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Introduction

Nucleotide-derived theranostic nanodots with
intrinsic fluorescence and singlet oxygen
generation for bioimaging and photodynamic
therapyf

Xin Ting Zheng, ©? Yee Ching Lai® and Yen Nee Tan () *ab¢

Nucleic acids are important molecules of life and have recently emerged as important functional materials
to synthesize, organize and assemble inorganic nanoparticles for various technological applications. In this
study, we have systematically investigated the four basic nucleotides of DNA as precursors to form
fluorescent nucleotide derived biodots (N-dots) with unique singlet oxygen generation properties by
one-pot hydrothermal synthesis. It has been discovered for the first time that the nitrogenous base
adenine accounts for the bright fluorescence, while the sugar and phosphate groups of the nucleotide
endow the N-dots with good photo-stability. Among the N-dots synthesized in this study, adenosine
triphosphate (ATP)-dots were found to exhibit the highest fluorescence quantum yield (QY) of 13.9%,
whereas adenosine diphosphate (ADP)-dots exhibited the best photo-stability maintaining 97.6%
photoluminescence intensity after continuous UV excitation for 30 min. Overall, deoxyadenosine
monophosphate (dAMP)-dots display both high fluorescence QY (12.4%) and good photo-stability
(91.9%). Most critically, JAAMP-dots show the highest singlet oxygen generation with a remarkable singlet
oxygen (*0,) quantum yield of 1.20 surpassing the O, quantum yield of the conventional
photosensitizer Rose Bengal (0.75). Further cellular experiments reveal that dAMP-dots possess excellent
cellular uptake ability for successful fluorescent labeling with the ability to kill >60% Hela cancer cells
under white light treatment within 10 minutes. Additionally, N-dots possess excellent stability against
both UV irradiation and DNase enzymatic action. These results demonstrate the unique physiochemical
properties of N-dots, including an ultra-small size for cellular uptake, tunable photoluminescence for
bioimaging, excellent aqueous solubility, high chemical stability and photo-stability as well as excellent
singlet oxygen quantum yield with inherent biocompatibility for photodynamic therapy, which are
important factors contributing to the promising theranostic applications in future personalized nanomedicine.

hybrid materials for a wide range of technological applica-
tions.>® In addition to the assembly function, the natural

DNA is a long chain polymer made from basic building blocks
called nucleotides. It carries important genetic information of
life and can self-assemble into various unique structures such
as supercoils, G-quadruplexes and origami.'™* Recently, the
complementary base pairing properties of DNA have been
exploited for nanoscale assembly of inorganic nanoparticles
(NPs) such as gold-, silver- and metal oxide-NPs into functional
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doping of heteroatoms, such as nitrogen, oxygen and phos-
phorous, in DNA molecules also makes them a viable choice of
precursor for the hydrothermal synthesis of fluorescent biodots,
an emerging class of carbon-based nanomaterials.”* Due to the
use of biomolecular precursors, the as-synthesized fluorescent
biodots are often endowed with inherent biocompatibility, good
aqueous solubility, chemical stability and inertness*** suitable
for a wide range of biomedical applications.**® For example,
fluorescent biodots derived from long chain DNAs have been
developed for metal ion sensing (e.g., Hg>", Ag®, and Fe"),
bioimaging and drug delivery.*»*>'""** However, all these studies
do not investigate the contribution of the four basic units of
DNA (i.e.,, deoxyadenosine, deoxyguanosine, deoxythymidine
and deoxycytidine nucleotides) to the formation of the resultant
biodots, which are important to tailor the biodot properties for
specific biomedical applications. Herein, we have conducted

This journal is © The Royal Society of Chemistry 2019
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a systematic study to uncover the rational design of nucleotide-
derived biodots (N-dots) with further insight into individual
nucleotide contributions to the unique physiochemical prop-
erties and structure of the resultant N-dots.

