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Abstract 

This study aimed to develop and characterize a sulfur-doped graphitic carbon nitride (S-g-C₃N₄) 

nanosystem functionalized with gold (S-g-C₃N₄-Au) for potential applications in cancer therapy. 

The focus was to evaluate its physicochemical properties, cytotoxicity against breast and prostate 

cancer cells, pharmacokinetics, biodistribution, and biochemical impact in vivo. To carry out the 

study, S-g-C₃N₄-Au was synthesized by thermal polymerization of melamine and ammonium 

sulfate with incorporation of gold seeds. Characterization techniques included SEM, XRD, FTIR, 

and UV-Vis DRS. Cytotoxicity was evaluated by MTT assays in MDA-MB-231 (breast cancer) 

and DU-145 (prostate cancer) cell lines. The nanosystem was radiolabeled with technetium-99m 

for biodistribution and pharmacokinetic studies in Balb/c mice after intraperitoneal 

administration. Biochemical analyses were conducted to evaluate systemic effects on the liver, 

kidneys, and metabolic markers. The results obtained demonstrated that the S-g-C₃N₄-Au 

nanosystem exhibited a porous, layered morphology with uniformly distributed gold 

nanoparticles. XRD and FTIR confirmed structural integrity, and SEM, STEM, and EDS 

confirmed successful gold incorporation. Cytotoxicity assays demonstrated significant, dose-

dependent reductions in cell viability in both cancer cell lines, with the effects more pronounced 

at higher concentrations. In vivo, the nanosystem exhibited predominant accumulation in the liver 

and small intestine, with low systemic clearance and a plasma elimination half-life of 5.53 hours. 

Biochemical analysis indicated decreased ALT and glucose levels, but elevated AST, LDH-P, 

and lipase activities, suggesting stress on liver and digestive tissues. This set of Results 

demonstrates that the S-g-C₃N₄-Au nanosystem exhibits favorable physicochemical properties 

and cytotoxic potential against cancer cells. Its organ-specific biodistribution and prolonged 

retention highlight its promise for targeted therapy and metabolic modulation. Notably, its ability 

to be radiolabeled with technetium-99m (99mTc) allows its application in nuclear imaging, 

further reinforcing its potential as a theranostic platform that integrates diagnostics and therapy 

in a single nanostructure. However, the observed biochemical alterations reinforce the need for 

comprehensive toxicological evaluations to ensure safety and enhance therapeutic efficacy. 
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Graphical Abstract 

 

 
 

1. Introduction 

 

Breast and prostate cancers remain among the most 

prevalent and burdensome malignancies worldwide, 

posing significant challenges in diagnosis, treatment, and 

long-term management. Breast cancer is the leading cause 

of cancer-related morbidity among women, while prostate 

cancer ranks second among men. Both diseases are 

characterized by considerable biological heterogeneity, 

necessitating multimodal therapeutic strategies 

encompassing surgery, radiation, chemotherapy, hormone 

therapy, and targeted interventions. These approaches, 

while often effective, contribute substantially to the rising 

cost of oncology care and underscore the pressing need for 

more efficient and accessible therapeutic alternatives [1–

6]. 

The burden of these cancers extends beyond clinical 

considerations to encompass profound economic, 

psychosocial, and systemic dimensions. Treatment-

associated morbidities—such as urinary incontinence, 

sexual dysfunction, lymphedema, and fatigue—

compound the overall impact on patients' quality of life 

and mental health [7–10]. Additionally, disparities in 

access to early diagnosis and advanced therapies 

contribute to suboptimal outcomes, particularly in low- 

and middle-income countries [11–14]. The increasing 

incidence of breast and prostate cancers, fueled in part by 

population aging and expanded screening practices, 

continues to strain healthcare infrastructures and 

accentuate the demand for innovative, cost-effective, and 

targeted interventions [15–17].  Recent advances in cancer 

biology have catalyzed the development of personalized 

therapies, particularly those leveraging nanotechnology 

for precise drug delivery and combined therapeutic-

diagnostic (theranostic) applications. In this context, 

graphitic carbon nitride (g-C₃N₄)—a metal-free, two-

dimensional polymeric semiconductor composed of tri-s-

triazine units—has emerged as a promising nanomaterial 

due to its tunable bandgap (~2.7 eV), high surface area, 

chemical stability, biocompatibility, and photochemical 

activity [18–20]. 

Surface modification of g-C₃N₄ enables conjugation 

with targeting ligands, photosensitizers, and metallic 

nanoparticles, enhancing its applicability in stimuli-

responsive drug release systems. For instance, hybrid 

formulations incorporating gold nanoparticles have 

shown synergistic enhancement of PDT and PTT upon 

near-infrared (NIR) irradiation, leading to improved 

tumor ablation while minimizing systemic toxicity [21]. 

Of particular interest is g-C₃N₄'s potential in nuclear 
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medicine. Its capacity to be radiolabeled with technetium-

99m (99mTc), the most widely used clinical radioisotope, 

allows for integration into single-photon emission 

computed tomography (SPECT) imaging. This enables 

real-time monitoring of pharmacokinetics, tumor 

accumulation, and biodistribution, facilitating image-

guided therapy and refined treatment planning. When 

combined with therapeutic agents, 99mTc-labeled g-C₃N₄ 

offers a unified platform for both cancer diagnosis and 

therapy—hallmarks of modern theranostics. In sum, g-

C₃N₄-based nanomaterials present a compelling 

opportunity at the intersection of nanotechnology, 

oncology, and radiopharmacy. Their multifunctional 

properties support a new paradigm in cancer treatment: 

one that prioritizes precision, integration, and 

adaptability, particularly in the management of complex 

diseases such as breast and prostate cancers. 

 

2. Materials and methods 

 

2.1. Preparation of the Seed Solution 

 

The seed solution was prepared by adding gold (III) 

chloride trihydrate (HAuCl4, >99.9%, Sigma-Aldrich) at 

a concentration of 0.01 M, preparing 25 mL, and a 

solution of cetyltrimethylammonium bromide (CTAB, 

CH3(CH2)15N(Br)(CH3)3, >98.0%, Sigma-Aldrich) at a 

concentration of 0.1 M, preparing 9.75 mL. Next, a freshly 

prepared, ice-cold sodium borohydride (NaBH₄, >98.0%, 

Sigma-Aldrich) solution at 0.01 M, preparing 0.6 mL, was 

added to the mixture and stirred with a magnetic stirrer for 

2–3 minutes until the solution turned dark brown. The 

solution was then incubated at room temperature for 2 

hours to allow the gold seeds to grow before use. 

 

2.2. Preparation of the Growth Solution 

 

To synthesize the gold (Au-NR), a growth solution was 

prepared by first adding 9.0 mL of a 0.1 M 

cetyltrimethylammonium bromide (CTAB, >98.0%, 

Sigma-Aldrich) solution to a reaction vessel. 

