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A B S T R A C T

Liver injury is a significant global health concern that requires effective therapeutic strategies. Corn silk is 
traditionally recognized for its health-promoting properties due to its rich content of bioactive compounds. This 
study aimed to develop corn silk extract-loaded chitosan nanoparticles (CSE-CSNPs) via ionic gelation and 
evaluate their hepatoprotective efficacy against CCl₄-induced liver injury in rats. CSE-CSNPs exhibited favorable 
physicochemical properties, including a mean size of 59.03 nm and a positive zeta potential of 45.61 mV, with 
encapsulation efficiency of 73.2% for total phenolics. In vitro assays confirmed the biocompatibility and 
enhanced antioxidant activity of the nanoformulation. In vivo, treatment with CSE-CSNPs (100 mg/kg/day) for 
four weeks significantly ameliorated CCl₄-induced liver injury. Serum ALT levels decreased from 84.2 U/L in 
untreated CCl₄ rats to 49.2 U/L in CSE-CSNPs-treated rats, approaching the control value of 50.6 U/L. Similarly, 
AST and ALP were reduced from 101.0 U/L and 149.6 U/L to 70.6 U/L and 109.6 U/L, respectively. Oxidative 
stress markers showed comparable restoration, with hepatic MDA decreasing from 24.0 to 10.6 ng/mg protein, 
while GSH, SOD, and CAT increased from 55.4 μg/mg protein, 31.2 U/mg protein, and 22.2 U/mg protein to 
97.6 μg/mg protein, 55.2 U/mg protein, and 63.4 U/mg protein, respectively- all values comparable to healthy 
controls. Notably, the nanoformulation achieved superior hepatoprotection at half the dose of free corn silk 
extract, demonstrating enhanced bioavailability and therapeutic efficacy. These findings highlight the potential 
of chitosan nanoparticle-mediated delivery as a promising strategy to improve the hepatoprotective activity of 
corn silk extract.

List of materials

• 1,1-diphenyl-2-picryl hydrazyl (DPPH) (Sigma-Aldrich, USA)
• 3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide 

(MTT) (Sigma-Aldrich, USA)
• Acetic acid
• AlCl3
• Azinobistetrazolium sulfate (ABTS)
• Carbon tetrachloride (CCL4)
• CH3COOK
• Chitosan (low M.Wt. (50,000–190,000 Da based on viscosity, ≥75% 

deacetylated) (Sigma-Aldrich, USA)
• Chloroform
• Cold Tris–HCl buffer

• Deionized water
• Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA)
• Distilled water
• Ethanol (85%)
• FeCl3
• Ferric ion reducing antioxidant power (FRAP)
• Folin-Ciocalteu reagent
• H2SO4
• HCl
• Heparin
• HNO3
• Indomethacin (Sigma-Aldrich, USA)
• Methyl alcohol
• Na2CO
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• Partial thromboplastin time (PTT) and prothrombin time (PT) re
agents (Thermo Fisher Scientific, USA)

• Phosphate buffered saline
• Potassium persulfate
• Rat's ALP ELISA kit (MBS011598, MyBioSource, USA)
• Rat's ALT ELISA kit (MBS264975, MyBioSource, USA)
• Rat's AST ELISA kit (MBS269614, MyBioSource, USA)
• Rat's Bax ELISA kit (MBS935667, MyBioSource, USA)
• Rat's Bcl2 ELISA kit (MBS2515143, MyBioSource, USA)
• Rat's caspase 3 ELISA kit (MBS018987, MyBioSource, USA)
• Rat's caspase 8 ELISA kit (MBS260539, MyBioSource, USA)
• Rat's CAT ELISA kit (MBS006963, MyBioSource, USA)
• Rat's DB ELISA kit (MBS9389077, MyBioSource, USA)
• Rat's GSH ELISA kit (MBS265966, MyBioSource, USA)
• Rat's HA ELISA kit (MBS727090, MyBioSource, USA)
• Rat's IL-10 ELISA kit (MBS2707969, MyBioSource, USA)
• Rat's IL-17 ELISA kit (MBS2022678, MyBioSource, USA)
• Rat's IL-18 ELISA kit (MBS260091, MyBioSource, USA)
• Rat's IL-1β ELISA kit (MBS764668, MyBioSource, USA)
• Rat's IV-C ELISA kit (MBS732756, MyBioSource, USA)
• Rat's LN ELISA kit (MBS453848, MyBioSource, USA)
• Rat's MDA ELISA kit (MBS738685, MyBioSource, USA)
• Rat's MMP9 ELISA kit (E-EL-R3021, ElabScience, USA)
• Rat's p53 ELISA kit (MBS723886, MyBioSource, USA)
• Rat's PCIII ELISA kit (MBS705525, MyBioSource, USA)
• Rat's SOD ELISA kit (MBS036924, MyBioSource, USA)
• Rat's TB ELISA kit (MBS730053, MyBioSource, USA)
• Rat's TIMP1 ELISA kit (E-EL-R0540, ElabScience, USA)
• Rat's TNF-α ELISA kit (MBS267737, MyBioSource, USA)
• RPMI media (Sigma-Aldrich, USA)
• Sodium hydroxide
• Sodium pentobarbital (Sigma-Aldrich, USA)
• Sodium Tripolyphosphate (Sigma-Aldrich, USA)
• Tri(2-pyridyl)-s-triazine) (TPTZ)
• William's complete medium

1. Introduction

Drug-induced liver injury (DILI) is a predominant adverse effect 
associated with many medications, as the liver serves as the primary site 
for drug metabolism. Clinical consequences range from drug withdrawal 
in mild cases to hospitalization or even liver transplantation in severe 

cases [1]. It is the most frequent cause of acute liver injury in the United 
States [2]. Pharmaceuticals can induce liver damage through direct 
toxicity of the drug or its metabolites, immune-mediated injury, or 
exacerbated toxicity from subsequent inflammatory responses [3]. 
Notably, several herbal treatments, including yaqona, Mormon-tea, 
Scutellaria, Mentha pulegium, and ashwagandha, have also been impli
cated in acute liver injury [4].

Many lipophilic drugs are metabolized in the liver via phase I re
actions involving the cytochrome P450 system [5], generating reactive 
intermediates that can damage cellular organelles such as mitochondria, 
leading to hepatocyte dysfunction and injury [6]. These harmful in
termediates are normally neutralized during phase II conjugation re
actions (e.g., with glucuronate, glutathione, or sulfate). Hepatotoxicity 
occurs when the production of phase I metabolites exceeds the liver's 
detoxification capacity or when conjugating agents are depleted, 
resulting in metabolite accumulation. A key early event in DILI is the 
disruption of the mitochondrial respiratory chain, which increases 
reactive oxygen species (ROS) production and depletes adenosine 
triphosphate (ATP), ultimately triggering hepatocyte death [7]. This 
often occurs via necrosis, amplifying the hepatic inflammatory cascade 
[8]. The liver houses both innate and adaptive immune cells [9], where 
inflammatory responses play a major role in hepatotoxicity. Drug me
tabolites may bind to cellular proteins and be presented on major his
tocompatibility complex (MHC) molecules to T lymphocytes, creating 
an environment characterized by inflammatory cytokine accumulation 
and ROS production that leads to hepatocyte death [10]. When DILI is 
suspected, discontinuation of non-essential medications is recom
mended [11,12], often leading to improved liver function tests as 
assessed by the Roussel Uclaf Causality Assessment Method (RUCAM) 
criteria [13,14]. Although liver damage resolves completely in most 
cases, some patients develop persistent injury, liver failure requiring 
transplantation, or mortality. Despite substantial advances in under
standing the clinical and mechanistic aspects of DILI, effective thera
peutic strategies remain limited and require further investigation [15].

Plant-derived antioxidants, particularly phytophenolics, have gained 
attention for their potential to reduce drug-induced liver damage 
[16–18]. Their hepatoprotective effects are primarily attributed to 
neutralizing free radicals, thereby protecting cellular membranes and 
macromolecules from ROS-mediated injury. Additionally, these natural 
products modulate cytochrome P450 isoforms, enhance antioxidant 
enzyme synthesis, elevate phase II enzyme levels, and inhibit toxin up
take [18]. Several natural compounds with considerable efficacy, low 
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toxicity, and high availability, such as silymarin, resveratrol, curcumin, 
and ginkgo, have been investigated for their hepatoprotective properties 
[16–18].

Corn (Zea mays L.) is one of the world's most cultivated crops, with its 
grains, leaves, silk, stalk, and inflorescence traditionally used as rem
edies for various ailments. Corn silk (Maydis stigma)—the elongated, 
soft, yellowish fibers found within corn husks—has been utilized in 
herbal therapy for its diuretic, antilithic, uricosuric, and antibacterial 
properties, with applications in treating edema, urinary tract infections, 
arthritis, kidney stones, nephritis, and prostatitis [19,20]. Although 
considered an agricultural by-product often discarded or used as animal 
feed [21], corn silk is rich in carbohydrates, protein, vitamins, minerals, 
fibers, and flavonoids with well-documented antioxidant properties 
[22–25]. These bioactive compounds are associated with the prevention 
of chronic inflammatory conditions [26–28], and numerous in vivo and 
clinical studies have confirmed their safety for human consumption 
[29]. Consequently, corn silk is increasingly incorporated into value- 
added food products, and prior research has highlighted its abundant 
phenolic and flavonoid content, as well as the antioxidant activity of its 
polysaccharides [30,31].

