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ABSTRACT

Fluorescent peptides were covalently attached to the surface of ultrasmall gold nanoparticles (2 nm), that is, FITC-AlaCys, FITC-
Ala-Ala-Ala-Cys, and Trp-Ala-Cys (WAC). For comparison, the fluorescent dye AlexaFluor-647 was attached to glutathione-coated
gold nanoparticles via click chemistry. Each particle carried between 10 and 20 fluorescent ligands, except for WAC where about

60 peptides were attached to each nanoparticle. The photophysical properties of dissolved and nanoparticle-conjugated dyes were

assessed by UV-Vis and fluorescence spectroscopy, including measurements of the absolute photoluminescence quantum yields at

the same dye concentration. After conjugation to the nanoparticles, the quantum yield decreased by a factor of 10 to 20 in the FITC

systems but only by a factor of 1.5 in the AlexaFluor-647 system. The intrinsic fluorescence was almost completely lost for WAC
after conjugation to the nanoparticles. The fluorescence intensity at temperatures up to 85°C showed a decrease with temperature
in all cases which was stronger for dissolved dyes than for nanoparticle-conjugated dyes. The fluorescence was fully recovered
after cooling back to ambient temperature, that is, there was no permanent change of the particles caused by heating.

1 | Introduction

Metallic nanoparticles are of considerable importance in vari-
ous scientific areas, for example, in heterogeneous catalysis or
biomedicine [1-5]. Their synthesis is now very advanced, with
many (usually noble) metals and their alloys available as core
material. Nanoparticles with a diameter of 10-15 nm show a
typical surface plasmon resonance that gives gold colloids their
classical red color [6]. The absorption and emission near the
optical range can also be used to prepare metal nanoparticles

for the absorption of NIR radiation, for example, for local tumor
thermotherapy [7-10]. Ultrasmall metal nanoparticles with a
diameter of 1-3 nm are much smaller and do not show a plasmon
resonance [1, 11-16]. On the other hand, they do not quench
the fluorescence of attached ligands, unlike plasmonic metal
nanoparticles that cannot be fluorescently labeled due to strong
quenching [6]. Thus, they can be used as fluorescent probes,
for example, in cell culture or in tissues [17-20]. Along the
same line, ultrasmall nanoparticles can be analyzed by NMR
spectroscopy in dispersion, which is impossible for plasmonic
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FIGURE 1 | Schematic picture of ligand-conjugated ultrasmall gold nanoparticles, drawn to scale. The estimated distance between the gold surface

and the fluorophore is indicated, assuming an expanded conformation of the connecting ligand.

nanoparticles [21-23]. This opens a convenient way to analyze the
ligand shell around the metal core and to quantify the number of
attached ligands [24]. If the ligands are UV-Vis absorbing, they
can also be quantified by UV-Vis spectroscopy by application of
Lambert-Beer’s law [25].

Considerable efforts have been devoted to understanding the
optical behavior of gold nanoparticles with attached dyes [10,
26-30]. It was demonstrated for large gold nanoparticles (5 to
10 nm) that plasmonic interactions lead to strong quenching of
an attached fluorophore, with the nanoparticles absorbing the
excitation energy of the dye and converting it into heat [31, 32].
This was observed for molecules that are close to the metal
core [30, 32, 33]. In that case, fluorescence quenching occurs
mainly by non-radiative deactivation pathways. However, it was
also shown that the emission can be increased by the presence
of a metal nanoparticle core. In particular, larger nanoparti-
cles (>20 nm) with attached fluorophores showed a significant
emission enhancement. Plasmonic gold nanoparticles (>3 nm)
can enhance the local electromagnetic field. This amplification
can intensify the absorption and emission of the fluorophore,
increasing the fluorescence signals. The ideal distance between
fluorophore and nanoparticle surface for this amplification is
about 5-10 nm [33, 34]. Chhabra et al. studied the dependence
of the fluorescence intensity on the distance to the metal core
on gold nanoparticles of 5 or 10 nm diameter by adjusting the

distance between the nanoparticle and fluorophore with rigid
DNA oligonucleotides. Notably, a strong quenching was observed
below a distance of 5 nm [32]. It was demonstrated that the
quenching decreases with about d-* with d the distance between
the metal surface and the fluorophore [26, 32, 35].

