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A B S T R A C T   

Methotrexate (MTX), a widely used chemotherapeutic drug, exhibits significant potential in the treatment of 
various solid tumors and hematologic malignancies. However, its therapeutic efficacy is often hampered by 
suboptimal pharmacokinetic profiles, causing drug resistance and a shortened plasma half-life. In recent years, in 
light of these challenges, a demand has arisen for novel strategies to augment the therapeutic potential of 
methotrexate. The present study presents an innovative approach in the development and evaluation of non-toxic 
nanocarriers designed for methotrexate delivery, using a biopolymer matrix comprised of Mangifera Indica gum 
(MIG) and chitosan (CS), employing the coacervation technique. The optimization process, guided by central 
composite design, was utilized to attain an optimal formulation containing 0.02% w/v% MIG and 0.01% w/v% 
CS. The characterization of optimized formulation revealed smooth, spherical nanoparticles (229.7 nm diameter, 
PDI 0.296) with 69.5 ± 2.0% entrapment efficiency. Additionally, a pH-dependent sustained release of the MTX 
for up to 24 h was found using in-vitro drug release analysis. Furthermore, the optimized formulation displayed 
significant cytotoxic effects in an MTT assay, highlighting its potential as an effective carrier for the delivery MTX 
to cancer cells. These findings offer valuable insights into pH-responsive drug delivery to tumor cells and un
derscore the promising therapeutic efficacy of MIG/CS nanoparticles, positioning them as a compelling option for 
novel pharmaceutical formulations.   

1. Introduction 

Cancer, a condition originating from genetic changes at the molec
ular level, leads to unchecked cell proliferation and tissue dysfunction. 
Although chemotherapy serves as a prevalent primary therapy, it con
fronts challenges such as restricted drug solubility, numerous unavoid
able side effects and the development of drug-resistant cancer cells [1]. 
Methotrexate (MTX; amethopterin; 4-amino-10-methylfolic acid), an 
early anticancer drug used in the treatment of solid tumors, inflamma
tory disorders and hematological malignancies, has demonstrated 

inherent limitations, notably its weak targeting proclivity, leading to 
various adverse side effects like baldness, nausea, body pains, hepato
toxicity, and myelosuppression [2,3]. Addressing this quandary, a 
promising approach emerges through the nano-scaling and encapsula
tion of anticancer agents within stimuli-responsiveness carriers that are 
capable of facilitating endosomal absorption and tailored cargo delivery 
to tumor cells in response to specific triggers, including pH, hypoxia and 
over-expressed enzymes [4–6] Furthermore, the efficacy and precision 
of anticancer drug distribution are significantly enhanced via these 
stimuli-responsive nanocarriers, which selectively release therapeutic 
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agents at tumor sites. Studies have shown that nanoscale drug delivery 
systems, especially those responsive to tumor microenvironments, have 
the potential to reduce systematic toxicity and enhance therapeutic 
outcomes in cancer treatments. Concurrently, the landscape of nano
technology research has swiftly transposed towards the use of 
cost-effective biopolymers, such as lipids and polysaccharides, in 
nanocarrier fabrication [7]. Carbohydrates, proteins and lipids, as 
polymeric materials, play pivotal roles in formulation due to their 
exceptional capacity for water and biological substances absorption and 
retention [8]. Moreover, due to their small nanometer dimensions, 
polymeric nanoparticles (PNPs) have the potential to deliver therapeutic 
substances efficiently by changing their formulation to get the desired 
result [9,10]. Additionally, the eco-friendly nature of biopolymer 
nanoparticles, instead of other synthetic carriers, namely metal nano
particles reduces pollution by minimizing metal contamination, advo
cating their use in pharmaceutics [11–13]. 

Different biopolymers (natural and synthetic) have been utilized 
therapeutically or as adjuvants in the treatment of cancer, displaying 
significant potential to reduce the perils associated with conventional 
therapies while simultaneously enhancing therapeutic efficacy and 
minimizing side effects [14]. However, for the majority of patients, 
synthetic polymer based medications, for instance, PLGA-based LAI 
(long acting injectable) medication are rather pricey [15]. Even though 
many of these PLGA-based LAI medication products have fallen 
off-patent or are non-exclusive, there is no generic version of these drugs 
on the market [16]. The high cost of synthetic polymer based medication 
has led to an exploration of natural biopolymers, specifically poly
saccharide constituted plant gums, as cost-effective alternatives [17]. 
This interest in polysaccharide constituted plant gum utilization in 
nanoparticle formulations is owed to numerous benefits, like biocom
patibility, biodegradability, and very low toxicity [18–20]. Further
more, the synthesis of nanoparticles by using natural biopolymers is a 
cost-effective, convenient and environmentally safe approach, as the 
non-biological techniques, such as chemical and physical approaches, 
are seriously hazardous and highly toxic to biological entities [21]. A 
variety of plant gums have been utilized for encapsulation of MTX in 
conjunction with chitosan. When coupled with chitosan, these plant 
gums have been shown to play a significant role in advancing drug 
carriers, holding a promise to enhance the therapeutic effectiveness of 
MTX based treatments [14]. 

Mangifera indica gum (MIG), a dried adhesive polysaccharide plant 
gum, has showcased significant promise across various biomedical do
mains. It is extracted from the bark of Mangifera indica L., (commonly 
known as mango), a significant fruit crop grown in more than 100 
tropical and subtropical countries. It has a chromosome number of 40 
and belongs to the Anacardiaceae family and the Sapindales order [22]. 
These trees have a lengthy lifespan, and some have been producing fruit 
for almost 300 years. MIG is systematically extracted from mango plant 
bark, which initially involves the careful removal of a portion of tree 
bark from trunk and branches. Over the course of several days to weeks, 
the gum spontaneously exudates and solidifies on the inner layers of the 
exposed bark. Once it reaches the desired consistency, the gum is 
collected, cleaned and processed to remove impurities [23]. Moreover, 
MIG has several intriguing properties, including its ability to firm gels at 
low concentrations and its carbohydrate content of 33.68% determined 
via proximate analysis. Further analysis through GC-MS of the aqueous 
MIG extract, has revealed the predominant sugars: galactose, glucose, 
and arabinose, with respective concentration of 839.7, 495.6 and 483.7 
mg/100 g dry weight. Additionally, a low concentration of fructose at 
155.9 mg/100 g has also been detected [24]. Numerous studies have 
been conducted on this gum to determine its binding, sustained release, 
and dissolving properties [25]. 