Despite the well-documented hepatoprotective properties of corn 

silk extract (CSE) [19–31], its clinical translation has been limited by 
inherent drawbacks common to many plant-derived compounds 
[32–34] such as poor aqueous solubility, low oral bioavailability, rapid 
metabolic degradation, and lack of targeted delivery [35]. To address 
these limitations, this study introduces a novel therapeutic approach by 
encapsulating CSE within chitosan nanoparticles (CSNPs). Chitosan, a 
biodegradable and mucoadhesive cationic polymer, offers distinct ad
vantages for oral delivery, including enhanced intestinal absorption, 
prolonged gastrointestinal retention, and controlled release of encap
sulated bioactives [36–42]. While chitosan nanoparticles have been 
extensively employed as carriers for various therapeutic agents, their 
application for the nanoencapsulation of CSE, specifically for hep
atoprotection, has not yet been explored. This study, therefore, repre
sents the first investigation to develop and evaluate CSE-loaded chitosan 
nanoparticles (CSE-CSNPs) for the management of DILI.

This study advances beyond the existing literature in several key 
respects. The nanoformulation was comprehensively characterized for 
physicochemical properties, encapsulation efficiency, and release ki
netics under simulated gastrointestinal conditions, parameters critical 
for oral delivery but rarely reported together for herbal extracts. The 
therapeutic efficacy is systematically evaluated through a multi- 

Fig. 1. Schematic representation of A] Preparation of CSE: corn silk was dried at 50 ◦C until constant weight, ground into powder, and extracted with 70% ethanol 
(1:10 w/v) for 48 h; and B] Preparation of CSE-CSNPs via ionic gelation method: chitosan solution (pH 5.0) was mixed with sodium tripolyphosphate (TPP) and CSE, 
resulting in electrostatic cross-linking and formation of CSE-CSNPs. Created using Microsoft PowerPoint.
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parametric in vivo approach encompassing liver function, oxidative 
stress, inflammation, apoptosis, and tissue remodeling, addressing the 
multifaceted pathology of DILI more comprehensively than prior studies 
that focused on individual pathways. Critically, CSE-CSNPs achieve 
superior hepatoprotection at half the dose of free CSE, establishing 
proof-of-concept that chitosan nanoencapsulation significantly en
hances the bioavailability and therapeutic potency of corn silk bio
actives. Collectively, these findings position CSE-CSNPs as a promising 
nanotherapeutic strategy that bridges traditional herbal medicine with 
modern drug delivery technology.

2. Materials and methods

2.1. Collection and extraction of corn silk

Corn silk (Zea mays L.) was collected at the silking stage from the 
agriculture farm of Cairo University, Egypt. The samples were washed, 
blanched at 100 ◦C for 1 min, dried at 50 ◦C until constant weight, 
ground into powder, and sieved through a 22-mesh sieve [43]. The dried 
corn silk powder was incubated in ethyl alcohol (1:10 w/v) for 48 h 
(Fig. 1A). The extract was filtered, evaporated under vacuum, and stored 
at − 20 ◦C until use [29]. Detailed procedures for collection and 
extraction are provided in supplementary materials.

2.2. Preparation of CSE-CSNPs

CSE-CSNPs was prepared by the ionic gelation technique, which 
entailed the combination of sodium tripolyphosphate (TPP) anions with 
chitosan cations (Fig. 1B). Chitosan (medium molecular weight, Sigma- 
Aldrich, USA) solution (50 mL) was prepared at a concentration of 1.5 
mg/mL by dissolving it in an aqueous solution of acetic acid (0.5 mL 
acetic acid completed to 50 mL by water). NaOH was used to adjust the 
pH of the solution to 5; and the chitosan solution was stirred using a 
magnetic stirrer at room temperature until the complete dissolving of 
chitosan. TPP (Sigma-Aldrich, USA) was added to deionized water (20 
mL) and stirred for half an hour until complete dissolving to form TPP 
solution at a concentration of 0.7 mg/mL, with pH adjusted to 5 using 
HCl (0.1 M). The TPP solution was added to the chitosan solution while 
maintaining continuous stirring until the stabilization of CSNPs was 
achieved. For preparation of CSE-CSNPs, TPP solution was mixed with 
CSE at a concentration of 6 mg/mL, and the resulting mixture was 
subsequently added to chitosan solution to produce CSE-CSNPs. CSNPs 
and CSE-CSNPs were lyophilized and subsequently stored in the refrig
erator. The size of the prepared NPs was determined using transmission 
electron microscopy (TEM). The zeta potential of CSNPs and CSE-CSNPs 
was measured using a Zetasizer (Malvern Instruments). The hydrody
namic size of the prepared NPs was determined using the dynamic light 
scattering (DLS) technique.

2.3. Determination of encapsulation efficiency (EE%) and drug loading 
(DL%)

The EE% and DL% of CSE-CSNPs were determined using quantifi
cation methods based on the total TPC and TFC of the extract. A pre
cisely measured volume (2 mL) of the freshly prepared CSE-CSNPs 
suspension was transferred to an Amicon® Ultra centrifugal filter unit. 
The unit was centrifuged at 20,000 ×g for 45 min at 4 ◦C to separate the 
NPs pellet from the aqueous supernatant containing unencapsulated 
(free) CSE compounds. The clear filtrate was carefully collected for 
analysis of free compounds.

The TPC and TFC of the filtrate were immediately analyzed to 
determine the amount of unencapsulated extract. TPC was determined 
using the Folin-Ciocalteu method, with results expressed as Gallic Acid 
Equivalents (GAE). TFC was determined via the aluminum chloride 
colorimetric method, with results expressed as Quercetin Equivalents 
(QE). These values represented the free (unencapsulated) TPC and TFC. 

The amount of encapsulated compounds was calculated by subtracting 
the amount of free compounds from the total amount used in the 
formulation batch. EE% was then calculated separately for phenolics 
and flavonoids using the following equations: EE% (TPC) = [(Total TPC 
added to formulation) − (Free TPC in filtrate)] / (Total TPC added to 
formulation) × 100 or EE% (TFC) = [(Total TFC added to formulation) 
− (Free TFC in filtrate)] / (Total TFC added to formulation) × 100, 
where “Total TPC/TFC added” is the known phenolic/flavonoid content 
of the precise amount of crude CSE used to prepare the nanoparticle 
batch.

The nanoparticle pellet retained in the Amicon filter unit was washed 
three times with cold deionized water to remove any adsorbed surface 
compounds. The washed pellet was then resuspended in a minimal 
volume of water, frozen at − 80 ◦C, and lyophilized to obtain the dry 
mass of the nanoparticles (CSNPs + encapsulated extract). The exact 
weight of the lyophilized powder was recorded. DL% was determined as 
[(TPC/TFC in CSE-CSNPs)/(Total weight of NPs)] × 100. All analyses 
for EE% and DL% were performed in triplicate (n = 3) from indepen
dently prepared NPs batches. Results were expressed as mean ± stan
dard deviation (SD).

2.4. In vitro release profile under simulated gastrointestinal conditions

The release kinetics of the encapsulated CSE from chitosan nano
particles were evaluated under simulated gastrointestinal (GI) condi
tions using a sequential pH-change model to mimic gastric and intestinal 
transit.

2.4.1. Preparation of simulated gastrointestinal fluids
Simulated fluids were prepared fresh on the day of the experiment. 

Simulated gastric fluid (SGF), pH 1.2, was prepared by dissolving 2.0 g 
of sodium chloride (NaCl) and 3.2 g of pepsin in 800 mL of deionized 
water. The pH was adjusted to 1.2 using concentrated hydrochloric acid 
(HCl, 37%), and the final volume was completed to 1000 mL. The so
lution was equilibrated to 37 ◦C before use. Simulated intestinal fluid 
(SIF), pH 6.8, was prepared by dissolving 6.8 g of monobasic potassium 
phosphate (KH₂PO₄) in 750 mL of deionized water. The pH was adjusted 
to 6.8 using 0.2 M sodium hydroxide (NaOH) solution. Then, 10.0 g of 
pancreatin was added, and the mixture was gently stirred until dis
solved. The final volume was adjusted to 1000 mL with deionized water 
and equilibrated to 37 ◦C.

2.4.2. Release study
The study was conducted using the dialysis bag diffusion method 

under sink conditions. A volume of the nanoparticles suspension was 
placed into a pre-hydrated dialysis bag (cellulose membrane, molecular 
weight: 12–14 kDa). The bag was securely sealed and immersed in 200 
mL of pre-warmed (37 ◦C) SGF contained in a glass vessel for 2 h. After 2 
h, the dialysis bag was carefully transferred to a fresh vessel containing 
200 mL of pre-warmed SIF (pH 6.8). The release study was continued for 
an additional 22 h. The system was maintained at 37 ◦C in a thermo
statically controlled shaking water bath operating at 100 rpm to simu
late GI motility.

