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ABSTRACT

Colon-targeted drug delivery systems offer a promising approach for enhancing therapeutic efficacy while
minimizing systemic side effects. The present study aimed to develop and optimize carboxymethylated Moringa
oleifera gum (CMM)-based nanoparticles for targeted drug delivery to the colon. Moringa gum was chemically
modified via carboxymethylation, achieving a modification yield of approximately 32%, which significantly
improved its physicochemical properties. Structural characterization using FTIR, DSC, XRD, and SEM confirmed
successful modification, enhanced thermal stability, increased crystallinity, and transformation to a rough, granular
morphology favorable for drug encapsulation. Dasatinib-loaded CMM-—chitosan nanoparticles were successfully
formulated using the ionic gelation method and optimized through a Box—Behnken design. The optimized
formulation exhibited a particle size of ~186-231 nm, high entrapment efficiency (~88-90%), and zeta potential
around +25 to +28 mV, indicating good stability and suitability for nanoscale drug delivery. In vitro drug release
studies demonstrated a distinct pH-dependent release profile, with minimal drug release in gastric conditions (1—
4%), moderate release in intestinal conditions (10-18%), and maximum release in colonic conditions (~80-85%
over 24 h), confirming effective colon targeting. Drug release kinetics followed the Korsmeyer—Peppas model (R* =
0.953), indicating a combined mechanism of diffusion and polymer relaxation, with super case II transport behavior
(n > 0.89). Overall, the study establishes carboxymethylated Moringa oleifera gum as a promising biodegradable
polymer for colon-targeted drug delivery, offering controlled, sustained release and efficient protection of the drug
in the upper gastrointestinal tract.
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1. Introduction: The plant gum (MOG) exudes through injury or cut

Moringa gum (MOG) is a hydrophilic exudate
obtained to the stem of the Moringa oleiferatree
(Singh B.,et al 2021). In India, this gum is extracted
from the stem of the drumstick tree, is referred to as
Sajna gum. Initially, the gum appears white, but it
gradually turns reddish brown with prolonged
exposure. Moringa oleifera belongs to the mono-
generic family Moringaceae and is indigenous to
India, where it is cultivated in the largest quantities
worldwide. The plant is primarily grown for its
leaves and seed pods, which are utilized in traditional
medicine and as vegetables, study explored the
hypoglycemic potential of Moringa oleiferaflower
extract through in vivo and in silico approaches
(Karim Md.R., et al. 2025)

to plant stem that have formed typically within an
inner secondary cortex of the cork cambiumof the
bark(Gupta et al., 2020). This gum ultimately
solidifies and emerges from the bark in shapes
resembling teardrops or stalactites when it comes into
contact with the environment

2. Material and methods:

2.1 Collection of gum

Various experiments were conducted as per rules and
regulations. Gum from Moringa oleifera was
harvested. The exudates of Moringa oleifera were
extracted from the wounds of the trees located in
Gwalior, Madhya Pradesh, our local region. After
complete drying, the collected gums were crushed
and sieved through mesh number 80 before being
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stored in an airtight container. The powdered gums
were subsequently utilized for further research and
analysis.

2.2 Modification (Carboxymethylation ) of
moringa gum

Finely powdered gum so obtained was used for the
carboxymethylation reaction. Briefly, an aqueous
dispersion of moringa gum (1%, w/v) was prepared
in 25 ml of ice cold sodium hydroxide (45%, w/v)
with the aid of stirring for 30 min. An equal volume
of monochloroacetic acid (65%, w/v) was further
added to moringa gum with continuous stirring. The
temperature of reaction mixture was raised to 75 +
1°C, the reaction was allowed to proceed for 30 min
(Ahuja, Kumar, & Singh, 2012). The reaction
mixture was cooled and suspended in aqueous
methanol (80%, v/v). The creamy white precipitate so
obtained was neutralized with glacial acetic acid till
washings were neutral. Further, the
carboxymethylated moringa gum (CMM) so obtained
was washed with aqueous methanol (80%, v/v) for at
least 10 times and then kept for drying in hot air oven
at 50 + 20C for 24 h.

