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ABSTRACT: Metal-enhanced singlet oxygen, O2(
1Δg), gen-

eration is a desirable effect to augment the amount of O2(
1Δg)

produced upon irradiation of organic sensitizers. Herein, we
employed pectin for stabilizing 9 nm silver nanoparticles and
showed that these particles are able to form a ground-sate
complex with riboflavin (Rf). Pump−probe transient absorp-
tion spectroscopy and laser flash-photolysis experiments
proved that the excited state of the riboflavin−Ag complex
feeds the triplet state of the sensitizer, which results in an
enhanced intersystem crossing process. The higher amounts of
riboflavin triplet states formed in the presence of the
nanoparticles result in higher yields of singlet oxygen and
hydrogen peroxide produced in the irradiated colloidal
suspensions. As a result, not only the effect on singlet oxygen but also the effect on superoxide radical ion should contribute
to a better performance of Riboflavin as a sensitizer applied to the photodynamic therapy of tumors.

■ INTRODUCTION

Singlet oxygen, O2(
1Δg), is the lowest excited state of molecular

oxygen.1−3 The treatment procedure named photodynamic
therapy (PDT) is based on the production of O2(

1Δg) for the
eradication of diseased tissue.4

Singlet oxygen is most commonly and conveniently
produced via photosensitization. Upon light absorption
sensitizers produce a triplet state, which is quenched by the
ground state of molecular oxygen in a collision-dependent
process to yield singlet oxygen.2,5

The inefficient production of O2(
1Δg) can restrict the use of

PDT photosensitizers. Metal-enhanced O2(
1Δg) generation is a

desirable effect to augment the amount of O2(
1Δg) produced.

6

Light excitation of coherent oscillation of the free electrons
in metallic nanoparticles produces localized surface plasmon
resonance (LSPR).7 In addition to the electromagnetic field
enhancement, coupling of surface plasmons to molecular
electronic transitions can take place.8 The LSPR can also very
much affect the excited states of the molecules for instance
through energy or charge transfer processes.8,9

Riboflavin (Rf), the water-soluble vitamin B2, is the
prosthetic group in flavine oxidoreductase enzymes and is an
efficient photosensitizer.10 Upon irradiation the one-electron
transfer from donors to the lowest excited state of Rf, 3Rf*, is
called the Type I mechanism, which initiates free radical
processes. Energy-transfer from 3Rf* to ground state oxygen
leads to formation of O2(

1Δg) with a quantum yield of 0.54 and

is responsible for the oxidation of substrates through a Type II
mechanism.11−13

Recently, using Rf as the sensitizer, the enhancement of
O2(

1Δg) generation by pectin-coated silver nanoparticles (Pec·
AgNP) was demonstrated by an indirect method employing the
fluorescent sensor green reagent.14 These authors also reported
an increase of Rf fluorescence emission in the presence of the
nanoparticles.
The aim of the present work is to investigate in depth the

effect of Pec·AgNP on the photophysics of Rf by employing a
battery of spectroscopic techniques: steady-state fluorescence
spectroscopy, time-correlated single-photon counting
(TCSPC), pump−probe transient absorption spectroscopy,
laser flash-photolysis, and time-resolved phosphorescence of
singlet oxygen. To that purpose, a modification of the reported
procedure15 was employed to prepare Pec·AgNP. The
nanoparticles were characterized by high-resolution trans-
mission electron microscopy (HR-TEM), zeta potential, and
UV−visible and infrared Fourier transform spectroscopy
(FTIR) spectroscopies.
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■ MATERIALS AND METHODS

Materials. Riboflavin and pectin from apple were purchased
from Sigma-Aldrich. Silver nitrate was obtained from Biopack
and sodium hydroxide from J. T. Baker. All experiments were
performed with deionized water.
Synthesis of Pectin-Coated Silver Nanoparticles (Pec·

