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ABSTRACT: β-Cyclodextrin (CD) is currently exploited for the
implantation of lipophobic polymer dots (PDs) for antimicrobial and
anticancer laborers. Moreover, the PDs were investigated to act as a
chemo-sensor for metal detection. The data revealed that under basic
conditions, photoluminescent PDs (5.1 nm) were successively
clustered with a controllable size at 190 °C, whereas under acidic
conditions, smaller-sized non-photoluminescent carbon nanoparticles
(2.9 nm) were obtained. The fluorescence intensity of synthesized
PDs under basic conditions was affected by pH, and such an intensity
was significantly higher compared to that prepared under acidic
conditions. The PDs were exploited as florescent detectors in
estimation of Ag+ ions in aquatic streams. Treatment of Ag+ ion
colloids with PDs resulted in fluorescence quenching attributing to
the production of AgNPs that approved by spectral studies. The cell viability percent was estimated for Escherichia coli,
Staphylococcus aureus, and Candida albicans after incubation with PDs implanted under basic conditions for 24 h. The cell mortality
percent was estimated for breast cancer (MCF-7) after incubation with different concentrations of PDs that were implanted under
acidic versus basic conditions to show that treatment of the tested cells with 1000 μg/mL PDs prepared under basic (IC50 232.5 μg/
mL) and acidic (IC50 88.6 μg/mL) conditions resulted in cell mortality percentages of 70 and 90%, respectively.

1. INTRODUCTION
Polymer dots (PDs) are ascribed as one of the recently
investigated members of carbon quantum dots (CQDs),
ingrained from carbon enriched polymeric skeletons, decorated
with heteroatoms containing functional groups.1−3 PDs are
known to exhibit a spherical-like topography, with a particle
size less than 10 nm, to be characterized with more intriguing
properties compared with the other carbon nanostructures.4

These lead to make PDs act as superior alternatives for the
other members of carbon nanostructures.5−7 Numerous
reports were considerably interested in investigating of green
costless techniques for nucleation of CQDs owing to their
superiorly characteristic activities, like being chemically inert,
photoluminescence, cost effectiveness, bio-competence, and
abundancy of the starting equivalents.8−14

Fluorescent CQDs are exhibited with excellency over the
other metallic nanoparticles in different purposes owing to
their low toxic effects, biocompatibility, and biodegradabil-
ity.4,15−17 Therefore, it was exploited as good alternatives for
metallic-based nanostructures in drug delivery, bio-sensing,
bio-imaging, optoelectronic devices, photodynamic therapy,
photo-catalysis, electro-catalysis, and chemical sensing.18,19

Polysaccharides as organic biopolymers could be described
as good starting materials for the nucleation of PDs with an

active surface decorated with heteroatom-containing functional
groups. Meanwhile, starting with polysaccharides for clustering
of PDs is known suitable for surface decoration with oxygen/
nitrogen or sulfur-containing moieties, reflecting in acquiring
the ingrained PDs, the water hydrophilicity, and the
opportunity for further modifications.20 For controllable
geometry and size distribution, different synthesis method-
ologies were studied in order to proceed as a simple, less
expensive, and energy saving-large scale approach. Altering the
experimental factors such as reaction duration and temperature
also described as key parameters for adjusting the topography
and size average of the ingrained PDs. All of the recent studies
that demonstrated various synthetic methodologies are
generally categorized into two main techniques as top-down
such as oxidation21−23 and electro-chemical technique24,25 and
bottom-up such as the hydrothermal approach26−28 and
microwave-assisted technique.29,30
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Cyclodextrins (CDs) are prepared via enzymatic modifica-
tion of starch to be composed of six, seven, or eight
glucopyranoside units (α, β, and γ CD, respectively)
chemically bonded together via an α-(1−4) ether linkages.31,32
The arrangement of the glucopyranose moieties results in
preparation of a cyclic oligosaccharide with a lipophilic central
cavity. This characteristic structure promotes them to form a
stable inclusion complex with a wide variety of guesting
hydrophobic moieties.33 Therefore, PDs nucleated form CDs
could be ascribed as excellent candidates for the preparation of
selective and sensitive nano-objects for different targets since it
could be concurrently exhibited with the molecular recognition
properties of CDs and the optical activities of QDs.34

According to literature, chemical sensors based on natural
and derivative CD-capped QDs were synthesized for
biomedical and environmental purposes.34−37 Among all
types of CD, β-CD is the most commercially available one
and its cavity is characterized with adequate size to have stable
inclusion complexes for a wide variety of guesting molecules
especially the drugs. However, it exhibited with the disadvanta-
geous property of scarce water solubility (1.85 g/100 mL, at 25
°C).38
Various laborers were exploited as antiseptics and dis-

infectants for the inactivation of microorganisms to prohibit
their dangerous infectious actions;39−42 however, these
antimicrobial agents were disadvantageous with toxic effects
and extreme irritation, leading to risky effects like dermatotic
contact and mucous membrane irritating. Moreover, some of
the exposed microbes can adapt and show some resistance.43

