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Abstract: Lung cancer is a malignant tumor with high morbidity and mortality worldwide, and traditional chemotherapeutic
drugs such as platinum drugs (PT) and 5-fluorouracil (5-FU) are limited in their applications by drug resistance and toxic
side effects, so there is an urgent need to develop new antitumor drugs that are low-toxicity, precisely targeted, and not easy
to be drug-resistant. In this study, we used peptide solid-phase synthesis method to prepare Gramicidin-S (GS). We analyzed
the differences in the effects of GS with PT and 5-FU through antitumor activity assay, plasma membrane depolarization as-
say, and scanning electron microscopy observation of cellular morphology. The results showed that GS significantly reduced
A549 cell survival and rapidly induced plasma membrane depolarization, and SEM observation revealed that GS treatment
severely damaged A549 cell membranes; whereas, PT and 5-FU had almost no depolarizing effect and weakly damaged cell
membranes. The conclusions indicate that GS has potent cell membrane targeting on A549 lung cancer cells and exerts an-
ti-tumor effects by destroying the cytoplasmic membrane, which provides a new direction for the research and development
of targeted therapeutic drugs for lung cancer.
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1. Introduction

Currently, chemotherapy remains the primary treatment for lung cancer. Commonly utilized chemotherapy agents,
including platinum-based compounds and 5-fluorouracil, exhibit limitations such as inadequate targeting, tumor cell drug
resistance, and nephrotoxicity, which hinder their effectiveness in clinical settings[1]-[4]. Recently, peptide drugs have
emerged as a focal point in the research and development of anti-tumor therapies, owing to their advantages of enhanced
targeting, reduced toxicity and side effects, and ease of precise modification[5-8]. Antimicrobial peptides demonstrate both
antibacterial and anti-tumor properties. Their mechanisms of action involve disrupting tumor cell membranes and inducing
apoptosis, among other[9]. Gramicidin-S (GS), a cyclic antimicrobial peptide consisting of 10 amino acids, has shown
preliminary evidence of anti-tumor activity through its analogues[10]. This study aims to synthesize GS using solid-phase
methods and systematically assess its anti-tumor activity and mechanisms of action against A549 lung cancer cells, with
the goal of providing new insights for the structural optimization and mechanistic research of cyclic peptide anti-tumor
agents[11 -[13].

2. Materials and Methods

2.1 Experimental materials

Human non-small cell lung cancer A549 cell line was routinely cultured in RPMI-1640 medium containing 10% fetal
bovine serum at 37°C with 5% CO-. Fmoc-Pro-(2-CTC)-resin (1% crosslinked, 100-200 mesh, 0.476 mmol/g) was sourced
from GL Biochem (Shanghai). Platinum(PT) and 5-fluorouracil (5-FU) were purchased from Sigma Company. All solvents
and reagents were used as received.

2.2 Gramicidin S synthesis

Using Fmoc-Pro-(2-CTC)-resin as the solid-phase carrier, swell the resin and perform Fmoc deprotection with 20%
piperidine. Add Fmoc-protected amino acids, HBTU, HOBT, and DIEA, then shake for 2 hours. After completing amino
acid condensation, repeat the deprotection and condensation steps to synthesize the linear peptide chain. First, cleave the
linear peptide from the resin using 1% TFA/DCM. Next, perform a cyclization reaction on the linear peptide to form a cyclic
peptide structure. Then, remove the side-chain protecting groups with 95% TFA/H2O. Precipitate the crude cyclic peptide
with cold diethyl ether. Subsequent purification yielded the target peptide GS.
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Figure 1. Synthesis of GS. Synthetic conditions: (a) Sequential coupling (Xaa, HBTU,HOBT, DiPEA, DMF) and deprotection (20% piperidine/
DMF, v/v) steps; (b) 1% TFA/DCM, v/v, 5 x10 min; (¢) PyBOP, HOBt, DiPEA, DMF; (d) 90% TFA/water, v/v, 25% yield for 3

