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ABSTRACT: The alteration of ACE2 expression level, which has
been studied in many diseases, makes the topic of ACE2 inducer
potential crucial to be explored. The ACE2 inducer could further be
designed to control the ACE2 expression level, which is appropriate
to a specific case. An in vitro study of well-characterized carbon dots
(CDs), made from citric acid and urea, was performed to determine
their ability to modulate the ACE2 receptor. Gene expression of
ACE2 was quantified using concentrations adjusted for IC50 results
from CDs viability assays in HEK 293 and A549 cell lines. RT-
qPCR was used to assess the expression of the ACE2 gene and its
induction effect in normal cell lines (HEK-293A). According to the
results of the tests, ACE2 is expressed in HEK-293A cell lines, and
diminazene aceturate can increase ACE2 expression. The effect of
CDs on ACE2 gene expression was further examined on the cell lines that had previously been induced with diminazene aceturate,
which resulted in upregulation of the ACE2 expression level. An in silico study has been done by using a molecular docking
approach. The molecular docking results show that CDs can make strong interactions with ACE2 amino acid residues through
hydrophobic interaction, π−π interaction, π-cation interaction, and ionic interaction.

1. INTRODUCTION
Angiotensin converting enzyme 2 (ACE2) is a type-I
transmembrane metallo-carboxypeptidase found in various
human tissues and organs.1−3 ACE2 is an integral membrane
protein, an enzyme-linked receptor, which has an active site
that faces the extracellular membrane and an enzyme site for
catalytic function on the intracellular side.4 Based on the
registered database of ACE2 in GTEx Portal (https://www.
gtexportal.org/), ACE2 gene expression is abundant in the
adipose tissue, breast, small intestine, and testis, followed by
the colon, heart, kidney, and lung in lower amounts, and many
other tissues. ACE2, a homolog of angiotensin-converting
enzyme (ACE), performs its function by converting
Angiotensin-I (Ang-I) or Angiotensin-II (Ang-II), produced
by ACE, into Ang (1−9) and Ang (1−7). The balance of the
renin-angiotensin system between the deleterious axis (ACE/
Ang-II/angiotensin type 1 receptor [AT1R]) and the vaso-
protective axis (ACE2/Ang-(1−7)/Mas receptor [MasR]) is a
pivotal condition to maintain cardiovascular homeostasis.
Therefore, ACE2 may be relevant to a few diseases such as
diabetes, lung injury, and fibrotic disease, as it has roles in
counter-regulating the renin-angiotensin system (RAS).5

Myocardial infarction (MI) causes imbalance in RAS due to
the increase of the vasodilator axis and the decrease of the
vasoprotective axis, which is indicated by the upregulation of

ACE2 expression at the beginning as a compensatory
mechanism and then a significant decrease in the heart failure
stage.6 A clinical study of ACE2 in individuals with diabetic
kidney disease showed that the ACE2 protein expression level
was lower than in healthy kidney patients (in both the
tubulointerstitium and glomeruli).7

One of the common methods to determine the ACE2
expression level and activity is by quantifying the mRNA
expression using RT-qPCR by the comparative 2−ΔΔct method.
This method calculates the relative fold gene expression of the
samples and normalizes the mRNA expression to the
endogenous reference gene β-actin.8 Further analysis was
conducted to study the ACE2 activity by quantifying the gene
expression levels of AT1R, MasR, Ang 1−7, or Ang-II as a
result of ACE2 activities in RAS.8