Therefore, investigating of PDs as superior microbicidal
laborers with high potentiality and low toxic effects is
importantly required and considerably concerned.
On the other hand, PDs could be considerably exploited as

good laborers as metal detectors attributing to its bio-
competence. Whereas, some of heavy metals, such as zinc or
iron, are vitally required for human body and are shown with
low harmful effects in its limited concentrations, while they
have important effects in metabolism. On the other hand, some
heavy metals are very risky for human health although it exists
as traces, such as Hg, Pb, and Cd.44,45 These harmful metals
could be easily collected within the body and to be
coordinately interacted with the enzymes and nucleic acids,
leading to corruption of their normal functions.45,46 Herein, a
unique and green procedure is investigated for nucleation of
lipophobic PDs using β-CD. The clustered PDs were exploited
as probing reagents for environmental applications to be
applicable as a microbicidal reagent and florescent silver ions
detector in addition to be superiorly applied as anti-
inflammatory laborer. The current approach is performed
under hydrothermal conditions as a comparative study to
demonstrate the efficiency of CD as starting equivalent for PDs
under acidic versus basic conditions, taking in account the
effect of reaction temperature in nucleation of the desired
nanodots. Dialysis as a step of ultra-purification of the
ingrained PDs was performed for obtaining mono-dispersed
PDs. The affinity of the current approach in nucleation of PDs
was confirmed via different instruments like UV−visible
spectroscopic analysis, transmission electron microscopy
(TEM), FTIR, 1HNMR, and 13CNMR. Consequently, the
photoluminescence of the clustered PDs was also studied,
while the superiority in optical sensitiveness of the synthesized
PDs was exploited for the detection of silver ions.
Antimicrobial affinity of the synthesized PDs was estimated

via the inhibition zone technique with the evaluation of cell
viability percentage. Eventually, the potentiality of the
currently nucleated PDs based on CD as anti-inflammatory
reagents was comparative study between ingraining of PDs
under acidic versus basic conditions for clustering of cytotoxic
PDs against breast cancer (MCF-7) was estimated with the
WST-1 assay.

2. EXPERIMENTAL WORK
2.1. Materials and Chemicals. Β-CD (≥97%), magne-

sium chloride (MgCl2, 98%), potassium bromide (KBr, 99%),
silver nitrate (AgNO3, 99%), zinc acetate [Zn(CH3COO)2,
99%], copper nitrate [Cu(NO3)2, 99%], and cadmium nitrate
(Cd(NO3)2, 99%) were purchased from Sigma-Aldrich.
Sodium hydroxide (NaOH, 99%) and acetic acid
(CH3COOH, 99%) were supported by Merck, Darmstadt−
Germany. All chemicals were exploited as received and
prepared by using the deionized water.
2.2. Synthesis of Lipophobic CQDs. In 1 L, 10 g of CD

was dissolved under alkaline and acidic conditions, with 4% of
NaOH (or acetic acid), while at 90 °C, the reaction liquor was
left for 2 h under magnetic stirring. The solution color was
observably altered to be yellowish in color. Afterward, in a
vertical hydrothermal autoclave reactor, the reaction liquor was
transferred in an oven for complete clustering of PDs at 140
and 190 °C for 6 h. The dark brown reaction liquor was cooled
in atmospheric air to be centrifuged (at 5000 rpm for 20 min)
to remove the undissolved particles (precipitate). Finally, the
supernatants were dialyzed with distilled water by using Pur-A-
Lyzer dialysis kits (MWCO 6−8 kDa from Sigma-Aldrich) to
eliminate the enlarged particles and preserve the pure PDs for
further analyses.
2.3. Instrumental Characterization. Absorption spectra

for the prepared PDs colloids were manifested under UV−
visible spectrophotometry (T80 UV-VIS, PG instruments Ltd)
at 250−750 nm. Geometry and estimation of particle size for
the prepared nano-colloids investigated via anticipating of
high-resolution TEM from Japan (JEOL-JEM-1200). The
particle size of PDs was estimated by 4 pi analysis software
(from USA) for 50 particles at least. Under diffraction-limited
spatial resolution in the range of 500−3500 cm−1, the spectra
were obtained. Infrared spectra were recorded using Jasco FT/
IR 6100 spectrometer. The absorbance was detected in the
range of 500−4000 cm−1 using 15 points smoothing, 4 cm−1

