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ABSTRACT

The interactions of a biomolecule glutathione (GSH) with citrate-capped gold nanoparticles (AuNP) have
been investigated to evaluate the viability of a rapid GSH-capture by gold nanoparticle carriers, as a model
system for applications ranging from designing nanoparticle-enhanced functional biosensor interfaces to
nanomedicine. The measurements, performed using resonance elastic light scattering (RELS) spectroscopy,
have shown a strong dependence of GSH-induced scattering cross-section on gold nanoparticle size. A large
increase in RELS intensity after injection of GSH, in a short reaction time (7 = 60 s), has been observed for
small AuNP (5 nm dia.) and ascribed to the fast ligand-exchange followed by AuNP assembly. The unex-
pected non-Langmuirian concentration dependence of scattering intensity for AuNPs,,, indicates on a 2D
nucleation and growth mechanism of the ligand-exchange process. The ligand-exchange and small nano-
particle ensemble formation followed by relaxation have been observed in long term (10 h) monitoring
of GSH-AuNP interactions by RELS. The results of molecular dynamics and quantum mechanical calcula-
tions corroborate the mechanism of the formation of hydrogen-bonded GSH-linkages and interparticle
interactions and show that the assembly is driven by multiple H-bonding between GSH-capped AuNP
and electrostatic zwitterionic interactions. The RELS spectroscopy has been found as a very sensitive tool
for studying interparticle interactions. The application of RELS can be expanded to monitor reactivities
and assembly of other monolayer-protected metal clusters, especially in very fast processes which cannot
be followed by other techniques.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The gold nanoparticles (AuNP) have recently gained outstand-
ing interests owing to their size and shape dependent plasmonic
optical properties [1-6], ease of functionalization [7-12], and the
ability to penetrate the cell membranes. Numerous prospective
applications of AuNP relate to the detection of biomolecules [13-
16], including DNA strands [17-25], the design of photonic and
bioelectronic devices, and the nanomedicine [26-29]. In the latter
field, AuNP benefit medical diagnostics, cancer therapy, and con-
tribute to imaging enhancements. The potential application of
AuNP in cancer treatment involves targeted drug delivery and pho-
todynamic therapy (PDT). The nanoparticles concentrated in a
tumor tissue can deliver chemotherapeutic agents to kill the cancer
cells or act as the light scatterers for PDT. In both cases, the specific
reactivities of AuNP with biomolecules have to be taken into ac-
count. Since the propensity of AuNP to strongly interact with thiol
species is one of the most pronounced properties of AuNP, the
potential interactions of AuNP with the natural body thiols such
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as the glutathione (GSH), cysteine (Cys), and homocysteine (Hcys),
are of the utmost importance. Therefore, studies of the interactions
of functionalized AuNP with GSH and other biomolecules are
important not only to elucidate mechanistic issues and describe
new phenomena encountered in these systems but also to further
the understanding of effects occurring in real tissue environment
and to improve the practical therapeutic outcomes.

Glutathione, which adsorbs readily on gold surfaces [10,11,30-32]
is a tripeptide (glutamate-cysteine-glycine) with sulfhydryl group
able to form a strong Au-S bond. Different kinds of interparticle
interactions between GSH, cysteine and homocysteine have been
recently discussed by Maye et al. [33]. Such molecules as
homocysteine [34,35], glutathione (GSH) [35-37], and aminoacids
[35,38-40] have been found to influence the spectral surface-plas-
mon (SP) characteristics. Previously, we have investigated the
interactions and electrochemical reactivity of Hg(Il) on GSH-mod-
ified gold piezoelectrodes [10,11,41]. The GSH-SAM permeability
to ionic species has been demonstrated for Hg(Il) [10,11], Pb(II)
[30], Ni(II) [30], and Cu(lII) [31] using metal adatom probe, nano-
gravimetry and chronoamperometry. Gooding and co-workers
[42] studied GSH bonded to mercaptopropionic acid as the sensor
for Cd(II). The interactions of adsorbed GSH with Cu?* have also
been studied [31,32]. It has been shown that GSH-SAM'’s formed
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on Au piezoelectrodes can act as chemically controlled ion gates
[30,43-46] and as templates for metal depositions [31].

