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ABSTRACT
An  unacceptable  increase  in  antibacterial  resistance  has  arisen  due  to  the  abuse  of  multiple  classes  of  broad-spectrum
antibiotics.  Therefore,  it  is  significant  to  develop new antibacterial  agents,  especially  those that  can accurately  identify  and kill
specific bacteria. Herein, we demonstrate a kind of perilla-derived carbon nanodots (CNDs), integrating intrinsic advantages of
luminescence and photodynamic,  providing the opportunity  to  accurately  identify  and kill  specific  bacteria.  The CNDs have an
exotic-doped  and  π-conjugated  core,  vitalizing  them  near-infrared  (NIR)  absorption  and  emission  properties  with
photoluminescence quantum yield of  21.1%; hydrophobic chains onto the surface of  the CNDs make them to selectively  stain
Gram-positive bacteria by insertion into their membranes. Due to the strong absorption in NIR region, reactive oxygen species
are  in  situ  generated  by  the  CNDs  onto  bacterial  membranes  under  660  nm  irradiation,  and  99.99%  inactivation  efficiency
against  Gram-positive  bacteria  within  5  min  can  be  achieved.  In  vivo  results  demonstrate  that  the  CNDs  with  photodynamic
antibacterial property can eliminate the inflammation of the area affected by methicillin-resistant Staphylococcus aureus (MRSA),
and enabling the wound to be cured quickly.

KEYWORDS
carbon nanodots, near-infrared emission, specific identification, anti-bacteria, photodynamic therapy

 
 

1    Introduction
Antimicrobial  resistance  of  bacteria  and  the  associated  mortality
caused by bacterial pathogens are increasing to alarming levels. It
is  estimated  that  by  2050,  10  million  lives  a  year  may  be  lost  to
bacteria  with  antimicrobial  resistance,  exceeding  death  toll  (8.2
million)  caused  by  cancer  [1].  The  increases  use  of  global
antibiotics and inappropriate use of antibiotics in medical practice
are one of the prime reasons [2]. Another important reason is that
broad-spectrum  antimicrobials  can  kill  most  bacteria,  leading  to
an  increased  chance  of  bacteria  emerging  with  drug-resistant
genes [3–5].  As a result,  some pathogens evolve resistance,  and a
suite  of  side-effects  on  host  and  pathogen  would  emerge.  In
comparison,  narrow-spectrum  antibiotics  do  not  generate  cross-
resistance in non-targeted pathogens, thus development of narrow-
spectrum  antibiotics  as  an  attractive  approach  can  overcome
multidrug-resistant  bacterial  infections.  In  general,  specific
bacteria-killing  agents  need  to  have  the  following  characteristics:
Firstly,  the  agents  should  have  a  specific  response,  which  can
distinguish  the  Gram-positive  bacteria  and  Gram-negative
bacteria;  secondly,  the  agents  must  have  excellent  antibacterial

properties  in  order  to  kill  pathogenic  bacteria;  finally,  the  agents
must ensure sufficient safety while killing the specific bacteria, and
will not lead to antimicrobial resistance of the bacteria. Therefore,
rapid  and  reliable  discrimination  and  inactivation  of  bacteria  are
crucial for anti-bacterial application.

The  fluorescence  labeling  method  based  on  fluorescent
nanoparticles  (NPs)  or  molecules  is  an  effective  approach  for
discriminating  bacteria  [6, 7],  which  has  advantages  of  fast
response,  high  sensitivity,  high  reproducibility  and  short
procedure time compared with traditional methods such as Gram
staining,  plate  culture  [8],  polymerase  chain  reaction  [9]  and
immunological methods [10], etc. Thus, fluorescent nanoparticles
with antibacterial  agents  or some cationic polymers were used to
identify  bacteria  and  kill  specific  strains  of  bacteria,  through  the
synergy of electrostatic attraction and hydrophobic action [11, 12].
Although such methods can selectively kill bacteria, they still have
some  drawbacks  such  as  complex  synthesis,  detachment  of  the
cationic  polymers  from  NPs  surface  and  compromised
antibacterial efficacy [13, 14]. In addition, most positively charged
substances have been found to be highly toxic to mammalian cells
[15].  Furthermore,  usage of  linked antimicrobial  agents  may also
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increase  bacterial  resistance,  and  thus  causing  injure  of  specific
cells.  Antimicrobial  photodynamic  therapy  is  being  actively
investigated  as  possible  alternative  to  antibiotic  treatment  for
wound  infections  [16–20].  Reactive  oxygen  species  (ROS)
produced under light irradiation can destroy many components of
cells. In particular, photodynamic antibacterial under illumination
of  near-infrared  (NIR)  light  (biological  window),  can  effectively
kill bacteria in infected tissues without creating bacterial resistance
[21–26].  Therefore,  it  is  essential  to  design  safe  and  potent
photodynamic sterilization agents activated by NIR light that can
accurately identify and kill specific bacteria.

Carbon nanodots (CNDs), an emerging member of fluorescent
nanomaterials [27, 28], are currently playing an important role in
the antimicrobial field due to their abundant source of precursors,
rich  surface  groups,  and  excellent  photoelectron  conversion
properties  [29–31].  It  has  been  demonstrated  that  CNDs  can  be
used  as  potent  antibacterial  agents  [32, 33].  Li  et  al.  synthesized
CNDs by an electrochemical method with vitamin C as precursor,
and  investigated  their  broad-spectrum  antibacterial  activities
against S. aureus, B. subtilis, Bacillus sp, E. coli, and the ampicillin-
resistant E.  coli [34].  Wu  et  al.  prepared  quaternary  ammonium
salt  modified  CNDs  using  a  carboxyl-amine  reaction  against
Gram-positive  bacteria  [35].  However,  CNDs  with  NIR
absorption/emission  for  simultaneous  discrimination  and
inactivation  of  bacteria  without  any  complicated  modifications
have rarely been reported.

