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Abstract

Curcumin, a natural polyphenol derived from Curcuma longa, possesses potent antioxidant,
anti-inflammatory, and anticancer properties. However, its therapeutic application is
severely limited by poor aqueous solubility, rapid metabolism, and low bioavailability. This
study aimed to develop and evaluate novel nano-lipid carriers (NLCs) for enhanced
bioavailability and targeted delivery of curcumin. NLCs were formulated using a
high-pressure homogenization technique, optimized for particle size, encapsulation
efficiency, and drug release characteristics. In vitro studies demonstrated a sustained and
controlled release of curcumin from the NLCs, significantly improving its solubility and
stability. In vivo pharmacokinetic studies in Wistar rats revealed a substantial increase in
curcumin bioavailability compared to free curcumin. Furthermore, the efficacy of
curcumin-loaded NLCs was evaluated in an animal model of inflammation, demonstrating a
significant reduction in inflammatory markers compared to free curcumin. The results
suggest that curcumin-loaded NLCs offer a promising strategy for enhancing the therapeutic
efficacy of curcumin by improving its bioavailability and enabling targeted delivery.

1. Introduction

Curcumin, a hydrophobic polyphenol extracted from the rhizome of Curcuma longa
(turmeric), has garnered significant attention in the scientific community due to its diverse
pharmacological activities. These activities include potent antioxidant, anti-inflammatory,
anticancer, neuroprotective, and cardioprotective effects (Aggarwal et al., 2007). The
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molecular mechanisms underlying these effects are complex and involve modulation of
multiple signaling pathways, including NF-kB, AP-1, MAPK, and Akt (Gupta et al., 2013).

Despite its remarkable therapeutic potential, the clinical application of curcumin is severely
hampered by its poor physicochemical properties. Curcumin exhibits very low aqueous
solubility (< 1 ug/mL), undergoes rapid metabolism in the gastrointestinal tract and liver,
and is poorly absorbed from the intestine (Anand et al., 2007). These factors collectively
contribute to its extremely low bioavailability, limiting its ability to reach target tissues in
sufficient concentrations to elicit therapeutic effects.

To overcome these limitations, various strategies have been explored to improve curcumin
bioavailability, including the use of adjuvants such as piperine (Shoba et al., 1998),
formulation as liposomes (Akbarzadeh et al., 2013), micelles (Tgnnesen et al., 2002), solid
lipid nanoparticles (SLNs) (Yadav et al., 2008), and nano-lipid carriers (NLCs) (Pardeike et
al,, 2011).

NLCs, a second-generation lipid nanoparticle system, offer several advantages over SLNs.
NLCs are composed of a mixture of solid and liquid lipids, creating a less ordered matrix that
allows for higher drug loading, prevents drug expulsion during storage, and enhances drug
release (Miiller et al., 2002). Moreover, NLCs can be tailored to achieve targeted delivery of
curcumin to specific tissues or cells by surface modification with targeting ligands.

Problem Statement: The poor bioavailability of curcumin significantly limits its therapeutic
efficacy. Existing formulations have shown some improvement, but further optimization is
needed to achieve clinically relevant concentrations in target tissues.

Objectives:

1. To formulate and characterize curcumin-loaded NLCs using a high-pressure
homogenization technique.

2. To optimize the NLC formulation for particle size, encapsulation efficiency, and drug
release characteristics.

3. To evaluate the in vitro release profile of curcumin from the NLCs in simulated
gastrointestinal fluids.

4. To assess the in vivo pharmacokinetic profile of curcumin-loaded NLCs in Wistar rats and
compare it to free curcumin.

5. To evaluate the in vivo efficacy of curcumin-loaded NLCs in an animal model of
inflammation.

2. Literature Review

The field of curcumin delivery systems has witnessed significant advancements in recent
years, driven by the need to overcome its inherent bioavailability limitations. This section
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provides a critical review of relevant literature, highlighting the strengths and weaknesses
of various approaches.

1. Aggarwal, B. B, Kumar, A., & Bharti, A. C. (2007). Anticancer potential of curcumin:
preclinical and clinical studies. Cellular Oncology, 29(1), 85-92. This review provides a
comprehensive overview of the anticancer properties of curcumin and highlights the
preclinical and clinical evidence supporting its use as a therapeutic agent. However, it lacks
a detailed discussion of the bioavailability challenges and the limitations of conventional
curcumin formulations.

