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Abstract

Nitrogen (N-) and sulfur (S-) doped carbon dots (CDs) were synthesized in a single step in a few min, 1-4 min via microwave
technique from five different types of amino acids viz. Arginine (A), Lysine (L), Histidine (H), Cysteine (C), and Methionine (M).
These amino acid derived N- and/or S- doped CDs were found to be in spherical shapes with 5-20 nm particle size range determined by
Transition Electron Microscope (TEM) images and Dynamic Light Scattering (DLS) measurements. Thermal degradation, functional
groups, and surface potential of the CDs were determined by Thermogravimetric Analysis (TGA), FT-IR spectroscopy, and zeta
potential measurements, respectively. Although the zeta potential value of Cysteine derived CD (C-CD) was measured as
—7.45 £ 1.32 mV, the zeta potential values of A-CD, L-CD, H-CD, and M-CD particles were measured as +2.84 +0.67, +2.61 £ 1.0,
+4.10+1.50 and +2.20+0.60 mV, respectively. Amongst the CDs, C- CDs was found to possess the highest quantum yield, 89%.
Moreover, the blood compatibility test of CDs, determined with hemolysis and blood clotting tests was shown that CDs at 0.25 mg/mL
concentration, CDs has less than 5% hemolysis ratio and higher than 50% blood clotting indexes. Furthermore, A-CD was modified
with polyethyleneimine (PEI) and was found that the zeta potential values was increased to +34.41 +4.17 mV (from +2.84 +£0.67 mV)
inducing antimicrobial capability to these materials. Minimum Inhibition Concentration (MIC) of A-CD dots was found as 2.5 mg/mL
whereas the PEI modified A-CDs, A-CD-PEI was found as 1 mg/mL against Escherichia coli ATCC 8739 (gram -) and
Staphylococcus aureus ATCC 6538 (gram +) bacteria strains signifying the tunability of CDs.
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Introduction

Carbon dots (CDs) as zero dimensional nanocarbons or car-
bon particles with <20 nm sizes are considered to replace
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metal-based quantum dots due their many advantages addition
to highly fluorescent properties [1-3]. High photostability,
low toxicity, biocompatibility and environmentally friendli-
ness [4, 5] as well as the ease of synthesis and with tunable
fluorescence and optical properties [6—8] make them capable
materials with great potential in biomedical use and optoelec-
tronic materials including sensor [9, 10], biosensor [11, 12],
bioimaging [13], medical diagnostic [14], photocatalysis [15],
electrocatalysis [16], and so on [1]. Carbon dots have been
prepared from various carbon sources and can be doped with
various element to render additional properties employing dif-
ferent synthesis method such as bottom-up method by hydro-
thermal/solvothermal, thermal pyrolysis, microreactor, oil-
bath, and microwave processes [17]. To increase the usage
area and enhance the physicochemical properties, during
CDs synthesis new material introduction containing nitrogen
(N), phosphorus (P), sulfur (S) and boron (B) can done to
obtain doped CDs [18, 19]. Especially, N- or/and S-doped
CDs can be prepared employing various amino acids that
possess -COOH, -NH and -SH groups side groups produce

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10895-019-02431-y&domain=pdf
http://orcid.org/0000-0003-0120-530X
mailto:sahiner71@gmail.com
mailto:nsahiner@health.usf.edu

1192

J Fluoresc (2019) 29:1191-1200

materials that are non-toxic, biocompatible and has great
meaning for biomedical applications [20-24].

It is very well-known that materials with florescent proper-
ties such as organic dyes and metal-based quantum dots (Q-
dots) possess undesirable properties that can chemically react
with the biological medium and induce toxicity for living
organism. Moreover, organic chemical dyes with fluorescence
property may not keep their fluorescence properties long
enough, can be toxic, reactive and expensive. Also, some of
the toxic metal-based Q-dots necessitate surface modification
to make them non-toxic and non-reactive also render adverse
effects on the florescence intensity and biomedical usage of
these materials [17].