resolution, and 64 scanning times with a scanning rate of 2 mm
s−1. Spectral mapping of nuclear magnetic resonance (1H
NMR and 13C NMR) was detected on a Jeol-Ex-300 NMR
spectrometer (JEOL-Japan). Photoluminescence for the
synthesized PDs was monitored via spectro-fluorometer
(JASCO FP8300). The measurements were performed at
room temperature with excitation at 340 nm, while emission
was estimated at room temperature.
2.4. Antimicrobial Affinity. Antimicrobial affinity of the

clustered PDs against selected pathogens was affirmed using
the Kirby−Bauer disk diffusion technique (inhibition zone
technique).47 In such an experimental test, three different
pathogens of Gram-positive bacteria strain (S. aureus), Gram-
negative bacteria strain (Escherichia coli), and fungal strain
(Candida albicans) were selected for examination. In the
mentioned test, different examined bacterial strains were
promoted for growing in the medium for preparing pathogenic
colloids. 100 μL of bacteria colloid was spread over agar plates
corresponded to the broth to be tested. 10 μL of PDs was
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dropped within the middle of plates for consequential
incubation at 37 °C for 1 day. The diameter of the inhibition
zone was estimated in mL with slipping calipers in accordance
to NCCLS, 1997.48

2.5. Anticancer Performance. Comparative study
between ingraining of PDs under acidic versus basic conditions
for clustering of cytotoxic PDs against breast cancer (MCF-7)
was estimated with the WST-1 assay, which was proceeded in

Figure 1. Scheme presented the preparation of PDs from β-CD.

Figure 2. Transmission electron micro images for the prepared PDs and the corresponding particle size distribution; [a] 140 °C-NaOH, [b] 190
°C-NaOH, and [c] 190 °C-acetic.
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Nawa Scientific Inc. (Mokatam, Egypt). The examined cells
were dispersed in a DMEM medium supplemented with
streptomycin (100 mg/mL), penicillin (100 units/mL), and
heat-inactivated fetal bovine (10%) in humidified, atmospheric
CO2 [5% (v/v)] at 37 °C. Using Abcam kit (ab155902WST-
1Cell Proliferation Reagent), via the WST-1 assay, the cell
mortal percentage was evaluated. 50 μL of cell suspension (3 ×
103 cells) was grown in 96-well plates for sequential incubation
for 1 day. Afterward, curing of cells with another aliquot of
PDs (50 μL) at serial concentrations of 10−1000 μg/mL was
proceeded. After 2 days of exposing to PDs, cells were left for
chemical interaction with WST-1 reagent (10 μL) and the
absorption was detected at 450 nm (using BMG LABTECH-
FLUOstar Omega microplate reader, Allmendgrün, Orten-
berg) after 1 h.49

2.6. Florescent Detection of Ag Ions. The as-
synthesized PDs were monitored for their luminescent
sensitiveness to be applied for detecting heavy metals to act
as luminescent metal detectors. With a concentration of 200
mM, Mg+, Cu+2, Cd+2, Ag+, Br−, and I− ions were so-prepared.
Utility of PDs as luminescent metal detector was performed in
PBS buffer (pH 7.0) at room temperature. Whereas, PDs (0.5
mL) were added to metal salts (0.5 mM). The colloids were
mixed, and after 1 h, at room temperature, the luminescence
emission spectral data were estimated. PDs were exploited in
the detection of Ag+ at different concentrations ranged in 0−
2.5 mM. The photoluminescent detection was carried out
using a spectro-fluorometer (JASCO FP8300) with excitation
at 340 nm.

3. RESULTS AND DISCUSSION
3.1. Nucleation of Multifunctional Lipophobic PDs.

Implantation of multifunctional lipophobic PDs as bioactive/
photoluminescent metal detectors was successively performed
via facile/green procedure under the hydrothermal conditions
from basic and acidic digested CD as schematically
summarized in Figure 1. In accordance to literature, the
mechanism for synthesis of the desired PDs was hypothesized
as follows: first, CD macromolecular units are suggested to be
digested under the effect of sodium hydroxide or acetic acid,
under two chosen reaction temperatures: 140 and 190 °C.
Sequentially, under the hydrothermal condition, re-polymeriz-
ing, aromatizing, and eventual oxidation were assumed to be
proceeded to produce carbon nanostructures; either carbon
nanoparticles (CNPs) or PDs.50 Last, the prepared nano-
colloids were dialyzed for ultra-purification to obtain mono-
dispersed PDs with regulable topography.50 CD was
preliminary hydrolyzed into glucose, that further degraded
into furfural moieties,51,52 that subsequently polymerized to
produce the desired PDs (in the form of aromatic graphite
sheets) as with surface decorative oxygen containing functional
groups for tuning the color of digested CD colloidal solution to
yellow and then to reddish brown color.53,54

