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HIGHLIGHTS

« Pyrolysis of 1-lysine hydrochloride
can form partially carbonized
nanogels (CNGs).

« CNGs exhibit potent antibacterial
activity against biopolymer-
producing bacteria and antibiotic-
resistant clinical isolates.

« CNGs suppress bacteria through
multiple mechanisms, such as
membrane disruption and oxidative
stress elevation.

« In contrast to antibiotics and other
nanomaterials, CNGs steadily treat
bacteria even after acclimation for 20
passages.
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GRAPHICAL ABSTRACT

Thermal transformation of amino acid to bio-carbonized nanogels: Exerting multiple modes of action to
suppress drug-resistant bacteria, biopolymer-producing bacteria, and clinical isolates.
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ABSTRACT

Developing antimicrobial agents that can eradicate drug-resistant (DR) bacteria and provide sustained
protection from DR bacteria is a major challenge. Herein, we report a mild pyrolysis approach to prepare
carbon nanogels (CNGs) through polymerization and the partial carbonization of 1-lysine hydrochloride
at 270 °C as a potential broad-spectrum antimicrobial agent that can inhibit biopolymer-producing bac-
teria and clinical drug-resistant isolates and tackle drug resistance issues. We thoroughly studied the
structures of the CNGs, their antibacterial mechanism, and biocompatibility. CNGs possess superior bac-
teriostatic effects against drug-resistant bacteria compared to some commonly explored antibacterial
nanomaterials (silver, copper oxide, and zinc oxide nanoparticles, and graphene oxide) through multiple
antimicrobial mechanisms, including reactive oxygen species generation, membrane potential dissipa-
tion, and membrane function disruption, due to the positive charge and flexible colloidal structures
resulting strong interaction with bacterial membrane. The minimum inhibitory concentration (MIC)
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values of the CNGs (0.6 ug mL~! against E. coli and S. aureus) remained almost the same against the bac-
teria after 20 passages; however, the MIC values increased significantly after treatment with silver
nanoparticles, antibiotics, the bacteriostatic chlorhexidine, and especially gentamicin (approximately
140-fold). Additionally, the CNGs showed a negligible MIC value difference against the obtained resistant
bacteria after acclimation to the abovementioned antimicrobial agents. The findings of this study unveil
the development of antimicrobial CNGs as a sustainable solution to combat multidrug-resistant bacteria.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Most bacteria in severe conditions, such as those being treated
long-term with antibiotics, can acquire special genes to increase
their survival rate through horizontal gene transfer (HGT) or arose
from a gene mutation, leading to the acquisition of drug resistance
[1]. HGT occurs through multiple mechanisms and allows genetic
material to transfer between bacterial strains and species (e.g., bio-
films and biopolymer-producing bacteria) [2]. Biopolymers pro-
duced by certain bacteria also provide increased resistance to
environmental stress factors, including antimicrobial agents.
Therefore, drug-resistant or biopolymer-producing genes may
cause robust resistance to environmental stress [3-6]. For example,
granules of polyhydroxyalkanoate biopolymers can provide
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improved cellular integrity when cells are exposed to sudden
osmotic changes (200 g L~! NaCl) in the environment [3]. These
biopolymers can also block UV irradiation and provide increased
UV resistance in polymer-rich bacterial strains, leading to a 3-
fold increase in survival rate [4]. In addition, biopolymers can act
as nutrient resources for bacteria under starvation conditions [5].
Some biopolymers produced by microorganisms have been found
to have properties similar to those of plastic [7]; therefore, indus-
trial production of biodegradable plastics through these
biopolymer-producing microbes is of great commercial interest
[8]. Tremendous research on biopolymer-producing bacteria is
ongoing for the large-scale production of biopolymers and the
modification of polymers for suitable applications [9-11]. These
genetic materials (e.g., biopolymer-producing genes or drug-

Carbon nanogels
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Scheme 1. Schematic representations of (A) the synthesis of the carbon nanogels (CNGs) by heat treatment of -lysine hydrochloride; (B) the antibacterial action of CNGs on
biopolymer-producing bacteria; (C) the antibacterial effects of CNGs against bacteria that developed drug resistance after acclimation for 20 passages with silver ions, silver

nanoparticles, antibiotics, and CNGs.
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resistant genes) transfer to pathogenic bacterial strains, which
greatly exacerbate drug resistance and severely affect the environ-
ment [12]. Combined with the already present problem of mul-
tidrug resistance, the transfer of biopolymer-producing genes to
pathogenic bacteria may cause environmental contamination
resulting in epidemics and pose a major challenge in the future.

