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T
reatments for central nervous system
(CNS) diseases are limited by the in-
adequacy in delivering therapeutic

agents to the desired locations. The ex-
tremely low permeability of the blood
�brain barrier (BBB) is a main reason lead-
ing to compromised brain drug delivery
and therapeutic efficiency.1 For example, of
the more than 7000 drugs analyzed in the
Comprehensive Medicinal Chemistry (CMC)
database, only 1% of them showed BBB
permeability and activity in the CNS.2 As a
unique physiological structure of the blood
vessels in the brain, the BBB precisely reg-
ulates the movement of molecules, ions,
and cells between the blood and brain
tissue3 and plays an important role in main-
taining a precisely controlled microenviron-
ment for proper functionalities including

neuronal circuits, synaptic transmission,
synaptic remodeling, angiogenesis, and
neurogenesis.4 The BBB restricts the entry
of molecules into the brain through two
main strategies. First, tight junctions (TJs)
seal the endothelial cells and induce a high
intercellular electrical resistance (1000�
2000 Ω cm2), which leads to an extremely
low permeability to blood-bornemolecules.5

Second, compared to endothelial cells in
peripheral vasculatures, there are few trans-
cellular transport pathways but high expres-
sion levels of active efflux transport proteins
such as P-glycoprotein (P-gp) on brain capil-
lary endothelial cells (BCECs).3 As a result, the
overwhelming majority of small molecules
and almost all macromolecules do not cross
the BBB.6,7 Therefore, there is great need
for a safe and effective method to facilitate
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ABSTRACT The extremely low permeability of the blood�brain barrier (BBB)

poses the greatest impediment in the treatment of central nervous system (CNS)

diseases. Recent work indicated that BBB permeability can be up-regulated by

activating A2A adenosine receptor (AR), which temporarily increases intercellular

spaces between the brain capillary endothelial cells. However, due to transient

circulation lifetime of adenosine-based agonists, their capability to enhance brain

delivery of drugs, especially macromolecular drugs, is limited. In this work, a series

of nanoagonists (NAs) were developed by labeling different copies of A2A AR

activating ligands on dendrimers. In vitro transendothelial electrical resistance

measurements demonstrated that the NAs increased permeability of the endothelial cell monolayer by compromising the tightness of tight junctions,

the key structure that restricts the entry of blood-borne molecules into the brain. In vivo imaging studies indicated the remarkably up-regulated brain

uptake of a macromolecular model drug (45 kDa) after intravenous injection of NAs. Autoradiographic imaging showed that the BBB opening time-window

can be tuned in a range of 0.5�2.0 h by the NAs labeled with different numbers of AR-activating ligands. By choosing a suitable NA, it is possible to

maximize brain drug delivery and minimize the uncontrollable BBB leakage by matching the BBB opening time-window with the pharmacokinetics of a

therapeutic agent. The NA-mediated brain drug delivery strategy holds promise for the treatment of CNS diseases with improved therapeutic efficiency and

reduced side-effects.
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brain delivery of drugs for the treatment of CNS
disorders.
Even though local BBB disruption is observed in CNS

diseases such as brain tumor,8,9 ischemia stroke,10,11

Alzheimer's disease,12 and Parkinson's disease,13 this
does not necessarily imply efficient intracerebral drug
delivery. The presence of multiple drug-resistance
mechanisms,14 high intracranial pressure, and hetero-
geneous perfusion rate lead to the drug concentration
in lesions far less than the threshold for therapy.15

Current strategies for brain drug delivery include in-
tracranial injection, disrupting the BBB via chemical or
physical approaches, and traversing the BBB via biolo-
gical strategies. Intracranial injections such as convec-
tion-enhanced delivery (CED)16,17 deliver the drug
directly into the lesions. However, the prerequisite to
precisely locate the focus, low drug diffusion rates in
brain parenchyma, and potential physical injury limit
their applications in the clinic. Hypertonic chemicals
such asmannitol induce osmotic pressure between the
vascular wall, break the TJs, and increase BBB per-
meability.18 Nevertheless, the chemical strategy carries
the risks of neurotoxicity19 and epileptic seizures20 due
to TJ leakage. Focused ultrasound (FUS) locally disrupts
the BBB21 via a thermal coagulative effect or micro-
bubble oscillation.22 Even FUSwas reported to increase
therapeutic efficacy of gliomas,15,22 the limited focal
depth (<3 cm), the requirement for image-guidance,
and the thermally induced irreversible BBB recovery
need to be overcome. Transcytosis is a biological
pathway by which endogenous macromolecules
traverse endothelial cells within endocytic vesicles
from the luminal side to the abluminal side where
exocytosis occurs.23 However, the transcytosis ap-
proach suffers from low receptor expression level,
limited endocytic events, and the prerequisite for label-
ing cationic groups24 or receptor targeting ligands25,26

on the drug or drug delivery vectors. Therefore, it is
necessary to develop a newbrain drug delivery strategy
with high efficacy, minimized neurological injury, and
tolerance to molecular weights and pharmacokinetics
of drugs.
Considering the key role of TJs played in restricting

the entry of molecules into the brain, reversibly chan-
ging TJs' tightness may be a feasible way to adjust BBB
permeability. Adenosine receptors (ARs) are a class of G
protein-coupled receptors (GPCRs) and have four sub-
types, A1, A2A, A2B, and A3, which are actively involved
in diseases such as inflammation, cancer, cardiovascu-
lar damage, and nervous system disorders27 Bynoe
et al. recently demonstrated that the specific activation
of A2A AR on mouse BCECs could facilitate brain drug
uptake.28 Even the downstream players of the agonist-
modulated A2A AR signaling have not been clearly
elucidated. The AR signaling changes cytoskeletal ele-
ments by regulating intracellular actin dynamics,29