Subsequently, 0.5 mL of 0.01 M gold(III) chloride 

trihydrate (HAuCl4, >99.9%, Sigma-Aldrich), 0.1 mL of 

0.01 M silver nitrate (AgNO3, >99.0%, Sigma-Aldrich), 

and 0.2 mL of 1.0 M hydrochloric acid (HCl, 37%, Sigma-

Aldrich) were sequentially added under continuous 

stirring. After complete mixing, 0.08 mL of 0.1 M 

ascorbic acid (C6H8O6, >99.0%, Sigma-Aldrich) was 

added as a mild reducing agent, which reduced Au3+ ions 

to Au+, resulting in a colorless solution. Finally, 1.0 mL of 

the previously prepared gold seed solution was introduced 

to initiate gold formation. The final mixture was left 

undisturbed at room temperature overnight, allowing for 

the anisotropic growth of gold. In this process, the seed 

solution acts as a structural template, promoting the 

directional growth and reduction of Au+ to metallic gold 

(Au0), forming nanoparticles. The successful formation of 

Au nanoparticles was confirmed by UV–Vis absorption 

spectroscopy (see Supporting Information, Figure S1). 

 

2.3. Synthesis of S-g-C3N4-Au 

 

The sulfur-doped graphitic carbon nitride (S-g-C3N4) was 

synthesized using a two-layer method in a porcelain 

crucible. Initially, 25 g of ammonium sulfate ((NH₄)₂SO₄, 

99.0%, Sigma-Aldrich) was placed at the bottom of the 

crucible to form the first layer. Subsequently, 10 g of 

melamine (C₃H₆N₆, 99.0%, Sigma-Aldrich) was carefully 

added on top to create the second layer without mixing the 

two powders. To incorporate gold nanoparticles (S-g-

C3N4-Au), 3 mL of a freshly prepared gold seed solution 

was evenly dripped over the melamine layer using a 

micropipette. The crucible was then covered with a lid and 

subjected to thermal treatment in a muffle furnace at 550 

°C for 4 hours, with a heating rate of 10 °C min⁻¹, under 

static air conditions. After cooling to room temperature, 

the resulting yellow powder was collected and ground 

using an agate mortar and pestle to obtain a homogeneous 

fine powder. The final product was stored in a desiccator 

until further use. 

 

2.4. Characterization 

 

The surface morphology and microstructural features of 

the synthesized S-doped g-C₃N₄–Au nanoparticles were 

examined using a TESCAN Clara FEG BrightBeam 

column electron microscope (TESCAN ORSAY Holding 

SA, Brno, Czech Republic) operating at a voltage of 10 

kV from Oxford Instruments. A small amount of the 

powder sample was evenly dispersed onto a clean 

aluminum SEM stub using conductive carbon tape to 

ensure firm adhesion. The crystalline structure of g-C3N4 

was examined by an X-ray powder diffractometer (Xpert 

Pro MPD, Panalytical) with Bragg–Brentano geometry 

and copper Kα1 radiation (λ = 1.5406 Å). The diffraction 

pattern was recorded by scanning angles from 10° to 90° 

(2θ) in 0.031° steps with 57.6 s per step. Fourier 

Transform Infrared Spectroscopy (FTIR) analysis was 

performed using a Perkin Elmer FTIR/NIR Frontier 

infrared spectrometer in transmittance mode, covering the 

4000 to 550 cm-1 range. Using in ATR with the ZnSe 

crystalline surface. UV-vis diffuse reflection spectroscopy 

(DRS) was obtained on a model Shimadzu UV-2600 with 

an integrating sphere (ISR-2600 plus), with BaSO4 as the 

reference sample. Additional SEM analyses were 

performed by dispersing S–g-C₃N₄–Au in isopropanol, 

followed by ultrasonication for 15 min. A drop of the 

suspension was deposited on a clean silicon substrate and 
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air-dried at room temperature. Imaging was carried out 

using a field-emission scanning electron microscope 

(FEG-SEM, FEI Helios NanoLab 650) operated at 18 kV 

accelerating voltage and 0.2 nA beam current.  

Both secondary electron (SE) and backscattered 

electron (BSE) detectors were employed to obtain 

complementary information on surface topography and 

compositional contrast. Each micrograph was acquired 

with a 2048 × 1768-pixel resolution, dwell time of 10 µs 

per pixel, and working distance of 4–5 mm. All images 

were processed using ImageJ (NIH, USA) for contrast 

enhancement and scale calibration only. Scanning 

Transmission Electron Microscopy (STEM) analyses 

were performed using a FEI Titan 80–300 microscope 

operated at 200 kV in scanning transmission mode. The 

high-angle annular dark-field (HAADF) detector was 

used to achieve Z-contrast imaging, where intensity scales 

approximately with Z², allowing clear identification of 

gold nanodomains against the light C/N background. The 

convergence semi-angle was 21 mrad and the collection 

semi-angle 60–200 mrad. Energy-Dispersive X-ray 

Spectroscopy (EDS) mapping was conducted using a 

Super-X silicon drift detector (SDD) system with a live 

time of 60 s per pixel map and a spatial sampling of 512 

× 512 pixels. Elemental maps for C, N, O, S, Au, Na, Cl, 

and Si were collected and processed using Velox software 

(Thermo Fisher Scientific). The EDS results were treated 

qualitatively, serving to confirm the spatial co-localization 

of elements rather than absolute quantification. 

 

2.5. In vitro 

 

2.5.1. Cell Culture 

 

2.5.1.1. Breast Cancer 

 

MDA-MB-231 human breast cancer cell lines were 

obtained from the American Type Culture Collection 

(ATCC HTB-26) and maintained in high-glucose DMEM 

(Dulbecco's Modified Eagle's Medium) medium 

supplemented with 10% (v/v) fetal bovine serum, 2 mM 

L-glutamine, and 1% (v/v) penicillin/streptomycin. The 

cells were grown and expanded into T75 cm2 flask bottles 

and kept in a humidified oven at 5% CO2 and 

37°C.Monolayer assays were performed in 96-well flat-

bottom plates. 

 

2.5.1.2. Prostate Cancer 

 

Human prostate cancer cell lines (DU-145) were obtained 

from Cell Bank of Rio de Janeiro (Rio de Janeiro, Brazil). 

The cells were routinely maintained in RPMI 

supplemented with 10% FBS, NaHCO3 (2.0 g/L), 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

(25mM), and 1% penicillin/streptomycin. Cells were 

incubated at 37 °C in a humidified atmosphere of 5% 

CO2. Cells were grown to confluence in culture flasks. 

Cells were detached by brief treatment with trypsin 

(0.1%)/ ethylenediaminetetraacetic acid (EDTA) (0.01%). 

