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Abstract
Stable silver nanoparticles (AgNPs) were synthesized in vitro via the reaction of aqueous silver nitrate (AgNO₃) with water-
soluble polymeric curcumin. Transmission electron microscopy (TEM) was employed to characterize the as-prepared AgNPs.
TEM images revealed a distinct surface layer surrounding the AgNPs, with particle sizes ranging from 10 to 35 nm.The
cytotoxicity of AgNPs against HTB-182 lung cancer cells and normal human bronchial epithelial (HBE) cells was evaluated at
concentrations of 2, 4, 8, 10, 20, 30, 40, and 50 ppm using the Cell Counting Kit-8 (CCK-8) assay and optical microscopy. The
results demonstrated that AgNP toxicity was dose-dependent in both HTB-182 and normal HBE cells, with a more pronounced
cytotoxic effect observed in cancer cells.The half-maximal inhibitory concentration (IC₅₀) values of curcumin-AgNPs and silver
ions were determined as follows: 15.6 ppm and 5.5 ppm for HBE cells, and 17.6 ppm and 11.3 ppm for HTB-182 cells,
respectively. Subsequently, flow cytometry was used to investigate the effects of AgNPs and silver ions on apoptosis and cell
cycle distribution in HTB-182 and HBE cells.Findings indicated that surface modification of AgNPs significantly influenced their
anticancer and antiproliferative activities. Treatment with AgNPs or silver ions induced G0/G1 phase arrest in normal HBE cells,
whereas HTB-182 non-small cell lung cancer cells exhibited G2/M phase arrest, likely attributable to DNA damage. These
observations suggest that the cytotoxic mechanisms of silver ions and AgNPs differ between normal HBE cells and lung cancer
cells.

1. Introduction
Lung cancer remains the leading cause of malignancy-related mortality worldwide, with more than one million new cases
diagnosed annually. Non-small cell lung cancer (NSCLC) constitutes over 80% of all lung cancer diagnoses. According to the
World Health Organization, the 5-year survival rate of lung cancer is merely 15%. Owing to the growing prevalence of smoking
and persistent environmental degradation, the incidence of lung cancer has exhibited a progressive upward trend. To address
this global challenge, the development and design of novel strategies, tools, and therapeutic agents for cancer diagnosis and
treatment are urgently required.With advances in scientific research, nanomaterials have been recognized to not only optimize
the physicochemical properties of pharmaceutical formulations but also enhance drug targeting and controlled release
characteristics. Nanotechnology provides a promising approach for tumor targeting, acting either as a direct cytotoxic agent to
eliminate tumor cells by disrupting cellular physiological functions or as delivery vehicles for specific therapeutic
molecules[1].Silver nanoparticles (AgNPs) have been extensively explored in biomedical applications[2] owing to their facile
synthesis[3–5], reliable quality control[6–8], and favorable biocompatibility. To date, AgNPs have been implemented in clinical
settings, particularly for wound healing, owing to their potent antibacterial activity[9–14].The antitumor efficacy of AgNPs
against lung cancer cell lines has been widely documented in recent studies, as summarized in Table 1[15–29]. According to
previous investigations, AgNPs exhibit several distinctive advantages as potential anticancer candidates: their effective
antitumor concentrations are relatively low, typically at the microgram-per-milliliter level; AgNPs display low systemic toxicity,
with few reports of acute nanosilver-related toxicity; unlike organic chemotherapeutics, AgNPs are inorganic agents and exert
more durable effects within tumor tissues. Furthermore, multiple studies have demonstrated that the inhibitory effects of AgNPs
are significantly more pronounced in tumor cells than in normal cells.
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Table 1
Anti-lung cancer effect of AgNPs

Application Cells Surface stability Dose Normal cells Refs

Anti-lung cancer A549 PVP-AgNPs 0–20 mg/mL None [15]

  H157 Capped with sugar IC50: 3.6 mM None [16]

  A549 Tri-sodium citrate, IC50: 100 µg/mL None [17, 18]

  A549 Albizia adianthifolia 73% (50 µg/mL) (PLs) [19]

  NCI-H460 Chitosan-coated silver IC50: 2 µg/mL (HEK) [20]

  A549 Euphorbia nivulia IC50: 20 mgmL None [21]

  A549 Origanum vulgare LD50: 100 µg/mL None [22]

  A549 Rosa damascena petals IC50: 80 µg/mL None [23]

  A549 AgNP Cat. No. 576832 IC50: 100–200 µg/mL None [24]

  A549 Micronized zeolite LC50: 4.1 µM None [25]

  A549 Poly-L-lysine (PLL)   None [26]

  A549 PlasmaChem (Berlin) 2.5, 25, 100 µg/mL None [27]

  A549 Cymodocea serrulata LD50: 100 µg/mL None [28]

  A549 PAMAM and 5-FU IC50: 5 µg/mL None [29]

However, numerous studies have been restricted to lung adenocarcinoma cell lines, such as A549, NCI-H460, and NCI-H157
cells. Investigations focusing on the anticancer activity of nanosilver against lung squamous cell carcinoma (LSCC) remain
severely lacking. Compared with lung adenocarcinoma, lung squamous cell carcinoma is associated with an even poorer
prognosis, with a 5-year patient survival rate of only 5%. Chemotherapy and molecular targeted therapy represent the current
clinical strategies for locally advanced and metastatic lung squamous cell carcinoma.

