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Abstract

The interaction between chlorophyll (Chl) and silveanoparticles (AgNPs) was
evaluated by analyzing the optical behavior of @lecules surrounded by different
concentrations of AgNPs (10, 60, and 100 nm of diam). UV-Vis absorption, steady
state and time-resolved fluorescence measuremeets performed for Chl in the
presence and absence of these nanoparticles. AghiBxsgly suppressed the Chl
fluorescence intensity at 678 nm. The Stern-Volrmenstant (Kv) showed that
fluorescence suppression is driven by the dynaménghing process. In particularsK
was nanoparticle size-dependent with a nearly tirdscrease as a function of the
nanoparticle diameter. Finally, changes in the fidrescence lifetime in the presence
of nanoparticles demonstrated that the fluoresceuesmching may be induced by the

excited electron transfer from the Chl moleculethtometal nanoparticles.
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1. Introduction

The development of nanotechnologies in recent dechds led to an indiscriminate
use of nanomaterials (NMs) in various industrigdlagations [1]. The concern about the
impact of nanoparticles (NPs) in the environmerd mereased because their release
and accumulation are inevitable [2]. NMs may cduotti a toxicological risk as
nanosized particles have presented toxicity in etsaof organisms, being generally
more toxic than larger particles (bulk) [3]. In fablPs behave differently from bulk
materials, with regard to chemical, physical aradgical properties, due to a change in
the nature of the interaction forces between NRE environment. Consequently, the
size of the NPs is a key feature in relation to dfffects that NPs can induce in the
environment, human health and biosphere as a vj#iple

Silver nanoparticles (AgNPs) are among the most usEs for developing new
technologies and commercial products due to theiimécrobial properties [7]. The
wide variety of commercial applications of the Agd\fesults in a significant increase in
their production and, consequently, release to e¢heironment [8,9]. Plants are
particularly relevant in this scenario becauseheiirt constant interaction with the air,
soil, and water so that they are potentially exdose NPs. In addition, plants may
represent a possible agent for NPs’ bioaccumulaimh biomagnification due to their
importance in the food chain since they are consulnyeorganisms of different trophic
levels [5,6].

Recently, several studies about the impacts of AghiP plant development were
reported. For instance, M al. showed that AQNPs are toxic to seedlings of wadssc
even at low concentrations (<1 ppm) [6]. They obsérthat different concentrations of
AgNPs with diameter between 20 and 80 nm affectadt growth and the nanopatrticle

phytotoxicity depends on the size and concentradiothe AgNPs. In turn, Jiang al.
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also demonstrated that AgNPs induced a significhadrease in the plant biomass,
chlorophyll content and photosynthetic efficiency photosystem 1l (Fv/Fm) in
Soirodela polyrhiza [10].

During photosynthesis, when light energy is coragkrinto chemical energy by
plants, the key role is played by chlorople/tbecause it absorbs and transfers energy to
the reaction centers, inducing charge separatiah aobsequently, photosynthetic
electron transport [11]. In addition, it is wellt&slished that chlorophyll fluorescence
(ChlF) may be applied to evaluate the physiologstatus of plantan vivo, [12-13] as
chlorophyll molecule is an intrinsic fluorophoreepent in green plants. Consequently,
ChIF can been used for monitoring, directly or radily, the environmental impact
induced by biotic or abiotic agents as the phottisstic efficiency of plants usually
decreases when placed under a stress conditioh7][L4-

To obtain fundamental knowledge about interactietmieen Chl molecules and
AgNPs and to evaluate the potential applicatiolfCblF spectroscopy as an analytical
technique for further investigation about nanogseteffects on plants, the present study
performed a close analysis of ChlF behavior, etd¢chérom leaves of fava bea¥i¢ia

faba L.), when surrounded by different diameters amteaotrations of AgNPs.

2. Materials and methods
2.1 Silver nanoparticles

Silver nanoparticles (AgNPs) with spherical form @02 mg.mt! (185 uMm) in
aqueous buffer, containing sodium citrate as stajl were purchased from Sigma-
Aldrich (Brazil). As informed by the company, theanoparticle diameters were

determined by transmission electron microscopy (JBkd the mean diameters of the



used AgNPs were 100 + 8, 60 = 8, and 10 £ 4 nm.ithaehl information of the AgNPs
Is presented in the Supplementary Material (Fig. S1

In all analyses performed, the AgNPs were suspemieddilute aqueous citrate
buffer for stabilizing the nanoparticles and tover® aggregation. This buffer solution
was selected because the citrate-based agent idywsaund with the nanoparticle
surface and can be readily replaced by other mEe@llowing a direct interaction

between chlorophyll molecules and AgNPs surface.

