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ABSTRACT: Carbon dots (CDs) are a new representative in
the carbon-based material family, attracting tremendous interest
in a large variety of fields, including biomedicine. In this report,
we described a facile and green system for synthesizing DNA−
CDs using genomic DNA isolated from Escherichia coli. DNA−
CDs can be purified using a simple column centrifugation-based
system. During DNA−CD synthesis, ribose was collapsed,
accompanied by the release of nitrogen, and several new bonds
(C−OH, N−O, and N−P) were formed, while the other covalent
bonds of DNA were largely maintained. The presence of
abundant chemical groups, such as amino or hydroxyl groups
on DNA−CDs, may facilitate their future functionalization. These
highly biocompatible DNA−CDs can serve as a new type of fluorescent vehicle for cell imaging and drug delivery studies. Our
research may hasten the development of CDs for prominent future biomedical applications.
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1. INTRODUCTION

Nanomaterials are emerging as a new topic that shows great
potential for making a significant impact in the frontiers of
biological sciences and clinical and medical research. In
particular, various nanomaterials are being used in cell
fluorescent imaging and drug delivery applications, providing
visual information for cell conditions and disease analysis as
well as smart systems for targeted transport of molecules into
specific organelles, cells, and organs. Among the advanced
nanomaterials, carbon dots (CDs) are a new representative in
the carbon-based material family alongside other fluorescent
carbon-based nanomaterials, such as carbon nanotubes
(CNTs)1−4 and graphene quantum dots (GQDs).5,6 Compared
to most of the other fluorescent nanomaterials, CDs show good
biocompatibility, tunable emission wavelengths, and excellent
photostability.7,8

Hydrothermal synthesis is one of the most widely used
methods for synthesizing CDs. During the hydrothermal
synthetic process, dehydrants and/or oxidants are frequently
employed, which include H2O2,

9,10 H2SO4,
11,12 phosphorus

pentoxide,13 and phosphoric acid.14,15 Similarly, microwaves
have also been used for CD synthesis.15−17 Notably, the
characteristics of CDs are partially dependent on the starting
raw materials that were used in the hydrothermal synthesis of
CDs. These raw materials can be sugars,14,16 amino acids,10,15

organic molecules,18 wasted food,19 coffee,20,21 honey from
bees,22 juice,23−26 proteins,27 milk,28 and plastic bags.9 The
synthesized CDs based on these templates showed distinct

photophysical and biochemical properties. It is important to
find an alternative environmentally friendly route to synthesize
highly fluorescent CDs that contain new properties and are
suitable for biomedical applications.
The physicochemical characteristics of CDs determine their

function and potential use in biomedical studies. To date,
many applications of CDs have been studied. First, CDs have
shown a capacity for analytical investigations.7,8,29−31 For
instance, CDs can work as sensors for mercury (methyl
mercury),25,32−35 copper,36−38 zinc,39 and iron ions,40−43 and
for antibiotic detection.44,45 Second, CDs can serve as pH
responsive materials11,46,47 or catalysts.48−50 And finally,
although still in its infancy, CDs have shown promise in
next generation bioimaging10,11,14,18,19,26,27,46,51,52 and drug
delivery studies.27,53,54

In this report, we developed a dehydrant/oxidant-free
hydrothermal CD-synthesizing approach by using bacterial
genomic DNA as the starting material. These DNA−CDs are
highly fluorescent, biocompatible, and can be easily purified
using spin-columns. DNA−CDs can be readily internalized by
different type of cells and serve as vehicles to deliver dyes and
drugs into eukaryotic cells. Therefore, we propose that DNA−
CDs may serve as a new platform for bioimaging and drug
delivery studies.
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2. EXPERIMENTAL SECTION
Chemicals. Chemical compounds, such as yeast extract, trypton,

glucose and sucrose, sodium hydroxide (NaOH), hydrochloric acid
(HCl), phosphate buffer, sodium chloride (NaCl), Tris-base, and
HEPES, were purchased from Beijing Chemical Reagent Company
(Beijing, China). Double-distilled water (dH2O) used in the
experiments was obtained from a Milli-Q system (Millipore, Bedford,
MA, USA).
Instruments and Characterization. An incubator shaker (IS-

