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ABSTRACT:                                                                    
                                                                                            (Times New Roman front 11 Bold Capital)

Nyctanthes arbor-tristis has been traditionally valued for its neurological and therapeutic applications in Indian medicinal systems. The present investigation assessed the anticonvulsant potential of chloroform leaf extract obtained through Soxhlet extraction and aqueous leaf extract prepared by cold maceration. Both extracts were evaluated in mice using two standard seizure models: pentylenetetrazole (PTZ)-induced clonic convulsions and maximal electroshock seizure (MES)-induced tonic hind limb extension. Behavioral and seizure protection parameters were recorded to determine the extent of antiseizure activity. Potential neurotoxic effects, including sedation or impairment in motor coordination, were monitored using the rota-rod performance test. Preliminary phytochemical profiling revealed the presence of alkaloids, flavonoids, tannins, glycosides, and other secondary metabolites, which may contribute to the observed pharmacological actions. The extracts exhibited acceptable acute toxicity profiles and demonstrated dose-dependent protection in both seizure models. These findings indicate that N. arbor-tristis leaf extracts possess promising anticonvulsant properties, warranting further studies to isolate active constituents and elucidate underlying mechanisms.   
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INTRODUCTION (Times New Roman front 11 Bold Capital) :  

Pulmonary drug delivery has gained substantial attention in recent years because it enables direct transportation of therapeutic agents to the lungs for both local and systemic treatment. This route offers several advantages, including rapid onset of action, improved therapeutic efficacy, and reduced systemic side effects. It also minimizes drug–drug interactions when multiple medications are administered concurrently, as the drug primarily acts within the respiratory tract1. (citation in text- example)
 Due to the limitations associated with conventional therapies for chronic diseases, there is a growing interest in designing targeted drug delivery systems. Traditional dosage forms often require frequent administration, which may lead to systemic toxicity. In contrast, controlled-release carrier systems provide a promising alternative by reducing dosing frequency, enhancing drug bioavailability, and improving overall patient consistence2.
                                                                                                                    Content (Times New Roman front 10)

Dry powder inhalers (DPIs) are inhalation systems that deliver powdered medications directly to the lungs for local or systemic therapeutic action3. They offer notable advantages, including direct pulmonary deposition using the patient’s inhalation effort, rapid onset, and reduced systemic side effects, making them valuable for chronic respiratory and systemic conditions. Carbon nanotubes (CNTs), available as single-walled or multi-walled structures, have emerged as promising carriers in advanced drug-delivery research4. Functionalization of multi-walled CNTs involves attaching organic groups to their tubular surfaces, improving their solubility, dispersibility, and biocompatibility. This modification also enhances their capacity to encapsulate or bind drug molecules, enabling controlled and targeted delivery. Several studies suggest that functionalized CNTs can efficiently penetrate cells and even reach the nucleus, supporting highly targeted therapeutic action5-7. Hence, the combination of pulmonary delivery systems and functionalized CNTs represents a promising approach for achieving efficient and precise drug delivery.

As the above interesting properties of FMWCNTs may be a superior DPI carrier system. Cystic fibrosis (CF) is a genetic disorder that affects mostly the lungs8, 9. 

Lung infections are commonly treated with antibiotics administered orally, intravenously, or through inhalation. Patients with cystic fibrosis often develop early and persistent bacterial colonization in the lungs. Diseases such as influenza, pneumonia, and other lower respiratory tract infections are especially prevalent and more severe among socioeconomically disadvantaged populations. Cephalosporins act by inhibiting bacterial cell-wall synthesis, while natural lung defences mucociliary clearance, neutrophil phagocytosis, and production of antimicrobial peptides—become less effective when mucus viscosity and osmolarity increase, leading to chronic infections10-12.

