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P
rotein therapeutics are increasingly
being applied for the treatment of
various diseases in clinic due to their

high therapeutic efficacy and excellent
selectivity.1 Despite the frequent dosing
that is required for patients with many dis-
eases, especially chronic ones, the admin-
istration of these drugs are largely limited to
parenteral routes and, thus, causes prob-
lems including low patient compliance
and safety issues.2 The oral bioavailability
of these biomolecules is very limited (<1%)
due to their inherent low permeability
across the epithelium and the rapid indiges-
tive degradation.3 The advance of nano-
technology and nanomedicine in the past
decade has opened a new perspective for
oral delivery of biomolecules. Numerous

nanocarriers have been reported for the oral
delivery application, suchas liposomes, nano-
gels, and polymeric nanoparticles (NPs).4,5

Improved bioavailability was achieved with
these nanocarriers utilizing different ab-
sorption strategies, such as paracellular per-
meation through opened tight junctions
and transcytosis mediated by certain re-
ceptors.6,7

Different from the NPs developed for
parenteral application, the behavior of
orally administered NPs is greatly influ-
enced by their interaction with the mucus
that covers and protects the underlying
epithelium.8 Intestinal mucus is a layer
of slippery secretion in constant and fast
renewal and, thus, can rapidly trap and
remove foreign particles, especially those

* Address correspondence to
huangyuan0@163.com.

Received for review January 3, 2015
and accepted February 6, 2015.

Published online
10.1021/acsnano.5b00028

ABSTRACT Nanoparticles (NPs) have demonstrated great po-

tential for the oral delivery of protein drugs that have very limited

oral bioavailability. Orally administered NPs could be absorbed by

the epithelial tissue only if they successfully permeate through the

mucus that covers the epithelium. However, efficient epithelial

absorption and mucus permeation require very different surface

properties of a nanocarrier. We herein report self-assembled NPs for

efficient oral delivery of insulin by facilitating both of these two

processes. The NPs possess a nanocomplex core composed of insulin

and cell penetrating peptide (CPP), and a dissociable hydrophilic coating of N-(2-hydroxypropyl) methacrylamide copolymer (pHPMA) derivatives. After

systematic screening using mucus-secreting epithelial cells, NPs exhibit excellent permeation in mucus due to the “mucus-inert” pHPMA coating, as well as

high epithelial absorption mediated by CPP. The investigation of NP behavior shows that the pHPMA molecules gradually dissociate from the NP surface as

it permeates through mucus, and the CPP-rich core is revealed in time for subsequent transepithelial transport through the secretory endoplasmic

reticulum/Golgi pathway and endocytic recycling pathway. The NPs exhibit 20-fold higher absorption than free insulin on mucus-secreting epithelium cells,

and orally administered NPs generate a prominent hypoglycemic response and an increase of the serum insulin concentration in diabetic rats. Our study

provides the evidence of using pHPMA as dissociable “mucus-inert” agent to enhance mucus permeation of NPs, and validates a strategy to overcome the

multiple absorption barriers using NP platform with dissociable hydrophilic coating and drug-loaded CPP-rich core.

KEYWORDS: oral delivery . insulin . nanoparticles . mucus . epithelium . cell penetrating peptide

A
RTIC

LE



SHAN ET AL. VOL. 9 ’ NO. 3 ’ 2345–2356 ’ 2015

www.acsnano.org

2346

possessing cationic and hydrophobic nature in surface
property.9,10 Reduced absorption of NPs caused by the
mucus barrier has recently been paid increasing atten-
tion, and different techniques have been proposed to
solve this problem.8,10�13 One excellent example is the
development of Mucus Penetrating Particles (MPP)
inspired by the virus that can freely diffuse through
mucus.8 It was found that NPswith a densely PEGylated
surface exhibited excellent diffusion ability in mucus.
The hydrophilic and electrically neutral surface of the
NP serves as “mucus-inert” interface that prevents the
trapping of the particles, and facilitates their diffusion
through the low viscosity pores in mucus matrix.10

However, it should be noted that mucus permeation
and epithelial absorption require very different surface
properties of a nanocarrier. As reported by different
researchers, the hydrophilic and electro-neutral sur-
facemay prevent the interaction of NPs with the target
cell membrane and, thus,may decrease their uptake by
epithelial cells.14�16 Therefore, a nanocarrier designed
for oral delivery should have the ability to conquer the
obstacles of both mucus layer and epithelium.
Cell-penetrating peptides (CPPs) are short peptides

that can facilitate cellular internalization of various
molecular cargos.17 CPPs were also demonstrated to
improve the transepithelial transport of different pro-
teins in the forms of covalent conjugation15 or physical
mixture.18 Previous study of our group demonstrated
that nanocomplex (NC) prepared with penetratin
(CRQIKIWFQNRRMKWKK), one of the most promising
CPPs, effectively transported encapsulated insulin
across epithelium.19 However, the cationic property
of CPPs, which plays a vital role in their cellular inter-
nalization,20 also induced a high affinity of CPP-rich
particles with the negatively chargemucin that formed
the mucus matrix and, thus, reduced their absorption
efficiency.
We herein developed a self-assembled NP for oral

delivery of protein drug, which was designed with a
novel strategy to achieve both excellentmucus permea-
tion and transepithelial absorption. With insulin as a
model drug, the NPs possessed a CPP/protein nano-
complex core and an N-(2-hydroxypropyl) methacryl-
amide (HPMA) polymer (pHPMA) derivatives coating.
HPMA polymer has been explored as a hydrophilic
macromolecular carrier for chemotherapeutic agents
for decades,21�24 and at least six HPMA-based thera-
peutics have currently progressed into phase I or phase
II clinical trials.25,26 In our study, HPMA copolymer was
validated for the first time as a dissociable “mucus-inert”
coating material, which assembled on the NP surface to
facilitate mucus permeation, while separated in time for
subsequent CPP-mediated transport through epithe-
lium. With the screening of pHPMAs with different
charge density, and the investigation of theNPbehavior
in mucus and on the mucus-secreting epithelial cell, we
demonstrated that the NP with CPP-rich core and

dissociable pHPMA coating could successfully solve
the dilemma of choosing between highmucus permea-
tion and high epithelial transport.

