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 ABSTRACT 

Drug delivery to brain is still a challenging task due to the presence of the blood–brain barrier 

(BBB), a very restrictive barrier mainly composed of tightly sealed endothelial cells. The 

anatomy and physiology of BBB strictly regulates the brain access and clearance of endogenous 

and exogenous molecules from the systemic circulation. It is estimated that more than 98% of the 

new discovered central nervous system (CNS) potential drugs does not cross the BBB, failing to 

achieve therapeutic concentration within the brain parenchyma. Recent developments in the field 

of molecular biology enabled scientists to better understand the BBB and thus delivery of drugs 

to the brain, particularly under different pathological conditions. The aims of this Review are to 

outline current research in the field of brain barriers, the main advances made since 2000, the 

barriers to progress, and to recommend research priorities and the resources needed to advance 

the field. Applications of nanotechnology in drug transport, receptor-mediated targeting and 

transport, and finally cell-mediated drug transport will be discuss in the review. The challenge of 

delivering an effective dose of drug to the brain is formidable; solutions will likely involve 

multiple strategies that take into account the novel drug delivery systems as well as BBB biology. 
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1.   INTRODUCTION 

 The brain is a unique organ highly protected from the periphery by two major barriers, 

the blood–brain barrier (BBB) which displays the largest surface area and the blood–cerebrospinal 

fluid barrier (BCSFB). The BBB presents a wide permeability range, highly regulates intracellular 

and intercellular signaling pathways and overall maintains CNS homeostasis
 1

. The BBB is a 

dynamic barrier protecting the brain against invading organisms and unwanted substances. It is 

also the most important barrier impeding drug transport into the brain via the blood circulation 
2
. It 

is now well accepted that the functional unit of the BBB includes more than just capillary 

endothelial cells (Figure 1). Several other cell types, in particular pericytes and perivascular 

astrocytes are in constant and intimate contact with the endothelium and maintenance of the brain 

capillary phenotype seems to be critically dependent on interactions with these other cells 
3-5

. Still 

many brain or central nervous system (CNS) associated diseases remained untreated by effective 

therapies due to the inability of many therapeutic molecules to cross the BBB, BCSFB, or other 

specialised CNS barriers to reach the specific areas of brain 
1
. 

 The restricted and highly controlled access to the brain can be summarized as a 

combination of following factors: 

           1) Tight junctions which are sealing the intercellular gap 
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2) Reduced rate of pinocytosis from the luminal side 

which prevents uncontrolled cell entrance 

3) No fenestration which blocks the intercellular passage 

of the endothelium 

4) An enzymatic barrier which presents the second line 

protection against unintentionally entered molecules, 

proteins or viruses  

5) An efflux transporter system such as P-glycoproteins 

and others which removes small molecules from the 

endothelial cells before they reach the abluminal or 

basal side 

 

 In the absence of an effective BBB drug delivery 

technology, the brain drug developers are left with the traditional 

ineffective brain drug delivery strategies, including transcranial 

drug delivery to the brain, BBB disruption, or small molecules. 

Transcranial drug delivery, such as convection-enhanced diffusion, 

only delivers drug to the local injection site 
6
 and is ineffective as a 

brain drug delivery technology for the 1200g human brain. BBB 

disruption leads to chronic neuropathologic changes 
7
 and is too 

toxic to be widely used in humans. Small molecules are hardly an 

alternative strategy because 98% of small molecules tested do not 

cross the BBB. To be brain penetrating, the small molecule must 

be lipid soluble, form <8–10 hydrogen bonds with water, and have 

a molecular weight <400–500Daltons 
8
. Few small molecule 

pharmaceutical candidates have these molecular properties. 

Moreover, even after successful endothelial cell absorption, active 

efflux mechanisms (ATP-binding cassette transporter) may pump 

these molecules back into the blood stream 
9
. Thus, even if a 

peptide-mimetic small molecule were produced in lieu of drug 

development of a recombinant protein, the small molecule would 

most likely still need a BBB drug targeting technology to advance 

in clinical drug development. 