Besides fluorescence properties, biodots can be endowed
with additional functions such as antimicrobial and biofilm
removal functions.® To the best of our knowledge, the potential
of using fluorescent nanodots derived from biomolecules with
intrinsic singlet oxygen generation properties for photodynamic
therapy (PDT) has not been reported. PDT is a non-invasive
treatment for cancer with minimal side effects, negligible
drug resistance and low cytotoxicity.”® It is based on the
generation of highly reactive singlet oxygen through the inter-
actions of photo-sensitizers, light and oxygen to result in cell
death and tissue destruction.”* However, the widespread
application of current organic-based PDT agents is mostly
hindered by their poor aqueous solubility, photo-stability and
biocompatibility.* In this study, we have tackled these chal-
lenges by carefully investigating the contribution of functional
groups and molecular structures of nucleotides to singlet
oxygen generation for effective PDT treatment. In particular, our
study involved the careful selection of nucleotide precursors for
the hydrothermal synthesis of functional N-dots with desirable
properties for simultaneous fluorescence imaging and photo-
dynamic therapy.

In summary, we have presented the successful development
of bright fluorescent nucleotide-derived nanodots as potential
PDT agents with high singlet oxygen generation, excellent
aqueous solubility and good biocompatibility. It was found that
the presence of a photoluminescent center formed within the N-
dots has provided them with excellent stability against both UV
irradiation and DNase enzymatic action. Since typical photo-
sensitizers with high singlet oxygen generation have poor fluo-
rescence quantum yield, while other molecules with brighter
fluorescence usually give low or negligible ROS generation, this
work provides a plausible remedy to this dilemma and opens up
a new way to engineer nanomaterials with multiple functional-
ities towards theranostic applications in future nanomedicine.

Experimental
Reagents and chemicals

Adenine, guanine, cytosine, thymine, adenosine, 2’-deoxyade-
nosine 5-monophosphate, 2'-deoxyguanosine 5’-monophos-
phate, 2’-deoxycytidine 5-monophosphate, 2'-deoxythymidine
5’-monophosphate, adenosine 5’-diphosphate, deoxyadenosine
5'-triphosphate, deoxyribonucleic acid sodium salt from
salmon testes (approximately 2000 bp), 9,10-anthracenediyl-
bis(methylene)dimalonic ~ acid  (ABDA) and  3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma-Aldrich. Deionized (DI) water with
a specific resistance of 18.2 MQ was used.

Materials characterization

The photoluminescence (PL) intensity was measured using
a Tecan Infinite M200 Multimode Microplate Reader. The
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fluorescence images of the N-dot solution were obtained under
the illumination of a High Performance 2UV™ Transilluminator.
UV-vis absorption spectra were recorded with a Shimadzu UV-
2450 UV-visible Spectrophotometer. X-ray Photoelectron Spec-
troscopy (XPS) was performed with Theta Probe XPS equipment.
Dynamic Light Scattering (DLS) measurement was performed
using a Malvern Zetasizer Nano Instrument. High-Resolution
Transmission Electron Microscopy (HRTEM) images of N-dots
were recorded using a Philips CM300 FEGTEM. Fourier Trans-
form Infrared spectroscopy (FTIR) was performed using a Perki-
nElmer Fourier Transform Infrared Spectrometer. Time-resolved
photoluminescence was measured using an Edinburgh Laser
Flash Photolysis Spectrometer (LP920-KS). The N-dot sample was
excited with a flash lamp pumped Q-switched Nd:YAG laser
operating at the third harmonic wavelength of 374 nm (Ekspla
NT 341 A). The photoluminescence decay at 450 nm was fitted
with a bi-exponential function to obtain the lifetimes.

Synthesis of nucleotide-derived biodots (N-dots)

N-dots were hydrothermally synthesized in one step. Briefly,
100 mg of nucleotide precursors were dissolved in 10 mL DI
water and heated to 60 °C until fully dissolved. This solution
was then transferred to a Teflon-lined autoclave and heated at
180 °C for 12 h. After the autoclave completely cooled down, the
reaction product was centrifuged at 13 000 rpm for 30 min and
the supernatant was further dialyzed against DI water for 24 h.