In this study, amino acids such as Arginine (A), Lysine (L),
Histidine (H), Cysteine (C), and Methionine (M) with differ-
ent numbers of -NH and/or -SH were used as source materials
for (N) and sulfur (S) doped CDs synthesis via microwave
method in very short times, ~1—4 min. The optical and flores-
cent properties of the prepared CDs were measured via UV-
Vis and Fluorescence spectroscopies, and the quantum yields
were also calculated. Employing hemolysis and blood clotting
tests on fresh blood, the blood compatibility of the prepared
CDs was investigated in vitro. Thus, 5 types of amino acid
based non-toxic and biocompatible CDs were investigated as
potential biomaterials with strongly photoluminescence char-
acteristics. Furthermore, antimicrobial properties of A-CD and
its modified form with cationic polyethyleneimine (PEI) as A-
CD-PEI against Escherichia coli ATCC 8739 (gram -) and
Staphylococcus aureus ATCC 6538 (gram +) were also deter-
mined with macro-dilution test.

Experimental
Materials

Citric acid monohydrate (Carlo Erba, >99%) as a carbon
source and L-Arginine (A, Sigma Aldrich, >98%), L-Lysine
(L, Sigma Aldrich, >97%) and L-Histidine
monohydrochloride monohydrate (H, Sigma Aldrich,
>98%), L-Cysteine (C,Sigma Aldrich, >97%) and DL-
Methionine (M, Sigma Aldrich, >99%) as amino acids were
used in the synthesis of amino acid derived N or/and S doped
CDs. Polyethyleneimine (PEI, 50%, Mn: ~1200-1300),
epichlorohydrine (ECH, >99%), sodium hydroxide (NaOH,
98%) and hydrochloric acid (HCI, 36.5-38%), calcium chlo-
ride (99.9%) and sodium chloride (NaCl, 99%) were pur-
chased from Sigma-Aldrich. Pyrene (>99%, Merck) and qui-
nine (suitable for fluorescence, anhydrous, >98, Sigma-
Aldrich) were used as fluorescence standards. Nutrient agar
(Merck) and nutrient broth (Merck) were in antimicrobial
studies. Ethanol (99%, Birkim) and acetone (99%, BRK) were
used as received. Escherichia coli ATCC 8739 and
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Staphylococcus aureus ATCC 6538 strains were obtained
from the Microbiology Department of the School of
Medicine at Canakkale Onsekiz Mart University. All aqueous
solutions were prepared with ultra-pure distilled water,
18.2 M.Q2.cm (Millipore-Direct Q UV3).

Synthesis of Amino Acid Derived N or/and S Doped
CDs

N or/and S doped CDs were prepared according to the report-
ed processes with slight modification [25, 26]. In brief, 0.2 g
citric acid were dissolved in 2.5 mL of DI water and 0.1 g of
amino acids, A, L, H, C or M was added to this solution and
mixed for 15 min at 500 rpm. These solutions were placed in
microwave operating at 700 W for 1, 2 or 4 min to synthesize
N or/and S doped CDs. The obtained samples depending on
the microwave exposure time became viscous solution and/or
foamy solids that were mixed with 2 mL DI water and soni-
cated for 20 s. Then, these suspensions were filtered with
0.2 um filters to eliminate of the carbon particles into the
solution. These suspensions were put into dialysis membrane
and washed into DI water for 4 h. The prepared CDs were
precipitated in excess amounts of acetone by centrifugation at
35544 g for 10 min and dried with heat gun.

Modification of Amino Acid Derived CDs

A-CDs weighing 0.4 g were suspended within 10 mL of
NaOH solution adjusted at pH 12 and mixed for 15 min at
500 rpm at ambient temperature. Then, 0.8 mL of ECH, cou-
pling agent was added to this solution. After 1 h, 0.8 mL of
PEI as a modifying agent was transferred into the reaction
solution drop by drop and mixing for 1 h more under the same
reaction conditions. PEI modified A-CD as A-CD-PEI were
precipitated with acetone and washed with acetone 2 times by
centrifugation at 35544 g for 10 min and dried with heat gun.

