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A B S T R A C T   

Neurodegenerative disorders are chronic conditions that progressively damage and destroy parts 
of the nervous system, and are currently considered permanent and incurable. Alternative stra-
tegies capable of effectively healing neuronal damage have been actively pursued. Here, we 
report the neuroprotective effects of baicalin (BA) combined with plasma-activated medium 
(PAM) against glutamate-induced excitotoxicity in SH-SY5Y cells. Through in vitro assays, the cell 
viability, inflammation, apoptosis, and oxidative stress were evaluated. The co-application of BA 
and PAM significantly enhanced cell viability, reduced pro-inflammatory markers (TNF-α and NF- 
κB), decreased apoptotic proteins (Bax and Caspase-3) and boosted antioxidative defenses 
(increased SOD activity and lowered ROS levels). This study confirms the potential of combining 
BA with PAM as an effective therapeutic strategy for mitigating the effects of excitotoxicity. PAM 
is a promising adjunct and potential drug delivery method in neuroprotective therapy, providing 
a new avenue for developing treatments for diseases characterized by neuronal damage.   

1. Introduction 

Neurodegenerative diseases are among the most widespread and disabling conditions globally [1]. The progressive loss of neurons 
characterizes these diverse disorders. Due to the limited regenerative capacity of nerve cells, nerve injuries, and neuronal loss often 
result in permanent functional impairments [2]. Chronic neurodegenerative conditions, such as Alzheimer’s disease (AD), Parkinson’s 
disease (PD), and Huntington’s disease [3]. Acute neuronal degeneration, such as spinal cord injury (SCI), hypoxia, and ischemia, can 
also lead to long-term neurodegenerative processes [4]. These conditions represent a significant unmet medical need in the world. 
Accumulating evidence suggests that mechanisms like glutamate excitotoxicity, oxidative stress, neuronal apoptosis, inflammatory 
responses, and mitochondrial dysfunction are associated with neurodegeneration [5–7]. Therefore, developing effective neuro-
protective agents to prevent and control neurodegenerative diseases is critically important. 

Clinically, drug therapy is a crucial approach to treating and preventing neurodegenerative diseases [8]. Commonly used medi-
cations address cognitive symptoms, anti-inflammatory drugs, and neurotrophic agents [9,10]. These drugs primarily aim to delay the 
progression of damage, inhibit the inflammatory microenvironment, and promote the differentiation and regeneration of nerve cells 
[11]. Baicalin (BA), a flavonoid compound derived from the dried root of Scutellaria baicalensis, is widely recognized for its diverse 
pharmacological activities within Traditional Chinese Medicine (TCM). There is substantial evidence indicating that baicalin possesses 
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anti-inflammatory, anti-tumor, anti-apoptotic, and antioxidant properties [12,13]. Due to its ability to penetrate the blood-brain 
barrier (BBB) and enter the cerebrospinal fluid, BA exhibits potential for neuroprotection and cognitive enhancement across 
various models of neuronal damage [14–16]. However, using a single drug may be insufficient to fully control disease progression or 
alleviate symptoms, particularly in complex conditions such as cancer or neurodegenerative diseases [17,18]. Researchers have long 
been dedicated to developing new drugs and other auxiliary methods to address the limitations of traditional medications [19]. 

Plasma, the fourth state of matter after solid, liquid, and gas, consists of active species, charged particles, ultraviolet (UV) radiation, 
and electric fields. These components enable plasma to influence the biological functions of tissues and cells directly or indirectly. This 
has led to the rapidly expanding use of cold atmospheric plasma (CAP) in fields including biology, medicine, and agriculture [20]. In 
recent years, an increasing number of studies have explored the application of CAP in the pharmaceutical field [21]. Compared to 
traditional drug synthesis methods that require harsh conditions, long reaction times, and complex extraction processes, CAP can more 
rapidly and easily enhance the biological activities of natural ingredients or produce beneficial byproducts. CAP can be used to treat 
solutions and produce plasma-activated liquids. One approach involves effectively infusing these into culture media to create what is 
known as "plasma-activated medium" (PAM). Some research suggests that combining CAP with drugs can synergistically enhance the 
efficacy [22,23]. Consequently, plasma-activated medium has broad application in cancer and dental treatments [24]. In these con-
texts, they synergize with medications to achieve high selectivity, enhance intracellular accumulation of drugs as well as reduce in-
flammatory responses [25–27]. Under the modulation by PAM, some compounds may undergo functional enhancements, thereby 
achieving diverse effects such as optimizing drug delivery systems, extending drug efficacy, and boosting antioxidant activities 
[28–31]. In particular, research demonstrates that CAP treatment can enhance the therapeutic properties of flavonoid compounds by 
modifying polyphenols to generate primary and secondary products [32]. These modified ingredients exhibit various biological effects, 
including anti-diabetic properties, highlighting CAP’s versatile and impactful nature in pharmaceutical development [33,34]. As 
previously mentioned, BA also holds potential in neural protection. However, to the best of our knowledge, no relevant studies have yet 

Fig. 1. Experimental setup and analysis of the plasma jet source. (A) Schematic diagram of the experimental setup. (B) Voltage and current 
waveform. (C) Optical emission spectroscopy spectrum of plasma jet at wavelengths ranging from 350 to 850 nm. 
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investigated the synergistic effects between PAM and BA. A significant gap remains in understanding the specific mechanisms by which 
PAM interacts with drugs, particularly in the context of neural damage. Investigating the synergistic effects of PAM combined with BA 
offers a promising approach to enhance neuroprotective treatments and deepen our understanding of the underlying synergistic 
mechanisms of CAP in combating neuronal damage. 

In the study, we aim to investigate the synergistic neuroprotective effects of BA and PAM on neuronal cells under conditions of 
glutamate-induced excitotoxicity, a prevalent pathological feature of many neurodegenerative diseases. A series of in vitro assays were 
conduct to monitor changes in cell viability, inflammatory markers, and apoptotic indicators within SH-SY5Y neuroblastoma cells. 
Employing quantitative analysis and molecular biology techniques, the mechanistic pathways through which BA and PAM confer 
neuroprotection were further investigated. This study not only seeks to deepen the understanding of CAP’s role in enhancing the 
efficacy of neuroprotective agents but also to establish new therapeutic strategies for treating neurodegenerative diseases. 