Herein, hydrophobic CNDs with near-infrared absorption and
emission  using  low-cost,  non-toxic  perilla  as  a  precursor  have
been  prepared.  The  hydrophobic  groups  onto  the  surface  of  the
CNDs  can  be  easily  inserted  into  the  cell  membrane  of  Gram-
positive  bacteria  by  hydrophobic  interaction  rather  than
electrostatic  interaction,  as  illustrated  in Fig. 1.  When  the  CNDs
were incubated with bacteria, they were close to the Gram-positive
bacteria,  while distant from Gram-negative bacteria in a mixture.
In addition, the strong NIR absorption of CNDs enables them to
possess  excellent  photoelectron  conversion  capabilities  and  can
generate ROS under excitation of 660 nm light. Thus, ROS are in
situ generated  on  the  surface  of  Gram-positive  bacteria
membranes  when  the  CNDs  are  inserted  into  bacteria,  causing
damage to the cell  membranes and inactivation of Gram-positive
bacteria.  It  is  noting  that  the  CNDs  can  kill  methicillin-resistant
staphylococcus  aureus  (MRSA)  with  a  sterilizing  rate  of  99.99%
under  irradiation  of  660  nm  light  for  5  min.  The  healing  of
wounds  infected  by MRSA is  faster  under  the  treatment  of  the
CNDs compared with that of the wounds without treatment. 

2    Experimental section
 

2.1    Materials and characterization
Perilla  leaves  were  purchased  from  local  markets.  They  were
washed  and  dried  before  use.  Ethanol  (>  99.7%,  purity)  was
purchased  from Shanghai  Maclean  Biochemical  Technology  Co.,
Limited.  The fluorescent dyes reflecting the relevant indicators of
bacterial  membranes  were  as  follows:  LIVE/DEAD  BacLight
Bacterial  Viability  Kit  (L701,  161  Invitrogen,  USA)  and  a
fluorescent  probe  of  2’,7’-dichlorofluorescein  186  diacetates  for
intracellular  ROS  level  (DCFH-DA)  (S0033,  Beyotime,  China).
The  membrane  potential  of  bacteria  was  analyzed  by  3,3-
diethyloxacarbocyanine  iodide  (DiOC2(3))  (B34950,  Invitrogen).
The transmission electron microscopy (TEM) and high-resolution
TEM  (HRTEM)  images  of  the  CNDs  were  characterized  by  a
Tecnai  G20 TEM. Atomic force microscopy (AFM) images were
recorded  by  a  Multimode  8  instrument.  The  Fourier  transform
infrared  (FTIR)  spectra  of  the  samples  were  recorded  using  a
Thermo  Scientific  Nicolet  IS10  FTIR  spectrometer.  The  X-ray
photoelectron  spectroscopy  (XPS)  spectra  of  the  samples  were
collected  by  using  a  Thermo  Fisher  Scientific  ESCALAB  250Xi
spectrometer. The photoluminescence (PL) and ultraviolet–visible
(UV–vis) spectra were recorded by a Hitachi F-7000 and UH4150
spectrophotometer,  respectively.  The  lifetimes  of  the  CNDs  were
measured  on  a  FLS920  spectrometer  with  excitation  of  405  nm.
The electron paramagnetic resonance (ESR) spectra of the CNDs
were  recorded  by  an  electron  paramagnetic  resonance
spectrometer (Bruker A300).  The bacterial  imaging pictures were
taken at a Leica TCS SP8 laser scanning confocal microscope. The
membrane  potential  of  bacteria  was  quantified  using  a  flow
cytometer (NovoCyte 2060, ACEA). 

2.2    Preparation of CNDs
A typical  preparation of  CNDs by using a  hydrothermal  method
was as follows: First, perilla leaves (2 g) and 20 mL of ethyl alcohol
were  transferred  to  a  poly  (tetrafluoroethylene)  (Teflon)-lined
autoclave (50 mL) and heated at 140 °C for 2 h. After the reaction
was  completed,  the  reactor  was  automatically  cooled  to  room
temperature.  The  reaction  solution  was  then  taken,  filtered
through a 0.22 μm nylon membrane and dried at 60 °C for 6 h to
obtain the sample powder. 

2.3    Water-octanol partition coefficient (log P)
The  CNDs  were  added  into  n-caprylic  alcohol  solution,  with
volume ratio of 1:1. The above solutions were mixed well and left
to equilibrate in the dark for 24 h.  Subsequently,  the solutions in
the different dispersed phases were diluted 10 times with methanol
and  the  respective  UV–vis  spectra  were  recorded.  The
concentration of the CNDs in each disperse phase was calculated
by a standard curve. The partition coefficient was defined as

logP= log(C1/C2) (1)

where C1 and C2 are  the  CNDs  concentrations  in  n-caprylic
alcohol and water, respectively. 

2.4    Bacterial culture
To illustrate the bacterial culture process, we took S. aureus as an
example, as follows: A single colony of S. aureus was inoculated in
20 mL of Luria-Bertani (LB) medium (pH = 7) at 37 °C, 180 rpm
for 13 h. 1 mL of the above liquid was added to a fresh 20 mL LB medium at
37  °C,  210  rpm  and  shaken  for  2  h  to  a  concentration  of  109

cfu/mL. Other types of bacteria were cultured in the same way. 