Chitosan (CS), a copolymer of D-glucosamine and N-acetyl-D- 
glucosamine, is derived from the deacetylation of chitin extracted from a 
variety of sources, including crustaceans, insects, mollusks, fungi, and 
shrimp [26,27]. Additionally, it serves as a nanofiller in films for active 

packaging [28]. It is regarded for its antibacterial and antioxidant 
properties, as well as its potential as a biodegradable, biocompatible, 
and non-toxic nanocarrier for pharmaceuticals and other biomedical 
applications [29,30]. Because of its cationic properties, chitosan pro
motes bioavailability by speeding up blood circulation and boosting 
drug permeability by loosening tight connections between epithelial 
cells [31]. Chitosan nanoparticles can be created using a variety of 
techniques, the two most popular of which are polyelectrolyte 
complexation and ionic gelation [32]. When opposingly charged mac
romolecules, such as drug polymers, polymer-polymers, or 
polymer-drug-polymers, interact, polyelectrolyte complexes are formu
lated [33,34]. Chitosan has been used in several studies to generate 
nanosized delivery vehicles with anionic polymers like sodium alginate, 
pectin, reduced albumin, glycol, and tripolyphosphate [35]. These ex
periments have shown that it is conceivable to transport drugs to defi
nite cellular regions over an extended period of time [36–39]. Mango 
tree bark gum and chitosan nanoparticles are promising nanocarriers 
with potential applications in drug delivery, imaging, and tissue engi
neering. Their biocompatibility, biodegradability, and low toxicity make 
them an attractive alternative to synthetic polymers, and their 
mucoadhesive properties can enhance drug absorption and retention in 
the gastrointestinal tract. 

The aim of the current study is to fabricate, optimize and charac
terize the biopolymeric nanocarriers of MIG/CS and MTX for anticancer 
drug delivery with efficacious and sustained delivery potential. It also 
includes characterizing the architectural makeup of manufactured 
nanoparticles and determining their size, yield and encapsulation 
effectiveness in all formulations. The current study specifies the self- 
assembly method for fabricating nanoparticles, which uses block co
polymers made of two polymer chains differing in hydrophilicity. The 
coacervation approach has been used to achieve sustained drug release 
inside cancer cells and to improve pharmacokinetic characteristics. To 
the best of our knowledge, this was the first attempt to investigate the 
formulation of CS-MIG polyelectrolyte-stabilized nanosuspensions for 
therapeutic applications. The structure of polyelectrolyte stabilized 
nanoparticles’ effects on human cancer cells is little known. The purpose 
of this study was to see how spherical nanoparticles affected human Hep 
G2 cancer cell lines. The study’s findings will very certainly provide 
basic parameters for the design of cancer delivery systems. 

2. Material and methods 

2.1. Materials 

Chitosan with a medium molecular weight and a deacylated content 
of 75–85% was purchased from S Sigma-Aldrich (GmBh Chemie, Ger
many). The Peshawar-based pharmaceutical offered methotrexate as a 
gift. Ethanol, sodium hydroxide, glacial acetic acid >99.7%, mango 
plant powder, dimethyl sulfoxide (DMSO) and other chemicals and re
agents were purchased from Sigma-Aldrich (GmBh Chemie, Germany) 
and Fisher Scientific, UK, for use in the current investigation. Only 
analytical-grade substances were used, and all solutions were made with 
deionized water. 

2.2. Extraction of gum from Mangifera indica bark exudates 

The extraction of gum commenced by making incision in the stem 
bark of Mangnifera indica trees. Subsequently, through careful scratch
ing, the gum was extracted from the bark and subjected to thorough 
cleansing to eliminate impurities, following which it was subjected to 
drying. This dried gum was subsequently pulverized into a fine powder. 
To achieve further refinement, a micro-sieve was employed to meticu
lously segregate the gum powder. The obtained sample was stored in 
sealed glass vials, safeguarded at room temperature, for subsequent 
analysis. The dehydrated gum, weighing 150 g, was immersed in 500 mL 
of deionized water and homogenized, followed by 8 h of stirring at 
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ambient conditions. Utilizing centrifugation, the transparent upper 
liquid layer was separated, and the resulting mucilaginous solution was 
filtered via muslin cloth. Additionally, to remove undesirable constitu
ents, the filtrate was subjected to precipitation process by adding twice 
the original amount of ethanol. This method yielded precipitates, which 
were duly collected, dried, and subsequently ground into a fine powder. 
This powdered gum was further refined by sieving via a no. 80 filter. The 
resultant gum was carefully preserved in an airtight glass container to 
facilitate further analysis [23,40]. The extraction yield of MIG was 
calculated by equation (1). 

Extraction yield (%)=
Mucilage weight (g)

Raw material weight (g)
x 100 (1)  

2.3. Formulation of nanoparticles 

MTX loaded MIG-CS nanoparticles (MIG-CS NPs) were developed 
using an earlier published coacervation process with minimal modifi
cations, preceded by ultra-sonication. Using the varying ratios of MIG, 
CS, and MTX, MTX loaded MIG-CS NPs were fabricated, as shown in 
Table 1. Two separate solutions were prepared: a 100 mL MIG solution 
and a 100 mL CS solution, using distilled water and 2.5% glacial acetic 
acid, respectively. The MIG-solution was added to the CS-solution fol
lowed by stirring for an additional 20 min at 40 ◦C and an additional 5 
min at 50 ◦C. Acetone was used as the solvent to make a solution of MTX 
(1 μg/1 mL). Furthermore, MTX (10 mg) was dissolved in 10 mL of 
acetone which was then serially diluted to achieve a concentration of 1 
μg/mL. Using a nano-syringe, the MTX-solution (5 mL) was then intro
duced dropwise in MIG-CS solution and the MTX containing MIG-CS 
solution was stirred for 45 min at 65 ◦C. After cooling the sample to 
35 ◦C, it was placed in an airtight container. No washing was done 
because the end result was a nanosuspension [41]. 

2.4. Factorial design 

The prepared MTX loaded MIG-CS formulations were optimized 
using a 3-level 2-factor central composite design (CCD) based on 
response surface methodology (RSM). Preliminary studies and published 
literature were used to select independent factors and dependent factors 
[42,43]. Based on previously reported literature and initial experiments, 
key factors influencing the MIG-CS NPs efficacy were identified. The 
concentration of MIG and CS was set in range of 0.02–0.04 w/v% and 
0.01–0.03 w/v% respectively, as preliminary trials suggested this range 
to provide precise control over the nanoparticle’s properties, including 
particle size and encapsulation efficiency [1,14]. Particle size is crucial 
for tissue penetration while encapsulation efficiency ensures effective 
drug delivery [44]. Initial trials demonstrated that altering the con
centration of both MIG and CS had noticeable effect on both particle size 

and encapsulation efficiency, consistent with previous studies carried 
out on plant gum-chitosan based nanoparticles [14,45]. Nine formula
tions with varying concentrations of MIG and CS were suggested by Drug 
Design Expert (DES) software, shown in Table 1. Particle size (R1) and 
encapsulation effectiveness (R2) were chosen as dependent parameters, 
whilst chitosan (CS) and mango plant gum (MIG) concentrations were 
selected as independent variables. All formulations maintained a con
stant drug concentration i.e., 1 μg/mL. The mean values of each 
formulation were calculated three times, and they were then used to fit 
the results into a variety of mathematical models, such as cubic, linear, 
quadratic, and 2FI. Based on the modified R2, predicted R2, p-value, and 
residual sum of squares, a significant model was chosen. The relation 
between the factors and the responses was assessed using a generalized 
quadratic equation (1). The formulation with the best optimal responses 
was obtained using the desirability parameter. The statistical model was 
validated using an ANOVA [46].  