RDS3, Crystal, Suzhou, China) and high-speed refrigerated centrifuge
(Anhui USTC Shaker Zonkia Scientific Instruments, Hefei, China)
were used to mix and separate samples. UV−visible and fluorescence
spectra were obtained on a UV-3600 spectrophotometer (Shimadzu,
Tokyo, Japan) and a 5301PC spectrophotometer (Shimadzu),
respectively. The fluorescence lifetimes of the samples were recorded
on an Edinburgh Instruments fls920 spectrofluorometer equipped with
continuous (450 W) xenon lamp (Edinburgh, U.K.). An SPA
300 atomic force microscope (AFM, NSK, Japan) was used for size
and morphology analysis. X-ray photoelectron spectroscopy (XPS)
data were collected on a Kratos AXIS X-ray photoelectron
spectrometer (Manchester, U.K.). The valence states and composition
of the nanoclusters were collected on a Kratos AXIS X-ray
photoelectron spectrometer. The Malvern ZEN 3600 Zetasizer
(Malvern Instruments Ltd., U.K.) was used to investigate the
synthesized particle sizes and zeta potentials. Microbe fluorescent
images were collected using a laser confocal inverted microscope
(FV1000, Olympus, Japan). X-ray diffraction (XRD) data were
collected on a SmartLab 3 (Rigaku, Tokyo, Japan).
DNA Isolation. Escherichia coli genomic DNA isolation was

performed according to a protocol by Zhang et al. with modest
modifications. Briefly, E. coli (DH5α) was inoculated in 1 L of
lysogeny broth (LB) media for O/N culture until OD600 reached ∼3.5.
The E. coli cells were collected based on a centrifugation system
(4000g, 20 min). The cell pellets were washed with PBS buffer
(pH 7.4) and resuspended using 20 mL of dH2O. E. coli cells were
broken using a sonicator (60% intensity, 9.9 s on and 9.9 s off for a
total of 6 min) (Noise Isolating Tamber SCIENTZ-IID, Ningbo
Scientz Biotechnology Co. Ltd) and centrifuged (2500g, 20 min) to
remove debris. The supernatant was then collected and incubated in a
boiling water bath for 10 min. The resulting mixture was then
centrifuged (2500g, 20 min), and the pellet was collected and
resuspended in dH2O. The concentration of the DNA was then
determined using a spectrophotometer (Eppendorf Biophotometer
Plus, Eppendorf China Ltd.) and DNA agarose gel electrophoresis.
Synthesis and Purification of DNA−CDs. DNA (4 mg/mL in

dH2O) was introduced into a hydrothermal synthesis reaction kettle
(Gongyi City Yuhua Instrument Co., Ltd., Gongyi, China) with a
capacity of 20 mL and incubated at 180 °C in an electric thermostatic
drying oven (DGG-9070B, Shanghai SUMSUNG Laboratory Instru-
ment Co., Ltd., Shanghai, China) for 12 h. The resulting DNA−CD-
containing mixture was centrifuged at 11000g for 30 min. The
supernatant was purified using a PCR purification kit (GENOMED
GmbH Company, Löhne, Germany), followed by complete dialysis
(3500 Da) for 48 h.
Cell Culture and Imaging. E. coli and Saccharomyces cerevisiae

cells were incubated in fresh LB/YPD media until they reached an
OD600 of 0.5 and 5.0, respectively. The cells were then centrifuged, and
the pellets were resuspended using fresh LB/YPD.
DNA−CDs were mixed with the cell-containing media to a final

concentration of 0.2 mM. The mixture was incubated at room
temperature in a QB-228 rolling incubator (Kylin-Bell Lab Instru-
ments Co. Ltd., Haimen, China) for 6 h. These E. coli and/or S.
cerevisiae cells were then washed three times using PBS buffer (pH 7.4)
and subjected to imaging analysis.
For mammalian cell imaging studies, human embryonic kidney