A few medicines called ACE inhibitors (ACEi) and
angiotensin receptor blockers (ARBs) are used as therapeutic
agents for cardiovascular diseases. Their therapeutic mecha-
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nism increases the ACE2 activity and further inhibits the
deleterious axis of RAS. As one of the ARBs, the potential of
diminazene aceturate (DIZE) has been studied to attenuate
ischemia-induced cardiac pathophysiology since it could
enhance ACE2 activity, which plays an essential role in
myocardial infarction (MI). DIZE treatment showed a
decrease in the infarct area and restored the normal balance
of RAS.6 In contrast, another mechanism of ACEi and ARB
was found to inhibit kidney ACE with a reduction of ACE2
expression. Wysocki et al.9 studied the effect of captropil and
telmisartan treatment, and found a downregulation of ACE2
expression levels. Also, some other ACEi and ARB were
reported to not affect ACE2 expression at protein levels of the
kidney.10

Since ACE2 has a pivotal role as one of the RAS regulators,
studying how any drug could modulate ACE2 would be an
interesting topic. One of the interesting materials that have
been studied regarding their interaction with ACE2 is carbon
dots as a novel material in nanomedicine. It is well known that
CDs have low toxicity, so they could potentially interact with
ACE2 without affecting the cell mortality. Since they have
varied functional groups and small particle sizes, CDs show
enhanced potential to modulate ACE2.

A recent study of CDs related to cardiovascular disease
studied the utility of their fluorescence and low toxicity for
their use as a diagnostic agent for biothiol detection, indicating
many disorders and diseases.11 CDs also showed potential as a
drug delivery or therapeutic agent in many studies. A study
showed that combining curcumin with CDs can enhance the
antiviral effect of EV21 in vitro and in vivo.12 Several additional
papers also mention the possibility of combining curcumin
with CDs to prevent colon and breast cancer.11,13 CDs have
recently been a renewable fluorescent probe for molecular
imaging. As a result, CDs can be considered a promising agent
in the fight against viral infections. CDs have previously shown
their capability to inhibit the HCoV-229E receptor.14,15

Furthermore, the role of CDs in the therapy of infectious
disorders such as the Human Immunodeficiency Virus (HIV),
ebolavirus, and SARS-CoV is still being researched.15 The
potential of CDs in other biological uses is also being explored,
including the study of cytotoxicity in breast cancer cell lines
and as an anti-mycoplasma drug that can protect cells from
infection due to their peroxidase catalytic activity.16

In this study, CDs were tried on the human embryonic
kidney cell line HEK-293A to determine their potential in
ACE2 expression modulation. The cytotoxicity assay was
performed to calculate the IC50 of CDs on HEK-293A as a
normal cell line and A549 as a cancer cell line to assess the
potential of CDs as a therapeutic drug. This assay was also
used as a preliminary investigation to ensure that the
concentrations used to quantify ACE2 would not impair cell
growth and development. ACE2 gene expression was also
quantified without and with specific inducers to establish the
presence of ACE2 expression and the influence of the inducer
on the normal cell lines. This type of cell line is based on
previous studies that have analyzed the distribution of ACE2 in
renal cell lines (HEK-293A).17 To confirm the modulation of
ACE2 was induced by the CDs, we further analyzed the
interaction between ACE2 and CDs in molecular scope by
computational analysis. The potential of CDs as ACE2
modulators will be revealed as a result of this research, and
they will be able to be used as a treatment approach for ACE2-
related pathological illnesses.

2. MATERIALS AND METHODS
2.1. Materials. Materials: Citric acid (Sigma Aldrich), urea

(Sigma Aldrich), DI water, HEK-293A and A549 cell lines
(Collection of Cell and Molecular Biology Laboratory, Faculty
of Pharmacy, Padjadjaran University), Dulbecco’s Modified
Eagle Medium (Sigma Aldrich), penicillin-streptomycin (PS)
(Sigma Aldrich), fetal bovine serum (FBS) (Sigma Aldrich),
phosphate buffer saline (Lonza), TrypLe (Gibco), Trypan blue
solution (Sigma Aldrich), GoTaq-1-Step RT-qPCR System
(Promega), Nuclease Free Water (Promega), ethanol (Merck),
isopropanol (Sigma Aldrich), Ribozol RNA reaction reagent
(Life Science), chloroform (Merck), ACE2 forward and
reverse primers (Macrogen), GAPDH forward and reverse
primers (Macrogen), Captopril (Kimia Farma), dexametha-
sone sodium phosphate (Phapros), Tryponil/1.05 g of
diminazene aceturate, and 1.31 g of phenazone (Interchemie),
Cell Counting Kit 8 (CCK-8), and aquades pro injection.

