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Abstract: Nitrogen-doped arginine carbon dots (Arg CDs) as light-sensitive antibacterial agents were
prepared by using citric acid as the carbon source and arginine amino acid as the nitrogen source
via a microwave-assisted synthesis method. Dynamic light scattering (DLS) measurements and
TEM images revealed that the Arg CDs were in the 1–10 nm size range with a graphitic structure.
To improve their antibacterial capability, the Arg CDs were modified with ethyleneimine (EDA),
pentaethylenehexamine (PEHA), and polyethyleneimine (PEI) as different amine sources, and the
zeta potential value of +2.8 ± 0.6 mV for Arg CDs was increased to +34.4 ± 4.1 mV for PEI-modified
Arg CDs. The fluorescence intensity of the Arg CDs was significantly enhanced after the modification
with EDA, and the highest antibacterial effect was observed for the PEI-modified Arg CDs. Further-
more, the photodynamic antibacterial capacity of bare and EDA-modified Arg CDs was determined
upon light exposure to show their light-induced antibacterial effects. Photoexcited (315–400 nm, UVA,
300 W), EDA-modified Arg CDs at 5 mg/mL concentration were found to inhibit about 49 ± 7% of
pathogenic bacteria, e.g., Escherichia coli, with 5 min of light exposure. Furthermore, the biocompati-
bilities of the bare and modified Arg CDs were also investigated with blood compatibility tests via
hemolysis and blood clotting assays and cytotoxicity analysis on L929 fibroblast cells.

Keywords: arginine; carbon dots; modified carbon dots; photodynamic antibacterial; UV light

1. Introduction

Carbon dots (CDs), also referred to as graphene carbon dots, are carbon-based ma-
terials with a size of less than 20 nm [1]. Graphene dots, amorphous carbon dots, and
polymer-like dots are subgroups of CDs [2]. They can be fabricated through solvother-
mal/hydrothermal reactions [3], laser ablation [4], ultrasonic-assisted synthesis [5], electro-
chemical etching [6], and more commonly microwave treatments [7,8] involving natural
and synthetic precursor strategies [2]. The unique properties of CDs, including dispersibil-
ity, water solubility, low toxicity, excellent optical properties such as fluorescence properties,
cheap and facile synthesis, and environmental friendliness, make them promising mate-
rials in biomedical applications [9]. CDs have been used in various application fields in
bioimaging [10], biosensors [11], bioconjugation [12], drug carriers [13], gene delivery [14],
fluorescent labeling or probes [11], cancer theragnostics [15], and so on [16]. For biological
applications, CDs’ toxicity can be further diminished by using biocompatible precursor
molecules such as amino acids [17,18], carbohydrates [19], etc., and amino-acid-modified
CDs could provide improved surface functions as well as new applications, e.g., drug
delivery [2]. In particular, natural-based and nitrogen-/sulfur-doped CDs have attracted
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much attention in biomedical use because of their inherent antimicrobial and antibiofilm
activities [20] as well as innate biocompatibilities [11]. Due to their broad optical spectral
coverage and other remarkable properties, CDs can act as photosensitizer nanomateri-
als under UV–visible light [21,22], Xe lamb [23], blue light [24,25], and NIR lights [26].
Meziani et al. reported that the optical absorption of CDs is related to the π-plasmon
transition in the core of nanoparticles with a broad and strong absorption spectrum in the
visible region [27]. The photoexcited behavior of CDs is substantially attributed to the
separation of photoinduced radical anions and cations as electrons and holes, and their
radiative recombination in bright and multicolored fluorescence emissions [28–30]. Light
exposure can excite an electron from the valence band to the conduction band, leaving a
positive hole in its place because of the confinement of electrons. Photoexcitation results in
the generation of reactive oxygen species (ROS) produced via energy or electron transfer
to molecular oxygen [31,32]. As a result, readily generated free radicals, reactive oxygen
species, and ROS-dependent lipid peroxidation damages cellular membranes in living
organisms [31]. Due to the accumulative nature of ROS in cells and photoexcited redox
characteristics, natural antioxidants fail in neutralizing this damage resulting in a collapse
of cellular functions [33]. Photodynamic inactivation of bacteria mediated by photoactive
compounds, or rather photosensitizing molecules, is one of the most promising techniques,
and CDs are candidate nanomaterials as photodynamic therapy agents in the fight against
pathogens [27,34]. In comparison to the conventional strategies, CDs have important ad-
vantages, i.e., minimal invasiveness, less side effects, less likely to trigger antimicrobial
resistance of targeted microorganisms [35], non-toxicity [36], and exceptional fluorescence
and photostability [34]. Quantum yields, surface charge and thus binding-like interac-
tions [37], and oxygen functionalization are responsible for these photodynamic activities
in CDs [27,30] and can be designed or modified as such depending on the requirements.