At predetermined time intervals (0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 
h), 2 mL aliquots were withdrawn from the external release medium (the 
SGF or SIF surrounding the dialysis bag). An equal volume (2 mL) of the 
corresponding fresh, pre-warmed release medium was immediately 
replenished to maintain a constant volume and sink conditions. The 
collected samples were filtered through a 0.22 μm syringe filter. The 
concentration of the released CSE in each sample was quantified by 
measuring the TPC.

2.5. Nutritional and mineral composition of corn silk

The nutritional composition (moisture, protein, fat, crude fiber, ash, 
and carbohydrates) of corn silk powder was analyzed using standard 
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AOAC methods [44–47]. Mineral composition (Ca, Cu, Fe, K, Mg, Mn, 
Na, and Zn) was determined by inductively coupled plasma optical 
emission spectroscopy (ICP-OES) following microwave digestion [25]. 
Detailed procedures are provided in supplementary materials.

2.6. Phytochemical screening

Qualitative phytochemical screening for primary and secondary 
metabolites (phenols, flavonoids, tannins, terpenoids, alkaloids, cardiac 
glycosides, sterols, phlobatannins, and proteins) was performed using 
standard colorimetric methods [48–50]. Details of the assays are pro
vided in supplementary materials.

2.7. Determination of total phenolic content (TPC) and total flavonoid 
content (TFC)

TPC was determined using the Folin-Ciocalteu method and expressed 
as gallic acid equivalents (GAE) per gram of sample [51]. TFC was 
determined by the aluminum chloride colorimetric method and 
expressed as quercetin equivalents (QE) per gram of sample [43]. 
Detailed procedures are provided in supplementary materials.

2.8. Gas chromatography-mass spectroscopy (GC–MS) analysis of CSE 
and CSE-CSNPs

Bioactive compounds in CSE and CSE-CSNPs were identified using 
GC–MS on an Rtx-5MS fused capillary column, with compound 

identification based on retention time and mass spectral matching [52].

2.9. In vitro examination of NPs

For all in vitro testing, the doses of CSE-CSNPs were based on the 
actual amount of encapsulated extract, as determined by the DL of 
16.64% (w/w) [encapsulated extract (μg/mL) = NPs concentration (μg/ 
mL) × DL%].

2.9.1. Free radical scavenging capacity
To evaluate the free radical scavenging capacity, CSE, CSNPs, and 

CSE-CSNPs were analyzed against various types of free radicals: DPPH 
(2, 2-diphenyl-1-picryl-hydrazyl), ABTS+ (azinobistetrazolium sulfate 
cation), and FRAP (ferric ion reducing antioxidant power). The inhibi
tion % was calculated using the formula: [1 - (sample absorbance / 
control absorbance)] X 100.

2.9.1.1. DPPH assay. The antioxidant activities of the CSE, CSNPs, and 
CSE-CSNPs were estimated by the DPPH free radical scavenging activity 
[53] (Fig. 2A). 0.2 mL of sample was completed to 1 mL using methanol; 
followed by the addition of 4 mL of freshly prepared DPPH methanolic 
solution (0.2 mM). The solution was kept in the dark for 30 min. The 
absorbance was read at 517 nm.

2.9.1.2. ABTS assay. ABTS + cation radical was obtained from the 
mixing of ABTS (7 mM, in water) and potassium persulfate 2.45 mM, at a 
ratio of 1:1, and incubated for 16 h at room temperature in the dark. The 

Fig. 2. Schematic representation of antioxidant assays used to evaluate CSE, CSNPs, and CSE-CSNPs. A] DPPH assay: DPPH methanolic solution (purple) is reduced 
by antioxidants to a yellow-colored product. The reaction mixture is incubated for 30 min in the dark, and absorbance is measured at 517 nm; B] ABTS assay: ABTS is 
mixed with potassium persulfate and incubated for 16 h in the dark to generate the blue-green ABTS+ radical. Upon reaction with antioxidants, the radical is reduced 
to a colorless product. After 5 min incubation, absorbance is measured at 734 nm; and C] FRAP assay: The FRAP working solution (containing acetate buffer, TPTZ, 
and FeCl₃) is pale yellow. In the presence of antioxidants, Fe3+ is reduced to Fe2+, forming an intense blue-colored complex. After 15 min incubation, absorbance is 
measured at 593 nm. Created using Microsoft PowerPoint. Chemical structures of DPPH, ABTS, and TPTZ used in schematic figures were retrieved from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov). PubChem is a public database maintained by the National Center for Biotechnology Information (NCBI), National 
Library of Medicine, National Institutes of Health (NIH), USA.
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absorbance (at 734 nm) of 0.700 was obtained by diluting the ABTS +
solution with 80% ethyl alcohol. 30 μL of sample were mixed with ABTS 
+ solution (4 mL) and completed to 1 mL using distilled water; and the 
mixture was incubated for 5 min followed by measuring the absorbance 
[29] (Fig. 2B).

2.9.1.3. Ferric ion reducing antioxidant power (FRAP). Twenty five mL of 
acetate buffer (300 mM, pH 3.6) was mixed with 2.5 mL of TPTZ (2,4,6- 
Tri(2-pyridyl)-s-triazine) solution and 2.5 mL of ferric chloride hexa
hydrate solution (20 mM) followed by incubation at 37 ◦C. Different 
concentrations of the sample (30 μL) were completed to 4 mL with 
distilled water then mixed with the working solution (1 mL). After 15 
min incubation, absorbance was determined at 593 nm [54] (Fig. 2C).

2.9.2. Cytotoxicity (MTT) assay
The method of Shen et al. [55] was used for the preparation of he

patocyte cell cultures under sterile conditions (Fig. 3A). Rats were 
anesthetized with 50 mg/kg sodium pentobarbital and perfused by 
collagenase buffer through their portal vein. The liver was cut open to 
separate the cells after perfusion, which then suspended in William's 
complete medium, passed through a nylon filter with a mesh size of 100 
μm. 100 μL of 105 hepatocytes were cultured, at 37 ◦C for 24 h, to 
develop the cells monolayers. After incubation, monolayers were 
washed 3 times. CSE, CSNPs or CSE-CSNPs at different concentrations 
were added to the culture medium (RPMI) that was introduced to the 
cells followed by 24 h of incubation. 20 μL of MTT [3-(4,5- 

dimethylthiazol-2-yl)-2–5-diphenyltetrazolium bromide] at a concen
tration of 5 mg/mL were introduced to the cultured cells followed by 4 h 
of incubation at 37 ◦C and 5% CO2. Dimethyl sulfoxide (DMSO) was 
added to the plates and the absorbance was read at 560 nm.

2.9.3. Estimation of the anti-inflammatory activity
Heparinized fresh rat blood (5 mL) was centrifuged for red blood 

cells (RBCs) preparation for 15 min at 1200 rpm (Fig. 3B). After dis
carding the supernatant, the produced pellet was dissolved using an 
isotonic buffer (phosphate buffered saline). In various concentrations, 
CSE, CSNPs and CSE-CSNPs were mixed with 3 mL of distilled water 
(hypotonic solution) or phosphate buffered saline (isotonic solution). 
The control consisted of 3 mL of indomethacin (200 mg/mL). RBCs' 
suspension (0.1 mL) was added to CSE, CSNPs or CSE-CSNPs and incu
bated for 60 min followed by centrifugation for 15 min at 1200 rpm. The 
quantity of released hemoglobin was determined at 540 nm.

2.9.4. Estimation of the anticoagulant activity
The prothrombin time (PT) and partial thromboplastin time (PTT) 

were used to determine the coagulant activities of CSE, CSNPs and CSE- 
CSNPs (Fig. 3C). Different concentrations of the samples were combined 
with 900 μL of rat's plasma. The clotting time in seconds was measured, 
at 37 ◦C, and compared to that of heparin.