Fluorescently labeled peptides [36, 37], nucleic acids [38],
nanobodies [39], and precision polymers [40] have all been
covalently attached to the surface of ultrasmall gold nanopar-
ticles. Fluorescent dyes have been conjugated to the surface of
ultrasmall gold, platinum, and silver-platinum nanoparticles via
click chemistry, for example, to follow the nanoparticle pathway
inside cells [41]. However, the photochemistry of fluorescently
labeled molecules that are attached to ultrasmall nanoparticles
has not yet been studied in detail. A practically important
aspect is the degree of quenching by the metal core, as this
determines the efficiency of fluorescent labeling, a decisive factor
if such nanoparticles are prepared as theranostic probes. Clearly,
the distance between the metal surface and the fluorophore is
important.

Here, we report on a quantitative spectroscopic study where
fluorescently labeled peptides were covalently attached to the
surface of ultrasmall gold nanoparticles via a terminal cysteine.
In addition, a tripeptide containing the fluorescent amino acid
tryptophan or the classical dye AlexaFluor-647 was attached to
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FIGURE 2 | HRTEM images of peptide-conjugated ultrasmall gold nanoparticles with corresponding particle size distribution (Au-CA-FITC, Au-
CA3-FITC, and Au-WAC), determined by a machine learning approach [43]. The Au-GSH-AF647 nanoparticles had an average diameter of 2.5 + 1.1 nm,

as reported earlier (see Ref. [24] for the corresponding HRTEM image).

gold nanoparticles. Fluorescence intensities were measured, also
as a function of temperature, and related to the nature of the dye.
Absolute photoluminescence quantum yields gave a quantitative
view. All particles were characterized in-depth, including the
number of fluorescent molecules on each nanoparticle. This is
imperative to obtain quantitative photophysical data at the same
dye concentrations.

2 | Materials and Methods
2.1 | Reagents

Tetrachloroauric acid was prepared by the dissolution of elemen-
tal gold in aqua regia. Hydrochloric acid (HCI, 37%) and nitric
acid (HNO;, 67%) were obtained from Bernd Kraft (Duisburg,
Germany). The peptides FITC-alanine-cysteine (denoted as CA-
FITC in the following), FITC-alanine-alanine-alanine-cysteine
(denoted as CA3-FITC in the following), and tryptophan-alanine-
cysteine (denoted as WAC in the following) were obtained from
Caslo (Kongens Lyngby, Denmark). The sequences are given
from N- to C-terminus, but the short abbreviations used in
this manuscript start with the cysteine to indicate the binding
sequence from the gold surface. Sodium borohydride (NaBH,,
>96%) and 3 kDa spin filters were obtained from Merck (Darm-
stadt, Germany). Deuterium oxide (D,0, 99.9%) was obtained
from Deutero GmbH (Kastellaun, Germany). Ultrapure water
(Purelab Flex 2 Ultra, 18.2 MQ, ELGA) was used for all syntheses
and characterizations.
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FIGURE 3 | Differential centrifugal sedimentation (DCS) of peptide-
conjugated ultrasmall gold nanoparticles. Neither aggregates nor larger
aggregates were present.

2.2 | Methods and Instruments for
Characterization

Differential centrifugal sedimentation (DCS) was performed on
a CPS Instruments DC disc centrifuge (24 000 rpm). Dodecane
(0.5 mL) was used to prevent evaporation, and polyvinyl chloride
particles with a defined size of 483 nm provided by CPS were
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FIGURE 4 | Infrared spectra of ligands (black) and dried nanoparticles (red), showing the presence of the conjugated peptides.