In living organism’s homeostasis, GSH and its oxidized disulfide
form (GSSG) constitute the main redox regulation system. It protects
cells against organic peroxides and damaging radicals, and is
involved in signaling processes associated with cell apoptosis. The
diminished active GSH levels in cells and body fluids lead to the
reduced antioxidation capacity [47] to protecting against radicals
and have been found to increase susceptibility to autism [48,49],
diabetes [50], and other diseases [47,49-55]. The low GSH levels
have been found to be caused by oxidative stress and exposure to
toxic heavy metals (Hg, Cd, Pb). GSH and phytochelatines with gen-
eral structure (y-Glu-Cys),Gly participate as the capping agents
[56,57] in heavy-metal sulfide nanoparticles formed in living organ-
isms in natural detoxification processes [58-61].

The glutathione-mediated gold nanoparticle assembly has been
studied by Sudeep et al. [36] and by Zhong and co-workers [37]
and strong effects of pH and electrolyte concentration have been
found. A model based on two-point zwitterionic interparticle inter-
actions has been proposed [62]. Directional growth of GSH-linked
gold nanorod assemblies has been observed by Kou et al. [63]
whereas the competitive adsorption of GSH and thiolated oligonu-
cleotides has been investigated by Ackerson et al. [64]. Recently,
GSH has been found to participate in the degradation of Pt(II)-
based DNA intercalators utilized in chemotherapy.

In this work, we have investigated interactions of glutathione
with gold nanoparticles and explored the utility of the resonance
elastic light scattering (RELS) spectroscopy to monitor GSH-induced
AuNP assembly. This technique has been developed [65-70] as a
sensitive technique for the detection of bioorganic complexes. The
resonance elastic light scattering from molecules and nanoparticles
in solution results from the absorption of photons followed by an
immediate coherent re-emission of light in all directions without
any energy loss [70]. We have recently applied RELS to study nano-
particle assembly [71] and found it to be very sensitive to supramo-
lecular ensemble formation in the system homocysteine-citrate-
fluorosurfactant-AuNP. In this paper, we describe new phenomena
associated with the interactions of GSH with AuNP and elucidate
the mechanism of the multi-step process leading to the assembly
of GSH-capped AuNP networks. For the model system based on high
concentration levels of GSH and short time-scale AuNP assembly, an
unexpected non-Langmuirian ligand-exchange kinetics has been
found. Details of the experiments and implications of this finding
are discussed.

2. Materials and methods
2.1. Chemicals

All chemicals used for investigations were of analytical grade
purity. .-glutathione reduced (GSH), minimum 99%, glutathione oxi-
dized form (GSSG), tetrachloroauric(Ill) acid trihydrate (HAuCly-
3H,0), 99.9+% metals basis, were purchased from Sigma Aldrich
Chemical Company (Atlanta, GA, USA) and used as received. Sodium
citrate dihydrate was obtained from J.T. Baker Chemical Co.
(Phillipsburg, NJ, USA). Sodium borohydride (NaBH,) was obtained
from Fisher Scientific Company. Solutions were prepared using Mil-
lipore (Billerica, MA, USA) Milli-Q deionized water (conductivity
o =55 nS/cm). They were deoxygenated by bubbling with purified
argon.

2.2. Apparatus

The imaging analyses of Au nanoparticles were performed using
high-resolution transmission electron microscopy (HR-TEM) with

Model JEM-2010 (Jeol, West Chester, PA, USA) instrument (200 kV).
The elastic light scattering spectra were recorded using LS55 Spec-
trometer (Perkin Elmer, Waltham, MA, USA) equipped with 20 kW
Xenon light source operating in 8 ps pulsing mode allowing for the
use of monochromatic radiation with wavelength from 200 nm to
800 nm with 1 nm resolution and sharp cut-off filters: 290, 350,
390, 430, 515 nm. The dual detector system consisted of a photo-
multiplier tube (PMT) and an avalanche photodiode. Pulse width
at halfheight was less than 10 pis. The UV-Vis spectra were recorded
using Perkin Elmer Lambda 50 Spectrophotometer in the range
220-1100 nm or Ocean Optics (Dunedin, FL, USA) Model R4000
Precision Spectrometer in the range from 340 nm to 900 nm.

