
R E V I E W

Review of Curcumin Physicochemical Targeting 
Delivery System

This article was published in the following Dove Press journal: 
International Journal of Nanomedicine

Lanmei Li1,2,* 
Xiaomei Zhang3,* 
Chao Pi1 

Hongru Yang4 

Xiaoli Zheng5 

Ling Zhao1 

Yumeng Wei1

1Central Nervous System Drug Key 
Laboratory of Sichuan Province, School 
of Pharmacy, Southwest Medical 
University, Luzhou, Sichuan 646000, 
People’s Republic of China; 2Nanchong 
Key Laboratory of Individualized Drug 
Therapy, Department of Pharmacy, The 
Second Clinical Medical College of North 
Sichuan Medical College, Nanchong 
Central Hospital, Nanchong, Sichuan 
637000, People’s Republic of China; 
3Institute of Medicinal Chemistry of 
Chinese Medicine, Chongqing Academy 
of Chinese MateriaMedica, Chongqing 
400065, People’s Republic of China; 
4Department of Oncology of Luzhou 
People’s Hospital, Luzhou, Sichuan 
646000, People’s Republic of China; 
5Basic Medical College of Southwest 
Medical University, Luzhou, Sichuan 
646000, People’s Republic of China  

*These authors contributed equally to 
this work  

Abstract: Curcumin (CUR), as a traditional Chinese medicine monomer extracted from the 
rhizomes of some plants in Ginkgo and Araceae, has shown a wide range of therapeutic and 
pharmacological activities such as anti-tumor, anti-inflammatory, anti-oxidation, anti-virus, 
anti-liver fibrosis, anti-atherosclerosis, and anti-Alzheimer’s disease. However, some issues 
significantly affect its biological activity, such as low aqueous solubility, physico-chemical 
instability, poor bioavailability, and low targeting efficacy. In order to further improve its 
curative effect, numerous efficient drug delivery systems have been carried out. Among 
them, physicochemical targeting preparations could improve the properties, targeting ability, 
and biological activity of CUR. Therefore, in this review, CUR carrier systems are discussed 
that are driven by physicochemical characteristics of the microenvironment (eg, pH variation 
of tumorous tissues), affected by external influences like magnetic fields and vehicles 
formulated with thermo-sensitive materials. 
Keywords: curcumin, targeted delivery system, pH-sensitive, magnetic-response, thermo- 
sensitive, cancer

Introduction
Chemotherapy is the most commonly used method for advanced cancer. However, 
the clinical usefulness of chemotherapy drugs are still restricted by severe toxic and 
side-effects such as myelosuppression, immunologic suppression, gastrointestinal 
reaction, and peripheral neuropathy.1–5 Some effective components of plants used in 
traditional medicine without the serious side-effects, as a supplementary treatment, 
have been widely studied.6,7 Among them, Curcumin (CUR), a traditional Chinese 
medicine monomer, has been extensively studied with broad pharmacological 
activities, as summarized in Figure 1.8–10 Its anti-tumor effect has been the most 
extensively studied and are related to regulating enzymes (COX-2, AMPK, MMPs, 
NADPH, and LOX), transcription factors (NF-κB, AP-1, β-catenin, and STAT-3) 
and protein kinases, growth factors (MAPK, AKT, JAK, VEGF, ERK, PKA, and 
Bcl-2), etc.11–13 However, it still needs to be improved in many fields, including 
low aqueous solubility and physico-chemical stability, low absorption rate, rapid 
metabolism, low bioavailability, and targeting efficacy14,15 These problems signifi
cantly affect its biological activity and application in the clinic.

In recent years, some novel targeted drug delivery systems have been favored by 
researchers, such as passive targeting preparations, active targeting preparations, and 
physicochemical targeting preparations. Passive targeting preparations are enriched in 
target sites through normal physiological processes to improve the curative effect, such 
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as liposomes, nanoparticles, emulsions, microcapsules, micro
spheres, and micelles.16–20 Although it was a potential method 
to solve the above problems of CUR to a certain 
degree,16,21–24 it is easy to be swallowed by macrophages in 
the body leading to drug accumulation in the liver, spleen, and 
kidney tissues.25 In a word, passive targeting preparations are 
non-intelligent and non-specific for drug delivery. Successful 
development of targeted therapy is dependent on the site- 
specific delivery of therapeutic agents partly. Active targeting 
preparations as “missiles” deliver drugs to target areas by 
modifying specific ligands or monoclonal antibodies on par
ticle surfaces to avoid the uptake of the reticuloendothelial 
system and drug natural distribution.26 However, these active 
targeting preparations have several limitations such as com
plicated preparation procedures, non-specific tumor targeting, 
and single target properties that are only targeted to a certain 
receptor or ligand.27–29 Recent studies showed that physico
chemical targeting preparations such as pH-, magnetic-, and 
heat-response proved to be promising strategies to obtain 
controllable and specific drug delivery (Figure 2). Among 
them, specific release behavior of pH sensitive preparations 
was triggered by the specific pH of the target site to increase 
target ability,30 especially in the acidic environment of tumor 

tissues.31 In consideration of tissue microenvironment, pro
drug or carriers-modified design was reported for enhancing 
the antitumor effect by selectively transporting drugs to 
targets.32 Magnetic-response preparations could deliver 
drugs to specific target areas through blood vessels under the 

Anti-
inflammatory

Antioxidant 
and 

eliminate 
free-radicals

Antitumor

Anti-
pathogenic 

microorganis
m 

Others

Anti-
Alzheimer's 

disease

Curcumin

Gastroenteritis, 
Pancreatitis, 
Rheumatoid arthritis, 
Bronchitis

Colon cancer, Gastric 
cancer, Pancreatic, 
Oral cancer, Breast, 
Liver, Prostate, 
Ovarian, 
Hematological cancer, 
Bone origin cancer, 
Lung, Brain cancer, 
Bladder cancer, 
Cervical, Epidermal 
cancer

Antiviral: HIV, Influenza, 
HSV-1, HSV-2, Coxsackie 
virus, HBV, HCV, HPV, 
JEV, HTLV-1
Antifungal: Fusarium
solani, Helminthosporium, 
oryzae, Candida species
Antibacterial: S. 
Epidermidis, B. cereus, E. 
coli, B. subtilis, H. pylori, 
Staph. aureus, S. typhi, P. 
aeruginosa, typhimurium, 
etc.

Anti-liver fibrosis
Anti-atherosclerosis
Anti-diabetic  

Figure 1 Pharmacological activities of Curcumin. 
Abbreviations: PIV-3, parainfluenza virus type 3; FIPV, feline infectious peritonitis virus; VSV, vesicular stomatitis virus; HSV, herpes simplex virus; FHV, flock house virus; 
RSV, respiratory syncytial virus; HIV-1, type 1 human immunodeficiency virus; HSV-1, herpes simplex virus type 1; HBV hepatitis B virus; HCV hepatitis C virus; HPVs, high- 
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Figure 2 Physicochemical targeting preparations of Curcumin.
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guidance of strong external magnetic fields.33 Magnetic- 
response drug delivery systems could improve serum 
bioavailability of CUR in mice up to 2.5-fold through 
delayed-metabolism and increased accumulation in vivo.34 

When CUR-loaded magnetic nanoparticles combined with 
ligand/receptor, serving as novel platforms for multiple bio
medical applications, they could enhance the targeting and 
cellular uptake ability, leading to an improved anticancer 
effect.35 Besides, this combination also achieved controllable 
and specific drug delivery through thermo-sensitive targeting 
preparations by temperature stimuli.36 Generally, these physi
cochemical targeting preparations could enhance the proper
ties of CUR such as targeting ability, aqueous solubility, 
stability, bioavailability, and therapy effect (anti-tumor, anti- 
inflammatory, and antioxidant activity), as shown in Table 1. 
This review mainly focuses on different formulations contain
ing CUR based on physicochemical properties of carriers and 
their pharmaceutical properties.

pH-Sensitive Preparation
To increase the accumulation of drugs in the target tissues or 
cells, different trigger release mechanisms have been 
designed based on the body microenvironment, especially 
the tumor microenvironment. The different microenviron
ment of tumors from that of normal tissues is largely dictated 
by the abnormal tumor vasculature and heterogeneous micro
circulation. Its hostile microenvironment, such as oxygen 
consumption, glucose, and energy deficiency, high lactate 
level and extracellular acidosis, causes the accumulation of 
acid metabolites resulting in the extracellular matrix of tumor 
tissue being acidic, and its pH (about 6.5–7.2) is lower than 
that of blood and normal tissue (7.4).37 A study demonstrated 
that pH-sensitive drug delivery systems could increase drug 
accumulation in the tumor, enhance the cellular uptake abil
ity and improve antitumor activity in weakly acidic 
conditions.32 Due to the pH-response property, drugs were 
also delivered to the inflammatory regions and infected 
areas.30,31 In addition, in view of specific normal physiolo
gical microenvironments such as intestinal fluid (SIF, pH 6.8) 
and simulated gastric fluid (SGF, pH 1.2),38 drug delivery 
systems for the gastrointestinal tract have also been 
developed.39 Based on the different acidity/alkalinity micro
environment of the body for any situation, physiological or 
pathological, various CUR pH-sensitive preparations (lipo
somes, nanoparticle, micelles, microspheres) were developed 
to enhance the targeting ability and treatment effect of CUR 
(Figure 3).