In this study, N-doped CDs were prepared as a photosensitive antibacterial bioma-
terial using arginine (Arg) and citric acid via a microwave-assisted method within just
2 min. Due to comprising well-organized carbon atoms and abundant functional groups,
the CDs were functionalized by different modifying agents with a high adsorption ca-
pacity, high thermal and chemical stability, large surface area, and significantly higher
drug-loading capacity [38,39]. Thus, to improve the antibacterial activity of Arg CDs,
three different amine sources—ethyleneimine (EDA), pentaethylenehexamine (PEHA),
and polyethyleneimine (PEI)—were reacted with the Arg CDs as modifying agents. The
size distribution, morphologic structure, surface character, and optical properties of these
CDs were measured by DLS, TEM images, zeta potential measurements, and UV–vis and
fluorescence spectroscopies. The hemolytic activity and biocompatibility of the Arg CDs
and their amine-modified forms were investigated by blood compatibility tests such as
hemolysis and blood clotting index assays and cytotoxicity analysis on L929 fibroblast cells.
The minimum inhibition concentration values of the Arg-based CDs were evaluated by
microtiter broth dilution methods to determine their antibacterial effects. Furthermore, the
photodynamic, antibacterial susceptibility of the Arg CDs and modified Arg CDs by ROS
activity was investigated under UV light irradiation with up to 30 min light exposure.

2. Results and Discussion

The Arg CDs were prepared by a microwave synthesis method within 2 min in a
single-step reaction of citric acid and arginine amino acid in accordance with our previously
reported study [40,41]. The morphological structure of the Arg CDs was visualized by TEM
images, and the corresponding image are shown in Figure 1a. Spherical-shaped Arg CDs
were successfully prepared with a size of less than 10 nm. Similarly, DLS measurement
of the Arg CDs revealed that the hydrodynamic size distribution was changed between
0.5 nm and 10 nm with nearly a 2.3 ± 0.8 nm average size, as demonstrated in Figure 1b.
Furthermore, the particle size distribution and crystalline structure of the Arg CDs were
determined with HR-TEM images.
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amine-modified Arg CDs. The reaction mechanism and chemical structure of these mod-
ifying agents and their reactions are represented in Figure 2a. The Arg CDs were reacted 
with an ECH coupling agent in a basic condition before the modification reactions. Depro-
tonated hydroxyl and amine groups of Arg CDs can readily react with ECH on CDs. Then, 
EDA, PEHA, or PEI was added in the reaction medium as an amine source. These modi-
fying agents can react with the epoxide ring of the ECH coupling agent at 50 °C. These 
modifying agents have different sizes and structures and have different numbers of amine 
groups. The chemical structure of the Arg CDs and their modified forms were assessed 
by FT-IR analysis as illustrated in Figure 2b. From the FT-IR spectra, the intensity of the 
broad band in the 3500–3000 cm−1 range and the peaks at 2955 and 2877 cm−1 due to stretch-
ing vibrations of the -NH2 and -CH2 groups were significantly increased upon the modi-
fication reactions because of the presence of the amine groups of the modifying agents. 
Similarly, the intensities of 1458 cm−1 and 1057 cm−1 attributed to the C-H [42] and C-N 
groups belonging to the modifying agents at the surface of the Arg CDs were increased. 
In particular, the peak at 1578 cm−1 was clearly present in the Arg-PEI CDs coming from 
the N-H groups of PEI. 

Figure 1. (a) TEM images of Arg CDs and (b) their particle size distribution by DLS measurements;
(c) HR-TEM images of Arg CDs and (d) the corresponding gray value plot.

