YALE JOURNAL OF BIOLOGY AND MEDICINE 97 (2024), pp.153-164. doi: 10.59249/EWOI2166

YALE JOURNAL OF BIOLOGY AND MEDICINE

ORIGINAL CONTRIBUTION YJ]BM

Therapeutic Potential of Nitrogen-Doped
Rutin-Bound Glucose Carbon Dots for
Alzheimer’s Disease

Sana Khan¢, Faria Hasan Jatala®, Alveena Muti?, Noor Afza‘, Aneeqa Noor®®, Sara Mumtaz’, and
Saima Zafar“c

aSchool of Mechanical and Manufacturing Engineering (SMME), National University of Sciences and Technology (NUST),
Islamabad, Pakistan, *Department of Biological Sciences, National University of Medical Sciences, Rawalpindi, Pakistan,
Clinical Department of Neurology, University Medical Center Gottingen and the German Center for Neurodegenerative Diseases
(DZNE), Gottingen, Germany

INTRODUCTION tripling of this figure by 2050, with two-thirds of cases
being reported in low- and middle-income countries [1].

In 2018, it was estimated by Alzheimer’s Disease  Alzheimer’s disease (AD) has emerged as a major chal-
International that approximately 50 million individu- jenge to public health, due to the augmented longevity of
als globally are affected by dementia, with a projected |ife of the general populace and a more comprehensive
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Graphical abstract.

In this study, NCDs-rutin carbon dots were prepared and characterized using FTIR, UV

Spectrophotometry, and AFM for structural analysis. Hemolysis assay was performed to detect the rate of cell lysis.
Supplementarily, in vivo testing was also performed, followed by histopathological assessments and RT-PCR.

understanding of the socio-economic implications of the
ailment. Alois Alzheimer delineated AD in the year 1906,
utilizing criteria of disorientation, progressive cognitive
impairment, and pathological markers like senile plaques
and neurofibrillary tangles (NFTs) [2]. The early mani-
festation of AD can be attributed to the deposition of Am-
yloid beta (AP) peptide in the form of amyloid plaques
in the brain, leading to neurodegeneration that results in
cognitive and functional impairment [3].

Alongside amyloid plaques, intracellular NFTs
including hyperphosphorylated tau protein are another
neuropathological marker of AD. Current disease models
suggest that tau pathology is triggered by AP, and at a lat-
er stage, a complex and synergistic relationship between
AP and tau emerges leading to mitochondrial dysfunction,
oxidative stress, inflammation, and neuronal loss [4]. The
primary enzyme that plays a role against the deleteri-
ous molecules associated with stress is the superoxide
dismutase (SOD2). It efficiently transforms superoxide
(harmful radicals) into a less reactive hydrogen peroxide
(H,0,), which has the ability to permeate through the mi-
tochondrial membrane unhindered [5]. The maintenance
of redox equilibrium and the protection of neuronal cells
from oxidative damage rely on the signaling of SOD2.
An elevation in superoxide radical levels could stem from
malfunctioning SOD2 activity, leading to an escalation
of oxidative stress and furthering neuroinflammation
[6]. Additionally, Toll-like receptor 4 (TLR4), a receptor

involved in recognizing pathogen-associated molecular
patterns and damage-associated molecular patterns, plays
a crucial role in the immune response [7]. Expressed on
microglia, astrocytes, and neurons in the brain, 7LR4
identifies both internal and external ligands contributing
to the process of neuroinflammation [8]. Studies have
indicated that AP interacts with 7LR4, activating the
MAPK and NF-«B signaling pathways and inducing the
production of proinflammatory molecules like IL-1p, IL-
6, and TNF-a [9]. Despite decades of research, the field
is yet to find effective medicinal interventions to limit the
progression of AD.

The blood-brain barrier (BBB), characterized by its
predominantly semipermeable nature, poses a significant
obstacle to the delivery of treatment medicines for brain
disorders [10,11]. The key advantage of utilizing smart
nanoparticles (NPs) is their ability to respond to both
internal and external stimuli in predictable and specific
ways, which enhances the control of delivery process.
Additionally, research has demonstrated that the covalent
coupling of NPs and various ligands can significantly im-
prove the efficacy of drug delivery [12]. Carbon nanoma-
terials, a fresh classification of carbon-based substances,
consisting of nanodiamonds, fullerenes, graphene quan-
tum dots (GQDs), carbon dots (CD), and carbon nanofi-
bers, have garnered significant attention in the realm of
nanotechnology. The most recent addition to this family,
with a magnitude less than 10 nm, is the CD. Due to their
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Figure 1. Preparation of NCDs-rutin. A mixture of glucose, water, and ammonia was heated in the laboratory oven
at 250°C. To remove any unbound molecules, dialysis filtration is performed. After the addition of rutin and overnight
stirring, dialysis filtration is performed again to filter out any unbound particles. The resulting NCDs-rutin is then

lyophilized before characterization.