2. Results 

2.1. Plasma-activated medium generation and plasma characterization 

Fig. 1A depicts a schematic of the plasma jet source. The setup uses Polytetrafluoroethylene (PTFE) as an insulating shield, with a 
tube covered by copper and linked to the power supply. The working gas is fed from the tube tip. PAM is produced by exposing plasma 
to DMEM without FBS and antibiotics. Specifically, 3 mL of DMEM was activated for 2 min at a flow rate of 2.0 standard liters per 
minute while exposed to helium plasma. Following this, antibiotics and FBS were added, and the PAM was immediately introduced to 
the cells. Baicalin was then added to the fully-supplemented medium. As illustrated in Fig. 1A, when the device is discharging, a high- 
voltage probe measures the voltage at both ends of the plasma generator, and a current sensor connected in series in the discharge 
circuit of the reactor measures the discharge current. 

The recorded jet discharge voltage and current waveforms are shown in Fig. 1B. The voltage signal exhibits a stable sine waveform. 
During each positive and negative half-cycle of plasma discharge, numerous narrow discharge pulses appear in the current waveform. 
However, notable distinctions exist in the discharge patterns between the two half-cycles. The amplitude of the current during the 
positive half-cycle slightly surpasses that of the negative half-cycle. This discrepancy arises from the accumulation of charges trans-
mitted through the micro-discharge channel on the surface area of the dielectric plate, forming a wall charge layer. This layer generates 
an internal electric field under the influence of wall charges, resulting in asymmetric positive and negative half-cycle current wave-
forms. Electrical measurements indicate that the operation of the plasma discharge device is relatively stable. 

Optical emission spectroscopy (OES) is a widely utilized method for studying active substances in plasma, prized for its simplicity, 
ease of operation, and non-invasiveness. As shown in Fig. 1C, we investigate the emission lines of various atomic species, mainly 
focusing on neutral helium (He) and oxygen (O) atoms. The emission lines of excited He atoms are observed at wavelengths of 587.6 
nm and 667.8 nm, corresponding to transitions from He (33D→23P) and He ((3 [1]D→21P), respectively [35]. These transitions 
predominantly occur due to collision ionization between ground-state helium atoms and inelastic electrons. Additionally, a spectral 
line at 501 nm arises from the transition of He (3p1P-2s1S) [36]. 

For oxygen, the spectral line at 777 nm emerges from the transition of O (3p5P→3s5S), which can be generated via two main 
processes: direct collision ionization of high-energy electrons with ground state O2 molecules and Penning reaction involving meta-
stable helium atoms (He*) and O2. Specifically, He* species, including He(2 [1]S) and He(2 [3]S), play a crucial role in facilitating the 
Penning reaction [37]. 

He∗ +O2 → He+O
(
3p5P

)
+ O  

In the spectral range spanning 350–500 nm, we also detect faint emission lines attributed to nitrogen species, namely N2 and N2
+ [38]. 

The intensities of these lines are relatively weak, given that helium serves as the primary working gas in the discharge area. The 

Fig. 2. Dose-response effects of Glu and BA, with and without PAM, on SH-SY5Y cell viability. (A) Cell viability after inducing with different 
concentrations of Glu. (B) Cell viability of SH-SY5Y cells with Glu excitotoxicity damage after treatment with BA and BA + PAM. The experiment 
was repeated three times. Data are expressed as the mean ± SD. *P < 0.05, ***P < 0.001. 
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ionization and excitation of nitrogen molecules from the ambient air are minimal, resulting in the subdued spectral contribution of 
nitrogen within this wavelength region. 

This comprehensive analysis provides valuable insights into the mechanisms underlying the emission spectra of helium, oxygen, 
and nitrogen species in plasma environments, aiding in the understanding and characterizing plasma processes. 

2.2. Establishing concentration parameters for neuroprotection study 

Glutamate (Glu) is a non-essential amino acid and the primary excitatory neurotransmitter in the central nervous system. Excessive 
excitatory activation of glutamate can lead to neurotoxicity, which is implicated in neurodegenerative diseases such as Alzheimer’s 
disease and Parkinson’s disease [39,40]. Glu is frequently employed to simulate excitatory toxicity in SH-SY5Y cells by inducing 
oxidative stress, a mechanism relevant to both acute and chronic neural injuries. This approach is widely utilized in related research 
studies [41–43]. 

Cell viability assays were performed to determine the appropriate concentrations of Glu for inducing excitotoxicity. Three con-
centrations (100, 150, and 200 μM) were selected for testing. As depicted in Fig. 2A, cell viability at 24 h post-treatment was 1.14, 0.51, 
and 0.14 relative to the control group, respectively. Notably, a Glu concentration of 150 μM halved the cell viability, effectively 
reducing it to 50 % of the control. This significant reduction in viability is ideal for establishing a stable and consistent neurotoxicity 
model. Therefore, 150 μM was chosen as the optimal concentration to establish the excitotoxicity model in SH-SY5Y cells for sub-
sequent studies. This concentration reliably induces a moderate yet substantial level of toxicity, which is crucial for exploring pro-
tective interventions in future experiments. 

To explore the therapeutic potential of BA in combination with PAM following excitotoxic injury, we initially treated SH-SY5Y cells 
with various concentrations (1, 5, 10, 40, 80 μM) of BA after inducing excitotoxicity with Glu for 24 h in Fig. 2B. This preliminary step 
was crucial to determine the optimal concentration of BA that maximizes cell viability, providing a necessary baseline for subsequent 
comparisons. 

When BA is combined with PAM, a synergistic effect may occur, altering the required concentration of BA to achieve optimal cell 
protection. This synergistic interaction could reduce or shift the effective concentration needed, achieving the same or enhanced cell 
viability. As shown in Fig. 2B, a dose-dependent increase in cell viability was observed with increasing BA concentrations when 
combined with PAM. The viability peaked at 40 μM, suggesting that this concentration provides the most effective protection against 
the excitotoxic effects induced by Glu. Consequently, 40 μM was identified as the optimal BA concentration for further studies to 
investigate the synergistic effects of BA and PAM in this model. At higher concentrations (80 μM), adding PAM does not significantly 

Fig. 3. Evaluating the neuroprotective effects of BA and PAM on SH-SY5Y Cells post-Glu treatment. (A) Effect of BA and BA + PAM on cell viability 
in SH-SY5Y cells. (B) Comparison of cell viability responses to BA, BA + Flow (exposed only to helium gas flow), and PAM (activated by helium 
plasma) in Glu induced SH-SY5Y Cells. (C) The morphological analysis of SH-SY5Y cells under different treatment conditions was captured at 20×
magnification. Scale bar = 100 μm. The experiment was repeated five times. Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P 
< 0.001. 
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improve the protective effect of BA. This could suggest that the protective effect of BA + PAM plateaus or even decreases at higher 
doses, which is an essential consideration for therapeutic applications. 

