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Overuse of antibiotics in agricultural production and medical practices has led to the rapid development
of drug-resistant bacteria worldwide, and the emergence of superbacteria has increased the mortality
rate of diseases and seriously threatened human life and health. The development of new antibiotics is
slow, and resistant bacteria will soon emerge. The substitution of antibiotics with other antimicrobials is,
therefore, strongly encouraged. Vaccine development for emerging viruses is slow and has low
efficacy. As a new member of the nanomaterial family, carbon dots (CDs) have the advantages of
photoluminescence, easy surface functionalization modification, simple preparation, low toxicity, low
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side effects, and lower probability to develop resistance, showing great antibacterial and antiviral
potential. This review summarizes the structural characteristics of CDs with antimicrobial properties and
the mechanism of CDs against different types of microorganisms, expecting to provide valuable
information for the purposeful synthesis of antimicrobial CDs effective against specific microorganisms
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1. Introduction

Antibacterial agents and pesticides are widely used in medi-
cine, food packaging, agriculture, and other aspects, but the
side effects of antibacterial agent residues on the body and
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environmental pollution are still a problem that cannot be
ignored." Overuse of antibiotics and pesticides has led to
resistance of microorganisms.> Alexander Fleming discovered
penicillin in 1928. After a few years, about 50% of Staphylococ-
cus aureus (S. aureus) infections were refractory to penicillin.
Under ideal conditions, it only takes ten days for bacteria to
develop resistance, and the discovery of a new antibiotic can
take as little as a year or two or as long as a decade or two
(Fig. 1).* Since 1990, humans have rarely discovered new
antibiotic species. The world health organization (WHO)
announced in September 2017 that the world’s antibiotics were

on the verge of depletion.
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The drug resistance of pathogenic bacteria is a serious
biological and environmental problem, threatening the healthy
survival of human beings. People have made unremitting
efforts to seek new antimicrobial materials. Nanomaterials do
not easily develop drug resistance due to: (1) high membrane
permeability, (2) efflux pump inhibitors, and (3) multiple anti-
bacterial action.*® Graphene-based nanomaterials have bacter-
icidal properties,°® but they can affect the DNA and
mitochondrial activity of cells, leading to apoptosis,’ and some
nanomaterials exhibit biological toxicity toward bacteria and
human cells.'®

Carbon dots (CDs) are 0-dimensional spherical luminescent
nanoparticles with a size of <10 nm. The structure of CDs is
usually composed of an sp®/sp® carbon core and a shell with a
large number of functional groups/polymer chains on the sur-
face. The existence of surface functional groups makes CDs
easily functionalized and have good solubility. CDs are mainly
divided into carbon nanodots (CNDs), carbon quantum dots
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(CQDs), graphene quantum dots (GQDs), and carbonized poly-
mer dots (CPDs) according to their different structures. The
core of CNDs has a graphite-like structure or amorphous form.
The core of CQDs consists of a small number of graphene
layers, and the layer spacing is 0.34 nm, corresponding to the
(002) plane. The number of graphene layers in GQDs is smaller,
and the atomic spacing is 0.24 nm, corresponding to the (100)
plane. The structure of CPDs can be formed by cross-linked
polymers or by functional groups/polymer chains linked to a
spherical carbon core."*™® Since CDs were discovered in 2004,
due to their small size, biocompatibility, photoluminescence
and easy functionalization and modification, they have been
widely studied in biosensing,'* bioimaging,'>"® photothermal
and photodynamic diagnosis and treatment,'”° antibacterial
nanomaterials,>** targeted drug delivery, and other
aspects. In addition to top-down and bottom-up synthesis,
researchers have isolated CDs from systems where Maillard
reactions occurred in coffee, barbecue, and beer.?” The anti-
microbial properties of CDs continue to attract the attention of
researchers. The antibacterial mechanism of CDs is different
from traditional antibiotics, and CDs are not prone to drug
resistance. The different antimicrobial effects of CDs are
mainly related to their physical and chemical properties. Due
to the different preparation methods such as precursors and
synthetic conditions, CDs with different structures have differ-
ent antimicrobial properties.”® CDs combined with precious
metal ions (silver, gold) have a strong antimicrobial ability,>**°
but after antimicrobial action, the metal ions are released,
which are toxic to the target. Also, the cost of precious metals
is very high. Hydrogen peroxide and light-assisted CDs also
exhibit antimicrobial activities'” but require the help of exter-
nal forces, resulting in limited conditions and scope of use.
Generally, the antimicrobial ability of commonly synthesized
CDs is limited.

Generally, the physicochemical properties are adjusted by
changing the synthetic precursor, purification method, and
surface functionalization, thereby improving the antimicrobial
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Development of resistance

Transferable penicillinase in Gonococcus (1976)
Penicillin-resistant Enterococcus (1983)

Streptomycin (1947)
Tetracycline (1952)
Vancomycin (1958)

Streptomycin resistance (1947)
Tetracycline resistance (1956)

Rarely used until the mid 1980s

Vancomycin-resistant Enterococcus (VRE) (1987)
Vancomycin intermediate resistant S. aureus (VISA) (1996)
Vancomycin-resistant S. aureus (VRSA) (2002)

Methicillin (1959)

Methicillin-resistant S. aureus (MRSA) (1961)

Community-acquired MRSA (1999)

Cephalothin (1964)
Gentamicin (1967)
Cefotaxime: FDA approved (1981)

Cephalothin resistance: 1%t cephalosporin (1966)
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First outbreak of 3¢ cephalosporin-resistant K. pneumoniae (1987)

Imipenem, 1% carbapenem (1984)
Linezolid, first oxazolidinone: FDA approved (2000)

Development of antibiotics

Carbapeneme-resistant Acinetobacter baumanii (1998)
Linezolid-resistant S. aureus and VRE (2001)

Fig. 1 The timeline of antibiotics development and the subsequent emergence of resistant microorganisms (reprinted from ref. 3, with permission from

Elsevier).

performance.*! Researchers have reviewed synthetic precursors
of antimicrobial CDs and the structure of CDs, but there
have been no discussions on the relationship between the
structural characteristics and antimicrobial activity.>' So, what
structure of CDs exhibits a better antimicrobial effect? Do CDs
have specific antimicrobial effects on different types of micro-
organisms? What is the antimicrobial mechanism of CDs
for different types of microorganisms? In view of the
above questions, this paper will review the previous work of
researchers and summarize the relationship between the
structural characteristics of pure CDs and the antimicrobial
effect, as well as the antimicrobial mechanism of different
microbial types, so as to make contributions to the preparation
of antimicrobial CDs in the future and its application in
agricultural products.