distinctive properties, encompassing exceptional photo-
luminescence (PL), high biocompatibility, abundance of
surface functional groups, non-toxicity, and nanoscale
dimensions, CDs are among the most auspicious candi-
dates for BBB penetration [13-15]. CDs have exhibited
their ability to traverse the BBB. Furthermore, the sur-
faces of CDs are endowed with abundant amine (-NH2)
and carboxyl (-COOH) groups, which can be leveraged
to couple with diverse central nervous system (CNS)
pharmaceuticals. Additionally, CDs are biocompatible,
rendering them suitable for biological therapeutics. For
the treatment of AD and brain tumors, CDs serve as ex-
ceptional nanocarriers for delivering drugs into the CNS.
One of the most widely used treatments for AD involves
lowering the deposition of A in the CNS [16].
Traditional medicinal practices have embraced a
multitude of herbal remedies in treating various ailments
since ancient times. These remedies, apart from serving as
a source of nutrition, have proven to be effective in curing
a range of disorders [17]. In comparison to pharmaceu-
ticals, certain plant extracts have demonstrated superior
performance while being less toxic and having fewer side
effects [18]. The therapeutic characteristics of plants can
be attributed to the presence of flavonoids, glycosides,
tannins, alkaloids, terpenoids, and other secondary me-
tabolites. The potential for rutin (3,3',4',5,7-pentahy-
droxyflavone-3-rhamnoglucoside), a hydrophobic natural

flavonoid, to be delivered through CDs was explored in
this study [19]. Rutin demonstrates a diverse range of
pharmacological effects and can be employed to treat a
broad spectrum of ailments such as diabetes, hyperten-
sion, cancer, and hypercholesterolemia. Moreover, it is
known for its cytoprotective, antibacterial, antioxidant,
anticarcinogenic, vasoprotective, neuroprotective, and
cardioprotective properties [20].

Although rutin holds several benefits for the symp-
tomatic treatment of AD, its limited water solubility and
cell permeability greatly impede its potential to induce
pharmacological effects [21]. To overcome these restric-
tions, the current study demonstrates the use of NCDs as
a drug transporting vehicle to enhance the pharmacolog-
ical activities of this medication with relevance to AD.

MATERIALS AND METHODOLOGY

Ethical Approval

Before conducting this study, ethical approval (IRB
no. 05-2023-ASAB-02/02) was acquired from the In-
stitutional Review Board of the National University of
Sciences and Technology, Islamabad, Pakistan.

Chemicals
Glucose (BCCF4025, Sigma Aldrich, Switzerland),
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Ammonia (10314944, Honeywell, Germany), Rutin hy-
drate (207671-50-9, Macklin, China), dialysis membrane
(500 Da cut off, MDS55, Scientific Research Special,
China), Phosphate Buffered Saline (2810305, MP Bio-
medicals, France), Dimethyl sulfoxide (67-68-5, Sigma
Aldrich, Switzerland), and Ultrapure Millipore water
(7732-18-5, Sigma Aldrich, Switzerland), and Sodium
hydroxide (NaOH) were purchased from a local vendor.

Preparation of NCDs

Using the uniform heating technique, NCDs were
prepared by dissolving 5 g of glucose in 50 ml of water.
Following vigorous swirling, 2.5 ml of ammonia was
added to the aforementioned solution. The resulting trans-
lucent mixture was subjected to a temperature of 250°C
for a duration of 30 minutes in a laboratory oven. The
color transition of the sample from translucent to pale
yellow is indicative of the presence of NCDs. To ensure
the complete elimination of any remaining ammonia, the
pale yellow solution was rapidly agitated for 1 hour after
being chilled. After that, pH 7 was attained by adding
NaOH/HCI solution dropwise using a basic pH meter. To
eliminate residual unfused small and large molecules, the
aqueous solution of NCDs underwent a dialysis process
against Millipore water for a duration of 48 hours using a
dialysis membrane [22].