Fluorescence quantum yield (QY) measurement

The fluorescence QY of N-dots was determined using a compar-
ative method. The integrated photoluminescence (PL) intensity
was plotted against the optical absorption value of N-dots (at an
optimized excitation wavelength), with quinine sulfate as
a reference. The QY was calculated using the equation below:

)
s = Pr ke e

where ¢ is the quantum yield, k is the gradient(slope) of the
lines obtained from the plot of integrated PL intensity (at an
optimized excitation wavelength) against absorbance measured
(at the optimized wavelength), n is the refractive index of the
solvent, and the subscript S refers to the N-dot sample and R
refers to the reference. The fluorescence QY of the reference dye,
quinine sulfate dissolved in 0.1 M sulfuric acid, H,SO, (n =
1.33), is 0.54. The N-dots were dissolved in DI water (n = 1.33).
The absorption of the N-dots was maintained below 0.1 to
prevent the re-absorption effect.

Detection of singlet oxygen generation and "0, quantum yield
measurement

The N-dots were diluted until the absorbance level was below
0.2 for the wavelength range from 320-420 nm. The ABDA
solution was used as a trapping agent for singlet oxygen in the
measurement. The N-dots were first mixed with 10 pL of
a 10 mM ABDA solution and topped up to 2 mL using DI water
of the same dilution factor. The absorption of the prepared
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solution was measured before light irradiation and at every 10
minute interval up to a total of 60 minutes using a 150 mW
white light source. The singlet oxygen generation rate was ob-
tained by subtracting the absorbance value of the N-dots from
that of the overall contribution of both the N-dots and ABDA.
The percentage change in the absorbance peak value was then
calculated by comparing each 10 minute interval. A baseline scan
was conducted using 2 mL of DI water for all measurements.
Rose Bengal, an aqueous soluble photo-sensitizer, was used
as the standard for the calculation of the '0, quantum yield.
The "0, quantum yield was calculated using the equation below:

Ky Arp
Ps = @Prp X X ——

Krg  As
where ¢ is the quantum yield, K is the gradient of the decay rate
constants of ABDA, 4 is the light absorbed which is calculated
from the integration of the absorption bands in the wavelength
range from 400 to 800 nm, and the subscript S refers to the N-
dot sample and RB refers to the reference standard Rose Ben-
gal. The 'O, quantum yield of the reference compound, Rose
Bengal, is 0.75 when dissolved in DI water.

DNase enzymatic digestion of N-dots

The degradation of N-dots by DNase was evaluated by adding
240 pL of each of these N-dots into a mixture containing 100 uL
of magnesium sulfate (12 mg mL™"), 400 pL of DNase dissolved
in 0.85% sodium chloride (~400 to 500 K units per mL), and 200
pL of sodium acetate buffer (pH 5.0, 136 mg mL ') and topping
up to 2 mL with deionized water. After 30 minutes' incubation at
25 °C, the photoluminescence intensity and absorbance of the
resulting mixture solution were measured and subsequently
compared to those of a series of control samples prepared in the
absence of the N-dots and/or DNase.

Cytotoxicity test and photodynamic therapy (PDT)

The cell viability of N-dots was investigated using the MTT
assay. A Hela cell culture was maintained in high glucose
DMEM medium (Invitrogen) with 1% penicillin-streptomycin
(37 °C, 5% CO,) and 10% fetal bovine serum. HeLa cells were
first seeded into 96-well plates (CoStar, IL, USA) at a density of 1
x 10* per well in 200 pL of media and incubated for 24 h.
Various concentrations of N-dots were added to the cells and
incubated for another 24 h. Subsequently, 20 pL of 5 mg mL™"
MTT solution was added to each well and further incubated for
4 h. Afterwards, the supernatant was aspirated and replaced
with 200 pL DMSO leading to the formation of a violet solution.
Cell viability was then determined by measuring the absorbance
of the solution at 570 nm using a Tecan microplate reader.