 

 As many attempts to transport drugs across the BBB 

could be against the natural function of the BBB, effective 

approaches or methods should be cautiously assessed with regards 

to their impact on the overall protective function of BBB. Along 

with increased knowledge in the field of molecular cell biology, 

scientists are now aware of receptor expression at the BBB which 

helps in the advancement of medical technology, and 

breakthroughs in nanotechnology-based approaches. Thus the 

present review will explore molecular and biological opportunities 

at the BBB for transport of therapeutic molecules across BBB 

under physiologic and pathological conditions, along with the use 

of modern approaches like ligand-conjugation and nanotechnology 

to target the BBB via adsorptive or receptor-mediated transport of 

drug molecules into the brain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Diagram of blood–brain barrier (BBB) and other components of a brain. 

 

2.   VARIOUS ROUTES TO CROSS BRAIN BARRIERS 

 

 There are several transport mechanism in brain from 

where solute molecules can move across the BBB 
11,12

. Diffusion 

of small molecules into the brain can be drive by paracellular and 

transcellular mechanism. Small water-soluble molecules can 

simply diffused at a lesser extent while small lipid soluble 

substances like alcohol and steroid hormones penetrate 

transcellularly. The essential nutrients required for brain 

functioning, such as glucose and amino acids are transported by 

specific receptor-mediated mechanism across BBB. 

 

 A better route for selective uptake of biomolecules is 

Receptor-mediated transcytosis (RMT). Endothelial cells present at 

BBB, have receptor for the uptake of specific types of ligands, 

growth factors, enzymes and plasma proteins 
12

 such as transferring 

receptor (TfR), insulin receptor, lipoprotein receptors, diphtheria 

toxin receptor and glutathione transporter. Cellular transcytosis is a 

more recently identified route of drug transport across the BBB 
13

, 

which is one of the well established mechanism for some 

pathogens such as Cryptococcus neoformans and HIV entry into 

the brain 
14,15

. Immune cells such as monocytes or macrophages are 

basically involved in such transport route to cross the intact BBB. 

Cell-mediated transcytosis is unique transport mechanism which is 

able to help in crossing virtually any type of molecules or materials 

as well as particulate carrier systems 
16

. 
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 Pinocytosis by brain cells provides a different route of 

BBB crossing known as “Adsorption-mediated transcytosis 

(AMT)” which is triggered by an electrostatic interaction between 

a positively charged substance, like peptide, and the negatively 

charged plasma membrane surface (i.e. heparin sulphate 

proteoglycans). However AMT has a lower affinity but higher 

capacity than RMT, the development of many new drug delivery 

systems are focuses on AMT 
17

.  

3.   RECENT DEVELOPMENTS IN TRANSPORTING 

DRUGS ACROSS BRAIN BARRIERS 

The rapid advancement and progress in molecular biology 

has pushed the development of novel drug delivery systems that 

take advantage of our better understanding of the BBB, the brain 

and various brain disorders. There is an increase in multi-discipline 

approaches combing biology, nanotechnology and even biophysics 

to achieve the common goal. The combination of endogenous 

transport systems present in the BBB and macromolecular 

conjugates or surface enhanced nanoparticulate delivery systems 

such as liposomes, nanoparticles and super molecular complexes 

has been utilised to access the brain 
18

. As discussed previously, 

transporter proteins, specific receptors or adsorptive endocytosis 

can be used to realize drug delivery. The characteristics of these 

systems are 

 

1. Drug may either chemically modified, for instance or 

conjugated to a ligand so as to facilitate the uptake of drug by the 

BBB  

2. Drug may encapsulate in a surface modified drug delivery 

system, such as liposomes, nanoparticles or niosomes. The surface 

of the drug delivery system is often modified with ligands and a 

hydrophilic polymer such as PEG to prolong the circulation time of 

the delivery system BBB 
19

 

3. The homing device and drug delivery system should be non-

immunogenic and capable of interacting with receptors presented 

at the BBB to facilitate the uptake of the drug by the BBB 

4. The homing device must be receptor specific, thereby 

reducing potential side-effects and increasing transport efficiency 

5. All systems must have controlled size, therefore their 

properties are uniform and consistent and their biological fate can 

be controlled. 

 

The best system will be the one which can fulfill all these 

characteristics and have a homing device that is specific for a 

target which is induced or up-regulated by the pathological 

conditions.  