RESULTS

HPMA Polymer Synthesis. Different from other com-
monly used hydrophilic polymers (e.g., PEG), the phys-
iochemical properties of pHPMA can be easily tuned
by manipulating the monomers. pHPMA derivatives
were synthesized using radical solution polymeriza-
tion method with negatively charged N-methacryloyl-
glycylglycine (MA-GG-OH) monomer. The MA-GG-OH
monomerwas fed at three different ratios (5%, 10%, and
20%) in order to endow the pHPMA with different
densities of negative charge, and the polymers were
termed as pHPMA-1, pHPMA-2, and pHPMA-3, respec-
tively (Figure 1A). The 1H nuclear magnetic resonance
(1H NMR) spectra and mass spectrograms were
recorded (Supporting Information Figures S1�S5). The
molecular weight of the all pHPMA derivatives was
∼45 kDa with a PDI less than 1.8 (Supporting Informa-
tion Table S1). The charge density of three polymerswas
measured using titration method and was determined
to be 0.28, 0.43, and 1.05 mmol/g, respectively
(Figure 1B).

Preparation and Characterization of Nanoparticles. The
nanoparticles are prepared through a two-step ap-
proach based on self-assembly strategy. Penetratin is
a polycationic peptide that possesses strong affinity
with negatively charged proteins.19 Aqueous solution
of insulin and penetratin were first mixed at a weight
ratio of 2:1 to form polyelectrolyte nanocomplexes
(NCs). Then, by adding the NCs into a pHPMA solution,
the positively charged NC and negatively charged
pHPMA were spontaneously assembled to form NPs
with nanocomplex core surrounded by pHPMA coat-
ing, as shown schematically in Figure 1C. NPs prepared
with three pHPMAs were termed accordingly as NPs-1,
NPs-2, andNPs-3, and another batch of NPs (NPs-4)was
prepared with a higher amount of pHPMAs-3 in for-
mulation (Table 1). The TEM images of NCs and NPs
were shown in Figure 1D. The NCs exhibited a size of
148 nm as tested by dynamic light scattering, while the
size of all pHPMA coated NPs was approximately
175 nm (Figure 1E). NPs in mucus were reported to
transport primarily through lower viscosity pores with-
in the elastic matrix, and the mesh spacing ranges
approximately from 10 to 200 nm.10 Therefore, the NPs
that were sub-200 nm in diameter could meet the
sterical requirement for rapid diffusion. In addition, all
NP exhibited insulin encapsulation efficiency above
80% and drug loading efficiency above 40%. The
encapsulated insulin was released in a sustained man-
ner within 10 h in phosphate buffered saline (pH 7.4)
(Supporting Information Figure S6).

As shown in Figure 1E, the CPP-rich NCs were highly
positively charged with zeta potential of 20.9 mV.
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After the pHPMA coating, the all NPs possessed
a negative zeta potential ranging from �1.47 to
�28.2 mV. Lower surface charge was observed with
NPs prepared with pHPMA of higher charge density
(NPs-2 and NPs-3) or with higher amount of pHPMA in
the formulation (NPs-4). The reversal of surface charge
suggested the successful coating of anionic pHPMA
on the outer surface of the NPs. The coating of pHPMA
was further validated using a fluorescence resonance
energy transfer (FRET) analysis.27 The NPs were pre-
pared with TRITC labeled HPMA polymers (T-pHPMA)
and FITC labeled insulin (F-insulin), which formed
a FRET pair. The emission intensity of F-insulin de-
creased at 520 nm and that of TRITC increased at
573 nm, which implied the energy transfer from donor
to acceptor (Figure 1F). The FRET efficiency between
two interacting partners was 38.8% and the FRET
distance was calculated to be 5.7 nm, which again
suggested the formation of pHPMA coated NPs. More-
over, the enzymatic stability of the insulin encapsu-
lated in the particles was investigated using trypsin
and R-chymotrypsin. All NPs exhibited better pro-
tection for loaded insulin against digestive enzyme

compared with NCs or free insulin (Supporting Informa-
tion Figures S7 and S8).

Mucus Permeation Ability of NPs. The mucus layer has
evolved to protect the body with excellent ability to
immobilize and remove cationic and hydrophobic
molecules and particles.10,28 The negative charges of
carboxyl or sulfate groups on the mucin proteoglycans
and the periodic hydrophobic globular regions along
mucin strands allow efficient formation of multiple
low-affinity adhesive interactions with the cationic
and hydrophobic regions on the surfaces of foreign
substances.10 Since major types of proteins have both
hydrophilic and hydrophobic region in their structures,
and CPPs also possess strong polycationic character,
the CPP�protein complex would exhibit high affinity
with the mucin. We hypothesize that by concealing
the nanocomplex beneath the negatively charged
hydrophilic HPMA polymer, the particle could exhibit
reduced interaction with the mucus layer. To test our
hypothesis, we first evaluated the interaction of
the particles with mucin by measuring the amount of
particles�mucin aggregates formed in different con-
centration of mucin. As shown in Figure 2A, significant

Figure 1. (A) Chemical structure of HPMA polymer derivatives with different ratio of MA-GG-OH monomer. (B) Charge
densities of the three pHPMAs as measured by titration method. Data are means ( SD (n = 3). (C) Schematic diagram of NP,
which possessed a penetratin/insulin nanocomplex core with sheddable pHPMA coating. (D) TEM images of NCs, NPs-1 and
NPs-2. (E) Size and zeta potential of NCs and different NPs. Data aremeans( SD (n = 3). (F) Emission spectrumof free F-insulin
(a), NPs (b), and T-pHPMA (c) with excitation at 440 nm.