CUR pH-Sensitive Liposomes
Lipid carriers as pH-sensitive materials, responding to 
acidic condition of tumors or inflammation regions, are 
used to load CUR achieving intelligent release of drug, as 
shown in Table 2. This drug delivery platform could 
enhance the anti-tumor and anti-inflammatory effect of 
lipophilic CUR. For example, the pH-sensitive material 
of IM-Chol was synthesized through amidation reaction 
between the amino group of N-(3-Aminopropyl) imidazole 
and acyl chloride group of cholesteryl chloroformate in 
a weak base solution, which were used to prepare CUR 
pH-sensitive liposomes with phosphatidylcholine and cho
lesterol by thin-film dispersion method (Figure 3). The 
cumulative release of CUR (72.5%) after 24 hours at pH 
5.0 were higher than that at pH 7.4 (32%), indicating that 
IM-Chol displayed a pH-response property. The cell toxi
city result showed an enhanced inhibitory effect on EC109 
cells with the cell viability of 30% compared with free 
CUR (60%).40 An endosomal pH-sensitive cationic lipid, 
consisting of glutamic acid backbone-based cationic 
amphiphiles that contain both endosomal pH-sensitive his
tidine and solubility enhancing guanidine moieties in their 
polar head-group regions, was used to encapsulate CUR 
for targeting therapy of the tumor. CUR release from the 
liposomes was most efficient at pH 5 or 6. And it showed 
a burst release in the first 1 hour followed by a controlled 
release over a period of 4 hours (85%). Importantly, the 
concentrations of CUR liposome in the tumor tissues were 
found to be remarkably higher than those in other tissues 
such as the lung, liver, kidney, spleen, and heart. The 
tumor volume of CUR liposome (about 800 mm3) and 
the vehicle control group (5% aqueous glucose) (about 
4,200 mm3) revealed that CUR was effectively transported 
to mouse (C57BL/6 mice bearing) tumors and significantly 
contributed to inhibiting mouse tumor growth. The survi
val rate of tumor bearing mice with treatment of CUR 
liposome (about 45 days) was also improved compared 
to the control group (about 32 days).41 Besides, some non- 
lipid carriers as pH-sensitive materials have been reported 
to entrap CUR. For example, the pH-sensitive material of 
pI-pAA (2.5 mol%) and these carriers of dipalmitoylpho
sphathydilcholine/cholesterol (2:1 M ratio) and polyox
yethylated calix-4-arene (phospholipids/CUR, 1/0.1 
M ratio) were used to obtain the CUR-loaded pH- 
sensitive liposomes by lipid film hydration method and 
extrusion. The liposomes showed a superior cytotoxic 
and apoptogenic activity against chemo-sensitive HL-60 
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Table 1 The Influential Effect and Preparation Method of CUR-Loaded Physicochemical Targeting Preparations

Preparations Influential Effects Preparation Method Size Ref.

pH-sensitive

Liposome Enhanced inhibitory effect on EC109 Thin-film dispersion 141 nm 40

Effectively transported to mouse (C57BL/6 mice bearing) tumor and 
significantly inhibited mouse tumor growth

Ultrasonic film hydration 193 nm 41

Superior cytotoxic activity and proapoptotic against both HL-60 and HL- 

60/CDDP cells

Lipid film hydration method 

and extrusion

127 nm 42

Anti-inflammatory and antioxidant activity in vitro Micellar-vesicle transformation 

method and pH-driven 
method

<100 nm 43

Nanoparticle 1) Efficiently penetrate the blood–brain barrier and enhance brain 
delivery efficiency; 

2) Increase mouse survival rate and reduce adverse reactions

Single-emulsion 
solvent evaporation method

100 nm 35

Colonic specific drug release Solvent emulsion evaporation 
technique

111 nm 44

Enhanced permeation across Caco-2 cell and significantly decreased 

neutrophil infiltration and TNF-a secretion

Modified spontaneous 

emulsification solvent diffusion 
method

116 nm 46

Double inhibition of the cancerous cells Solvent emulsion-evaporation 

technique

97 nm 47

Significantly released at pH 7.0 Ionic-gelation method 173 nm 48

Enhanced significant cytotoxicity against MRC5 cells Rotary evaporation and 

deposition coating

234 nm 50

Delivered effectively drug to tumor and improved targeting ability Co-condensation and coated 

method

about 80 

nm

51

Micelle Increased the tumor inhibition for HeLa, SiHa, and C33a cervical cell lines Dialysis method 95 nm 57

Extended the MRT and delayed the clearance of CUR Solvent evaporation method 143 nm 58

Inhibited tumor growth and exert MDR Synthesis and self-assemble 228 nm 60
Release rapidly CUR at the acidic environment Synthesis and self-assemble 222 nm 61

Microsphere 1) Prevented premature release and controlled release; 
2) Significantly reduced severity of colonic damage

Emulsion cross-linking method 
followed by coating

77 nm 66

Molecular 
complexes

1) Enhanced the aqueous solubility (>2 mg/mL); 
2) Increased peak plasma concentration (6 times); 

3) Improved bioavailability (about 20-fold)

Nanoprecipitation method - 67

Microcapsule Suppressed degradation of CUR and controlled drug release Synthesis and self-assemble 1.05 um 68

Magnetic- 
response

Nanoparticle 1) Suppressed of PCNA, Bcl-xL, Mcl-1, MUC1, Collagen I and enhanced 
membrane β-catenin expression; 

2) Improved serum bioavailability (2.5-fold)

Water-dispersible multi-layer 
synthesis approach

10.5±0.54 
nm

34

Sustained-release Modified co-precipitation 100 nm 87
Showed high stability, well-tolerated by mammalian cells and MRI 

relaxation properties

Ultrasonic dispersion and 

incubation chelation method

13 ± 4 nm 91

Displayed strong anticancer on MDA-MB-231 cancer cells and superior 
magnetic resonance imaging characteristics

Modified co-precipitation and 
injection method

123 nm 92

Functional 
particle

Significantly enhanced the cellular uptake and better antiproliferative 
effect on the C6 glioma cell and HeLa cells

Co-precipitation, dispersion 
and synthesis methods

117 nm 94

(Continued)
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and its resistant sublines HL-60/doxorubicin (Dox).42 

Eudragit®S100, made of methacrylic acid and methacrylic 
acid methyl ester, was used to coat the surface of CUR- 
loaded liposomes for colon targeted therapy due to its pH- 
dependent solubility in the colon region. Vincenzo et al43 

prepared CUR-loaded liposomes in a simple and organic 
solvent-free way by a micellar-vesicle transformation 
method and coated with Eudragit® S100 on its surface 
by a fast pH-driven method, as shown in Figure 4. The 
liposomes have small particle size (<100 nm), high encap
sulation efficiency (98%), and high stability at both 4°C 
and 25°C. The cytotoxicity experiment of the liposomes 
showed safety on the Caco-2 human colon cell line 

in vitro. These drug delivery systems showed good char
acteristics such as intelligent drug release behavior and 
improved stability. However, the study of pharmacoki
netics is important for the application of CUR in the clinic 
and needs to be carried out.

CUR pH-Sensitive Nanoparticles
Many CUR-loaded pH-sensitive nanoparticles were 
developed for oral colon-specific drug delivery 
systems (OCDDS), which could release drug under neutral 
conditions. This system has proved safety, good targeting 
property for colonic lesions, controlled/sustained release, 
and better therapeutic efficacy. As mentioned above, 

Table 1 (Continued). 

Preparations Influential Effects Preparation Method Size Ref.

1) pH sensitive release, high loading capacity and hemocompatibility of 

CUR;2) Enhanced uptake and antiproliferation for MCF-7 breast cancer 

cell

Chemical co-precipitation 

method and molecular 

modified

195 and 

240 nm

95

1) improved the solubility (216 µg/mL), stability and bioavailability of 

CUR; 2) Suppressed the growth of Caco-2 cells (CC50=65 µg/mL)

Ice bath sonication and 

precipitation method

10 µm 97

Liposome Magnetic heating controlled drug release by high-frequency magnetic field 

exposure; efficiently internalized into the cellular compartment and killed 

MCF-7 cells

Thin-film hydration method 

followed by extrusion 

techniques

120–140 

nm

99

Microsphere Showed controllable particle size and possessed good magnetic mobility Water-in-oil-in-water method 16–207 

µm

100

Induced HeLa cancer cells death through magnetocalorific effect Solvent evaporation method 75 nm 101

Hydrogel Cardioprotective effects against dox-induced cardiac toxicity in rat 
cardiomyocyte cell lines

Emulsion polymerization and 
synthesis method

18–23 nm 105

Thermo-sensitive

Polymer gel Improved targeting and bioavailability in the brain Solvent injection method – 108

Temperature controlled release performance Emulsion polymerization 180 nm 109
Significantly prolong retention time in solid tumors Solvent injection method - 110

Liposomal- 
based gel

Showed better skin permeation in vitro and significant anti-inflammatory 
effect in auricle edemas mice

Emulsion evaporation- 
solidification at low 

temperature

263.9 nm 112

Reduced toxicity of CUR and enhanced anti-tumor activity in tumor- 
bearing BALB/c mice

Thin-film rehydration method 950 nm 113

Micelle-based 
gel

1) Inhibited tumor growth and metastasis, and prolonged survival of 
tumor-bearing mice; 

2) Showed lower proliferation activity, more apoptotic cells, and fewer 

microvessels; 
3) Showed higher AUC and longer t1/2.

