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Turmeric contains curcumin, a naturally occurring compound with noted anti-inflammatory and antioxidant
properties that may help fight cancer. Curcumin is readily available, nontoxic, and inexpensive. At high doses, it
has minimal side effects, suggesting it is safe for human use. However, curcumin has extremely poor bioavailability
and biodistribution, which further hamper its clinical applications. It is commonly administered through oral and
transdermal routes in different forms, where the particle size is one of the most common barriers that decreases its

absorption through biological membranes on the targeted sites and limits its clinical effectiveness.

curcumin encapsulation targeted drug delivery colon cancer

| 1. Introduction

Optimizing oral curcumin’s bioavailability and stability directly impacts its plasma concentration and therapeutic
benefits. The overarching principle for overcoming issues like rapid metabolism is improving bioavailability. This
can be achieved by formulating a pH-sensitive colon-targeted drug delivery system (CTDDS) to preserve and
release an adequate amount of curcumin at the preferred colon target site [2l. CTDDS provides prolonged retention
time, decreased upper stomach absorption, and reduced first-pass metabolism. Consequently, properties like
bioavailability and stability are enhanced, while dosing frequency is reduced &, Due to the small size of CTDDS,
curcumin particles readily diffuse in the colon without irritation. Simultaneously, keeping serum concentrations low
reduces adverse reactions, further improving patient compliance &. Microencapsulation, producing 0.5-1 mm
diameter microbeads, is an attractive CTDDS method WHIE |t also improves oral curcumin’s sensory experience
by eliminating the bitter taste without altering its nature 8. Studies show that micronized curcumin has a nine-fold
higher bioavailability than unformulated curcumin due to the increased surface-area-to-drug ratio with a smaller
diameter, improving the dissolution rate and bioavailability. Notably, 0.5 g of micronized curcumin led to a
significant plasma level in humans, at 0.6 pg/mL, a remarkable outcome for curcumin . The hydrogen donor site,
a,B-unsaturated B-diketone moiety, is believed to be the breakdown point during curcumin hydrolysis and
degradation in water [, Binding curcumin’s diketo reaction site with proteins, lipids, polymers, or macromolecules
improves its solubility in water by protecting the site from hydrolysis. Other approaches to improving chemical
stability include the synthetic modifications of oxidation sites like phenolic OH and enolic OH, and encapsulation in
lipids &I,
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Using nanosized particles to deliver curcumin to tumor sites either alone & or more likely in conjunction with
conventional chemotherapeutic agents is a common approach in cancer-targeting strategies, with investigators
searching for synergistic combinations and a reduction in side effects or studying how to overcome drug resistance
with different chemotherapeutics like platinum compounds 22 in nonsmall cell lung cancer (NSCLC) and colon
cancer and paclitaxel [ in breast cancer. Injectable nanoparticles delivering curcumin to tumors have to be coated
with a hydrophilic coating, almost exclusively composed of polyethylene glycol (PEG), and they provide a wide

array of options for positive targeting techniques 121,

2. Microencapsulation and Nanoencapsulation in Polymeric
Materials

Any drug delivery system should aim to achieve and maintain the target therapeutic drug concentration at the site
in the body. This can be accomplished using a multiparticulate dosage form like microbeads or nanoparticles,
which are divided into smaller subunits that each have the desired properties 2. Microencapsulation is an
attractive, advanced process commonly used to produce controlled drug release systems RISl |t involves the
permanent or temporary coating of an unstable active substance with a polymeric or nonpolymeric material. This
forms small spheres with diameters ranging from one to several hundred micrometers, enabling targeted and

controlled drug release under specific circumstances [EI[3114]15]

The encapsulation of curcumin in polymer-based particulates is not without limitations. The main ones include the
lack of mature methods for industrial scale-up, shelf stability issues for many formulations, difficulties in
coencapsulating more hydrophilic drugs 8 the lack of sufficient toxicology data for most polymers being

investigated, high immunogenicity for older generations of particles and high costs 7.