 

Recent advances in nanotechnology have created exciting 

opportunities to fulfill above requirements for the management of 

brain diseases and disorders 
20-22

. Nanocarriers are an emerging 

class of drug delivery systems that can be easily tailored to 

delivery drugs to various parts of the body, including the brain. In 

the past decade, it has been attracting increasing attention for its 

use in transport of drug across the BBB due to the rapid increase in 

our understanding of receptors and the fast development in 

polymer chemistry and nanotechnology. Besides being nontoxic, 

biodegradable and biocompatible, nanocarriers are unique because 

of their size (less than 100 nm) and easily tailored structures due to 

the material used. They can behave like macromolecules in certain 

circumstances but they can carry much more drug payload and are 

capable of controlling drug release. They can carry a range of 

drugs and their surface properties can be modified for being non-

immunogenic 
23,24

. These properties make nanocarriers an 

attractive alternative for transporting drug across the BBB. 

 

Now days, a drug poorly absorbed and distributed to the 

brain can be encapsulated into a nanocarrier system which interacts 

well with the endothelial cells at the BBB and produces higher 

drug concentrations in brain parenchyma. The nanocarriers for 

brain delivery may further be modified with targeting moieties 

such as ligand to bind preferentially to a putative receptors or 

transporters expressed at the BBB for enhanced brain selectivity 

and permeability. In addition to this, nanocarriers can be further 

exploited for efficient “drug trafficking” across the barrier structure 

through membrane transcytosis processes. However, currently no 

single “ideal” nanocarrier is available for the purpose of drug 

delivery to brain; still a better pharmacokinetics, improved efficacy 

and safety have been achieved using these nanocarriers. 

 

3.1  Nanoparticles 

 

 Nanoparticles are colloidal systems with compact 

structure where the therapeutic agent is either entrapped within the 

colloid matrix or coated on the particle surface by conjugation or 

adsorption. Because of their compact nature, many nanoparticles 

can provide sustained, controlled drug release. Nanoparticles are 

mostly made of polymers, lipids or a combination of both 
25-28

. 

Nanoparticles made of acrylic polymers, especially poly(butyl 

cyanoacrylate) (PBCA), have been extensively studied for brain 

drug delivery 
27,28

. The very rapid in vivo degradation of PBCA 

could minimize toxicity due to polymer accumulation in the CNS. 

Nanoparticle systems made of polylactide (PLA) and poly(lactide-

co-glycolide) (PLGA) have also been studied for brain drug 

delivery. Several-fold increases in the brain level of 

dexamethasone and vasoactive intestinal peptide were detected 

when these therapeutic agents were delivered by PLGA and PLA, 

respectively 
29

.  

 

 PEGlyated polyester nanoparticles have also been studied.  
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Significantly higher nimodipine concentrations in blood, 

cerebrospinal fluid and brain tissues were measured in rat models 

when the drug was delivered by these nanoparticles 
30

. Improved 

brain accumulation of several compounds, especially anticancer 

drugs, was demonstrated when these drugs were delivered using 

solid lipid nanoparticles (SLN), lipid nanocapsules or their 

PEGlyated forms 
31

. This could be achieved by administering the 

SLN orally 
32,33

, intravenously 
31,34,35

 and/or transdermally 
36,37

. 

These nanocarriers also provide superior therapeutic effects. The 

encapsulation efficiency of SLN for hydrophilic compounds can be 

improved by including an amphiphilic polymer to the lipids to 

form complexes with the charged, water-soluble drug molecules 

(Figure 2 B). This modified SLN are sometimes known as 

polymer-lipid hybrid nanoparticles 
38–40

. 

 

3.2  Liposomes 

 

 Liposomes are small vesicles of unilamellar or 

multilamellar phopholipid/ lipid bilayers surrounding central 

aqueous compartments 
41

. They are the most studied and clinically 

recognized nanocarriers owing to their long track record, low 

toxicity and ability to deliver both hydrophilic and lipophilic 

compounds reasonably well 
42

. Consequently, brain delivery of 

diverse drugs, including antifungals, chemotherapeutic compounds, 

anti-retrovirals, anti-epilepsy drugs and anti-ischemia drugs by 

liposomal formulations has been studied 
43,44

. Liposomes for brain 

delivery can be easily of modified on surface so as to prepare 

advanced liposomal formulations such as immunoliposomes for 

targeted delivery 
41

. Limitations of fast systemic elimination, quick 

metabolic degradation and stability issue of liposomes after 

extended storage, can be improve by surface coating with PEG 

known as PEGlyation, and thus the circulation time of liposomes 

can be extended to days 
45,46

. Liposomes of the newer generation 

are also more stable typically have shelf-lives of several months 
41 

(Figure 2 A).  