Dispersion method 27.1 nm 117

Showed nano-scale size, low critical micelle concentration 

(0.0113–0.0144 mg/mL), high drug loading (20.4%) and stability (remain 
stable over 1 month)

Self-assembly and solvent 

evaporation/film hydration 
method

47.5–88.2 

nm

118

Abbreviation: CUR, curcumin.
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Eudragit®S100, as a good pH-sensitive carrier, could 
selectively release drug at the colon region rather than in 
the stomach and upper intestine due to the ionization of its 
carboxylic functional group at pH 7.0.44 Eudragit®S100 
showed good security for oral administration. CUR-loaded 
polymeric nanoparticles with Eudragit®S100 showed no- 
toxicity evidenced by various toxicological evaluations 
including acute-toxicity study (at a dose equivalent to 2,
000 mg/kg CUR), 28 days sub-acute-toxicity study 
(200 mg/kg CUR) and various genotoxicity studies 
(micronucleus assay, chromosomal aberration assay, and 
comet assay in vivo).45 In 1978, it was reported for the 

first time that after oral administration of CUR (1 g/kg) in 
Sprague-Dawley rats, negligible amounts of CUR were 
observed in blood plasma which could be its poor absorp
tion from the gut.46 When CUR was encapsulated into pH- 
sensitive nanoparticles, it exhibited better permeation and 
selective release of drug in the inflamed colonic tissues. 
The CUR-loaded pH-sensitive nanoparticles (CUR-loaded 
NPs) consisting of PLGA (poly(lactic-co-glycolic) acid, 
45 mg), Eudragit®S100 (45 mg), and PVA solution (poly
vinyl alcohol, 0.5%, w/v) could enhance the permeation 
across Caco-2 cells monolayers. The apparent permeabil
ity (Papp) of the CUR-loaded NPs was about 2.6×10−6 cm/ 
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Aqueous solubility
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Bioavailability
Targeting efficacy
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Improved related issues

pH-sensitive lipid/Eudragit
S100/other carriers, cholesterol or 
other lipoids, and hydrophobic drug

+ Aqueous phase
(buffer solution or water) 

Thin film

Ultrasonic/
HydratedA(1,2,3)

Aqueous phase 
(surface-active 
agents)

Organic phase 

Added 

Emulsification 

B(1)

Centrifuge

Figure 3 Schematic transition of CUR into physicochemical targeting preparations.
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s, while that of CUR suspension was undetectable. 
Furthermore, CUR-loaded NPs showed a significant 
reduction on TNF-α secretion against J774 macrophage 
cell lines. The amount of TNF-α in the untreated group, 
CUR suspension and CUR-loaded NPs-treated cells was 
about 1,800, 1,400, and 510 pg/mL, respectively. CUR 
was not released in the medium at pH 1.2 or 4.5 (<15%), 
but was rapidly released at neutral pH values.47 Other 
CUR pH-sensitive nanoparticles were prepared by solvent 

emulsion-evaporation technique with CUR (10 mg), 
Eudragit®S100 (10 mg), TPGS (d-α-tocopheryl polyethy
lene glycol 1000 succinate, 0.05%, w/v) and PVP K-90/D 
(poly vinyl pyrrolidone, 0.075%, w/v) (Figure 3). It 
showed the superior cytotoxic action against HT-29 cells 
compared with free CUR (IC50, 5 vs 50 μM).48 However, 
its pharmacokinetics and therapy effect in vivo 
needs further study, which could be due to the extremely 
pronounced instability, and there are a number of 

Table 2 The Trigger/Targeting Carries and Preparation Method of CUR-Loaded Physicochemical Targeting Preparations

Types Trigger/Targeting Carries Ref.

pH-sensitive 1) N-(3-Aminopropyl)imidazole-cholesterol (IM-Chol) 40
2) A new endosomal cationic lipid consisted of glutamic acid backbone-based cationic 

amphiphiles

41

3) Poly(isoprene-b-acrylic acid) copolymer (pI-pAA) 42
4) Eudragit®S100 43–47,66

5) Chitosan and fucoidan 48

6) Functionalized dendritic mesoporous silica 49
7) Tannic acid-Fe(III) complex 50

8) Chitosan and folate 51
9) D-α-tocopheryl polyethylene glycol 1000-block-poly(β-amino ester) (TPGS-PAE copolymers) 52

10) PEG2000-DOX 53

11) Dox-oxidized sodium alginate (Dox-OSA) 54
12) Zn(II)-CUR 55

13) Amphiphilic N-benzyl-N,O-succinyl chitosan (BSCS) 57

14) Poly(3-caprolactone)-block-poly(diethylaminoethyl methacrylate)-block-poly(sulfobetaine 
methacrylate) (PCL-PDEA-PSBMA)

58,59

15) Poly(l-histidine)-poly(D,L-lactide-co-glycolide)-poly(ethylene glycol)-poly(D,L-lactide-co- 

glycolide)-poly(l-histidine) (PHis-PLA-PEG-PLA-Phis) and a folate targeting ligand

60

16) CUR-dextran 61

17) Poloxam 188-Cis-CUR conjugate 62

18) mPEG-poly(lactic acid)-CUR and mPEG-poly(lactic acid)-hydrazone-CUR (mPEG-PLA-CUR 
and mPEG-PLA-Hydr-CUR)

63

19) mPEG-PLA-tris(hydroxymethyl)aminomethane-CUR (mPEG-PLA-Tris-CUR) 64

20) mPEG-Chitosan-Ketal (PCK) 65
21) Poly(butyl-methacrylate-co-(2-dimethylaminoethyl) methacrylate-co-methyl-methacrylate) 

(Eudragit® EPO)

67

22) Silica particles and poly(L-lysine) 68
23) β-CD 96

24) Pectin maleate 97

Magnetic 1) Oleic acid-modified iron oxide nanoparticles and NH2-PEG3500-T7 35

2) Magnetic ferrite 34,85–87,89–97,99–102,105

Thermo-sensitive 1) N-isopropyl acrylamide 97

2) Poloxamer 407 107,108,110–112

3) Poly(N-vinylcaprolactam-co-hydroxyl ethyl ethacrylate) 109
4) N-cholesteryl hemisuccinate-O-sulfate chitosan 113

(5) Poly(ethylene glycol)-poly(ε-caprolactone)-poly(ethylene glycol) copolymer 117

6) Poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide)-b-poly(L-lactide)-b- poly 
(N-isopropylacrylamide-co-N,N-dimethylacrylamide)

118

Abbreviations: CUR, curcumin; T7, human transferrin receptor-binding peptide T7.

International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
9805

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


prospective failures in determination of CUR content. 
Besides, Chitosan/Fucoidan was used to control release 
of CUR due to the ionization and deprotonation of the 
amino groups (-NH3+) on chitosan and the sulfate groups 
(-SO3-) on fucoidan for overcoming the barriers to the 
gastrointestinal (GI) tract. The chitosan/fucoidan nanopar
ticles, consisting of chitosan (5 mg), fucoidan (5 mg) and 
acetic acid (0.01%, v/v), showed representative pH- 
dependent sustained release behavior. The release of 
CUR was inhibited at pH 1.2 (<15 μg/mL, after 
12 hours), but significantly rose at pH 7.0 (about 
22.5 μg/mL).49

CUR pH-sensitive nanoparticles were developed for 
controlled drugs release in acidic or weak acidic condi
tions. Various nanostructured-mesoporous silica materials 
(MSMs) were modified with the functional group such as - 
NH2 and silanol groups for controlled release of CUR. 
Both MCM-41 (well-known 2D silica material) and 
KKC-1 (present unique new 3D fibrous-structured silica) 
were functionalized with aminopropyl groups to obtain 
MCM-NH2 (two dimensional) and KCC-NH2 (three 
dimensional). The nanoparticles containing MCM-NH2 or 
KCC-NH2 could achieve controlled, long-term and effec
tive pH-stimulated release of CUR. The cumulative release 
rates of CUR from silica materials during 100 hours were 
about 14% in the case of MCM-NH2 and about 19% in the 

case of KCC-NH2 at pH 2.5, while they were only about 
5.5% and 14% under neutral pH conditions (pH 7.5), 
respectively. As shown in the study of Abouaitah et al,50 

the CUR-loaded functionalized dendritic mesoporous 
silica nanoparticles under low acidic condition (pH 2–5) 
exhibited positive charge, while under neutral pH condi
tion (~7.5) was negative. It indicated that the enhanced 
cumulative release is contributed to the protonation of the 
-NH2 groups on the surface of silica nanoparticles under 
low pH condition. Mesoporous silica nanoparticles 
(MSNs) with tannic acid (TA)-Fe(III) complex deposited 
on its surface showed pH- and glutathione-responsive drug 
release. The CUR release from tannic acid-Fe(III) coated 
MCM-41 was significantly decreased compared to non- 
coated MCM-41. At pH values lower than 2, only the 
mono-complex TA can be formed, while at pH values 
higher than 7, three moieties of tannic acid are strongly 
bonded to Fe(III). The zeta potential values increase as pH 
value decreases from 7.4 to 4.0, because of the protonation 
of silanol groups of the silica surface. Thus, on the one 
hand, the rapid release of CUR was triggered by weak acid 
condition (pH 6.0 or 4.5), but sustainable drug release was 
shown under physiological conditions (pH 7.4). On the 
other hand, the glutathione concentrations of some cancer 
tissues could be 4-fold higher than normal tissues, and its 
concentration interior of the cells is significantly higher 
than the extracellular. Thus, the drug release could be 
controlled for the level of glutathione as a good ligand 
for Fe(III) ions which accelerated the decomposition of the 
TA-Fe(III) complex. The resulting dual-responsive drug 
delivery system could significantly enhance cytotoxicity 
against MRC5 cells. The IC50 of free CUR and the dual- 
responsive system were >150 µM and 20.2±3.5 µM, 
respectively.51 Therefore, this dual sensitive drug delivery 
system has great potential for tumor targeted therapy. 
Other MSNs were functionalized with (3-aminopropyl) 
triethoxysilane to obtain amine functionalized MSNs, 
then conjugated with succinic anhydride to obtain car
boxylic acid functionalized MSNs (MSN-COOH) for 
encapsulating CUR, and lastly coated with chitosan- 
folate via electrostatic interaction on its surface. The 
CUR loading efficiency (CLE=31.2%) and loading capa
city (CLC=4.6%) of MSNs with mesitylene as the swel
ling agent (LMSN-COOH-CUR) is 2-fold higher than that 
without mesitylene. It could be attributed to the fact that 
the decrease in the pore size of MSNs led to a drop in CLE 
and CLC. The CUR-loaded chitosan-folate coated meso
porous silica nanoparticles (LMSN-COOH-CUR@CS-FA) 