TABLE 1. Characterizations of NCs and NPsa

sample pHPMA concentration mg/mL size (nm) PDI EE (%) DL (%)

NCs - - 148.3 ( 5.1 0.31 ( 0.09 95.3 ( 1.6 65.6 ( 4.0
NPs-1 pHPMA-1 2 173.4 ( 2.7 0.22 ( 0.02 94.4 ( 1.7 48.5 ( 6.7
NPs-2 pHPMA-2 1 177.3 ( 15.2 0.24 ( 0.03 94.9 ( 1.1 52.6 ( 1.5
NPs-3 pHPMA-3 1 174.4 ( 7.2 0.26 ( 0.03 89.1 ( 3.5 49.9 ( 7.6
NPs-4 pHPMA-3 2 176.7 ( 9.8 0.24 ( 0.02 83.8 ( 4.4 44.4 ( 5.6

a Data are means ( SD (n = 3).
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lower amounts of aggregates were formed with all
tested NPs compared with the insulin�CPP NCs. For
example, at mucin concentration of 0.5% (w/v), the
aggregates formed in NPs-1 groups were only 15.4%
relative to those of NCs. However, no difference was
observed among the four tested NPs. As all NPs with
HPMA coating possessed hydrophilic surface with
negative charge, both of the electrostatic and hydro-
phobic interaction between NPs and mucin can be
avoided. Therefore, higher absolute value of the nega-
tive change cannot further reduce the interaction.
Then we tested the permeation of the NPs through
the mucus layer using an Ussing Chamber System.
Porcine intestinal mucus was amounted on a semipen-
etrating membrane, which separated the donor and
acceptor compartments. The apparent permeability
(Papp) values were calculated based on the accumu-
lative amount of diffusion within 3 h (Figure 2B). Inter-
estingly, although all NPs exhibited low affinity with
mucin, the permeation ability decreased for NPs with
higher absolute value of the surface charges. The
NPs-1 exhibited the highest amount of permeation,
which was 2-fold as that of NCs, whereas the permea-
tion of NPs-4 was even lower than that of NCs.
This phenomenon might be due to the electrostatic
repulsion between the highly negatively charged
NPs with the mucus, and correlated with those stud-
ies regarding MPP, in which electro-neutral surface
was demonstrated as beneficial factor for mucus
penetration.

To further investigate the behavior of the NCs and
NPs in mucus, the motion of particles in mucus was
analyzed using a multiple-particle tracking (MPT)
method.29 The trajectories of the particle motion were
recorded (Supplementary Videos 1 and 2), and the
examples of the motion trajectories in 4 s were shown
in Figure 2C. The ensemble-averaged mean squared
displacement ÆMSDæ for NCs and NPs-1 was calculated
and shown in Figure 2D. The NC exhibited a highly
constrained trajectory, whereas the trajectory of NPs-1
spanned much larger distances. At a time scale of 4 s,
the ÆMSDæ of NPs-1 was 7.7-fold higher than that of
Pen-ins NCs. The slope (R) of the logarithmic ÆMSDæ
versus time scale plots was also calculated to reflect
the extent of hindrance to diffusion.29 Unobstructed
Brownian diffusion is indicated by R = 1, whereas R < 1
suggests increasing impediment to diffusion as
R approaches 0.30 The average R of NPs-1 was 0.70,
which is significantly larger than that of NCs (0.57). This
result was consistent with the Brownian trajectories
shown in Figure 2C and indicated a less hindered
motion of NPs.

Cellular Internalization Study. For in vitro evaluation of
the NPs, the HT29-MTX-E12 (E12) cell line was used in
order tomimic themucosa tissue,31 which consisted of
the secreted mucus layer, as well as the absorptive
epithelial cells. HT-29 is a human colorectal adenocar-
cinoma cell line with epithelial morphology with
regard to the development of confluent monolayers
and tight junction formation. E12 is a subclone isolated

Figure 2. (A) The amount of particle�mucin aggregates formed at different concentration ofmucin. The fluorescent intensity
of aggregates for NCs at 0.5% mucin presented as control and normalized to 100%. Data are means ( SD (n = 3), fp < 0.05,
versus to control group. (B) Papp value of the particle permeation acrossmucus fromdonor and acceptor compartments of an
Ussing Chamber System. Data are means ( SD (n = 3), fp < 0.05, versus to NCs group. (C) Representative trajectories of the
Brownianmovement of NCs (a) andNPs-1 (b) inmucus at a time lapse of 4 s. (D) Ensemble-averaged geometric mean squared
displacement ÆMSDæ as a function of time scale for NCs and NPs-1 in mucus. (E) Intracellular internalization of free F-insulin or
particles on E12 cell with or without a pretreatment process to removemucus. Data are means( SD (n = 3), fp < 0.05. (F) E12
cell associated F-insulin or particles after 2 h of incubation with different samples. After the incubation, the cells were treated
with a mild wash to maximally preserve themucus, or with a thorough washing process to remove the remainedmucus. The
amount of samples trapped in mucus was calculated as the difference between the groups of different post-treatment. Data
are means ( SD (n = 3), fp < 0.05.
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fromHT29 clone and characterized by high production
of mucus, and thus an excellent model to study
the nanoparticle behavior on mucosal tissue. All for-
mulation exhibited no significant cytotoxicity on the
E12 cells at the concentration from 50 to 250 μg/mL
as tested using MTT assay (Supporting Information
Figure S9).

For the study of cellular internalization of NPs and
the influence of mucus, a procedure was performed
prior to the experiment to remove the secreted mucus
layer using N-acetylcysteine (NAC).32 Then both pre-
treated and nontreated cells were incubated with
different samples for 2 h, which was followed by a
thorough washing process to remove the remained
mucus and the attached samples.32 The amounts of
internalized F-insulin were shown in Figure 2E. All
tested formulations significantly increased the cellular
internalization of F-insulin compared with free F-insulin
solution. NPs-1 exhibited the highest uptake among all
tested samples, which was ∼20-fold higher compared
with free insulin, despite the status of mucus. Notably,
the uptake of NPs-1 was significantly higher compared
with NCs when the mucus existed, while the two
samples exhibited similar amounts of uptake with the
preretreatment to remove mucus. Interestingly, for
NPs-1 and NPs-2, there was no significant difference
between the groups with and without the preremoval
of mucus, while all other formulations exhibited less
amount of uptakewithout the pretreatment. This result
suggested that mucus layer acted as an obstacle for
NCs, NPs-3 and NPs-4, but not for NPs-1 and NPs-2. We
then investigated the amount of NPs that were likely to
be trapped in the mucus layer in the uptake study.
After the incubation, the cells were treated with a mild
washing process to maximally preserve the mucus or a
thorough washing process to remove the mucus. As
shown in Figure 2F, higher amounts of F-insulin were
associated with the cells with the mild post-treatment
as compared to thosewith post-retreatment to remove
mucus for the NCs. The amount of NCs stuck in mucus
was estimated to be 24.8%. However, none of the NPs
exhibited significant difference between the groups of
different washing procedure. For NPs-3 and NPs-4, a
very interesting phenomenon is that although the
mucus inhibited the cellular uptake (Figure 2F), the
amount of NPs trapped in the mucus was trivial
(Figure 2E). This result correlated with the mucus
permeation study and might be explained by the
repulsion of the mucus against the NPs.