2. Structural characteristics of CDs
with antimicrobial properties

2.1. Size and shape

The size distribution of antimicrobial CDs is mostly less than
5 nm. Research results showed that the smaller size of the CDs
was conducive to entering and exiting the cell and exhibited
their antimicrobial ability. Positively charged large (5.3 +
0.5 nm), medium (3.9 £ 0.6 nm), and small (2.0 £ 0.3 nm)
CDs were synthesized using chlorhexidine gluconate as a
precursor.®> They exhibited significant antibacterial activity
against the Gram-negative bacteria Escherichia coli (E. coli)
and Gram-positive bacteria S. aureus. The antibacterial mecha-
nism was to increase the cell permeability and destroy the
integrity of the plasma membrane. It was found that CDs with a
smaller size exhibited a stronger antibacterial activity (Fig. 2A).
The authors believed that the reason for this may be the
difference in the distribution or entry of CDs on the plasma
membrane or the interaction between the surface functional
groups of the CDs and DNA molecules.

7728 | Mater. Adv., 2022, 3, 7726-7741

The thickness of the passivation layer on the surface of the
CDs had an effect on the antibacterial effect. Rabe et al
prepared CDs with different surface functionalities to study
their photodynamic antibacterial activity.>®> CDs with different
surface passivation layer thicknesses were prepared with PEI of
different molecular weights. The results showed that smaller
molecular weight resulted in thinner CDs and stronger anti-
bacterial activity. The authors speculated that a thinner surface
passivation layer might allow the photogenerated reactive oxy-
gen species (ROS) to act more efficiently on bacterial cells. In
the above two references, although the author has adjusted the
size of the CDs and the thickness of the passivation layer, the
research on the specific antibacterial mechanism of CDs needs
to be strengthened.

The shape of the CDs was also an important factor of its
antibacterial activity. By controlling the surface Gaussian cur-
vature of the CDs, Hui et al. prepared CDs matching the
curvature of S. aureus using the Cq, cage as a precursor.® The
obtained CDs could specifically kill S. aureus and its antibiotic-
tolerant persisters but could not kill other bacterial species and
mammalian cells (Fig. 2B). The surface Gaussian curvature
matching between the CDs and the target bacteria played a
key role in destroying the integrity of the bacterial cell
membrane, thus exhibiting the antibacterial ability.

The chiral molecule p-glutamate (p-Glu) is the basic sub-
stance for the synthesis of peptidoglycan (PG), which is cata-
lyzed by MurD ligase. PG is an important component of
bacterial cell walls, but not mammalian cells, and protects
them from damage caused by a high internal osmotic
pressure.*® Chirality can be transferred from chiral molecules
to achiral nanomaterials.>**® Through the synthesis of chiral
CDs (DGG), which compete with p-Glu to bind MurD, the
formation of an intact cell wall could be inhibited to achieve
the specific elimination of Gram-positive and Gram-negative
bacteria while maintaining the integrity of mammalian cells
(Fig. 2C).*” The van der Waals and hydrogen bond interaction
between DGG and MurD was stronger than that between LGG
and MurD, which resulted in a higher inhibitory effect of DGG.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Antibacterial diagram of CDs with different sizes and shapes. (A) Schematic diagram of the antibacterial effect of CDs with different sizes
(reprinted from ref. 32, with the permission of Elsevier). (B) Schematic diagram of how the surface curvature matching between GQD and the target
bacterial surface correlates with the antibacterial performance of GQD (reprinted from ref. 6, with the permission of American Chemical Society). (C) The
antibacterial strategies of chiral nanoparticles (DGG) (reprinted from ref. 37, with the permission of Wiley-VCH).

2.2. Surface charge

Different surface groups of the CDs result in different surface
charges and, thus, different antimicrobial properties. Gener-
ally, as the charge on the surface of the CDs (measured by a zeta
potentiometer) becomes more positive, the antimicrobial abil-
ity becomes stronger.*®*° Because the cell membrane was
negatively charged, the antimicrobial mechanism of the posi-
tively charged nanoparticles was the destruction of the cell
membrane integrity.*>"!

Bing et al. prepared positively charged SC-CDs (27.6 mV),
negatively charged CC-CDs (—19.5 mV), and neutrally

© 2022 The Author(s). Published by the Royal Society of Chemistry

charged GC-CDs (0.946 mV) to compare the effects of
the different charge of the CDs on the antibacterial activity
directly.*® The SC-CDs showed the best resistance to E. coli
at 300 pg mL ™.
induce ROS aggregation in vivo, induce cell apoptosis, and
destroy the integrity of the bacterial cell membrane, which
leads to programmed bacterial death (Fig. 3A). It is worth
noting that the same CDs have different zeta potentials
under different solution environmental conditions. Also,
when the zeta potential of the system is below +£30 mV, it
is unstable.