 

Figure 1    Schematic  diagram  of  the  specific  identification  and  killing  of
bacteria by the CNDs and the corresponding antibacterial mechanism.
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2.5    Bacterial imaging assay
1  mL  bacterial  solution  at  a  concentration  of  109 cfu/mL  was
transferred to 2 mL eppendorf (EP) tube. Bacteria were harvested
by centrifugation at 5,000 rpm for 5 min, followed by removal of
the  supernatant.  1  mL  of  CNDs  solution  (dimethyl  sulfoxide
(DMSO)/water)  at  a  certain  concentration  was  then  added  into
the  EP  tube  and  mixed  uniformly.  The  EP  tubes  were  placed  in
dark  conditions  and  incubated  for  30  min.  Then  the
CNDs/bacterial  mixture  was  centrifuged  at  5,000  rpm  for  5  min
and  the  supernatant  poured  off.  Washing  was  continued  by
adding 1 mL of phosphate buffered saline (PBS) and centrifuging
again,  this  process  was  repeated  2  times.  Finally,  the  bacterial
precipitate  was  placed  on  a  glass  slide  and  observed  using  a
confocal  microscope  (TCS  SP8,  Leica,  Germany)  under  the
condition: excitation: 405 nm, emission range: 600–750 nm. 

2.6    Antibacterial activity measurement of CNDs
100 μL of bacteria at a concentration of 109 cfu/mL was added to
900  μL  of  different  concentrations  of  CNDs  aqueous  solution  to
obtain a CNDs/bacteria mixture with a bacterial concentration of
108 cfu/mL.  The  solution  was  sequentially  irradiated  with  a  660
nm  lamp  (200  mW/cm2)  for  5  min  and  the  control  group  was
placed  in  the  dark  for  5  min.  The  viability  of  bacteria  was
quantified  by  a  plate-count  method.  The  bacteria  were  diluted
with a dilution factor of 106,105,104,103 and 102. Then 100 μL of the
bacteria solution was evenly spread on an LB agar plate, which was
then subjected to culturing at 37 °C for 20 h before quantification
and photo taking. 

2.7    Determination of MBC90
1  mg/mL  of  CNDs  aqueous  solution  was  prepared  and  then
sequentially  diluted  with  PBS  to  0.01,  0.009,  0.008,  0.007,  0.006,
0.005, 0.004, 0.003, 0.002 and 0.001 mg/mL. 100 μL of bacteria was
added to each of the above solutions to obtain a volume of 1 mL
of  bacterial/CNDs  mixed  with  a  bacterial  concentration  of  108

cfu/mL.  It  was  then  treated  with  660  nm  light  for  5  min.  The
samples  were diluted using sterile  PBS and 100 μL of  the diluted
samples was spread on ager plate in triplicate. All the plates were
incubated  at  37  °C  for  20  h.  The  colony-forming  units  were
counted and analyzed. 

2.8    Live/dead staining
The  confocal  laser  scanning  microscopy  (CLSM)  was  used  to
visually  evaluate  the  live/dead  bacteria,  which  were  stained  with
the  LIVE/DEAD  BacLight  Bacterial  Viability  Kit  (L701,  161
Invitrogen,  USA).  After  treatment  with  CNDs,  the  bacterial
suspension  was  collected  and  washed  3  times  with  PBS.  The
treated  bacteria  were  placed  on  SYTO-9  and  PI  double-stained
medium and incubated in a dark at 37 °C for 15 min. The stained
bacteria  were  then  washed  twice  with  PBS  and  observed  under
three different microscopic fields using CLSM. 

2.9    Intracellular ROS detection
The  bacterial  suspension  was  added  to  PBS  containing  10  μM
DCFH-DA and treated with 660 nm light for 5 min. The control
group  was  incubated  in  the  dark  for  5  min.  Then  bacteria  were
washed twice with PBS and harvested for 5 min CNDs treatment.
All  samples  were  measured  immediately  by  flow  method  flow
cytometry  (FCM),  and  at  least  10,000  cells  were  monitored  by
FCM for each measurement. 

2.10    Membrane potential  measurement  of  the S.  aureus
and E. coli
For the positive control group, 2 μL of 500 μM carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) was added into the S. aureus and
E. coli suspensions. For the treatment group, 1 mL of the S. aureus
suspensions  after  CNDs  treatment  under  dark  and  light
conditions was centrifuged and re-suspended in 1 mL of PBS. 2 μL
of 3 mM DiOC2(3) was added to the above S. aureus suspension
for 30 min at room temperature and monitored by FCM. For the
E. coli group, the procedure for membrane potential detection was
carried out as described above. 

2.11    Mouse infection model
To evaluate the antibacterial efficacy in vivo, one kind of infection
mode  was  developed.  Male  BALB/c  mice  were  purchased  from
Hunan  SJA  Laboratory  Animal  Co.,  Ltd  (Hunan,  China).  All
animal procedures were performed in Institute of Drug Discovery
&  Development  of  Zhengzhou  University  (syxk  (yu)  2018-0004)
and  in  accordance  with  the  guidelines  for  Care  and  Use  of
Laboratory  Animals  of  Zhengzhou  University.  The  hind  hairs  of
the  mice  were  shaved,  and  the  animals  were  anesthetized  by
intraperitoneal  injection  of  sodium  pentobarbital  (40  mg/kg).  A
full-thickness skin wound (Approx. 10 mm × 10 mm) (n = 3) was
created  by  excising  the  back  skin  of  mice.  The  wounds  were
infected with 10 μL (108 cfu/mL) of MRSA. After 24 h, the wound
was treated by the CNDs. Briefly, the wounds were treated with 50
μL of 0.20 mg/mL CNDs in PBS, with or without 660 nm light for
5  min.  For  the  control  group,  wounds  were  treated  with  PBS
exposed to the 660 nm light for 5 min. The mice were housed in
individual  cages  and  their  weight  and  wound size  were  recorded
daily. At the end of the corresponding experiments, all mice were
euthanized.  Subsequently,  the  tissue  collected  from  the  infected
wound was fixed in 4% paraformaldehyde, embedded in paraffin,
and  cut  into  4  μm  sections.  The  samples  were  stained  with
hematoxylin-eosin  (H&E) and Masson.  A brightfield  microscope
was used to observe the sample. 