used as calibration standard. HRTEM was performed with an
aberration-corrected FEI Titan transmission electron microscope
equipped with a Cs-probe corrector (CEOS Company) at a voltage
of 300 kV [42]. The program ANTEMA was used to determine
the particle size distribution [43]. Infrared spectroscopy was
performed on dried nanoparticles in KBR pellets with a Vertex
70 spectrometer (Bruker). UV-Vis measurements were performed
with a Genesis 50 instrument (Thermo Scientific) from 200 to
800 nm in a 600 pL quartz cuvette. A Cary Eclipse spectrometer
(Agilent Technologies, Santa Clara, CA, USA) was used for
fluorescence spectroscopy in quartz glass cuvettes (600 uL sam-
ple volume). Absolute photoluminescence quantum yields were
determined in quartz glass cuvettes (600 puL sample volume) with
an RF-6000 spectrofluorometer (Shimadzu Corporation, Japan)
equipped with an ISR-6000 integrating sphere. The excitation
wavelengths were as follows: CA-FITC and CA3-FITC: 491 nm;
AF647: 645 nm; WAC: 280 nm.

Atomic absorption spectroscopy (AAS) was performed with a
Thermo Electron M-Series spectrometer (graphite tube furnace;
operated according to DIN EN ISO/IEC 17025:2005) to determine
gold concentrations. For this, 10 pL of a nanoparticle dispersion
was dissolved in 990 pL aqua regia and diluted with 4 mL
water.

For NMR spectroscopy, the particles were dispersed in 540 pL
H,0/60 uL D,0. All measurements were performed with a Bruker
Avance Neo 400 MHz spectrometer with water suppression.
DOSY measurements were carried out on a Bruker Avance III
700 MHz spectrometer equipped with a cryo-probe [36].

2.3 | Synthesis of Gold Nanoparticles

All particles were synthesized according to a modified Brust-
Schiffrin synthesis [44]. Briefly, tetrachloroauric acid (20 pmol,
3.94 mg Au) was added to 50 mL degassed water. The corre-
sponding peptide (60 umol) was dissolved in 1 mL water and
then quickly added to the reaction mixture. A decolorization of
the reaction solution occurred. After 10 min stirring, 6.06 mg
of sodium borohydride (160 umol) dissolved in 800 uL ice-cold
water was quickly added, resulting in a brown color of the
dispersion. The particles were isolated by spin filtration in 3 kDa
Amicon spin filters at 4000 rpm (2500 g) for 40 min and then
washed seven times with water. Although no systematic study
on the ratio of peptide to gold was performed here, the high
stoichiometric excess of peptide to gold (about 3:1 = n:n) probably
leads to the maximum surface coverage of peptides on the
particle surface. The dye AlexaFluor-647 (AF647) was attached
to the surface of glutathione-functionalized gold nanoparticles
via copper-catalyzed azide-alkyne cycloaddition (CuAAC; click
chemistry), as reported earlier [24, 38, 41].

3 | Results and Discussion

Two labeled peptides were selected, and the distance between
the fluorophore and the metal core was adjusted by the length
of the peptide chain. The ligands were FITC-Ala-Cys (CA-
FITC) and FITC-Ala-Ala-Ala-Cys (CA3-FITC). In addition, the
fluorescent peptide Trp-Ala-Cys (WAC) and the fluorescing dye
AlexaFluor647 were attached to the nanoparticles, the latter via
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FIGURE 5 | 'HNMR spectra of the ligand CA-FITC dissolved in DMSO-d, (top) and of Au-CA-FITC nanoparticles dispersed in 10% D,0/90% H,O

(bottom). The spectra were measured at ambient temperature at 400 MHz.

click chemistry on glutathione (GSH)-terminated nanoparticles.
Thus, our investigation comprised two peptides with FITC, one
with the autofluorescent tripeptide WAC, one with AF647, and
all corresponding nanoparticles. WAC was chosen for comparison
because the amino acid tryptophan is intrinsically fluorescent.
All gold nanoparticles investigated here are shown schematically
in Figure 1. The nominal distance of the fluorophore to the
surface of the gold nanoparticle varied between 0.9 and 2 nm,
not considering a possible backfolding of the ligands towards
the nanoparticle surface. However, as the surface is densely
coated with ligands, we can tentatively assume that the dye is
approximately in the distance from the surface, as depicted in
Figure 1. Of course, this is only a rough assumption; in reality,
there is probably a mixture of molecules in various configurations
on each nanoparticle so that the average distance between the
metal surface and the fluorophore is smaller than estimated in
Figure 1.

