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Chapter I provides an introduction into the thesis topic and enlists the major aims, and 

Chapter II provides a literature review. Curcumin (CUR) is a natural polyphenol present 

in the rhizomes of Curcuma longa and possesses diverse pharmacological effects 

especially anti-carcinogenic effects against several types of cancers. Unfortunately, this 

novel compound has been clinically proven to have poor aqueous solubility and 

bioavailability that limit its pharmaceutical effects. Several nanotechnological 

approaches such as liposomes, adjuvants, and polymeric nanocapsules have been 

applied in order to overcome such problems. Thus, our present study aimed at 

developing two novel polymeric nanoparticle systems that encapsulate either curcumin 

alone (CUR-PAH NP) or with piperine (CUR-PIP-PAH NP). Piperine (PIP) was chosen 

based on its role as a glucuronidation inhibitor that has been shown to increase the 

bioavailability of curcumin.  

 

Chapter III describes the materials and methods used to achieve our aims. The NPs were 

successfully designed by self-assembled nanoprecipitation method and their 

characteristics were identified by FTIR, XRD, SEM, DLS, and Zeta potential. The drug 

release profiles were monitored under different pH, and their effects against colon 

cancer were investigated both in vitro and in vivo.  

 

Chapter IV discusses our findings. The FTIR analysis showed that both CUR and PAH 

are present inside the CUR-PAH NP confirming a strong involvement of NH2 of PAH 

and enol form of CUR inside the NPs. Similarly, this analysis of CUR-PIP-PAH NP 

showed that CUR and piperine are present inside the NPs. The SEM images showed 

that CUR-PAH NP and CUR-PIP-PAH NP are spherical and their sizes are in the range 

of 80-100 nm depending on ratio of CUR:PAH and PIP:CUR. The XRD analysis 

proved the amorphous structure of the produced NPs. Results also showed that adding 

piperine to the prepared NP while fixing the concentration of PAH and CUR facilitates 

the encapsulation and drug loading of CUR within PAH. In Vitro drug release study 

showed that pH triggers the maximum release of curcumin from the capsule in basic 

medium compared to acidic and neutral media. The drug release profile of curcumin 

follows Higuchi model. Apart from drug delivery, the cytotoxic effects of curcumin 
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within the two different types of nanocapsules were high. They were confirmed by % 

viability and fluorescent images that showed the cellular localization of NPs inside the 

Caco-2 (human epithelial colorectal adenocarcinoma) cells and a distorted morphology 

of cancer cells indicating apoptosis. The in vivo application of CUR-PAH NP in mouse 

model of colorectal carcinogenesis that is discussed in chapter V showed that CUR-

PAH NP downregulates the Wnt signaling pathway that is known to drive colorectal 

cancer. It also acts as an anti-inflammatory agent inhibiting cyclooxygenase (COX-2) 

and inducible nitric oxide synthase (iNOS).  

 

Our findings indicated that curcumin nanoencapsulation enhances the physiochemical 

properties of curcumin whereby it reduced particle size, formed an amorphous state, and 

enhanced the drug loading and release. The addition of piperine enhanced the observed 

results. Furthermore, in vitro and in vivo studies showed that curcumin NPs exerted 

selective and potential cytotoxic effects against colon cancer cells. Accordingly, we 

suggest that curcumin nanoencapsulation enhanced the solubility and bioavailability of 

curcumin rendering it more effective against colorectal cancer.   
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CHAPTER I 

INTRODUCTION 

 

Curcumin (CUR) is a well-documented natural polyphenol which possesses 

anti-inflammatory, antioxidant, and anti-carcinogenic properties. This agent holds great 

promise in the field of cancer chemoprevention and suppression of different types of 

cancers. However, it has poor aqueous solubility and bioavailability that reduce its 

pharmaceutical effectiveness. To enhance its solubility and subsequent bioavailability, 

applying nanotechnological approaches in order to develop curcumin nanocapsules can 

be performed. Recently, the use of nanocapsules on the basis of well-documented 

biocompatible polymers, such as polyallylamine hydrochloride (PAH), for targeted drug 

delivery is being applied in the treatment of many diseases.  

 

Hence, we aimed in this study to: 

 develop polymeric nanoparticle systems that encapsulate curcumin into PAH 

assembled nanocapsules by simple nanoprecipitation method 

 incorporate piperine into the curcumin-PAH nanocapsules 

 characterize the physicochemical properties of the two types of the designed 

nanocapsules using FTIR, SEM, XRD, DLS, and zeta potential 

 monitor the drug delivery of both NPs at different pHs (4, 6, 7, 8, and 10) 

 investigate the in vitro cytotoxic effects of curcumin nanocapsules against Caco-

2 (human epithelial colon cancer cells) cell line 



 

 

 

2 

 examine the in vivo antiproliferative effects of curcumin nanocapsules against 

DMH-induced colorectal cancer in mice 
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CHAPTER II 

LITERATURE REVIEW 

 

A. Curcumin 

Curcumin (diferuloylmethane) is the major polyphenol found in the Indian 

spice turmeric
1
. Turmeric is derived from the rhizomes of Curcuma longa Linn – a 

perennial plant native to Southeast Asia that belongs to the family of ginger 

―Zingiberaceae‖ (see Figure 1). Curcumin is the chief constituent of turmeric; it 

comprises ~ 2-5% of the spice. Turmeric is mainly made up of a class of curcuminoids, 

including curcumin, that are responsible for its bright yellow color. Other members of 

the curcuminoid family found in turmeric include: desmethoxycurcumin and 

bisdemethoxycurcumin
2
. 

 

 

Figure 1. Curcuma longa, turmeric and curcumin. 

 

1. Traditional uses 

Due to its vibrant yellow color, curcumin has been widely applied as a food 

color as well as a food additive referred to as E100. In cooking, curcumin is used as a 
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spice to add a flavor commonly to curry and mustard. As a food color, it is used to color 

many foods including cheese and butter. In addition, curcumin has been recently 

marketed in many countries worldwide as tablets, capsules, energy drinks, ointments, 

cosmetics, and soaps
3
. 

Curcumin is well-recognized for its worldwide use in various forms and each 

country uses it in a different form; for example, it is commonly used in India in curries. 

In Japan, it is used in the form of a tea while in Thailand it is more involved in 

cosmetics. Curcumin is also used as a colorant in China, an antiseptic in Malaysia and 

anti-inflammatory agent in Pakistan, a preservative coloring agent in the United States 

in mustard sauce, cheese, butter, and chips, and served as a drink in Korea. The US 

Food and Drug Administration (FDA) have approved the use of curcumin as a safe 

tolerable agent at doses of 4000-8000 mg/day
4
.  

Curcumin has not been only used in food flavoring, dying and cosmetics, but 

also in the traditional medicine of many Asian countries, mainly India and China, over 

centuries
5
. As a major constituent of the traditional Indian holistic system, Ayurveda, 

turmeric poultices have been used in treating eye infections and diverse dermatological 

conditions including skin rashes, infections, bites, burns and acne. In Ayurvedic 

medicine, curcumin is well-known in treating diverse respiratory ailments including 

asthma, cough, sinusitis, and allergy. It is also used to treat various liver disorders, 

rheumatoid arthritis, anorexia, dental diseases, as well as digestive disorders like acid 

reflux, indigestion and flatulence
6,7

. 

 In Chinese herbal medicine, it is used in relieving abdominal pain, while in 

Hindu traditional medicine; it is used in augmenting sprains, pain and swelling. 

Throughout East Asia, it is used to alleviate a wide array of inflammatory conditions
8
. 
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The most powerful and key reason for the continuous usage of curcumin in traditional 

folk remedies is its highly desirable safety profile. To date, no studies either in vivo or 

in vitro have revealed any curcumin-associated toxicity even at high doses
3
.  

 

2. Pharmacological properties 

Globally, the scientific community is showing great emphasis on the use of 

natural traditional medicines, which possess tested pharmacological properties, in 

Western medicine. Surprisingly, extensive research has showed that curcumin possesses 

a wide array of pharmacological benefits such as being an anti-inflammatory, 

antioxidant, antitumor and chemopreventive agent. Such findings have been revealed in 

both in vitro and in vivo models, and have created an explosive growth of interest in 

curcumin that paved the way for progressing toward human clinical trials
6
.  

Currently, curcumin is being a well-known plant-based drug in treating many 

chronic diseases including cardiovascular, pulmonary, hepatic, kidney, and skin 

diseases, as well as gut inflammation, rheumatoid arthritis, premenstrual syndrome, and 

depression
9
. Such abilities are due to the well-recognized biological activities which 

involve anti-inflammatory, antioxidant, anti-proliferative, anti-angiogenic, pro-

apoptotic, anti-tumor, anti-thrombotic, anti-viral, and anti-bacterial effects
10

. In 

addition, curcumin has showed beneficial effects in ocular diseases such as corneal 

disorders, eye dryness, conjunctivitis, uveitis, pterygium, cataracts, and glaucoma
11

.  
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a. Anti-diabetic and hypolipidemic effects  

Many clinical trials have examined curcumin's beneficial effects against 

various chronic human diseases such as obesity, metabolic syndromes and diabetes. The 

anti-diabetic and hypolipidemic activities of curcumin were widely investigated in the 

literature
12

. For example, clinical trials that studied the effect of curcumin 

supplementation on diabetes and diabetic cardiomyopathy (DCM) presented that 

curcumin acts on specific mechanisms that mitigate diabetes and DCM
13

.  

Regarding its hypolipidemic effects, curcumin was shown to result in reducing 

the total cholesterol and low-density lipoprotein (LDL) levels in patients with acute 

coronary syndrome. It also effectively caused significant reductions in platelet 

aggregation and hyperlipidemia and promoted cardiac repair
14

. A meta-analysis of 

randomized controlled trials reported that turmeric and curcumin supplementation 

protected patients who are at risk of cardiovascular diseases through enhancing their 

serum lipid profiles
15

.  

 

b. Anti-inflammatory and antioxidant activities  

Curcumin has been well-documented for its potential activities in suppressing 

acute and chronic inflammation. Several in vitro studies have reported that curcumin 

inhibits the activities of major pro-inflammatory enzymes: lipooxygenase (LOX) and 

cyclooxygenase (COX) in phorbolmyristate acetate (PMA)-induced inflammation in 

mouse fibroblast cells, and the production of nitricoxide in RAW264.7 macrophages
16-

18
.  

Similarly, in vivo studies have illustrated the inhibitory bioactivities of 

curcumin against inflammation. For instance, it inhibited carrageenan-induced 
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inflammation
19

 and cyclophosphamide-induced acute lung injury in rats
20

. In addition, 

curcumin has been shown to exhibit anti-inflammatory responses that are as effective as 

cortisone or phenylbutazone. Moreover, curcumin administration to rats with Freund‘s 

adjuvant-induced arthritis, showed significant reduction in the inflammatory 

swelling
21,22

. The evaluation of turmeric extracts and curcumin in the treatment of 

arthritis symptoms provided scientific evidence that highlights their efficacy in 

alleviating the symptoms associated with arthritis
23

. Curcumin has been shown to 

possess anti-inflammatory properties through its ability to regulate NF-kB pathway that 

plays a significant role in various diseases such as multiple sclerosis, rheumatoid 

arthritis, ulcerative colitis, Crohn‘s disease, autoimmune and auto-inflammatory 

diseases, and cancer. Curcumin has been greatly reported to downregulate the 

transcription factor NF-kB and thus prevents many diseases pathology
24

.  

Regarding its antioxidant activity, curcumin exhibits potent antioxidant 

properties when compared to vitamins C and E
25

. Physiologically, oxidative stress 

caused by reactive oxygen species (ROS), plays a key role in the pathogenesis of many 

ailments such as myocardial/cerebral ischemia, neurodegenerative diseases, aging, and 

cancer. On the other hand, antioxidants act as a defense mechanism against oxidative 

stress and thus provide protection against many diseases. Among these antioxidants, 

curcumin has been well-valued for its scavenging activities of many ROS such as 

superoxide anion radicals, hydroxyl radicals and nitrogen dioxide radicals
17, 19

.  

Due to its neuroprotective activities, evidence suggests that the dietary 

supplementation of curcumin can be beneficial in Alzheimer's disease
25-28

. In a rat 

model of cerebral ischemia, curcumin showed high level of neuroprotection as it 

inhibited lipid peroxidation and ROS generation, and enhanced the body‘s antioxidant 
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defense mechanisms
5,30

. Furthermore, Curcumin is endowed by numerous protective 

functionalities against oxidative associated liver diseases. It exerts notable protective 

and therapeutic activities that ameliorate cellular responses to oxidative stress, scavenge 

free radicals via its phenol, β-diketone and methoxy groups
31

.  

 

c. Antitumor and chemoprotective effects  

A vast array of animal and cell culture studies have revealed the potency of 

curcumin in preventing carcinogenesis at different stages: promotion, growth, 

angiogenesis, and metastasis (see Figure 2). Curcumin has been widely valued for its 

ability to suppress the tumorigenesis of many carcinogens in the colon, duodenum, 

esophagus, head and neck, stomach, liver, breast, prostate, and leukemia
32

. 

 

 

Figure 2. Stages in tumor progression inhibited by curcumin. 

Curcumin has been shown to possess anti-tumor activities through affecting 

several biological pathways that play roles in mutagenesis, cell proliferation, tumor 
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progression, angiogenesis and metastasis
33

. It inhibits the expression of a variety of 

growth factors and oncogenes while it activates many tumor suppressor genes. 

Curcumin has been found to be a potential candidate that exerts selective toxicity and 

therapeutic activities against head and neck cancer – the sixth most common cancer 

worldwide
34

.  

In animal models, numerous studies have evaluated curcumin‘s efficacy 

against various cancers. In mice, curcumin inhibited 7,12-dimethylbenz[a]anthracene 

and 12-O-tetradecanoylphorbol-13-acetateinduced skin cancer
35

. Besides, it has shown 

potent suppressive activities against mammary tumors
36

. Other studies have shown the 

antitumor effects of curcumin in Wistar rats with hepatic cancer mainly through 

preventing the decrease of hepatic antioxidant defense mechanisms and suppressing 

lipid peroxidation
37,38

. Moreover, curcumin has been reported to exert chemopreventive 

effects against the N-methyl-N-nitro-N-nitrosoguanidine-induced stomach 

carcinogenesis; this effect was mediated through the suppression of Helicobacter pylori 

which is implicated in stomach cancers
39

. Furthermore, other studies have shown that 

curcumin can induce apoptosis and suppress angiogenesis in head and neck cancer, 

prostate cancer, and pancreatic cancer in rodent models of carcinogenesis
34

. 

In vitro studies have shown that curcumin inhibits the proliferation of an 

extremely wide set of cancer cell types. This set includes cell lines from bladder, breast, 

lung, pancreatic, prostate, ovarian, cervical, head and neck, brain, and kidney cancers
40

. 