As indicated in Figure 1c,d, the size of the Arg CDs is measured to be from 2 nm
to 5 nm, which is similar to the DLS results, and a graphitic structure was observed
with a 0.25 nm lattice space of the CDs. The Arg CDs were reacted with three different
modifying agents with different numbers of amine groups such as EDA, PEHA, and PEI
to prepare amine-modified Arg CDs. The reaction mechanism and chemical structure of
these modifying agents and their reactions are represented in Figure 2a. The Arg CDs were
reacted with an ECH coupling agent in a basic condition before the modification reactions.
Deprotonated hydroxyl and amine groups of Arg CDs can readily react with ECH on CDs.
Then, EDA, PEHA, or PEI was added in the reaction medium as an amine source. These
modifying agents can react with the epoxide ring of the ECH coupling agent at 50 ◦C. These
modifying agents have different sizes and structures and have different numbers of amine
groups. The chemical structure of the Arg CDs and their modified forms were assessed
by FT-IR analysis as illustrated in Figure 2b. From the FT-IR spectra, the intensity of the
broad band in the 3500–3000 cm−1 range and the peaks at 2955 and 2877 cm−1 due to
stretching vibrations of the -NH2 and -CH2 groups were significantly increased upon the
modification reactions because of the presence of the amine groups of the modifying agents.
Similarly, the intensities of 1458 cm−1 and 1057 cm−1 attributed to the C-H [42] and C-N
groups belonging to the modifying agents at the surface of the Arg CDs were increased. In
particular, the peak at 1578 cm−1 was clearly present in the Arg-PEI CDs coming from the
N-H groups of PEI.

In addition to the FT-IR results, the zeta potential values of bare and modified Arg
CDs were also measured to determine the change in the surface zeta potential values of the
modified Arg CDs. As summarized in Table 1, the zeta potential value of the Arg CDs was
measured as +2.77 ± 0.51 mV.
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Figure 2. (a) Schematic representation of modification reaction of arginine CDs with different
amine sources such as ethylenediamine (EDA), triethylenetetramine (TETA), pentaethylenehexamine
(PEHA), and polyethyleneimine (PEI), and (b) FT-IR spectrum of arginine CDs and modified arginine-
PEI CDs.

Table 1. Zeta potential values of arginine CDs and its amine-modified forms with different
amine sources.

Carbon Dots Zeta Potential (mV)

Arg +2.77 ± 0.51
Arg-EDA +19.46 ± 1.48

Arg-PEHA +22.34 ± 4.59
Arg-PEI +34.41 ± 4.17

On the other hand, the amine-modified Arg-EDA, Arg-PEHA, and Arg-PEI CDs re-
vealed a more cationic structure than the Arg CDs, and zeta potential values of +19.46 ± 1.48,
+22.34 ± 4.59, and +34.41 ± 14.17 mV, respectively, were measured. The FT-IR spectra and
zeta potential results supported that almost all functional groups of the Arg CDs were
turned to -NH2 groups, and different numbers and forms of amine sources were used to
coat the surface of the Arg CDs.

The optical properties of Arg-based CDs were evaluated by UV–vis and fluorescence
spectroscopies, and the corresponding spectra are presented in Figure 3a,b, respectively.
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Figure 3. (a) UV–vis absorption spectra and (b) fluorescence emission spectra of amino-acid-derived
CDs (excitation at 345 nm).

In the UV–vis spectra, there is a high absorption peak at 230 nm assigned to the π-π
* electron transition of C=C which can be observed for all forms of CDs [40]. Only Arg
CDs show a low absorption band at 340 nm, which is attributed to the n-π * transition
of C=O because of free surface functional groups of Arg CDs before the amine modifi-
cation reaction [21]. In addition, the absorption bands at about 250 nm were observed,
especially for modified Arg CDs coming from the π-π * transition of C=N groups [41]. In
the fluorescence properties, the suspension of Arg-based CDs in DI water was measured at
the 345 nm excitation wavelength, and the maximum emission was represented at about
430 nm. Furthermore, the fluorescence intensity was almost the same for Arg, Arg-PEHA,
and Arg-PEI CDs, but significantly increased, i.e., by almost three-fold, for Arg-EDA CDs.

The blood compatibility of Arg-based CDs was determined by hemolysis and blood
clotting index tests, and the results are demonstrated in Figure 4a,b, respectively.
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Figure 4. (a) Hemolysis % and (b) blood clotting indexes of Arg CDs and their modified forms at
250 µg/mL concentration.

