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ARTICLE INFO ABSTRACT

Keywords: Hypothesis: Yeast cell walls are a sustainable biomass source containing carbon and other elements
Saccharomyces cerevisiae like phosphorus. Converting cell walls into valuable nanomaterials like carbon quantum dots
Yeast cell wall (CQDs) is of interest.

Carbon quantum dots
Green synthesis
Hydrothermal

Experiments: Cell walls from Saccharomyces cerevisiae were hydrothermally treated in 0.5 M H2SO4
to produce CQDs. Multiple analytical techniques were utilized to confirm phosphorus-doping (P-
CQDs), characterize the fluorescence properties, determine quantum yield, and evaluate the
sensing, antimicrobial, photocatalytic, and antioxidant capacities.

Findings: A successful synthesis of P-CQDs was achieved with strong blue fluorescence under UV
excitation, 19 % quantum yield, and excellent stability. The P-CQDs showed sensitive fluores-
cence quenching in response to ferric ions with a 201 nM detection limit. Antibacterial effects
against Escherichia coli and Staphylococcus aureus were demonstrated. P-CQDs also exhibited dye
degradation under sunlight and antioxidant activity. So, the prepared P-CQDs displayed prom-
ising multifunctional capabilities for metal ion detection, disinfection, and environmental
remediation. Further research is required to fully realize and implement the multifunctional
potential of P-CQDs in real-world applications.

1. Introduction

Quantum dots (QDs) are light-emitting nanoscale semiconducting particles that have unusual optical and electronic properties, due
to the quantum confinement effect. The dimensions of the QDs are roughly equivalent to those of a large protein (typically in the range
of 1-10 nm), made up of 200-10,000 atoms, which is smaller than the exciton Bohr radius of the bulk semiconductor materials. This
results in a confinement of the electronic wave function, leading to discrete energy levels and a tunable bandgap that can be controlled
by the QDs’ size [1,2]. The family of carbon quantum dots (CQDs), including graphene quantum dots, is an emerged and up-and-comer
member of the QDs, with distinctive optical, physicochemical, and electrical properties. They are similar in structure and properties to
graphene oxide but differ in terms of size [3,4]. Due to their distinct advantages over conventional semiconductor QDs, such as their
environmental friendliness, high conductivity, water solubility, low toxicity, and affordable synthesis techniques, these carbon-based
nanoparticles have drawn significant attention during the last decade [5,6]. CQDs can also be produced and modified using simple
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techniques, making them a promising nanomaterial for a variety of uses, including biosensing, bioimaging, nanomedicine, drug de-
livery, photocatalysis, photovoltaics, and optoelectronics [7-10].

Pyrolysis, microwave-assisted, and hydrothermal synthesis are the most commonly-used methods used for the fabrication of CQDs
from various carbon sources. CQDs can also be doped with various heteroatoms, such as nitrogen, sulfur, boron, and phosphorous,
which have been shown to further enhance their properties and expand their potential applications. Different techniques can be used
for doping CQDs, including single-step one-pot synthesis, or several-step processes. The choice of doping method can affect the final
properties of the CQDs, so the doping procedure must be optimized to produce the desired properties and fully understand the potential
of CQDs and their variations [11]. CQDs can be synthesized from any carbon source, ranging from synthetic (different polymers,
carbon powder, graphite, etc.) to natural carbon sources (such as leaves, paper, microorganisms, food wastes, plants, etc.) [12,13].
Using cost-effective natural precursors and green fabrication methods for the synthesis of CQDs has been a worthy approach recently,
due to considerable cost advantages and environmental waste-management benefits. The CQDs obtained from natural sources roughly
possess comparable elemental compositions. However, the presence of non-carbon atoms in the molecular structure of the precursor
(such as nitrogen, phosphorous, or sulfur) leads to the synthesis of doped CQDs, with unique properties, without the need for additional
surface coating and processing steps [13,14].

The yeast cell wall as a natural carbon resource for the green synthesis of CQDs, due to its high carbon content, is an essential
organelle in maintaining the shape and integrity of the organism, and the mechanical strength of the cell, so that it can withstand
environmental changes in osmotic pressure [15]. The outer layer of this yeast cell wall mainly consists of mannoproteins, which are
negatively charged proteins highly glycosylated with mannose or mannosyl phosphate residues [16,17]; so it contains phosphate,
nitrogen, and sulfur atoms. The yeast cell wall is generally produced as a by-product of the yeast extract manufacturing industry. After
lysing intact yeast cells, the soluble intracellular fraction (yeast extract) and the insoluble yeast cell wall fraction are separated [18].
Therefore, the utilization of yeast cell walls is very desirable for advantageous waste and cost reduction. The cell wall of Saccharomyces
cerevisiae species of yeast represents 15-30 % of the cell’s dry weight [19] and is mainly composed of glucan (50-55 %), mannoprotein
complex (35-40 %), lipid (1-3%), and chitin (1-2%) [16,20], as schematically illustrated in Fig. 1. The composition of yeast cell walls
can significantly impact the properties of the synthesized CQDs, including their electronic structure, surface functionalities, and
interaction with biological systems. This makes yeast cell walls a multifunctional precursor for CQDs with tailorable properties.

In the present study, the yeast cell wall was extracted from Saccharomyces cerevisiae and used as a natural carbon source for the
green synthesis of CQDs. The generated CQDs were subsequently analyzed in terms of some physiochemical and biological
characterization.