Besides, in androgen-dependent and independent prostate cancer cell lines, curcumin 

has been shown to suppress tumor proliferation, and to induce apoptosis and cell cycle 

arrest at G2/M phase. In addition, the application of curcumin to human gastric cancer 

MGC-803 cell line resulted in significant suppression of cell proliferation accompanied 



 

 

 

10 

by cell cycle arrest and apoptosis. Mechanistically, such potent antitumor activities of 

curcumin are achieved through its blockage of ROS production and oncogenic 

pathways, and activation of apoptotic and tumor suppressor pathways
41,42

. 

 

d. Curcumin against colorectal cancer 

Globally, colorectal cancer (CRC) is the third common cancer
43

. Since several 

epidemiological studies attributed the low incidence rates of CRC in India to the 

antitumor and antioxidant properties of curcumin-enriched diets, curcumin received a 

great attention from researchers all over the world. Due to being more bioavailable in 

the gastrointestinal tract than other organs, curcumin became a well-documented 

molecule that potentially treats many functional and organic gastrointestinal diseases 

including inflammatory bowel diseases, colorectal cancer and hepatic fibrosis
44

. 

 

i. In vitro 

Curcumin has been widely proven as a potent therapeutic agent against various 

colorectal cancer cell lines. Such antitumor activities are mechanistically due to the 

ability of curcumin to interact with various target molecules that play key roles in 

colorectal carcinogenesis. For instance, curcumin has been reported to induce cell cycle 

arrest at the S and G2/M phases in LoVo cells (colon adenocarcinoma cell line). Also, 

curcumin has been shown to downregulate the driver pathway of colorectal 

carcinogenesis – the Wnt signaling, leading to reduced cell proliferation in HCT-116 

cells. Besides suppressing the Wnt signaling pathway, curcumin induces apoptosis 

through activating the Fas signaling and reducing the formation of DNA adducts in 

different human colorectal cell lines. During the apoptotic process that is induced by 
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curcumin, cell shrinkage, chromatin condensation and DNA fragmentation in colorectal 

cancer cells such as HT-29 and HCT-116 cells, occur
45

.  

Moreover, several studies have shown that curcumin, alone or combined to 

chemotherapeutic drugs such as 5-Fluorouracil or celecoxib, downmodulates COX-2 

expression and thus inhibit prostaglandin synthesis in colorectal cancer cell lines. In 

cancer cells, COX-2 promotes tumor development, inhibits apoptosis and facilitates 

metastasis; therefore, it has emerged as a novel target for studying the chemopreventive 

efficacy of many agents
46

.  

 

ii. In vivo 

Several in vivo studies have proven the chemopreventive and antitumor 

efficacy of curcumin against colorectal cancer. Wargovich et al. showed that curcumin 

is a powerful chemopreventive agent against azoxymethane (AOM) induced aberrant 

crypt foci (ACF) in the colon of F344 rat model
48

. Similarly, curcumin showed 

antitumor activities during promotion and progression stages of CRC in different 

carcinogen-induced colonic tumors in rats
49,50

. Away from chemically induced CRC 

models, other studies investigated the chemopreventive ability of curcumin in 

C57BL/6J-Min/+ (Min/+) mice that possess a germline mutation in the Apc tumor 

suppressor gene and spontaneously develop many colorectal adenomas. The results 

obtained in these studies showed that curcumin induces apoptosis, inhibits COX-2 

expression and reduces cell proliferation
51,52

. 
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iii. Main activities and targets of curcumin 

The molecular basis of the above-mentioned anti-tumor and chemopreventive 

bioactivities of curcumin are imputed to its activities on various target molecules and 

regulators that play roles in transcription, growth and angiogenesis, adhesion, apoptosis, 

and cellular signaling
45

. Table 1 summarizes the general activity and mechanisms 

involved in the tumor preventive activity of curcumin.    

 

Table 1. Summary of main activities of curcumin. 

General Activity 

          *Chemosensitizing activity of curcumin 

          *Radiosensitization and radioprotection 

          *Chemopreventive, chemotherapeutic 

          *Inhibition of angeiogenesis and metastasis 

          *Immunologic modulation 

Mechanism 

          *Inhibition of NF-κB 

          *Downstream of NF-ΚB: Inhibition of cyclin D1 

          *Downstream of NF-ΚB: Inhibition of COX-2 

          *Downstream of NF-ΚB: Inhibition of Bcl-2 and Bcl-XL 

          *Inhibition of cytokines inhibits the pro-survival kinase Akt 

          *Effects of curcumin on tumor suppressor p53 

          *Induction of Phase II enzymes 

          *Modulation of growth factors and their signaling pathways 

          *Inhibition of STAT3 activation by curcumin 

          *Effect of curcumin on mitogen-activated protein kinases 

 

 

 



 

 

 

13 

iv. Clinical trials 

Research has gone further where the pharmacodynamic and pharmacokinetic 

effects of oral curcumin uptake in patients with CRC were assessed. In a study 

involving fifteen patients with advanced CRC refractory to conventional chemotherapy, 

their uptake of curcumin on daily basis over 4 months revealed no toxicity accompanied 

with dose dependent inhibition of COX-2 activity. Accordingly, these findings 

implicated the efficacy of curcumin in the management of advanced colorectal cancer
53

. 

Another study, in patients with advanced CRC, reported that a daily consumption of 3 g 

curcumin causes around 55 to 60 % reductions in inducible prostaglandin production in 

different blood samples taken on the first and 29
th
 day, respectively

47
.  

Moreover, a pilot trial, including twelve patients with hepatic metastases from 

CRC who received 450–3600 mg of curcumin daily over 1 week before undergoing 

surgery, showed that curcumin was found to be sufficiently concentrated in the hepatic 

tissue to trigger a pharmacological activity. Also, it is deduced that a daily dose of 3.6 

grams of curcumin is safe and pharmacologically efficient to reach the colorectal tissues 

and exert antioxidative changes commensurate with long-term chemopreventive 

benefits
54

. Furthermore, a case report by Braumann et al. showed that combining 

oxaliplatin, 5-Fluorouracil and leucovorin, to a 5 g daily dose of curcumin, administered 

to an old woman (age: 75 years) with advanced CRC metastasized to the liver over 5 

months, led to partial remission with no side effects
55

. Another recent study showed that 

capsulated curcumin administration (360 mg/3 days per week; over 1 month) to CRC 

patients after their diagnosis and prior to surgery, decreased serum tumor necrosis factor 

alpha (TNF-α) levels, increased apoptotic cells, and enhanced p53 expression in tumor 

tissue
56

. 
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3. Structural and chemical properties 

Curcumin is a diaryl heptanoid composed of two aromatic rings linked by a 

chain of seven carbons. Curcumin‘s chemical name is 1,7-bis(4-hydroxy-3-

methoxyphenyl)-1,6-heptadiene-3,5-dione
57

. It has several functionally active groups: 

two o-methoxy phenolic groups, two enone moieties and a keto-enol moiety (see Figure 

3). Its molecular formula is C21H20O6, and it has a molecular weight of 368.38 Daltons. 

It is a lipophilic polyphenol that is insoluble in water but soluble in organic solvents 

such as ethanol and acetone. It is also insoluble at acidic and neutral pH but highly 

soluble at alkali or extremely acidic medium
58,59

. 

 

 

       Figure 3. Chemical structures of the three major natural curcuminoids. 

 

Curcumin is a bis-α,β-unsaturated β-diketone where its structure shows a 

ketoenol tautomerism and a cis-trans isomerism that depend on the solution‘s acidic 

state
60

. At acidic and neutral pH as well as in the cells, the dominant form is the keto-

form. At such pHs, curcumin potentially donates H-atom because its keto-form contains 

a highly active Carbon atom in its heptadienone linkage between the two 

methoxyphenol rings. This carbon has very weak C–H bonds since the unpaired 

electrons on the adjacent oxygens are delocalized as shown in Figure 4. On the other 

hand, at alkali pH the enol-form predominates where curcumin donates electrons in a 
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mechanism that reflects its antioxidant scavenging activities. The resonance-assisted 

hydrogen bonding in the enol-form of curcumin stabilizes its structure
61,62

. 

 

 

Figure 4. Tautomerism of curcumin under different physiological states. In acidic and 

neutral media, the bis-keto form (top) dominates, while the enol-form exists at pH > 8.   

 

 

The anti-inflammatory and antioxidant properties of curcumin are attributed to 

the presence of enolic center and two phenolic groups separated by a hydrophobic 

bridge. These hydrophobic and hydrophilic features facilitate the penetration of 

curcumin into the blood-brain barrier which have been proven by density functional and 

Møller-Plesset perturbation (MP2) computations. More importantly, the enolic form 

was shown to be the most favored form with the ideal antioxidant properties including 

its binding ability to human proteins such as amyloid β that is involved in Alzheimer‘s 

disease
63

. 
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4. Photophysical properties of curcumin 

Curcumin has been shown to possess anti-oxidant properties that are 

contributed to its potent H-atom donating ability. Several studies have revealed that 

curcumin, in its enolic form, undergoes Excited State Intramolecular Hydrogen Transfer 

(ESIHT) that in turn plays crucial roles in the antioxidant bioactivities of curcumin. 

ESIHT is a state occurring in molecules with a hydrogen donor group such as: OH and 

NH2 as well as a hydrogen acceptor group such as: N and carbonyl. Besides, the ground 

state of these groups is connected through an intramolecular hydrogen bonding, and 

their exposure to light induces ESIHT. In this case, the hydrogen atom that is covalently 

linked to hydroxyl oxygen (in the ground state) undergoes migration to the carbonyl 

oxygen in the (excited state)
64,65

. 

ESIHT has aroused remarkable interests in the in-depth understanding of 

several biochemical intrinsic mechanisms. The unimolecular basis of ESIHT allows for 

its use as a model that represents catalytic reactivity and explains medicinal 

bioactivities
66

. Several computational studies explained the ESIHT of conjugated 

curcumin and showed that in the large conjugated systems, low reaction barrier in the 

ground state but high barrier in the excited state are exhibited
67

. 

ESIHT is one of the kinetic processes that affect the molecular environment of 

a fluorophore. Time resolved fluorescence measurements such as fluorescence 

spectroscopy has been widely used in studying of the structure and dynamics of many 

fluorophores including curcumin
68

. Several Synchronous fluorescence spectroscopic 

studies by Patra et al. assessed the absorption and fluorescence spectra of curcumin 

using in thirteen different solvents
68,69

.  These methods were shown to be sensitive, 

simple, easy and fast in investigating solvent/solute interactions as well as 
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general/specific solvent effects
69

. Moreover, fluorescence temperature sensing has been 

used to assess the impact of pH on curcumin where results showed that in acidic, neutral 

and slightly alkaline media curcumin underwent ESHT emitted from enol form
70

. 

Material research is focusing on the photoluminescence and fluorescence spectroscopic 

methods to achieve favorable physicochemical behaviors that can be applied for 

imaging and sensing purposes
71

. 

 

5. Stability of curcumin 

a. Aqueous stability 

In aqueous media, curcumin‘s stability is pH-dependent, and this stability is 

commonly proven by the color change of curcumin at different pH values. For example, 

at very low pH (<1), the color of curcumin in solution is red due to the predomination of 

its protonated form. At a pH range from 1 to 7, curcumin exhibits a yellow color where 

its molecules being in their neutral form. At pH values > 7.5, curcumin becomes orange 

in color. Moreover, according to the used buffer system, curcumin tends to do 

complexes with borate, citrate, and phthalate; however, it is inert with potassium 

chloride (KCl), potassium dihydrogen phosphate (KH2PO4), and sodium bicarbonate 

(NaHCO3) 
58, 72

. 

Kinetic degradation of curcumin was studied under different buffer systems at 

different pH values. Results showed that at neutral pH, curcumin appears to be unstable 

where it hydrolyzes into smaller products. In phosphate buffer of pH 7.4, it has been 

proposed that curcumin undergoes degradation within 30 minutes. As pH increases, the 

rate of curcumin‘s degradation increases as well. The three most important degradation 

products of curcumin are: vanillin, ferulic acid (FA) and ferulic aldehyde (see Figure 
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5). Of these, vanillin was the major product. In other biological buffers such as 0.1 M 

phosphate buffer or serum-free medium of neutral pH, curcumin undergoes rapid 

degradation over a period of 3 hours. Similarly, the degradation products were vanillin, 

FA, and feruloylmethane (see Figure 5) 
73

. 

 

 

 

 

Figure 5. Curcumin‘s degradation products. (A) vanillin, (B) ferulic acid, (C) 

feruloylmethane, (D) vanillic acid, and (E) ferulic aldehyde. 

 

 

In addition, in phosphate buffered saline of neutral pH, upon adding human 

serum albumin, the rate of curcumin‘s degradation was significantly slowed down. 

Similar to albumin, in the presence of surfactants, cell culture media and biological 

fluids, curcumin‘s degradation is inhibited. For example, in human blood, the rate of 

curcumin‘s degradation is relatively very slow; only 20% of curcumin is degraded 

within 1 hour 
57,58

.  

 

b. Spectral and photophysical stability  

Due to its relatively low solubility in aqueous media, several studies have 

focused on curcumin‘s stability in other organic solvents. Curcumin possesses optical 

absorption at 408-430 nm, in different solvent; while at its excited state, the emission 
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maximum ranges from 460 to 560 nm. Many studies revealed that as the pH of the 

solution becomes more acidic, the rate of curcumin‘s fluorescence-decay increases. 

Similarly, this rate increases in more polar solvents. For example, the flourescence-

decay spectra of curcumin and its products was found to be much higher in methanol 

than that in hexane 
74

. Time-dependent density functional theory (TD-DFT) is one of the 

major methods used to provide reliable absorption spectra of curcumin
75,76

. 

Moreover, a study by Chignell et al. showed that curcumin strongly fluoresces 

in toluene 
77

. Curcumin‘s absorption spectra, that has been drawn-out in various 

solvents, is presented in Figure 6. In each solvent, a strong intense absorption band is 

observed between wavelengths of 300 and 500 nm. A large shift of the absorption 

maxima is clear in solvents of high polarity. It was also shown that the intensity of 

curcumin‘s fluorescence was highly sensitive to the solvent‘s nature. As shown in 

Figure 6B, the fluorescence spectra of curcumin in different solvents. The maximum of 

the fluorescence spectra (at 560 nm) was observed in methanol, which acts as hydrogen 

bond–donating and accepting solvent. The fluorescence spectral width of curcumin 

increases with high polarity as well as hydrogen bond–donating or accepting potential 

of the solvent
64, 77

. 
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Figure 6. (A) Ground-state absorption spectra and (B) Normalized fluorescence spectra 

of curcumin in cyclohexane (· · · · · ·), benzene (– – –), acetonitrile (—), methanol (· – · 

–) and TX-100 (
……….

) due to excitation at 355 nm. 