AgNP). A modification of a literature method was employed.15

In order to ensure complete solubilization an aqueous solution
containing 10 g·L−1 of pectin was prepared by heating at ∼60
°C for about 45 min. After cooling at room temperature,
aqueous 0.1 M AgNO3 (1 mM final concentration) and NaOH
solutions (final concentration 25 mM) were added rapidly
under vigorous stirring for 6 h.
Characterization of Pec·AgNP. The particles size was

measured by HR-TEM. The images were obtained with a
CM200-FEG (Philips) instrument. The UV−visible extinction
spectrum of the Pec·AgNP suspensions was measured with a
T90+ PG spectrophotometer with an integrating sphere
accessory.
In order to characterize the functional groups present in the

nanoparticles, FTIR was performed on a Thermo Scientific
Nicolet 380 FT-IR Spectrometer with an ATR sampling
accessory Pike Miracle. Spectra between 550 and 4000 cm−1

were recorded for the solid samples with 1 cm−1 resolution.
The zeta potential measurements of 125 mg L−1 suspensions

were carried out at 25.0 ± 0.1 °C with a Brookhaven 90Plus/
Bi-MAS instrument, operating at λ = 635 nm from a 15 mW
solid state laser.
The concentration of the nanoparticles calculated from the

measured diameter and the metal density (10.5 g/cm3)16 is
lower than the concentration of silver in the samples by a factor
coincident with the average number of Ag atoms per particle
NAg = 2.2 × 104. From now on, the concentration of Ag will be
specified.
Fluorescence Measurements. Fluorescence data were

obtained with a HORIBA JOBIN-YVON Spex Fluorolog FL3-
11. For the steady-state measurements the excitation wave-
length was 355 nm. The Rf fluorescence spectra were
coincident with reported data.17 Luminescence lifetime
measurements were performed with TCSPC using LED
excitation at 388 nm operating at 1 MHz (fwhm ≈ 1.2 ns).
The samples were diluted to avoid saturation of the emission
detector.
Laser Flash-Photolysis with 355 nm Excitation. The

excitation was the third harmonic (355 nm) of a Nd:YAG
Spectron SL 400 laser (18 ns fwhm). The instrumentation has
been described elsewhere.18

Pump−Probe and Laser Flash-Photolysis with 400 nm
Excitation. The pump−probe measurements were performed
using instrumentation that has been described previously.19

The laser pulses of 100 fs at 800 nm were generated from an
amplified, mode-locked titanium sapphire kilohertz laser system
(Millennia/Tsunami/Spitfire, Spectra Physics). The instrument
response function was ca. 150 fs. The polarization between
pump and probe was set to the magic angle (54.7°). For the
LFP experiments at 400 nm the same excitation setup was
employed, and the detection portion of the spectrometer
(EOS) was manufactured by Ultrafast Systems.
Since the spectra at short times show the contribution of

several species, global analysis of the transient absorption data
was performed. Here, we present both evolution-associated
difference spectra (EADS) and decay-associated difference

spectra (DADS). The analysis program calculates both EADS
and DADS, and the time constants that follow from the analysis
apply to both.20 Random errors associated with the reported
lifetimes were typically ≤5%.

Singlet Oxygen (O2(
1Δg)) Measurements. O2(

1Δg)
measurements were carried out using instrumentation that
has been described previously21 employing the excitation
wavelength of 420 nm. For the experiments performed at λexc

= 355 nm the third harmonic of a Nd:YAG Surelite II laser (7
ns fwhm and 14 mJ per pulse at 355 nm) (Continuum, San
Jose, CA, USA) was employed as excitation source. The
O2(

1Δg) emission at 1270 nm was detected with an amplified
Judson J 116/8sp germanium detector (5 mm diameter)
(Teledyne Judson Technologies, Montgomeryville, PA).
The singlet oxygen experiments at λexc = 355 nm were

performed in D2O because the lifetime of O2(
1Δg) in D2O is

longer than that in H2O, which makes the phosphorescence
measurement easier.22 The absorbance of Rf samples with and
without Pec·AgNP was adjusted to 0.50 at the excitation
wavelength. The lifetimes measured in H2O and D2O were 3.3
and 68 μs, respectively, in very good agreement with reported
data in these solvents.22 Linear plots of the O2(

1Δg)
phosphorescence intensity vs incident laser fluence were
obtained.