Structural Changes of NPs. As negatively charged
hydrophilic material, the pHPMA that endow the NP
with “mucus-inert” property may also inhibit the
cellular uptake of the NP on the epithelial cells. There-
fore, the CPP-rich nanocomplex core needs to be
revealed in time when the NP contacts the epithelium.
The coating of pHPMA on the surface of NCs was
mediated by the electrostatic interaction between

the negatively charged MA-GG-OH segments on the
polymer and the cationic CPP, and this noncovalent
coating is dissociable over time. Therefore, we investi-
gated the decoating process of NPs using FRET anal-
ysis. NPs prepared with fluorescent-labeled F-insulin
and TRITC labeled HPMA polymers (T-pHPMA) exhib-
ited strong FRET phenomenon in their intact form
(Figure 1F). The dissociation of pHPMA from the NPs
could be detected by observing the variation of the
FRET intensity. As shown in Figure 3A,B, the fluores-
cence intensity of T-pHPMA decreased rapidly over
time in mucus, while much smaller change was ob-
served when the NPs were incubated in PBS. This
phenomenon demonstrated that the pHPMA coating
on the NPs was dissociable, and this process happened
in a much faster rate in mucus than in PBS.

To further study the behavior and integrity of the
NPs as they permeated through the mucus layer and
the epithelium, the elevational distribution of different
components of NPs on E12 cell monolayer was
observed using confocal laser scanning microscopy
(CLSM). As shown in Figure 3C, F-insulin and T-pHPMA
were colocalized in the upper mucus layer at the apical
side (0 μm in depth) as indicated by the overlapping of
red and green signals, suggesting the NPs were in their
intact form. Interestingly, less T-pHPMA was observed
in deeper scanning, and there was very few colocaliza-
tion from the depth of 30�60 μm. Green signals were
observed in all layers from apical to basolateral side,
indicating the efficient permeation of the drug through
the mucus and the cell monolayer. Moreover, to study
the integrity of the insulin-CPP nanocomplex core, cells
were incubated with NPs prepared with F-insulin and
TRITC-labeled penetratin (T-penetratin). CLSM images
of E12 cells were taken and were shown in Figure 3D. A
large proportion of the green and red signals were
overlapped, which demonstrated that most of the
insulin was still associated with the CPPs. These results
implied that, as the NPs permeated through mucus,
the pHPMA coating gradually dissociated from the
CPP-rich nanocomplex core, while the latter remained
intact and were internalized by the epithelium.

Transepithelial Transport and Intracellular Progression.
Transport of F-insulin through E12 cell monolayer
was evaluated using Transwell permeable supports.
For each sample, the experiments were also performed
with one group of cells pretreated with NAC to remove
mucus. The apparent permeability coefficient (Papp) of
F-insulin from apical to basolateral compartment
through the cell monolayer was determined and
shown in Figure 3E. All tested formulations exhibited
higher Papp value compared with free insulin, which
was consistent with the cellular internalized study.
NPs-1 exhibited highest transepithelial transport for
both pretreated and nontreated group, and was ∼2.9
fold higher than that of free F-insulin. Similar to the
cellular internalization study, the existence of mucus
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has no significant influence on the transport of NPs-1
and NPs-2, while it reduced the transport of NCs.
Besides, it was observed that the transepithelial elec-
trical resistance (TEER) values of the cell monolayers
were unchanged over time with the incubation of
tested samples (Supporting Information, Figure S10),
which indicated that the cell monolayer was intact
and the translocation was only through a transcellular
pathway.

Intracellular progression is a vital part of transcellular
transport process. To investigate the intracellular traf-
ficking of NCs and NPs, we first studied the localization
of fluorescent labeled insulin in different organelles.
The organelles, including endoplasmic reticulum (ER),
Golgi apparatus, mitochondria and lysosome were
stained using specific probes (red fluorescence). As
shown in Figure 4A, colocalization of F-insulin with all
of the four organelles was observed for both NCs and
NPs. To better understand of the participation of the
organelles in the particle progression, we then inves-
tigated the involvement of different organelles in the
exocytosis of the particles. Previous reports demon-
strated that ER and Golgi apparatus are vital compo-
nents for secretory ER/Golgi pathway and endocytic
recycling pathway.33 Moreover, lysosomes also act as
an important regulator for the exocytosis of internal-
ized particles via fusion of the lysosomal membrane
with plasma membrane.34 Exocytosis of fluorescent-
labeled particles on E12 cells was observed of all
tested formulations (NCs, NPs-1 and NPs-2) as demon-
strated in a chase-pulse study (Supporting Information

Figure S11). Furthermore, the exocytosis followed
a time and energy dependent manner (Supporting
Information Figures S12 and S13). We investigated
the inhibition of exocytosis using specific progression
inhibitors, including brefeldin A (ER/Golgi secretory
pathway inhibitor), monensin (a Golgi/recycling endo-
some exocytosis pathway inhibitor), LY294002 and
nocodazole (lysosomal exocytosis inhibitors). Incuba-
tion of the inhibitors with cells exhibited specific
influence on the morphology of the corresponding
organelles (Figure 4B). Both brefeldin A and monensin
resulted in a remarkable inhibition of exocytosis of NCs
or NPs (Figure 4C), suggesting the involvement of ER
and Golgi apparatus in their intracellular trafficking.
LY294002 and nocodazole also resulted in reduction
their exocytosis (Figure 4D). These results indicated
that ER, Golgi apparatus and lysosome were all
involved in the intracellular trafficking of NCs and
NPs. The pHPMA coating of the NPs did not affect
the progression of the encapsulated drug relative
to NCs.