 

 

c. Photochemical stability 

An in-depth study has reported the photodegradation products of curcumin in 

isopropanol medium. Upon dissolving curcumin in isopropanol and exposing it to light 

(λ 400–510 nm) over four hours, the degradation products were determined through 

TLC, mass spectrometry (MS) and nuclear magnetic resonance (NMR). The main 

degradation product of curcumin was identified as: C12H18O6. This product was also 

characterized by a mass spectrum exhibiting a molecular ion at m/e¼366, which 

indicates the removal of two hydrogen atoms from the structure. Moreover, this product 

was suggested to be resulted from a cyclization process induced by light irradiation and 

detected within 15 minutes of irradiation. Furthermore, other minor degradation 

products of curcumin were identified as vanillin, vanillic acid (VA), FA, and 

vinylguaiacol
78

. 

Another study showed that curcumin‘s exposure to methanolic or ethanolic 

solutions, over a long period of 5 days in the presence of sunlight, caused its 

degradation. Such degradation resulted in many products including vanillin, 

hydroxybenzaldehyde, ferulic aldehyde, hydroxybenzoic acid, VA, and FA. Also, it has 
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been revealed that the dried form of curcumin was relatively more stable against the 

exposure of sunlight exposure, than in suspended form 
79

. 

Several studies tackled examining the stability of curcumin against light of 

different wavelengths in various solvents: methanol, chloroform, ethyl acetate, and 

acetonitrile. The light wavelengths ranged from 400 to 750 nm and from 240 to 600 nm. 

In these media, the photodegradation of curcumin followed the first-order kinetics. 

Curcumin‘s half-life in these solutions followed this series of stability: ―methanol>ethyl 

acetate>chloroform>acetonitrile‖. On the other hand, upon drying curcumin‘s solution 

in each tested solvent, curcumin‘s half-life apparently followed the second-order 

kinetics. the stability series being with this order: ―acetonitrile>chloroform>ethyl 

acetate>methanol‖. Additionally, it was highly recommended to use brown glass for 

storing curcumin as it transmits light of wavelengths only above 500 nm. At such 

wavelengths, curcumin has no absorption 
57, 73

. 

 

d. Thermal stability 

Regarding its thermal stability, curcumin has been shown to be stable up to 

70°C for 10 minutes. Above 70°C, curcumin begins degrading, and at 100°C, its rate of 

decomposition increases as its absorbance decreases. Besides, curcumin‘s boiling for 

15-20 min led to the partial loss of curcumin by 27% and 32%, respectively. It has been 

also shown that turmeric processing in a pressure cooker for 10 min at 15 psi, caused 

the loss of 53% of curcumin 
57

. 
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6. Bioavailability problems 

Several clinical studies reported the safety of curcumin consumption, but 

unfortunately it has low bioavailability that limits its therapeutic efficacy. During its 

rapid metabolism, curcumin is highly conjugated through glucoronidation and sulfation 

which make it poorly absorbed, and thus its free levels in plasma and tissues become 

very low
79

. Many studied, in animals and humans, have shown that curcumin possesses 

several bioavailability problems such as: low levels in serum, limited distribution to 

tissues, excessive metabolism in the liver and intestine as well as short half-life. A dose 

of 3.6g of curcumin per day showed to release only 11.1 ng/mL into the blood
80

. Such 

bioavailability problems limit both the concentrations of curcumin in the gastrointestinal 

tract and the bioactivities including its antitumor potential
81

.  

 

7. Recent advances 

Various strategies have been devised to overcome the low bioavailability of 

curcumin. These promising strategies include the following curcumin formulations: 

adjuvants, nanoparticles, liposome, micelle and phospholipid complexes, metal 

complexes, and derivatives and analogues 
82

. 

 

a. Adjuvants 

Curcumin‘s complexation with piperine (see Figure 7), an inhibitor of 

glucuronidation, was administered to rats and humans aiming to increase the 

bioavailability of curcumin. Unfortunately, piperine was found to be toxic in animals 

and the levels of curcumin in plasma increased for a short time. However, studies in 

humans showed that piperine combination to curcumin increases curcumin‘s 
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bioavailability. The presence of piperine doubled curcumin‘s absorption and elevated its 

tissue-uptake 
2
. Similarly, combining well-documented antitumor bioactive compounds 

such as: quercetin, EGCG (epigallocatechin-3-gallate), and genistein to curcumin 

enhanced curcumin‘s bioavailability and uptake in tissues 
83

. 

 

 

Figure 7. Structural formula of piperine. 

 

b. Nanoparticles  

Lately, the application of nanotechnology to targeted systems of drug delivery 

became one of the notable solutions to many bioavailability problems of therapeutics. It 

is especially appropriate for hydrophobic agents with poor aqueous solubility such as 

curcumin. Over the recent years, many forms of curcumin nanoparticles have been 

studied. Some examples include poly(butylcyanocrylate) (PBCA) nanoparticles, 

poly(lactide-co-glycolide) (PLGA) nanoparticles, chitosan (CS) nanoparticles, albumin 

nanoparticles, and solid lipid nanoparticles (SLN) 
2, 84

. Advances in nanotechnology-

based delivery systems for curcumin are more discussed in part B.5. 

 

c. Liposomes, micelles and phospholipid complexes 

Liposomes are outstanding drug delivery systems. They deliver hydrophilic 

and hydrophobic agents. Liposomal curcumin has been shown to exert antitumor 
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activities against human pancreatic carcinoma cells and colorectal cancer (Colo205) 

cells. Its antitumor activities included growth-inhibitory, apoptotic and antiangiogenic 

effects 
85

. Other in vivo studies have reported a higher bioavailability of liposomal 

curcumin over free curcumin. Moreover, micelles and phospholipid complexes enhance 

the absorption of many drugs by the gastrointestinal tract as well as their plasma levels. 

In rats, the intestinal absorption of micellar curcumin formulation with phospholipid 

increased, and thus enhanced the bioavailability of curcumin. The half-life of curcumin 

increased upon its formulation with polymeric micelles 
86

. Another study revealed a 3-

fold increase in the aqueous solubility of curcumin when complexed with phospholipid; 

it exerted greater hepatoprotective effects compared to free curcumin 
87

.  

 

d. Metal complexes 

Zinc (II) curcumin complexes were shown to have higher stability and 

antitumor activity against in prostate cancer and neuroblastoma cell lines. Similar 

observations were reported for the use of (arene)ruthenium (II) curcumin complexes 

against several cell lines. Other studies showed that cobalt (III) and copper complexes 

of curcumin enhanced its cellular delivery to tumor cells and showed better antitumor 

effects than the parent compound. Moreover, curcumin manganese complexes exerted 

more potent neuroprotective activities than curcumin in vitro and in vivo 
88

. 

 

e. Derivatives and analogues 

The chemical structure of curcumin and its isomerization have greatly 

influenced its antioxidant and antitumor activities. Thus, researchers focused on dealing 

with structural modifications such as using derivatives and analogues, to enhance 
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curcumin‘s bioavailability and biological effects. A curcumin analogue nominated EF-

24 was shown to display higher antitumor activities than curcumin. Besides, different 

curcumin formulations from curcumin derivatives (bisdemethoxycurcumin, 

demethoxycurcumin and tetrahydrocurcumin) showed increased oral absorption and 

enhanced solubility 
80, 89

.     

 

B. Nanotechnology 

1. Nature & uses 

Nanotechnology is commonly defined as a technology that involves structures 

in the nanometer scale, referred to as ―nanoparticles‖ 
90

. Nanoparticles are promising 

drug carriers due to their small size (between 10 and 1000 nm diameter), custom-made 

surface, enhanced solubility, and multi-functional characteristics
91

. In addition, 

nanoparticles allow the transportation, protection, at the site localization, and targeted-

tissue distribution of many drugs. Indeed, these modern characteristics of nanoparticles 

provide insights into enhanced drug loading and delivery, and thus treat various 

devastating diseases including cancer, as well as neurovascular and neurodegenerative 

diseases
92,93

. 

According to the US National Institute of Health, applying nanotechnology in 

treating, diagnosing, monitoring, and controlling diseases has lately been known as 

‗‗nanomedicine‘‘ 
94

. Nanosystems of variable compositions have novel physical and 

biological characteristics that allow their use in ways that overcome the previous 

limitations of conventional drug delivery ways 
90,95

. 

Cancer is a major ‗‗killer‘‘ in modern societies, and its conventional treatment 

methods, including surgery, radiotherapy, and chemotherapy, have many serious side 
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effects on healthy tissues, low cure and high recurrence rates. In this context, 

nanomedicine aims to design therapeutic modalities with higher safety, effectiveness 

and lower side effects
96

. A major advantage of nanosystems is their ability to improve 

the preferential accumulation of antitumor therapeutics in cancer cells. In the field of 

cancer therapy, nanobiotechnology progressed rapidly with promising achievements 
96-

98
. 

 

2. Different types of nanoparticles 

a. Inorganic nanoparticles 

Inorganic nanoparticles are commonly made up of silica and alumina. The 

nanoparticle core may also involve metals, metal oxides and sulfides. In general, 

inorganic nanoparticles may be designed with variable sizes, pores and surface 

compositions that allow them to escape the immune system attacks 
93

. Examples of 

silica nanoparticles involve calcium phosphate-based nanoshells that have a porous 

surface leading to the entrapped molecular payload. Other types include mesoporous 

silica-based nanoparticles which have been proven to potentially deliver different drugs 

such as ibuprofen and some neurotransmitters 
99

. Overall, inorganic nanoparticles are 

characterized by their easily modifiable surfaces that can undergo various chemical 

transformations leading to unique activities. Moreover, they have stability over a broad 

range of temperatures and pHs; however, their long-term administration lacks safety as 

they evade biodegradable processes and have slow dissolution 
100

.   
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b. Solid lipid nanoparticles 

Solid lipid nanoparticles have a solid lipid matrix that solubilizes lipophilic 

molecules and have been designed as more stable alternatives than liposomes. Their 

stability in the biological system is attributed to the rigid core made up of solid lipids – 

at body and room temperature – encapsulated with a phospholipid monolayer. These 

lipid core constituents are also stabilized by a high level of surfactants/emulsifiers 
101

. 

Due to their easy biodegradation, solid lipid nanoparticles are considered as the safest 

nanoparticles compared to the polymer and ceramic-based ones. They have been widely 

used in delivering oral, topical and inhaled drugs 
93

. 

 

c. Liposomes 

Liposomes are spherical bilayered vesicles with a phospholipid membrane that 

provides them with amphiphilic characteristics
102

. They are also characterized by an 

easily modifiable surface and high biocompatibility which in turn increase the 

circulatory half-life of many biomolecules. They may also encapsulate a hydrophilic 

compound in an aqueous core, as well as a hydrophobic compound, associated with the 

phospholipid membrane 
87

. Liposomes are formulated to either adhere to cell 

membranes and deliver drugs payload or deliver their load after being endocytosed. 

Although liposomes received a substantial amount of investigations, they have not 

shown a significant therapeutic impact due to their limited stability 
87, 93

.  

 

d. Nanocrystals 

Nanocrystals are molecules aggregated into a single or poly-crystalline drug 

form. They are surrounded by a layer of surfactant for solubilization. These 
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nanosystems have been extensively applied in chemical and biological research as 

quantum dots
90

. Nanocrystals are mainly formulated from lipophilic compounds while 

their coating is of hydrophilic nature. This hydrophilic coating enhances the 

bioavailability of drugs and avoids the formation of aggregated nanocrystals which in 

turn boosts the delivery of the drug material
101

. An advantage of these nanocrystals is 

their ability to deliver high doses of drugs especially those of low solubility where the 

coating layer can improve their distribution. On the other hand, the formulation methods 

of nanocrystals involve only therapeutic agents that can be crystallized 
103

. 

 

e. Quantum dots 

Quantum Dots are semiconductor nanocrystals. They mainly consist of a 

semiconducting inorganic core and an outer aqueous organic-coated shell ready for 

conjugation. The core can be also made to fluoresce in the presence of light, and the 

conjugation of quantum dots can be customized based on the targeted biomolecules. 

They also consist of a cap that provides them with a high solubility in aqueous media 
90

. 

These systems have been widely applied as sensitive probes to track and monitor 

various intracellular processes, which help in the diagnosis and treatment of many 

diseases. Their therapeutic applications include gene therapy, cancer treatments through 

targeted delivery of drugs, DNA hybridization, and cell labeling
104

. 

 

f. Carbon nanotubes and fullerenes 

A nanotube is a tubular structure made up of hexagonal carbon-based networks 

(1-100 nm length). These networks have the arrangement of graphite sheeths that are 

rolled up into a cylindrical configuration
90, 93

. Common configurations of carbon 
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nanotubes are the single-walled nanotubes (SWNTs), multiple-walled nanotubes 

(MWNTs) and C60 fullerenes. Due to their attractive size, geometrical and surface 

properties, carbon nanotubes are remarkable drug carriers. SWNT and C60 fullerenes 

are of 1 to 2 nm diameter while MWNT have up to ten nm diameter. Carbon nanotubes 

and fullerenes have shown a great potential in tissue-specific deliver of dugs either 

through endocytosis or direct membrane insertion. Several experiments showed that 

fullerenes exert antioxidant and antitumor activities
105

. 

 

g. Dendrimers  

Dendrimers are highly branched tree-like nanoparticles. They are designed 

from monomers, and their branching size depends on a controlled number of 

branchings. Through polymerization, many branches extend from the core resulting in a 

sphere with many cavities to entrap the therapeutic molecules. The free ends of the 

branches may conjugate or attach to other molecules depending on their way of 

customization
106

. Dendrimers are promising drug carriers as they are characterized by 

easily functionalized surface, stability, biocompatibility, and easy incorporation 

methods of drugs of interest. These nanosystems have been applied in chemotherapy, 

gene therapy and transfer and as contrast agents for imaging. Disadvantages include 

toxicity profile where some cationic dendrimers were shown to cause cell lysis and 

membrane instability
107

.  

 

h. Polymeric nanoparticles and nanocapasules 

The degradable and biologically compatible characteristics of polymeric 

nanoparticles make them the most preferred method for drug delivery. These colloidal 
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carrier systems have a modifiable surface that can undergo many biochemical 

transformations. Hence, they are excellent regarding their controllable pharmacokinetics 

and their ability to entrap and deliver a vast array of therapeutic drugs
108,109

. Commonly 

used polymeric nanoparticles involve those created from gelatin, chitosan, poly (L-

glycolide) [PLG], poly(D,L lactide), poly (lactic acid) [PLA], poly(lactide-co-glycolide) 

[PLGA], and poly-cyanoacrylate [PCA] 
110

. In addition, the distribution of nanoparticles 

can be enhanced through functionalizing different polymer coatings. For instance, the 

covalent linkage of the polymer polyethylene glycol (PEG) onto the surface of 

nanoparticles has been found to decrease immune responses especially phagocytosis of 

nanoparticles thus increasing the availability of drugs in tissues
101

. 

The US Food and Drug Administration (FDA) has recently approved the usage 

of polymer-based nanoparticles in humans. They have been designed to encapsulate 

different therapeutic drugs, and it has been proven that their application in gene therapy 

against breast cancer cells resulted in antiproliferative effects. Indeed, the 

biocompatibility and biodegradation properties of polymer-based nanoparticles are 

interesting especially with formulations that necessitate appropriate dosing, in contrast 

to inorganic nanoparticles
111

.  