which leads to contractions in cell morphology, loss

of TJ integrity, and increase of the barrier permeability.
Although numerous adenosine-based agonists with
high binding affinity and specificity to A2A AR were
developed,30 their capability for facilitating brain drug
delivery is hindered by their transient circulation life-
time (5 s to 5 min), which results in the compromised
CNS uptake of drugs, especially for macromolecular
therapeutics such as antibodies and nanosized drug
delivery systems.
Compared to small molecules, nanoparticles de-

monstrate advantages in pharmaceutical applications
including their tunable circulation lifetimes and adjus-
table receptor binding affinities.31 In this work, we
developed a series of nanoagonists (NAs) that were
defined as nanoparticles functionalized with GPCR-
activating ligands. The strategy of brain drug delivery
via the NA-mediated A2A AR signaling is achieved with
three steps (Figure 1). First, the NAs specifically activate
the A2A AR on BCECs, which initiates intracellular signal
transduction and leads to TJ opening. Second, drug
is given when the BBB permeability is noninvasively
imaged to reach its maximum. Third, the timely recov-
ery of TJ integrityminimizes the side-effects induced by
uncontrollable BBB leakage. This strategy holds poten-
tial to up-regulate brain drug delivery by enhancing
theAR-mediated signal transduction efficacy due to the
prolonged circulation lifetime and multivalent effect
of NAs.
The rapid development of molecular imaging pro-

vides an unprecedented opportunity to noninvasively
assess the biological and pathological processes in
living subjects at the molecular or cellular level.32 In
this work, the labeling of imaging reporters on both
NA and model drug makes it possible to monitor the
NA-mediated TJ opening and cerebral delivery of the

Figure 1. Overview of brain drug delivery by up-regulating
BBBpermeability viaNA-mediated A2A AR signaling. TheNA
specifically activates the A2A AR on BCECs. The intracellular
signal transduction leads to cytoskeleton modulation, cell
shape contraction, and intercellular space enhancement.
Drug is givenwhen the BBB permeability is imaged to reach
its maximum. The recovery of BBB tightness after receptor
signaling minimized side-effects.
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model drug simultaneously by optical imaging and
single-photon emission computed tomography/
computed tomography (SPECT/CT) imaging. Consider-
ing the high sensitivity of optical imaging and the
capability of SPECT/CT to offer both anatomical and
molecular information, the combination of the above
imaging modalities benefits the timed drug delivery
when the BBB permeability was imaged to reach its
maximum after the NA-mediated AR signaling.

RESULTS

Design, Synthesis, and Characterization of Nanoagonists and
Model Drug. The fifth generation (G5) poly(amidoamine)
(PAMAM) dendrimer was chosen as a scaffold of the
NAs due to its globular architecture, optimized particle
size, and well-defined reactive groups on the particle
surface.33 Regadenoson (Lexiscan) is an A2A AR-specific
agonist that was approved by the FDA as a coronary
vasodilator for radionuclide myocardial perfusion ima-
ging. Even though regadenoson (Reg) has a moderate
binding affinity (Ki = 290 nM) to human A2A AR,27 it
produces an equivalent response but a more rapid
action termination than high-affinity agonists.30 In this
work, the reactive derivative of Reg were modified on
NAs through extended poly(ethylene glycol) (PEG)
linkers, which not only significantly improve the

biocompatibility of theNAs but alsominimize the steric
hindrance of the bulky nanoscaffold to the agonist-
initiated signal transduction (Scheme 1). Furthermore,
near-infrared (NIR) fluorophore IR783 was labeled on
NAs to track their distribution in vivo because tissue
absorption andautofluorescence in theNIRwavelength
region (650�900 nm) are low, which allows the NIR
light to penetrate into deep tissues. Meanwhile, due
to its excellent biocompatibility, nonimmunogenicity,
and long circulation lifetime, PEGylated dextran labeled
with radioactive 99mTc-DTPA chelator and rhodamine
fluorophore (Figure S1) was used as amodel drug28,34,35

to evaluate brain delivery of macromolecular drugs by
SPECT/CT and optical imaging. The molecular weight,
hydrodynamic diameter, and surface charge of the
model drug were determined as 45 kDa, 7.4 nm, and
þ8.4 mV, respectively (Figure S2).

The synthesis of NAs Den-RegX (X = 1, 4, 8, 16) and
control nanoparticle Den-PEG is outlined in Scheme 1.
Briefly, treatment of 2,6-dichloropurine riboside with
NH3/MeOH in a sealed glass tube gave 1. Reaction of 1
with hydrazine monohydrate afforded adenosine deri-
vatives 2. Compound 3was obtained by condensation
of 2 with malonaldehyde. Hydrolysis of 3 obtained 4,
which was coupled with N-Boc-ethylenediamine in the
presence of HBTU/HOAT to give 5. Deprotection of 5 in

Scheme 1. Synthesis of the NAs: (i) NH3/MeOH/CH2Cl2; (ii) hydrazine hydrate; (iii) ethyl 2,2-diformylacetate/ethanol; (iv) KOH/
MeOH; (v) N-Boc-ethylenediamine, HBTU/HOBT/DMAP/DMF; (vi) TFA/CH2Cl2; (vii) methylamine; (viii) Reg-NH2/DMF; (ix) G5
dendrimer/PEG-NHS/PBS (pH 7.4); (x) IR783-NHS/HEPES (0.1 M, pH 8.3).
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trifluoroacetic acid gave the reactive A2A AR ligand
Reg-NH2. Meanwhile, regadenason as a positive con-
trol was prepared by reaction of 4 with methylamine.
Mal-PEG-NHS (2 kDa) reacted with Reg-NH2 to give 6.
The treatment of G5 dendrimer (29 kDa) with different
molar equivalents of 6 gave 7a�d. Finally, reaction of
homemade IR783-NHS with 7a�d respectively gave
NAs Den-RegX (X = 1, 4, 8, 16).