2.6. Treatment with S-g-C3N4-Au 

After the incubation time, breast and prostate cancer cells, 

respectively, were cultured in 96-well plates at a 

concentration of 1 x 104 cells. After adhesion for 24 hours, 

they were treated with concentrations of 10, 25, 50, and 

100 μg/ml of S- S-graphitic carbon nitride coated with 

gold nanoparticles (S-g-C3N4-Au) and incubated for 24 

hours. A positive death control was performed using the 

corresponding medium of each cell with 10% (v/v) 

Triton. The negative control corresponds to untreated 

cells grown only in cell culture medium. 

2.7. Cell Viability Assay 

To assess cytotoxicity in prostate and breast tumor cell 

lines, we performed the MTT assay, based on Singh et al., 

2015 [22]. At the end of the designated time, MTT 

solution (Sigma) has been added at a 1 mg/ml 

concentration in the culture and incubated for 2 hours. 

After the incubation period, formazan crystals were 

dissolved with DMSO, and absorbance was measured by 

a multiplate spectrophotometer (Multiskan FC; Thermo 

Fisher Scientific Inc., Waltham, MA, USA) at a 

wavelength of 450 nm.  

 

2.8. Animal Experimentation  

 

All procedures were performed in accordance with the 

Health Guide for the Care and Use of Experimental 

Animals (CEUA) and approved by the Rio de Janeiro 

State University Committee (protocol 8059100220/2021), 

which is in line with the NIH Guidelines for the Care and 

Use of Laboratory Animals. The experiments were carried 

out on 4–6-week-old balb/c mice, N = 4 (20-30g). The 

animals were kept on 12h light/dark cycles with food and 

water available. 

 

2.9. Radiolabeling of the S-g-C3N4-Au 

 

The biodistribution and pharmacokinetic tests performed 

using Technetium 99m (99mTc) radiolabeling were 

carried out in accordance with Carvalho, F. D. Q et al., 

(2025) [23]. The compound was radiolabeled with the 

isotope Technetium 99m (99mTc) reduced with Stannous 

Chloride (SnCl2) at a concentration of 80mg/ml in a ratio 

of 1:1 (v/v). The [99mTc] started from an activity of 142.4 
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mCi/ 5.27 Mbq, and at the end of the reduction, we 

obtained an activity of 88.9 uCi/3.28 Mbq per animal. To 

verify the efficiency of the radiolabeling, quality control 

was also performed on an automated gamma particle 

counter (Hidex). 

2.10. Biodistribution analysis 

 

The mice (N= 4) were injected with 200uL of S-g-C₃N₄-

Au radiolabeled with [99mTc], which corresponded to 

3ug of the compound per animal. The injection was made 

via the intraperitoneal cavity, and after 24 hours, the brain, 

heart, right and left lungs, stomach, spleen, left and right 

kidneys, large and small intestines, bladder, urine, and 

blood (cardiac puncture) were analyzed using an 

automated gamma particle counter (Hidex). 

 

2.11. Pharmacokinetic Analysis 

 

For the pharmacokinetic analysis, the mice (N = 4) 

received a dose of S-g-C₃N₄-Au radiolabeled with 

[99mTc] with an activity of 88.9 uCi/3.28 Mbq per 

animal, administered through the peritoneum. 

Subsequently, 2 ml of caudal blood was collected every 

hour at the following points: 0h, 1h, 2h, 3h, 18h, 22h, 23h, 

and 24h. The blood samples were read on an automated 

gamma particle counter (Hidex) to quantify the 

percentage of injected activity per gram of tissue (%IA/g). 

This methodology enables precise quantification of the 

distribution and elimination of the compound over time, 

ensuring the reproducibility of the results. Additionally, 

calibration controls were performed before each 

measurement to validate the accuracy of the readings. 

 

2.12. Biochemical analysis 

 

Blood samples were collected by cardiac puncture from 

healthy mice (control group) and mice treated 

(intervention group) with S-g-C₃N₄-Au 24 hours after 

intraperitoneal administration (N = 4 per group). Blood 

samples (1 mL) were then placed in microtubes containing 

0.5 mL of the anticoagulant heparin (Sigma-Aldrich, 

Brazil). The plasma was separated by centrifugation (5000 

rpm, 5 min, 4 ◦C) and the samples were processed 

according to the manufacturer's instructions (Bioclin, 

MG, Brazil) to determine the enzymatic activities, 

similarly Lee, J. H., et al., (2018) [24], of alanine 

aminotransferase (ALT), aspartate aminotransferase 

(AST), gamma GT (GGT), lactate dehydrogenase 

pyruvate (LDH-P), cholesterol (CHOL), lipase D (LPS), 

glucose (GLU) and alpha amylase (AMS). 

2.13. Statistical analyses 

In vitro and in vivo experiments, values are expressed as 

means ± SD. Differences between groups were tested for 

significance by one-way ANOVA followed by Tukey 

multiple comparison tests using GraphPad Prism 8.1 

software. A p-value of ≤ 0.05 was considered significant. 

 

3. Results 

 

3.1. Synthesis of S-g-C3N4-Au 

 

The sulfur-doped g-C₃N₄ incorporated with gold 

nanoparticles was synthesized through the thermal 

polymerization of melamine and ammonium sulfate, with 

the addition of a gold seed solution during the synthesis, 

as shown in Figure 1. Initially, the ammonium sulfate 

undergoes a series of steps, including gas release, 

followed by addition, condensation, and nucleation 

reactions in conjunction with melamine. Melamine, in 

turn, undergoes condensation, forming a melem structure 

with the release of ammonia in its gaseous form [25, 26]. 

Based on the composition and volumes used in the 

synthesis, the theoretical amount of gold incorporated into 

the S-g-C₃N₄-Au was estimated. The Au seed solution, 

prepared from HAuCl₄ (0.01 M, 25 mL), contained 

2.50×10−4 mol of Au in the stock solution. Considering 

the total volume of the seed solution (35.35 mL), the 3.00 

mL aliquot applied onto the melamine corresponded to 

2.12×10−5 mol of Au, equivalent to 4.18 mg. This value 

represents a theoretical loading of approximately 0.070 

wt% Au in the final solid, assuming complete retention of 

the metal after calcination. 

 

3.2. Characterization 

 

The SEM images (Figures 2 A–D) of the S-doped g-C₃N₄–

Au composite show a material with a layered and 

crumpled morphology, consistent with the known 

structure of graphitic carbon nitride (g-C₃N₄). 

This wrinkled matrix provides increased surface area, 

which is advantageous for catalytic and adsorption 

applications. The incorporation of sulfur into the g-C₃N₄ 

framework, although not directly visible in the SEM, may 

lead to subtle structural modifications or defect formation, 

contributing to increased surface roughness and potential 

reactivity.  

The SEM and STEM images demonstrated the Au 

nanoparticles dispersed on the S-doped g-C₃N₄ matrix 

[27]. These features are homogeneously distributed, with 

no apparent clustering or aggregation, suggesting a high 

degree of dispersion and strong interaction between Au 

species and the g-C₃N₄ support.  

