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ABSTRACT: The conformation of molecules, peptides, and proteins, self-
assembled into structured monolayers on the surface of metal nanoparticles
(NPs), can strongly affect their properties and use in chemical or nanobiomedical
applications. Elucidating molecular conformations on the NP surface is highly
challenging, and the microscopic details mostly remain elusive. Using polarization-
selective third-order two-dimensional ultrafast infrared spectroscopy, we revealed
the highly ordered intermolecular structure of γ-tripeptide glutathione on the surface
of silver NPs in aqueous solution. Glutathione is an antioxidant thiol abundant in
living cells; it is extensively used in NP chemistry and related research. We identified conditions where the interaction of
glutathione with the NP surface facilitates formation of a β-sheet-like structure enclosing the NPs. A spectroscopic signature
associated with the assembly of β-sheets into an amyloid fibril-like structure was also observed. Remarkably, the interaction with
the metal surface promotes formation of a fibril-like structure by a small peptide involving only two amino acids.

Functionalized nanomaterials have recently been the focus
of extensive scientific research directed toward better

understanding the interaction of their surfaces with (bio)-
molecules.1−4 Having a detailed understanding of factors
affecting the self-assembly of molecules, peptides, and proteins
on the surface of noble-metal nanoparticles (NPs) is important
for numerous applications, including nano-optics,5 biosensors,6

heterogeneous catalysis,7 NP-based drug delivery,8,9 etc.10,11

The microscopic structure of the self-assembled molecular
monolayer (SAM) can have an enormous effect on the NP
properties, for example, facilitating efficient cell membrane
penetration.12 Glutathione (GSH) is a tripeptide (γ-Glu-Cys-
Gly) whose thiol group acts as an antioxidant in cells, where
GSH is abundant; it is extensively used as a NP capping
ligand.13 The uptake of the GSH-protected NPs by cancer cells
was found to be superior to NPs with mixed SAMs involving
GSH molecules.14,15 Small GSH-coated gold NPs were
proposed as an efficient cell delivery system16 and as amyloid
fibril inhibiting agents.11 Presumably, these special properties
of the GSH-coated NPs stem from the multiple possibilities
available for intermolecular hydrogen bonding in GSH,
allowing for the formation of the organized capping layer by
this ligand.17−20

A detailed structural characterization of intermolecular and
molecule−NP surface interactions is needed to fully explore
opportunities for the rational design of SAMs in NP
applications;21−23 however, achieving such a characterization
is often challenging.23−27 GSH monolayers on gold surfaces
were extensively studied by various methods.28−33 It was
revealed that in aqueous solutions GSH attaches to the metal
via the cysteine, and that at a pH range of 4−9, it appears in
anionic (Gly) and zwitterionic (Glu) forms.19,20,28−33 How-
ever, despite the extensive investigations, a detailed micro-
scopic picture of the GSH SAM structure has remained elusive.

Herein, we meet this challenge by applying a full arsenal of
two-dimensional ultrafast infrared spectroscopy (2DIR)
tools.34−37 In 2DIR, the spectrum is spread in two dimensions
allowing for separation of the line shape components and
resolving molecular conformations with congested spectra. The
cross-peaks indicate the coupling between the vibrational
modes and the associated transfer of the vibrational
excitation.38−40

In studies of biomolecules, infrared spectroscopy of amide
carbonyl stretching vibrational mode (amide-I) is particularly
informative.41 Indeed, 2DIR spectroscopy of free GSH in
solution indicates coupling between its two amide-I modes
with the corresponding cross-peaks, facilitating their assign-
ment. On the other hand, GSH SAMs on the NP surface
reveals spectroscopic signatures of the molecular organization,
typical of the β-sheets formed in proteins and peptides.41−44

Here, the coupling between multiple amide-I modes of the
amino acids comprising the β-sheet results in the appearance of
a collective delocalized exciton mode, red-shifted from their
individual transitions.45,46 Recently, Lomont et al.47 found that
in contrast to β-sheet-rich oligomers, when amyloid fibrils are
formed, stronger coupling between the amide-I modes leads to
the emergence of an additional red-shifted transition. Similar
signatures were observed in our experiments, suggesting that
GSH SAM is organized in β-sheet-like and fibril-like structures.
The GSH molecules were self-assembled on the surface of

the 40 nm silver NPs;48 the pH of the solution was 5.5. Linear
absorption of the amide-I mode of free GSH in D2O (Figure
1A) shows several overlapping broadband transitions. 2DIR
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spectroscopy (Figure 1B) resolves the congested spectra into
four peaks assigned to amide-I transitions in Cys and Gly (ωex