2.3. Procedures

The Au nanoparticles were synthesized according to the pub-
lished procedure [72]. Briefly, to obtain 5 nm AuNP, a solution of
HAuCl, (10 mM, 2.56 mL) was mixed with a trisodium citrate solu-
tion (10 mM, 9.6 mL), ratio 1:3.75, and poured to distilled water
(88 mL). The obtained solution was vigorously stirred and fresh cold
NaBH,4 solution (5 mM, 8.9 mL) was added dropwise. Larger AuNP
(22.5 nm dia.) were obtained by mixing 10 mL of HAuCl,; (10 mM
stock solution) with 4 mL of NasCit (38.75 mM) and 86 mL of water.
The obtained solution was vigorously stirred and fresh cold NaBH,4
solution (5 mM, 8.9 mL) was added dropwise. The solution slowly
turned light gray and then ruby red. Stirring was maintained for
30 min. The obtained citrate-capped core-shell Au nanoparticles
were stored at 4 °C. Their size was first estimated from UV-Vis sur-
face plasmon absorption band shift and determined more precisely
by HR-TEM imaging to be: 5.0 £ 0.9 nm (n =85) and 22.5 £ 2.6 nm
(n = 40); these nanoparticles are denoted as AUNPs,,,, and AUNP2;,m,
respectively. No larger particle population was present. The concen-
trations of AuNP are given in moles of particles per 1 L of solution
(usually, in the nM range). The size and distribution of AuNP were
also tested using plasmonic absorbance spectra in UV-Vis. For in-
stance, a clear surface plasmon band with /.x=516nm for
AuNPs,, and a low background beyond that wavelength indicate
that no larger particles were present. This was also confirmed by
TEM. The pH of AuNP solutions was maintained a citrate buffer
(0.46 mM) at pH =5 for storing and adjusted to 3.24 + 0.03 before
the experiments.

The glutathione stock solutions in water (10 mM) were pro-
tected from light and stored at 4 °C. The interactions of GSH with
AuNP were monitored by UV-Vis absorption and resonant elastic
light scattering (RELS).

Quantum mechanical calculations of electronic structure for Cit
and GSH adsorbed on small gold-atom clusters Au,, were performed
using modified Hartree-Fock methods [73,74] with 6-311G’ basis
set and pseudopotentials, semi-empirical PM3 method, and density
functional theory (DFT) with B3LYP functional and 6-311G " basis set,
embedded in Wavefunction Spartan 6 [ 74]. The electron density and
local density of states (LDOS) are expressed in atomic units, au >,
where 1 au=0.529157 Aand 1 au=>=6.749108 A—3.

3. Results and discussion

3.1. Effect of GSH on resonance elastic light scattering of AuNP
nanoparticles

Typical RELS spectrum for a citrate-capped AuNPs,, solution is
presented in Fig. 1a, curve 1, for a constant excitation wavelength
Jex =640 nm (1.94 eV). The scattering intensity peak with a Gauss-
ian peak shape centered at ey = Jex = 640 nm and with a narrow
linewidth of A4 =14 nm confirms that the effects due to radiation
broadening, density fluctuation, fluorescence, and inelastic Raman
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Fig. 1. Upper panel: (a) light scattering spectra for 10.1 nM AuNPs,,, in the absence
(1) and in the presence (2) of 5 mM glutathione, recorded for the incident beam
wavelength /.x = 640 nm (spectra recorded within 1 min of glutathione injection).
Lower panel: (b) high-resolution TEM image of AuNPs,,; atomic rows with distance
0.24 nm are seen; (c) HR-TEM image of small GSH-linked AuNPs,, assemblies.

scattering are negligible. The background intensity is very low (vir-
tually zero) providing excellent conditions for a sensitive analysis
with well defined RELS peaks.

In the presence of GSH, the light scattering from AuNPs,;;, nano-
particles is strongly enhanced (Fig. 1a, curve 2). The solution pH
was 3.24 + 0.03 which is within the range of predominantly neutral
(zwitterionic) form of GSH (pH = 2.04-3.4; pK, values for GSH are:
pK;=2.04 (glutamate -COOH), pK,=3.4 (glycine -COOH),
pKs = 8.72 (-SH group), pK4 = 9.49 (-NH, group)). Note that surface
pPK, values may shift for surface-confined GSH similar to other mol-
ecules with pH-sensitive pendant groups ([75-81]), hence, these
values are used only as guidelines. However, the strong RELS in-
crease in pH range close to 3.2 confirms that zwitterionic form of
GSH is in relative predominance in the AuNP shells, otherwise
the assembly and strong scattering would not be observed. The
enhancement of RELS from AuNPs,,, by GSH molecules is attrib-
uted to the size increase of AuNP due to the ligand exchange (i.e.
replacing short-chain citrate molecules in the nanoparticle shell
with longer-chain GSH molecules) and/or interparticle interactions
leading to AuNP assembly. The strong sixth-power dependence of
elastic scattering intensity Isc on the nanoparticle diameter a fol-
lows from the Rayleigh equation for light scattering from small
particles:

. (1+cos?0) 127 4((”17*”3)2*1) N
Isc = IgN IR? (;) ((npns)2+2)( ) (1)

2
where n, and n, are the refractive indices for the particles and the
solution, respectively, 4 is the wavelength of incident light beam,
0 is the scattering angle, N is the number of particles, and I, is the
constant. Taking into account the decrease in particle concentration

due to assembly and assuming A =const and other experimental
conditions (0, R, Ip) unchanged, the increase of the effective particle
diameter a,e can be estimated using the formula [71]:

Al = — = - (2)
0

where indices 0 and 1 stand for the particles before and after GSH
addition, respectively. From the data of Fig. 14, the scattering inten-
sity increase is: Isc1/lsco =9.09 and, hence, ay =2.09. This means
that most likely small aggregates composed of only few nanoparti-
cles (e.g. 2-6) are formed. Similar experiments performed with lar-
ger Au nanoparticles show a completely opposite effect of GSH
addition. In Fig. 2a, the RELS spectrum for a solution of AuNP»,,m
(Caunp = 1.42 nM) is shown in the absence of GSH (curve 1) and in
the presence of 5 mM GSH (curve 2). Now, the addition of GSH to
the Au nanoparticles, unexpectedly, results in a strong quenching
of the Rayleigh scattering. To elucidate these differences in the
behavior of AuNPs,;,, and AuNP,,,,, further investigations of full-
scan RELS spectroscopy, long-term scattering evolution, and UV-
Vis plasmonic spectroscopy have been carried out.

The full-scan RELS spectra for small and large AuNP are
presented in Fig. 3. For small AuNPs,,, nanoparticles, a dramatic
increase of the resonant scattering intensity in the entire photon
energy range scanned is observed. The I;c maximum for AuNPsy,
alone is at Anax = 625 nm. The broad RELS peak generated by the
interactions of GSH with AuNPs,,,, is shifted to longer wave-
lengths and appears at Apax = 655 nm. Similar RELS spectra forlarg-
er nanoparticles (AuNP;,,,), presented in Fig. 3b, show that the
Isc maximum for AuNP;;,,, alone is larger than that for AuNPs;,
alone, consistent with stronger scattering for larger particles. How-
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Fig. 2. Upper panel: (a) light scattering spectra for 1.42 nM AuNP,,,n, in the
absence (1) and in the presence (2) of 5 mM glutathione (spectra recorded within
1 min of glutathione injection); incident beam wavelength: J.x = 640 nm. Lower
panel: HR-TEM images of AuNP,,,, before (b) and after (c) addition of 5 mM GSH.
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Fig. 3. RELS spectra I vs. 4 for: (a) small nanoparticles (AuNPs,,) and (b) larger
nanoparticles (AuNP,,,) in the absence of GSH (1) and in the presence of 5 mM
GSH (2), recorded within 1 min of GSH injection.

ever, in the presence of GSH an increase in scattering is only
observed in the shorter wavelength region, 1 <580 nm, whereas
a decrease in scattering intensity is apparent in the wavelength
range above 1 =580 nm. The origin of the broad scattering peaks
With Amax > Aspmax M is ascribed to the increasing reflectivity of
free electrons in Au at wavelengths longer than the Frohlich wave-
length: 2 > Zpron = Asp.max Where the electrical conductance of nano-
particles becomes a true metallic conductance [82]. At shorter
wavelengths, the free conduction electrons in Au are unable to fol-
low fast changing electromagnetic field imposed by the incident
light beam.

The scattering intensity increases with nanoparticle concentra-
tion as illustrated in Fig. 4 where the dependencies of I;c on Caunp
for AuNPs,,;,, and AuNP,,,, are presented. A higher slope oI/
0Caunp is encountered for AuNP,y,, than for AuNPs,, consistent
with the enhanced scattering by larger particles.

The relationship between the RELS intensity and GSH concentra-
tion for small Au nanoparticles, AuNPs,,, measured after 7 = 60 s of
reaction time does not conform to the Langmuirian pseudo-first-or-
derkinetics. This is illustrated in RELS spectra presented in Fig. 5. The
dependence of Isc max 0N Csy is sigmoidal, as shown in Fig. 5b, curve
1, indicating on a kinetic threshold. This dependence indicates on
the 2D nucleation and growth mechanism of the ligand-exchange
process rather than uniform place-exchange mechanism, for which
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Fig. 4. Resonance elastic light scattering intensity Isc on concentration of gold
nanoparticles Caynp for: (1) AuNPs,, and (2) AuNPa,,; incident beam wavelength:
Jex = 640 nm.