Inner layer outer layer
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glucans Oligosaccharides

Fig. 1. Schematic illustration of the Saccharomyces cerevisiae’s cell wall and the components of its two layers. The inner layer is composed of chitin
and p-1,3 and p-1,6 glucan. The mannoproteins and glycoproteins are indicated in the outer layer.
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2. Materials & methods
2.1. Yeast cell wall preparation

To isolate the yeast cell wall, enzymatic hydrolysis was employed to lyse the yeast cells, utilizing a protocol previously established
in our laboratory. For that, 15 % (w/v) of the baker’s yeast cell suspension was prepared in distilled water. After adjusting the pH to
7.0, the suspension was transferred to a glass vessel. A mixture containing equal aliquots of two enzymes, alcalase and flavourzyme
(Novozymes), was added at 0.5 % (v/v) concentration and the hydrolysis process was run for 48 h at 55 °C under shaking. After
hydrolysis of the yeast, the vessel was boiled for 5 min at 100 °C to terminate the enzymes’ activity. The yeast cells before and after
hydrolysis were stained with 0.1 % methylene blue solution and observed under light microscopy. The insoluble cell wall was
separated from the soluble yeast extract by centrifugation (5000 g for 15 min), and used as the precursor for CQDs synthesis.

2.2. Synthesis of CQDs and calculation of quantum yield

Thermal gravimetric analysis/direct thermal analysis (TGA/DTA) was performed using a TGA-DTA-DSC (SDT Q600-TA In-
struments, Spain) to inspect the thermal behavior of yeast cell wall, with the purpose of finding the optimal temperature ranges for
CQDs synthesis. Samples of about 20 mg were heated up in helium from 0 to 700 °C with a flow rate of 40 ml/min and a heating rate of
10 °C/min.

A hydrothermal process was applied to generate CQDs from the yeast cell wall. For this reason, a solution of 3 % (w/v) of the yeast
cell wall in 0.5 M phosphoric acid was prepared and stirred for 2 h at room temperature. The homogenous solution was transferred to a
hydrothermal reactor and placed in an oven at 250 °C for 5 h. The resultant CQDs solution was centrifuged at 7000 g for 30 min, and
the supernatant was used for further analysis.

The fluorescent quantum yield (@) of the synthesized CQDs was determined using the comparative method with quinine sulfate in
0.1 M H2SO4 as a standard reference. Quinine sulfate has a known quantum yield of 54 % under 360 nm excitation [21] and was
prepared in five concentrations in 0.1 M H2SO04 (refractive index () 1.63). The CQDs were also prepared in five concentrations
dissolved in water (1 1.33). The absorbance of all solutions was kept below 0.1 to minimize reabsorption effects. The fluorescence
emission spectra of the CQDs and quinine sulfate dilutions were recorded at 360 nm excitation and the integrated fluorescence in-
tensity was plotted against the absorbance at 360 nm. The gradients of the linear fit for the CQDs (mCQDs) and quinine sulfate (mST)
were used to calculate the quantum yield of the CQDs using the following equation:

®cqps = Pst(Mcgps / Mst) (Negps / Nst)

Where ®ST is the known quantum yield of quinine sulfate (54 %), mCQDs and mST are the gradients from the fluorescence intensity
plots, and nCQDs and nST are the refractive indices of water (1.33) and 0.1 M H2SO4 (1.63), respectively.

2.3. pH, concentration, and storage condition optimization

The pH, storage temperature, and concentration of the obtained supernatant were optimized to achieve a CQDs solution with the
maximum fluorescence emission. The pH of the supernatant solution was 1.28 and was adjusted to 3, 4, 5, 6, and 7 using NaOH 1 M.
The prepared samples were dropped on Whatman paper, and the fluorescence intensity was visualized under UV light in a Gel-Doc
apparatus. The 3 % solution (with optimized pH) was serially diluted to the final concentrations from 1/10 to 1/200. The diluted
solutions were stored at 25, 4, and —20 °C for 48 h. The highest detected fluorescence intensity on the Whatman paper was considered
the optimized concentration and storage condition. The fluorescence intensities were compared using ImageJ software. Eventually, the
optimized CQDs solution underwent dialyzed using a membrane with a 3.5 kDa molecular weight cut off in deionized H»0, lyophilized,
and ground for further analysis.

2.4. Chemical characterization of synthesized CQDs

2.4.1. Optical characterization; UV-visible, fluorescence spectroscopy

The UV-visible absorption spectra of the synthesized CQDs solution were analyzed in the wavelength range of 190-800 nm using a
UV/Visible spectrometer (Thermo/Biomate 5 from USA). CQDs were excited at seven wavelengths (310-370) and the corresponding
emission spectra (at 350-700 nm) of the CQDs were recorded by a fluorescence spectrophotometer (Thermo, Biomate 5, USA).

2.4.2. Compositional characterization

The set of analytical techniques employed enabled comprehensive characterization of the functionalization, crystallinity, elemental
makeup, and doping levels of the P-CQDs synthesized from yeast cell walls.

