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Abstract: Macromolecular drugs become an essential part in neuroprotective treatment. However, the nature of
ineffective delivery crossing the blood brain barrier (BBB) renders those macromolecules undruggable for clinical
practice. Recently, brain target via intranasal delivery have provided a promising solution to circumventing the BBB.
Despite the direct route from nose to brain (i.e. olfactory pathway), there still are big challenges for large compounds
like proteins to overcome the multiple delivery barriers such as nasal mucosa penetration, intracellular transport
along the olfactory neuron, and diffusion across the heterogeneous brain compartments. Herein presented is an intra-
nasal strategy mediated by cell-penetrating peptide modified poly(lactic-co-glycolic acid) (PLGA) nanoparticles for
the delivery of insulin to the brain, a potent therapeutic against Alzheimer’s disease. The results revealed that the
cell-penetrating peptide can potentially deliver insulin into brain via the nasal route, showing a total brain delivery
efficiency of 6%. It could serve as a potential treatment for neurodegenerative diseases.
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Introduction

Peptide and protein drugs have become an essential part
of modern medicine, owing to the high activity and speci-
ficity, and unique benefits to clinical practice. As a case in
point, macromolecular agents are commonly used for neu-
rodegenerative diseases. However, ineffective penetration
through the blood brain barrier (BBB) is the primary chal-
lenge for the clinical application of these macromolecules,
due to their large size and the unstable structure. It therefore
generally requires the most invasive method for drug adminis-
tration—intracranial injection. Thus, the therapeutic values
of protein drugs have been restricted because of the inability
to transport into brain via convenient dose administration.'

Nose-to-brain route has attracted much attention for its
unique benefit for bypassing the formidable BBB and deliv-
ering macromolecules into brain via non-invasive pathway,
where there is the direct association between nasal cavity
and central nervous system in anatomical physiology. Other
advantages of nasal drug delivery include the reduced drug
degradation and side effects, due to the minor systemic
exposure. However, on account of the mucous membrane
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permeability and cilia clearance system, the bioavailability
of protein drugs with nasal administration was about
0.01%-0.1%, which is difficult to achieve the therapeutic
effective concentrations.’

Cell-penetrating peptides (CPPs) are short cationic pep-
tides with specific conserved sequence, and CPPs have been
widely used in drug delivery for the capacity of transporting
cargoes into cells.* The most commonly used CPP is Tat
peptide, derived from the protein transduction domain of the
human immunodeficiency virus Tat protein. The 11-amino
acid YGRKKRRQRRR of Tat was the minimal sequence
responsible for cell penetration. Not only can Tat itself pen-
etrate cell membrane highly efficiently, but it also could
carry the macromolecular drugs that are even 100-fold big-
ger than Tat in size to cross the membrane.** This property
is potential used for the delivery of large molecular such as
peptide or protein drugs. More interestingly, Tat peptide can
mediate protein delivery in a non-covalent manner.®’

Insulin has been long since confirmed to play an import-
ant role in neurodegenerative diseases.*’ Intranasal inhaling
insulin has been demonstrated its ability to improve mem-
ory and slow decline of cognitive function in Alzheimer’s
disease, and the positive results from the clinical trial have
garnered a great deal of attention recently.'’ In this study, a
Tat-mediated poly(lactic-co-glycolic acid) (PLGA) nano-
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particles were developed for brain targeting through intra-
nasal delivery of insulin.

Experimental

Materials, Cells and Animals. PLGA (50/50, M,=11,000
Da, COOH terminated) was purchased from Daizhi Co.
(Jinan, China), poloxamer188 (P188) from BASF Co. (USA),
insulin from Wanbangjinagiao Co. (Xuzhou, China). Caco-2
cells were kindly provided by Fudan University. Cell cul-
ture media included Dulbecco’s Modified Eagle’s medium
(Gibico Co., USA), certified fetal bovine serum (FBS), non-
essential amino acids (Hyclone Co., USA) and 0.25% trypsin-
EDTA (Sigma-Aldrich Co., USA). Methanol and acetoni-
trile were from Merck.

KM mice were housed under standard conditions of tem-
perature (22-24 °C), humidity (40%-60%), and 12 h light/dark-
cycles. Food and water supply were freely accessed for ani-
mals. All animal experiments were carried out in accor-
dance with a protocol approved by the Laboratory Animal
Management Committee, SIMM.