The antibacterial mechanism was to

Mater. Adv., 2022, 3, 7726-7741 | 7729
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Fig. 3 (A) Schematic diagram of programmed bacterial cell death induced by CDs with different surface charges (reprinted from ref. 38, with the
permission of Wiley-VCH). (B) Schematic diagram of Spd-CQD synthesis. (C) Representative images of MRSA infected wounds treated on different days
(B and C reprinted from ref. 42, with the permission of Wiley-VCH). (D) Schematic diagram of CQDspgs Synthesis and treatment of S. aureus-induced
bacterial keratitis. (E) Schematic diagram of CQDSpds inducing the opening of tight junctions of corneal epithelial cells for cell side transport ((D and E)
reprinted from ref. 39, with the permission of American Chemical Society). (F) Synthesis of CDs and selective staining for dead S. aureus (reprinted from
ref. 47, with the permission of Royal Society of Chemistry). (G) Co-located fluorescence images of Si-CDs and Pl in different types of dead cells at a
concentration of 20 pg mL™%. (H) Imaging stability of Si-CDs and Pl in S. aureus cells ((G and H) reprinted from ref. 51, with the permission of Elsevier).
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Li et al. prepared CDs with a high positive charge (+60.6 mV)
using ammonium citrate and spermidine as precursors in a
two-step method (Fig. 3B). They had antibacterial activity
against non-multidrug resistant bacteria (E. coli, S. aureus,
Bacillus subtilis, Pseudomonas aeruginosa) and multidrug
resistant bacteria (methicillin-resistant S. aureus (MRSA)).*>
The minimum inhibitory concentration (MIC) was lower
(>25000-fold) than that of spermidine. Further studies showed
that the CDs were antibacterial not by inducing ROS production
but due to the high positive charge on the surface of CDs,
binding with proteins, porins, or peptidoglycan on the cell
membrane through hydrogen bonds and electrostatic inter-
action, resulting in synergistic cell membrane damage or
inhibition of membrane synthesis. The CDs could promote
wound healing in rats infected with MRSA, with better epithe-
lialization and collagen fiber formation (Fig. 3C).

Subsequently, their research group in the above research
example further improved the preparation method and
obtained super-cationic CQDSpds with a small size (6 nm)
and high positive charge (+45 mV) by a one-step pyrolysis
method using spermidine as the precursor.’® The CQDSpds
also showed antibacterial activity against both non-multidrug
resistant bacteria and multidrug resistant bacteria (Fig. 3D).
The CQDSpds had a strong disintegration effect on bacterial
membranes. In addition, in the BK rabbit model, the formula-
tion of topical eye drops made by CQDSpds was shown to be
more effective than Ag NPs in treating S. aureus eye infections
because the super-cationic CQDSpds induced the opening of
tight junctions in corneal epithelial cells for cellular side
transport (Fig. 3E).

CDs with a high positive charge can fight viruses as well as
bacteria. Researchers synthesized positively charged (15.6 +
2.05 mV) CDs with curcumin as the precursor to resist porcine
epidemic diarrhea virus (PEDV) infection, and the positively
charged CDs may lead to viral aggregation through electrostatic
interaction, thus reducing viral infectivity.*

However, it is not just the positively charged CDs that are
antibacterial. Some negatively charged CDs have been reported
to have antimicrobial activity. When CDs with a high negative
surface charge (—75 &+ 4 mV) were used to treat S. aureus and
MRSA, they showed better antibacterial activity under laser
irradiation.** According to the report, it was because the van
der Waals force between the highly negatively charged CDs and
the bacteria could overcome the weak repulsive force,*> which
made the CDs adhere to the cell surface, resulting in the
production of ROS and cell wall damage, protein structure
and function changes, and subsequently the death of the
bacteria. However, some reports differ from these mechanisms.
Zhu et al. prepared antibacterial CDs with a negative charge
(—30 mV) by the electrolytic method using a vitamin C solution
as the electrolyte.*® The CDs prevented the formation of the
bacterial biofilm through electrostatic repulsion, and it might
cover the outer surface of bacterial cells. Due to biological
isolation, bacterial cells could neither increase in value nor
consume nutrients after separation, thus damaging the cell
wall or cell membrane to achieve the antibacterial effect.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Other negatively charged CDs showed a different result; that
is, as the CDs become more negatively charged, the imaging
ability is better, which makes them useful as an alternative dye
to identify dead and live cells.*’*° Hua et al. for the first time
used bacteria as the precursor to prepare CDs with a high
negative charge (—42 mvV) for differentiating live/dead cells
(bacteria and fungi) (Fig. 3F)."” Compared with the conven-
tional commercial dye propidium iodide (PI), CDs show advan-
tages such as low toxicity, polychromatic imaging, and stability.
This broadens the selection of raw materials for the preparation
of CDs. Subsequently, using yeast extract as the precursor, CDs
(—41.9 mV) with the ability to selectively stain dead bacteria
were prepared, and when co-cultured with living bacteria, the
bacterial activity could be monitored in real time with the
increase in temperature.’® Similar results have also been
reported.”’ Silanized CDs with a small size (~2.8 nm) and high
fluorescence quantum yield (~93.23%) were prepared by our
group.” They can stain bacterial, fungal, and mammalian dead
cells in a passive diffusion manner (Fig. 3G) and have a lower
cytotoxicity and better photostability than commercial staining
(P1) (Fig. 3H).

2.3. Heteroatomic doping

Generally, N-doped CDs exhibit a strong antibacterial ability
because N doping may endow CDs with positively charged
properties®® or a lower band gap energy,>® which can exert
antibacterial effects.

The effect of S and N-doped CDs prepared by Travlou et al.
was better on Gram-positive bacteria than on Gram-negative
bacteria, and the minimum inhibitory concentration (MIC) was
equal to or smaller than some antibiotics or silver
nanoparticles.’ The antibacterial activity of N-CQDs was stron-
ger than that of S-CQDs, mainly because the protonation of the
nitrogen functional group of N-CQDs acted with the negatively
charged cell membrane to generate ROS, which induced bac-
terial cell death. The negatively charged S-CQDs showed inhibi-
tion of bacterial growth due to the small size rather than the
chemical dependence.