Y = b o + b 1 × 1 + b 2 X 2 + b 11 X 1 2 + b 22 X 2 2 + b 12 X 1 X 2      (2) 

where Y = response; X1 = MIG concentration; X2 = CS concentration; 
bo = intercept; b1 and b2 = co-efficients; X12/X22 = second order ef
fects of MIG and CS concentrations respectively; X1X2 = interactive 
effects of excipients concentrations. 

2.4.1. Mean particle diameter as Y1 
Using a Zetasizer, the particle size of MTX-MIG-CS NPs was deter

mined at room temperature (Malvern Instruments, model no. 2000). 
Particle size investigations in concentrated liquids are inaccurate mostly 
because of multiple scattering. The size of suspended particles is often 
measured using diluted solutions to limit the chance of inaccurate 
measurement [47]. In order to prevent inaccurate measurements, a 
diluted solution of 1% was used for the analysis [48]. 

2.4.2. Drug encapsulation efficiency (DEE %) as Y2 
One of the key elements to confirming the encapsulation process is 

encapsulation efficiency. However, the technology used affects the 
effectiveness of encapsulation (for example, in terms of survival rate or 
release) [49,50]. It is crucial that the encapsulating method can include 
an increased concentration of drug. The approach that is frequently 
employed is the degradation of the carriers through centrifugation, 
followed by the dissolution of the delivery carriers in phosphate buffer 
solution; PBS and the detection of the drug using spectroscopic tech
niques. In present study, UV-Spectrophotometer (Shimadzu, Japan) was 
employed to calculate the degree of entrapment. At 4 ◦C, 10 mL of the 
produced nanosuspension was centrifuged for 45 min at 10,000 rpm. 
The supernatant was gathered in order to measure UV absorbance at 
303 nm and determine the amount of free MTX in the formulations. With 
its 10, 20, 40, 60, 80, and 100 L/mL solutions, a standard calibration 
curve for MTX solution was produced at 303 nm [51]. Equation (3) was 
used to determine the drug entrapment/encapsulation efficiency. 

DEE (%)=
Total drug − Free drug

Total drug
× 100 (3)  

2.4.3. Optimization of formulation 
The desirability approach was applied to the optimization of 

microsphere formulations using both mathematical and graphical 
techniques. A model was established by DES in order to arrive at a 
suitable collection of independent criteria for maximizing all responses. 
Value restrictions such as maximum, minimum, and range were used to 
calculate desirability/D, which produced a graph of desirability where D 
stands for the mean of the dependent variables proposed by the soft
ware. We choose the parameter that, within a certain range, generated 
the smallest PS (nm) and DEE (percent). In order to get the best PS (nm) 
and DEE (%) for the effective optimization of MTX-MIG-CS NPs (F0), a 
comparison between actual and anticipated values was also done [46]. 

Table 1 
The independent factors and dependent variables obtained by 23 CCD in DES.  

Std Run Factor 1 Factor 2 Response 1 Response 2 

X1 X2 Y1 Y2 

MIG (w/v 
%) 

CS (w/v 
%) 

Particle size 
(nm) 

Encapsulation 
efficiency (%) 

2 1 0.04 0.01 355.5 78.3 
6 2 0.04 0.02 364.77 79.45 
3 3 0.02 0.03 344.45 74 
10 4 0.03 0.02 326.45 75.89 
1 5 0.02 0.01 231.3 71.9 
11 6 0.03 0.02 326.45 76.1 
9 7 0.03 0.02 326.87 76.5 
5 8 0.02 0.02 287.34 72.89 
4 9 0.04 0.03 376.34 80.8 
7 10 0.03 0.01 295 75.3 
8 11 0.03 0.03 361.34 77.34  
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2.4.4. Optimized MTX loaded MIG-CS NPs (F0) characterization% yield 
and %drug content 

The F0 NPs were centrifuged in a microcentrifuge to collect the su
pernatant and pellets for calculating the percentage drug content and 
yield. At a cooling temperature of 5.0 ◦C, centrifugation was conducted 
for 60 min at a speed of 10,000 rpm. In this experiment, the supernatant 
was discarded, and the pellets were left to dry [52]. The following 
equations (4) and (5) were used to calculate the weights of pure MTX, 
MIG, CS, and MIG-CS NPs that were loaded with MTX. 

%Drug Content=
Entrapped MTX
Weight of NPs

× 100 (4)  

% Yield=
Weight of NPs

Weight of total solid (MIG + CS + MTX)
× 100 (5)  

2.4.5. Fourier Transform Infrared Spectrophotometer (FTIR) analysis 
Using an IR Prestige-21 spectrophotometer, spectral analyses of F0; 

MTX loaded MIG-CS NPs, natural polymers (MIG and CS) and the drug; 
MTX were performed (Shimadzu, Japan). This investigation was con
ducted to find possible interactions between drug and polymeric 
excipient [52,53]. 

2.4.6. Particle morphology analysis 
Scanning electron microscopy; SEM (JSM-IT100, Jeol, Tokyo, Japan) 

at 1000 magnification was utilized to examine the morphology of MTX 
loaded MIG-CS NPs. Samples were gold-sputtered coated after being 
placed on aluminum stubs. Each sample was ultra-centrifuged, dried 
until all solvent was removed, and then washed with water [54]. 

2.4.7. In-vitro drug release study 
The MTX release rate was analysed using a diffusion approach in a 

dissolution apparatus. The samples (5 mL) were suspended in PBS so
lutions with pH values ranging from 7.4 to 1.2 in a diffusion bag. The 
200 mL of PBS solutions with pH values of 7.4, 6.8, and 1.2 were also 
added to the dissolving apparatus cells, which were heated to 37 ◦C and 
stirred continuously at 100 rpm. A 5 mL sample was taken at regular 
intervals of 30 min, 45 min, 1, 2, 3, 4,5, 6, 8, 10, 12 and 24 h, with new 
buffers being used to replace the removed volumes. The concentration of 
MTX in F0 NPs was determined by measuring the absorbance using a 
UV-spectrophotometer at 304 nm in contrast to a blank and using the 
calibration curve for pure MTX [54]. 

2.4.8. Kinetic studies of drug release 
To ensure that the MTX was being released from the NPs in the most 

efficient manner, several kinetic models were utilized to profile the 
dissolution of MTX-loaded MIG-CS NPs [55]. These are the models: 

Zero Order model: This model’s main use is to explain the 
concentration-independent release rate of MIG-CS NPs that are loaded 
with MTX, as shown by equation (6). 

Qt =Q0 + K0 . t (6)  

Where Q0 is the initial quantity of drug present in solution and Qt is the 
amount of drug released during time t. 

First Order model: In according to equation (6), this model exam
ines the hydrophilic drug release from a porous matrix as opposed to the 
drug content within the drug carrier. 