Preparation of Insulin-Loaded Nanoparticles (NPs). Insu-
lin-loaded PLGA NPs were prepared by a modified double
emulsion method."" Briefly, a predetermined amount of insu-
lin was dissolved in Tris buffer as internal phase, and PLGA
in acetone as oil phase. Internal phase was slowly added to
external oil phase. The dispersion was then vigorously stirred
to obtain the primary emulsion, which was subsequently
poured into the P188 solution to achieve the secondary W/
O/W emulsion. The organic solvent was removed by vacuum
evaporation, and the insulin-loaded NPs were obtained.
Blank NPs were prepared by the same method.

Development of the Insulin-Loaded NPs Assay. The
encapsulation efficiency of insulin in the NPs was deter-
mined using a bicinchoninic acid (BCA) protein assay kit
(Beyotime Institute of Biotechnology, China). The standard pro-
tein (1 mg/mL) was diluted to different concentrations, protein
standards are processed in the same manner by mixing them
with assay reagent and using a spectrophotometer to measure
the absorbance, thus a regression equation was obtained.

The insulin released from the NPs was examined by high-
pressure liquid chromatography (HPLC, Agilent-1260, Agi-
lent Technologies, USA) with a Grace C18 column (4.6 mm
%250 mm, 5 pm) at 40 °C (mobile phase: sodium sulfate buffer
(pH 2.3)/acetonitrile, 73.5:26.5), and the detection wave-
length of 214 nm.

Measurement of Encapsulation Efficiency. After ultra-
centrifugation, the concentration of the non-entrapped insu-
lin in the supernatant was determined by BCA method. The
encapsulation efficiency X was calculated as the formula
below:

X (%)=(C-Cjo)/ Cx100%

where C was the amount of added insulin, and Cj,, was the
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Table 1. Factors and Levels of Ly(3*) Orthogonal Experiment

Factors
Levels A B C D
P188 PLGA Acetone: Oil:
(%) (mg) Ethyl Acetate ~ Water Phase
1 0.2 20 2:1 1:10
2 0.5 25 1:1 1:15
3 1 30 1:0 1:20

amount of free insulin in the supernatant.

Optimization Process with Orthogonal Experiment. The
process parameters, including concentration of emulsifier,
PLGA concentration, oil phase composition, and phase vol-
ume ratio were optimized by orthogonal design L, (3*) using
entrapment efficiency and particle size as indexes (Table I).
Then after analysis of variance using weighted scoring method,
main factors and optimal prescription were determined.

Synthesis of Tat-Conjugated Insulin Loaded PLGA-NPs.
NPs were mixed with equal amount of Tat (YGRKKRRQRRR,
4 mg/mL), and then reacted on a rotary shaker (80 r/min) for
4 h in dark. The reaction solution was purified by dialysis
(M,=12,000 Da) and the Tat-modified NPs were obtained.

Characterization of the NPs. The morphology of the
NPs was observed using transmission electron microscopy
(TEM). Samples were prepared by dropping onto a copper
grid that pre-coated with a layer of formvar film, and then
stained by uranyl acetate solution before measurement.

The particle size, size distribution and ¢-potential were
measured by Nano-ZS ZEN3600 (Malvern Instruments) at
25°C.

In vitro Release Study. The NPs containing 1 mg of insu-
lin were placed into 20 mL of phosphate buffer saline (PBS)
pH 7.4 at 37 °C with gently constant shaking. At predeter-
mined time intervals, aliquots were withdrawn with replen-
ishment of equal volume of PBS. The insulin concentration
was determined by the HPLC method.

Cellular Uptake Study. The cells were cultured with
DMEM containing 10% FBS, 1% NEAA, 1% L-glutamine
at 5% CO,, 37 °C. To study the kinetics of cellular uptake,
the PLGA-NPs were incubated with Caco-2 cells for 4 h.
After washing with PBS three times, the cells were fixed
with 4% paraformaldehyde, stained with DAPI, mounted
with glycerol. The fluorescence was observed with a confo-
cal laser scanning microscope (Nikon C1 Plus, Japan).