2.2. Synthesis of Carbon Dots. The synthesis process of
CDs using the hydrothermal method is shown in Figure 1a.

Citric acid and urea were dissolved in the deionized water by
stirring for 30 min at room temperature. Then, the mixture was
added to a hydrothermal tube and heated at 140 °C for 5 h.
The colloid is filtered using a membrane syringe filter of 0.22
μm and then freeze-dried to collect the powder of CDs. CDs
were stored at room temperature without exposure to direct
light before further usage.

2.3. Carbon Dots’ Characterization. The character-
izations of CDs included size and morphology analysis, optical
properties, functional group analysis, and surface charge
measurement.
2.3.1. TEM Characterization. The size and morphology of

the CDs were measured by a transmission electron microscope
(TEM HT7700 Hitachi, Japan). The CDs were dispersed in
water and dropped on the TEM grids (carbon-coated copper
grids). After air drying the TEM grids, the images of the
sample were taken at 120 keV. The particle size distribution of
CDs was examined by measurement of ∼100 particles’
diameter using ImageJ software.
2.3.2. UV−Vis Absorption and PL Measurement. The

absorbance of CDs was measured by the UV−vis spectropho-

Figure 1. Method of experiment diagrams. (a) CDs synthesis process
with the hydrothermal method; (b) RNA extraction process.
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tometer (UV−Vis N4S, China) with a range of 200−800 nm.
Then, a fluorescence spectrophotometer (G9880A Fluores-
cence Spectrophotometer Agilent) was used to measure the
emission and excitation spectra of CDs with an excitation slit
width of 5 nm and an emission slit width of 5 nm. The
fluorescence behavior of excitation dependency was measured
by choosing an excitation range of 340−500 nm with a 25 nm
increment.
2.3.4. FTIR Characterization. The functional groups

contained in the CDs’ structure were analyzed by mixing the
sample with KBr into a pellet and further measured by a
Fourier transform infrared spectrometer (FTIR, Bruker α,
Germany) around the range of 4000−400 cm−1.
2.3.5. Zeta Potential Measurement. Zeta Potential

measurements were used to determine the surface charge of
CDs. Around 1 ml of the sample was filled into the zeta cell.
The measurements were performed using a zeta potential
analyzer, Horiba SZ-100, for three replication times.

2.4. Cell Interaction Study of the Carbon Dot.
2.4.1. Cell Culture. Human lung adenocarcinoma cells
(A549) and human embryonic kidney 293 cells (HEK-293A)
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 15% FBS and 1% PS solution in a
humidified 37 °C, 5% CO2 incubator.
2.4.2. Cell Viability Assay. The HEK-293A and A549 cell

lines were grown at 15,000 cells per well in the 96-well plate.
The cells were cultured for 24 h with different dosages of CDs
in water. The media was then replaced with a CCK-8 reagent,
and the cells were incubated for 2 h. At a wavelength of 450
nm, absorption analysis was performed using a Spectropho-
tometer-Tecan Nanoquant Microplate Reader, and cytotoxicity
calculations were performed using the equation IC50 = (50 −
b)/a, where a and b were determined from the equations of the
cytotoxicity test graph line.
2.4.3. Identification of ACE2 Expression after Induction.