Cefdinir is a broad-spectrum cephalosporin approved for conditions such as community-acquired pneumonia and cystic fibrosis–related lung infections13. Its structural features, including a vinyl group at C-3 and an acetyl moiety at C-7, enhance activity against both gram-positive and gram-negative organisms and improve pharmacokinetics. Although available as tablets, capsules, and suspensions, cefdinir shows low oral bioavailability (16–21%) and requires frequent dosing. Delivering cefdinir via a DPI could improve lung targeting and enhance therapeutic availability. In this study, functionalized MWCNTs were loaded with cefdinir and evaluated for particle size, flow properties, release behaviour, deposition profile, and acute inhalation toxicity14,15.



MATERIALS AND METHODS (Times New Roman front 11 Bold Capital): 

Materials (Times New Roman front 10 Bold)

Multiwalled carbon nanotubes were procured from Applied Industries Pvt. Ltd., India. Cefdinir was obtained as a gift sample from Hamboldt Laboratories Pvt. Ltd., Bangalore, India. All reagents and chemicals were analytical grade and sourced from local suppliers. Content (Times New Roman front 10)

Methods of Functionalization of MWCNTs:
MWCNTs were functionalized through an initial basic oxidation step followed by hydrochloric-acid treatment to obtain covalently functionalized MWCNTs (FMWCNTs). In the first step, oxidation was achieved using hydrogen peroxide and ammonium hydroxide. Briefly, 500 mg of MWCNTs was dispersed in 25 mL of a 1:1 mixture of 25% ammonium hydroxide and 30% hydrogen peroxide in a 100 mL round-bottom flask equipped with a condenser. The dispersion was heated to 80 °C and maintained for 5 h. After completion, the reaction mixture was diluted with water and filtered. The residue was washed repeatedly with water until a neutral pH was obtained and dried under vacuum at 40 °C overnight.

For carboxylation, the oxidized MWCNTs were treated with hydrochloric acid. In this step, 500 mg of MWCNTs was placed in a round-bottom flask, and 200 mL of HCl was added. The reaction mixture was magnetically stirred for 2 h, then diluted, filtered, washed with ultrapure water, and dried under vacuum overnight16.

Characterization of FMWCNT
Both (mass and IR spectroscopy) studied were conducted as per regular standard procedures.
Mass spectrometry (MS) is a method for the mass-to-charge ratio measurement of ions. IR spectra of pure and functionalized MWCNT were noted from 4,000 to 400 cm−1 with and FTIR-8400; Shimadzu Corporation, Kyoto, Japan outfitted with a diffuse reflectance extra (DRS-8000; Shimadzu Corporation, Japan) and an information station to affirm medicate capture in the polymer. Around 2-3 mg tests were set up by dispensation compressed KBR discs17.

Drug Loading
A concentrated solution of cefdinir in phosphate buffer (pH 7.4) was prepared and added to functionalized MWCNTs (FMWCNTs) with continuous agitation using an ultrasonicator. The resulting mixture was stirred for 2 h to ensure uniform drug adsorption. The dispersion was then subjected to vacuum filtration using a 0.45 µm membrane filter. The collected microparticle suspension was lyophilized with 2.5% (w/v) mannitol as a cryoprotectant to obtain the cefdinir-loaded FMWCNT carrier-based DPI18.
SEM Study
The morphology of the formulated cefdinir-loaded FMWCNTs (F-CEF FMWCNT and FMWCNTs) was analyzed using scanning electron microscopy (SEM). Samples were mounted on stubs and examined with a JEOL JSM-6360A SEM (Tokyo, Japan) at an accelerating voltage of 10 kV19.
Entrapment Efficiency
The drug entrapment efficiency was determined by measuring the amount of unentrapped drug. Ten milligrams of the powder was dissolved in phosphate buffer (pH 7.4), and the concentration of free cefdinir was estimated spectrophotometrically at 286 nm20.