Wang et al. synthesized Cl-doped CDs with dual character-
istics of anti-oxidation and pro-oxidation by the electrochemi-
cal method, and their free radical scavenging and free radical
generation abilities were seven times and three times higher
than those of undoped CDs, respectively.”® This was attributed
to the high content of defect sites caused by CI doping, which
enabled them to produce ROS under visible light irradiation.
This was considered a promising antibacterial application
(Fig. 4A). However, the study would be more complete if there
were comparisons with the antimicrobial activity of CDs doped
with other elements.

N-Doped CDs prepared with bis-quaternary ammonium salt
as the precursor had a high antibacterial activity toward drug
resistant bacteria.”” It can kill MRSA without producing drug
resistance, prevent the formation of a biofilm, and eliminate
the formed biofilm and persistent cells. The N-CD treatment
fought bacterial infection and sped up the wound healing.
Because N-CDs have a positive charge, they could cause cell

Mater. Adv,, 2022, 3, 7726-7741 | 7731
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membrane damage and increase the permeability through
electrostatic interactions, induce the generation of ROS, and
further affect bacterial metabolism, leading to death (Fig. 4B).

Doping CDs can change their structure and composition,
essentially change their electronic properties or energy state,
and then improve their optical properties and application
performance.’®®” Recent studies have shown that CDs doped
with N and/or S exhibited a vision-driven antimicrobial
activity®® because doped N and/or S reduced the gap between
the valence band and the conduction band of CDs compared
with undoped CDs (Fig. 4C) and increased the electron density
near the conduction band by supplying electrons to CDs
through lone pair electrons of N or S.°**° However, N-doping
could improve the antibacterial performance of CDs better than
NS-doping because with the increasing ratio of S, the CDs
became not conducive to ROS generation and the specific
surface area increased, resulting in the reduction in the

7732 | Mater. Adv., 2022, 3, 7726-7741

reaction sites. The decrease in the fluorescence quantum yield
led to adverse radiation recombination, and the decrease in the
fluorescence lifetime made the photoexcitation state unable to
be maintained well.”?

2.4. Surface functionalization

2.4.1 Quaternization. Quaternary ammonium compounds
(QACs) have been reported to have activity against Gram-
positive bacteria by directly destroying microbial cell mem-
branes, which makes it difficult for bacteria to develop drug
resistance.®’®® CDs have excellent optical performance. Com-
bining QACs on the surface of CDs can not only realize the
imaging and classification of bacteria but also significantly
reduce the MIC of drugs.®*

CDs prepared with glucose and PEI as precursors and
subsequently quaternized with benzyl bromide have an inhi-
bitory effect on Gram-positive and Gram-negative bacteria.®®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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This was due to the adsorption of quaternized CDs on cell
membranes, causing their destruction. Quaternized CDs were
prepared by conjugating lauryl betaine (BS-12) containing a
quaternary ammonium group onto the surface of CDs.®* The
quaternized CDs have the ability to resist Gram-positive
bacteria and selectively stain Gram-positive bacteria. Com-
pared with BS-12, the local positive charge density and
hydrophobic chain number of the quaternary ammonium
CDs increased, which enhanced the antibacterial ability
(Fig. 5A).
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The QACs can not only bind to the surface of CDs and play
an antibacterial effect but can also be used as a precursor to
undergo a solvothermal reaction with chloroform and diethy-
lamine to generate CDs with a positive surface charge.®® Then,
the as-prepared CDs interacted with the negatively charged cell
membrane to resist Gram-positive and Gram-negative bacteria.
Yang et al. prepared quaternized CDs by the solvent-thermal
method with glycerol and dimethyloctadecyl [3-(trimethoxysilyl)
propy] ammonium chloride (Si-QAC) as the precursor.®” The
as-prepared CDs can selectively interact with Gram-positive

Blue CDs Muilticolor CDs -Cr2

FL

B

Bactenial staining

and killing process
Mixture of bacteria
o O
Stained dead

Gram-positive bacteria
RO Gram-positive bacteria

| Inhibiting biofilm

High concentrations .

of CDs
| —~e oo

\

HC CHs
N
~oh,

cr

HoC
Dimethyl diallyl

ammonium chloride

(DDA) N\

I {

o8, o i

Medium concentrations
of CDs

Dead S. aureus bacteria

OHs
J <7~ N=CHs CI-
o CH3
Glycidyl trimethyl
— ammonium chloride
(GTA)

Heating conditioned reaction

/

carbon

Quaternary ammonium modified

(QCQD)

MRSA-induced

pneumonia

quantum dots

Antibacterial mechanism

Fig. 5 (A) Schematic diagram of CDs-C12 preparation and selective killing

and staining of Gram-positive bacteria (reprinted from ref. 64, with the

permission of American Chemical Society). (B) Schematic diagram of quaternary ammonium CDs in the imaging, eradication, and inhibition of S. aureus
biofilms (reprinted from ref. 68, with the permission of Royal Society of Chemistry). (C) Preparation, antibacterial properties, and antibacterial mechanism
of quaternary ammonium QCQD and its application in MRSA induced pneumonia in mice (reprinted from ref. 69, with the permission of Elsevier).
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bacteria through electrostatic and hydrophobic interactions,
inserting long alkyl chains into the bacterial surface and
eventually inactivating the Gram-positive bacteria. Subse-
quently, they synthesized quaternary ammonium CDs
without long alkyl chains and verified that the long alkyl chain
enhanced the hydrophobic adhesion between CDs and Gram-
positive bacteria. They further showed that cationic CDs
inhibited the formation of Gram-positive bacteria biofilms
(Fig. 5B).%°

Zhao et al. prepared quaternary ammonium CDs that had
good antibacterial activity against Gram-positive bacteria
including MRSA and could promote inflammation subside in
pneumonia mice infected with MRSA.*® Further proteomic
studies showed that the antimicrobial mechanism of these
CDs was action on ribosomes and upregulation of RNA degra-
dation related proteins, thus interfering with protein transla-
tion and modification in bacterial cells (Fig. 5C). Then, the
quaternary ammonium CDs prepared by a one-step solvother-
mal method using p-phenylenediamine as the precursor were
reported to have antibacterial activity against Gram-positive
bacteria (S. aureus) and Gram-negative bacteria (E. coli), and the
minimum inhibitory concentrations were 2 and 30 ug mL ™",
respectively.”® The results showed that a large number of -NH;"
groups on the surface of the CDs enhanced their antibacterial
activity. It is worth noting that quaternary ammonium salts
themselves have anti-viral and antibacterial effects, so attention
should be paid to the purification of CDs when preparing
such CDs.