Solution A
Eudragit S100 + Liposomes 
pH = 8

Solution B
Acetic acid
pH = 3

Eudragit S100 
coated Liposomes 

Figure 4 Schematic representation of liposomal coating with Eudragit@ S100 by 
the pH jump method. 
Notes: Reprinted with permission from De LV, Milano F, Mancini E, et al. Encapsulation 
of curcumin-loaded liposomes for colonic drug delivery in a pH-responsive polymer 
cluster using a pH-driven and organic solvent-free process. Molecules. 2018;23(4):739. 
Copyright (2018) Multidisciplinary Digital Publishing Institute, Creative Common CC 
BY license.43
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showed pH-sensitive drug release behavior. At pH 5.5, the 
release is significantly faster than pH 7.4. It could be due 
to the high permeability and swelling ability of chitosan at 
acidic environments. Cellular uptake studies showed that 
free CUR were more effective in penetrating both cell 
lines (HeLa and NIH-3T3) than CUR loaded MSNs.52 It 
could be attributed to the hydrophobic nature of CUR as 
a small molecule material which can easily diffuse through 
phospholipid cell membrane.53 The higher cellular uptake 
of LMSN-COOH-CUR@CS (more positive charge den
sity) in NIH-3T3 than that of LMSNCOOH-CUR@CS-FA 
indicated that the interaction of positively charged MSNs 
with the negatively charged cell membrane (adsorptive 
mediated endocytosis) can be the most probable mechan
ism of the cellular uptake. In addition, the antiproliferative 
effect of CUR with chitosan-folate coated was more sen
sitive for HeLa cells than NIH-3T3 cells (folate receptor 
negative).52 Besides, the amphiphilic TPGS-PAE copoly
mer (D-α-tocopheryl polyethylene glycol 1,000-block-poly 
(β-amino ester)) as a pH-sensitive carrier was used to co- 
load Dox (a pro-apoptotic drug) and CUR (a potent drug 
for antiangiogenesis) by a one-step solvent evaporation 
method. The nanoparticles showed pH triggered obvious 
release behaviors in the endosomal environment of cancer 
cells. Over 90% of CUR were released at pH 5.8 after 192 
hours, whereas 66.63% were released at pH 7.4. Its inhibi
tion and apoptosis effect against SMMC 7721 cells were 

enhanced in a synergistic manner through decreased mito
chondrial membrane potential. The induced total apoptosis 
rates of free (Dox and CUR) and (Dox and CUR) NPs 
were 38.3% and 76.2%, respectively. In addition, these co- 
loaded NPs also showed stronger anti-angiogenic effects 
including inhibition of HUVEC proliferation, migration, 
invasion, and tube formation mediated VEGF pathway 
modulation.54 It indicated that this co-delivery system of 
drugs with pro-apoptotic and anti-angiogenic activities is 
potentially effective in treating cancer.

The prodrug nano delivery system is also a good 
method for cancer treatment based on the weak acid envir
onment of the tumor. In the study of Zhang et al,55 the 
PEG-Dox nanoparticles (PEG-Dox NPs) were prepared 
through by Schiff’s base reaction and self-assemble of 
Dox and PEG2000 in water at pH 7.4, and then encapsu
late CUR into the core through hydrophobic interaction 
(PEG-Dox-CUR NPs). When PEG-Dox-CUR NPs were 
internalized into tumor cells, the Schiff’s base linker 
between PEG2000 and Dox would be broken down in 
the acidic environment, leading to CUR release into the 
cytoplasma, which could avoid significant drug leakage in 
the blood circulation. As shown in Figure 5, after 24 
hours, the Dox fluorescence intensities in the main organs 
were very weak, but were still strong in tumor tissues for 
PEG-Dox-CUR NP-treated mice. Furthermore, a better 
anti-tumor effect was observed on BALB/c nude mice 

Heart Liver Spleen Lung Kidey Turmor

Figure 5 Representative ex vivo images of tumor and main organs (heart, liver, spleen, lung, and kidney) after administration of DOX and PEG-Dox-CUR NPs.Reprinted 
from Zhang Y, Yang C, Wang W, et al. Co-delivery of doxorubicin and  curcumin by pH-sensitive prodrug nanoparticle for combinationtherapy of cancer. Sci Rep. 2016;6 
(1):21225. This work is licensed under a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 55
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bearing HepG2 xenografts, the relative tumor volume of 
PBS, free Dox/CUR mixtures and PEG-Dox-CUR NPs 
was 1,000%, 500%, and 300%, respectively. However, 
some researchers have found that PEGylated nanoparticles 
are known to provoke certain immune responses after 
repeated dosing. When the PEGylated nanoparticles were 
repeatedly injected into the same animal (at intervals of 
several days), the long-term circulation characteristics 
were lost and the aggregation of PEG nanoparticles in 
the liver and spleen increased. Such immunogenicity of 
PEGylated nanoparticles present a barrier in the research 
of formulations and their use in the clinics.56,57 Based on 
the Schiff base linkage of Dox and oxidized sodium algi
nate (Dox-OSA), the novel co-delivery (CUR and Dox) 
pH-sensitive nanoparticles were prepared by the self- 
assembly of amphiphilic macromolecular Dox-prodrug. 
When the feeding ratio of CUR/Dox/OSA was 1.4/4/10 
(w/w/w), these nanoparticles showed higher drug encapsu
lation efficiency (Dox, 80.45%; CUR, 44.6%) and the drug 
loading capacity (Dox, 20.14%; CUR, 4.2%). The nano
particles could selectively release drug into tumor cells 
due to the Schiff base linkage and showed a remarkable 
cytotoxicity in MCF-7 cells.58 The prodrug delivery sys
tem with hydrophobic anticancer drugs deserves more 
extensive research. Besides, metal ion-CUR complexes 
could be a promising method to enhance the aqueous 
solubility of the hydrophobic drug and improve the anti- 
tumor effect. The Zn(II)-CUR nanoparticles (Zn(II)-CUR 
NPs) were prepared by solvent evaporation. The acid- 
labile coordination Zn(II)-O bond in Zn(II)-CUR NPs are 
broken, inducing the release of CUR responding to the 
tumor intracellular acidic environments. At pH 5, CUR 
was released about 90%, while only about 18% was 
released at pH 7.4 within 12 hours. Zn(II)-CUR NPs 
could effectively suppress the proliferation and migration 
growth on human bladder cancer cell lines HBC. As 
compared to the PBS control, the decreased tumor cell 
proliferation was observed for the Zn(II)-CUR NPs 
(79.54±5.09%).59

CUR pH-Sensitive Micelles
Some representative pH sensitive chemical groups include 
polyacrylic acid, polymethacrylic acid, polyethyl acrylic 
acid, and other polybasic acids; sulfonamide group; poly
amine, polyethyleneimine, and other basic groups; acid 
sensitive connection arm such as imine bond, hydrazide 
bond, hydrazone bond, cis-aconitamide, two methyl mal
eimide, ether bond, ortho ester, and polyacetal (ketone).60 

Based on the pH-sensitivity of these groups, many 
micelles were developed for drug controlled and specific 
release to achieve targeted therapy for lesions. The drug 
controlled release profile was mainly induced by proto
nated/deprotonated process and pH-sensitive bond break
ing. Among that, the design ways of pH-sensitive CUR- 
loaded micelles for controlled release mainly include pH- 
sensitive carriers and prodrugs.

Based on the protonated/deprotonated process, many pH- 
sensitive CUR-loaded micelles consisting of pH sensitive 
materials were developed for targeted therapy. The amphi
philic BSCS was selected to encapsulate CUR for oral CUR 
delivery. Its carbonyl groups (succinic acids) could be proto
nated at acidic pH (1.2), resulting in limited release, but be 
ionized at basic pH (5.5, 6.8, and 7.4) leading to dissociation 
of micelles. At pH 1.2 (gastric fluid), about 30% of CUR was 
released from the micelles after 24 hours, whereas at pH 5.5, 
6.8, and 7.4, about 70% of CUR was released. The IC50 was 
4.7-, 3.6-, and 12.2-fold lower than free CUR in HeLa, SiHa, 
and C33a cervical cell lines, respectively, and an increased 
early apoptosis (30–55%) was observed.61 Hence the BSCS 
micelles can be used for effective intestinal delivery of CUR. 
A new pH-sensitive tri-block copolymer of PCL-PDEA- 
PSBMA was used for the CUR-loaded micelles. At pH 5.0 
and pH 7.4, CUR was released about 73.3% and 52.4% after 
12 hours, and the cumulative amount reached about 91.6% 
and 67.4% after 60 hours, respectively. It is because the 
PDEA block could be protonation leading to faster drug 
release in an acidic environment. The MRT(0–∞) (the mean 
retention time) and CL/z (the clearance) of CUR solution and 
CUR-loaded micelles was 62.365 h and 87.199 h, 0.298 and 
0.223 L/h/kg, respectively. CUR-loaded micelles provided 
a higher clearance half-life (T1/2a) (8.52-fold), distribution 
half-life (T1/2b) (4.39-fold), AUC(0-∞) (1.34-fold), and 
MRT(0-∞) (1.40-fold) compared to the CUR solution.62 It 
indicated that the tri-block copolymer of PCL-PDEA- 
PSBMA material used for encapsulating CUR can contribute 
to pH-sensitive controlled release and long circulation 
in vivo. This drug delivery system can increase the stability 
of CUR and resist its rapid metabolism in vivo. Similarly, 
CUR-loaded micelles, composed of poly(3-caprolactone)- 
b-poly(N,N-diethylaminoethyl methacrylate)-r-poly(N-(3- 
sulfopropyl)-N-methacryloxyethy-N,N-diethylammoniumb 
etainecopolymers (4s-PCL-PDEASB), also decreased CL/z 
(0.583 L/h/kg) compared to CUR solution (1.208 L/h/kg) and 
improved CUR bioavailability in rats. The AUC(0–∞), Cmax, 
and t1/2 of the CUR-loaded micelles were increased by 2.07- 
fold, 3.14-fold, and 1.42-fold, respectively compared to CUR 
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solution.63 An endosomal micellar delivery system 
(F-pHSM-L61/CUR/Dox) consisting of a folate targeting 
ligand, poloxamer 407 (F127), and the pH-sensitive copoly
mer of PHis-PLA-PEG-PLA-Phis was used for multidrug 
resistance (MDR) reversal. The pH-sensitive copolymer 
PHis-PLA-PEG-PLA-PHis, composed of poly(ethylene gly
col) (PEG), poly(D,L-lactide-co-glycolide) (PLA) and poly 
(l-histidine) (PHis), could disrupt the micellar structure trig
gering the release of Pluronic L61 unimers and CUR to the 
cytosol to exert their synergistic MDR reversal effect. At 
acidic pH, the imidazole groups of PHis block began to 
protonate inducing micellar structure destabilization and 
accelerated drug release. The IC50 of F-pHSM-L61/CUR/ 
DOX formulations against MCF-7/ADR cells was less than 
2-fold to F-pHSM-L61/DOX formulations and less than 
4-fold to F-pHSM/CUR/DOX formulation after 24-hour 
incubations.64 One of the reasons for inducing MDR is the 
overexpression of ATP-binding cassette transporters (eg, 
P-gp and MRPs), which increase the efflux of drugs from 
cancer cells.65,66 CUR and Pluronic unimers are capable of 
reversing MDR of tumors by regulating its expression and 
function.67,68 Mechanistically, CUR and the Pluronic L61 
unimers co-formulated pH-sensitive micelles exhibited 
a synergistic MDR reversal effect by inhibiting the expres
sion and function of P-gp.