Cytotoxic agents constitute the standard treatment for advanced lung squamous cell carcinoma. Common chemotherapy
regimens include cisplatin combined with docetaxel or gemcitabine. Four third-generation chemotherapeutic drugs, namely
paclitaxel, gemcitabine, vinorelbine, and docetaxel, plus platinum-based compounds are widely used as first-line treatments for
advanced non-small cell lung cancer (NSCLC). The 1-year survival rate remains only 31–35%, and the efficacy of platinum-based
chemotherapy has reached a therapeutic plateau.Pemetrexed is a preferred therapeutic option for advanced non-squamous
NSCLC, yet it shows no clinical benefit in patients with squamous cell carcinoma. Regarding molecular targeted therapy for lung
squamous cell carcinoma, the EGFR mutation rate is extremely low and lacks clear predictive value. Consequently, targeted
therapy for lung squamous cell carcinoma has achieved no substantial breakthroughs or clinical improvements.Therefore, the
development of novel therapeutic agents for lung squamous cell carcinoma is urgently needed. The aim of the present study
was to develop an antitumor agent with low toxicity toward normal cells and potent inhibitory activity against target lung cancer
cells, especially lung squamous cell carcinoma.

Curcumin is a phenolic pigment isolated from the rhizomes of Curcuma longa (genus Curcuma). Accumulating studies have
demonstrated that curcumin exhibits diverse biological activities, including anti-inflammatory, antioxidant, and antitumor effects
[30]. Curcumin is inexpensive and associated with exceptionally low toxicity. At present, research on its antitumor properties has
mainly focused on cancer chemoprevention. Recently, the National Cancer Institute (NCI) of the United States has classified
curcumin as a third-generation anticancer agent under clinical investigation.Several reports have indicated that curcumin exerts
significant inhibitory effects against lung cancer. For instance, El Khoury et al. [31] reported that curcumin may suppress the
growth and angiogenesis of A549 xenografts in nude mice. Lin et al. [32] demonstrated that curcumin exerts a radiosensitizing
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effect on lung cancer cells, a finding further supported by Cai [33]. Similar observations have been documented by Wang[34] and
Liu[35].

In the present study, curcumin-modified silver nanoparticles (curcumin-AgNPs) were synthesized at room temperature. Their
apoptotic effects on normal HBE and HTB-182 lung squamous carcinoma cells were subsequently investigated using CCK-8
assays and flow cytometry. The results revealed that the antitumor and anticancer activities of silver nanoparticles are strongly
influenced by surface modification. Accordingly, our findings provide a promising selective strategy for the treatment of lung
squamous cell carcinoma, suggesting that curcumin-functionalized AgNPs hold potential as effective anticancer agents for
clinical applications.Furthermore, the underlying mechanism by which curcumin-conjugated silver nanocrystals regulate cellular
function was explored via cell cycle analysis. On the basis of the present data, we propose that the biological effects of
nanoparticles may be mediated through two distinct mechanisms, involving contributions from both the nanoparticle core and
the physicochemical properties imparted by surface functionalization. Future research will focus on further reducing the toxicity
of AgNPs toward normal cells while enhancing their selective anticancer efficacy.

2. Materials and Methods

2.1.Chemicals
Analytical-grade silver nitrate was obtained from the Shanghai Institute of Fine Chemical Materials and used as the silver
precursor for the synthesis of AgNPs. Curcumin was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. Sodium
borohydride (NaBH₄) was acquired from Duksan Pure Chemicals (Republic of Korea) and employed to enhance the reduction
efficiency of Ag⁺. CCK reagent, RNase, fetal bovine serum (FBS), antibiotic-antimycotic solution, RPMI 1640, and DMEM medium
were purchased from Mediatech, Inc.

2.2. AgNP Characterization
Transmission electron microscopy (TEM, TSM6360) was employed to characterize the size and dispersion of AgNPs. The optical
properties of AgNPs were analyzed using a TU-1901 double-beam UV-Vis spectrophotometer (Beijing General Analysis
Instrument Co., Ltd.). The silver content of the nanoparticles was determined by atomic absorption spectrometry (AAS). X-ray
diffraction (XRD) patterns were collected on a Bruker D8 Advance diffractometer equipped with a Göbel mirror, using Cu Kα
radiation.

2.3.AgNPs Synthesis
Briefly, a 5 mL ethanol solution containing 500 µg/mL AgNO₃ was mixed with 20 mL ethanol solutions containing 100, 200, 300,
400, 500, and 1000 µg/mL curcumin at room temperature under constant stirring. The mixture was reacted at 45 ℃for 2 h to
prepare silver nanoparticle colloids. The AgNP suspension was centrifuged at 10,000 rpm for 30 min, and the supernatant was
discarded to remove residual polymer and small-molecule reducing agents. The resulting precipitate was redispersed in 5 mL
deionized water. The silver content of the nanoparticles was determined by atomic absorption spectrometry.