Preparation of NCDs-Rutin

The dissolution of rutin in Dimethyl sulfoxide
(DMSO) was amalgamated with the aqueous CD solu-
tion using a mass ratio of 1:1. Stirring was performed at
room temperature throughout the night while rutin was
being loaded. The resulting solution was subsequently di-
alyzed for 2 hours to remove any unbound molecules. To
acquire NCDs-rutin in the form of powder, the purified,
drug-loaded NCDs were subjected to lyophilization [23].
Figure 1 briefly summarizes the preparation process of
NCDs-rutin.

Characterization of NCDs-Rutin

The morphological structure and chemical composi-
tion of prepared NCDs were characterized using different
techniques, ie, Ultraviolet-Visible (UV-Vis) Spectrosco-
py, Atomic Force Microscopy (AFM), and Fourier trans-
form infrared radiation (FTIR) spectroscopy.

FTIR Spectroscopy

FTIR (Agilent Cary 630, Agilent Technologies,
USA) has been employed to detect the functional groups
present on the surface of NCDs. The bonds and function-
al groups in the sample were analyzed by FTIR spectros-
copy in a range of 500-4000 cm™ at 4 cm™! resolution.
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UV-Vis Spectroscopy

UV-visible absorption spectrophotometer (UV-1602,
BMS, Germany) with a resolution of 1 nm between the
range of 200 and 600 nm was used.

AFM

AFM investigations were conducted using a com-
mercial silicon tip (RTESPA 300, Bruker, USA) with a
resonance of 300 kHz and nominal elastic constant of 40
Nm' on a Multimode 8 Bruker AFM microscope equipped
with a Nano scope V controller. The ScanAsystTM was
utilized with a scan size of 3 mm.

Hemolytic Assay

The hemolytic assay was implemented as a means of
evaluating compatibility with blood by utilizing a micro-
plate reader (Thermo Scientific™ Multiskan™ Sky), the
absorbance was measured at 577 nm [24].

Animal Testing

Adult male Albino rats (n = 16) were purchased and
housed in the animal house of Atta-ur Rahman School
of Applied Biosciences (ASAB), National University
of Sciences & Technology (NUST), Islamabad, under
controlled environmental conditions (25 + 2°C). Natural
light and dark cycles (14 h light and 10 h dark) were
followed. Feed and water ad libitum were provided to the
animals. They were divided into four groups where n =
4 in each group. Group 1 was the control group, Group
2 was the diseased group, 3 was the NCDs-rutin treated
group, and 4 was the rutin group. Groups 2, 3, and 4 were
treated with AICL for 15 days. AICl, was used to develop
diseased models instead of transgenic animals due to the
short time taken in development of behavioral alterations.
Additionally, the ease of availability and affordability of
AICI, are attractive merits. After the validation of disease
induction, NCDs-rutin treated group was then adminis-
tered one 10 mg/kg dose of rutin-bound NCDs, while rats
of Group 4 were treated with rutin (50mg/kg) intraper-
itoneally for 1 month; PBS was used as a vehicle [25].
NCDs-rutin dose was determined by conducting in vitro
hemolytic assay and considering the studies conducted
previously [24].

Behavioral Testing

Behavior tests were performed on the 16th day of
the AICI, treatment and 1 week after administering the
NCDs-rutin dose. A total of four behavioral tests were
conducted using standardized protocols, ie, Novel object
recognition test (NOR), Open field Test, Morris water
maze test (MWM), and Y maze test [26,27].
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Table 1. List of Primers Utilized in the Current Study

Gene Direction Length Sequence (5to 3) Annealing Temp (°C)
B-Actin Forward 19 CATCCCCCAAAGATTCTAC 57
Reverse 17 CAAAGCCTTCATACATC
Superoxide dismutase 2 (SOD2) Forward 22 CAGACCTGCCTTACGACTATGG 66
Reverse 21 CTCGGTGGCGTTGAGATTGTT
Toll-like receptor 4 (TLR4) Forward 20 GTGGGTCAAGGACCAGAAAA 66
Reverse 19 GAAACTGCCATGTCTGAGCA

The table shows the forward and reverse primers of -Actin, SOD2, TLR4 with their specific length, sequence, and optimized

annealing temperature.
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Figure 2. Characterization techniques performed on NCDs-rutin (a) FTIR spectra of NCDs, rutin, and NCDs-rutin.
The black line depicts the IR spectra of simple NCDs, red represents the rutin, while blue shows rutin-bound NCDs.
The yellow highlighted area depicts the presence of OH groups in the compounds. Green represents the C=0 bond
and purple shows the C=C bond (b) UV-Vis spectrum of NCDs, rutin, and NCDs-rutin. The UV spectra depict the peaks
of NCDs (black) at 215 nm, 270 nm, and 300 nm, rutin (red) at 280 nm and 355 nm; and NCDs-rutin (blue) at 295 nm

and 360 nm.