The structural integrity of the composite remains 

preserved, with no evidence of collapse or degradation, 

indicating good mechanical and thermal stability.  

Overall, the presence of Au nanoparticles on S-doped 

g-C₃N₄, combined with the layered and stable 
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morphology, suggests a multifunctional hybrid material 

capable of enhanced light absorption, improved charge 

separation, and promising performance in catalytic or 

photothermal applications.  

The XRD patterns presented in Figure 3a indicate that 

both S-g-C₃N₄ and S-g-C₃N₄-Au exhibit crystalline 

characteristics.  

For S-g-C₃N₄, two prominent diffraction peaks are 

observed at 2θ = 12.78° and 27.54°, corresponding to the 

(100) and (002) planes, respectively. These values are 

consistent with the standard reference data for graphitic 

carbon nitride (JCPDS card no. 87-1526) and literature 

reports [28]. The (100) reflection is associated with the 

repetition of tri-s-triazine units, allowing the calculation 

of the distance between the "holes" in the plane, which is 

0.693 nm.  

The peak related to the (002) planes represents 

interlayer stacking, revealing a spacing between the sheets 

of 0.324 nm [29, 30]. In the S-g-C₃N₄-Au sample, the 

diffraction peaks appear at 12.82° and 27.65°, showing a 

slight shift toward higher angles. This indicates a minor 

decrease in interlayer spacing (from 0.324 to 0.322 nm), 

which can be attributed to the strong interfacial interaction 

between Au species and the g-C₃N₄ framework.  

Notably, the characteristic peaks of metallic gold were 

not detected, which is fully consistent with the very low 

theoretical Au loading (~0.07 wt%) and the high degree of 

nanoparticle dispersion, placing the signal below the 

detection limit of the employed XRD setup [30, 31].  

For the S–g–C₃N₄ sample, the average crystallite size 

was calculated to be 10.31 nm, and the corresponding 

dislocation density was estimated as 9.40 × 10⁻³ nm⁻². In 

comparison, the S-g-C₃N₄-Au sample exhibited a larger 

crystallite size (12.15 nm).  

It is important to notice that these values represent the 

average coherence length along the (002) stacking 

direction (c-axis), i.e., the mean thickness of the layered 

g-C₃N₄ domains, rather than an overall isotropic particle 

size. Also, a lower dislocation density was found (6.78 × 

10⁻³ nm⁻²), which may be attributed to the interaction 

between gold nanoparticles and the graphitic network. 

The increase in crystallite size, as estimated from the 

(002) reflection, suggests thicker stacking domains of g-

C₃N₄ layers. Separately, the higher crystallinity index 

indicates an increased proportion of ordered regions 

relative to amorphous content. Although both parameters 

point to improved structural order, crystallite size and 

crystallinity index are distinct and not directly correlated. 

It is important to notice that these values represent the 

average coherence length along the (002) stacking 

direction (c-axis), i.e., the mean thickness of the layered 

g-C₃N₄ domains, rather than an overall isotropic particle 

size.These results were obtained using the Scherrer 

equation [32] based on the (002) diffraction peak. The 

dislocation density (δ), which provides insight into the 

defect concentration in the crystalline lattice, was 

calculated using the expression: 

     𝛿 =
1

𝐷2 ,                                                           (1) 

where D is the crystallite size in nanometers. 

The FTIR spectra, presented in Figure 3b, are alike, 

indicating that S-g-C₃N₄-Au and S-g-C₃N₄ have very 

similar chemical structures. The broad bands observed in 

the range of 3400-3000 cm⁻¹ can be attributed to the 

stretching vibrations of the -NH group bonds, 

characteristic of g-C3N4.  

Additionally, the region spanning the range of 1650-

1200 cm⁻¹ includes stretching bands for C-N and C=N 

bonds in tri-s-triazine rings, typical of g-C₃N₄. The sharp 

peak around 806 cm⁻¹ is associated with C-N bending in 

the heterocyclic units present in g-C3N4 [29, 33]. Small 

bands were also detected between 2400 and 2300 cm⁻¹, 

which may be related to stretching involving the S-N bond 

[31]. Although the optical and spectroscopic results 

suggest that sulfur doping enhances charge separation and 

modifies the band structure of g-C₃N₄, a more detailed 

discussion regarding the structural incorporation of sulfur 

is warranted. The synthesis procedure adopted in this 

study is based on the protocol described by Guo et al. 

(2020), in which sulfur atoms are introduced through 

thermal treatment of melamine in the presence of 

ammonium sulfate. Under these conditions, sulfur 

incorporation likely occurs via substitutional doping, 

where sulfur atoms replace nitrogen atoms within the tri-

s-triazine framework [29]. In this work, we therefore treat 

sulfur incorporation as inferred from the (NH₄)₂SO₄-

assisted synthesis and prior reports, rather than directly 

confirmed by spectroscopy, as noted below.To investigate 

the optical properties of the materials studied, UV-Vis 

analysis by diffuse reflectance (DRS) was conducted.  

Figure 3c displays the absorbance spectra obtained 

through reflectance conversion using the Kubelka-Munk 

equation, showing that the absorption edge for both 

materials occurred at 440 nm. The unchanged absorption 

edge suggests that Au did not act as a structural dopant 

and is only deposited on the material's surface [34]. The 

band gap energy can be determined using the Tauc 

method, through the linear extrapolation of the (αhν)2 

graph versus the energy axis (hv). As shown in Figure 3d, 

the band gap values obtained for S-g-C₃N₄-Au and S-g-

C₃N₄ were 3.03 eV and 3.01 eV, respectively. These 

values indicate that the presence of Au resulted in a band 

gap increase.     Although the absorption edge remained 

unchanged, the literature reports that surface modification 

of g-C₃N₄ with metallic nanoparticles and heteroatomic 

doping, such as sulfur, can induce effects such as red-shift 

and modulation of the electronic density. 
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Figure 1.  Schematic diagram of the fabrication of S-g-C₃N₄-Au 

 

Figure 2. SEM images. (a): Low-magnification SEM image of the S-doped g-C₃N₄–Au composite. The image reveals the general surface morphology of the material, 

showing the g-C₃N₄ as a layered, wrinkled matrix. Bright contrast points are dispersed across the surface, which may be associated with localized electron-dense regions, 

possibly corresponding to Au nanoparticles. (b): High-magnification SEM image emphasizing the interaction between Au nanoparticles and the S-doped g-C₃N₄ surface. 

Although individual atoms are below the spatial resolution of conventional SEM, the observed bright spots suggest dispersed Au species anchored on the substrate, without 

signs of aggregation. (c): Detailed SEM image of the S-doped g-C₃N₄ nanosheets. The image highlights the characteristic lamellar morphology with increased surface 

roughness, potentially induced by sulfur doping, which may favor anchoring of metal atoms. (d): SEM image demonstrating the uniform distribution of Au nanoparticles 

(<5 nm) uniformly dispersed on the S-doped g-C₃N₄ matrix. The absence of visible clusters supports the hypothesis of Au dispersion, which is beneficial for enhancing 

interfacial charge transfer and catalytic activity.  