2.3. BA and PAM combined strategy increased the cell viability of SH-SY5Y 

To further investigate the protective effects of BA and its interaction with PAM, we extended our analysis to the cell viability 
outcomes post-treatment. In Fig. 3A, treatment with BA leads to a significant enhancement in cell viability relative to the Glu group, 
confirming BA’s protective properties against glutamate-induced cytotoxicity, as supported by multiple studies. Notably, the com-
bination of BA and PAM results in even higher cell viability, increasing from 0.73 with BA alone to 0.94 with BA + PAM (P < 0.05). 
This improvement indicates a synergistic interaction between BA and the active components within PAM. The SH-SY5Y control cells in 
normal conditions exhibit typical epithelioid cell morphology (Fig. 3C). After treatment with Glu, most cells shrink and become round 
in shape, indicative of cell damage. In contrast, cells treated with BA show an alleviation of Glu-induced excitotoxicity, maintaining a 
morphology similar to that of the control cells. Cells treated with BA + PAM exhibit an intermediate morphology between the Glu- 
induced and BA-treated cells, suggesting partial protection against Glu-induced damage. 

Although BA + PAM showed promising results, some studies have indicated that PAM alone can treat certain diseases. Therefore, to 
exclude related effects, we used PAM alone to treat toxicity caused by Glu. Interestingly, treatment with PAM alone did not result in a 
significant change in cell viability compared to the Glu group (Fig. 3B), indicating that PAM neither exhibits intrinsic cytotoxicity nor 
confers a protective effect on the cells under the experimental conditions employed. Additionally, cells are treated with BA and helium 
gas flow without plasma activation, the viability mirrors that of BA treatment. This implies that the helium flow alone does not 
contribute significantly to cell viability, ruling out the influence of gas flow on BA and PAM’s efficacy. 

Fig. 4. Effect of BA + PAM combined strategy on inflammatory and apoptosis proteins. (A) Western blot assay of the inflammatory response (NF-κB 
and TNF-α) proteins. (B) Quantitative analysis of NF-κB and TNF-α protein expression. (C) Western blot assay of the apoptosis response (Bcl-2, BAX 
and Caspase-3) proteins. (D) Quantitative analysis of Bcl-2/BAX ratio and Caspase-3 protein expression. The experiment was repeated three times. 
Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. 
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2.4. BA and PAM combined strategy enhanced anti-inflammatory and anti-apoptotic responses in SH-SY5Y cells 

Western blot analysis was performed on cells post-treatment further to evaluate the therapeutic effects of the CAP + PAM combined 
strategy. NF-κB is a critical transcriptional regulator of the inflammatory response and is essential in regulating inflammatory signaling 
pathways [44]. TNF-α, a cytokine, acts as a crucial mediator in these pathways by activating NF-κB, among other transcription factors, 
thereby influencing the expression of various inflammatory genes. Thus, the inflammatory response of SH-SY5Y cells was assessed by 
detecting the expression levels of proinflammatory factors in Fig. 4A and S1. The expression of TNF-α and NF-κB is significantly higher 
in the Glu-induced group compared to the control, suggesting an enhanced inflammatory response and associated cellular damage [45] 
(Fig. 4B). Researchers have confirmed that treatment with BA dramatically inhibits the NF-κB signaling pathway [46]. Consistent with 
these findings, our study shows that BA alone reduces levels of both NF-κB and TNF-α. Furthermore, the combination of BA and PAM 
results in a more substantial decrease in the expression levels of these proteins, suggesting an enhanced mitigating effect on 
inflammation. This indicates that while BA is effective independently, it is more potent when used with PAM. 

Subsequently, the Bcl-2/BAX ratio and Caspase-3 expression, critical indicators of cell survival, were assessed. As shown in Fig. 4C 
and S2, the BA and BA + PAM treatment drastically increases the Bcl-2/BAX ratio that Glu had diminished. Caspase-3 levels, which 
were significantly upregulated in the Glu-induced group, showed a substantial decrease following BA intervention (Fig. 4D). Addi-
tionally, the BA combined with the PAM intervention group further reduced these levels, underscoring the synergistic protective effect 
of the combined BA and PAM treatment. 

In summary, the treatments with BA + PAM are more effective in reducing markers of inflammation and apoptosis induced by Glu. 
These results confirm the protective effects of BA, especially when combined with PAM, against Glu-induced cellular stress and 
apoptosis in SH-SY5Y cells. 

2.5. BA and PAM combined strategy boosted antioxidative defense in SH-SY5Y cells 

Many studies have demonstrated that baicalin can modulate inflammatory and apoptotic responses triggered by oxidative stress 
[47,48]. ROS are both contributors to and indicators of oxidative stress. The balance between ROS production and antioxidant defenses 
is crucial for maintaining cellular function and preventing oxidative damage. Thus, intracellular ROS levels were measured using flow 
cytometry. Fig. 5A and B illustrated ROS levels in SH-SY5Y cells under various conditions. The control group shows baseline ROS 

Fig. 5. Intracellular ROS content and oxidative stress indicators level. (A) Flow cytometry analysis of ROS levels using DCFH-DA assay in SH-SY5Y 
cells under different treatments. (B) Quantitative comparison of mean fluorescence intensity of ROS. (C) MDA (D) GSH (E) SOD (F) CAT activities in 
response to treatments, were measured by corresponding assay kits. The experiment was repeated three times. Data are expressed as the mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001. 
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levels, with a marked increase in the Glu-induced cells, indicating enhanced oxidative stress. In contrast, BA treatment alone and, more 
effectively, BA + PAM treatment significantly lower ROS levels, demonstrating the antioxidative effects of the combined treatment. 

Antioxidant capacity is vital in neurodegenerative diseases because it helps to mitigate oxidative stress, thereby protecting neurons 
from damage and possibly slowing disease progression. Studies have demonstrated that Glu-induced toxicity was significantly pre-
vented by treatment with antioxidants [49,50]. Building on the demonstrated ability of BA to modulate oxidative stress responses, 
subsequent analyses focused on a detailed examination of critical antioxidants within the cellular environment. 

This study quantitatively analyzed levels of glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT) as critical catalysts 
in scavenging reactive oxygen species (ROS), and malondialdehyde (MDA) as a marker of peroxidation-induced damage. MDA levels, 
which were elevated in Glu-induced cells, were notably reduced by BA and BA + PAM, suggesting adequate protection against 
oxidative damage (Fig. 5C). However, the differences between BA and BA + PAM were not statistically significant. Similarly, while 
there were no significant changes in GSH levels among the Control, Glu, and BA groups, BA + PAM was significantly higher than Glu 
(Fig. 5D). Meanwhile, SOD activity was enhanced in treatments with BA (54.49 U/mL) and BA + PAM (60.56 U/mL) compared to Glu 
alone, indicating that BA + PAM has a higher SOD activity than BA alone (Fig. 5E). However, CAT activities did not show significant 
differences between the BA and BA + PAM groups, indicating that the antioxidant capacity enhancement in the BA + PAM group may 
primarily involve mechanisms other than catalase activity (Fig. 5F). This comprehensive antioxidative response highlights the po-
tential of BA + PAM in combating oxidative stress more effectively than BA alone. In short, the combination of PAM and BA alters the 
environment in damaged cells by triggering self-antioxidant enzymes and enhancing the antioxidant capacity of BA [46,51]. 