The human embryonic kidney cell line HEK-293A was
cultured in DMEM media containing 10% FBS and 1%
penicillin-streptomycin in an incubator at 37 °C and 5% CO2.
Furthermore, 35 × 104 cells/well were seeded into 6-well
plates and incubated for 24 h. The media was then replaced
with a mix of media and each of the inducers, including
captopril (Abuohashish et al., 2017), dexamethasone sodium
phosphate (Sinha et al., 2020), diminazene aceturate (Tao et
al., 2016), and PBS as a control. Then, the RNA from the cell
line was extracted after 24 h according to the RNA extraction
procedure. The GoTaq-1-step RT-qPCR system (Promega)
technique was used to carry out the quantification process.
Table S1 shows the primers used in this study.
2.4.4. Study of ACE2 modulation by Carbon Dots. The

HEK-293A cell lines were maintained in a DMEM medium
containing 10% FBS and 1% penicillin-streptomycin in an
incubator at 37 °C and 5% CO2. Furthermore, seeding was
carried out in 6-well plates with concentrations of 35 × 104

cells/well, and then cultured for 24 h. Then, the initial medium
was replaced with a mixture of media with diminazene
aceturate as an ACE2 inducer. After the induction process
for 24 h, the media was replaced with a mixture of media with
CDs (75, 150, and 300 ppm) and then incubated again for 24
h. RNA from the cells with the test sample was extracted
according to the RNA extraction procedure. The Ribozol RNA
reaction reagent (Life Science) protocol was used for RNA
extraction, which had been tweaked through an optimization
process.18 The extraction procedure is shown in Figure 1b. The

GoTaq-1-step RT-qPCR system (Promega) technique was
used to perform the quantification process. The primer used is
shown in Table S1.

2.5. In Silico Study of Carbon Dots and ACE2
Interaction. 2.5.1. Preparation and Optimization of the
Ligand and Receptor Structure. The ligands used in this study
consisted of CDs, where the CDs were modeled by using the
N-pyridinic, N-pyrrolic, and N-graphitic forms of the CDs, as
shown in Figure 2b−d, respectively. The three-dimensional

structure of ACE2 was obtained from a database of The
Research Collaboratory for Structural Bioinformatics Protein
Data Bank (RSCB PDB) (https://www.rscb.org) in PDB file
format. The code structure used is 6M0J, chain A, as shown in
Figure 2a. The ligand molecule was created with the help of
Avogadro software version 1.2.0.19 Furthermore, the ligand
molecule was optimized using the DFT method with B3LYP-
D4 functional and the def2-TZVP basis set using ORCA
version 5.0.3 software package.20 The ACE2 receptor was
minimized using the em_run.mcr macro on YASARA software
version 22.5.22 with AMBER14 force field.21,22

2.5.2. Molecular Docking. The next step in this research is
to dock the ligand molecule to the ACE2 receptor molecule.
Molecular docking studies were carried out using YASARA
software version 22.5.22 with the VINA molecular docking
method.23 Before molecular docking, system optimization was
carried out by removing water molecules, adding and
distributing the partial charge of the atoms using the Kollman
method, and adding polar hydrogen atoms. The other
parameters were set according to the default values. The
conformers from molecular docking were further analyzed to
determine the hydrogen bonding, Van der Waals forces,
hydrophobic interactions, and electrostatic interactions.
YASARA implements a scoring function, where the more
positive the binding affinity value of a ligand on the receptor,
the better, because the more strongly does the ligand bind
noncovalently to the binding pocket receptor.21,24 The active
site of the ACE2 receptor, which becomes the binding pocket
for the ligand, consists of amino acid residues that interact with
the spike protein of SARS-CoV-2, namely Serine 19,
Glutamine 24, Threonine 27, Proline 28, Aspartic Acid 30,
Lysine 31, Phenylalanine 32, Histidine 34, Glutamic Acid 35,
Aspartic Acid 38, Phenylalanine 40, Tyrosine 41, Glutamine
42, Leucine 45, Methionine 82, Tyrosine 83, Asparagine 330,
Leucine 351, Glycine 352, Lysine 353, Glycine 354, Aspartic
Acid 355, Arginine 357, Alanine 386, and Arginine 393.25