2.4. AgNPs Synthesis with NaBH4

First, 1000 µg/mL curcumin was fully dissolved in 40 mL deionized water over 5 min. Subsequently, 5 mL aqueous silver nitrate
(AgNO₃) solution (500 µg/mL) was added dropwise to the curcumin solution under magnetic stirring. After 30 min, 5 mL freshly
prepared NaBH₄ solution was introduced into the mixture. The molar ratios of Ag⁺ to NaBH₄ were set at 5:1, 4:1, 3:1, 2:1, 1:1, 1:2,
and 1:3, respectively. The total volume of the reaction system was adjusted to 50 mL. The mixture was stirred at 45 ℃ for 2 h to
ensure complete reduction.The resulting AgNP colloidal suspension was centrifuged at 10,000 rpm for 30 min, and the
supernatant was discarded to remove residual curcumin and unreacted small-molecule reducing agent. The precipitate was then
redispersed in 5 mL deionized water. The silver content of the nanoparticles was determined by atomic absorption
spectrometry.Scheme 1 illustrates the synthetic procedure for curcumin-stabilized silver nanoparticles (cAgNPs).

2.5. Cell Culture
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Human bronchial epithelial (HBE) cells and human lung squamous carcinoma (HTB-182) cells were provided by the Cell Bank of
the Advanced Research Center, Central South University.HBE cells were cultured in Gibco Modified Eagle’s Medium (MEM)
supplemented with 4.5 g/L glucose, sodium pyruvate, 10% (v/v) fetal bovine serum (FBS), and 1% antibiotic-antimycotic solution
(all from Mediatech). Cells were maintained at 37℃in a humidified incubator with 5% CO₂.HTB-182 cells were cultured in RPMI-
1640 complete medium under identical incubation conditions (37°C, 5% CO₂, humidified atmosphere). The medium was
supplemented with 2.2% (w/v) sodium bicarbonate, 0.03% (w/v) L-glutamine, 100 units/mL penicillin, 100 µg/mL streptomycin,
and 10% fetal bovine serum.

2.6. CCK-8 Test Assay
Cell viability following treatment with modified nanoparticles was evaluated using a Cell Counting Kit-8 (CCK-8) assay, with
untreated cells serving as the control group. For each assay, cells were seeded into 96-well plates (Nalge Nunc) at a density of
5.0×10³ cells/cm² and cultured for 24 h. The nanoparticle conjugates were mixed with DMEM at a ratio of 1:4 (v/v) prior to
administration. Cells were then incubated at 37 ℃ in a 5% CO₂ humidified atmosphere for an additional 24 h. Subsequently, 10
µL of CCK-8 reagent was added to each well, and the plates were incubated for a further 4 h. Cell viability was calculated as the
percentage ratio of the absorbance of treated cells relative to that of untreated control cells.
Inhibition rate= (ODc-ODt)/ODc×100%
where ODc and ODt are the OD 490 nm values of the control group without any treatment and the treatment group (either the
curcumin-Ag group or the silver ion group), respectively.

2.7. Cell Death-Propidium Iodide (PI) Staining
Twenty-four hours after seeding in 6-well plates, cells were treated with 5 ppm AgNPs for a further 24 h. After treatment, cells
were washed twice with cold PBS and resuspended in 1× binding buffer at a density of 1×10⁶ cells/mL. An aliquot (100 µL) of the
cell suspension was incubated with 5 µL propidium iodide (PI) at room temperature for 15 min in the dark. Afterwards, the cell
suspension was diluted with 400 µL of 1× binding buffer. Fluorescence intensity was measured using an LSR II flow cytometer
(Becton Dickinson). Data acquisition and analysis were performed using BD FACS Diva software (version 6.0, Becton Dickinson),
with 10,000 events collected per sample.

2.8. Cell Cycle Analysis with Flow Cytometry
Cells were cultured in DMEM for 24 h and then treated with AgNPs in fresh DMEM for an additional 24 h. After incubation with
AgNPs, cells were fixed in pre-chilled 70% ethanol at − 20 ℃ and stored until analysis.For cell cycle analysis, fixed cell
suspensions were centrifuged at 1,250 rpm for 12 min, and the cell pellet was resuspended in PBS. Cells were then incubated
with 200 µg/mL RNase (Sigma) at 37 ℃ for 30 min. After RNase digestion, cells were stained with 100 µg/mL propidium iodide
(PI, Sigma) at room temperature for 15 min in the dark.Cell cycle distribution was analyzed using a BD LSR II flow cytometer (BD
Biosciences) equipped with a 488 nm excitation laser and PE channel fluorescence detection. Data were processed and
analyzed using FlowJo software (FlowJo, LLC).