LogQt =LogQ0 −
K1

2.303
t (7)  

Where Qt is the amount of drug dissolved at time t; Q0 is the initial drug 
amount in solution and K1 is the first-order rate constant. 

Higuchi model: This model is commonly used to represent the cu
mulative percent release of hydrophilic drugs from hydrophobic poly
meric matrixes in proportion to the square root of time, as shown in 
equation (8). 

Qt =KH t1
2 (8)  

Where KH is higuchi model’s constant and Qt is the amount of drug 
dissolved at time ‘t’. 

Korsmeyer–Peppas model: In according to equation (9), this model 
is often utilized to evaluate the mechanism underlying the cumulative 
drug release integrated into polymeric matrixes. 

Mt

M∞
=Krtn (9)  

Where Mt
M∞ 

is the drug fraction release at time “t” and Kr is the release 
constant and n is the release mechanism dependent exponent 

Hixson-Crowell model: The Hixson-Crowell law describes the 
release from systems when there is a change in particle surface area and 
diameter (equation (10)). 

Q01/3 − Qt1/3 = KHC.t (10)  

Where kHC is an integral surface volume relationship constant. 

2.5. Hemolytic studies 

The interaction between fresh blood and F0 NPs was used to quantify 
hemolytic activity. In tubes filled with heparin, 5 mL of brand-new 
whole human blood was taken. At 3000 rpm for 15 min, the blood 
was centrifuged. After the serum had been separated and was used as the 
positive control, red blood cell pellets were three times washed with PBS 
that had a pH of 7.4. To create the negative control, the solution was 
diluted with distilled water. Further dilution with PBS was done using 
the acquired red blood cells (2 mL). The formulations were incubated 
and centrifuged at 3000 rpm for 10 min at concentrations of 0.05 mg, 
0.025 mg, and 0.01 mg. The formulations prepared were used to 
determine the absorbance by UV-Spectrophotometer (PEAK In
struments) at 540 nm [56,57]. % hemolysis was based on equation (11). 

% Hemolysis=
Abs (sample) − Abs (Blank PB)

Abs (positive control) − Abs (negative control)
× 100 (11)  

2.6. In vitro cell viability study via MTT assay 

For this study, Hep G2 cell growth was regulated by the metabolism 
of the tetrazolium substrate MTT(3-[4,5-demethyliazol-2-yl]-2,5 
diphenyl tetrazolium bromide). The test sample was made in a 1:1:1 
ratio using MTX, blank MIG-CS NPs, and F0. The test materials were 
dissolved in 500 g/mL of dimethyl sulfoxide (DMSO), diluted with water 
to 200 g/mL, and then frozen for later use. After defrosting, the frozen 
concentration (200 g/mL) was diluted with NP concentrations that were 
progressively lower before being grown on culture plates for 48 h. The 
cell lines were grown in DMEM (Dulbecco’s Modified Eagle Medium), 
which contains 10% FBS and four times as many minerals and amino 
acids (Fetal Bovine Serum). The cells were inserted at 37 ◦C with a CO2 
atmosphere of 5%. A 96-well plate was seeded with 10,000 Hep G2 cells 
per well and left for 24 h. The cells were subsequently cultured for 12 
and 24 h with test solutions added to the medium in varied doses. The 
medium was taken out and incubated for 4 h with MTT solution at 5 g/L 
in PBS at a pH of 7.4. There was no longer any growing medium, so 150 L 
of DMSO were added. The plate was gently agitated after the formazan 
precipitate had been dissolved [58]. At 570 nm, the absorbance was 
measured. Reduced absorption implies decreased cell viability [59]. The 
experiment was carried out in triplicate, and the findings (equation (12)) 
are shown as the mean standard deviation.  

Cell viability = Test cells (abs) / Control cells (abs) × 100                  (12)  
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2.7. Acute in-vivo toxicity analysis 

Adult male albino mice (Mus musculus) weighing 26–28 g and aged 
8–10 weeks were purchased from the University of Veterinary Sciences, 
Sargodha for use in this study. They were kept in the zoology de
partment’s animal home at the University of Sargodha. They were raised 
in plastic cages with bedding that was lined with steel wire gauze and 
trimmed with fine wood. Temperature (25 ◦C 3 ◦C), humidity (45%), 
and a 12-h cycle of light and darkness were provided in the animal 
housing. Water and standard mouse feed were offered. Mice received an 
experimental dose of MIG-CS NPs in accordance with excipient toxicity 
testing guidelines through an oral route using metal gavages once after a 
week of acclimatization lasting for 21 days [60]. During the investiga
tion, changes in body weight, mortality, survival, and other clinical 
parameters were noticed. Mice were dissected on day 22 of the experi
ment to collect blood for organ testing [61]. 

2.8. Statistical analysis 

The standard deviation was calculated using the average findings 
after three rounds of testing for each test. The R2 and MSC of several 
kinetic models were examined using the DD-Solver program on drug 
release data to assess their accuracy and predictability. 

3. Results and discussion 

The pivotal concerns in cancer therapy encompass limited absorp
tion and compatibility with normal cells. The utilization of proficient 
techniques, namely coacervation and employing biopolymers to 
encapsulate cancer drugs, presents a promising avenue to address these 
limitations. Coacervation, an economical and non-toxic method, in
volves the formation of liquid-liquid phase separation in a polymer so
lution to form coacervate droplets encapsulating a core material. Its 
merits encompass high encapsulation efficiency, controlled release, 
versatility for various therapeutic agents and protection of encapsulated 
materials from external factors. Nonetheless, despite its unique advan
tages, co-acervation can be a complex process that demands a consid
erable amount of biopolymer and may exhibit limited compatibility with 
core polymers [62,63]. In the present study, with MIG extraction yield of 
28.76%, the biopolymers i.e. MIG and CS were selected as nanocarriers 
for MTX administration. Owing to their non-toxic, biodegradable, low 
production cost-requiring and easy scalability, allowance favoring 
pharmaceutical economics. Additionally, a synergy interaction emerged 
because of formation of polyelectrolyte complexes between MIG and CS, 
where the former was used as anionic and the latter one was employed 
as cationic polymer for MTX encapsulation via coacervation technique, 
which is illustrated in Fig. 1. 