The physical parameters of the NAs are listed in
Table 1. The hydrodynamic diameters of the NAs were
determined to be in the range 7.0�8.0 nm, and their
surface charges were measured between þ6.0 and
þ8.4 mV. The polydispersity indexes (PDIs) of all
NAs were less than 0.3, and all NAs migrated as a single
band in the fluorescence images of the resolved sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), which verifies their narrow size distribution
(Figure S3). Notably, while the average molar ratios of
ligand/dendrimer were measured as 1.6, 4.4, 8.3, and
16.7 for Den-Reg1, Den-Reg4,Den-Reg8, andDen-Reg16,
respectively, their PEG/dendrimer ratios stayed around
12�16, which benefits maintaining similar particle size
and zeta potential of the NAs.

Nanoagonist Compromise of TJ Tightness of the Cell Mono-
layer in Vitro. The expression of A2A AR in BCECs is
a prerequisite for modulating BBB permeability via

agonist-mediated signaling. A2A AR in mouse brain
endothelial bEnd.3 cells was obvious with evidence
of an immunoreactive band at 45 kDa, the anticipated
molecular weight of A2A AR (Figure 2A). The IC50 (50%
inhibitory concentration) values of the NAs to A2A AR
were measured via receptor competitive binding as-
say, in which NAs bind to A2A AR competitively with the
antagonist 125I-ZM241385 (Ki = 0.8 nM)36 in a concen-
tration-dependent manner (Figure 2B). The receptor
binding affinities of NAs increased with their ligand
density, and Den-Reg16 was 7.7-fold more potent
(IC50 = 551 nM) than the monomeric Reg. Treatment
of Den-Reg16 led to the formation of actinomyosin
stress fiber (ASF) in bEnd.3 cells (Figure 2C). A similar
phenomenon was also observed in the cells treated
with Reg but not Den-PEG or phosphate-buffered
saline (PBS). Considering that ASF is themajormediator

of cell motility and contraction,37 the above results
suggest the activation of A2A AR by NAs, leading to
cytoskeleton reorganization in BCECs. To investigate TJ
integrity after NA-induced cytoskeleton modulation,
TJ-associated protein ZO-1, which links cell adhesion
molecules to the actin cytoskeleton38 for maintaining
morphology of endothelial cells, was immunostained.
While ZO-1 protein was expressed as a continuous
alignment on the cell�cell interface, the discontinued
intervals and even the full absence of this protein were
demonstrated after treatment of Reg or Den-Reg16
(Figure 2D). The abovedata indicated the compromised
TJ tightness after the NA-mediated AR signaling.

Nanoagonist Up-regulation of Cell Monolayer Permeability
in Vitro. The capability of NAs to modulate BBB perme-
ability was first studied by measuring the transen-
dothelial cell electrical resistance (TEER) values of the
mouse brain capillary endothelial bEnd.3 cell mono-
layer by in vitro Transwell assays (Figure 3A). The
decreased TEER values had been associated with in-
creased intercellular space and barrier permeability
of the cell monolayer.27 All the NAs led to remark-
able TEER value reductions, and the minimal values
were observed at 45 min post-treatment (Figure 3B).
Notably, while the maximal TEER reduction of Reg
was determined as 30% and was independent of its
concentration (1�500 μM, Figure S4), the values of NAs
increased proportionally to their ligand density, and
Den-Reg16 offered the maximal reduction of 68%.
Importantly, the time-window of TEER reduction also
correlated with the ligand density on the NAs. While
less than a 20 min period (>30% TEER reduction) was
monitored after Reg treatment, the time-windows
induced by NAs increased from 30 min of Den-Reg1
to 2.8 h of Den-Reg16 (Figure 3C). Additionally, the
monolayer-traversing efficiency of the macromolecu-
lar model drug (45 kDa) increased substantially after
pretreatment of the NAs. Den-Reg16 offered the high-
est model drug crossing efficiency, which was 17.6 and
4.6 times higher than that of saline or Reg (Figure 3D).

Nanoagonist Up-regulation of Model Drug Brain Uptake
in Vivo. Figure 4A demonstrated in vivo near-infrared
and rhodamine fluorescence images of nudemicewith
intact BBB at 2 and 24 h after intravenous (iv) admin-
istration of the model drug that was injected at 30 min
postinjection (PI) of Den-Reg16 or Den-PEG. Den-Reg16
showed not only much higher cerebral delivery than
Den-PEG but also significantly up-regulated model
drug uptake in the brain. The above result was verified
by the fluorescence images of excised whole brain at
2 and24hPI of themodel drug (Figure 4B). Additionally,
good co-localization between the fluorescence of NA
and model drug was observed, which implies the
predominant entry of themodel drug in the area where
the BBB is compromised by NA. In contrast, the brain
uptakes of bothDen-PEG and its associatedmodel drug
remained low in the whole imaging procedure, which