Characterization of Amino Acid Derived CDs

The visualization or CDs were done with Transmission
Electron Microscope (TEM, Jeol JEM-1220) by using CDs
suspension in ethanol and one drop of this suspension was
placed on TEM grid and dried at ambient temperature before
imaging operating with 80 kV.

Hydrodynamic diameter and zeta potential of CDs were
determined by Dynamic Light Scattering (DLS, Brookhaven
Ins. Corp., 90Plus/BIMAS) with 35 mW solid state laser de-
tector at an operating wavelength of 658 nm. Zeta potential
measurements of the CDs were evaluated by using zeta po-
tential analyzer (Brookhaven Inst. Corp., BIC ZetaPlus) at
different pH solutions in DI water.

The functional group analysis of CDs were done using with
FT-IR spectroscopy (Nikolet IS10, Thermo) between 4000
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and 650 cm ' wavelength with 4 cm™' resolution using ATR
technique.

Thermal stabilty of CDs were measured using
Thermogravimetric Analyzer (TGA, SII TG/DTA 6300).
Nearly, 5 mg of sample was placed into ceramic crucibles
and heated from 50 to 1000 °C with 10 °C/min heating rate
under a dry flow of N, of 100 mL/min.

Optical properties of the prepared CDs were determined by
means of UV-Vis spectroscopy (T80+ UV/VIS spectrometer,
PG Instrument Ltd) and Fluorescence Spectroscopy (Lumina
Fluorescence Spectrometer, Thermo Scientific) at room
temperature.

Quantum Yield (QY) of Amino Acid Derived CDs

The QY of CDs was measured by using established process
[27]. Pyrene in ethanol and quinine in 0.5 M H,SO, in DI
water were used as standards that are known for QY values
as 53% at 313 nm excitation wavelength for pyrene, and 54%
at 345 nm excitation wavelength for quinine sulphate. The
concentration of amino acid derived CDs suspension in DI
water were adjusted between 0.05 and 0.01 absorbance values
at 313 or 345 nm wavelength. The relative QY was found
using the below Eq. 1:

QYcps(%) = QY (Gradcps/Grady) (TIZCDS/ lest) (1)

Where Grad is the slope from the plot of the integrated of
photoluminescence (PL) intensities from 320 to 600 nm wave-
length versus absorbance values and 1 is the refractive index
of the solvent for CDs suspension solution as DI water
(n=1.33) and the standard solution as ethanol (1=1.36) or
0.5 M H,SO, in water (n=1.76).

Blood Compatibility of Amino Acid Derived CDs

Blood compatibility study was approved by the Human
Research Ethics Committee of Canakkale Onsekiz Mart
University (KAEK 2017/07-06). Fresh blood was taken from
healthy volunteers and placed into EDTA containing
hemogram tubes. The blood compatibility of the CDs was
determined with hemolysis and blood clotting tests.

Hemolysis Test

CDs about 0.25 mg/mL suspension was prepared in 10 mL of
0.9% saline solution and 0.2 mL of diluted blood, which is
prepared at 2:2.5 (v:v) ratio of fresh blood:0.9% saline solu-
tion was slowly added to the sample containing saline solu-
tion. These suspensions were put into shaker bath under gentle
shaking at 37 °C for 1 h. Then, these suspensions were cen-
trifuged at 100 g for 5 min and the absorbance value of super-
natant solutions was measured with UV-Vis spectroscopy at

542 nm wavelength to determine the absorbance of hemoglo-
bin. As a positive control (PC) and negative control (NC),
0.2 mL of diluted blood was dispersed into 10 mL DI water
and 0.9% saline solution, respectively. Hemolysis ratio of CDs
were calculated using Eq. 2.