Based on pH-sensitive bond breaking, some micelles 
were designed to specifically deliver CUR to the target site 
such as polymer–drug conjugates. It can be achieved by 
introducing acid cleavable linkage to drugs/carrier materials 
to form a microenvironment responsive vesicle. The covalent 
bonds of polymer–drug conjugates would be broken down in 
an acid environment, resulting in drugs releasing rapidly. In 
a study, CUR dextran conjugate was synthesized with 2 
g dextran, 0.2 g CUR hemi-succinate, 0.09 g DCC (N,N1 

dicyclohexylcarbodiimide), 0.05 g DMAP (4-dimethylami
nopyridine), and 0.04 g TEA (triethylamine) in 20 mL 
DMSO. The succinic acid spacer of CUR-dextran conjugate 
could be degraded at acidic pH, which afforded the capability 
of self-triggered drug release only at the tumor site and 
limited release at physiological pH. The sustained release 
(30.2±5.5%) of CUR-dextran micelles was observed at pH 
7.4 in 72 hours, whereas an accelerated release (97.4±3.6%) 
was achieved at pH 4.5. The micelles had better therapeutic 
efficacy evidenced from the viability of C6 glioma cells (less 
than 20%) compared to free CUR (60%) at 50 μM CUR 
concentrations.69 Moreover, the F68-CUR conjugates by 
covalently conjugating CUR to the hydrophilic terminals of 
Poloxam 188 (F68) chains via cis-aconitic anhydride linkers 

was used for a novel flexible acid-responsive micelle formu
lation. The covalent bonds would be broken down leading to 
the faster release of CUR in a mildly acidic environment (pH 
6.4 and pH 5.0) compared to in physiological pH 7.4. After 
96 hours, almost 60% of CUR was released at pH 6.4 and 5.0, 
whereas only 40% CUR was released at pH 7.4. The IC50 

values of free CUR and F68-cis-CUR micelles were 43.78 
and 18.46 μM in A2780 cells after 24 hours and were 22.92 
and 10.15 μM for 48 hours, respectively. For SMMC 7721 
cells, the IC50 values of free CUR and F68-Cis-CUR micelles 
were 28.2 and 16.35 μM for 24 hours and were 15.54 and 
7.63 μM for 48 hours, respectively.70 These results proved 
prodrug delivery nano-systems is an effective way to 
improve the anticancer action. However, it often suffers 
from the slow drug release followed by delaying onset of 
pharmacological action. For example, the ester-linked con
jugate micelles of mPEG-PLA-CUR, conjugated CUR to 
poly(lactic acid) (PLA) viagluraric anhydride), showed 
slower drug release. After 24 hours, the amount 
released was only about 22% at pH 5.0. The IC50 of the 
micelles and free CUR were 68.8 and 29 μM against 
HepG2 cells after 24 hours, respectively.71 Fortunately, 
through the hydrazone linked CUR with mPEG-PLA, the 
hydrazone-linked polymer-CUR conjugate micelles (mPEG- 
PLA-Hyd-CUR) could increase the accumulated release, 
reaching about 55% at pH 5.0, attributing to the breaking 
down of hydrazone bonds. And it showed a better inhibitory 
effect on HepG2 cells (IC50, 27.7±5.3 μM after 24 hours).71 

In another study, mPEG-PLA was conjugated with CUR via 
tris(hydroxymethyl) aminomethane (Tris) linker to produce 
mPEG-PLA-Tris-CUR micelles by self-assembly. The drug 
loading capacity (18.5%, w/w)) has been greatly 
improved by the style of conjugations and drug encapsula
tion. The sustained release action was observed due to diffu
sion and hydrolysis of ester bonds. The accumulated release 
of pure CUR and the micelles was about 6% and 8%.72 In 
addition, the material of mPEG-Chitosan-Ketal (PCK) was 
used to encapsulate CUR for pH-sensitive CUR-loaded 
ketal-based chitosan micelles, which could be selectively 
degraded in the acidic environment of the tumor. The tumor 
volume of free saline and CUR-loaded micelles was about 
1,300 and 600 mm3, respectively. This suggested that the 
micelles could efficiently suppresstumor growth in vivo.73

Other pH-Sensitive Preparation
There are some other kinds of pH-sensitive preparations, 
such as microspheres, molecular complexes, microcap
sules. For example, pH triggered Eudragit-coated chitosan 
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microspheres of CUR for treating ulcerative colitis were 
initially prepared by emulsion cross-linking method and 
then coated with Eudragit®S100 that could prevent prema
ture release of CUR in the upper gastrointestinal tract 
(GIT). An in vivo organ biodistribution study showed 
a negligible amount of CUR in the stomach (1.12±0.64%) 
and small intestine (2.63±0.87%), but high concentrations 
(51.23±2.53%) in the colon after 12 hours. Furthermore, 
the microspheres were evaluated by acetic acid-induced 
ulcerative colitis in mice. The CUR-loaded microspheres 
treated group exhibited mild lesions and inflammation, 
while the free CUR treated group showed moderate lesions 
and inflammatory reactions (Figure 6).74 A study developed 
a molecular complexation of CUR with a pH-sensitive 
cationic copolymer of Eudragit® EPO by hydrogen bond 
formation and hydrophobic interactions using a nano pre
cipitation method. It enhanced the aqueous solubility 
(>2 mg/mL), increased peak plasma concentration (6 
times) and improved bioavailability (about 20 times). The 
complexes were amorphous in solid and soluble only in 
buffers with pH less than 5.0.75 Microcapsules containing 
CUR were prepared with poly(L-lysine), trisodium citrate 
and silica sol by self-assembly, which were also proved pH- 
sensitive drug release. The release of CUR was more trig
gered in an acidic environment than the basic (63% over 
acidic environment, pH 8.0) and neutral (35% over acidic 
environment, pH 7.0) condition. The more release of CUR 
would attribute to weakening of ionic interactions between 
the silica nanoparticles and poly(L-lysine) because of silica 

particles losing its negative charges in an acidic 
environment.76

Magnetic-Response Preparation
The basic principle of magnetic targeted drugs delivery sys
tem is that, in a magnetic field with a certain field strength, 
the magnetic carrier is gradually moved to the pathological 
area due to the flow properties and magnetic field induction 
properties of magnetic nanoparticles. Magnetic-response 
preparations are fabricated by three parts of magnetic core, 
skeleton material, and drug. Magnetic cores are usually pre
pared with Fe, Co, Ni, and ferrite materials (Fe2O3, Fe3O4, 
ferromanganese oxygen, zinc ferrite) by co-precipitation 
method, microemulsion method, sol-gel method, hydrother
mal synthesis method, and polyol process method.77,78 The 
main magnetic core materials of ferrite are used for CUR- 
loaded magnetic-response preparations. At present, kinds of 
magnetic-response preparations of CUR are reported includ
ing magnetic nanoparticles, magnetic liposomes, magnetic 
hydrogel, magnetic microspheres, and nanospheres, etc.

Magnetic Nanoparticles
Magnetic nanoparticles had excellent performances, such as 
biocompatibility, large specific surface area, low toxicity, high 
saturation magnetization, and magnetism.79,80 They have been 
applied for magnetic resonance imaging,81 catalysts, magnetic 
recording materials, and biomedicine,82 especially anti-tumor 
therapy (eg, hepatoma cells and A549 cells).83–85 When CUR 
combined with magnetic nanoparticles (CUR-MNPs), the 

Figure 6 Evaluation of experimental colitis in the colon of mice in (A) control group (severe lesions and inflammation), (B) CUR-treated group (moderate lesions), and (C) 
CUR microsphere-treated group (mild lesions).Reprinted with permission from Sareen R, Jain N, Rajkumari A, et al. pH triggered delivery of curcumin from Eudragit-coated 
chitosan microspheres for inflammatory bowel disease: characterization and pharmacodynamic evaluation. Drug Delivery. 2016;23(1):55–62. Copyright (2016) Taylor & 
Francis Ltd (http://www.tandfonline.com).74
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antitumor effect can be enhanced due to the increasing drug 
concentrations in target tissues by magnetic targeting and drug 
controlled/sustained release. In addition, CUR-MNPs were 
also served as magnetic resonance imaging (MRI) contrast 
agents to diagnose and to improve targeting ability.