Geometrical features and topography of the clustered PDs
under both acidic and basic conditions at 140 and 190 °C, and
the micrographs of TEM are plotted in Figure 2, whereas, the
size distribution was also estimated. The estimated data of
particle size revealed that all of the clustered PDs were
exhibited with smaller size less than 10 nm and spherical in
shape. Under basic conditions, PDs with the largest particle
size was nucleated at 140 °C (Figure 2a, 7.9 ± 2.9 nm),
however, elevation of reaction temperature up to 190 °C
resulted in the generation of more controllable/rationally

smaller-sized PDs with size distribution of 5.1 ± 1.8 nm
(Figure 2b). However, processing the reaction under acidic
conditions at 190 °C was shown to act in nucleation of CNPs
(Figure 2c, 2.9 ± 0.9 nm), as supposed in the reaction
mechanism, whereas acidification with elevated temperature
resulted in vigorous deterioration of the polymeric blocks of
CD to produce NPs rather than the desirable PDs.
Analysis of zeta electric potential was carried out for

informing the zeta potential of the currently prepared nano-
colloids under alkaline conditions compared to that nucleated
under acidic conditions. Zeta potential is a significant
parameter for the attraction or repulsive action between the
nanostructures in colloids. The smaller the size of the
suspended nanostructures, the greater is the detected negative
values of the zeta potential, i.e., higher is the stability of the
nano-colloid, as the stable colloidal suspension or dissolution
could protect PDs from agglomeration. It could be observed
from Figure S2, the detected negative charged value of zeta
potential for both of nano-colloids prepared under both of
acidic and basic conditions, to be ranged at −5 to −8 mV for
nano-colloid prepared under acidic conditions, whereas it was
estimated with higher negative value (−13 to −18 mV) in the
case of nano-colloid prepared under basic conditions. This
approves that nano-colloids prepared under basic conditions
were exhibited with better physical stability rather than that
prepared under acidic conditions.
The optical activities of PDs in grained from CD under both

acidic and basic conditions at 140 and 190 °C are presented in
Figure S2. The visual observation of the prepared sample
solutions (Figure S2c) showed that the CQD colloid that was
prepared under alkaline conditions at lower temperature of 140
°C was colorless, whereas elevation of the reaction temperature
up to 190 °C resulted in the preparation of the PD colloid with
a pale yellow color. However, performing the nucleation
reaction under acidic conditions at 190 °C generated CNPs
with the darkest reddish-brown color.
Figure S2a declared that, PD colloids prepared under basic

conditions showed two characteristic absorbance peaks for
CQDs; at 220 nm that is characteristic for π-electrons of the
C�C aromatic sp2 bond, i.e., π−π* transition, and at 280 nm
that is specified for n−π* of C�O groups, respectively.55,56

PDs are known to be characterized with spherical geometry
and are composed of aromatic sheets of carbon atoms to be
highly regulated in the crystalline structure. However, under
acidic conditions at 190 °C, CNPs were produced, whileC the
as referred typical bands were blue-shifted to a longer
wavelength due to vigorous deterioration of CD as previously
mentioned in the as-previously illustrated data.
Figure S2b was also plotted to show the spectral data of the

prepared nano-colloids for emission after excitation at 400 nm,
whereas the mapping data showed that the PD colloid
prepared under basic conditions at 190 °C was shown with
maximum estimated emission at 450 nm. These findings could
be illustrated in accordance to literature,57 as the optical
absorption spectral mapping data of the prepared PDs is
mainly detected in the ultraviolet range, the absorbance
spectral results are mainly related to PD luminescence that is
principally attributed to the composition of the crystalline
structure PDs with heteroatoms. Additionally, more control-
lable nucleation of PDs with highly oriented crystalline
aromatic structure or graphite structure, mainly results in the
estimation of the typical absorption bands of PDs with more
intensity.58−64 Therefore, the most intense typical absorption
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spectra of CQDs were estimated for nano-colloid prepared
under basic conditions at 190 °C to approve the compatibility
of CD for successive nucleation of ultra-purified/monodis-
persed PDs organized in aromatic graphite sheets, with a
controllable crystalline structure, under basic, hydrothermal
conditions at 190 °C, which is in harmony with the above-
illustrated data.58−64

For verification of the chemical composition of the
successively ingrained PDs, FT-IR spectral data for both
pristine CD as well as all of the prepared PDs are presented in
Figure S3, whereas the interpretation of the presented data was
performed. Native CD spectrum exhibited with typical bands
for the hydroxyl group and aliphatic group at 3292 and 2916
cm−1, respectively. The spectral map also showed with

characteristic bands for free carboxyl groups, glycosidic
bonds between monomeric units of gum macromolecules,
and to pyranose ring at 1614, 1016, and at 851 cm−1.
Meanwhile, FT-IR spectra for the prepared nano-colloids
showed that, the typical bands of CD were persisted after its
exploitation for nucleation of PDs under basic conditions
regardless of the reaction temperature. On the other side, the
characteristic peaks for C�O become more intense, while that
for OH still observed after exploitation of CD in preparation of
the desired nano-colloids. Additionally, a new band weak
characteristic band for un-substituted C�C bonds was
detected at 2845 cm−1. In addition, another band characteristic
for the aromatic structure has been detected at 1588 cm−1.
However, under acidic conditions at elevated temperature at

