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Abstract 24 

Alzheimer's disease (AD) is a neurodegenerative disease characterized by amyloid-beta (Aβ) 25 

aggregation, neuroinflammation, oxidative stress, and dysfunction in the mitochondria and 26 

cholinergic system. In this study, the synthesis of chitosan-polylactic acid-loaded magnesium 27 

oxide nanocomposite (CH/PLA/MgONCs) was examined using the green precipitation 28 

method. The synthesized CH/PLA/MgONCs were confirmed by using the UV-Vis spectrum, 29 

FT-IR, SEM-EDAX, and physical properties. The experiments were carried out using male 30 

Wistar rats by injecting streptozotocin (STZ) bilaterally into the brain's ventricles through the 31 

intracerebroventricular (ICV) route at a dose of 3 mg/kg. We also evaluated the effects of 32 

CH/PLA/MgONCs at doses of 10 mg/kg. To assess the cognitive dysfunction induced by 33 

ICV-STZ, we performed behavioral, biochemical, and histopathological analyses. In our 34 

study results, UV-Vis spectrum analysis of CH/PLA/MgONCs showed 285 nm, FT-IR 35 

analyses confirmed that the various functional groups were present, and SEM-EDAX analysis 36 

confirmed that a cauliflower-like spherical shape, Mg and O were present. Treatment with 37 

CH/PLA/MgONCs (10 mg/kg) showed a significant improvement in spatial and non-spatial 38 

memory functions. This was further supported by biochemical analysis showing improved 39 

antioxidant enzyme (GSH, SOD, CAT, and GPx activity) activities that significantly 40 

attenuated cholinergic activity and oxidative stress. In the CH/PLA/MgONCs-treated group, 41 

significant improvement was observed in the mitochondrial complex activity. ICV-STZ-42 

induced neuroinflammation, as indicated by increased levels of TNF-α, IL-6, and CRP, was 43 

significantly reduced by CH/PLA/MgONCs treatment. Additionally, CH/PLA/MgONCs 44 

treated histological results showed improved healthy neuronal cells in the brain. Furthermore, 45 
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in silico studies confirm that these molecules have good binding affinity and inhibit Aβ 46 

aggregation. In conclusion, CH/PLA/MgONCs treatment reversed AD pathology by 47 

improving memory and reducing oxidative stress, neuroinflammation, and mitochondrial 48 

dysfunction. These findings recommend that CH/PLA/MgONCs are possible therapeutic 49 

agents to treat AD. 50 

Keywords: Magnesium oxide, Amyloid-β aggregation, Oxidative stress, Neuroinflammation 51 

1. Introduction 52 

Alzheimer's disease (AD) is a kind of progressive neurodegenerative disorder that is 53 

characterized by various pathological features, including increased oxidative stress, loss of 54 

neurons and synapses, accumulation of Aβ plaques, and neurofibrillary tangles (Mishra et al., 55 

2023). According to a 2017 report, approximately 44 million people worldwide are currently 56 

affected by AD, and this number is projected to rise to 115 million by 2050 (Pan et al., 2021). 57 

Several factors have been identified as contributors to the pathology of AD. Oxidative stress 58 

occurs when there is an imbalance between pro-oxidants and antioxidants in the body, 59 

resulting in the production of harmful reactive oxygen species (ROS). This phenomenon has 60 

been linked to the emergence of different neurodegenerative conditions, such as AD (Gaur et 61 

al., 2021). The imbalance can occur due to excessive production of free radicals, a decrease 62 

in the body's antioxidant defenses, and overproduction of acetylcholinesterase (AChE). The 63 

brain is particularly susceptible to oxidative damage due to its high oxygen consumption, 64 

abundance of polyunsaturated fatty acids, and relatively low levels of natural antioxidant 65 

activity compared to other tissues (Ucar et al., 2022; Mishra et al., 2023). Importantly, these 66 

phenomena are closely interconnected. This highlights the complex and interconnected nature 67 

of the various pathological mechanisms involved in AD. Although some therapeutic targets 68 

and interventions have been identified, AD still poses a significant medical challenge. 69 
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Despite more than three decades of extensive research, there is still no consensus on the 70 

causes and mechanisms of AD, the most common form of the disease. Furthermore, the 71 

prevalence of AD is rapidly increasing, highlighting the urgent need for more effective 72 

therapies to address this growing public health concern (Penney et al., 2020). 73 

The field of nanotechnology has undergone a revolutionary transformation in the 74 

design and development of potential drug delivery systems (DDS) that can minimize toxic 75 

(Sahu et al., 2021). Nanoparticulate (NPs) drug delivery offers a promising approach to 76 

enhancing the transport of drugs through physiological barriers like the blood-brain barrier 77 

(BBB). Due to their small size, customized surface characteristics, improved solubility, 78 

multifunctionality, prolonged circulation, and targeted accumulation at specific sites, 79 

nanoparticles have the potential to interact with cellular functions in novel ways (Mitchell et 80 

al., 2021). In recent years, researchers have shown significant interest in metal oxide 81 

nanoparticles that are coated with bio-organic polymers or ligands, primarily due to their 82 

wide range of pharmaceutical and biomedical applications. The surface modification of these 83 

metal oxide nanoparticles with organic polymers can greatly enhance their physical, 84 

chemical, and biological properties (Okolie et al., 2021; Sahu et al., 2021). 85 

Coffee arabica (L.), a member of the Rubiaceae family, is a plant used to make coffee 86 

and is popular throughout the world. The Coffee arabica (CA) plant contains high amounts of 87 

hydroxycinnamic acids, caffeic, and ferulic acids (Da Matta et al., 1999; Fernandez et al., 88 

2009). The phenolic acids, polyphenols, and alkaloids in green coffee beans have beneficial 89 

phytooxidant activities (Duangzhai et al., 2016). It has high antioxidants and is well 90 

recognized as a potential protective factor against human chronic degenerative diseases such 91 

as cancer and cardiovascular disease (De Lorenzo et al., 2017). Also, CA exhibits 92 

antibacterial activity (Thand et al., 2016), nitrate reductase activity (Da Matta et al., 1999), 93 
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antifungal activity (Fernandez et al., 2009), antioxidant and anti-tyrosinacetate activity 94 

(Siachinset et al., 2016), and various clinical applications such as neuraminidase inhibitory 95 

activity (Muchtaridi et al., 2021). 96 

Chitosan (CS) shows promise as a polymer for developing biodegradable and 97 

biocompatible nanoparticles (Islam et al., 2020). Chitosan and polylactic acid (PLA) have 98 

garnered particular attention due to their exceptional characteristics, including low toxicity, 99 

biodegradability, and biocompatibility (Alhodieb et al., 2022). By conjugating chitosan with 100 

metal oxide nanoparticles, surface modifications can significantly improve biocompatibility 101 

and biomedical properties. The surface coating of metal oxide nanoparticles, specifically 102 

magnesium oxide nanoparticles (MgONPs), with chitosan, has attracted considerable interest 103 

due to its versatile applications in biomedicine, catalysis, and degradation (Silva et al., 2022). 104 

The combination of chitosan and MgONPs forms a novel generation of biopolymeric 105 

nanocomposites. Recent studies have demonstrated that chitosan-coated biopolymeric 106 

nanoparticles exhibit remarkable antibacterial and antifungal properties. The chitosan-coated 107 

MgO nanocomposite shows great potential in terms of antioxidant and antimicrobial 108 

properties (Oladzadabbasabadi et al., 2020). 109 

Recent advancements in brain-targeted drug delivery agents have paved the way for 110 

novel therapeutic approaches in the field of neuroscience. Various nano-agents or nano-111 

drugs, including small-molecule drugs and peptide mimetics, have demonstrated 112 

effectiveness in inhibiting Aβ aggregation and providing significant neuroprotection (Gong et 113 

al., 2021). However, despite these promising developments, clinical trials in this area have 114 

faced challenges as many of these agents are unable to penetrate the BBB and lack specific 115 

targeting capabilities (Liu et al., 2023). Currently, Aβ inhibitors are of great scientific 116 

significance due to their remarkable ability to traverse biological BBB barriers, thus 117 



6 

 

enhancing their overall therapeutic effectiveness. Considering the aforementioned challenges, 118 

there is a strong need to develop innovative nanotherapeutics that exhibit high BBB 119 

permeability to optimize the treatment of AD (Ni et al., 2022; Oladzadabbasabadi et al., 120 

2020). 121 

The novelty of the present study is the synthesis of CH/PLA/MgONCs and their 122 

investigation in ICV-STZ-induced AD model. In our study, CH/PLA/MgONCs synthesis and 123 

its characterization properties were analyzed. Then, the experimental rats were induced with 124 

AD by using ICV-STZ, and the AD models were treated with CH/PLA/MgONCs. All 125 

experimental rats were evaluated through behavioral studies of spatial and spatial memory 126 

functions. Further studies were carried out to detect oxidative stress, antioxidants, and 127 

mitochondrial complex activity in the cortex and hippocampus regions of experimental rats. 128 

Histopathology studies were performed to assess the structural and morphological changes of 129 

nerve cells in the brain. Furthermore, the binding affinity and stability of major plant 130 

phytochemicals with the Aβ protein were evaluated by molecular docking analysis. This 131 

study provides experimental evidence for the potential use of CH/PLA/MgONCs in the 132 

context of AD treatment. 133 

Materials and methods 134 

Materials 135 

Chitosan (Type A, porcine skin-derived), polylactic acid, streptozotocin, magnesium 136 

nitrite, trichloroacetic acid (TCA), ethylenediaminetetraacetic acid (EDTA), ascorbic acid, 137 

tris buffer-HCL, and 2,4-dinitrophenylhydrazine (DNPH) were purchased from Sigma-138 