2.2 Chlorophyll extract

Leaves of fava bearvicia faba L.) were collected and cut into small pieces. 30 mL
of methanol PA was added for each 3 g of leavestla@ylwere incubated for 72 h at 2
°C. Then, chlorophyll extract was separated ancedton amber bottle at around 2 °C.

The chlorophyll content was determined by usingAlneon method adapted by Porra

(Eq. 1) [18], wherepes20(p6653 ig the absorbance value at 652.0 nm (665.2 mu) a
24.23 (3.26) obtained from the millimolar extincti@oefficients of chlorophylls at
652.0 nm (665.2 nm) for simultaneous determinatbnhe total chlorophyll content

[Chl a+ b], in uM units, in buffered methanol.

[Chl a+b] = 2423A%% + 326A%% (1)

2.3 Nanoparticle-chlorophyll solution

To study the interaction between chlorophyll and AgNPs, Q.®fihe chlorophyll
extract at 14.7 uM was added to 2.5 mL of the AgNPs-contaismigtion at
concentrations of 2.4, 9.7, 38.6, 77.2, and 154.5 uM.sHnee procedure was carried

out for the three nanoparticle sizes (10, 60, and 100 nm).



2.4 Optical analyses

The molecular absorption in the 200-800 nm wavelengnge were performed in a
Cary 50 UV-Vis spectrophotometer (Varian) usinguartg cuvette of 10 mm optical

pathlength at room temperature.

The fluorescence measurements were performed asilgrimeter consisting of a
laser excitation source, a monochromator (2000 UBOceanOptics), a Y-type
optical fiber. The fluorescence spectra of the damgvere obtained at wavelengths
between 450 and 800 nm with excitation at 405 nthm&asurements were carried out
at room temperature using a quartz cuvette with pmlished faces and 10 mm optical

pathlength.

Fluorescence lifetime measurements were perfornsedywa multiphoton confocal
microscope (Zeiss LSM 780) with a 20x objective amthle-photon avalanche diode
detector with picosecond temporal resolution. A atle 690-1100 nm laser
(Chameleon, Coherent) was used as the excitatinmeeoLifetime measurements of the
samples were taken at 678 nm with a two-photontatken at 800 nm. The excitation

laser provides 140-fs pulses with a repetition cht@0 MHz.
3. Results and Discussion

Fig. 1 shows the absorption and fluorescence spdotrthe Chl extract in the
absence of AgNPs. The Soret andy@bsorption bands were observed in the 400-450
and 600-750 nm wavelength ranges, respectively. (E&). In turn, a prominent
emission band centered at 678 nm was observed aldhga weak shoulder located

around 728 nm (Fig. 1b) [19].

Absorption data of AgNPs not surrounded by Chl roalies were also collected.

For instance, the absorption spectrum of the Agdif nm is presented in Fig. 2a. An



absorption band at around 430 nm due to the plasmsanance induced by the
collective oscillation of the electrons on the rhestarface was observed [20].
Additionally, the UV-Vis absorption analysis revedlthat the plasmon resonance is
suppressed whether the pH of the solution is aclzhsic, as presented in the Fig. S2 in
the supplementary materials. This result is pogslbe to the formation of nanoparticle
aggregation as pH is one of the most importanbfadn the formation of nanoparticle

clusters [21].

Considering the previous finding, absorption sggeofrthe solutions with neutral
pH containing AgNPs with different nanoparticle esizand concentrations were
acquired (data not show). Fig. 2b highlights theedir red-shift of the absorption
peak of the AgNPs solution with increasing nanapi@tdiameter (see the full
spectra in Fig. S1 in the supplementary materia&milar results for metal
nanoparticles were also verified elsewhere [22]tles absorption maximum of

plasmon resonance shifts to higher wavelengthsuiagparticle size increase [22].

Fig. 2c displays that the plasmon absorption intgrigearly increased as a
function of the AgNPs concentration, with? Roefficients of 0.9912, 0.9997, and
0.9972 for the diameter of 10, 60, and 100 nm, getsyely. Besides, the angular
coefficient obtained from Fig. 2c linearly decremss a function of nanopatrticle size
presenting a R coefficient of 0.9968 (Fig. 2d). In fact, thesesukls may be
accounted by the metal surface area dependente glasmon resonance [22]. For
instance, it is known that the total metal surfacea increases as nanoparticle
concentration increases, enhancing of the plasmsonance absorption (Fig. 2c) as
well as the total metal surface area decreasemm@3particle size increases, for a
given nanoparticle concentration, reducing the mtas resonance absorption (Fig.