3. Discussion 

In recent years, the neuroprotective effects of flavonoids have gained attention in various neurodegenerative diseases such as 
Parkinson’s disease, Alzheimer’s disease, and cerebral ischemia [52]. These effects are attributed to their anti-apoptotic, anti-in-
flammatory, anti-oxidative stress, anti-excitotoxicity, neurogenesis-promoting, and cell differentiation-promoting properties. Baicalin 
(BA), a prominent flavonoid derived from Scutellariae Radix, has been extensively studied and has shown promise in reversing changes 
in apoptosis-related proteins, inflammatory cytokines, and NF-κB pathway proteins in the spinal cord. These proteins include Bax, 
Bcl-2, Caspase-3, TNF-α, IL-1β, IL-6, and NF-κB [53,54]. However, challenges such as the blood-brain barrier (BBB) and age-related 
modifications in neuronal membranes can reduce the efficacy of drugs like BA [55]. Furthermore, increasing the dosage to coun-
teract these effects may also heighten the risk of secondary, undesired effects [56]. Therefore, developing strategies that enhance the 
efficacy and delivery of neuroprotective drugs to target these diseases effectively is crucial. Our findings build upon the findings of 
previous research, illustrating that BA can significantly mitigate excitotoxic effects, a common pathological feature in disorders like 
Alzheimer’s and Parkinson’s disease. Notably, our results underscore BA’s potential when combined with PAM, extending its appli-
cability beyond traditional anti-inflammatory and antioxidant roles. 

This study leverages PAM’s unique properties to enhance BA’s therapeutic efficacy, particularly against glutamate-induced 
excitotoxicity—a critical mediator of neuronal damage in both acute and chronic neurodegeneration. Our findings reveal that the 
most effective synergistic interaction between BA and PAM occurs at a concentration of 40 μM. This differs from the optimal con-
centration of BA alone, which is 10 μM, indicating that the synergy modifies the BA concentration needed to achieve optimal cell 
protection. This synergy appears to plateau at higher concentrations, suggesting a finely tuned balance between efficacy and potential 
saturation of therapeutic effects, a novel finding of significant clinical relevance. This highlights a targeted approach that could 
optimize treatment paradigms in combination therapies. 

The synergistic effects observed in our study between BA and PAM offer compelling evidence for the modulation of both in-
flammatory and apoptotic pathways in neurodegenerative disease models. Inflammatory markers such as TNF-α and NF-κB signifi-
cantly increase under Glu-induced stress, contributing to neuronal damage. BA reverses the upregulation of these markers. Adding 
PAM further enhances BA’s effects, leading to a more pronounced decrease in TNF-α and NF-κB levels. This suggests that PAM may 
improve BA’s bioavailability or efficacy by interacting with cellular pathways to augment its anti-inflammatory capabilities. 

Concurrently, our study demonstrates the anti-apoptotic effects of BA and PAM, particularly evidenced by changes in vital 
apoptotic markers. While treatments with BA alone and BA + PAM increased the Bcl-2/BAX ratio, the more notable effect was the 
reduction of Caspase-3 levels. Caspase-3, significantly elevated in the glutamate-induced group, was substantially reduced following 
treatment with BA, and this reduction was further enhanced in the BA + PAM group. This underscores the synergistic protective effect 
of the combined treatment, emphasizing its significant potential in inhibiting the apoptotic cascade and promoting neuronal survival. 
These effects mitigate cell death and modify the cellular environment to foster cell survival and resilience against oxidative stress—a 
common mediator of cellular damage in neurodegenerative diseases. 

Moreover, the enhanced antioxidative response facilitated by the BA and PAM combination underscores the crucial role of 
oxidative stress mitigation in neuroprotection. The significant reduction in ROS levels, the associated decrease in oxidative damage 
markers such as MDA, and the increase in antioxidant enzyme activities suggest that this strategy effectively counters the biochemical 
pathways leading to cell death in neurodegeneration. This points to the therapeutic relevance of targeting multiple pathways involved 
in cell death and survival, which could be particularly advantageous in multifactorial diseases like Alzheimer’s and Parkinson’s. 

The underlying mechanism behind the observed synergistic effects between PAM and BA likely involves their interaction at the 
cellular level. Such effects can be attributed to the increased intracellular accumulation of drugs, a phenomenon supported by existing 
studies that highlight how PAM enhances the efficacy of pharmaceutical agents through this mechanism. Exploratory research has 
demonstrated that plasma-produced reactive radicals can transiently permeabilize cell lipid bilayer membranes, facilitating the 
passage of molecules into cells [57,58]. Notably, PAM causes less damage to healthy cells and has been demonstrated to modify cell 
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membrane structures and chemical properties by generating reactive oxygen and nitrogen species (RONS) [59,60]. By altering cell 
membrane structures, PAM facilitates a more significant accumulation of drugs within cells, thereby amplifying their therapeutic 
effects [61–63]. Specifically, these alterations may increase the stability and delivery of BA to damaged cells. Such improvements 
could significantly enhance BA’s bioavailability and efficacy. Our findings also suggest that the combination may improve the 
expression of genes encoding antioxidant enzymes such as superoxide dismutase and boost glutathione levels, providing a dual 
mechanism that mitigates oxidative stress and promotes cellular health [51,64,65]. 

4. Conclusion 

In conclusion, this study substantiates the neuroprotective potential of BA when synergistically combined with PAM, providing 
significant evidence that supports its use against excitotoxicity commonly associated with neurodegenerative disorders. The notable 
enhancements in cellular resilience against oxidative stress, inflammation, and apoptosis demonstrate the therapeutic value of this 
combination. These results suggest that utilizing the combined properties of PAM and BA offers a viable and promising approach for 
improving drug delivery and treating conditions associated with neurodegenerative changes. Future research should focus on clinical 
translations and deeper mechanistic understanding to optimize and broaden the therapeutic applications of this combination. 