Aldrich (MS, US). Nitro blue tetrazolium (NBT), Bovine serum albumin (BSA), phosphate-139 

buffer saline (PBS), thiobarbituric acid (TBA), methyl-thiazolyl diphenyl-tetrazolium 140 
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bromide (MTT), nicotinamide adenine dinucleotide reduced (NADH), 5,5’-dithiobisnitro 141 

benzoic acid (DTNB), oxidized glutathione (GSSG), hydrogen peroxide (H2O2) and 142 

glutathione (GSH) were obtained from Himedia (Mumbai, India). Analytical-grade chemicals 143 

and reagents were used for this study. 144 

Synthesis of Coffea Arabica plant extract 145 

Plant leaves of Coffea Arabica (CA) were collected from the Yercaud Hills, Salem, 146 

Tamil Nadu, India. Fresh CA leaves were washed with deionized water and fragmented into 147 

tiny pieces by weight of 5 grams (gm), and the fragmented pieces of CA leaves were boiled 148 

in 100 mL of deionized water at 50 °C for 2 hrs and constantly stirred. The leaf extract was 149 

filtered with Whatman No. 1 filter paper. Finally, the prepared leaf extract was stored at 4 °C 150 

for further use. 151 

Synthesis of CH/PLA/MgONCs 152 

The CH/PLA/MgONCs were created using the method described previously, with 153 

slight modifications. Briefly, Mg(NO3)2 (0.1 M) was dissolved in 100 ml of deionized water 154 

and continuously stirred at 60 ºC for 3 hrs. Chitosan (2% w/v) and PLA (2% w/v) were 155 

dissolved separately in PBS for 2 hrs at 50 °C using a magnetic stirrer until completely 156 

dissolved. The MgO(NO3)2 solution of 90 ml and the CA plant extract of 10 ml (9:1 v/v) were 157 

added to the conical flask and allowed to react for 2 hrs at 50 °C under a magnetic stirrer 158 

(MgONPs). Last, the aqueous MgONPs of 80 ml, the chitosan solution of 10 ml, and the PLA 159 

solution of 10 ml (8:1:1 v/v) were mixed in a conical flask under constant stirring at 60 °C for 160 

3 hrs. Furthermore, glacial acetic acid (1% v/v) was added to the magnetic stirring condition. 161 

The synthesized compound was centrifuged at 10 min for 10,000g, and the pure pellet 162 

solution was obtained. The synthesized CH/PLA/MgONCs solution was freeze-dried at -80 163 
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°C for 24 hrs, and the solution was lyophilized for 48 hrs to form a dry material, which was 164 

then stored at a freezing temperature for further use. 165 

Characterization of CH/PLA/MgONCs 166 

The synthesized CH/PLA/MgONCs were confirmed by using a UV-Vis 167 

spectrophotometer (UV-1800 Shimadzu-Japan), and the Fourier transfer infrared (FT-IR) was 168 

used in the 4000–400 cm-1 range (NEXUS, 470 Bruker Spectrophotometer). A scanning 169 

electron microscope with energy dispersive spectroscopy (SEM-EDAX, Carl Zeiss, 170 

Germany) was used for surface structure morphology and elemental analysis. 171 

Swelling properties 172 

The swelling properties of CH/PLA/MgONCs were dissolved in PBS and evaluated 173 

from 5 min to 24 h at 37 °C. Samples were taken from PBS for cleaning at predefined 174 

intervals; surface droplets were removed with tissue paper, weighed, and placed back into 175 

PBS. The sample swelling ratio was estimated by the following formula: 176 

Swelling ratio (%) = 0

0

W  - W
× 100

W

t

 
177 

Where Wt is the weight of the swollen sample at a particular time point and represents the 178 

sample's primary weight of W0. 179 

In vitro drug release study 180 

 The in vitro release of CH, PLA, and MgO from CH/PLA/MgONCs was determined 181 

using the dialysis membrane diffusion method. Briefly, a fixed volume of lyophilized NCS 182 

suspension was added to a dialysis bag. Then, each dialysis bag containing CH suspension, 183 

PLA suspension, and CH/PLA/MgONCs suspension was suspended in a beaker containing 184 

100 ml of phosphate buffer (pH 7.4) with 0.5% tween 80. The mixture was stirred at a 185 
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constant speed of 100 rpm and maintained at 37 ± 2 ºC. At predetermined time intervals, 186 

samples were collected from the surrounding medium outside the dialysis bag. To ensure sink 187 

conditions, the collected medium was promptly substituted with an equivalent volume (0.5 188 

ml) of fresh PBS. The concentrations of CH, PLA, and MgO were measured using a UV 189 

spectrophotometer at 446 nm. The experiment was performed in triplicate to ensure the 190 

accuracy and reliability of the results (Arduino et al., (2020). 191 

Experimental animals 192 

In this study, we utilized adult male Wistar rats (each group consisted of 6 animals, n 193 

= 6). The rats had an average weight of 200 ± 10 gm and were 8 weeks old. The rats were 194 

maintained and housed at the Periyar University Central Animal House Facility in Tamil 195 

Nadu, and the experimental protocols were approved by the Committee for the Purpose of 196 

Control and Supervision of Experiments on Animals (CPCSEA), Government of India, and 197 

the Institutional Animal Ethical Committee (PU/IAEC/2020/M1/19) of Periyar University, 198 

Tamil Nadu, India. To ensure the well-being of the experimental animals, they were kept in 199 

an enclosure with a controlled environment, and standard food and water were provided. The 200 

enclosure maintained a continuous temperature of 25 ± 2 °C and a relative humidity of 45–201 

55%. Careful consideration was given to minimizing animal handling, and only a 202 

predetermined number of animals were used for the experiment. 203 

Experimental design 204 

The rats were categorized into six distinct groups, each consisting of six animals (n = 205 

6). The groups were designated as follows: Group-I: control group (treated with normal 206 

saline); Group-II: ICV-STZ (3 mg/kg); Group-III: STZ+CH (10 mg/kg); Group-IV: 207 

STZ+MgO (10 mg/kg); Group-V: STZ+CH/MgO (10 mg/kg); and Group-VI: 208 

STZ+CH/PLA/MgONCs (10 mg/kg). To experiment, each rat was anesthetized using an 209 
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intraperitoneal (i.p.) injection of ketamine hydrochloride (80 mg/kg/b.w) followed by 210 

xylazine (10 mg/kg/b.w). These different drug treatment groups were for 14 days (Fig. 3). 211 

Various behavioral studies were conducted from days 16 to 28 to assess the effects of the 212 

different drug compounds on the rats. All behavioral assessments were recorded for each 213 

group. On the final day of the experiment, all experimental rats were euthanized, and their 214 

organs of interest were collected for further analysis. The dissected organs underwent various 215 

studies including biochemical, histopathological, and mitochondrial complex activity. 216 

Intracerebroventricular-streptozotocin (ICV-STZ) injection  217 

The STZ was administered in ICV of rats using a stereotaxic apparatus, following the 218 

previous method (Paxinos et al., 1980). The rats were anesthetized using ketamine (80 mg/kg, 219 

i.p.) and xylazine (10 mg/kg, i.p.). To begin the procedure, the rat's head was shaved and 220 

positioned in a stereotaxic apparatus, ensuring that the scalp was tightened and straight. A 221 

midline sagittal incision was then made on the scalp using a sharp scalpel blade. Burr holes 222 

were drilled on both sides of the skull, directly above the lateral ventricles. The holes were 223 

drilled at the following coordinates: 0.8 mm posterior to the bregma, 1.5 mm lateral to the 224 

sagittal suture, and 3.6 mm below the cortical surface of the brain. Freshly prepared STZ at a 225 

concentration of 3 mg/kg was dissolved in artificial cerebrospinal fluid (CSF) and then 226 

injected bilaterally in two divided doses on the first and third days, with each dose being 1.5 227 

mg/kg. The control group of animals received ICV injections of the same volume of CSF. 228 

Postoperatively, the rats were provided with glucose water and a normal pellet diet for 4 229 

days, after which they were transitioned to a normal pellet diet alone. 230 

Behavioral assessments 231 

Morris Water Maze (MWM) test 232 
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The MWM test, as described in Morris's method (Morris, 1984), was used to assess 233 

the learning and spatial memory abilities of the experimental rats. A circular black pool with 234 

a diameter of 150 cm and a height of 40 cm was filled with water to a depth of 30 cm. The 235 

water was maintained at a temperature of 25 ± 2°C, and its opacity was increased by adding 236 

white paint. The experiment included a total of six rats (n = 6). During the experimental 237 

period, which spanned from the 16th to the 20th day, each rat underwent training sessions. In 238 

each session, the rat was trained five times, starting from four different positions around the 239 

border of the maze. Several measures were recorded and calculated to evaluate the rats' 240 

performance in the MWM test. Escape latency: The amount of time each rat spent searching 241 

for the old platform location. The time each experimental rat spent on the initial part of the 242 

platform. Platform crossing time: The time it took for each rat to cross the platform. Travel 243 

error times: the number of errors made by each rat during navigation in the maze. 244 