3.1. Experimental design and optimization 

The use of statistical technique known as central composite design 
empowers researchers to concurrently investigate the intricate interplay 
between multiple factors and their subsequent impact on dependent 
variables [64]. This statistical optimization accelerates optimization test 
by performing virtual screening, predictive modeling besides stream
lining best formulation selection while reducing hit and trail errors 
which ultimately shortens the drug development timeline. In the present 

study, 23 central composite design was used to optimize the MIG-CS NPs 
experimental design. Table 1 succinctly outlines the software’s recom
mended 9 runs, delineating the concentrations of MIG and CS as inde
pendent variables and corresponding particle size (PS in nm) and 
encapsulation efficiency (%DEE) as the responses. The validation of 
statistical models was facilitated by one-way ANOVA (Table 2). 
Furthermore, to elucidate the correlation between distinct factors and 
responses, response surface methodology (RSM) was employed as a 
result of which 2D contour graphs and 3D response surface graphs were 
constructed, as shown in Figs. 1 and 2. Employing DES for statistical 
analysis, observed values from 9 experimental batches were fitted into 
various models, encompassing linear, two-factor interaction, quadratic 
and cubic models. The selection of polynomial model was predicated on 
statistical matrices including the correlation coefficient (R2), expected 
R2, adjusted R2 and predicted residual sum of squares (PRESS). The PS 
(nm) response for MTX-loaded MIG-CS conformed to a quadratic model, 
%DEE exhibited a robust alignment with linear response. The statistical 
significance of quadratic and linear models, was evidenced by the F and 
p-values, was particularly pronounced for both PS (nm) and %DEE, 
reflecting an optimum goodness of fit for both responses. Notably, the 
coefficient of variance (C.V.) values and precision indices of the selected 
models denoted substantial repeatability and signal strength, respec
tively. The non-significant lack of fit values for both responses under
scored the models’ fit to the experimental data [41,65]. 

3.1.1. Particle size in nm as Y1 
To determine the size distribution of MTX loaded MIG/CS NPs, the 

study used the z-average measurement. The results showed that the 
developed nanoparticles had an average diameter ranging from 231.3 to 
376.34 nm, indicating that they were nanometers in size. The DDE 
software was used to construct a polynomial equation that related the 
independent variables of MIG and CS to the particle size. Equation (13) 
showed that the independent variables had a direct impact on particle 
size, with MIG concentration having the most significant effect. equation 
(13) and Fig. 2 were acquired from DES with coded coefficients. equa
tion (13) showed that an increment in particle size is greatly influenced 
by polymers blend solution. Furthermore, Fig. 1 (a, b, and c) showed the 
relationship between MIG and CS concentrations and how changes in 
their concentrations affected particle size [66,67].  

PS (nm) = 1.20 + 9061.29X1+9785.35X2-2.30x105X1X2-9231.58 ×
12+11918.42 × 22                                                                         (13)  

3.1.2. Drug encapsulation efficiency as Y2 
The entrapment efficiency of MTX loaded MIG/CS NPs was investi

gated via response surface methodology by DES aid to establish a rela
tionship between the independent variables i.e. concentrations of MIG 
and CS and response (%DEE). The observed range of entrapment effi
ciency values, presented in Table 1, varied between 71.9% ± 1.2% and 
80.8% ± 1.3%. The polynomial equation (14) was utilized to model the 
relationship between the independent variables of MIG and CS and the 
entrapment efficiency.  

DEE (%) = 64.85 + 329.54X1+34.14X2+1000X1X2-336.84 × 12+1163.16 
× 22                                                                                            (14) 

The DES software was used to construct equation (14) and the results 

Fig. 1. Schematic representation for the formation of nanosized polyelectrolyte complexes.  
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indicated that MIG concentration had the most significant impact on % 
DEE. The coefficients of the model terms showed that the individual 
impact of X1 and X2 had a positive effect on %DEE, while the squared 
impact of X1 had negative whereas X2 had a positive effect on %DEE. 
Moreover, Fig. 3 (a, b, and c) illustrated the relationship between MIG 
and CS concentrations and their impact on %DEE. It was found that % 
DEE decreased with an increase in CS concentration at low levels of MIG 
concentration but remained constant at high levels of MIG concentra
tion. These results are consistent with previous studies that have shown 
the importance of independent variables in determining the properties 
of NPs [66,67]. 

3.1.3. Formulation optimization 
The DES used 9 separate sets of data to construct an algebraic solu

tion that resulted in an optimized formulation for MTX-loaded MIG/CS 
NPs that had desirable properties, as shown by the formulation’s highest 
desirability of 0.998. The values of independent variables were limited 
to a range of 0.02–0.04 w/v% for MIG and 0.01–0.04 w/v% for CS to 
produce optimal responses i.e. PS (nm) and %DEE with individual 
desirability of 0.98 and 1 respectively. The values derived from the 
desirability function were compared with the actual experimental re
sults after an optimized formulation (F0) was generated under the 
constrained conditions. The computed relative error between the 
experimental values and the projected values is shown in Table 3. The 
study’s finding that the software is highly predictable and robust in 
optimizing MTX loaded MIG/CS NPs by the low size of relative error that 
was discovered [68]. Additionally, Table 3 presents a comparative 
analysis of various nanoformulations designed for drug delivery. In 
comparison to these nanocarriers, the optimized MIG-CS NPs stands out 
as a potential candidate for efficaciously delivering MTX to target site, 
primarily due to favourable atribuet namely, particle size and encap
sulation efficiency. 

3.2. Characterization of optimized MIG-CS formulation 

3.2.1. Fourier Transform Infrared Spectrophotometer (FTIR) spectral 
analysis 

With the use of Fourier Transform Infrared Spectrophotometer 
(FTIR) analysis, we investigated the functional groups to determine the 

electrolytic binding existing in between the MTX loaded MIG-CS NPs 
(Fig. 4). 

The FTIR spectrum of CS exhibited distinctive peaks at 3325.28 
cm− 1, 2862.36 cm− 1, and 2818 cm-1, which correspond to the –OH, 
-CH2, and -CH3 groups, respectively. A distinctive adsorption band for 
the amino group was in the 3901.99 cm− 1 range. There were two amide 
bands at 1610.56 and 1581.63 cm− 1, respectively. The NH- bending 
vibration and primary alcohol’s –OH group were visible in the peaks at 
1527.62 and 1456.26 cm− 1. C–O stretching was visible at the peak at 
1031.92 cm− 1. 

The FTIR spectrum of the active MTX showed absorption peaks at 
3766.98 cm− 1 and 3564.45 cm-1 demonstrating the existence of imines 
and the –OH group respectively. Alkyl groups, aromatic groups, 
carboxyl groups were present at peaks 3323.35 cm-1, 2937 cm-1, and 
1870.95 cm-1 respectively. C––C was present in the aromatic ring as 
evidenced by absorption peak presence at 1492.9 cm− 1. 

The FTIR spectrum of pure MIG showed absorption peaks at 3809.41 
cm− 1 and 3662.82 cm− 1 indicating sharp O–H bond stretching for the 
presence of alcohol. The peak at 3273.2 cm− 1 also indicated O–H bond 
stretching (alcohol). The absorption peaks of 2872.01 cm− 1 and 
2723.49 cm− 1 in the frequency range of 3000–2500 cm− 1 indicated C–H 
bond stretching of alkane and aldehyde respectively. The peaks in the 
frequency range of 2400–2000 cm− 1 indicated the presence of func
tional groups i.e., O––C––O (CO2), and N––C––O (isocyanate). The fre
quency range of 2000–1650 cm− 1 indicated C––O bond stretching. The 
absorption peaks in the frequency range of 1400–1000 cm− 1 showed 
O–H bending (either carboxylic acid or alcohol). 

