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Abstract:

It is very difficult to prepare red/near-infrared emission carbon dots (CDs) for bio-imaging applications which are

needed because of their deep tissue penetration, minimal auto-fluorescence, and low emission light damage to bio-tissues. Near-in-
frared emitting CDs (NIR-CDs) were synthesized from sulfonated tetraphenylporphyrin using a solvothermal method. They have ex-
citation-independent properties with a maximum emission at 692 nm. Studies showed that this unique near-infrared emission mainly
originated from the aggregated molecular states of the CDs. The NIR-CDs showed good water solubility, exceptional biocompatibil-

ity, low toxicity, and superior cellular labelling ability. This work could significantly advance the structural design and preparation of

NIR-CDs and corresponding bio-imaging applications.
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1 Introduction

Carbon dots (CDs), as a novel carbon-based
zero-dimensional nanomaterial, have drawn merits
owing to their low toxicity, tunable emission, excel-
lent water solubility, great biocompatibility, numer-
ous functional abilities and low cost! . In the mean-
time, CDs are uncomplicated to be fabricated via hy-
drothermal treatments™, laser ablation”, microwave-
assisted method'®, and electrochemical oxidation!”

with various precursors, including natural products™,

10 .
19 and so on. Given

chemical agents, biomaterials
that, CDs display wide range of potential applications
in various fields, particularly in biomedical fields,
such as biolabelling""!, bioimaging'”, biosensing'",
and drug delivery!'*!. Nevertheless, most of the repor-
ted CDs retain blue or green light emission, which
harshly hinders their optical applications in biology
due to the strong tissue absorption, shallow tissue pen-
etration, and high interference from the biological sys-
tem's autofluorescence or severe photodamage!”.
Consequently, it is imperative to develop effective
red/near-infrared (R/NIR) emitting CDs, which are
more appropriate alternates for photobleaching-prone

organic dyes and toxic semiconductors quantum dots.
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To date, only few groups have efficaciously synthes-
ized R-CDs, and the emission wavelengths are primar-
ily below 650 nm'"*"*. Yang’s group reported that the
electrochemically exfoliated graphite formed R-CDs
with an emission wavelength at 610 nm"”. At the
same time, Lu's group obtained R-CDs by solvo-
thermal treatment of citric acid and thiourea in di-
methylformamide, and the optimal emission was loc-
ated at 610 nm with QYs of 24%!"%. Lin's group pro-
duced brighter R-CDs (QY's was higher to 28%) from
precursors with t-conjugated structure (i.e. p-phenyle-
nediamine), and the maximum emission peak was at
603 nm™™. It remains urgent to develop near-infrared
fluorescent CDs (NIR-CDs) with fluorescence emis-
sion wavelengths longer than 650 nm.

Although the luminescence mechanism of CDs is
not fully understood, it is commonly accepted that the
luminescence is generated from carbogenic core state,
surface state and molecule fluorescence”'). These ori-
gins and corresponding mechanisms are commonly
used to explain and guide the design of NIR-CDs. In
our earlier work, the NIR-CDs were synthesized from
spinach via a one-step solvothermal treatment, and the

maximum fluorescence emission wavelength is up to
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680 nm, longer than most reported NIR-CDs*”). The
luminescence of NIR-CDs is thought to originate from
the electron transition of multiple emission centers, in-
cluding molecular states and carbon-core states. Lin's
group has synthesized NIR-CDs (4,,,, = 683 nm) for

two-photon fluorescence bioimaging, and the emis-
(23]

max

sion is mainly from the molecular state mechanism

Motivated by the pioneering and our previous
works, we devised and produced NIR-CDs using sulf-
onated tetraphenylporphyrin as a precursor through a
solvothermal treatment. The NIR-CDs present excita-
tion-independent properties with a maximum emis-
sion at 692 nm. Further studies revealed that the NIR
fluorescence properties mainly originated from the ag-
gregated molecular states of CDs. Besides, the as-ob-
tained NIR-CDs also revealed good water solubility,
exceptional compatibility, ignorable toxicity, and su-
perb cellular labelling capability. Given that their col-
lective properties, the NIR-CDs as effective near-in-
frared emission bio-imaging probes with ignorable
toxicity hold great potential for in vitro and in vivo

imaging in the future.