2.3 Characterization of Modified Gum
(Evaluation of gum )

a. Scanning electron microscopy: The
morphological features of MG and CMG powder
were studied in scanning electron microscope
(ZEISS, EVO 18, China). The samples were coated
with gold and mounted on sample holder using
double adhesive carbon tape. The photomicrographs
were recorded at an accelerating voltage of 20kV at
different magnifications.

b. DSC analysis: Differential  scanning
calorimetric analysis of MG was carried out using
differential ~ scanning calorimeter (Q10, TA
instruments, USA). Powder dried sample were
crimped in standard aluminium pan and heated at
constant rate of 100C/min over a temperature range
of 40-300°C. Analysis was performed by purging
nitrogen gas at flow rate of 50 ml/min.

c. FTIR Spectroscopy: Moringa gum were
subjected to FTIR (Agilent technology) spectroscopy
for the functional group identification, and the
spectra of the samples were recorded within the range
of 700—4000 cm .

d. X-ray diffraction analysis (XRD): The
powder X-ray diffractograms of MG and CMG were
recorded using X-ray diffractometer (Miniflex 2,

Rigaku, Japan) from 0-800 diffraction angle (26) with
a scanning speed of 0.05 min-1 at room temperature.
(Tiwariet al., 2025).

3. FORMULATION OF NANOPARTICLES
31 Preparation of CMM-Chitosan
Nanoparticles
Chitosan-CMMnanoparticlesweredeveloped
through the ionic gelation of the positively
charged amino group ofchitosan with the
negatively charged carboxyl group of CMM, as
illustrated inFigure. Chitosan was dissolved at a
concentration of 2.0 mg/mL in a 1.0 percent(v/v)
lactic acid solution, and the pH was adjusted to
4.0 by gradually adding 1.0M NaOH until
complete dissolution. At a concentration of 0.5
mg/mL, CMM wasdissolved in PBS (pH 7.4).
The appropriate amount of DASA was added to
the CMM solution and dissolved
completely.Chitosan-CMM nanoparticles were
formedby mixing 100 mL of dissolved drug
solution with 100 mL of chitosan solution
(10mL/min) at room temperature while stirring
at 2,000 rpm (RQT-124A/D stirrer, Remimotors,
India). After 5 minutes of sonication, the
solution had become slightly cloudy and the
stirring was continued for another 30 minutes to
stabilise =~ the chitosan-CMM  nanoparticle
framework. The solution was centrifuged at
6,000 rpm for 20 minutes (R-8C/RM-12C
Centrifuge machine, RemiMotors, India).The
precipitate was removed, and the supernatant
was filtered through al.Ouym membrane filter
(Millipore, Omnipore Membrane) to obtain the
chitosan-CMM nanoparticle suspension. They
were lyophilized for 48 hours to obtain
powdered nanoparticles. (Merli Detal.,2016)
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Figure 1: Schematic presentation of Mechanism
of formation of Chitosan-CMM Nanoparticles
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N-CMM Nanoparticles

Figure 2: Schematic  Representation of
Nanoparticles Development by Ionic Gelation
Method

3.2 Design of experiment (DOE)

The interaction between CMM and chitosan was
optimized to prepare polymer nanoparticles using 3-
factor, 3-level Boxbehnker design. The concentration
of Drug (X1), CMM (X2) and concentration of
chitosan (X3) were selected as the formulation
variables while particle size (R1) zeta potential (R2)
and entrapment efficiency (R3) were chosen as
response variables. Each independent variable was
investigated at three levels (i.e.-1, 0, +1). The
experimental design and statistical analysis of data
was carried out by Design Expert Software (version
13)

Table 1: DOE, Boxbehnker design, there factor and
laves and variables

Dependent/ResponseVar

iables

R1 Particle Size (NM)

R2 Entrapment Efficiency (%)
R3 Zeta potential (Mv)

Fact Designatio | Lowle Mi Hig
or n vel d- h
“-) lev leve
el 1
0) &)
X1 Concentrati | 0.2 0.4 0.6
on of drug
(%ow/v)
X2 Concentrati | 0.1 0.1 0.2
on of 5
Carboxy
Methyl
Moringa
(CMM)
(%ow/v)
X3 Concentrati
on of 0.06 0.0 0.1
Chitosan 8
(%ow/v)

4. EVALUATION OF NANOPARTICLES
Dasatinib-loaded =~ CMM-chitosan  polyelectrolyte
complex nanoparticles were characterized for particle
size analysis, zeta potential, drug entrapment
efficiency and in vitro release behavior.