Passive avoidance (PA) test 245 

The PA test was conducted by following the previous method with slight 246 

modifications Ramagiri et al., (2017). The experimental setup consisted of two 247 

compartments: one that was illuminated and another that was kept dark. Each compartment 248 

was equipped with a shock scrambler and a grid platform. These two compartments were 249 

separated by a guillotine door. Also, during the acquisition test, each rat was first placed in 250 

the lighted box. After a 60-second habituation, the guillotine door separating the lighted and 251 

dark rooms was opened. The time it took for the rat to enter the dark compartment, known as 252 

the initial latency (IL), was then recorded. Rats whose initial latency period exceeded 60 sec 253 

were not included in subsequent experiments. After the rat entered the dark box, an electric 254 

shock (50 V, 0.2 mA, 50 Hz) was given for 3 sec on ground phases. After 5 sec, the rat was 255 

removed from the dark area and then placed back into its home cage. Retention latency (RL) 256 
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duration was measured 24 hrs later using the same procedure as the acquisition test, except 257 

that no foot shock was given. The latency time was recorded for a maximum of 300 sec and 258 

calculated. 259 

Y-maze test 260 

The Y-maze test was conducted following the previous method to assess non-spatial 261 

learning, memory, and cognitive abilities (Conrad et al., 1996). The apparatus used for the 262 

test consisted of three arms, each with a length of 50 cm, a height of 15 cm, and a width of 12 263 

cm. These arms were joined together at a 120° angle. The rats were gently placed in the 264 

apparatus for 2 min. The total number of times and the order in which they entered the maze 265 

were recorded to measure the level of alteration. A higher number of alterations indicated 266 

preserved cognition, as it meant that the animals recognized and avoided reentering arms they 267 

had previously visited. To quantify the percentage of alternation, the following formula was 268 

used:  269 

% of alternation = (Actual alternation/Maximum spontaneous alternation) × 100 270 

This measurement provided a percentage value indicating the extent of alternation in the rats' 271 

behavior during the test. 272 

Biochemical measurements    273 

Dissection and homogenization 274 

After the last behavioral tests, all experimental rats were euthanized, and their brain 275 

parts were immediately removed (Sharma et al., 2015). The cortex (CS) and hippocampus 276 

(HS) were dissected using a rat brain matrix. To prevent oxidation of the dissected brain 277 

tissues, homogenization was performed at a temperature of 4 °C using 10 mM Tris buffer 278 
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(pH 7.4) containing protease inhibitors. The protease inhibitors used were 5 mM leupeptin, 279 

1.5 mM aprotinin, 2 mM phenyl methyl sulfonylfluoride (PMSF), 3 mM peptastatin A, 1 mM 280 

benzamidine, 10 mM EDTA, 0.1 mM EGTA, and 0.04% butylated hydroxytoluene. 281 

Afterwards, the homogenate was centrifuged at 800g for 5 min at 4 °C. The resultant 282 

supernatant was used to measure TBARS, which is an indicator of oxidative stress. The 283 

dissected brain parts were subsequently subjected to processing and analysis through 284 

homogenization, centrifugation, and biochemical assays to study oxidative stress and other 285 

relevant biochemical markers. 286 

Estimation of AChE activity 287 

The AChE is an important enzyme responsible for breaking down acetylcholine, 288 

which serves as a marker for cholinergic neurons in the brain. In this study, the enzyme 289 

activity was evaluated in both the CS and HS regions, following the protocol established by 290 

Ellman et al. (1961). To measure the activity of AChE, an assay mixture was prepared. This 291 

mixture consisted of 50 μl of supernatant, 3 ml of sodium phosphate buffer (pH 8), 0.1 ml of 292 

acetylthiocholine iodide, and 0.1 ml of 5,5-dithiobis-2-nitrobenzoic acid (DTNB-Ellman's 293 

reagent). The change in absorbance was then monitored for 2 min, with measurements taken 294 

at 30-second intervals using a UV-Vis spectrophotometer set to a wavelength of 412 nm. The 295 

results obtained were calculated using the molar extinction coefficient of the chromophore, 296 

which was determined to be 1.36 × 104 M-1 cm-1. The activity of AChE is expressed in 297 

nanomoles (nM) of acetylthiocholine iodide hydrolyzed/min/mg of protein.  298 

Estimation of glutathione (GSH) activity 299 

The GSH was assayed following the method described by Jollow et al. (1974). 300 

Briefly, 100 μl of the supernatant obtained from tissue homogenate was combined with 1 ml 301 
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of 4% w/v sulfosalicylic acid. This resulted in the formation of a precipitate, and the reaction 302 

mixture was then refrigerated at 2–8 °C. After 1 hr, the samples were centrifuged at 4 °C and 303 

a rotation speed of 1200g for 15 min. The resulting pellets were discarded, leaving behind the 304 

supernatant. Next, 100 μl of the supernatant was mixed with 2.7 ml of 0.1 M phosphate 305 

buffer (pH 8) and 200 μl of 0.1 M DTNB. This mixture exhibited a pale yellow color. The 306 

color intensity was measured at a wavelength of 412 nm using a UV-visible 307 

spectrophotometer. To calculate the results, the chromophore molar extinction value of 1.36 308 

× 104 M-1 cm-1 was applied. The final results of the GSH assay were expressed as nM of 309 

GSH/min/mg of protein. 310 

Estimation of superoxide dismutase (SOD) activity 311 

 The activity of SOD was determined following the method described by Kono, 312 

(1978). The assay utilized a solution containing 0.1 mM EDTA, 50 mM sodium carbonate, 313 

and 96 mM nitroblue tetrazolium. In this procedure, 2 ml of the aforementioned mixture was 314 

placed in a cuvette. To this, 50 μl of homogenate and 50 μl of hydroxylamine hydrochloride 315 

(pH 6.0) were added. The cuvette was then subjected to observation for 2 min, with 316 

measurements of the change in optical density taken at 560 nm at 30-second intervals using a 317 

UV-Vis spectrophotometer. The results obtained from the assay were expressed as SOD 318 

units/mg of protein. 319 

Estimation of catalase (CAT) activity 320 

 Catalase activity was determined using the method described by Claiborne, (1985). 321 

The assay mixture comprised 1.95 ml of phosphate buffer (0.05 M, pH 7.0), 1.0 ml of 322 

hydrogen peroxide (0.019 M), and 50 μl of tissue homogenate (10%), resulting in a final 323 

volume of 3.0 ml. The changes in absorbance were measured at 240 nm using a UV-Vis 324 
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spectrophotometer. The results were expressed as µM of hydrogen peroxide 325 

decomposed/min/mg of protein. 326 

Estimation of malonaldehyde (MDA) activity 327 

 The MDA is a substance that is generated as a result of lipid peroxidation (LPO), 328 

serving as an indicator of oxidative stress was estimated as per the protocol of Wills, (1966). 329 

For the LPO assay, 100 μl of tissue homogenate was mixed with 100 μl of 0.1 M Tris-HCl 330 

(pH 7.4). The mixture was then incubated in a temperature-controlled incubator at 37 °C for 331 

duration of 2 hrs. After the incubation period, the mixture was added with 200 μl of 10% 332 

TCA and subsequently subjected to centrifugation at 1000g for 10 min. Afterward, 200 μl of 333 

the resulting supernatant was collected and added to 200 μl of a 0.67% w/v TBA 334 

(thiobarbituric acid) solution. All the samples were then heated in boiling water for 10 min, 335 

resulting in the production of a pink color. After cooling, 200 μl of distilled water was added 336 

to each sample, and the absorbance was measured at 532 nm using a UV-visible 337 

spectrophotometer. The molar extinction coefficient using the results was calculated as 1.56 × 338 

105 M-1 cm-1 and values were expressed as nM of MDA/min/mg of protein. 339 

Estimation of nitrite activity 340 

 The nitric oxide molecule has a short lifespan and undergoes spontaneous oxidation to 341 

form nitrite and nitrate. The plasma levels of nitrite were determined following the method 342 

described by Green et al. (1982). To measure nitrite levels, equal volumes (100 μl) of tissue 343 

homogenate samples were combined with 100 μl of Griess reagent. The Griess reagent 344 

consisted of 1% sulphanilamide, 5% phosphoric acid and 0.1% naphthyl ethylenediamine 345 

dihydrochloride. This mixture was then incubated in a dark place at a temperature of 25–30 346 

°C for 10 min. After incubation, absorbance readings were taken using a UV-visible 347 
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spectrophotometer at a wavelength of 540 nm. To determine the nitrite concentrations in the 348 

samples, a standard curve of sodium nitrite solution was used. The nitrite values were 349 

expressed as nM of nitrite/min/mg of protein. 350 

Estimation of protein carbonylation (PCO) assay 351 

The PCO activity was assessed using the method described by Ciaraldi et al. (1992). 352 

Briefly, 100 μl of tissue homogenate and 20 μl of dinitrophenylhydrazine (DNPH) were 353 

added to the sample mixture. The mixture was kept in a dark place and incubated for 60 min. 354 

The mixture was vortexed every 15 min. After the final vortex at 1 h, 120 μl of 20% TCA 355 

was added to the mixture. The mixture was subjected to incubation on ice for 15 min, 356 

followed by centrifugation at 10,000g for 5 min at 4 °C. After centrifugation, the resulting 357 

pellet was washed twice with 100 μl of TCA. Then, the ethanol mixture was washed with 100 358 

μl of ethyl acetate: ethanol (1:1) mixture using centrifugation to wash the pellet. The resulting 359 

supernatant was discarded, and the pellet was allowed to dry for 5 min. The dried pellets were 360 

dispersed in 6 M guanidine. The mixture was incubated on a shaker at room temperature for 361 