2.4.2 Surface modification of antibacterial agents. CDs
prepared with antibiotics or antibacterial components as a
precursor or CDs combined with them usually have a better
antibacterial performance. In 2013, Thakur et al. prepared CDs
from gum arabic and combined them with the antibiotic
ciprofloxacin hydrochloride to obtain CDs with antibacterial
activity against both Gram-positive and Gram-negative
bacteria.”* Subsequently, Hou et al. in 2017 prepared CDs with
antibacterial activity against Gram-positive and Gram-negative
bacteria by a one-step method using ciprofloxacin hydrochlor-
ide as a precursor.”” They proposed that the functional struc-
ture of the precursor could be maintained if the reaction
temperature was lower than the decomposition temperature
of ciprofloxacin hydrochloride. Studies showed that whether
penicillin was used as a precursor to prepare CDs or covalently
combined with -NH, containing citric acid-based CDs, the
obtained CDs showed antimicrobial activity to both resistant
and non-resistant bacteria under visible light but had little
effect on the cell viability of mammalian cells.”® Similarly,
ampicillin was conjugated with amine-terminated CDs. The
obtained CDs not only retained the inherent chemical proper-
ties of CDs-NH, but also employed the antibacterial properties
of ampicillin to produce ROS under light and had antibacterial
activity against E. coli.”* Selective antibiotics are more accep-
table than broad-spectrum antibiotics. Using metronidazole as
a precursor, CDs with selective resistance to obligate anaerobes
Porphyromonas gingivalis were obtained.””> Additionally, the
combination of CDs and other antibacterial components could
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reduce the amount of antibacterial components used alone,
reducing the risk to the environment and the resistance of
microorganisms.”®

2.5. Other antibacterial CDs

With natural biomass as the precursor, CDs with antibacterial
activity have been prepared. Zhao et al. prepared CDs with
banana as the precursor and combined with chitosan to form a
coating solution, which could prolong the shelf life of soy milk
and significantly reduce the total bacterial count after 4 days of
storage at room temperature.”” Using the natural biomass
Artemisia argyi leaves, Wang et al. prepared CDs with 100%
antibacterial activity against Gram-negative bacteria at a
concentration of 150 pg mL™' by a smoking simulation
method.”® The prepared CDs could affect the secondary struc-
ture of the enzyme related to the cell wall synthesis of bacteria
and, thus, inhibit about 50% of the enzyme activity, thereby
selectively resisting the activity of Gram-negative bacteria.

CDs were reported to have broad-spectrum antibacterial
activity against Gram-positive (S. aureus and B. subtilis),
Gram-negative (Bacillus sp. WL-6 and E. coli), fungi (R. solani
and P. grisea), and drugresistant bacteria (the ampicillin-
resistant E. coli).”® The optimal inhibitory concentration was
100 pg mL™"' for bacteria and drug-resistant bacteria and
300 pg mL ™" for fungi. The research group then used cigarette
smoke to prepare biodegradable CDs that were also broad-
spectrum resistant to Gram-positive and Gram-negative bac-
teria, as well as drug-resistant bacteria.®

3. The antimicrobial mechanism of
CDs

Although some CDs have a broad spectrum of antimicrobial
properties, they can fight various types of bacteria, fungi, drug-
resistant bacteria, multi-resistant bacteria, and even viruses.
But overall, bactericidal targeting of specific bacteria is a
promising treatment for infections, as it minimizes side effects
and enhances antimicrobial activity.®' Therefore, it is necessary
to summarize the types of microorganisms and the antimicro-
bial mechanism of CDs, so as to guide the purposeful synthesis
of CDs.

3.1. The mechanism of CDs against bacteria

The cell wall of bacteria can maintain the cell shape, improve
mechanical strength, inhibit damage, assist cell movement and
growth, and provide sensitivity to antibiotics. According to its
form and function, it can be divided into Gram-positive and
Gram-negative bacteria. The cell wall of Gram-positive bacteria
consists mainly of thick layers of peptidoglycan and acidic
polysaccharides including teichoic acid (Fig. 6A), and the over-
all negative charge on the cell surface is partly due to teichoic
acid.®”> The cell wall of Gram-negative bacteria, on the other
hand, is more complex, consisting of thin monolayers of
peptidoglycan and an outer membrane that includes porin
and lipopolysaccharide (Fig. 6B).** Different types of bacteria

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cell walls of bacterial. The cell wall of Gram-positive (A) bacteria consists of multiple layers of thick polypeptidoglycan (PG) sheaths. Teichoic acid
was embedded in PG, while lipoteichoic acid extended into the cytoplasmic membrane. The cell wall of Gram-negative (B) bacteria consists of an outer
membrane connected by lipoproteins to a thin monolayer of PG. PG is placed in the periplasmic space formed by the outer and inner membranes. The
outer membrane contains pores and lipopolysaccharide molecules ((A and B) reprinted from ref. 83, with the permission of Springer Nature).

have different mechanisms of drug resistance. Gram-negative
bacteria (E. coli) can change the nature of their cell walls so that
they are not recognized by antibiotics, thus limiting the entry of
antibiotics into their outer membranes.** Gram-positive bac-
teria (K. pneumoniae and S. aureus) produce enzymes that
destroy antibiotic molecules.®