The uptake efficiency of the fluorescein-labeled NPs was
quantitatively measured by fluorescence-activated cell sort-
ing (FACS). In brief, Caco-2 cells were exposed to the cul-
ture medium containing the NPs for 4 h. After washing with
PBS, the cells were collected by trypsinization and centrifu-
gation (1000xg, 10 min), and the cell pellets were washed
with PBS, alternating wash and centrifugation for three
time. The cells were subjected to fluorescence analysis with
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flow cytometer (BD, USA) using 480 nm laser excitation
and 520 nm emission filter.

Brain Delivery via Intranasal Administration. For intra-
nasal administration, mice were administered 20 puL of the
fluorescein-labeled NPs into each nostril. At 4 h post-treat-
ment, cardiac perfusion was conducted, and the cryosection
of the brain tissues was carried out and the slides were
observed under fluorescence microscope (Olympus 1X70,
Japan). In the meanwhile, to quantitatively evaluate the
brain delivery efficiency, the fluorescence intensity of the
homogenized brain tissues was determined by a fluores-
cence plate reader (Bio-Rad, USA), and the brain delivery
efficiency calculated as follows.

Doseprain

=" %100
) Dose(udministration)

Brain delivery efficiency (%
Statistical Analysis. Statistical analysis was performed
using a student’s #test. The data from the experiments express
the mean+S.D.
Results and Discussion

The double emulsion solvent evaporation method was

Table II. Results of Orthogonal Design

used for preparation of the PLGA NPs, due to its compati-
bility with hydrophilic drugs, and easy process. Particle
size, zeta potential and encapsulation efficiency were mea-
sured for evaluation of the PLGA NPs. With orthogonal
experiment, the levels of each factor (PLGA amount, P188,
the ratio oil components and oil phrase and external phrase
volume ratio) were optimized (Tables II and III). The ele-
vating concentration of P188 (>0.5%) directly contributed
to the reduction in particle size. Another contributing factor
was the ratio of oil phrase and external phrase, and when it
was > 1:15 v/v, particle size decreased. It should be noted
that despite the difference in size, particles possessed simi-
lar zeta potential, approximately -10 mV. In addition, high
stirring speed (> 600 r/min) was favorable to the formation
of small particles. Hence, the P188 concentration, oil phrase
and external phrase volume ratio as well as stirring speed
were optimized for obtaining small particle size.

Based on the orthogonal experiments, the prescription and
process were optimized as follows: PLGA was 30 mg, oil
phase acetone, oil phrase/external phrase ratio 1:15 v/v, and
the P188 concentration of 0.5%. Three batches of the NPs
were then prepared, in which the encapsulation efficiency of
insulin was measured to be 76.8%, and drug loading effi-

o Factors A B C D ParticleySlize (nm) EF} g%) y
1 1 1 1 1 209.7 64.74 79.32
2 1 2 2 2 218.5 72.61 80.62
3 1 3 3 3 205.4 66.42 84.01
4 2 1 2 3 197.1 63.14 83.36
5 2 2 3 1 175.6 68.27 95.74
6 2 3 1 2 200.8 75.38 88.68
7 3 1 3 2 199.1 70.75 87.20
8 3 2 1 3 2247 64.05 72.89
9 3 3 2 1 216.3 69.89 79.78
K1 81.317 83.293 80.293 84.947
K2 89.260 83.080 81.253 85.500
K3 79.953 84.157 88.983 80.083
R 9.307 1.007 8.690 5.417
Table III. Variance Analysis of Orthogonal Design
Source of Variance Square of Deviance Degree of Freedom F Ratio P Value Source of Variance
A 151.569 2 77.728 19.000 *P<0.05
B 1.950 2 1.000 19.000
C 136.191 2 69.842 19.000 *P<0.05
D 53.298 2 27.332 19.000 *P<0.05
Error 1.950 2
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Figure 1. TEM photograph of the insulin-loaded NPs (A) and
insulin-loaded Tat-NPs (B).

ciency 13.2%.