Figure 3. Antimicrobial efficiency for the prepared PDs; [a] photo images for the Petri-dishes with inhibition zones, [b] inhibition zone results, [c]
microbial viability for 190 °C-NaOH, and [d] microbial viability for 190 °C-acetic.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00873
ACS Omega 2023, 8, 16956−16965

16960

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00873/suppl_file/ao3c00873_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00873?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00873?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00873?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00873?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


190 °C, no IR bands were detected, meaning that a full
deterioration of CD polymeric blocks was realized under such
conditions.

1H NMR spectral mapping results for nano-colloids
prepared at 190 °C under both of acidic and basic conditions
are shown in Figure S4 for more confirmable elucidation of the
reaction mechanism of PDs clustering from CD macro-
molecular units under the hydrothermal condition. Figure
S4a showed 1H NMR for CQDs prepared from CD under
basic conditions, while the spectrum for PDs exhibited with the
typical bands for PDs at 1.8, 3.5−4, 4.5−5, and at 8.4 ppm,
characteristic for protons of sp3 C−H, protons of O−H,
protons bonded to C�O groups, and aromatic or sp2 CH�
CH protons, respectively. Whereas, such bands were similarly
detected under acidic conditions with red-shifting (Figure
S4b). Figure S4c,d is plotted for 13C NMR spectra PDs
prepared under both acidic and basic conditions at 190 °C. It
could be clearly observed that, the characteristic bands for PDs
were detected at 24, 73, 170, and 174 ppm, corresponding to
sp3 carbons, carbons attached with hydroxyl groups, C�C
specialized for aromatic or sp2 carbons and carbons of C�O
groups.65,66

All of the above-illustrated data approved the successive
growth of PDs from alkali hydrolyzed CD under hydrothermal
conditions through carbonization, cyclization, and aromatiza-
tion for clustering of PDs (as graphite sheets) with oxygen-
containing decorative groups which are responsible for the
lipophobic potentiality of the clustered PDs.
3.2. Antimicrobial Potentiality of PDs. It was numer-

ously reported that PDs are exhibited with antimicrobial
potentiality against different microbial strains.67−72 In the
current work, using the inhibition zone method, the
antimicrobial potentiality for the clustered PDs at 190 °C
under acidic (PDs-190 °C-acetic) and basic conditions (PDs-
190 °C-NaOH) was studied against three microbial strains;
Gram-positive bacteria (S. aureus), Gram-negative bacteria (E.
coli), and fungi (C. albicans). Additionally, PDs microbial
viability percent was also estimated. The evaluated data were
presented in Figure 3. The figured-out data clearly revealed
that, against all the tested microbial strains, PDs exhibited
excellence in the antimicrobial action. Figure 3a,b showed that
the PD colloid prepared under acidic conditions showed
higher affinity rather than that nucleated under basic
conditions; meanwhile, the inhibition zone diameter in the
plates with E. coli, S. aureus, and C. albicans and incubated with
PDs-190 °C-NaOH was evaluated to be 13, 12, and 13 mm,
respectively. Whereas, the preparation of CQDs-190 °C-acetic
showed superior antimicrobial affinity according to the
estimated values of inhibition zone to be 31, 27, and 28 mm
for S. aureus, E. coli, and C. albicans, respectively.
Form Figure 3c,d, it could be depicted that the estimated

microbial viability percent for the tested E. coli, S. aureus, and
C. albicans that were incubated with PDs-190 °C-NaOH and
CQDs-190 °C-acetic for only 4 h to be 39.0, 42.9, and 40.8
and 9.0, 17.1, and 15.5%, respectively. However, after
incubation with PDs-190 °C-NaOH and PDs-190 °C-acetic
after 24 h, microbial viability percentages were extensively
diminished to be 0.1, 0.1, and 0.1 and 0, 0.1, and 0.1%,
respectively. The estimated results are in accordance with that
studied in literature,14,67,69,71,73 and the mechanism of the
microbicidal action of the prepared PDs could be simply
described in the following points;

(i) The affinity of the prepared PDs as antimicrobial
laborers is mainly attributed to their surface decoration
with oxygen-containing groups.

(ii) Decorative oxygen-based groups are responsible for the
antimicrobial action of the clustered PDs against all the
examined microbes through the liberation of ROS
(reactive oxygen species).