Many strategies have been employed to treat drug-resistant
bacteria, including the development of new antibiotics, derivatives
of existing antibiotics, antibiotic adjuvants, and peptide antibiotics
from mammals and other organisms [13]. However, the bacteria
that respond to these materials can still develop drug resistance
over time. These methods are also generally expensive [14]. Nano-
materials are widely reported to exhibit antimicrobial properties
that have been explored as next-generation nanomedicines to
reduce drug resistance, including silver (Ag), copper oxide (CuO),
iron oxide, titanium oxide, and zinc oxide (ZnO) nanoparticles
(NPs) and carbon nanomaterials such as graphene oxide (GO) and
carbon quantum dots [15-18]. However, recent studies have sug-
gested that metal- or metal oxide-based antibacterial nanoparti-
cles may also face drug resistance issues similar to those faced
by conventional antibiotics [19]. Bacteria develop resistance to
Ag NPs through repeated exposure by producing flagellin that dis-
rupts the colloidal stability of Ag NPs and causes them to aggregate
[20]. Additionally, Ag NPs are highly mutagenic toward E. coli upon
repeated exposure, and the mutated strains have shown improved
resistance to ampicillin [21]. Moreover, toxicity from the metal of
these metallic NPs is a concern for practical applications. Carbon-
based antibacterial nanomaterials (CNMs) have been recently con-
sidered a potential alternative to inorganic nanomaterials and
antibiotics due to their high biocompatibility, varied functional
properties, a wide choice of raw materials, and easy synthesis
methods [22-25]. However, whether bacteria can develop resis-
tance after long-term exposure to CNMs has yet to be tested.
Therefore, at present, developing novel CNMs with broad-
spectrum antimicrobial properties toward drug-resistant
biopolymer-producing pathogens and clinical isolates through a
detailed investigation of the ability of CNMs to suppress the devel-
opment of drug resistance is highly desirable. Carbonized nanogels
(CNGs) are a new category of carbon nanomaterials with car-
bonized nanostructures embedded in the polymer matrix [26].
Their properties highly vary depending upon their parent mole-
cules and the synthesis methods. We reported the synthesis of
CNGs from sodium alginate for anticoagulation application, and
other CNGs from lysine and quercetin/lysine for antiviral and
antibacterial applications [27-29]. CNGs synthesized from a mix-
ture of quercetin and lysine are effective for the treatment of bac-
terial keratitis through simultaneous antibacterial and antioxidant
effects [28]. Whereas CNGs synthesized from only lysine exhibit
virus inhibition properties against Infectious Bronchitis Virus by
inhibiting virus attachment to the host cells [29]. CNGs derived
from different precursors enable different applications; however,
their antibacterial potential has not been explored. Therefore, there
is plenty of scope for further exploration of their antimicrobial
applications. Herein, we conducted a thorough investigation of
lysine-derived carbon nanogels (hereafter CNGs-270, where 270
represents synthesis temperature in degree Celsius) for antibacte-
rial application and their ability to suppress bacterial drug resis-
tance in E coli, S. aureus, drug-resistant bacteria, clinical isolates,
and biopolymer [poly(3-hydroxybutyrate-co-3-hydroxyvalerate);
PHBV]-producing E. coli. CNGs-270 exhibited a multifaceted attack
on bacteria resulting in the suppression of drug-resistance evolu-
tion, which is illustrated in Scheme 1. The antibacterial drug resis-
tance upon exposure to CNGs-270, Ag NPs, CuO NPs, and ZnO NPs,
graphene oxide, and antibiotics were studied in various acclimated
bacteria strains and the CNGs-270 were found to exhibit superior
activity than the others.
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2. Materials and methods
2.1. Materials

L-Lysine monohydrochloride (i-lysine-HCl), hydrochloric acid
(HCI), sodium chloride (NaCl), potassium chloride (KCl), magne-
sium chloride (MgCl,), calcium chloride (CaCl,), poly-L-lysine, lyso-
geny broth LB-Lennox, tris(hydroxymethyl)aminomethane (Tris),
copper(Il) oxide nanoparticles, and zinc oxide nanoparticles were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The 2',7’-dich
lorodihydrofluorescein diacetate (DCFH-DA) was purchased from
Invitrogen. Graphite powder (99%, 7-11 um) for the synthesis of
graphene oxide (GO) was obtained from Alfa Aesar (Heysham, Lan-
cashire, UK). Phosphoric acid and acetic acid were purchased from
Mallinckrodt Baker (Phillipsburg, NJ, USA). Potassium perman-
ganate (KMnOQ,), sulfuric acid (H,SO,4), and hydrogen peroxide
(H,0,) were obtained from SHOWA (Tokyo, Japan). All chemicals
were used without purification. Phosphate-buffered saline (PBS;
containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,4, and
1.8 mM KH,POg4; pH 7.4) was used to mimic physiological condi-
tions. Milli-Q ultrapure water (18.2 MQ-cm; EMD Millipore, Biller-
ica, MA, USA) was used in all experiments.

2.2. Synthesis of CNGs

Carbon nanogels (CNGs) were synthesized by the simple, con-
trolled heating of 1-lysine hydrochloride according to our previous
work [29]. Briefly, 0.05 g of 1-lysine hydrochloride was transferred
to a 20 mL crucible and heated in a preheated oven at 180, 210,
240, 270, or 300 °C for 3 h. Then, the solid was cooled to room tem-
perature, and 5 mL of deionized water was added. After sonication
for 1 h, the mixture was centrifuged at a relative centrifugal force
(RCF) of 5,000 g for 30 min. The solid residue was discarded, and
the supernatant containing the CNG dispersion was collected and
stored at — 20 °C. The CNG dispersions were purified by dialysis
using a dialysis membrane (MWCO = 0.5-1.0 kp; Float-A-Lyzer
G2, Spectrum Laboratories, Rancho Dominguez, CA, USA) with
deionized water (500 mL) that was replaced every 1 h for 5 h
and then every 12 h for 24 h for further characterization. The
CNG solution after dialysis was lyophilized to generate a dry pow-
der before use.

2.3. Bacterial growth and MIC and MBC testing assays

All bacterial strains, including E. coli (BRBC 12438), S. aureus
(BCRC10781), and biopolymer-producing E. coli, were grown sepa-
rately in Lysogeny broth LB-Lennox media. Except for the wild-
type strain, a single colony of PHBVAsdhA E. coli was inoculated
in LB medium with glucose (20 g L™!) for high biopolymer content
induction. The cultures were incubated at 37 °C with shaking until
the absorbance at 600 nm (ODggg) reached 1.0 (optical path
length = 1.0 cm). A total of 1.0 mL of each cell mixture was cen-
trifuged at 3,000 g for 10 min at 25 °C and washed three times with
1.0 mL of sodium phosphate buffer (5 mM, pH 7.4) for experi-
ments. The minimal inhibition concentrations (MICs) of the CNGs
and other materials against the tested bacterial strains were deter-
mined using the broth microdilution and agar-plate method.
Briefly, all bacteria (1 x 10* CFU mL™') were incubated with CNGs
or nanomaterials (0.1-100 pg mL™") for 3 h in sodium phosphate
buffer (5 mM, pH 7.4) at 25 °C with shaking. Then, 50 pL of each
suspension was spread on LB agar plates and incubated overnight
at 37 °C. The MIC value is reported as the lowest concentration of
CNGs or other materials capable of > 90% inhibition of bacterial
growth compared to the control group. The minimum bactericidal
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concentration (MBC) value was determined as the lowest concen-
tration of each nanomaterial needed to kill a particular bacterium.