Fig. 3. Schematic representation of cytotoxicity, anti-inflammatory, and anticoagulant assays used to evaluate CSE, CSNPs, and CSE-CSNPs. A] MTT assay: rat 
hepatocytes are cultured in a plate and treated with test samples. MTT (yellow) is added and reduced by mitochondrial enzymes of viable cells to purple formazan 
crystals. DMSO is added to dissolve the crystals, and absorbance is measured at 560 nm. Higher absorbance indicates greater cell viability; B] Hemolysis inhibition 
assay (anti-inflammatory): Rat RBCs are exposed to hypotonic solution in the presence or absence of test samples. RBC membrane stabilization is indicated by 
reduced hemoglobin release (clear or pale colour), while hemolysis is indicated by pink/red colour. Absorbance is measured at 540 nm; and C] Anticoagulant assays 
(PT and PTT): Rat plasma is incubated with test samples. For PT assay, PT reagent (thromboplastin and calcium) is added, and time to clot formation is recorded. For 
PTT assay, PTT reagent (phospholipid and contact activator) is added, incubated for 3–5 min, then calcium chloride is added, and time to clot formation is recorded. 
Clot formation is detected by the appearance of fibrin strands or a gel-like mass that does not flow when the tube is tilted. Created using Microsoft PowerPoint. 
Chemical structures of MTT used in schematic figure were retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov). PubChem is a public database 
maintained by the National Center for Biotechnology Information (NCBI), National Library of Medicine, National Institutes of Health (NIH), USA.
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2.10. In vivo examination

30 male Sprague Dawley rats (weighted 180 g and aged 8 weeks old) 
were obtained from Theodor Bilharz Research Institute (TBRI) and 
divided into 6 groups (5 rats/ group) (Fig. 4); Group I: healthy control 
rats, group II: healthy vehicle group that received olive oil (0.1 mL) 
twice/week for three successive weeks by intraperitoneal (i.p) injection, 
group III: untreated rats that received CCl4 50% (v/v) dissolved in olive 
oil at a volume of 0.4 mL/kg twice/week for three successive weeks by i. 
p injection, group IV: rats with CCl4-induced liver injury that received 
CSE (200 mg/kg/day) by oral gavage for four weeks, group V: rats with 
CCl4-induced liver injury that received unloaded-CSNPs (100 mg/kg/ 
day) by oral gavage for four weeks and group VI: rats with CCl4-induced 
liver injury that received CSE-CSNPs (100 mg/kg/day) by oral gavage 
for four weeks. The dose of CSE-CSNPs (100 mg/kg/day) was selected 
based on a dual rationale. First, it delivers a substoichiometric payload 
of the active CSE compared to the free CSE group (200 mg CSE/kg). This 
design provides a direct test of whether nanoencapsulation enhances 
bioavailability and efficacy. Second, this dose aligns with the estab
lished, well-tolerated range (50–100 mg/kg) for orally administered 
CSNPs systems in rodent disease models, as demonstrated in prior 
studies [56–58]. All experimental procedures were carried out in 
accordance with the international guidelines for the care and use of 
laboratory animals and complied with the ARRIVE guidelines. The study 
was approved by the ethics committee of October University for Modern 
Sciences and Arts. Rats were given sodium pentobarbital (50 mg/kg) to 
induce terminal anesthesia at the end of the experiment. Cardiac 
puncture procedures were used for collecting blood samples from all 
groups. After clotting of blood samples at room temperature, serum was 
separated after centrifugation at 2000 rpm for 10 min and split into 
aliquotes to be stored at − 80 ◦C. Animals were dissected to obtain their 
liver, then 1 g of liver specimens from each experimental group was 
homogenized utilizing cold Tris–HCl buffer to create liver tissue ho
mogenate (10%).

2.10.1. Liver function evaluation
Liver function was measured using rat ELISA kits to measure levels of 

aspartate aminotransferase (AST), alanine aminotransferase (ALT), 
alkaline phosphatase (ALP), total bilirubin (TB), and direct bilirubin 
(DB) in serum samples (MBS269614, MBS264975, MBS011598, 
MBS730053, MBS9389077, MyBioSource, USA; respectively). Serum 
levels of laminin (LN), hyaluronic acid (HA), type III procollagen (PCIII), 
and type 4 collagen (IV-C) were also measured to evaluate liver fibrosis, 
using rat ELISA kits (MBS453848, MBS727090, MBS705525, 
MBS732756, MyBioSource, USA; respectively).

2.10.2. Oxidative stress markers
Lipid peroxidation marker in liver tissue was determined by 

measuring malondialdehyde (MDA) level; and the antioxidant effect was 
evaluated by determining superoxide dismutase (SOD), glutathione 
(GSH) and catalase (CAT) levels in liver tissue homogenates 
(MBS738685, MBS036924, MBS265966, MBS006963, MyBioSource, 
USA; respectively).

2.10.3. Inflammation evaluation
Inflammation was examined in liver tissue by measuring IL-10, IL-1β, 

IL-17, TNF-α, IL-18 levels (MBS2707969, MBS764668, MBS2022678, 
MBS267737 and MBS260091, MyBioSource, USA; respectively) by rat 
ELISA kits.

2.10.4. Liver tissue remodeling markers
The change in liver remodeling after treatment was conducted by 

detecting the levels of matrix metalloproteinases-9 (MMP9) (Rat ELISA 
kit, E-EL-R3021, Elabscience, USA) and tissue inhibitor of 
metalloproteinases-1 (TIMP1) (Rat ELISA kit, E-EL-R0540, Elabscience, 
USA).

2.10.5. Apoptosis evaluation
The effect of CSE, CSNPs and CSE-CSNPs on the levels of intracellular 

apoptotic proteins was utilized to evaluate apoptosis in liver. The anti- 
apopttotic protein Bcl2 (MBS2515143, MyBioSource, USA), and the 

Fig. 4. Experimental design and animal grouping for the in vivo evaluation of CSE-CSNPs against CCl₄-induced liver injury in rats. Male Sprague Dawley rats (n = 5 
per group) were divided into six groups: Group I (healthy control), Group II (vehicle control, olive oil), Group III (untreated CCl₄-induced liver injury, positive 
control), Group IV (CCl₄ + free CSE, 200 mg/kg/day), Group V (CCl₄ + unloaded CSNPs, 100 mg/kg/day), and Group VI (CCl₄ + CSE-CSNPs, 100 mg/kg/day). CCl₄ 
(50% v/v in olive oil, 0.4 mL/kg) was administered intraperitoneally twice weekly for three consecutive weeks. Treatments were administered orally by gavage daily 
for four weeks. At the end of the experiment, rats were euthanized; blood and liver tissues were collected for biochemical analyses. Created using Micro
soft PowerPoint.
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pro-apoptotic proteins (Bax, p53, caspase 3, and caspase 8) were 
measured in liver tissue homogenates by rat's ELISA kit, (MBS935667, 
MBS723886, MBS018987 and MBS260539, MyBioSource, USA; 
respectively)] [59].

2.11. Statistical analysis

Results were presented as mean ± SD and analyzed using one-way 
analysis of variance (ANOVA). Differences between means were 
assessed using Tukey's post-hoc test, with values considered significant 
when P < 0.05.

3. Results and discussion

3.1. Chemical analysis of corn silk

The chemical composition of CSE was characterized to confirm its 
bioactive potential prior to nanoencapsulation. Qualitative phyto
chemical screening revealed the presence of multiple bioactive classes, 
including phenols, flavonoids, alkaloids, and terpenoids (table S1). 
Nutritional and mineral analyses further demonstrated that the extract 
was rich in carbohydrates and contained essential macro- and micro- 
elements, particularly potassium, calcium, magnesium, and zinc 
(Table S1). Collectively, these results established CSE as a suitable 
candidate for nanoencapsulation.

The nutritional profile of our CSE aligned well with previous reports 
on corn silk. Aukkanit et al. [21] documented a similar composition of 
moisture, fats, ash, crude fiber, protein, and carbohydrates in corn silk 
powder. Likewise, the presence of essential minerals—potassium, cal
cium, and magnesium—has been consistently reported in corn silk 
beverages and dietary analyses [61,62]. These minerals are crucial for 
physiological functions, including blood pressure regulation and bone 
health [60]. Furthermore, the phytochemical classes identified in our 
extract (phenols, flavonoids, alkaloids, terpenoids, and cardiac 

glycosides) are well-established in the literature for their broad phar
macological potential, encompassing antioxidant, anti-inflammatory, 
antimicrobial, and cardioprotective activities [63–65].

Taken together, the comprehensive phytochemical and mineral 
profile of our CSE underscores its intrinsic bioactivity and provides a 
strong rationale for its selection as a candidate for development into an 
enhanced nanoformulation.

3.2. Physical characterization

In this study, CSE was loaded onto CSNPs using the ionic gelation 
method. This technique exploits electrostatic attraction between oppo
sitely charged molecules; specifically, the cationic chitosan polymer and 
the anionic cross-linker sodium tripolyphosphate (TPP) [66–68]. Ionic 
gelation is favored for its simplicity, cost-effectiveness, and versatility, 
enabling efficient encapsulation of biomolecules with improved stability 
and controlled release profiles [69,70].

As a cationic polysaccharide, chitosan readily forms nanoparticles 
via this process. The resulting nanoparticles were characterized for size, 
morphology, and surface charge. TEM revealed that CSE-CSNPs 
possessed a uniform, spherical morphology with a size range of 
49.61–51.12 nm (Fig. 5A). DLS analysis, which measures the hydrody
namic diameter in solution, showed an increase from 44.05 nm for blank 
CSNPs to 59.03 nm for CSE-CSNPs (Fig. 5B), confirming successful 
extract loading. Zeta potential measurements indicated a strong positive 
surface charge for both formulations (31.81 mV for blank CSNPs and 
45.61 mV for CSE-CSNPs) (Fig. 5C).

These physicochemical parameters are critical determinants of 
nanoparticle performance in vivo. Particle size directly influences bio
distribution, circulation time, and cellular uptake. Particles smaller than 
100 nm, like those synthesized here, are optimal for avoiding rapid 
macrophage clearance and leveraging enhanced permeability and 
retention (EPR) effects [71–73]. The observed spherical morphology is 
advantageous due to its high surface area and reproducibility [74–76]. 