To investigate the PDT effect, the cells with the N-dots were
irradiated with 150 mW white light for 10 min and incubated for
24 h. Then, the MTT assay was conducted to calculate the
viability of the cells after PDT treatment.

Cellular fluorescence imaging

To study the cellular uptake of N-dots, the cells were first
incubated with the N-dot samples (~1 mg mL™ ') at 37 °C for 4 h.
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The cells were then washed three times with PBS buffer and the
fluorescence images were obtained by confocal laser scanning
microscopy (CLSM) (Fluoview 1000, Olympus, Japan) under 405,
488 or 504 nm excitation.

Results and discussion

Synthesis of photoluminescent nucleotide-derived biodots (N-
dots)

The four types of nucleotides, which represent the basic
building blocks of DNA, namely 2’-deoxyadenosine 5-mono-
phosphate (dAMP), 2’-deoxyguanosine 5’-monophosphate
(dGMP), 2'-deoxythymidine 5-monophosphate (dTMP) and 2'-
deoxycytidine 5-monophosphate (dCMP) were chosen as
precursors to synthesize fluorescent biodots via a one-step
hydrothermal route (Fig. Sla-d}). These nucleotide-derived
biodots (N-dots) were subsequently investigated for bioimag-
ing and PDT applications (Scheme 1).

As shown in Fig. 1a, dAMP-dots appeared as a yellow solution
while the other N-dot samples were dark-brown solutions under
white light. Under UV irradiation, dAMP-dots exhibited the
highest brightness among the four dots as shown in the color
photograph in Fig. 1b. Indeed, dAMP-dots displayed the highest
intensity in photoluminescent (PL) measurements when excited
at 365 nm, which is almost two-fold higher than that of the
second brightest dGMP-dots (Fig. 1c, right axis). We postulate
that the difference in PL properties of the four N-dots may arise
from the various nitrogenous bases in each nucleotide
precursor which lead to contrasting structures of the resultant
N-dots. The UV-vis absorption spectra of these four N-dots show
three absorption peaks at ~200 nm, 260 nm and 340 nm,
respectively (Fig. 1c, left axis). The peaks at ~200 nm and 260 nm
are originally present in the four nucleotides (Fig. S2at).>® This
suggests that N-dots retained the heterocyclic rings of purines
and pyrimidines from the nucleotide precursors. The absorption
band at 260 nm is attributed to the 7—m* transition as a result of
the delocalized 7 electrons from the heterocyclic rings of purines
and pyrimidines.*® Additionally, the appearance of a shoulder
peak at 340 nm represents the n-7* transition which indicates
the successful formation of N-dots.

On the other hand, three of the four N-dots including dAMP-
dots, dTMP-dots and dCMP-dots exhibit maximum PL emission
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Scheme 1 Synthesis of fluorescent biodots from four types of
nucleotides for bioimaging and photodynamic therapy of cancer cells.
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Fig. 1 Photographs showing N-dots under (a) white light and (b) UV
irradiation at 365 nm. (c) UV-vis absorption spectra of N-dots and
photoluminescence (PL) intensity of the N-dots excited at 365 nm. (d)
Fluorescence quantum yield comparison of respective N-dots. (e)
Excitation-dependent PL spectra of dAMP-dots. (f) Photo-stability of
the N-dots versus quinine sulfate.

at 450 nm with 365 nm excitation, except the dGMP-dots which
show an emission peak at 430 nm (Fig. le and S2b-df).
Furthermore, it is observed that the emission peak of each N-
dot red-shifts as the excitation wavelength increases; mean-
while, the emission peak intensity decreases in a similar trend
to the excitation dependent PL emission of biodots reported
previously.”*” This excitation dependent PL behavior could be
attributed to the varying domain sizes as well as the differing
sites of emission on the surface of N-dots.>® For a fair compar-
ison, the fluorescence quantum yields (QY) of the dAMP
(12.4%), dGMP (5.3%), dTMP (0.84%) and dCMP-dots (0.79%)
were calculated, respectively (Fig. 1d). These data indicate that
double-ring purines such as dAMP and dGMP give rise to N-dots
with a much higher fluorescence QY than single-ring pyrimi-
dines, suggesting that the fluorescence QY of N-dots is mainly
determined by the bases in the nucleotides.