70

60

50

a0}

s¢

30

20 -

10 -

a.u.

lt’

I

C. ., mM

GSH

Fig. 5. (a) Elastic light scattering spectra for 10.1 nM AuNPs,, for different
concentrations of GSH, recorded within 1 min of GSH injection, Cgsy [mM]: (1) 0, (2)
2.67, (3) 3.0, (4) 3.17, (5) 3.33, (6) 5; (b) experimental dependence of I. vs. Cgsn
(curve 1, points) fitted with Boltzmann threshold function (line) and (2-5):
calculated curves for a hypothetical pseudo-first-order Langmuirian kinetics
showing the absence of threshold characteristics in Langmuirian model, k [M~'s~!]:
(2) 40, (3) 17, (4) 4, (5) 0.8; 7 =60 s; incident beam wavelength: /ey = 640 nm.
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a pseudo-first-order Langmuirian kinetics describes well the ligand
exchange and AuNP assembly in other systems [83-85]. To delineate
the difference in the shape of the Langmuirian kinetic characteristics
and the one observed experimentally, a family of kinetic curves was
calculated for the rate constant values k = 40, 17, 4, and 0.8 M~ !s!
(curves 2-5) using the kinetic equation [86] derived for random
place-exchange assembly with pseudo-first-order Langmuirian
kinetics:

ISc = 8(] — exp{—kCGsHT}) + Isc.ini (3)

where ¢ = Iscfin — Iscini, k is the rate constant, 7 is the reaction time,
and Iscini, Iscfin are the RELS intensities at 7=0 and 7 = oo, respec-
tively. These curves show clearly the absence of any threshold in
contrast to the experimental curves.

3.2. Evolution of surface plasmon absorbance of AuNP on interactions
with GSH molecules

To corroborate the conclusion from previous section that gold
nanoparticle assembly is responsible for the large scattering
increase of AuNPs,,, particles upon injection of GSH, we have per-
formed measurements of the surface plasmon band shift under the
same conditions as those for Fig. 1. A bathochromic SP band shift
and a band broadening are indicative of the SP coupling occurring
during the AuNP assembly process [36,37] and can thus be utilized
to confirm the assembly. This type of UV-Vis spectroscopic evidence
has been supported by the dynamic light scattering (DLS) measure-
ments [33], small-angle X-ray scattering (SAXS) [33,87], and theo-
retical calculations of spectral shifts [1-5].

The color changes associated with ligand-exchange GSH-induced
AuNP assembly are illustrated in Fig. 6. The concentration depen-
dence of the SP absorbance band maximum /myax =f(Cosy) and
Amax = f{Cgsn) recorded within 1 min of the reaction time do not rep-
resent a uniform ligand exchange, with GSH replacing the existing
citrate SAM, but rather a 2D nucleation and growth process. It is seen
that the threshold GSH concentration range is from 1.5 to 2.5 mM
(Fig. 6b). The value of /n.x increases from Amaxini = 522 nm to the
final value /Amaxfin =576 nm at the plateau established for Cgsy >
2.6 mM. At the same time, Apax goes through a maximum and de-
creases at higher GSH concentrations. In the first stage, for
Cgsh < 2.28 mM, absorbance maximum increases with Cgsy on ac-
count of the increasing diameter of GSH-capped AuNP ensembles,
while in the second stage, for Cgsy > 2.28 mM, absorbance maxi-
mum decreases with further increase of Ccsy due to the bathochro-
mic shift of the SP band to longer wavelength and natural 1/
absorbance decrease. Note that the concentrations required to drive
ligand exchange in 60 s of reaction time are much higher than those
observed for small thiol molecules such as cysteine or homocysteine
which are typically in the low micromolar range. Extensive studies
of SP absorbance for various AuNP systems have been carried out
by the Zhong group [33-35,88]. In particular, from studies of the
GSH-mediated assembly of AuNP [37,62] it follows that the presence
of NaCl (10 mM) stimulates GSH-mediated assembly of AuNP;,m
while the addition of NaOH (1.6-3.3 mM) reverses it. In our experi-
ments, the pH was maintained at pH = 3.24 + 0.03 by citrate buffer
which is within the range of zwitterionic predominance of GSH
species.