In Vivo Hypoglycemic Effect and Pharmacokinetics. Finally,
we evaluated the hypoglycemic effect and pharmaco-
kinetics following oral administration of the NPs on
diabetic rats. As shown in Figure 5A, similar to the
saline, oral administration of free insulin solution failed
to reduce the blood glucose level, while the adminis-
tration of NPs-1 generated a remarkable hypoglycemic
response with maximal 50% of blood glucose level
reduction. The blood glucose level of the NPs-1 group
was remained under 200 mg/dL for ∼3 h, which is the

Figure 3. (A) FRET intensity of particles prepared with F-insulin and T-pHPMA after incubation in PBS or mucus for different
times. The fluorescent intensity of TRITC represented the structural integrity of particles. (B) Quantitative analysis of FRET
intensity for particles in PBS or mucus. Data was presented as the percentage of the intensity before incubation. Data are
means( SD (n=3),fp<0.05. (C) CLSM images of the distributionof F-insulin and T-pHPMA inNPs on E12 cellmonolayer from
apical to basolateral side. Red, T-pHPMA; green, F-insulin; yellow, colocalization of F-insulin and T-pHPMA. Scale bars, 5 μm.
(D) CLSM images of E12 cells after incubation with NPs prepared with F-insulin and T-penetratin. Red, T-penetratin; green,
F-insulin; yellow, colocalization of F-insulin and T-penetratin. Scale bars, 5 μm. (E) Papp value of different samples across the
E12 monolayer in the transepithelial transport study. Data are means ( SD (n = 3), fp < 0.05.
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threshold for the diagnosis of diabetes (Supporting
Information Figure S14). In comparison, NCs only
elicited a mild hypoglycemic response. The pharmaco-
logical availability (PA %) of different samples related to
subcutaneous injection was shown in Table 2. NPs-1

demonstrated a PA % of 6.61%, which was 2.54-fold
higher than that of NCs. The pharmacokinetic profiles
of insulin were shown in Figure 5B. Subcutaneous
injection of free insulin solution at 5 IU/kg resulted
in a rapid increase in serum insulin concentration.

Figure 4. (A) CLSM images of E12 cells after incubationwith different particles and specific organelle trackers. Green, F-insulin
loadedNCs or NPs; red, specific organelle probes; blue, nuclear; yellow, colocalization green and red signals. Scale bars, 5 μm.
(B) CLSM images of Golgi apparatus and lysosome in E12 cells after the treatment with different specific organelles inhibitors.
Golgi apparatus and lysosomewere stainedwith specific probes (red) and thenucleuswas stainedwithDapi (blue). Scale bars,
5 μm. (C) Influence of Golgi apparatus and ER inhibitors (brefeldin A and monensin) on the exocytosis of particles. Data was
presented as the percentage of the exocytosis amount of the groupwithout inhibitors. Data aremeans( SD (n= 3),fp<0.05,
versus control group. (D) Influence of lysosome inhibitors (LY294002 and nocodazole) on the exocytosis of particles. Datawas
presented as the percentage of the exocytosis amount of the groupwithout inhibitors. Data aremeans( SD (n= 3),fp<0.05,
versus control group.

Figure 5. (A) Variation of blood glucose levels of diabetic rats after orally administering insulin loaded particles, insulin
solution at dose of 75 IU/kg, subcutaneous injectionwith insulin solution at 5 IU/kg, or saline via gavage. Data aremeans( SD
(n = 5), fp < 0.05 versus saline group. (B) Variation of serum insulin level of diabetic rats after orally administering insulin
loaded particles or insulin solution at dose of 75 IU/kg, or subcutaneous injection with insulin solution at 5 IU/kg. Data are
means ( SD (n = 5), fp < 0.05 versus oral free insulin group.
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Orally administered NPs-1 generated a slower rise
in serum insulin concentration, which reached the
maximum concentration at 4 h. The pharmacokinetic
parameters at the dose of 75 IU/kg were also shown
in Table 2; NPs-1 exhibited a relative bioavailability
of 3.02%, which is significantly higher than that of
NCs (1.45%).

DISCUSSION AND CONCLUSIONS

The lack of nanocarriers with efficient mucus per-
meation and transepithelial absorption represents a
significant barrier for safe and convenient oral applica-
tions of protein drugs in the treatment of chronic
disease. One challenge in the oral nanocarrier devel-
opment is that mucus permeation and epithelial ab-
sorption require different or even contradictory surface
properties of the nanocarrier. The NP platform pre-
pared herein was rationally designed to solve the
dilemma in sequential mode, in which an expandable
“mucus-inert” material was applied to disguise the NP
as it permeated through the mucus, while the CPPs
were subsequently revealed as transepithelial trans-
port enhancers. To achieve optimal efficiency in both
of these two processes, the NP was demonstrated to
have several unique features.
One unique feature is that the hydrophilic coating is

adjustable in charge density, which enables the screen-
ing of NP with a range of surface change. Surface
property of particle is the most important factor that
determines their diffusion in mucus.35 In contrast with
previously reported mucus penetrating NPs, which are
generally covalently conjugated with PEG or coated
with PEG containing surfactants,12,30 our distinctive
NPs are assembled with a hydrophilic polymer that
are amenable to different modifications. The pHPMAs
synthesized with different ratios of MA-GG-OH mono-
mer possessed a range of negative charges (Figure 1A,
B). Therefore, the varied charge densities of the
pHPMAs enabled not only a successful self-assembly
of the material with the cationic NCs core as demon-
strated by the FRET analysis (Figure 1F), but also the
screening of the NP formulation to achieve the optimal
surface property for mucus permeation (Figure 1E).
Notably, all pHPMAs coated NPs possessed very low
mucin affinity (Figure 2A), which suggested effective-
ness of our “mucus-inert” strategy by concealing the
cationic CPP-rich core under a high hydrophilic and

mildly negatively charged polymer. However, for the
permeation across mucus, the NPs with relatively
neutral surface (NPs-1 and NPs-2) exhibited better
ability than those with higher negative charges (NPs-3
and NPs-4) (Figure 2B). This result is consistent with
previous reports regarding the PEG-containing MPPs,
and suggests that relative electroneutrality of NP
surface is essential for efficient mucus permeation by
avoiding both muco-adhesion and muco-repulsion.10