Quaternary ammonium polymers and compounds have
strong bactericidal activity against Gram-positive bacteria. Gen-
erally, CDs with a positive surface charge approach bacteria
with a negative surface charge through electrostatic interac-
tions. In most cases, these are Gram-positive bacteria. They
induce the bacteria to produce ROS, thus causing mechanical
damage to the cell membrane, destroying the integrity of the
cell membrane, and inducing cytoplasm leakage and cell
apoptosis. However, some studies have observed that positively
charged CDs can induce Gram-negative bacteria to produce
endogenous ROS, destroy the integrity of the cell membrane,
and lead to cell apoptosis along with DNA fragmentation.®® It is
worth noting that each type of bacteria was sensitive to differ-
ent free radicals. E. coli 0157:H7 was more sensitive to *OH and
'0,, while L. monocytogenes was more sensitive to H,0O, and

© 2022 The Author(s). Published by the Royal Society of Chemistry

'0,.>* According to a report from Huang et al., Gram-positive
bacteria were more sensitive to '0,, while Gram-negative bac-
teria were more sensitive to *OH.%°

The antibacterial mechanism of CDs against bacteria
involves multiple aspects: (1) causing physical and mechanical
damage to the cell membrane, (2) affecting the activity of
bacterial cell wall synthetases, (3) inducing cellular production
of ROS, (4) disrupting cell membrane electron transport, (5)
entering into the cell, affecting DNA and protein synthesis, (6)
inhibiting the synthesis of bacterial biofilm, etc. When CDs
exert antibacterial effects, it may be a single mechanism of
action, or there may be a coexistence of multiple mechanisms.
It is the multi-mechanism that makes CDs less likely to develop
drug resistance. The antibacterial mechanisms of CDs in
photodynamic therapy or photothermal therapy have been
extensively reviewed'*'” and will not be described here.

The structural characteristics of CDs cannot be uniformly
matched with the corresponding types of resistant bacteria,
mainly because most studies are based on the existing available
CDs and bacterial types rather than on specific CDs and
bacterial types.
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3.2. The mechanism of CDs against fungi

The imaging application of CDs in fungal cells has been widely
reported. Thakur et al. first combined ciprofloxacin with CDs to
form a Cipro@C-dots conjugate, which could perform in vivo
imaging of Saccharomyces cerevisiae (yeast) and emit bright
green fluorescence.”! Similar imaging of CDs in living fungi
was also observed in Valsa Mali Miyabe et Yamada,®” Aspergillus
aculeatus,®®® Saccharomyces cerevisiae,’® Colletotrichum gloeos-
porioides,” and Fusarium oxysporum.”* When CDs were pre-
pared with bacteria as a precursor, the imaging application of
CDs can be observed in dead fungal cells Saccharomyces cerevi-
siae (yeast) and Trichoderma reesei."” Silanized CDs prepared by
our group can also stain dead fungal cells (AH109 yeast,
Penicillium italicum).”® These results suggest that CDs can enter
dead or living fungal cells.

Rhizoctonia solani and Pyricularia grisea are two kinds of
fungi causing plant diseases. Li et al. prepared biodegradable
CDs with antifungal activity against the above two fungi at the
concentration of 300 ug mL~".”° Further studies showed that
CDs could directly enter the fungal nucleus and destroy it,
inhibiting the growth of fungal cells. Moreover, CDs could
significantly inhibit the expression of the non-ribosomal pep-
tide synthase gene in Rhizoctonia solani. The CDs prepared with
tamarind as a precursor showed antifungal activity against
Candida albicans.”® Confocal microscopy was used to observe
the morphology of Candida albicans. The results showed that
CDs could interact with fungal cells, but the antifungal mecha-
nism was not further studied. Bagheri et al. reported that the
prepared CDs inhibited the growth of Pichia pastoris in a dose-
dependent manner.’* At high concentrations, the CDs can
significantly change the morphology of yeast cells and stimu-
late the production of toxic levels of ROS to inhibit the growth
of yeast cells. The multi-functional CDs prepared with dried
seaweed as the precursor had anti-fungal cucumber downy
mildew (Pseudoperonospora cubensis) activity.”® At the concen-
tration of 40 mg L™, the CDs could inhibit 20% fungal activity.
With the increase in the concentration of CDs, there was no
enhanced antibacterial activity. CDs loaded with flumorph
exhibited better antifungal activity than CDs and flumorph
alone. The authors suggest that the oxygen-containing groups
on the surface of the CDs might adsorb on the fungal cell walls
and destroy the integrity of the cell membrane, leading to
cytoplasm leakage. However, there were no further mechanistic
tests. Fungi are more stubborn than bacteria, so timeliness and
dosage should also be taken into account when evaluating the
activity of antifungal CDs.

3.3. The mechanism of CDs against virus

Most viruses can cause illness and even death in humans. The
best way to prevent infection is to get vaccinated. However,
there are currently no effective vaccines against the various
viruses and their variants. Nanotechnology has shown powerful
capabilities in antiviral strategies, and some researchers have
reviewed relevant studies on the antiviral effects of functional
nanoparticles and their corresponding antiviral mechanisms.’®
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As a new star in nanomaterials, CDs have also been studies in
antiviral field. Especially since the outbreak of the novel
Coronavirus (COVID-19) pandemic in 2019, more researchers
have begun to focus on the study of CDs resistance toward
novel Coronaviruses, and six relevant review papers have been
published.””'°> We have summarized thirteen published
research papers about antiviral CDs, including the precursor,
antiviral types, and antiviral mechanism (Table 1), in order to
provide a reference for future research on antiviral CDs.

Barras et al prepared boronic acid- and amine-
functionalized CDs with phenylboronic acid derivatives as
precursors.' The prepared CDs could prevent herpes simplex
virus type 1 infection. The EC50 was 80 ng mL ™" in Vero and
145 ng mL™' in A549 cells, respectively. The antiviral mecha-
nism of CDs was the inhibition of viral entry through the
interaction with the viruses. Subsequently, their group pre-
pared seven different CDs, and the results showed that the
ECso of CDs prepared with ethylenediamine and citric acid as
precursors and modified with boronic acid was 52 + 8 ug mL ™,
although the presence of boronic acid was essential for antiviral
activity, but CQDs-6 did not carry a large amount of boronic
acid and was more antiviral with an ECs, of 5.2 4 0.7 pg mL™,
indicating the complexity of the antiviral mechanism.'®* The
prepared CDs exerted antiviral effects by inhibiting viral entry
into receptors and inhibiting viral replication.