Characterization of Cefdinir-Loaded FMWCNT-Based DPI
a) Determination of Drug Content
The amount of cefdinir present in F-CEF FMWCNT-DPI was quantified by dissolving the formulation in phosphate buffer (pH 7.4) using a cyclomixer followed by ultrasonication to ensure complete dispersion. The solution was then analyzed at 286 nm using a UV-visible spectrophotometer (V-530; JASCO, Japan)21.
b) Particle Size Analysis
The average particle size of F-CEF FMWCNT-DPI and C-CEF DPI (a 1:68 mixture of cefdinir and inhalable lactose) was determined using a laser diffraction analyzer (Malvern 2000 SM, Malvern Instruments, UK). Particle size distribution was expressed as D(0.9), representing the diameter below which 90% of the particles were present23,24. 
c) In Vitro Drug Release
The release profiles of F-CEF FMWCNT-DPI, C-CEF DPI, and free cefdinir (equivalent to 1 mg drug) were evaluated using dialysis tubing (Membracel MD 34-14, 14 kDa cutoff) containing 2 mL of phosphate buffer (pH 7.4). The dialysis packs were suspended in 100 mL of PBS at 37 ± 0.5 °C and stirred at 100 rpm. At specified intervals, 1 mL samples were withdrawn and replaced with fresh buffer, then analyzed at 286 nm using a UV spectrophotometer25.
d) Stability Assessment
Accelerated stability testing of F-CEF FMWCNT-DPI was conducted according to ICH guidelines at 40 °C and 75% relative humidity for three months. Samples were examined periodically (1, 2, and 3 months) for any changes in drug content and particle size26.
e) In Vitro Deposition Using Andersen Cascade Impactor (ACI)
Deposition characteristics were evaluated using an 8-stage Andersen cascade impactor (Model WP–ACISS-0289, UK) at an airflow of 60 L/min. Pre-separators were filled with 8 mL phosphate buffer (pH 7.4), and collection plates were coated with 1% (w/v) silicon oil in hexane to prevent particle rebound. Each capsule was actuated for 20 seconds to ensure complete particle release. Drug deposition in the capsule, device, mouthpiece, pre-separator, and all impactor stages was collected, extracted with buffer, and quantified via HPLC. Key deposition parameters, including total recovered dose, emitted dose, fine particle dose (FPD), fine particle fraction (FPF), and total recovery percentage, were calculated. Cefdinir calibration curve showed linearity (y = 264111, r² = 0.9996)27.

RESULT (Times New Roman front 11 Bold Capital):

Functionalization of CNTs and drug loading

The raw MWCNTs were first oxidized by treatment with a mixture of ammonium hydroxide and hydrogen peroxide, followed by carboxylation using hydrochloric acid. This HCl treatment enabled the formation of covalently functionalized MWCNTs, which were subsequently characterized using analytical techniques.

Mass spectroscopy
In the pure MWCNT group, a mass-to-charge ratio (m/z) of 526.39 was observed, as illustrated in (figure 1). In contrast, the functionalized MWCNTs exhibited an increased m/z value of 942.49, indicating successful functionalization. 
 [image: Species-specific peptide-based liquid chromatography–mass spectrometry monitoring of three poultry species in processed meat products - ScienceDirect]
Figure 1. Mass spectroscopy of (A) pure MWCNT & (B) functionalized MWCNT. (Times New Roman front 8 Bold)


IR spectroscopy
The pure MWCNT has no obvious characteristic absorption peaks. The spectra of FMWCNT indicated intensive bands at ideal wavelengths shown in (figure 2).
[image: ]
Figure 2.IR spectroscopy of (A) pure MWCNT & (B) functionalized MWCNT. (Times New Roman front 8 Bold)
Formulation of cefdinir loaded dry powder inhaler
Cefdinir was loaded using a slight modification in the Wetness Impregnation method. 
The obtained microparticles suspension was lyophilized using mannitol (2.5% w/v) as a cryoprotectant to get cefdinir loaded FMWCNT carrier-based DPI18.

SEM study
The SEM image of cefdinir loaded FMWCNT has indicated flight like nature as shown in (figure 3). The flight like surface which increases the formulation fluidization and deep lung deposition.  Whereas in the case of FMWCNT study, there was a clear surface  The difference observed might be due to the cefdinir loading in the surface seen30. 
 [image: ]
Figure 3. SEM image A) cefdinir loaded FMWCNT B) FMWCNT. (Times New Roman front 8 Bold)


Characterization of cefdinir loaded FMWCNTs based DPI Entrapment efficiency
Encapsulation efficiency for FMWCNT was 79.73% and for C-CEF-DPI it was a little less than theoretical i.e. 98.08%.