2.3 Antitumor Activity Assay

A549 cells in the logarithmic growth phase were seeded in 96-well plates, with 100 pL of complete medium added to
each well. The cells were cultured adherently in a 37 °C, 5% CO: incubator for 24 hours. The drugs GS, PT, and 5-FU were
dissolved in DMSO to prepare high-concentration stock solutions. A half-dilution method was employed to generate various
drug concentrations. After aspirating the culture medium from the 96-well plate using a pipette, 100 pL of the prepared
solution was added to each well. A 20% DMSO medium served as the positive control, while 1640 medium was used as the
negative control. Three duplicate wells were included for each concentration level, and the plates were incubated in a 37 °C
constant temperature CO: incubator for 48 hours. Subsequently, 10 uL of CCK-8 solution was added to each well, followed
by a 4-hour incubation. The absorbance (OD value) at 450 nm was measured using an enzyme-linked immunosorbent assay
(ELISA) reader to determine the number of viable cells. The percentage of cell viability was calculated according to the
specified formula. Data processing software GraphPad Prism was utilized to generate the average curve graph and calculate
ICSO.

2.4 Polarization-depolarization experiment of the plasma membrane

In this experiment, the DiSC3-5 fluorescence probe method was employed to assess the plasma membrane depolarization
effect in A549 cells. Following the culture of A549 cells to the logarithmic growth phase, the cells were centrifuged in
HEPES buffer (5 mM HEPES, 20 mM glucose, pH 7.4), washed three times, and subsequently diluted. A total of 1.95 mL
of HEPES buffer containing the cells was combined with 0.05 mL of KCI to achieve a final concentration of 0.1 mmol/L,
thereby equilibrating the cytoplasmic and external K+ concentrations. The excitation wavelength was set at 622 nm, while
the emission wavelength was 670 nm. DiSC3-5 was then added to facilitate the adsorption of fluorescence onto the cell
membrane. After observing a decrease in fluorescence intensity that stabilized, GS-1 and GS-2 were introduced at final
concentrations of 10 pmol/L, 5-FU at 200 umol/L, PT-1 and PT-2 at 50 umol/L, and PT at 100 umol/L, respectively.
Additionally, a 0.9% NaCl buffer group and a blank buffer control group were established. The changes in fluorescence
intensity (au) were monitored in real time over a period of 10 minutes to reflect the dynamic trends in plasma membrane
potential.

2.5 Scanning Electron Microscopy (SEM) Assay

A549 cells were cultured until they reached the logarithmic growth phase. Following centrifugation, the cell suspension
was prepared by washing the cells three times with 0.2 mol/L PBS buffer at pH 7.4. The cells were treated with PT, 5-FU,
and GS, while a blank control group without drugs was also established. The samples were incubated at 37°C for 1 hour,
followed by centrifugation with PBS buffer and three additional washes. Subsequently, 300 uL of 2.5% glutaraldehyde
was added, mixed thoroughly, and the samples were fixed overnight at 4°C. After fixation, the samples were centrifuged
and washed three times with 0.2 mol/L PBS buffer to eliminate excess liquid. The washed samples underwent gradient
dehydration in ethanol, were incubated in a 4°C refrigerator for 15 minutes, and then centrifuged for another 15 minutes. The
dehydrated samples were evenly dispersed in anhydrous ethanol, and 10 pL was placed onto a slide, which was dried using
an alcohol lamp. The surface was then gold-coated for 30 seconds, and the morphological changes of the cells were observed
using a scanning electron microscope.

3. Results and Discussion

3.1 Synthesis Experiments
GS >95% purity, 13 mg, 11.5% overall yield from SPPS. MS (ESI+): m/z caled for C_H N O *: 1141.71 [M+H]";
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found: 1141.42. caled for 1/2 x C, H,,N, O, *: 571.36 1/2 [M+2HJ*"; found: 571.33. The correctness of the products was
confirmed.