Amino phenyboronic acid-modified CDs prepared by Aung
et al. showed antiviral activity against the HIV-1 virus.'® The
antiviral mechanism of CDs was similar to that previously
reported by Barras et al. because CDs had boron and nitrogen
on their surface, which can bind to the gp120 glycoprotein on
the envelope of the HIV-1 virus, thus preventing the virus from
entering the host cell.

Du et al. found that CDs induced the production of inter-
feron-a and the expression of the IFN stimulating gene.'*®
Thus, it can inhibit the replication of the Pseudorabies virus
and Porcine reproductive and respiratory syndrome virus. Sub-
sequently, the same authors synthesized curcumin-based CDs
that antiviral enteric coronavirus through multiple inhibitory
effects, including inhibition of viral entry, synthesis of viral
negative strand RNA, viral budding, and accumulation of
ROS.* In addition, the CDs were found to inhibit viral replica-
tion by enabling the production of pro-inflammatory cytokines
and stimulating interferon-stimulated genes.*® Between the two
studies, the research group synthesized blue-CDs and cyan-CDs
with young barley leaves and citric acid anhydrous without or
with urea.’®” It was found that blue-CDs had a better antiviral
effect than cyan-CDs because most of the factors involved in the
interferon induction pathway were located in the cytoplasm,
while the amount of blue-CDs in the cytoplasm was higher than
that of cyan-CDs. Both of them could induce the expression of
interferon and its stimulating genes.

The CDs prepared by Dong et al. using a two-step method
showed resistance to human norovirus virus-like particles
(VLPs)."®® The positively charged EDA-CDots are much more
effective than the negatively charged EPA-CDots in inhibiting
the binding of VLPs to HBGA receptors because the binding of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The summary of reports on CDs for antiviral applications
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Synthesis
Year Precursor method Virus species Antiviral mechanism Concentration
2016'%° PEG-diamine and ascorbic Solid-phase  Pseudorabies virus, por-  Inhibiting viral replication 0.125 mg mL ™"
acid thermal cine reproductive and
reaction respiratory syndrome virus
2016 4-Aminophenylboronic Hydrothermal Herpes simplex virus type 1 Inhibiting virus entry EC50 = 80 and
acid hydrochloride (HSV-1) 145 ng mL ™" on
Vero and A549 cells,
respectively
2017'%7 Barley young leaves, citric Solid Pseudorabies virus Inhibiting viral replication 0.13 mg mL™"
acid anhydrous and urea  pyrolysis
20178 Carbon nano-powders, 3- (ethylenedioxy)bis(ethylamine) ~ Nitric acid reflux and
ethoxypropylamine and thermal mixing
2,2/
Human nor- Inhibiting virus entry 5ug mL*
ovirus virus-like-
particles
2018% Curcumin and citric acid  Solid Enteric coronavirus Various inhibitory effects includ- 125 pg mL ™"
pyrolysis ing inhibition of viral entry, viral
negative-strand RNA synthesis,
viral budding, accumulation of
ROS, and inhibition of viral
replication
2019'"? Curcumin Dry heating  Enterovirus 71 Inhibiting the virus entry, repli- EC50 (0.2 pg mL™")
cation, and preventing the virus- and CCs,
induced termination of host (452.2 g mL™Y)
translation
2019'%* 4-Aminophenylboronic Hydrothermal Human coronavirus Inhibiting virus entry into recep- EC50 = 5.2 £+
acid tor and virus replication 0.7 pg mL ™"
2019'"° Benzoxazine Hydrothermal Flaviviruses (Japanese Preventing the virion from enter- 75 pg mL ™"
encephalitis, Zika, and ing the host cell
dengue viruses) and non-
enveloped viruses (porcine
parvovirus and adenovirus-
associated virus)
2019 Humic acid Hydrothermal Avian leukosis virus sub-  As an excellent adjuvant of the 400 pg mL ™"
group J gp85 protein vaccine against
chicken anti-avian leukosis virus
subgroup J
2020 Glycyrrhizic acid Hydrothermal Porcine reproductive and  Inhibiting virus invasion and 0.30 mg mL ™"
respiratory syndrome virus replication, stimulating the pro-
(PRRSV), pseudorabies duction of interferons, inhibiting
virus (PRV), and porcine  the accumulation of intracellular
epidemic diarrhea virus ~ ROS, regulating the expression of
(PEDV) some host-restricted factors
2020 Carbon nano-powders, (ethylenedioxy)bis(ethylamine) ~ Nitric acid reflux and
2,20- thermal mixing
Bacteriophages Viral protein carbonylation 20 ug mL™"
MS2 and degradation of viral
genomic RNA
2020'" Spermidine Pyrolysis White spot syndrome virus Sticking to virus envelope and 10 ppm
trihydrochloride inhibiting virus infection, upre-
gulating immune genes and
reducing the mortality rate of
virus infection
2020'° Anhydrous citric acid and Pyrolysis HIV-1 Preventing the virus from entering 50 pg mL ™"

2-amino phenylboronic
acid

EDA-CDots to negatively charged VLPs is more favorable. The
main antiviral mechanism of CDs is to effectively inhibit the
binding of VLPs to HBGA receptors and moderately inhibit the
binding of VLPs to antibodies without affecting the integrity of
viral capsid proteins and virus particles. Then, their group
studied the photodynamic antiviral activity of EDA-Cdots under
visible light irradiation using bacteriophages MS2 as a virus
model."® The results showed that the CDs caused carbonyla-
tion of viral proteins and degradation of genomic RNA.