4.1 Particle size

The average size of particle and size distribution of
dasatinib loaded nanoparticles was estimated using a
Zetasizer and dynamic laser scattering (Nano ZS,
Malvern Instruments Ltd., UK). Nanosuspensions
were adequately diluted with distilled water and
homogenised for 2 minutes before being placed in a
quartz cell to form a homogeneous dispersion. The
hydrodynamic diameter of the particles was
estimated using a He-Ne laser at a scatter angle of
900 at 25 degrees Celsius. All samples were
examined in triplicate, and the results were reported
as the average particle size = SD. (Singh M. et al.,
2022)

4.2. Drug content

To dissolve the encapsulated drug completely, a
100.0 mg quantity of each batch of chitosan-CMM
nanoparticles powder was digested in 250 mL of
buffer (pH 7.4) in a 250 mL measuring cylinder with
intermittent shaking for 24 hours at 37+0.50C. The
solution was stirred for 25 minutes at 2500 rpm with
a high-speed mechanical magnetic stirrer (RQT-
124A/D stirrer, Remi Motors, India). The solution
was then filtered with Whatman® filter paper (#41)
to eliminate dissolved polymers and debris. The
actual drug content of aliquots of the clear
supernatant fluid was tested against the buffer as a
blank wusing a UV-Visible spectrophotometer
(Shimadzu 1800, Japan). Each evaluation was
repeated three times, and the results were presented
as means + standard deviation. The drug entrapment
efficiency (EE) was calculated using the formula
below. (Singh M. et al., 2022)

EE(%) — Percent drug loading PPN
o) = Theoretical drug loading

4.3. Zeta potential

1JDDT, Volume 16 Issue 43s, 2026 Page 594




“Design and Optimisation of CarboxymethylatedMoringa oleifera Gum—Chitosan Nanoparticles for
Colon-Targeted Drug Delivery”

The zeta potential of the developed formulation was
determined using electrophoretic light scattering
(Nano-ZS ZEN 3600, Malvern Instruments Ltd.,
UK). Before being placed in transparent one-use zeta
cubicles, the nanoparticles in water were diluted and
stabilised at 25°C. To achieve zeta potential,
cataphoretic kinesis between the electrodes was used.
The tests were repeated three times, and the results
were calculated in millivolts (mV). Polydispersity
index was calculated to determine the particle size
distribution range by dynamic light scattering(Singh
M. et al., 2022)

4.4 In-vitro drug release study of nanoparticles
Different buffers, like 0.1 N HCI (1.2 pH), phosphate
buffer (pHs 6.8 and 7.4), were used to perform in
vitro drug release studies to mimic the stomach,
intestinal, and colon GI conditions. The drug release
time profile analysis was conducted on each of the
formulations (FCMI1-FCM15). Drug release tests
lasted up to 24 h a day. Samples were removed at
different periods. The samples were taken every hour
for up to 2 h in acidic conditions (1.2 pH). After that,
at a pH of 6.8, sampling was done every 1 h to 4 h,
and then in colonic condition pH, 7.4 samples were
taken for 1 h to 10 h; after that two samples were
withdrawn at 12 h and 24 h. Fresh media was used to
replace the samples that had been withdrawn from
the system. The drug release from the developed
nanoparticle was tested using a dialysis bag.
(Himedia labs, cutoff weight 12000-11000 Da). The
dialysis bag was saturated in deionized water
overnight before the experiment in this process. 2 mL
nanoparticle dispersion is mounted in the 2000 Da
dialysis bag, and clamps are used to secure the two
ends. The bags were placed in 250 mL of dissolution
media held at 35+0.50C to determine the drug's
release. At predetermined intervals, samples were
removed for approximately 24 h. At regular intervals,
1.0 mL of the sample was withdrawn by adding fresh
buffer/fresh dissolution fluid. UV spectrophotometry
at 330 nm was used to examine the samples. All
measurements have been done in triplicate. Based on
R? and 'n' values, the drug's release mechanism was
evaluated using a variety of kinetic models. (Maddina
BY et al., 2016)

4.4.1 Drug Release Kinetics:

The dissolution data of all the formulations were
subjected to different kinetic study to check the drug
release pattern from the formulations. Drug

dissolution from solid dosage form has been
described by kinetic models in which the dissolved
amount of drug (Q) is a function of the test time, t or
Q = f (t). Some analytical definitions of the Q versus
(t) function are commonly used, such as Zero Order,
first Orders, Higuchi, and Korsmeyer — Peppas
models. (Maddina BY et al., 2016)

a.  Zero order Release Kinetics:

It defines a linear relationship between the fractions
of drug release versus time

Q =Kot

Where Q is the fraction of drug release at time t and
KO is the Zero order release rate constant. A plot of
fraction of drug release against time will be linear, if
the release obeys Zero order release kinetics.

b.  First order Release Kinetics:

Assuming that the exposed surface area of a
formulation (pellets) decreases exponentially with
time during dissolution process; suggest that drug
release from most of the slow release tablets could be
described adequately by apparent first Order kinetics.
The equation that describes first Order kinetic is

In (1-Q) = -K1t

Where Q is the fraction of drug released at time t. and
K1 is the first Order release rate constant. A plot of
the logarithm of the fraction of the drug remained
against time will be linear if the release obeys first
Order release kinetics. (Maddina BY et al., 2016)

c.  Higuchi Equation:

It defines a linear dependence of the active fraction
released per unit of square root of time.

Q =KHt1/2

Where KH is release rate constant. A plot of the
fraction of drug released against square root of time
will be linear if the release obeys Higuchi equation.
This equation describes drug release as a diffusion
process based on the Flick’s Law square root time
dependent.

d. Power law (Peppas and Korsemeyer
Equation) :

In order to define a model, which would represent a
better fit for the formulation dissolution data was
further analyzed by Peppas and Korsemeyer
equation,

Mt/ Ma =n Log t+Log k

Where Mt is the amount of drug released at time t
and Mo, is the amount released at time t, thus the Mt /
Ma is the fraction of drug released at time t, K is the
kinetic constant and n is the diffusion exponent. To

1JDDT, Volume 16 Issue 43s, 2026 Page 595



“Design and Optimisation of CarboxymethylatedMoringa oleifera Gum—Chitosan Nanoparticles for
Colon-Targeted Drug Delivery”

characterize the mechanism for both solvents
penetration and drug release can be wused as
abstracted. A plot between log of Mt / Ma against log
of time will be linear if the release obeys Peppas and
Korsemeyer equation and the slope of this plot
represents n value. Interpretation of diffusion
exponent and solute release mechanism for
cylindrical shape release mechanism from polymeric
film

5. RESULTS

5.1 Polymer Modification Yield
Carboxymethylation of Moringa oleifera gum
resulted in a percentage yield of approximately 32%,
confirming successful chemical modification. The
increase in yield indicates effective substitution of
hydroxyl groups with carboxymethyl groups,
enhancing polymer functionality for drug delivery
applications.

Carboxymethylation of Moringa Gum

R - {

Finely Powdered
Native Moringa Gum  Eth

Formation of Alkoxide (Gum-O’ Na*)
el by
SRR
P e B
(Gum-O" Na*) bstitution)

Addition of Monochloroace tic Acid (MCA) G Chs COONa + NaOH
75°C, 30 min HOCH, COONa + p  Nacl
—© — O — Nacl

on  onar on
B e - - b
OHN = O RN ORI =2 e —— b
Ok Degree of Sul

oH
Alkalized Moringa Gum (Gum-O" Na*)

CNCH,-COONa — CI— CH,~COONa
- oNar Naci

)
7SS, 20 Min L — O ~
i SRS {D‘H\::P@
= “on Nact
] oH ag

= CACH,-COONa
2. &
B NaCl + Nacl
(RD r tation in

Methanol (80% v/v)

Addittion of Monochloroacetic Acid (MCA)

Carboxymethylated Moringa Gum

Final Product: Purified
Carboxymethylated Moringa Gum

Neutralization with Glacial Acetic Acid
(Wash x 10 with Aqueous

MM
(Carboxymethylated Moringa Gum)

Drying in Hot Air Oven (50> C, 24 h)

Figure 3. Schematic representation of
carboxymethylation of Moringa gum.