(HEK) 293 cells were incubated in DMEM medium supplemented
with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin, and
100 mg/mL streptomycin. HEK 293 cells were seeded into each well
of a 6-well plate and incubated overnight at 37 °C in a humidified

atmosphere supplemented with 5% CO2. Culture medium was
replaced by 400 μL of medium containing either DNA−CD−
propidium iodide (PI) complexes (0.2 mM) or PI (0.1 mg/mL)
alone and further incubated for 4 h, followed by washing in 1× PBS
buffer (pH 7.4) 3 times. Cellular uptake and PI delivery were detected
using a high content imaging fluorescent microscope (Operetta from
PerkinElmer). The excitation wavelengths used for DNA−CDs and
PI were 405 and 535 nm, respectively.

Cytotoxicity Analysis. A colony of E. coli DH5α from an LB plate
was added to LB media and incubated overnight at 37 °C at 150 rpm
until the OD600 of the culture reached ∼3.5. E. coli cells were then
collected by centrifugation, washed with PBS buffer (pH 7.4), and
resuspended with fresh LB medium to an OD600 of ∼0.3. DNA−CDs
(0.2 mM final concentration) were added to one aliquot of the cells,
whereas another aliquot of the cells was mixed with an equal volume of
PBS buffer as the control. These cell samples were incubated at 37 °C
(150 rpm by shaking) until they reached steady growth (OD600 was
measured at intervals).

Loading of Dye and/or Drug Molecules. DNA−CDs (0.2 mM)
were mixed with either rhodamine 6G (Rh 6G) (0.1 mg/mL),
doxorubicin (Dox, 0.1 mg/mL), or PI (0.1 mg/mL) in a neutralized
aqueous solution and stirred for 12 h in a dark place. To remove the
unbound Rh 6G, Dox, or PI, the resulting mixture was dialyzed
(molecular weight cutoff of 3500 Da) against dH2O for ∼48 h until no
fluorescent signal could be detected from the solutions outside of the
dialysis tubes.

For the drug release test, DNA−CDs−Rh 6G (400 μL) in a dialysis
bag was incubated with 3 mL of buffer solution (1× PBS buffer at
pH 7.2 or 20 mM HAc-NaAc buffer at pH 4.1) in a cuvette. Rh 6G
release with respect to the buffer solutions was monitored by analyzing
the absorbance of Rh 6G at 530 nm.

Statistical Analysis. All data in this article were expressed as the
mean result ± standard deviation (SD). All figures shown in this
article were obtained from three independent experiments with
similar results. The statistical analysis was performed using Origin
8.5 software.

3. RESULTS AND DISCUSSION

Recent advances have indicated that the fluorescent properties
of CDs are tunable by modulating the content of nitrogen and
phosphorus elements within CDs.18,55 Notably, DNA is a
nitrogen and phosphorus-rich polymeric material that is among
the most widespread, renewable biomaterials in nature.

Scheme 1. Schematic Representation of DNA−CD Synthesis
and Its Application in Bioimaging and Drug Delivery
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However, DNA is very rarely used as a starting material
considering its potential for carbon-based material synthesis,
particularly with CDs.

E. coli is a typical laboratory model organism that is widely
used in molecular biological and microbiological research. E.
coli contain a circular genomic DNA in its nuclear zone, which
is ∼4.6 million base pairs in length. It is rather easy and cost-
effective to manipulate E. coli and to isolate genomic DNA from
the bacterial cells. Thus, this bacterial system was chosen for
our investigation (Scheme 1).
E. coli cells were incubated by shaking in fresh LB medium