Cancer is the second leading cause of human deaths and 
was responsible for nearly one in six deaths worldwide.86 

Numerous chemotherapeutic drugs, even new drugs such as 
angiogenesis-targeted drugs and epidermal growth factor 
receptor-targeted drugs have been developed and used for 
the treatment of cancer.87–90 However, the curative effects 
and application are not very good due to low 5-year survi
val rate, drug induced-toxicities, and resistance, etc.10,91,92 

There has been much interest in using magnetic targeted 
drug delivery system to treat tumors because of its unique 
physicochemical properties and good biocompatibility.79 

Magnetic mediated CUR-MNPs could concentrate CUR 
on desired cells or organs by an external magnetic field. 
In a study, DXS/PLL was synthesized with positive poly
electrolyte poly-l-lysine (PLL) and negative polyelectrolyte 
(DXS) by alternating incubations and used as nanocarriers 
for layer-by-layer polymer-coated magnetic nanoparticles. 
(DXS/PLL)-coated iron oxide MNPs showed a better 
uptake profile of CUR in SKOV-3 cells in an extracorporeal 

magnetic field, as shown in Figure 7.93 CUR-loaded super- 
paramagnetic porous silica nanoparticles were developed 
for site-specific delivery of CUR under an external mag
netic field. High loading of Fe3O4 nanoparticles (37% wt) 
and CUR (30% wt) were incorporated into the porous silica 
matrix under mild conditions at room temperature. Briefly, 
a mixture of H2O/CTABr/HCl/formamide was stirred at 
room temperature for 2 days, after which CUR (10 mg) and 
Fe3O4 (100 mg) nanoparticles were added. After a day, 
tetraethylorthosilicate was added. The solution was then 
kept under quiescent conditions for 3 days. The molar 
ratio of H2O/HCl/formamide/CTABr/tetraethylorthosilicate 
was 100:7.8:10.2:0.11:0.13.94 This new synthetic metho
dology for preparing composite materials is likely to be 
applicable to other biologically active materials. A study 
prepared CUR-loaded magnetic nanoparticles with 810/ 
300 mg Fe3+/Fe2+ salts, 200 mg cyclodextrin (CD), and 
250 mg F127, which could be efficiently internalized into 
human pancreatic cancer cells and improve mice survival. 
The amount of nanoparticle uptake was 54.06% for HPAF- 
II and 53.86% for Panc-1. The median survival was 40 days 
for MNPs and 24 days for Tween 20.34 CUR has poor 
absorption and stability, which is the leading reason for 
its rapid metabolism and low oral bioavailability.14 The 

Figure 7 Representative confocal images of (A) nano-Fe3O4-coated with CUR on SKOV-3, and (B) nano-Fe3O4-coated with CUR on SKOV-3 enhanced by magnetic field 
(Blue cells nuclei are labeled with DAPI, green nano-Fe3O4 are labeled with FITC (DXS-FITC), and red actin filaments are labeled with phalloidin-TRITC). 
Notes: Reprinted with permission from Mancarella S, Greco V, Baldassarre F, et al. Polymer-coated magnetic nanoparticles for curcumin delivery to cancer cells. Macromol 
Biosci. 2015;15(10):1365–1374. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.93 

Abbreviations: CUR, Curcumin; DAPI, 4',6-diamidino-2-phenylindole FITC (DXS-FITC), Fluorescein isothiocyanate-dextran.
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CUR-loaded magnetic nanoparticles could improve the 
effective time and serum bioavailability of CUR in mice 
up to 2.5-fold through delayed-metabolism and increased 
accumulation in vivo. In addition, a considerable amount of 
CUR in MNP-CUR (1,792.19±644 ng/mL) was observed at 
6 hours, while only 766.54±256 ng/mL of CUR in Tween 
20 was present.34 This indicated that the stability of CUR 
was improved. CUR-MNPs can be used to enhance the 
therapeutic effect of CUR by increasing drug concentration 
and/or action time. In a study, CUR-loaded magnetic nano
particles were prepared with epichlorohydrin-β- 
cyclodextrin copolymer (Epβ-CD) and oeoyldextran. 
When the formulation of CUR-loaded magnetic nanoparti
cles contained 2/1 proportion of Epβ-CD and oleoyldex
tran, it exhibited an improved drug release profile in 
extended manner up to 4 days (57.38%). In addition, the 
magnetization value of CUR-loaded magnetic nanoparti
cles was 58.23 emu/g, indicating paramagnetic behavior.95 

Therefore, CUR-loaded MNPs should be used for cancer 
therapy with some properties in the future.

MRI is produced by the radiation from the body material 
to the surrounding environment for helping disease diagnosis 
in the high frequency magnetic field. The two typical nano
particles of quantum dots and magnetic nanoparticles have 
played important roles in the bioimaging field. Among them, 
magnetic nanoparticles serve as MRI contrast agents to 
improve the diagnostic sensitivity and specificity of MRI.96 

As mentioned previously, CUR has been used for anti- 
Alzheimer’s disease. When combined with magnetic nano
particles, it was used for visualized amyloid plaques diagnosis 
of Alzheimer’s disease by MRI. The CUR-MNPs were not 
cytotoxic to either Madin-Darby canine kidney (MDCK) or 
differentiated human neuroblastoma cells (SH-SY5Y) and 
demonstrated amyloid plaque detection ability on AD 
Tg2576 mice brain sections. CUR-MNPs were prepared by 
a multi-inlet vortex mixer (MIVM). A superparamagnetic iron 
oxide core was firstly coated by a layer of CUR through 
hydrogen-bonding and then was encapsulated by polyethylene 
glycol-polylactic acid (PEG-PLA) co-block polymer and 
polyvinylpyrrolidone (PVP) by a multi-inlet vortex mixer 
(MIVM).97,98 CUR, used as an anti-oxidant, has been shown 
to reduce ROS damage for tissues and organs. Due to the 
presence of under-coordinated Fe atoms (γ-Fe2O3), surface- 
active maghemite nanoparticles (SAMNs) were modified with 
CUR on the nanoparticle surface, which had good properties 
as a MRI contrast agent and preserved the redox properties of 
CUR.99 This CUR-modified SAMNs had a small size of 13±4 
nm. Mouse fibroblasts test demonstrated that CUR-modified 

SAMNs were well-tolerated on mammalian cells. Compared 
with uncoated SAMNs, the CUR-modified SAMNs core-shell 
composite was able to yield nearly comparable relaxivity 
indexes, with a longitudinal relaxation rate (r1) of 0.266 
mM−1 (Fe) s−1 and transverse relaxation rate (r2) of 28.05 
mM−1 (Fe) s−1. The uncoated SAMNs system exhibited r1 of 
0.419 mM−1 (Fe) s−1 and r2 of 44.79 mM−1 (Fe) s−1 at 293 
K. The calculated r2 value rendered CUR-modified SAMNs 
an effective contrast agent material in MRI imaging (negative 
contrast). Besides, CUR-MNPs exhibited superior magnetic 
resonance imaging characteristics and significant tumor tar
geting capability. Yallapu et al100 developed a composite 
MNP formulation composed of an iron oxide nanoparticle 
core coated with CD (β-cyclodextrin) and pluronic polymer 
(F68). The prepared CUR-MNPs had an individual particle 
grain size of <9 nm and hydrodynamic average aggregative 
particle size of <123 nm. The r2 order detected was 7.040 
s−1μg−1mL (CUR-MNPs) > 4.38 s−1μg−1mL (CUR-MNPs in 
cancer cells) > 3.40 s−1μg−1mL (MNP) > 2.38 s−1μg−1mL 
(MNP in cancer cells). The higher relaxivity values of CUR- 
MNPs were attributed to CUR and the nanoparticles induced 
greater inhomogeneity in the magnetic field than MNP. 
Moreover, CUR-MNPs were taken up in MDA-MB-231 
cells through endocytosis. It displayed an antiproliferative 
effect with IC50 of 12.4 μM (free CUR, 17.2 μM). This 
concluded that combined CUR and MNPs with ultra-low 
particle size, high inherent magnetic properties, effective ima
ging and targeting ability can be extended to preclinical and 
clinical applications for cancer treatment and imaging in the 
future.

Functional Molecular Modified 
Magnetic Particles
In addition to described above about magnetic nanoparti
cles for targeted delivery, the drug is slowly selectively 
localized and released in a controlled manner (induced by 
targeting ligand/receptor or changes of physiological con
ditions such as pH), focusing on the target area to play 
a role. When CUR-loaded magnetic nanoparticles com
bined with ligand/receptor served as novel platforms for 
multiple biomedical applications, it could enhance the 
targeting and cellular uptake ability leading to an 
improved anticancer effect. For example, magnetite 
nanoaggregates were coated with poly(propylene glycol) 
bis(2-aminopropyl ether) (PPG-NH2) on its surface and 
then used to couple FA which served as a targeting ligand 
suggesting selective delivery towards MDA-MB-468 cells. 
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The CUR-loaded folic acid-conjugated magnetic nanoag
gregates exhibited 3.9-fold higher level of cellular uptake 
than non-FA magnetic nanoaggregates.101 In another 
study, magnetic nanoparticles were also modified with 
FA to obtain target specificity. N-[3(trimethoxysilyl) pro
pyl]ethylenediamine was used to modify the MNPs to 
form a self-assembled monolayer and subsequently con
jugated with folic acid and carboxymethylcyclodextrin 
through amidation between carboxy groups of folic acid/ 
carboxymethylcyclodextrin and amine groups on the nano
particle surface. Compared to non-folic acid magnetic 
targeted nanoparticles (23.4%), an enhanced cellular 
uptake was observed against C6 glioma cells (95.3%) by 
folic acid receptor mediated co-administration of pacli
taxel and CUR.102 When the physiological conditions 
(pH) changed, CUR was selectively released at the target 
area that could improve target ability and enhance the anti- 
tumor effect. For example, multi-layer iron oxide magnetic 
nanoparticles (Fe@HAP-PEI-CD or Fe@HAP-CD), con
sisting of hydroxyapatite (HAP), β-CD, and/or polyethy
leneimine (PEI), also showed pH-sensitive drug release. 
Firstly, superparamagnetic iron oxide nanoparticles as 
a magnetically responsive core were prepared by a co- 
precipitation method, then grafted with PEI as 
a hydrophilic polymer to increase drug release at acidic 
pH, and lastly HAP and CD were used for coating and 
modifying to enhance the loading capacity. The signifi
cantly different release of Fe@HAP-PEI-CD (about 52%) 
and Fe@PEI-CD (38.1%) was obtained after 5 days at pH 
5.5. However, a significant diminution was observed at pH 
7.4 at the same times (Fe@HAP-PEI-CD, 28%; Fe@PEI- 
CD, 18.4%). The CUR-loaded multi-layer iron oxide mag
netic nanoparticles were more effective than free CUR in 
suppressing MCF-7 breast cancer cells proliferation evi
denced by the IC50 values of 40 μM for free CUR, 22 μM 
for Fe@PEI-CD, and 13 μM for Fe@HAP-PEI-CD. In 
addition, the CLC and CLE for Fe@PEI-CD were 14.1% 
and 70.6%, respectively. Fe@HAP-PEI-CD showed more 
potential for CUR loading (CLC, 18% and CLE, 
76.6%).103 In another study, sulfobutyl ether-β-CD and 
its derivatives functionalized MNPs (SBE-β-CD-MNPs) 
were used to load CUR. The SBE-β-CD-MNPs possessed 
excellent superparamagnetism with the remanence and 
coercivity of zero. The magnetization (58 emu/g) was 
enough for highly efficient magnetic manipulation when 
used as drug carriers in an external magnetic field. The 
loading efficiency of SBE-β-CD-MNPs for CUR was high, 
up to 39.4%. The CUR-loaded SBE-β-CD MNPs showed 

