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Strategies for enhancing nanoscale brain targeting drug delivery
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Abstract: The blood brain barrier can selectively block the uptake of xenobiotics from peripheral blood into
the brain. Although this is important for maintaining the stability of the brain environment and normal function of
the central nervous system, it presents a challenge for delivery of therapeutic drugs to the brain. Passive brain-
targeting drug carrier is able to increase the drug concentration in the brain by enhancing the affinity to blood-brain
barrier and/or inhibiting the efflux absorbed drug via P-glycoprotein. The active brain-targeting drug carrier can be
obtained by linking specific ligands or antibodies onto passive target carriers to achieve precise delivery of drugs to
the brain. Dual targeting drug carriers obtained by combining tumor cell targeting with brain targeting have shown
their advantages for treatment of brain tumors. The targeted drug delivery to brain will provide a unique manner for
the treatment of brain diseases such as Alzheimer's, Parkinson's, brain tumors, and stroke. Among the drug delivery
systems of passive brain-targeting, active brain-targeting and dual brain-targeting, we evaluated the strategies to
improve brain drug delivery efficiency, such as by reducing carrier size, opening tight junctions between cells at
the blood-brain barrier, incorporating hydrophilic groups on the surface of the carrier, and alternative intranasal
drug administration.
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Figure 1  Structure of blood brain barrier (BBB) (A). Magnified
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Figure 2 Different routes for drug delivery across the BBB: Pen-
etrating through the tight junctions for hydrophilic molecules (I);
passive diffusion across the endothelial cells for hydrophobic mol-
ecules (II); carrier-mediated transport for peptides and specific
small molecules (III); increased uptake by adsorption mediated
transcytosis or endocytosis for cationic carriers (IV); receptor-me-

diated transcytosis for larger molecules (V)
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Figure 3  Structure and mechanism for various passive brain targeting carriers across BBB: liposome (I); niosome (II); cationic microemul-

sion (III)
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Table 1 Examples of active nanodrug delivery system. BBB: Blood brain barrier; PEG: Polyethylene glycol; PLGA: Poly(lactic-co-glycolic

acid); PLA: Polylactic acid; RGD: Arginine-glycine-aspartic acid

Receptor's site Ligand type Ligand name Receptor's name Drug delivery system Ref.
BBB Protein Transferrin Transferrin receptor a-Mangostin-loaded liposome [13]
0X26 antibody Transferrin receptor Baicalin-loaded PEG nanoparticle [20]

Lactoferrin Lacroferrin receptor Shikonin-loaded PEG-PLGA nanoparticle [14]

Anti-human EGFR antibody  Epidermal growth factor receptor PEG immunoliposome [15]

Peptide TGN Amino acid transpotor PEG-PLA nanoparticle [16]

RVG29 Nicotinic acetylcholine receptor ~ Pluronic-based nano-carrier [17]

T7 Transferrin receptor PEG dendrigraft poly-L-lysine [21]

Glutathione Glutathione transporter VHH-pa2H-loaded liposome [18]

Carbo-hydrate Glucose Glucose transporter Docetaxel-loaded liposome [19]

Aptamer FB4 Transferrin receptor Flurbiprofen-loaded PEG-PLA micelle [22]

Brain tumor  Peptide IL-13p IL-13Ra2 Docetaxel-loaded nanoparticle [23]
Angiopep-2 LRP1 Doxorubicin-loaded PEG nanoparticle [24]

RGD a,f; Integrin Liposome [25]

Carbo-hydrate Hyaluronic acid CD44 Paclitaxel-loaded liposome [26]

Mannose Cluster of differentiation 206 Human serum albumin-based nanoparticle [27]

Aptamer AS1411 Necleolin Docetaxel-loaded nanoparticle [28]

Others Folic acid Folate receptor Doxorubincin-loaded liposome [29]
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Figure 4 Structure of liposome with borneol (A). Mechanism for

liposome with borneol across BBB (B)
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33 FEAKMEHRE