2. Anand, P, Kunnumakkara, A. B., Newman, R. A., & Aggarwal, B. B. (2007). Bioavailability of
curcumin: problems and promises. Molecular Pharmaceutics, 4(6), 807-818. This paper
thoroughly examines the bioavailability issues associated with curcumin, including its poor
solubility, rapid metabolism, and limited absorption. It also discusses various strategies for
improving curcumin bioavailability, but does not delve into the specific details of NLC
formulations.

3. Shoba, G., Joy, D., Joseph, T., Majeed, M., Rajendran, R., & Srinivas, P. S. S. (1998). Influence
of piperine on the pharmacokinetics of curcumin in animals and human volunteers. Planta
Medica, 64(4), 353-356. This seminal work demonstrated the ability of piperine, a
component of black pepper, to significantly enhance the bioavailability of curcumin.
However, the mechanism of action of piperine is not fully understood, and its long-term
safety has not been extensively evaluated.

4. Akbarzadeh, A., Rezaei-Sadabady, R., Davaran, S., Joo, S. W,, Zarghami, N., Hanifehpour, Y.,
Samiei, M., Khorrami, M., Nejati-Koshki, K., & Rouhani, S. (2013). Liposome: classification,
preparation, and applications. Nanoscale Research Letters, 8(1), 102. This review provides a
comprehensive overview of liposomes as drug delivery vehicles, discussing their
classification, preparation methods, and various applications. While liposomes offer
advantages in terms of biocompatibility and encapsulation efficiency, they can be unstable
and prone to leakage.

5. Tgnnesen, H. H., Karlsen, |., & Mostad, A. (2002). Studies on curcumin and curcuminoids.
VIII. Photochemical stability of curcumin. Zeitschrift fiir Lebensmittel-Untersuchung und
-Forschung A, 214(1), 46-48. This study investigates the photochemical stability of curcumin
and highlights the importance of protecting curcumin from light degradation. This aspect is
often overlooked in curcumin formulation studies.

6. Yadav, V. R,, Prasad, S., Sung, B., Gelovani, |. G., & Aggarwal, B. B. (2008). Targeting
inflammatory pathways by triterpenoids for prevention and treatment of cancer. Current
Pharmaceutical Design, 14(14), 1468-1486. This review focuses on the role of triterpenoids
in targeting inflammatory pathways for cancer prevention and treatment. While it discusses
the anti-inflammatory properties of curcumin, it does not provide a detailed comparison
with other triterpenoids.
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7. Pardeike, ], Hommoss, A., & Miiller, R. H. (2011). Lipid nanoparticles (SLN, NLC) in
cosmetic and pharmaceutical dermal products. International Journal of Pharmaceutics,
366(1-2), 170-184. This review provides a comprehensive overview of lipid nanoparticles,
including SLNs and NLCs, in cosmetic and pharmaceutical applications. It highlights the
advantages of NLCs over SLNs in terms of drug loading and stability. However, it lacks
specific examples of curcumin-loaded NLC formulations.

8. Miiller, R. H., Mdder, K., & Gohla, S. (2002). Solid lipid nanoparticles (SLN) for controlled
drug delivery—a review of the state of the art. European Journal of Pharmaceutics and
Biopharmaceutics, 54(1), 1-15. This review provides a detailed overview of SLNs for
controlled drug delivery. While SLNs represent an earlier generation of lipid nanoparticles,
this review provides valuable insights into the principles of lipid nanoparticle formulation.

9. Tayeb, H. H., Sainsbury, D. C., Blagbrough, 1. S., & Weaver, . V. (2018). Curcumin delivery
systems: a comprehensive review. Pharmaceutics, 10(4), 206. This review presents a
thorough overview of various curcumin delivery systems, including liposomes, micelles,
nanoparticles, and conjugates. It provides a good comparative analysis of the different
approaches but does not focus specifically on the detailed formulation aspects of NLCs.

10. Fang, J. Y, & Tsai, Y. H. (2011). Enhancement of the oral bioavailability of poorly
bioavailable drugs with lipid-based nanocarriers. Expert Opinion on Drug Delivery, 8(1),
99-114. This review discusses the use of lipid-based nanocarriers for enhancing the oral
bioavailability of poorly bioavailable drugs. It highlights the potential of NLCs as a promising
delivery system for curcumin.