Fig. 5. Physical characterization of NPs showing A] TEM image of CSE-CSNPs; B] hydrodynamic size of CSNPs and CSE-CSNPs by DLS; and C] zeta potential of 
CSNPs and CSE-CSNPs.
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Furthermore, the high positive zeta potential (> +30 mV) is a key in
dicator of colloidal stability, as strong electrostatic repulsion prevents 
particles aggregation during storage [77–79]. This cationic surface 
charge also promotes interaction with the anionic mucosal lining (rich in 
sialic and sulfonic acids), which can enhance mucoadhesion and resi
dence time in the gastrointestinal tract following oral administration, 
thereby potentially improving bioavailability [80,81]. While an exces
sively high charge can sometimes limit passage through the gut lining, 
advanced formulations can refine this property to optimize both adhe
sion and absorption [82].

Collectively, the characteristics of CSE-CSNPs—small size, spherical 
shape, and high positive charge—support their suitability as an effective 
oral delivery system for the encapsulated phytochemicals. These 
favorable physicochemical properties provided a strong foundation for 
subsequent in vitro and in vivo evaluations.

3.3. EE% and DL% of CSE in CSNPs

The successful nanoencapsulation of CSE into CSNPs was quantita
tively confirmed through EE% and DL% analyses based on the extract's 
TPC and TFC. The pure CSE exhibited high TPC (102.13 ± 2.93 mg 
GAE/g) and TFC (178.90 ± 3.51 mg QE/g), establishing a robust base
line of bioactive compounds for loading (Table 1). Following ultracen
trifugation, the supernatant showed a substantial decrease in both TPC 
(27.23 mg GAE/g) and TFC (88.26 mg QE/g), indicating efficient 
entrapment of these phytochemicals within the nanoparticle matrix.

The calculated EE% was high for phenolics (73.2 ± 2.7%) and 
moderate for flavonoids (50.65 ± 0.83%). The strong EE% for phenolics 
aligned with the known affinity of chitosan (a cationic polysaccharide) 
for phenolic compounds, which can interact via hydrogen bonding, 
hydrophobic interactions, and ionic forces [83,84]. This interaction is a 
cornerstone of many successful polyphenol-loaded chitosan delivery 
systems [85]. The EE% for TFC, while lower, still represented significant 
flavonoid retention. This differential encapsulation is common in com
plex plant extracts, where the diverse physicochemical properties of 
individual compounds (e.g., solubility, molecular size, and charge) lead 
to varied incorporation efficiencies.

The DL% capacity was notably high, with values of 16.64 ± 1.02% 
(TPC-based) and 20.14 ± 0.69% (TFC-based). The higher DL% based on 
TFC suggests a relative enrichment of flavonoids within the nanoparticle 
core. This phenomenon may be attributed to the stronger interaction of 
specific flavonoid structures with the chitosan polymer or to their 
preferential partitioning into the forming nanoparticle matrix during the 
ionic gelation process [86]. A high DL% is a critical attribute for ther
apeutic nanoparticles, as it reduces the amount of inert carrier material 
required to deliver an effective dose of the active compound, thereby 
improving efficacy and minimizing potential carrier-related side effects 
[87].

The combined metrics of high EE% and substantial DL% confirmed 
the successful development of an efficient nano-delivery system. These 
parameters are essential for ensuring adequate bioactive payload de
livery, which directly translates to the enhanced in vitro and in vivo ef
ficacy observed in this study [88]. The formulation's ability to efficiently 
load and retain key phenolic and flavonoid compounds of CSE provides a 
solid physicochemical foundation for its observed pharmacological su
periority over the free extract.

3.4. In vitro release profile of CSE from CSE-CSNPs under simulated GI 
conditions

The in vitro release kinetics of CSE from CSE-CSNPs were evaluated 
under progressive simulated GI conditions to predict oral delivery 
behavior. The profile exhibited a biphasic pattern ideal for oral 
administration: an initial burst release during the gastric phase (simu
lated gastric fluid, SGF, pH 1.2), followed by sustained release in the 
intestinal phase (simulated intestinal fluid, SIF, pH 6.8) (Table 2). 
Approximately 32.33% of the payload was released within the first 2 h, 
with cumulative release reaching 84% after 24 h.

The initial burst release (19.33% within 0.5 h) is a common feature 
of polymeric nanoparticle systems and is primarily attributed to the 
rapid diffusion of CSE compounds adsorbed on or near the nanoparticle 
surface [89,90]. The acidic gastric environment (pH 1.2) also promotes 
protonation of chitosan's amino groups, enhancing polymer swelling 
and creating porous channels that facilitate the rapid efflux of superfi
cially located drugs [91]. This early release can be advantageous for 
providing a rapid initial therapeutic effect following oral 
administration.

The subsequent sustained release phase in the intestinal medium 
(pH 6.8) is governed by a combination of diffusion and matrix erosion 
mechanisms. At near-neutral pH, chitosan chains deprotonate, reducing 
electrostatic repulsion and leading to a denser, more slowly degrading 
gel matrix [92]. The gradual degradation of this matrix via enzymatic or 
hydrolytic processes controls the sustained diffusion of the encapsulated 
core material over 24 h [93]. This sustained release profile is critical for 
maintaining therapeutic drug levels, improving bioavailability, and 
reducing dosing frequency which are a key objectives for oral nano
medicines [94].

Kinetic modeling of such release data often reveals an anomalous 
transport mechanism for chitosan-based systems, indicating that release 
is controlled by both diffusion and polymer relaxation/erosion [95,96]. 
The observed profile aligns with successful oral delivery systems for 
bioactive compounds, where an initial burst ensures prompt bioactivity 
and prolonged release enables sustained action, thereby maximizing 
therapeutic potential [97].

3.5. GC–MS results

GC–MS analysis was performed to confirm the successful loading of 

Table 1 
Total phenolic and flavonoid content of CSE and encapsulation parameters of CSE-CSNPs.

Sample TPC (mg GAE/g) TFC (mg QE/g) EE% (TPC) EE% (TFC) DL% (TPC) DL% (TFC)

Pure CSE 102.13 ± 2.93 178.90 ± 3.51 – – – –
Supernatant (free extract) 27.23 ± 2.21 88.26 ± 1.11 – – – –
Corn Silk Extract-Loaded CSNPs (Calculated) 74.9 ± 4.59 90.63 ± 3.11 73.2 ± 2.72 50.65 ± 0.83 16.64 ± 1.02 20.14 ± 0.69

Results were expressed as mean ± SD.

Table 2 
Cumulative percentage release of CSE from chitosan nanoparticles under 
simulated gastrointestinal conditions.

Time (h) Simulated Fluid Release (%)

0.5 SGF (pH 1.2) 19.33 ± 1.5
1.0 SGF (pH 1.2) 25.66 ± 1.2
1.5 SGF (pH 1.2) 30.50 ± 3.9
2.0 SGF → SIF Transition 32.33 ± 2.5
3.0 SIF (pH 6.8) 47.50 ± 1.8
4.0 SIF (pH 6.8) 53.67 ± 2.1
6.0 SIF (pH 6.8) 60.33 ± 1.5
8.0 SIF (pH 6.8) 67.33 ± 2.0
12.0 SIF (pH 6.8) 76.00 ± 3.4
24.0 SIF (pH 6.8) 84.00 ± 2.6

Results were expressed as mean ± SD.
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CSE phytoconstituents into CSNPs and to assess whether the nano
encapsulation process affected their chemical integrity.

The chromatographic profiles of both the pure CSE and the CSE- 
CSNPs showed the presence of the same twenty major bioactive com
pounds, confirming successful encapsulation without degradation of key 
constituents. The primary compounds identified were 1,2,3-propane
triol, 1-acetate, palmitic acid, and 2,3-dihydro-3,5-dihydroxy-6- 
methyl-4H-pyran-4-one. A slight decrease in the relative percentage of 
these compounds in CSE-CSNPs indicated successful integration within 
the polymeric matrix rather than chemical loss. The complete list of 
compounds with retention times and relative abundances is provided in 
supplementary materials (table S2).

The identified compounds are associated with a range of bioactivities 
that support the therapeutic potential of the formulation. 1,2,3-Propane
triol, 1-acetate is reported to possess antibacterial, anti-inflammatory, 
diuretic, and anticancer properties [98–100]. Palmitic acid and its de
rivatives (ethyl palmitate and glycerol 2-palmitate) exhibit notable 
antimicrobial, anti-inflammatory, and antioxidant effects, with specific 
roles in modulating immune responses and cholesterol levels [101–104]. 

The flavonoid 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one is a 
well-documented contributor to the antioxidant and anti-inflammatory 
activity of corn silk, attributed to its reactive enol structure [105,106]. 
Other significant compounds, such as ethyl linoleate and octadecanoic 
acid, further broaden the extract's pharmacological profile, offering re
ported benefits including anti-carcinogenic, cardioprotective, and anti
microbial effects [107–110].