NPs-1 that showed excellent mucus permeation also
demonstrated much less obstructed Brownian motion
in mucus relative to the uncoated NCs (Figure 2C,D),
and this phenomenon may largely increase the odds
for the NPs to get access to the epithelial surface.
Another unique feature of the NP that enables its

efficient absorption on epithelial tissue is the dissocia-
tion of pHPMA molecules from the NP surface in
mucus, which simultaneously reveals the CPP-rich
core, as shown in the schematic image of Figure 6.
Neutral or negatively charged hydrophilic surface of
NPs have been widely demonstrated to prevent the
interaction of NPs with the cell membrane and thus
inhibit their cellular uptake.16 For the developed NP
platform, the pHPMAs that assembled on the particle
surface gradually detached from cationic NC core dur-
ing their permeation through the mucus (Figure 3A,B).
Notably, this process happened in a much slower rate
in saline solution than in mucus, which is a positive
factor for the stability of the NPs and protection of
encapsulated drugs in digestive intestinal fluid. There-
fore, this technology avoids the drawback of low cell
affinity of the traditional MPP. It is worth noting that,
although pHPMAmolecules dissociated from the NP as
it was getting close to the epithelial cells, a large
proportion of CPP�insulin nanocomplex core re-
mained intact even after the internalization in the
epithelial cells (Figure 3D). As expected, compared
with the uncoated NCs, the coating of pHPMA-1
(NPs-1) boosted the uptake of the particles on mucus
covered epithelial cells (Figure 2E). However, reduced
cell uptake was observed for NPs-3 and NPs-4 in
comparison to the NCs (Figure 2E). This might be attrib-
uted to their lower surface charge that could reduce
their affinity with cells, andmight aswell be the result of
a slower dissociation rate of the pHPMA-3, which pos-
sessed stronger interaction with the cationic NC core.
Therefore, our study suggested the importance of the
screening of the “mucus-inert” material with different
charge density for an optimal overall performance.
Orally administered drug needs to be transported

across the epithelium to be absorbed into systemic
circulation. The insulin encapsulated in the CPP-rich
nanocomplex was transported across the epithelial
cell monolayer at a rate of 2.3-fold higher than of free
drug (Figure 3E), and NPs-1 demonstrated even higher
transport rate compared with the NCs. As we noted
similar intracellular progression of NPs-1 and NCs

TABLE 2. Pharmacokinetic Parameters of Different

Samples Following Administrationa

sample dose (IU/kg) AUC (mIU 3 h/L) PA (%) F (%)

Insulin s.c. 5 246.95 ( 20.06 - 100
Insulin oral 75 7.45 ( 6.66 1.38 ( 0.55 0.20 ( 0.18
NCs oral 75 53.59 ( 19.28 2.60 ( 0.60 1.45 ( 0.25
NPs-1 oral 75 111.19 ( 24.64 6.61 ( 0.62 3.02 ( 0.66

a Data are means ( SD (n = 5).
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(Figure 4A,C,D), which both involved secretory endo-
plasmic reticulum/Golgi pathway and endocytic recy-
cling pathway, the improved transepithelial transport
of NPs-1 may mainly be attributed to the better mucus
permeation ability and timely revealing of the CPP-rich
core for cell interaction. Moreover, the unchanged
TEER value of cell monolayers throughout the treatment
suggested that the translocation of drug happened
through a transcellular pathway without compro-
mising the integrity of the epithelium (Supporting
Information Figure S10). Thus, this NP platform for
transepithelial transport can avoid the potential safety
issues associated with manipulating the permeability
of epithelium.7 Furthermore, in diabetic rats, NPs-1 was
able to generate an excellent hypoglycemic response
and increase the serum insulin level after oral admin-
istration. The relative bioavailability of NPs-1 was 2.08-
fold higher than that of NCs.
In summary, we rationally developed a distinctive

self-assembled NP platform for effective oral delivery

of insulin. With systematic in vitro screening using
mucus-secreting cells, NPs were demonstrated to
possess the ability to overcome both themucus barrier
and epithelial barrier.Weprovide the first demonstration
of enhanced mucus permeation of NP using pHPMA
derivatives as a coating agent. However, an important
fact that might need to be taken into account was that
the mucus on the cell model might renew in a much
slower rate than it happened in the gastrointestinal
track. This might account for the higher difference
between NP-1 and NC in the in vivo study compared
with the in vitro results, and also suggested that further
screening of the NP formulation using animal model
might generate even better efficiency of delivery. In
addition, this is the first example of applying dissocia-
ble hydrophilic coating and a cationic CPP-rich nano-
complex core to overcome both diffusion barrier of
mucus and absorption barrier of epithelium, and our
studymight underscore the importance of overcoming
the multiple barriers in a multistep strategy.

EXPERIMENTAL SECTION

Materials. Penetratin peptide was chemically synthesized by
Kaijie Biopharmaceuticals Co., Ltd. (Sichuan, China). Porcine
insulin (28.3 IU/mg) was purchased fromWanbang Bio-Chemical
Co., Ltd. (Jiangsu, China). Fluorescein isothiocyanate (FITC), 3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
and nocodazolewere all purchased fromSigma-Aldrich (St. Louis,
MO). Lyso-Tracker Red and Mito-Tracker Red were purchased
from Invitrogen (Carlsbad, CA). ER-Tracker Red, Golgi-Tracker Red,
Brefeldin A, Monensin and LY294002 were acquired from Beyo-
time (Haimen, Jiangsu, China). Tetraethyl rhodamine isothiocya-
nate (TRITC) was purchased from FanboBiochemicals (Beijing,
China). All chemical reagentsutilized in studywereanalytic grade.

Synthesis and Characterization of pHPMA Derivatives. The mono-
mers of N-(2-hydroxypropyl) methacrylamide (HPMA) and
N-methacryloyl-glycylglycine (MA-GG-OH) were synthesized
according to previous reports.36,37 Then three kinds of HPMA
copolymer derivatives containing different amounts of MA-GG-
OH monomers were synthesized by radical solution polymeri-
zation in absolute methanol (AIBN, 2 wt %; monomer concen-
tration 12.5 wt %; molar ratio HPMA/MA-GG-OH were 95:5,
90:10, and 80:20, respectively). The copolymerization was per-
formed in sealed ampules under nitrogen at 50 �C for 24 h. The
pHPMA was isolated from polymerization mixture by precipita-
tion into diethyl ether; then, dialyzed and lyophilized. The
1H NMR spectra and mass spectrograms of monomers and

Figure 6. Schematic illustration of the process of the NP permeation across themucus layer and the intracellular transport of
NP in the epithelial cells.
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polymers were recorded on VANAN INOVA 400 and Agilent
6410 Triple Quad LC/MS, respectively. The molecular weight
and polydispersity index (PDI) were determined by size exclu-
sion chromatography on a Superose 200 10/300GL analytical
column (Amersham Biosciences, NJ) using a Fast Protein Liquid
Chromatography (AKTA FPLC) system (Amersham Biosciences,
NJ). The charge density of pHPMAwas estimated via acid�base
titration and expressed as the millimole of carboxyl associated
with 1 mg of pHPMA derivatives.