Hemolysis ratio% = 100 (Acps-Anc/Apc-Anc) (2)

Where Acps, Anc, and Apc are the absorbance values of
the CDs containing blood solutions, negative control, and
positive control, respectively.

Blood Clotting Test

For blood clotting test, 100 pL of 25 mg/mL CDs suspension
were interacted with 0.27 mL of diluted blood samples that
was prepared at 3:0.24 (v:v) ratio of fresh blood:0.2 M CacCl,
solution. These samples was in a shaker with gently shaking at
37 °C for 10 min. Then, 10 mL DI water was slowly added
onto these sample that is interacted with blood suspension and
centrifuges at 100 g for 30 s. The supernatant solution was
taken and diluted with 40 mL of DI water, and placed into
shaking bath under slowly shaking at 37 °C for 1 h. As a
control group 0.25 mL of fresh blood was dispersed in
50 mL DI water. Then, the absorbance values of these solu-
tions were measured by UV-Vis spectroscopy at 542 nm
wavelength and blood clotting index was calculated using
Eq. 3.

Blood clotting index = 100 (Acps/Acontrol) (3)

Where Acps and Agoniol are the absorbance values of the
CDs contacted blood solutions and only diluted blood solution
as a control, respectively.

Antimicrobial Effects of the CDs

Antimicrobial capabilities of A-CD and A-CD-PEI were in-
vestigated by using macro-dilution test against Escherichia
coli ATCC 8739 and Staphylococcus aureus ATCC 6538 bac-
teria strains. First, CDs were sterilized via UV irradiation at
420 nm for 1 min, and five different amounts of CD, 5, 10, 25,
50 and 100 mg was put into 10 mL of nutrient broth (NB).
Then, 100 pL of nearly 1x 10® CFU/mL (colony forming
unit) bacterial suspension that was adjusted with McFarland
0.5 standard was added to the NB solutions and incubated in
shaker at 35 °C for 18-24 h. The minimum inhibition concen-
tration (MIC) value was determined as the lowest concentra-
tion of the medium that no visible growth was observed. Then,
100 uL of each suspension were inoculated into nutrient agar
and incubated at 35 °C for 18-24 h. The growing colonies
were counted and minimum bactericidal concentration (MBC)
value was determined as the lowest concentration of CD that
99.9% of microorganisms can be eliminated.
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Results and Discussion

Molecular structure of the starting materials along with the
employed synthesis techniques as well as the reaction times are
the most important parameters to be considered in preparation of
CDs with higher quantum yields. Here, amino acid derived CDs
were prepared employing citric acid with different amino acids
having different numbers of -NH and -SH functional groups in a
very short times, 1-4 min via microwave technique. Fig. laand b
illustrates the chemical structure and the synthesis scheme and
the chemical structures of C-CDs.

As amino acids have amino and carboxylic acid groups
which bounded with different functional group containing -
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CDs. Upon mixing these molecules with citric acid as another
carbon sources and upon exposing this mixture to microwave
irradiation, N and/or S-doped CDs were successfully synthe-
sized in very short time, 1-4 min as illustrated in Fig. 1b. The
CD generation is assumed in two steps; one of which is the
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Fig. 1 a Molecular structure of prepared amino acids, b Schematic representation of N-, S-doped CDs preparation with citric acid as a carbon source and
cysteine as a S and N doping source. ¢ TEM images of amino acid derived CDs
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polymer clusters by total dehydration to generate N and/or S
doped CDs under microwave exposure [23, 27].

Therefore, this very fast synthesis of A, L, H, C or M
derived N- and/or S- doped CDs using microwave technique
can offer great advantage for biomedical applications. The
visualization of these CDs was also determined by TEM im-
ages as show in Fig. lc. The TEM images shown for L-, H-,
and C- based CD clusters are in spherical shapes at about
20 nm size range. The particle sizes and zeta potential values
of'the prepared amino acid derived CDs were also investigated
via DLS and zeta potential measurements and the results were
summarized in Table 1. The size distribution of the CDs found
as 11+4,17+2,6+5,10+7 and 9+ 5 nm for A, L, H, C and
M, respectively.