30 min. The absorbance of the compound was measured at 366 nm using a UV-visible 362 

spectrophotometer. Results were expressed as nM of PCO per mg of protein to determine the 363 

concentration of PCO. 364 

Mitochondrial complex activity  365 

Isolation of mitochondria 366 

We followed the Berman et al., (1999) procedure for the mitochondrial complex. The 367 

dissected rat brain parts were homogenized in an ice-cold PBS solution containing EGTA 368 

(215 mM mannitol, 1 mM EGTA, 0.1% BSA, 20 mM HEPES, and 75 mM sucrose). The 369 

sample was centrifuged at 10,000g at 4 °C for 5 min. Following the second centrifugation, 370 
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the supernatants were transferred into the fresh tubes, placed in an isolation buffer containing 371 

EGTA, and centrifuged at 13,000g for 10 min at 4 °C. This process was repeated 3 times. It 372 

was first spun for 10 min with 1 mL of digitalize solution at 13000g at 4 °C for 10 min. The 373 

pellets from consecutive centrifuges were again suspended in an isolation buffer devoid of 374 

EGTA. This was applied to determine the mitochondrial complexes. 375 

Mitochondrial complex I activity  376 

The activity of nicotinamide adenine dinucleotide hydrogen (NADH) dehydrogenase 377 

(complex I) in mitochondria was assayed as described by King and Howard (1967). Briefly, a 378 

sample mixture contains 350 µl of 0.2 M glycylglycine buffer, 100 μl of 6 mM NADH, 200 379 

μl of sodium, 2.4 ml of DDW, and 100 μl of 10.5 mM cytochrome-c. To this was added 10 μl 380 

of an isolated homogenate mitochondrial sample. The absorbance of the mixture was 381 

immediately measured using a UV-visible spectrophotometer. Absorption was assessed at 382 

each 60-second interval for a total of 3 min. The results were expressed as values of nM of 383 

NADH oxidation/min/mg of protein. 384 

Mitochondrial complex II activity 385 

The activity of succinate dehydrogenase (complex II) in mitochondria was assessed 386 

using the method described by King and Howard (1967). To prepare the reaction mixture, the 387 

following components were combined: 1.5 ml of 0.2 M sodium phosphate buffer (pH 7.8), 388 

200 μl of 0.6 M potassium ferricyanide, 300 μl of succinic acid, 1% BSA (bovine serum 389 

albumin), 25 μl of 0.03 M potassium ferricyanide, and 1.75 ml of distilled deionized water 390 

(DDW). 25 μl of the mitochondrial sample was added to this reaction mixtureThe absorbance 391 

of the mixture was promptly measured at a wavelength of 420 nm using a UV-visible 392 

spectrophotometer. Measurements were taken at every 60-second interval for a total of 3 min. 393 
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The resulting calculated values were expressed as nM of substrate activity per min/mg of 394 

protein. 395 

Mitochondrial Complex III activity 396 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-H-tetrazolium bromide assay (complex 397 

III) is also called the MTT assay (Mosmann et al., 1983). In a reaction tube, 100 μl of 398 

mitochondrial homogenate was added to 10 μl of MTT. The mixture was incubated at 37 °C 399 

for 3 hrs. During this incubation period, pale yellow MTT turns into formazan crystals. A 400 

small amount of dimethyl sulfoxide (DMSO-50%) was added to dissolve the formazan 401 

crystals. This allows the crystals to dissolve, resulting in a purple color. The absorbance of 402 

the violet solution was immediately measured at a wavelength of 580 nm using an ELISA 403 

reader. 404 

Mitochondrial complex IV activity 405 

The method described by Sotokasa et al. (1967) was used to estimate the activity of 406 

cytochrome-c oxidase (complex IV) in mitochondria. The assay reaction mixture contained 407 

100 μl of 0.3 mM reduced cytochrome-c (fixed with sodium borohydride crystals, pH 7.0 in 408 

100 mM HCl) and 700 μl of 75 mM Contained PBS. 10 μl of mitochondrial sample was 409 

added to the reaction mixture. The absorbance value of the mixture was immediately 410 

measured at 550 nm using a spectrophotometer. Absorbance measurements were recorded at 411 

60-second intervals for a total of 180 sec. Results were expressed as nM of cytochrome-c 412 

oxidation/min/mg of protein. 413 

Molecular estimations 414 

The HS part, which is the primary location for learning and memory, was used to 415 

calculate inflammatory cytokines including TNF-α (TNF-α ELIZA kit, Catalog #: RAB0479, 416 



19 

 

Sigma-Aldrich, US), IL-6 (Rat IL-6 ELISA Kit, Catalog #: RAB0311, Sigma-Aldrich, US), 417 

and C-reactive protein (CRP) (Rat C-Reactive Protein ELISA Kit (Catalog #: RAB0097, 418 

Sigma-Aldrich, US). According to the manufacturer's instructions, the levels of TNF-α, IL-6, 419 

and CRP in the hippocampal tissue homogenate were measured by an enzyme-linked 420 

immunosorbent assay (ELISA). TNF-α, IL-6, and CRP levels in the hippocampal were 421 

measured using standard curves for each. The results were expressed as pg/min/mg of protein 422 

and ng/mg of protein, respectively. 423 

Protein estimation 424 

Lowry’s method was used for protein estimation by using bovine serum albumin as a 425 

standard (Lowry, 1951). 426 

Histopathological analysis  427 

Histopathological analysis was conducted after the completion of the behavioral 428 

experiments (Ahn et al., 2020; Mishra et al., 2018). Histopathological examination of vital 429 

organs was performed to determine whether degeneration occurred in the treated animals and 430 

whether there were any pathologic effects such as necrosis or inflammation in the 431 

experimental rats. According to this study, all experimental animals were euthanized using 432 

ketamine hydrochloride (80 mg/kg/b.w.) deep anesthesia. Then, vital organs such as the 433 

brain, heart, liver, kidney, and lung were collected and placed in 10% paraformaldehyde for 5 434 

hrs. Also, vital organ parts were cut into 3 µm-thick sections using a paraffin wax cover and 435 

stained with hematoxylin and eosin for slide preparation. Prepared slides were magnified 436 

under a light microscope (AHBT-51, Olympus Vanox Research Microscope, Japan).  437 

Molecular Docking (MD) Study 438 
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The structures of all ligands were obtained from the PubChem database in SDF 439 

(Structure-Data File) format (Luhrs, et al., 2005). The PubChem database, accessible at 440 

https://pubchem.ncbi.nlm.nih.gov, provided the necessary ligand information. Chem3D Pro 441 

12.0 software was utilized to convert the SDF files to PDB (Protein Data Bank) format. This 442 

conversion allowed for compatibility with the subsequent steps of the docking study. Auto 443 

Dock Tools 1.5.7 was employed to prepare the ligands for docking. Polar and nonpolar 444 

hydrogen molecules were added to the ligands, aiding in the subsequent docking process 445 

(Jokara et al., 2020). Ligands prepared using the GAUSSIAN03 package underwent 446 

optimization. The DFT (Density Functional Theory) method, employing the 6-311G** basis 447 

set was used for the optimization process. The 3D structure of Aβ fibrils (1–42), identified as 448 

2BEG, was retrieved from the Protein Data Bank (PDB). The PDB, a comprehensive 449 

repository of protein structures, provided the required structure for the docking study. 450 

AutoDockTools 1.5.7 software facilitated the docking process. Ligands were docked with the 451 

Aβ fibrils (1–42) structure, enabling the analysis of potential interactions. Pymol and 452 

DISCOVERY STUDIO VISUALIZER (26) software was utilized for the analysis of docking 453 

interactions. These tools allowed for the examination and visualization of the molecular 454 

interactions resulting from the docking study. 455 

Statistical analysis 456 

The characterization study was quantified using Origin Pro software (Origin Pro-2019 457 

b). The Graph Pad Prism software (Graph Pad Prism 9, San Diego, CA, USA) was used for 458 

all the statistical analysis. Behavioral assessment was evaluated by a two-way analysis of 459 

variance (ANOVA) followed by Bonferroni’s post hoc for multiple comparisons. The 460 

biochemical data was analyzed using a one-way analysis of variance (ANOVA), followed by 461 

Tukey's test for conducting multiple comparisons. The results were expressed as the mean ± 462 
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standard deviation (mean ± SD). All the results of the probability tests were measured to be 463 

significantly different at p < 0.05. 464 

Results 465 

Characterization studies 466 

UV-Vis spectrophotometer 467 

 The synthesis of the CH/PLA/MgONCs was confirmed by using UV–vis 468 

spectroscopy. The spectral analysis was conducted in the spectral range of 200–500 nm, as 469 

shown in Fig. (1A) and the absorbance value of 282 nm were confirmed. 470 

FT-IR results 471 

The FT-IR spectral range of the CH/PLA/MgONCs is shown in Fig. 1B. A broad 472 

range of 3200–3800 cm−1 shows the stretching vibrations of the O-H and N-H groups. The 473 

stretching vibration peaks of amide I (C=O) at 1521 cm−1 and amide III (N=H) at 1390 cm-1 474 

show a significant peak of chitosan presence, as shown in Fig. 1B. The stretching vibrations 475 

of MgO are confirmed by magnesium peaks (Mg-O) in the wavenumber region of 451 to 515 476 

cm−1. The band spectral range of 1957 to 2238 cm−1 for C=O stretching vibrations is stronger 477 

in PLA. The stretching of the COO− the group was given absorption values between the 478 

ranges of 1058 cm−1. The significant peak at 1385 cm−1 is due to the combined frequency of 479 