According to several studies, microencapsulation protects sensitive core materials from degradation under harsh
conditions like heat, oxygen, acids, or alkalis by incorporating them within a protective wall BIZ3I15] |t enables
controlled or sustained drug release at a particular location in the body over time and under desired environmental
conditions. This preserves an adequate drug amount to have the intended effect at a specific site RIL4I15]
Subsequently, core substance stability is improved, along with enhanced efficiency in factors like dose-dependent
antioxidant and anti-inflammatory effects. Bioavailability is also boosted, reducing dosing frequency and dose
amount while maintaining uniform delivery BIBIL3II8 The coating material type is crucial in this regard 131,
Additionally, microencapsulation enhances the sensory experience of medication by eliminating unpleasant tastes,
aromas, or odors like bitterness without altering the drug’'s nature ] Azad et al., 2020 24 As noted by 61

microencapsulation also aids core substance solubility and improves permeability.

| 3. Microencapsulation and Nanoencapsulation Techniques

There are various microencapsulation techniques, classified into three main groups: physical, chemical, and

physicochemical methods. Physical methods include spray drying, spray chilling, fluidized bed coating, centrifugal
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extrusion, solvent evaporation, and supercritical fluid precipitation 423l Chemical methods involve in situ
interfacial polymerization and molecular inclusion complexation. Physicochemical techniques include micro- and
nanoparticle preparation techniques that depend on high sheer homogenization like emulsion solvent displacement
technique, as well as low energy techniques dependent on the Ouzo effect (nanoprecipitation) and micelle
formation methods 28!, In addition to conventional techniques that have been extensively discussed elsewhere [
(20 novel approaches are under trial like coacervation, ionotropic gelation, and sol-gel encapsulation 13, The
choice of method depends on the core substance and encapsulant's chemical and physical properties, along with
the desired product characteristics and morphology 18], Using different methods can result in variations in
capsule size, shape, hygroscopicity, lipophilicity, surface tension, and thermal behavior X2, The primary
determinants influencing drug release are the encapsulated drug type, encapsulant characteristics, and drug-to-
encapsulant ratio, as well as their interaction 12, Some key factors to consider in selecting the optimum
microencapsulation technique include production scale, cost-effectiveness, reproducibility, and mild processing
conditions to preserve the activity of sensitive compounds like curcumin. Evaluating the advantages and limitations
of each method based on these factors can help identify the ideal approach for a particular application. The goal is
to select a technique that allows for the development of an encapsulated product with the desired properties to

effectively deliver curcumin at the target site.
2.1. Spray Drying

Spray drying is a microencapsulation method where the core material is suspended or dissolved in a polymer
solution to form a feed solution. The feed solution is then atomized to produce a mist within a chamber. Hot air is
added which dries the mist into a powder B3] The resulting powder has a range of particle sizes depending on
variables like feed solution properties and operating conditions 2. As noted by BIi23I15] the key benefits of spray
drying are its affordability, flexibility, and suitability for diverse materials. This method has a high encapsulation
loading capacity and is easily scalable. The short dryer contact time also enables the handling of labile materials
6. However, the high temperatures used may degrade active ingredients. For example, hot air was found to

increase omega-3 fatty acid powder oxidation susceptibility, shortening shelf life 131131,

For heat-sensitive compounds like curcumin, the high temperatures involved in spray drying could lead to activity
loss. However, measures can be taken to mitigate this, such as using cold water in the atomization process or
adding antioxidants. The affordability, scalability, and suitability for fragile substances make spray drying an
attractive microencapsulation approach for curcumin. The proper optimization of operating parameters could lead
to the production of an encapsulated curcumin powder with enhanced stability and bioavailability compared to

unencapsulated curcumin.

2.2. Spray Chilling

Spray chilling, also known as spray cooling, is a microencapsulation method similar to spray drying in processing.
The main difference is that cold air is used throughout the chilling process instead of hot air [12l. In spray chilling,

the core substance and polymer are atomized together into a mist. Cold air introduction solidifies the microdroplets,
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producing microencapsulated powder. As stated by 22 spray chilling has tremendous potential for industrial
production scale-up. However, research shows that spray-cooled microcapsules are unstable and may expel the

core material during storage.