5. Methods 

5.1. PAM generation 

3 mL of DMEM without FBS and antibiotics was activated by CAP for 2 min at a flow rate of 2.0 standard liters per minute while 
being exposed to pure helium gas. Pen Strep and FBS were added, and the PAM was immediately added to the cells. Baicalin (purity 
≥98 %), obtained from Aladdin, was added to a fully-supplemented medium. 

5.2. Cell culture and drug intervention 

SH-SY5Y cells were obtained from iCell and cultivated using DMEM medium (Gibco, Grand Island, NY, USA) containing fetal 
bovine serum (10 %), penicillin (100 units/mL) and streptomycin (100 μg/mL) in a 5 % CO2 humidified incubator at 37 ◦C. The 
suspension containing SH-SY5Y (cell concentration 1 × 106/mL) was added to a 96-well culture plate at 100 μL per well. A stable 
neurotoxicity model was established by treating the cells with 150 μM glutamate for 24 h, which reduced cell viability to 50 % of the 
control. Culturing continued for 24 h. The culture medium was removed before the intervention. 

To simulate cellular responses following neural injury, we introduced glutamate (Glu) to the culture medium at a concentration of 
150 μM for 24 h. This approach effectively reduced cell viability to 50 % compared to the control group, thereby establishing a stable 
model of neurotoxicity. 

5.3. Cell viability assay 

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8). After 24 h of treatment with the test compounds, SH-SY5Y cells 
were washed with PBS. Subsequently, 100 μL of DMEM medium was added to each well. This was followed by adding 10 μL of 10 % 
CCK-8 solution to each well, and the plate was incubated at 37 ◦C for 1.5 h in a water bath. Absorbance at 450 nm was measured using a 
microplate reader. 

5.4. Western blot assay 

The main antibodies were TNF-α, NF-κB p65, Bcl-2, Bax, caspase-3 (1:1000, Energenesis Biomedical, China) and GAPDH(Pro-
teintech, USA).Cells were lysed using RIPA buffer (Beyotime, China), centrifuged (12,000 rpm, 4 ◦C, 10 min), and the supernatant 
containing cellular proteins was harvested. Protein concentrations were determined using the BCA assay, with concentrations ranging 
from 3 to 6 μg/μL. A total of 30 μg of protein per sample was loaded onto the gel. Protein concentrations were normalized, mixed with 
loading buffer, and denatured (100 ◦C, 10 min). Samples were subjected to SDS-PAGE and transferred onto PVDF membranes. 
Membranes were blocked with skim milk (room temperature, 2h), incubated with primary antibodies overnight at 4 ◦C. Following 
primary antibody incubation, membranes were washed with PBST, incubated with secondary antibody (1:5000 dilution) for 1h, and 
washed again. Protein bands were visualized using an ECL kit and quantified with ImageJ software. 

5.5. Flow cytometry 

After 24 h of intervention with different preparations in the cell model, a medium containing 2′,7′-dichlorofluorescin diacetate 
(DCFDA) was added to the cells. Typically, the final concentration of DCFDA is 10 μM, with an incubation period of 20–30 min at 37 ◦C. 
Following incubation, cells were washed once or twice with PBS to remove any non-internalized DCFDA. Cells were then trypsinized, 
collected, and resuspended in PBS. The cell suspension was transferred to flow cytometry tubes, and DCF fluorescence intensity was 
measured using a flow cytometer (Beckman Coulter, CytoFLEX LX). The software (FlowJo) associated with the flow cytometer was 
used to analyze the fluorescence intensity of DCF within the cells to assess the level of reactive oxygen species (ROS) production. 
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5.6. Oxidative stress level 

After washing the cells twice with phosphate-buffered saline (PBS), they were carefully scraped off using a cell scraper. The cell 
suspension was then centrifuged at 3000 rpm for 10 min. The supernatant was discarded, and the cell pellet was retained. Subsequent 
biochemical assays were conducted using a commercial kit provided by the Nanjing Jiancheng Bioengineering Institute, China. The 
levels of superoxide dismutase (SOD), malondialdehyde (MDA), and glutathione (GSH) in the tissue homogenate were measured 
according to the manufacturer’s instructions. 

5.7. Statistical analysis 

All the experimental results were analyzed by GraphPad Prism 9.0 and Origin 2023. Data were expressed as mean ± standard 
deviation (SD). Statistical differences were analyzed with a one-way analysis of variance followed by the least significant difference 
post hoc test. p < 0.05 was taken as statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001). 
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[8] F. Durães, M. Pinto, E. Sousa, Old drugs as new treatments for neurodegenerative diseases, Pharmaceuticals 11 (2018) 44. 
[9] A. Kumar, A. Singh, Ekavali, A review on Alzheimer’s disease pathophysiology and its management: an update, Pharmacol. Rep. 67 (2015) 195–203, https:// 

doi.org/10.1016/j.pharep.2014.09.004. 
[10] R. Butler, D. Bradford, K.E. Rodgers, Analysis of shared underlying mechanism in neurodegenerative disease, Front. Aging Neurosci. 14 (2022), https://doi.org/ 

10.3389/fnagi.2022.1006089. 

J. Zhu et al.                                                                                                                                                                                                             

mailto:zhujiwen@mail.ustc.edu.cn
https://doi.org/10.1016/j.heliyon.2024.e36079
https://doi.org/10.1242/dmm.030205
https://doi.org/10.1242/dmm.030205
https://doi.org/10.1038/s41573-023-00823-1
https://doi.org/10.1001/jamaneurol.2020.0117
https://doi.org/10.1001/jamaneurol.2020.0117
https://doi.org/10.1038/s41419-019-2104-1
https://doi.org/10.1038/s41419-019-2104-1
https://doi.org/10.3390/brainsci12050577
https://doi.org/10.1111/bpa.12545
https://doi.org/10.1111/bpa.12545
https://doi.org/10.3390/ijms23115938
https://doi.org/10.3390/ijms23115938
http://refhub.elsevier.com/S2405-8440(24)12110-X/sref8
https://doi.org/10.1016/j.pharep.2014.09.004
https://doi.org/10.1016/j.pharep.2014.09.004
https://doi.org/10.3389/fnagi.2022.1006089
https://doi.org/10.3389/fnagi.2022.1006089


Heliyon 10 (2024) e36079

10

[11] A. Martinez, M.D. Palomo Ruiz, D.I. Perez, C. Gil, Drugs in clinical development for the treatment of amyotrophic lateral sclerosis, Expet Opin. Invest. Drugs 26 
(2017) 403–414, https://doi.org/10.1080/13543784.2017.1302426. 

[12] M.-A. Jung, S.-E. Jang, S.-W. Hong, M.-J. Hana, D.-H. Kim, The role of intestinal microflora in anti-inflammatory effect of baicalin in mice, Biomolecules and 
Therapeutics 20 (2012) 36–42, https://doi.org/10.4062/biomolther.2012.20.1.036. 