FTIR analysis was performed using a Frontier FTIR spectrometer (Nexus 470, USA) over the range of 4000-400 cm ™ to identify
functional groups and chemical bonds present in the yeast cell wall substrate and synthesized P-CQDs. Changes in spectral peaks after
CQDs synthesis provide insights into surface functionalization and passivation. The crystalline nature of P-CQDs was analyzed by X-ray
diffraction (XRD) using an analytical diffractometer (Philips/PW1730, Poland). Scans were obtained from 26 angles of 20°~100° at a
scan rate of 2 min~'. The diffractograms were indexed to identify crystalline phases based on peak positions and intensities. X-ray
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spectroscopy mapping (EDX-MAP) was done using a MIRA II instrument (France) to elucidate the elemental composition and dis-
tribution in the cell wall and P-CQDs. This verifies the presence of expected elements like carbon, phosphorus, and oxygen after
synthesis. The carbon, hydrogen, nitrogen, and sulfur content of the P-CQDs was quantified using a TruSpec CHNS analyzer (TruSpec/
USA) to determine bulk elemental composition.

2.5. Morphological characterization

To prepare P-CQDs for morphological analysis, an ultrasonic treatment was performed to disperse the P-CQDs and prevent ag-
gregation. The zeta potential and particle size analyzer (Horiba Instrument/SZ100, Japan) was used to measure both the size and
surface electric charge of synthesized P-CQDs, based on phase analysis light scattering technology. The particle size distribution and
electric charge of the P-CQDs in an aqueous solution were obtained from dynamic light scattering (DLS) performed in the automatic
mode, using a diode-pumped doubled laser 2 nm light source, with a maximum intensity of 10 mW and wavelength of 532 nm. To
minimize the scattering effects, the sample was diluted at a ratio of 1:100 before DLS analysis. Qualitative and quantitative analyses of
P-CQDs were performed using transmission electron microscopy (TEM) (CM120/Netherlands). 100 mg of P-CQDs powder was soni-
cated at 750 W for 5 min and after homogenization, a thin layer of the sample was prepared. The maximum magnification was 180
thousand times and the maximum voltage was 100 kV.

2.6. Fluorescence quenching assay with different salts and in real samples

To evaluate the feasibility of P-CQDs as a fluorescent probe of heavy metals, we used some salts of ions including magnesium sulfate
(MgS04), manganese II chloride (MnCly), Zinc chloride (ZnCly), sodium chloride (NaCl), Iron II sulfate (FeSO4) and Iron III chloride
(FeCls). The mixtures containing 0.06 % P-CQDs and 0.5 mM of each salt were prepared and incubated for 5 min at room temperature.
The changes in fluorescence intensities and sediment formation were detected using fluorescence measurement. The relative fluo-
rescence intensity (RFI) was used for the calculation of quenching efficiency, which is a measure of the fluorescence signal of a sample
relative to a reference or control measurement. It is calculated using the formula:

RFI=(F, —F)/ Fy

where Fy and F represent the steady-state fluorescence intensities in the absence and presence of a quencher or inhibitor, respectively.
The salts with P-CQDs quenching ability were analyzed further with increasing concentrations ranging from 10 to 500 pM. The
standard curve was plotted and the limit of detection (LOD) and limit of quantification (LOQ) were calculated using the following
equations:

LOD =33 x 6/S and LOQ = 10 x 6/S

where o is the standard deviation of y-intercepts the regression line and S is the slope of the standard curve.

The biosensing potential of synthesized P-CQDs for analyzing Fe*' in complicated biological samples was evaluated in the human
serum, using the previously described method [22] and with slight modifications. In brief, the serum sample was allowed to clot by
leaving it undisturbed at room temperature for 30 min and then centrifuged at 1500 g for 15 min. The supernatant (the liquid portion
of the serum) was separated and diluted 10-fold with Tris-HCI buffer (10 mM, pH = 7.0). Thus, 50 pL of P-CQDs (0.6 mg/ml) and 50 pL
different concentrations of Fe>* (0.1-1 uM) were distributed in 400 pL diluted human serum, and incubated for 30 min at room
temperature. The fluorescence emission spectra were analyzed at 360 nm excitation wavelength.

2.7. Antimicrobial activity

The antibacterial activity of P-CQDs was determined against a strain of gram-negative Escherichia coli (ATCC 25922), and a strain of
gram-positive Staphylococcus aureus (ATCC 25923) using agar well diffusion and macro dilution methods. In the agar well diffusion
assay, the working strains of bacteria were prepared from the frozen strains (—80 °C) by spreading them on the culture plates. Three
well-isolated colonies with the same morphological type were transferred into a tube containing 5 ml of suitable fresh medium and
incubated at 37 °C until it reached or exceeded the turbidity of 0.5 McFarland (1.5 x 108 CFU/ml). Then, 10° CFU/ml of bacteria were
cultivated on the Muller Hinton Agar (MHA) plates under aseptic conditions. The 6 mm diameter wells were cut into the surface of the
agar using a sterile Pasteur pipette. 100 pl of different dilutions from 3 % (w/v) P-CQDs (in physiology serum) were added to each well
and incubated at 37 °C for 24 h. After the incubation period, the diameters of the inhibition zones were measured. Distilled water was
used as the negative control and each assay was carried out in triplicate.