for 24 h at 37 °C. The cells were collected by centrifuga-
tion and washed using phosphate buffer saline (PBS buffer,
pH 7.4) 3 times. DNA was extracted from the bacterial cells
using a protocol modified from the literature.56 For a detailed
procedure, see the Supporting Information. Briefly, cells were
broken using sonication. Contaminants (e.g., proteins and cell
membranes) were removed by adjusting the pH, followed by
heating in a boiling water bath for 10 min and centrifugation
(2500g, 20 min). The isolated genomic DNA fragments were
diluted to 4 mg/mL and then transferred to a hydrothermal
synthesis reaction kettle in an electric thermostatic drying
oven and heated for 12 h at 180 °C. The synthesized CDs
were centrifuged, spin-column purified, dialyzed against
dH2O, and lyophilized prior to use. Importantly, this ap-
proach is free from dehydrant or any other environmental
unfriendly compounds, which ensures a high level of bio-
compatibility.

Figure 1. Spectroscopic characterization and spin-column purification
of DNA−CDs. (a) Agarose gel electrophoresis of the isolated DNA
from E. coli. (b) UV−vis absorption spectra of DNA and DNA−CDs.
(c) Fluorescence excitation and emission spectra of DNA−CDs. (d)
Excitation-dependent emission shift of DNA−CDs. (e) Normalized
results of (d). (f and g) Representative AFM (f) and TEM (g)
microimages of DNA−CDs. (h) Size distribution of DNA−CDs
obtained from TEM analysis.

Figure 2. (a) Schematic illustration of DNA−CD purification using
DNA-affinity spin columns. (b) UV−vis absorption spectra of eluted
fractions from the spin columns. (c) Fluorescence spectra of DNA−
CDs before and after purification. 1−3 refer to the number of
purification cycles.

Figure 3. From XPS of the DNA−CDs (a), a speculative mechanism
of DNA−CD synthesis was proposed. (b) C1s XPS spectra showed
carbon-related covalent bonds within DNA−CDs. (c) N1s XPS
spectra showed nitrogen forming covalent bonds. (d) O1s XPS spectra
showed oxygen forming covalent bonds. (e) H NMR, (f) C NMR,
(g) P NMR, and (h) FTIR spectra of DNA−CDs.
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Genomic DNA was isolated and purified from E. coli cells.
Because of the sonication treatment to break the cells, the DNA
is fragmented with an average size of ∼300 bp (Figure 1a).
Similar to other DNAs, bacterial genomic DNA shows a
characteristic UV−vis absorption peak at 280 nm. This peak
was diminished when DNA−CDs were formed (Figure 1b).
DNA−CDs synthesized using this green approach show
excitation and emission peaks at 366 and 445 nm, respectively
(Figure 1c). DNA−CDs also show an emission wavelength
tunable characteristic that is dependent on the excitation
wavelengths upon UV irradiation (Figure 1d and e). The size of
the DNA−CDs was ∼6 nm as shown by the results of atomic
force microscope (AFM) and transmission electron microscope
(TEM) microimage analysis (Figure 1f−h).
To remove unreacted residual DNA within the synthesized

DNA−CD mixture, we applied a PCR purification kit con-
taining DNA-affinity spin columns (Figure 2a). The purification
protocol was administered according to the instruction manual
with small modifications. Specifically, DNA−CDs were diluted
with the supplied binding buffer (buffer A) and loaded onto the
column. After centrifugation, DNA−CDs were recovered from
the flowthrough pool, and the residual DNA still bound to the
columns was eluted using elution buffer B. This simple process
removed a substantial amount of contaminant DNA as shown
by the UV−vis spectra (Figure 2b). The purified DNA−CDs

showed fluorescence emission that was enhanced compared to
their crude counterparts (Figure 2c).
In contrast to most of the hydrothermally synthesized CDs