[13] X. Wang, et al., Therapeutic effect of baicalin on inflammatory bowel disease: a review, J. Ethnopharmacol. 283 (2022) 114749, https://doi.org/10.1016/j. 
jep.2021.114749. 

[14] R.J. Wen, et al., Baicalin induces ferroptosis in osteosarcomas through a novel Nrf2/xCT/GPX4 regulatory axis, Phytomedicine 116 (2023) 154881, https://doi. 
org/10.1016/j.phymed.2023.154881. 

[15] K. Sowndhararajan, P. Deepa, M. Kim, S.J. Park, S. Kim, Neuroprotective and cognitive enhancement potentials of baicalin: a review, Brain Sci. 8 (2018) 104. 
[16] K. Sowndhararajan, P. Deepa, M. Kim, S.J. Park, S. Kim, Baicalein as a potent neuroprotective agent: a review, Biomed. Pharmacother. 95 (2017) 1021–1032, 

https://doi.org/10.1016/j.biopha.2017.08.135. 
[17] P.C. Trippier, K. Jansen Labby, D.D. Hawker, J.J. Mataka, R.B. Silverman, Target- and mechanism-based therapeutics for neurodegenerative diseases: strength in 

numbers, J. Med. Chem. 56 (2013) 3121–3147, https://doi.org/10.1021/jm3015926. 
[18] S. Kumar Dubey, et al., Emerging innovations in cold plasma therapy against cancer: a paradigm shift, Drug Discov. Today 27 (2022) 2425–2439, https://doi. 

org/10.1016/j.drudis.2022.05.014. 
[19] L. Duan, et al., Nanoparticle-Based drug delivery systems: an inspiring therapeutic strategy for neurodegenerative diseases, Polymers 15 (2023) 2196, https:// 

doi.org/10.3390/polym15092196. 
[20] Z. Chen, et al., Cold atmospheric plasma delivery for biomedical applications, Mater. Today 54 (2022) 153–188, https://doi.org/10.1016/j. 

mattod.2022.03.001. 
[21] L. Gao, X. Shi, X. Wu, Applications and challenges of low temperature plasma in pharmaceutical field, Journal of Pharmaceutical Analysis 11 (2021) 28–36, 

https://doi.org/10.1016/j.jpha.2020.05.001. 
[22] H. Yu, et al., Combined effects of vitamin C and cold atmospheric plasma-conditioned media against glioblastoma via hydrogen peroxide, Free Radic. Biol. Med. 

194 (2023) 1–11, https://doi.org/10.1016/j.freeradbiomed.2022.11.028. 
[23] A. Dezhpour, H. Ghafouri, S. Jafari, M. Nilkar, Effects of cold atmospheric-pressure plasma in combination with doxorubicin drug against breast cancer cells in 

vitro and in vivo</i&gt, Free Radic. Biol. Med. 209 (2023) 202–210, https://doi.org/10.1016/j.freeradbiomed.2023.10.405. 
[24] S, et al., Plasma-activated medium triggers immunomodulation and autophagic activity for periodontal regeneration, Bioeng Transl Med 8 (2023) e10528, 

https://doi.org/10.1002/btm2.10528. 
[25] Liu, H. et al. Cold Atmospheric Plasma: An Emerging Immunomodulatory Therapy. Advanced Therapeutics 7, 2300399 https://doi.org:https://doi.org/10.1002/ 

adtp.202300399. 
[26] X, et al., Cold plasma discharge tube enhances antitumoral Efficacy of temozolomide, ACS Appl. Bio Mater. 5 (2022) 1610–1623, https://doi.org/10.1021/ 

acsabm.2c00018. 
[27] M.M.P.J.C., Cold atmospheric plasma enhances doxorubicin selectivity in metastasic bone cancer, Free Radic. Biol. Med. 189 (2022) 32–41, https://doi.org/ 

10.1016/j.freeradbiomed.2022.07.007. 
[28] H.-J, et al., Effect of atmospheric pressure dielectric barrier discharge plasma on the biological activity of naringin, Food Chem. 160 (2014) 241–245, https:// 

doi.org/10.1016/j.foodchem.2014.03.101. 
[29] W. Seelarat, et al., Enhanced fruiting body Production and bioactive Phytochemicals from white Cordyceps militaris by blending Cordyceps militaris and using cold 

plasma jet, Plasma Chem. Plasma Process. 43 (2023) 139–162, https://doi.org/10.1007/s11090-022-10292-w. 
[30] Y.E. Bulbul, A. Uygun Oksuz, Cold atmospheric plasma modified polycaprolactone solution prior to electrospinning: a novel approach for improving quercetin- 

loaded nanofiber drug delivery systems, Int. J. Pharm. 651 (2024) 123789, https://doi.org/10.1016/j.ijpharm.2024.123789. 
[31] G.H. Jeong, T.H. Kim, Plasma-induced oxidation products of (–)-Epigallocatechin gallate with digestive enzymes inhibitory effects, Molecules 26 (2021) 5799, 

https://doi.org/10.3390/molecules26195799. 
[32] Y. Fu, W. Liu, O.P. Soladoye, Towards innovative food processing of flavonoid compounds: insights into stability and bioactivity, LWT 150 (2021) 111968, 

https://doi.org/10.1016/j.lwt.2021.111968. 
[33] V. Hemmati, et al., Impact of cold atmospheric plasma on microbial safety, total phenolic and flavonoid contents, antioxidant activity, volatile compounds, 

surface morphology, and sensory quality of green tea powder, Food Biosci. 44 (2021) 101348, https://doi.org/10.1016/j.fbio.2021.101348. 
[34] G.H. Jeong, E.K. Park, T.H. Kim, Anti-diabetic effects of trans-resveratrol byproducts induced by plasma treatment, Food Res. Int. 119 (2019) 119–125, https:// 

doi.org/10.1016/j.foodres.2019.01.035. 
[35] M. Qi, et al., The investigation of solid and hollow electrode APPJs in discharge characteristics and anticancer effects, Plasma Process. Polym. 20 (2023) 

2200095, https://doi.org/10.1002/ppap.202200095. 
[36] L. Zhang, et al., Research on ionization characteristics of atmospheric pressure pulse-modulated microwave He/air plasma jet, J. Appl. Phys. 135 (2024), 

https://doi.org/10.1063/5.0187795. 
[37] J. Yang, et al., Discharge characteristics of atmospheric pressure pulsed microwave He/N2 plasma jet, Plasma Process. Polym. 20 (2023), https://doi.org/ 