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were determined using the Macro-
dilution method [23]. Twelve two ml serial two-fold dilutions of P-CQDs (started from 3 % (w/v)) were prepared using an autoclaved
MHB culture medium. One ml of adjusted bacterial concentration (10° CFU/ml) was used to determine MIC. The solution contains only
inoculated bacteria in MHB without P-CQDs and the solution contains only P-CQDs without bacteria, considered as negative and
positive controls, respectively. The cultures were incubated for 24 h at 37 °C. The lowest concentration of P-CQDs, where no visible
growth was detected, was considered as MIC endpoint. 100 pl of cultures with no visible growth were cultivated on the MHA plates and
incubated for 24 h at 37 °C. The lowest concentration of P-CQDs that killed 99.9 % of bacteria was considered the MBC endpoint.
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2.8. Photocatalytic experiment

The photocatalytic activity of P-CQDs was gauged by the photodegradation of methylene blue aqueous under natural sunlight. A
0.2 % (w/v) mixture of P-CQDs in methylene blue solution (6 mg/ml in distilled water) was prepared and homogenized by
magnetically stirring for 1 h at room temperature and in dark. The solution was aliquoted in test tubes (10 ml in each). The tubes were
exposed to direct sunlight (~daily temperature = 20 + 2 °C) for 200 min and during this period 1 ml of solution was collected every 20
min. In the end, the collected samples were centrifuged at 5000 rpm for 10 min to remove the catalyst. The photodegradation of
methylene blue was determined based on adsorption at 662 nm using UV/Vis spectrophotometer, which was converted to the
methylene blue concentration using the standard calibration curve [24].

2.9. Antioxidant activity

The total antioxidant capacity (TAC) of P-CQDs was determined using a ferric-reducing antioxidant power (FRAP) assay using a
commercial standard kit (Naxifer™, Navand Salamat). The FRAP measures the antioxidant power of P-CQDs based on the reduction of
colorless ferric-tripyridyltriazine (Fe**-TPTZ) to an intense blue-colored ferrous-tripyridyltriazine complex (Fe**-TPTZ) which is
measured at 593 nm. The chemistry behind the method was described in detail by Huang et al. [25]. The antioxidant activity was
expressed as mmol Fe?™ per mg of sample. The experiment was done in triplicate. Trolox, a water-soluble vitamin E analog, was
provided by the kit as an antioxidant standard.

3. Results
3.1. Prepared yeast cell walls and P-CQDs

Staining of yeast cells before and after hydrolysis indicated that the cells were completely broken and the content of the cells inside
has been removed from the cell wall (Fig. 2a, b). The lysed cell walls were separated using centrifugation and used for further tests.

According to the TGA/DTA analysis of the yeast cell wall (Fig. 3), the phase transformation and weight loss occur around 248.33 °C,
implying the thermal decomposition of the yeast cell wall initiated at this temperature. A preliminary analysis of the optical char-
acterization of the generated CQDs was used to determine the heating time. In this work, the hydrothermal treatment of yeast cell wall
was performed at 250 °C for 5 h. During synthesis, the sample liquid color turns dark brown and emits fluorescence under UV-light
irradiation.

3.2. Condition optimization and quantum Yyield

Visually, the point on the Whatman paper corresponding to pH 4 had the most fluorescence brightness. Fluorescence intensity
quantification using ImageJ confirmed the visual observation (Fig. 4a). The optimality of pH 4 was also verified in PL analysis (section
3.3.1). Diluting the P-CQDs solution up to 1:100 (in the optimized pH) positively affects the fluorescence intensity (Fig. 4b). The
temperature of 4 °C (in the optimized pH) showed the highest fluorescence intensity and was chosen as the optimized temperature for
the storage of synthesized P-CQDs (Fig. 4c). The quantum yield of synthesized P-CQDs at the optimized conditions was measured to be
19 % using quinine sulfate as the reference. The fluorescent plot of quinine sulfate and P-CQDs are shown in Fig. S1.

Fig. 2. The yeast cells were stained with methylene blue both a) before and, b) after the enzymatic digestion. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. TGA/DTA analysis of yeast cell wall. The phase transformation and weight loss occur at 248.33 °C.
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Fig. 4. Optimized condition of P-CQDs. a) Fluorescence intensity of P-CQDs at different pHs; pH 4 had the most fluorescence brightness and was
chosen as the optimal pH. b) Diluting the P-CQDs solution up to 1:100 (in the optimized pH); dilution of 1:100 was chosen as the optimal diluting
ratio. c) Storing of P-CQDs at different temperatures (in the optimized pH); 4 °C was chosen as the optimal storage temperature. The error bars show
SD of three tests.

3.3. P-CQDs characterization

3.3.1. Optical characterization

The UV/Visible absorption spectrum of P-CQDs in the range of 190-800 nm indicated the maximum absorption at 210 nm (Fig. 5a),
which is attributed to the n-n* electronic transitions of aromatic C=C bonds in the P-CQD core structure. These carbon domains give
rise to the observed absorbance peak based on their characteristic electronic transitions [1,2]. Based on the photoluminescence (PL)
emission spectra obtained across pH 4 to 7, 360 nm was determined to be the optimal excitation wavelength for the P-CQDs, yielding
the highest emission intensity at 450 nm (Fig. 5b). This optimal excitation corresponds to the absorbance tail in the UV region and
results in blue luminescence emission, demonstrating the quantum confinement effects of the synthesized P-CQDs. The blue-shifted PL
peak is attributed to the quantum confinement of excitons within the nanoscale CQDs, which causes discretization of energy levels and
blue-shifting of optical bandgap as the particle size approaches the exciton Bohr radius. The tunable emission spanning the visible
spectrum similarly arises from quantum confinement effects that depend on CQDs size.