The particles were analyzed with respect to their size and
functionalization by high-resolution transmission electron
microscopy (HRTEM), DCS, UV-Vis spectroscopy (UV-Vis), and
'H NMR spectroscopy in dispersion, including diffusion-ordered
NMR spectroscopy (DOSY). Furthermore, the temperature-
dependent fluorescence and the absolute photoluminescence
quantum yield were determined.

HRTEM was used to determine the metal core diameters of
the particles (Figure 2). The particle size distribution was ana-
lyzed using the program ANTEMA [43]. All particles showed
a monomodal size distribution with spherical particles. The
average particle diameters were all below 2 nm, that is, all
particles were ultrasmall. Similar results were reported earlier for
ultrasmall gold nanoparticles functionalized with the unlabeled
peptides CA and CA3. Here, the core diameters were 2.07 nm
(Au-CA) and 2.15 nm (Au-CA3) [45].

The hydrodynamic diameter was determined by DCS.
Monomodal particle size distributions with average
hydrodynamic diameters of 1.2 to 1.3 nm were found (Figure 3).
The hydrodynamic diameters of 1.5 nm for Au-CA-FITC and
1.3 nm for Au-CA3-FITC nanoparticles agree well with earlier
results on gold nanoparticles carrying the unlabeled peptides
CA and CA3 [45]. Very similar results were found for Au-WAC
nanoparticles. The Au-GSH-AF647 nanoparticles had an average
diameter of 1.4 + 0.3 nm, in agreement with earlier results of
(1.4 + 0.2 nm) [24]. However, it is important to note that the
diameter of ultrasmall particles is systematically underestimated
by DCS as the method assumes the density of the metal core
and not the actual density of the hydrated particles including
the ligand shell, therefore resulting in an overestimation of
the density and consequently an underestimation of particle
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FIGURE 6 | 'H NMR spectra of the ligand CA3-FITC dissolved in DMSO-d, (top) and of Au-CA3-FITC nanoparticles dispersed in 10% D,0/90%
H,O0 (bottom). The spectra were measured at ambient temperature at 400 MHz.

diameter [46]. This effect becomes stronger for smaller particles
and thicker ligand shells, as shown earlier [24, 38]. Unfortunately,
neither dynamic light scattering (DLS) nor nanoparticle tracking
analysis (NTA) were possible with the ultrasmall nanoparticles.
The nanoparticles were too small to scatter the light [47, 48].
Therefore, these experiments could not be carried out.

Infrared spectra of dried nanoparticle samples are shown in
Figure 4. They confirm the presence of the ligands.

The successful attachment of the peptides to the nanoparticle
surface was confirmed by NMR spectroscopy. NMR spectroscopy
is not applicable to larger (plasmonic) nanoparticles because
signal intensity and resolution strongly decrease due to the
vicinity of the metal core. However, it is a suitable method for
ultrasmall nanoparticles, despite the fact that the NMR peaks
become broader and are shifted downfield [22, 24, 45, 49, 50].
NMR spectroscopy has also been applied to atom-sharp metal
clusters [51]. The free peptides were not sufficiently soluble in
H,0/D,0 due to the aromatic fluorophores, therefore the NMR
spectra were recorded in DMSO-d,. Figure 5 shows the NMR spec-
tra of dispersed Au-CA-FITC nanoparticles and of the dissolved
ligand CA-FITC. While the general signal pattern and J-couplings
remain, chemical shifts cannot be directly compared between
different solvents. In the spectrum of the nanoparticles, a clear
peak broadening was observed, suggesting successful binding to
the nanoparticle surface. The peak broadening results from a
decreased spin-spin relaxation time, which can be attributed to
the reduced mobility of the ligands due to their proximity to

the metal core [22]. As the spectrum was measured with water
suppression at 4.79 ppm, it is possible that neighboring NMR
signals were partially suppressed as well.

A distinct peak broadening was also visible for Au-CA3-FITC
nanoparticles (Figure 6). Both aliphatic and aromatic signals were
broadened, indicating a successful attachment to the surface.
As with Au-CA-FITC nanoparticles, it is possible that the water
suppression caused the suppression of nearby signals.