10.1002/ppap.202200203. 
[38] T. Wang, et al., Investigation on localized etching behaviors of polymer film by atmospheric pressure plasma jets, Plasma Chem. Plasma Process. 43 (2023) 

679–696, https://doi.org/10.1007/s11090-023-10315-0. 
[39] Z. Mi, et al., Vesicular glutamate transporter changes in the cortical default mode network during the clinical and pathological progression of alzheimer’s 

disease, J. Alzheim. Dis. 94 (2023) 227–246, https://doi.org/10.3233/JAD-221063. 
[40] C. Zhao, C. Wang, H. Zhang, W. Yan, A mini-review of the role of vesicular glutamate transporters in Parkinson’s disease, Front. Mol. Neurosci. 16 (2023) 

1118078, https://doi.org/10.3389/fnmol.2023.1118078. 
[41] J.T. Coyle, P. Puttfarcken, Oxidative stress, glutamate, and neurodegenerative disorders, Science 262 (1993) 689–695, https://doi.org/10.1126/ 

science.7901908. 
[42] Z. Wei, et al., MiR-122-5p mitigates inflammation, reactive oxygen species and SH-SY5Y apoptosis by targeting CPEB1 after spinal cord injury via the PI3K/AKT 

signaling pathway, Neurochem. Res. 46 (2021) 992–1005, https://doi.org/10.1007/s11064-021-03232-1. 
[43] R. Zhao, X. Wu, X.Y. Bi, H. Yang, Q. Zhang, Baicalin attenuates blood-spinal cord barrier disruption and apoptosis through PI3K/Akt signaling pathway after 

spinal cord injury, Neural Regen Res 17 (2022) 1080–1087, https://doi.org/10.4103/1673-5374.324857. 
[44] T. Luedde, R.F. Schwabe, NF-κB in the liver—linking injury, fibrosis and hepatocellular carcinoma, Nat. Rev. Gastroenterol. Hepatol. 8 (2011) 108–118, https:// 

doi.org/10.1038/nrgastro.2010.213. 
[45] A. Alanazi, et al., Crosstalk of TNF-α, IFN-γ, NF-kB, STAT1 and redox signaling in lipopolysaccharide/d-galactosamine/dimethylsulfoxide-induced fulminant 

hepatic failure in mice, Saudi Pharmaceut. J. 31 (2023) 370–381, https://doi.org/10.1016/j.jsps.2023.01.005. 
[46] A. Zeng, et al., Baicalin, a potent inhibitor of NF-κB signaling pathway, enhances chemosensitivity of breast cancer cells to docetaxel and inhibits tumor growth 

and metastasis both in vitro and in vivo, Front. Pharmacol. 11 (2020) 879, https://doi.org/10.3389/fphar.2020.00879. 
[47] Y. Wen, Y. Wang, C. Zhao, B. Zhao, J. Wang, The pharmacological efficacy of baicalin in inflammatory diseases, Int. J. Mol. Sci. 24 (2023) 9317, https://doi.org/ 

10.3390/ijms24119317. 
[48] J. Zhang, H. Zhang, X. Deng, Y. Zhang, K. Xu, Baicalin protects AML-12 cells from lipotoxicity via the suppression of ER stress and TXNIP/NLRP3 inflammasome 

activation, Chem. Biol. Interact. 278 (2017) 189–196, https://doi.org/10.1016/j.cbi.2017.10.010. 
[49] C.M.F. Pereira, C.R. Oliveira, Glutamate toxicity on a PC12 cell line involves glutathione (GSH) depletion and oxidative stress, Free Radic. Biol. Med. 23 (1997) 

637–647, https://doi.org/10.1016/S0891-5849(97)00020-8. 
[50] G. Bjørklund, et al., The role of glutathione redox imbalance in autism spectrum disorder: a review, Free Radic. Biol. Med. 160 (2020) 149–162, https://doi.org/ 

10.1016/j.freeradbiomed.2020.07.017. 

J. Zhu et al.                                                                                                                                                                                                             

https://doi.org/10.1080/13543784.2017.1302426
https://doi.org/10.4062/biomolther.2012.20.1.036
https://doi.org/10.1016/j.jep.2021.114749
https://doi.org/10.1016/j.jep.2021.114749
https://doi.org/10.1016/j.phymed.2023.154881
https://doi.org/10.1016/j.phymed.2023.154881
http://refhub.elsevier.com/S2405-8440(24)12110-X/sref15
https://doi.org/10.1016/j.biopha.2017.08.135
https://doi.org/10.1021/jm3015926
https://doi.org/10.1016/j.drudis.2022.05.014
https://doi.org/10.1016/j.drudis.2022.05.014
https://doi.org/10.3390/polym15092196
https://doi.org/10.3390/polym15092196
https://doi.org/10.1016/j.mattod.2022.03.001
https://doi.org/10.1016/j.mattod.2022.03.001
https://doi.org/10.1016/j.jpha.2020.05.001
https://doi.org/10.1016/j.freeradbiomed.2022.11.028
https://doi.org/10.1016/j.freeradbiomed.2023.10.405
https://doi.org/10.1002/btm2.10528
https://doi.org/10.1002/adtp.202300399
https://doi.org/10.1002/adtp.202300399
https://doi.org/10.1021/acsabm.2c00018
https://doi.org/10.1021/acsabm.2c00018
https://doi.org/10.1016/j.freeradbiomed.2022.07.007
https://doi.org/10.1016/j.freeradbiomed.2022.07.007
https://doi.org/10.1016/j.foodchem.2014.03.101
https://doi.org/10.1016/j.foodchem.2014.03.101
https://doi.org/10.1007/s11090-022-10292-w
https://doi.org/10.1016/j.ijpharm.2024.123789
https://doi.org/10.3390/molecules26195799
https://doi.org/10.1016/j.lwt.2021.111968
https://doi.org/10.1016/j.fbio.2021.101348
https://doi.org/10.1016/j.foodres.2019.01.035
https://doi.org/10.1016/j.foodres.2019.01.035
https://doi.org/10.1002/ppap.202200095
https://doi.org/10.1063/5.0187795
https://doi.org/10.1002/ppap.202200203
https://doi.org/10.1002/ppap.202200203
https://doi.org/10.1007/s11090-023-10315-0
https://doi.org/10.3233/JAD-221063
https://doi.org/10.3389/fnmol.2023.1118078
https://doi.org/10.1126/science.7901908
https://doi.org/10.1126/science.7901908
https://doi.org/10.1007/s11064-021-03232-1
https://doi.org/10.4103/1673-5374.324857
https://doi.org/10.1038/nrgastro.2010.213
https://doi.org/10.1038/nrgastro.2010.213
https://doi.org/10.1016/j.jsps.2023.01.005
https://doi.org/10.3389/fphar.2020.00879
https://doi.org/10.3390/ijms24119317
https://doi.org/10.3390/ijms24119317
https://doi.org/10.1016/j.cbi.2017.10.010
https://doi.org/10.1016/S0891-5849(97)00020-8
https://doi.org/10.1016/j.freeradbiomed.2020.07.017
https://doi.org/10.1016/j.freeradbiomed.2020.07.017


Heliyon 10 (2024) e36079

11

[51] P. Mensah-Kane, N. Sumien, The potential of hyperbaric oxygen as a therapy for neurodegenerative diseases, GeroScience 45 (2023) 747–756, https://doi.org/ 
10.1007/s11357-022-00707-z. 