3.3.2. Compositional characterization

The FTIR spectra of the yeast cell wall precursor (Fig. 6a) display several dominant peaks corresponding to O-H, C-H, N-O, C=C,
and C-O-C bonds. This indicates the heterogeneous, multifaceted composition of yeast cell walls, which contain diverse carbohy-
drates, proteins, and lipids. The variety of functional groups allows broad absorption of infrared irradiation due to the range of
vibrational modes. In contrast, the P-CQDs show fewer, narrower peaks, suggesting a more homogeneous structure compared to the
complex native cell wall composition. The near complete disappearance of aliphatic C-H peaks indicates the hydrocarbon components
have been removed during the carbonization process, resulting in dot cores composed primarily of carbon atoms. The presence of
aromatic C—=C stretches (960-980 cm-1 and 1610 cm-1) confirms the P-CQD sample contains a higher fraction of conjugated sp2
carbon domains compared to the original biomass.
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Fig. 6b shows the XRD diagram of the P-CQDs following synthesis, which displays the distinctive P-CQDs peaks at 20 equal to
21-24, 25-30, and 31-34°. The peak of 20-22° represents C=C aromatic bonds, which are compatible with the peaks identified in the
FTIR. The different peaks seen in the crystal structure of P-CQDs are caused by the simultaneous presence of numerous nanostructures
in it.

The EDX analysis in Fig. 6¢ compares the forming elements of the yeast cell wall substrate and the P-CQDs. Relative to the pre-
cursor, the P-CQDs showed a notable increase in oxygen and phosphorus content, accompanied by a decrease in carbon percentage.
The heightened oxygen levels indicate the formation of additional oxygen-containing functional groups on the P-CQD surface during
synthesis. More significantly, the marked increase in phosphorus confirms the successful doping of phosphate atoms within the
nanocarbon core structure. This provides direct evidence for P-doping through incorporation of phosphorus hetero-atoms during
carbonization of the yeast cell walls into quantum dots.

According to the results of CHNS analysis, the percentage of each element including carbon, nitrogen, hydrogen, and sulfur can be
seen in the graphs related to the yeast cell wall and P-CQDs in Fig. 7a, b. The results show a prominent reduction of carbon after the
synthesis of P-CQDs

3.3.3. Morphological characterization

DLS analysis indicated a uniform size distribution of nanoparticles in P-CQDs solution with a mean diameter of 3.2 £+ 0.3 nm
(Fig. 8a). The zeta potential of P-CQDs has measured —1.4 mV (Fig. 8b) which indicates the slightly negative charge of P-CQDs surface.
The results of TEM and histogram of nanoparticle diameter dispersion are shown in Fig. 8c and d; the most distributed nanoparticles
are measured in diameters of 5-7 nm.

3.3.4. Fluorescence quenching assay

In Fig. 9a, the fluorescence emission of the P-CQDs solution was tested against six different ions, including MgSO4, MnCly, ZnCl,,
NaCl, FeSOy4, and FeCls. The results showed that FeCls and to a lesser extent FeSO4 quenched the fluorescence emission of P-CQDs
solution. Further analysis of FeCl3 showed that it can quench the synthesized P-CQDs fluorescent in a dose-dependent manner (Fig. 9b).
The standard curve was plotted for 12 concentrations of FeCl3 at an excitation wavelength of 360 nm (Fig. S2), and the LOD and LOQ of
FeCl; were calculated to be 201 nM and 611 nM, respectively. The results of measuring Fe>' in the serum sample showed a narrow
range of detectable Fe3* concentration (0.1-0.5 pM). Higher concentrations of Fe3* did not quench the P-CQDs in a logical trend. The
standard curve was drawn for the 0.1-0.5 pM range of Fe3* (Fig. S3), and the LOD and LOQ were calculated to be 117.9 and 357.5 nm,
respectively, in the serum sample. Since the normal range of free, or non-transferrin-bound Fe>" in plasma samples is 0.6-1.3 pM [26],
the synthesized P-CQDs may be applicable for the detection of free Fe>* in human serum samples.

3.4. Antimicrobial, photocatalytic, and antioxidant activity

The agar well diffusion assay results showed that different concentrations of P-CQDs generated an inhibition zone in both E. coli and
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S. aureus culture plates, while the inhibition zone in the S. aureus culture plate was bigger (Fig. 10a and b). Fig. 10c compares the
diameter of the inhibitory zones for various P-CQDs concentrations. In E. coli and S. aureus culture plates, the undiluted P-CQDs (made
from a 3 % concentration of yeast cell wall) produced the greatest inhibitory zone with 2.5 times the effectiveness against S. aureus. P-
CQDs could be diluted up to 1:100 without losing the ability to prevent the growth of S. aureus, however, at 1:60 there was no longer
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Fig. 10. Antibacterial activity of four concentrations of P-CQDs against a) S. aureus, b) E. Coli, and c) inhibition zone diameter. The error bars show
the SD of three antibacterial tests on plates.

any inhibitory impact on E. coli.

The results of MIC and MBC, shown in Table 1, confirmed the higher antibacterial activity of synthesized P-CQDs against the gram-
positive S. aureus than gram-negative E. Coli.

According to Fig. 11, the synthesized P-CQDs have significant photocatalytic activity and the concentration (value of absorbance at
662 nm) of methylene blue was decreased in the presence of P-CQDs and under sunlight irritation. The downward trend related to the
photodegradation of methylene blue began after 40 min and was continued until the end of test time (200 min). The control sample
incubated at the same condition, but in the dark, showed no differences in the absorbance.