2.9. Statistical Analysis
Statistical analyses were performed using SPSS software (version 16.0; SPSS Inc., Chicago, IL, USA). A one-way analysis of
variance (ANOVA) was employed to assess statistical significance, which was defined as a p-value < 0.05.

3. Results and discussion

3.1. Physical and Chemical Properties of Curcumin modified Nano Silver
Figure 1A (left) shows TEM images of curcumin-stabilized AgNPs prepared without reducing agent, while Fig. 1A (right) displays
those synthesized with reducing agent. The formation efficiency of AgNPs was relatively low in the absence of reducing agent,
resulting in only a small number of nanoparticles observed in the TEM field, with an average diameter of 15 nm. In contrast, a
large quantity of uniformly dispersed AgNPs with an average size of 30 nm was obtained when reducing agent was
added(Fig. 1A, right). Figure 1B(left) presents the UV-Vis absorption spectra of curcumin-AgNPs prepared at low curcumin
concentrations (100–500 ppm) without reducing agent. At these low concentrations, curcumin acted as both a reducing agent
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and a capping agent, leading to the formation of curcumin-coated AgNPs. These results confirm that curcumin can reduce
Ag⁺ions from silver nitrate to elemental silver nanoparticles, owing to the presence of reductive functional groups such as ketone
moieties.

Next, the curcumin concentration was increased to 1000 ppm. The resulting data revealed that a higher curcumin concentration
favored the formation of AgNPs. However, the yield of silver nanoparticles no longer increased once the curcumin concentration
reached 1000 ppm. Accordingly, 1000 ppm was chosen as the optimal curcumin concentration for subsequent
experiments.Nanosilver was also prepared by varying the mass ratio of silver to sodium borohydride. Figure 1B (right) shows the
UV-Vis absorption spectra of curcumin-capped AgNPs synthesized with different Ag:NaBH4 ratios (5:1, 4:1, 3:1, 2:1, 1:1, 1:2, and
1:3). The black curve represents AgNPs prepared in the absence of reducing agent. In the absence of NaBH4, nanoparticle
formation efficiency was relatively low, the absorption peak was broad, and the maximum absorbance was below 0.5. Upon
addition of NaBH4, the characteristic surface plasmon resonance peak of AgNPs gradually intensified. The strongest absorption

peak was observed at an Ag:NaBH4 ratio of 1:1. With further increases in NaBH4(ratios 1:2 and 1:3), excessive reduction induced
silver precipitation, resulting in lower characteristic absorption peaks compared with the 1:1 ratio.XRD patterns of the AgNPs
exhibited two obvious Bragg reflections, which were indexed to the face-centered cubic(fcc) crystal structure of silver. The
diffraction peaks at 38.13°and 43.92°were assigned to the (111) and (200) planes, respectively, confirming the crystalline nature
of the biosynthesized AgNPs (Fig. 2A). These results indicate that the nanoparticles possessed good crystallinity with a cubic
structure, and the diffraction angles were consistent with those of bulk silver. Figure 2B shows the 1H NMR spectra of pure
curcumin and curcumin-AgNPs. The oxygen atoms in the ketone groups of curcumin coordinated with silver, enabling curcumin
to cap the surface of AgNPs. Hydroxyl and methoxy groups in the curcumin molecules were largely preserved.

3.2. Cytotoxic Effects of Nano-Ag on Normal HBE Cells

3.2.1. Cell Morphology and CCK Test
The first and most immediately noticeable effect of exposing cells to toxic substances is an alteration in cell shape or
morphology in monolayer culture. Figure 3 presents representative micrographs of HBE cells treated with different
concentrations of curcumin-modified silver nanoparticles (curcumin-AgNPs) and curcumin for 24 h. Curcumin samples were
diluted to concentrations of 312.5, 625, 937.5, 1250, 1562.5, 1875, and 2500 ppm, followed by co-culture with normal HBE cells
for 24 h.As shown in the micrographs, HBE cells in the control group exhibited an irregular polygonal shape with uniform size,
clear contours, and adherent growth. HBE cells maintained good growth status at a curcumin concentration of 1875 ppm. In
contrast, when the curcumin concentration reached 2500 ppm, only a small number of cells showed morphological changes,
including cell shrinkage and nuclear condensation.

Microscopic observation of treated cells revealed distinct morphological alterations indicative of cellular injury, whereas control
cells retained a normal phenotype. Cells exposed to AgNPs exhibited extensive clustering, reduced cellular protrusions, and
limited cell spreading relative to untreated control cells. These changes may be attributed to disruption of cytoskeletal function
induced by nanoparticle treatment.The cell density was markedly reduced following AgNP exposure, and some dark crystalline
aggregates were visible on the cell surface. In all AgNP-treated groups shown in Fig. 3, cells exhibited severe morphological
disruption and complete loss of cytoplasmic integrity. The dark patches observed on the cell surface likely reflect adsorption and
accumulation of nanoparticles. Nevertheless, only a small number of floating cells were detected microscopically, indicating that
extensive necrotic cell death was absent and that cell death occurred mainly via apoptosis.

