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Fig. 1 Schematic of optical system for photodynamic therapy
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Fig. 2 Characterization of C-dots. (a) Particle size; (b) absorption spectrum; (c) fluorescence spectra; (d) two-photon excited

fluorescence; (e) variation curve of characteristic absorption peak (A =399 nm) of ABDA under light irradiation with

different light irradiation time, where the inset shows UV-Vis spectra of ABDA and C-dots under light irradiation for

different time;

(f) absorption spectra of C-dots in PBS for different time;

(g) absorption spectra of C-dots

under light irradiation for different time; (h) assessment of biocompatibility of C-dots

1507104-3



FRBIE 3L

# 49 % £ 15 #1/2022 £ 8 A/ E M

700 nm) » H 3 0 06 N A W 4350 47 F 360 nm NI
450 nm &b, Qi 2(h) s . TR B, A Bk a5, 1Y 2O B
R PR AR L A 2 (o) T s 3% 4 M 2 ik ik ¢
SRR B RRAE 2 — . BT BB 5T 2R L B SR RO F
W S T R A 16000 GM 1500 GME™, 5 fifi 45 H ]
PLBCh BEAR RO FHEE . B 2(D FiR . REMEOE
(750 nm,45 mW) Al DL R0 & ik 51 SO T 28615
5. ¥ ABDA fE & M & 5 o AL H Aok
(100 mW /em®) 3 % B s, WF 5% HOgG PR = A BE .
WE 2Ce) fin 76 HE IS 10 min . ABDA [ $R1E
W AT g iR B R BRI B X R RS MR R ABDA B
B a3, 77 A 110 i 2 4R R TV G L U I R s EL A S
PEE AR T . KOS T PBS W 3 i I H
WAL S 1 ) AR A SR A Y FLAE AE A SR R AR E .
2(D IR 7E 48 h N, WSO 1S & A 8 35 28 4k L iE B
B o, EL A R G 0 A g R M BT DR A ) B A T
58, PO A RE o T 0k 278 AR 9 R IR 7 Hh )
PERE 2GRN M E B R, A A6 00 mW/em®)
T S U R i s I3 a0 R A O 3 ok F g LB Ok
B, mE 20 R 458 10 min (1% 22 B 5,
fiie a5 0 W AT ' i i 2 0 A BH TS A, DATR T LA A OB

RNASelect

C-dots

W B R POLE A RE T . FEFF R A I F 0
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(500 pg/ml) 5 Hela ML H 3 h J5 #F47 98 6 AL
1%, WE 3 Fis 76— SE [F B X 35 BP A% 1 07 & 0] AW
MRV S DOEES . AT 39— A B 5 78 40 i Y
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Fig. 3 Fluorescence images, merged images, and bright field images of Hel.a cells stained with both RNASelect and C-dots,

where excitation and emission wavelengths of C-dots channel are A, =552 nm and A., =560-590 nm, excitation and

emission wavelengths of RNASelect channel are A, =488 nm and 1., =510—540 nm, the concentration of RNASelect is

10 pmol/L, and the mass concentration of C-dots is 500 pg/mL
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I A0 M B A% A= RNA AT SE B 52 O o 48R . K
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SRR, A8 T AR R R R B RO O 8 197 vk
(e 1 From) A SZ g0 v il A 65 i SR B B 2
L,

merge bright field
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Fig. 4 Necrosis development in response to nucleolus-targeted two-photon PDT. Hel.a cells incubated with/without C-dots were

irradiated by two-photon scans with different time, where excitation and emission wavelengths of Calcein channel are

Aoy =488 nm and A, =505-525 nm, excitation and emission wavelengths of propidium iodide (PI) channel are A, =532 nm and

Aem =605—625 nm, and scanned areas are indicated by yellow squares
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Table 1

XL T8 J1 iR I b e R i

Light dose for two-photon photodynamic therapy

Photosensitizer Excitation

Luminous Light dose /

Cell  Photosensitizer concentration wavelength /nm flux density Excitation time Jeem=?) Ref.
HepG2 AuNC 100 pgemL™" 800 13.8 Weem ™’ 5 min 4140 [43]
Hel.a T-TPEDC 10 ‘U.g’mlfl 800 60 Jecm ° per scan 120 scans 7200 [31]
A549 DPASP 50 pmol+L ! 960 1.5 W/em® 10 min 900 [44]
Hela TQ-BTPE 2 pmol-L™" 850 40 Jecm * per scan 60 scans 2400 [45]
HeLa RTCD 100 pgemL ™! 638 1 Weem™* 5 min 300 [46]
Hela AuNP 40 pmol+L™" 808 3 Weem ™ ? 15 min 2700 [15]
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Abstract