5.2 FTIR Spectral Analysis

FTIR  spectra showed characteristic  peaks
corresponding to hydroxyl, carboxyl, and ether
groups, confirming structural modification.The broad
absorption band observed at 3391 cm™ is attributed to
the stretching of ~OH groups. The peak at 1611 cm'!
corresponds to the C=O stretching of acetyl, while
the peaks at 2928 cm! are likely associated with -CH
stretching. Additionally, the peaks at 1516 cm™ and
1438 cm! can be linked to the C=0 stretching of the
carboxylic acid in glucuronic acid. Furthermore, the
peak at 1285 cm™! may be attributed to —-C-OH. MOG

also exhibited bands characteristic of carbohydrates
within the range of 1000-1200 cm™ (Rimpyet al.,
2017).The peak appearing at 1421 cm-1 is because of
symmetric and asymmetric stretching of carboxylate
anion, while the peaks appearing at 1270 cm-1 and
1069 cm-1 can be ascribed to C-O stretch of ethers (—
C-O-C-) and primary alcohols (-C-O-H-)
respectively.
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Figure 4. FTIR spectra of native Moringa gum and
carboxymethylated Moringa gum (CMM).

5.3 Thermal Analysis (DSC)

DSC thermograms revealed significant changes in
thermal behavior after modification. The modified
gum exhibited a broad endothermic peak at 93.95°C
and an exothermic transition at 254.29°C, indicating
altered crystallinity and improved thermal stability.

These shifts confirm successful modification and
enhanced intermolecular interactions within the
polymer matrix.
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Figure 5. DSC thermograms of Moringa gum (MG)
and carboxymethylated Moringa gum (CMM).

5.4 X-ray Diffraction (XRD) Analysis

XRD analysis showed distinct diffraction peaks at26
values of 27.22°, 31.54°, 45.30°, 56.36°, 66°, and
75.14°, indicating increased crystallinity in the
modified gum compared to the amorphous native
gum.This enhancement in crystallinity supports
improved  structural  organization due to
carboxymethylation.
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Figure 6. XRD patterns of Moringa gum (MG) and
carboxymethylated Moringa gum (CMM).

5.5 Surface Morphology (SEM Analysis)

SEM micrographs revealed significant morphological
transformation after modification. Native gum
exhibited irregular surfaces with cracks and pores,
whereas modified gum showed a rough, granular, and
more compact structure.

Figure 7. SEM images showing morphology of
Moringa gum (MG) and carboxymethylated Moringa
gum (CMM).

These structural changes are advantageous for drug
encapsulation and controlled release.SEM images
revealed rough and granular morphology in modified
gum, indicating structural transformation.scanning
electron micrograph of MG and CMM. The
electronmicrographs reveal that the moringa gum and
carboxymethyl moringa gum particles are polyhedral
in shape. Further the micrographs show the presence
of cracks and pores on the surface of moringa gum
while the surface of CMM appears to be more
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granular and rougher than the MG, which is
consistent with the results of XRD study.

5.6 Optimization of Nanoparticles

Response Surface Methodology (RSM) demonstrated
that formulation variables significantly influenced
nanoparticle ~ characteristics. ~ The  optimized
formulation exhibited:

. Particle size: ~231 nm
. Entrapment efficiency: ~90%
. Zeta potential: ~+28 mV

These results indicate good stability, high drug
loading, and suitability for targeted delivery.

Particle size
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of MG, CMM and drug concentration on particle
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Figure 9. Response surface plots showing the effect
of MG, CMM and drug concentration on entrapment

efficiency.
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5.7 Particle Size, Entrapment Efficiency and Zeta
Potential
All formulations showed particle size in the
nanometer range (156-211 nm), indicating
successful nanoparticle formation. Entrapment
efficiency ranged from ~54% to 88%, with higher
polymer concentration enhancing drug encapsulation.
Zeta potential values ranged from +19 mV to +36
mV, indicating good colloidal stability due to
electrostatic repulsion.
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Figure 12. Bar graph showing variation in particle
size across formulations (FCM1-FCM15).
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Figure 13. Bar graph representing entrapment
efficiency (%) of different formulations.
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Figure 14. Bar graph showing zeta potential (mV) of
optimized formulations.

5.8 In Vitro Drug Release Study

The drug release profile demonstrated a pH-
dependent release behavior:

. pH 1.2 (gastric): Minimal release (~1-4%)
. pH 6.8 (intestinal): Moderate release (~10-
18%)

. pH 7.4 (colonic): Maximum release (~80—
84% over 24 h)

This confirms effective protection of the drug in
upper GI conditions and targeted release in the colon.
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Figure 15. In vitro drug release profile of
formulations (FCM1-FCM15) at different pH
conditions.