Nanocapsules are polymeric nanoparticles comprising a thin polymeric outer 

protective wall of a surfactant or a phospholipid, and an inner oily core. They are 

hollow structures and their size ranges from 10 to 1000 nm. Their well-defined shell and 

core distinguish them from other nanosystems. Polymeric nanocapsules are colloidal 

drug delivery systems that have acquired great attention within the past three decades 

since they enhance the potency of therapeutic drugs and decrease the risk of side 

effects
112

. Such systems have proven an increased efficiency of their loaded bioactive 
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substances compared to their free form. The basis of using colloidal nanocapsules 

involve: efficient drug encapsulation, targeted drug delivery to specific body organ or 

tissue and controlled drug release at these sites
113

.  

Moreover, polymer-based drug delivery systems display the following 

benefits
114

: 

 ability to incorporate poorly-water soluble molecules 

 control of drug accumulation in different organs and tissues depending 

on particle size 

 substantial decrease in the amount of drug needed to trigger treatment 

 

3. Different types of curcumin nanoparticles 

Over the past decade, a great progress has been shown in the use of curcumin 

drug delivery nanosystems especially in the form of curcumin liposomes, nanocapsules, 

microemulsions, cyclodextrin inclusions, solid dispersions, and nanotubes
82,115,116

. 

Curcumin polymeric nanoparticles that are made up of butylcyanoacrylate, a common 

medical cyanoacrylate glue used clinically, showed a great potential in treating b-

amyloid-induced cytotoxicity in Alzheimer‘s disease
84

. Another study by Mars et al. 

showed that curcumin-graphene quantum dots were promising effects against 

Apolipoprotein E (ApoE) that plays major roles in Alzheimer's disease
117

. Other 

curcumin-loaded biodegradable polymers include curcumin-chitosan-PNVCL 

nanoformulations which showed anticancer effects against MCF 7 (human breast cancer 

cell line), KB (oral cancer cell line), and L929 (mouse fibroblast cell line) cells
118

. 

Moreover, the use of curcumin loaded dextran sulphate–chitosan nanoparticles showed 
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preferential apoptotic effects of curcumin against cancer cells without targeting normal 

cells
119

.  

A study by Gangwar et al. showed that curcumin conjugation with silica 

nanoparticles improved the bioavailability and anticancer properties of curcumin against 

HeLa and fibroblast cell lines 
120

. Curcumin gold nanoparticles showed enhanced 

targeted drug delivery onto cancer cells resulting in significant cellular uptake, 

internalization of curcumin and cytotoxic effects compared to free curcumin
121

. Solid 

lipid nanoparticles incorporating curcuminoids were applied in in vivo studies for 

treating inflammatory reactions, especially for radiodermitis 
122

. The application of 

curcumin nanotechnology-based formulations in cancer prevention and therapy showed 

promising results against brain, prostate, pancreatic, breast and colorectal cancers 
123,124

. 

Curcumin nanoparticles led to improved physicochemical properties of curcumin. They 

effectively enhanced curcumin's antioxidant and antihepatoma activities
125

. 

Formulations involving the complex conjugation of curcumin with bovine casein 

micelles (CMs) showed significant cytotoxicity against HeLa cells in vitro 
126

. 

 

C. Polymeric nanocapsules        

Polymeric nanocapsules have been widely used in the medical and 

pharmaceutical domains where such application requires the used polymers to have 

some characteristics such as
127,128

: 

 being biocompatible and biodegradable 

 being of high molecular weight in order to circulate in blood over a period of 

time 
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 containing functional groups (-OH, -NH2, -CHO, -COOH) that are required for 

polymer-drug conjugations and surface alterations 

 being commercially available, easily designed and cheap 

 being easily administered 

To formulate a polymeric nanocapsule with the above-mentioned requirements, 

several properties must be taken into consideration.  

 

1. Properties 

The size, surface and drug loading into polymeric nanocapsules are easily 

customized properties of these systems. Such customizations provide exact defined 

physical, optical, magnetic and biochemical properties that in turn easily serve specified 

functions.   

 

a. Particle size  

It is a major property of nanocapsules as it reflects how the drug will be 

distributed in vivo as well as its capacity to target the biological system. It is also 

important to determine the nanocapsule size since it influences the desired capacity, 

releasing dosage, time relapse if action, and stability of the drug payload
129

. When the 

particle size is small, high surface area is created which also allows the instant release of 

drugs. However, when the particle size is large, the core of the nanocapsule is large 

enough to cause a gradual outward diffusion of the drug
130

. Moreover, particle size 

plays a crucial role in affecting the degradation of the polymer. For instance, as the 

particle size of PLGA nanocapsules increased, the rate of its degradation was higher in 

vivo. Some techniques that can be used to assess polymeric nanocapsules include 
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dynamic light scattering (DLS), X-ray diffraction (XRD), transmission electron 

microscopy (TEM), and scanning electron microscopy (SEM)
131

.  

 

b. Surface properties 

Creating an optimum nanocapsule requires manipulating specific surface 

properties that involve the incorporation of targeting ligands, as well as controlling 

surface curvature and reactivity
111

. Also, it is crucial to customize the surface properties 

of nanocapsules in a way that limits their opsonization by the immune system, increases 

their circulatory period, prevents their aggregation, and ensures their stability and 

receptor binding
111,132

. To achieve this, the addition of hydrophilic polymeric coatings 

or surfactants can be applied. Besides, formulating nanocapsules with biodegradable 

copolymers of polyethylene glycol (PEG), polyethylene oxide (PEO) or polysaccharides 

such as chitosan and dextran can increase the therapeutic drug's bioavailability
132

. To 

characterize the surface charge of nanocapules, zeta potential can be determined
108

. 

 

c. Drug loading and drug release 

Although the size and surface properties have been shown to ensure 

bioavailability, diminish clearance, and enhance stability; however, it would not be 

significance if this practice cannot release its drug content
133

. Therefore, it is crucial to 

study factors that regulate the release of drug from the nanocapsule matrix such as pH, 

temperature, solubility, desorption of the surface-bound or adsorbed drug, diffusion 

through the matrix, swelling or erosion of the matrix. Based on the type of nanocapsule, 

the release of drug differs
134

. Nanocapsules are considered heterogeneous systems that 

encapsulate a drug inside the reservoir that is made up of the polymer
113

. In such 
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systems, the release of the drug is controlled by how the drug diffuses through the 

polymeric layer. Thus, drug diffusibility through the polymer is the major factor 

responsible for its targeted delivery. The presence of ionic interactions between the drug 

and polymer will causes the formation of complexes that may not allow the release of 

drug from its capsule. To avoid such complexes, supplementary agents such as PEO 

may be added to allow for better release of drug to target tissues. Similarly, various 

water-soluble carriers were studied in order to enhance the dissolution of poorly soluble 

drugs, for example, the release of rofecoxib was enhanced with the use of diverse 

carriers such as PEG, polyglycolized fatty acid ester, polyvinylpyrollidone K25 (PVP), 

mannitol, sorbitol, citric acid, urea, and nicotinamide
135

.  

 

i. Drug release systems 

In general, there are several drug release systems from polymeric 

nanocapsules
127,136

: 

- Diffusion-controlled systems: drug release takes place after either desorption 

of the surface-bound drug or diffusion of the drug from inner part of the particles. In 

such systems, the release rate of drug is dependent on the wall thickness, porosity, and 

the drug concentration. 

- Chemically/Erosion controlled systems: These systems involve a 

biodegradable capsule. Drug is released after the degradation of the polymer itself or 

after polymer-drug bond breaking. 

- Responsive drug delivery systems: also called membrane-controlled 

reservoir systems. Drug release happens through diffusion of the drug into a responsive 

shell that has a controlled pH, temperature, ionic strength, magnetic or ultrasonic 
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properties. In such systems, the drug is released after the application of an external 

trigger that enhances the diffusion rate of drug through the shell.  

- Solvent-activated systems: These systems may involve an osmotically-

controlled delivery nanocapsule that has a semipermeable shell. This shell allows the 

movement of water into the capsule and the drug will only be released after the creation 

of an osmotic pressure.  

 

ii. Methods of assessing drug release profiles 

Experimentally, different apparatuses have been developed in order to assess 

the in vitro release profiles of drugs from their nanocapsules. As such, the drug release 

profile can be assess using sample and separate, continuous flow or dialysis membrane 

methods
137

.  

- Sample and Separate: This widely used method is based on introducing the 

nanoparticle into a vessel containing a selected release medium/buffer at a specific 

temperature. The released drug is assessed after physically separating the release 

medium from the nanocapsules. The most commonly used physical separation method 

is centrifugation. Once separated, drug release is examined by sampling either the 

release medium (supernatant) or the nanocapsules at selected intervals of time. Then, 

another amount of release medium/buffer is added to the nanocapsules, in a step known 

as buffer replacement, by which the sampling is repeated over the entire duration of the 

study (see Figure 8A). This method is a direct, simple, efficient, and practical approach 

of monitoring the in vitro drug release profiles of nanocapsulated dosage forms
137,138

.  
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- Continuous Flow: This method relies on the use of USP apparatus (flow-

through cell holding the sample, pump and water bath) that ensures the constant 

circulation of a release medium/buffer through a column that contains immobilized 

nanocapsules. Drug release profile is assessed by the collection of eluents at specific 

periods of time. Only few examples of this method have been documented for 

nanocapsules release profiles in the literature (see Figure 8B). This method suffers from 

low flow rates and thus slow and partial release of drugs, high instrumental costs, 

complicated set-ups, and clogging of filters that lead to variations in the obtained 

results
137,138

.  

 

- Dialysis Membrane: This method depends on the physical separation of 

drugs using a dialysis membrane/bag and over selected periods of time. In this method, 

nanocapsules are introduced into a dialysis bag, that contains the release medium/buffer. 

The bag is then sealed and moved into a large container that contains a significantly 

larger volume of release medium than that inside the bag. Sampling from the outer 

compartment is subsequently performed (see Figure 8C)
138,139

. 

This method is easy and straightforward. It is applied on different nano-sized 

forms such as nanocapsules, liposomes, emulsions, and suspensions. However, 

drawbacks of this method include (1) the leakage of media from the two ends of the 

dialysis bag that occur in cases of improper sealing, (2) slow equilibration with outer 

media does not allow for precise analysis of initial drug amounts in forms of high burst 

release, and (2) being incompatible for some drugs that may bind to the dialysis bag
138

. 
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Figure 8. Basic methods of in vitro drug release assessments. A sample and separate 

method, B continuous flow method and C dialysis method.  

 

iii. Drug release kinetic models 

There are different kinetic models on drug release from controlled drug 

delivery systems.  

- Zero order kinetic model: Based on pharmacokinetic principles, the slow 

dissolution of drugs from their dosage form can be represented by this equation: 

Qt=Q0 +K0t 

Where: Qt is the amount of drug released at time t 

Q0 is the initial amount of drug at time t=0 

K0 is the zero-order rate constant (concentration/time). 

Zero order kinetics explains the profile of constant drug release from its 

delivery system. It shows that the level of drug remains constant throughout the delivery 

process
136

. 
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- First order kinetic model: The release of drug that follows first order 

kinetics is represented by the following equation: 

log C=log C0-K1t/2.303 

Where: C0 is the initial concentration of the drug, 

C is the percent of drug remaining at time t. 

K1 is the first order rate constant, expressed in time
-1

 or per hour 

In this model, the rate is directly proportional to the amount of drug that 

underwent the reaction. It is commonly used to describe the absorption and/or 

elimination of drugs 
133

. 

 

- Higuchi model: This is the first mathematical model that was proposed bu 

Higuchi in 1961, aiming to explain the process of drug release from a matrix system
140

. 

Higuchi equation is a prominent kinetic equation, also known as the most commonly 

used controlled-release equation
133

. It can be represented in the following form: 

 

Where: KH is the Higuchi dissolution constant. 

 

It should be noted that a few hypotheses are made in this Higuchi model: 

(i) the initial drug concentration in the matrix is much higher than drug‘s solubility 

(ii) Perfect sink conditions are attained in the release system 

(iii) The diffusivity of the drug is constant and in one dimension 

(iv) polymer swelling is negligible  

(v) the size of drug particles is smaller than the system thickness 
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2. Applications 

Nanocapsules are smart drugs by which they have a specified binding to 

selective receptors. This characteristic allows for the use of nanocapsules in targeting 

cancer cells for instance
90

. Other advantages of nanocapsule pharmaceutical usage 

include their ability to load high doses and low volumes of drugs, long retention, rapid 

absorption, high compatibility, safety and bioavailability of drugs. Nanocapsules have 

been applied in food science and agriculture, genetic and chemical engineering
93

.  

Creating polymeric nanoparticles and nanocapsules is of great importance in 

treating diseases that involve thorough and long-term therapies with drugs at high 

doses
141

. The limitations of chemotherapy in treating cancer and other diseases such as 

tuberculosis include their unfavorable side effects, low treatment efficacy and high 

recurrence rates. Nowadays, the use of nanocapsules - on the basis of well-documented 

biocompatible polymers - for targeted drug delivery is being applied in the treatment of 

several tumors
142

.   

 

3. Preparation of different nanocapsules for drug delivery 

Choosing the appropriate method of preparation of nanocapsules depends 

mainly on the goal, advantage, and properties of both the entrapped drug and the used 

polymeric material
112

. Several methods of synthesizing nanocapsules include emulsion 

polymerization, emulsifications/solvent evaporation, diffusion, interfacial 

polycondensation, salting out, nanoprecipitation, as well as solvent displacement
143

. 

Producing nanoparticles with entrapped drugs imposes a serious challenge that 

requires harsh synthesis conditions especially when dealing with sensitive drug 

molecules. Thus, in such cases, encapsulation with a preformed polymer, rather than 
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from monomer polymerization, can be applied. Recently, various preparation methods 

including layer-by-layer deposition, emulsifications/solvent diffusion, solvent 

displacement and interfacial deposition, and direct self-assembly have been used
112

. 

 

a. Layer by Layer 

LbL assembly is a technique adopted by Decher et al., which uses alternating 

layers of cationic and anionic polyelectrolytes to generate a multilayered film
144

. This 

method can be applied to a vast array of charged substances such as proteins, DNA, 

carbohydrates, and virus particles. The LbL assembly process results in the formation of 

films with a nanometer-scale thickness
144

. Such films can be conducted in an aqueous 

media in the presence of mild surrounding conditions. The driving force for the LbL 

assembly is mainly based on electrostatic interactions as well as other interactions 

including hydrogen bonding and metal coordination
145

.   

As shown in Figure 9, LbL technique is based on the adsorption of a cationic 

polyelectrolyte that is immersed in a solution of anionic charged polymer over a period 

of time, usually 30 min. Then, the solid support is rinsed with water to eliminate excess 

free polyelectrolyte, followed by immersion in a solution of anionic polyelectrolytes to 

induce adsorption. This causes a reversal in surface charge. Repeating this process 

through subsequent adsorption steps and alterations of the surface charge, allows for the 

continuous formulation of the layered structure
146,147

.  
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Figure 9. Process of LbL assembly (a) on a solid substrate; (b) on a colloidal core. 