Procedure Employed for the Measurement of [H2O2].
Initial rates of H2O2 production (RH2O2) were measured in
irradiated Rf solutions and dispersions of Pec·AgNP in Rf
solutions. The excitation source was the third harmonic (355
nm) of the Nd:YAG Surelite II laser. H2O2 concentrations were
measured employing a commercial kit from Wiener for
cholesterol quantization.23 Samples of 1 mL of the reaction
mixture were mixed with 1 mL of the reagent. After 5 min of
incubation at 37 °C the absorption spectra were measured.

■ RESULTS AND DISCUSSION
Characterization of Pec·AgNP. Figure S1a (see Support-

ing Information) shows HR-TEM images of the Pec·AgNP and
the corresponding size distribution histogram. The calculated
average particles diameter is 9 ± 2 nm.
The absorption maximum of the plasmon resonance band in

aqueous suspensions of Pec-AgNP was 414 nm (see Figure S1b
in the Supporting Information).
For underivatized Ag nanoparticles, the pH of zero charge is

about 7.24 Figure S1c (Supporting Information) shows the
measured zeta potential values of aqueous suspensions of Pec·
AgNP in the pH range 4−10. The negative zeta potential in the
whole pH range further confirms the effective coating of the
particles.
Figure S1d (Supporting Information) shows the comparison

of the IR spectrum of the composite to that of pectin.25 The
spectra exhibit a broad band between 3600 and 2500 cm−1 due
to hydroxyl stretching vibration, which can form inter- and
intramolecular hydrogen bonds.26 Bands around 2950 cm−1

(3000−2800 cm−1) arise from asymmetrical stretching of C−H,
CH2, and CH3 groups. In pectin samples, the C−H stretching
vibrations appear as a band overlapped with the broader O−H
band that ranges from 2500 to 3600 cm−1. Stronger bands in
the regions of 1760−1745 and 1640, 1620 cm−1 are assigned to
the stretching vibrations of ester carbonyl (CO) and
carboxylate ion (COO−), respectively.

Ground-State Interaction of Rf with Pec·AgNP. The
concentrations of Rf and Pec·AgNP used in the photochemical
experiments were chosen to ensure that the excitation light was
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mainly absorbed by Rf, i.e., for all the experiments described
below the absorption of Pec·AgNP at the excitation wavelength
was at least 10 times lower than that of Rf. The possible
ground-sate complexation of Ag with Rf under the conditions
of the photochemical experiments was evaluated from the
differences in the UV−vis spectrum of Rf in the presence of
various amounts of Pec·AgNP.
The absorption spectra of an aqueous solution of 57 μM Rf

in the presence of various amounts of Pec·AgNP shows an
increase in absorbance indicating the association of Rf to
colloidal silver (see Figure 1). The Rf···Pec·AgNP complex
formation is given by reaction (1) in Scheme 1.

The apparent equilibrium constant Kapp for the formation of
the complex was determined according to the method reported
by Benesi and Hildebrand (eq I).27

−
=

−
+

−A A A A K A A
1 1 1

( )[Ag]cobs 0 0 app c 0 (I)

In eq I Aobs is the observed absorbance at 440 nm of Rf
samples containing different concentrations of Pec·AgNP, and
A0 and Ac are the absorbances of Rf and the complex at 440 nm,
respectively. The value of Kapp obtained from the ratio of the
intercept to the slope of the linear plot shown in the inset of
Figure 1 is (2.8 ± 0.3) × 104 M−1.
These data indicate that the amount of complexed Rf is ≤4%

in the TCSPC experiments, ≤5% in the experiments with λexc =
400 nm, and ≤14% in the experiments with λexc = 355 nm.
Mokashi et al.28 studied the complexation of Rf with citrate-

stabilized silver nanoparticles and found from absorbance

measurements an apparent binding constant of 1.5 × 103 M−1.
This fact and the coincidence of the absorption spectra of
mixtures of pectin and Rf with the sum of the individual
components (results not shown) support the interaction Rf
with the silver atoms of Pec·AgNP.