For heat-labile compounds like curcumin, spray chilling offers a significant advantage over spray drying by avoiding
high temperatures that could degrade activity. The cold air preserves curcumin’s instability while enabling
encapsulation. Spray chilling also shares the scalability benefits of spray drying. However, the storage instability
issue reported for some spray-chilled microcapsules needs consideration. Proper polymer selection and the
optimization of operating parameters could potentially improve stability. However, evidence of spray-chilled
curcumin microcapsule stability during storage would need evaluation. If stable formulations can be developed,
spray chilling presents a promising microencapsulation technique for curcumin delivery. The cold-processing

temperatures ensure preserved bioactivity, while the industrial scalability facilitates translation and widespread use.

2.3. Fluidized Bed Coating

Fluidized bed coating is a microencapsulation technique where the coating material is sprayed over a fluidized core
material 12!, The core is fluidized via air application. The coating can be applied through top spray, bottom spray
(most common technique Figure 1), or tangential spray. Coating effectiveness depends on factors like the coating
feed rate, atomization pressure, incoming air temperature, and velocity 3. According to 21, fluidized bed coating
offers advantages like easy manageability due to stable conditions and temperature runaway prevention through
resistance to rapid temperature changes. It is useful for both large and small scales and enables continuous
operation. However, this technique can only accommodate certain particle types and sizes. Its disparate flow
patterns are also difficult to predict. Therefore, scaling up from small to industrial scales often poses challenges
due to the complex behavior. Particle breakup is frequently observed as well. Particle collisions also cause pipe

and vessel wall deterioration [21],
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Figure 1. An illustration of the fluidized bed technique (bottom spray).

For heat-sensitive curcumin, fluidized bed coating enables uniform microcapsule coating under mild conditions that
preserve bioactivity. Continuous operation and scalability are also beneficial for large-scale production. However,
the particle size and type restrictions could limit encapsulation options, and particle collisions may damage
curcumin. Proper polymer and operating parameter selection could mitigate these issues. For instance, using a
polymer with cushioning properties could protect curcumin from damage during collisions. Fluidized bed coating
presents a mild and scalable approach for curcumin microencapsulation, though particle restrictions and the
potential for collisions require consideration.

2.4. Coacervation Technique

Coacervation is a physicochemical microencapsulation method involving the formation of a uniform polymeric layer
around the core substance. The core and polymer are mixed into an immiscible solution. Changes in pH,
temperature, or ionic strength alter the polymer’'s physicochemical properties, causing phase separation.
Coacervates—small dense polymer droplets—are formed. Enclosing the core in these coacervates creates
microcapsules. According to 28l coacervate formation stems from an electrostatic interaction between the two

agueous media. Coacervation is typically used for lipophobic molecule encapsulation. However, its usage is
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constrained as it functions optimally only within narrow pH ranges, and with certain electrolyte and colloidal
solutions 23],

There are two types of coacervation: simple and complex. Simple coacervation uses one polymer like alginate.
Sodium alginate is dissolved in water, and then the core material is added to the emulsion formed. This is released
as droplets into a gel-forming medium like calcium chloride. The ionic reaction between sodium alginate and
calcium chloride forms the insoluble polymer calcium alginate 15, Complex coacervation involves multiple
polymers, for instance, alginate and gelatin. Alginate and gelatin are solubilized in water at basic and acidic pH,
respectively, generating negative and positive charges. The core material is added to the alginate solution and
homogenized well. The gelatin and alginate phases are thoroughly mixed at increased temperature until a reaction
is observed. This produces an insoluble polycationic—polyanionic polymer around the core 2. For curcumin
delivery, coacervation enables mild aqueous encapsulation that maintains stability. Simple coacervation with a
suitable polymer could allow for tuned release. However, the constraint to narrow pH/electrolyte ranges may limit
applications. Complex coacervation (Figure 2) provides more tailoring options with polymer combinations but
needs extensive optimization. Overall, coacervation is a promising approach for stable aqueous curcumin

encapsulation if optimal polymers and conditions are identified.
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Figure 2. Complex coacervation technique for microencapsulation.