2 Materials and methods

2.1 Chemicals

Tetraphenylporphyrin was purchased from Sino-
pharm. Dulbecco's Modified Eagle Medium (DMEM),
penicillin, streptomycin, and fetal bovine serum (FBS)
were purchased from Gibco. Phosphate buffered sa-
line (PBS), culture dishes, 96-well plates, and con-
focal dishes were purchased from Taiyuan Zhenghe
Biochemical Reagent Company. 3-(4, 5-dimethyl-2-
thiazolyl)-2, 5-diphenyltetrazolium bromide (MTT)
was obtained from Sigma Aldrich Corporation. Con-
centrated sulfuric acid (98%) and hydrochloric acid
were obtained from Sinopharm Group Chemical Re-
agent Corporation. The above chemicals and solvents
were of reagent grade and used as received. Filtration
membranes (0.1 um) and dialysis membranes (MWCD=
3 500) were purchased from Spectrum Labs, China.
HeLa cells were purchased from Tongpai (Shanghai)
Biotechnology Corporation.

2.2 Synthesis of NIR-CDs

First, the tetraphenylporphyrin was diffused in
concentrated sulfuric acid and then treated with salt-
ing-out precipitation, neutralisation, and methanol
precipitation to obtain sulfonated tetraphenylpor-
phyrin. Then the above solution was dispersed in hy-
drochloric acid and transferred into a Teflon-lined
autoclave, pursued by solvothermal treatment at
180 °C for 6 h. Following cooling to room temperat-
ure, the acquired NIR-CDs solution was filtered by
0.1 pm filter membrane, then dialyzed with a dialysis
membrane (a cutting molecular weight of 3 500) for
three days. The unreacted raw materials and small
molecular weight products were entirely removed, and
the objective product NIR-CDs solution was obtained.
Ultimately, the NIR-CDs solution was freeze-dried to
obtain the NIR-CDs powder.
2.3 Characterization

The NIR-CDs' morphology and size were de-
termined by transmission electron microscopy (TEM,
JEM-2100F, JEOL, Japan) with an accelerating
voltage of 200 kV. TEM samples were prepared by
dispersing CDs in ethanol solution and then dropped
on a copper mesh. The zeta potential of NIR-CDs was
determined by a Zetasizer 3000 HS (Malvern, UK).
The chemical structure and the NIR-CDs' elemental
composition were characterized by X-ray photoelec-
tron spectroscopy (XPS) and Fourier transform infra-
red spectrometer (FTIR). XPS was completed using
an XPS spectrometer (Model: Thermo ESCALAB
250) with X-ray radiation of Al Ka (hv = 1486.6 eV).
FT-IR was characterized by an IR spectrometer (Mod-
el: Nicolet Magna-IR 550-II) in transmission mode
using KBr pellets. The electron transitions and lumin-
escence properties of NIR-CDs were characterized by
UV-visible absorption spectroscopy and photolumin-
escence spectroscopy, respectively. The UV-visible
absorption spectroscopy was collected by a UV-vis-
NIR spectrophotometer (Model: Shimadzu UV-3600)
at room temperature with a 1 cm quartz cuvette. The
PL spectra were recorded on a FL spectrophotometer
(Model: Hitachi F-7000). The cytotoxicity of NIR-
CDs was detected by standard MTT assay and recor-
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ded by a plate reader (Model: Tecan Infinite M1000).
The cellulars were imaged on a laser scanning con-
focal microscope (Model: Nikon C1Si).
2.4 Cytotoxicity assay

Hela cells were propagated in DMEM medium
supported with 10% FBS and 1% penicillin/strepto-
mycin at 37 °C in a humidified incubator containing
5% CO,. The standard MTT assay was used to evalu-
ate the cytotoxicity of Hela cells labeled with NIR-
CDs. The Hela cells were trypsinized and plated in a
96-well plate at a density of 10" cells/well, and al-
lowed to adhere overnight. After being isothermally
incubated for 24 h, the culture medium was substi-
tuted by fresh DMEM containing various concentra-
tions of the NIR-CDs (0-400 pug mL™") for another
24 h followed by the standard MTT assay to measure
the cell viability. Finally, each well's absorbance was
measured on a Tecan Infinite M1000 plate reader at a
wavelength of 570 nm. Measurements were repeated
at least three times.
2.5 Cell imaging

HeLa cells were seeded at a density of 10* cells
per well in confocal culture plates in DMEM culture
medium. NIR-CD dispersion with the final concentra-
tion of 200 mg mL™" was added to Hela cells for 1 h
incubation. Then, the non-specifically bound NIR-
CDs in the confocal culture plates were removed by
PBS washing. Finally, the fluorescence images of the
Hela cells were recorded at 100 ms intervals for each
colour automatically by a NIS-element AR (Ver:
4.13.00) equipped with a water-cooled CCD camera.