5.8 Drug Release Kinetics

Kinetic modeling revealed that the drug release best
fits the Korsmeyer—Peppas model (R* = 0.953),
indicating a combination of diffusion and polymer
relaxation mechanisms.

The diffusion exponent (n > 0.89) suggests super
case II transport, confirming controlled and

sustained drug release behavior.
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Figure 16.Zero Order Kinetic plots for drug release:
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Figure 18.Higuchi plots for drug release.
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Figure 19.Korsmeyer—Peppasplots for drug release.

6. DISCUSSION

The present investigation clearly demonstrates that
carboxymethylation of Moringa oleifera gum
significantly enhances its suitability as a carrier for
colon-targeted drug delivery. The modification yield
(~32%) confirms efficient chemical substitution,
which is further supported by structural and
physicochemical characterization.

6.1 Effect of Polymer Modification

FTIR analysis confirmed the successful incorporation
of carboxymethyl groups, as evident from peaks at
1611 em™ (C=O stretching) and 1421 cm™ (-COO~
stretching). These modifications improved polymer
hydrophilicity, which plays a crucial role in swelling
and drug diffusion behavior.

Thermal analysis revealed a shift in endothermic
peak to 93.95°C and exothermic transition at
254.29°C, indicating enhanced thermal stability
compared to native gum. XRD results showed
distinct peaks at 20 values of 27.22°, 31.54°, and
45.30°, confirming increased crystallinity. This
transition from amorphous to semi-crystalline
structure improves mechanical strength and drug
retention capacity.
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SEM analysis further supported these findings,
showing transformation from irregular porous
morphology (native gum) to a compact, rough, and
granular structure (modified gum), which is favorable
for drug encapsulation.

6.2 Nanoparticle Formation and Optimization

The ionic gelation method successfully produced
nanoparticles via electrostatic interaction between
negatively charged CMM and positively charged
chitosan.

All formulations (FCM1-FCM15) exhibited particle
sizes in the range of 156.63 nm to 211.68 nm,
confirming nanoscale formation. The optimized
formulation showed a slightly higher size (~231 nm),
which is still within the acceptable range for colon
targeting.

Entrapment efficiency ranged from 54.94% (FCM10)
to 88.65% (FCM13), with the optimized formulation
achieving approximately 90%, indicating excellent
drug loading. Increased polymer concentration
(especially CMM) contributed significantly to higher
entrapment due to enhanced matrix density.

Zeta potential values ranged from +19.26 mV to
+36.48 mV, demonstrating good colloidal stability.
The optimized formulation (~+28 mV) suggests
sufficient  electrostatic  repulsion to prevent
aggregation.

The Design of Experiment (DoE) results further
confirmed that:

Increasing CMM concentration increased particle
size due to higher viscosity

Increasing chitosan concentration enhanced zeta
potential

Drug concentration influenced both size and
entrapment efficiency significantly (p < 0.05)

6.3 In Vitro Drug Release and Colon Targeting
The developed system exhibited a clear pH-
dependent release profile, which is essential for
colon-targeted delivery:

pH 1.2 (gastric): ~1-4% drug release

pH 6.8 (intestinal): ~10—18% release

pH 7.4 (colonic): ~80-84% release over 24 h

For example:

FCM1 showed 82.43% release at 24 h

FCM13 showed the highest release (~84.91%)

Most formulations achieved >80% release in colonic
conditions

This behavior confirms that the nanoparticle system
effectively:Protects the drug in the stomach and

intestine, Releases the drug predominantly in the
colon. The mechanism can be attributed to:Increased
swelling of polymer at alkaline pH, Weakening of
electrostatic  interactions, Possible  enzymatic
degradation by colonic microflora.

6.4 Drug Release Kinetics

Kinetic modeling demonstrated that drug release
follows the Korsmeyer—Peppas model (R? = 0.953),
indicating the best fit among all models.

The diffusion exponent (n > 0.89) suggests Super
Case II transport, which involves:

Polymer relaxation

Matrix swelling

Chain disentanglement

Additionally:Higuchi model confirmed diffusion-
controlled release, Zero-order trend indicated
sustained drug release behavior,

This combination ensures a controlled and prolonged
release profile, which is highly desirable for chronic
conditions requiring targeted therapy.