According to the DLS measurements, the size of the amino
acid derived CDs were found to be between 5 and 20 nm. In
addition, zeta potential of A, L, H, C, and M CDs were mea-
sured as +2.84+0.67, +2.61+1.01, +4.10+1.50,
—7.45+1.31 and +2.20+£0.60 mV, respectively. Only C CD
possess a negative charge because of the existence of -SH
groups that has the lowest iso electric point, 5.07 in compar-
ison to the other amino acids used in CDs preparation.

The surface functionality of amino acid derived CD was
also confirmed by FT-IR spectroscopy and the corresponding
spectrum for each of the prepared CDs were demonstrated in
Fig. 2a. The broad band at 3400-3100 cm ™' was attributed to
C-N and=C-O -OH and -NH stretching vibrations for all the
CDs. The peaks at 2948 and 2870 cm ' and 1701 cm™' were
assigned to the stretching vibrations of -CH,, C-H and C=0
groups coming from the newly formed CDs structure. The
peaks at 1662—1625 cm™ ', 1395, and 1217 cm™ ' can be attrib-
uted to C=N, C-N, and = C-O stretching vibrations as seen in
all N-doped CDs.

Furthermore, the specific peaks at 1217-1170 cm™" can be
ascribed to aromatic amine groups of H derived CDs. In ad-
dition, N and S-doped CDs have S-H peaks at 2560 cm ' due
to the side chain of C and the stretching vibrations at 1200 and
1048 cm " attributed to S-C groups of C and M derived CDs.
These results confirm that the resultant CDs can have N and/or
S doping and have -OH, -COOH, -NH, -SH, and -SC func-
tional groups depending on the used amino acid precursors.

Table 1  Particle sizes and zeta potential values of amino acid derived
CDs and modified CDs with PEI

CarbonDots (CDs) Particlesizes (nm) Zeta Potential (mV)

A-CD 11+£4 +2.84+£0.67
L-CD 17+2 +2.61+1.01
H-CD 6=+5 +4.10£1.50
C-CD 10+7 -745+£1.32
M-CD 9+5 +2.20£0.60
A-CD-PEI 31+7 +34.41+4.17

Thermal degradation profile of N doped L-CDs, and N and
S-doped C-CDs were determined by thermogravimetric anal-
ysis between 50 and 1000 °C as shown in Fig. 2b. As can be
seen in the thermogram of N-doped Lysine CDs, the first deg-
radation was between 140 and 174 °C with 8.1% weight loss,
and the main degradations were observed in 75-220 °C range
with 16.5% weight loss and the last one was observed at 225—
652 range °C with 97.7% weight losses. Furthermore, the
thermal degradation of N, S-doped Cysteine CDs have two
main degradation steps between 161 and 276 °C and 400—
584 °C with 38% and 98% weight losses. It is obvious that
thermal stability of N-doped and N, S-doped CDs are about
the same with slightly differences in200-600 °C range be-
cause of different starting materials and doping groups.