Hemolysis % shows the blood toxicity of the materials on erythrocyte cells which
are known as red blood cells. The materials should exhibit a maximum of 5% hemolysis
to be considered blood compatible for intravenous application. The hemolysis % of the
Arg, Arg-EDA, Arg-PEHA, and Arg-PEI CDs at 0.25 mg/mL concentration was found to
be 3.15 ± 0.78, 0.2 ± 0.11, 3.17 ± 1.03, and 1.71 ± 0.42%, respectively. Arg CDs and Arg-
PEHA CDs had slightly hemolytic biomaterials with a 2–5% hemolysis ratio, but Arg-EDA
and Arg-PEI CDs were found to be non-hemolytic with a <2% hemolysis value. These
results indicated that all types of Arg-based CDs are not toxic, do not significantly destroy
the erythrocyte cells, and could be used in blood-contacting intravenous applications
accordingly. The other blood compatibility test was the blood clotting index that is related
to the clotting mechanism of the blood-contacting materials. The blood clotting index
values of the Arg, Arg-EDA, Arg-PEHA, and Arg-PEI CDs at 0.25 mg/mL concentration
were measured as 83.8 ± 2.1, 97.5 ± 0.3, 10.2 ± 1.03, and 7.2 ± 0.1%, respectively. Therefore,
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it can be assumed that Arg CDs and Arg-EDA CDs were blood-compatible materials due
to the high blood clotting values which had no significant effects on the blood clotting
mechanism. In addition, Arg-PEHA and Arg-PEI CDs can clot the blood within 10 min
with very low blood clotting index values and are safely used in intravenous applications.
Moreover, these Arg-PEHA and Arg-PEI CDs could be used as coagulation agents, which
are also very important to stop bleeding in certain injuries.

The cytotoxicity of Arg-based CDs in the 50 to 1000 µg/mL concentration range was
investigated on L929 fibroblast cells for a 24 h incubation time via an MTT assay.

As seen in Figure 5, the viability of the fibroblast cell was decreased to 68% for
Arg CDs at 50 µg/mL concentration, but modified Arg-EDA, Arg-PEHA, and Arg-PEI
CDs at the same concentration did not significantly affect the fibroblast viability. The
experimental results demonstrated that the toxicity limit of the Arg-based CDs is about
100 µg/mL concentration as cell viability values of more than 60% were attained below this
concentration for the materials. CDs can also be combined with particular antimicrobial
agents as carriers e.g., with antibiotics that are toxic when used alone, and therefore, the
toxicity from these toxic antimicrobial chemicals can be minimized contributing greatly
to the reduction in antimicrobial resistance development [43]. Our results showed that
more toxic amine sources could be used on the surface of the CDs at a certain concentration
without causing significant toxicity.
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Figure 5. Cytotoxicity of Arg CDs and their modified forms, Arg-EDA, Arg-PEHA, and Arg-PEI CDs,
on L929 fibroblast cells for 24 h incubation time [* p < 0.05, ** p < 0.01, *** p < 0.001 vs. control].

The antimicrobial properties of the Arg, Arg-EDA, Arg-PEHA, and Arg-PEI CDs
were investigated against gram-negative E. coli and gram-positive S. aureus bacteria strains
by microtiter tests. The results of the minimum inhibition concentration (MIC, mg/mL)
values of Arg-based CDs are given in Figure 6. The MIC value of Arg CDs was found to
be 3.12 mg/mL against both E. coli and S. aureus species. The MIC values of Arg-EDA
and Arg-PEHA CDs were not changed against S. aureus; however, a two-fold decrease
against E. coli, with a 1.75 mg/mL MIC value, was observed. These results indicate that
Arg-EDA and Arg-PEHA CDs have almost the same antibacterial effects on gram-negative
and gram-positive bacteria strains because they have almost the same zeta potential values.
Among these materials, the highest antibacterial ability was obtained for Arg-PEI CDs
against both bacteria, with a very low MIC value of 0.2 mg/mL.
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These results demonstrated that branched amine sources such as PEI is the most
effective modifying agent for Arg CDs on the model pathogenic bacteria strains. Dong et al.
reported that a combination of CDs with certain antimicrobial reagents have a synergistic
effect in inhibiting bacterial growth [43]. Similarly, the inherent antibacterial activity of Arg
CDs can be significantly improved by a modification reaction with different amine sources.