 

3.3  Micelles 

 

 Micelles are basically spherical aggregates of amphiphilic 

molecules dispersing in water with their hydrophilic head groups 

on the surface of the sphere, and their hydrophobic tails collected 

inside.
47

. A poorly water-soluble, lipophilic compound can be 

solubilized in the micelle core region for easy administration. An 

important property of micelles is their ability to increase the 

solubility and bioavailability of poorly soluble pharmaceuticals. 

The amphiphilic molecules in micelles are in constant exchange 

with those in the bulk solution. On the other hand, polymeric 

micelles, also known as polymersomes, are self-assembled 

polymer shells composed of block copolymer amphiphiles such as 

polyethylene glycol-polylactic acid (PEG-PLA) and PEG-

polycaprolactone (PEG-PCL) (Figure 2 D). Block copolymers have 

the same basic amphiphilic property as lipids but they consist of 

distinct polymer chains covalently linked in a series of two or more 

segments 
48

. Polymeric micelles differ from nanoparticles that are 

either more solid or monolithic (nanospheres) or contain an oily or 

aqueous core and are surrounded by a polymer shell 

(nanocapsules). However, in practice, polymeric micelles also be 

referred to as nanoparticle or nanocarriers because of their particle 

size. 

 

3.4  Other novel nanocarriers: dendrimer, nanoemulsion and 

nanosuspension 

 

 Other nanocarriers recently used for brain drug delivery 

include: dendrimers, nanoemulsions and nanosuspensions. 

Dendrimers consist of repeating monomer units that form highly 

branched structures 
49

. They are dispersed systems formed by well-

controlled cross-linking of polymer molecules (Figure 2 C). 

Dendrimers possess internal nanostructures for entrapment of 

several therapeutic agents 
50-53

. Nanoemulsions are dispersed 

systems consisting of nanoscale oil droplets. They solubilize 

lipophilic compounds well and are highly biocompatible. 

Considering that many oils used for nanoemulsion are edible (e.g. 

flaxseed oil), this class of nanocarriers are particularly appealing 

for oral administration 
54-57

. Nanosuspensions are dispersed 

formulations of very fine particles or crystals of drugs. They are 

often developed for highly lipophilic compounds which can be 

hardly dissolved for efficient delivery. The solid drugs can be 

homogenized, dispersed and stabilized with surfactants to form 

nanosuspensions. The large effective surface area of the fine drug 

crystals can help increase their bioavailability both to the systemic 

circulation and the brain 
58,59

. 

 

 
 
 

Figure 2. Various novel drug delivery systems for brain targetting 
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4. ADVANCED STRATEGIES DRUG DELIVERY TO 

BRAIN 

 

4.1  Active targeting strategies 

 

 Nanocarriers can cross the BBB via receptor-mediated 

transcytosis, but this process is often inefficient. By modifying 

these systems with “targeting molecules” such as monoclonal 

antibodies, cellpenetrating peptides and/or receptor substrates, their 

drug delivery to brain can be significantly improved. Overall, 

significant improvement in CNS specificity and transcytosis 

efficiency has generally been achieved with the use of these 

systems. 

 

4.2  Alternative strategies for brain delivery 

 

 In addition to targeted delivery, several alternative 

strategies have been developed to improve brain drug delivery by 

nanomedicine like efflux transporter inhibition 
60,61

, nanocarrier 

cationization 
62

, paracellular transport enhancement 
63

, intranasal 

administration 
64

, focused ultrasound and microbubbles with 

nanoparticles 
65

. The brain and the nasal cavity are connected by 

the olfactory or trigeminal nerve system that terminates at the 

olfactory neuroepithelium or respiratory epithelium 
64

. These two 

nerve systems can serve as the externally accessible points of the 

brain, and be exploited to bypass the BBB for direct nose-to-brain 

drug delivery. Along with this a number of groups have 

investigated enhanced delivery of drugs and antibodies using MRI-

guided focused ultrasound with microbubbles and reported 

promising results. Despite these positive results and studies 

showing that ultrasound-induced BBB disruption does not cause 

substantial vascular damage that would result in ischemic or 

apoptotic death to neurons, there remain concerns over the safety 

of this strategy 
65

. 

 

5.   CONCLUSION 

 

 Now days, scientists have tremendous attention and effort 

focused on the development of modern and novel drug delivery 

systems to circumvent the BBB. This is due to the significant 

challenge faced by industry, government and academics in seeking 

effective drug therapies for the increasing incidence of brain 

disease associated with an ageing population. The present review is 

focused on various brain barriers and strategies to deliver the drug 

to the brain. Nanotechnology can provide exciting opportunities for 

improved therapeutic management of CNS diseases. To overcome 

the barriers in the brain novel drug delivery systems can be 

utilized, which ultimately will transport a drug to a diseased brain. 