= 1665 and 1645 cm−1) and to the antisymmetric stretching of
the deprotonated carboxylic groups of the Glu and Gly units
(ωex = 1618 and 1595 cm−1).29,49 This assignment is
supported by the ability of the polarization-selective 2DIR to
identify the intermode coupling.38,39 A series of waiting time
(Tw)-dependent spectra recorded for pD values of 2, 5.5, and
12 are shown in Figure 2. For the all-parallel polarization of the
excitation pulses, ⟨XXXX⟩, the cross-peak between the coupled
amide-I modes is not seen clearly at Tw = 0.3 ps; however, it
becomes noticeable at Tw = 1.5 ps. For the cross-polarized
pulse sequence, ⟨YYXX⟩, the cross-peak becomes clearly visible
at ωex = 1645 cm−1; ωdet = 1670 cm−1, especially at Tw = 1.5
ps.39 This trend was observed for all pD values. At low pD
values, both carboxyl groups in glutathione are protonated
(pKa = 2 and 3.4 for Glu and Gly, respectively), and the
carboxylic stretching transitions appear at ωex = 1730 cm−1.
This transition is gradually replaced by bands at ωex = 1618
and 1595 cm−1 when the pD value rises; the latter is especially
intensified after the deprotonation of the amine on the Glu
unit (pKa = 9.5), as seen in Figure 2.29 Finally, the cross-peak
at ωex = 1618 cm−1; ωdet = 1675 cm−1 suggests mode
connectivity because of the short intramolecular distance
between the carboxylic stretching and the amide-I modes of
Gly.50,51

In contrast to the free GSH, the linear spectrum of GSH
SAM (Figure 1C) shows two narrowed transitions at ωex =
1628 and 1604 cm−1. The former is the well-known marker of
the vibrational exciton of β-sheets,45,52,53 whereas the latter
suggests a fibril-like structure.47 The corresponding 2DIR
spectrum in Figure 1D remarkably resembles that of the
amyloid fibrils in ref 47. To quantitatively analyze the spectrum
we fitted the linear spectrum of the SAM GSH and the
diagonal slice of its 2DIR spectrum to two peaks, as shown in
Figure S2. Assuming similar strengths of the transition dipole
moments of the β-sheet-like and fibril-like structures, the ratio

Figure 1. Infrared spectroscopy of GSH. Linear absorption (A) and
2DIR spectrum (B) of a 0.1 M solution of free GSH in D2O, pD 5.5.
Linear absorption (C) and 2DIR spectrum (D) of SAM GSH on the
surface of 40 nm silver NPs. GSH molecules are illustrated above with
the transition dipole moments of the amide-I modes indicated by red
arrows. Both parallel and antiparallel β-sheet-like conformations are
illustrated; see text for discussion.

Figure 2. Polarization-selective 2DIR spectroscopy of free GSH. The polarization of the excitation pulses and the waiting times corresponding to
the spectra in each column are indicated at the top. The pD values for each row appear on the right.
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of the peak areas for both linear and 2DIR spectra represents
the ratio of the concentrations of the two conformations. We
obtained that ca. 15% of the sample adopts fibril-like
conformation, as compared to the 25% reported in ref 47 for
amyloid peptides.
Reduction in both the inhomogeneous and the homoge-

neous line width of the SAM GSH, as compared to the free
GSH, is reflected in the diagonal and the antidiagonal width of
the 2DIR peak, respectively. The line narrowing is consistent
with the formation of the ordered intermolecular structure
constrained to the NP surface.23,54 Narrower line shapes
generally indicate slower molecular dynamics. The correlation
function of the frequency fluctuations (FFCF), reflecting
SAMs’ ultrafast dynamics, decays slower, compared with that
of free molecules in solution.55,56 For a single-oscillator
transition, the Tw-dependence of the nodal line slope (NLS)
of the 2D peak serves as a measure of the spectral diffusion.57