(iii) The generated ROS acted in extermination of the
microbes, as ROS were easily entering through the
microbial cell wall, leading to motivate the oxidative
stress with deterioration of nucleic acids, to prohibit and
distortion of the genes expression, mitochondria
dysfunction, per-oxidization of lipids, inactivation of
intracellular proteins, and decomposition of cell wall,
resulting in apoptotic cell death.

(iv) Both of the tested samples showed excellence in
antimicrobial action; however, PDs-190 °C-acetic
showed superiority in the antimicrobial potentiality
that is logically attributed to the effectiveness of acidity
in disinfection in addition to the effect of the dispersed
PDs in the colloidal system.

Comparing to metallic nanostructural objects and metal−
organic frameworks that were represented in different
approaches,39−42 the currently synthesized nano-colloids
were shown to exhibit the maximized antimicrobial affinity.
This can approve the antimicrobial potentiality of the as-
clustered PDs in addition to its biocompatibility and low
toxicity. Therefore, it could be preferably applied as
antimicrobial reagents more than metallic nanostructures for
the medical and environmental applications.
3.3. Anticancer Affinity of PDs. Cell proliferation assay

(WST-1) is one of the colorimetry estimation techniques and
mainly relied on the chemical cleavage of tetrazolium salt
(WST-1) under the effect of succinate-tetrazolium reductase
from the respiratory chain of mitochondria in order to give
formazan dye in living cells. Meaning that, higher the number
of living cells, higher is the amount of the estimated formazan.
Therefore, following up the effect of adding WST-1 for the
detection of the formazan level in the examined cells is
quantitative estimation for living cells. Currently, the cell
proliferation assay was performed as a comparison study of
PDs’ anti-proliferative effects that were clustered under acidic
conditions versus PDs prepared under basic conditions against
a breast cancer (MCF-7) cell line. The cell mortality percent
was estimated for breast cancer (MCF-7) after incubation with
different concentrations of PDs that were implanted under
acidic versus basic conditions.
Cytotoxic effects of a certain anticancer reagent meaning the

motivation of necrosis, i.e., programmed cell death.74 The cell
mortality percent was estimated for the tested breast cancer
cells (MCF-7) after treatment with PDs prepared under acidic
and basic conditions, with different concentrations ranged in
0.1−1000 μg/mL (Figure S5). From the plotted results,
treatment of examined cells with the prepared PDs for two
days resulted in an unprecedented increase in cell mortality
percent. Incubation of the tested cell PDs prepared under the
basic condition with concentrations of 0.1, 10, and 100 μg/mL
resulted in cell mortality percentages of 10, 25, and 30%,
respectively. However, incubation of the tested cells with 1000
μg/mL of PDs prepared under basic and acidic conditions
resulted in cell mortality percentages of 70 and 90%,
respectively, to affirm the higher performance of PDs prepared
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under acidic conditions as anticancer reagent. Additionally,
estimation of IC50 also affirmed the affinity of PDs ingrained
under acidic conditions over that nucleated under basic
conditions, whereas it was evaluated to be 88.6 and 232.5 μg/
mL, respectively.
Anticancer and anti-proliferation actions of the clustered

PDs in the current approach could be hypothesized as the
clustered PDs with its free mobile electrons exhibited mortal
effects against the examined cancer cells via the generation of
ROS, while ROS acts in activating Caspase-3, that is identified
as one of end proteases, an enzyme acts in controlling the
necrosis and inflammation, as it essentially acts in deterioration
of cell structure via degradation of the cytoskeletal proteins or
fragmentation of nucleic acid.75,76 So, it could be summarized
that, incubation of the tested cancer cell line with the currently
nucleated PDs were mainly acted in the activation of Caspase-3
and consequently resulted in the eventual cell death.
The estimated data also revealed that, regardless of the

concentration of the exploited PDs colloid as the anticancer
laborer, PDs prepared under the acidic condition showed
higher anticancer affinity compared to that prepared under the
basic condition, which could be logically attributed to the
acidosis effect of PDs ingrained under acidic conditions.
Whereas, acidosis mainly affects in altering the cellular
metabolic activities for the most of metabolites to be
significantly reflected in metabolic disturbance. This alteration
results in a decrement in cellular proliferation and increased
the sensitivity of cells to ROS.
3.4. Optical Detection of Ag Ions in Aqueous Media.