Targeted delivery is likely the main research direction of CNS 

nanomedicine. Ideally, the ligand should be brain specific, or at 

least interact preferentially the receptors expressed at the BBB. 

With the availability of more specific and efficient targets, the 

development of safer and effective CNS-targeting nanomedicine 

will be facilitated. Therefore, it is concluded that employing the 

multidiscipline approach with innovative ideas the targeted drug 

delivery to brain can be achieved and thus reaching the ultimate 

goal of delivering drug therapy, selectively and efficiently, across 

the BBB. 

 

6.   ACKNOWLEDGEMENT 

 

 The authors wish to thank Madhya Pradesh council of 

science and technology for providing the financial support. Author 

also wants to thank Dr R K Nema for reviewing and proof reading 

the manuscript and suggesting the valuable changes.  

 

REFERENCES 

1. Neuwelt EA, Bauer B, Fahlke C, Fricker G, Iadecola C, Janigro D, 

Leybaert L, Molnar Z, O'Donnell ME, Povlishock JT, Saunders NR, 

Sharp F, Stanimirovic D, Watts RJ, Drewes LR. Engaging neuroscience 

to advance translational research in brain barrier biology. Nat. Rev. 

Neurosci. 2011; 12: 169-182. 

2. Neuwelt E, Abbott NJ, Abrey L, Banks WA, Blakley B, Davis T, 

Engelhardt B, Grammas P, Nedergaard M, Nutt J, Pardridge W, 

Rosenberg GA, Smith Q, Drewes LR. Strategies to advance translational 

research into brain barriers. Lancet Neurol. 2008; 7: 84-96. 

3. Abbott NJ. Astrocyte-endothelial interactions and blood-brain barrier 

permeability. J. Anat. 2002; 200: 629-638. 

4. Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions 

at the blood-brain barrier. Nat. Rev. Neurosci. 2006; 7: 41-53. 

5. Hawkins BT, Davis TP. The blood-brain barrier/neurovascular unit in 

health and disease. Pharmacol. Rev. 2005; 57: 173-185. 

6. Pardridge WM. Biopharmaceutical drug targeting to the brain. J. Drug 

Target. 2010; 18: 157- 167. 

7. Salahuddin TS, Johansson BB, Kalimo H, Olsson Y. Structural changes 

in the rat brain after carotid infusions of hyperosmolar solutions. An 

electron microscopic study. Acta Neuropathol. 1988; 77: 5-13. 

8. Pardridge WM. The blood-brain barrier: Bottleneck in brain drug 

development. NeuroRx. 2005; 2: 3-14. 

9. Begley DJ. The blood-brain barrier: principles for targeting peptides and 

drugs to the central nervous system. J. Pharm. Pharmacol. 1996; 48: 136-

146. 



           Current  Research in Pharmaceutical Sciences 2012; 03: 134-141           

 

 

 

139 

10. Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions 

at the blood-brain barrier. Nat. Rev. Neurosci. 2006; 7: 41-53. 

11. Abbott NJ, Romero IA. Transporting therapeutics across the blood-brain 

barrier. Mol. Med. Today. 1996; 2: 106-113. 

12. Pardridge WM. Drug and gene targeting to the brain via blood-brain 

barrier receptor-mediated transport systems. Int. Congr. Ser. 2005; 1277: 

49-62. 

13. Jain S, Mishra V, Singh P, Dubey PK, Saraf DK, Vyas SP. RGD-

anchored magnetic liposomes for monocytes/neutrophils-mediated brain 

targeting. Int. J. Pharm. 2003; 261: 43-55. 

14. Chretien F, Lortholary O, Kansau I, Neuville S, Gray F, Dromer F. 

Pathogenesis of cerebral Cryptococcus neoformans infection after 

fungemia. J. Infect. Dis. 2002; 186: 522-530. 

15. Gonzalez-Scarano F, Martin-Garcia J. The neuropathogenesis of AIDS. 

Nat. Rev. Immunol. 2005; 5: 69-81. 

16. Park K. Trojan monocytes for improved drug delivery to the brain. J. 

Control. Release. 2008; 132: 75. 