The preservation of these bioactive compounds within the nano
particles, as evidenced by the GC–MS profiles, confirms that the nano
encapsulation process did not compromise the phytochemical integrity 
of the CSE. This successful loading directly links the characterized 
chemical profile to the enhanced in vitro biological activities observed 
for CSE-CSNPs, providing a chemical basis for the formulation's superior 
performance.

3.6. In vitro characterization

Prior to in vivo application, a comprehensive in vitro safety and effi
cacy profile of CSE, blank CSNPs, and CSE-CSNPs were established. This 

Fig. 6. in vitro characterization of CSE, CSNPs and CSE-CSNPs showing A] the antioxidant activity (DPPH assay) with *, $ and # represented significance (P < 0.05) 
when compared to ascorbic acid, CSE and CSNPs; B] the antioxidant activity (ABTS assay) with *, $ and # represented significance (P < 0.05) when compared to 
ascorbic acid, CSE and CSNPs; C] the antioxidant activity (FRAP test) with *, $ and # represented significance (P < 0.05) when compared to ascorbic acid, CSE and 
CSNPs; D] the cell viability % (MTT assay) with * and # represented significance (P < 0.05) when compared to CSE and CSNPs, respectively; E] the anti-inflammatory 
activity (hemolysis inhibition) with *, $ and # represented significance (P < 0.05) when compared to indomethacin, CSE and CSNPs, respectively; and F] the 
anticoagulant activity (PT and PTT) with * represented significance (P < 0.05) when compared to heparin.
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evaluation covered antioxidant, cytotoxic, anti-inflammatory, and 
anticoagulant activities, providing critical insights into the biocompat
ibility and enhanced functionality conferred by nanoencapsulation.

Representative photographs of the actual assay outcomes for DPPH, 
ABTS, FRAP, hemolysis inhibition, and MTT assays are provided in 
Supplementary materials (fig. S1). These images visually confirm the 
colour changes and dose-dependent activities described below, sup
porting the quantitative data presented in Fig. 6.

3.6.1. Antioxidant activity (DPPH, ABTS, and FRAP assays)
The antioxidant activity of the formulations was rigorously tested via 

DPPH and ABTS radical scavenging assays and the FRAP assay 
(Fig. 6A–C). Quantitative analysis revealed that CSE-CSNPs achieved 
93.0 ± 1.0% DPPH radical scavenging at 166.4 μg/mL, significantly 
higher than free CSE at 1000 μg/mL (86.7 ± 2.1%) and ascorbic acid at 
1000 μg/mL (75.0 ± 2.6%). Similarly, in the ABTS assay, CSE-CSNPs at 
166.4 μg/mL exhibited 96.7 ± 1.5% inhibition compared to 86.0 ±
2.6% for free CSE and 77.7 ± 1.5% for ascorbic acid. The FRAP assay 
confirmed these findings, with CSE-CSNPs showing 86.3 ± 2.1% 
reducing power at 166.4 μg/mL versus 77.7 ± 2.1% for free CSE and 78.0 
± 2.6% for ascorbic acid.

While free CSE showed expected dose-dependent activity, blank 
CSNPs exhibited minimal intrinsic antioxidant capacity. Remarkably, 
CSE-CSNPs displayed significantly superior antioxidant activity 
compared to ascorbic acid (standard), free CSE, and blank CSNPs at all 
equivalent concentrations. This dramatic enhancement far exceeded a 
simple additive effect and pointed to a synergistic phenomenon.

The enhanced antioxidant activity can be explained by several 
mechanisms. Nanoencapsulation in chitosan can increase the effective 
surface area and solubility of poorly soluble antioxidants like phenolics, 
shield them from premature oxidation, and improve their ability to 
interact with and neutralize free radicals [88,116]. The multi- 
mechanism confirmation across three distinct assays (DPPH, ABTS, 
and FRAP) strengthens the conclusion that CSE-CSNPs represent a 
highly potent antioxidant system.

3.6.2. Cytotoxicity (MTT assay)
The MTT assay on rat hepatocytes (Fig. 6D) provided a critical safety 

assessment. Quantitative analysis revealed that CSE-CSNPs maintained 
90.5 ± 0.8% cell viability at 166.4 μg/mL (encapsulated extract) and 
95.7 ± 3.0% at 5.2 μg/mL, values consistently higher than free CSE 
(85.4 ± 2.2% to 92.7 ± 1.8%) and blank CSNPs (81.5 ± 2.7% to 89.7 ±
2.2%) across all tested concentrations. CSE-CSNPs demonstrated 
significantly higher cell viability across all tested doses compared to 
both free CSE and blank CSNPs. Free CSE and blank CSNPs showed 
comparable viability, indicating that the chitosan carrier itself had no 
inherent cytotoxicity at the tested concentrations, consistent with its 
established biocompatibility profile [115].

The superior cytocompatibility of CSE-CSNPs suggests that nano
encapsulation may mitigate any potential cytotoxic effects of the 
concentrated free extract, possibly by controlling release kinetics and 
preventing a sudden burst of bioactive compounds that could stress cells. 
This finding underscores the formulation's potential for safe hepatic 
application.

3.6.3. Anti-inflammatory activity (Hemolysis inhibition assay)
Anti-inflammatory activity was evaluated by inhibition of 

hypotonicity-induced RBCs hemolysis (Fig. 6E). All samples exhibited a 
dose-dependent response. Free CSE showed notable activity, consistent 
with the known anti-inflammatory properties of plant phenolics and 
flavonoids [113]. Quantitative analysis revealed that CSE-CSNPs ach
ieved 98.2 ± 1.7% hemolysis inhibition at 1000 μg/mL (166.4 μg/mL 
encapsulated extract), which was comparable to indomethacin (97.3 ±
0.5% at 200 μg/mL) and significantly higher than free CSE (90.8 ± 1.8% 
at 1000 μg/mL) and blank CSNPs (82.0 ± 1.4% at 1000 μg/mL). Even at 
the lowest tested concentration (16.6 μg/mL), CSE-CSNPs maintained 

62.4 ± 1.6% inhibition, demonstrating dose-dependent anti-inflamma
tory activity.

Crucially, CSE-CSNPs exhibited significantly enhanced anti- 
inflammatory efficacy. At the higher tested doses (166.4 μg/mL encap
sulated extract), the inhibition was statistically equivalent to the stan
dard drug indomethacin. At lower doses (99.84 to 16.64 μg/mL), CSE- 
CSNPs outperformed both free CSE and blank CSNPs. This pronounced 
enhancement can be attributed to the nanoformulation's ability to pro
tect encapsulated phytochemicals from degradation, improve their 
interaction with cellular membranes, and facilitate more efficient de
livery to the site of action, as observed with other polyphenol-loaded 
nanocarriers [114].

3.6.4. Anticoagulant activity (PT and PTT assays)
Anticoagulant potential was assessed via PT and PTT (Fig. 6F). 

Heparin, a potent anticoagulant used as a positive control, exhibited the 
longest clotting times. Quantitative analysis revealed that CSE-CSNPs 
prolonged PT from a control value of 15.3 ± 1.5 s to 27.3 ± 3.5 s at 
75 μg/mL (12.48 μg/mL encapsulated extract), and PTT from 26.3 ±
2.5 s to 50.3 ± 3.0 s, demonstrating dose-dependent anticoagulant ac
tivity. This effect was more pronounced than that of free CSE (PT: 23.7 s; 
PTT: 48.0 s at 75 μg/mL) and comparable to blank CSNPs (PT: 28.0 s; 
PTT: 53.7 s at 75 μg/mL). However, all treatments showed substantially 
lower anticoagulant activity than heparin (PT: 128.0 s; PTT: 160.3 s at 
75 μg/mL), indicating that CSE-CSNPs exert a mild, modulatory effect 
without posing a significant bleeding risk.

While the clotting time for CSE-CSNPs was significantly shorter than 
that of heparin, it demonstrated a clear dose-dependent increase at 
encapsulated extract concentrations of 4.16, 8.32, and 12.48 μg/mL, 
suggesting a mild, modulatory anticoagulant effect. Notably, blank 
CSNPs also prolonged clotting time relative to the untreated control, 
consistent with literature reports on the inherent hemostatic-modulating 
properties of chitosan, a polymer known to interact with plasma proteins 
and platelets [111]. The activity of CSE-CSNPs likely results from a 
combined effect of bioactive CSE and the chitosan carrier, indicating a 
formulation that is hemocompatible without posing a significant 
bleeding risk that in turn is a crucial safety feature for a prospective 
therapeutic agent [112].

Collectively, these in vitro results demonstrate that nano
encapsulation of CSE into CSNPs transformed its biological profile. The 
formulation retained and amplified the desired therapeutic activities 
(antioxidant and anti-inflammatory) while improving biocompatibility 
(reduced cytotoxicity and favorable hemocompatibility). This combi
nation, enhanced efficacy at lower bioactive doses together with 
improved safety, is a hallmark of successful drug delivery systems [117]. 
These findings strongly suggest that CSE-CSNPs can deliver the hep
atoprotective phytochemicals of corn silk more efficiently and safely to 
target sites, providing a robust rationale for subsequent in vivo 
investigation.