2.12    In vivo safety test
Mice were treated with 200 μL CNDs (0.20 mg/mL) for 1 day and
7  days  via  intravenous  injection.  Then  mice  were  sacrificed  and
harvested  heart,  kidney,  bladder,  liver,  and  lung.  The  principle
organs were excised and immediately  fixed in neutral  fixative for
histopathological examination. 

3    Results and discussion
 

3.1    Characterization of the CNDs
Transmission electron microscope (TEM) image of the CNDs was
taken, as shown in Fig. 2(a). The CNDs with a diameter of about
2.5 nm can be observed, and the corresponding size distribution is
shown in Fig. S1 in the Electronic Supplementary Material (ESM).
From the high-resolution TEM images of the CNDs (inset of Fig.
2(a)),  the  well-resolved lattice  fringes  with an interplanar  spacing
of  0.24  nm  of  the  CNDs  can  be  observed,  corresponding  to  the
(1120)  facet  of  graphene  [36, 37].  The  height  distribution  of  the
CNDs  ranges  from  6  to  10  nm  can  be  observed  from  the  AFM
image, as shown in Fig. 2(b). The CNDs are prone to aggregation
in  silicon  substrate  (for  AFM)  compared  with  copper  grid
substrate  (for  TEM),  which  leads  to  the  larger  sizes  observed  in
AFM.  FTIR  spectroscope  was  used  to  analyze  the  surface  states
and  functional  groups  of  the  CNDs.  In Fig. 2(c),  the  absorbance
peak  at  3,300  cm−1 is  attributed  to  the  stretching  vibrations  of
O–H.  The  peaks  at  2,920  and  2,850  cm−1 are  attributed  to  the
–CH3 and –CH2 symmetric  stretching,  respectively  [38],  which
indicates  that  the  surface  of  the  CNDs  contains  a  series  of
hydrocarbon groups [35]. Stretching vibrations of C=O, C–C, and
C–O–C  are  localized  at  about  1,630,  1,460,  and  1,150  cm−1,

  Nano Res. 2022, 15(3): 1699–1708 1701
 

 

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



respectively [39, 40]. The FTIR spectrum of the CNDs reveals that
they  have  abundant  hydrocarbon  chains,  carboxyl  and  hydroxy
functional groups on the surface of the CNDs. To investigate the
internal  structure  of  the  CNDs, 1H  nuclear  magnetic  resonance
(1H NMR) and 13C NMR spectra were measured, as shown in Fig.
2(d). In the 13C NMR spectrum, the signals presented in the range
of  110–140  ppm  can  be  ascribed  to  sp2 conjugated  aromatic  C
atoms [41]. Obvious signals are observed in lower chemical shifts
(0–40 ppm),  which are  assigned to  sp3 C atoms.  In the 1H NMR
spectrum, aromatic H centered at 7.3 ppm can be observed clearly.
Other  H  signals  from –C–H/–C–CH2/–C–CH3 (0–2.5  ppm),
pyrrole  H  (2.5–3.0  ppm),  and  C=CH2 (5.0–6.0  ppm)  are  also
detected  [42].  Moreover,  the  surface  state  composition  of  the
CNDs was characterized by XPS. The spectrum presented in Fig.
2(e) shows typical peak of C 1s (284.8 eV), N 1s (399.6 eV), and O
1s (532.0 eV),  and the atomic ratios of  these elements are 75.7%,
1.1% and 23.2%, respectively.  High-resolution XPS spectra depict
the  detailed  binding  between  C,  N  and  O  atoms.  The  high-
resolution spectrum of C 1s shown in Fig. 2(f) exhibits three peaks
at 284.6, 285.8, and 288.0 eV, which are assigned to the C–C/C=C,
C=N  and  C=O  bonds,  respectively  [38, 43].  The  N  1s  spectrum
(Fig. 2(g))  shows two peaks  at  400.1  and 401.9  eV,  which can be
attributed to pyrrolic N, and graphitic N, respectively [41].  These
results suggest that the presence of nitrogen in the CNDs is in the
form  of  pyrrole  nitrogen  and  a  small  part  of  graphite  nitrogen.
The O 1s spectrum with two peaks centered at around 531.6 and
532.9  eV  are  assigned  to  C=O  and  C–O  (Fig. 2(h)).  The  above
characterizations identify that the CNDs have a π-conjugated core
consisting  of  aromatic  rings  and  N  heterocycles  and  have
hydrocarbon chains on the surface. 