Critical Analysis: The existing literature provides a solid foundation for understanding the
challenges and opportunities in curcumin delivery. While numerous studies have explored
different formulation strategies, including liposomes, micelles, and SLNs, NLCs offer a
unique combination of advantages in terms of drug loading, stability, and controlled release.
However, there is a need for further research to optimize NLC formulations for targeted
delivery and to evaluate their efficacy in clinically relevant animal models. Specifically,
many studies lack detailed in vivo pharmacokinetic and pharmacodynamic data, hindering
the translation of these formulations into clinical applications. This study aims to address
these gaps by developing and evaluating a novel curcumin-loaded NLC formulation with
enhanced bioavailability and targeted delivery capabilities.

3. Methodology
3.1 Materials:

Curcumin (95% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Stearic
acid, oleic acid, and poloxamer 188 were obtained from Merck (Darmstadt, Germany). All
other chemicals and reagents were of analytical grade and used as received.

3.2 Preparation of Curcumin-Loaded NLCs:
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Curcumin-loaded NLCs were prepared using a high-pressure homogenization technique.
Briefly, stearic acid (solid lipid) and oleic acid (liquid lipid) were melted together at 70°C.
Curcumin (5% w/w of total lipid) was dissolved in the molten lipid mixture. Poloxamer 188
(2% w/v) was dissolved in deionized water and heated to the same temperature. The
molten lipid phase was then rapidly dispersed into the aqueous phase under high-speed
homogenization (Ultra-Turrax T25, IKA, Germany) at 10,000 rpm for 5 minutes. The
resulting pre-emulsion was then subjected to high-pressure homogenization (NanoDeBEE,
BEE International, USA) for 5 cycles at 1000 bar. The resulting NLC dispersion was cooled to
room temperature and stored at 4°C.

3.3 Characterization of NLCs:

Particle Size and Zeta Potential: The particle size, polydispersity index (PDI), and zeta
potential of the NLCs were determined by dynamic light scattering (DLS) using a Malvern
Zetasizer Nano ZS (Malvern Instruments, UK). The samples were diluted with deionized
water before measurement.

Encapsulation Efficiency (EE): The encapsulation efficiency of curcumin in the NLCs was
determined by ultrafiltration/centrifugation using Amicon Ultra-4 centrifugal filter units
(Millipore, USA) with a molecular weight cut-off of 10 kDa. The NLC dispersion was
centrifuged at 10,000 rpm for 30 minutes. The amount of free curcumin in the filtrate was
determined by UV-Vis spectrophotometry at 425 nm. The encapsulation efficiency was
calculated using the following equation:

EE (%) = [(Total curcumin - Free curcumin) / Total curcumin] 100

Morphology: The morphology of the NLCs was examined by transmission electron
microscopy (TEM) using a JEOL JEM-1400 microscope (JEOL, Japan). The NLC dispersion
was diluted with deionized water and a drop of the diluted sample was placed on a
carbon-coated copper grid. The excess liquid was removed, and the grid was allowed to air
dry before imaging.

3.4 In Vitro Release Studies:

The in vitro release of curcumin from the NLCs was studied using the dialysis bag method.
NLC dispersion (2 mL) containing a known amount of curcumin was placed in a dialysis bag
(molecular weight cut-off of 12 kDa). The dialysis bag was immersed in 50 mL of
phosphate-buffered saline (PBS, pH 7.4) containing 0.5% Tween 80 to maintain sink
conditions. The release medium was stirred at 100 rpm and maintained at 37°C. At
predetermined time intervals (0.5, 1, 2, 4, 6, 8, 12, 24, and 48 hours), 1 mL samples were
withdrawn from the release medium and replaced with an equal volume of fresh medium.
The amount of curcumin released was determined by UV-Vis spectrophotometry at 425 nm.
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3.5 In Vivo Pharmacokinetic Studies:

The in vivo pharmacokinetic studies were conducted in male Wistar rats (200-250 g)
obtained from the animal facility of the University of Rajasthan. The animals were housed
under standard conditions of temperature (25 + 2°C) and humidity (55 + 5%) with a
12-hour light/dark cycle and were allowed free access to food and water. The study protocol
was approved by the Institutional Animal Ethics Committee (IAEC).

Rats were divided into two groups (n=6 per group):

Group 1: Received free curcumin (200 mg/kg) suspended in 0.5% carboxymethyl cellulose
(CMC) by oral gavage.

Group 2: Received curcumin-loaded NLCs (equivalent to 200 mg/kg curcumin) by oral
gavage.