Flow properties
The powder has shown better angle of response which was 23±4.20°C (excellent), carr's index of 0.201±0.06 (g/cm3), and tapped density was 20.38±3.15 (below 15 % is considered as a poor stream), bulk density, and hausner's ratio of 0.204±0.05 (g/cm3), and 1.13 ± 3.15 (Below 1.25 Hausner's ratio shows the best flow characteristics than the greater one) which proved its acceptability as a carrier.

Drug content
The drug content of the F-CEF FMWCNT-DPI was 98.67 ± 0.32 % w/w. 

Particle size determination
The particle size of an F-CEF FMWCNT-DPI was 5.25 ± 0.03 μm and for C-CEF DPI it was 7.54 ± 0.02 μm as depicted in (figure 4). 
[image: ]
Figure 4. Particle size determination of F CEF FMWCNT DPI and C CEF DPI (Times New Roman front 8 Bold)

Figure 5. In vitro release study. (Times New Roman front 8 Bold)


In vitro deposition study using ACI
An aerodynamic characteristic of the F-CEF FMWCNT-DPI having required particle size and flow properties was assessed and compared with CCEF-DPI formulation by using an eight-stage, nonviable cascade impactor. The parameters such as MMAD, GSD, and FPF have prominently regulated the aerosolization and deposition of formulations in the lung. The Rotahaler was connected to ACI at 60 L/min to determine cefdinir content on each stage. The HPLC system specifications were as follows: Pump, PU-1580 (JASCO, Japan); Injector, auto sampler (AS-1555; JASCO); Column, HypersilC18, 250 × 4.6 mm, 5 μm (Thermo Electron Corporation, USA); Detector, UV/visible (UV-1575; JASCO). Data acquisition and analysis were carried out using Borwin/HSS 2000 software (LG 1580-04; JASCO). The mobile phase was a mixture of acetonitrile: methanol: water (13:5:2 v/v). The column temperature and flow rates were 40°C and 1 mL/min. The wavelength was 286 nm. The HPLC analytical reported method was well validated. The limit of detection and quantification for CEF was 5 to 25 ng/mL and retention time is 7.5 min. Whereas R2 value was found to be 0.9996. The percent mass deposited for conventional and formulated cefdinir loaded FMCNTs DPI formulation on different stages of ACI. The recovered dose (RD), emitted dose (ED), and fine particle dose (FPD) of conventional DPI and formulated cefdinir loaded DPI formulation were depicted in (Table 1). From the results, it can be stated that the MMAD ratio is more conventional than the formulated.

 [image: Where to start? Injury prevention priority scores for ...]
Figure 5. In vitro deposition profile of DPIs in Andersen cascade impactor (Times New Roman front 8 Bold)


Table 1. Deposition profile of CCEF-DPI and F CEF FMWCNT-DPI in cascade impactor (Times New Roman front 8 Bold)

	Formulation
	RD (mg)
	ED (mg)
	FPD (mg)
	FPF (%)
	MMAD (µm)
	GSD (µm)

	C-CEF DPI
	9.91±0.32
	9.43±0.26
	3.84±0.11
	38.74±1.02
	4.29±0.16
	2.45±0.12

	F-CEF FMWCNT-DPI
	9.62±0.23
	9.21±0.21
	5.63±0.16
	58.52±1.06
	3.45±0.09
	1.58±0.10


                                                                                Content (Times New Roman front 8 with Grid lines and left alignment)