3.7. In vivo experiment

The therapeutic potential of CSE-CSNPs was evaluated in a CCl₄- 
induced rat model of acute liver injury. The nanoformulation demon
strated superior efficacy compared to the free CSE or blank CSNPs, 
effectively restoring liver health across multiple pathological axes.

3.7.1. Restoration of liver function and attenuation of fibrosis
Liver function parameters: CCl₄ administration in untreated group III 

led to a significant increase in serum levels of liver function parameters 
compared to healthy control group I (Fig. 7A and B). ALT increased from 
50.6 to 84.2 U/L, AST from 68.4 to 101.0 U/L, and ALP from 108.2 to 
149.6 U/L. Total and direct bilirubin showed similar elevations. No 
significant differences were observed between control group I and 
vehicle group II.

Fibrosis markers: Serum fibrosis markers (laminin, hyaluronic acid, 
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type III procollagen, and type IV collagen) were also significantly 
elevated in untreated group III compared to controls (Fig. 7C), con
firming successful induction of liver injury and active fibrotic 
remodeling.

Treatment with free CSE (group IV) or blank CSNPs (group V) 
significantly reduced the elevated serum levels compared to positive 
control group III. However, these parameters remained significantly 
higher than those in control group I, indicating only partial recovery.

Remarkably, administration of CSE-CSNPs (group VI) completely 
ameliorated CCl₄-induced liver damage. No significant differences were 
observed between treated group VI and healthy control group I for any 
of the measured parameters (ALT, AST, ALP, bilirubin, laminin, hyal
uronic acid, type III procollagen, or type IV collagen).

This complete restoration highlights a synergistic effect whereby the 
chitosan nanoparticle carrier potentiates the intrinsic hepatoprotective 
properties of corn silk. Corn silk is historically recognized for its me
dicinal properties, including anti-inflammatory and antioxidant activ
ities [118–124]. Nanoencapsulation overcomes key limitations of 
traditional herbal extracts, such as poor bioavailability, pH sensitivity, 
and enzymatic degradation in the gastrointestinal tract [125–127]. The 
enhanced efficacy at a lower bioactive dose—100 mg/kg CSE-CSNPs 
delivering approximately 16.6 mg/kg of encapsulated CSE compared 
to 200 mg/kg free CSE—directly demonstrates the success of the de
livery system in enhancing bioavailability and target engagement.

3.7.2. Amelioration of oxidative stress and inflammation
Oxidative stress markers: CCl₄ toxicity is mediated by the generation 

of free radicals, leading to lipid peroxidation and depletion of endoge
nous antioxidants. This was confirmed in untreated group III by a 
marked increase in hepatic MDA (11.0 vs. 24.0 ng/mg protein) and 
decreases in GSH (97.2 vs. 55.4 μg/mg protein), CAT (63.4 vs. 22.2 U/ 
mg protein), and SOD (54.4 vs. 31.2 U/mg protein) compared to healthy 
controls (Fig. 8A-D).

While free CSE and blank CSNPs showed significant antioxidant 

activity, only CSE-CSNPs fully restored all oxidative stress parameters to 
baseline control levels (MDA: 10.6 ng/mg protein, GSH: 97.6 μg/mg 
protein, CAT: 63.4 U/mg protein, SOD: 55.2 U/mg protein). The supe
rior antioxidant performance of the nanoformulation can be attributed 
to its ability to protect bioactive compounds, ensure sustained release, 
and improve cellular uptake [128,129].

Inflammatory markers: The inflammatory cascade triggered by CCl₄ 
was confirmed by marked elevations in pro-inflammatory cytokines in 
untreated group III compared to healthy controls: IL-1β increased from 
82.8 to 261 pg/g tissue, IL-17 from 70.8 to 199.8 pg/g tissue, TNF-α 
from 213 to 487.6 pg/g tissue, and IL-18 from 103.4 to 256.2 pg/g tissue 
(Fig. 9). Additionally, the anti-inflammatory cytokine IL-10 increased 
from 100.6 to 394.4 pg/g tissue, indicating a compensatory anti- 
inflammatory response.

Treatment with free CSE or blank CSNPs significantly reduced these 
cytokine levels, but they remained elevated compared to controls. In 
contrast, CSE-CSNPs completely normalized all cytokine levels to values 
comparable with healthy controls (IL-1β: 82.6, IL-17: 78.6, TNF-α: 
218.6, IL-18: 108.2, IL-10: 106.6 pg/g tissue).

This potent anti-inflammatory effect aligns with the documented 
activity of corn silk phytochemicals [121,122] and is significantly 
amplified by nano-delivery, which enhances residence time and inter
action with immune cells.

3.7.3. Apoptosis evaluation in liver tissue homogenates
Apoptosis was evaluated by measuring the pro-apoptotic proteins 

(Bax, p53, caspase 3, and caspase 8) and the anti-apoptotic protein Bcl2 
in liver tissue homogenates using ELISA kits.

CCl₄ administration led to induced apoptosis in liver. Untreated 
group III showed a significant elevation in pro-apoptotic proteins and a 
significant reduction in Bcl2 compared to healthy control group I. Spe
cifically, Bax increased from 353.2 to 575.6 pg/g tissue, p53 from 1.06 
to 4.00 ng/g tissue, caspase 3 from 20.6 to 67.0 pmol/g tissue, and 
caspase 8 from 0.38 to 2.74 ng/g tissue, while Bcl2 decreased from 5.88 

Fig. 7. Serum levels of A] ALT, AST and ALP; B] total and direct bilirubin; and C] laminin, hyaluronic acid, type III procollagen and type IV collagen in different 
experimental groups. * represented significance (P < 0.05) when compared to control group I and # represented significance (P < 0.05) when compared to positive 
control group III.
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to 3.96 ng/g tissue (Fig. 10A-D). No significant differences were 
observed between control group I and vehicle group II.

Treatment with free CSE (group IV) or blank CSNPs (group V) 
significantly elevated Bcl2 levels and reduced pro-apoptotic protein 
levels compared to positive control group III. However, these parame
ters remained significantly different from control values, indicating only 
partial protection. Remarkably, no significant differences were observed 
in any apoptotic marker when comparing CSE-CSNPs-treated group VI 

with healthy control group I. CSE-CSNPs restored Bcl2 to 5.68 ng/g 
tissue, Bax to 353.4 pg/g tissue, p53 to 1.10 ng/g tissue, caspase 3 to 
20.0 pmol/g tissue, and caspase 8 to 0.56 ng/g tissue (all comparable to 
control values). This robust cytoprotection suggests that the nano
formulation not only neutralizes toxic insults but also actively supports 
cell survival pathways, further demonstrating the superior therapeutic 
efficacy of CSE-CSNPs over free CSE or blank CSNPs.

Fig. 8. Oxidative stress evaluation showing levels of A] MDA, B] GSH, C] CAT and D] SOD in liver tissue homogenates of different experimental groups. * rep
resented significance (P < 0.05) when compared to control group I and # represented significance (P < 0.05) when compared to positive control group III.

Fig. 9. Cytokines (IL-1β, IL-17, TNF-α, IL-18 and IL-10) levels in liver tissue homogenates of different experimental groups. * represented significance (P < 0.05) 
when compared to control group I and # represented significance (P < 0.05) when compared to positive control group III.
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3.7.4. Liver remodeling evaluation in liver tissue homogenates
Liver remodeling was evaluated by measuring MMP9 and TIMP1 in 

liver tissue homogenates. Untreated group III showed significantly 
elevated levels of both markers compared to healthy control group I, 
indicating active tissue remodeling and fibrosis progression. MMP9 
increased from 5.94 to 16.26 ng/g tissue, and TIMP1 increased from 
149.2 to 313.0 pg/g tissue (Fig. 11A-B). No significant differences were 
observed between control group I and vehicle group II.

Treatment with free CSE (group IV) or blank CSNPs (group V) 
reduced MMP9 and TIMP1 levels compared to untreated group III. 
However, both markers remained elevated compared to controls, with 
CSE showing greater reduction than CSNPs. Notably, no significant 
differences were observed in MMP9 or TIMP1 levels between CSE- 
CSNPs-treated group VI and healthy control group I. CSE-CSNPs 

restored MMP9 to 6.12 ng/g tissue and TIMP1 to 148.0 pg/g tissue, 
values comparable to controls, indicating normalized tissue repair dy
namics and prevention of aberrant fibrosis.