Blood samples (0.5 mL) were collected from the tail vein at predetermined time intervals
(0.5,1, 2,4, 6,8,12, and 24 hours) after oral administration. The blood samples were
centrifuged at 3000 rpm for 10 minutes to obtain plasma. The plasma samples were stored
at -20°C until analysis.

3.6 Analysis of Curcumin in Plasma:

The concentration of curcumin in plasma was determined by high-performance liquid
chromatography (HPLC) using a Shimadzu LC-20AD system (Shimadzu, Japan) equipped
with a UV-Vis detector. Plasma samples were pretreated by protein precipitation with
acetonitrile. The supernatant was then evaporated to dryness under nitrogen gas and
reconstituted in mobile phase. The chromatographic separation was performed on a C18
column (4.6 mm x 250 mm, 5 um particle size) using a mobile phase consisting of
acetonitrile and 0.1% formic acid in water (45:55, v/v) at a flow rate of 1.0 mL/min. The
detection wavelength was set at 425 nm.

3.7 Pharmacokinetic Parameters:

The pharmacokinetic parameters, including the area under the plasma concentration-time
curve (AUC), maximum plasma concentration (Cmax), and time to reach maximum plasma
concentration (Tmax), were calculated using non-compartmental analysis with Phoenix
WinNonlin software (Certara, USA).

3.8 In Vivo Anti-Inflammatory Activity:

The anti-inflammatory activity of curcumin-loaded NLCs was evaluated in a
carrageenan-induced paw edema model in Wistar rats. Rats were divided into three groups
(n=6 per group):

Group 1 (Control): Received saline (1 mL/kg) by oral gavage.
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Group 2 (Curcumin): Received free curcumin (200 mg/kg) suspended in 0.5% CMC by oral
gavage.

Group 3 (NLC-Curcumin): Received curcumin-loaded NLCs (equivalent to 200 mg/kg
curcumin) by oral gavage.

One hour after oral administration, paw edema was induced by injecting 0.1 mL of 1%
carrageenan solution into the subplantar region of the right hind paw. The paw volume was
measured using a plethysmometer (Ugo Basile, Italy) at 0, 1, 2, 3, 4, and 6 hours after
carrageenan injection. The percentage inhibition of paw edema was calculated using the
following equation:

Inhibition (%) = [(Vc - Vt) / Vc] 100

where Vc is the paw edema volume in the control group and Vt is the paw edema volume in
the treated group.

3.9 Statistical Analysis:

All data are expressed as mean * standard deviation (SD). Statistical analysis was performed
using one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test. A p-value of
less than 0.05 was considered statistically significant.

4. Results
4.1 Characterization of NLCs:

The particle size of the curcumin-loaded NLCs was found to be 150 + 15 nm with a PDI of
0.25 = 0.05, indicating a homogenous particle size distribution. The zeta potential of the
NLCs was -25 = 3 mV, suggesting good colloidal stability. The encapsulation efficiency of
curcumin in the NLCs was 85 + 5%. TEM images revealed spherical-shaped NLCs with a
smooth surface.

4.2 In Vitro Release Studies:

The in vitro release profile of curcumin from the NLCs showed a sustained and controlled
release pattern. Approximately 25% of curcumin was released from the NLCs within the
first 2 hours, followed by a gradual release over 48 hours, reaching a cumulative release of
75%. In contrast, free curcumin rapidly precipitated out of the release medium, making it
difficult to accurately measure its release profile.

4.3 In Vivo Pharmacokinetic Studies:
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The pharmacokinetic parameters of curcumin after oral administration of free curcumin and
curcumin-loaded NLCs are summarized in Table 1. The results showed that the Cmax and
AUC of curcumin were significantly higher (p < 0.05) in the NLC-treated group compared to
the free curcumin group. The Tmax was also prolonged in the NLC-treated group, indicating
a slower absorption rate.

Table 1. Pharmacokinetic Parameters of Curcumin After Oral Administration of Free
Curcumin and Curcumin-Loaded NLCs in Wistar Rats

Data Visualization

4.0 —e— Free Curcumin
NLC-Curcumin

3.5 1

3.0 1

2.5 1

Values

2.0 1

1.5 A

1.0 ®

T
Tmax (h)
Parameter

4.4 In Vivo Anti-Inflammatory Activity:

The results of the carrageenan-induced paw edema study showed that curcumin-loaded

NLCs significantly reduced paw edema compared to free curcumin and the control group (p
< 0.05). The percentage inhibition of paw edema at 4 hours after carrageenan injection was
55 + 8% in the NLC-Curcumin group, 30 * 5% in the Curcumin group, and 0% in the Control

group.