[52] M. Putteeraj, W.L. Lim, S.L. Teoh, M.F. Yahaya, Flavonoids and its neuroprotective effects on brain ischemia and neurodegenerative diseases, Curr. Drug Targets 
19 (2018) 1710–1720, https://doi.org/10.2174/1389450119666180326125252. 

[53] I. Solanki, P. Parihar, M.L. Mansuri, M.S. Parihar, Flavonoid-Based therapies in the early management of neurodegenerative diseases, Adv. Nutr. 6 (2015) 
64–72, https://doi.org/10.3945/an.114.007500. 

[54] K. Sowndhararajan, P. Deepa, M. Kim, S.J. Park, S. Kim, Neuroprotective and cognitive enhancement potentials of baicalin: a review, Brain Sci. 8 (2018) 104, 
https://doi.org/10.3390/brainsci8060104. 

[55] J. Colin, et al., Maintenance of membrane organization in the aging mouse brain as the determining factor for preventing receptor dysfunction and for 
improving response to anti-Alzheimer treatments, Neurobiol. Aging 54 (2017) 84–93, https://doi.org/10.1016/j.neurobiolaging.2017.02.015. 

[56] E. Passeri, et al., Alzheimer’s disease: treatment strategies and their limitations, Int. J. Mol. Sci. 23 (2022) 13954, https://doi.org/10.3390/ijms232213954. 
[57] D. Xu, et al., Intracellular ROS mediates gas plasma-facilitated cellular transfection in 2D and 3D cultures, Sci. Rep. 6 (2016) 27872, https://doi.org/10.1038/ 

srep27872. 
[58] M. Jinno, Y. Ikeda, H. Motomura, Y. Kido, S. Satoh, Investigation of plasma induced electrical and chemical factors and their contribution processes to plasma 

gene transfection, Arch. Biochem. Biophys. 605 (2016) 59–66, https://doi.org/10.1016/j.abb.2016.04.013. 
[59] X. Cheng, et al., Synergistic effect of gold nanoparticles and cold plasma on glioblastoma cancer therapy, J. Phys. Appl. Phys. 47 (2014) 335402, https://doi. 

org/10.1088/0022-3727/47/33/335402. 
[60] Z. He, et al., Cold atmospheric plasma stimulates clathrin-dependent endocytosis to repair oxidised membrane and enhance uptake of nanomaterial in 

glioblastoma multiforme cells, Sci. Rep. 10 (2020) 6985, https://doi.org/10.1038/s41598-020-63732-y. 
[61] P.R. Sreedevi, K. Suresh, Cold atmospheric plasma mediated cell membrane permeation and gene delivery-empirical interventions and pertinence, Adv. Colloid 

Interface Sci. 320 (2023) 102989, https://doi.org/10.1016/j.cis.2023.102989. 
[62] M. Adhikari, et al., in: Sanjula Baboota, Javed Ali (Eds.), Nanocarriers for the Delivery of Combination Drugs, Elsevier, 2021, pp. 393–423. 
[63] X. Wen, Y. Xin, M.R. Hamblin, X. Jiang, Applications of cold atmospheric plasma for transdermal drug delivery: a review, Drug Delivery and Translational 

Research 11 (2021) 741–747, https://doi.org/10.1007/s13346-020-00808-2. 
[64] A. Schmidt, T. von Woedtke, B. Vollmar, S. Hasse, S. Bekeschus, Nrf2 signaling and inflammation are key events in physical plasma-spurred wound healing, 

Theranostics 9 (2019) 1066. 
[65] E.L. Yarosz, C.-H. Chang, The role of reactive oxygen species in regulating T cell-mediated immunity and disease, Immune Network 18 (2018) 14, https://doi. 

org/10.4110/in.2018.18.e14. 

J. Zhu et al.                                                                                                                                                                                                             

https://doi.org/10.1007/s11357-022-00707-z
https://doi.org/10.1007/s11357-022-00707-z
https://doi.org/10.2174/1389450119666180326125252
https://doi.org/10.3945/an.114.007500
https://doi.org/10.3390/brainsci8060104
https://doi.org/10.1016/j.neurobiolaging.2017.02.015
https://doi.org/10.3390/ijms232213954
https://doi.org/10.1038/srep27872
https://doi.org/10.1038/srep27872
https://doi.org/10.1016/j.abb.2016.04.013
https://doi.org/10.1088/0022-3727/47/33/335402
https://doi.org/10.1088/0022-3727/47/33/335402
https://doi.org/10.1038/s41598-020-63732-y
https://doi.org/10.1016/j.cis.2023.102989
http://refhub.elsevier.com/S2405-8440(24)12110-X/sref62
https://doi.org/10.1007/s13346-020-00808-2
http://refhub.elsevier.com/S2405-8440(24)12110-X/sref64
http://refhub.elsevier.com/S2405-8440(24)12110-X/sref64
https://doi.org/10.4110/in.2018.18.e14
https://doi.org/10.4110/in.2018.18.e14

	Synergistic effects of plasma-activated medium in combination with Baicalin against neuronal damage
	1 Introduction
	2 Results
	2.1 Plasma-activated medium generation and plasma characterization
	2.2 Establishing concentration parameters for neuroprotection study
	2.3 BA and PAM combined strategy increased the cell viability of SH-SY5Y
	2.4 BA and PAM combined strategy enhanced anti-inflammatory and anti-apoptotic responses in SH-SY5Y cells
	2.5 BA and PAM combined strategy boosted antioxidative defense in SH-SY5Y cells

	3 Discussion
	4 Conclusion
	5 Methods
	5.1 PAM generation
	5.2 Cell culture and drug intervention
	5.3 Cell viability assay
	5.4 Western blot assay
	5.5 Flow cytometry
	5.6 Oxidative stress level
	5.7 Statistical analysis

	Funding
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary data
	References