Although optical microscopy can directly reflect the cytotoxic effects of nanosilver toward cells, the CCK-8 assay provides a
more quantitative and reliable method to evaluate cell viability and inhibitory effects. Accordingly, CCK-8 assays were performed
to assess the cytotoxicity of curcumin-modified AgNPs and silver ions in HBE cells. Cells were exposed to serial concentrations
of 2, 4, 8, 10, 15, 20, 30, 40, and 50 ug/mL for 24 h. The inhibitory rates of curcumin-AgNPs and curcumin toward HBE cells are
summarized in Table 2 and visualized in Figs. 5A and 5B.The half-maximal inhibitory concentration (IC50) values were
determined to be 13.65 ug/mL for curcumin-modified AgNPs and 5.39 ug/mL for silver ions, respectively. The inhibitory rate
increased in a dose-dependent manner with increasing concentrations of both AgNPs and silver ions. Notably, cytotoxicity
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differed markedly between treatments with curcumin-AgNPs and silver ions, particularly in the AgNP-treated groups. The
inhibitory rate against HBE cells exceeded 80% at AgNP concentrations above 30 ug/mL, whereas the same level of inhibition
was achieved at only 10 ug/mL for silver ions.An inhibitory rate greater than 80% is generally regarded as significant cytotoxicity
at a given nanoparticle concentration[36]. These findings are consistent with the morphological changes observed in AgNP-
treated cells(Fig. 3). To our knowledge, nanoparticle uptake becomes saturated at higher concentrations, and excess
nanoparticles tend to aggregate and bind to specific sites on the cell membrane. Our results are in good agreement with
previous reports highlighting the critical role of surface chemistry in cellular internalization: highly positively charged particles
show the highest uptake efficiency, whereas particles with a near-zero zeta potential exhibit lower cellular uptake.

Table 2
Inhibition rate of curcumin silver and curcuminon HBE after 24-hour

Inhibition rate of curcumin modified silver nanoparticles on normal HBE cells

Concentration(ug/mL) 50 40 30 20 15 10 8 4 2 0 IC50

Absorbance 0.204 0.217 0.254 0.626 0.826 1.01 1.339 1.392 1.424 1.524  

24h inhibition rate(%) 86.56 85.7 83.28 58.87 45.8 33.68 12.08 8.86 6.56 0 16

Inhibition rate of silver ion on normal HBE cells

Concentration(ug/mL) 50 40 30 20 15 10 8 4 2 0 IC50

Absorbance 0.165 0.171 0.172 0.179 0.181 0.189 0.391 1.040 1.286 1.381  

24h inhibition rate(%) 88.54 88.13 88.06 87.57 87.43 86.88 72.86 27.80 10.75 0 5.39

Inhibition rate of curcumin on HBE cells

Concentration(ug/mL 100 80 60 40 30 20 15 10 5 0 IC50

Absorbance 0.507 0.673 0.818 1.007 1.141 1.311 1.381 1.404 1.437 1.524  

24h inhibition rate(%) 66.7 55.8 46.3 33.9 25.09 13.96 9.38 7.82 5.65 0 69.7

3.2.2. Apoptosis and Necrosis
Flow cytometric analysis of FITC-Annexin V/PI-stained HBE cells is presented in Figs. 6D, 6E, and 6F. In contrast to cancer cells,
no significant difference was observed in the early apoptosis rate of HBE cells treated with curcumin-modified AgNPs versus
silver ions (53.3% vs. 47.9%, respectively). However, the effect of silver ions on late apoptosis and necrosis was significantly
higher than that of curcumin-modified AgNPs (19.1% vs. 5.18%, respectively; p < 0.05).Notably, silver ions exhibited greater
cytotoxicity when considering the total apoptosis and necrosis rate: curcumin-modified AgNPs induced a total apoptosis and
necrosis rate of 58.4%, whereas silver ions induced a rate of 67%. These results indicate that silver ions are more toxic to normal
human bronchial epithelial (HBE) cells than curcumin-modified AgNPs, which is consistent with the findings from the CCK-8
assay.

3.2.3. Effect on Cell Cycle
To investigate the potential DNA damage induced by oxidative stress in Ag nanoparticle (AgNP)-treated HBE cells, cell cycle
distribution was monitored via flow cytometry by measuring DNA content. Cell proliferation primarily consists of four phases: G1
phase (cellular growth), S phase (DNA synthesis), G2 phase (preparatory stage for cell division), and M phase (mitosis).Flow
cytometric analysis results are presented in Figs. 7A, 7B, and 7C. As shown in Fig. 7G, the cell cycle distribution of HBE cells was
most notably affected when exposed to AgNPs at a concentration of 5 ppm.Compared with untreated control cells, different
surface-modified AgNPs exerted distinct effects on the cell cycle of HBE cells.After AgNP exposure, a significant increase in the
proportion of HBE cells in the sub-G1 phase was observed, and the apoptosis-related data further indicated that bronchial
epithelial cells were arrested in the G0/G1 phase. Specifically, following AgNP intervention, the proportion of HBE cells in the
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G0/G1 phase increased from the baseline 24.81% to 49.25% in the curcumin-modified AgNP group and to 54.95% in the Ag+

group, respectively.