The FTIR spectrum of MTX-loaded NPs containing a mixture of CS, 
MIG, and drug i.e., MTX shows a peak at 3599.17 cm− 1 indicating a 
sharp O–H stretching bond of alcohol. The bands of absorption at 
3182.55 cm− 1 and 3167.12 cm− 1 indicated O–H bonding of carboxylic 
acid. The peak at 2131.34 cm− 1 and 1656.85 cm− 1 shows weak C––C 
stretching bond (monosubstituted alkyne) and C––N stretching respec
tively. The bands at 1421.54 cm− 1and 1408.04 cm− 1 indicate O–H 
bending (carboxylic acid). The peaks at 1305.81 cm-1, 987.55 cm− 1, and 
788.89 cm− 1 indicate the presence of strong S––O stretching (sulfone), 
strong C––C bending (monosubstituted alkenes), and medium C––C 
bending (trisubstituted alkene). 

The overlaid FTIR spectrum of MTX, MIG, Chitosan, and drug-loaded 

Table 2 
ANOVA results for dependent variables.  

Response 1 (Quadratic Model) 

Source Sum of Squares df Mean Square F-value p-value  

Model 17912.17 5 3582.43 24530.39 <0.0001 significant 
A/X1 533.97 1 533.97 3656.28 <0.0001  
B/X2 1096.52 1 1096.52 7508.31 <0.0001  
AB/X1X2 2130.28 1 2130.28 14586.93 <0.0001  
A2/X12 2.16 1 2.16 14.78 0.0121  
B2/X22 3.60 1 3.60 24.64 0.0042  
Residual 0.7302 5 0.1460    
Lack of Fit 0.6126 3 0.2042 3.47 0.2316 not significant 
Pure Error 0.1176 2 0.0588    
Cor Total 17912.90 10     
Response 2 (Linear Model) 
Model 72.50 5 14.50 331.28 <0.0001 significant 
A/X1 0.7062 1 0.7062 16.14 0.0102  
B/X2 0.0133 1 0.0133 0.3050 0.6046  
AB/X1X2 0.0400 1 0.0400 0.9139 0.3830  
A2/X12 0.0029 1 0.0029 0.0657 0.8080  
B2/X22 0.0343 1 0.0343 0.7831 0.4167  
Residual 0.2188 5 0.0438    
Lack of Fit 0.0268 3 0.0089 0.0930 0.9572 not significant 
Pure Error 0.1921 2 0.0960    
Cor Total 72.72 10      

Model Statistics Source Sequential p-value Lack of Fit p-value Adjusted R2 Predicted R2  

Response 1 Quadratic 0.0070 0.2316 0.9999 0.9997 Suggested 
Response 2 Linear <0.0001 0.9590 0.9950 0.9935 Suggested  
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nanoparticles show the presence of O–H stretching bands indicating the 
presence of hydrogen bonding, cumulative C––C and C––O stretching 
bonds, and carbonyl stretching bonds in chitosan and methotrexate 
affirming the formation of polyelectrolytic complex of MIG-CS encap
sulating MTX [72]. 

3.2.2. % DEE, %drug content and % yield calculation 
The obtained % DEE of F0 was 69.5 ± 2.0%. The % yield of F0 was 

estimated to be 69.7 ± 2.0%, with the percentage drug content being 
71.4 ± 2.0%. It can be said that the higher the concentration of plant 
mucilage used higher the entrapment efficiency of the drug used [73]. 
The characterization of formulations for percent yield, percent drug 
content, and percent encapsulation efficiency is shown in Table 4. 

3.2.3. Particle size and morphology analysis 
Nanosized drug delivery carriers exhibit improved therapeutic po

tential, enabling enhanced interaction within tumor cells. The average 
particle size of F0, determined using Malvern instruments, measured at 
229.7 nm (Fig. 5A). Assessment of size uniformity within the formula
tion was carried out through the polydispersity index (PDI), yielding a 
value of 0.296. With a PDI below 0.5, the formulation demonstrated 
good size homogeneity and smoothness. Moreover, the zeta potential 
was determined as it serves an as indicator of electrostatic interactions 
between particles, with values surpassing 30 mV indicative of stability 

and non-aggregation of carriers. The zeta potential was found to be 
− 34.6 mV which underscored the system’s robust physical stability 
(Fig. 5A). [74]. Dispersions with zeta potential levels larger than 30 mV 
(positive or negative) are supposedly considered to be relatively stable 
[74]. Using Zetasizer, the zeta potential of the formulation was deter
mined. The zeta potential was observed in the range of − 34 mV which 
indicated that the nanoparticles were strongly anionic [75]. Addition
ally, the morphology examination by SEM (JSM-IT100) revealed that 
nanocarriers exhibited uniform distribution, smooth surface texture and 
absence of aggregation (Fig. 5B). The formation of smooth and evenly 
distributed particles can be attributed to interplay of a fully saturated 
polymer and a controlled solvent diffusion rate, as elucidated by pre
vious research work [65]. 

3.2.4. In-vitro drug release study 
An important criterion to take into account for the evaluation of the 

effectiveness of drug carriers is the in vitro release kinetics of nano
particles, which offers crucial information about their capacity to allow 
target drug release [76,77]. Prior to the site of action (cancerous cells), a 
tumor-targeted drug delivery system must display little or no drug 
release or else, the drug will be absorbed in the gastro-intestinal tract 
(GIT), which will reduce its effectiveness. Additionally, the prolonged 
and regulated release of hydrophobic medications is favored because it 
lessens the need for repeated drug administration and a number of its 

Fig. 2. 2-D contour surface predicted vs actual and 3-D response graphs illustrating the influence of MIG and CS content on PS (nm) of MIG/CS NPs.  
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Fig. 3. 2-D contour surface predicted vs actual and 3-D response graphs illustrating the influence of MIG and CS content on DEE (%) of MIG/CS NPs.  

Table 3 
The optimized formulation with superlative independent variables.  

Number MIG (w/v %) CS (w/v%) PS (mm) DEE (%) 

Predicted value Actual value % error Predicted value Actual value % error 

F–O 0.02 0.01 231.62 229.7 ± 3.2 0.83 71.96 69.5% ± 2.0 3.5  

Comparative Analysis of Various Plant gum-CS NPs with Optimized MIG-CS NPs 

Nanoformulations Particle Size 
(nm) 

Entrapment efficiency 
(%) 

Key characteristics References 

MTX loaded Linseed mucilage-chitosan nanoparticles 246.6 54.98 ± 1.08 pH responsive and sustained drug release 
strong antitumor effects against HepG2 and MCF-7 
cells 

[1] 

Flaxsed Mucilage and chitosan nanoparticles 326 82.06 pH responsive and sustained drug release [69] 
Insulin loaded carboxymethylated iota carrageenan/chitosan 

NPs 
Particle Size 
(nm) 

Entrapment efficiency 
(%) 

pH responsive and sustained drug release [70] 