17. Herve F, Ghinea N, Scherrmann JM. CNS delivery via adsorptive 

transcytosis. AAPS J. 2008; 10: 455-472. 

18. Chen Y, Liu L. Modern methods for delivery of drugs across the blood-

brain barrier. Adv. Drug Del. Rev. 2012; 64: 640-665. 

19. Chen Y, Dalwadi G, Benson H. Drug delivery across the blood-brain 

barrier. Curr. Drug Del. 2004; 1: 361-376. 

20. Wong HL, Chattopadhyay N, Wu XY, Bendayan R. Nanotechnology 

applications for improved delivery of antiretrovirals (ARVs) to the brain 

in HIV Infection. Adv. Drug Del. Rev. 2010; 62: 503-517. 

21. Yang H. Nanoparticle-mediated brain-specific drug delivery, imaging, 

and diagnosis. Pharm. Res. 2010; 27: 1759-1771. 

22. Invernici G, Cristini S, Alessandri G, Navone SE, Canzi L, Tavian D, 

Redaelli C, Acerbi F, Parati EA. Nanotechnology advances in brain 

tumors: the state of the art, Recent Pat. Anticancer Drug Discov. 2011; 

6: 58-69. 

23. Koo Y, Reddy GR, Bhojani M, Schneider R, Philbert MA, Rehemtulla 

A, Ross BD, Kopelman R. Brain cancer diagnosis and therapy with 

nano-platforms. Adv. Drug Del. Rev. 2006; 58: 1556-1577. 

24. Bhaskar S, Tian F, Stoeger T, Kreyling W, de la Fuente JM, Grazu V, 

Borm P, Estrada G, Ntziachristos V, Razansky D. Multifunctional 

Nanocarriers for diagnostics, drug delivery and targeted treatment across 

blood-brain barrier: perspectives on tracking and neuroimaging. Part. 

Fibre Toxicol. 2010; 7: 3. 

25. Invernici G, Cristini S, Alessandri G, Navone SE, Canzi L, Tavian D, 

Redaelli C, Acerbi F, Parati EA. Nanotechnology advances in brain 

tumors: the state of the art. Recent Pat. Anticancer Drug Discov. 2011; 

6: 58-69. 

26. Wong HL, Bendayan R, Rauth AM, Li Y, Wu XY. Chemotherapy with 

anticancer drugs encapsulated in solid lipid nanoparticles. Adv. Drug 

Del. Rev. 2007; 59: 491-504. 

27. Alyaudtin RN, Reichel A, Löbenberg R, Ramge P, Kreuter J, Begley DJ. 

Interaction of poly (butylcyanoacrylate) nanoparticles with the blood-

brain barrier in vivo and in vitro. J. Drug Target. 2001; 9: 209-221. 

28. Rempe R, Cramer S, Huwel S, Galla HJ. Transport of Poly (n-

butylcyano-acrylate) nanoparticles across the blood-brain barrier in vitro 

and their influence on barrier integrity. Biochem. Biophys. Res. 

Commun. 2011; 406: 64-69. 

29. Gao X, Wu B, Zhang Q, Chen J, Zhu J, Zhang W, Rong Z, Chen H, 

Jiang X. Brain delivery of vasoactive intestinal peptide enhanced with 

the nanoparticles conjugated with wheat germ agglutinin following 

intranasal administration. J. Cont. Rel. 2007; 121: 156-167. 

30. Zhang QZ, Zha LS, Zhang Y, Jiang WM, Lu W, Shi ZQ, Jiang XG, Fu 

SK. The brain targeting efficiency following nasally applied mPEG-PLA 

nanoparticles in rats. J. Drug Target. 2006; 14: 281-290. 

31. Zara GP, Cavalli R, Fundaro A, Bargoni A, Caputo O, Gasco MR. 

Pharmacokinetics of doxorubicin incorporated in solid lipid nanospheres 

(SLN). Pharm. Res. 1999; 40: 281-286. 

32. Yang SC, Zhu JB, Lu Y, Liang CZ. Body distribution of camptothecin 

solid lipid nanoparticles after oral administration. Pharm. Res. 1999; 16: 

751-757. 

33. Pandita D, Ahuja A, Lather V, Benjamin B, Dutta T, Velpandian T, Khar 

RK. Development of lipid-based nanoparticles for enhancing the oral 

bioavailability of paclitaxel. AAPS Pharm. Sci. Tech. 2011; 12: 712-722. 