2.5. lonotropic Gelation Method

Due to its simplicity, ionotropic gelation has received the most attention for microbead creation compared to other
techniques 2. Its flexibility to generate a broad particle size range; medium-to-high drug encapsulation efficacy:;

and the use of biocompatible, biodegradable polymers also promote its usage 22, This technique has frequently
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led to the production of naturally occurring, water-soluble polymeric nanoparticles with great control over bioactive
ingredient release through polymer relaxation (22, This method leverages an ionic polymer’s ability to crosslink with
opposing ions to form a sustained-release hydrogel, as noted by ! Unlike simple monomeric ions, polyanion—
cation interactions cannot be fully explained by electroneutrality. The three-dimensional structure and presence of
the other group determine anions’ cation conjugation capacity, and vice versa. Research shows that microbeads
prepared with this method have improved bioavailability and lead to controlled oral medication release, reducing
dosing frequency . lonotropic gelation is divided into internal and external gelation based on the crosslinker ion

source.

For curcumin, ionotropic gelation offers a simple, mild approach using biocompatible polymers to improve stability
and bioavailability. Tunable crosslinking enables sustained release customization. Internal gelation where the
crosslinker is present in the initial mixture may better preserve curcumin during encapsulation. The method’'s
flexibility and control make it well suited for optimizing curcumin delivery through polymeric microbead

encapsulation.

In internal gelation, the crosslinker ion is generated “in situ” within the polymer solution. Crosslinker cations come
from insoluble metal salts like barium carbonate or calcium carbonate. Lowering the solution pH solubilizes the
metal salt, releasing the metal ion internally B, In external gelation, crosslinker ions positioned externally come
from a metal ion solution. The drug-containing polymer solution is extruded with a needle into the metal ion solution
under gentle stirring. Gelation occurs instantly when the polymer drop contacts the metal ions, forming self-
sustained beads. The beads are cured in the gelation medium before retrieval and drying. Rapid crosslinking ion

diffusion into the partly gelled beads causes external gelation &I,

lonotropic gelation has several advantages over conventional techniques, chiefly its simplicity and affordability due
to the lack of complex machinery, aqueous solvents, and short processing times, as indicated in 22, Additionally,
the reversible electrostatic reaction-induced physical crosslinking prevents potential toxicity and other undesirable
biomedical consequences, unlike chemical crosslinking 22, However, poor mechanical stability is a drawback

requiring further improvement (22,

For curcumin encapsulation, ionotropic gelation offers a simple, mild approach with short processing times that
maintains stability. Internal gelation may better preserve curcumin by initially incorporating the crosslinker. The
mechanical stability issues could be addressed through polymer modifications or gentle downstream processing.
Overall, the method’s advantages make it promising for optimized curcumin encapsulation through tunable

crosslinked hydrogel microbeads.

2.6. Electrohydrodynamic Atomization (EHDA) Technique

Microencapsulation methods such as extrusion, freeze-drying, and others are commonly used in biomedical
applications. However, their use is limited due to the requirement of high temperatures or organic solvents 23, The

electrohydrodynamic atomization (EHDA) technique has emerged as a promising encapsulation alternative that
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can enhance product fabrication without high temperatures 131, Also known as electrospraying, EHDA is one of the
most notable current microencapsulation techniques 13241 Similar to electrospinning, electrospray is a simple and
effective method for generating polymeric or fiber-based bioactive nanoparticles. With EHDA, it is possible to
overcome the drawbacks of conventional microencapsulation like poor scale-up, low encapsulation efficiency, and
particle polydispersity, as indicated in 23!, Furthermore, sustained drug release in the GIT can be readily achieved
with the EHDA technique.

Monodispersed particles ranging from microns to hundreds of microns can be produced by EHDA by leveraging
electrostatic differences [24123] |n this method, a syringe is filled with a polymeric solution containing the coating
material and core substance and then connected to an infusion pump with a preset regulated flow 24, A high
positive voltage is applied between the needle and a grounded metallic collector, generating an electrostatic field
and high voltage on the polymeric solution jet, with negative discharge occurring at the collector (131251 Exposure to
the electric field deforms the liquid droplet surface at the capillary nozzle tip into a cone shape (Taylor cone) due to
internal electrostatic repulsions and external coulombic attraction, from which the jet is ejected. The jets then break
into fine droplets due to varicose instability, forming solution jets that are collected as the capsules form 2423 Ref.
(241 noted that the lower voltage and viscosity encourage highly charged droplets that scatter with solvent
evaporation, yielding deposited capsules. A low polymer concentration is needed to destabilize the jet and form tiny
droplets. Moreover, low-molecular-weight particles may not provide sufficient viscosity but offer strong inter- and

intramolecular forces that must be balanced via surfactant addition 23! (Figure 3).
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Figure 3. Electrohydrodynamic atomization (EHDA) technique.