2.4. Bacterial TEM images

Bacterial suspensions of the wild-type and biopolymer-
producing E. coli (10° CFU mL™', 1 mL) were centrifuged (RCF
3,500 g, 10 min, 25 °C) and washed with 1 mL of sodium phosphate
buffer (5 mM, pH 7.4) three times. Then, 50 UL of each E. coli sus-
pension (108 CFU mL~!) was incubated with CNGs-270
(100 pg mL™1) in sodium phosphate solution (5 mM, pH 7.4) for
1 h, centrifuged at an RCF of 3,500 g for 10 min, and washed with
1 mL of sodium phosphate solution (5 mM, pH 7.4) to remove the
matrix. For TEM imaging, the bacteria were fixed to a copper grid
(300-mesh) using 4% paraformaldehyde in 1 mL of sodium phos-
phate buffer (5 mM, pH 7.4) for 1 h. The bacteria were then washed
three times with 1 mL of sodium phosphate buffer (5 mM, pH 7.4)
and vacuum dried for 1 h before TEM imaging.

2.5. Measurement of the membrane potentials of bacteria treated with
CNGs

Bacterial membrane potentials were measured using a BacLight
Membrane Potential Kit (Molecular Probes, B34950, Invitrogen).
Bacterial suspensions of the wild-type and biopolymer-producing
E. coli (108 CFU mL™') were treated with CNGs-270 (10 ug mL™!)
in 5 mM sodium phosphate solution (pH 7.4, 1 mL) at 37 °C with
orbital shaking (180 rpm) for 3 h. Then, 3-
chlorophenylhydrazone (CCCP, 5 pM) was added to one of the
untreated bacterial suspensions as the depolarized control (posi-
tive control). Immediately after the addition of CCCP, the
untreated, CCCP-treated, and CNGs-270-treated bacterial suspen-
sions (1 mL) were incubated with DiOC, (30 uM) at room temper-
ature for 30 min. Then, the mixtures were centrifuged (RCF 3,500 g,
10 min, 25 °C) and washed twice with 1X PBS to measure the bac-
terial membrane potentials. The green fluorescence intensities (ex-
citation with blue light 460-480 nm) and red fluorescence
(excitation with green light 510-530 nm) indicated the differences
in membrane potentials in the bacteria. All bacteria exhibited
green fluorescence at low concentrations of DiOC,, whereas DiOC,
accumulation in healthy membranes was accompanied by a shift
from green to red emission due to dye stacking. The ratiometric
parameter (red/green fluorescence ratio) allows for the measure-
ment of bacterial membrane potential.

2.6. Detection of ROS induced by CNGs

The generation of intracellular reactive oxygen species (ROS)
was monitored by measuring the transformation of 2’,7’-dichlorodi
hydrofluorescein diacetate (DCFH-DA) to nonfluorescent 2’,7'-dic
hlorodihydrofluorescein (DCFH) by cellular esterases, which was
then oxidized by ROS to form the fluorescent compound 2',7'-dic
hlorofluorescein (DCF) with maximum excitation and emission
wavelengths of 495 and 529 nm, respectively. Briefly, after wash-
ing (three times) with 5 mM sodium phosphate buffer (pH 7.4),
wild-type and biopolymer-producing [(poly(3-hydroxybutyrate-
co-3-hydroxyvalerate); PHBV] E. coli (102 CFU mL™') were mixed
with DCFH-DA (100 uM) or sterile water only as a control. The mix-
tures were then incubated at 37 °C under shaking at 180 rpm for
30 min. Subsequently, CNGs-270 (100 pg mL~!) or H,0,
(10 mM), which acted as a positive control to disrupt the cell mem-
brane, in 5 mM sodium phosphate solution (pH 7.4) were added to
the mixtures. The samples were incubated at 37 °C under a shaker
at 180 rpm for 30 min. Finally, the fluorescence intensity was mea-
sured at an excitation wavelength of 488 nm. The ROS content is
directly proportional to the fluorescence intensity of DCF [30].
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2.7. Antimicrobial susceptibility of CNGs-270 against clinical isolates

Clinical isolates were procured from patients diagnosed with
bacterial infections admitted to MacKay Memorial Hospital, Taipei,
Taiwan. The sample collection protocols were in agreement with
the institutional guidelines and regulations. The bacterial isolates
were collected with the approval of the MacKay Memorial Hospital
institutional review board (IRB-20MMHIS075e). Three gram-
negative carbapenem-resistant Acinetobacter baumannii (CRAB)
isolates from three different patients (CRAB#1, CRAB#2, and
CRAB#3) and three gram-positive isolates [methicillin-resistant Sta-
phylococcus aureus (MRSA) from two different patients (MRSA#1
and MRSA#2) and one patient with Staphylococcus epidermidis (S.
epidermidis)] were separately incubated at 37 °C for 12 h in LB
growth media. The bacterial suspensions were purified separately
by centrifugation (3,000 g, 5 min, 37 °C) and washed three times
with 1.0 mL of sodium phosphate buffer (5 mM, pH 7.4). The bac-
terial cultures (1 x 10* CFU mL~!) were then separately incubated
with CNGs or antibiotics (ampicillin, kanamycin, gentamicin, or
vancomycin) at a concentration ranging from 0.1 — 100.0 pg mL™!
for 3 h at room temperature. Subsequently, 50 pL of each mixture
was spread onto LB agar plates and then incubated at 37 °C for 18 h
before CFU counting.

2.8. Drug-resistance study

The MIC values of CNGs, 30-nm silver nanoparticles (Ag NPs),
gentamicin, tetracycline, vancomycin, and chlorhexidine against
E. coli and S. aureus were obtained similar to Section 2.3. The MIC
value of the bacteria acclimation with the mixture is obtained in
the LB broth with a bacterial concentration at 106 CFU mL~. Three
milliliters of bacteria from each test tube was diluted to 10® CFU
mL~!, and the nanomaterials or antibiotic at a concentration of half
their MIC value was added. These mixtures were acclimated with
the aforementioned materials at 37 °C for 24 h and new MIC values
were obtained according to the protocol in Section 2.3. The test
was repeated each day for 20 passages [31].