6.5 Overall Performance Evaluation

Compared to native gum, the modified polymer
system demonstrated:

Reduced particle size variability (156211 nm)
Higher entrapment efficiency (~90%)

Improved zeta potential (+28 mV)

Enhanced colonic drug release (>80%)

Better thermal and structural stability

These improvements clearly highlight the importance
of polymer modification in enhancing drug delivery
performance.

Best Formulation: FCM13

Why FCM13 is the best:

1. Entrapment Efficiency (Highest), FCM13 =
88.65% (highest among all formulations, Indicates
excellent drug loading capacity

2. Particle Size (Optimal)FCM13 = 186.81 nm, Falls
within ideal nano-range (150-200 nm) for colon
targeting

3. Zeta Potential (Good Stability), FCM13 = +25.93
mV, Indicates good colloidal stability (above +20
mV acceptable)

4. Drug Release (Maximum Performance)FCM13 =
84.91% at 24 h, Highest drug release among all
batches. Shows best colon-targeting efficiency

Formul | Entrap | Part | Zeta | Dru | Remar
ation ment icle Pote | g k
Efficie | Size | ntial | Rele
ncy (nm) | (mV) | ase
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(%) at
24 h
(%)
FCM13 | 88.65 186. | +25.9 | 84.9 | Best
81 3 1 formul
ation
FCM7 | 87.28 211. | +33.1 | 80.7 | Slightly
68 8 2 larger
particle
size
FCM11 | 83.31 156. | +19.2 | 77.3 | Lower
63 6 7 zeta
potenti
al
FCM15 | 83.46 180. | +30.9 | 82.5 | Good
68 3 4 but
lower
entrap
ment
efficien
cy
FCM1 80.26 197. | +34.9 | 82.4 | Modera
38 6 3 te
entrap
ment
efficien
cy

Final Justification

FCM13 is the optimized formulation because it
provides:

V/ Highest drug entrapment

V Controlled nanosize

V Adequate stability

v/ Maximum drug release in colonic conditions

This combination makes it most suitable for colon-
targeted drug delivery.

7. CONCLUSION

The present study successfully establishes
carboxymethylated Moringa oleifera gam (CMM) as
a highly effective and biodegradable polymer for
colon-targeted drug delivery.

Chemical modification resulted in:

Improved structural properties (confirmed by FTIR,
XRD, SEM)

Enhanced thermal stability (DSC peak at 254.29°C)
Increased crystallinity and functional group
availability

The developed CMM-chitosan nanoparticles
exhibited optimal characteristics: Particle size: ~156—
231 nm, Entrapment efficiency: up to 90%, Zeta
potential: +19 to +36 mV. The in vitro drug release
study demonstrated: Minimal release in gastric
conditions (~1-4%), Controlled release in intestinal
medium (~10-18%), Maximum release in colonic
conditions (~80-84% over 24 h).

Kinetic analysis confirmed: Korsmeyer—Peppas
model (R? = 0.953), Super Case II transport (n >
0.89), Combined diffusion and polymer relaxation
mechanism.  Overall, the developed system
provides:Efficient protection of drug in upper GI
tract, Targeted delivery to colon, Sustained and
controlled drug release. Thus, CMM-based
nanoparticles represent a cost-effective,
biocompatible, and promising platform for colon-
targeted delivery of anticancer drugs.

8. FUTURE PERSPECTIVES

The findings of this study open several avenues for
further research and development:

8.1 In Vivo Evaluation

Future studies should focus on in vivo
pharmacokinetic and pharmacodynamic evaluations
to validate the colon-targeting efficiency and
therapeutic efficacy of the developed system.

8.2 Scale-Up and Industrial Application
Optimization of large-scale production processes and
stability studies are required to facilitate industrial
translation and commercialization.

8.3 Exploration of Other Drugs

The developed polymer system can be explored for
the delivery of:

. Anti-inflammatory drugs (IBD treatment)
. Anticancer drugs (colorectal cancer)
. Peptides and proteins

8.4 Functionalization and Smart Delivery
Further modification strategies such as:

. pH-sensitive coatings
. Enzyme-responsive systems
. Targeted ligand conjugation

can enhance specificity and therapeutic outcomes.
8.5 Integration with Advanced Technologies
Integration with emerging technologies like:

. Nanotechnology-based hybrid systems
. Al-driven formulation optimization
. 3D printing of drug delivery systems

can revolutionize the application of natural polymers
in personalized medicine.
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