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of CDs. Carbon

dots (CDs), an emerging nanomaterial with excellent
biocompatibility, were synthesized by the hydrothermal
process. Figure 3 shows that the as-synthesized sample is in

Figure 2. Structure of (a) angiotensin-converting enzyme 2 (ACE2),
(b) graphitic-N form of carbon dots, (c) pyridinic-N form of carbon
dots, (d) pyrrolic-N form of carbon dots.
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dark green with blue emission under UV excitation. The color
of the CDs solution produced in this synthesis is dark green, in
accordance with the general photoluminescence color of CDs,
which is green or blue.26,27 The TEM characterization results
showed the typical CDs with the size of ∼2.9 nm (Figure
3a).28,29 The particle size distribution of CDs ranged between
1 and 7 nm. The morphology of the CDs displayed typical
spherical particles in the TEM images. ACE2 comprises a 805
amino acid (AA) type-I transmembrane protein, which is 110−
120 kDa in molecular weight and ∼3 nm in length.30 This size
is similar to our synthesized material, CDs, increasing the
potential of this nanoparticle to interact with the receptor
without any steric obstacle.

The absorbance spectra of the CDs showed peaks at
wavelengths of 220 and 360 nm (Figure 3b). These findings
are consistent with earlier research on the properties of the
CDs.31 In addition to these wavelengths, there is a modest
peak at 650 nm, which is part of the NIR window area and is
used in cancer therapy. Emission measurements were also
carried out at an excitation wavelength of 365 nm and
produced a peak at 460 nm (Figure 3c). At this wavelength,
the CDs produce a blue glow. The results of this character-
ization also resemble the previous CDs study in which the blue
glow produced under 365 nm UV exposure indicated that CDs
have been formed.32 The CDs also showed excitation-
independent behavior with the highest fluorescence intensity
at 350 nm of excitation wavelength. The synthesized CDs have
an abundance of the O−H/N−H functional group, as shown
in Figure 3d, with a broad peak at 3000−3500 cm−1. The peak
at 1628 cm−1 indicated that the C�O/C�C functional group
involved in the conjugated double bond of carbon with the C-
O/C-N at 1454 and 1363 cm−1 resulted in the fluorescence of
CDs after lightening by the UV beam.33,34 As reported in our
previous work, these typical CDs plausibly consist of various
C−N configurations, including Pyridinic-N, Pyrrolic-N, Graph-
itic-N, and Amino-N, on their surfaces.35 Therefore, it is highly

plausible that the as-prepared CDs are N-doped CDs rather
than pristine CDs.

3.2. Viability Assay of Carbon Dots on Normal and
Cancer Cells. CDs viability assay was performed on HEK-
293A and A549 cell lines with various concentrations. The
viability assay chart is shown in Figures 4. The correlation

between concentration and cell viability could be well suited
for second-order polynomial models with a regression of >0.9.
The equation IC50 = (50 − b)/a was used to calculate the
IC50 of CDs. The decision to use this cell line was based on a
prior study that found ACE2 in kidney cells36 and respiratory
cells.37 The assay results were conducted to establish safe
concentration limits for cells to assess the effects of CDs on
ACE2 levels.38

The state of the cells before and after treatment with various
concentrations of CDs is shown in Figure S1. As the doses of
CDs increased, the density of HEK-293A cells decreased, as
shown in Figure S1. The CDs showed compatibility in the
normal cell with a half maximum inhibitory concentration
(IC50) of 0.378 and 0.263 mg/mL in HEK-293A and A549 cell

Figure 3. CDs characterization. (a) TEM image and size distribution graph of CDs. (b) Absorbance spectrum of CDs. (c) Excitation and emission
spectra of CDs. (d) FTIR spectrum of CDs.