Figure 7 shows the NMR spectra of the dissolved peptide WAC
and of Au-WAC nanoparticles. The strong peak broadening and
the absence of narrow NMR peaks indicated that the conju-
gation was successful. The NMR spectrum of Au-GSH-AF647
nanoparticles was reported earlier [24].

Au-CA-FITC, Au-CA3-FITC, and Au-GSH-AF647 nanoparticles
were colloidally stable in water for several weeks. Only the Au-
WAC nanoparticles lost their colloidal stability after 1 day and
were, therefore, always freshly prepared and analyzed immedi-
ately after synthesis. The chemical stability of the other three
types of nanoparticles was investigated during dispersion in water
at ambient temperature for up to 7 days by 'H-NMR spectroscopy
(see Figures S4-S6). However, the particles were colloidally
unstable at high salt concentrations, for example, in PBS, where
agglomeration occurred.

'H-DOSY NMR spectroscopy was used to determine the hydrody-
namic diameter of water-dispersed nanoparticles [23, 52]. DOSY
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FIGURE 7 | 'H NMR spectra of the ligand WAC dissolved in D,O (top), and of Au-WAC nanoparticles, dispersed in 10% D,0/90% H,O (bottom).

The spectra were measured at ambient temperature at 400 MHz.

can distinguish between free ligands and surface-bound ligands
as they have different diffusion coefficients. Figure 8 shows
the Stejskal-Tanner plots of the 'H-DOSY NMR spectra of all
nanoparticles [53]. The hydrodynamic diameters were calculated
with the Stokes-Einstein equation from the diffusion coefficients,
giving hydrodynamic diameters of 2.2 + 0.4 nm and 3.5 + 0.7 nm
for Au-CA-FITC and Au-CA3-FITC, respectively. For compari-
son, hydrodynamic diameters of 3.1 and 3.8 nm were determined
earlier for Au-CA and Au-CA3 nanoparticles, respectively [45].
Au-WAC nanoparticles had a hydrodynamic diameter of 3.0 +
0.6 nm. These values are higher than those obtained by DCS
because DOSY determines the “true” hydrodynamic diameter. Of
course, they are also higher than the diameters of the gold core
alone, as assessed by TEM. No NMR peaks of dissolved ligands
were observed by DOSY.

UV-Vis spectroscopy gave the absorption characteristics of all
nanoparticles. Plasmonic gold particles have a surface plasmon
resonance (SPR) band at approximately 520 nm [6, 54, 55]. How-
ever, no plasmon band was present in any spectrum (Figure 9),
confirming the absence of plasmonic gold nanoparticles. Au-CA-
FITC nanoparticles and Au-CA3-FITC nanoparticles showed the
band of FITC at 493 nm. Au-WAC nanoparticles showed the band
of tryptophan at 280 nm. Au-GSH-AF647 nanoparticles showed
the band of AF647 at 647 nm. These absorption bands were used to
determine the number of attached ligands on each nanoparticle.

To determine the number of ligands per nanoparticle, AAS, ICP-
MS, UV-Vis spectroscopy, and NMR spectroscopy were used [24,
56]. The quantification for Au-WAC nanoparticles was performed
by NMR spectroscopy and UV-Vis spectroscopy, while UV-Vis
spectroscopy was chosen for the nanoparticles labeled with
FITC.

Quantification by NMR spectroscopy was performed by adding
maleic acid as an internal standard to a dispersion of Au-WAC
nanoparticles [24, 45]. The ligand concentration was determined
by integration and considering the integrality of the methyl
protons (H6) from 0.6 to 1.9 ppm (Figure S1). The nanoparticle
concentration was obtained from the gold concentration deter-
mined by AAS in all cases. Spherical particles with a diameter
of 2 nm and approximately 250 atoms were assumed based on the
HRTEM results (see Ref. [24] for details of this computation). The
number of ligands was then calculated from the molar ratio of
ligands and nanoparticles in a given dispersion. By quantitative
'H-NMR spectroscopy, 65 WAC molecules were attached to
each particle. UV-Vis spectroscopy gave 53 WAC molecules per
nanoparticle (Figure S2). The molecular footprint of WAC was
computed with the nanoparticle surface, giving 0.19 nm? (from
NMR data) and 0.24 nm? (from UV-Vis data) for WAC. These
results are in good agreement with previously determined values
by 'H NMR spectroscopy for other tripeptides ACA (0.29 nm?)
and CAA (0.25 nm?) [45].
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corresponds to the diffusion coefficient.
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FIGURE 9 | UV-Vis spectra of peptide-conjugated ultrasmall gold
nanoparticles, dispersed in water. No plasmon resonance band at
520 nm was detected, confirming the absence of larger (plasmonic) gold
nanoparticles.