TEEARARMBERPELTREE R
(polyethylene glycol, PEG) 537K 1t B 4], fg i FE %
5 R B R 2 8] A EAE R SR AR 1 25 h) ik
ji%[sg,m]o

o2 K P [ LA 55 v D S I R 2 i 1Y) % ] A7 BEL
RN, AE R PRI 25 RG0S TR R Z R e A T
i E 5| AR K A FH SRk 55 AT 2 1A) A ELAE A
T 328 36 7 Wk 4 PR A7 3R, A K G A IR v ) 97 BRI (1]
58 22 [ 25 P 0 1) 30 TR AR A M . Liu 5P R H
FER R R D PTG AT TR, JERLR K
IFE NS Lk AT sh s ie, 45 R W, /N B s 45 24
4 hJ&, B & {E L% B AUC,., N 36.28 pg- min-mL", J&
FHA N 13.88 ug-min-mL"!, LI & T 1.6 5. A&
ZH Y AUC, 35 3] 1 93.01 pg-min-mL", 1 J5 #1X
N7.51 ng-min-mL", P #E A ZE 11.38 5, BAREHR T
F 5T MG I 5 G P 40 KWL L L3 R fii 2 2 o
1) 245 4 W WAL TS A B T, (ALK 5 B 28 5 33 N\ i 4 21
X5 RV, 4805 K I 5 S I g KR B T
F1°) g 0 1 1

S 7K 35 A 1A 1 4 KR AN S A8 24 4 0L 1) - i
0, 3 B Uk 55 24 P 8 B A5 F R A R4 5 o Cole S50
#% 1 PEG AL IS AL B g K KL, JF DL AR 42 PEG 12 1 1)
YERS AT T . RREKER S 2105,
HiT & 0 3405 1) 2k W< A 16 nmol - g, T JF H AL A 1.7
nmol - g, 1 2% 8.4 % . 1l 3 76 AT o 1 8k AN Hy
0.35 umol - g'!, 1 J& 7 W {534 3.30 pmol - g, #H 7% 9 i
%o XS IR L M A 2 2 4R KR A e
Ja ek HoA s I NE, SRS TE AL AT B AR . SR T, 7E
ININT PEG Ja 325 90 KRL IR AN 5 5 7 W, T+ 7 b 2R
ERTE IR (9 L3R A K K B AR, — ELLE I KA 2R
H 27 BBB AL AE 57 B M2, Vijayakumar
SRR B, W e 20 A 2T (trans-resveratrol, RSV)
I8 JI 514 AN PEG A I 5344 2 il 8 J # kE N KRR A
M 90 min J5, PEG-RSV JIg 5 A4 41 U o 1) 250k FE R
0.5 ug-g', IEPEGIL I RSV BT AR 21 /515 3.5 ng- g,
Wi E M 22 76% . PEG-RSV B A 2H o Hh 1) 245 09 5 N
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7.30 pg- g, AE PEG {L 1 RSV JIE Fi f4 4 6.95 pg - ¢!, #
FEA AN $2 &1 T 5%, b T i B2 2 i T Cole S8 1O 45
Fo R, gKis 2 R84 PEG AL 5 (2 3E 25 W 3\ i
P IR JZ MR AT Rt — 2B 5, DA G 25 oG 8 1)
18 24 2% 25 B e IR A1 24 0 ox I U 4 0 1 1) 2 4, S RE i
25410 i P ) I 0k
34 WTHHBER
3401 BRRGKH SBGYE, AWM Ana sk
I 3408 1 20 R U N I, 3-8 KA 24 3% ik BBB i
IR, A — HB 5y 259 4 10 LA I B R e 8 Se T
BBB #f A\ i 2 23, A0 T 40 JE 5 k45 2, S ls 45 2R
1850 22 1) 259100 N I 1451,