CH-OH groups. 480 

Swelling properties of CH/PLA/MgONCs 481 

 The swelling properties of CH/PLA/MgONCs were measured from 5 min to 24 h 482 

(Fig. 1C). It was found that the swelling ratios of CH, PLA, MgO, and CH/PLA/MgONCs 483 

gradually increased. Swelling and weight ratios showed the most increased results (96.23 ± 484 
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3.28%) in CH/PLA/MgONCs. Furthermore, at 20 and 24 h higher weight limits, 485 

CH/PLA/MgONCs were completely degraded. As a result, CH/PLA/MgONCs were used for 486 

further research. 487 

In vitro drug release of CH/PLA/MgONCs 488 

 The cumulative drug release percentages (CDR) of CH, PLA, MgO, and 489 

CH/PLA/MgONCs are shown in Fig. 1D. The release rate of the compounds CH, PLA, and 490 

MgO from CH/PLA/MgONCs was low, so the final release rate was also low. However, if it 491 

comes to MgO from CH/PLA/MgONCs, the MgO release was faster, and the final release 492 

rate was approximately 92.67 ± 2.28% to 97.52 ± 2.85%. The release rate of MgO was highly 493 

improved compared to other compounds of the hydrogel (Fig. 1D). Furthermore, the swelling 494 

analysis results were consistent with improved and possible release behavior of MgO from 495 

CH/PLA/MgONCs. 496 

SEM-EDAX 497 

The CH/PLA/MgONCs surface morphology analysis results are shown in Fig. 2. The 498 

prepared CH/PLA/MgONCs have a cauliflower-like spherical shape structure (Fig. 2A). 499 

EDAX spectrum analysis results confirm the presence of Mg (Fig. 2B). Also, EDAX 500 

mapping results confirm the presence of O, Mg, Si, and Cl (Fig. 2C). 501 

Behavioral assessments 502 

Effect on MWM test 503 

Spatial memory function was evaluated by using the MWM test, results are shown in 504 

Fig. 3. There was no significant change on day 1 of the trial phase for all experimental 505 

groups. On days 2, 3, 4, and 5, the ICV-STZ-treated group exhibited a significantly longer (p 506 
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< 0.001) escape latency compared with control group. The treated group with CH, MgO, 507 

CH/MgO, and escape latency of CH/PLA/MgONCs showed significantly attenuated (F(5,15) = 508 

19.70, p < 0.0001)  when compared with ICV-STZ-treated group (Fig. 3B). The time spent in 509 

the target quadrant (TSTQ) and platform crossing time was significantly attenuated (p < 510 

0.001) in the ICV-STZ group compared with control group. Significant improvement in the 511 

TSTQ (F(5,30) = 122.5, p < 0.0001) and platform crossing time (F(5,30) = 87.16, p < 0.0001) 512 

was observed with CH, MgO, CH/MgO, and CH/PLA/MgONCs as compared with ICV-STZ-513 

treated group (Fig. 3C, D). Moreover, the error time in the ICV-STZ-treated group showed a 514 

significant improvement (p < 0.001) compared with control group. The treated group with 515 

CH, MgO, CH/MgO, and CH/PLA/MgONCs resulted in a significant decrease (F(5,30) = 516 

112.8, p < 0.0001) in error time compared with ICV-STZ-treated group (Fig. 3E). 517 

Effect on PA test 518 

The ICV-STZ-treated group exhibited a significant reduction (p < 0.001) in STL 519 

compared with control group. The treatment with CH, MgO, CH/MgO, and 520 

CH/PLA/MgONCs resulted in a significant improvement (F(5,15) = 68.45, p < 0.0001) of STL 521 

when compared with ICV-STZ-treated group (Fig. 4A). Notably, the group treated with 522 

CH/PLA/MgONCs showed even greater improvement in STL compared with ICV-STZ 523 

treated group, as shown in Fig. 4A. 524 

Effect on Y-maze test 525 

 The ICV-STZ-treated group demonstrated a significant improvement (p < 0.0001) in 526 

the overall number of arm entries compared with control group. The treatment with CH, 527 

MgO, CH/MgO, and CH/PLA/MgONCs resulted in a significant attenuation (F(5,15) = 53.99, 528 

p < 0.0001) of the number of arm entries when compared with ICV-STZ-treated group. 529 
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Specifically, the CH/PLA/MgONCs experimental group exhibited a significant decrease (p < 530 

0.0001) in the number of arm entries compared with ICV-STZ-treated group, as depicted in 531 

Fig. 4B. 532 

Biochemical measurement 533 

Effect on AChE activity 534 

The rats that received ICV-STZ-treated group exhibited a significant improvement of 535 

AChE activity in the CS (p < 0.01) and HS (p < 0.0001) regions when compared with control 536 

group (Fig. 5A). However, treatment with CH, MgO, CH/MgO, and CH/PLA/MgONCs 537 

resulted in a significant attenuation of CS (F(5,30) = 94.41, p < 0.0001) and HS (F(5,30) = 119.9, 538 

p < 0.0001) AChE activity when compared with ICV-STZ-treated group. Notably, the 539 

CH/PLA/MgONCs at a dose of 10 mg/kg showed higher control over AChE activity in CS 540 

and HS when compared with ICV-STZ group. 541 

Effect on SOD activity  542 

The SOD levels in animals treated with ICV-STZ-treated group were found to be 543 

significantly attenuated in the CS (p < 0.01) and HS (p < 0.0001) compared with control 544 

group (Fig. 5B). However, the group treated with CH, MgO, CH/MgO, and 545 

CH/PLA/MgONCs showed a significant improvement in SOD levels in the CS (F(5,30) = 546 

83.53, p < 0.0001) and HS (F(5,30) = 87.69, p < 0.0001) when compared with the ICV-STZ-547 

treated group. Furthermore, the treatment with CH/PLA/MgONCs showed a higher 548 

improvement in the SOD levels of CS and HS brain regions. 549 

Effect on CAT activity  550 

The ICV-STZ treatment led to a significant reduction in CAT activity in both the CS 551 

(p < 0.0001) and HS (p < 0.0001) when compared with control animals (Fig. 5C). However, 552 
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treatment with CH, MgO, CH/MgONCs, and CH/PLA/MgONCs significantly improved CAT 553 

activity in the CS (F(5,30) = 130.3, p < 0.0001) and HS (F(5,30) = 145.4, p < 0.0001) compared 554 

with ICV-STZ-treated group. Notably, treatment with the CH/PLA/MgONCs group 555 

effectively restored CAT activity in the CS and HS indicating an enhanced endogenous 556 

antioxidant defense mechanism. 557 

Effect on GSH activity  558 

 The animals treated with ICV-STZ exhibited a significant decrease in both CS (p < 559 

0.01) and HS (p < 0.0001) in GSH levels compared with the control group. However, 560 

treatment with CH, MgO, CH/MgONCs, and CH/PLA/MgONCs demonstrated a significant 561 

restoration of GSH levels in the CS (F(5,30) = 99.45, p < 0.0001) and HS (F(5,30) = 121.2, p < 562 

0.0001), indicating their potent antioxidant potential. Furthermore, treatment with 563 

CH/PLA/MgONCs showed a higher improvement in GSH levels in the CS (p < 0.001) and 564 

HS (p < 0.05) compared with ICV-STZ-treated animals (Fig. 5D). 565 

Effect on MDA activity  566 

 The extent of lipid per oxidative damage caused by oxidative stress can be measured 567 

by elevated levels of malondialdehyde (MDA) in brain tissue. In the ICV-STZ-treated 568 

animals, there was a significantly increased MDA level observed in both the CS (p < 0.0001) 569 

and the HS (p < 0.01) when compared with control animals (Table 1). However, treatment 570 

with CH, MgO, CH/MgONCs, and CH/PLA/MgONCs significantly attenuated the MDA 571 

levels in the CS (F(5,30) = 48.01, p < 0.0001) and HS (F(5,30) = 60.46, p < 0.0001) compared 572 

with ICV-STZ-treated animals. Notably, treatment with CH/PLA/MgONCs effectively 573 

controlled MDA levels in both the CS and HS when compared with ICV-STZ-treated 574 

animals, indicating an improvement in oxidative stress. 575 

Effect on nitrite activity  576 
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 Nitric oxide (NO) is a molecule that has a short lifespan, and its release is increased in 577 

the injured brain, leading to nitrative stress. In the present study, it was observed that the 578 

plasma nitrite levels in the CS (F(5,30) = 140.1, p < 0.0001) and HS (F(5,30) = 159.2,  p < 579 

0.0001) were significantly improved in ICV-STZ-treated animals compared with control 580 

animals. However, the administration of CH, MgO, CH/MgO, and CH/PLA/MgONCs 581 

resulted in a significant reduction in the CS (p < 0.001) and HS (p < 0.0001) when compared 582 

with ICV-STZ animals, indicating a reduction in nitrative stress. Notably, the treatment with 583 

the CH/PLA/MgONCs group significantly controlled the plasma nitrite levels in both the CS 584 