Figure 4. Graph of CDs’ viability assay on HEK-293A and A549.
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lines, respectively. CDs are more potent in cancer cells than in
normal cells at relatively high doses. Some reports showed that
CDs have low toxicity to normal cells. Thus, it could be a
promising drug delivery agent.39

3.3. Modulation of ACE2 in the HEK-293A cell line
with Carbon Dot. The results for the purity of the HEK-
293A RNA extraction for quantification of ACE2 are shown in
Tables S2 and S3 for inducer treatment and CDs treatment,
respectively. The acceptable ratio of A260/280 pure RNA is
∼2.0.

The lower ratio achieved in these two assays (Tables S2 and
S3) indicated that the sample was contaminated by the leftover
chemicals used in the extraction process. The melting curve in
the HEK 293A cell lines gave rise to peaks at the same
temperature, according to the test results; a complete depiction
is shown in Figure 5a and S2. The presence of peaks at the
same temperature suggests that the analysis method revealed a
single product that is either particular or free of contamination.
The effects of CDs at various concentrations on the ACE2 of

the HEK-293A cell line are then compared, revealing a
difference in the ratio (Figure 5c).

The potent concentration of CDs to modulate the ACE2
expression level, after being induced by DIZE (the highest
upregulator of ACE2 in Figure 5b), was started from 150 ppm
since there was no significant increase in ACE2 expression. As
the concentration of CDs increased, the ACE2 expression level
also increased much higher than that of its inducer. Therefore,
CDs, which has similar potential as DIZE, could be utilized in
some cardiovascular cases that need to balance the RAS. The
previous report showed that upregulation of ACE2 activity by
induction in vivo could lower the vasoconstriction of the Ang-
II effect, leading to reduced blood pressure. Wang et al. (2021)
studied the potential of DIZE to protect ACE2 enzyme activity
during lung ischemia-reperfusion (IR) injury in vitro and in
vivo.40 Based on a review of ACEi and ARB medicines found
to protect against acute lung injury (ALI), some reports
showed that the ACE2 in tissues could be upregulated by
ACEi, while the ARB upregulated the urinary ACE2 level.41

Figure 5. Result of ACE2 modulation in HEK-293A cell lines. (a) Melting curve of ACE2 in HEK-293A using RT-qPCR. (b) Quantification of
ACE2 modulation by inducers in HEK-293A cell lines. (c) Quantification of ACE2 modulation by CDs in HEK-293A cell lines after induction.

Figure 6. Interaction of ACE2 amino acid residue with the (a) Graphitic-N form of carbon dots, (b) Pyridinic-N form of carbon dots, and (c)
Pyrrolic-N form of carbon dots from the molecular docking results.
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The upregulation of ACE2 by perindopril, one of the ACEi,
was studied for liver fibrosis therapy and resulted in hepatic
function improvement due to the increase of the ACE2-Ang
(1−7)-MAS axis.42 However, this result could be different
from the complete system in vivo; hence, further analysis
should be conducted to get an appropriate interpretation.

3.4. Molecular Interaction Study of Carbon Dots and
ACE2. Carbon dot (CDs)-derived ligands in this investigation
were screened for their inhibitory ability against ACE2, with
the optimized structure shown in Figure 6. Pyridinic-N,
Pyrrolic-N, and Graphitic-N CDs are a variation of N-doped
CDs, which are attractive to be explored in previous studies
and applications.35,43,44 The results of docking using YASARA
software on the four ligand compounds and ACE2 yielded data
with binding energy values. The binding energy is calculated
using an empirical equation as shown in eq 1.45

= + + + +G G G G G GvdW Hbond elec tor desolv
(1)

where ΔGvdW is the van der Waals term in the docking energy,
ΔGHbond is the hydrogen bond term, ΔGelec is the electrostatic
term, ΔGtor is the torsional free energy term of a compound
when the compound moves from the unbound state to the
bonded state, and ΔGdesolv is the de-solvation term for the
docking energy.