CDs are attracting increased attention as photoinduced antibacterial nanomaterials in
photodynamic therapy. It is well known that because of the excellent optical properties of
CDs, especially fluorescence properties, they can create reactive oxygen species (ROS) under
light exposure that can cause significant damage to the DNA or membrane structure of
microorganism species and can inhibit pathogen growth [21]. For analysis, concentrations
of 1, 5, and 10 mg/mL of the Arg CDs and modified CDs—Arg-EDA, Arg-PEHA, and Arg-
PEI CDs were interacted with E. coli suspension in 0.9% NaCl solution as a model pathogen
and compared with the control group of just E. coli suspension in 0.9% NaCl solution (as
0 mg/mL particle concentration). These suspensions were placed in a dark environment or
under UV light irradiation for 5 min or 30 min. The bacterial cell viability % at the end of
the 5 and 30 min period for both Arg CDs under dark and/or light exposure are given in
Figure 7. According to the results, in the experiment carried out in a dark environment,
no significant inhibition was detected even after 30 min, except for the modified Arg-PEI
CDs with almost half of the bacterial inhibition at 10 mg/mL concentration observed, as
shown in Figure 7a,b. In the microtiter test, the MIC values of the Arg-based CDs were
found below 10 mg/mL concentration for the 24 h incubation time, and the Arg-PEI CDs
exhibited the highest antibacterial effect against E. coli. It could be assumed that the high
bacteria concentration and low incubation time of only 30 min was not enough to inhibit
the growth of E. coli, but only Arg-PEI CDs could kill the bacteria within 5 min in the
photodynamic activity test without light exposure even in the dark condition. On the other
hand, the Arg, Arg-EDA, Arg-PEHA, and Arg-PEI CDs with a 5 min UV light exposure
had almost the same bacterial viability of 55 ± 2%, 51 ± 3%, 51 ± 2%, and 65 ± 3% at
a 5 mg/mL concentration, as shown in Figure 7c. As presented in Figure 7d, when the
UV light irradiation time was increased to 30 min, only a 1 mg/mL concentration of Arg,
Arg-EDA, Arg-PEHA, and Arg-PEI CDs provided 53 ± 7%, 22 ± 4%, 55 ± 5%, and 51 ± 5%
bacterial viability, respectively.
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The difference in the inhibition % values of bacterial growth for Arg-PEI CDs before
and after light exposure is not significant. Arg-EDA CDs exhibit the highest photoinduced
inhibition with almost total inhibition at a 10 mg/mL concentration for 30 min of UV light
exposure. Nichols and Chen indicated that the amount of ROS production was correlated
with the fluorescent intensity of photoinduced materials [44]. Arg-based CDs are affected
by light-induced bacterial growth inhibition, but modified Arg-EDA CDs resulted in higher
photodynamic antibacterial activity inhibition than the bare and the other modified Arg
CDs. The higher photodynamic activity of modified Arg-EDA CDs seems to be dependent
on their having the highest fluorescence intensity in comparison to Arg-based CDs at the
same concentration because the fluorescent property can afford improved ROS production
as a killing agent for pathogens.