Histopathological Assessments

Hematoxylin and Eosin staining was performed on
Su tissue sections, and the slides were imaged using a
Labomed microscope (Labo America Inc. USA). Image
analysis was performed using ImagelJ (version 1.53) soft-
ware [28,29].

Real-time Polymerase Chain Reaction (RT-PCR)

The male Albino rats were deeply anesthetized and
euthanized. The brain was removed, snap-frozen on dry
ice, and kept at -80°C for later processing. The total RNA
from the tissues was isolated using the TRIzol isolation
reagent (Catalog No: FTR100, Fine Biotech Life Scienc-
es, China) followed by cDNA synthesis using RevertAid
Reverse Transcriptase (Catalog No: EP0441, Thermo
Fisher Scientific, Lithuania). To determine the relative
expression of the rat genes SOD2 and TLR4, each exper-
imental group underwent RT-PCR using the WizPure™

qPCR Master (SYBR) on a RT-PCR detection system
normalized to the expression of beta-actin as a house-
keeping gene. The values obtained were analyzed and
gene expression was evaluated using ACt values (Table

1.

Statistical Analysis

Data visualizations and statistical analysis were con-
ducted using Graph Pad Prism software 10. Error bars
present SEM (*p<0.05, **p<0.01, ***p<0.001). One-
way ANOVA, followed by Tukey’s multiple comparison
tests, was used for statistical analysis of all the tests.

RESULTS

Characterization

FTIR Analysis: FTIR analysis indicates the presence
of hydroxyl, carboxyl, and carbonyl groups on the sur-
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a)

Figure 3. AFM results for NCDs-rutin, depicting topography. The figure shows the particle aggregates on a 1 cm
glass slide, with an enlarged image of a specific area where particles can be observed (a). Images (b) and (c) exhibit
3D images of the enlarged area depicting the height and thickness of the NCDs-rutin particles.

face edges of NCDs, thereby confirming their exceptional
stability and water dispersibility (Figure 2a; [30]). They
displayed an absorption peak at 1637.88 cm! (C=0) and
1425.82 cm™ (C-H), which corresponds to the C-H sym-
metric stretching vibration [31]. The IR absorption peak
for hydroxyl (O-H) was observed at 3278.78 cm™ and the
vibration region C=N stretching was noted at 1630 cm™.
The vibrational frequency of the important v(C=0) bond
in rutin was discovered to be 1651.62 cm™. Notably, the
benzene ring skeleton in rutin exhibits v(C=C) stretching
bonds at 1595.63 cm™. The stretching vibrations of the
OH/H20 groups were observed as wide bands at 3342.48
cm'. NCDs-rutin depicted a peak at 3266.48 cm™ and
1593.16 cm™ corresponding to the original samples
showing OH groups and C=C bonds.

UV-Vis Spectrophotometry: The UV-Vis spectra of
NCDs (Figure 2b) exhibited distinct absorption peaks at
215 nm, 270 nm, and 310 nm. Rutin exhibits two absorp-
tion bands, specifically at 360 nm (band I) and 295 nm
(band II). This observation is consistent with the results
from the study conducted previously [32]. NCDs-rutin
showed similar peaks to rutin at 295 nm and 355 nm. The
aforementioned bands can be attributed to the m — 7+ tran-
sition of a benzene ring-conjugated system.

AFM Analysis: The morphology of the synthesized
NCDs and NCDs-rutin was examined using AFM, as
depicted in Figure 3. The results revealed the existence
of <100 nm-sized minute aggregates and individual
NCDs-rutin particles. Notably, the height observed of
NCDs-rutin is 49 nm and the average size is 25 + 2 nm.
The resulting height and diameter profile correspond to

the size of particles that can cross the BBB, ie, between
0-200 nm.