Several parameters should be considered when preparing microparticles using the EHDA technique. According to
(131 the release kinetics of encapsulated core material are influenced by the shape and size of the electrosprayed
particles. These are in turn affected by three main factors: solution properties, operational variables, and
environmental conditions. Solution properties include viscosity, surface tension, conductivity, polymer

concentration, and molecular weight. Operational variables are the distance between the needle tip and collector,
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flow rate, and applied voltage. Environmental factors comprise humidity, temperature, and airflow. Ref. 13! found

that particles tend to have a more spherical versus irregular shape.

Polymer concentration and molecular weight impact the surface tension and viscosity of the polymeric solution, as
(131 discussed. High polymer concentrations are needed to form particles from low-molecular-weight polymers,
while high-molecular-weight polymers can yield particles even at low concentrations. Solution viscosity is key for
optimizing the process. Surface tension also affects droplet formation, with polymers having low surface tension
generating smaller droplets and particles 131, The polymer’s conductivity and solvent are critical for electrospraying
since they influence the electrostatic attraction to the collector. Higher conductivity increases Coulombic repulsion
forces that compete with solution viscoelastic forces, untangling polymer chains to form smaller particles.
Additionally, the applied voltage is crucial for monodisperse particles. Altering the voltage can modify particle

morphology: high voltages result in elongated particles, according to 22!,

The EHDA technique is a cost-effective, versatile microencapsulation method with significant potential for drug
delivery applications, as described by 22, It is also a simple, environmentally friendly one-step process that does
not require organic solvents and high temperatures 28241251 EHDA can encapsulate both lipophilic and lipophobic
substances 24, As indicated in [24l25] and (131 EHDA allows for the formation of small beads with uniform, narrow
size distribution, and greater swelling and diffusion rates. This enhances process performance regarding
encapsulation efficacy and formulation flexibility compared to spray drying 18I[14124] EHDA also achieves higher
loading efficiency and particle deposition rates 251, The technique boosts core material bioavailability and solubility
while enhancing protection via improved physical and functional properties 13125, Microbeads with larger surface-
area-to-volume ratios and more inter/intraparticle pores are also ensured with EHDA 131, Additional benefits include
tailored release profiles and masking undesirable chemicals 13123 indicating the potential for scale-up. Ref. [1&
developed EHDA-enabled small peppermint oil-loaded alginate microbeads with good encapsulation efficiency
using a simple apparatus. Ref. 28 reported enhanced release profiles for EHDA-produced PLGA microparticles
and 95% encapsulation efficacy for curcumin-loaded PLA microcapsules, which also exhibited potent antibacterial
and antioxidant activities. PLA microcapsules developed with EHDA displayed high biocompatibility and minimal
cytotoxicity 28], Encapsulation efficiency around 90% was seen for curcumin-loaded zein—chitosan particles using

EHDA 23], Thus, EHDA is an effective, promising technique for encapsulating bioactive compounds like curcumin.

3. Current Approaches on Encapsulating Curcumin for Drug
Delivery

To overcome curcumin limitations resulting in its poor bioavailability and rapid systemic clearance after oral
administration, and to fully utilize the therapeutic potential of curcumin, innovative drug delivery systems are
required. The encapsulation of curcumin in a protective carrier can enhance its stability, solubility, and absorption
while controlling its release rate 28, Particulate carriers like nanoparticles and microparticles have shown promise
for curcumin delivery by increasing surface area, protecting against degradation, bypassing first-pass metabolism,
and providing sustained release . While nanoencapsulation has been widely investigated, there are limited

studies on formulating curcumin into microbeads using emulsification-based techniques like electrohydrodynamic
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atomization (EHDA). Compared to nanoparticles, microbeads offer advantages like improved encapsulation

efficiency, reduced burst release, and better control over drug release kinetics.