3. Materials and Methods
3.1. Materials

L-Arginine (Arg, >98%, Sigma-Aldrich, St. Louis, MO, USA) and citric acid monohy-
drate (CA, >99%, Carlo Erba, Val-de-Reuil, France) were purchased and used as received
for synthesis of Arg CDs. In the modification reaction, sodium hydroxide (NaOH, 98%),
epichlorohydrin (ECH >99%), ethylenediamine (EDA, 99.5%), triethylenetetramine (TETA,
≥97%), pentaethylenehexamine (PEHA, Technical grade), and polyethyleneimine (PEI,
50 wt%, Mn:1200) were obtained from Sigma-Aldrich. In the cytotoxicity test, the L929 fi-
broblast cell line was obtained from the SAP Institute, Ankara, Turkey. The cell culture
medium, Dulbecco’s modified Eagle’s medium (DMEM/F-12, 1:1) (L-Glutamine, 15 mM
HEPES, 1.2 g/L NaHCO3), was purchased from Pan Biontech GmbH, Aidenbach, Germany.
The fetal bovine serum (FBS), trypsin-EDTA (0.25%) and antibiotics (10,000 U/mL peni-
cillin, 10,000 µg/mL streptomycin) were purchased from Pan Biontech GmbH, Aidenbach,
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Germany. Trypan Blue (0.5% solution) was obtained from Biological Industries, and thia-
zolyl blue tetrazolium bromide (MTT) was acquired from BioFroxx (Einhausen, Germany).
Dimethyl sulfoxide (DMSO, 99.9%) was obtained from Carlo-Erba. Gram-negative Es-
cherichia coli ATCC 8739 and gram-positive Staphylococcus aureus ATCC 6538 were obtained
from KWIK-STIK, Microbiologics. Nutrient agar (NA, Condolab, Madrid, Spain) as a solid
growth medium and nutrient broth (NB, Merck, Darmstadt, Germany) as a liquid medium
were purchased from and used as received. Acetone and ethanol were used as received
and aqueous solutions were prepared with ultrapure water of nearly 18.2 M.Ω.cm obtained
from a Millipore-Direct Q UV3 (Bedford, MA, USA).

3.2. Preparation of Arg CDs and Modified Arg CDs

Citric acid (CA) and arginine were reacted through a microwave-assisted method
based on the procedure proposed by Suner et al. [41]. Briefly, 0.3 g of Arg and 0.6 g of
CA were dissolved into 3 mL of DI water and stirred at 300 rpm for 15 min. Then, this
Arg: CA solution was placed into a commercial microwave operating at 1000 W for 2 min.
Carbonized Arg CDs were immediately suspended in 1 mL of DI water and sonicated for
10 sec to obtain the dispersion of the obtained CDs. Next, the Arg CDs were filtered with
a 0.22 µm pore filter and placed into a dialysis membrane. Then, the dialysis membrane
containing the Arg CDs was put into 200 mL of DI water, and the water was refreshed at
least 5 times for the dialysis of CDs for 24 h. The Arg CD solution inside the membrane was
precipitated by the addition of an excess amount of acetone, and the precipitated Arg CDs
were washed with acetone by centrifugation process at 10,000 rpm for 10 min three times.
The purified Arg CDs were dried in an oven at 50 ◦C and placed into a closed container for
further use.

Amine modification of Arg CDs occurs through the reaction with ethyleneimine (EDA),
pentaethylenehexamine (PEHA), or polyethyleneimine (PEI) amine sources by using a
coupling agent, epichlorohydrin. For the modification reactions, 0.5 g of Arg CDs was
suspended in 10 mL of pH 12 aqueous solution with NaOH. After mixing for 10 min at
300 rpm, 1 mL of ECH was added to the Arg suspension and stirred at the same condition
for 1 h. Then, 1 mL of EDA, PEHA, or PEI was slowly added into the reaction medium
and stirred at 50 ◦C for 1 h. The prepared EDA-, PEHA-, or PEI-modified Arg CDs were
precipitated in 200 mL of acetone, and the precipitated CDs were washed with acetone by
centrifugation process at 10,000 rpm for 10 min three times. The purified, modified Arg
CDs were dried in an oven at 50 ◦C and placed into a closed container for further use.

3.3. Characterization of Arg-Based CDs

A high-resolution transmission electron microscope (HR-TEM, Tecnai TF-20, FEI
Company, Osaka, Japan) was used to determine the size and crystal structure of Arg
CDs. The images were taken at 200 kV after placing the samples on lacey carbon support
film on a 200–300 mesh copper TEM grid. Hydrodynamic size distribution of the Arg
CDs was determined by dynamic light scattering measurement (DLS, Nanobrook Omni
Brookhaven Instrument, Holtsville, NY, USA). Briefly, 1 mg/mL of Arg CDs in 0.01 mol
KNO3 aqueous solution was measured by DLS. Similarly, 1 mg/mL of Arg-based CDs in
0.01 mol KNO3 aqueous solution was measured with a zeta potential analyzer (Nanobrook
Omni Brookhaven Instrument, Holtsville, NY, USA). All DLS and zeta measurements
were repeated five times and the average values with standard deviations were presented.
The chemical structure of Arg-based CDs was evaluated by FT-IR spectroscopic analysis
(Perkin Elmer, Waltham, MA, USA) in the 650 to 4000 cm−1 range using the ATR tech-
nique. In addition, the optical properties of Arg-based CDs were analyzed with a UV–vis
spectrophotometer (T80 + UV/vis spectrometer, PG Instrument, Lutterworth, UK) and
fluorescence spectrophotometer (Lumina, Thermo Scientific, Waltham, MA, USA). Fluores-
cence analysis was carried out at 345 nm excitation wavelength for a 350–600 nm emission
wavelength range.
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3.4. Blood Compatibility of Arg-Based CDs by Hemolysis and Blood Clotting Tests