Objective Photodynamic therapy (PDT), which canablate cancer cells or diseased tissue by the generated reactive
oxygen species (ROS) once the photosensitizers (PSs) are excited by light with specific wavelength, has attracted various
attention in the last decades due to its unique advantages, including non-invasiveness, few side-effects, etc. The
advancement of PDT has been significantly restricted by the penetration depth of the excitation light and sub-cellular
organelles targeting capability. Here, an effective carbon dots (C-dots) photosensitizer with intrinsic nucleolus — targeting
capability is synthesized, characterized, and employed for in wvitro photodynamic anticancer therapy with enhanced
treatment performance at a low dose of PS and light irradiation.

Methods The optical system, which included a microscope and femtosecond laser, was designed for two-photon
phototherapy. The nucleolus-targeted C-dots were synthesized using microwave heating. The characteristics of
synthesized C-dots including particles size, absorption and emission, two-photon fluorescence, photobleaching,
biocompatibility, etc., were measured by DLS measurement, UV-Visible spectrophotometer, fluorescence spectrometer,
femtosecond laser, CCK-8 kit, respectively. The nucleolus-targeting capability of C-dots was investigated using
fluorescence imaging. The Hela cells were incubated with C-dots and irradiated with a femtosecond laser before cell
viability was examined using Calcein-AM/PI staining and fluorescence imaging.

Results and Discussions The microwave heating method selects citric acid and ethylenediamine as raw materials to
synthesize the C-dots. The synthesized C-dots were studied using dynamic light scattering measurement, and the average
size of the C-dots was approximately 1 nm [Fig. 2(a)]. The C-dots absorbed light in various wavelengths from 300 to
700 nm, with the main absorption peak at 360 nm and a shoulder peak at 450 nm [Fig. 2(b)]. The C-dots exhibited
excitation-dependent emission [ Fig. 2(c)] and significant two-photon fluorescence when exposed to femtosecond laser
irradiation [Fig. 2(d)]. The ROS-generation capability of the C-dots in aqueous solutions was investigated using ABDA as
the ROS indicator under white light irradiation (400-700 nm, 100 mW/cm’®). The ABDA was almost decomposed after
10 min illumination [ Fig. 2 (e)], indicating the ROS-generation capability of the C-dots. The long-term stability and
photostability of the C-dots were characterized by measuring the absorption spectra at different time points [ Fig. 2(f)]
and after continuous irradiation [Fig. 2(g)], respectively. The experimental results showed that the C-dots had good
long-term stability and photostability. CCK-8 kits were used to evaluate the biocompatibility of the C-dots before
undergoing in vitro photodynamic therapy. For 24 and 48 h, no significant difference existed between control cells and
cells treated with the C-dots in the mass concentration range of 250—750 g¢/mL, indicating the excellent biocompatibility of
the C-dots. The C-dots were treated with HeLa cells to investigate their intracellular position, followed by fluorescence
imaging. The fluorescence signal of the C-dots was observed in some round areas, i.e., nucleoli. HeLa cells were co-
stained with the C-dots and one commercial nucleolus imaging probe, SYTO RNASelect, to demonstrate the C-dots’
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nucleolus-targeting capacity. Figure 3 showed the fluorescence of the C-dots completely overlapped with that of SYTO
RNASelect, confirming that the C-dots could specifically stain the nucleolus. HeLa cells were cultured with/without the
C-dots (500 g/mL) for 3 h before being exposed to femtosecond laser irradiation to study the two-photon PDT efficiency
of the C-dots (740 nm, 28 mW). The treated cells were incubated for 4 h following the irradiation and stained with
Calcein-AM and PI. Figure 4 showed that more cells were Pl-positive with an increment of irradiation time. When the
irradiation time reached 45 s, almost all cells were necrotic, suggesting the excellent cancer cell ablation potential of
nucleolus-targeted two-photon photodynamic treatment. The identical irradiation did not result in necrosis in the absence
of the C-dots, indicating that laser irradiation had no effect.

Conclusions  We designed and synthesized novel C-dots with intrinsic nucleolus-targeting and ROS-generation
capabilities. The nucleolus-targeted two-photon PDT exhibits outstanding cancer cell ablation efficiency at a low dose of
the C-dots and light irradiation because the C-dots generated ROS is positioned within the nucleolus, which is an efficient
cancer therapy site. Additionally, the developed C-dots possess some unique advantages, including ultrasmall size, long-
term stability, and excellent biocompatibility, making them promising for practical two-photon PDT applications.
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