Scutellarin loaded HP-b-CD-chitosan NPs 246.6 54.98 ± 1.08 Biphasic and efficacious drug release [71]  
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negative effects [77,78]. In simulated normal and malignant cell envi
ronment, the cumulative release of MTX from F0 was investigated 
(Fig. 6). The pH 1.2 was selected to mimic an acidic environment, pH 7.4 
to represent an intestinal environment and 6.8 to simulate conditions in 
bloodstream. These pH values were chosen to align with the physio
logical pH variations encountered by drug carriers in patients’ body. For 
24 h, the release patterns of MTX from MIG-CS NPs were tested in 
simulated stomach fluid (SGF; pH 1.2), colonic fluid (pH 6.8), and in
testinal fluid (SIF; pH 7.4). The release was found to be 26.7, 51.8 and 
73.9 in pH 1.2, 6.8 and 7.4 respectively indicating that NPs allow a 
targeted delivery to cancer cells (Fig. 6A). Moreover, in a medium with 
varying pH, a biphasic release pattern was discerned for MIG-CS NPs, 

succeeded by a sustained release for the total drug content. This initial 
burst could be attributed to the amount of drug present at the surface of 
NPs, Conversely, the drug molecules located at core of NPs, within a 
densely embedded polymer matrix, contributed to the sustained release 
at pH of 6.8. The initial burst is considered advantageous as it allows for 
the rapid attainment of a therapeutic concentration, while subsequent 
sustained release pattern ensures an extended therapeutic effect 
(Fig. 6B) [79]. 

3.2.5. In-vitro drug release kinetics 
To study the MTX release process from MIG-CS NPs (F0), a variety of 

mathematical formulas were used to incorporate the cumulative drug 
release (percent CDR) data. Despite the likelihood that one model will 
dominate in the release kinetics, a variety of models often act in concert 
to affect the release rate of nanocarriers. Five kinetic models were then 
applied to the dissolution data as a result. These include zero order, first 
order, Korsmeyer-Peppas model, Hixson-Crowell model, and Higuchi 
model. The selection of kinetic model was based on R2 obtained close to 
unity. In-vitro release data was put in numerous mathematical models 

Fig. 4. Drug polymer compatibility FTIR studies a) Mangifera indica gum b) Methotrexate, c) Chitosan, d) Drug-loaded nanoparticles.  

Table 4 
Drug Encapsulation efficiency, % drug content and % yield of optimized 
formulation; F0.  

Formulation % Drug Encapsulation efficiency % Drug content % Yield 

F0 69.5% ± 2.0 71.4% ± 2.0 69.7% ± 2.0  

Fig. 5. A. Particle size and Zeta Potential of nanoparticles using Dynamic Light Scattering (DLS), B and C. SEM image and histogram of nanoparticles representing the 
particles size distribution. 
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using a DD solver. At all pH levels (1.2, 6.8, and 7.4), the MTX-loaded 
MIG-CS NPs followed the Higuchi model, with the highest R2 values 
compared to all other models. The R2 values were quite close to 1 
(Table 5). The Higuchi model, which is frequently used to examine the 
drug release kinetics of NP formulations, is linked to three hypotheses. 
First off, drug solubility initially outweighs drug concentration. Second, 
because NPs are thin compared to the thickness of the preparation sys
tem, the drug particles are contained within them with no drug on their 
surface. Thirdly, the Higuchi model is based on porous systems, in which 
hydrophilic polymers quickly dissolve to form pores, drug diffusivity is 
constant, and drug release takes place through matrix pores. 

The data was also examined using the Korsmeyer-Peppas model, 
which, after the Higuchi model, demonstrated the second highest R2 
values. According to Korsmeyer, the mechanism of release can be 
inferred by including the first 60% of release data, where n is the release 
exponent and indicates the mechanism of drug release [80]. The ge
ometry of the carrier and its release mechanism have an impact on the 
diffusional exponent n. For spherical particles, Fickian release is indi
cated by n 0.43 (case I transport); non-Fickian release is indicated by n 
0.85; Fickian release is indicated by n 0.85 (case II transport); and super 
case II transport is investigated if n > 1. The value of n at pH 1.2, 6.8 and 
7.4 was found to be less than 0.45 illustrating the Fickian release 
mechanism [81,82]. 

3.2.6. Hemolytic studies 
In studies of nanocarriers interaction with blood components, one of 

the most frequent experiments is the determination of hemolytic char
acteristics [83,84]. Due to differences in experimental methods and a 
lack of generally recognized standards for determining the test-result 
validity, interpreting the results of these investigations is challenging. 
The majority of particle-induced hemolysis investigations conducted in 
vitro measure the degree of hemolysis by centrifuging intact cells after 
incubating the particles with blood and looking for plasma-free 

hemoglobin derivatives using spectrophotometry [85,86]. The incuba
tion period, wavelength used to measure hemoglobin, and blood con
ditions (such as the use of purified erythrocytes rather than whole blood 
and the addition of various anticoagulants) differ greatly amongst 
studies [87]. To calculate the hemotoxic effect of F0 NPs, blank MIG-CS 
NPs and MTX loaded MIG-CS NPs, a hemolytic toxicity investigation was 
carried out at various concentrations (0.01, 0.025, 0.005, and 0.1 
mg/mL). The % hemolysis ranges from 0.06% to 2.68% in blank nano
particles in descending order of drug concentration from 0.1 to 0.01 
mg/mL, while in the case of drug-loaded nanoparticles, % hemolysis was 
in the range of 0.07%–4.05% in the same descending order of drug 
concentration demonstrating that the toxicity of RBCs is reduced with 
increasing polymeric drug encapsulation. The comparison of different 
concentrations of blank and drug-loaded NPs % hemolysis is given in 
Fig. 7. 

3.2.7. In vitro cell viability via MTT assay 
The MTT assay has been used to examine in-vitro cytotoxic efficacy 

of MTX loaded MIG-CS NPs (F0) on Hep G2 cancer cell-lines. The 
treatment of these cells with MTX-Loaded MIG-CS NPs, which drasti
cally reduced their cell viability, showed that these MIG-CS NPs may 
efficiently kill cancer cells (Fig. 8) [14]. While comparing the 
MTX-loaded MIG-CS NPs to blank nanoparticles, it was shown that the 
activity of the latter was significantly more time- and 
concentration-dependent. In the first 24 h, it was seen that the 
MTX-loaded MIG-CS NPs were more cytotoxic than the control MIG-CS 
nanoparticles. In contrast to NPs, the MTX’s cytotoxic effect was more 
pronounced in the initial 24 h. This is explained by the fact that, while 
just a small amount of the drug is given to cell cultures in NPs, the free 

Fig. 6. MTX Release Profile of MIG-CS NPs at pH = 1.2; pH = 6.8 and pH = 7.4 A) in different mediums B) in same medium with varying pH.  