The photo-stability of each N-dot was also studied and
compared to that of a standard organic dye, quinine sulfate.
Unlike quinine sulfate which only retains ~35% PL intensity
after 30 min UV irradiation, the remaining PL of the N-dots is
greater than ~65% (Fig. 1f). The dAMP-dots which conserved
over 90% PL intensity upon UV irradiation were found to be the
most photo-stable ones among all the N-dots tested under the
same experimental conditions. This result indicates that the
dAMP-dots are less susceptible to high oxidation potential from
the UV generated OH radicals.

Investigation of structure-optical properties of N-dots and
their derivatives

Among the four types of N-dots, dAMP-dots were identified to be
the most photo-stable (91.9% conserved PL intensity) biodots
with the highest fluorescence QY of 12.4%. Since only the

This journal is © The Royal Society of Chemistry 2019
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nitrogenous base differs in each nucleotide precursor, it is
postulated that the molecular structure of the adenine base
might play a crucial role in the formation of the photo-
luminescent center during the hydrothermal synthesis process.
Hence, a more detailed investigation was conducted on
compounds containing the adenine nucleobase such as
adenine, adenosine, adenosine diphosphate (ADP) and adeno-
sine triphosphate (ATP) which have comparable chemical
structures to dAMP (Fig. Sle-ht) to better understand the roles
of sugar and phosphate groups. The N-dots derived from
adenine containing nucleotides are termed A-dots in this work.

As shown in Fig. 2a, most solutions are yellowish in color
under white light except adenine-dots, which appear to be
colorless. Under UV irradiation, all A-dots exhibited bright blue
emission (Fig. 2b) among which the ATP-dots displayed the
brightest fluorescence. Correspondingly, the PL intensity of
these A-dots was measured, and a similar trend was observed in
which the ATP-dots have the highest PL intensity followed by
ADP, dAMP, adenine and adenosine-dots (Fig. 2¢). This further
confirms that the high PL intensity of A-dots could be mainly
attributed to the presence of the adenine base, while the sugar
group also has a significant effect. It also suggests that the
additional phosphate groups present in the ADP and ATP-dots
could endow the A-dots with trapping states accompanied by
different series of energy levels, which allows the electronic
transitions among bonding (¢ and =), antibonding (¢* and 7*)
and non-bonding (n) orbitals,*?* leading to the enhanced PL
intensity as compared to the dAMP-dots. Similar to those of
other N-dots, UV-vis absorption spectra of most A-dots also
show three absorption peaks at ~200 nm, 260 nm and 340 nm,
respectively, except the adenine-dots with no shoulder peak
observed (Fig. 2¢). Likewise, the peaks at ~200 nm and 260 nm
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Fig. 2 Photographs of A-dots under (a) white light and (b) UV irradi-
ation at 365 nm excitation. (c) UV-vis absorption spectra of A-dots and
PL intensity of the A-dots at 365 nm excitation. (d) Fluorescence
quantum yield and (e) photo-stability of the A-dots. (f) % Change in PL
of dAMP, ADP and ATP-dots in the presence of DNase enzyme (inset
shows percentage % change in absorbance).
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are originally present in the precursors (Fig. S3at). The A-dots
also exhibit excitation-dependent PL similar to that of the
other N-dots where the emission peak intensity red-shifts and
decreases as the excitation wavelength increases (Fig. S3b-df).
The fluorescence QYs of the adenine (10.3%), adenosine
(12.4%), dAMP (12.4%), ADP (12.3%) and ATP-dots (13.9%) were
calculated accordingly (Fig. 2d). The fluorescence QYs of the N-
dots are higher than those of the dots derived from nucleic
acids and comparable to those of many of the carbon dots
derived from other precursors (see Table S2t for comparison).