Hemolytic Test: Different concentrations of the
NCDs-rutin were assessed via hemolytic assay (Figure
4). The hemolysis rates of NCDs-rutin were observed to
be substantially lower than the universally recognized
standard of 5%, across a concentration range of 0.1% to
30% [33]. The hemolysis rate decreased from 10% to 1%
and showed a slight increase in 1.5% and 2% concen-
trations. The excellent biocompatibility and fulfilment of
hemolysis rate prerequisites by the NCDs-rutin, signify
their potential for implementation in biological applica-
tions.

Behavioral Tests

MWM Test: The results of the escape latency test
indicated that the treated rats exhibited a slightly reduced
latency in reaching the platform in comparison to the
diseased group (Figure 5a). However, the treated rats
exhibited slightly significant results with a p-value <0.05,
in the duration spent in the target quadrant, whereas the
results were nonsignificant in the number of entries. The
rats administered with rutin treatment showed a slightly
reduced latency to reach the platform when compared to
the disease group, according to the results of the escape
latency test. Similarly, the number of entries and the du-
ration that treated rats spent in the target quadrant showed
promising differences (Figure 5b and 5c). NCDs-rutin
yielded p <0.05, indicating slightly significant results in
comparison to diseased rats.

Y Maze Test: Only the parameter of time spent in the
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Figure 4. Hemolysis rate (%) of RBCs treated with different concentrations of NCDs-rutin. The OD was checked
on 577 nm. Deionized water was used as positive control whereas PBS was used as negative control in this experiment.
All the rates lie below 5%, which is as per universally recognized standards [33].
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Figure 5. Behavioral tests after NCDs-rutin administration: In MWM test, the escape latency (a), time spent in
target quadrant (b) and number of entries in target quadrant (c) were observed to be improved in treated groups.
The NCDs-rutin group demonstrated higher number of entries in the novel arm and lower number of entries in the
familiar arm than in the rutin group in the Y-maze test (d and e). Percentage of alteration was also observed (f). The
time spent in the peripheral area and time spent in the central area was increased in both treatment groups compared
to the disease group in an open field test (g and h). In the NOR test, both treatment groups showed statistically no
significant results compared to the disease group and also when compared with each other (i). Error bars present
SEM (*p<0.05, **p<0.01, ***p<0.001). One-way ANOVA, followed by Tukey’s multiple comparison tests, was used for
statistical analysis of all the tests.
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novel arm showed significant differences among the dis-
eased and treated groups (p <0.01), while the other two
did not. It is noteworthy that the treated group did show
recovery trends in alterations and entries in the familiar
arms (Figure 5d and 5e). It was observed that the per-
centage of alterations (Figure 5f), number of entries in
the familiar arm, and number of entries in the novel arm
showed increased levels in rutin treated group but not a
significant result in all three arms when compared with
the control and diseased group.

Open Field Test: Treated rats were observed to spend
more time in the central area than the diseased rats while
exploring the field (Figure 5g), yielding a p value <0.001,
indicating highly significant results. Whereas diseased
rats spent the whole time in the peripheral area (Figure
Sh).

NOR Test: The results of the test conducted to assess
the rats’ ability to recall object position or identification,
showed no significant difference between the treated
and the diseased group (Figure 5i). While both groups
displayed similar patterns of exploratory behavior, the
treated rats exhibited slightly more inclination to jump
onto the objects. The test results, which evaluated the
rats’ memory for item position or identification, revealed
a significant difference between the treated and diseased
groups. The two groups of rats showed distinct explor-
atory activity patterns, with the treated rats showing a
somewhat higher propensity to leap onto the items.

Histopathological Analysis

After the intervention of NCDs-rutin, lesser neu-
ronal loss was observed. This suggests positive role of
NCDs-rutin in preventing neuronal loss associated with
AD (Figure 6). A similar trend was observable for the
rutin group, although the protective effect was more pro-
found in response to NCD administration.

Relative Expression of Biomarkers

The relative expression of SOD2 and TLR4 is shown
in Figure 7. The relative mRNA expression of genes of
interest was measured and normalized to the expression
of B-actin as a housekeeping gene. Administration of
AICl, decreased the expression levels of SOD2 indicating
oxidative damage. After NCDs-rutin and rutin adminis-
tration, SOD?2 levels were found to be up-regulated (fold
change depicted with relevance to disease group). On
the contrary, AIC1, administration yielded increasing ex-
pression levels of TLR4. Following NCDs-rutin and rutin
administration, the relative expression level of TLR4 sig-
nificantly decreased with p <0.05 and p <0.01 respective-
ly (fold change depicted with relevance to control group).
However, the direct comparison between NCDs-rutin and
rutin showed no significant difference in the expression
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levels of SOD2 and TLR4 mRNA.