TABLE 1. Physical Parameters of the NAs

nanoagonist d (nm)a PDIa ζ (mV)a Den/PEG/Agob IC50

Reg n.d.d n.d.d n.d.d n.d.d 4.27 μM
Den-PEG 6.713 0.133 11.6 1/10/0 n.d.d

Den-Reg1 7.077 0.284 8.39 1/13/1.6 5.79 μM
Den-Reg4 7.548 0.177 7.24 1/12/4.4 3.75 μM
Den-Reg8 7.692 0.223 6.79 1/12/8.3 1.57 μM
Den-Reg16 7.967 0.271 6.04 1/16/16.7 551 nM

a Diameters (d), polydispersity index (PDI), and zeta potentials (ζ) were measured
by dynamic light scattering (DLS). b The molar ratios of dendrimer/PEG/agonist of
the NAs were determined by 1H NMR. c IC50 of the NAs to A2A AR were measured by
receptor competitive binding studies on bEnd.3 cells. d n.d. means not detected.
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confirms the increased BBB permeability after NA-
mediated AR signaling. Strong fluorescence of both
Den-PEG and Den-Reg16 was observed in the kidney
at 2 h PI, which implies their excretion through renal
filtration (Figure 4A). At 24 h PI, Den-Reg16 demon-
strated a wider distribution area than Den-PEG. This
phenomenon can be explained by the nonspecific A2A

adenosine receptor signaling following extravasation
of Den-Reg16 because of the expression of A2A AR in
peripheral tissues/organs.39 Figure 4C demonstrates
time-dependent brain uptake of NA and model drug,
respectively, by measuring their fluorescence intensi-
ties on mouse brain areas. Much higher uptakes of
Den-Reg16 and its associated model drug than those
of Den-PEG were observed, which verifies the NA-
mediated BBB permeability enhancement.

Brain Drug Delivery via NA-Mediated TJ Compromising.
Figure 5A demonstrated in vivo SPECT/CT images of

mouse brains with intact BBB at the sagittal, transver-
sal, and coronal planes when 99mTc-DTPA-labeled
model drug was injected at 30 min PI of saline, Reg,
Den-PEG, or Den-Reg16. Intensive radioactivity of the
model drug was indicated inside the mouse skull
defined by the CT after pretreatment with Den-Reg16,
which was quantified as 6.8 and 3.2 times higher than
the brains pretreated with saline or Reg. Model drug
predominately distributed along the main intracranial
vasculatures including the transverse sinus, superior
sagittal sinus, and inferior cerebral vein, which implies its
extravasation after the NA treatment (Figures 5A and S5).
Notably, a trace amount of radioactivity was also
observed in the brain treated with saline. This could
be explained by the compromised BBB after the inhala-
tion of anesthetics such as isoflurane.40 Biodistribution
studies demonstrated that Den-Reg16 offered the high-
est macromolecular model drug uptake in whole brain

Figure 2. NAs compromising TJ tightness via A2A AR-mediated signal transduction. (A) Western blot demonstrates A2A AR
expression on bEnd.3 cells. (B) Competitive binding with A2A AR in bEnd.3 cells between 125I-ZM241385 (antagonist) and NAs
with different concentrations (n = 4, mean ( SD). (C) Confocal fluorescence microscopic images of bEnd.3 cells stained by
phalloidin after treatment with PBS, Reg, or NA (10 μM) for 45 min. Actinomyosin stress fiber (ASF) is displayed in red, and
DAPI-stained nuclei are displayed in blue. (D) Immunofluorescence microscopic images of TJ-associated protein ZO-1 after
45min treatment with PBS, Reg, or NA (10 μM). ZO-1 is displayed in green and nuclei are blue. Arrows indicate disrupted ZO-1
expression on cell interfaces. Scale bar, 50 μm.

A
RTIC

LE



GAO ET AL . VOL. 8 ’ NO. 4 ’ 3678–3689 ’ 2014

www.acsnano.org

3683

with a value of 0.13 ( 0.015 %ID/g, which was about
8.5 and 3.1 times higher than that treated with saline or
Reg (Figure S6). Notably, the highestmodel drug uptake
was found in the lung (34.2 ( 9.5 %ID/g, Figure S7),
which could be explained by the nonspecific attach-
ment of the positively chargedmodel drug (Figure S2A)
on pulmonary vasculatures via electrostatistic affinity
after iv injection. Additionally, avid phagocytosis of
macrophages41 may further accelerate the pulmonary
accumulation of the model drug. Immunofluorescence
microscopic imaging studies clearly demonstrated the
Den-Reg16-mediated brain drug delivery (Figure 5B).
The extravasation of the model drug was evident in
the cortex, striatum, and cerebellum areas, and the
drug distributed as tiny vesicles with a concentration-
decreasing gradient from the vasculatures immunos-
tained by CD31 antibody to the extracellular matrix. In
contrast, residue model drug was found in the striatum
and cerebellum after pretreatment with Den-PEG, but it
was exclusively located inside the vessels, which indi-
cates the uncompromised BBB tightness (Figure 5C).