The SP band broadening concomitant with bathochromic band
shift is clearly observed in Fig. 6. The calculations of the SP band
structure for gold and silver nanoparticles have been performed by
various groups [1-6] enabling to assess the effects of the size and
shape variability of nanoparticles, nanorods, and nanoplates, on
plasmonic absorbance. The broadening of the SP band for AuNP
has been described by El-Sayed et al. [2,3]. The SP band broadening
and bathochromic band shift observed in our experiments corrobo-
rate the assembly process.
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Fig. 6. Effect of glutathione concentration on absorbance of 10.1 nM AuNPs,,
nanoparticle solution: (a) absorbance spectra for Ccsy [mM]: (1) 0.1, (2) 0.67, (3)
2.0, (4) 2.33, (5) 2.5, (6) 2.67, (7) 2.83, (8) 3.0, (9) 3.33; above: color change in
response to GSH injections (1-9); (b) dependence of the surface plasmon band
wavelength /max on Cgsy; (¢) dependence of SP absorbance maximum Apax on Cosp.

Similar experiments performed with oxidized glutathione GSSG
(not shown) indicate that the transition concentration Cy; gssg for
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half-way shift of peak wavelength 4, is lower than that for the re-
duced GSH. For AuNPs, Cij2,gssg =0.83 mM for GSSG for 1 min
reaction time in comparison to Cyjz s = 2.0 mM for GSH, as deter-
mined from fitting of the Boltzmann function:

4 Vo = )
Ap = Apmax + (1 _Cr:;p {{ﬂ}) .

where Ap min, Apmax — are the minimum and maximum values of the
peak wavelength 2, Cy2 is the concentration at the inflection point,
and s is the slope parameter. The lower value of C;, for GSSG than
for GSH can be ascribed to the higher 2D nucleation rate for the
disulfide where each GSSG molecule contributes 2 GS~ moieties
to the forming 2D nucleus.

3.3. Long-term monitoring of GSH-mediated AuNP assembly by
resonance light scattering

The temporal evolution of RELS signal at /ey = 640 nm, for a 2.5
nM AuNPs,,, after addition of GSH (5 mM final concentration), is
presented in Fig. 7, for the time span of 10 h. Immediately after
GSH injection, a jump of scattering occurs (stage I). This initial reac-
tivity, completed within 1 min of GSH injection, represents a
straight vertical line in Fig. 7. As discussed in the next section, the
ligand-exchange and GSH-mediated AuNP assembly into small
ensembles are responsible for this large change in the scattering
cross-section. The initial jump of scattering is followed by a slow
exponential decrease of scattering (stages Il and III) which is attrib-
uted to the film ordering and relaxation after the completion of the
ligand-exchange and formation of small assemblies. This process
lasts approximately 4.5 h. The duration of the first part of the decay
(stageIl)is approximately 1.5 hand resultsin a 12% decrease in RELS
intensity. This period is then followed by ca. 3 h of very slow scatter-
ing changes (stage Il of apparent colloid stability). After that a slow
decay of scattering is observed (stage IV) which is due to Caynp deple-
tion arising from the sedimentation of assemblies. Control experi-
ments indicate on a decrease of absorbance and thus confirm the
solution depletion due to sedimentation. This is also corroborated
by the observation of precipitated networked AuNP material after
24 h. Larger particles (e.g. AUNP,» ;) are more likely to show screen-
ing of incident light for other AuNP,,,,, bound in ensembles. Also,
the sedimentation begins immediately after the addition of GSH.
These might be the main reasons why the decrease of RELS was
observed in Fig. 2. To the increased speed of sedimentation may also
contribute nanoparticle crystallinity which is higher for AuNPy,,m,
than for AuNPs,,, which are spherical. The AuNP,,,,, nanocrystals
have large flat surfaces and the attachment of two particles becomes
then much stronger since the interparticle interactions are stronger.
This in turn induces the formation of larger aggregates for which
both the screening is more efficient and precipitation is faster.

3.4. Mechanistic aspects of the interactions of GSH with AuNP

On the basis of measurements described in previous sections,
we have evaluated the pathways of GSH interactions and reactivity
with core-shell gold nanoparticles. Before presenting the mecha-
nism, it is necessary to assess changes in the thickness of AuNP
protecting monolayers. The thickness of a citrate shell around a
AuNP is from 0.38 nm (flat orientation) to 0.70 nm (vertical, fully
extended orientation) and the height of a GSH molecule adsorbed
on a Au is on the order of 1.18 nm based on EQCN measurements
and quantum chemical evaluation [30] for GSH adsorbed on solid
QC/Au piezoelectrodes. The structure and dimensions of Cit and
GSH molecules are shown in Fig. 8. During the ligand exchange
(AuNP@Cit + GSH = AuNP@GSH + Cit), the diameter of a single
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Fig. 7. Upper panel: (a) temporal evolution of RELS intensity at A = 640 nm for a 2.5
nM AuNPs,,,, nanoparticle solution after injection of 5 mM GSH. Lower panel: HR-
TEM images obtained during a GSH-induced AuNP assembly; increasing density of
AuNP networks from (b) to (e).