2d) [22].



The chlorophyll-AgNPs interaction was studied based the effect of the
nanoparticle size and concentration. Solutions wehtral pH containing Chl at about
2.4 uM and AgNPs with different nanoparticle siaesl concentrations were used. The
UV-Vis absorption results revealed that no addaldmand as well as no band shift of
both chlorophyll and plasmon absorption was observe the chlorophyll-AgNPs
solutions (Fig. S3 and S4 of the supplementary nadg@. It was verified only that the
spectra are composed by the resultant of the iddalispectra. Therefore, these results

indicate that there is no Chl-AgNPs hybrid comgi@xnation in the ground state.

The fluorescence spectra of the chlorophyll-AgN#&steons in the 625-800 nm
spectra range with excitation at 405 nm were obthand the results revealed that ChlF
was suppressed as a function of AgNPs, as showkiginS5 in the supplementary
materials. Fig. 3a summarizes thgH-fluorescence ratio for different diameters and
AgNPs concentration, where Bnd F are the ChlF intensity at 678 nm in the abse
and presence of the silver nanoparticles, respaygtiThe fluorescence suppression was
linear as a function of nanoparticle concentratfmesenting a Rcoefficient of 0.9854,
0.9459, and 0.9413 for the nanoparticle diametéi0pf60 and 100 nm, respectively, as
well as it relies on the diameter of the AgNPs. éhsn these results, the following

Stern-Volmer equation describes the observed Giprassion:
F, _
i Ko/ [Ql 2)

whereKsy is the Stern-Volmer quenching constant &ds the concentration of the
suppressor agent (AgNPs) [19]. This remark agredis tlwe discussion reported by
Falco et al. [19,23], in which chlorophyll molecules may be adiged on the metal
nanoparticle surface resulting in a quenching dFCFRor instance, our data fit provided

a Ksy of 3.1¢ M1 for the nanoparticle of 100 nm. Similar value (8.M?) was



reported by Falcet al. as a result of the interaction between Chl and Rgdf 100 nm

[23].

The distinct angular coefficient ofofF versus AgNPs content for the three
nanoparticle sizes is an indicative thay is size-dependent. The values estimated for
Ksv are illustrated in Fig. 3b. An exponential decalationship between thi€és, and

AgNPs diameter, governed by Eq. 2 withd? 0.9999, is exhibited in Fig. 3b.

>

Ky, = 053+ 244e 43 3)

whereSis the nanoparticle size.

The linear fluorescence suppression as a functidnth® suppressor
concentration may be induced by either a statia dynamic quenching process [24].
Fig. 4a shows the fluorescence decays relatededCtiiF for different nanoparticle
concentration with diameter of 10 nm. The curvesavabtained monitoring the ChlF at
678 nm under two-photon excitation at 800 nm. Theréscence decays were fitted to

the following second order exponential decay eguati

Fiy=Y" Ad ! 4)

where F is the fluorescence intensityy are the amplitudes (pre-exponential
factors),t is the time, and; is the fluorescence lifetimes [23]. The lifetimatal indicate
that the quenching process must be of dynamic ggen the static quenching the
lifetime is not expected to be altered by the sapgpor [24]. Furthermore, a close
analysis of the lifetime-dependence with Chlorophgbncentration in Fig. 4b
demonstrates that the interaction between chlofdbpmmyolecules and silver
nanoparticles occurs mainly during the first nacose (below 0.20 ns) after the

excitation pulse input. The short lifetimer,) linearly decreases with increasing



nanoparticle concentration, revealing that the maoghemical mechanism responsible
for the lifetime reduction may be directly relatexithe increase of the metal surface

area in the solution.

It is worth to point out that the two major meclams responsible to
fluorescence quenching induced by metal nanopestiate the energy-transfer and the
electron-transfer [25]. The small overlap betweegNRs absorption and ChIF
corroborates with the statement that the ChlF saggion should be mostly attributed to
the electron transfer from Chb AgNPs. Additionally, as no Chl-AgNPs hybrid
complex formation was observed in the ground stageresults also indicate that ChlF
guenching occurred by the electron transfer frorited Chlto AgNPs. In fact, direct
binding of a fluorophore to the metal surface imeal results in the quenching of
excited states [26]. Furthermore, by analyzing itlteraction between Chl molecules
and gold nanoparticles (AuNPs), Barazzouk and cik&rs has also demonstrated that
the main suppression process of the ChlF was intdbgethe photoinduced electron

transfer from excited Cho AuNPs [27].