Quantification of the ligand number on Au-CA-FITC and Au-
CA3-FITC nanoparticles was performed by UV-Vis spectroscopy
only as the NMR signals were difficult to integrate (Figure S3)
[24]. This resulted in 19 ligands per particle for Au-CA-FITC with

a molecular footprint of 0.67 nm? and 15 ligands per particle for
Au-CA3-FITC with a molecular footprint of 0.84 nm?. Notably,
the footprint of the corresponding unlabeled peptides CA and
CA3 was much smaller, that is, 0.12 and 0.32 nm?, respectively
[45], than that of the FITC-labeled peptides studied here. Not
unsurprisingly, given the size of FITC in comparison to the
peptide, FITC has a major steric influence (see also Figure 1), and
consequently, fewer peptide ligands are bound to the surface. In
good agreement with the tripeptide GSH carrying a fluorescent
dye, Au-GSH-AF647 nanoparticles carried 11 AF647 molecules
on each 2 nm gold nanoparticle with a molecular footprint of
1.15 nm?, as reported earlier [24]. All characterization data are
summarized in Table 1.

We emphasize that all spectroscopic experiments were carried
out at the same concentration of the fluorophore. As each kind
of nanoparticle carries different numbers of dye molecules, it
is not possible to perform all experiments at the same dye
concentration and the same nanoparticle concentration. The
data in Table 1 permit the conversion of dye concentrations
to nanoparticle concentrations, if necessary. The fluorescence
intensities were measured from 25°C to 85°C (Figure 10). The
aim was to investigate the impact of increased thermal dynamics
of the attached ligands on the emission intensities of the fluo-
rophore. The same molar concentration of FITC was used for
CA-FITC, CA3-FITC, Au-CA-FITC, and Au-CA3-FITC. For the
FITC-labeled peptides, the fluorescence intensities at 25°C were
identical, as expected. After attachment to the nanoparticles, the
fluorescence intensities fell to about one-half for FITC-labeled
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FIGURE 10 | Fluorescence emission spectra of CA-FITC, Au-CA-FITC nanoparticles, CA3-FITC, Au-CA3-FITC nanoparticles, AF647, and Au-
GSH-AF647 nanoparticles at different temperature in water (pH = 7). The concentration of FITC was 3 uM in all cases. The concentration of AF647 was

1uM.

peptides. Obviously, the difference in the distance between the
fluorophore and the metal surface was too small to induce a
significant difference between the two peptides. Similarly, the
fluorescence intensity of AF647 decreased by a factor of about 2
after conjugation to the gold nanoparticle.

A considerable decrease in fluorescence with increasing tem-
perature was observed for all attached and free ligands. This
temperature-dependent effect can be attributed to various factors,
including increased molecular collisions and enhanced inter-
nal conversion processes [57-60]. The integrated fluorescence
intensity of all ligands and nanoparticles as a function of
temperature is shown in Figure 11. Remarkably, the decrease
in fluorescence with increasing temperature was significantly
smaller for particle-bound FITC than for the free ligands. With
increasing temperature, the intensities became similar, that
is, the fluorescence of free and conjugated peptide-FITC was

almost equal at 85°C. This effect may be due to a restricted
mobility of dyes on the nanoparticle surface, leading to higher
quenching than with free dyes. In other words, the loss of
fluorescence at higher temperature has already occurred on
the nanoparticle-bound dyes at ambient temperature and is,
therefore, less temperature-dependent than on dissolved molec-
ular dyes. In contrast, the fluorescence intensity of free and
conjugated AF647 decreased significantly with increasing tem-
perature in the same way. However, the fluorescence intensity
was always higher for the free ligands than for the nanoparticle-
conjugated ligands. Obviously, the quenching depends on the
fluorophore.