3.3. Cytotoxic Effects of Nano-Ag on Lung Squamous Cell Carcinoma

3.3.1. Cell Morphology and CCK test
Lung cancer is clinically classified into non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). NSCLC accounts
for approximately 80% of all lung cancer cases, with around 75% of patients diagnosed at an advanced stage, resulting in a very
low 5-year survival rate. NSCLC can be further subdivided into squamous cell carcinoma (SCC), adenocarcinoma, and large cell
carcinoma. Compared with SCLC, NSCLC cells exhibit slower proliferation and relatively late metastasis.Among NSCLC subtypes,
lung squamous cell carcinoma (LSCC) is associated with a lower survival rate than adenocarcinoma and has an extremely low
EGFR mutation rate, which provides no significant predictive value for targeted therapy. Furthermore, compared with non-
squamous cell carcinoma, research on LSCC remains relatively limited, and there is a lack of effective molecular targeted drugs
for its treatment. Therefore, HTB-182 cells were selected in this study to investigate the anticancer effect of silver nanoparticles
(AgNPs) on lung squamous cell carcinoma.

The first and most immediately noticeable effect following exposure of cells to toxic materials was an alteration in cell shape or
morphology in monolayer culture. Figure 4 presents representative micrographs of HTB-182 cells treated with different
concentrations of curcumin-modified silver nanoparticles for 24 hours. Microscopic observation revealed distinct morphological
changes in the treated cells, whereas the control cells maintained a normal appearance.Cells treated with silver nanoparticles
(AgNPs) showed clustered growth with reduced cellular extensions, and their ability to spread was restricted, which might be
attributed to disrupted cytoskeletal function induced by AgNP treatment. A significant decrease in the number of viable cells was
observed in the AgNP-treated groups, and black crystal-like aggregates were visible on the cell surface.In all AgNP-treated
groups, cells exhibited obvious morphological damage, including complete collapse of cell structure and loss of cytoplasmic
integrity. The dark patches observed on the cell surface were likely due to the adsorption and accumulation of AgNPs. Notably,
only a small number of floating cells were detected, indicating that widespread apoptotic cell death did not occur.

Although optical microscopy images can directly reflect the cytotoxicity of nanosilver to cells, the CCK-8 assay provides a more
convenient and quantitative method to assess cell inhibitory effects. We performed CCK-8 assays to determine the cytotoxicity
of curcumin-modified silver nanoparticles (curcumin-AgNPs) and silver ions in HTB-182 cells. Curcumin-AgNPs and silver ions
were serially diluted to concentrations of 2, 4, 8, 10, 15, 20, 30, 40, and 50 µg/mL, and the results are presented in Fig. 4. The
inhibitory rates of curcumin-AgNPs and curcumin on HTB-182 cells after 24 h of treatment are summarized in Table 3.The
inhibitory rate increased in a dose-dependent manner with increasing concentrations of both curcumin-AgNPs and silver ions.
Notably, there were significant differences in cytotoxicity between curcumin-AgNP and silver ion treatments. The inhibitory rate
against HTB-182 cells exceeded 80% when the curcumin-AgNP concentration was above 25 µg/mL and when the silver ion
concentration was 20 µg/mL. An inhibitory rate greater than 80% is generally regarded as significant cytotoxicity at a given
nanoparticle concentration. These findings are consistent with the morphological changes observed in AgNP-treated HTB-182
cells (Fig. 4). Specifically, as shown in Fig. 4B4 (25 µg/mL), curcumin-AgNPs exhibited significant cytotoxic effects on HTB-182
cells at concentrations above 25 µg/mL, whereas silver ions exerted significant cytotoxicity at concentrations above 20
µg/mL.To our knowledge, nanoparticle uptake by cells becomes saturated at higher concentrations, and excess nanoparticles
tend to assemble in a characteristic pattern and anchor to specific sites on the cell membrane. Our results are in good
agreement with previous reports highlighting the decisive role of nanoparticle surface chemistry in cellular uptake: highly
positively charged particles exhibit the highest uptake efficiency, while particles with a zeta potential close to zero are less
readily taken up by cells. It is conceivable that curcumin-AgNPs were better retained or attached to cells through electrostatic
interactions between the negatively charged cell membrane and the cationic coating of the nanoparticles. Compared with other
biological polymers, curcumin-AgNPs showed higher affinity for proteins present in the cellular medium, which prolongs their
retention and contributes to enhanced cellular uptake.
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Table 3
Inhibition rate of curcumin silver and curcumin on HTB-182 after 24-hour

Inhibition rate of curcumin modified silver nanoparticles on HTB182 cells

Concentration(ppm) 50 40 30 20 15 10 8 4 2 0 IC50

Absorbance 0.114 0.130 0.408 0.449 0.556 0.654 0.676 0.799 0.820 0.979  

24h
inhibition rate(%)