34. Zara GP, Cavalli R, Bargoni A, Fundaro A, Vighitto D, Gasco MR. 

Intravenous administration to rabbits of non-stealth and stealth 

doxorubicin loaded solid lipid nanoparticles at increasing concentration 



           Current  Research in Pharmaceutical Sciences 2012; 03: 134-141           

 

 

 

140 

of stealth agent: pharmacokinetics and distribution of doxorubicin in 

brain and in other tissues. J. Drug Target. 2002 ; 10 : 327-335. 

35. Garcion E, Lamprecht A, Heurtault B, Paillard A, Aubert-Pouessel A, 

Denizot B, Menei P, Benoit JP. A new generation of anticancer, drug-

loaded, colloidal vectors reverses multidrug resistance in glioma and 

reduces tumor progression in rats. Mol. Cancer Ther. 2006; 5: 1710-

1722. 

36. Priano L, Albani G, Brioschi A, Calderoni S, Lopiano L, Rizzone M, 

Cavalli R, Gasco MR, Scaglione F, Fraschini F, Bergamasco B, Mauro 

A. Transdermal apomorphine permeation from microemulsions: a new 

treatment in Parkinson's disease. Mov. Disord. 2004; 19: 937-942. 

37. Priano L, Esposti D, Esposti R, Castagna G, De Medici C, Fraschini F, 

Gasco MR, Mauro A. Solid lipid nanoparticles incorporating melatonin 

as new model for sustained oral and transdermal delivery systems. J. 

Nanosci. Nanotechnol. 2007; 7: 3596-3601. 

38. Wong HL, Bendayan R, Rauth AM, Wu XY. Development of solid lipid 

nanoparticles containing ionically complexed chemotherapeutic drugs 

and chemosensitizers. J. Pharm. Sci. 2004; 93: 1993-2004. 

39. Xue HY, Wong HL. Tailoring nano-structured solid-lipid carriers for 

time controlled intracellular siRNA kinetics to sustain RNAi-mediated 

chemosensitization. Biomaterials. 2011; 32: 2662-2672. 

40. Xue HY, Wong HL. Solid lipid-PEI hybrid nanocarrier: an integrated 

approach to provide extended, targeted and safer siRNA therapy of 

prostate cancer in an all-in-one manner. ACS Nano. 2011; 5: 7034-7034. 

41. Webb MS, Rebstein P, Lamson W, Bally MB. Liposomal drug delivery: 

recent patents and emerging opportunities. Recent Pat. Drug Del. 

Formul. 2007; 1: 185-194. 

42. Costantino L, Tosi G, Ruozi B, Bondioli L, Vandelli MA, Forni F. 

Colloidal systems for CNS drug delivery. Prog. Brain Res. 2009; 180: 

35-69. 

43. Zhang X, Xie J, Li S, Wang X, Hou X. The study on brain targeting of 

the amphotericin B liposomes. J. Drug Target. 2003; 11: 117-122. 

44. Désormeaux A, Bergeron MG. Liposomes as drug delivery system: a 

strategic approach for the treatment of HIV infection. J. Drug Target. 

1998; 6: 1-15. 

45. Bertrand N, Simard P, Leroux JC. Serum-stable, long-circulating, pH-

sensitive PEGylated liposomes. Methods Mol. Biol. 2010; 605: 545-558. 

46. Koukourakis MI, Koukouraki S, Giatromanolaki A, Kakolyris S, 

Georgoulias V, Velidaki A, Karkavitsas NN. High intratumoral 

accumulation of stealth liposomal doxorubicinin sarcomas-rationale for 

combination with radiotherapy. Acta Oncol. 2000; 39: 207-211. 

47. Wong HL, Rauth AM, Bendayan R, Wu XY. Combinational treatment 

with doxorubicin and GG918 (Elacridar) using polymer-lipid hybrid 

nanoparticles (PLN) and evaluation of strategies for multidrug-resistance 

reversal in human breast cancer cells. J. Cont. Rel. 2006; 116: 275-284. 

48. Discher DE, Ahmed F. Polymersomes. Annu. Rev. Biomed. Eng. 2006; 

8: 323-341. 

49. Svenson S. Dendrimers as versatile platform in drug delivery 

applications. Eur. J. Pharm. Biopharm. 2009; 71: 445-462. 

50. Dutta T, Jain NK. Targeting potential and anti-HIV activity of 

lamivudine loaded mannosylated poly(propyleneimine) dendrimer. 