reported, DNA−CDs are independent of dehydrant/oxidant
supply. The synthetic mechanism of DNA−CDs can be
investigated using X-ray photoelectron spectroscopy
(XPS).57−66 It was shown that DNA−CDs contain most of
the covalent bonds that exist in the natural form of DNA as
shown by C1s, N1s, and O1s XPS, H NMR, C NMR, P NMR
and Fourier transform infrared spectroscopy (FTIR) spectra
(Figure 3a−h, Figure S2 in the Supporting Information).
Surprisingly, two new bonds (N−O and N−P) that do not exist
in natural DNA were formed within DNA−CDs, as shown
by N1s XPS spectra (Figure 3c). C NMR spectra hinted that
the ribose ring of DNA may be opened, accompanied by the
formation of a C−OH group (Figure 3f). P NMR spectra
showed that the phosphate group remains in the DNA−CDs
(Figure 3g). Elemental analysis showed that the contents
of N, C, and H elements were 8.03%, 51.24%, and 6.09%,
respectively, suggesting that the content of the N element was
significantly decreased compared to DNA prior to heating. This
result suggests that certain NH2 groups may be released by
forming N2 during the hydrothermal reaction. From these
observations, we propose a model speculating the putative
mechanism of DNA−CD synthesis: The amino containing

Figure 4. Proposed mechanism for DNA−CD synthesis: denaturation, condensation, polymerization, and carbonization.
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groups on the nitrogenous bases of DNA (e.g., adenine, thy-
mine, cytosine, and guanine) may interact with neighboring
phosphoric acid groups to undergo dehydration, condensation,
and carbonization under hydrothermal conditions (Figure 4.)
The purified DNA−CDs were further characterized by various
techniques (Figures S4−S6 in the Supporting Information),
suggesting good physicochemical properties.
The ability of nanomaterials to be readily taken up by cells is

an important measure for their possible use in biomedical
research, especially for cell imaging and drug delivery studies.
Microbes, such as E. coli and S. cerevisiae, served as models to
evaluate their internalization capability toward DNA−CDs.
E. coli (or S. cerevisiae) cells were mixed with DNA−CDs
(0.1 mg/mL) in LB (or yeast extract peptone dextrose, YPD)
media and incubated for 6 h at 37 °C (or 30 °C). These cell
samples were washed 3 times with PBS buffer (pH 7.4) before
being subjected to imaging analysis by confocal fluorescence
microscopy (CFM). Interestingly, DNA−CDs were easily
internalized by either E. coli or S. cerevisiae cells (Figure 5),
suggesting that they may be used in either bacterial or
eukaryotic cell related studies.
Notably, DNA−CDs are highly biocompatible as shown by

cytotoxicity experiments (Figure 6a). To test the possibility of
DNA−CDs serving as vehicles for drug delivery studies, we
used rhodamine 6G (Rh 6G) and doxorubicin (Dox) as test
molecules loaded into DNA−CD vehicles. The zeta potentials

of DNA−CDs, Rh 6G, and Dox were −22.7, 14.1, and
14.5 mV, respectively (Figures S7−9 in the Supporting
Information). Rh 6G (or Dox) can thus be loaded onto
DNA−CDs by taking advantage of the electrostatic interactions
between Rh 6G (or Dox) and DNA−CDs. The supramolecular
complexes that were formed (DNA−CDs−Rh 6G or DNA−
CDs−Dox) were completely dialyzed against dH2O to remove
excess unbound Rh 6G (or Dox). The supramolecular
interaction between vehicle and cargo was rather stable at
neutral pH, whereas a lower pH may trigger drug release from
the DNA−CDs (Figure 6b). The purified DNA−CDs−Rh 6G
(or DNA−CDs−Dox) complexes were incubated with yeast
cells (S. cerevisiae) for 6 h at 30 °C. The resulting cell mixtures
were washed multiple times using PBS buffer (pH 7.4)
and then subjected to CFM imaging analysis. As shown in
Figure 7a−c, DNA−CDs delivered Rh 6G into yeast cells
where the fluorescence of either DNA−CDs or Rh 6G showed
an evenly distributed pattern. DNA−CDs also carried Dox into
S. cerevisiae cells; however, Dox displayed a punctate pattern
that differed from that of DNA−CDs (Figure 7d−f), suggesting
that Dox was released from the DNA−CD vehicles within the
eukaryotic cells.
To further confirm that DNA−CDs can function as vehicles

to deliver small molecules (drugs) into cells, we chose
propidium iodide (PI) as a test cargo to be loaded onto
DNA−CDs by taking advantage of their electrostatic

Figure 5. DNA−CDs were readily internalized by bacteria and yeast. DNA−CDs entered (a and b) E. coli or (d and e) S. cerevisiae cells and emitted
green signal upon UV irradiation (405 nm) as shown on CFM images. The overlays (b and e) are merged pictures of the fluorescent and bright field
images. No fluorescent signal is detected in (c) E. coli or (f) S. cerevisiae cells in the absence of CDs.