3.2 Antitumor Activity Assay

We observed that GS, PT, and 5-FU all had tumor cell killing ability(Figure 2), the three drugs had no significant effect
on cell survival at low concentrations; cell survival decreased significantly at concentrations >10 uM, with GS having the
strongest inhibitory effect, and the cell viability had plummeted to less than 10% at 10 uM, showed the strong tumor cell
killing ability; PT was the second highest, with the cell viability in the range of 10-100 puM decreasing from about 90% to
about 30%; the cytotoxicity of 5-FU changed relatively gently, with the cell viability at 100 pM still > 50%, and a significant
decrease in the viability was only observed at a high concentration (>100 uM). From the IC50 trend, the ICso ranking was
GS < PT < 5-FU, indicating that the antitumor activity of GS on A549 lung cancer cells was significantly better than that of
PT and 5-FU, and that GS may be a potential therapeutic candidate for lung cancer. This result is consistent with the findings
of Hu et al[14]. It is hypothesized that the high activity of GS stems from the high affinity of its cyclic structure to the tumor
cell membrane, whereas PT and 5-FU act on intracellular targets and are susceptible to drug-resistance mechanisms, and thus
have weaker antitumor activity than GS.
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Figure 2. Cytotoxicity assay Results of GS, PT and 5-FU on A549 Cells manner

3.3 Experimental evaluation of plasma membrane depolarization

As illustrated in Figure 3, the fluorescence intensity in the GS-1 (10 pmol/L) and GS-2 (10 pmol/L) treatment groups
exhibited a continuous increase over 10 minutes. The fluorescence value for the GS-1 group approached 40 au at the
10-minute mark, indicating that GS compounds significantly induce depolarization of the plasma membrane in A549 cells at
this concentration. In contrast, the fluorescence intensities of the 5-FU (200 umol/L), PT-1 (50 pmol/L), PT-2 (50 pumol/L),
and PT (100 pmol/L) treatment groups fluctuated around 0 au, demonstrating no significant trend. The patterns observed
in these groups were comparable to those of the 0.9% NaCl buffer and blank control groups, suggesting that these drugs do
not elicit a notable depolarization effect on the plasma membrane of A549 cells at the tested concentrations. Therefore, it
can be concluded that GS series compounds may induce changes in membrane potential by disrupting the ionic balance of
the cell membrane, whereas the mechanisms of action for 5-FU and PT do not rely on the plasma membrane depolarization
pathway[15].
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Figure 3. Study on Depolarization of Plasma Membrane of GS, PT and 5-FU
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3.4 Scanning Electron Microscopy (SEM) Assay

The A549 cells in the control group exhibit intact morphology, a smooth surface, and characteristic epithelioid cell
features (Figure 4). In the PT treatment group, a reduction in cell volume was observed, accompanied by surface wrinkles
and a decrease in microvilli. The 5-FU treatment group displayed more pronounced morphological changes, including the
emergence of depressions on the cell surface. In contrast, cells in the GS treatment group exhibited significant rupture and
collapse, with evident damage to the cell membrane structure, resulting in the loss of cellular integrity. These findings further
substantiate that GS primarily exerts its anti-tumor effects by disrupting cell membrane architecture. Both PT and 5-FU
demonstrate a relatively weak damaging effect on the A549 cell membrane. GS films exhibit strong targeting capabilities,
rapidly breaching the tumor cell barrier and showing resistance to drug tolerance, thereby offering innovative approaches for
lung cancer chemotherapy and holding promise for the development of low-toxicity anti-tumor agents.
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Figure 4. Experimental results of Scanning electron microscopy (SEM)

4. Conclusion

In summary, we have confirmed the anti-tumor effects and mechanisms of GS on A549 cells. GS significantly inhibits
the survival rate of A549 cells, demonstrating a much stronger anti-tumor effect compared to PT and 5-FU. GS rapidly
induces plasma membrane depolarization and disrupts the structural integrity of the cell membrane. In contrast, PT and 5-FU
exhibit minimal plasma membrane depolarization and have a limited damaging effect on the cell membrane. This suggests
that the mechanism of action of GS is closely associated with the disruption of ionic balance within the cell membrane,
leading to significant alterations in cell morphology and consequent anti-tumor effects. As a polypeptide molecule, GS
possesses membrane-targeting capabilities and a unique mechanism for membrane disruption. This mechanism differs from
those of traditional chemotherapy agents and is less likely to induce drug resistance. Consequently, GS presents a novel
strategy for lung cancer chemotherapy and provides experimental evidence for the structural optimization and development
of low-toxicity, membrane-targeted anti-tumor polypeptide drugs. Future research will focus on the in vivo anti-tumor
activity and safety of GS in animal models to facilitate its translation into clinical applications.
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