The fluorescence intensity was fully recovered after cooling back
to ambient temperature. This indicates that no permanent change
had occurred during the heating process, that is, the particle-
peptide conjugation was stable. This was also the case for the
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FIGURE 11 | Comparison of the integrated emission bands from fluorescence spectroscopy (data taken from Figure 10). A decrease with increasing

temperature was observed for both dissolved dyes and conjugated dyes on the surface of nanoparticles.
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FIGURE 12 | Fluorescence emission spectra of free WAC (left) and Au-WAC nanoparticles (right) at a concentration of 0.5 mM in water (pH 7).

labeled peptides, which were stable during heating (see Figures
S7-S10).

The tripeptide WAC showed a weaker fluorescence. Here, an
almost complete loss of intrinsic fluorescence was observed after
binding to the metal core (Figure 12). This is remarkable, given
the much higher number of attached fluorophores for Au-WAC
nanoparticles in comparison to the other nanoparticles (about
60 vs. about 10-20). An explanation could be the low distance
between the metal core and fluorophore, which is the lowest
of all investigated nanoparticles (see Figure 1). Another expla-
nation could be 7-7-stacking between indole rings in adjacent
tryptophanes. Finally, it is possible that the absorption of the
nanoparticles in the near UV range (see Figure 9) decreases the
fluorescence from tryptophan at 360 nm.

The absolute photoluminescence quantum yield (®p;) allows a
more quantitative understanding of the influence of the metal
core on the emissive behavior (Figure 13 and Table 2). The
determined value of 89% for the free ligand AC-FITC is in good
agreement with the literature value of 92% for FITC, within the
margin of error [31, 34]. For the free ligand CA3-FITC, the &y,
value was 65%, possibly due to the longer peptide chain and an
associated quenching effect. The quantum yield dropped to 7%
for Au-CA-FITC and 3% for Au-CA3-FITC nanoparticles after
attachment to the metal cores. The @p; value of 23% for AF647 was
below the value of 33% reported in the literature [31] but dropped
only slightly to 20% for Au-GSH-AF647. Free WAC showed an
expectedly low &p; value of 6%, in good agreement with the

100

80

[o2]
o
1

Quantum yield / %
5
1

20

FIGURE 13 | Absolute photoluminescence quantum yields (®py,) of
free and nanoparticle-conjugated ligands, determined for solutions and
dispersions (3 uM) in water (pH 7). A clear decrease was evident due to
the attachment of the dyes to the nanoparticle surface.

literature [61]. However, it was essentially zero after conjugation
to the gold nanoparticles.
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NMR/nm
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Reference
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Nanoparticle

This work
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0.67
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0.84
0.32
0.19 (NMR)
0.24 (UV-Vis)

22+04 1.6 + 0.6 19
105

13+03

Au-CA-FITC
Au-CA
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This work
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65 (NMR)

2.2+0.6
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[45]
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1.7+ 04
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13+02

53 (UV-Vis)

This work

25+11 1 1.15 647

31+0.6

0.3

Au-GSH-AF647

(DCS,
DOSY); [24]

TABLE 2 |
quantum yield values (®@py,) of all molecules and particles (measured in

Summary of all determined absolute photoluminescence

water, 3 uM fluorophore concentration, pH 7). The estimated error in @p;,
is 2%.

Dy /% Reference
FITC 93 [31]
CA-FITC 89 This work
Au-CA-FITC 7 This work
CA3-FITC 65 This work
Au-CA3-FITC 3 This work
AF647 33 [31]
AF647 23 This work
Au-GSH-AF647 20 This work
W (tryptophan) 13 [61]
WAC This work
Au-WAC 0 This work

Note that the estimation of the photoluminescence quantum yield
from the decrease in emission spectra must be handled with
caution. The absolute photoluminescence quantum yield was
measured with an integrated Ulbricht sphere (i.e., not with the
relative method). It is defined as the ratio of emitted photons to
absorbed photons. Since the absorption properties of a dye change
upon attachment to a nanoparticle, the @, value will change as
well. Also, it is not the emission maximum, but the area that is
used to determine the quantum yield, therefore, a decrease of
50% is not corresponding to a quenching of 50%. Keeping that in
mind, a direct correlation between emission intensity and peak
width with the absolute photoluminescence quantum yields is
not possible.