Table 5 
Kinetic parameters of methotrexate release from formulation at various pH of 
7.4, 6.8 and 1.2  

Sr. No. Model Parameters pH 7.4 pH 6.8 pH 1.2 

1 Zero Order k0 2.95 4.2 1.37 
R2 0.022 − 0.21 0.4614 

2 First Order k1 0.05 0.119 0.017 
R2 0.533 0.703 0.5907 

3 Higuchi model kH 12.31 17.8 5.54 
R2 0.894 0.789 0.9660 

4 Korsmeyer model kKP 14.88 23.23 5.5 
R2 0.924 0.852 0.9612 
n 0.41 0.385 0.498 

5 Hixson-Crowell model kHC 0.015 0.035 0.005 
R2 0.0383 0.56 0.5493  Fig. 7. % Hemolysis of blank and drug (MTX) loaded NPs.  
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drug is swiftly taken up by malignant cells through passive diffusion 
since cells are immediately available to full drug concentration. The 
dose of the medicine is anticipated to gradually rise until it reaches a 
stable level in the NPs. Therefore, after 24 h, there was a noticeable rise 
in the cellular toxicity of MTX-loaded NPs for cell lines [88,89]. After 48 
h, both MTX and MTX loaded MIG-CS NPs dramatically reduced the rate 
of cell division in the cancer cell line. When compared to free MTX after 
48 h, the activity of MTX loaded MIG-CS NPs caused substantial cancer 
cell death and dose-dependent suppression of cell growth by the anti
cancer drug without harming the healthy cells. The NPs were observed 
at concentrations ranging from 3.12 to 200 μg/mL, concluding that MTX 
loaded MIG-CS NPs can be an effective method for precise target 
delivery. 

3.2.8. In-vivo acute toxicity analysis 
To evaluate the cytotoxicity of drug carriers and their lethal dose 

levels, acute toxicity is used. In addition, a key aspect of assessing the 
long-term mortality data is the use of appropriate animal species for in- 
vivo toxicity studies. These experiments can eventually be applied to 
determine the sensitivity pattern of human tissue [90,91]. In vivo in
vestigations are necessary because in vitro studies of drug dispersion and 
permeability cannot accurately simulate a living biological system and 
have other limitations. In vitro studies cannot completely predict how 
carrier will interact with various organs and organ systems, or how it 
will interact with other drugs [92]. To establish a carrier safe and 
effective for practical administration, in vivo acute toxicity study is 
required. These multifactorial in vivo results can generate a measurable 
set of pharmacokinetics characteristics by accounting for the interplay 
between drug encapsulating carrier permeability, distribution, and 
metabolism [93]. To assure the safety of the drug, model animal drug 
testing helps identify toxicities, side effects, and carrier’s cellular in
teractions, amongst other pharmacokinetic properties. 

In the present study, control and test mice groups were separately 
administered with an experimental dose of about 1 mg of standard mice 
feed and blank MIG-CS NPs respectively, followed by a week of accli
matization, lasting for 21 days. In comparison to control group, changes 
in body weight, mortality, survival, and other clinical parameters were 
noticed. However, neither mortality nor any hazardous side effects (skin 
colour change, tremors, and diarrhea) were noted in either group. 
Additionally, the mice’s behavior and sleeping habits stayed the same 
for 14 days and no death occurred. Because no animal died during the 
14-day observation period in either group, it was impossible to calculate 
the lethal dose. Equal amounts of food and water were consumed by 
both groups, however, the test group’s weight appeared to have 
decreased slightly. Both groups consumed the same amount of food and 
liquids, however, the test group’s weight appeared to have decreased 
slightly. However, compared to the animals in the control group, the 

difference in the weight change was not much significant. The lipid, 
hepatic and renal profile of test group has been shown in Table 6. 

Additionally, for conducting an organ functioning test in test group, 
blood was drawn using single-use syringes. For the preparation of his
tology slides of the heart, kidney, liver, stomach, small intestine of mice, 
all these organs were separated, removed, weighed, and fixed in Coro
ny’s fixative. The organs show no toxicity. The figures of different organ 
slides are shown in Fig. 9. 

4. Conclusion 

A modified coacervation technique was employed to encapsulate 
MTX within nanocarriers composed of MIG and CS. An optimization 
process was carried out using response surface methodology (RSM) to 
fine tune the experimental procedure for efficaciously synthesizing the 
optimized MIG/CS NPs. The optimal formulation, denoted F0 had MIG 
and CS concentrations of 0.02 w/v% and 0.01% respectively. Subse
quently, Fo was characterized to evaluate its potential as an effective 
MTX delivery carrier. FTIR analysis confirmed the successful encapsu
lation of MTX. Furthermore, the nanoscale size and morphology were 
ascertained through DLS, zeta potential measurements and SEM. 
Moreover, the MIG/CS NPs exhibited significant encapsulation effi
ciency and capacity to regulate MTX release, particularly over a 24-h 
period, demonstrating their effectiveness within context of tumor- 
relevant pH conditions (pH 6.8). Additionally, in vitro experiments 
employing HeP-G2 cancer cell lines indicated a significant cytotoxic 
response to MTX loaded MIG-CS NPs, underscoring the carrier potential 
for targeted cancer therapy. This investigation advocates the benefits of 
employing natural polymers in the encapsulation of chemotherapeutic 
agents, which could potentially reduce the side effects associated with 
cancer medications and enhance their responsiveness within the tumor 
microenvironment. Taking a forward-looking stance, this study suggests 
that the use of MTX loaded MIG-CS NPs holds a great potential in 
achieving precise targeting and eradication of malignant cells. This not 

Fig. 8. % Cell viability of methotrexate-loaded MTX-Loaded MIG-CS 
nanoparticles. 

Table 6 
Results of Lipid Profile, liver functioning and renal functioning testing (LPT) 
carried out on albino mice.  

Lipid Profile Test (LPT) 

Sr. 
no. 

Test Result 
(mg/dL) 

Reference value (mg/dL) 

1 Serum 
Cholesterol 

154 Without known coronary artery disease 
less than or equal to 200: Desirable 
With known coronary artery disease less 
than or equal to 160: Optimal 

2 Serum 
Triglycerides 

110 Up to 150 

3 HDL 
Cholesterol 

38 Without known coronary artery disease 
less than or equal to 41: Desirable with 
known coronary artery disease less than 
or equal to 41: Optimal 

4 LDL Cholesterol 94 Without known coronary artery disease 
less than or equal to 130: Desirable 

5 VLDL 22 15–40  

Liver Function Test (LFT) 

Sr.no. Test Result(μ/L) Reference value (μ/L) 

1 SGPT 32 32-Female 
40-Male 

2 SGOT 34 32-Female 
40-Male 

3 Alkaline phosphate 195 Up to 250 
4 Bilirubin Total 0.71 mg/dL 0.6–1 mg/dL  

Renal Function Test (RFT) 

Sr.no. Test Result (mg/dL) Reference value (mg/dL) 

1 B. Urea 27 20–50 
2 S. Creatinine 0.8 0.6–1.3  
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only opens the door for further investigation but also lays the founda
tions for innovative approaches to cancer treatments using plant gum 
based NPS. Further research avenues may include the enhancement of 
pH responsive systems tailored for personalized medicine, streamlining 
process of scalability and delving into the dynamics of drug release 
mechanisms to elevate the precision and efficacy of cancer therapy. 
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