(p < 0.0001) and HS (p < 0.0001) when compared with ICV-STZ-treated animals, further 585 

indicating a reduction in nitrative stress (Table 1). 586 

Effect on PCO activity  587 

The animals treated with the ICV-STZ-treated group showed a significant increase in 588 

the activity of PCO in both the CS (p < 0.01) and HS (p < 0.0001) compared with control 589 

animals (Table 1). However, treatment with CH, MgO, CH/MgONCs, and 590 

CH/PLA/MgONCs significantly attenuated the PCO activity in the CS (F(5,30) = 75.87, p < 591 

0.0001) and HS (F(5,30) = 81.73, p < 0.0001) compared with animals treated with ICV-STZ. 592 

Additionally, the group treated with CH/PLA/MgONCs showed a higher level of decrease in 593 

PCO activity in the CS and HS when compared with animals treated with ICV-STZ. 594 

Mitochondrial complex (I, II, III, and IV) activity  595 

The ICV-STZ-treated group exhibited a significant attenuation in the levels of all 596 

mitochondrial complex activities (I, II, III, and IV) in the CS (p < 0.0001) and HS (p < 597 

0.0001) regions when compared with control rats, as presented in Table 2. 598 

In comparison to the ICV-STZ-treated rats, the administration of CH, MgO, 599 

CH/MgONCs, and CH/PLA/MgONCs treatments in the experimental groups resulted in 600 
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significantly increased activities in the mitochondrial complex I activity of the CS (F(5,30) = 601 

131.2, p < 0.0001) and HS (F(5,30) = 143.8, p < 0.0001), mitochondrial complex II activity of 602 

the CS (F(5,30) = 139.1, p < 0.0001) and HS (F(5,30) = 148.6, p < 0.0001), mitochondrial 603 

complex III activity of the CS (F(5,30) = 127.4, p < 0.0001) and HS (F(5,30) = 140.4, p < 604 

0.0001), and mitochondrial complex IV activity of the CS (F(5,30) = 153.1, p < 0.0001) and HS 605 

(F(5,30) = 169.7, p < 0.0001). Interestingly, the treatment group receiving CH/PLA/MgONCs 606 

demonstrated highly improved activities in all mitochondrial complex compared with ICV-607 

STZ-treated groups (Table 2). 608 

Molecular estimation  609 

 TNF-α, IL-6, and CRP were evaluated in the HS, and The results demonstrated a 610 

significant improvement (p < 0.0001) in the levels of the aforementioned three markers in the 611 

ICV-STZ-treated group compared with the control group. However, TNF-α level was 612 

decreased significantly HS (F(5,30) = 143.8, p < 0.0001) with the treatment with CH, MgO, 613 

CH/MgONCs, and CH/PLA/MgONCs as compared to ICV-STZ-treated group (Fig. 6A). The 614 

treatment with CH, MgO, CH/MgONCs, and CH/PLA/MgONCs significantly decreased HS 615 

(F(5,30) = 90.26, p < 0.0001) the IL-6 level when compared to ICV-STZ-treated group (Fig. 616 

6B). The treatment with CH, MgO, CH/MgONCs, and CH/PLA/MgONCs significantly 617 

decreased HS (F(5,30) = 106.1, p < 0.0001) the CRP level when compared with ICV-STZ-618 

treated group (Fig. 6C). Interestingly, all the treated groups with CH/PLA/MgONCs had 619 

highly controlled TNF-α, IL-6, and CRP levels when compared to ICV-STZ-treated group. 620 

Histopathological analysis 621 

As shown in Fig. 7, the histopathological results are shown in the CS and HS regions 622 

of the brain. In this study, results showed that the control group had healthy neurons with 623 

oval shapes and clear cytoplasm. But, in contrast, brain regions CS and HS of ICV-STZ-624 
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treated rats showed a higher number of damaged neurons, distorted patterning, and nuclear 625 

damage compared to control rats. However, treatment of different experimental groups with 626 

CH/PLA/MgONCs effectively restored the lost neuronal damage compared to ICV-STZ-627 

treated rats and showed oval-shaped, healthy embryos and a high number of healthy neurons 628 

with clear cytoplasm (Fig 7). Also, H and E histopathological results of major organs in 629 

experimental rats such as the heart, lung, liver, and kidney are described in Fig. 8. In this 630 

study, ICV-STZ-treated rats showed minor tissue and cell changes compared with control 631 

group. However, different experimental groups indicated that CH/PLA/MgONCs treatment 632 

contained more advanced tissues and more malignant cells in major organs such as the heart, 633 

liver, lung, and kidney. Furthermore, the results of this study confirm that treatment with 634 

CH/PLA/MgONCs has healthier cells and tissues compared with ICV-STZ in all major 635 

organs (Fig. 8). 636 

Molecular docking  637 

The nature of the best binding for key phytochemicals against Aβ protein was 638 

analyzed using an MD study. Docking scores were obtained from MD results, in which (A) 639 

caffeic acid, (B) dihydrobenzoic acid, (C) ferulic acid, and (D) epirosmanol have binding 640 

scores of -6.74, -3.75, -4.56, and -5.93, respectively. Docking values for 3D and 2D 641 

interpolated structures were obtained using Discovery Studio for Complex. This study 642 

describes that caffeic acid and epirosmanol phytochemicals have stable and high binding 643 

affinity against the Aβ protein (Fig. 9). 644 

Discussion 645 

Biomaterial-based nano-drug delivery systems possess important properties such as 646 

good drug release, physicochemical properties, biocompatibility, biodegradability, 647 
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environmental reactivity, and pharmacological activity (Joseph et al., 2022; Sahu et al., 648 

2021). At the same time, hydrogel-based nanocomposite biomaterials are a good supporting 649 

platform for particulate drug delivery systems based on their pore size, various functional 650 

groups, and properties (Zarrintaj et al., 2020). Biomaterial-based nanocomposite improves 651 

drug stability and has the advantage of sustained-release products, showing a wide range of 652 

advances and application features (Zhuang et al., 2021). In this study, CO and OH functional 653 

groups in CH, PLA, and MgO demonstrate strong electrostatic interactions, which are 654 

confirmed. Also, most of the concentrated CH and PLA characteristic peaks show a strong 655 

bond between the biomaterial-based hydrogels. The spectral results of CH/PLA/MgONCs 656 

demonstrate that they have excellent functional groups and synergistic drug-release 657 

properties. The results of SEM analysis confirmed that the CH/PLA/MgONCs were 658 

cauliflower-like and spherical. Several studies have shown that spherical shapes are more 659 

suitable for drug delivery applications and have a higher chance of cell passage. This study 660 

describes the effect of CH/PLA/MgONCs treatment on oxidative stress, neuronal damage, 661 

mitochondrial changes, and cholinergic activity in ICV-STZ-induced AD. 662 

Administration of ICV-STZ injection induces brain insulin resistance and mimics 663 

pathological and behavioral changes observed in sporadic AD, including cognitive 664 

dysfunction, neurotoxicity and mitochondrial dysfunction (Akhtar et al., 2021). Even at sub-665 

diabetogenic doses, ICV-STZ induces oxidative stress, the release of inflammatory cytokines, 666 

mitochondrial dysfunction, impaired insulin signaling, and memory impairment (Yamini, et 667 

al., 2018). As a result, the CS and HS regions of the brain experience impairments in insulin 668 

signaling, leading to a neurodegenerative process and subsequent cognitive dysfunction. 669 

Therefore, several studies indicate that the ICV-STZ model serves as a trusted model of AD. 670 

However, ICV-STZ administration, mainly in animal models, has received much attention in 671 
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AD models such as neurological and behavioral disorders (Moghaddam et al., 2018; Mishra 672 

et al., 2023). 673 

In the MWM test, the ICV administration of STZ resulted in significant impairments 674 

in learning and memory performance. This was evident through a higher number of errors 675 

and an increased duration of time required reaching the target platform during the training 676 

phase, indicating memory dysfunctions (Zhou et al., 2019). Additionally, the ICV-STZ rats 677 

displayed a progressive increase in mean escape latency and swim path length during training 678 

trials, along with a decreased number of errors (Akhtar et al., 2021). These findings further 679 

support the presence of impaired retention memory in ICV-STZ rats during the spatial 680 

navigation task in the MWM test. The animals treated with CH/PLA/MgONCs exhibited a 681 

high decrease in mean escape latency and were able to find the hidden platform faster. 682 

Consistent with previous findings, our results indicate that treatment with vitamin D3 683 

improved spatial learning and memory functions in the MWM test (Yamini et al., 2018).  684 

The PA test is used to measure non-spatial memory and attention (Taheri et al., 2023). 685 

Also, a higher improvement in positive avoidance tests was observed after 686 

CH/PLA/MgONCs treatment. Additionally, CH/PLA/MgONCs treatment led to a higher 687 

reduction in transfer latency into the enclosed arm, indicating improved retention memory 688 

compared to both ICV-STZ animals and the CH/PLA/MgONCs treatment group in the Y 689 

maze test. Furthermore, CH/PLA/MgONCs treatment strategies improved non-spatial 690 

learning and memory functions and the CH/PLA/MgONCs treatment demonstrated superior 691 

efficacy in mitigating ICV-STZ-induced neuronal damage and behavioral dysfunction. 692 

The STZ overproduces and worsens the activity of AChE in the brain, leading to 693 

cholinergic dysfunction. Furthermore, it is well established that increased cholinergic activity 694 

is associated with improved cerebral blood flow (Zhou et al., 2019). The enzyme AChE 695 
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breaks down acetylcholine, a neurotransmitter that plays a role in cognition and memory 696 

through the modulation of synaptic transmission (Varesi et al., 2023). Therefore, AChE 697 

inhibition is a prime and promising target for AD. In the present study, results illustrate that 698 