Six concentrations of the Trolox standard (0, 0.1, 0.2, 0.3, 0.4, 0.5 mM) were used to prepare the standard curve (Fig. S4). The TAC
of P-CQDs was calculated 2.5 mM Fe?*/mg by using the obtained equation from the standard curve.

4. Discussion

CQDs are a new class of material that has emerged as a promising alternative to traditional inorganic quantum dots for sensing,
medical, and imaging applications. Green synthesis of CQDs (and other nanoparticles) has gained significant attention due to several
advantages including: I) using low-cost and non-toxic raw materials, which makes it an economical and eco-friendly approach [27], II)
using renewable resources, which can help in reducing environmental problems such as converting agro-waste into valuable products
[28], IIT) being a simple and facile synthesis method that does not require complex operations [29], IV) production of stable CQDs with
high fluorescence, which have potential applications in various fields [30], and V) avoiding the production of CQDs from harmful and
costly resources like metals, which makes it a safer and sustainable approach [28]. One of the most commonly used dopants for CQDs is
phosphorous. Phosphorus doping of CQDs enhances their properties by altering the electronic state levels and producing more emissive
sites in CQDs, which generates more intense fluorescence [31]. Furthermore, P-CQDs have been found to have intrinsic peroxidase
activity in a wide range of pH, as well as effective antibacterial activity against Escherichia coli and Staphylococcus aureus. They can
easily be made by hydrothermally treating the main precursor material and phosphoric acid [32,33]. One significant advantage of the
CQDs produced from waste yeast cell walls is their low toxicity. The biocompatible carbon core derived from cell walls ensures that
these nanomaterials are safer for both human health and the environment. This is a notable advantage over conventional metal-based
quantum dots that contain toxic elements like cadmium [34]. Additionally, the mild hydrothermal synthesis method occurs in water
using relatively benign reagents like aqueous phosphoric acid [35]. This avoids the use of hazardous organic solvents, minimizing
harm to workers and the environment during production. In recent years, various green synthesis methods have been developed using
natural sources such as plant extracts and food waste to produce CQDs with strong fluorescence and sharp emission peaks [27,36]. This
groundbreaking study uniquely utilizes the yeast cell wall as a novel, sustainable carbon source for the environmentally friendly
synthesis of P-CQDs with immense potential for biological activities. The renewability, low toxicity, and efficient use of waste biomass
make this an attractive green chemistry approach to P-CQD production.

Table 1

MIC and MBC values of synthesized P-CQDsagainst S. aureus and E. coli.
MIC (pg/mL) MBC (pg/mL)
S. aureus E. coli S. aureus E. coli
1.78 7.50 3.75 7.50
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Fig. 11. The pattern of photocatalytic degradation of methylene blue by P-CQDs. The reported fluorescences represent the mean of two repeated
measurements. The error bars show SD of three tests. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

The cell wall of the yeast Saccharomyces cerevisiae, a by-product of yeast extract production, possesses unique properties that make
it suitable for the green and sustainable synthesis of CQDs. The glucans and mannans composing the cell wall provide an abundant
carbon source [37]. The reducing sugars in the mannoproteins can react during hydrothermal carbonization to form CQDs. The fibrous
cell wall structure offers a high surface area for these reactions. Hydroxyl, carbonyl, and carboxyl groups on the cell walls can passivate
and functionalize the CQD surfaces. The cell wall, like many other natural carbon sources, contains non-carbon atoms such as
phosphorus, nitrogen, and sulfur, which can lead to the formation of CQDs with heteroatom doping and functional groups, making cell
walls a promising candidate for synthesizing CQDs with exceptional bioactivity [13,38,39]. Because yeast Saccharomyces cerevisiae is
non-toxic, the resulting CQDs have higher biocompatibility versus those from harsh chemicals. As a rapidly growing microbe that can
be cultivated sustainably, Saccharomyces cerevisiae provides a renewable cell wall source material. Using this waste material as the
precursor implements green chemistry and circular economy principles [40]. The yeast cell walls underwent enzymatic hydrolysis to
extract them, leaving behind the soluble intracellular fraction. The thermal analysis determined 250 °C as the optimal temperature for
hydrothermal synthesis of the CQDs. The process yielded fluorescent CQDs with a quantum yield of 19 %. The quantum yield measures
the fluorescence efficiency of the photochemical synthesis process [41], and can be influenced by various factors, including the
synthesis method, surface functional groups, size, and shape of the CQDs [42]. A quantum yield of 19 % is considered to be a moderate
quantum yield [43]. Moderate quantum yield compounds are still considered quite fluorescent, making them useful in various ap-
plications such as imaging and sensing [43]. However, since a reaction with a higher quantum yield is more efficient, this factor serves
as a benchmark for optimizing the efficiency of a reaction. Therefore, in the following studies related to these newly developed P-CQDs,
we will focus on improving the quantum yield of the reaction to enhance its efficiency. After synthesis, the liquid color turns dark
brown, which is an indicator of carbon-based structure formation. The synthesized P-CQDs emit slight fluorescence under UV-light
irradiation which was influenced by the pH of the environment and considerably increased at pH 4 and when diluted at 1:100.
Quantum dots exhibit a characteristic excitation spectrum, with a peak excitation wavelength that efficiently generates fluorescence.
The excitation wavelength needs to be absorbed by the quantum dot in order to excite electrons and generate fluorescence. In the case
of the present synthesized P-CQDs, a maximum excitation wavelength of 360 nm led to the highest emission at 450 nm. The excitation
and emission properties of quantum dots are of particular interest for the development of advanced optoelectronic devices and sensing
technologies [44]. The emitted fluorescence intensity of CQDs is affected by the protonation/deprotonation of surface chemical
groups. At low pH, there is an abundance of H' ions that can protonate chemical groups like amines and thiols on the CQDs surface.
Protonation neutralizes the surface charge of the CQDs and reduces the repulsion between particles. This causes aggregation of the
CQDs, which leads to quenching of the fluorescence. At high pH, surface groups are deprotonated and negatively charged. This en-
hances repulsion between CQDs, minimizing aggregation and increasing fluorescence intensity. There is typically an optimal pH range,
often slightly acidic (as we found in the present study), where the fluorescence intensity of CQDs is maximized due to minimized
aggregation [45]. The exact optimal pH and degree of intensity change depends on the specific CQD core/shell material and surface
chemistry. But in general, there is a strong dependence of CQD fluorescence on the solution pH. The pH-dependent behavior of CQDs is
a valuable characteristic that could be used in controlling their optical properties, or in designing pH sensors and probes. For instance,
Ji et al. used the pH-dependent photoluminescence quenching of QDs to investigate its conjugation with dopamine [46]. Optimizing
the storage temperature and concentration of CQD solutions is necessary to ensure their long-term stability and maximal fluorescence
intensity for downstream applications. CQD stability can be significantly impacted by storage conditions due to effects on degradation
pathways and particle aggregation. In this work, we systematically evaluated the fluorescence intensity of synthesized P-CQDs stored
at different temperatures and dilutions over time. Storage at 4 °C with optimized pH yielded the highest long-term fluorescence
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intensity, likely due to suppressed oxidation and deformations at this temperature. Additionally, diluting the P-CQDs up to 1:100 led to
markedly increased fluorescence, consistent with some previous observations. The mechanism is not fully elucidated but may arise
from decreased aggregation and self-quenching at higher dilutions [42].