One of the promising applicability of optically active PDs is to
be exploited as environmental probes for the detection of
different metal ions in aqueous media and in bio-sensing to
evaluate the percentage of water contamination, so as it could
be described as a feasible and environment friendly technique.
Currently, the synthesized PDs, that were preliminary prepared
at 190 °C under basic conditions were monitored for their
fluorescence sensitivity in the detection of metal ions in aquatic
media was systematically presented. The term in Figure 4 is
fluorescence emission intensity of PDs (after excitation at 400
nm) was estimated in the absence and presence of metal ions
[Mg+, Zn+2, Cu+2, Cd+2, Ag+, and Br−]. From the all examined
metal ions, the optical sensitivity of the currently prepared PDs
was maximized for Ag+ ions. Fluorescence emission of PDs was
mostly full quenched with 85 mM of Ag+ ions. The key
parameters for fluorescence intensity (F and F0) with
maximum excitation (400 nm) were further confirmed the
highest affinity for fluorescence quenching by Ag+ ions.
Compared to various reports in literature, florescent PDs
that were decorated with sulfur- or nitrogen-containing
functional groups were sensitive to copper and ferric
ions,77,78 while in the current approach, the ingrained PDs
decorated with oxygen containing groups is optically sensitive
for Ag+. The variability in the optical sensitivity of PDs for
different metal ions is owing to the variation in the surface
decorative groups79 that is subsequently attributing to the
interaction of silver ions with oxygen containing decorative
groups of the currently exploited PDs. The optical quenching
of metal ions that is relied on the concentration of the metal
salt was performed for the affinity of CQDs-190 °C-NaOH in
the detection of the selected metal ions in aquatic media
(Figures S6 and S4). From Figure S6a, silver ions were shown
to exhibit the maximized quenching of CQDs’ fluorescence,
whereas magnesium ions showed the minimized quenching of

CQDs’ fluorescence with an emission intensity of 53 and the
maximized quenching with an emission intensity of 20 for
silver ions solution (Figure S6b). Additionally, by comparing
between the absorbance spectrum of PDs-190 °C-NaOH
(Figures S2a and S6c) that represented the absorbance for
metal salt solutions after treating with PDs-190 °C-NaOH, it
could be clearly observed that a third significant absorption
band, identified as the surface plasmon resonance (SPR) band
characteristic for AgNPs, was observed in the case of treating
silver salt solution with the prepared CQDs-190 °C-NaOH.
These finding could be interpreted that the treatment of silver
salt solution with the as-prepared CQDs-190 °C-NaOH
resulted in fluorescence quenching attributing to the chemical
interaction between the nucleated PDs-190 °C-NaOH and
silver ions to generate AgNPs that is approved via the spectral
studies.
Figure 4 is represented for monitoring the effect of variation

in Ag+ ions concentration after treatment with the prepared
PDs-190 °C-NaOH, it could be declared that, when the silver
ions concentration was increased from 0.2 up to 2 mM,
fluorescence quenching is increasing that is logically attributed
to the chemical interaction between silver ions and PDs-190
°C-NaOH to liberate AgNPs (Figure 4a). Additionally, Figure
4b showed the effect of variation of silver salt concentration on
the emission intensity to be gradually lowered with the
increment of silver ions concentration to be minimized (15
mM) at the highest selected concentration of 2 mM. Figure 4c
is plotted for the estimated data affirmed the linearity between
the fluorescence of PDs and silver salt concentrations, whereas
R2 was quite high (coefficient determination = 0.9295).
Moreover, the linearity in Figure 4c, can be easily exploited
for estimation of the concentration of silver ions in different
aqueous media via identifying the florescent intensity of PDs or
from the estimated value of 1 − (F/F0).

4. CONCLUSIONS
CD was currently exploited for implantation of PDs as
bioactive laborers in order to be exploited as antimicrobial and
anticancer reagents. Moreover, the implanted PDs was
investigated to act as a safer alternative for metallic
nanoparticles to act as environmental probes for the detection
of metal ions in aquatic streams and attributing to their low
toxic impact, less expensiveness, chemically inertness, bio-
competence, and optical activities. Clustering of antimicrobial/
florescent metal detector PDs with lipophobicity was currently
carried out via a simple and green procedure. The effect for
digestive fragmentation of CD under basic versus acidic
conditions was systematically studied with following up the
effect of the reaction temperature for the successive
implantation of PDs with controllable topography and particle
size. The successiveness of the current approach in clustering
of PDs was confirmed via different instruments like, UV−
visible spectroscopy, TEM, FT-IR, and NMR. Subsequently,
the photoluminescence of the clustered PDs was also studied,
while the superior optical sensitiveness of PDs were applied for
detecting of silver ions. Antimicrobial affinity of the
synthesized PDs was estimated via inhibition zone technique
with evaluation of cell viability percentage. The estimated data
revealed that, size average for PDs prepared under basic
conditions (5.1 ± 1.8 nm) was clustered with a smaller size
rather than that nucleated under acidic conditions (2.9 ± 0.9
nm). The synthesized PDs were exploited as florescent
detectors in the estimation of Ag+ ions in the aquatic streams.
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The prepared PDs were also advantageous with antimicrobial
potentiality against S. aureus and E. coli and C. albicans. The
cell viability percentage after 24 h was estimated to be 0.1% for
PDs implanted under basic conditions toward S. aureus and E.
coli and C. albicans. The anticancer affinity (against breast
cancer, MCF-7) for PDs that implanted under acidic was
(IC50 88.6 μg/mL) much higher than that obtained under
basic conditions (IC50 232.5 μg/mL). The presented study
approved the affinity of CD as an organic biopolymer for
successive implantation of PDs exhibited with bioactivity and
superiorly exploitable as environmental probes for the
detection of silver ions in aquatic streams. The demonstrated
technique could be ascribed as a simple and green procedure