The more positive value of binding energy indicates that the
affinity of the ligand to the ACE2 receptor is better according
to the YASARA scoring convention (Krieger and Vriend, 2014,
2015). In other words, the more positive the binding energy
value, the more stable the interaction between these ligands
and ACE2. In addition, the more positive the binding energy
value, the stronger the bond between the ligand and the
receptor. The data obtained from the docking result, the
summary of the interaction type, the total interaction number
and strength of hydrophobic interaction, π−π interaction, π-
cation interaction, and ionic interaction between five ligand
compounds with ACE2 can be seen in Tables S4−S9,
respectively.

These data show that all of the ligands have positive values.
This indicates that they could make strong interactions with
the ACE2 receptor. Table S4 shows that the interaction
between CD ligands and the ACE2 receptor has a binding
energy value of 10.677, 10.529, and 10.567 for Pyridinic-N
CDs, Pyrrolic-N CDs, and Graphitic-N CDs, respectively.
These values indicate that the Pyridinic-N CDs ligands have
stronger and more stable interactions with ACE2. The
potential of ligand compounds as ACE2 inducers can be
studied further by analyzing other data generated from the
molecular docking process, such as binding position, type of
bond, distance, and ACE2 amino acid residues involved in
bonding with the ligand compounds.

YASARA Structure software was also used for further
identification to analyze the most relevant interactions from
the closest interatomic distance. The results of this analysis can
be seen in Figure 6 and Tables S4−S9. Based on these data, it
is known that the Pyridinic-N CD ligand compound, which has
the best affinity when compared to other ligands, was also able
to form hydrophobic interactions with ASN 33, HIS 34, GLU
37, LYS 353, GLY 354, and ALA 386, which have the average
strength of 3.379. Similar to other CD ligands, this ligand is
also capable of forming π-π interaction with HIS 34 and π−
cation interaction with LYS 353 and ARG 393, which have an
average strength of 6.668 and 3.201, respectively. However,

there is no ionic interaction between Pyridinic-N CDs and
ACE2 amino acid residues. The Pyrrolic-N CDs are capable of
forming hydrophobic bonds with residues of HIS 34, GLU 37,
LYS 353, GLY 354, and ALA 386; π−π interaction with HIS
34; π−cation interaction with LYS 353 and ARG 393; and
ionic interaction with ARG 393, with average interaction
strengths of 4.399, 5.155, 2.003, and 0.584, respectively. There
are more than 10 total interaction numbers for the strongest
interaction between the CD ligand and ACE2 receptor amino
acid residues, which make the CD ligand have a strong
interaction with the ACE2 receptor. The last CD ligand
compound, Graphitic-N CD ligand, formed hydrophobic
interactions with ASN 33, HIS 34, GLU 37, LYS 353, GLY
354, and ALA 386 residues; π-π interaction with HIS 34; and
π-cation interaction with LYS 353 and ARG 393. However,
besides ARG 393, GLU 37 also contributed to forming ionic
interaction with Graphitic-N CDs. These interactions have an
average strength of 3.778, 6.671, 2.695, and 0.431 for
hydrophobic, π−π, π-cation, and ionic interaction, respectively.

These molecular docking results indicate that most of the
interactions between the Pyridinic-N CDs, Pyrrolic-N CDs,
and Graphitic-N CDs ligands and ACE2 occur at residues HIS
34, GLU 37, PHE 40, SER 43, SER 44, TRP 69, TRP 349, LYS
353, GLY 354, PHE 390, LEU 391, and ARG 393. These
residues are located around the active site of the ACE2 enzyme
since the active site consists of Serine 19, Glutamine 24,
Threonine 27, Proline 28, Aspartic Acid 30, Lysine 31,
Phenylalanine 32, Tyrosine 41, Glutamine 42, Leucine 45,
Methionine 82, Tyrosine 83, Asparagine 330, Leucine 351,
Glycine 352, Lysine 353, Glycine 354, Aspartic Acid 355,
Arginine 357, Alanine 386, and Arginine 393.25 This result
indicates that carbon dot ligands can be promising inhibitors to
inhibit the activity of the ACE2 enzyme.