To determine the blood compatibility of Arg-based CDs by hemolysis and blood
clotting tests, an ethics committee approval was obtained from the Human Research Ethics
Committee of Canakkale Onsekiz Mart University (2011-KAEK-27/2022), and the tests
were performed accordingly. The fresh blood was taken from healthy volunteers and
immediately placed into EDTA-containing hemogram tubes.

In the hemolysis analysis, 250 µg/mL concentration of Arg-based CDs was prepared
in 10 mL of 0.9% NaCl solution and incubated at 37 ◦C in a shaking water bath. The blood
in the hemogram tube was diluted with 0.9% NaCl solution to a 1:1.25 mL volume of
blood: NaCl solution. Then, 0.2 mL of diluted blood was added onto the Arg suspension
and incubated for 1 h at 37 ◦C in a shaking water bath. After that, the suspension was
centrifuged at 100× g for 5 min, and the supernatant of this solution was measured with a
UV–vis spectrophotometer at 542 nm. The hemolysis ratio % of the CDs was determined
according to Equation (1):

Hemolysis ratio% = (ASAMPLE − ANC)/(APC − ANC) × 100 (1)

where ASAMPLE is absorbance of the sample containing blood solution, and ANC and APC
are absorbance of the blood solution in 10 mL of 0.9% NaCl solution and 10 mL of DI water
without the sample, respectively. The test was repeated three times, and the average values
with standard deviations are presented.

In the blood clotting analysis, 100 µL, 2.5 mg/mL concentration of Arg-based CDs
was placed into tubes and incubated at 37 ◦C in a shaking water bath. Separately, 0.81 mL
of the blood in the hemogram tube was reacted with 0.064 mL of 0.2 M CaCl2 solution, and
0.27 mL of this solution was dropped in the CD-containing tubes. The tubes were incubated
at 37 ◦C in a shaking water bath. After 10 min, 10 mL of DI water was slowly added into
the tubes and centrifuged at 100× g for 1 min. The supernatant of this solution was diluted
with 40 mL of DI water and measured with a UV–vis spectrophotometer at 542 nm. Blood
clotting index of the CDs was examined according to Equation (2):

Blood clotting index = (ASAMPLE/ABLOOD) × 100 (2)

where ASAMPLE is absorbance value of the sample interacted with the blood solution, and
ABLOOD is absorbance value of the 0.25 mL blood solution in 50 mL DI water. The test was
repeated three times, and the average values with standard deviations are presented.

3.5. Cytotoxicity of Arg-Based CDs

The cytotoxicity analyses of Arg CDs were carried out on L929 fibroblast cells. Briefly,
1 × 104 cells were placed into each well of a 96-well plate containing DMEM medium
and incubated for 24 h in a 5% CO2/95% air atmosphere at 37 ◦C. At the end of 24 h, the
attachment of cells to the well plate surface was checked, the media was removed, and the
suspension of the Arg-based CDs in DMEM prepared at 50–1000 µg/mL concentrations
were added to the wells. The well plate was incubated for 24 h in a 5% CO2/95% air
atmosphere at 37 ◦C. Following the incubation period, the culture media were decanted,
and the wells were washed with PBS three times. Then, 100 µL of MTT solution prepared at
0.5 mg/mL concentration was added into the wells, and the plate was incubated at 37 ◦C for
2 h in dark conditions. The MTT solution was removed, and 200 µL of dimethyl sulfoxide
was added to dissolve formazan crystals. Cell viability was determined by measuring the
absorbance of the 96-well plate with a plate reader (Multiskan Sky, Thermo, Waltham, MA,
USA) at 590 nm. The tests were repeated three times.