88.3 86.7 58.3 54.1 43.2 33.18 30.9 18.3 16.2 0 17.6ppm

Inhibition rate of silver ion on HTB182 cells

Concentration(ppm) 50 40 30 20 15 10 8 4 2 0 IC50

Absorbance 0.119 0.120 0.120 0.122 0.427 0.618 0.649 0.833 0.902 0.979  

24h
inhibition rate(%)

87.78 87.68 87.66 87.43 56.2 36.66 33.45 14.63 7.54 0 11.3ppm

Inhibition rate of curcumin on HTB182 cells

Concentration(ppm) 50 40 30 20 15 10 8 4 2 0 IC50

Absorbance 0.334 0.494 0.521 0.628 0.721 0.842 0.928 0.940 0.965 0.979  

24h
inhibition rate(%)

65.8 49.5 46.7 35.8 26.3 13.9 5.09 3.96 1.38 0 42.6ppm

In Fig. 5, concentration-response curves were plotted using SPSS software to calculate the half-maximal inhibitory concentration
(IC50) values. The results showed that the IC50 of curcumin-modified silver nanoparticles against HTB-182 cells was 17.6 ug/mL,
while the IC50 of silver ions was 11.3 ug/mL. These data strongly indicate that the silver nanoparticles(AgNPs) possess
anticancer potential. This finding demonstrates that surface modification of silver nanoparticles significantly influences their
tumor-suppressive, anticancer, and antiproliferative properties.We further compared the IC50 values of silver nanoparticles with
those of a clinically mature anti-lung cancer drug, dichlorodiammineplatinum(DDP, cisplatin). The average inhibitory
concentration of silver nanoparticles was 10 times lower than that of cisplatin. These results suggest that silver nanoparticles
have the potential to be developed as a novel anti-lung cancer agent.

3.3.2. Apoptosis and Necrosis
The apoptotic cell death of HTB-182 cells induced by silver nanoparticles (AgNPs) was confirmed via flow cytometric analysis
using annexin V-FITC/PI staining. To evaluate the extent and mode of cell death, annexin V-FITC/PI staining was performed.
Statistical data were extracted from the dot plots (Fig. 6) using FlowJo software. Flow cytometric analysis results of annexin V-
FITC/PI-stained HTB-182 cells are presented in Figs. 6A, 6B, and 6C.The data from the annexin V-FITC/PI staining experiment
indicated that only a small percentage of HTB-182 cells underwent necrosis when treated with all AgNP formulations and Ag+ at
a concentration of 5 ug/mL. However, the degree of apoptosis varied among HTB-182 cells treated with different nanosilver
formulations. For HTB-182 lung cancer cells, the survival rate was 31.9%. Notably, curcumin-modified AgNPs (curcumin-AgNPs)
exhibited higher cytotoxicity, as the number of late apoptotic and necrotic cells was significantly higher than that in the silver ion
group (curcumin-AgNPs vs. silver ions: 67.5% vs. 57.1%, p < 0.05). Specifically, the total apoptosis and necrosis rate was 68.2% in
the curcumin-AgNP group and 62.14% in the silver ion group.These results demonstrate that AgNPs can induce cellular
apoptosis, and the apoptotic response of HTB-182 cells varies with different silver formulations. This finding is consistent with
the results of the CCK-8 assay.

3.3.3. Effect on Cell Cycle
To investigate potential DNA damage induced by oxidative stress in HTB-182 cells treated with silver nanoparticles (AgNPs), cell
cycle distribution was monitored by measuring DNA content using a flow cytometer. Figures 7D, 7E, and 7F illustrate the effect of
AgNPs on the cell cycle distribution of HTB-182 cells, based on flow cytometry data. Flow cytometric analysis (Fig. 7H) revealed
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that the distribution of cells across different cell cycle phases (G0/G1, S, and G2/M) was most significantly affected when HTB-
182 cells were exposed to AgNPs at a concentration of 5 ppm.Compared with untreated control cells, different surface-modified
silver nanoparticles exerted distinct effects on cell cycle distribution. Specifically, HTB-182 cells (a non-small cell lung cancer
cell line) were arrested in the G2/M phase following AgNP treatment. After intervention with AgNPs, the proportion of HTB-182
cells in the G2/M phase increased from 13.52% to 16.2% in the curcumin-modified AgNP group and to 16.5% in the Ag+ group,
respectively. These results are consistent with previous findings reported in the literature [35].Notably, the cytotoxicity of AgNPs
to HTB-182 cells was positively correlated with the proportion of cells arrested in the cell cycle: the more potent the cytotoxicity
of the AgNPs, the higher the proportion of cells undergoing cell cycle arrest. In fact, current cancer therapeutic strategies heavily
rely on DNA-damaging agents to induce programmed cell death (apoptosis) in cancer cells.