CH/PLA/MgONCs treatment significantly targets and suppresses AChE overproduction. This 699 

shows that a lower AChE level significantly restores the loss of cholinergic neurons. 700 

The brain is very metabolically active and lacks adequate internal defense 701 

mechanisms, making it highly susceptible to oxidative damage caused by free radicals (Bhatti 702 

et al., 2022). Oxidative stress in the brain can be effectively countered by endogenous 703 

antioxidant enzymes such as GSH, SOD, CAT, and GPx and oxidation plays a critical role in 704 

the development and progression of neurodegenerative disorders such as AD (Ali et al., 705 

2020). Increased neuronal oxidative stress in ICV-STZ-treated rats was observed with 706 

damage to essential cellular components such as lipids, proteins, DNA, and RNA. This 707 

contributes to impaired hippocampal synaptic plasticity and neurogenesis (Tramutola et al., 708 

2017). In this study, treatment with CH/PLA/MgONCs highly reduced the oxidative stress 709 

induced by ICV-STZ and restored the endogenous antioxidant defense system to normal 710 

levels. These findings are consistent with previous research demonstrating restoration of 711 

reduced endogenous antioxidant defense systems and highlighting the antioxidant activity of 712 

CH/PLA/MgONCs in justifying oxidative damage (Yin et al., 2022; Ali et al., 2020). 713 

In the current study, the administration of ICV-STZ resulted in an exacerbation of 714 

neuronal oxidative stress, leading to peroxidative damage of membrane lipids and an increase 715 

in the generation of MDA (Verma et al., 2020). This, in turn, intensified neuronal damage, 716 

affecting critical cellular biomolecules. MDA is commonly used as a biomarker to measure 717 

the extent of oxidative damage. The results emphasize the substantial role of oxidative and 718 

nitrosative stress in the progression of AD. Specifically, in this study, ICV-STZ 719 
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administration further heightened the levels of MDA and nitrite in the HS and CS regions of 720 

the rat brain (Gaur et al., 2021; Mishra et al., 2023). In our study, treatment with 721 

CH/PLA/MgONCs demonstrated an effective reduction of oxidative damage caused by the 722 

overproduction of free radicals in the CS and HS regions, as indicated by decreased levels of 723 

MDA. Additionally, CH/PLA/MgONCs treatment highly decreased plasma total nitric oxide 724 

levels. These findings indicate that CH/PLA/MgONCs treatment not only reduced oxidative-725 

nitrative damage but also protected against neuronal damage. These results are consistent 726 

with previous experimental evidence that targeting can reduce oxidative damage (Yamini et 727 

al., 2022). 728 

Mitochondria are responsible for the majority of endogenous ROS generation in 729 

reacted with oxidative stress (Mishra et al., 2023). The subsequent peroxidation of 730 

mitochondrial components leads to dysfunction in the electron transport chain. This interplay 731 

between mitochondrial dysfunction and oxidative stress plays a crucial role in initiating ROS 732 

production, which in turn contributes to the development of AD. Neuronal mitochondrial 733 

dysfunction can either be a result of or a cause of the generation of ROS, making it a key 734 

characteristic in the ICV-STZ-induced rats (Akhtar et al., 2021). In this study, we observed a 735 

higher decrease in the activity of mitochondrial complexes I, II, III, and IV in both the CS 736 

and HS regions following ICV-STZ administration. However, treatment with 737 

CH/PLA/MgONCs resulted in a high restoration of mitochondrial complex activity in various 738 

treatment groups. Notably, the activity of all mitochondrial complexes (I, II, III, and IV) in 739 

the CH/PLA/MgONCs-treated groups showed greater improvement compared with ICV-740 

STZ-treated group. This improvement in mitochondrial complex activity was accompanied 741 

by a significant reduction in oxidative stress, suggesting enhanced energy production in the 742 

brain (Yamini et al., 2022). 743 
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Neuroinflammation is a key feature of synaptic dysfunction and neurodegeneration in 744 

the ICV-STZ model of AD (Xiang et al., 2022). STZ activates microglia to release pro-745 

inflammatory cytokines such as TNF-α and IL-6, leading to neuroinflammation. 746 

Neuroinflammation is driven by activated glial cells, particularly microglia and astrocytes, 747 

and peripheral leukocytes, which release proinflammatory cytokines such as TNF-a, and IL-6 748 

in large quantities in response to various neurological disease processes (Mishra et al., 2018; 749 

Verma et al., 2020). Therefore, targeting anti-inflammatory mechanisms may be beneficial in 750 

the treatment of AD. Some research suggests that increased levels of TNF-α, IL-6, and CRP, 751 

which are produced as a result of ICV-STZ administration, are associated with 752 

neurodegenerative diseases such as AD (Yamini et al., 2018). In the present study, ICV-STZ-753 

induced overproduction of TNF-α, IL-6, and CRP levels were effectively attenuated in the CS 754 

and HS of the CH/PLA/MgONCs-treated group, which may be well correlated with the 755 

reversal of neuronal injury. These results support the idea that neuronal survival can be 756 

restored through the transcription of proinflammatory cytokines and transcription factors. 757 

This reduction in inflammation may be correlated with the reversal of neuronal damage, 758 

indicating improved cell survival. These findings support the notion that the transcription of 759 

chemokines, proinflammatory cytokines, and transcription factors can contribute to the 760 

restoration of neuronal survival. The results of this study align with previous evidence 761 

highlighting the anti-inflammatory properties of the treatment (Akhtar et al., 2020). 762 

Histological analysis provides a means to evaluate neuronal damage and the effects of 763 

drugs. The hippocampal is widely acknowledged for its vital role in learning and memory 764 

processes. Both CS and HS neurons are known to contribute to the modulation of AD 765 

pathology, which frequently involves substantial neuronal damage within these brain regions 766 

(Ahn et al., 2020). Previous studies conducted by our team have revealed that the 767 

administration of ICV-STZ can induce neurodegeneration specifically in the HS. 768 
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Histopathological evidence further suggests that ICV-STZ promotes structural and functional 769 

impairments in both the CS and HS neuronal structures, accompanied by the presence of β-770 

amyloid peptide-like aggregates within brain capillaries (Mishra et al., 2018). In our current 771 

study, we observed notable changes in morphology, neuronal damage, and neuronal loss in 772 

the CS and hippocampal regions (CA1, CA3, and DG) of animals with AD induced by ICV-773 

STZ. However, upon treatment with CH/PLA/MgONCs, we observed the presence of 774 

numerous healthy neurons with clear cytoplasm as well as the emergence of new oval-shaped 775 

neurons in the CS and hippocampal regions (CA1, CA3, and DG). This indicates the potential 776 

neurotherapeutic benefits of CH/PLA/MgONCs and aligns with the neurobiological and 777 

biochemical findings. Furthermore, these results are consistent with the outcomes of 778 

behavioral tests and biochemical assays. Therefore, our study results suggest that 779 

CH/PLA/MgONCs may serve as an effective agent for reducing neurotoxicity by 780 

counteracting the oxidative damage induced by ICV-STZ. Furthermore, in the experimental 781 

group of rats with internal organs, histopathological examination revealed that ICV-STZ 782 

induced relatively minor tissue and cellular structural damage. However, in the treatment 783 

groups receiving CH/PLA/MgONCs, there was a more pronounced improvement in tissue 784 

quality, with the presence of clear and healthy cells observed in major organs such as the 785 

heart, lung, kidney, and liver. These morphological characteristics serve as evidence of the 786 

functional benefits and enhanced functioning of these important organs. Importantly, the 787 

results strongly suggest that CH/PLA/MgONCs offer a promising approach to promoting 788 

tissue and cellular regeneration non-toxic and without any associated side effects (Rajkumar 789 

et al., 2022b). 790 

Intermolecular interaction analysis results from the in silico study show that the 791 

ligands are stable and have a high binding capacity (Pasieka et al., 2021). In the major 792 

phytochemicals such as caffeic acid, dihydro benzoic acid, ferulic acid, and epirosmanol 793 
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binding with the Aβ protein complex, the residue creates hydrogen bonding interactions 794 

parallel to the molecular docking complex, and the remaining enzyme interactions confirm 795 

that the complex is neutralized during the MD. In phytochemical binding capacity, new 796 

interactions with different residues are observed as a result of docking analysis. 797 

Phytochemicals active site has been proven to perform best in MD study (Jokara et al., 2020; 798 

Pasieka et al., 2021). 799 

Conclusion  800 

In conclusion, the characterization results of CH/PLA/MgONCs, FT-IR with various 801 

functional groups, and SEM results showed that they have cauliflower-like spherical shapes. 802 

Physical property studies confirmed the high swelling properties and experimental drug 803 

release permeability of CH/PLA/MgONCs. In ICV-STZ-treated rats, neurotoxicity, 804 

mitochondrial dysfunction, oxidative stress, and neuronal damage were observed. The 805 

behavioral tests conducted in this study revealed that treatment with CH/PLA/MgONCs 806 

effectively improved spatial and non-spatial memory functions in experimental rats. 807 

Furthermore, CH/PLA/MgONCs treatment significantly reduced the overproduction of 808 

AChE, MDA, and nitric oxide in the CS and HS regions while enhancing the activities of 809 

antioxidant enzymes such as GSH, SOD, and CAT. Additionally, CH/PLA/MgONCs 810 

treatment improved mitochondrial complex functions in the CS and HS while decreasing 811 

molecular cytokines. Histopathological analysis showed that the groups treated with 812 