 

These changes are frequently associated with the 

introduction of intermediate states within the bandgap or 

near the conduction and valence band edges, resulting 

from the presence of non-metal dopants [35]. Is important 

to notice that the UV–Vis diffuse reflectance spectra of S-

g-C₃N₄-Au and S–g-C₃N₄ composites revealed absorption 

edges consistent with band-gap energies of approximately 

3.03 eV and 3.01 eV, respectively.  

Given the negligible difference between these values, 

we conclude that Au incorporation does not significantly 

alter the fundamental band gap of S-doped g-C₃N₄. 

Instead, the main influence of Au is likely associated with 

changes in charge separation and defect-related states 

rather than a rigid shift in optical band-gap energy.  

The structural and compositional features of the S-

doped g-C₃N₄–Au nanohybrid were examined using a 

suite of electron microscopy techniques, including 

scanning electron microscopy (SEM), scanning 

transmission electron microscopy (STEM), and energy-

dispersive X-ray spectroscopy (EDS). These 

complementary modalities enabled a comprehensive 

multiscale evaluation of the material's morphology, 

particle dispersion, and elemental distribution. The SEM 

micrographs (Figure 4a–b) revealed that the S-doped g-

C₃N₄–Au exhibits a wrinkled and multilayered 

morphology, typical of polymeric carbon nitride-based 

nanostructures.  

The crumpled nanosheet topology is beneficial for 

increasing surface area, enhancing catalytic site 

availability, and facilitating nanoparticle anchoring.   

Discrete bright contrast features, distributed across the 

matrix, are attributed to gold nanostructures.  

The absence of large agglomerates indicates that the 

Au nanoparticles (NPs) are finely dispersed, likely due to 

the in-situ seeding process performed before thermal 

condensation.  

Such dispersion is essential to maximize interfacial 

interactions and optimize plasmonic or catalytic 

responses. High-angle annular dark-field (HAADF) 

STEM imaging was employed to achieve Z-contrast 

imaging, wherein the intensity scales with the atomic 

number (Z²).
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Figure 3. (a) XRD pattern obtained for the synthesis of S-g-C₃N₄-Au and S-g-C3N4. (b) Comparative FTIR spectra of S-g-C₃N₄-Au and S-g-C3N4. (c) UV–

vis diffuse reflectance spectra of S-g-C₃N₄-Au and S-g-C3N4. (d) The right is the Kubelka–Munk transformed reflectance spectra and the estimated optical 

bandgap 

 

In this context, gold (Z = 79) appears significantly 

brighter than the underlying light elements such as carbon 

(Z = 6) and nitrogen (Z = 7).  

The HAADF-STEM images confirmed the presence of 

nanoscale Au domains, predominantly <5 nm in diameter, 

anchored on the g-C₃N₄ matrix. The lack of particle 

agglomeration suggests strong interfacial adhesion, 

potentially mediated by surface defects or sulfur-induced 

vacancy sites within the g-C₃N₄ framework, which are 

known to act as coordination centers for noble metals. The 

EDS elemental mapping (Figure 4c) qualitatively 

confirmed the presence and homogeneous spatial 

distribution of gold, carbon, and nitrogen within the S-

doped g-C₃N₄ matrix.  

The Au signal appeared as discrete, localized domains 

that coincide with the bright regions observed in the 

HAADF-STEM images, corroborating the presence of 

finely dispersed Au nanoparticles (<5 nm) anchored on the 

g-C₃N₄ surface. Given the extremely low theoretical Au 

loading (≈ 0.07 wt%), quantitative EDS analysis is 

unreliable, and only a qualitative assessment was 

performed to verify the spatial correlation between Au and 

the carbon nitride network. Sulfur was not detected in the 

EDS spectrum, which is consistent with its expected ultra-

low doping level and the intrinsic detection limits of EDS 

for light elements within a C/N matrix. Substitutional S 

atoms in g-C₃N₄ typically occur at atomic concentrations 

below 0.1 at%, well below the sensitivity threshold of 

conventional EDS systems.  

Therefore, the absence of an S signal does not preclude 

successful doping but rather reflects instrumental 

constraints. The incorporation of sulfur is thus inferred 

from the synthesis route involving (NH₄)₂SO₄ and 

supported by prior literature reporting similar 

substitutional doping under equivalent conditions, which 

can lead to local lattice distortion and bandgap modulation 

without direct spectroscopic detection. This interpretation 

is consistent with both the synthesis stoichiometry and the 

absence of distinct Au peaks in the XRD results, supporting 

the formation of a well-dispersed S-g-C₃N₄-Au hybrid 

material. 

The synergistic integration of Au nanostructures with a 

sulfur-doped g-C₃N₄ matrix yields a hybrid nanomaterial 

with a high density of interfacial active sites.  
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Figure 4. Morphological and compositional characterization of S-doped g-C₃N₄–Au nanostructures. (a) SEM micrograph showing the aggregated 

and sheet-like morphology of the S-doped g-C₃N₄ framework. (b) Higher magnification SEM image highlighting the dispersion of bright contrast 

spots corresponding to Au nanostructures deposited on the g-C₃N₄ surface. (c) STEM-EDS elemental mapping of the composite: carbon (C, 

purple) and nitrogen (N, yellow) signals confirm the g-C₃N₄ matrix; oxygen (O, red) and silicon (Si, orange) likely originate from surface 

oxidation and residual substrate contributions, respectively. Gold (Au, cyan) is clearly localized as discrete nanoparticles, while sodium (Na, 

green) and chlorine (Cl, magenta) indicate trace residuals from the synthesis process. (d) Corresponding EDS spectrum of the analyzed region 

confirming the elemental composition, with characteristic peaks assigned to C, N, O, Na, Si, Au, and Cl 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Effects of S-g-C₃N₄-Au-compound on the viability and cell proliferation of breast cancer cell lines (MDA-MD-231). Cell viability was 

measured after 24 hours of treatment in five different concentrations of S-g-C₃N₄-Au (10, 25, 50 and 100 μg/mL) using an MTT assay. The X-

axis shows the absorbance measured at a wavelength of 450 nm. A highly statistically significant difference was observed between the treated 

and untreated conditions at concentrations of 100 and 50 μg/mL. *p < 0.05 was considered significant, **p < 0.01 was considered highly 

significant and ****p < 0.0001 was considered highly significant 
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Figure 6. Effects of S-g-C₃N₄-Au compound on the viability and cell proliferation of prostate cancer cell lines (DU-145). Cell viability was measured after 

24 hours of treatment in five different concentrations of S-g-C₃N₄-Au (10, 25, 50, and 100 μg/mL) using an MTT assay. The X-axis shows the absorbance 

measured at a wavelength of 450 nm. A statistically significant difference was observed between the treated and untreated conditions at concentrations of 

100 and 10 μg/mL. *p < 0.05 was considered significant, **p < 0.01 was considered highly significant and ****p < 0.0001 was considered highly significant 

 

The intimate nanoscale contact between Au and the 

semiconductor substrate is critical for enhancing charge 

separation, photothermal conversion, and surface 

reactivity. The lack of gold nanoparticle aggregation, 

confirmed across SEM, STEM, and EDS data, reflects not 

only synthetic precision but also thermal and mechanical 

stability, which are crucial for downstream biomedical or 

catalytic applications.  