Nanoagonist Tuning of the BBB Opening Time-Window. The
BBB opening time-windows were studied by measur-
ing model drug brain uptake when the drug was
injected at selected time-points after NA administra-
tion. Figure 6A shows the photographic and corre-
sponding radioautographic images of brain sections in
which the model drug uptake was evident, with high

radioactivity displayed in dark color. While the radio-
activity stayed at background level after Den-PEG
treatments, the entries of model drug in the brain were
obvious upon pretreatment with NAs or Reg. Notably,
all NAs led to a faster BBB permeability enhancement
compared to Reg. While the intense brain uptake of
model drug was observed when it was injected at
10 min PI of NAs, the entry of model drug was not
observed until 30 min after Reg injection. NAs also
prolonged the BBB opening time-windows, which
increased proportionally with their ligand density.
Figure 6B shows the time-course of intracerebral drug
delivery efficiency after the preinjection of NAs or
Reg. For example, obvious model drug uptake was
observed when it was injected at 30 min and 1 h but
not at 10 min or 2 h PI of Reg, which indicates the BBB
opening time-window of Reg is at least 30 min. Simi-
larly, the corresponding time-windows of Den-Reg1,
Den-Reg4, Den-Reg8, and Den-Reg16 were deter-
mined to be at least 1, 1, 2, and 2 h. Notably, the BBB
tightness was recovered after treatment with the
NAs, which is important to reduce the potential risk
of uncontrollable BBB leakage.

DISCUSSION

The BBB restricts the access of blood-borne mol-
ecules into the brain via TJs that seal the BCECs with an
extremely low permeability as well as a high electrical

Figure 3. NAs up-regulation of permeability and drug traversing efficiency of the bEnd.3 cell monolayer. (A) Schematic of the
Transwell assay to evaluate cell monolayer permeability by measuring the electrical resistance between the electrodes in
apical and basal chambers. (B) Time-dependent TEER values measured immediately after addition of 10 μM NA, which was
removed 45 min after treatment (n = 8, mean ( SD). 10 μM Den-PEG and Reg were used as negative and positive controls,
respectively. (C) Time-windows of TEER value reduction after NA treatment (>30% reduction). (D) Normalized monolayer
traversing efficiency of the model drug. The monolayer was treated with 10 μM NA for 45 min. After removing the NA, the
model drugwas added and incubated for 8 h. Themonolayer crossing efficiencieswere determined by quantifying themodel
drug fluorescence in the basal chamber (n = 4, mean ( SD).
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resistance. Temporarily opening TJs is a feasible way
for brain drug delivery because of its high efficiency
and tolerance to molecular weights of therapeutics.
Even hypertonic agents such as mannitol were re-
ported for the treatment of brain tumors37 and
Alzheimer's disease42 by breaking TJs via osmotic
pressure. Their main application in the clinic is to
reduce intracranial pressure in emergency circum-
stances before more definitive treatments are applied.
Moreover, the high dosage (1.0�2.0 g/kg), fixed BBB
opening time-window (≈30 min),43 and the potential
risk induced by leaky TJs limit its applications. AR
agonist mediated TJ opening has attracted atten-
tion recently because of its ultrahigh efficiency
(0.5�50 μg/kg)28 and rapid TJ recovery, which attenu-
ates potential side-effects. However, the rapid excre-
tion rate of the agonists leads to a narrow BBB opening
time-window and low brain drug delivery efficiency.
Therefore, NAs with prolonged circulation lifetime and
improved receptor signaling efficacy are the method
of choice to address the above challenges.
To label the AR-activating ligands on the nanocar-

rier, a reactive intermediate, Reg-NH2, was prepared.

It has an identical AR-activating structure to Reg except
for the introduction of a primary amine at the terminal
of purine C2 substitution for conjugation convenience.
A straightforward synthetic strategy (Scheme 1) was
developed to prepare Reg-NH2, which not only avoids
the tedious protection and deprotection on the hydro-
xides in ribose44 but also offers an overall yield above
20%. Even though maleimide shows much lower reac-
tivity to amines than that to sulfhydryl, we indeed found
a very efficient coupling between PAMAM dendrimer
and the maleimide derivative under pH 7.4�8.3. This
phenomenon could be explained by (1) the decreased
pKa values of the amidoamines (7.7�9.5) on the dendri-
mer periphery compared to that of aliphatic primary
amines (9.9�11.1)45 and (2) the high local concentration
of terminal amidoamines on the dendrimer surface
(128 amidoamines per G5 dendrimer). Due to the high
coupling efficiency, the number of AR-activating ligands
on NAs can be precisely controlled by adjusting the
molar ratio between themaleimide-modified ligand and
the dendrimer. Furthermore, all the NAs were modified
with similar copies of PEGs to minimize the interference
from the nonuniform particle size or surface charge.

Figure 4. NAup-regulationofmodel drugbraindelivery inmicewith intact BBB. (A) In vivooptical imagesof NA (NIRfluo.) and
model drug (rhodamine fluo.) at 2 and 24 h PI of Den-Reg16 or Den-PEG (10 nmol/mouse). Mouse brain areas are indicated by
arrow-pointed circles. (B) Ex vivooptical images of NA andmodel drug in excisedmouse brains at 2 and 24h PI of NA. (C) Time-
dependent fluorescence intensities of NA (left panel) andmodel drug (right panel) onmouse brain area at 2 and 24 h PI of NA
via iv (n = 4, mean ( SD). Model drug (1.0 mg/mouse) was always injected at 30 min PI of NA via iv.
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The NA-dominated BBB permeability enhancement is
evidentwith theASFmodulation, which is a prerequisite
for the morphological alteration of endothelial cells
(Figure 2C), and the TJ-associated protein attenuation,
which indicates the loss of TJ tightness (Figure 2D).
Compared to the monomeric agonist Reg, NAs led to a
remarkably higher permeability of the BCEC monolayer
and brain drug delivery efficiency in vivo (Figures 3�5).
The above experimental results could be explained by
(1) theprolongedcirculation lifetimeofNAsdramatically
increasing the AR-activating opportunity; (2) the multi-
valent association between the NAs and the dimeric
or even oligomeric receptor complexes on BCECs,46,47

increasing AR binding avidity and specificity; (3) the
multiply labeled ligands on NAs remodulating the
orientation, stoichiometry, and aggregation pattern of
ARs on cell membranes and hence amplifying signal
transduction;48 and (4) the labeled ligands on NAs
triggering their concomitant binding to both orthostatic
and allosteric sites of ARs, which up-regulates pharma-
cological responses with collateral efficacy.34,49