DISCUSSION

Recent advancements in nanoparticle technology,
particularly in nanoparticle-mediated drug transport,
have made substantial progress in overcoming the BBB.
The manifold surface molecules of CDs offer immense
potential for conjugation with one or more ligands, serv-
ing as CD-based drug delivery systems (DDS) capable of
penetrating the BBB to remedy neurological conditions
and brain tumors [34]. Currently, most proposed process-
es lack thorough analysis. To achieve enhanced solutions
for the persistent challenges associated with CNS medi-
cation delivery, comprehension of these intricate systems
is imperative. As drug components, natural flavonoids
such as rutin can be utilized to bind to the CDs and can
exhibit synergistic effects against AD. In order to enhance
rutin’s bioavailability, the current study was carried out
wherein we hypothesized that loading rutin on a mole-
cule that is small enough and recognized by the BBB for
easier passage will yield amplified effects at the target
area. Rutin’s neuroprotective qualities primarily entail
the activation of the MAPK pathway and the inhibition of
apoptosis, which is induced by AP oligomers [35]. Rutin
also amplifies the activity of several enzymes with anti-
oxidant properties, such as SOD2, Catalase, and Inhibitor
of iNOS Activity [36]. The present study focuses on the
production and characterization of rutin-bound NCDs.
The prepared NCDs-rutin complex was characterized
using FTIR, UV-Vis Spectrophotometer, and AFM, for
structural analysis.

In the current study, the water dispersibility of
NCD-rutin was confirmed through FTIR analysis that
revealed the existence of hydroxyl and carboxyl func-
tional groups. The peaks of these groups are similar to the
findings of Sharma and Kunjiappan [22,37]. Similarly,
the peaks in the UV spectroscopy coincide with the peaks
in the previous work [22,38]. NCDs-rutin showed similar
peaks to rutin at 295 nm and 355 nm, attributing to the & —
m* transition of a benzene ring-conjugated system. AFM
indicated the average size of the particle to be 25 + 2 nm,
which corresponds to the study by Betzer in which they
concluded that particle size of 20-70 nm depicted suffi-
cient accumulation in the brain [39]. The hemolysis rates
of NCDs-rutin were observed to be substantially lower
than the universally recognized standard of 5%, across
a concentration range of 0.1% to 30%, depicting good
biocompatibility of the complex material [24].

In addition to characterizing and in vitro testing of
NCDs-rutin, a supplementary in vivo test was also per-
formed. Using behavioral assays, cognitive conditions
before and after administration of NCDs-rutin were deter-
mined. A range of cognitive tests are available for the as-
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Figure 6. Histopathological implications of NCDs-rutin treatment: H & E-stained samples of diseased (a), healthy
(b), NCDs-rutin treated (c), and rutin-treated (d) groups are depicted and the cell count is shown (e). Error bars present
SEM (*p<0.05, ****p<0.0001). One-way ANOVA, followed by Tukey’s multiple comparison tests, was used for statistical
analysis of all the tests.
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Figure 7. AACt values after qPCR analysis. The graphs depict AACt values of all the groups after gPCR analysis.
NCDs-rutin and rutin administration normalized the expression levels of SOD2 and TLR4. Error bars present SEM
(*p<0.05, **p<0.01, ***p<0.001). One-way ANOVA, followed by Tukey’s multiple comparison tests, was used for
statistical analysis of all the tests.
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sessment of rats, with a particular emphasis on the hippo-
campal-dependent aspects of learning and memory. Since
the disease’s pathology begins and is most prominent in
these regions—the hippocampal and entorhinal cortex of
the medial temporal lobe, these cognitive assessments are
ideal for AD research [40]. MWM test evaluates spatial
working memory and learning Y Maze test apparatus is
a valuable tool for evaluating short-term spatial working
memory, assessment of locomotor activity was conducted
using a standard open field test, and to assess recognition
memory, novel object recognition test was administered
[41-43]. In the context of this study, rats were situated
in an unfamiliar environment where they were initially
allowed to move around freely and memorize the paths
[43]. Previously, studies have shown rutin rescuing mem-
ory loss with high doses (100 mg/kg) for longer duration
of time [44,45]. The current study yielded significant
findings in the context that a single dose of NCDs-rutin
was enough to mediate the effects similar to 30 doses of
rutin. This study diminishes the dose and time taken to
discern any visible change in cognitive impairment in
rats.