CH/PLA/MgONCs displayed healthy neurons with clear cytoplasm. Molecular docking 813 

studies indicated that major phytochemicals exhibited stable and significant binding affinities 814 

to Aβ protein. In conclusion, this study demonstrates that CH/PLA/MgONCs treatment 815 

effectively alleviates AD and highlights its significance as a new and improved therapeutic 816 

approach for AD treatment. 817 
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Table 1: Effect of CH/PLA/MgONCs treatment on oxidative stress markers in different brain 1037 

regions (cortex and hippocampus). The analysis of data was done by using one-way ANOVA 1038 

followed by Tukey’s post hoc test for multiple comparisons. All the values were shown as 1039 

mean ± SD. ## p < 0.01, ### p < 0.001 compared with control group and *p < 0.05, **p < 0.01, 1040 

***p < 0.0001 compared with ICV-STZ-treated group. 1041 

Treatment group Brain region MDA         

(nM/mg protein) 

Nitrite (µg of 

nitrite/mg 

protein) 

PCO          

(nM/mg protein) 

Control Cortex 2.98 ± 0.75 125.83 ± 5.38 15.39 ± 1.83 

Hippocampus 4.37 ± 0.83 167.56 ± 8.23 26.82 ± 3.29 

ICV-STZ  

(3mg/kg) 
Cortex 6.83 ± 0.91### 201.59 ± 8.23# 34.24 ± 2.73## 

Hippocampus 8.42 ± 1.02## 263.84 ± 7.90### 47.39 ± 2.45### 

STZ+CH  

(10mg/kg) 

Cortex 5.26 ± 0.82** 182.65 ± 6.94*** 29.46 ± 2.63 

Hippocampus 7.13 ± 1.53* 239.57 ± 7.35** 41.73 ± 1.98** 

STZ+MgO  

(10mg/kg) 

Cortex 4.28 ± 0.72** 171.48 ± 5.48* 24.38 ± 2.18*** 

Hippocampus 6.46 ± 1.49** 196.73 ± 4.93** 32.39 ± 1.56** 

STZ+CH/MgO 

(10-mg/kg) 

Cortex 3.71 ± 0.63*** 148.36 ± 4.78*** 20.93 ± 1.83*** 

Hippocampus 5.92 ± 1.85** 184.69 ± 5.86** 25.76 ± 1.48* 

STZ+CH/PLA/ 

MgONCs (10mg/kg) 

Cortex 3.18 ± 0.57 136.87 ± 4.28 17.29 ± 1.26 

Hippocampus 4.64 ± 1.38 175.78 ± 5.37 20.63 ± 1.75 
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 1043 
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 1049 
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Table 2: Effect of CH/PLA/MgONCs treatment on mitochondrial respiratory enzyme 1050 

complexes in different brain regions (cortex and hippocampus). The analysis of data was 1051 

done by using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. 1052 

All the values were shown as mean ± SD. ##p < 0.01, ###p < 0.0001 compared with control 1053 

group and *p < 0.05, **p < 0.01, ***p < 0.0001 compared with ICV-STZ-treated group. 1054 

Treatment group Brain region Mitochondrial 

complexes I-

activity (nM of 

NADH 

oxidized/min/

mg protein) 

Mitochondrial 

complexes II-

activity (nM of 

substrate/min/ 

mg protein) 

Mitochondrial 

complexes III-

activity (No. of 

viable cell (% 

of control) 

Mitochondrial 

complexes IV-

activity (nM 

cyt-c 

oxidized/min/ 

mg protein) 

Control Cortex 92.57 ± 4.78 176.3 ± 7.51 119.3 ± 5.29 135.4 ± 5.35 

Hippocampus 121.7 ± 5.86 206.7 ± 8.57 165.4 ± 6.39 154.5 ± 6.87 

ICV-STZ  

(3mg/kg) 
Cortex 39.68 ± 2.95## 94.71 ± 4.58## 65.59 ± 3.96### 72.90 ± 3.48## 

Hippocampus 65.84 ± 4.80### 124.7 ± 5.18# 89.88 ± 3.90## 90.43 ± 3.64### 

STZ+CH  

(10mg/kg) 

Cortex 45.64 ± 3.46*** 109.2 ± 4.98*** 78.51 ± 4.37** 89.38 ± 3.99* 

Hippocampus 74.94 ± 4.12** 149.3 ± 5.13** 107.4 ± 4.97*** 102.5 ± 4.17*** 

STZ+MgO 

(10-mg/kg) 

Cortex 58.29 ± 4.10* 124.9 ± 6.15* 87.39 ± 4.28* 107.9 ± 4.55** 

Hippocampus 88.54 ± 3.87*** 166.8 ± 5.98*** 125.7 ± 4.76** 125.8 ± 5.11* 

STZ+CH/ MgO 
(10mg/kg) 

Cortex 76.80 ± 5.78* 139.6 ± 5.39** 98.39 ± 5.08*** 118.7 ± 4.33** 

Hippocampus 97.96 ± 5.12* 182.9 ± 6.27** 144.6 ± 5.98*** 137.2 ± 6.22*** 

STZ+CH/PLA/ 
MgO (10mg/kg) 

Cortex 

Hippocampus 

84.81 ± 5.90 

109.7 ± 6.12 

156.3 ± 6.15 

196.5 ± 7.62 

116.2 ± 6.89 

159.5 ± 7.55 

127.3 ± 5.26 

148.6 ± 6.12 

 1055 

 1056 

 1057 

 1058 

 1059 

 1060 
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Figure legends: 1061 

Fig. 1. UV-Vis spectrophotometer analyses of CH/PLA/MgONCs are shown in the 1062 

absorption value Fig. (A). The FT-IR spectra of CH/PLA/MgONCs indicate the presence of 1063 

different functional groups (B). The swelling properties of CH, MgO, CH/MgO, and 1064 

CH/PLA/MgONCs as shown in Fig. C. The drug release properties of CH/PLA/MgONCs as 1065 

shown in Fig. (D). 1066 

Fig. 2. SEM-EDAX analysis of synthesized CH/PLA/MgONCs (A), spectrum analysis (B), 1067 

and elemental mapping analysis (C). 1068 

Fig. 3. The experimental schematic diagram for drug dosing and therapeutic evaluation of 1069 

CH/PLA/MgONCs. 1070 

Fig. 4. CH/PLA/MgONCs effects on the MWM task for swimming schematic diagram (A), 1071 

mean escape latency (B), time spent in the target quadrant where the platform is located (C) 1072 

platform crossing time (D) and error time (E). Acquisition data is presented in the bar chart 1073 

(mean ± SD) and was analyzed by two-way ANOVA followed by Bonferroni’s post hoc test 1074 

for multiple comparisons (n = 6). ##p < 0.01 and ###p < 0.001 versus the control group, and *p 1075 

< 0.05, **p < 0.01 and ***p < 0.001 versus the ICV-STZ treated group. 1076 

Fig. 5. CH/PLA/MgONCs effects on the PA task (A) and Y-maze test (B). Acquisition data is 1077 

presented in the bar chart (mean ± SD) and was analyzed by two-way ANOVA followed by 1078 

Bonferroni’s post hoc test for multiple comparisons (n = 6). ##p < 0.01 and ###p < 0.001 1079 

versus the control group, and *p < 0.05, **p < 0.01 and ***p < 0.001 versus the ICV-STZ 1080 

treated group. 1081 

Fig. 6. CH/PLA/MgONCs effects on the A) AChE, B) SOD, C) CAT, and D) GSH activity in 1082 

the cortex and hippocampus regions for the experimental group of rats. Acquisition data was 1083 

presented in the bar chart (mean ± SD) and analyzed by one-way ANOVA followed by 1084 
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Tukey’s post hoc test for multiple comparisons (n = 6). ##p < 0.01 and ###p < 0.001 versus the 1085 

control group, and *p < 0.05, **p < 0.01 and ***p < 0.001 versus the ICV-STZ treated group. 1086 

Fig. 7. CH/PLA/MgONCs effects on the A) TNF-α, B) IL-6, and C) CRP activity in the 1087 

hippocampus of rats in the control and experimental groups. Acquisition data is presented in 1088 

the bar chart (mean ± SD) and was analyzed by one-way ANOVA followed by Tukey's post 1089 

hoc test for multiple comparisons (n = 6). ##p < 0.01 and ###p < 0.001 versus the control 1090 

group, and *p < 0.05, **p < 0.01 and ***p < 0.001 versus the ICV-STZ treated group.  1091 

Fig. 8. Effects of CH/PLA/MgONCs effects on the histopathological changes with 1092 

hematoxylin and eosin staining of vital organs such as the brain, heart, liver, kidney, and lung 1093 

for experimental rats (scale bar: 50 μm). 1094 

Fig. 9. 3D intermolecular interactions of CA plant major phytochemical of (A) Caffeic acid, 1095 

(B) Dihydro benzoic acid, (C) Ferulic acid, and (D) Epirosmanol binding with Aβ (protein) 1096 

expression from molecular docking. 1097 
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Fig.1.  1105 
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Fig. 2. 1116 



51 

 

 1117 

 1118 

 1119 

 1120 

 1121 

 1122 

 1123 

 1124 

 1125 

Fig. 3. 1126 
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Fig. 4. 1140 
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Fig. 5. 1149 
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Fig. 6. 1154 
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Fig. 7. 1157 
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Fig. 7. 1162 
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Fig. 9. 1173 
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