The capability of NAs to tune the BBB opening time-
window may be attributed to the multivalent effect,
which regulates the binding affinities between the
NAs and ARs as well as the intracellular signal transduc-
tion efficacy. Joacobson et al. reported a series of
agonist-labeled nanoparticles and found that the
multivalent effect significantly increased their avidity

to corresponding GPCRs, the signal transduction effi-
cacy, and biological activities such as the inhibition of
platelet aggregation46 or cyclic AMP accumulation.50

Because the multivalent effect depends on size, ligand
substitution degree, and terminal functionality of
nanoparticles, it is possible to fine-tune the BBB open-
ing time-window by modulating the above factors.
Considering the different pharmacokinetics of thera-
peutic compounds, NAs provide an unprecedented
opportunity to maximize the brain drug delivery and
minimize potential risk of overdosage bymatching the
BBB opening time-window and the drug circulation
behavior.
In previous works, brain drug delivery efficiency

was usually quantified by measuring the fluorescence
intensity of mouse brain homogenization after the
administration of a fluorophore-labeled model drug.28

However, due to the autofluorescence from the en-
dogenous proteins and the self-quenching of the
fluorophores in the aqueous solution, the quantifica-
tion of drug concentration via fluorimetric assay is not
fully accurate. To overcome this problem, radioactive
99mTc-DTPA chelators were conjugated to the model
drug, and its anatomic distribution and uptake effi-
ciency in the brain can be noninvasively visualized
and quantified by SPECT/CT. Additionally, taking ad-
vantage of optical imaging to simultaneously detect
fluorescence signals with different wavelengths, the

Figure 5. Brain drug delivery via NA-mediated AR signaling. (A) In vivo SPECT/CT images of mouse brain area when
radioactive model drug (3.7 � 107 Bq/mouse) was injected at 30 min PI of 10 nmol NA, Reg, or saline via iv. Confocal
fluorescence microscopic images of brain sections presenting cortex, striatum, and cerebellum areas when model drug was
injected at 30min PI of Den-Reg16 (B) or Den-PEG (C). CD31 immunofluorescence indicating brain vasculatures is displayed in
green; model drug is displayed in red and DAPI-stained nuclei are blue. Yellow areas present the co-localized vessel and
model drugs. Arrows point to the leaky vessels, and arrowheads point to the extravasated model drug. Scale bar, 50 μm.
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labeling of different fluorophores on NAs and the
model drug provides the possibility to monitor the
cerebral distribution of NA and the model drug, re-
spectively, and elucidate the mechanism of NA-
mediated brain drug delivery.
Due to the expression of the A2A AR in whole brain,

51

the main obstacle for the translation of NA-mediated
brain drug delivery is how to specifically enhance BBB
permeability in the lesion but not in the normal
neurological tissues. In our previous work,52 a two-
order targeted brain tumor imaging strategy was
put forward, in which the nanoprobes first target the
tumor vasculatures. Increased local concentration of
a nanoprobe in tumor sites facilitates its BBB crossing

efficiency via receptor-mediated transcytosis (RMT).
The BBB-traversed nanoprobes further target the can-
cer cells. By this strategy, brain tumor with a diameter
of less than 1.0 mm was visualized with a high target
to background ratio. Using the two-order targeting
strategy, it is possible to label lesion targeting domains
and agonist on the NAs. Because of the much higher
binding affinity between the targeting domains and
lesion-associated receptors (sub-nM to nM) than that
between the labeled agonist and A2A AR (sub-μM
to μM), the dual-labeled NAs will hold the potential
to specifically up-regulate BBB permeability at the
lesion site, which benefits maximizing the therapeutic
efficacy and minimizing the off-target side-effects.

Figure 6. NA tuning of the BBB opening time-window. (A) Representative photographic and autoradiographic images of
mousebrain sectionswhen radioactivemodel drug (1.8�107 Bq/mouse)was injected at selected time-points postinjectionof
NAs or Reg (10 nmol/mouse). Blue, green, and red arrows point to the cortex, striatum, and cerebellumareas. (B) BBB opening
time-window after single injection of NAs or Reg (10 nmol/mouse). The time-windows were determined by comparing the
model drug brain uptakes at selected time-points after NA or Reg injection with the value after injection of saline as the
negative control (n = 4). Green and red arrows indicate the time-points of NA andmodel drug injections. The red lines present
the model drug brain uptake level with the pretreatment of saline.
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CONCLUSION

In this work, we developed a series of NAs that not
only up-regulated brain delivery of macromolecular
model drugs by specifically signaling A2A AR but also
demonstrated the capability to temporarily tune the
BBB opening time-window under in vivo conditions. This
study shows that nanosized agonists have the ability
to enhance brain drug delivery. Meanwhile, labeling
the imaging reporter on the NAs and the model drug

provides anunprecedentedopportunity tononinvasively
evaluate the BBB opening time-window, brain drug
delivery efficiency, and therapeutic response. Overall,
the NAs not only provide a new strategy to enhance
brain drug delivery but also show promise to reduce
potential risks such as overdosage and uncontrollable
BBB leakage by tuning the BBB opening time-window
according to the pharmacokinetic behavior of the
therapeutics.

