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Abstract. Pulsed laser synthesis of fluorescent nanoparticles from amino acids is promising
technique for fluorescent imaging. Understanding relation between nanoparticle size and
absorption and fluorescence characteristics sheds light on mechanism of fluorescence and
enables control of optical properties of products. To study this relation, we separated products
obtained by laser synthesis from L-lysine into fractions of different size and analyzed optical
properties and chemical composition of these fractions.
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AnHoTanus. JlazepHblii CUHTE3 YIJIEPOIHBIX TOYEK C (PIyOpeCIeHTHBIMU CBOMCTBAaMU Ha
OCHOBE aMWHOKMCJIOT — MHOroo0Oemiaroias MeToauka s (JyopeclieHTHOTO WMMaXWHTa.
UccnenoBanue COOTHOIIEHUST pa3Mepa TOYKM C ee (IyopecleHTHBIMU TlapaMeTpamMu
SIBJISIETCSI HEOOXOOMMBIM IS IOHMMAHUsI MeXaHu3Ma (PJIyopeCLeHLIMU U TOYHOIO KOHTPOJIS
XapaKTepUCTUK MPOAYKTOB JIa3epHOro CMHTe3a. B maHHOI1 paboTe Mbl pa3neuind YriiepoaHbie
TOYKM, IOJYYSHHBIC B XOJE JIA3€PHOI0 CUHTE3a M3 JIM3MHA, Ha (DPaKIMU B COOTBETCTBUU C
UX MoJieKyJsipHoii Maccoil (<2 kDa u >2 kDa), npoaHanu3upoBaiu KJIIOYeBbIe ONTUUYECKUE
XapaKTEePUCTUKN M XUMUUECKUI COCTAB COOTBETCTBYIOIINX (hpaKIIUid.

KioueBbie cioBa: JIOMMHECLIEHTHBIC YIJIEPOAHbIE TOYKM, (heMTOCEKYHIHbBIC Ja3epHbIe
MMITYJIbChl, HAHOMAaTepuabl, (OTOCTAOUIBLHOCTD
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Introduction

Production of fluorescent species from biomolecules in living cells and tissues in situ by femto-
second laser irradiation holds promise for targeted, localized, rapid and non-invasive fluorescent
labelling of intracellular material [1—2]. Previously, we demonstrated that femtosecond laser
synthesis of fluorescent carbon dots-like nanoparticles from essential amino acids, in particular,
L-lysine provides a potential route of fluorescent species formation in living cells [3].

Hence, there is a practical interest in understanding and tailoring fluorescent properties of
amino acid-derived carbon dots. Nanoparticle size is one of parameters through which optical
properties of carbon dots can be controlled and manipulated. Also, relation between size and
fluorescence characteristics is indicative of the fluorescence mechanism. When energy levels
are controlled by quantum confinement effects, absorption and emission bands of carbon dots
strongly depend on their diameter [4—5].

On the other hand, fluorescence of carbon dots can originate from specific organic fluorophore
groups in their structure, in this case its spectra are independent of the nanoparticle diameter [6].
Fluorescence of these groups can be bright, when they exist as separate molecules in solution, but
becomes strongly quenched when they combine into large nanoparticles [7].

In order to reveal the relation between nanoparticle size and optical properties and gain
insight into fluorescence mechanisms, we employed dialysis to separate fluorescent products,
obtained from L-lysine aqueous solution, into several fractions of different sizes. Absorption
and emission spectra, fluorescence quantum yields and lifetimes and other optical character-
istics were then registered for each fraction and effect of nanoparticle size on these properties
was revealed.

Materials and Methods

Synthesis and separation of products. Aqueous solution of L-lysine (2 mL, 0.1 g/mL) in a
quartz cuvette was irradiated with trains of femtosecond laser pulses focused by a spherical lens
(f= 8 mm, 0.5NA). Central wavelength of laser pulses was 800 nm, repetition rate 1 kHz, dura-
tion 50 fs, pulse energy 1.4 mlJ. Irradiation resulted in color change of solution and fluorescent
carbon dots formation (Lys-CD). This solution was dialyzed for 72 hours in a 2,000 MWCO dial-
ysis unit and separated into dialysate with molecular weight < ca. 2 kDa (Lys-CD-1) and retentate
(Lys-CD-2, molecular weight > ca. 2 kDa) (Fig. 1).

Samples characterization. Absorption of photoluminescence spectra of samples in water were
recorded with Shimadzu spectrophotometer (UV-3600) and spectrofluorometer (RF-5031 PC).
Fluorescence quantum yield (350 nm excitation) was estimated with the slope method using eth-
anol solution of anthracene (quantum yield 0.27) as a standard.

Fluorescence decay and fluorescence anisotropy decay kinetics in aqueous solution were reg-
istered with femtosecond pulsed laser excitation at 360 nm at 450 nm emission wavelength
using time-correlated single-photon counting module (SPC-150N, Becker&Hickl GmbH).
Fluorescence lifetime and anisotropy decay time were calculated as amplitude-weighted averages
from three-exponential fit of decay kinetics.

Photobleaching kinetics were recorded by exposure of carbon dots aqueous solutions of the
same concentration to continuous irradiation with excitation light of the spectrofluorometer
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Fig. 1. Synthesis and separation of lysine carbon dots

(central wavelength is 350 nm, spectral width is 20 nm); fluorescence intensity was recorded at
430 nm every 2 minutes for 80 minutes.