As shown in Fig. 2e, ADP-dots exhibit the highest photo-
stability with ~97% of PL intensity conserved upon contin-
uous UV irradiation. It is also notable that A-dots derived from
the phosphate group containing precursors displayed better
resistance to photo-bleaching whereas the phosphate-free
adenine and adenosine-dots have poorer photo-stabilities of
45.9% and 81.8%, respectively. This result suggests that the
phosphate group is necessary to establish a stable chemical
structure within the N-dots, which then makes the N-dots less
susceptible towards the high oxidation potential from OH
radicals generated by UV exposure. In comparison, ADP-dots
exhibit better photo-stability than ATP-dots, which could be
due to the different biological functions of these two precursors.
Under physiological conditions, ATP molecules being in
a higher energy state take part in cellular processes such as
respiration to produce more stable ADP. Hence, the N-dots may
have inherited their biological properties from these biomo-
lecular precursors.

Moreover, the biological stabilities of dAMP, ADP and ATP-
derived dots in the presence of DNase were also investigated.
Overall, these N-dots demonstrated good bio-stability with less
than 3% change in absorbance and their respective PL inten-
sities were also highly conserved (Fig. 2f). This result indicates
that these N-dots are minimally affected by DNase degradation
which usually targets the phosphodiester bond. The presence of
a photoluminescent center formed within the N-dots may have
endowed the N-dots with excellent stability against both UV
irradiation and DNase enzymatic action.

Singlet oxygen ('0,) generation performance of N-dots

The singlet oxygen productivity of N-dots was measured using
an anthracene derivative, ABDA, as a chemical probe for the
detection of singlet oxygen (*O,). In the absorption spectrum,
ABDA displays four characteristic bands at 342, 359, 378 and
400 nm (Fig. S4bt). Under 150 mW white light irradiation, the
absorption spectrum of the ABDA solution in the presence of
each N-dot is recorded for a duration of 60 min at 10 min
intervals. ABDA is capable of trapping singlet oxygen specifically
which in turn undergoes a pseudo first order reaction to form
an endoperoxide product (Fig. S4at) which leads to a decrease
in absorbance of their four characteristic bands in 60 min.** The
amount of ABDA consumed corresponds to the amount of
singlet oxygen produced.

The absorbance of ABDA in the presence of N-dots at 400 nm
was plotted against the illumination duration to determine the
efficiency of 'O, generation (Fig. 3). The 'O, generation
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Fig. 3 Time-dependent decay profile of ABDA as a singlet oxygen
indicator in the presence of (a) different N-dots and (b) A-dots under
white light irradiation (150 mW). ABDA decay in the absence of light (w/
o light) is used as a reference (black square line).

efficiency was estimated by the decay rate of ABDA.** Our results
show that dAMP-dots have the highest singlet oxygen genera-
tion ability as compared to other N-dots tested under the same
conditions.

In the presence of dAMP-dots, the characteristic bands of
ABDA decreased steadily in the span of 60 minutes (Fig. 4b)
which demonstrates the singlet oxygen generation ability of
dAMP-dots (Fig. 4c). Since the characteristic absorbance bands
of ABDA in the presence of dAMP-dots barely change under dark
conditions (Fig. 4a), it can be concluded that the singlet oxygen
was generated by photosensitizing rather than other molecular
interactions between ABDA and dAMP-dots. The process of
radiation relaxation is relatively fast, as suggested by the fluo-
rescence lifetime study of the dAMP-dots dissolved in water
(Fig. 4d). Fitting of the photoluminescence decay profile of
dAMP-dots indicates components of 5.774 ns (99.59%) and 3.16
us (0.41%), which yields an averaged lifetime (z,y) of 18.71 ns.
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Fig. 4 (a) Time dependent UV-vis absorption spectrum of the ABDA
solution in the presence of dAMP-dots without light. (b) Time
dependent UV-vis absorption spectra of ABDA solution in the pres-
ence of dAMP-dots with light. The arrow indicates the direction of time
increase. (c) Time course decay of ABDA solution in the presence of
dAMP-derived biodots with light (circle line) and without light (triangle
line) and ABDA solution in the absence of light (square line). (d) Fluo-
rescence decay profile of 374 nm laser excited dAMP-dots in aqueous
solution.
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The '0, quantum yield of dAMP-dots was calculated to be
1.20 with respect to a reference photosensitizer, Rose Bengal
(Fig. S5a-ft). The calculated value was much greater than that
of most of the conventional photo-sensitizers such as Rose
Bengal (0.75), riboflavin (0.54),>* porphyrins (0.44-0.85)** and
Ce6 (~0.63).** Furthermore, this value was among the highest
for the carbon dots with intrinsic PDT effects (see Table S1t for
comparison). This demonstrates the high potential of N-dots to
be used as a water-soluble biocompatible photosensitizer for
simultaneous fluorescence imaging and photodynamic
therapy.