3 Results and discussion

3.1 Characterization of NIR-CDs
The NIR-CDs were synthesized via a
thermal method using sulfonated

solvo-
tetraphenylpor-
phyrin as the precursor at 180 “C for 6 h, as shown in
Fig. 1. The as-prepared NIR-CDs show good water
solubility. The TEM images were listed in Fig. 2a,
showing that the NIR-CDs have a uniform particle
size distribution with an average of ~2.3 nm. The
NIR-CDs have a diameter in the range of 1.5-3.5 nm
(Fig. 2b). Fig. 2c presents the high-resolution TEM

image of NIR-CDs. The High-resolution TEM
(HRTEM) images show that most of the NIR-CDs
have a low carbonization degree, except for a small
number of particles that are partially graphitized. The
lattice fringe in Fig. 2d shows a space of 0.21 nm at-
tributing to the (100) plane of graphite™!. The XRD
was also used to characterize the structure of NIR-
CDs, as shown in Fig. S1. The diffraction peaks loc-
ated at 23.7° and 44° are in close agreement with the
(002) and (100) planes of carbon nanomaterials with a
graphite-like structure™ *°!. The broadening nature of

the peak indicates a short-range ordered structure!"”.
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Fig. 1 Synthetic route of NIR-CDs.
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Fig.2 (a) TEM and (b) the size distribution histogram of the NIR-CDs; (c,
d) HRTEM images of the NIR-CDs. The white circles stand for crystalline
NIR-CDs, and yellow circles represent amorphous CDs.

The NIR-CDs' elemental composition, chemical
structures, and the surface functionalization were ex-
amined by XPS and FT-IR. Fig. 3 shows that NIR-
CDs mainly contain carbon, nitrogen, oxygen and sul-
fur elements. The high-resolution XPS peak of Cls
can be deconvoluted into four fitting peaks at 284.7,
285.4, 286.6 and 288.0 eV, corresponding to the
C=C/C—C, C—N, C—0 and C=N/C=0 species,
respectively”” **). The high-resolution XPS peak of N
Is of the NIR-CDs could be split into two peaks



531 LI Li-ping et al: Near-infrared emission carbon dots for bio-imaging applications - 635 -
1 — .Obtai 1
— (@) C1s —ngén:fr\?: “ — (_b) Obtained data N1s —~ (©01s — -Obtaned data | _ (g)'o.b‘ai”ed data S2p
S ——284.7eV S | — Fitted curve S - Eg:eg cuvrve S| :g;eg g%rve
. ey S| —400.1ev s —Ssev S| 1e87ev
> 28806V = 2> —536.0eV 2| —1m13ev
[72] 7] 7] 7]
= c = o
g g 8 g
E £ S £

Binding energy (eV) Binding energy (eV)

282 284 286 288 200 396 398 400 402 404

162 165 168 171 174
Binding energy (eV)

528 530 532 534 536 538
Binding energy (eV)

Fig.3 (a-d) High-resolution scan of the Cls, N1s, Ols and S2p of the NIR-CDs.

centered at 400.1 and 400.8 eV, which are probably
attributed to pyrrolic N and pyridinic N, respectively
(Fig. 3b)** ", For the XPS peak of Ols (Fig. 3c),
there are three fitting peaks at 531.6, 532.5 and
536.0 eV correspond to C=0, C—OH/C—0—C,
and O=C—OH, respectively!'>*"**. The XPS peak
of S2p shows three fitting peaks at 168.7, 170.0,
171.3 eV (Fig. 3d). The peak at 168.7 eV agrees to the
—C—S0, structure and the peaks at 170.0 and
171.3 €V relate to the S2,, and S2;, of the -SO,
group of the NIR-CDs ],

To further investigate the surface groups of NIR-
CDs, the FTIR spectrum was recorded. The peak
centered at 3 448 cm™' suggests the presence of O—H
and N—H bonds on the surface of NIR-CDs!"*. The
peaks at about 2 931, 1 645, 1386, 1 070 cm™' are as-
signed to the stretching vibrations of C—H stretching
vibrations, C=C/C=0, —CH/=C—N, and
C—0/—S0,, respectively™ 1. The XPS and FTIR
analysis corroborated that the NIR-CDs are doped by
nitrogen and sulfur, and functional groups such as
carboxyl, hydroxyl, amino, ester, and sulfonic groups
coexist on the NIR-CDs surface. As shown in Fig. 4b,
the zeta potential is —18.9 mV for the NIR-CDs dis-
persed in an aqueous solution, and the low potential
results from the abundant carboxyl, hydroxyl, and
sulfonic groups on the surface of NIR-CDs. The pres-
ence of hydrophilic groups promotes the dispersibil-
ity of NIR-CDs in water.

3.2 Optical properties of NIR-CDs

The UV-visible absorption and fluorescence ex-
citation and emission of the NIR-CDs were examined
to evaluate their optical properties. Fig. 5 shows four
absorption peaks at 240, 344, 435 and 647 nm. The
peak at 240 nm is typical m—n* transition of the aro-
matic sp> domain of nano-carbon as reported for most
CDs"" ** The absorbance peaks at 344, 435 and

b
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Fig. 4 (a) FTIR spectrum and (b) Zeta potential of the NIR-CDs.
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Fig. 5 (a) UV-visible absorption and (b) PL emission
spectra of the NIR-CDs.