3. Results and discussion
3.1. Mild pyrolysis of L-lysine hydrochloride to form nanogel structures

CNGs were synthesized by the controlled heating of L-lysine
hydrochloride in the solid state at 180, 210, 240, 270, or 300 °C
for 3 h, and the samples are denoted as CNGs-180, CNGs-210,
CNGs-240, CNGs-270, and CNGs-300, respectively. All the CNGs,
except CNGs-300, exhibited good dispersion in aqueous solution
with colors ranging from light brown to black, and their product
yields were in the range of 27.5 to 98.0% (Table S1) due to different
degrees of carbonization (Fig. S1). The hydrodynamic diameters of
the CNGs synthesized from 180 to 270 °C showed a decrease from
604.6 to 148.8 nm (Table S1). During heating for 3 h, thermal poly-
merization of L-lysine hydrochloride tends to occur through the
formation of hyperbranched polypeptide structures by dehydra-
tion and condensation followed by carbonization [32]. The car-
bonization of supramolecular structures increases with an
increase in temperature, and the hydrodynamic diameters
decrease. Heating to 300 °C caused uncontrolled carbonization,
resulting in the formation of large carbon aggregates and increased
hydrodynamic size (539.8 nm). The zeta ({) potentials of the CNGs
were between + 10.0 and + 21.0 mV (Table S1) due to the abundant
positively charged amine groups preserved on the nanogels [33].
The positive charge of the CNGs is due to the nitrogen doping
and amino groups [34]. The ¢ potential values showed an increas-
ing trend from CNGs-180 to CNGs-270 due to the increased charge
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density with decreasing particle size and decreased for CNGs-300
due to over-carbonization.

CNGs-180 and CNGs-210 were formed by the condensation of
lysine into hyperbranched polylysine and partial carbonization
[35], as seen in the transmission microscopy images (TEM,
Fig. 1A). Notably, CNGs-240 and CNGs-270 had gel-like structures
with sizes of 143.0 + 21.4 and 120 + 22.3 nm, respectively, from
100 counts. In contrast, large carbon aggregates with a size of
536 + 243 nm were formed at 300 °C. The HRTEM images of the
CNGs show d-spacings of 0.21 and 0.24 nm corresponding to the
(100) and (112) lattice planes of graphite, respectively, due to
the graphene-like arrangement of the carbon atoms in the CNGs
(Fig. 1B). The CNGs exhibited strong absorption from
270 — 290 nm, which is attributed to the = — 7* transitions of con-
jugated C=C bonds in the as-formed graphitic nanostructures
(Fig. 1C) [36]. The shoulder at 310-350 nm is due to the n —» ©*
transition of the functional groups with lone pair electrons, includ-
ing the amino-based chromophores of the CNGs, or interlayer
n — 7w* charge transfer, revealing oxygen- (C=0 bond) and
nitrogen-containing (C=N bond) functional groups on the CNGs
[37]. The CNGs also showed increasing fluorescence with increas-
ing synthesis temperature at excitation/emission wavelengths of
365/450 nm (Fig. 1D) and excitation-dependent fluorescence emis-
sion (Fig. $2). The enhanced fluorescence of the CNGs could be due
to N-doping-induced defective sites, surface energy traps, and
improved radiative recombination of electrons and holes [38].
The polymeric structures present in the CNGs caused a crosslink-
enhanced emission (CEE) effect by reducing the nonradiative tran-
sitions [39], which has not been found in other kinds of carbon dots
[40]. L-lysine hydrochloride and CNGs-180, on the other hand,
showed negligible fluorescence. However, the CNGs synthesized
from 210 °C to 300 °C exhibited excitation-dependent fluorescence
emission due to a large number of surface states [41]. The emission
peak at 450 nm (CNGs-210, CNGs-240, CNGs-270, and CNGs-300 in
Fig. S2) is due to excitation-independent behavior, suggesting the
formation of a stable N-doped carbon core state [42,43]. The fluo-
rescence quantum yields (QYs) of the CNGs are displayed in
Table S1, with CNGs-300 exhibiting the highest QY (18.4%), which
is probably due to the formation of a perfect carbon core state and
N-rich surface functional groups at higher temperatures [44].

Table S1 shows the elemental compositions (i.e., C, H, O, N and
Cl) of the CNGs synthesized at various temperatures. The carbon
content of the CNGs increased with increasing synthesis tempera-
ture (39.4-60.5%), indicating increased carbonization with temper-
ature. In contrast, the hydrogen (7.8-8.5%), oxygen (12.5-16.3%),
and nitrogen (9.6-22.1%) contents of the CNGs showed the oppo-
site trend with temperature increase due to dehydration during
the dry-heating process. Increasing halogen (chlorine) content
with increasing temperature was observed in the CNGs synthe-
sized at 180-270 °C, as determined by inductively coupled plasma
mass spectrometry (ICP-MS), which increased from 16.3 to 22.0%.
The material with the lowest halogen content was CNGs-300 at
4.4%. The XRD peaks of the crystalline 1-lysine hydrochloride grad-
ually decreased and disappeared with increasing synthesis temper-
ature due to the pyrolysis of lysine (Fig. $3). Moreover, a broad
band centered at approximately 26° (260) appeared in the CNGs-
210 sample, corresponding to the interlayer spacing (002) in bulk
graphite due to significant carbonization at this temperature. All
lysine-related peaks vanished from the XRD spectra of CNGs-240,
CNGs-270, and CNGs-300 due to pyrolysis, and only the peak cor-
responding to the interlayer spacing (002) of bulk graphite
remained. The FT-IR spectra of CNGs-180 and CNGs-210 were
not much different from that of L-lysine hydrochloride, revealing
low carbonization at low temperatures (Fig. 1E). CNGs-240,
CNGs-270, and CNGs-300 exhibited peaks at 2853, 2000, 1760,
1662, and 1520 cm™! corresponding to C—H, C=C=N, C=0, C=C,
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and N—O stretching, respectively, indicating significant carboniza-
tion and oxidation of some carbon atoms at high temperatures. The
C1s XPS spectra of the CNGs showed peaks at 284.0, 284.5, 285.2,
285.5, 286.7 eV, revealing C=C, C—C, C—N, C—0, and C=0 bonds,
respectively (Fig. S4A). CNGs-180 and CNGs-210 showed C1s peaks
similar to those of lysine, corresponding to the XRD and FT-IR
results. Notably, the Cls peaks of CNGs-240, CNGs-270, and
CNGs-300 showed increasing C=C contents due to increased car-
bonization. The O1s XPS spectra (Fig. S4B) showed the presence
of O=C (531.2 eV), O—H (532.2 eV), and O—C (532.8 eV) bonds,
indicating hydroxyl or carboxylic groups, which provide hydrophi-
lic features to the CNGs. The N1s XPS spectra showed C—NH-C
(399.4 eV) and C=C-N (400.8 eV) bonds (Fig. S4C), indicating
the presence of pyrrolic-N, pyridinic-N, graphitic-N, and
pyridine-N oxides on the CNGs.