 

Moreover, LbL assembly involved the introduction of template synthesis using 

colloidal particles where the LbL films are assembled on a colloidal core and later the 

central particle core is destroyed resulting in the formation of hollow capsules
148

. 

Several biocompatible and biodegradable natural polymers have been used in the 

formation of LbL assembled nanocapsules for gene and antitumor drug delivery, and 

they include: chitosan, gelatin, albumin, PLA, PGA, PLGA, PEG, polyanhydrides, 

polyalkylcyanoacrylates (PACA), poly(N-vinyl pyrrolidone), poly (methacrylic acid), 

poly(styrene sulfonate), and poly(allylamine) hydrochloride
148,149

. 
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b. Emulsifications/solvent diffusion 

This method involves the encapsulating polymer to be dissolved in a 

hydrophilic solvent and then saturated with water
150

 (see Figure 10). The production of 

a precipitated polymer and consequent formation of nanocapsules, require the diffusion 

of the solvent by diluting it with water if the used organic solvent is partially water 

miscible. Then, the polymer-water saturated solvent phase is exposed to emulsification 

in an aqueous medium that contains a stabilizer. This causes the diffusion of solvent to 

the external phase and subsequent formation of nanocapsules based on the oil-to-

polymer ratio. At the end, the solvent is either evaporated or filtrated depending on its 

boiling point
108

.  

 

 

              Figure 10. Schematic illustration of the ESD technique. 

 

This method has some advantages that include high encapsulation efficiency, 

high reproducibility, and being simple and easily scaled-up. However, its disadvantages 

include the involvement of high-water volumes that should be eliminated from the 

suspension, and leakage of drug into the external phase that leads to reduced 

encapsulation efficiency
151

.  
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c. Solvent Displacement and Interfacial Deposition  

Solvent displacement and interfacial deposition are similar methods where both 

rely on instantaneous emulsifying the organic internal phase that contains a dissolved 

polymer, into an aqueous external phase as shown in Figure 11. The major difference 

between these methods is that solvent displacement leads to the formation of 

nanospheres or nanocapsules, while interfacial deposition formulates nanocapsules 

only
152

. 

 

Figure 11. Schematic representation of the solvent displacement technique. 

**Surfactant is optional. ***In interfacial deposition method, a fifth compound was 

introduced only on preparation of nanocapsules. 

 

 

Solvent displacement includes precipitating a polymer from an organic solution 

as well as diffusing the organic solvent into an aqueous medium either in the presence 

or absence of a surfactant. The polymer is commonly dissolved in a water-miscible 

solvent which precipitates nanospheres. Then, this phase is subjected into an aqueous 

solution that contains a stabilizer so that the polymer deposits on the interface between 

water and the organic solvent. The fast diffusion of the solvent creates a spontaneous 

colloidal suspension
153,154

. 
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This method formulates nanocapsules in cases when a small amount of 

nontoxic oil is added to the organic phase with high loading efficiency especially for 

lipophilic drugs. Also, this method is simple but limited to water-miscible solvents that 

create spontaneous emulsification. Moreover it may involve toxic compounds such as 

dichloromethane that increase particle size, and it is only applied to lipophilic 

drugs
112,153

. 

Interfacial deposition is a process used for nanocapsule formation that involves 

a fifth oily compound that is miscible with the polymeric solvent but immiscible with 

the mixture
112

. The polymer deposition occurs at the interface between oil and aqueous 

phase leading to the formation of nanocapsules
155

. The major difference in this 

technique is that the used polymer is dissolved with the desired drug in a solvent 

mixture such as benzyl benzoate, acetone, and phospholipids. This mixture is 

subsequently injected into an aqueous medium, leading to the deposition of the polymer 

at the interface between water and solvent droplets
156

. 

 

d. Self-assembly  

Self-assembly is a spontaneous process that allows some molecules to become 

designed in a specific desirable structure without any external interventions. Self-

assembly leads to the generation of complex hierarchy of molecules without any 

defect
157

. It is a widely occurring process in nature especially in molecular phenomenon 

such as crystal states where the building blocks tend to arrange in a 3-dimensional 

patter, phospholipids aggregation into cell membranes, as well as DNA and RNA 

supramolecular systems. In self-assembly, molecules have chemical functionality of a 

certain reactivity or directionality that restricts the products with stable 
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thermodynamics
157

. For example, non-covalent interactions such as hydrogen bonding, 

Van der Waals forces and metal-organic coordination bonds play major roles in 

stabilizing the self-assembled structures, and interestingly, this has led to the creation of 

a huge material chemistry field that deals with synthesizing porous frameworks
158

.  

Self-assembly is an interesting subject in modern chemistry mainly because of 

the ongoing work toward the production of novel molecular self-assembled species 

within the nanotechnology paradigm
159

. For example, self-assembled nanoparticles are 

found in wires, rings and supper lattices. Self-assembled cadmium, selenide and ferritin 

nanoparticles of diblock copolymers are also found in thin films displaying spatially 

ordered and organic–bioparticle hybrid materials
160

. In addition, a study by Boal et al., 

showed the ability to design self-assembled gold nanoparticles with thermally controlled 

size and morphology
161

, while Wong et al., formulated hollow silica and gold 

microspheres using lysine and cysteine polymer blocks
162

. Moreover, Rechard et al. 

generated self-assembled hexabenzocoronene nanotubes
163

. Similarly, self-assembly 

methodologies were applied for constructing hydrogels at nano- and micro-scales
164

. 

 

 Directed Self Assembly 

Directed self-assembly (DSA) also involves employing the fundamental 

principles of the conventional self-assembly of specific building blocks, yet it included 

several forces that facilitate the process
165

. Various strategies and tools have been 

suggested to direct the process of self-assembly depending on tailored molecular 

interactions with external directing magnetic, electric or thermal fields to create self-

assembled structures
161

. Besides using external directing fields, DSA commonly 

involves using directing agents, and templates such as 1D, 2D, or 3D surface-modified 
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object containing active sites suitable for selective nanoparticle deposition, to aid any 

intrinsically self-assembled molecules even those that are sensitive to temperature or 

pH. Molecular interactions created by different stimuli such as light, temperature, pH, 

presence of metal ions, and solvent nature provide control over DSA processes
166

 (see 

Figure 12).  

 

 

Figure 12. Molecular level of directed self-assembly. (a) Electrochemically active host-

guest complexes can induce clustering or aggregation into polymeric sponges H-

bonding. (b) Solvent mediated aggregation of particles by H-bonding. (c) Modulated 

concentration of H+ or metal ions induces reversible interparticle interactions by H-

bonding or metal-ion coordination. (d) Photoisomerization of grafted molecules on the 

particles surface induces molecular dipole_dipole interactions. (e) Temperature induced 

denaturation of the DNA strain allows keeping particles dispersed, while a decrease in 

temperature causes aggregation. 
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4. Curcumin-based polymeric nanocapsules 

Many polymeric nanocapsules of curcumin were formulated aiming to 

overcome its bioavailability limitations when applied clinically
167

. Several studies have 

indicated that curcumin nanoencapsulation decelerates its hydrolytic and photochemical 

degradation
2,167

. Strategies of curcumin nanoencapsulation into polymeric nanocapsules 

resulted in curcumin formulations that are of high drug loading capacity and enhanced 

stability, thus elucidating promising ways for curcumin delivery in biological 

systems
168

.  

For example, Beloqui et al. formulated pH-sensitive nanoparticles that combine 

curcumin with poly(lactide-co-glycolide) acid (PLGA) and a polymethacrylate polymer 

(Eudragit1 S100). Their results showed enhanced colonic delivery of curcumin in 

inflammatory bowel disease
169

. Also, curcumin encapsulation in chitosan-based 

nanocapsules showed potent antibacterial effects against E. coli
170,171

.  In addition, the 

synthesis of curcumin conjugated silver
172

 and gold nanoparticles
173,174

 showed effective 

results when applied in nucleic acid sensing and anti-bacterial activities.  

A recent study by Moussa et al. showed that the encapsulation of curcumin in 

cyclodextrin-metal organic frameworks enhanced the stability of curcumin
175

. Another 

study by Mouslmani et al. indicated that the deposition of poly 9-(2-

diallylaminoethyl)adenine HCl-co-sulfur dioxide on silica nanoparticles constructed 

hierarchically ordered nanocapsules that were potentially able to amplify guanine 

selectivity among nucleotide bases
176

.  

Numerous studies have been conducted to investigate the effects of different 

curcumin-loaded nanocapsules in the treatment of various cancer types. For instance, 

curcumin-loaded PLGA nanocapsules revealed high potential when applied as an 
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adjuvant therapy for prostate cancer
177

. Likewise, poly(lactic-coglycolic acid)- CUR 

nanoparticles (PLGA-CUR NPs) showed high antitumor effects against prostate cancer 

in a xenograft mice model
178

. Moreover, the synthesis of a polymeric encapsulated 

formulation of curcumin with Nisopropylacrylamide (NIPAAM), N-vinyl-2-pyrrolidone 

(VP) and poly(ethyleneglycol)monoacrylate (PEG-A) revealed in vitro therapeutic 

efficacy against human pancreatic cancer cell lines
179

. Furthermore, the conjugation of 

curcumin molecules with poly (lactic acid) (PLA) and their application into human 

hepatocellular carcinoma (HepG2) cells, showed cytotoxic effects and high intracellular 

targeting ability of micelles
180

.  

Additionally, curcumin-loaded monomethoxy poly(ethylene glycol)- poly(3-

caprolactone) (MPEG-PCL) micelles inhibited the growth of colon carcinoma through 

blocking angiogenesis and inducing apoptosis both in vitro and in vivo
181

. Similarly, 

curcumin-loaded PEGylated PLGA nanocapsules were used in the delivery of curcumin 

to colon cancer cells in mice, and they showed potent antitumor effects
182

. Besides, 

several curcumin-loaded nanocapsules showed enhanced anti-colorectal cancer 

effects
183

.  

Curcumin self-assembly with β-cyclodextrin have been reported recently and 

results showed decrease in the degradation of curcumin, and enhanced stability, 

dispersibility and bioavailability
83

. Moreover, Abbas et al. formulated curcumin-loaded 

nanoemulsion templates by self-assembly
184

. Recently, self-assembled poly (L-lysine)-

curcumin nanocapsules, referred to as "micro-curcumin", were synthesized
185

. 

Moreover, the conjugation of curcumin with nano-aggregated chitosan oligosaccharide 

lactate was achieved through self-assembly process
186

.   
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Curcumin-piperine nanocapsules coated with PEG overcame the bioavailability 

limitations associated with poor curcumin absorption, and exerted direct cancer cell 

targeting effects
187

. Also, curcumin–piperine dual drug-loaded nanocapsules were able 

to target and treat multidrug-resistant cancers
188

. On the other hand, a study by Shaikh et 

al., showed that nanoparticle encapsulation of curcumin by emulsion technique 

improved the stability and oral bioavailability of curcumin by 9 folds compared to 

curcumin administeration with piperine as absorption enhancer
189

. 

 

D. Polyallylamine Hydrochloride  

The proposed requirements for polymeric nanocapsules caused a restriction in 

the use of a number of polymers. The commonly used polymers in drug delivery include 

glycolic, lactic acids, collagen, gelatin, bovine serum and human serum albumin, 

polylactic acid, poly-glycolic acid and their copolymers (polylactide-co-glycolides). 

Recently, nanocapsules for medical purposes were designed using polyvinylpyrrolidone, 

polylactic- and polyglycolic acids, polyalkyl cyanoacrylates, and polyallylamine 

hydrochloride (PAH). Among these promising biopolymers, polyallylamine 

hydrochloride (PAH) is of substantial significance (see Figure 13)
190

. 

 

Figure 13. Chemical structure of polyallylamine hydrochloride (PAH). 
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1. Applications of PAHs 

A study by Lu et al. showed successful LbL assembly of polyelectrolyte 

multilayer films involving poly(acrylic acid) and polyallylamine hydrochloride. These 

films were patterned by room-temperature imprinting with the aid of a polymer mold, 

and fabricated with different kinds of pattern structures
191

. In addition, another study by 

Li et al. revealed the ability to fabricate non-covalently assembled ionic responsive and 

fluorescent microcapsules made up of PAH and triethylamine. These capsules were 

characterized by high stability in acidic and basic media, as well as being easily tracked 

when applied in biological systems due to their autoflourescence
192

.  

Another study by Janeesh et al. focused on synthesizing, characterizing and 

studying the biocompatibility and genotoxicity of PAH nanocapsules used for targeted 

drug delivery
193

. In vitro and in vivo results of the use of such nanocapsules indicated 

the biocompatible nature of PAH nanocapsules at different concentrations. The 

activities of in vivo inflammatory markers such as cyclooxygenase (COX),  nitric oxide 

synthase (NOS), interleukin-1 beta (IL-1b) and TNF-α did not witness significant 

changes. Likewise, no histopathological alterations were detected in many tissues which 

further confirm the biocompatibility and non-toxicity of PAH nanocapsules. Thus, it 

was suggested that PAH nanocapsules have great potential for in vivo drug-delivery 

applications
193

. 

Moreover, Zhang et al. were able to successfully design and assemble SiO2 

nanoparticles on the poly(allylamine hydrochloride)/multivalent anionic salt aggregates, 

and thus creating microcapsules with pH sensing properties. Due to their charge, these 

microcapsules have the ability to enter different cells and organelles especially those 

with acidic pH. Such localized pH sensing ability allowed the use of these capsules in 
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drug loading and real-time delivery of the carriers into target cells
194

. Furthermore, PAH 

has been involved in the fabrication of DNA/PAH multilayered microcapsules. These 

capsules were prepared by LbL method where they were deposited in salt solutions to 

get optimum conditions for planar film growth. The templates were then dissoluted to 

create porous DNA/PAH flexible capsules that could be later used in different future 

applications
195

.  

Regarding the ability of PAH nanoparticles to target cancer cells, some studies 

proved their efficiency in this field. For example, covalently assembled 

PAH/glutaraldehyde microcapsules were able to be uptaken by cells through 

endocytosis. These capsules showed dispersion in the cytoplasm without being 

colocalized into the nucleus. Such systems were used in gene transfer applications and 

the results showed significant alterations in the phenotype and function of the targeted 

cells including cell cycle, adhesion and migration processes
196

. In addition, a study by 

Ruesing et al. revealed that PAH/DNA and PAH/siRNA nanocapsules prepared with 

calcium phosphate, were highly uptaken by HeLa cells and induced profound efficiency 

in gene transfer applications
197

.  

 

2. PAH driving forces 

Aqueous PAH solutions were assessed by x-ray scattering at different salt 

concentrations. Results showed that at low salt concentration, a single broad peak was 

obtained observed indicating an ordered arrangement of PAH in solution. The scattering 

peak was found to be stable over 21 days, but it was lowered at high temperatures. The 

intermacroion spacing was shown to be smaller than that calculated from the polymer 

concentration, which suggests the existence of ordered structures. The spacing was 
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found to be decreasing with the increase of polymer's concentration, and it was 

increasing with the increase in salt concentration. These findings proved the 

intermolecular nature of PAH ordering
198

. 