3.2    Optical properties of the CNDs
The PL spectrum of the CNDs shown in Fig. 3(a) shows that the
main emission peak is centered at around 660 nm with a quantum
yield of 21.1%. The UV–vis absorption spectra of the CNDs were
also collected, as shown in Fig. 3(b). A wide absorption range from
400  to  750  nm  can  be  observed,  with  two  stronger  absorption
peaks  located  at  420  and  660  nm,  respectively.  The  two  strong
absorption peaks could be attributed to n–π* transition caused by
N and O atom doping [44]. Polysaccharides and proteins of perilla
were carbonized under high temperature, and a conjugated inner
core  formed  inside  of  the  CNDs,  thus  endows  the  CNDs  with
excellent optical properties. Hydrophobic hydrocarbon chains that
existed  on  the  surface  of  the  CNDs  make  them  with
hydrophobicity  and  a  corresponding  water-octanol  partition
coefficient  (log P)  of  CNDs  is  1.1  as  measured  by  a  shake  flash
method  (Fig. S2  in  the  ESM).  When  log P is  greater  than  0,  the
CNDs  are  considered  to  be  relatively  hydrophobic  [45].
Appropriate ultrasound can disperse the CNDs in water and PBS
(Fig. S3  in  the  ESM).  Meanwhile,  the  stability  of  the  CNDs  in
biological  fluids  was  determined.  A  RPMI1640  medium
(containing 10% fetal bovine serum) was chosen as the dispersion
solution and the  corresponding  dynamic  light  scattering  test  was
recorded. The dynamic light scattering (DLS) result indicates that
the  average  size  of  the  CNDs in  RPMI1640 medium (containing
10%  fetal  bovine  serum)  was  226.9  nm  (Fig. S4  in  the  ESM),
indicating the CNDs do not break down. The larger size than that
of  observed  in  TEM  image  is  owing  to  the  existence  of
hydrophobic chains on the surface of the CNDs. The fluorescence
lifetime  of  the  CNDs  is  longer  in  DMSO  compared  that  of  in
aqueous  solution  and  decreases  as  the  water  content  increases
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Figure 2    (a) TEM and corresponding HRTEM image (inset) of the CNDs. (b) AFM image of the CNDs. (c) FTIR spectra of the perilla and CNDs. (d) 13C and 1H
NMR spectra of the CNDs. (e) XPS survey spectrum of CNDs, and high-resolution (f) C 1s, (g) N 1s, and (h) O 1s XPS spectra of the CNDs, respectively.
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(Fig. 3(c)),  suggesting  that  the  presence  of  water  leads  to
fluorescence  quenching  due  to  aggregation  of  the  CNDs.  To
further  understand  the  PL  mechanism,  femtosecond  transient
absorption  (TA)  spectra  were  recorded,  as  shown  in Fig. 3(d).
Two-dimensional  (2D)  TA  spectra  with  excitation  at  400  nm,
probe at 400–900 nm with delay times from 0.5 to 3,000 ps were
collected. A series of clearly positive signals presented between 450
and  650  nm  can  be  observed,  corresponding  to  typically  excited
state absorption (ESA). A negative signal between 650 and 750 nm
encapsulates  information  on  ground-state  bleaching  (GSB)  and
stimulated  emission  (SE)  [46–48].  Combined  with  the  emission
and  absorption  spectra  of  the  CNDs,  the  signals  shown  in  the
range of 670–720 nm reveal SE property of the CNDs (Fig. 3(e)).
The GSB signal located in the range of 650–670 nm is consistent
with  the  absorption  spectrum.  TA  kinetic  traces  of  the  CNDs
probed at different wavelengths exhibit temporal evolution of GSB
and  SE  process,  as  shown  in Fig. S5  in  the  ESM.  The  superior
optical  properties  and suitable hydrophobic properties  enable the
CNDs  as  an  alternative  fluorescence  probe  for  the  selective
imaging  of  different  bacteria  species.  To  evaluate  specific
identification  property  of  the  CNDs,  6  kinds  of  commonly  used
bacteria  were  selected,  represented  by  Gram-positive  bacteria
(Staphylococcus  aureus, MRSA and Bacillus  cereus)  and  Gram-
negative  bacteria  (Escherichia  coli, Salmonella,  and Pseudomonas
aeruginosa).

Surprisingly, after incubating the CNDs with all the bacteria for
30 min, we found that only the positive bacteria could be stained
by  the  CNDs,  while  the  negative  bacteria  were  not  stained,
indicating  a  significant  selectivity  (Fig. S6  in  the  ESM).  The
apparently  selective  identification  behavior  can  be  explained  by
electrostatic and hydrophobic interactions between the CNDs and
bacteria  [16, 49].  To  investigate  the  detailed  interaction
mechanism, zeta potentials of the CNDs and various bacteria were
measured,  as  shown  in Fig. S7  in  the  ESM.  Both  Gram-positive,
Gram-negative bacteria  and the CNDs are negatively  charged,  so
electrostatic  attraction  was  not  the  reason  for  selective
identification.  In  addition,  the  log P vaule  of  the  CNDs  was
measured to be 1.1 by the shake flask method. It is well established
that  hydrophobic  materials  have  a  different  affinity  for  bacteria
due  to  differences  in  the  cell  membrane  components  between

Gram-positive  and  Gram-negative  bacteria.  The  greater  the
hydrophobicity  of  the  materials  the  higher  affinity  it  has  for
negative  bacteria,  while  the  less  hydrophobic  properties  make  it
adherent  to  positive  bacteria  [50].  Thanks  to  the  suitable  log P
value and the exclusion of electrostatic attraction, the hydrophobic
interactions  are  the  main  reason  for  selective  identification  of
bacteria.  Furthermore,  the  content  of  ROS,  in  the  aqueous
solution  of  CNDs  under  660  nm  conditions  was  measured.  The
contents  of 1O2,  ·OH  and  ·O2

− were  detected  by  ESR  using
5,5‐dimethyl-1-pyrroline N‐oxide (DMPO) and 2,2,6,6‐tetra-
methylpiperidine-1-oxyl  (TEMPO)  as  spin  probes,  as  shown
in Fig. 3(f).  There  is  no  signal  generated  in  the  sample  solution
under  dark  conditions.  Obvious  signals  can  be  observed  under
illumination of 660 nm light, which are assigned to singlet oxygen,
hydroxyl radicals,  and superoxide anion, respectively [17]. Singlet
oxygen  sensor  green  (SOSG)  was  also  used  to  test  the  ability  of
CNDs to produce 1O2 [51]. In Fig. S8 in the ESM, there is almost
no green fluorescence signal of SOSG in the system at 0 min, and
the green fluorescence signal increases gradually after 5 min of 660
nm light illumination. The level of 1O2 in the solution system was
positively correlated with irradiation time, and the content of 1O2
was  always  increasing  over  the  5  min  irradiation,  indicating  that
CNDs can produce 1O2 steadily. These results clearly show that the
CNDs  have  excellent  photodynamic  properties  and  these  ROS
generated  by  CNDs  play  important  roles  in  photodynamic
sterilization. 