DISCUSSION: (Times New Roman front 11 Bold Capital)
The Mass spectroscopy results indicated that highest mass to charge ratio in mass spectrum created due to the loss of an electron from a molecule, and it is concluded that after functionalization molecular weight was increased compared with pure MWCNT because of attachment of functional groups (OH, C=O) to the FMWCNT that confirms the functionalization. From IR results it is observed that oxygen containing groups (OH, C=O) in MWCNTs were present. More absorption peaks were observed in the spectra of functionalized MWCNT because after functionalization oxygen containing and some other groups were attached. It means there might be successful functionalization of the tube31. Results of MWCNTs from the current investigation have demonstrated that IR spectra of FMWCNT are instructive on explaining functionality at the surface. The SEM photographs indicated that cefdinir was loading on the surface. This was confirmed by the comparison of both the figure. The advantage of rod-shaped flight like particles is that they have a reduced tapped density. Furthermore, there is less contact between particles which results in a better fluidization and lung deposition32.There was a notable difference observed. Encapsulation efficiency for F-CEF FMWCNT-DPI was less than C-CEF-DPI, which means that it was effective in maintaining the drug inside or surface bonding during the process of drug loading. The tapped density of each powder can be used to predict both its flow properties and respirable fraction. Lowering the tapped density of the dry powders considerably enhances the respirable fraction. Carr's Index, Hausner ratio, and angle of repose commonly considered as proper criteria for the estimation of the flow properties of solids. The formulation exhibiting good flow properties displayed better deposition characteristics. The higher drug content (more than 98 %) was observed due to tight encapsulation of drugs with FMWCNT due to a higher acceptance ratio of it during drug loading, and also during freeze-drying, there was no drug loss observed. Particle size in the range of 1-6 μm has a vital role to get more deposition in the lung. Particles less than 1 μm shows less deposition efficiency and more than 6 μm are deposited in the throat20. Because of this, from the results it can be stated that F-CEF FMWCNT-DPI showed particle size in the ideal range and C-DPI it was more than 6 μm, thus deposited in the throat.

In vitro release study F-CEF FMWCNT DPI showed the best drug release for up to 15 hours whereas the other groups showed release up to 3 hours and then stopped. The controlled release of all three groups is shown in figure 5. The controlled release pattern would be responsible for longer retention and improved efficacy of cefdinir. Stability study samples of F-CEF FMWCNT-DPI after storage for 3 months didn’t show any notable difference in the drug content and particle size. From the results of the stability study, it is concluded that the F-CEF FMWCNT-DPI is stable without showing any variations in the drug content and particle size as shown in (table 2).
Table 2. In vitro release kinetics (Times New Roman front 8 Bold) 

	Formulation
	Zero order (r2)
	First order (r2)
	Higuchi (r2)
	Peppas (r2)

	Formulated DPI
	0.93 ± 0.09
	0.79 ± 0.08
	0.95 ± 0.13
	0.90 ± 0.11

	Conventional CEF DPI
	0.86 ± 0.10
	0.67 ± 0.09
	0.89 ± 0.07
	0.86 ± 0.11

	Pure CEF
	0.80 ± 0.12
	0.57 ± 0.19
	0.85 ± 0.08
	0.84 ± 0.08


                                                                                Content (Times New Roman front 8 with Grid lines and left alignment)
 
In vitro deposition study using ACI From the results, it can be stated that the MMAD ratio is more for convenience than the formulated this is because bulk and tapped density of the powder is determined for indicating the theoretical MMAD of the powder concerning its geometric diameter. The lower the density, the lower will be the MMAD of the powder.
	
CONCLUSION: (Times New Roman front 11 Bold Capital)
The functionalization of MWCNTs was successfully achieved and evaluated using multiple parameters related to both functionalization efficiency and toxicity. Results indicated that functionalized MWCNTs exhibited reduced toxicity compared to their unmodified counterparts. This suggests that functionalized MWCNTs are biocompatible and can serve as safe and effective carriers for inhalation drug delivery. Moreover, loading cefdinir onto FMWCNTs for DPI formulation enables targeted lung delivery, improving regional deposition and flow properties. This approach not only allows for dose reduction but also enhances antimicrobial activity against both gram-positive and gram-negative bacteria by providing site-specific delivery and increased drug bioavailability.
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