3.6. Antimicrobial Activities of Arg CDs and Their Modified Forms

The antimicrobial properties of Arg CDs and their modified forms were determined
by microtiter broth dilution methods against gram-negative Escherichia coli ATCC 8739 and
gram-positive Staphylococcus aureus ATCC 6538.
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To determine minimum inhibition concentration (MIC) values, overnight bacteria
cultures in nutrient broth were diluted to a McFarland standard of 0.5. In short, 100 µL
of liquid growth media was added to each well on a 96-well plate. As antibacterial
material, 50 mg of Arg-based CDs were suspended in 1 mL 0.9% NaCl solution to prepare
a 50 mg/mL initial concentration. Then, 100 µL of this solution was added to the first
wells of the 96-well plate and diluted with the existing liquid growth media to obtain
concentrations from 0.02 to 25 mg/mL. Then, 5 µL of stock bacteria suspension was
added to each well and the 96-well plate was incubated at 37 ◦C for 24 h incubation time.
Minimum inhibition concentration (MIC) was determined as the minimum concentration
of antimicrobial material at which no turbidity (visible growth) was observed. The tests
were repeated three times, and the average values with standard deviations are presented.

3.7. Photodynamic Antibacterial Activity of Arg-Based CDs

Arg-based CDs were used to determine the photodynamic antibacterial activity under
UV light. Briefly, 50 mg/mL concentration of Arg, Arg-EDA, Arg-PEHA, and Arg-PEI
CD suspensions were prepared in 0.9% NaCl solution and 20, 100, and 200 µL of these
suspensions were dispersed in 1 mL of bacteria solution in 0.9% NaCl solution which
contained McFarland 0.5 bacteria colony. Only 1 mL of bacteria solution in 0.9% NaCl
solution was used as a control group. These tubes were kept in the dark or under a UV lamp
(315–400 nm, UVa, 300 W, Ostram GmbH, Ultra vitalux, Munich, Germany) for 30 min. At
5 min and 30 min, 100 µL of the samples were separately taken and inoculated onto nutrient
agar. The plates were kept in a 37 ◦C incubator for 24 h. At the end of 24 h, bacterial growth
and spread in the media were compared with the control group and bacteria cell viability
% was noted. The tests were repeated three times, and the average values with standard
deviations are presented.

4. Conclusions

Arg CDs prepared via a microwave-assisted method in 2 min were found to be in
the 1–10 nm size range with a graphitic structure as determined by TEM images and DLS
measurement. The amine modification of Arg CDs as Arg-EDA, Arg-PEHA, and Arg-PEI
CDs were successfully achieved using ECH as a coupling agent between the modifying
agent and the Arg CDs to enhance their antibacterial properties. The highest zeta potential
value was determined for the Arg-PEI CDs with +34.4 ± 4.1 mV. The Arg CDs and Arg-EDA
CDs at a 0.25 mg/mL concentration were found to be blood-compatible biomaterials for
potential intravenous applications, with a low hemolysis ratio and high blood clotting index.
On the other hand, at this concentration, the Arg-PEHA and Arg-PEI CDs were not found to
be safe for intravenous administration because of clotting effects within 10 min. However,
these materials can potentially be used to stop bleeding as a blood-clotting material in the
treatment of certain diseases. Furthermore, all types of Arg-based CDs were non-toxic on
L929 fibroblast cells after 24 h incubation at 100 µg/mL concentration. Interestingly, the
antibacterial effect of the Arg CDs was significantly enhanced for the modified form, and
the highest antibacterial susceptibility was determined for the Arg-PEI CDs against E. coli
and S. aureus bacteria with a 0.2 mg/mL MIC value. Finally, at 5 mg/mL the fluorescent
Arg CDs showed excellent photodynamic activity with 50% bacterial inhibition of E. coli
under UV light irradiation for 5 min. This photoinduced bacterial growth inhibition was
further improved using highly fluorescent Arg-EDA CDs at only 1 mg/mL concentration
with almost 80% bacterial inhibition under 30 min UV light irradiation. Therefore, these
fluorescent CDs have great potential to be employed in photodynamic therapy to clean or
disinfect chronic wounds and scars and might have a wide range of application in the food
and beverage industries as packing materials as well as medical textile utilizations.
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