Effect of Pec·AgNP on the Fluorescence of Rf. Within
the Pec·AgNP concentration range employed for UV−visible
absorption experiments, the fluorescence lifetime of Rf
remained constant and equal to 4.7 ± 0.1 ns (see Table S1
of the Supporting Information), which rules out the occurrence
of collision-dependent or FRET quenching processes. How-
ever, a modest quenching effect is observed in the steady-state
experiments (see Figure S2 of the Supporting Information), in
complete agreement with the TCSPC data if the ground-state
complex is nonfluorescent.

Pump−Probe Experiments (λexc = 400 nm). In the case
of metal nanoparticles, excitation of the electrons by a
femtosecond laser pulse leads to a perturbation of the electron
distribution in the metal. This electron distribution thermalizes
through electron−electron scattering and then electron−
phonon and phonon−phonon interactions are responsible for
a complete relaxation of the initially absorbed photon
energy.29,30 In the case of nanoparticles, the difference
spectrum shows the transient bleach centered at the plasmon
resonance band maximum with two positive absorption bands
at lower and higher wavelengths.31

All the experiments were performed under Ar-saturation.
Figure 2a shows the EADS obtained for the blank experiments
with Ag nanoparticles in the absence of Rf. For the two shorter
decay times (0.32 and 3.93 ps) the lower energy wing is
observed. The electron−electron scattering (typically on the
order of 10 fs)32 is not observed here because of the time
resolution of the experiments (ca. 150 fs). The decay time of
0.32 ps is associated with the electron−phonon relaxation. This
result is in line with data reported by Del Fatti et al.,33 who
measured electron−phonon relaxation times lower than 800 fs
for silver nanoparticles of radio below 6 nm, as ours. The
phonon−phonon coupling is on the order of several hundred
picoseconds as measured for metallic nanoparticles in solution
as well as in a glass matrix,29 and thus the decay time of 203 ±
10 ps is assigned to this phenomenon. The decay times were
found to be independent of the concentration of silver
nanoparticles.
For the experiments performed with Rf and without Pec·

AgNP, we must consider that the energy content of the S1 state
is 2.48 eV,34 which means that our transient spectra shown in
Figure 2b were obtained with an excess energy of 0.6 eV (λexc =
400 nm).
The EADS corresponding to the shortest time of 825 ± 41 fs

shows negative S1 ← S0 signals (bleach) below ∼560 nm, and
Sn ← S1 excited-state absorption (ESA) above this wavelength.
This is in agreement with data obtained by Weigel et al.33 who
observed a biexponetial decay of similar spectra with lifetimes
of 0.2 and 1.1 ps. These authors proposed that structural
relaxation along low-frequency modes and solvent-controlled
1ππ*γ → 1nπ* conversion are behind the small spectral
evolution on the subpicosecond time scale.
The slowest component of 4.7 ± 0.2 ns in Figure 2b, which

also shows bleaching, and S1 → S0 fluorescence in the form of
stimulated emission (SE) regions is assigned to the (relaxed) S1
→ S0 decay

33 and is also in agreement with the fluorescence
lifetime measured here and in the literature.35 Under our
experimental conditions this decay time also contains

Figure 1. UV−visible absorption spectra of 57 μM Rf in the absence
(black) and presence of various amounts of Pec·AgNP. The
contribution of the Pec·AgNP in the mixtures was subtracted from
the measured spectra by software. The silver concentrations are 7.88
μM (red), 1.57 μM (blue), 1.18 μM (orange), and 0.79 μM (green).
Inset: Plot of (Abs − A0)

−1 vs [Ag]−1.

Scheme 1. Main Steps of the Proposed Reaction Mechanism
in the Absence of Oxygen
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information on any other species not decaying within the time
window of the experiment (∼5 ns), such as the triplet state
3Rf* obtained by intersystem crossing from S1. The other
component, 21 ± 1 ps in our case and 100 ps in the paper by
Weigel,33 is visible over the full spectral window with very small
amplitude. Weigel et al. proposed that the 100 ps component
characterizes the signal decay in the ESA at 300 nm and bleach
regions, suggesting that population is leaving the excited state
to any other accessible state and returns to S0.