Formation mechanism of dAMP-dots and characterization

To better understand the formation mechanism of N-dots,
surface functional groups of the best performance dAMP-dots
were analyzed by X-ray Photoelectron Spectroscopy (XPS) as
shown in Fig. S6.1 The deconvolution of the P 2s scan of dAMP-
dots shows that the PO~ bond was retained. From the O 1s scan,
only the -C-O-C- bond is present while the C-OH bond is
absent. This result suggested that the nucleotide precursor may
have undergone polymerization via phosphorylation.

The morphology of the dAMP-dots was also investigated
using Transmission Electron Microscopy (TEM) and Atomic
Force Microscopy (AFM). From the TEM image in Fig. 5b, it can
be observed that the dAMP-dots exhibit good mono-dispersity
with an average size of 7 + 1 nm (Fig. 5c). The HRTEM image
shows clear lattice fringes with an interplanar spacing of
0.22 nm, corresponding to the (100) plane of graphitic carbon.
The X-ray diffraction (XRD) pattern displays two diffraction
peaks centered at 20 = 25° and 42°, which are attributed to the
graphitic carbon lattice spacing of (002) and (100) planes,
respectively, further confirming the crystalline structure of the
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Fig. 5 (a) Proposed formation mechanism of dAMP-dots. (b) TEM
image of dAMP-dots; inset shows the HRTEM image with a clear lattice
(scale bar represents 10 nm). (c) Size distribution of dAMP-dots. (d)
AFM image of dAMP-dots on mica. (e) Height profile of dAMP-dots.
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dAMP-dots (Fig. S71). The AFM measurement indicates that the
nanodots are about 4-6 nm in height (Fig. 5e).

Based on these characterization results, we propose
a possible mechanism in Fig. 5a. The precursor, dAMP, first
undergoes polymerization through phosphorylation where the
phosphate groups (PO, ") and the hydroxyl groups (OH) on the
sugar base form an -O-P-O- bond. Subsequently, through self-
assembly, a photoluminescent center is formed via stacking of
the aromatic nucleobases. Thereafter, the negatively charged
phosphate groups on the backbone are located outside the sp*
carbon-like center and wrap the center to form an N-dot.**"”

Cytotoxicity study and applications of dAMP-dots for cellular
imaging and photodynamic therapy (PDT)