Zhang WK B- 41 3 Tk i 7L o) 7 38 ok s A R
F KR S0 K BR R 24, 45 SR RI: B2 S Bk T L 28 0 s
Y524 I 25 ) R R, 2 min IS A I VR0RN i 4H 43 R R
R A 20 254, AH 3 N N 2 2, AUC jios min/
AUC 1500 min N 1.49, 106 20 27 1) 25 9 4 1 2% b v Ol
50%. 1M [FIHAZE R Ik 25 24 )5 B AUC 0.2 min/ AUC 115202 min
Z WA 0.83, fixi i 1) 245 W s ot v b B A A . TG
SRk EE 2530 2 B s 25 2, I H 23 b (R 25 W) R AE 5 min
I i B fe R B2, ELE, AR T B Jla 45 245 5 1) I N 2454
WPE 0.755 8 pg - mL, ML 45 24 5 (%) i 9 249 90 K B
0.429 7 ng-mL X BT # ) 56.85%. H1T p-4H ik &
— BN T 250, R, B I (R] (4 RS, IR
W 2T LB BBB kNN P, 5 7510 P 1) 24 0
AN T e, T S 25 2 T ) IR R v R P 24 Ak A
B 5 B[R] 4 7% DL K 245 ) 76 fii 25 23 (%) A 17 AS W 9%
fiK, PLZ F7E 45 min KT M3 H 109K . R ik,
B Js 2 P ATHAE AR A3 24400 ) G PR 306 g THT YR 7 T LR
IR A o ARIE B i BT AR 12 JRUNIR WE I Al LUV FA 1 35
Pl 1 J AR 440 55 35) T 3 T S s 24 24 i v 247 00 M A ) 12
Khan SEUSI0 0T 4F 5 B i 25 24 12 33k 245 4 i S8 17 14 497) 1
BT T VLIRSS

Mk 17 SRS R 2R Bl 4 32 4 ML i [ (1) £ 258 B ) v A
50%, M AR E 3%~10%. 15 i kT 5 25 25 1) &
PO A, B0 45 24 5 245490 S5 Bm B AC 791 6 ) B 300 1P 5 2
IWHEFERE. A, KSRGS 2k X B K45
FEAE—E M EERIEA .
342 SEPUEST BRSO 20 0T BIMEE,
N Mgk PO 8T i 8135 oG 55 T O 2 3, 3 T T B
97 1 R0 A% Bl P b B e A% SR ) B N VRS B
SRR /D B 25 2 A R, TR O R R R I 45 24 B
HMNEEEZRGY. MNTERGYA G, WA TE
7 i BBB #lt G B 22 2 ik S0 5807, A %R . Etminan
SEUTISR ] JE BEHh T sk AT B N VRS, A5 R R AR

FEK 2GR U R], 3 5 a AsUR, R EEtE .
FRVE R I, B4 2 5 25 B B4 F TE 8 R R0 i 1
RE, K55 HME RS, CEN S S EUER
O o B N SR — R N R R, 4
J0 SR BT T B VR AT 439 N TR
4 ZHE

FEE - 0RO kI S A X R S R 27 R,
B ) 8 AL YE T R A 2 B/ L R AR B AN AR
AR 43T R S AT S 78 RBEE R 36 245 R
R IR I ANHE 2 B, T Ve A JHF A [ L R ) il g
HREREL A L B P R O 2 4 T A ) 7R, LR i 2t
A BB R RE A T — AR B T 2 R G R R
RS AU B A B O B AR S A A B R AE AR A .
b, oF A SR B [ ) SR PR R AN AT ER HE DR 3 s g il

T, WIERN T AR I HE A R P B R G () 45 4
R SSURT A K 38 24 28 A 1) A AL ) R s e R 2R A B TR
5 24 40 D P B ) R 36, R I 24900 11 i S [ 3 56 N, A1
2 SR Ok BBB 1) 45 K94 i 4 R A3 LA S G
S JE BB 5T 7 T B0 SRR a3 R, X 0Tt v 24 400 1D i B e
IR AAEEE L.