favorable drug release property under the weak acid con
dition. About 76% of CUR were released at pH 5.3, but 
only 25% were released at pH 7.4 due to the hydrogen- 
bonding interaction between -OH groups of cyclodextrin 
(β-CD) and CUR. The CUR-loaded SBE-β-CD MNPs 
showed an about 50% inhibition rate of HepG2 cells, but 
the SBE-β-CD MNPs had no significant toxicity when 
concentrations were as high as 40 μg/mL. Cell imaging 
demonstrated its successful internalization and distribution 
in the cell cytoplasm.104 Besides, dual pH- and thermo- 
responsive magnetic preparations were reported for colon- 
specific drug delivery. When the pH was close to the 
neutral condition and the temperature raised to the body 
temperature, it could increase the cumulative release. 
CUR-loaded dual pH- and thermo-responsive magnetic 
microgels were prepared with pectin maleate, 
N-isopropyl acrylamide (10%) and Fe3O4 nanoparticles 
(1%). In simulated intestinal fluid (SIF, pH 6.8) (25°C) 
the equilibrium was achieved after 35 hours (50%) without 
a magnetic field. However, the equilibrium was permitted 
at 80 hours (90%) under a magnetic field showing a slowly 
controlled and sustained CUR release. In simulated gastric 
fluid (SGF, pH 1.2) (25°C), the CUR release was not 
higher than 10% in the presence or absence of magnetic 
field. Moreover, in SGF (37°C), the released fraction of 
CUR was lower than 20%. However, in SIF (37°C), the 
amount of CUR released reached over 80% for all eval
uated conditions. This enhanced release in SGF was 
mainly due to the galacturonic acid units over pectin 
being ionized, permitting repulsion among them, and 
hence the carrier was swelling, and diffusion to release 
drug in the colon site.105

Magnetic Liposomes
Liposome is composed of amphiphilic molecules with 
a hydrophilic polar head and hydrophobic tail. CUR- 
loaded liposomes were used to treat many types of cancer, 
such as lung, cervical, prostate, breast, and liver cancer.10 

After loading magnetic nanoparticles, the liposomes have 
some magnetic-related characteristics such as heating gen
eration and magnetic-targeted ability. It has been reported 
that temperatures in the range of 42–45°C are able 
to typically ablate cancer cells.106 Therefore, the appropri
ate temperature is particularly important for the 
therapeutic effect. One study reported that CUR-loaded 
PEGylated magnetic liposomes exhibited rapid release at 
45°C compared with 37°C, and the rapid release 
behavior was enhanced by magnetic heating under an 
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external high-frequency magnetic field (HFMF). Thus, the 
CUR-loaded PEGylated magnetic liposomes could 
increase the drug concentrations in the target site. The 
liposomes were prepared with 1.2-dipalmitoyl-sn-glycero 
-3-phosphocholine/cholesterol/1,2-distearoylsn-glycero 
-3-phosphoethanolamine N [carbonyl-methoxy(polyethy
lene glycol)-2000 lipid mixtures (80/20/5 mol%), oleic 
acid coated magnetic nanoparticles, and CUR in chloro
form/methanol mixture (3/1, v/v) by a well-established 
thin-film hydration method (Figure 3). The CUR-loaded 
PEGylated magnetic liposomes could efficiently kill MCF- 
7 cells with IC50 of approximately 27.2 μM for 48 hours. 
In addition, PEGylated magnetic liposomes showed no 
significant toxicity for 48 hours when the concentrations 
of PEGylated magnetic liposomes were as high as 1 mg/ 
mL.107 Therefore, the combination of magnetic targeting 
drug delivery systems and liposomes offer the potential 
application of CUR for cancer therapy through an induc
tive hyperthermia-triggering releasing system or magnetic 
heating therapy.

Magnetic Microspheres and 
Nanospheres
Microspheres are a kind of particle dispersion system 
formed by drug dispersion or adsorption in the polymer 
or polymer matrix. The size range of microspheres is from 
1–500 µm, and microspheres with a size less than 500 nm 
are also called nanospheres. When combined with mag
netic nanoparticles, microspheres have the properties of 
magnetic-response ability and magnetic fluid hyperther
mia. A study developed CUR-loaded magnetic PLGA 
microspheres with a controllable particle size based on 
a composite emulsion. The microspheres containing 
hydrophilically modified Fe3O4 nanoparticles, gelatin aqu
eous solution (0.5 wt %), PLGA (0.25 g), and PVA aqu
eous solution (poly(vinyl alcohol), 1 wt%) were prepared 
by water-in-oil-in-water method. Its mean particle size 
could be controlled by the manipulation of the osmotic 
pressure difference between the internal (gelatin) and 
external aqueous phases (PVA) via changing the glucose 
concentration. The mean particle size of the microspheres 
was 16–207 µm with glucose concentrations from 0–20 wt 
%. It showed a rapid magnetic response, good superpar
amagnetism and a considerable magnetocaloric effect with 
a maximum magnetic entropy of 0.061 J/kg/K at 325 
K. The magnetic microspheres also possessed good mag
netic mobility, while the relatively low saturation 

magnetization (5.293 emu/g) was observed.108 Another 
study reported a poly(D,L-lactide-co-glycolide) (PLGA)- 
based controlled polymeric drug delivery system consist
ing of CUR and magnetic nanoparticles (MNPs). The 
PLGA nanospheres were prepared by the solvent evapora
tion method with polyvinyl alcohol as an emulsifying 
agent and acetone as a solvent phase. With an increase in 
PVA concentration from 1% to 7%, the size of the PLGA 
nanospheres decreased. After encapsulating MNPs, the 
average size of PLGA nanosphere decreased from >150 
nm to 75 nm, which might be due to the surface charge 
stabilization with zeta potential value of −24 mV. The 
CUR-MNPs were served as a hyperthermic agent to 
induce cell death against HeLa cancer cells (90% higher 
than the control group) through magneto calorific effect 
(11.7 kA/m).109 Such alternative treatment is a thermal 
therapy combined nanotechnology and hyperthermia. 
Namely, the biocompatible magnetic nanoparticles were 
injected into the tumor producing an increase in heat 
with external alternating magnetic field, which resulted in 
tumor cell ablation.110 This indicated that the magnetic 
nanospheres can be useful as an agent for dual therapy in 
cancer treatment.

Magnetic Hydrogel
Functional hydrogel produced through the incorporation of 
magnetic nanoparticles are used in biomedical applications 
with the properties of biocompatibility and the response to 
an external field. Previously, the clinical application of 
Dox has been restricted by its specific toxicities to cardiac 
tissues.111 It has been reported that CUR has the activity of 
antimyocardial injury and preservation of cardiac 
function.112 After being loaded to the magnetic hydrogel 
composites, CUR was reported to play a role of cardio- 
protective effects against dox-induced cardiac toxicity. 
This magnetic hydrogel nanocomposite was synthesized 
by dissolving the hydrogel in NaOH solution in the pre
sence of CUR and magnetic nanoparticles. The drug load
ing and entrapment efficiency for CUR were 21% and 
91%, respectively. The prepared magnetic hydrogel nano
composites were uniform spherical nanoparticles with 
a mean diameter of 18–23 nm. The expression of three 
heart failure markers (atrial natriuretic peptide, B type 
natriuretic peptide, and beta major histocompatibility com
plex) decreases with an increase in the concentration of 
CUR (P<0.05). This combination can be considered as 
a potent therapy for heart failure and hypertension and 
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be a potential candidate to limit and mop-up free radical- 
mediated organ injury in the future.113

Thermo-Sensitive Preparation
Thermo-sensitive gel could transform from liquid to non- 
chemical cross-linked semisolid gel due to the thermo- 
sensitivity of materials to external temperature.114 Manifold 
thermo-sensitive polymers (such as collagen, chitosan, matri
gel, agarose, pluronic, poly(N-isopropylacrylamide) and 
poly(ethylene glycol) block polymers) could be used as or 
modified to be thermo-sensitive hydrogels.36 As shown in 
Table 2, some polymers have been applied for temperature- 
mediated ‘on/off’ drug delivery of CUR and sustained drug 
delivery. In addition, a combination of other preparation 
delivery system with gel is also developed, such as liposo
mal-based/micelle-based thermo-sensitive gel. By this way, 
the properties of CUR were improved, involving control 
release, enhanced targeting, and therapy effect.

Polymer Gel
For local administration (such as transdermal and nasal 
agent), the better thermo-sensitive property is forming gel 
in the short time under body temperature to prevent the 
loss of liquid. The most common material of poloxamer 
407 (F127) used for thermo-sensitive gel is liquid at room 
temperature and transforms semisolid gelatin in the skin or 
mucosa, which is a kind of tri-block copolymer composed 
of 70% poly(ethylene oxide) and 30% poly(propylene 
oxide). Thus, the lowest critical solution temperature 
(LCST) of the gel for local administration is preferably 
regulated to about 37°C. The CUR-loaded microemulsion 
thermo-sensitive hydrogel was prepared with Capryol 90, 
Transcutal HP, Solutol HS, and F127. When the ratio of 
F-127 solution (21%) to microemulsion concentrate is 
more than 2/1, the gelling temperature of the system is 
below 37°C. After gelling, the hydrogel could be gelation 
at 37°C within 1 minute to control release and prevent 
CUR loss, and the cumulative release of CUR in vitro was 
93.76% in 24 hours.115 Additionally, a CUR-loaded tem
perature sensitive hydrogel was developed as local admin
istration of the nasal cavity to improve the bioavailability 
of CUR in the brain. The gelation temperature of CUR- 
loaded temperature sensitive hydrogel (20% F-127, 2% 
F68, 0.02% Benza Australian gum, 0.9% uranium chlor
ide, and 0.5% CUR) was 32±0.5°C, which was close to the 
physiological temperature of the nasal cavity (32–35°C). 
After local administration, the drug targeting efficiency 
(DTE) of the hydrogel in the brain, cerebellum, 

hippocampus, and foam was 1.82, 2.05, 2.07, and 1.51 
times that of intravenous administration, respectively, indi
cating that in situ gel administration significantly enhanced 
the brain targeting of CUR.116 Another material of poly 
(N-vinylcaprolactam) (PNVC) was usually used to prepare 
the thermo-sensitive hydrogel because of its interesting 
LCST (varying between 32°C and 33°C). Poly 
(N-vinylcaprolactam-co-hydroxyl ethyl methacrylate) was 
obtained through free radical emulsion polymerization 
using methylene bis acrylamide as a cross-linker with 
N-vinylcaprolactam (NVCL) and hydroxyethyl methacry
late (HEMA). At 25°C (below LCST), the release of CUR 
from gels increased (about 88%), but at 37°C (above 
LCST) the cumulative release decreased (about 70%).117 

Therefore, the topical administration of nanogels are 
potentially useful for targeted drug delivery.