Figure 6. (a) Cytotoxicity evaluation of DNA−CDs and (b) the release profile of Rh 6G from DNA−CDs−Rh 6G complexes at different pH. The
growth of E. coli cells was not affected by the presence of 0.2 mM DNA−CDs as shown by the optical density (OD) measurement at 600 nm (a).
For drug release experiments (b), DNA−CDs−Rh 6G (400 μL) was added to a mini-dialysis bag incubated with test tubes containing 3 mL of buffer
(1× PBS buffer at pH 7.2 or 20 mM NaAc buffer at pH 4.1). The release of Rh 6G was monitored at 530 nm by UV−vis spectra (b). The plotted
values are the mean ± SD (n = 3).
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interactions. In contrast to Rh 6G and Dox, PI by itself cannot
cross the live plasma membrane of eukaryotic cells and thus
frequently serves as a marker for dead cell detection. The

PI delivery function of DNA−CDs was evaluated using both
S. cerevisiae and HEK 293 cells (Figure 8). Encouragingly,
DNA−CDs not only get through the plasma membrane of

Figure 7. DNA−CDs served as a vehicle for delivering dyes and drugs into S. cerevisiae cells. The internalized DNA−CDs and Rh 6G (or Dox)
were visualized by blue (a and d) and red channels (b and e) of the CFM, respectively. The overlaid images (c and f) revealed the colocalization of
DNA−CDs and Rh 6G, whereas Dox had a distinct punctate distribution, suggesting the release of Dox from the vehicles within the cells.
(Insets) Enlarged images.

Figure 8. DNA−CDs served as a vehicle for delivering PI into S. cerevisiae and HEK 293 cells. The internalized DNA−CDs and PI were visualized by
blue (a, d, g, and j) and red channels (b, e, h, and k) of the CFM, respectively. The overlaid images (c, f, i, and l) revealed the partial colocalization of
DNA−CDs and PI, suggesting that PI could be partially released from the vehicles within the cells. Notably, PI could enter neither S. cerevisiae nor
HEK 293 cells by itself, highlighting the vehicle function of DNA−CDs.
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these cells (Figure 8a and g) but also transport PI into the cells
(Figure 8b and h). Notably, barely any PI enters these cells
alone, except for the very little amount that might be associated
with the cell wall and/or outer membrane (Figure 8e and k).
The overlaid images (Figure 8c and i) suggested partial
colocalization of DNA−CDs and PI, hinting that PI may be
released from the vehicles under some circumstances.

4. CONCLUSIONS
In this report, we developed a facile and green system for
synthesizing DNA−CDs using genomic DNA isolated from
E. coli, which can be easily purified using a simple column
centrifugation-based system. A speculative synthetic mechanism
of DNA−CDs is presented based on the data obtained from the
XPS, NMR, IR, and Elemental analysis, which suggests that the
ribose ring may be opened, accompanied by N2 release, and
that two new bonds (N−O and N−P) are formed during the
DNA−CD synthesis with the other covalent bonds of DNA
being largely maintained within DNA−CDs. The presence of
abundant chemical groups, such as amino or hydroxyl groups,
on DNA−CDs may facilitate future functionalization studies.
Moreover, DNA−CDs can serve as a new platform of fluo-
rescent bioimaging for both prokaryotic and eukaryotic cells
and shows promise for delivering drugs into organelles and
cells. We expect that our research will hasten the development
of CDs for prominent future biomedical applications.
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