HR, ST RENA AR 2R 259
(1) JEF S8 [0 328 326 A0 2R 1490, 3K — [RI R 2 15t &5 R W 245 ) 1)
o 38 B A B 2% B A B2k, X b B — B AL S VRN,
AR A5 5B A0 SE A O P o 8 ) 26 280 %

B Ja, BT A RRE AR E 2 8 DL K AR H#R
o BRARAS T [F— 28 B 2 [A], 7E 4 2R 854« MLy (it B 45 1
% 75 T #AFAEHE — 58 22 531X — I ) il 7147 76 1) 2 A
AN, I8 5% ) AT DK I 1) i B 1) 3 245
RGP B — AN SR IR, LLSEEI i 5 5 i 5 R
HERIGRYT, 0] LE LA IR RIS 25 RG240, Wit
PIRIRTT BT FARIE A WA B 4 8 Ry s 24 R 5 .

References

[1] Canfield SG, Stebbins MJ, Morales BS, et al. An isogenic
blood-brain barrier model comprising brain endothelial cells,
astrocytes, and neurons derived from human induced pluripotent
stem cells [J]. J Neurochem, 2017, 140: 874-888.

[2] Liu Y, Jiang C. Research advances in brain-targeted nanoscale
drug delivery system [J]. Acta Pharm Sin (2§ 2% %4 4%), 2013, 48:
1532-1543.

[31 Alexander JJ. Blood-brain barrier (BBB) and the complement
landscape [J]. Mol Immunol, 2018, 102: 26-31.

[4] Khan AL Liu J, Dutta P. Iron transport kinetics through blood-
brain barrier endothelial cells [J]. Biochim Biophys Acta, 2018,
1862: 1168-1179.

[5] Agrawal M,Ajazuddin, Tripathi DK, et al. Recent advancements



y

636 - 2% %R Acta Pharmaceutica Sinica 2019, 54(4): 629 —637

[6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

in liposomes targeting strategies to cross blood-brain barrier
(BBB) for the treatment of Alzheimer's disease [J]. J Control
Release, 2017, 260: 61-77.

Wang JP, Wang W, Zhang WY. Study on distribution and
targeting of Gardenia jasminoides extract niosomes in rats [J].
China Pharm (1% }53), 2016, 27: 473-475.

Zhan WB, Wang CH. Convection enhanced delivery of liposome
encapsulated doxorubicin for brain tumor therapy [J]. J Control
Release, 2018, 285: 212-229.

Vijayakumar MR, Kosuru R, Vuddanda PR, et al. Trans resvera-
trol loaded DSPE PEG 2000 coated liposomes: an evidence for
prolonged systemic circulation and passive brain targeting [J]. J
Drug Deliv Sci Technol, 2016, 33: 125-135.

Pardakhty A, Moazeni E. Nano-niosomes in drug vaccine and
gene delivery: a rapid overview [J]. Nanomed J, 2013, 1: 1-13.
Callender SP, Mathews JA, Kobernyk K, et al. Microemulsion
utility in pharmaceuticals: implications for multi-drug delivery
[J]. Int J Pharm, 2017, 526: 425-442.

Dordevi¢ SM, Ceki¢ ND, Savi¢ MM, et al. Parenteral nanoemul-
sions as promising carriers for brain delivery of risperidone:
design, characterization and in vivo pharmacokinetic evaluation
[J]. Int J Pharm, 2015, 493: 40-54.

Tan SF, Kirby BP, Stanslas J, et al. Characterization in-vitro and
in-vivo evaluation of valproic acid-loaded nanoemulsion for
improved brain bioavailability [J]. J Pharm Pharmacol, 2017, 69:
1447-1457.

Chen ZL, Huang M, Wang XR, et al. Transferrin-modified
liposome promotes « - mangostin to penetrate the blood-brain
barrier [J]. Nanomedicine, 2016, 12: 421-430.

Li HM, Tong YN, Bai L, et al. Lactoferrin functionalized PEG-
PLGA nanoparticles of shikonin for brain targeting therapy of
glioma [J]. Int J Biol Macromol, 2018, 107: 204-211.

Mortensen JH, Jeppesen M, Pilgaard L, et al. Targeted antiepi-
dermal growth factor receptor (cetuximab) immunoliposomes
enhance cellular uptake in vitro and exhibit increased accumula-
tion in an intracranial model of glioblastoma multiforme [J]. J
Drug Deliv, 2013, 2013: 209205.