Lu et al. designed well-defined Polyelectrolyte multilayer films made u of 

poly(acrylic acid) (PAA)/PAH and PAH/ poly(sodium 4-styrenesulfonate) (PSS). These 

films were fabricated based on electrostatic interactions as major driving forces for such 

room-temperature patterned structures
199

. Other studies relied on entropically driven 

aggregations of bovine serum albumin (BSA) and PAH under different pH conditions 

and in the presence of salt to ensure a strong binding between these two partners. The 

concentration of BSA or PAH directly affected the molecular weight of the 

polyelectrolyte, and it was shown that the protein/polyelectrolyte interaction was 

endothermic
200

. 

 

3. Curcumin and PAH 

Recent methods of formulating poorly water-soluble materials such as 

curcumin, into nanoparticles involved dissolving the drug in an organic solvent miscible 

in water and adding into an aqueous polyelectrolyte solution. LbLassembled coating 

shells of cationic PAH and anionic PSS were designed with a high surface potentials 

and the efficiency in stabilizing curcumin nanocolloids
201

. This method relied on 

dissolving curcumin in 60% ethanol/water solution followed by adding PAH. Then, 

sonication in the presence of water was performed to induce curcumin supersaturated 

conditions, subsequent crystal nucleation and LbL coating (see Figure 14). 
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Figure 14. Conversion of curcumin powder into stable nanocolloids. 

 

Recently, several ionically cross-linked capsules were generated from 

combining cationic polyamines with anionic salt. For instance, the crosslinkage of 

curcumin/PAH with dipotassium phosphate and their subsequent congregation with 

silica nanoparticles, generated self-assembled nanocapsule structures of 100-1000 nm 

size
202

. These nanocapsules were prepared by mixing PAH with curcumin which had a 

strong interaction due to electrostatic and hydrophobic interactions between them. Such 

interactions have been shown to play a major role in the encapsulation chemistry
203

. 

Then, curcumin/PAH mixture solution was self-assembled by cross-linking the mixture 

chains with dipotassium phosphate in aqueous acidic medium that ensured that both 

polyamines by dipotassium phosphate have their respective charge in order to ionically 

crosslink. Later, a suspension of silica nanoparticles was added to this aggregated 

solution where the shell material diffused through the outer portion of the 
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polyamine/salt aggregate, through charge interaction with the positively charged 

polyamine. Finally, silica nanoparticles were deposited on the surface of 

PAH/dipotassium phosphate aggregates
203

. The overall net positive charge of curcumin–

PAH–dipotassium phosphate aggregates assisted the assembly of negatively charged 

silica nanoparticles into ordered hierarchically nanocapsules. 

SEM images showed that these nanocapsules were spherical in shape, and 

TEM images confirmed that the silica particles were at the surface with 100–250 nm 

thickness and the material at the center was thinner. In these negatively charged 

nanocapsules, fluorescence images showed that curcumin was distributed all over the 

capsule. Curcumin was highly bound to PAH as the latter had a strong binding affinity 

with curcumin that was confirmed by the high value of their association constant.  In 

addition, the zeta potential of PAH and curcumin mixture proved that curcumin existed 

in its enolic form. Furthermore, it was shown that the release of curcumin from these 

nanocapsules was pH dependent, i.e. basic media induced the maximal release in comparison 

to acidic and neutral media. Also, the 2,2-Diphenyl-1-picrylhydrazyl (DPPH) scavenging 

activity of curcumin was decreasing with the decrease of capsule size as well as with the 

availability of β-diketone group in order to donate Hydrogen
204

.  
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CHAPTER III 

MATERIALS AND METHODS 

 

A. Chemicals and Reagents 

Curcumin (CUR), Piperine (PIP) and PolyallylAmine Hydrochloride (PAH) 

were purchased from Sigma-Aldrich and used as received without further purification. 

Buffer stock solutions were purchased from Fisher and used after 10 times dilution to 

reach a final concentration of 100µM which is commonly used concentration for drug 

delivery studies. Acetone and methanol were supplied from Sigma-Aldrich and used as 

supplied. 

For cellular assays, Dulbecco‘s Modified Eagle‘s medium (DMEM), 

penicillin/streptomycin (P/S), sodium/pyruvate were purchased from Lonza. Fetal 

Bovine Serum (FBS) was obtained from Sigma-Aldrich. Trypan Blue dye was supplied 

by Acros Organics. Caco-2 cells were graciously provided by Dr. Sawsan Kraidieh‘s 

Lab at the American University of Beirut. All other chemicals used were of analytical 

grade. 

 

B. Methods 

1. Preparation of CUR-PAH nanoparticles 

CUR-PAH nanoparticles were prepared using the biodegradable polymer 

according to the nanoprecipitation method. 1:4 CUR:polymer ratio was prepared by 

mixing PAH (1 mg/mL in DDW for final volume 20 mL) and CUR (0.5 mg/mL in 

acetone for final volume 10 mL); the mixture was then stirred for 1 minute. Further, the 
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whole system was put on a hot plate at a constant heating rate and temperature= 60°C to 

totally evaporate the acetone and to reach a final aqueous volume of solution and NP = 

20 mL. The NP suspension was then centrifuged at 15,000 rpm for 15 minutes. The 

supernatant was decanted to measure its absorbance by JASCO V-570 UV-VIS-NIR 

UV-  efficiency (EE), while 

the residue was re-suspended in 2 mL DDW then placed in liquid nitrogen for 2 

minutes. After that, the frozen suspension was placed in the freeze-dryer for 6 hours in 

order to isolate the suspended solid NPs.  

The same procedure was repeated for 1:2 and 1:1 CUR: PAH ratios whereby, 1 

and 2 mg/mL CUR were used respectively for the fixed 1 mg/mL PAH. 

 

2. Preparation of CUR-PIP-PAH nanoparticles 

CUR-PIP-PAH nanoparticles (CUR-PIP-PAH NP) were prepared following 

the same above procedure with a fixed 1:2 CUR:PAH ratio but varying the 

concentration of the PIP used. Briefly, 1:4, 1:2 and 1:1 PIP:CUR ratios were prepared 

by weighing 2.5, 5 and 10 mg respectively of PIP and mixing them in 1 mg/mL CUR-

acetone solution. Then, this prepared solution was mixed with PAH (1 mg/mL in DDW) 

and stirred for 1 minute. Later, the whole system was put on a hot plate at a constant 

heating rate and temperature= 60°C to totally evaporate the acetone and to reach a final 

aqueous volume of solution and NP = 20 mL. The NP suspension was then centrifuged 

at 15,000 rpm for 15 minutes. The supernatant was decanted to measure its absorbance 

by UV-vis spectrophotometer at 428 nm for encapsulation efficiency (EE), while the 

residue was re-suspended in 2 mL DDW then placed in liquid nitrogen for 2 minutes. 
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After that, the frozen suspension was placed in the freeze-dryer for 6 hours in order to 

isolate the suspended solid NPs. 

 

3. Preparation of calibration curves 

Different calibration curves were prepared to assess the drug loading, 

encapsulation efficiency and drug delivery of the two different NP types. For the drug 

loading analysis, initially, the 200 μM CUR stock solution was prepared by dissolving 

1.1 mg of CUR in 15 mL methanol and vortexed for 2 minutes. A set of standard 

samples were made of different concentrations (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 

60, 65, 70, and 75 μM) by diluting different volumes (75, 150, 225, 300, 375, 450, 525, 

600, 675, 750, 825, 900, 975, and 1050 μL) of the stock solution with methanol to reach 

a final volume of 3 mL diluted solutions. The absorbance of the diluted solutions was 

measured by UV-vis spectrophotometry. The calibration curve was plotted at maximum 

absorbance where λ=428 nm in order to determine CUR‘s concentration in the prepared 

samples.  

As for the encapsulation efficiency, the same above procedure was followed 

however the stock solution was prepared by mixing 1.1 mg of CUR with 15 μL Triton-

X (0.1%) and 5 mL of DDW. The solution was vortexed then sonicated for 2 minutes to 

totally dissolve CUR. After that, 10 mL of DDW were added to reach a final volume of 

15 mL having a concentration = 200 μM. The standard samples of different 

concentrations were prepared following the same above-mentioned procedure but 

replacing (methanol) with (DDW). Subsequently, the absorbance of the diluted 

solutions was measured by UV-vis spectrophotometry. The calibration curve was 
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Equation (1) 

plotted at maximum absorbance where λ=428 nm in order to determine CUR‘s 

concentration in the prepared samples. 

The calibration curves to assess the drug delivery at different pH (4, 6, 7, 8, and 

10) were prepared using the above protocol whereby, the (DDW) used to prepare the 

stock solution was replaced with the (10x diluted buffer to have a final concentration of 

100µM that is commonly used for drug delivery) of the corresponding pH. Similarly, 

the (DDW) used for dilutions was replaced with (10x diluted buffer + 0.1% Triton-X).  

 

4. Drug Loading of curcumin nanocapsules 

From each of the previously prepared CUR-PAH NP (1:1, 1:2 and 1:4 CUR: 

PAH ratios respectively) and CUR-PIP-PAH NP (1:4, 1:2 and 1:1 PIP:CUR ratios 

respectively), 0.031 mg of NP were dissolved in 3 mL of methanol then sonicated for 2 

minutes. The absorbance of the obtained solutions was measured using UV-vis 

spectrophotometer at λ=428 nm. 

The % Drug Loading (DL) in each type of capsule was calculated based on the 

below formula:  

 

        

 

5. Encapsulation efficiency of curcumin nanocapsules 

The absorbance of the supernatant collected from each of the previously 

prepared CUR-PAH NP (1:1, 1:2 and 1:4 CUR: PAH ratios respectively) and CUR-PIP-

PAH NP (1:4, 1:2 and 1:1 PIP:CUR ratios respectively) was measured using UV-vis 
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spectrophotometer at λ=428 nm. The % Encapsulation Efficiency (EE) in each type of 

capsule was calculated based on the below formula: 

 

 

 

 

6. Characterization 

a. Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

A ThermoNicolet 4700 Fourier Transform Infrared Spectrometer equipped 

with a Class 1 laser was used. The FTIR spectra of CUR, PIP, PAH, 1:2 CUR:PAH NP, 

and 1:2 PIP:CUR NP samples were performed on a scanning range between 400 and 

4000 cm
-1

.  

 

b. Scanning Electron Microscopy (SEM) Analysis 

The formation of NPs, their size and morphology were examined using a 

scanning electron microscope Tescan, Vega 3LMU with Oxford EDX detector (Inca 

XmaW20) at 15 KV whereby, 0.3 mg of CUR-PAH NP and CUR-PIP-PAH NP of 

different prepared ratios were dispersed in 10 ml DDW and then 25 μl of the prepared 

solution were deposited on an aluminum stub coated with carbon conductive adhesive 

tape. The samples were left to dry in open air overnight then SEM images were captured 

for further analysis.  

 

 

 

Equation (2) 
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c. X-Ray Diffraction Studies (XRD) Analysis 

X-Ray Diffraction was done using Bruker d8 discover X-Ray diffractometer 

equipped with Cu-

Type. The powder X-ray diffraction patterns of CUR, PIP, PAH, 1:2 CUR:PAH NP, 

and 1:2 PIP:CUR NP samples were recorded at 40 KV and 40 mA. The 2θ scanned 

angle was set between 2° to 70° at a scanning rate of 1°/min. These XRD patterns are 

used to investigate the crystal transformation of the above systems.  

 

d. Dynamic Light Scattering (DLS) and Zeta Potential Analysis 

The hydrodynamic diameter and zeta potential were done using Particle 

systems, Nano plus Zeta Potential/Nano Particle analyzer. 

The hydrodynamic diameter and the surface charge of the two different NP 

delivery systems (CUR-PAH NP and CUR-PIP-PAH NP) was analyzed using 

particulate system Nonplus Zeta Potential/Nano Particle Analyzer. Samples were 

prepared by weighing 0.25 mg of NP and dispersing them in 10 mL DDW. The 

prepared solution was sonicated for 2 minutes and then the zeta potential of each sample 

was measured and set for 3 times repetition. 

 

7. In vitro Analysis 

For the drug release analysis, two types of NP were used (1:2 CUR:PAH ratio 

and 1:2 PIP:CUR ratio) at the five different pHs (4, 6, 7, 8, and 10).  

Sample and separate method was conventionally used to study the in vitro drug 

release profile of CUR from the two different types of capsules. The general procedure 

followed was to weigh 0.5 mg of NPs and disperse them in 3 ml of the buffer of 
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selected pH having 0.1% Triton-X which is considered as a release medium. At time t=0 

min, the solution was immediately centrifuged at 4000 rpm for 8 min, the supernatant 

was decanted and its absorbance was measured using UV-vis spectrophotometer at 

λ=428 nm. The solid particles were isolated and 3 ml of the release medium was added 

and the prepared solution was incubated at 37°C mimicking the physiological human 

body temperature. At predetermined time intervals (5 min, 10 min, 15 min, 30 min, 30 

min, 1 hr., 1 hr., 2 hrs., 2 hrs., 2 hrs., 2 hrs., 3 hrs., 3 hrs., 3 hrs., and 3.5 hrs.; for a total 

of 24 hours-study), the solution was centrifuged at 4000 rpm for 8 min, the supernatant 

was decanted and its absorbance was measured using UV-vis spectrophotometer at 

λ=428 nm. 

This study was done in triplicate so that their average additive absorbance and 

standard errors were plotted versus the average time. Using the calibration curve of each 

pH and the average additive absorbance, the percentage cumulative release versus the 

additive time was plotted in order to assess and analyze the drug release profile of each 

of the different NP type. 

 

8. Culture of Caco-2 cells 

Caco-2 cells were cultured in DMEM complete media that was prepared by 

adding 10% Fetal Bovine Serum (FBS), 1% sodium pyruvate and 1 % 

Penicillin/Streptomycin (P/S). Cells were grown in 10 cm Petri dish and incubated 37
◦
C 

with a humid atmosphere containing 5% CO2 till they reach 80 % confluence after 24 

hrs. 
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9. Drug preparation for cell culture treatment 

CUR: PAH (1:2 ratio) NP stock solution was freshly prepared at 100 μ M final 

concentration using DMEM complete media. After that, different concentrations were 

prepared from this stock solution (20, 25, 30 and 35 μ M) using above media and then 

sonicated for 2 minutes.  

Different types of PIP: CUR NPs were used (1:4, 1:2 and 1:1 ratio) at 25 μ M 

concentration using the DMEM complete prepared media.  

 

 

10. Cytotoxicity and cell viability studies 

Caco-2 cells were plated in 6-well tissue culture plates at a density of 

53000cells/m L. At 80 % confluence, cells were treated with the prepared NP media 

(different concentrations 1:2 CUR: PAH, and different ratios PIP: CUR). 