The compositional analysis suggests that P-CQDs have a more consistent and well-defined structure than yeast cell wall powder,
with a higher concentration of aromatic bonds and increased amounts of oxygen and phosphorus. The carbonization process during
hydrothermal synthesis resulted in the reduction of carbon content while increasing the amounts of oxygen and phosphorus, indicating
the successful doping of CQDs with phosphorus. Identification of P-CQDs characteristics may help to understand their potential ap-
plications in biomedicine and biotechnology. For instance, the increased concentration of aromatic bonds and oxygen and phosphorus
in P-CQDs may enhance their antibacterial activity, fluorescence intensity, and glucose uptake, among other potential applications
[47-49]. The zeta potential measurement of —1.4 mV reveals that the P-CQDs have a slightly negative surface charge. The negative
surface charge, though small, may help promote colloidal stability through electrostatic repulsion between particles. The TEM size
distribution histogram shows that the most abundant particle diameters were in the 5-7 nm range, which aligns reasonably well with
the average 3.2 nm diameter from DLS.

A key finding of this study was the P-CQDs’ ability to detect iron ions, with significant quenching in response to Fe>* and in a dose-
dependent manner. Upon the addition of FeCls, it is likely that there ensues an interaction between Fe>* and the surface of P-CQDs,
resulting in the formation of a chelate complex between these constituents. Consequently, this complexation process may instigate
static quenching, which leads to a decrease in the intrinsic luminescence of P-CQDs owing to the generation of a non-emissive species.
Moreover, the presence of Fe>* holds the potential to disrupt the fluorescence emission of P-CQDs through one of two mechanisms:
either via inner filter effects involving reabsorption of photons or by photo-induced electron transfer processes that alter the excited
state electronic configuration and cause fluorescence suppression through non-radiative pathways. Further binding studies are
required to elucidate the quenching mechanism and enhance P-CQDs as fluorescent probes for Fe3+ detection [50,51]. When
phosphorus is doped onto CQDs, it introduces additional functional groups on the surface of the CQDs that can interact with Fe>* ions
more effectively [31]. Kalaiyarasan et al. indicated that the doping of phosphorus on CQDs greatly improves the sensitivity of Fe3*
detection, and the quenching process is attributed to the static quenching effect, due to the formation of the fluorescently inactive
P—CQDs—Fe3+ complex [31]. We did not see any significant differences in fluorescence for the metal ions, with the exception of Fe3t
and to a lesser extent Fe?* ions. The quenching effect of Fe>* was verified up to 500 uM of Fe** concentration and, with a LOD and LOQ
of 201 and 611 nM, respectively, which ascribed to a strong affinity of P-CQDs toward Fe>* than other metal ions. The low detection
limit highlights the high sensitivity of synthesized P-CQDs for Fe>* sensing. Fluorescent sensing of metal ions is an interesting method
due to its simplicity, sensitivity, and possibility of rapid and real-time monitoring [52]. Detecting Fe3+ is critical for evaluating water
quality and diagnosing diseases such as anemia, heart failure, and cancer. Iron, particularly Fe3+, plays essential roles in oxygen
metabolism, electron transport, and enzymatic reactions within biological systems. However, excess or deficient levels of Fe3+ can
lead to serious health problems [53,54]. So, the detection of Fe>" ions is important for various applications, including biological,
environmental, industrial, and material sciences [55]. For instance, the detection of Fe>* ions in water can help identify sources of
contamination and prevent the spread of pollutants [54]. In another study, P and N co-doped CQDs were prepared for the highly
selective detection of Fe>* ions and lysosomal tracking in living cells and suggested as a promising tool for cytology [56]. Here, we
evaluate the potential of Fe>* sensing in a biological matrix (serum), by spiking varying concentrations (0.1-1 uM) of Fe** into the
diluted serum samples. Serum contains a complex milieu of proteins, cells, metabolites, and other components that can interfere and
affect selectivity. Assessing performance in serum is important as the measurement of Fe>" status in blood has clear clinical diagnostic
relevance and reflects potential real-world application of the sensor [53]. The 0.5 pM Fe>* concentration was the highest which
resulted in quenching of the P-CQDs fluorescence, with the LOD and LOQ determined to be 117.9 and 357.5 nm, respectively, and high
percent of the recovery. This higher sensitivity of detection for P-CQDs in serum matrix may be attributed to the positive effects of
serum proteins on the dispersion and stabilization of nanoparticles, which in turn increase iron access for detection [57]. The higher
Fe>' concentrations did not exhibit a regular trend of further quenching, which may be due to the interference of serum components
with P-CQDs and Fe>" interaction at higher Fe3* levels that limit further quenching.