MATERIALS AND METHODS
Materials. All chemical reagents were obtained fromAladdin

Reagent (Shanghai, China) unless otherwise specified. PAMAM
G5 dendrimer (MW: 28 826 Da) was purchased from Dendritech
Inc. (Midland, MI, USA). Rhodamine-NHS, fetal bovine serum
(FBS), trypsin, penicillin, and streptomycin were purchased from
Thermofisher Scientific (New York, USA). Rabbit anti-mouse
ZO-1, A2A AR and CD31 primary antibodies, and rhodamine-
NHS were purchased from Invitrogen (Carlsbad, CA, USA). Alexa
Fluo488-labeled goat anti-rabbit secondary antibody was pur-
chased from Cell Signaling Technology (Danvers, MA, USA).
Maleimide-PEG2k-NHS and PEG-NHS were purchased from
JenKem Technology Co. Ltd. (Beijing, China). IR783-NHS was
prepared according to our previous work.53 Amicon ultra-15
centrifugal filter tubes (10 000 MW cutoff) were from Millipore
(Bedford, MA, USA).

Characterization. The molar ratios between dendrimer, PEG,
and receptor-activating ligand in NAs were quantified by
1H NMR (Varian Mercury400 spectrometer, USA). The labeling
degree of fluorophores was calculated according to Lambert�
Beer's law: A = εbc (A: absorbance, ε: extinction coefficient, b:
thickness of the absorber, c: concentration). The absorbance
of rhodamine (ε552 = 60 000M�1cm�1) and IR783 (ε754 = 169 000
M�1 cm�1) in NAs was measured on a UV-2401PC UV�vis
spectrophotometer (Shimadzu, Japan). In the SDS-PAGE study,
NAs in 30 μL of loading buffer were loaded on a 5% stacking
gel that was set on a 10% resolving gel. Fluorescent images of
the resolved SDS-PAGE gel were acquired in an IVIS Spectrum
Imaging System (Caliper Life Sciences, USA). Hydrodynamic
diameter and zeta potential of the NAs were obtained with a
Malvern Zetasizer dynamic light scattering (Malvern Instru-
ments Inc., USA).

Cell Culture. Murine brain endothelial cells bEnd.3 were
purchased from the American Type Culture Collection (ATCC)
and cultured in Dulbecco's modified Eagle's medium (DMEM,
Gibco, USA) supplementedwith 10% FBS, 2mM L-glutamine, 1%
penicillin, and streptomycin at 37 �C with 5% CO2.

Western Blot Studies. bEnd.3 cells with 80% confluence were
homogenized in lysis buffer containing protease inhibitors.
Total protein (80 μg) was loaded on an 8% SDS-PAGE. After
the electrophoresis, the gel was transferred to a nitrocellulose
membrane, which was blocked, cut, and incubated with A2A

AR primary antibodies overnight. After washing thoroughly,
the membranes were incubated with HRP-labeled goat anti-
rabbit secondary antibody (1:20 000), developed by using the
Supersignal West Pico chemiluminescent substrate kit (Pierce
Biotechnology, USA) and exposed to X-ray film.

Competition Binding Studies. Competition assays were per-
formed according to the reported protocol.54 The bEnd.3
monolayer with 80% confluence was harvested, homogenized,
and centrifuged. The isolated cell membranes were washed
twice with cell binding buffer (50 mM Tris, 1 mM EDTA, pH 7.4)
and then incubated overnight with 125I-labeled ZM241385 in
the presence of different concentrations of NAs. At the end of
incubation, the unbound NA and 125I-ZM241385 were removed
by filtration through Whatman GF/C glass fiber filters. The
membrane-bound radioactivity was then subjected to gamma-
counting. The best-fit 50% inhibitory concentration (IC50) values

were calculated by fitting the data with nonlinear regression.
Four determinations were performed for each concentration of
the NAs.

F-Actin Staining of Endothelial Cells. bEnd.3 cells were seeded on
four-well glass-bottom chamber slides (Thermofisher Scientific,
USA) and incubated to reach 100% confluence. After treatment
with 10 μM Reg or NA, the cells were washed, fixed with 4%
paraformaldehyde (PFA), and then permeabilized with 0.3%
Triton X-100. After blocking with 1% BSA for 1 h, slides were
stained with phalloidin-Rho (Cytoskeleton, USA) followed by
DAPI and mounted with cover-slides. Images were collected
on a Zeiss LSM 710 META confocal laser scanning microscope
(Carl Zeiss, Germany).

Transendothelial Cell Electrical Resistance Assay. bEnd.3 cells were
seeded on the Transwell system (0.33 cm2, pore size 1.0 μm,
Corning Incorporated Life Sciences, USA) and cultured for
10�14 days before the experiment. TEER values were assessed
using an epithelial voltohmmeter (MILLICELL-ERS, Millipore,
USA). The cell monolayers were treated with 10 μM NAs or
Reg for 45 min. At the end of treatment, the cells were washed
and continually incubated. The TEER values of the cell mono-
layers were measured at 0 min, 15 min, 30 min, 60 min, 2 h, 4 h,
8 h, and 24 h after NA addition. Delivery of model drug across
cell monolayers was quantified to evaluate NA-mediated per-
meability enhancement. After treatment with 10 μM NAs for
45min, themonolayerswerewashed, andmodel drug (1mg/mL,
45 kDa) was added to the apical chamber. At 8 h treatment with
the NAs, rhodamine fluorescence intensity of the solution in the
basal chamber was measured using a Shimazdu RF-5301PC
spectrofluorophotometer (Shimadzu, Japan), and the monolayer
crossing efficiency was calculated.