Based on that, the excited electron transfer fioen@hl molecules to the metal
surface after the excitation process. Thereforehénpresence of nanoparticles-related
metal surfaces, the excited state may be deadfivatean additional decay channel via
a non-radiative transition (electron transfer) éast of light emission (fluorescence),
leading to a decrease in lifetinrg and fluorescence intensity in agreement with the
steady state fluorescence data (Fig. 3b). Fig.rdsemts that long lifetimer{) remains
practically constant (3.68+0.03) ns with increasimanoparticle concentration, except

for a decrease experienced at the highest contientfa 154.5uM).

In summary, the results demonstrate that the nifetidependence of the

fluorescence is strongly affected when fast nomtadé processes are competing with
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the relatively slow radiative process of about 36 In the presence of silver
nanoparticles, the fluorescence emission is styoggénched in the time scale of 100-
1000 ps when compared with chlorophyll solutionhwitt AQNPs(Fig. 4a). The total
fluorescence decay has contributions from the eamssf non-interacting chlorophyll
in the supernatant solution and chlorophyll intérac with the nanoparticles. The
increase of nanoparticle content in the solutioduces the concentration of free
chlorophyll through interaction with the metal @agé. Thus, the strong reduction of the
short fluorescence decay tima)(with nanoparticle concentration is associatedh®
enhanced quenching process - which are fasterttienadiative one - due to charge

transfer from the excited chlorophyll states toresit silver states.

Fig. 4 refers to data obtained for the experiméamislving AQNPs with 10 nm
of diameter; the behavior was qualitatively simifiar 60 and 100 nm (data not shown).
The estimated values of Chl lifetime fluorescerareall the considered AgNPs sizes are
depicted in Fig. 5. Because revealing also nanigparsize-dependent, these results
confirm that only the short lifetime is affected the interaction between chlorophyll
and metal surface. In fact, it was determined aaimanoparticle size-dependence of
7,, for any given (2.41M in this figure) nanoparticle concentration, whitewas not

nanoparticle size-sensitive.

4. Conclusions

Optical measurements can be used for monitoringniteeaction between Chl and
AgNPs. It was demonstrated that AQNPs quenchedCtileé and contributed for the
reduction in the ChIF lifetime. Besides, the rasglt Chl-AgNPs interaction is

dependent on size and concentration of the metadpaaticles. The results also reveal
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that fluorescence suppression is caused by a dgngueinching process and the Stern-
Volmer constant (Kv) is linearly nanoparticle size-dependent. Thisagbtbehavior is
indicative that Chl molecules may be adsorbed entletallic AQNPs surfaces and then
the excited Chl molecules may transfer their exkcitdectrons to these surfaces,
resulting in ChlF quenching and lifetime decredsesummary, due to the existence of
an effective Chl-AgNPs interaction, the findinggygest that AQNPs may represent a
potential risk for plants as this interaction mdaege the operation of photosynthetic
apparatus (chemical energy production) of photdstid organisms. In this scenario,
additional investigations regarding the metal nambgles effects onn vivo plants

based on steady-state and time-resolved ChF measntg are still required.
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Figure Captions

Fig. 1- (a) Absorption and (b) fluorescence spectrum tdraphyll extract at 1.15 uM.

The fluorescence spectrum was obtained by exciid5 nm.

Fig. 2- (a) Absorption spectrum of silver nanoparticle0fnm at 50 uM and at pH 7;
(b) Plasmon absorption maximum as a function ofesilnanoparticle diameter; (c)
Plasmon absorption intensity as a function of silaanoparticle concentration; (d)
Angular coefficient related the linear regressibown in Fig 2c as a function of silver

nanoparticle diameter.

Fig. 3- (a) ChlF ratio (&/F) at 678 nm depending on the AgNPs concentratiddhl
solution at 2.4 + 0.4 uM under 405-nm excitatids). $tern-Volmer quenching constant

(Ksv) versus nanoparticle diameter.

Fig. 4 - (a) Chlorophyll fluorescence decays at 678 nm dolutions containing
different AgQNPs concentration with 10 nm of diameiéhe solutions were excited via

two photon absorption. (b) Short lifetime, { and (c) long lifetime €, depending on

the nanoparticle concentration. The dashed linegaides to the eyes.

Fig. 5- (a) Short and (b) long lifetime of chlorophyll dtescence in solutions with
AgNPs concentration of 2.41 uM as a function of tla@oparticle diameter. The lines

are guides to the eyes.
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