In the cases of coupled vibrational modes (free GSH) and
excitonic transitions (GSH SAM), equilibration of the
excitation between the coupled modes can scramble the NLS
signature of the FFCF decay. However, even though the NLSs
in our data cannot be strictly associated with the FFCF, it can
still serve as a parameter qualitatively describing the very
different spectral evolution observed in the free GSH and GSH
SAM.58,59

The evolution of the NLS for free and SAM GSH evaluated
at the lower amide-I transition frequency is compared in Figure
3. The NLS of the free GSH signal decays exponentially (τ =

0.35 ± 0.1 ps) to an offset amplitude representing static
inhomogeneity of the transition. Note that this decay is
significantly faster than the population transfer between the
coupled amide-I modes leading to growth of the cross-peaks in
Figure 2.40 On the other hand, the NLS of SAM GSH appears
as a straight line on the experimental time scale (limited by the
vibrational relaxation of the amide-I mode). Although its decay
is so slow that the time constant cannot be estimated, it is clear
that the static inhomogeneity is smaller for the SAM GSH.60

The lower initial value of the NLS of SAM GSH, compared to
that of free GSH, indicates a larger relative contribution of the
homogeneous component to the total line width. However, the
static inhomogeneity is smaller, the overall width is reduced,
and the slowing of the Tw-dependent dynamics of the SAM
GSH transition is evident. These observations suggest a highly
ordered molecular structure of the SAM GSH.

In the pD 5.5 solutions of free GSH, the signal associated
with the protonated fraction of the carboxylic groups is not
observed. Regarding SAM GSH, the corresponding transition
appears 6 times weaker than that of the amide-I band in the
linear spectrum (Figure S3) and 40 times weaker in 2DIR. The
presence of this transition provides interesting information on
the GSH SAM structure. Because the pKa value of Gly carboxyl
is higher than that of Glu, it is more prone to protonation, for
example, by the Glu amine of the neighboring strand, available
for hydrogen bonding in the β-sheet arrangement. At the same
time, in contrast to free GSH, no transition associated with the
anionic carboxyl groups is seen for GSH SAM. This can be
rationalized by the sensitivity of the SAM conformation to the
silver surface charge. At high pD values, the surface of the silver
NPs61 is negatively charged by the adsorbed hydroxyl anions,
whereas at low pD values the surface charge is positive, and the
point-of-zero-charge is at pD 7, as estimated by Merga et al.62

Thus, at pD 5.5 the carboxyl anions are prone to interact with
surface cations. This interaction leads to elimination of the
carboxyl stretching transition from the spectral region
monitored in our experiment either because of the strong
deformation of the electronic potential, leading to a dramatic
shift of the transition frequency, or because of the orientation
of the transition dipole parallel to the surface and manifestation
of the surface selection rules.63

In order to test the sensitivity of the β-sheet conformation to
the solvation environment, we added to the GSH-capped NP
solution either metal ions (BaCl2) or alkali base (KOD).
Barium ions compete with the positively charged NP surface,
because they are chelated by the carboxylic anions,28 leading to
a conformational change in GSH SAM and disruption of β-
sheets.64 The corresponding spectra in Figure 4A,B show

transitions at ωex = 1665 and 1645 cm−1, similar to those of
free GSH at low pD values. Analysis of the NLS of the amide-I
transition (Figure 3) shows that FFCF decays at a rate similar
to that of free GSH (τ = 0.24 ± 0.12 ps); however, the
contribution of the homogeneous component to the line shape
is smaller and the inhomogeneity increases. Subsequently,
deuteryl anions disrupt β-sheets by passivating the NPs, which
leads to the carboxyl groups repulsing from the surface. The

Figure 3. Spectral diffusion of GSH. Circles, experimental values of
the nodal line slope; lines, their fit to the data. Black, free GSH
molecules, pD 5.5; red, SAM GSH; orange, SAM GSH with BaCl2
added to the sample, pD 3.5; blue, SAM GSH with KOD added to the
sample, pD 12.