647 nm are possibly ascribed to the n—n* transitions
of C=0, C=N, and C—S bonds in the sulfonated
porphyrin structures, respectively”” *’". The PL spec-
tra of the NIR-CDs measured at different excitation
wavelengths present an excitation-independent fea-
ture with an emission maximum at 692 nm (Fig. 5b).
Besides, the quantum yield is determined to be 23.8%
under the excitation of 435 nm by a relative method
(Fig. S2).

Based on the above structural and optical charac-
terizations and analysis, the NIR emission of the NIR-
CDs might derive from the molecular states. To fur-
ther analyze the fluorescence mechanism of NIR-CDs,
the UV-visible absorption and fluorescence emission
of the sulfonated tetraphenylporphyrin were ex-
amined, as shown in Fig. S3. The sulfonated tet-
raphenylporphyrin aqueous solution shows typical
peaks of the Soret band (411 nm) and Q-bands (515,
551, 582, and 637 nm). After hydrothermal carboniza-
tion, the Soret band peak (435 nm) of the resultant
NIR-CDs’ was significantly longer than that of sulf-
onated tetraphenylporphyrin (411 nm). Additionally,
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the NIR-CDs show one absorption peak in the range
of 500 to 800 nm, while sulfonated tetraphenylpor-
phyrin has four Q-band absorption peaks. These
changes indicate the aromatic rings of sulfonated tet-
raphenylporphyrin react and form larger conjugated
structures. Fig. S3b shows typical fluorescence emis-
sion peaks of sulfonated tetraphenylporphyrin at 650
and 700 nm, respectively. The maximum emission
peak of NIR-CDs is located at 692 nm, longer than the
main fluorescence emission peak from sulfonated tet-
raphenylporphyrin (650 nm). The red-shift results
from the extended conjugation of NIR-CDs, which re-
duces the energy gap between HOMO and LUMO™".
To sum up, the NIR-CDs mainly present the molecu-
lar luminescence properties, but the UV absorption
and fluorescence emission of NIR-CDs are red-shif-
ted compared with that of sulfonated tetraphenylpor-
phyrin, which might be due to the extended conjuga-
tion of NIR-CDs.
3.3 Cellular imaging

In view of the NIR-CDs' aqueous solubility and
optical properties, the obtained NIR-CDs are expec-
ted to serve as potential near-infrared emission probes
for bioimaging. The standard MTT assay was used to
evaluate the cytotoxicity of NIR-CDs with Hela cells.
NIR-CDs show negligible toxicity towards Hela cells
even after incubation with NIR-CDs for 24 h at a rel-
atively high concentration of 400 pg mL™' (Fig. 6a).
The Hela cells incubation with NIR-CDs were ob-
served by a confocal fluorescence microscope under
bright-field to evaluate the bio-imaging potential of
the NIR-CDs. The excitation wavelength was set to be
543 nm. As shown in Fig. 6b, the NIR-CDs can
quickly penetrate Hela cells, and produce brightly
near-infrared emission at the position of the cyto-
plasm, indicating the NIR-CDs’ excellent cell la-
beling ability. Near-infrared fluorescence imaging has
attracted great attention due to its minimal damage to
biological tissues, very low autofluorescence, deep
penetration to tissue, and good spatial imaging ability.
NIR-CDs as novel near-infrared probes show great
potentials to be used in biological applications.

4  Conclusion

In summary, the excitation-independent NIR-

»
2
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Fig. 6 (a) Cell viability of HeLa cells after incubation with various con-
centrations of NIR-CDs; (b) Confocal images of Hela cells incubated with
NIR-CDs at the concentration of 200 pg mL ™" obtained under dark field
(right image), bright field (middle image) and their merged (left) image at

the excitation of 543 nm laser.

CDs were synthesized via the solvothermal treatment
of sulfonated tetraphenylporphyrin. The near-infrared
fluorescence emission was mainly originated from the
aggregated molecular states of CDs. The prepared
NIR-CDs exhibit good dispersibility in water, a strong
NIR emission at 692 nm, exceptional biocompatibil-
ity, minimal toxicity, and enhanced labelling capabil-
ity in bio-imaging. The synergistic properties of the
NIR-CDs assisted their remarkable application for
near-infrared bio-imaging. Particularly, this study is a
beginning step for the fabrication and bio-imaging ap-
plication of NIR-CDs. Our laboratory is working on
the multimodal imaging and therapy of NIR-CDs to
expand their unique properties and potential applica-

tions.
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