The Tat modification of the PLGA NPs was conducted via
charge affinity. Surface modification with cationic hydrophilic
biomaterials (e.g., chitosan,'? PEL" and poly(L-lysine)™*)
through charge interaction is widely used in PLGA-based
delivery. The introduction of hydrophilic property on the
surface of the PLGA NP would be helpful. Due to the
strong ionic affinity, it is enough to ensure a stable polyelec-
trolyte-coating process. A unique benefit of the coating
method is that chemical processes are not required, and the
efficiency and reproducibility can be monitored by zeta

potential and size measurement. In this system, the free car-
boxyl end groups on the PLGA NPs rendered high net nega-
tive charge, and thus were electrostatically bound with the
cationic Tat. Homogeneous morphology of the Tat-NPs and
unmodified NPs was observed by TEM, as showed in Fig-
ure 1. The particle size and zeta potential of the NPs were
determined by DSL. The size of unmodified NPs was 189
nm, and zeta potential -10.4 mV (Figure 2(A) and (B)).
With modification of Tat, the particle size slightly increased
and the zeta potential flipped over to positive charge, +11.3
mV (Figure 2(B)).

Due to the unstable nature of insulin, the in vitro release
experiment was conducted in a period of 24 h, showing a
cumulative release of 23% (Figure 2(C)).

The cellular uptake efficiency in Caco-2 cells is shown in
Figure 3. The intracellular delivery efficiency of insulin by
the Tat-NPs was greatly enhanced, displaying 4.5-fold higher
according to the FACS analysis compared to the unmodified
NPs. The confocal imagings show significant intracellular
accumulation of insulin delivered by the Tat-NPs. The capac-
ity of CPPs for mediating cellular uptake of nanocarriers has
been widely confirmed."” Echoed with the already reported
findings, our results showed that Tat modification was a
useful strategy for mediating cellular uptake of nanocarri-
ers. It should be pointed out that the mechanisms of CPP-
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Figure 2. Characterization of the insulin-loaded NPs: (A) particle size distribution, (B) zeta potential, and (C) the in vitro release profile

of the Tat-NPs.
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Caco-2 Preparsbon Group

Count

10° 10" 10
FL1-H

Figure 3. Cellular uptake efficiency in Caco-2 of (A) the Tat-NP
group, (B) the unmodified NP group, and (C) the control group.

based delivery are complicated, and largely remain unknown.
A common explanation is that the cell penetration probably
simultaneously involves several pathways, such as endocy-
tosis, energy-independent direct translocation,'® and pore
formation."”

Further, in vivo experiments were conducted to investigate
the feasibility of intranasal transport of the insulin-loaded

a-

Brain efficiency (%)

*k

*k

Mean Fluorescence Intensity

.

Control

T

unmodified NPs

Figure 4. Quantitative analysis of Caco-2 cellular uptake (Repre-
sented by mean fluorescence intensity, **P<0.01, n=3).

Tat-NPs

Tat-NPs into the brain. Figure 4 shows the drug deposition
of the NPs in the brain after intranasal NPs administration to
the mice. The unmodified NPs fluorescence was hardly
observed, indicating its poor penetration from nose to brain,
while the Tat-NPs showed a gradient penetration across the
brain compartments (olfactory bulb and cerebrum), with
visible fluorescence (Figure 5(A)-(D)).

Compared to 0.405% of drug disposition in olfactory bulb
for the unmodified NPs, the Tat-NPs showed a significant
increase (2.64%, Figure 5(E)). Similar pattern of drug dis-
position was observed in cerebrum, where the Tat-NPs
accumulated at significantly higher concentration than the
unmodified NPs (3.36% vs. 0.95%), indicating the promise
of the Tat-NPs for brain delivery of macromolecules. A total
accumulated dose in the brain (olfactory bulbs and cere-
brum) reached 6%.

The delivery efficiency was characterized by the NPs,
instead of insulin itself. However, the penetration along olfactory

I Tat-NPs
[ unmc:t:iﬁed NPs | o
3 4
2.
14
0 -

Olfactory Bulb

Cerebrum

Figure 5. Fluorescence Imaging of the Tat-NP group in olfactory bulb and cerebrum (A and B) and the unmodified NP group (C and D),
and the efficiency of brain uptake via intranasal pathway (E) (**P<0.01, n=5).