Alginate, a naturally occurring anionic polysaccharide, is an attractive polymer for fabricating drug-loaded
microbeads owing to its biocompatibility, low cost, and entrapment efficiency 2. By optimizing process parameters
like voltage, flow rate, and polymer concentration, the size, morphology, drug loading, and release characteristics
of alginate microbeads can be tailored using the EHDA technique. Site-specific delivery to the colon can also be
achieved by exploiting the colonic microflora-triggered degradation of alginate. Therefore, the proposed research
aims to develop curcumin-loaded alginate microbeads using EHDA as an oral delivery system, with enhanced
stability, bioavailability, and colon-targeted release intended for therapeutic applications like colon cancer
treatment. The systematic optimization and characterization of the microbeads will provide fundamental insights

into designing efficacious curcumin delivery systems.

Various drug delivery systems have been explored to overcome the poor water solubility, chemical instability, rapid
metabolism, and low bioavailability of curcumin. Encapsulation protects curcumin from degradation, improves its
solubility and absorption, and provides controlled release at target sites [2823] For instance, the authors of 28
encapsulated curcumin in iron oxide nanoparticles using coprecipitation. The nanocarrier improved curcumin’s
solubility and achieved high encapsulation efficiency. The pH-sensitive sustained release of curcumin was
demonstrated, with more release at lower pH. This nanoformulation shows promise for targeted curcumin delivery.
In another study 29 the authors prepared curcumin-loaded complex coacervates using gum arabic and whey
protein nanofibrils. An exceptionally high encapsulation efficiency of 99% was attained, along with enhanced
antioxidant activity, versus free curcumin. The coacervates displayed sustained release with more curcumin

release under simulated gastric conditions due to weakened electrostatic interactions.

Beyond nanoparticles, polymeric microcapsules also offer advantages like high encapsulation efficiency, tunable
drug release profiles, and improved stability. Mai et al. (2017) % encapsulated curcumin in poly(lactic acid) (PLA)
microcapsules fabricated via electrospraying. Encouragingly, encapsulation efficiency exceeded 95%, and
sustained release was maintained for 200 h after a minimal initial burst. Cytotoxicity assays confirmed that
microcapsules were nontoxic and highly biocompatible. Silk fibroin nanoparticles developed by B delivered
encapsulated curcumin in a time-dependent manner to colon cancer cells with enhanced permeability. The
nanoparticles provided a slow, sustained release to amplify anticancer effects while reducing side effects.
Chitosan—zein nanoparticle carriers synthesized by B2 exhibited a high encapsulation efficiency of 92% and potent
cytotoxic activity against neuroblastoma cells. Collectively, these studies demonstrate that nano- and
microencapsulation are promising strategies to improve the efficacy and pharmacological properties of curcumin
for oral, intravenous, and site-specific delivery. The systematic optimization of formulation parameters and
thorough in vitro/in vivo characterization will be imperative to translate these innovative curcumin delivery systems

into viable clinical therapeutics.

In addition to the nano- and microencapsulation approaches already discussed, researchers have also explored

other techniques like ionotropic gelation to improve the efficacy of curcumin as a therapeutic agent. For example,
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the authors of 33 encapsulated curcumin in nanoparticles using ionotropic gelation with sodium alginate, achieving
high encapsulation efficiency of up to 95%. The nanoparticles displayed minimal dissolution in simulated gastric
and intestinal fluid but readily dissolved in simulated colonic fluid. The oral bioavailability of nanoencapsulated
curcumin was enhanced five-fold compared to free curcumin. Thus, this formulation shows promise for the targeted

delivery and improved efficacy of curcumin for treating colon diseases.

The authors of B4 developed another nanoformulation by encapsulating curcumin in alginate oligosaccharide
nanoparticles. The controlled release of curcumin was demonstrated, with 28.9% and 67.5% cumulative release
under neutral and acidic conditions, respectively. An excellent trapping efficiency of 91% was also reported.
Compared to free curcumin, the nanoparticles showed enhanced absorption by colon cancer cells and improved
tumor cell targeting. This highlights the potential of nanoencapsulation to improve the selectivity and anticancer
efficacy of curcumin.
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