AuNP, with core of 5 nm dia., would increase from ca. 6.4 nm to
7.4 nm, or by 15.6%. This is rather a small change of the diameter
and so it cannot account for the observed 9-fold scattering inten-
sity increase observed upon injection of GSH to AuNPs,,, solution.
The change in the refractive index on ligand replacement is small
due to the similarity of organic shells and is thus neglected. There-
fore, upon addition of GSH to a solution of citrate-capped AuNP, a
GSH-mediated assembly of AUNP@GSH must take place.

According to our estimates based on RELS measurements, the
diameter of the assemblies is approximately doubled (the effective
diameter: a, = 2.1 ao, where ay is the diameter of the original cit-
rate-capped AuNP). The GSH-capped AuNP assemblies are depicted
in Fig. 8.

During the film relaxation period (stage II), the newly formed
GSH SAM is being compacted and the film ordering processes take
place. It is also rational to assume that any intermediate structures
composed of linker molecules present in the interparticle space are
disassembled and removed in favor of more stable direct particle-
to-particle bonding through the zwitterionic and H-bond forces.
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@

1.18 nm

0.70 nm

citrate

¢
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Fig. 8. (a) Comparison of heights of AuNP capping molecules: citrate and glutathionate (atoms: yellow - sulfur, red - oxygen, blue - nitrogen, gray - carbon, light gray -
hydrogen); (b) small assemblies of n GSH-linked AuNP with diameter 2ay < a < 3ao (n = 3 to 6, marked at the assemblies), where q, is the diameter of single AuNP (n = 1). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.5. Interparticle hydrogen bonding and electrostatic interactions

In order to verify the feasibility of the mechanism presented
above, molecular dynamics simulations and quantum mechanical
calculations of structural interdependencies of interacting molecu-
lar capping agents and cross-linkers were conducted.

The initiating interactions of GSH molecules with citrate-
capped AuNP is likely to break hydrogen bonds between citrate
molecules in the citrate SAM on AuNP making the citrate ligands
more vulnerable to be pulled out the SAM. One example of such
bonding between GSH linker and citrate-capped AuNP is presented
in Fig. 9a. The ligand-exchange that follows leads to the complete
replacement of weakly bound citrate SAM with more strongly
bound GSH-SAM on account of the strong Au-S bonding. While
in the stage I of GSH interactions with AuNP the ligand-exchange
is completed, provided that sufficiently high concentration of
GSH is used (Cgsy > 2.5 mM), it is likely that interparticle linker
structures are formed which facilitate the fast assembly of AuNP,
as indicated by the large jump in the scattering intensity. It is ra-
tional to assume that these structures (e.g. AUNP@GSH - GSH(aq)
- AuNP@GSH) release the linker molecules during the relaxation
stage II in favor of directly bonded particle-to-particle ensembles
with strong zwitterionic and hydrogen bonding. An example of
such interparticle bonding is presented in Fig. 9c. This process rep-
resents compacting of ensembles and is therefore reflected in the
decrease of scattering. The experimental decrease of ca. 12% of
scattering is consistent with this model. Due to the flexibility and

intrinsic multiple-functionality of GSH ligands, a wealth of inter-
particle interactions becomes possible. Hence, the interparticle
interactions of GSH-capped AuNP have been further analyzed by
considering the formation of multiple hydrogen bonds as depicted
in Fig. 10. It is seen that there are several possibilities for the for-
mation of hydrogen bonds, from a single H-bond up to a triple
H-bond. In Fig. 10a, a single H-bond COOH'-COOH” formed be-
tween COOH groups from two GSH molecules is presented. In
Fig. 10b, another single H-bond COOH-NH, is shown which forms
between COOH group from one GSH molecule and NH; group from
another GSH molecule. Then, in Fig. 10c-e, double H-bonds are
presented. They can be formed as follows: (c) two H-bonds on
the same couple COOH'-COOH” where one carboxyl is from one
GSH molecule and one from the second GSH molecule; (d)
COOH’-COOH” and COOH’-COOH"’, where the same COOH’ from
one GSH molecule forms two H-bonds with two different carboxyl
groups COOH” and COOH"’ from the second GSH molecule; (e) one
H-bond COOH'-NH, and one COOH”-COOH where two different
carboxyl groups (COOH’ and COOH”) in one GSH molecule are in-
volved. A triple H-bond is shown in Fig. 10f: two H-bonds in one
carboxylate couple COOH'-COOH” plus one H-bond COOH"'-NH,.
This means that there is a lot of configurational flexibility in GSH
molecules to achieve one- to triple-H-bonding and thus the ensem-
bles of GSH-capped AuNP are considerably strengthened by the
selection of H-bonding opportunities.