Infrared absorption spectra of dried samples were collected using Bruker Lumos II FTIR
microscope-spectrometer in an attenuated total reflection mode.

Results and Discussion

As described previously, laser irradiation of L-lysine solution resulted in formation of water-sol-
uble colored and fluorescent nanometer-sized particles (carbon dots). This solution was separated
using dialysis into lower and higher weight fractions (Lys-CD-1 and Lys-CD-2 respectively).
Effective separation of the sample into fractions was confirmed using measurements of fluores-
cence anisotropy decay time, which is proportional to the average hydrodynamic volume of carbon
dots (Fig. 2,a, Table 1). Emission anisotropy of Lys-CD-1 decayed much faster and Lys-CD-2
— much slower than of Lys-CD which confirms their different volumes. Characteristically,
Lys-CD-1 exhibited relatively long anisotropy decay corresponding to the hydrodynamic vol-
ume of approximately 3.1 nm?. Thus, even in the lower-weight fraction, fluorescence is mostly
attributed to nanoparticles (carbon dots) and few, if any, fluorescent moieties exist as separate
small molecules in solution.

Infrared spectra of irradiated solution, separated from unreacted L-lysine, demonstrated char-
acteristic amide peaks (Fig. 2,b), indicating that carbon dots were formed by polymerization of
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Fig. 2. Fluorescence anisotropy decay kinetics of Lys-CD, Lys-CD-1, and Lys-CD-2
(excitation at 360 nm, registration at 430 nm) (a). Comparison of infrared spectra
of Lys-CD dialyzed using 2 and 10 kDa membranes (b)
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amino acid monomers through formation of amide bonds. Additionally, there were also bands of
hydroxyl, alkoxy-, methylene and carboxylate groups. We compared infrared spectra of carbon
dots of different weights, dialyzed through 2 kDa and 10 kDa membranes, which were essentially
similar (Fig. 2,b). Thus, chemical composition of carbon dots demonstrates little dependence on
their size.

Absorption and emission spectra demonstrated, that, unlike original L-lysine, the Lys-CD
exhibited a broad absorption spectrum in the near ultraviolet and visible range and excitation-de-
pendent visible fluorescence with the maximal intensity at ca. 430 nm and excitation maximum
at ca. 350 nm. Absorption and fluorescence characteristics of Lys-CD-1 and Lys-CD-2 fractions
were generally the same as of Lys-CD. The small difference between them was in slightly larger
visible absorption and broader emission spectrum of Lys-CD-2 (Fig. 3, a, b) and small shifts in
the excitation and emission maxima (Table 1). Lack of obvious dependence of the absorption
and emission bands position on the carbon dot size proves that quantum size effects do not make
appreciable contribution to their optical characteristics. Rather absorption and fluorescence are
attributed to organic chromophore groups, which are the same in carbon dots of different sizes.
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Fig. 3. Comparison of UV-Vis absorption (a) and fluorescence emission
(excitation at 350 nm) (b) spectra, fluorescence decay kinetics (¢) and fluorescence
photobleaching kinetics (d) of Lys-CD, Lys-CD-1 and Lys-CD-2

Unlike emission spectra, fluorescence lifetimes and quantum yields demonstrated a clear
dependence on the nanoparticle size and declined with increase of the carbon dot size (Fig. 3,c,
Table 1). The natural radiative lifetime, equal to the ratio of fluorescence lifetime to quantum
yield, was approximately constant at 35-40 ns for all the three samples. Thus, the difference in
yields and lifetimes originates from higher nonradiative relaxation rate in carbon dots of larger
diameter. This fluorescence quenching effect in Lys-CD-2 is accompanied by broadening of the
emission spectrum to the higher wavelengths area (Fig. 3,b).

These observations indicate that the quenching mechanism is likely related to resonance energy
transfer between donor and acceptor chromophores within the same carbon dot [8]. Larger
nanoparticles are more likely to include several chromophore groups and thus are exhibit stronger
energy transfer effects which agrees with stronger fluorescence quenching in Lys-CD-2.

Table 1

Fluorescence characteristics of Lys-CD and its fractions Lys-CD-1 and Lys-CD-2

. . o Anisotropy
Sample Em. minimum, | EX. maximum, D, % Lifetime, decay time, I, / I,
nm nm ns s
Lys-CD 429 351 6.5 2.29 1.39 0.109
Lys-CD-1 428 348 7.9 2.72 0.77 0.091
Lys-CD-2 433 352 4.6 1.85 2.68 0.149

Notations. @ is the fluorescence quantum yield, 7./l is the ratio of integral fluorescence intensities

under 450 and 350 nm excitation
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Finally, we analyzed photostability of lysine carbon dots. Under continuous wave irradiation at
350 nm fluorescence intensity of all the three samples decreased, the fastest photobleaching rate
and the largest magnitude of decrease was observed for larger dots (Lys-CD-2) (Fig. 3,d). Thus,
the smallest dots possessed the largest photostability.

Conclusion

Our results indicate that the same type of chromophores is responsible for absorption and
emission of lysine carbon dots regardless of their size and quantum size effects do not contribute
to their absorption and fluorescence. These chromophores are only formed within carbon dots
and don’t exist as separate molecules in solution. Quenching of blue fluorescence in carbon dots
of large size indicates resonance energy transfer to acceptors within the same nanoparticle. Due to
higher quantum yield and larger photostability smaller-sized lysine carbon dots are more attractive
for practical applications.
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