CUR-loaded temperature sensitive hydrogels for injec
tion were also developed. The CUR thermo-sensitive 
hydrogels (CTH) for injection were prepared with 2 mg 
CUR, 20 g F127, 4 g F68, 8 mL PEG400, and 12 mL 
1.2-propanediol for treatment of solid tumors (HCA-F, 
high lymphatic metastasis cells of mouse ascites hepato
cellular carcinoma). It could prolong the retention time of 
43.02 hours compared to CUR suspension for injection 
(10.89 hours).118 Furthermore, the effectively inhibition 
of HCA-F cells was observed in vitro. After 24, 48, and 
72 hours, the IC50 was 2,430.6, 283.4, and 56.8 μM in the 
positive control group (fluorouracil injection), 685.8, 61.9, 
and 11.4 μM in the CTH group, and 1,017.1, 227.8, and 
63.9 μM in the CUR suspension group, respectively.119 

For treatment of solid tumors, this intratumoral injection 
can increase the local drug concentration and retention 
through a thermo-sensitive drug delivery system.

Liposomal-Based Thermo-Sensitive 
Gel
Liposomal-based thermo-sensitive gel is a pharmaceutical 
composite by combing of the liposome delivery system 
and thermo-gels technology. In this system, CUR is encap
sulated with lipid carriers firstly and then dispersed in 
thermo-sensitive carriers. The liposomal-based thermo- 
sensitive gel had small size and high entrapment efficiency 
properties and effective anti-tumor and anti-inflammatory 
effects. In a study, CUR was loaded in nanostructured 
lipid carriers (CUR-NLCs) by the emulsion evaporation– 
solidification method at low temperature and was dis
persed in F127 to form a thermo-sensitive in situ gel 
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(CUR-NLCs-Gel) for dermal delivery. CUR-NLCs and 
CUR-NLCs-Gel have similar results relating to parameters 
of uniform nano-sized spherical shape, mean size, entrap
ment efficiency, and drug loading of 263.9 nm, 91.76% 
and 2.19%, respectively. When the gels were applied to the 
skin topically, it could change from liquid to solid to 
decrease CUR loss and keep sustained skin drug delivery. 
The transdermal permeation rate of CUR could be 
significantly improved, and the cumulative amounts of 
CUR-NLCs, CUR-NLCs-Gel, and CUR propylene glycol 
solution were 2.453, 11.964, and 0.812 μg·cm−2h−1, 
respectively. Although the inhibition rates of CUR-NLCs- 
Gel (31.1%) were lower than indomethacin gel (65.7%) to 
auricle edemas induced by xylene in mice, CUR-NLCs- 
Gel showed a significant anti-inflammatory effect com
pared with the blank control group.120 Another study 
reported a novel chitosan derivative for temperature and 
ultrasound dual-sensitive liposomal microbubble gel. 
Firstly, CUR was encapsulated with S100PC, 
N-cholesteryl hemisuccinate-O-sulfate chitosan, and cho
lesterol (90:3:10) to obtain a Cur-loaded liposome micro
bubble (CUR-LM) (Figure 3), and then was dispersed in 
chitosan/glycerol phosphate (CS/GP) solution to obtain 
a dual-sensitive liposomal microbubble gel (CUR-LM 
-G). The biocompatible chitosan/glycerol phosphate (CS/ 
GP) gel as a carrier for liposomal microbubble was liquid 
at room temperature, but gels at 37°C under pH 7.4. The 
N-cholesteryl hemisuccinate-O-sulfate chitosan was car
ried to modified liposomal microbubble to enhance the 
property and blood-contacting stability of CUR. The 
mean particle size, mean zeta potential, and entrapment 
efficiency of Cur-LM was about 950 nm, −28.7±3.8 mV, 
and above 90%, respectively. The release of CUR was 
increased (85%), applying ultrasound on the CUR-LM-G 
compared with without applying ultrasound (32%). The 
tumor growth inhibition of Cur-LM-G in BALB/c mice 
with the ultrasound was higher than non-ultrasound evi
denced by the tumor volume (about 480 mm3 vs 
600 mm3), followed by the saline control group (about 
1,200 mm3).121

Micelle-Based Thermo-Sensitive 
Gel
Micelles have been widely investigated with excellent 
properties such as improved therapeutic efficacy, solubi
lity, selective targeting, reduced side-effects, and pro
longed blood circulation for hydrophobic anticancer 

drugs delivery.122–124 Polymer micelles are core-shell 
structures formed by self-assembly of amphiphilic block 
copolymers, which could load different types of bioactive 
compounds inside the hydrophobic core. Micelle-based 
thermo-sensitive gels could retain the excellent properties 
of micelles and give them temperature response character
istics. After drug loading, the in vitro and in vivo proper
ties of CUR were improved. These gels were mainly 
prepared by two types of dispersion and self-assembly 
method. One is to disperse CUR micelles in the thermo- 
sensitive hydrogel at sol state. For example, Zhang et al125 

prepared CUR-loaded polymeric micelles (CUR-M) by 
a solid dispersion method with monomethyl poly(ethylene 
glycol)-poly(ε-caprolactone) copolymer (MPEG-PCL) and 
mixing it with poly(ethylene glycol)-poly(ε-caprolactone)- 
poly(ethylene glycol) copolymer to obtain thermo- 
sensitive hydrogel (CUR-H) to treat colorectal cancer. 
The drug loading, encapsulation efficiency, and particle 
size of CUR-M were 14.82±0.07%, 98.83±0.45%, and 
27.1±1.3 nm with a polydisperse index of 0.149±0.017, 
respectively. The CUR-H serving as a drug depot was a sol 
at ambient temperature and converted into gel at body 
temperature. CUR concentrations of the free CUR group 
in the abdominal cavity were much lower than those in the 
CUR-H group. The AUC0–24 and T1/2 values (2968.33 
µg·h/mL and 3.692 h) of the CUR-H group in the abdom
inal cavity were 23.47-times and 6.51-times higher than 
those in the free CUR group. At day 22, the number and 
weight of tumor nodules (CT26 cells) in the CUR-H group 
was 49.0±15.4 and 0.88±0.30 g, vs 92.5±20.7 (P<0.01) 
and 1.57±0.24 g (P<0.01) in the CUR-M group and 136.8 
±14.3 (P<0.001) and 2.19±0.27 g (P<0.001) in the free 
CUR group. Therefore, the CUR-H could improve bioa
vailability and therapeutic effects of CUR through increas
ing the concentration and prolonging residence time in the 
abdominal cavity. Another method is the self-assembly 
process to form gel by encapsulating CUR directly in 
thermo-sensitive materials. For example, amphiphilic tri
block copolymers containing a poly(L-lactide) (PLLA) 
central block and two poly(N-isopropylacrylamide-co-N, 
N-dimethylacrylamide) (P(NIPAAm-co-DMAAm)) lateral 
blocks were used to load CUR by self-assembly utilizing 
solvent evaporation/film hydration method. High drug 
loading (up to 20%) with high loading efficiency (>94%) 
were observed, and the LCST of drug loaded micelles was 
from 37.5 to 38.0°C, with drug loading increasing from 
6.0 to 20%. The size of micelles ranged from 47.5–88.2 
nm, remaining stable over 1 month with a zeta potential 
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from −12.4 to −18.7 mV. The initial burst release is 
observed and followed by a slower release with a higher 
release rate at 40°C (above the LCST) than 37°C due to 
thermo-responsive release. In addition, MTT assay and 
cell morphology results showed that P(NIPAAm-co- 
DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) copoly
mers present excellent cytocompatibility.126 In general, 
micelle-based thermo-sensitive gel could be used for bio
medical applications with outstanding properties, such as 
thermo-sensitive and sustained release, nano-scale size, 
high drug loading, and stability and good biocompatibility.

Conclusion
Some physicochemical targeting preparations for enhan
cing the pharmacokinetics and pharmacodynamics proper
ties of CUR were summarized, such as pH-sensitive 
preparations, magnetic target preparations, and thermo- 
sensitive preparations. Due to the microenvironment of 
tumors, inflammation regions and gastrointestinal tract, 
pH-sensitive preparation could increase the accumulation 
of CUR in specific sites due to its property of pH- 
dependent drug release. Through this local controlled 
release of drugs, the stability of CUR could be improved 
leading to an enhanced therapy effect of CUR. By apply
ing the external magnetic field, magnetic nanoparticles 
could deliver CUR to a specific site and increase the 
amount of the drug in the target area. The magnetic nano
particles in magnetic hyperthermia for cancers treatment 
and served as MRI contrast agents used in diagnosis have 
also already been carried out based on the magnetocaloric 
effect. Thermo-sensitive preparation could respond to tem
perature variation to increase the concentration in the 
target area. It was an effective method to retain drugs by 
intratumoral injection. In addition, the combination of pH-, 
magnetic, temperature-response system and ligand could 
be a promising strategy in clinical practice to treat cancers.
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