After the investigation on the optical and structural properties
of all N-dots, in vitro studies were conducted to further evaluate
the intracellular uptake capability of dAMP-dots. A good
imaging agent should possess both biocompatibility and
cellular uptake efficiency. Thus, the cytotoxicity test was first
carried out on dAMP-dots using HeLa cancer cells as a model
cell line. After 24 h incubation, dAMP-dot treated HeLa cells
exhibit >95% cell viability even at a high concentration of 1.5 mg
mL ™" (Fig. 6a). The usage of a natural biomolecular precursor,
dAMP, in the absence of toxic solvents and harsh treatment
processes may have contributed to the good biocompatibility
and low cytotoxicity of dAMP-dots. We have carried out zeta
potential measurement for dAMP-dots. The results show that
the dAMP-dots are positively charged (16.5 = 1.8 mV), which
allows quick initial interaction with the negatively charged cell
membrane, thus enabling efficient uptake. Subsequently, the
intracellular uptake of dAMP-dots was evaluated by Confocal
Laser Scanning Microscopy (CLSM) (Fig. 6b). The confocal
fluorescence images in Fig. 6¢ indicate successful intracellular
uptake of the dAMP-dots, displaying bright blue, green and red
fluorescence under different excitations due to the excitation
dependent PL properties of the biodots (Fig. 6¢). These results
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Fig. 6 (a) MTT cell proliferation assay with the A-dots. (b) Cellular
toxicity of dAMP-dots with (red bars) or without (black bars) white light
irradiation for 10 min at various concentrations. (c) Confocal fluores-
cence images of Hela cells stained with dAMP-dots under 405 nm,
488 nm and 564 nm excitation, giving rise to different emission colors,
i.e., blue, green and red (from left to right).
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show that the dAMP-dots are able to penetrate the cell
membrane and enter the cells for efficient fluorescent labeling.
Furthermore, confocal fluorescence images were also obtained
for ADP and ATP-dots (Fig. S81). The dAMP-dot staining gives
the brightest fluorescence image followed by the ADP-dots and
lastly the ATP-dots. Interestingly, ADP-dots and ATP-dots do not
show equal efficiency in the intracellular uptake. This could be
due to the presence of additional phosphate groups which may
have suppressed their intracellular uptake ability.

As the dAMP-dots are able to generate the highest level of
singlet oxygen, the application of dAMP-dots for photodynamic
therapy (PDT) was studied in HeLa cells. In this study,
increasing concentrations of dAMP-dots (from 0 to 0.62 mg
mL ") were added to the cancer cells and irradiated with 150
mW white light for 10 minutes, followed by 24 h incubation. It
can be observed that at 0.62 mg mL ™!, dAMP-derived dots were
able to induce significant cytotoxicity upon 10 min of white light
treatment, resulting in ~60% decrease in cell viability (Fig. 6b).
On the other hand, no dark toxicity (cells retain more than 95%
viability) was observed in the absence of white light. Addition-
ally, the confocal fluorescence images of the dAMP-dot treated
and light illuminated HeLa cells were also obtained to further
evaluate the PDT effect of the dAMP-dots. It can be observed
that the light-treated HeLa cells display a different morphology
with a rounded cell shape indicating cell shrinkage as
compared to the non-treated HeLa cells that are flattened and
spread out (Fig. S9t1). This could be an early sign of cell
apoptosis due to the singlet oxygen generated from the dAMP-
dots. Thus, it revealed good therapeutic effects of dAMP-dots
as a potential PDT agent in generating singlet oxygen to kill
cancer cells.

Conclusions

In summary, we have conducted a systematic study to unravel
the nucleotide base effects of DNA on the synthesis of N-dots
with intrinsic singlet oxygen generation ability. Among all the
N-dots, the nitrogenous base adenine-containing precursors
lead to the formation of A-dots with the highest photo-
luminescent (PL) intensity. The presence of phosphate groups
in the A-dots could help to enhance the PL intensity and
photo-stability of the resultant N-dots. Comprehensive optical
and structural characterization revealed that the dAMP-dots
possess the beneficial characteristics of a theranostic agent
for both bioimaging and therapeutic applications. In partic-
ular, the dAMP-dots displayed good cellular uptake capability
and biocompatibility which are inherited from their biomo-
lecular precursor. Furthermore, the dual-functional dAMP-
dots also exhibit a high '0, quantum yield of 1.20
surpassing the performance of most conventional photosen-
sitizers. As such, they can be used as non-invasive photody-
namic therapeutic agents which are capable of inducing cell
death upon white light irradiation. The study herein provides
new insights into the rational design of biodots with multiple
functionalities leading to the development of efficient thera-
nostic agents for simultaneous cellular tracking and thera-
peutic treatment.
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