Figure 4. Infrared spectroscopy of disrupted GSH SAM. Linear
spectroscopy (A) and 2DIR (B) of GSH SAM on the NP surface,
when BaCl2 was added into the solution. Linear spectroscopy (C) and
2DIR of GSH SAM on the NP surface, when KOD was added into
the solution.
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corresponding spectra in Figure 4C,D resemble those observed
for solutions of free GSH at high pD values, with emphasized
transition at ωex = 1595 cm−1. Analysis of the NLS (Figure 3)
indicates that also here static inhomogeneity exceeds that of
free GSH.
Recently, Mandal et al.65 observed that leucine-rich peptide,

fully helical in solution, assembles into an antiparallel β-sheet
on the surface of 5 nm NPs (ωex = 1625 cm−1) but not on the
surface of larger 20 nm NPs and on flat surfaces. In contrast,
Shaw et al.54 observed that the fraction of the parallel β-sheet
formed by the amyloid-derived peptide (ωex = 1665 and 1640
cm−1) increased with NP size. Our own results for GSH SAM
on the surface of 2 nm silver NPs66 indicate that β-sheets are
not formed and that the corresponding spectra (Figures S3 and
S5) qualitatively resemble those of free GSH at pD 5.5,
illustrating the critical role of surface flatness in promoting the
formation of GSH β-sheets. Di Gregorio et al.67 noted that
chiroptical signal of the GSH-capped silver nanocubes vanishes
upon raising the pH. Indeed, in our samples we observed that
the β-sheet’s circular dichroism, a positive transition at 203 nm,
disappears upon addition of the barium or deuteryl ions
(Figure S6), confirming disruption of β-sheets.
In 2DIR spectroscopy, the parallel and antiparallel β-sheets

are distinguished by the cross-peaks appearing in the latter
case.45,46,52,68 On metal NPs, the electromagnetic boundary
conditions require that direction of the electric field is normal
to the surface69,70 and surface selection rules are implied.63

The low-frequency amide-I exciton mode of the β-sheet has
transition dipole moment perpendicular to the strand axis.71

For the parallel β-sheet, the transition dipole is inclined to the
plane of the sheet, such that if the sheet lies parallel to the
metal surface, its out-of-plane component would survive the
selection rules. On the other hand, for the antiparallel β-sheet,
the corresponding transition dipole moment is in-plane with
the sheet71 and would not be observed. The weaker high-
frequency exciton mode of the antiparallel β-sheets has
transition dipole moment parallel to the strand, in-plane with
the sheet.71 Thus, any signal from the antiparallel β-sheet
whose plane is parallel to the NP surface would vanish.
Interestingly, we have not detected high-frequency transition
associated with the antiparallel beta-sheet nor the correspond-
ing cross-peaks in the polarization-selective measurements of
SAM GSH (Figure S4), suggesting that if any antiparallel β-
sheet SAM is formed, its plane is parallel to the NP surface and
it is not observed in our measurements. Therefore, the signal
reported in the present work represents the parallel β-sheet
SAM. Interestingly, it is in contrast to conclusions of NMR
studies of the oxidized disulfide GSH dimer, self-assembled
into gels, where antiparallel β-sheets are stabilized by the
restricted rotation about the disulfide bond.17

In conclusion, using polarization-selective 2DIR spectrosco-
py, we revealed molecular conformations of GSH on the
surface of silver NPs. The thiol−silver bonds and the
interaction of the carboxylic anions with silver surface cations
facilitate formation of the β-sheet-like and fibril-like structures
enclosing the NP. Remarkably, the fibril-like structure is
formed by a small peptide with only two amino acids. A weak,
yet visible signal of the protonated carboxyl is also seen, when
β-sheets are formed. The conformation of the β-sheet appears
predominantly parallel; however, we cannot rule out the
presence of the antiparallel β-sheets, whose plane is parallel to
the NP surface. The structural response of β-sheets to a change
in the environment is important not only for the chemical and

nanotechnological applications of the GSH-capped NPs but
also for NP-based medicine, because GSH is abundant in the
cytosol and can potentially exchange with various NP ligands.
Internalized NPs with GSH SAM eventually reach the acidic
lysosome, where the fibril-like structure on their surface may
initiate various processes.72
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