Preparation and Characterization of NPs. Insulin was dissolved in
hydrochloric acid (HCl, 0.01M) at a concentration of 1.0 mg/mL
(0.172 mM), and then the pH was adjusted to 7.0 using sodium
hydroxide (NaOH, 1 M). Penetratin was dissolved in water at a
concentration of 1.0 mg/mL (0.435 mM). The penetratin solution
was addeddropwise to insulin solution at a ratio of 1:2 (v/v) under
stirring. The mixture was stirred at room temperature for 30 min,
yielding an opalescent suspension (NCs). And then, NCs suspen-
sion was added dropwise to pHPMA derivatives' aqueous solu-
tion at an equal volume. The mixture was stirred for another
30 min, obtaining another opalescent suspension (NPs). Further-
more, fluorescent-labeled nanoparticles were prepared with the
samemethod using FITC-labeled insulin (F-insulin). F-insulin was
synthesized according to the previous reported procedure.38

The nanoparticles were characterized for particle size and
zeta potential with a Malvern Zetasize NanoZS90 (Malvern
Instruments Ltd., U.K.). The morphology of NCs/NPs was exam-
ined by transmission electron microscope (TEM, H-600, Hitachi,
Japan). To evaluate the encapsulated efficiency (EE %) and drug
loading efficiency (DL %), nanoparticle suspensions were cen-
trifuged at 14 000 rpm for 20 min at 4 �C. After centrifugation,
the amount of insulin in supernatant was measured by a
reverse-phase high-performance liquid chromatography (RP-
HPLC) method (Agilent 1200 series). In adition, the amount of
free F-insulin in the supernatant of fluorescence-labeled nano-
particles was measured by Varioskan Flash Multimode Reader
(Thermo Fisher Scientific). The excitation and emission wave-
lengths were set at 488 and 516 nm, respectively. To further
investigate the interaction between insulin and pHPMA deriva-
tives, FRET analysis was performed. Tetraethyl rhodamine iso-
thiocyanate (TRITC) and fluorescein isothiocyanate (FITC) were
used as FRET pairs. TRITC labeled F-insulin loaded nanoparticles
were prepared using the procedure described above. The
fluorescence intensity was measured through a fluorescence
spectrophotometer (Shimadzu RF-5301, Japan) with an excita-
tion wavelength of 440 nm and the emission spectrum was
recorded from 500 to 600 nm. FRET efficiency (E) and the
distance between the donor and acceptor (R) were calculated
as following equations:

E ¼ 1 � FDA
FD

R ¼ R0 �
ffiffiffiffiffiffiffiffiffiffiffiffi
1
E
� 1

6

r

where FDA is the intensity in the presence of the acceptor, FD is
the intensity in the absence of the acceptor, and R0 is the F€Orster
distance at 50% transfer efficiency. For FITC-TRITC, R0 is 55 nm.27

Mucus Permeation of NPs. For the measurement of particle�
mucin aggregates, freshly NCs/NPs were dispersed in mucin
solution of different concentration of 0.1%, 0.3%, 0.5% (m/v),
vortexed and incubated for 30 min at 37 �C in a shaker. The
mixture was centrifuged at 1500 rpm for 2 min and the pre-
cipitateswerewashedwithPBS twice. Then, the precipitateswere
treated with 200 μL of NaOH (5 M); the mixtures were incubated
for 10 min, and the fluorescence intensity was measured.

The permeation of NCs and NPs across mucus was mea-
sured using an Ussing chamber.39 Briefly, 10 μL of mucus was
placed uniformly in the oblong port which was covered with
membrane filters (Merck Millipore, 2.0 μm). The donors were
filled with 3 mL of Krebs-Ringer buffer containing test sample
(F-insulin 0.05 mg/mL). The acceptors were filled with 3 mL of
blank Krebs-Ringer buffer. The solutions on both sides were
continuously aerated with gas (95% O2 and 5% CO2), and the
device was maintained at 37 �C with a circulating water bath.

At the determined time points, an aliquot of sample (0.2 mL)
was taken from the acceptors chamber and supplemented
with equal volumes of blank Krebs-Ringer buffer. The amount
of permeated F-insulin was determined via Varioskan Flash
Multimode Reader (Thermo Fisher Scientific). The Papp was
calculated using the following equation:

Papp ¼ dQ
dt

� 1
A� C0

where dQ/dt is the flux of F-insulin from donor side to acceptor
side; C0 is the initial concentration of insulin in the donor
compartment, and A is the membrane area (cm2).

The Brownian movement of particles in mucus was inves-
tigated by MPT method.29 The NCs/NPs dispersion was added
to mucus sample, then transferred to microwells, and equili-
brated for 30 min at 37 �C. Particles motion in the mucus was
obtained using an inverted epifluorescence microscope (Nikon
Ti-E, Japan). Movies were captured at 30 frames/s for 10 s, and
were analyzed with NIS Elements 4.0 software to extract the
x and y positional data over time. For each trajectory, the time-
averaged mean squared displacement (MSD) was calculated as
a function of time scale. The ensemble-averaged MSD (ÆMSDæ)
for all particles in the mucus sample was calculated by taking
the geometric mean of the individual particles' time-averaged
MSDs.

Cell Culture. HT29-MTX-E12 (E12) cell were maintained in
Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen)
with high glucose, 10% (v/v) fetal bovine serum (FBS; Sigma),
1% (v/v) nonessential amino acid, 1% (v/v) L-glutamine, and 1%
penicillin and streptomycin (100 IU/mL). The cells were incu-
bated at 37 �C in 5% CO2. For the study of intracellular uptake,
cytotoxicity, and uptake mechanism, E12 cells were seeded into
96-well plates (50 000 cells per well) and allowed to attach in
growth medium at 37 �C in a 5% CO2 incubator. For the
establishment of in vitro cell monolayer, the E12 cells were
seeded at a density of 10 � 104 cells/mL on a polycarbonate
membrane (0.4 μm in pore size, diameter 6.5 mm, 0.33 cm2 of
cell growth area) in Costar Transwell 24 wells/plate (Corning
Costar Corp.). Mediums in both upper and bottom compart-
ments were changed every day. The transepithelial electrical
resistance (TEER) was measured with an electrical resistance
meter (Millicell ERS-2, Millipore) to monitor the integrity of cell
monolayer.