Animal Model. ICR mice and athymic nude mice 6�8 weeks
old, weighing 20�22 g, were housed under specific pathogen-
free conditions at the Department of Experimental Animals,
Fudan University (Shanghai, China). All procedures were carried
out in accordance with guidelines approved by the ethics
committee of Fudan University (Shanghai, China).

In Vivo Optical Imaging Studies. Optical images were acquired
using an IVIS Spectrum in Vivo imaging system. Rhodamine
fluorescence images were acquired using a red filter set
(excitation filter: 495 nm; emission filter: 550�610 nm). NIR
fluorescence images were acquired using an Integrin 750 filter
set (excitation filter: 745 nm; emission filter: 800�840 nm).
Dynamical fluorescence images were collected on nude mice
with intact BBB after administration of NA (10 nmol) followed by
themodel drug (1.0mg/mouse), whichwas injected at 30min PI
of NA. After in vivo imaging, the mice were perfused with saline
followed by 4% PFA. Brains were carefully excised, and fluores-
cence images of whole brains were captured. Fluorescence
intensities were quantified by the software provided by Caliper
Life Sciences.

In Vivo SPECT/CT Imaging. SPECT/CT imagingwas performed on
a Nano SPECT/CT Plus imager (Bioscan Inc., USA). Healthy ICR
mice (20�22 g) were randomly divided into seven groups and
injected iv with 10 nmol of NA, saline, or Reg. Thirty minutes
after NA injection, 3.7� 107 Bq DTPA-99mTc-labeledmodel drug
was administered via iv. At 30 min PI, the mice were anesthe-
tized by inhalation of 2% isoflurane in oxygen, and SPECT/CT
images were collected. A total of 24 projections were acquired
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with a minimum of 40 000 counts per projection. Prior to each
SPECT imaging, cone-beam CT (180 projections, 55 kVp, 147 μA)
images were acquired. The whole procedure of SPECT/CT
scanning took 35 min per animal, and the fusion images were
obtained using the automatic fusion feature of the In Vivo Scope
software.

Immunohistochemistry Staining. For cell culture studies, bEnd.3
cells seeded on four-well chamber slides were incubated to
allow the confluence to reach greater than 100%. After the
treatment with NA (10 μM) for 45 min, the cells were washed,
fixed, blocked, and stainedwith rabbit anti-mouse ZO-1 primary
antibody followed by Alexa-Fluoro488-labeled goat anti-rabbit
secondary antibody. The nuclei were stained with DAPI, and
the slides were mounted for imaging. For ex vivo tissue studies,
mouse brainswere harvested, fixed, dehydrated, sectionedwith
a thickness of 10.0 μm, and immunostained with CD31 primary
antibody and Alexa-Fluoro488-labeled secondary antibody fol-
lowed by nuclear staining.

Confocal Fluorescence Microscopic Imaging. Fluorescence micro-
scopic imageswere collected on a Zeiss LSM 710META confocal
laser scanning microscope (Carl Zeiss, Germany) by using a
20� or 40� lens. DAPI was excited with a 405 nm laser, and the
emissionwas detectedwith a photomultiplier by a 420�480 nm
band-pass filter. Alexa-Flour488was excitedwith a 495 nm laser,
and emission was detected by a second photomultiplier using
a 505�550 nm band-pass filter. Rhodamine was excited with a
543 nm laser, and the emission was detected by a third photo-
multiplier using a 560nmband-pass filter. The fluorescence images
were processed by ZEN 2012 software (Carl Zeiss, Germany).

Autoradiography Studies. ICR mice were randomly divided into
seven groups. At 10 min, 30 min, 1 h, 2 h, or 4 h PI of saline, NA
(10 nmol), or Reg (10 nmol) via iv, DTPA-99mTc-labeled model
drug (1.8 � 107 Bq/mouse) was administrated via iv. Thirty
minutes after drug injection, the mice were scarified and
the brains were excised, prefixed, and sectioned coronally
with a thickness of 2.0 mm. The brain sections were exposed
to a phosphor storage screen film (super-resolution screen;
PerkinElmer) for 24 h. Reading of the screens by a Cyclone Pulse
Storage Phosphor system (PerkinElmer, USA) gave autoradio-
graphy images, which were further analyzed by using Optiquant
software (PerkinElmer). Meanwhile, photographic images of the
brain sections were taken by a Leica MZ75 high-performance
stereomicroscope (Leica Inc., Germany).

Biodistribution Studies. ICR mice with intact BBBs were ran-
domly divided into seven groups and injected with 10 nmol of
NAs or Reg via iv. At 30 min PI, DTPA-99mTc-labeled model drug
(3.7 � 106 Bq/mouse) was administrated via iv. Thirty minutes
post model drug injection, the mice were sacrificed and per-
fused with PBS. Selected organs including brain were isolated
and weighed, and the radioactivity was counted with an auto-
matic γ-counter. Decay of radioactivity was corrected as
follows: corrected radioactivity =measured activity� exp(ln[2]�
interval/6.02). The biodistribution data were presented as a
percentage of the injected radioactivity per gram (%ID/g).

Statistical Analysis. Quantified data are presented as mean (
SD when the sample number was above 4 (n > 4).
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