Zhang C, Wan X, Zheng X, et al. Dual-functional nanoparticles
targeting amyloid plaques in the brains of Alzheimer's disease
mice [J]. Biomaterials, 2014, 35: 456-465.

Kim JY, Choi WI, Kim YH, et al. Brain-targeted delivery of
protein using chitosan- and RVG peptide-conjugated, pluronic-
based nano-carrier [J]. Biomaterials, 2013, 34: 1170-1178.
Rotman M, Welling MM, Bunschoten A, et al. Enhanced
glutathione PEGylated liposomal brain delivery of an anti-
amyloid single domain antibody fragment in a mouse model for
Alzheimer's disease [J]. J Control Release, 2015, 203: 40-50.

Qu B, Li X, Guan M, et al. Design, synthesis and biological eval-
uation of multivalent glucosides with high affinity as ligands for

brain targeting liposomes [J]. Eur J Med Chem, 2014, 72:

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

110-118.
Liu ZD, Zhang L, He QS, et al. Effect of Baicalin-loaded
PEGylated cationic solid lipid nanoparticles modified by OX26
antibody on regulating the levels of baicalin and amino acids
during cerebral ischemia - reperfusion in rats [J]. Int J Pharm,
2015, 489: 131-138.

Kuang YY, An S, Guo YB, et al. T7 peptide-functionalized
nanoparticles utilizing RNA

targeting [J]. Int J Pharm, 2013, 454: 11-20.

interference for glioma dual

Mu C, Dave N, Hu J, et al. Solubilization of flurbiprofen into
aptamer-modified PEG-PLA micelles for targeted delivery to
brain-derived endothelial cells in vitro [J]. J Microencapsul,
2013, 30: 701-708.

Gao HL, Yang Z, Zhang S, et al. Glioma-homing peptide with
a cell-penetrating effect for targeting delivery with enhanced
glioma localization, penetration and suppression of glioma
growth [J]. J Control Release, 2013, 172: 921-928.

Ruan SB, Yuan MQ, Zhang L, et al. Tumor microenvironment
sensitive doxorubicin delivery and release to glioma using
angiopep-2 decorated gold nanoparticles [J]. Biomaterials, 2015,
37: 425-435.

Huang JC, Cai HR, Jiang YQ. Construction of RGD-TAT
modified liposomes and evaluation of its targeting on glioma
[J]. Chin J Biochem Pharm (" [H 41625444 3£), 2014, 34: 1-3.
Han LJ, Guo W, Liu W, et al. Primary evaluation on inhibiting
effects of hyaluronic acid modified paclitaxel loaded liposome
against brain tumor stem cells [J]. Chin J Hosp Pharm (4 [E [ Fii
2452 2% 85, 2015, 35: 773-776.
Byeon HJ, Thao LQ, Lee S, et al. Doxorubicin-loaded
nanoparticles consisted of cationic- and mannose-modified-
albumins for dual-targeting in brain tumors [J]. J Control Release,
2016, 225:301-313.

Gao HL, Qian J, Cao SJ, et al. Precise glioma targeting of and
penetration by aptamer and peptide dual-functioned nanoparti-
cles [J]. Biomaterials, 2012, 33: 5115-5123.

Gao JQ, Lv Q, Li LM, et al. Glioma targeting and blood-brain
barrier penetration by dual-targeting doxorubincin liposomes [J].
Biomaterials, 2013, 34: 5628-5639.

Gao HL. Progress and perspectives on targeting nanoparticles for
brain drug delivery [J]. Acta Pharm Sin B, 2016, 6: 268-286.
Wan F, You J, Sun Y, et al. Studies on PEG-modified SLNs
loading vinorelbine bitartrate (I): preparation and evaluation
in vitro [J]. Int J Pharm, 2008, 359: 104-110.

Bi C, Miao XQ, Chow SF, et al. Particle size effect of curcumin
nanosuspensions on cytotoxicity, cellular internalization, in vivo
pharmacokinetics and biodistribution [J]. Nanomedicine, 2017,
13:943-953.