for large scaled synthesis of biocide/florescent detector PDs
instead of metallic nanoparticles for environmental purposes,
without using organic solvents or toxic chemical reagents.
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Bandosz, T.; Jiménez-Jiménez, J.; Rodriguez-Castellón, E.; Esteves da
Silva, J. C. G. Luminescent carbon nanoparticles: effects of chemical
functionalization, and evaluation of Ag+ sensing properties. J. Mater.
Chem. 2014, 2, 8342−8351.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00873
ACS Omega 2023, 8, 16956−16965

16965

https://doi.org/10.1016/j.colsurfb.2018.02.028
https://doi.org/10.1016/j.colsurfb.2018.02.028
https://doi.org/10.1016/j.colsurfb.2018.02.028
https://doi.org/10.1126/scitranslmed.aar6115
https://doi.org/10.1126/scitranslmed.aar6115
https://doi.org/10.4103/0253-7613.81505
https://doi.org/10.4103/0253-7613.81505
https://doi.org/10.1186/s11671-019-3088-6
https://doi.org/10.1186/s11671-019-3088-6
https://doi.org/10.1093/ajcp/45.4_ts.493
https://doi.org/10.1038/s41598-017-13357-5
https://doi.org/10.1038/s41598-017-13357-5
https://doi.org/10.1039/c1nj20575g
https://doi.org/10.1039/c1nj20575g
https://doi.org/10.1016/j.carbon.2010.02.006
https://doi.org/10.1016/j.carbon.2010.02.006
https://doi.org/10.1016/j.carbon.2010.02.006
https://doi.org/10.1039/c2ra22186a
https://doi.org/10.1039/c2ra22186a
https://doi.org/10.1039/c2ra22186a
https://doi.org/10.1016/s0960-8524(96)00099-5
https://doi.org/10.1016/s0960-8524(96)00099-5
https://doi.org/10.1039/c2nr32675b
https://doi.org/10.1039/c2nr32675b
https://doi.org/10.1039/c2nr32675b
https://doi.org/10.1021/acs.jpclett.9b02426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja807934n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja807934n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6tc02055k
https://doi.org/10.1039/c6tc02055k
https://doi.org/10.1039/c6ra28176a
https://doi.org/10.1039/c6ra28176a
https://doi.org/10.5935/0103-5053.20150094
https://doi.org/10.5935/0103-5053.20150094
https://doi.org/10.1155/2015/787862
https://doi.org/10.1039/c2ra00030j
https://doi.org/10.1039/c2ra00030j
https://doi.org/10.1039/c7qi00614d
https://doi.org/10.1039/c7qi00614d
https://doi.org/10.1038/srep31100
https://doi.org/10.1038/srep31100
https://doi.org/10.1038/srep31100
https://doi.org/10.3390/nano8121043
https://doi.org/10.3390/nano8121043
https://doi.org/10.1016/j.ijbiomac.2020.12.151
https://doi.org/10.1016/j.ijbiomac.2020.12.151
https://doi.org/10.1007/s10570-021-04147-4
https://doi.org/10.1007/s10570-021-04147-4
https://doi.org/10.1007/s10570-021-04147-4
https://doi.org/10.1021/acsami.8b08832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b08832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adhm.201600297
https://doi.org/10.1002/adhm.201600297
https://doi.org/10.1002/adhm.201600297
https://doi.org/10.7150/thno.39863
https://doi.org/10.1039/c8ra04664f
https://doi.org/10.1039/c8ra04664f
https://doi.org/10.1039/c8ra04664f
https://doi.org/10.1021/acssuschemeng.7b04566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b04566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b04566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.8b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.8b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2014.02.014
https://doi.org/10.15171/apb.2018.018
https://doi.org/10.15171/apb.2018.018
https://doi.org/10.15171/apb.2018.018
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1038/sj.cdd.4400945
https://doi.org/10.1038/sj.cdd.4400945
https://doi.org/10.1038/sj.cdd.4400945
https://doi.org/10.1007/s00604-017-2201-8
https://doi.org/10.1007/s00604-017-2201-8
https://doi.org/10.1007/s00604-017-2201-8
https://doi.org/10.1007/s00216-018-1079-6
https://doi.org/10.1007/s00216-018-1079-6
https://doi.org/10.1039/c4ta00264d
https://doi.org/10.1039/c4ta00264d
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