The optical properties of N and/or S-doped CDs were eval-
uated using UV-Vis and Fluorescence spectroscopies as dem-
onstrated in Fig. 3a and b, respectively. As can be seen in the
UV-Vis spectrums, a strong absorption shoulder at about 220—
230 nm attributed to 7t-7* electron transition of aromatic sp*
domains of C=C and C=N bonds for all types of CDs. In
addition, the peaks at 290 nm are due to the n-7t* electron
transition from C=0 bonds for L-CDs. N, S-doped C-CDs
have three absorption peaks at 210 and 245 nm due to 7-71*
electron transition of C=C and 350 nm attributed to n-7r*
electron transition of C=0 and C=S bonds [8, 23]. All types
of CDs have a slightly absorption at 350 nm due to n-7*
electron transition of C=0 groups, but only C-CDs has strong
broad band at 350 nm because of the n-7t* electron transition
of C=S bonds in addition of C=0 bonds. In accord with the
literature, the broad absorption band between 300 and 400 nm
based on the trapping of excited state energy by the surface
state that demonstrates strong fluorescent properties [8, 28].
Therefore, the use of amino acid in the preparation of non-
toxic CDs with high fluorescent properties offer great avenue
in biomedical application and even can replace of the fluores-
cence dyes and/or metal based quantum dots (Q-dot) such as
CdS because of the very well-known toxic disadvantages of
these materials.

The photoluminescence (PL) emission was depend on ex-
citation wavelength of CDs. Upon the excitation at 280 to
360 nm of CDs, the maximum emission peaks of A-, L-, H-,
C- and M-CD was measured. The PL intensity of these CDs at
330 nm excitation wavelength were shown in Fig. 3b were
measured at 430 nm, 430 nm, 433 nm, 420 nm, and 407 nm,
respectively.

The digital camera images of the amino acid derived CDs
under white light, 254 nm UV light and 366 nm UV light were
shown in Fig. 3c. It is obvious that all the CDs have the bright
blue luminescence under UV light illumination at 254 nm, but
only C-CDs were luminescence at 366 nm UV light. Among
the all prepared CDs, the highest PL efficiency were shown in
N- and S-doped C-CDs. It is well known that the synthesis
method, reaction temperature and reaction times play
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significant role on the PL efficiency and QY of the prepared
CDs [17, 29]. Here, the CDs were prepared by using micro-
wave irradiation at 1, 2, and 4 min reaction times and their
quantum yield (QY) were calculated according to UV-Vis ab-
sorbance spectra and integrated with the photoluminescence
(PL) intensities between 320 and 600 nm wavelength using
pyrene and quinine sulfate as reference materials at 313 nm
345 nm excitation wavelength, respectively. The relative QY
of A-, L-, H-, C- and M-CDs prepared in 1 min microwave
irradiation were calculated as 29+3%, 75+6%, 23 +£2%,
71£4%, and 12.9+0.8%, respectively according to pyrene
standard at 313 nm excitation wavelength as shown in the
Fig. 3d. Using quinone sulphate as a reference material at
345 nm excitation wavelength, the relative QY of N- and/or
S-doped CDs were calculated as 3.9+0.4%, 4.2+1.9%,
2.8+0.2%, 89.5+2.3%, 2.5+0.6% for A-, L-, H-, C- and M-
CDs, respectively. Only C-CD was found suitable for quinone
sulfate standard with highly quantum yield upon excitation at
345 nm, whereas the other types of CDs was shown effectively
fluorescence efficiency at 313 nm excitation wavelength using
pyrene as standard in QY calculations. The QY of all QDs
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Temperature (°C)

prepared at 1- and 2-min irradiation times were about the same
except C-QDs that showed significant increase to about 71%
from 41% by increasing the synthesis time to 2 min from 1 min.
All the other CDs showed very slight increase or decrease upon
4 min microwave preparation methods except M-QDs that the
QY was increased to 20% from 13% upon increasing the mi-
crowave irradiation from 2 to 4 min. As the all the used amino
acids have different functional groups, the increase in the syn-
thesis time may cause depletion of fluorescence groups during
the carbonization process by excessive irradiation time [29],
these outcomes are reasonable. The fluorescence properties of
CDs significantly depend on the carbon content and function-
alities of precursor materials. Especially, N or/and S atom con-
taining CDs have the higher QY values compare with undoped
materials. These results supported by the fact that N- doped
CDs have strong fluorescence effects in blue shift, whereas
N- and S-doped C-CDs was shown wide range of excitation
wavelength with the highest QY values. Moreover, S groups
containing M-CDs was not found to be effective
photoluminescent material in comparison with the -SH groups
of C-CDs. It was reported that the preparation of CDs using
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different amino acid via hydrothermal methods took about 6 h
to synthesize [22] with QY values between 10 and 38%. As
CDs are very useful materials for the conjugation of peptides,
nucleotides and anticancer drugs that can have great potential in
clinical sample analysis, early diagnosis of sickness and sensor
applications [20]. Therefore, the fast and facile synthesis CDs
with high QY could be very important in biomedical use of
these materials. Only, A-QDs with high QY was reported with
microwave synthesis in the literature, and even the quantum
yield of that material is rather low [22]. Therefore, using differ-
ent amino acids such as A, L, H, C, and M, 5 different N- and/or
S-doped CDs were readily synthesized here in about 2 min via
microwave methods with high fluorescence behavior upon
comparison literature may pave great opportunity in real bio-
medical applications [20-22].