Intracellular Uptake Studies. To investigate the cellular inter-
nalization of NPs and the influence of mucus, the mucus layer
was removed a pretreatment process using NAC.32 Then, the
pretreated and nontreated cells were incubated with test
samples (F-insulin, 0.25 mg/mL) for 2 h, which was followed
by a thorough washing process to remove the remained mucus
and the attached samples. Then, cell lysis buffer was added, and
the cell-associated fluorescence was measured (Varioskan Flash
Multimode Reader, Thermo Fisher Scientific), and total protein
was determined by BCA assay kit (KeyGen Biotech Co., Ltd.,
Nanjing, China). The uptake amounts of F-insulin were
expressed as the quantity of F-insulin associated with 1 mg of
cellular protein. To further evaluate the influence of mucus on
the uptake of NCs/NPs, cells were incubated with test samples
(F-insulin, 0.25 mg/mL) for 2 h. Then, cells were treated with a
mild wash tomaximally preserve themucus, or with a thorough
washing process to remove the remained mucus.32 Subse-
quently, the cell-associated fluorescence and the total protein
were measured following the procedures described above.

Structural Changes of NPs. The integrity of NPs in mucus over
time was investigated using FRET analysis. Briefly, the TRTIC
labeled HPMA derivative and FITC labeled insulin were used to
prepare NPs. The NPs suspensions (at F-insulin concentration of
0.25mg/mL) were loaded in a 96-well plate containingmucus or
PBS (pH 7.4), and gently shaken in a thermostatic rotary shaker
at 37 �C. At different time intervals, the plate was irradiated at a
wavelength of 474 nm and imaged at an emission wavelength
of 587 nm to obtain TRITC images.

To evaluate the structural changes of NPs in E12 cells, the
TRITC labeled penetratin was synthesized,40 and used to
prepare the NPs. Then, cells were incubated with the NP for
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1 h at 37 �C, and imaged using confocal laser scanning micros-
copy (FV1000, Olympus).

Transcellular Investigation. E12 cells were seeded on a poly-
carbonate membrane and cultured for 18�19 days. The cell
monolayers with TEER values higher than 500Ω 3 cm

2were used
for the experiment. Prior to the experiment, the media in the
apical and basolateral chambers were replaced with pre-
warmed Hanks balanced salt solution (HBSS) and the cells were
equilibrated for 30 min at 37 �C. Then HBSS in apical chambers
was replaced by 200 μL of fresh HBSS with test samples
(F-insulin, 0.25 mg/mL). At certain time internals, an aliquot of
basolateral medium (200 μL) was withdrawn. The F-insulin
concentration was determined and the Papp value was calcu-
lated accordingly. To investigate the influence of mucus on
insulin permeation, experiments were also performed with a
procedure to remove mucus with NAC.

Intracellular Trafficking. To study the intracellular trafficking of
test NCs/NPs, the experiments were performed with organelle
trackers or specific inhibitors as listed in Supporting Information
Table S2.34,41 For colocalization analysis, E12 cells were first
incubated with test samples (F-insulin, 0.25 mg/mL), for 1 h
at 37 �C, and then the suspensions were replaced by fresh
mediumwith different organelle trackers, including Lyso-Tracker
prober (50 nM), ER-Tracker probe (500 nM), Mito-Tracker probe
(200 nM) and Golgi-Tracker (150 μg/mL). Then the cells were
imaged using confocal microscope (FV1000, Olympus). In the
inhibition study, cells were first incubated with different test
samples (F-insulin, 0.25mg/mL) for 2 h at 37 �C, and thenwashed
with PBS twice. Subsequently, the cells were incubated with
medium containing specific inhibitors for another 2 h. The
amount of intracellular NCs/NPswas thenmeasured as described
above. The amountofNCs/NPs exocytosedout of the cells during
incubation period was calculated.

Hypoglycemic Effect and Pharmacokinetic. The hypoglycemic ef-
fect and pharmacokinetic of the NPs following oral administra-
tion were evaluated on diabetic rats. All the experiments were
approved by the Institutional Animal Care and Use Committee
of Sichuan University. For the disease induction,male Sprague�
Dawley rats weighting 180�220 g were injected with strepto-
zotocin (65 mg/kg) as previously described.42 Blood glucose
level was determined using a glucose meter (JPS-6, Yicheng
Biotech. Co. Ltd. Beijing, China). The rat that exhibited fasting
blood glucose level over 16.0 mM 1 week after treatment was
considered to be diabetic. The rats were fasted overnight but
allowed free access to water prior to the experiment. Rats (n = 5)
were chosen per group such that themean initial blood glucose
levels were the same per group. Free insulin solution, NCs and
NPs-1 were administrated at a dose of 75 IU/kg via gavage.
Other groups of diabetic rats were subcutaneous injected (s.c.)
with insulin solution at a dose of 5 IU/kg or oral administration
with saline. Blood samples were collected from the tail veins
prior to the administration and at different time intervals after
the administration. Blood glucose level was determined using a
glucose meter. Plasma insulin levels were quantified using
porcine insulin ELISA kit (R&D System, Inc.), and the endogenic
level of insulin (before administration) was subtracted from the
tested value for each mouse. The area above the curve (AAC) of
the blood glucose level and the area under the curve (AUC) of
plasma insulin concentration curve were calculated. The phar-
macological availability (PA %) and bioavailability (F%) relative
to subcutaneous injection was analyzed as following equations:

PA(%) ¼ AACoral � Doses:c:
AACs:c: � Doseoral

� 100

F (%) ¼ AUCoral � Doses:c:
AUCs:c: � Doseoral

� 100

Statistics. Statistical analyses of the data were performed
with SPSS program 16.0 by using two tail Student's t test. All
experiments were performed in triplicate unless otherwise
stated. Error bars used in this work are SD. A p < 0.05 is
considered statistically significant (fp < 0.05).
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