33

Figure 2c,d shows the EADS and DADS obtained with Rf in
the presence of 1.8 μM Ag. Four components were necessary
for the analysis of the signals. Figure 2c shows an EADS with a
decay time of ca. 121 ± 6 fs, which is not present in the
solution of Rf or in the suspensions of Pec·AgNP without Rf.
This EADS does not arise from the S1 excited state of Rf.
However, since the decay time of 121 ± 6 fs is within the
resolution time of the experiments (ca. 150 fs), the spectrum
could have contributions of ultrafast phenomena such as
coherent artifact,36 and thus, no reliable information can be
obtained from this EADS.
Comparison of the spectra of Figure 2a,b shows that the

region of SE of Rf overlaps that of the shorter decay times of
Pec·AgNP. Thus, we can speculate that the energy transfer
from the complex to the nanoparticle plasmon would alter the
electron distribution in the plasmon, which relaxes with the 93
± 4 ps decay time (see Figure 2c,d for the EADS and DADS of
this decay time).
The EADS with the two slower decay times of 669 ± 33 ps

and 4.95 ± 0.24 ns look very similar (Figure 2c). The 669 ± 33
ps DADS mirrors the image of the 4.95 ± 0.24 ns DADS in the
entire range from 540 to 700 nm (Figure 2d). This strongly
suggests that the species with the 669 ± 33 ps decay time feeds
the species with the 4.95 ± 0.24 ns decay time. The same
argument in the analysis of DADS was used to support a
sequential reaction in the tryptophan-to-heme electron transfer
in ferrous myoglobins.37 We propose that the excited state Rf···
Pec·AgNP* with a lifetime of 669 ± 33 ps decays into a

nondecaying state within our time window. The 4.95 ± 0.24 ns
decay cannot be assigned to the lifetime of any state because it
is within the upper edge of the time window of the experiment.
Note that since the fraction of complexed Rf is only ∼5% under
the conditions of these experiments, the observation of the
absorption of Rf···Pec·AgNP* requires a large molar absorption
coefficient of the complex, probably due to a charge transfer
interaction.

Laser Flash-Photolysis (λexc = 400 nm). All the
experiments were performed under Ar-saturation. The spectra
obtained in the absence and presence of Pec·AgNP could be
well fitted with four components. Figure 3 shows the EADS of
the fastest component (5.0 ns) for the sample without Pec·
AgNP, which presents positive absorbance changes below 480
nm and negative changes of absorption above this wavelength.
Thus, this component can be assigned to the S1 state of Rf,
which shows ESA below 480 nm and gives rise to the first

Figure 2. Comparison of transient spectra obtained in pump−probe experiments (λexc = 400 nm): (a) EADS of Pec·AgNP suspensions; (b) EADS
of the Rf solution without Pec·AgNP; (c) EADS of the Rf solution in the presence of 1.8 μM Ag; (d) DADS corresponding to the EADS shown in
panel (c).

Figure 3. EADS obtained in laser flash-photolysis experiments ([Rf] =
53 μM) after 400 nm excitation for the first component (4.7 ns) in the
absence of nanoparticles (black solid line) and in the presence of 0.87
μM Ag (green solid line), 2.2 μM Ag (blue solid line), and 4.4 μM Ag
(red solid line). The literature triplet−triplet absorption spectrum of
Rf is also shown (dotted line).39
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excited triplet state 3Rf* with absorption maximum at 710
nm.38 For comparison, Figure 3 includes the literature
absorption spectrum of the 3Rf*.39

Since a constant value of 4.7 ns was obtained for the S1 state
of Rf in the TCSPC assays performed in the presence of Pec·
AgNP, the shortest decay lifetime of the samples containing the
nanoparticles was set to this value. In this fitting procedure, five
components were needed. As can be seen in Figure 3, the
EADS of the 4.7 ns component of Rf in the presence of
particles looks very different from that obtained in their
absence. The 4.7 ns EADS of Figure 3 have a main contribution
of the triplet state of Rf, in agreement with the population of
this state from the excited state of the Rf···Pec·AgNP* complex
(see above). Thus, the absorption of the S1 state of free Rf is
masked by that of 3Rf*, which has large absorption coefficients
and longer lifetime. Note that below 480 nm bleaching is
observed because the absorption of the triplet state is much
lower than that of the ground state. Our data indicate that Rf···
Pec·AgNP* decays to the triplet state of Rf (process 2 in
Scheme 1). Because of the higher absorption coefficients of
3Rf*, the decay of Rf···Pec·AgNP* to the fluorescent S1 state of
Rf cannot be neglected from these experiments. However, the
fluorescence quenching shown in Figure S2 (see Supporting
Information) does not support this decay route.
The second component is assigned to 3Rf* (Figure 4a). The