It is important to note that sulfur was not detected in 

the EDS spectrum (Figure 4). This absence can be 

attributed to the relatively low concentration of sulfur 

incorporated into the g-C₃N₄ framework, resulting in 

signals below the detection threshold of the technique. 

Moreover, sulfur atoms may substitute nitrogen sites 

within the lattice, further reducing their spectroscopic 

visibility. Similar observations have been reported 

previously, where S-doped g-C₃N₄ exhibited significant 

electronic modifications despite the lack of a clear sulfur 

peak in EDS spectra [36–39]. The main role of sulfur 

doping is to modulate the electronic structure of g-C₃N₄. 

Sulfur incorporation introduces localized states and 

narrows the band gap, thereby enhancing visible-light 

absorption, suppressing electron–hole recombination, and 

improving charge transfer kinetics. This modification 

facilitates more efficient migration of photogenerated 

electrons toward Au nanoparticles, strengthening 

photocatalytic activity. Although comparative data with 

non-doped g-C₃N₄ were not included in this study, the 

beneficial effects of sulfur doping are well established in 

the literature, particularly in improving photocatalytic 

hydrogen evolution and pollutant degradation [40, 41].  

We acknowledge that confirmatory tests such as 

Electron Spin Resonance (ESR), radical trapping, and 

Electrochemical Impedance Spectroscopy (EIS) would 

provide direct evidence of the electronic effects attributed 

to sulfur doping. However, these techniques could not be 

implemented due to instrumental constraints. Our 

interpretations are therefore based on literature-reported 

mechanisms under similar synthesis conditions using 

ammonium sulfate as a sulfur source, where substitutional 

doping has been established. Future studies are planned to 

include such advanced characterizations to validate the 

electronic modulation and charge dynamics hypothesized 

in this study.  

 

3.3. Cell Viability Assay 

 

There was a significant reduction in tumor cell lines 

treated with the highest concentrations of S-g-C₃N₄-Au 

compared to the negative control.  For breast cancer tumor 
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cells, the highest concentrations of the compound (100 

μM and 50 μM) showed significant results (**p < 0.01 and 

*p < 0.05, respectively) when compared to the negative 

control (Fig. 5). For prostate cancer lines, the highest 

concentration (100 μg/mL) of graphitic carbon nitride 

doped with sulfur and coated with gold nanoparticles 

showed a highly significant difference (****p < 0.0001). 

In addition, there was also a significant difference (**p < 

0.01) at the lowest concentration of the compound (10 

μg/mL) (Fig. 5). 

 

3.4. Biodistribution Assay  

 

The biodistribution study demonstrated a markedly higher 

uptake of the compound in the liver and small intestine, 

suggesting these organs as primary sites for the 

nanosystem accumulation. In contrast, lower uptake levels  

This differential uptake pattern suggests that the liver 

and small intestine may play key roles in the compound's 

metabolism and excretion, while its reduced presence in 

other organs could point to lower systemic distribution. 

Additionally, the lack of significant accumulation in vital 

organs such as the heart and lungs suggest a targeted 

organ-specific biodistribution. 

 

3.5. Radiopharmacokinetic analysis 

 

The radiopharmacokinetic analyses (Table 1) were carried 

out to characterize the absorption, distribution, 

metabolism, and elimination of radiolabeled S-g-C₃N₄-Au 

in healthy mice. It is possible to see that the concentration 

of the gold-decorated graphitic carbon is preserved in the 

plasma during the first three hours. In addition, the results 

of the pharmacokinetic parameters calculated after 

counting blood samples taken at 1, 2, 3, 18, 22, 23, and 24 

h after injection are summarized in Table 1.  The values 

obtained for zero-time concentration, volume of 

distribution, clearance, and elimination constant were low, 

while the elimination half-life of the nanosystem solution 

was reasonably short after intraperitoneal administration 

in healthy mice.  

In these experiments, values are expressed as means ± 

SD (n = 4). Differences between groups were tested for 

significance by one-way ANOVA followed by Tukey 

multiple comparison tests using GraphPad Prism 8.1 

software. 

 

3.6. Biochemistry Analysis 

 

The biochemical results of healthy mice treated with the 

S-gC3N4-Au nanosystem are shown in Table 2 and were 

observed in the spleen, kidneys, bladder, and large 

intestine, indicating a more limited distribution in these 

tissues (Fig. 7).  

 revealed significant changes. In the control group, ALT 

averaged 58.93 ± 17.2 U/L, while in the treated group it 

dropped to 44.2 ± 21.96 U/L. AST levels were low (0.3667 

± 0.2517 U/L) but surged significantly to 37 ± 28.24 U/L 

after treatment. GGT remained relatively stable, and 

LDH-P levels increased in the treated group, rising from 

290.2 ± 43.52 U/L to 423.4 ± 445.2 U/L. Cholesterol 

levels dropped dramatically post-treatment, and LPS 

levels spiked sharply in the treated group. Blood glucose 

also decreased notably in the treated group.  

 

 

Figure 7. Biodistribution results of S-g-C3N4-Au radiolabeled with [99mTc] in healthy mice 24h after intraperitoneal injection. Graphs show the mean ± 

SD (n = 4). Data was analyzed by the One-way ANOVA
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Table 1. Results of the pharmacokinetic parameters for S-g-C₃N₄-Au radiolabeled with [99mTc] in healthy mice 24h after intraperitoneal injection 

 

 

 

 

 

 

 

 

 

 

Table 2. Results of biochemical analysis of blood plasma. *The results marked with an asterisk are derived from data in the literature [42] 

 

 

 

 

 

 

 

 

 

AMS was not analyzed in the control group; instead, 

reference values from healthy mice in the literature 

(765.07 ± 132.27 U/L) were used as a baseline. After 

treatment, AMS levels decreased to 89.5 ± 77.63 U/L, 

remaining below the normal range for this enzyme.  

These findings highlight that the gold and sulfur-

doped graphitic carbon nanosystem led to marked 

alterations in several enzymes and biomarkers, indicating 

significant physiological and biochemical effects after 24 

hours of exposure. Statistical analysis was performed 

using ANOVA followed by Tukey’s multiple comparison 

test. The results indicated significant differences (p < 

0.05) in ALT, AST, LDH-P, and lipase levels, reinforcing 

the robustness of the observations. Data are presented as 

mean ± standard deviation (n = 4), and all analyses were 

conducted using GraphPad Prism 8.1 software. 