To understand the formation mechanism of CNGs, time-course
TEM images were recorded for the dry heating of i-lysine
hydrochloride at 270 °C for 10, 30, 60, 120, 180, and 240 min
(Fig. S5). The i-lysine hydrochloride sample heated for 10 min
was pale yellow, and the color deepened to dark brown and black
with increasing heating time, mainly due to the carbonization of
lysine. The TEM images of the products obtained after 10, 30, 60,
and 120 min of heating showed bulk material that dried as a thin
film, probably due to condensation of the hydroxyl, amine, and car-
boxylic groups to form crosslinked supramolecular-like structures
several micrometers in size. Discrete 2D structures with lattice
fringes were observed after heating for 180 min, suggesting that
the supramolecular structures underwent significant carbonization
that began at 180 min.

Constant-temperature TGA (180-300 °C) data of i-lysine
hydrochloride obtained after 3 h in a preheated thermogravimetric
analyzer are presented in Fig. S6A. Heating at 180 °C for 3 h
showed<7% weight loss, probably due to the loss of moisture.
Nearly 30% weight loss was observed from the samples heated
from 210 — 300 °C, suggesting a higher degree of thermal decom-
position with increasing temperature. Under an air atmosphere,
the TGA and DSC curves in Fig. S6B of lysine showed a phase tran-
sition in the temperature range of 40-80 °C, which was attributed
to water loss. Subsequently, the sharp exothermic peak at 230-
250 °C might be a result of the initial stage of dehydration, decom-
position, the condensation reaction, and the carbonization process.
Then, the exothermic peak at 270-300 °C was due to decarboxyla-
tion, carbonization, and polymerization, leading to the formation of
carbonized nanogels. The trivial peak observed over 300 °C might
be attributed to deamination and further decomposition [45].

3.2. Broad-spectrum bactericidal activities of CNGs

Poly-i-lysine is a positively charged homopolymer with cell
adhesion and antibacterial properties [46,47]. Reports have
revealed that positively charged nanomaterials disrupt the integ-
rity of the negatively charged bacterial cell membrane via electro-
static interactions [48]. Phosphorous-, sulfur-, and nitrogen-doped
carbon dots have also been reported to exhibit antibacterial prop-
erties against drug-resistant bacteria [49]. The CNGs prepared from
L-lysine hydrochloride are positively charged, partially carbonized
nanogels with significant nitrogen and chlorine doping, which sug-
gests that they may have antibacterial properties. We tested their
bactericidal activity by determining their inhibition of E. coli and S.
aureus using a standard dilution method (Fig. S7). The precursor (L-
lysine hydrochloride), CNGs-180, and CNGs-210 did not show pro-
nounced antibacterial ability even at concentrations up to
10 ug mL~!. However, CNGs-240, CNGs-270, and CNGs-300 exhib-
ited significant antibacterial activity against E. coli at 1.0 pg mL™".
CNGs-270 and CNGs-300 showed > 99% bactericidal effects against
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Fig. 1. The characterization of CNGs. (A) TEM and (B) HRTEM images of the as-prepared carbon nanogels from -lysine hydrochloride. (C) UV-vis absorption and (D)
fluorescence spectra of (a) -lysine hydrochloride, (b) CNGs-180, (c) CNGs-210, (d) CNGs-240, (e) CNGs-270, and (f) CNGs-300. The concentration of all samples was
0.1 mg mL~'. Insets (A) and (B) are photographs of the corresponding solutions (0.5 mg mL™') under white light and excitation with a UV lamp (365 nm), respectively. The
fluorescence (If) intensities are plotted as arbitrary units (a. u.). (E) FT-IR spectra of i-lysine hydrochloride, CNGs-180, CNGs-210, CNGs-240, CNGs-270, and CNGs-300.