Biochim. Biophys. Acta. 2007; 1770: 681-686. 

51. Dhanikula RS, Argaw A, Bouchard JF, Hildgen P. Methotrexate loaded 

polyether-copolyester dendrimers for the treatment of gliomas: enhanced 

intratumoral transport capability. Mol. Pharm. 2008; 5: 105-116. 

52. He H, Li Y, Jia XR, Du J, Ying X, Lu WL, Lou JN, Wei Y. PEGylated 

poly(amidoamine) dendrimer-based dual-targeting carrier for treating 

brain tumors. Biomater. 2011; 23: 478-487. 

53. Huang RQ, Qu YH, Ke WL, Zhu JH, Pei YY, Jiang C. Efficient gene 

delivery targeted to the brain using a transferring-conjugated 

polyethylene glycolmodified polyamidoamine dendrimer. FASEB J. 

2007; 21: 1117-1125. 

54. Desai A, Vyas T, Amiji M. Cytotoxicity and apoptosis enhancement in 

brain tumor cells upon co-administration of paclitaxel and ceramide in 

nanoemulsion formulations. J. Pharm. Sci. 2008; 97: 2745-2756. 

55. Kumar M, Misra A, Babbar AK, Mishra AK, Mishra P, Pathak K. 

Intranasal nanoemulsion based brain targeting drug delivery system of 

risperidone. Int. J. Pharm. 2008; 358: 285-291. 

56. Kumar M, Misra A, Mishra AK, Mishra P, Pathak K. Mucoadhesive 

nanoemulsion-based intranasal drug delivery system of olanzapine for 

brain targeting. J. Drug Target. 2008; 16: 806-814. 

57. Vyas TK, Shahiwala A, Amiji MM. Improved oral bioavailability and 

brain transport of Saquinavir upon administration in novel nanoemulsion 

formulations. Int. J. Pharm. 2008; 347: 93-101. 



           Current  Research in Pharmaceutical Sciences 2012; 03: 134-141           

 

 

 

141 

58. Shubar HM, Dunay IR, Lachenmaier S, Dathe M, Bushrab FN, 

Mauludin R, Müller RH, Fitzner R, Borner K, Liesenfeld O. The role of 

apolipoprotein-E in uptake of atovaquone into the brain in murine acute 

and reactivated toxoplasmosis. J. Drug Target. 2009; 17: 257-267. 

59. Dou H, Grotepas CB, McMillan JM, Destache CJ, Chaubal M, Werling 

J, Kipp J, Rabinow B, Gendelman HE. Macrophage delivery of 

nanoformulated antiretroviral drug to the brain in a murine model of 

neuroAIDS. J. Immunol. 2009; 183: 661-669. 

60. Salama NN, Kelly EJ, Bui T, Ho RJ. The impact of pharmacologic and 

genetic knockout of P-glycoprotein on nelfinavir levels in the brain and 

other tissues in mice. J. Pharm. Sci. 2005; 94: 1216-1225. 

61. Lee YJ, Maeda J, Kusuhara H, Okauchi T, Inaji M, Nagai Y, Obayashi 

S, Nakao R, Suzuki K, Sugiyama Y, Suhara T. In vivo evaluation of P-

glycoprotein function at the blood-brain barrier in non human primates 

using [11C] verapamil. J. Pharmacol. Exp. Ther. 2006; 316: 647-653. 

62. Xiang JJ, Tang JQ, Zhu SG, Nie XM, Lu HB, Shen SR, Li XL, Tang K, 

Zhou M, Li G.Y. IONP-PLL: a novel non-viral vector for efficient gene 

delivery. J. Gene Med. 2003; 5: 803-817. 

63. Fleegal-DeMotta MA, Doghu S, Banks WA. Angiotensin II modulates 

BBB permeability via activation of the AT(1) receptor in brain 

endothelial cells. J. Cereb. Blood Flow Metab. 2009; 29: 640-647. 

64. Mistry A, Stolnik S, Illum L. Nanoparticles for direct nose-to-brain 

delivery of drugs. Int. J. Pharm. 2009; 379: 146-157. 

65. Hynynen K, Mcdannold N, Sheikov NA, Jolesz FA, Vykhodtseva N. 

Local and reversible blood-brain barrier disruption by noninvasive 

focused ultrasound at frequencies suitable for trans-skull sonications. 

Neuroimage. 2005; 24; 12-20. 

 