At the 2 time points (24 and 48 hrs.), post treatment, pictures of the plates were 

taken using AXIOVERT 200 fluorescence inverted microscope with Zeiss AXIOCAM 

HRC, then the media was removed and cells were subsequently trypsinized and 

collected.  

Cells were diluted with Trypan blue (1:1 volume/volume ratio) and counted 

using hemocytometer. Experiment was done in duplicates.  

% viability was calculated using the following formula: 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

A. FTIR Analysis 

FTIR analysis was used to assess any significant change in the chemistry and 

fine structure by determining the intermolecular interactions between the different 

compounds of NPs. FTIR spectral data further supports our hypothesis (see Figure 15). 

CUR showed significant peaks at 3510 cm
-1 

corresponding to the phenolic 

hydroxyl group (O-H) stretching (see Figures 15A) which was retained but shifted in 

the case of CUR-PAH NP (3416 cm
-1

) and CUR-PIP-PAH NP (3567 cm
-1

) (see Figures 

15C and 15E). Also, CUR showed a peak at 1627 cm
-1

 corresponding to aromatic C=C 

stretching which was retained but shifted in CUR-PAH NP (1626 cm
-1

) and CUR-PIP-

PAH NP (1668 cm
-1

). Similarly, CUR peaks at 1602 cm
-1

 and 1508 cm
-1

, corresponding 

to benzene ring and to carbonyl and ethylene groups stretching vibrations respectively, 

disappeared in both NPs. Further, CUR‘s peak at 1026 cm
-1

 corresponding to C-O-C 

stretching vibration was shifted to 1032 cm
-1 

in both NPs. Finally, CUR‘s peak at 963 

cm
-1

 corresponding to the bending vibrations of C-H bond of alkene groups retained 

approximately the same in both NPs (962 cm
-1

). It should be noted that CUR‘s major 

peaks are consistent with previous FTIR studies of curcumin
205

.  

As for PAH, a significant peak at 2905 cm
-1

 associated with the symmetric and 

asymmetric stretching modes of methylene groups (see Figure 15B) was retained but 

shifted to a high wavelength in CUR-PAH NP (2927 cm
-1

) and in CUR-PIP-PAH NP 

(2940 cm
-
1) (see Figures 15B and 15C). In addition, PAH peaks at 1647 cm

-1
 and 1516 
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cm
-1

 associated with N-H asymmetric bending and C-H bending were retained in CUR-

PAH NP (1513 cm
-1

) and in CUR-PIP-PAH NP (1662 cm
-1

). PAH peaks are also 

consistent with previous FTIR studies
208

. 

The presence of these prominent peaks in control (CUR and PAH alone) as 

well as in CUR-PAH NP and CUR-PIP-PAH NP and their slight shifting suggests that 

(1) both CUR and PAH were present inside the NPs and (2) confirming a strong 

involvement of NH2 of PAH and enol form of CUR inside the NPs.  

As for PIP, it showed significant peaks at 3009 cm
-1

 corresponding to aromatic 

C-H stretching, at 1634 cm
-1

 corresponding to symmetric and asymmetric stretching of 

C=C, at 1448 cm
-1

 corresponding to C-H stretching, at 1253 cm
-1

 corresponding to 

asymmetrical stretching of =C-O-C, and the most characteristic peak at 929 cm
-1 

corresponding to C-O stretching
209

 (see Figure 15D). Interestingly, all these peaks were 

retained the same in CUR-PIP-PAH NP indicating the incorporation of PIP into the NPs 

(see Figure 15E).  
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Figure 15. FT-IR spectra of CUR (A), PAH (B), CUR-PAH NP (C), PIP (D) and CUR-

PIP-PAH NP (E). 
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B. SEM Analysis 

1. Formation and morphology 

The SEM images of both types of nanocapsules having different CUR:PAH or 

PIP:CUR ratios showed the formation of nanospheres all along the deposited samples. 

CUR alone has a crystalline structure that appears under the SEM as rod-like shape. 

This change in morphology from rod-like to spherical proves the formation of desired 

nanocapsules that were prepared using the nanoprecipitation method. 

 

2. Size 

Briefly, 1:4 CUR:PAH ratio had an average diameter = 81.82 nm (see Figure 

16A), 1:2 CUR:PAH ratio had an average diameter = 91.75 nm (see Figure 16B), and 

1:1 CUR:PAH ratio had an average diameter = 100.66 nm (see Figure 16C). This 

shows that varying the initial concentration of CUR while keeping that of PAH constant 

did not have a significant impact on the size of the spherical formed NP whereby, the 

average diameter increased by 9.93 nm when going from 1:4 to 1:2 ratio and by 8.91 nm 

when going from 1:2 to 1:1 ratio.  
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Figure 16. SEM images of 1:4 CUR:PAH (A), 1:2 CUR:PAH (B) and 1:1 CUR:PAH 

NPs (C). 

 

Similarly, 1:4 PIP:CUR ratio had an average diameter of 85.11 nm (see Figure 

17A), 1:2 PIP:CUR ratio had an average diameter of 98.15 nm (see Figure 17B), and 

1:1 PIP:CUR ratio had an average diameter of 106.68 nm (see Figure 17C). From these 
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results, we can conclude that the increase in the concentration of PIP did not have a 

significant impact on increasing the average size of the produced NP. 
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Figure 17. SEM images of 1:4 PIP:CUR (A), 1:2 PIP:CUR (B) and 1:1 PIP:CUR NPs 

(C). 

 

 

C. XRD Analysis 

The XRD analysis was performed for CUR, PAH, PIP, 1:2 CUR:PAH and 1:2 

PIP:CUR. The % crystallinity of CUR was 64.6 % while that of 1:2 CUR:PAH was 

46.5%. Also, the % crystallinity of PIP was 62.0% and 1:2 PIP:CUR was 36.9 %.  

These results prove that CUR, when encapsulated, underwent a modification in 

its crystallinity from crystalline to amorphous. These results were also proven by the 

size and patterns of the peaks. The major sharp peaks of CUR were observed at 2θ 

diffraction angles of 8.26°, 14.9°, 17.6°, 18.5°, 19.8°, 23.7°, 24.6°, and 26.5° suggesting 

that it possesses a highly crystalline structure
206

 (see Figure 18A).  

The major unsmooth and very broad peaks of PAH were observed at 2θ 

diffraction angles of 3.006° and 15.71° indicating that PAH is an amorphous and very 

hygroscopic polymer (see Figure 18B). 
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The CUR:PAH NPs showed both CUR and PAH broad peaks at 2θ diffraction 

angles of 2.16° (attributed to the shifted PAH diffraction angle), 14.3° and 26.7° 

(attributed to the shifted CUR diffraction angles) (see Figure 18C). This indicates that 

(1) both CUR and PAH are present in the NPs and (2) proving the amorphous structure 

of the produced NPs.  
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       Figure 18. XRD images of curcumin (A), PAH (B), and 1:2 CUR:PAH (C). 
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Additionally, the major sharp peaks of PIP were observed at 2θ diffraction 

angles of 13.23°, 14.45°, 15.9°, 17.1°, 20.0°, 22.9°, 24.6°, 27.3°, and 31.8° (see Figure 

19A). This indicates the highly ordered and crystalline structure of PIP.  

Likewise, 1:2 PIP:CUR NPs showed broad peaks at different diffraction angles 

of 4° (attributed to shifted PAH diffraction angle), 25.0° and 26.6° (attributed exactly to 

CUR diffraction angles), and 17.1°, 20.4°, 27.1° and 31.2° (attributed to PIP diffraction 

angles) (see Figure 19B). This proves the successful incorporation of CUR, PAH and 

PIP in this NP, as well as the amorphous structure and disordered crystallinity of the 

prepared NPs.  

This crystallinity modification shown in both types of NPs may be attributed to 

PAH that probably surrounded the crystal aggregates of CUR during NPs preparation, 

and thus formed the amorphous complex (proven by zeta potential).  

 

 

A 
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Figure 19. XRD images of PIP (A) and 1:2 PIP:CUR (B). 

 

D. DLS and Zeta Potential Analysis 

The hydrodynamic diameter of the two tested types of NPs served as a basic 

way to modulate the procedure of the capsules‘ preparation method. Whereby, when the 

freeze-dried isolated NPs capsules that were analyzed using DLS, a huge hydrodynamic 

diameter (2000-5000 nm) was observed proving that the NPs formed large aggregations 

on each other in the solution.  

To avoid such considerable aggregation, the solid particles collected after 

centrifugation were dispersed in 2 mL DDW, placed in liquid nitrogen to freeze, then 

freeze-dried to isolate the suspended NPs. Upon DLS analysis of the re-suspended NPs 

in DDW, average hydrodynamic diameters of 207.3 nm, 243.6 nm, and 312.4 nm for 

1:4, 1:2 and 1:1 CUR:PAH NPs respectively were obtained. However, the average 

hydrodynamic diameters of 1:4, 1:2, and 1:1 PIP:CUR NPs diameter were 236.2 nm, 

298.4 nm, and 356.9 nm respectively.  
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A difference between the particle size analysis done by SEM, which measures 

the size of the particle in its solid state, and the DLS,  that measures the hydrodynamic 

diameter of the aggregated particles in solution is noted. This difference is because the 

diameter obtained from DLS analysis includes the particle itself as well as the ionic 

interaction between the external PAH polymer and O atoms in the solvation layer 

surrounding the NPs. The solvation layer is the shell surrounding the particle consisting 

of water molecule and this gives a bigger diameter than the actual size
210

. 

Indeed, the observed DLS results prove that changing CUR ratio or PIP ratio 

did not have a significant impact on the size of the NP when keeping PAH‘s 

concentration fixed
206

.  

As for the zeta potential analysis, CUR-PAH NP had an average positive zeta 

potential ~ +30 mV and CUR-PIP-PAH NP had an average positive zeta potential ~ +27 

mV indicating that the cationic PAH polymer was externally surrounding CUR. The 

amount of amine group (NH2
+
) coated on the NPs surface has been shown to determine 

the surface charge of NPs.  

Moreover, the +30 mV charge of the external NPs‘ surface resulted in a good 

stability profile, considerable repulsive forces between particles and less aggregation of 

NPs
207

. Results also indicated that CUR addition did not significantly affect the zeta 

potential which is matching with what is studied in the literature. More importantly, it is 

well documented a system having a positively charged surface is considered as a 

desirable system for the delivery of negatively charged drugs like CUR because the 

surrounding protein markers, DNA and cell membrane surface are slightly anionic, thus 

designing positively charged NPs facilitates the cellular uptake and accumulation of 
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NPs in the target cells. Literature has mentioned that cationic NPs can be considered as 

easy, safe and effective ways to carry therapeutic drugs
207

.  

We can also deduce that the formation of NPs is stabilized by non-valent 

bonding such as Van der Waals forces and electrostatic interactions between the 

partially positive PAH polymer and the partially negative CUR. In addition, the internal 

H- bonding between the polymer and CUR are responsible for the structural behavior 

(amorphous structure indicated by XRD), morphological behavior (spherical NPs), drug 

loading of CUR (by diffusion), and the mechanism of drug release of CUR from NPs. 

Our findings are consistent with many articles in the literature which confirmed the 

above explanations by which H bonding can influence the conversion of dry crystals
205

. 

 

% Encapsulation Efficiency (%EE) 

After decanting the supernatant (obtained at the end of the preparation of 

different NPs types), its absorbance was measured spectrophotometrically. Then, using 

the %EE calibration curve prepared for this purpose, the mass of free CUR in 

supernatant was calculated. %EE was calculated using equation (2). 

The %EE for CUR:PAH NPs of ratios 1:4, 1:2 and 1:1 was 83.1%, 92.7% and 

88.5% respectively. The %EE for PIP:CUR NPs of ratios 1:4, 1:2 and 1:1 was 83.7%, 

96.2% and 92.4% respectively. Adding PIP to the prepared NP while fixing the 

concentration of PAH and CUR led to improved %EE thus indicating that PIP 

facilitated the encapsulation of CUR within PAH.  
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% Drug Loading (%DL) 

The % DL of CUR that is entrapped in the CUR-PAH NP is an important 

property in nanomedicine where it shall give an idea about the average dose required to 

be accumulated intracellularly in order to exert the desired therapeutic effects of the 

drug.  

In our study, the absorbance of NP dissolved in methanol was measured 

spectrophotometrically. Then, using the drug loading calibration curve prepared for this 

purpose, the mass of CUR obtained was calculated. The % DL was calculated using 

equation (1).  

The % DL for CUR:PAH NPs of ratios 1:4, 1:2 and 1:1 was 66.8%, 93.5% and 

84% respectively. The % DL for PIP:CUR NPs of ratios 1:4, 1:2 and 1:1 was 67.9%, 

94.6% and 85.2% respectively. This shows that increasing the amount of CUR added to 

a fixed quantity of PAH polymer led to an increase the drug loading which was best for 

1:2 CUR:PAH ratio and 1:2 PIP:CUR ratio. It should be noted that similar findings of 

high % DL were also observed in many published articles that reported a greater loading 

of CUR into NPs than other matrices
118

. Table 2 summarizes the % EE and % DL of the 

different CUR-PAH NP and CUR-PIP-PAH NP.  

 

Table 2. % EE and % DL of different ratios of CUR-PAH NP and CUR-PIP-PAH NP.  

 CUR-PAH NP CUR-PIP-PAH NP 

Ratio 1:4 1:2 1:1 1:4 1:2 1:1 

% EE 83.1% 92.7% 88.5% 83.7% 96.2% 92.4% 

% DL 66.8% 93.5% 84% 67.9%, 94.6% 85.2% 
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E. In Vitro drug release analysis 

To date, no standardized technique for the assessment of drug release from 

nanomedicines has been issued by regulatory authorities. In vitro release testing profiles 

are commonly used to predict the in vivo behavior of the encapsulated drug
137-139

. 

Properly designed in vitro release profiles can provide essential information regarding 

the drug dose, behavior, release mechanisms and kinetics. Such information enabled the 

development of different effective drug delivery systems. 

In our study, we relied on the Sample and Separate method which is used to 

analyze the real time drug release at the physiological human body temperature (37°C). 

This method is the most commonly used drug release method as it leads to the direct 

measurement of drug release as well as initial burst release using simple and practical 

requirements. Also, it is a reliable method for the characterization of the in vitro dosage 

form behavior of drugs which subsequently provides insights into the in vivo 

behavior
137

.  

Since the selection of the release media for NPs vary depending on the 

administration and target sites of the drug, we chose different pH media (4, 6, 7, 8, and 

10) having 0.1% Triton-X surfactant to conduct the present study.  