 

4. Discussion 

Previous data have shown that graphitic carbon loaded 

with metals can be an important tool in the treatment of 

tumor progression, including prostate cancer and breast 

cancer [43, 44]. The action of these metals carried by 

graphitic carbon impacts on DNA replication and prevents 

cell proliferation of tumor cell lines, which is promising 

data for the field of anti-tumor therapy [45]. The 

complexes formed by joining graphitic carbon with gold 

nanoparticles have already proved effective in treating 

tumor progression [46,47].  

     Their various pharmacological and biochemical 

characteristics, such as toxicity, reactivity, and resistance, 

are able to leverage the compound's binding to the DNA 

of tumor cells, penetrating cancerous structures and 

disrupting them [48–50]. While the S-g-C₃N₄-Au 

nanosystem shows promising cytotoxicity and favorable 

biodistribution, its therapeutic potential remains 

speculative.  

The current findings highlight systemic interactions 

but lack direct in vivo.  Our biodistribution assay revealed 

a predominant accumulation of the compound in the liver 

and small intestine, which stood out significantly when 

compared to other organs.  

This selective uptake suggests that the liver, known for 

its role in the reticuloendothelial system (RES), acts as a 

primary site for nanoparticle deposition due to its filtering 

capacity and phagocytic activity by Kupffer cells [51–54]. 

These cells are responsible for the efficient capture and 

processing of nanoparticles, contributing to the high 

retention observed in this organ. In addition, nanoparticles 

can be metabolized by liver enzymes, such as cytochrome 

P450, which participate in the biotransformation of 

foreign substances [55–58].  

The small intestine, with its permeable mucosa and 

transport proteins, further facilitates the absorption of the 

compound, likely through mechanisms involving 

specialized epithelial transporters. Nanoparticles can also 

interact with intestinal cells and be transported to the 

lymphatic system, contributing to their higher 

concentration in these organs.  

These metabolic pathways explain the marked 

deposition observed in these organs. In contrast, while the 

spleen, kidneys, bladder, and large intestine also 

demonstrated detectable levels of uptake, their 

concentrations were notably lower.  

Pharmacokinetic parameters Results 1 – 24h 

Concentration at zero-time (co) mg/ml 6.041 x 10-10 ± 2.421 x 10-11 

Elimination rate/elimination constant 

(k) mg/hour 

0.1254 ± 0.005409 

Volume of distribution ml 27.98 ± 1.159 

Elimination half-life (1/2) days 0.2306 ± 0.01031 

Clearance l/hour 0.3503 .577 x 10-005 

 Average ± SD Non-Treated  Average ± SD 24h 

ALT (U/L) 58.93 ± 17.2 44.2 ± 21.96 

AST (U/L) 0.3667 ± 0.2517 37 ± 28.24 

GGT (U/L) 15.1 ± 16.67 14.5 ± 1.229 

LDH-P (mg/L) 290.2 ± 43.52 423.4 ± 445.2 

CHOL (mg/dL) 95.1 ± 20.02 26 ± 31.09 

LPS (mg/L) 2.400 ± 2455 1.869.032 ± 81.394 

GLU (mg/dL) 111.2 ± 17.13 30.23 ± 8.391 

AMS (U/L) 765.07 ± 132.27* 89.5 ± 77.63 
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The spleen, being another RES organ, likely 

contributes to particle capture, but its efficiency in this 

context may be secondary to the liver. The kidneys, which 

play a key role in the excretion and filtration of smaller 

compounds, showed lower uptake levels, possibly 

indicating that the nanoparticles in question are larger or 

that they are processed by other metabolic pathways 

before reaching the kidneys [59–62].  

The bladder, as part of the urinary excretion pathway, 

likely reflects the endpoint of renal filtration, while the 

large intestine might suggest minimal systemic absorption 

or nanoparticle interaction via the gastrointestinal route 

[59, 63–67].  

This organ-specific distribution highlights the role of 

the liver and small intestine as major players in the 

metabolic processing and clearance of this compound. 

The lower accumulation in the other organs suggests that 

they participate in the distribution process but to a lesser 

extent, perhaps due to differences in tissue permeability, 

organ-specific functions, or nanoparticle characteristics 

[54, 68].  

Together, these results provide a comprehensive 

understanding of how the compound is distributed across 

various tissues, emphasizing the hepatic and digestive 

systems as key pathways in its biodistribution. The high 

concentration of the graphitic carbon nanosystem in blood 

plasma in the first 3 hours can be attributed to its initial 

interaction with plasma proteins and its transient stability 

in the circulatory system. The gold and sulphur in the 

nanosystem can form complexes that inhibit immediate 

phagocytosis and allow prolonged circulation before 

capture by the reticuloendothelial system [59, 60]. 

However, after 18 hours, a drastic drop in 

concentration can occur due to metabolism and 

progressive elimination. The nanoparticles can be slowly 

captured by the liver and spleen, where they are processed 

by enzymes such as proteases and macrophage activity. 

These enzymes can degrade or modify the nanosystem, 

facilitating its removal from the plasma [55, 69].  

In addition, metabolic pathways involving the 

reticuloendothelial system contribute to the absorption 

and elimination of nanoparticles, reflecting the rapid 

decrease in plasma concentration observed after the initial 

period [54].  

The pharmacokinetic parameters evaluated indicate 

that in the case of the concentration at time zero (C₀), 

which reflects the amount of the nanosystem present in the 

plasma immediately after administration, the extremely 

low value suggests that the nanosystem is rapidly 

distributed by the tissues or that its presence in the plasma 

has been reduced due to interaction with plasma proteins 

or rapid uptake by organs such as the liver and spleen [70, 

71].  The elimination constant (0.1254 mg/h ± 0.0054 

mg/h) describes the rate of removal of the nanosystem 

from the body. This value suggests a relatively slow 

elimination, possibly influenced by organ absorption 

mechanisms such as the reticuloendothelial system, which 

may slow down the process [71, 72]. The volume of 

distribution, approximately 28 mL, indicates that the 

nanosystem is distributed widely throughout the body, 

with potential accumulation in specific tissues such as the 

liver, spleen, and intestine - a typical behavior of 

nanoparticles, which tend to deposit in areas with high 

particle capture activity [71, 73].  

The elimination half-life of around 5.53 hours reflects 

the time needed for the concentration of the nanosystem 

in the plasma to be halved. This relatively short half-life 

is indicative of moderate elimination, probably mediated 

by hepatic metabolization or renal excretion, although a 

significant fraction may be captured by the 

reticuloendothelial system [54, 74].  

Clearance, which measures the efficiency with which 

the nanosystem is removed from plasma, has a low value, 

indicating a slow elimination process. This may be related 

to the retention of the nanosystem in organs such as the 

liver and spleen, as well as the slow metabolism or 

excretion of these particles [75–77]. 