Fluorescence and quenching depend on the fluorophore and
the intrinsic quantum yield [62]. In general, the conjugation of
the ligands to the gold nanoparticles led to a significant loss of
intensity, but not to a complete quenching as with plasmonic
particles. Yun et al. investigated the energy transfer processes
in non-plasmonic nanoparticles, denoted as nanosurface energy
transfer (NSET). This involves the transfer of energy from a
molecular dipole to the surface of a nanometer-sized metal. In
particular, the enhanced quenching is related to the fact that
the energy transfer from a dye to a metallic nanoparticle is
most efficient when there is an overlap between the emission
band of the donor and the absorption band of the nanoparticle.
This overlap corresponds to the regions where NSET causes the
strongest quenching effect [63]. Dulkeith et al. investigated dye-
functionalized nanoparticles of different sizes. They described
the quenching mechanism as an NSET for small particles of
<2 nm [30]. Jennings et al. investigated DNA-functionalized
nanoparticles with a diameter of 1.5 nm, where DNA determined
the distance between the fluorophore and the particle surface.
Again, the efficiency of quenching depended strongly on the
overlap between the emission wavelength of the dye and the
absorption transitions of the gold nanoparticle. In the absence
of plasmon resonance, quenching is based on the interaction
of the dye and the electronic states of the metal. The study
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confirmed that non-plasmonic gold nanoparticles can act as
energy-absorbing structures like a macroscopic metal surface
[29].

Wang et al. calculated the theoretical quantum yields of different
dyes bound to 30 nm gold nanoparticles. They found that the
quantum yields were lowest near the metal core and increased
with distance. For certain dyes, such as FITC or Cy3, the values
were very low even at a distance of 10 nm, while for AF647
or AF700, the quantum yields were similar to the free ligand.
This effect is due to the similar emission wavelength of FITC
(521 nm) and Cy3 (555 nm) to the absorption band the plasmonic
nanoparticles, while AF647 (665 nm) and AF700 (723 nm) emit
at significantly higher wavelengths [31, 62]. Thus, the quenching
efficiency depends not only on the distance between the dye and
the particle but also on the emission wavelength of the dye. It is
highest when the emission of the dye overlaps with the specific
absorption transitions of the gold nanoclusters or nanoparticles
[28, 30].

Although the particles that were studied here are not plasmonic,
the quenching effect was strong in all cases, illustrating the energy
transfer from the excited fluorophore to the metallic nanoparti-
cles, leading to non-radiative energy transfer. Notably, this effect
becomes weaker at elevated temperature, where dissolved dyes
lose their fluorescence more rapidly than conjugated dyes.

4 | Conclusions

The fluorescence intensity of dyes that are covalently attached
to ultrasmall gold nanoparticles decreases considerably due to
the presence of the metal core. This is the case for two FITC-
labeled peptides and the dye AlexaFluor-647. The intrinsically
fluorescent peptide WAC, where tryptophan is the fluorophore, is
completely quenched after attachment to the gold nanoparticle.
This shows that even ultrasmall (non-plasmonic) nanoparticles
can lead to a considerable quenching, although the extent is much
smaller than in plasmonic nanoparticles, for example, 10-20 nm
in diameter. Plasmonic nanoparticles can only be labeled with
very long spacers between the metal surface and fluorophore,
leading to rather a thick shell around the nanoparticle core. In the
cases investigated here, the distance between the metal surface
and fluorophore was in the range of 1 to 2 nm. Therefore, ultra-
small nanoparticles are useful as fluorescent probes, for example,
to trace them inside cells or tissues, but their fluorescence is
significantly lower than that of the free dyes. An advantage,
for example, for the mobility in biological systems, is that their
small size increases from about 2 nm (metallic core) to 4 nm
(hydrodynamic diameter) after attachment of the fluorescent
layer. Fluorescently labeled short peptides are convenient ligands
to stabilize ultrasmall nanoparticles via the Au-S bond formed by
cysteine.
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