both E. coli and S. aureus at 10 ug mL™". Based on its high antibac-
terial activity and product yield (approximately 66.5%; Table S1),
CNGs-270 was chosen as the optimal antibacterial material for fur-
ther studies. We speculate that the strong antibacterial activity of
CNGs-270 is due to its positive charge ({= +21.1 mV) and high sur-
face area contact with bacterial cells. In addition, CNGs-270 has the
highest chlorine content (22.0%; Table S1), which suggests that N
and Cl co-doping in the CNGs increases both the number of defec-
tive sites and the ability to generate reactive oxygen species (ROS)
via enhanced charge separation and charge transfer [50,51].
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Recently, many studies have reported that carbon- and
polymer-based nanomaterials from different precursors or metal-
based nanomaterials can be used against non-multidrug-resistant
(non-MDR) or even MDR pathogens [52-54]. However, to the best
of our knowledge, there are no reports of antibacterial nanomate-
rials against biopolymer-producing bacteria, which is a serious
concern due to the strong resistance of these bacteria to harsh
environments and antibiotic treatments [55]. As biosynthetic poly-
mers and plastics become mainstream products, genetically mod-
ified and highly resistant biopolymer-producing bacteria will be
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used excessively by various industries [56]. However, improper
handling of these bacteria may result in the transfer of high resis-
tance genes into the environment, potentially producing highly
dangerous bacterial strains. Herein, we used genetically modified
E. coli (PHBVAsdhA) as a model biopolymer-producing bacterium
for subsequent antibacterial experiments using CNGs-270 and
antibacterial nanoparticles in the concentration range of 0.1 to
100 pg mL~'. A typical colony-formation assay was performed
with wild-type E. coli and biopolymer-producing E. coli treated
with 1-lysine hydrochloride, CNGs-270, silver nanoparticles (Ag
NPs; 30 nm), copper oxide nanoparticles (CuO NPs; 50 nm), zinc
oxide nanoparticles (ZnO NPs; 100 nm), and graphene oxide (GO;
lateral size 250 nm) at a concentration of 1.0 pg mL™! (Fig. 2).
CNGs-270 showed superior bactericidal activity, not only against
wild-type E. coli but also against poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV)-producing E. coli. Ag NPs, which are
widely used in antibacterial applications, showed negligible inhibi-
tory effects against the biopolymer-producing E. coli strain. CuO
NPs, ZnO NPs, and GO also showed poor inhibitory effects against
both strains due to the adsorption of the biopolymers on their sur-
faces. Biopolymer-producing E. coli may exert drug-resistant activ-
ity against nanoparticles by using the biopolymer as a barrier to
protect itself, which reduces nanoparticle uptake and upregulates
efflux pumps [57]. Additionally, extracellular polymeric substances
(EPS) are known to limit nanoparticle penetration into bacterial
cells [58]. The minimum inhibitory concentration (MIC)/minimum
bactericidal concentration (MBC) values of CNGs-270 for the tested
bacteria were 0.6/1.3 and 1.1/2.4 pg mL™! against the wild-type
and biopolymer-producing strains, respectively (Table 1). In con-
trast, the MIC/MBC value of poly-i-lysine against biopolymer-
producing E. coli was 392.2/498.6 ug mL™' (Table 1). The MIC/
MBC values of CNGs-270 toward the biopolymer-producing strain
were both over 100-fold lower than those of 1-lysine hydrochloride
and the Ag NPs. Although metallic nanoparticles (e.g., Ag NPs, CuO
NPs, and ZnO NPs) are known to possess antibacterial potency,
they also exhibit high cytotoxicity due to the dissolution of the
metal ions (e.g., Ag* and Cu?*) and low antimicrobial activity due
to easy surface passivation by biomolecules [59]. A photopolymer-
ized hydrogel synthesized from epsilon-poly-i-lysine-graft-
methacrylamide was reported to exhibit antibacterial and antifun-
gal properties and good biocompatibility; however, the MIC values
were much higher than that of CNGs-270 (Table 1) [60]. Tang et al.
reported a cationic hydrogel prepared from epoxide-
polyetheramine by “click” reaction with high antibacterial and
DNA binding capabilities [61]. However, in both cases, the evolu-
tion of drug resistance in bacteria was not investigated.

To elucidate the antimicrobial mechanism of CNGs-270, we
employed TEM and 3,3’-diethyloxacarbocyanine iodide (DiOC,)
membrane potential staining on CNGs-270-treated bacteria. The
TEM images showed that CNGs-270 can rupture the E. coli, S. aur-
eus, and biopolymer-producing E. coli membranes. (Fig. 3A,B). Not
even biopolymer-producing E. coli is resistant to CNGs-270, indi-
cating that the biopolymer could not act as a protective agent
against cell membrane damage. We speculate that CNGs-270
destabilized/dissipated the bacterial membrane and inhibited
membrane synthesis probably via binding with phospholipids,
peptidoglycans, or porins on the bacterial membrane. We used
DiOC, membrane potential staining to investigate the changes in
the bacterial membrane potential caused by CNGs-270 (Fig. 3C).
The red/green fluorescence intensity ratio of E. coli and
biopolymer-producing E. coli after treatment with CNGs-270
(10 ug mL~ ') showed a significant decrease and was similar to that
of the positive control group treated with  3-
chlorophenylhydrazone (CCCP) [62], indicating remarkable
changes in the membrane potential. The decline in membrane
potential disrupted membrane function due to the uncontrolled
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influx/efflux of ions and cessation of the proton gradient [63]. In
addition to the bactericidal effects, we speculated that CNGs-270
could inhibit bacterial growth and cell division because the
decrease in membrane potential is accompanied by the delocaliza-
tion of various proteins for bacterial proliferation [64]. To further
explore the antibacterial mechanism of CNGs-270, the level of
ROS that causes damage to proteins, lipids, nucleic acids, and
metabolites in bacteria was determined [65]. The intracellular
ROS level in the wild-type and PHBV-producing E. coli strains
remarkably increased upon exposure to CNGs-270, as revealed by
DCFH-DA staining (Fig. 3D). The fluorescence emission intensity
of the PHBV-producing strain was higher than that of the wild-
type strain after treatment with CNGs-270, probably due to the
biopolymer acting as a source of stress, and therefore, a higher
level of ROS was produced. The ROS level of L-lysine hydrochloride,
CNGs-180, CNGs-210, CNGs-240, CNGs-270, and CNGs-300 treated
E. coli was 1.0-, 1.4-, 3.2-, 11.7-, 19.2-, and 14.4-fold higher than
that of untreated ones, respectively. The positive charge on the
CNGs exerts strong interaction with the bacteria resulting in ele-
vated oxidative stress [66]. Our results suggest that the antibacte-
rial effects of CNGs-270 are mainly due to multiple bactericidal
mechanisms. In contrast to lysine, the high density of the
polylysine-like structure on CNGs-270 with cationic features, a
high chlorine content, a flexible shape, ROS-generating ability,
and appropriate graphene-like structure caused strong interactions
with the bacterial surface and severe disruption of the bacterial
membrane (membrane potential of approximately — 35 mV).
Therefore, the synergistic antimicrobial effects of CNGs-270 show
great potential as a broad-spectrum bactericidal material.