lifetime of this state 7.7 ± 0.7 μs is independent of the
concentration of the nanoparticles. Again, bleaching below 480
nm is observed for the reasons given above.
Flash photolysis studies with solutions of Rf have shown the

occurrence of reaction 6.

* + +•− •+Rf SgRf S3
(6)

where S is an electron donor.39 This reaction occupies a
prominent place in the photochemistry of Rf because many
biologically significant molecules are capable of acting as
electron donors.
The change of standard Gibbs energy ΔETG

o for the charge
transfer reaction 6 involving 3Rf* can be calculated from eq II,
which includes the redox potential E° of the acceptor (3Rf*)
and the donor, and the triplet energy40 of Rf, ΔEo,o in J mol−1.
NA is the Avogadro constant and e is the electron charge.

Δ = ° − − Δ° •+ •−G N eE S S eE Rf Rf E( ( / ) ( / ))ET A
0 3

0,0

(II)

For calculations of ΔETG°, the reported values of E°(Rf/
Rf•−) = −0.546 V vs NHE41 and ΔE0,0 = 209 kJ mol−134 will be
used.
In particular, the ground state of Rf can act as a donor

(reaction 3 in Scheme 1). In aqueous media at circumneutral
pH Rf•− is rapidly converted to the flavin semiquinone radical,
RfH• (reaction 5 in Scheme 1).42 From the values of E° (Rf•+/
Rf) = 2.28 V,43 ΔETG° = 63.3 kJmol−1 is obtained. For several
reactions, low positive ΔETG° values indicate the reversibility of
the electron-transfer process.44

In order to verify whether the particles could also act as
electron donors in reaction 6, ΔETG° = −81.2 kJmol−1 was
calculated from eq II taking the redox potential E°(Ag+/Ag) ≈
0.78 V45 for silver nanoparticles of about 10 nm diameter.
Thus, reaction (4) in Scheme 1 is feasible.
The lifetime of the third component in the absence of Pec·

AgNP is 24.1 μs. In the presence of nanoparticles this lifetime,
18 ± 2 μs, is independent of the concentration of the

nanoparticles. Two species contribute to this spectrum: the
neutral HRf• radical formed in reactions (3) and (4) after
protonation of Rf•− (reaction (5)) and the radical cation Rf•+

generated in reaction (3). The program is not able to separate
the contributions of HRf• and Rf•+ because of the overlapping
of both absorption spectra. Figure 4b shows the EADS and the
reported spectra for HRf• and Rf•+. It can be clearly seen that
the contribution of Rf•+ to the EADS is more relevant in the
absence of nanoparticles, as expected from the competition
between reactions (3) and (4).
The fourth component with a lifetime of 530 ± 27 μs in the

sample without nanoparticles and 257 ± 46 μs in the presence
of Pec·AgNP is assigned to the HRf• radical (either free or
adsorbed) by comparison with the reported spectrum of this
radical (see the EADS in Figure 5). It should be noted that
these lifetimes are even longer than the time-window of the
experiments, and thus, they cannot be accurately determined.
In the experiments performed with λexc = 400 nm in order to

ensure that the absorbance of Pec·AgNP at the excitation
wavelength is at least 10 times lower than that of Rf, the
concentration of Ag was ≤4.4 μM. Thus, with the purpose of
expanding the concentration range of Pec·AgNP we performed
LFP experiments with λexc = 355 nm, where the absorption
coefficient of the particles is lower than at 400 nm.