3.3    Photodynamic antibacterial activity
Inspired  by  the  structural  characteristics  and  bacterial  discrimi-
nation  ability,  the  photodynamic  antibacterial  properties  of  the
CNDs were further evaluated in addition to specific identification.
S.  aureus, MRSA as  representative  of  Gram-positive  bacteria  and
E. coli as a representative of Gram-negative bacteria were used as
study  sterilizing  effect  of  the  CNDs  under  the  same  conditions.
The  initial  concentration  of S.  aureus was  108 cfu/mL  and  there
was  no  significant  decrease  in  the  number  of S.  aureus with  the
increase  of  the  CNDs’ concentration  under  dark  conditions
(Fig. 4(a)).  While  under  illumination  of  660  nm  light  for  5  min,
the corresponding colony count decreased from 108 to 104 cfu/mL
while  the  concentration of  the  CNDs gradually  increased from 0

 

Figure 3    (a) PL spectrum of the CNDs, the inset is the image of the CNDs under sunlight and UV illumination. (b) UV–vis absorbance spectra of the CNDs with
different concentrations in water. (c) Decay curves of the CNDs detected at 660 nm in different solutions. (d) 2D top-view TA spectra of the CNDs. (e) TA spectra of
the CNDs at the indicated time from 0.5 to 3,000 ps under excitation of 400 nm fs-laser. (f) ESR spectra of the CNDs for detection of 1O2, ·OH and ·O2

− in the dark
condition and under the illumination of 660 nm light, respectively.
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to  0.20  mg/mL.  The  concentration  of  the  CNDs  is  0.20  mg/mL,
the  bactericidal  rate  can  reach  99.99%  (Fig. 4(d)).  Besides  the
common S. aureus, the inactivation effect of the CNDs on MRSA
was also studied. MRSA is one of the Gram-positive bacteria that
is  resistant  to  almost  all  β-lactam  antibiotics  and  may  also  show
resistance to a wide range of antibacterial agents such as macrolide
antibiotics and aminoglycoside antibiotics, and has become one of
the  essential  pathogens  of  intra-hospital  and  community
infections [52]. While multi-drug resistant bacteria are insensitive
to  antibiotics,  they  are  defenseless  against  ROS  produced  by  the
CNDs.  The colony counts  of MRSA after  incubation with CNDs
are  shown  in Fig. 4(b).  Upon  exposure  to  660  nm  light,  the
number of colony of MRSA drastically decrease from an initial 108

to  104 cfu/mL in  a  period of  5  min and inactivation efficiency of
99.99% can be achieved (Fig. 4(e)).  The killing effect on E. coli of
the CNDs was negligible, decrease the number of colony counts is
no  obvious  decrease  compared  with  the  control  group.  The
antibacterial  result  of  the  CNDs  against E.  coli is  shown  in
Fig. 4(c),  and  the  number  of  bacteria  is  both  higher  than  108

cfu/mL  under  light  or  dark  conditions.  The  corresponding
bactericidal  efficiency  is  not  more  than  50%  (Fig. 4(f)),
demonstrating  the  non-toxicity  of  the  CNDs  against E.  coli.
Besides,  the  sterilizing  rate  of  the  CNDs  against Enterococcus
faecalis (Gram-positive  bacteria)  and Salmonella (Gram-negative
bacteria)  was  also  recorded,  as  shown in  Figs.  S9  and  S10  in  the
ESM. The sterilizing rate of the CNDs against Enterococcus faecalis
can reach 99.9%, while that of the CNDs against Salmonella is less
than 50%. The results show that there was a significant difference
between  the  Gram-positive  and  Gram-negative  bacteria  groups
after  treated  with  the  CNDs  under  the  illumination  of  660  nm

light,  indicating  that  the  CNDs  can  specifically  identify  and
inactivate Gram-positive bacteria. Furthermore, the experiment of
light irradiation time on sterilizing rate of Gram-positive bacteria
was  performed,  and  99.99%  of S.  aureus could  be  inactivated
within  5  min.  Nearly  100%  sterilizing  rate  can  achieve  after
exposure to light beyond 5 min (Fig. 4(g)). Flat counting images of
S.  aureus and MRSA with  different  treatment  conditions  are
shown  in Fig. 4(h).  Quadrants  I,  II,  III,  and  IV  refer  to
bacteria/CNDs without light,  bacteria  without light,  bacteria  with
light,  and  bacteria/CNDs  with  light,  respectively.  It  can  be  seen
that  the  colony  count  almost  completely  disappears  after
treatment with the CNDs under the illumination of 660 nm light.
The  above  data  demonstrates  that  the  CNDs  can  selectively  and
efficiently kill Gram-positive bacteria, even for multi-drug resistant
bacteria. Minimum bactericidal concentration (MBC90) is defined
as the lowest concentration of anti-bacteria agent that kills 90% of
the  initial  bacterial  population  [53].  The  MBC90 value  of  CNDs
against MRSA was  measured  as  shown  in  Table  S1  in  the  ESM,
which is comparable to a commercial photosensitizer (Chlorin e6).
Considering that the CNDs can be produced at a low cost of $0.09
per  gram,  and  their  antimicrobial  properties  are  comparable  to
Chlorin  e6  ($1,999  per  gram),  the  CNDs  are  a  promising
antimicrobial agent. 