3.3. CNGs-270 effectively inhibit clinical isolates

The antimicrobial activity of CNGs-270 was further investigated
against various strains of clinical isolates, including gram-negative
drug-resistant bacteria [carbapenem-resistant Acinetobacter bau-
mannii (CRAB) from three different patients (CRAB#1, CRAB#2,
and CRAB#3)] and gram-positive drug-resistant bacteria
[methicillin-resistant Staphylococcus aureus (MRSA) from two differ-
ent patients (MRSA#1 and MRSA#2) and Staphylococcus epider-
midis (S. epidermidis) from one patient]. CRAB is a typical rod-
shaped bacterium commonly found in the environment, especially
in soil and water [67]. It has been identified as a perilous nosoco-
mial pathogen that causes infection in lungs, wounds, blood, uri-
nary tract, and other body sites and carries substantial morbidity
and mortality [68]. On the other hand, gram-positive isolates such
as MRSA are natural pathogenic species found mostly on the skin
and thus affect burn populations; once disseminated into the
bloodstream, MRSA is likely to cause nosocomial sepsis or a lung
infection [69]. S. epidermidis can cause infection after the implanta-
tion of medical devices such as cardiac devices [70]. Fig. 4A shows
the colony-formation assay of clinically isolated drug-resistant
bacterial suspensions (1.0 x 10* CFU mL™!) incubated with
CNGs-270. We also investigated the effect of antibiotics on clinical
isolates including aminoglycoside antibiotics (ampicillin, kanamy-
cin, and gentamicin) and glycopeptide antibiotic (vancomycin),
which are broad-spectrum antibiotics that work against many
strains of gram-positive and gram-negative clinical isolates. Most
clinical isolates exhibited strong drug resistance toward the above-
mentioned antibiotics (MBC > 100 pg mL™!). However, CNGs-270
exhibited a significant bactericidal effect against the clinical iso-
lates (Fig. 4B). Notably, all clinical isolate suspensions were effec-
tively inhibited by CNGs-270 with an MBC value of
approximately 1.0-3.0 pg mL~!, whereas the bactericidal effects
of gentamicin against CRAB#2, MRSA#1, MRSA#2 were observed
to be as high as 10 pg mL™!, probably due to the restricted passage
of the aminoglycosides through the cell wall. The excellent bacte-
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Fig. 2. (A) Representative colony formation of wild-type E. coli and PHBV-producing E. coli on LB agar plates treated separately with L-lysine hydrochloride, CNGs-270, Ag NPs,
CuO NPs, ZnO NPs, and GO at 1.0 ug mL~". (B) Comparison of the MBC values of all materials against the two abovementioned strains of bacteria (n = 3).

Table 1

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values of wild-type E. coli and biopolymer-producing E. coli.

E. coli Wild-type Biopolymer-producing

Experiments MIC? MBC* MIC? MBC*
L-lysine hydrochloride >100 >100 >100 >100
CNGs-270 0.6 13 1.1 24
Ag NPs 0.7 2.2 >100 >100
CuO NPs 233 49.5 87.5 >100
ZnO NPs >100 >100 >100 >100
Graphene oxide >100 >100 >100 >100
Poly-i-lysine 153.1 201.4 392.2 498.6

@ Value (pg mL™") obtained from three biological replicates which showed identical results.

ricidal efficiency of CNGs-270 was mainly attributed to the afore-
mentioned multifaceted mechanism, further supporting that
CNGs-270 could be an effective antibacterial agent.

3.4. The high biocompatibility of the CNGs

To evaluate the biocompatibility of CNGs-270, the cytotoxicity
and hemolysis effects in five cell lines and human red blood cells
(RBCs) were evaluated. Cell toxicity assessments in the human
umbilical vein endothelial cells (HUVECs), human rhabdomyosar-
coma cell line (RD), human liver cancer cell line (HepG2), immor-
talized human keratinocyte line (HaCaT), and human embryonic
kidney 293 cell line (HEK-293 T) were carried out by incubating
1-100 pg mL~' CNGs-270 with the cells for 24 h and assessing cell
viability using a PrestoBlue assay. CNGs-270, even at concentra-
tions up to 100 ug mL~! (approximately 100-fold the MIC value),
exhibited negligible cytotoxicity toward all cell lines (Fig. 5A).
The live/dead cell viability staining with calcein-AM/EthD-1 results
in Fig. 5B showed that CNGs-270 (100 ug mL~") displays low cyto-
toxicity. The membrane potentials of the bacterial cell and mam-
malian cell were approximately — 35 and — 9 mV, respectively.
While bacterial cells are prone to severe action by antibacterial
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agents, mammalian cells retain their integrity due to the higher
cholesterol content in their plasma membrane [71]. Therefore,
mammalian cells with a compact membrane and lower membrane
potential are less susceptible to the strongly positively charged
CNGs-270. Although poly-L-lysine has been reported to have great
antibacterial activity and extensive applications in the industry
[72], the dominating red fluorescence in the images revealed high
cell toxicity at a concentration of 10 ug mL™!, which was similar to
ethanol treatment. An in vitro hemolysis assay clearly showed that
CNGs-270 did not cause red blood cell rupture at a concentration of
1,000 pg mL~! (Fig. 5C), which was approximately 1,000-fold
greater than the bacterial MIC. Therefore, CNGs-270 has the poten-
tial to be a safe antibacterial agent for clinical application.