3.5. Discussion. Carbon dots (CDs) have been attractive
to be explored since their modification showed advantages in
biomedicine applications. Many researchers tried to improve
the lack of efficacy from small-molecule drugs (molecular
weight in the range of 0.1−1 kDa) by creating nanoparticles
with graphene-like structures as a core that have functional
groups as the active site. This kind of structure was proposed
to be composed of carbon dots that are 1−10 nm in size and
typically have fluorescence. The alteration of small molecules
to nanoparticle size, surface charge, and structure may give
considerable pharmacological effects. It may reduce the
toxicity, have a specific binding site, and extend the circulation
time in the blood.46 Many studies have been conducted to look
for the appropriate application of specific disease treatment
using CDs.

ACE2 regulation by specific inducers is considered to be
explored since it is one of the pivotal components of RAS.
ACE2 is a biomacromolecule that catalyzes Ang-II degradation
to yield Ang (1−7), which balances the vasoconstrictor effect
of the ACE-Ang-II axis.47 The details of ACE2’s roles in RAS
are shown in Figure 7. Some inducers are known to alter the
catalytic activities of ACE2 by changing its structure. The
structure alteration could be due to the conformation change
or a change in the bonding pattern of ACE2. Kulemina and
Ostrov predicted the conformational shuffling of ACE2
because of modulation by three Food and Drug Administration
(FDA)-approved compounds: hydroxyzine (HXZ), minithixen
(CTX), and diminazene (DMZ).48 The results showed that
those compounds could bind to the ACE2 receptor, which is
the active site, and change the substrate specificity. This
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alteration was in conformity with the rate-limiting hypothesis
of substrate binding or product release.

The synthesized CDs showed potential to modulate the
ACE2 expression level due to their interactions as per the
dose-dependent experimental results. ACE2 expression level
could be upregulated by 150 ppm of the CDs concentration
after being induced by DIZE. The molecular analysis of this
event was consistent with the computational results that CD-
containing nitrogen strongly interacts with the ACE2 receptor.
The experimental results showed that the functional group
containing nitrogen from the urea precursor could be one of
the reasons for ACE2 modulation. Any kind of nitrogen
position in the structure of CDs is considered to affect the
interaction between ACE2 and CDs, as shown in the
computational result, which could further improve the CDs
synthesis.35 The low toxicity of these CDs to the normal cell
line and their capability to enhance ACE2 activity suggest that
they could be a promising treatment for high blood pressure or
hypertension with fewer side effects.

4. CONCLUSIONS
As a kind of new nanoparticles with low toxicity, the CDs show
potential to modulate ACE2 by upregulating the gene
expression level by up to 150 ppm of the CDs concentration
after being induced by DIZE. This preliminary research data
on the effect of modulating CDs on ACE2 in the HEK-293A
cell lines might be considered a reference for further research.
From an in silico study using the molecular docking approach,
it has been shown that CDs can make strong interactions with
ACE2 receptor amino acid residues, with the binding energy
values of 10.677, 10.529, and 10.567 kcal/mol for the
interactions of ACE2 receptor amino acid residues with
Pyridinic-N CDs, Pyrrolic-N CDs, and Graphitic-N CDs,
respectively. These results suggest that the interaction between
CDs and ACE2 resulted in the upregulation of ACE2 gene
expression level, potentially giving a protective therapeutic
effect for cardiovascular-related diseases. Further studies need
to be carried out to prove how CDs are involved in RAS, which
is correlated to the balance of ACE/Ang-II/angiotensin type 1

receptor [AT1R] and ACE2/Ang-(1−7)/Mas receptor
[MasR] complexes.
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