Fu Q, Kou L, Gong C, et al. Relationship between dissolution
and bioavailability for nimodipine colloidal dispersions: the criti-

cal size in improving bioavailability [J]. Int J Pharm, 2012, 427:



TS RRAT: AR 2R i BLL 17 3 245 2 S F) 8 ) R T SR

637

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

358-364.

Lv ZY, Yang YW, Wang J, et al. Optimization of the preparation
conditions of borneol-modified ginkgolide liposomes by response
surface methodology and study of their blood brain barrier per-
meability [J]. Molecules, 2018, 23: 303.

Youn SW, Jung KH, Chu K, et al. Feasibility and safety of
intraarterial pericyte progenitor cell delivery following mannitol-
induced transient blood brain barrier opening in a canine model
[J]. Cell Transplant, 2015, 24: 1469-1479.

Bazan-Peregrino M, Rifai B, Carlisle RC, et al. Cavitation-
enhanced delivery of a replicating oncolytic adenovirus to
tumors using focused ultrasound [J]. J Control Release, 2013,
169: 40-47.

Yoon YI, Yoon TJ, Lee HJ. Optimization of ultrasound
parameters for microbubble - nanoliposome complex-mediated
delivery [J]. Ultrasonography, 2015, 34: 297-303.

Chen LJ, Lu CT, Zhao YZ, et al. Ultrasonic microbubbles for
glioma-targeted drug delivery [J]. Acta Pharm Sin (% % 2% %),
2015, 50: 99-103.

Liu S, Yang S, Ho PC. Intranasal administration of carbamazepine-
loaded carboxymethyl chitosan nanoparticles for drug delivery
to the brain [J]. Asian J Pharm Sci, 2018, 13: 72-81.

Cole AJ, David AE, Wang J, et al. Magnetic brain tumor
targeting and biodistribution of long-circulating PEG-modified,
cross-linked starch coated iron oxide nanoparticles [J]. Bioma-
terials, 2011, 32: 6291-6301.

Zhang LK, Xu RX, Jiang M, et al. Evaluation of brain-targeting

of /- asarone microemulsion by intranasal administration [J].

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Chin Tradit Herb Drugs ({1 % 24), 2014, 45: 86-89.

Pokharkar V, Patil-Gadhe A, Palla P. Efavirenz loaded nano-
structured lipid carrier engineered for brain targeting through
intranasal route: in-vivo pharmacokinetic and toxicity study [J].
Biomed Pharmacother, 2017, 94: 150-164.

El-Setouhy DA, Ibrahim AB, Amin MM, et al. Intranasal
haloperidol-loaded miniemulsions for brain targeting: evaluation
of locomotor suppression and in-vivo biodistribution [J]. Eur J
Pharm Sci, 2016, 92: 244-254.

Narayan R, Singh M, Ranjan O, et al. Development of risperi-
done liposomes for brain targeting through intranasal route [J].
Life Sci, 2016, 163: 38-45.

Khan AR, Liu M, Khan MW, et al. Progress in brain targeting
drug delivery system by nasal route [J]. J Control Release, 2017,
268: 364-389.

Nair A. Implications of intrathecal chemotherapy for anaesthesi-
ologists: a brief review [J]. Scientifica, 2016, 2016: 3759845.
Etminan N, Macdonald RL, Davis C, et al. Intrathecal applica-
tion of the nimodipine slow-release microparticle system eg-1962
for prevention of delayed cerebral ischemia and improvement of
outcome after aneurysmal subarachnoid hemorrhage [J]. Acta
Neurochir Suppl, 2015, 120: 281-286.

Song Y, Fu XL, Lan TL, et al. Local irritation study of repeated
lumbar intrathecal injection of ziconotide acetate [J]. Drug Eval
Res (ZITN BT 4T), 2017, 40: 54-58.

Li L, Liu T, Fu C, et al. Biodistribution, excretion, and toxicity
of mesoporous silica nanoparticles after oral administration

depend on their shape [J]. Nanomedicine, 2015, 11: 1915-1924.