3.5. Persistent antibacterial efficacy of CNGs-270

The potential of bacteria to develop resistance to CNGs-270 and
other antimicrobials, such as Ag NPs, antibiotics (gentamicin, tetra-
cycline, and vancomycin), and bacteriostatic/bactericidal agents
(chlorhexidine) after long-term antibacterial treatment was
assessed. Both E. coli and S. aureus were incubated with half the
MIC of the aforementioned agents each day, and the antibacterial
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activity was measured after the bacteria were acclimated for 20
passages. As depicted in Fig. GA, the relative change in the MIC of
CNGs-270 against E. coli and S. aureus were negligible even after
20 passages, which indicates that resistance toward CNGs-270
was not developed in either strain. In contrast, the MIC values after
E. coli/S. aureus were treated with Ag NPs, gentamicin, tetracycline,
vancomycin, and chlorhexidine increased by 3.1-/5.6-, 140.0-/5.8-,
9.8-/10.1-, 98.0-/34.9-, and 2.3-/10.6-fold, respectively. Ag NPs
cause bacterial cell death by penetrating the cell wall, changing
the cell membrane structure, generating ROS, and interrupting
replication by releasing silver ions [73]. Reports have shown that
bacteria with resistance to Ag NPs may cause aggregation of the
nanoparticles by protein flagellin and genetic changes in the func-
tions of the porins OmpF or OmpC [74]. Gentamicin inhibits bacte-
rial protein synthesis by binding with 30S ribosomes [75].
Tetracyclines specifically inhibit the 30S ribosomal subunit,
thereby preventing the binding of aminoacyl-tRNA to the acceptor
site on the mRNA-ribosome complex [76]. Vancomycin, a broad-
spectrum glycopeptide antibiotic against gram-positive bacteria,
inhibits the synthesis of bacterial cell wall phospholipids and pep-
tidoglycan polymerization by binding with the N-acyl-p-Ala-p-Ala
portion. Chlorhexidine kills microbes by disrupting their cell mem-
brane [77]. Bacteria have acquired multiple survival mechanisms
to nullify the actions of antibiotics. Biofilms or biopolymers them-
selves provide resistance against antibiotics with mechanisms that
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are different from those with genetically acquired antibiotic resis-
tance [78]. The antibiotic resistance mechanisms of bacteria
include reducing antibiotic uptake through porin gene mutation,
deactivating or limiting the enzyme binding of antibiotics, limiting
antibiotic penetration by extracellular polymeric substances due to
electrostatic repulsion, and upregulating efflux pumps to transport
antibiotics [79]. Resistance to chlorhexidine, such as colistin resis-
tance that is emerging in MIDR, has resulted in numerous outbreaks
and healthcare-associated infections [80]. Our results reveal that
CNGs-270 did not induce the development of drug resistance.
The strong physical interaction of the CNGs-270 with bacteria
due to its flexible colloidal structure and positive surface charge,
resulting in the disruption of the membrane function. The genera-
tion of ROS from the N- and Cl-doped CNGs-270 causes oxidative
damage to the membrane and DNA of the bacteria. CNGs-270
can easily damage the cell wall without inducing bacteria to pro-
duce biochemical antibacterial mechanisms. In addition, we fur-
ther examined the antibacterial activity of CNGs-270 against the
drug-resistant strains obtained after 20 passages with each of the
abovementioned antibacterial agents (Fig. 6B). The MIC values of
CNGs-270 against all drug-resistant strains showed a negligible
difference from that of first passage bacteria (approximately 1.0-
2.3 pug mL™1), which further confirms the superior antimicrobial
efficacy of CNGs-270 against drug-resistant bacteria. Future
research will focus on the applications and optimization of CNGs-
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DI water were used as the negative control (NC) and positive control (PC), respectively. Inset: Photographs of the corresponding RBC samples. (***p < 0.001 versus PBS groups;

n=3).

270 in animal models to demonstrate its potency in real-life clini-
cal applications.

4. Conclusions

In summary, we have demonstrated the antibacterial activity
and efficiency of lysine-derived CNGs to suppress drug resistance
evolution in drug-resistant bacterial strains, clinical isolates, and
biopolymer producing E. coli. In comparison with Ag NPs, CuO
NPs, and ZnO NPs, graphene oxide, and antibiotics, CNGs-270 not
only exhibited strong antibacterial activity against biopolymer-
producing E. coli but also showed the same MIC value against bac-
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teria acclimated to 20 generations. The results showed that CNGs-
270 has a multipronged attack on resistant bacteria and strongly
constrain resistance evolution. Notably, CNGs-270 exhibited supe-
rior antibacterial activity (in terms of MIC value) against the accli-
mated bacteria, which were resistant to Ag NPs, antibiotics
(gentamicin, tetracycline, and vancomycin), and chlorhexidine.
The high antibacterial activity and limited development of resis-
tance of the CNGs-270 are mainly due to multiple antibacterial
mechanisms. CNGs-270 exerts strong interaction with the bacterial
membrane and elevated ROS-induced stress level, leading to mem-
brane damage and bacterial cell death. The CNGs-270 could be
reproduced and scaled-up at least 100 g per batch, showing consis-
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tent results and antibacterial properties. After lyophilization, the
powder of CNGs-270 could be stored at room temperature for at
least one year. The good reproducibility and large-scale utilization
potential of CNGs-270 for industrial production could act as a
novel disinfectant and antimicrobial feed additive in agriculture,
animal husbandry, or aquaculture. Though CNGs derived from
quercetin and lysine mixture have been reported to exhibit
antibacterial properties, their ability to suppress drug resistance
has not been investigated [R3]. Light-activated microbicidal carbon
dots have been reported to be effective against bacteria, fungi, and
viruses; however, different carbon dots require light with a specific
wavelength and poorly visible light penetrability limit their appli-
cation [R5]. In addition, their potential against drug resistance evo-
lution in acclimated bacteria and comparison with antibiotics are
rarely reported. A detailed investigation on the application of
CNGs-270, a new category of carbon materials with nano-sized
carbon structures embedded in the polymer matrix, for in vivo
wound dressing systems, antifouling coatings on implant surfaces,
tissue engineering scaffolds, and long-term toxicity will be con-
ducted in our future work.
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