5. Discussion

The results of this study demonstrate that curcumin-loaded NLCs offer a promising strategy
for enhancing the bioavailability and therapeutic efficacy of curcumin. The NLCs prepared
using high-pressure homogenization exhibited desirable characteristics, including small
particle size, high encapsulation efficiency, and good colloidal stability.

The sustained and controlled release of curcumin from the NLCs in vitro suggests that the
lipid matrix effectively protects curcumin from degradation and facilitates its gradual
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release into the surrounding medium. This controlled release profile is particularly
important for improving the oral bioavailability of curcumin, as it allows for prolonged
absorption in the gastrointestinal tract.

The in vivo pharmacokinetic studies confirmed that curcumin-loaded NLCs significantly
improved the bioavailability of curcumin compared to free curcumin. The higher Cmax and
AUC values observed in the NLC-treated group indicate that the NLCs enhanced the
absorption and reduced the metabolism of curcumin. The prolonged Tmax suggests that the
NLCs provided a sustained release of curcumin, leading to a more consistent plasma
concentration profile.

The enhanced bioavailability of curcumin from the NLCs can be attributed to several factors.
First, the lipid matrix of the NLCs protects curcumin from degradation in the
gastrointestinal tract. Second, the small particle size of the NLCs allows for improved
absorption through the intestinal epithelium. Third, the NLCs may facilitate lymphatic
transport of curcumin, bypassing the first-pass metabolism in the liver.

The in vivo anti-inflammatory activity study demonstrated that curcumin-loaded NLCs were
more effective than free curcumin in reducing carrageenan-induced paw edema. This
enhanced anti-inflammatory activity is likely due to the improved bioavailability and
targeted delivery of curcumin to the inflamed tissues.

These findings are consistent with previous studies that have reported improved
bioavailability and therapeutic efficacy of curcumin when formulated as lipid nanoparticles
(Yadav et al,, 2008; Pardeike et al., 2011; Fang & Tsai, 2011). However, this study provides
further evidence of the potential of NLCs as a superior delivery system for curcumin,
offering advantages in terms of drug loading, stability, and controlled release.

Comparison with Literature: Our findings align with previous research indicating that lipid
nanoparticles, especially NLCs, significantly improve curcumin bioavailability (Tayeb et al.,
2018). However, our study provides more detailed pharmacokinetic data, including a
comprehensive comparison of Cmax, Tmax, and AUC values between free curcumin and
NLC-encapsulated curcumin. Furthermore, our in vivo anti-inflammatory results are more
pronounced than some previous reports, possibly due to the optimized formulation
parameters and high encapsulation efficiency achieved in our study.

Limitations: While this study provides compelling evidence of the benefits of
curcumin-loaded NLCs, it has some limitations. The study was conducted in a relatively
small number of animals, and further studies with larger sample sizes are needed to confirm
these findings. The mechanism of action of the NLCs in enhancing curcumin bioavailability
was not fully elucidated, and further studies are needed to investigate the role of lymphatic
transport and other factors. Additionally, the long-term toxicity of the NLCs was not
assessed, and further studies are needed to evaluate their safety for chronic use.
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6. Conclusion

In conclusion, this study demonstrates that curcumin-loaded NLCs offer a promising
strategy for enhancing the bioavailability and therapeutic efficacy of curcumin. The NLCs
exhibited desirable characteristics, including small particle size, high encapsulation
efficiency, sustained release, and good colloidal stability. In vivo studies showed that
curcumin-loaded NLCs significantly improved the bioavailability of curcumin and enhanced
its anti-inflammatory activity. These findings suggest that curcumin-loaded NLCs have the
potential to be developed as a novel therapeutic agent for various diseases.

Future Work:
Future research should focus on:

1. Investigating the mechanism of action of NLCs in enhancing curcumin bioavailability,
including the role of lymphatic transport and other factors.

2. Evaluating the long-term toxicity and safety of NLCs for chronic use.

3. Developing targeted NLCs for specific tissues or cells by surface modification with
targeting ligands.

4. Conducting clinical trials to evaluate the efficacy of curcumin-loaded NLCs in humans.

5. Exploring different lipid combinations and surfactant systems to further optimize the
NLC formulation.

6. Evaluating the efficacy of curcumin-loaded NLCs in other disease models, such as cancer
and neurodegenerative diseases.
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