In addition to various important features such as biocom-
patibility, non-immunogenicity and non-toxicity, blood com-
patibility is also another important features of biomaterials
that need to be assessed in various biomedical applications.
Therefore, hemolysis ratio and blood clotting index of the
amino acid derived CDs were determined at 0.25 mg/mL con-
centration by contacting with fresh blood and their results
were demonstrated in Fig. 4.

According to the hemolysis test, A- and L-CDs were
found blood compatible with 3.15+1.3% and 2.07+1.84%
hemolysis ratio, whereas H-, C- and M-CDs were
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Fig. 4 a Hemolysis ratio %, and b blood clotting indexes of amino acid
derived CDs at 0.25 mg/mL concentration
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found slightly hemolytic with 5.5+2.3%, 5.8+0.3%, and
4.5+ 1.1% hemolysis ratios at 0.25 mg/mL concentration.
Materials with <5% hemolysis ratio is considered as blood
compatible whereas materials with higher blood clotting index
is considered as blood compatible. Blood clotting index re-
sults of the CDs were shown very similar results with hemo-
lysis results as A- and L-CDs were not shown very important
effect on the thrombogenic activity of the blood with
83.7£5.1 an 97.2+4.0 blood clotting indexes, whereas H-,
C- and M-CDs can clot the blood with 67.7+19.5, 54.7+5.4,
and 68.7+3.6% blood clotting indexes, respectively at
0.25 mg/mL concentration. Therefore, these amino acid-
based CDs can be presumed blood compatible below
0.25 mg/mL concentration for potential blood contacting

applications.

To further affirm the versatility of amino acid derived CD
and impart new properties, e.g., attest antimicrobial properties,
A-CDs were modified with polyethyleneimine (PEI), a well-
known effectively antimicrobial material cationic charge. The
schematic representation of modification reaction was illus-
trated in Fig. Sa. A-CDs having -OH, -COOH, -NH and -
NH, groups on the surface was treated can be further modified
to conjugate PEL Therefore, A-CDs were treated with NaOH
and then reacted with epichlorohydrin (ECH) as coupling

agent.

(@)

HN

/
HoN

COOH

Arginine CDs

Upon modification of A-CDs with ECH, PEI that has abun-
dant number of -NH, groups can readily react with ECH on
the surface of A-CD to generate A-CD-PEI. Consequently,
zeta potential values of A-CDs was increased from
+2.84+0.67 mV to +34.41+4.17 mV for A-CD-PEI as given
in Table 1. Additionally, the size of this modified CD, A-CD-
PEl is increased significantly due to the surface coating of PEI
from 11+4 to 31+ 7 nm. The surface modification is further
corroborated with FT-IR analysis and the corresponding FT-
IR spectra are demonstrated in Fig. 5b. It is obvious in the
spectrum that the PEI modified A-CDs have strong bands at
3400-3100 cm™ ', 2948-2870 cm ', and 1395 cm™" because
of'the stretching vibrations of -NH, C-H, C-N and -NH groups
and their intensities were increased significantly due to newly
attached PEI groups. The rest of stretching frequencies in A-
CD-PEI are in accordance with PEI FT-IR peaks conforming
the success of modification reactions.