The collective in vivo data presents a compelling case for CSE-CSNPs 
as a superior therapeutic agent. The free CSE possesses inherent bioac
tivity, but its effects are partial and require a higher dose. The blank 
CSNPs show modest protective effects, likely due to chitosan's own 
documented antioxidant and anti-inflammatory properties [130,131]. 
However, the CSE-CSNP formulation achieved complete hep
atoprotection across all measured parameters (liver function, oxidative 
stress, inflammation, apoptosis, and fibrosis). This dramatic improve
ment can be attributed to the fundamental advantages of the nano-drug 
delivery system. CSNPs, formed via ionic gelation, efficiently encapsu
late hydrophobic plant extracts through matrix entrapment and surface 

Fig. 10. Apoptotic markers evaluation showing levels of A] Bcl2, B] Bax, C] p53, D] caspase 3 and E] caspase 8 in liver tissue homogenates of different experimental 
groups. * represented significance (P < 0.05) when compared to control group I and # represented significance (P < 0.05) when compared to positive control 
group III.
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adsorption [79,132]. Their small size, positive charge, and mucoadhe
sive properties promote GI absorption and liver targeting [80,81]. 
Crucially, the biphasic release profile—initial burst followed by sus
tained release—ensures both immediate therapeutic intervention and 
prolonged action, maximizing the multi-target effects of the CSE phy
tochemicals. This study exemplifies how nanotechnology can transform 
a traditional medicinal extract into a potent, targeted, and comprehen
sive therapeutic formulation, validating its potential for treating liver 
diseases.

4. Conclusion

This study successfully developed and characterized CSE-CSNPs 
using the ionic gelation method, representing the first investigation of 
this nanoformulation for hepatoprotection. The nanoparticles exhibited 
favorable physicochemical properties, including small size 
(49.61–51.12 nm), high positive surface charge (+45.61 mV), and 
efficient encapsulation of phenolic and flavonoid compounds, with a 
biphasic release profile suitable for oral delivery.

Comprehensive in vitro evaluation confirmed the biocompatibility, 

enhanced antioxidant activity, and superior anti-inflammatory effects of 
CSE-CSNPs compared to free extract. In a CCl₄-induced acute liver injury 
rat model, the nanoformulation demonstrated remarkable therapeutic 
efficacy, completely restoring liver function parameters (ALT, AST, ALP, 
bilirubin), oxidative stress markers (MDA, GSH, SOD, CAT), and pro- 
inflammatory cytokine levels (IL-1β, TNF-α) to healthy control 
values—achieving full hepatoprotection at half the dose of free CSE. 
Additionally, CSE-CSNPs effectively normalized apoptotic pathways 
(Bax, Bcl2, caspase 3, caspase 8) and tissue remodeling markers (MMP9, 
TIMP1), indicating comprehensive mitigation of the multifaceted pa
thology of drug-induced liver injury.

The enhanced therapeutic efficacy of CSE-CSNPs is attributed to the 
synergistic combination of corn silk's intrinsic bioactive properties with 
the advanced delivery capabilities of CSNPs, including protection from 
gastrointestinal degradation, enhanced mucoadhesion, sustained 
release, and improved cellular uptake. These findings establish proof-of- 
concept that chitosan nanoencapsulation significantly enhances the 
bioavailability and therapeutic potency of corn silk bioactives.

While the study provides strong preliminary evidence for the efficacy 
of CSE-CSNPs, we acknowledge some limitations: 1- the use of a single 

Fig. 11. Levels of A] MMP9 and B] TIMP1 in liver tissue homogenates of different experimental groups. * represented significance (P < 0.05) when compared to 
control group I and # represented significance (P < 0.05) when compared to positive control group III.
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dose in an acute injury model and the sample size, while adequate for 
demonstrating significant effects, represent a focused scope. Future 
work should explore dose-response relationships, evaluate efficacy in 
other chronic liver disease models, and assess long-term safety profiles. 
Collectively, this study positions CSE-CSNPs as a promising nano
therapeutic strategy that bridges traditional herbal medicine with 
modern drug delivery technology, offering a potential alternative for the 
management of DILI.
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[128] C. Melim, M. Magalhães, A.C. Santos, E.J. Campos, C. Cabral, Nanoparticles as 
phytochemical carriers for cancer treatment: news of the last decade, Expert Opin. 
Drug Deliv. 19 (2) (2022) 179–197.

[129] M.A. Abdel-Wahhab, A. Aljawish, A.A. El-Nekeety, S.H. Abdel-Aziem, N. 
S. Hassan, Chitosan nanoparticles plus quercetin suppress the oxidative stress, 
modulate DNA fragmentation and gene expression in the kidney of rats fed 
ochratoxin A-contaminated diet, Food Chem. Toxicol. 99 (2017) 209–221.

[130] N.R. Mohamed, T.M. Badr, M.R. Elnagar, Efficiency of curcumin and chitosan 
nanoparticles against toxicity of potassium dichromate in male mice, Int J Pharm 
Pharm Sci 13 (2021) 22159.

[131] J.C. Antunes, T.D. Tavares, M.A. Teixeira, M.O. Teixeira, N.C. Homem, M.T. 
P. Amorim, H.P. Felgueiras, Eugenol-containing essential oils loaded onto 
chitosan/polyvinyl alcohol blended films and their ability to eradicate 
*Staphylococcus aureus* or *Pseudomonas aeruginosa* from infected 
microenvironments, Pharmaceutics 13 (2021) 195.

[132] A. Tawfik, A. Farid, Chitosan-encapsulated Aloe vera nanoparticles outperform 
carrier-free forms in enhancing MSCs therapy for amikacin nephrotoxicity, Sci. 
Rep. 15 (2025) 34292.

A. Farid et al.                                                                                                                                                                                                                                    International Journal of Biological Macromolecules 371 (2026) 152961 

18 

http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0450
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0450
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0450
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0455
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0455
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0460
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0460
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0465
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0465
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0470
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0470
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0475
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0475
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0475
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0480
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0480
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0480
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0485
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0485
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0485
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0490
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0490
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0490
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0490
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0495
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0495
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0495
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0495
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0500
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0500
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0500
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0505
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0505
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0505
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0510
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0510
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0515
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0515
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0520
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0520
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0520
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0520
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0525
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0525
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0525
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0530
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0530
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0530
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0535
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0535
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0535
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0535
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0540
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0540
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0540
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0540
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0545
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0545
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0550
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0550
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0555
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0555
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0560
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0560
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0560
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0560
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0565
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0565
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0565
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0570
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0570
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0575
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0575
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0575
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0580
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0580
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0585
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0585
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0585
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0590
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0590
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0590
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0595
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0595
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0595
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0595
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0600
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0600
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0605
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0605
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0605
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0610
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0610
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0610
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0615
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0615
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0615
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0620
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0620
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0625
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0625
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0630
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0630
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0630
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0635
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0635
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0640
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0640
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0640
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0645
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0645
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0645
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0645
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0650
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0650
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0650
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0655
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0655
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0655
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0655
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0655
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0660
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0660
http://refhub.elsevier.com/S0141-8130(26)02888-6/rf0660

	Nanoparticle-based delivery of corn silk extract for the treatment of CCl₄-induced hepatotoxicity
	List of materials
	1 Introduction
	2 Materials and methods
	2.1 Collection and extraction of corn silk
	2.2 Preparation of CSE-CSNPs
	2.3 Determination of encapsulation efficiency (EE%) and drug loading (DL%)
	2.4 In vitro release profile under simulated gastrointestinal conditions
	2.4.1 Preparation of simulated gastrointestinal fluids
	2.4.2 Release study

	2.5 Nutritional and mineral composition of corn silk
	2.6 Phytochemical screening
	2.7 Determination of total phenolic content (TPC) and total flavonoid content (TFC)
	2.8 Gas chromatography-mass spectroscopy (GC–MS) analysis of CSE and CSE-CSNPs
	2.9 In vitro examination of NPs
	2.9.1 Free radical scavenging capacity
	2.9.1.1 DPPH assay
	2.9.1.2 ABTS assay
	2.9.1.3 Ferric ion reducing antioxidant power (FRAP)

	2.9.2 Cytotoxicity (MTT) assay
	2.9.3 Estimation of the anti-inflammatory activity
	2.9.4 Estimation of the anticoagulant activity

	2.10 In vivo examination
	2.10.1 Liver function evaluation
	2.10.2 Oxidative stress markers
	2.10.3 Inflammation evaluation
	2.10.4 Liver tissue remodeling markers
	2.10.5 Apoptosis evaluation

	2.11 Statistical analysis

	3 Results and discussion
	3.1 Chemical analysis of corn silk
	3.2 Physical characterization
	3.3 EE% and DL% of CSE in CSNPs
	3.4 In vitro release profile of CSE from CSE-CSNPs under simulated GI conditions
	3.5 GC–MS results
	3.6 In vitro characterization
	3.6.1 Antioxidant activity (DPPH, ABTS, and FRAP assays)
	3.6.2 Cytotoxicity (MTT assay)
	3.6.3 Anti-inflammatory activity (Hemolysis inhibition assay)
	3.6.4 Anticoagulant activity (PT and PTT assays)

	3.7 In vivo experiment
	3.7.1 Restoration of liver function and attenuation of fibrosis
	3.7.2 Amelioration of oxidative stress and inflammation
	3.7.3 Apoptosis evaluation in liver tissue homogenates
	3.7.4 Liver remodeling evaluation in liver tissue homogenates


	4 Conclusion
	CRediT authorship contribution statement
	Consent for publication
	Ethics approval and consent to participate
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