© 2022 The Author(s). Published by the Royal Society of Chemistry

the host cell

CDs synthesized by benzoxazine as a precursor were
reported to have spectral antiviral activity."'® The antibacterial
mechanism was the direct interaction of CDs with viruses to
prevent viruses from entering host cells and to limit the spread
of the viruses. It was reported that CDs prepared with humic
acid as a precursor can be used as an excellent adjuvant of the
chicken gp85 protein vaccine against avian leukosis virus
subgroup J.''" Antibody levels in the gp85-CDs group were
higher than those in the gp85-Freund adjuvant group.
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CDs prepared using curcumin as a precursor by the dry
heating method had antiviral activity against enterovirus 71."*>
The results showed that CDs inhibited the virus by binding to
the virus, prevented the virus from attaching to the host cell
membrane, inhibited viral replication, and prevented the virus-
induced termination of host translation. The polyamine CDs
mentioned above can destroy bacterial cell membranes due to
its high positive charge, thus having antibacterial activity, and
can treat bacterial infection in rabbit eyes.?* The authors then
treated the white spot syndrome virus, which is an envelope
virus, with the same CDs and found that the CDs could disrupt
the envelope of the virus, thus affecting the invasion of the
virus. In addition, the CDs also upregulated immune genes and
reduced the mortality of infected mice.''®> CDs synthesized
from glycyrrhizic acid, the active ingredient of Chinese herbal
medicine, has been reported to have anti-porcine reproductive
and respiratory syndrome virus (PRRSV) activity.''* The anti-
viral mechanisms of CDs were to inhibit the invasion and
replication of PRRSV, stimulate the production of interferon,
inhibit the accumulation of intracellular ROS caused by PRRSV
infection, and regulate the expression of some host-restricted
factors directly related to the proliferation of PRRSV, including
DDX53 and NOS3. It can be seen from the above results that
CDs prepared from natural substances have high biocompat-
ibility, and the prepared CDs can inherit the antiviral properties
of the precursor and have better effects and fewer side effects.

4. Concluding remarks

This paper reviews the current literature on CDs against bac-
teria, fungi, and viruses and summarizes the structural char-
acteristics of CDs with antimicrobial effects. Although
antimicrobial CDs are a developing field, the summary of this
paper lays a foundation for future studies on the synthesis or
optimization of antimicrobial CDs. Due to the unclear structure
and chemical formula of CDs, their controllable and efficient
synthesis still needs to be worked on. However, compared with
other carbon materials, CDs possess advantages such as good
biocompatibility, inexpensive and readily available synthetic
materials, simple synthetic methods, and easy large-scale
synthesis. At present, there are commercial products of CQDs
on the market (https://www.pkuchemqd.com/c/35.html). It is
believed that with the advancement of technology, the com-
mercial production of antimicrobial CDs will soon be realized.
By adjusting the size, surface charge, and doping atoms of CDs,
the prepared CDs can have strong antibacterial properties.
Compared with broad-spectrum resistance, precise antimicro-
bial properties have more advantages in reducing drug side
effects and reducing drug-resistant bacteria. Therefore, we
summarize the antimicrobial mechanisms of CDs for different
types of microorganisms and look forward to helping the useful
synthesis of antimicrobial CDs.

CDs with a small size, that can easily enter and exit cells,
show better antimicrobial ability. A thinner surface passivation
layer of CDs might allow photogenerated ROS to act more
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efficiently on bacterial cells. The surface Gaussian curvature
matching between the CDs and the target bacteria plays a key role
in destroying the integrity of the bacterial cell membrane. Through
the synthesis of chiral CDs, which compete with p-Glu to bind
MurD, the formation of the intact cell wall could be inhibited to
achieve the specific elimination of Gram-positive and Gram-
negative bacteria while maintaining the integrity of mammalian
cells. Because the bacterial cell membrane is negatively charged,
CDs with a high positive charge easily adhere to the bacterial cell
membrane and generate ROS, thus destroying the integrity of the
cell membrane, leading to cytoplasmic leakage and bacterial cell
death. N doping may endow CDs with positively charged proper-
ties or a lower band gap energy, which can exert antibacterial
effects. Quaternized CDs have good antibacterial effects, while
negatively charged CDs can be used to stain dead cells. The
antibacterial properties of CDs doped with other different ele-
ments require more extensive and in-depth studies. CDs prepared
with antibiotics as precursors or CDs grafted with antibiotics have
good antibacterial effects, but it is necessary to pay attention to the
purification steps in the preparation of CDs to exclude the anti-
bacterial effects of the precursors themselves. CDs appear to have
greater antiviral potential. The antiviral mechanisms of CDs are as
follows: (1) inhibition of viral entry, (2) inhibition of viral negative-
strand RNA synthesis, (3) inhibition of viral budding, (4) accumu-
lation of ROS, (5) inhibition of viral replication, (6) upregulation of
immune genes and reduction of the mortality rate of virus infec-
tion, and (7) prevention of the virus from entering the host cell.
However, the high standards of the experimental conditions for
infectious viruses limit their research. Future research needs
to focus on the purposeful synthesis of CDs targeting specific
types of microorganisms. The long-term biological toxicity of CDs
has not been systematically studied. The antifungal and anti-
phytopathogenic aspects of CDs are understudied.

There are currently no data on the clinical application and
toxicity of CDs as antibiotics themselves. Before antimicrobial
products of CDs can be used clinically, some challenges must
be addressed, such as: (1) achieving targeted delivery and
preventing shielding by the human/animal immune system or
digestive system before reaching the site of action, (2) side
effects on the human/animal body after passing through the
blood-brain barrier, (3) toxicology test, (4) drug resistance test
against bacteria, etc. In the era of antibiotic resistance, the
development of safe, effective, low-side effect, and specific
antibacterial agents requires interdisciplinary knowledge and
tools in materials science, biology, immunology, pathology,
and pharmacology. The summary of this paper is conducive
to the purposeful synthesis of CDs with antimicrobial proper-
ties in the future and also lays a foundation for the application
of CDs in the fields of medical materials, agricultural produc-
tion, and food preservation.
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