The formation of hydrogen bonds is augmenting strong zwitter-
ionic interactions due to the polarized groups COO -NHj operat-
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Fig. 9. Mechanism of interactions of GSH with gold nanoparticles: (a) formation of interparticle linkages, (b) ligand exchange, (c) interparticle hydrogen bonding; gold

nanoparticles drawn not-to-scale; in (b): electron density surfaces for a model citric acid and glutathione for electron density d = 0.1 au

-3, color coded electrostatic potential:

from blue - positive, to red - negative potential. Internal hydrogen bonds are also seen in citric acid and glutathione in (b). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

ing in the pH range from 2.04 to 3.4. At pH <2.04 and pH >34,
electrostatic repulsions become the dominant force in the interpar-
ticle interactions between GSH-capped gold nanoparticles.

The results presented above corroborate the mechanism of
interactions of glutathione molecules with citrate-capped gold
nanoparticles, the formation of GSH linkages, and the interparticle
interactions of AuNP.

4. Conclusions

We have demonstrated that RELS spectroscopy can provide a
wealth of information about the interactions of small biomolecules,
such as glutathione, with gold nanoparticles and can be applied to
monitor the ligand-exchange processes followed by AuNP assembly.
The RELS spectroscopic measurements, in conjunction with plas-
monic UV-Vis absorbance and HR-TEM imaging, have revealed that
the interactions of glutathione with gold nanoparticles are complex
and proceed through several stages: (i) ligand-exchange and inter-
particle cross-linking resulting in AuNP assembly, (ii) relaxation of

AuNP ensembles with GSH-SAM ordering and disassembly of inter-
particle linker structures evidenced by the decrease in light scatter-
ing, (iii) period of a metastable colloidal solution (steady-state), (iv)
further aggregation with sedimentation. Strong dependence of scat-
tering cross-section on GSH concentration has been found for small
AuNP (5 nm dia.) with 9-fold increase of RELS intensity I (for
Caunpsnm =~ 10 nM and Cgsy > 2.5 mM). The calculated effective
diameter of assemblies is 2.1ag indicating on the formation of small
ensembles (2-6 original nanoparticles). For larger AuNP (22.5 nm
dia.), an opposite effect has been observed where the addition of
GSH caused a sharp decrease in I, ascribed to more extensive
assembly and sedimentation of aggregates. Indeed, the time-re-
solved assembly and sedimentation stages in GSH-linked AuNP net-
work formation have been observed in long-term monitoring of
GSH-AuNP interactions by RELS for smaller, more stable, AUNPs,,
nanoparticle systems. The ligand exchange (citrate for GSH) has
been found to deviate from the first-order Langmuirian Kinetics
observed for some longer chain thiols [83,84] and the obtained
characteristics Isc = f{Cgsy) appear to be a sigmoidal threshold
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Fig. 10. Hydrogen bonding between two glutathione molecules from shells of two interacting AuNP; H-bonds marked with a dotted line; atoms: yellow - sulfur, red -
oxygen, blue - nitrogen, gray - carbon, light gray - hydrogen); GSH molecules are separated with a red dashed line. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

function resembling that obtained recently for homocysteine ligand
[71]. Such a ligand-exchange process is likely to encompass a 2D
nucleation and growth process rather than a random place-ex-
change. The observed SP band broadening and bathochromic shift
are consistent with the ligand-exchange and GSH-induced AuNP
assembly. These control experiments support the conclusions
drawn from the results of RELS measurements. Molecular dynamics
and quantum mechanical calculations corroborate the interparticle
interactions with zwitterionic and multiple H-bonding leading to
GSH-induced AuNP assembly observed experimentally. We have
found the RELS spectroscopy to be very useful in elucidating mech-
anistic aspects of interparticle interactions. The application of RELS
can be expanded to monitor reactivities and assembly of other
monolayer-protected metal clusters, especially for very fast pro-
cesses which cannot be followed by other techniques.
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