The enhanced physicochemical properties of different CUR NPs could be 

attributed to several factors: reduced size of particles, high-energy amorphous structure, 

crystalline transformations (as confirmed by XDR analysis), intermolecular H-bonding 

between the polar functional groups of dug molecules and amino groups of PAH 

polymer, and Van der Waals interactions between the hydrophobic moiety of drug 

molecules and PAH side chains (as depicted by FTIR analysis). Taken together, these 

factors improved the aqueous solubility and release of CUR
205

.  
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Figures 20A and 20B show the % cumulative release of 1:2 CUR-PAH NP 

and CUR-PIP-PAH NP respectively.   
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Figure 20. % Cumulative release of 1:2 CUR-PAH NP (A) and CUR-PIP-PAH NP (B). 
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At 2.5 hours, a release of about 25.9%, 38.7%, 23.9%, 53.6%, and 97.5% for 

1:2 CUR:PAH nanoparticles at pHs 4, 6, 7, 8, and 10 respectively was observed. For the 

same time, a release of about 35.9%, 53.04%, 33.2%, 73.9%, and 96.3% for 1:2 

PIP:CUR nanoparticles at pHs 4, 6, 7, 8, and 10 respectively. 

At 9.5 hours, a release of about 36.1%, 54.8%, 33.8%, 80.2%, and 99.6% for 

1:2 CUR:PAH nanoparticles at pHs 4, 6, 7, 8, and 10 respectively was observed. For the 

same time, a release of about 44.2%, 86.7%, 41.7%, 94.5%, and 99.04% for 1:2 

PIP:CUR nanoparticles at pHs 4, 6, 7, 8, and 10 respectively. 

Finally, the total amount released after 24 hours was of about 43.26%, 67.25%, 

40.1%, 99.46%, and 100% for 1:2 CUR:PAH nanoparticles at pHs 4, 6, 7, 8, and 10 

respectively was observed. For the same time, a release of about 46.88%, 73.11%, 

43.6%, 100%, and 100% for 1:2 PIP:CUR nanoparticles at pHs 4, 6, 7, 8, and 10 

respectively. 

Thus, it can be concluded from the above results that the addition of PIP to the 

prepared CUR NPs enhanced the % drug release at different pH and time intervals. The 

graphs showed more release in basic media compared to acidic and neutral media (as 

mentioned earlier in literature). We speculate that when the pH    

Increases to pH =10 in basic medium the amino group (NH2) in the polymer 

becomes (NH3+). The positive/positive interactions formed destabilize the capsule 

leading to its breaking down and eventually allowing curcumin to diffuse out of 

nanocapsules easier. 
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Drug release kinetic models 

After assessing the drug release profiles of curcumin, we went further to 

determine the best fit release kinetic model. To achieve this, we plotted graphs of zero-

order, first-order and Higuchi kinetic models (see Figure 21) and then determined the 

R
2
 of each curve (see Tables 3 and 4).  
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Figure 21. Plots showing the drug release of CUR:PAH NPs plotted using three 

different mathematical models: (a) zero order kinetic model, (b) first order kinetic 

model, and (c) Higuchi kinetic model. 
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Table 3. R
2
 values of zero-order, first-order and Higuchi kinetic models for 1:2 

CUR:PAH NPs release at different pH.   

                pH         

R
2
 4 6 7 8 10 

Zero-order Model 0.7469 0.7705 0.7469 0.7889 0.2463 

First-order Model 0.4583 0.488 0.4693 0.3801 0.1249 

Higuchi Model 0.9273 0.9412 0.9284 0.9508 0.4386 

 

 

Table 4. R
2
 values of zero-order, first-order and Higuchi kinetic models for 1:2 

PIP:CUR NPs release at different pH.   

                pH         

R
2
 4 6 7 8 10 

Zero-order 

Model 
0.5799 0.6183 0.587 0.6045 0.1962 

First-order 

Model 
0.3869 0.4183 0.4047 0.3007 0.1058 

Higuchi Model 0.8081 0.8393 0.8159 0.8302 0.3608 

 

 

Based on the R
2 
values, the best kinetic model that fits the drug release can be 

determined by the linear plot havimg the highest R
2 
values. From our results, it is 

apparent that CUR follows the Higuchi kinetic release model in its 2 types of NPs 

whereby, the highest R
2 
values of 1:2 CUR:PAH NPs were 0.9273, 0.9412, 0.9284, 

0.9508, and 0.4386 at pHs 4, 6, 7, 8, and 10 respectively. Similarly, the highest R
2 

values of 1:2 PIP:CUR NPs were 0.8081, 0.8393, 0.8159, 0.8302, and 0.3608 at pHs 4, 

6, 7, 8, and 10 respectively.  

Since the R
2
 values at pH 10 of both CUR-PAH NP and CUR-PIP-PAH NP 

were low (0.4386 and 0.3608 respectively), we checked if the release occurred in two 

phases: 1
st
 phase during the 1

st
 hour, and 2

nd
 phase during the remaining time to reach 
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24 hours. R
2
 values of zero-order, first-order and Higuchi kinetic models for CUR-PAH 

NP and CUR-PIP-PAH NP release at the 2 phases are shown in Table 5. Results 

showed that the R
2
 values of both nanocapsule types during the two phases were highest 

when fitted into the Higuchi model (0.9948 and 0.6458 for CUR-PAH NP, and 0.9858 

and 0.8483 for CUR-PIP-PAH NP for the 1
st
 and 2

nd
 phase respectively). This indicates 

that CUR was released from both types of capsules by diffusion but with a difference in 

the diffusion rate. This can be explained by the fast deprotonation of the cationic PAH 

polymer in extreme basic medium (pH 10) causing a disruption in the electrostatic 

forces and H-bonding between the polymer and CUR. This leads to an increase in the 

diffusion rate of CUR out of the nanocapsules during the 1
st
 phase while a decrease in 

its diffusion rate during the second phase occurs due to the minimal release of CUR (10-

15% only).    

 

Table 5. R
2
 values of zero-order, first-order and Higuchi kinetic models for CUR-PAH 

NP and CUR-PIP-PAH NP release at 2 phases of pH=10.   

 
CUR-PAH NP CUR-PIP-PAH NP 

1
st
 Phase

 
2

nd
 Phase 1

ST
 Phase 2

nd
 Phase 

Zero-order 

Model 
0.8942 0.6826 0.8491 0.7066 

First-order 

Model 
0.722 0.4727 0.6707 0.6946 

Higuchi Model 0.9948 0.6458 0.9858 0.8483 

 

Thus, the drug release profile of curcumin follows Higuchi model. Higuchi 

model is the best model that explains the process of drug release from a matrix system 

and is commonly applied to diffusion-controlled systems 
133,140

. The above results 

indicate that CUR is released from its nanosystem by the process of diffusion. 
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F. Cytotoxic effect of CUR-PAH NP and CUR-PIP-PAH NP 

As indicated in Figure 22, the prepared 1:2 CUR:PAH NP treatment showed a 

time and dose dependent cytotoxic effect on Caco-2 cells. As shown, the IC50 (half 

maximal Inhibitory Concentration) of 1:2 CUR:PAH NP was around 25 μM at 24 hrs, 

and above which higher concentrations didn‘t show an increase in the cytotoxicity. 

Interestingly, the IC50 of CUR alone was 74.9 μM for Caco-2 cells at 24 hrs as reported 

in a study by Abdeldayem et al.
211

.  

Thus having a lower IC50 value (25 μ M for NPs) compared to CUR alone 

(74.9 μM) for the same cell line at the same time point indicates that our prepared 1:2 

CUR:PAH NP enhances the cytotoxic effect of CUR alone by around 3 times. 

Since 25 μM of the prepared 1:2 CUR: PAH NP was most effective in 

decreasing % viability of Caco-2 cells after both 24 and 48 hrs, thus it was used for 

further investigation. 

 

Figure 22. % Viability of Caco-2 cells treated with different concentrations of 1:2 

CUR:PAH NPs. 
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Figure 23 shows the fluorescence images of Caco-2 cell uptake of different 

concentrations of CUR-PAH NP at 24 and 48 hours. It can be seen that 25 μM CUR-

PAH NP shows the prominent localization of CUR into Caco-2 cells as well as a 

significant morphological change in the surface of cells characterized by blebbing and 

shrinkage which indicate apoptosis
212

.  
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24 hours 

 

48 hours 

 

 

 

 

 

Figure 23. Fluorescence inverted microscope images of Caco-2 cell uptake of different 

concentrations of CUR-PAH NP at 24 and 48 hours. 
 

As shown in Figure 24, the % viability of Caco2 cells decreased when treated 

with different types of CUR drugs compared to the control. This decrease proves that 

CUR, whether administrated free or as nanoparticles, exerts a cytotoxic effect against 

Caco2 cells after 24 and 48 hours at a concentration of 25 μM concentration (as 

mentioned earlier). Moreover, it can be seen that the % viability of the different types of 
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the administered NPs (CUR-PAH NP and CUR-PIP-PAH NP) showed lower % 

viability compared to CUR alone. Thus, as proven in many well-documented papers, the 

nanoprecipitation method enhances the bioavailability of CUR into Caco2 cells and 

correspondingly enhances the cytotoxic effect of CUR
181-183

.  

Furthermore, when PIP was incorporated into CUR-PAH NP at different ratios 

(1:4, 1:2 and 1:1), the % viability of cells decreased by 10%, 12% and 8% respectively 

compared to the 1:2 CUR:PAH NP. Hence, PIP improves the bioavailability of CUR 

inside the cancer cells where more CUR particles become accumulated inside the tumor 

cells which further enhances the cytotoxic effects of CUR NPs
187-189

.      

     

 

Figure 24. % Viability of Caco-2 cells treated with CUR, 1:2 CUR:PAH, and  different 

ratios of PIP:CUR NPs. 
 

Figure 25 shows the fluorescence images of untreated control, CUR treated, 

and 1:2 PIP:CUR treated Caco-2 cells at 24 and 48 hours. It can be seen that 1:2 

1:1 

PIP:CUR 

NP 
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PIP:CUR NPs showed significant localization of CUR into Caco-2 cells and thus 

enhance CUR bioavailability and delivery into cancer cells. Moreover, significant 

morphological changes in the surface of cells are observed which further confirm the 

enhanced apoptotic effects of CUR
212

.  
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24 hours 

 

48 hours 

 

Figure 25. Fluorescence inverted microscope images of untreated Caco-2 cells 

(control), CUR and 1:2 PIP:CUR NPs treated cells at 24 and 48 hours.  
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CHAPTER V 

IN VIVO STUDY 

 

To decipher the in vivo effects of CUR-PAH NP against colorectal cancer 

(CRC), an intermediate-term commonly used mouse model of CRC was induced by the 

carcinogen 1,2-dimethylhydrazine (DMH)
213

. Twenty-four female Balb/c mice were 

divided into four experimental groups as shown in Table 6.  

 

Table 6. Experimental protocol.  

Group A 

(control) 

Mice were intraperitoneally (i.p.) injected with saline at 20 

mg/Kg of body weight. Saline is the vehicle used to suspend 

DMH. Mice were injected once a week over a period of 12 

weeks.  

Group B 

(DMH 12-weeks) 

Mice received DMH dissolved in saline (20 mg/Kg, i.p.) once 

per week over 12 weeks to induce CRC, and no further 

treatment for the next 6 weeks where they received only water.  

Group C 

(DMH + Free 

polymer) 

Mice received Free polymer starting 1 week after the twelfth 

DMH injection and continued over additional 6 weeks 

(5days/week). 

Group D 

(post-treatment) 

Mice received CUR-PAH NP (1:2 CUR:PAH ratio) starting 1 

week after the twelfth DMH injection and continued over 

additional 6 weeks (5days/week). 

  

 

In this study, we assessed the effect of CUR-PAH NP on the Wnt/β-catenin 

signaling pathway which is aberrantly activated in CRC; targeting this pathway has 

revealed important insights towards novel therapies
214,215

. The results of real time 

polymerase chain reaction (qRT-PCR) showed that CUR-PAH NP post-treatment 
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A B 

C 
D 

corrected the major aberrant alterations in the Wnt pathway observed compared to 

untreated DMH-induced CRC mice. Significant downregulation in the gene expression 

levels of Wnt, β-catenin and cyclin D1 by 20, 18, and 16 folds respectively, and 

upregulation in the gene expression level of adenomatous polyposis coli (APC) by 0.9 

folds were observed in mice post-treated with CUR-PAH NP (see Figure 26).  

 

 

Figure 26. Effect of CUR-PAH NP on the expression of Wnt (A), b-Catenin (B), 

APC (C), and Cyclin D1 (D) genes. Expression levels of control and treated samples 

were normalized to their respective GAPDH, and the fold change was determined 

relative to the control. All bars represent mean of three determinations ± SEM. (*), (**), 

(***), and (****) on bars correspond to p-value < 0.05, < 0.01, < 0.001, and <0.0001 

respectively. 
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These results are consistent with previous studies where there is considerable 

evidence that the curcumin possesses anti-proliferative and apoptotic effects against 

various human cancer cell lines including colorectal cancer
43-47

. 

Besides the Wnt signaling pathway, CRC is known to involve life-threatening 

complications of inflammation, where the pro-inflammatory enzymes cyclooxygenase-2 

(COX-2) and inducible nitric oxide synthase (iNOS) were shown to favor 

carcinogenesis
216

. Our results showed a significant increase in the level of COX-2 and 

activity of iNOS in DMH mice compared; however, post treatments with CUR-PAH NP 

resulted in significant downregulation in COX-2 levels by 83% and iNOS activities by 

47% (see Figure 27). Likewise, our results demonstrate that CUR-PAH NP acted as 

COX-2 and iNOS inhibitors which is consistent with previous studies
22,46,47

 . 

 

 

 

 

 

 

 

 

Figure 27. Effect of CUR-PAH NP on the COX-2 level and iNOS activity. Data are 

represented as mean ± SD. (****) corresponds to p-value < 0.0001. 
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CHAPTER VI 

CONCLUSION 

 

This study aimed at developing two novel types of curcumin loaded 

biodegradable polymeric nanocapsules CUR-PAH NP and CUR-PIP-PAH NP. These 

Ns were successfully designed by self-assembled nanoprecipitation method. Their 

characteristics were identified by FTIR, XRD, SEM, DLS, and Zeta potential, their drug 

loading was assessed under different pH, and their effects against colon cancer were 

investigated both in vitro and in vivo. FTIR analysis proved CUR incorporation into 

both NPs, XRD proved the amorphous character of NPs, SEM showed the spherical 

shape of NPs. The drug loading and encapsulation efficiency of the two NP types were 

high. PIP, when added at a ratio of 1:2 PIP:CUR was shown to enhance encapsulation 

and the release of CUR which was optimum under basic medium compared to acidic 

and neutral conditions. Regarding their biological activity, both NPs interestingly 

exerted cytotoxic effects against colon cancer cells which were confirmed by % 

viability and fluorescent images that showed the cellular localization of NPs inside the 

Caco-2 cells as well as the distorted morphology of these cells indicating apoptosis. 

Similarly, the in vivo administration of CUR-PAH NP to mice with DMH induced CRC 

showed the ability to suppress cancer cell proliferation and inflammation through 

downregulating the Wnt signaling pathway as well as inhibiting COX-2 and iNOS 

enzymes. All in all, our findings indicate that CUR-PAH NP and CUR-PIP-PAH NP 

could be safely used as a promising approach for pharmaceutical applications including 

cancer drug delivery.  
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