Taken together, these parameters suggest that the S-g-

C₃N₄-Au nanosystem is rapidly distributed throughout the 

tissues after administration, resulting in a low initial 

plasma concentration. Although elimination occurs 

moderately, the low clearance indicates slow capture and 

metabolization, probably by the liver and spleen, which 

prolongs its stay in the body.  

The wide distribution reflects the compound's ability 

to accumulate in various tissues, especially in organs that 

filter and capture particles. The biochemical results reveal 

a series of significant physiological changes that indicate 

the impact of treatment on various enzymes and 

biomarkers.  

Alanine aminotransferase (ALT) levels, commonly 

associated with liver function, decreased significantly in 

the treated group.  This may suggest a possible protection 

or positive impact of the treatment on the hepatic function 

[17, 78–80]. However, the significant increase in AST 

(from 0.3667 U/L to 37 U/L) suggests possible stress on 

muscle or liver tissues.  

Aspartate aminotransferase, being less specific to the 

liver, may reflect generalized damage to cells with 

mitochondria, which could be related to the impact of 

treatment on other organs than the liver [79, 80]. Gamma-

glutamyltransferase (GGT), an enzyme involved in 

glutathione metabolism and indicative of oxidative stress, 

remained relatively stable between the groups, which may 

suggest that the antioxidant system was not significantly 

affected by the treatment.  

However, the increase in LDH-P (from 290.2 mg/L in 

the control to 423.4 mg/L in the treated) points to more 
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extensive cell damage, possibly due to cell disruption in 

response to the treatment. LDH-P is often associated with 

tissue damage in organs such as the liver, heart, and 

skeletal muscles, indicating a systemic response [81–83]. 

One of the most notable changes was the drastic reduction 

in cholesterol levels.  

This may indicate that treatment with the nanosystem 

directly affected lipid metabolism, potentially improving 

the mice's lipid profile. This effect could have positive 

implications, especially if the system is studied in the 

context of cardiovascular disease. Similarly, the reduction 

in blood glucose levels (from 111.2 mg/dL to 30.23 

mg/dL) suggests a significant hypoglycemic effect, which 

may be indicative of an improvement in glucose uptake by 

the tissues or a change in the regulation of insulin levels 

[84–86].  

The extremely high levels of lipase D in the treated 

group (from 2,400 mg/L in the control to 1,869,032 mg/L) 

point to an intense change in lipid metabolism, since this 

enzyme is responsible for breaking down triglycerides and 

cholesterol esters in the lysosomes.  

This strongly suggests that treatment with the 

nanosystem may have triggered marked inflammation or 

tissue damage, possibly in the hepatic system, 

gastrointestinal tract or other organs, corroborating the 

biodistribution data mentioned above. The decrease in 

AMS (amylase) in the treated group (89.5 U/L) compared 

to data from the literature (765.07 U/L) indicates a 

possible effect on the digestive system, which may be 

related to the inflammatory response detected by lipase 

[87–89]. 

These results indicate that treatment with the S-g-

C₃N₄-Au nanosystem has a profound effect on multiple 

body systems, from liver and muscle function to lipid and 

glucose metabolism, as well as triggering significant 

inflammatory responses. The compound may positively 

affect metabolic markers like cholesterol and glucose, but 

potential inflammatory and cytotoxic effects require 

further investigation.  

Additional studies are needed to clarify its 

mechanisms and assess long-term safety and efficacy. The 

study offers important data on the pharmacokinetics, 

biodistribution, and biochemical impact of the S-g-C₃N₄-

Au nanosystem, but its toxicological assessment remains 

limited. Biochemical changes suggest organ-specific 

effects, yet a complete safety profile is lacking. Future 

studies will include chronic toxicity models, histology, 

and inflammatory and oxidative stress markers to better 

determine long-term safety and clinical potential. 

 

5. Conclusion 

 

The sulfur-doped (consistent with S incorporation; S-

doping inferred from the synthesis and literature) graphitic 

carbon nitride nanosystem incorporating gold 

nanoparticles (S-g-C₃N₄-Au) demonstrates well-defined 

crystallinity and favorable structural integration of gold, 

as evidenced by XRD and spectroscopic analyses. 

Morphological investigations by SEM revealed a sheet-

like, aggregated g-C₃N₄ framework decorated with bright 

contrast regions corresponding to Au species.  

STEM–EDS mapping further confirmed the 

homogeneous distribution of C and N within the g-C₃N₄ 

matrix, while Au was localized in discrete regions, 

validating its successful incorporation.  

The detection of residual O, Na, Cl, and Si was 

attributed to surface oxidation, precursor traces, and 

substrate contributions. EDS data were used qualitatively 

(elemental maps/line profiles) owing to the very low S/Au 

loadings and thin, light-element flakes; no standard-based 

quantification was performed.  

As a perspective, the effective evidence of S-doping 

would be accessed by XPS (S 2p), CHNS, and/or ToF-

SIMS experiments. Collectively, these results highlight 

the successful synthesis of a structurally stable S-g-C₃N₄-

Au system, where gold nanoparticles are effectively 

anchored onto the g-C₃N₄ support, providing a promising 

platform for enhanced photocatalytic and electronic 

applications.  

The nanosystem exhibits preferential biodistribution 

to the liver and small intestine, suggesting organ-specific 

accumulation and metabolic processing pathways, likely 

mediated by reticuloendothelial uptake and enzymatic 

degradation. Pharmacokinetic data reveal rapid systemic 

distribution and prolonged retention, particularly in 

clearance-related tissues, underscoring its potential for 

sustained therapeutic engagement.  

Biochemical analyses indicate a dualistic biological 

impact: on one hand, improvements in metabolic markers 

such as reduced cholesterol and glucose suggest a 

modulatory effect on lipid and carbohydrate metabolism; 

on the other hand, elevations in lipase, amylase, and LDH-

P raise concerns about subclinical inflammation and tissue 

stress, particularly within hepatic and digestive systems. 

These findings highlight the importance of comprehensive 

toxicological profiling before translational application.  

Importantly, the nanosystem’s demonstrated ability to be 

radiolabeled with technetium-99m (⁹⁹ᵐTc) establishes its 

viability as a theranostic agent, enabling real-time 

tracking of biodistribution alongside its therapeutic 

function.  

This capability positions S-g-C₃N₄-Au as a promising 

multifunctional platform for integrated cancer diagnosis 

and treatment.  

However, challenges remain, including the need for 

long-term toxicity evaluation, confirmation of therapeutic 

efficacy, and more accurate biodistribution tracking 

through nuclear imaging. Future investigations should 
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focus on refining targeting strategies, optimizing 

radiolabeling efficiency, and assessing biocompatibility to 

fully realize its clinical potential, both in induced animal 

models and eventual human applications.  
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