Macromol. Res., Vol. 21, No. 4, 2013

439



L. Yan et al.

pathway to brain occurred merely within a few hours. Over
this duration, because the NPs are exposed to relatively less
liquid environment (not the typical sink condition), nonspe-
cific leakage of insulin from NP should be very limited in
the olfactory pathway, and the delivery efficiency of NPs
could represent that of its loaded drug. A subsequent fast
drug release would be triggered once entering the brain where
the polymer biodegradation is stimulated by the abundant
enzymes, because of the major role of enzymatic degrada-
tion.'®"

Poor bioavailability of peptides and proteins is typically
found in drug development. Such problem is primarily due
to the low permeability to biomembrane, largely limiting the
intracellular delivery. CPPs have been widely applied for
assisting intracellular delivery, and already achieved great
success in many aspects. However, the in vivo application
hardly echoes with the success made in cellular experiments.
As a case in point, the ability of CPP-mediated penetration
through the BBB has been well documented.””*' However,
the non-selective nature of CPP renders the in vivo penetra-
tion going wide everywhere, leading to a helplessly low
efficiency of brain target. In addition, the nonspecific distri-
bution poses risk of causing severe side effects. In this
regard, the intranasal administration for brain delivery is
ideal for limiting the CPP-mediated nonselective distribu-
tion by minimizing its systemic exposure. Also, other bene-
fits of nose-to-brain delivery include non-invasive dosing,
no liver first-pass effect and the consequent improved bio-
availability, and rapid onset of action.

Nose-to-brain delivery confronts multiple bio-barriers,
where there are heterogeneous compartments needed to be
penetrated through before reaching the destination of the
brain. Under this circumstance, in order to overcome the
multi-leveled biobarriers, a versatile drug carrier is needed.
As mentioned, CPPs, displaying all-round penetration abil-
ity, ideally provide a solution to develop such a versatile
delivery system. Due to charge interaction, direct conjuga-
tion of insulin and CPP is difficult, and indeed we previously
found the charge-governed binding between the cationic
low molecular weight protamine peptide and insulin readily
induced large aggregation.” Furthermore, it is also a big
challenge for purification to separate the chemical conju-
gates of insulin-CPP from the physical complex.* Hence, in
this study, we incorporated insulin into the PLGA NPs,
which were subsequently modified with Tat. The encapsula-
tion not only can physically prevent direct interaction of
Tat/insulin, but also protect the susceptible insulin from
enzymatic degradation in the biological fluids.

It should be pointed out that in this study, we carried out a
new attempt to modify the PLGA NPs with Tat via electro-
static binding. Our resulted showed that Tat successfully
facilitated the PLGA NPs for intranasal delivery, echoing
with the recent findings that Tat was even able to mediate
transdermal protein delivery in non-covalent manner.*” Another
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typical case is that CPP/gene complexes via electronic bind-
ing for intracellular delivery. Although the mechanisms are
not clear, in these cases the association patterns between Tat
and its cargo may not play the determined role in delivery.
An advantage of the non-covalent modification is its easy
and simple process, consequently avoiding the undesired
protein denature caused by chemical reaction.

For in vitro release study, the cumulative release reached
23% in a course of 24 h. Owing to the unstable nature of
insulin and its inclination of aggregating with Tat, indeed
precipitations were found after 24 h, which could be the
denatured insulin. Thus, further observation of its release
profile could not be achieved. Despite of the relatively low
release rate in vitro, the drug release in vivo is expected to
be higher because the decomposition of the NPs would
accelerate by the enzymes and other lipid components in the
body.

The biodegradability of PLGA is well documented,” and
due to its excellent biocompatibility, PLGA is the FDA-
approved medical materials for human use. PLGA nanopar-
ticles for brain delivery application has also been demon-
strated to be safe.**® Although further studies with optimized
experimental procedures should be carried out, our results
provide a proof-of-concept of intranasal delivery of insulin
to the brain, indicating its potential application in treating
Alzheimer’s disease.

Conclusions

CPP-mediated macromolecular drug delivery has been
well documented for its eminent capacity of intracellular
delivery, as well as its ability to penetrate through various
biobarriers. A Tat-modified PLGA NP system was developed
in the work for brain delivery of insulin. The efficiency of
intracellular delivery and brain delivery was investigated,
and the results showed that this system is potential for deliv-
ering macromolecules into brain. It could be a novel treat-
ment for combating neurodegenerative diseases.
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