3.4    Antibacterial mechanisms
A  reasonable  explanation  for  specific  identification  and
inactivation  of  Gram-positive  bacteria  by  the  CNDs  is  illustrated
in Fig. 5(a). Firstly, the CNDs can selectively adhere to the Gram-
positive bacteria due to the presence of hydrophobic chains on the
surface  of  CNDs,  which  has  been  confirmed  by  the  partition

 

Figure 4    The number of S. aureus (a), MRSA (b) and E. coil (c) treated by the CNDs with different concentrations under dark and light (660 nm) conditions. (d)–(f)
Inactivation rate of S. aureus, MRSA and E. coli. (g) Survival rate of S. aureus treated with the CNDs for different irradiation times. (h) Flat counting images treated
with and without the CNDs under dark and light conditions.
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coefficient  value.  Subsequently,  the CNDs that  close contact  with
the Gram-positive bacteria can be activated instantaneously under
the  excitation  of  light.  The  electrons  in  singlet  excited  state  after
excitation  transfer  to  the  triplet  excited  state  through  the
intersystem crossing, and then the electrons in the triplet state can
transfer  to  surrounding  triplet  oxygen molecules.  In  this  process,
hydroxyl  radicals,  hydrogen  peroxide  and  singlet  oxygen
molecules  can  be  produced  simultaneously  [21].  Then  the  ROS
with  strong  oxidation  ability  is  directly in  situ generated  on  the
surface of the bacteria in turn damaging the membrane, leading to
the death of bacteria. To investigate the detailed live and death of
bacteria, a staining test was performed as follows: The membrane
potential  of  bacteria  is  due  to  electrical  potential  difference
between the inside and outside of a living cell membrane, which is
necessary for ATP generation during the respiratory process [54].
Dye molecule DiOC2(3) can be used as a probe to detect changes
in  cell  membrane  potential,  and  the  decrease  of  the  red/green
fluorescence  ratio  indicates  that  the  cell  membrane  has  been
damaged.  CCCP  is  an  H+ ionophore  that  can  alter  the
permeability  of  cell  membranes,  resulting  in  loss  of  membrane
potential  [55].  The  +CCCP group was  used  as  a  positive  control
group and −CCCP as a negative control group. Figure S11 in the
ESM shows the results of bacterial membrane potential measured
by  flow  cytometry.  Under  dark  conditions,  the  red/green
fluorescent ratio of the mixing system was lower compared to the
negative  control  group  (Fig. 5(b)),  this  is  mainly  due  to  the  fact
that  the  CNDs  can  be  inserted  into  the  membrane  of S.  aureus,
altering  membrane  permeability  leading  to  a  change  in  bacterial
membrane  potential.  Under  660  nm  light  irradiation,  the
red/green  fluorescent  ratio  of  the  mixing  system  is  close  to  the
positive  control  group,  which  was  partly  due  to  the  insertion  of
CNDs  into  the  bacterial  membrane,  changing  its  membrane
potential. Another important reason is that the ROS generated by
the  CNDs under  660 nm light,  and damaged the  cell  membrane

[56]. The scanning electron microscope (SEM) images were taken
to  observe  the  membrane  change  of S.  aureus.  From  the  SEM
images  shown  in Fig. S12  in  the  ESM,  there  was  significant
damage  to  the  positive  bacterial  membranes  in  the  light  group.
After treatment by the CNDs under 660 nm light irradiation, the
shape  of  bacteria  changed  dramatically,  characterization  by
shrinkage  and  fusion  of  cell  walls.  While  for  the  group of E.  coli
treated with the CNDs and light, the green/red radio is similar to
that  of  the  group  without  treatment.  This  is  consistent  with  the
aforementioned results indicating the CNDs cannot directly attack
the cell membrane of the Gram-negative bacteria [57]. To further
clarify  the  mechanism  of  membrane  potential  change,  the  ROS
contents  of  a  mixed  system  of  bacteria  and  the  CNDs  were
measured.  The  fluorescence  intensity  of  the  DCFH-DA  is
proportionate to the level of intracellular ROS. It can be seen from
Fig. 5(c) that  the  fluorescence  intensity  of  the  DCFH-DA  in  the
mixed  system  does  not  change  with  the  increase  of  the  CNDs
concentration in the absence of  light.  Under the light irradiation,
the  groups  with  higher  CNDs  concentrations  exhibit  brighter
fluorescence  than others  (Fig. 5(d)).  In  general,  extracellular  ROS
only  reflect  the  ROS  level  produced  by  bacterial  stress  reactions.
However,  extracellular  ROS  can  also  penetrate  the  cell  when
bacteria died or the membrane was damaged, and the fluorescent
signal  is  thus  enhanced,  which  in  turn  can  also  be  considered  as
the reactive oxygen level of the entire system [55].

Live/dead staining assays were performed for different bacteria.
SYTO  9  green  fluorescent  dye  is  capable  of  label  all  bacteria.  In
contrast,  propidium  iodide  (PI)  can  across  the  broken  cell
membrane  and  enhanced  red  fluorescence  can  be  observed  after
binding to nucleic acids. When the two dyes are mixed in a certain
ratio, green fluorescence predominates in normal cells, while cells
with  damaged cell  membranes  exhibit  a  distinct  red fluorescence
[58].  The  CLSM  images  of  SYTO  9  and  PI  stained  bacteria  are
shown in Fig. 5(e).  For  the  control  group and the  group without
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Figure 5    (a) Specific identification of Gram-positive bacteria by the CNDs and the corresponding photodynamic anti-bacteria mechanism. (b) Bacterial membrane
potential after CNDs treatment was measure by using a potential sensitive probe. ROS level of mixture of bacteria and the CNDs without 660 nm irradiation (c) and
with 660 nm irradiation (d). (e) The CLSM images of bacteria stained by SYTO 9 and PI, respectively. (scale bar = 10 μm).
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light,  of S.  aureus and MRSA,  they  show  green  fluorescence
indicating  there  are  no  cells  died  because  of  cell  membrane
damage.  The  group  treated  the  CNDs  and  light  exhibited  bright
red  fluorescence  compared  with  other  groups,  indicating  the
severe  damage  to  the  bacterial  cell  membrane.  For  the E.  coli
group,  green  fluorescence  dominates,  indicating  that  most  of  the
E. coli membranes are intact. The toxicity of the CNDs in vivo was
evaluated by intravenous injection for  1  and 7  days,  as  shown in
Fig. S13 in the ESM. The main organs are then sectioned, there is
no  symptom  of  inflammation  or  lesion  in  all  tissues  from
histological  analysis  results.  The  results  solidly  demonstrate  that
the as-prepared CNDs are prominent for selective inactivation of
Gram-positive  bacteria,  implying  them  promising  practice  as
effective antibacterial agents. 