To evaluate the effects of the modification reaction, antimi-
crobial properties of A-CD and A-CD-PEI were determined
against Escherichia coli ATCC 8739 (gram -) and
Staphylococcus aureus ATCC 6538 (gram +) bacteria strains,
and the Minimum Inhibition Concentration (MIC) and
Minimum Bactericidal Concentration (MBC) values of A-
CD and A-CD-PEI particles were measured and compared
in Table 2.

PEI modified
Arginine CDs

(b)

Arginine CDs

C-N and -NH
r Y

e 3400-3100
= -OH ve -NH Arginine-CD-PEI
3400-3100 Aliphatic
“NH —CH, V|
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Fig. 5 a The Schematic representation of modification reaction of A-CDs with polyethyleneimine (PEI) by using epichlorohydrin (ECH) as coupling
agent, and b FT-IR spectra of A-CD and A-CD-PEI
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Table 2 Minimum inhibition concentration (MIC) and minimum bac-
tericidal concentration (MBC) values of A-CD and modified A-CD-PEI
particles against Escherichia coli ATCC 8739 (gram -) and
Staphylococcus aureus ATCC 6538 (gram +) bacteria strains

Carbon Dots (CD) MIC (mg/mL) MBC (mg/mL)

E. coli S. aureus E. coli S. aureus
A-CD 2.5 2.5 - 10
A-CD-PEI 1 1 2.5 5

It is obvious that the MIC values of A-CDs was significant-
ly reduced upon PEI modification which is 2.5-fold reduction
for both bacteria from 2.5 to 1 mg/mL against E. coli and
S. aureus. Furthermore, the MBC could only be determined
against S. aureus at 10 mg/mL concentration for A-CD parti-
cles. Interestingly, the MBC values of A-CD-PEI was signif-
icantly reduced for S. aureus from 10 to 5 mg/mL. Moreover,
the MBC value against E. coli for A-CD cannot be determined
as there was no antibacterial activity against this microorgan-
ism, however, upon PEI modification, A-CD-PEI revealed
strong antimicrobial susceptibility against E. coli. These re-
sults suggest that amino acid derived CDs with chemical mod-
ification can reveal another important application of these ma-
terials as antimicrobial materials as another potential biomed-
ical applications.

Conclusions

Here, we reported an easy, fast and facile preparation method
of N-, and/or S-doped amino acid such as A-, L-, H-, C- and
M- derived CD in a single step via microwave irradiation
methods in 2 min for biomedical applications. The following
significant outcome was attained;

* High photoluminescence efficiencies similar to fluores-
cence dyes with high quantum yields such as 29 +3%,
754+6%, 234+2%, 71+4%, and 12.9+0.8% for L-, H-,
C- and M-CDs, were measured suggesting the potential
bioimaging applications of these amino acid derived CDs.

* A- and L-CDs were found to be blood compatible with
less hemolysis and highest blood clotting indexes up to
0.25 mg/mL concentration whereas H-, C- and M-CDs
can be considered blood compatible at <0.25 mg/mL
concentration.

* Because of the many functional groups of the prepared
amino acid-based CD, the chemical modification was
shown the effective was to introduce new functionality
and properties to these CDs. For example, the zeta poten-
tial value of +2.84+0.67 mV A- CDs were increased to
+34.41+4.17 mV with PEI modification (A-CD-PEI) that
supplemented an antimicrobial property for this blood

comparable CDs against Escherichia coli ATCC 8739
(gram -) and Staphylococcus aureus ATCC 6538 (gram
+) bacteria strains.

Consequently, these amino acid derived CD are versatile
and offer great avenue for the monitoring and/or deciphering
various biological events such as determination the action of
interaction of drug molecules with cell or micro organism and
SO on.
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