4. Conclusions
It is well recognized that the biokinetics of nanoparticles—defined as the rate of nanoparticle uptake, intracellular distribution,
and exocytosis—plays a crucial role in their toxic effects. Key factors influencing nanoparticle biokinetics and toxicity include
particle size, surface area, and surface functionalization. Notably, the inhibitory rate of cells increased in a concentration-
dependent manner with increasing concentrations of nanosilver and silver ions.CCK-8 assay results showed that the half-
maximal inhibitory concentration(IC50) of curcumin-modified silver nanoparticles (curcumin-AgNPs) on normal human bronchial
epithelial (HBE) cells was 13.65 ug/mL, while the IC50 of silver ions on HBE cells was 5.39 ug/mL. For lung squamous cell
carcinoma cells (HTB-182), the IC50 of curcumin-AgNPs was 17.6 ug/mL, and the IC50 of silver ions was 11.3 ug/mL. These

findings suggest that nanosilver could serve as a novel option for the treatment of lung squamous cell carcinoma, highlighting
the practical significance of applying nanosilver in the clinical management of this disease to mitigate toxic side effects.Our
results further demonstrate that surface modification of silver nanoparticles significantly affects their anticancer and
antiproliferative activities. Specifically, treatment with nanosilver or silver ions induced cell cycle arrest in HBE cells at the G0/G1
phase, whereas in non-small cell lung cancer HTB-182 cells, the cell cycle arrest occurred at the G2/M phase, which is
associated with DNA damage repair processes. These observations indicate that the mechanism of action of silver ions and
silver nanoparticles differs between normal HBE cells and lung cancer cells.Previous studies have reported the detection of
apoptosis-related proteins[37–39]. Therefore, future research should focus on elucidating the detailed anticancer mechanism of
nanosilver and further reducing the toxicity of silver nanoparticles to normal cells.
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Figure 1

TEM images and UV-vis spectra of Curcumin-AgNPs. (A) TEM images of Curcumin-AgNPs after reaction for 2 hours at 45 ℃.
The concentration of Ag is 500 μg/mL. (B) UV-vis spectra of Curcumin-Ag reduced without a reducing agent and reduced with
NaBH4 after reaction for 2 hours at 45 ºC. The concentration of Ag is 500 μg/mL and the dispersing solvent is water.
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Figure 2

XRD pattern of the silver nanoparticles(A).1H NMR of curcumin and curcuminu-Ag(B)
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Figure 3

Optical microscopy images of HBE cells at 24 h after seeding. (A) Curcumin (A1) 0 μg/mL; (A2) 625 μg/mL; (A3) 937.5 μg/mL;
(A4) 1,250 μg/mL; (A5) 1,875 μg/mL; (A6) 2,500 μg/mL; (B) Curcumin-Ag (B1) 2 μg/mL; (B2) 4 μg/mL; (B3) 10μg/mL; (B4) 25
μg/mL; (B5) 30 μg/mL; (B6) 50 μg/mL.
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Figure 4

Optical microscopy images of HTB-182 cells at 24 h after seeding. (A) Curcumin (A1) 0 μg/mL; (A2) 625 μg/mL; (A3) 937.5
μg/mL; (A4) 1,250 μg/mL; (A5) 1,875μg/mL; (A6) 2,500 μg/mL (B) Curcumin-Ag; (B1) 2 μg/mL; (B2)4 μg/mL; (B3) 10 μg/mL; (B4)
25 μg/mL; (B5) 30 μg/mL; (B6) 50 μg/mL.
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Figure 5

IC50 of Curcumin , Curcumin-AgNPs, and Ag+ on HBE and HTB cells.

(A)HBE-Ag+;(B)HBE-Curcumin-AgNPs;(C)HBE-Curcumin(D)HTB-Ag+(E)HTB-Curcumin-AgNPs.(F)HTB-Curcumin
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Figure 6

Flow cytometric analysis of FITC-annexin V-PI stained HBE and HTB-182 cells after AgNPs and Ag+ treatment. Apoptotic and
necrotic populations (%) in each sample were calculated from flow cytometric analysis. The values are represented as mean
(SD) of three individual experiments. (A) HTB-Control; (B) HTB-Curcumin-AgNPs;(C)HTB-Ag+; (D) HBE-Control; (E) HBE-Curcumin-
AgNPs; (F) HBE-Ag+. The concentrations of AgNPs and Ag+ are 5 μg/mL, respectively.
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Figure 7

(A)-(H): Cell cycle analysis of HBE and HTB cells in the presence of AgNPs and AgNO3 using flow cytometry.(A)HBE-Control;(B)

HBE-Curcumin-AgNPs;(C) HBE-Ag+; (D) HTB-Control; (E) HTB-Curcumin-AgNPs; (F) HTB-Ag+; (G) and (H) Effect of AgNPs on cell
cycle distribution evaluated by calculating the percentage of cells in each phase from flow cytometric data. The values are
presented as the mean (SD) of three individual experiments. (G) HBE cells; (H) HTB cells; the concentration of AgNPs was 5
μg/mL.
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