Following behavioral assessments, tissues of the
sacrificed rats were then used to assess the antioxidant
parameters. SOD? is an essential biomarker that reflects
the metabolic state of reactive oxygen species in the
body. The amount of SOD? that is present can be used as
a proxy for the organism’s ability to eliminate free radi-
cals; it is a critical component of immune defense against
bacteria, pathogenic microbes, phagocytic cell activity,
and malignant cells [46]. In a previous study, rutin’s
potential to enhance therapeutic outcomes has been ex-
plored against CTX-induced immune stress and oxidative
damage. Study suggests rutin suppresses the cytokines
TNF-a and IL-6 release and protects immune organs and
increases SOD2 content. Furthermore, they reveal that ru-
tin regulates the expression levels of genes and proteins
involved in the TLR4-MyD88-NF-xB signaling pathway,
which in turn affects immunological responses. These re-
sults imply that rutin has potential as a strong antioxidant
and immunological stress regulator [46]. Comparably, in
our study, qRT-PCR results depict that the expression lev-
els of SOD2 were shown to be down-regulated in the dis-
eased group which was counter-affected by NCDs-rutin
and rutin administration, more notable in the rutin-treated
group. The TLR4 gene expression levels were observed
to be up-regulated due to AICI,. NCDs-rutin and rutin
administration normalized the levels of TLR4 with signif-
icant difference between the diseased and treated group.
However, no significant difference was noted between
the NCDs-rutin and rutin group. Although the results are
nonsignificant, the pattern of regulation of SOD2 and
TLR4 lies in line with the previous studies. The differ-
ence arises in the dose volume where a dose of 10 mg/
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kg of NCDs-rutin was administered whereas 50 mg/kg
of rutin was administered to obtain the afore-mentioned
results. Moreover, only a single dose of NCDs-rutin was
given, while on the other hand, 30 doses of rutin were
administered, which yielded similar affects.

The results indicate that NCDs-rutin functions as
a more efficient and targeted approach to administering
drugs for AD. The enhanced bioavailability and bio-
compatibility of the complex allows it to influence the
target in shortened period of time. Despite knowing the
exceptional properties of NCDs-rutin, several issues need
to be resolved to direct their future applications. In par-
ticular, heightened focus should be placed on enhancing
the optical performance of NCDs-rutin. To modify their
optical characteristics, it is imperative to first synthesize
a diverse range of NCDs with tunable compositions,
sizes, forms, crystallinity, and electrical structures [22].
The utilization of animal models in evaluating cognitive
impairment, though valuable, may fall short in replicat-
ing the full pathophysiology of AD in human subjects.
The variability observed in species-specific responses
and disease progression has the potential to significantly
influence the interpretation of research findings.

It is also crucial to consider that the duration of the
study conducted may have been insufficient to adequately
evaluate the long-term therapeutic effects as well as the
potential adverse reactions associated with NCDs-ru-
tin. Therefore, it is imperative that extended follow-up
periods be incorporated into future studies to assess the
sustained efficacy and safety profile of NCDs-rutin over
time. By addressing these identified limitations through
the application of advanced methodologies and the im-
plementation of comprehensive experimental designs,
it is possible to enhance the robustness, reliability, and
translational capacity of future investigations exploring
the therapeutic potential of NCDs-rutin for AD.

CONCLUSION

In conclusion, the results of this study highlight the
promising potential of NCDs-rutin as a novel therapeu-
tic approach for AD. While the study is concentrated on
characterizing the established complex, it is essential to
obtain a comprehensive understanding of the molecular
pathways involved. Future research endeavors should be
directed towards conducting additional investigations in
order to elucidate the complex signaling pathways and
interactions responsible for the observed therapeutic
outcomes. In this study, only SOD2 was tested as an anti-
oxidant parameter. Our future investigations will include
testing for other markers of oxidative stress. Furthermore,
the utilization of transgenic animal models that more ac-
curately replicate AD pathology, such as APP/PS1, could
improve the applicability and precision of preclinical
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studies. These models display features like AP deposition
and neuroinflammation that are reminiscent of human
AD, offering valuable insights into the development of
the disease and the effectiveness of therapeutic interven-
tions.
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