Remarkably, the P-CQDs exhibited antimicrobial properties, with higher effectiveness against the gram-positive bacterium
S. aureus than the gram-negative E. coli. The minimum inhibitory and bactericidal concentrations quantified this effect. CQDs exhibit
antibacterial properties through multiple mechanisms and are influenced by factors such as size, shape, surface functional groups, and
charge. Positively charged CQDs have been shown to exhibit stronger antibacterial effects due to their ability to bind more tightly to
negatively charged bacterial cell walls, causing membrane disruption and cell death. However, the antibacterial activity of CQDs is not
solely dependent on their surface charge, and negatively charged CQDs can still demonstrate antibacterial effects through alternative
mechanisms such as the induction of oxidative stress and reactive oxygen species (ROS) production, which can damage bacterial cell
walls, DNA, and other macromolecules, leading to cell death. Incorporation of hetero-atoms, such as nitrogen and phosphorous into
CQDs, can enhance the generation of ROS due to the extra free electrons that they introduce into the CQDs [32,58,59]. In this study, the
process of synthesizing P-CQDs involved using cell wall precursors that, as mentioned before, contain hetero-atoms such as nitrogen,
sulfur, and phosphate, and the process involved an additional treatment with phosphoric acid. We found that the resulting P-CQDs had
a slightly negative charge and exhibited antibacterial properties that may attributed to their ROS production capability. The anti-
microbial activity of P-CQDs, along with their good biocompatibility, enhances their utility in various fields, including healthcare and
food safety [60,61]. Additional promising applications of synthesized P-CQDs were demonstrated through the photodegradation of
methylene blue dye by the P-CQDs under sunlight irradiation. The results showed that P-CQDs efficiently catalyzed the degradation of
methylene blue over time and ~50 % of methylene blue was degraded within 200 min. This considerable photocatalytic performance
of P-CQDs is attributed to the separation of photogenerated charge and suppressed electron-hole recombination, which makes them a
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valuable candidate in the removal of harmful substances from the environment [62].

One of the most exciting characteristics of CQDs is their antioxidant activity, which has been extensively studied and applied in
various fields. The measured TAC of P-CQDs (2.5 mM Fe2"/mg) suggested a high capacity for scavenging free radicals and protecting
against oxidative stress. The activity in the FRAP test may result from both antioxidant properties and the chelating effect of Fe*' ions.
As was discussed former, Fe>" efficiently quenched the P-CQDs fluorescence, ascribed to its strong affinity toward Fe>*. Iron is a
transition metal that can participate in oxidation-reduction reactions, catalyzing the production of free radicals. Accumulation can
promote oxidative damage. Chelating agents can bind and sequester free Fe>* jons, preventing them from participating in oxidative
reactions. So, by chelating Fe3*, compounds can inhibit free radical formation and exhibit antioxidant effects. This is a key mechanism
behind their antioxidant properties. The antioxidant capacity of P-CQDs plays a significant role in their potential biomedical appli-
cations, such as drug delivery, cell labeling and long-term bioimaging, where ROS generation can negatively affect cellular processes
[63].

Overall, the results of this work lay the foundation for the development of innovative and eco-friendly nanomaterial with diverse
biological activities; however, more research is needed to fully realize the potential of P-CQDs and implement them in real-world
applications.

5. Conclusion

In conclusion, this manuscript provides a comprehensive study on the green synthesis of yeast cell wall-derived P-CQDs with
multiple biological activities. The utilization of yeast cell walls as a carbon source for CQD synthesis presents a promising approach for
sustainable nanomaterial production. The biological activities demonstrated by the P-CQDs, such as fluorescence quenching, anti-
bacterial, photocatalytic, and antioxidant properties, open up a wide range of potential applications in various fields of science and
technology. The manuscript makes a significant contribution in developing and characterizing this novel nanomaterial from an un-
expected yet ideal precursor, however; further studies are warranted to explore the full potential of P-CQDs and their practical ap-
plications in real-world scenarios.
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