center of the Al foil sur-
face. The added volumes resulted in the same mass of AuNPs for each
size. After being left to dry, each foil was immersed in a 25 mL beaker
containing 0.5 mM Cys (not pH-adjusted, with a natural pH of ~4.25) for
24 + 5 h. After this immersion, the Al foil was left to dry in the air (room
temperature). Then, all foils were folded a few times to trap some AuNPs,
and the excessive amount of Cys, sodium, potassium, and any possible
contamination was rinsed off using ultrapure water for ~60 s. The Al foil
folding was found necessary as the AuNPs signal was otherwise too weak,
and the prolonged rinsing procedure was necessary to rinse off excess Cys
and ions, as ToF-SIMS has only a detection depth of 2 nm. Rinsing sam-
ples for ToF-SIMS analysis is necessaryl®' as it is a highly surface-sensitive
method that easily detects contaminants from the solution, which inter-
feres with, or even covers, the surface of interest.

ToF-SIMS (TOF-SIMS 1V, ION-TOF GmbH, Germany) was used to
study the AuNPs after exposure to Cys solution. In ToF-SIMS, the sam-
ple surface was bombarded with a pulsed 25 keV Bi;* primary ion beam
for the generation of secondary ions. The secondary ions, extracted with
an electric field, flew through a reflectron type of tube and arrived at the
detector. The arrival times of ions were converted to mass/charge (m/z)
ratios via known species such as hydrogen, carbon, and hydrocarbons. A
low-energy electron beam was used to flood the sample for charge com-
pensation. The base pressure of the analysis chamber of the instrument
was on the order of 10~7 mbar. Secondary ion mass spectra were collected
at either 128 x 128 or 256 X 256 pixels over the rastered area. Both nega-
tive and positive ion spectra were obtained in a mass range of m/z from
0 to 900. The ion mass spectra presented in this study were normalized
to the total ion intensity and Au;~ and Au;*. Negative ion mass spec-
tra were calibrated with CH™, C4H™, and Au;~, while positive ion mass
spectra were calibrated with CH;*, C3Hs*, and Au;™. Mass resolutions
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for CH™, C4,H™, CH;*, and C4H,™ were 3000, 4500, 3800, and 5300, re-
spectively. Plotting the intensity of an ion against the pixels generated its
image, which was commonly rendered in false color scales with brighter
colors representing greater intensities.

In this study, both positive and negative ions were used because infor-
mation provided by two polarities of ions is often complementary. For ex-
ample, for gold-sulfur ions, negative ions are much more abundant than
their positive counterparts, while the cysteine-gold complex is only frag-
mented as a positive ion. To account for the heterogeneous distribution
of AuNPs on the substrate and to eliminate the “morphology” of the de-
position of AuNPs, data of the positive and negative gold-containing ions
was normalized against Au;™ or Au; ™, respectively. The normalization is
indicated in the captions of the corresponding figure and table. Normaliza-
tion was necessary because the spectra were acquired from a non-smooth,
non-homogeneous surface in different areas, across which the data would
not have led to a meaningful comparison without normalization.

It should be highlighted that the Cys fragmentation by ToF-SIMS pre-
sented in this study is different than that of SAMs, which has been widely
studied by ToF-SIMS before.

Transmission Electron Microscopy (TEM): A JEOL 2100 instrument (Jeol
Ltd., Japan) was used for TEM measurements. The AuNPs suspensions
were dropped (diluted) from their suspension on the TEM grid, followed
by drying. The IMAGE] software (version 1.52v) was used to quantitatively
evaluate the size distribution of 196, 129, 192, and 208 individual parti-
cles for the 5, 10, 15, and 20 nm AuNPs, respectively. Data (different im-
ages) for the 5, 10, and 20 nm AuNPs used in this study have been pub-
lished previously.[*34] The cumulative size distribution curves were plot-
ted in Origin 2016 and differentiated. The resulting size distribution was
smoothed using the adjacent-averaging method with ten points of the win-
dow.

Cyclic Voltammetry (CV): To obtain the same surface area for 5, 10, 15,
and 20 nm AuNPs, specific volumes (2, 4.6, 7.5, and 10.5 uL) were drop-
cast on the electrode (PIGE) surface using a pipette and left to be dried at
room temperature. Then, they were immersed in an electrochemical cell
filled with 0.5 mM Cys, 5 g L™ NaCl (as an electrolyte carrying charge in the
solution),®' and 5 mM MES as a buffer (pH 4.25). The experiment was
done in a three-electrode system using an IviumStat (high power, general
purpose potentiostat/galvanostat/ZRA) potentiostat where the PIGE was
the working electrode, a platinum wire was the counter electrode, and a
saturated (KCl) calomel electrode (SCE) was the reference electrode. The
experiment was conducted at a room temperature of 24 °C. The reference
electrode was checked against a master electrode prior to each experiment
while its cleaning procedure was the same as reported previously.

Open circuit potential (the value after at least 5 min) was the start-
ing potential for all the measurements, followed by scanning (scan rate of
5 mV s~") toward positive potentials (1V versus the reference electrode),
followed by a negative-going scan to 0 V versus the reference electrode.

Dynamic Light Scattering (DLS): A solution of 5 mM MES buffer con-
taining 5 g L~' (8.6 mM) NaCl was prepared with and without 0.5 mM Cys.
Eight samples were prepared in these solutions containing 50 uL of AuNPs
(5, 10, 15, and 20 nm) with the final concentration of (3.48, 3.03, 2.80, and
2.65 ug mL™", respectively) and with the final volume of each sample being
1 mL. The samples were not filtered. Additionally, background controls of
MES buffer containing NaCl were measured with and without Cys as well.
Each sample was analyzed in triplicate using DLS with a Litesizer 500 (An-
ton Paar) after a 1-minute equilibration period at room temperature. The
measurement angle was automatically determined, the quality mode was
automatic with a maximum number of runs of 60, and the solvent set-
ting was chosen as NaCl (preset at 1 mM) with the material of interest
being gold (refractive index of 1.3307 and 0.6480, respectively, a viscosity
of 0.0009558 Paxs).

X-ray Absorption Spectroscopy (XAS): Au Lj-edge X-ray absorption
near edge structures (XANES) and extended X-ray absorption fine struc-
tures (EXAFS) spectroscopies of AuNPs (5, 10, 15, and 20 nm) loaded
with/without Cys (with the molar ratio (Au/L-Cys) of 7.18, 6.27, 5.78, and
5.46 for 5, 10, 15, and 20 nm AuNPs, respectively) were collected on the
HXMA beamline of the Canadian Light Source (CLS). The same amount
of each sample was placed on Kapton tape by drop casting. The beamline
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energy was calibrated using gold foil as a reference (Ey = 11919 eV). The
fluorescence yield (FY) spectrum of each sample was recorded by collect-
ing Au La X-ray and normalized to the incident photon flux (/). XANES and
EXAFS spectra were processed using Athena software (version 0.9.26).[°%]
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