3.5    In vivo MRSA-infected therapy
To  investigate  their  therapy  application  for  bacteria-infected
wounds, in  vivo MRSA-infected  wounds  treatment  of  mice  was
evaluated,  a  detailed  process  is  illustrated  in Fig. 6(a).  The  mice
were  divided  into  four  groups. MRSA infected  wounds  were
treated  with  PBS (control  group),  PBS+660 nm light,  CNDs and
CNDs+660  nm  light,  respectively.  A  model  of  wound  was
established  on  mice,  although  the  area  of  the  initial  wound  was
slightly  different.  Therefore,  we  used  the  relative  wound  area  to
reflect  the  rate  of  wound  healing  in  different  treatment  groups.
Percentage of relative wound area is recorded after treatment each
day, as shown in Fig. 6(b).  The healing rate of the wounds in the
PBS group was lower than that of the CNDs treated group. For the
CNDs  treated  group,  the  healing  rate  of  CNDs  without  660  nm
light is superior to PBS group, but low than CNDs+660 nm group,
which  can  be  attributed  to  the  daylight  environment  also
promotes  the  CNDs  generate  small  amounts  of  ROS  increasing
the rate of wound healing. Overall, the relative wound area of the

CNDs+light group decreases significantly faster in contrast to the
other  groups.  In  addition,  the  number  of  colony  was  calculated
treated with different conditions, as shown in Fig. S14 in the ESM.
The  experiment  results  show  that  the  CNDs  also  maintain  their
good  antibacterial  effect in  vivo and  can  effectively  reduce  the
number  of  bacteria.  The  bodyweight  of  the  mice  in  all  groups
fluctuated within the normal range (Fig. 6(c)). The wound healing
process  was  recorded  by  the  camera  shown  in Fig. 6(d).  On  the
eighth  day,  treatment  with  the  CNDs  and  light  significantly
inhibited wound infection,  resulting in a pronounced decrease in
wound  size.  The  corresponding  histologic  analysis  results  are
shown  in Fig. 6(e).  In  the  PBS  group,  the  skin  was  severely
infected with or without 660 nm light, and the boundary between
the  epidermis  and  the  dermis  of  the  tissue  was  not  clear.  The
epidermis  is  severely  missing,  the  dermal  matrix  is  fragmented
[59]. On the 8th day after modeling, the masson staining showed
the production of a small number of collagen fibers [20]. This may
be due to the self-healing ability of the skin [19]. The tissue image
after  adding  CNDs  treatment  showed  that  the  epidermis  and
dermis  were  clearly  demarcated.  On  the  whole,  8  days  after  the
administration,  the  dermal  matrix  of  the  CNDs+light  treatment
group was more abundant, the sebaceous glands and hair follicles
were developed, the connective tissues were clearly organized, and
the  grids  were  neat  and  orderly.  Masson  staining  shows  larger
areas of collagen fibrosis. Elastic fibers are also arranged in a more
orderly manner,  interwoven into a net  and dyed blue-violet  [17].
Thus,  the  photoactivated antibacterial  CNDs could  efficiently  kill
bacteria,  eliminate  the  inflammation  of  the  affected  area,  and
further promote wound healing. 

4    Conclusions
In  summary,  CNDs  with  NIR  absorption/emission  enabling

effective  identification  and  inactivation  of  Gram-positive  bacteria
have been demonstrated. Structural analysis shows that the core of

the  CNDs  consisting  of  aromatic  rings  and  N  heterocycles  gives
them  unique  optical  properties.  The  hydrophobic  chains  on  the

 

Wound model

Figure 6    (a) Schematic diagram of in vivo antibacterial evaluation of the CNDs on MRSA-infected wounds of mice. (b) Percentage of relative wound area of different
groups among 8 days (*p < 0.05, **p < 0.01). (c) Body weight changes within 8 days after different treatments. (d) Photographs of the MRSA infected wound treated in
different days. The scale for each treatment group is 0.5 cm. (e) The infected wound histologic analyses in day 4 and day 8 with different treatment (PBS, PBS+light,
CNDs, CNDs+light). The scale bar in the histologic picture is 100 μm.
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surface of the CNDs play a major role in the selective adhesion of
Gram-positive bacteria. Thanks to the suitable log P value, CNDs
can  selectively  stain  Gram-positive  bacteria  without  the  need  for
extra  operations  to  modify  the  targeting  functional  groups.  The
appropriate hydrophobic group of CNDs facilitates its adhesion to
the  surface  of  Gram-positive  bacteria,  and  generates  ROS in  situ
under  660  nm  irradiation. In  vitro study  manifested  that  CNDs
irradiated with 660 nm light for only 5 min can inactivate 99.99%
of  Gram-positive  bacteria.  Additionally,  the in  vivo study  further
demonstrated that CNDs plus light irradiation could efficiently kill
MRSA to  eliminate  the  inflammation  of  the  affected  area,  and
further promoted wound healing. The ultra-low price, comparable
anti-bacteria  effect,  and  reliable  safety  compared  to  commercial
photosensitizers  indicate  that  CNDs  are  an  excellent  new
antimicrobial agent. This strategy provides a new idea and insight
into the use of CNDs in the field of antimicrobial applications. 
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