Laser Flash-Photolysis (λexc = 355 nm). LFP experiments
(λexc = 355 nm) within a time window of 1−200 μs performed
with Ar-saturated aqueous solutions of Rf showed formation of

Figure 4. EADS obtained in laser flash-photolysis experiments ([Rf] =
53 μM) after 400 nm excitation: (a) the second component (7.7 μs) in
the absence of nanoparticles (black solid line) and in the presence of
2.2 μM Ag (blue solid line) and 4.4 μM Ag (red solid line). The
literature triplet−triplet absorption spectrum of Rf is also shown
(dotted line).35 (b) The third component (20 μs range) in the absence
of nanoparticles (black solid line) and in the presence of 1.3 μM Ag
(blue solid line) and 4.4 μM Ag (red solid line). The literature
absorption spectra of the Rf·+ (dotted line) and HRf• (dashed line)
radicals.39
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transient species. The absorption spectra taken at different
times after the laser shot are shown in Figure 6.

Comparison of the spectra in Figures 6a,b shows that the
absorbance at the maximum of the triplet−triplet absorption
spectrum (710 nm) is larger for the sample with nanoparticles,
in agreement with the pump−probe and LFP assays performed
at λexc = 400 nm. Since 3Rf*, RfH• and Rf•+ present overlapping
absorption spectra and they all decay in the microsecond time
scale, the global analysis was applied.

All the spectra could be well fitted with three components of
lifetimes 8 ± 1, 35 ± 16, and 205 ± 31 μs (nondecaying
spectra). All the results are in complete agreement with the
LFP experiments performed with 400 nm excitation.
Comparison of the DADS and kinetics of the species with
shortest lifetime (Figure 7a) with that reported for 3Rf*

supports the assignment to this triplet state.38,39 The
exponential decay of 3Rf* is independent of the presence of
increasing amounts of Pec·AgNP, also in line with the
experiments with λexc = 400 nm. The component with the 35
± 16 μs decay lifetime (DADS not shown) is formed through
the decay of 3Rf* and presents contributions of both HRf• and
Rf•+, and the DADS of the third component is coincident with
the reported absorption spectrum of HRf• (see Figure 7b).39

In summary, excitation at 400 or 355 nm populates the
singlet excited state of Rf (1Rf*) and the excited state of the
Rf···Pec·AgNP* complex. The former has a lifetime of ca. 5 ns,
whereas the latter has a shorter lifetime (ca. 700 ps).
Intersystem crossing from 1Rf* or Rf···Pec·AgNP* to the
triplet states free or Ag-bonded Rf (3Rf*) takes place (see
Scheme 1). As a result, in the presence of the particles,
population of the triplet state of Rf starts at shorter times and
higher concentrations of 3Rf* are achieved.
In order to quantify the increase of the triplet yield of Rf in

the presence of the nanoparticles, Figure 8a shows the plot of
the ratio between the 710 nm absorbance change at t = 1 μs,
ΔA710 in the presence of particles to that in the absence of
particles, and ΔA0

710 obtained from LFP experiments at both
excitation wavelengths (355 and 400 nm) vs the concentration
of Ag. It can be seen in the figure that the increase of the triplet
yield is independent of the excitation wavelength and that an

Figure 5. EADS of the fourth component (>100 μs) obtained in laser
flash-photolysis experiments ([Rf] = 53 μM) after 400 nm excitation:
in the absence of nanoparticles (black solid line) and in the presence
of 0.87 μM Ag (green solid line), 2.2 μM Ag (blue solid line), and 4.4
μM Ag (red solid line). The literature absorption spectrum of HRf• is
also shown (dashed line).39

Figure 6. Absorbance spectra obtained from ns-LFP experiments (λexc

= 355 nm) performed with Ar-saturated aqueous solutions of 57 μM
Rf in the absence (a) and presence of 7.88 μM Ag (b) taken at
different times after the laser shot: 2 μs (black solid line), 5 μs (red
solid line), 10 μs (blue solid line), 15 μs (green solid line), 25 μs
(black dashed line), 50 μs (red dashed line), 100 μs (blue dashed line),
and 150 μs (green dashed line).

Figure 7. DADS corresponding to 8 ± 1 μs (a) and 205 ± 31 μs (b)
obtained in laser flash-photolysis experiments ([Rf] = 57 μM) under
Ar-saturation after 355 nm excitation in the absence (black) and
presence of Ag: 1.18 μM (green), 1.57 μM (blue), 7.88 μM (red).
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increase of ca. 100% in the triplet yield of Rf is achieved in the
presence of the highest concentration of the nanoparticles.
Under aerobic conditions the energy transfer from 3Rf* to

ground state oxygen (3O2) takes place to yield O2(
1Δg)

(reaction (7) in Scheme 2). From the increase in the triplet
yield in the presence of the nanoparticles, a concomitant
enhancement of the O2(

1Δg) yield is expected, as can be seen in
Figure 8b, which shows the plot of the ratio of the fluence and

absorbance normalized areas of the time-resolved O2(
1Δg)

phosphorescence in the presence (A) and absence of the
nanoparticles (Ao) vs [Ag]. This result is in agreement with
data obtained by indirect methods.14 Note that only an increase
of ca. 30% in the amount of singlet oxygen is achieved for the
highest concentration of nanoparticles.
Rf produces O2

•− with a quantum yield ΦH2O2 = 0.009.46 A
higher amount of 3Rf* formed in the presence of Pec·AgNP is
also expected to result in a higher yield of O2

•− (reaction (8)),
which generates H2O2 by disproportionation. Additionally,
other processes reported in the literature indicate a further
contribution to the observed enhancement of hydrogen
peroxide in the presence of Pec·AgNP (Figure 8c). In fact,
the bimolecular decay of RfH• yields equimolar amounts of Rf
and fully reduced Rf (RfH2) (process (9) in Scheme 2), which
under aerobic conditions is oxidized to the RfH2

•+ radical and
O2

•− and finally Rf and H2O2 (reactions (10) and (11)).47 The
60% measured enhancement in the concentration of hydrogen
peroxide production for the samples with the highest
concentration of nanoparticles should be considered as a
lower limit because silver nanoparticles are known to catalyze
the decomposition of hydrogen peroxide.48

From the LFP experiments we have no evidence for a
shortening of the lifetime of 3Rf* (ca. 8 μs at both excitation
wavelengths) in the presence of the nanoparticles. This can be
due to the limited concentration range of Pec·AgNP employed
in the experiments to preclude light absorption by the
nanoparticles and to the fact that the rate of reaction (3) is
greater than that of reaction (4), i.e., k3 × [Rf] ≥ k4 × [Ag].
The reported value of k3 is 6 × 108 M−1 s−1,49 [Rf] = 53 μM,
and [Ag] is ≤4.4 μM. For the collisional encounter between
free 3Rf* and the nanoparticles, the diffusion-controlled rate
constant estimated by the Smoluchowski equation is 2.7 × 107

M−1 s−150 (see Supporting Information), and thus, k3 × [Rf] ≥
k4 × [Ag]. The electron transfer from Ag atoms of the particle
and adsorbed 3Rf* is not diffusion-controlled, and it is thus
expected to be faster. However, this process is not reflected in
the overall decay rate of 3Rf* because the amount of adsorbed
Rf is ≤5% in the LFP experiments with λexc = 400 nm, and
≤14% in the experiments with λexc = 355 nm.
However, evidence for a higher amount of Rf·+ in the samples

without the particles is presented in Figure 7b.

■ CONCLUSIONS
The excited state of the riboflavin−Ag complex feeds the triplet
state of the sensitizer, which results in an enhanced intersystem
crossing process in the presence of the nanoparticles. The
higher amounts of riboflavin triplet states formed result in
higher yields of singlet oxygen and superoxide radical anion
generation, as evaluated from the concentration of hydrogen
peroxide produced in the irradiated colloidal suspensions. The
enhancement in the production of hydrogen peroxide (≥60%
for samples containing 8 μM Ag) is larger than that observed in
the production of singlet oxygen due to electron transfer from
the silver nanoparticles to riboflavin triplet states. As a result,
the effect on singlet oxygen should contribute to a better
performance of riboflavin as a sensitizer applied to the
photodynamic therapy of tumors.
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