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1. Introduction

ABSTRACT

An effective intracellular protein delivery system was developed based on linear poly(amidoamine)s
(PAAs) that form self-assembled cationic nanocomplexes with oppositely charged proteins. Two differ-
ently functionalized PAAs were synthesized by Michael-type polyaddition of 4-amino-1-butanol (ABOL)
to cystamine bisacrylamide (CBA) and to bisacryloylpiperazine (BAP), yielding p(CBA-ABOL) and p(BAP-
ABOL), respectively. These water-soluble PAAs efficiently condense human serum albumin (HSA) by self-
assembly into stable nanoscaled and positively-charged complexes. The disulfide-containing p(CBA-
ABOL)/HSA nanocomplexes exhibited high mucoadhesive properties and, while stable under neutral
(extracellular) conditions, rapidly destabilized in a reductive (intracellular) environment due to the
cleavage of the repetitive disulfide linkages in the CBA units of the polymer. Human-derived intestinal
Caco-2/TC7 cells and HT29-MTX mucus secreting cells were exposed to these PAAs/HSA nanoparticles
and the extent of their uptake and the localization within endosomal compartments were examined. The
higher uptake of p(CBA-ABOL)/HSA than that of p(BAP-ABOL)/HSA suggests that the mucoadhesive
properties of the p(CBA-ABOL) are beneficial to the uptake process. The transported HSA was located
within early endosomes, lysosomes and the cytosol. The enhanced uptake of the p(CBA-ABOL)/HSA
nanoparticles, observed in the presence of Cyclosporin A, a non-specific Multi Drug Resistance (MDR)
blocker, indicates the possible efflux of these nanoparticles through MDR transporters. The results show
that bioreducible PAAs have excellent properties for intracellular protein delivery, and should be
applicative in oral protein delivery.

© 2011 Elsevier Ltd. All rights reserved.

proteins in polymeric nanocarriers that protect the proteins during
transport to their intracellular destination is a possible strategy to

Peroral drug application is considered as the most convenient
and preferred route for therapeutic protein administration, espe-
cially in long-term treatment. However, this route is associated
with a great number of hurdles that have to be overcome before the
drug can exert its therapeutic activity. The bioavailability of ther-
apeutic proteins via the oral administration route is very low due to
(i) physical and chemical instability and fast enzymatic degradation
in the gastrointestinal tract [1,2], (ii) charge repulsion of proteins
from negatively-charged cell membranes and mucosa cells, and (iii)
slow and ineffective transport of large size and hydrophilic proteins
through compartmental cellular barriers [3,4]. Encapsulation of
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overcome these hurdles. A promising approach to achieve
improved stability and enhanced uptake compared to the free
peptides and proteins is the use of appropriate biodegradable
synthetic polymers that form self-assembled nanocomplexes with
the peptide or protein drugs of interest.

For efficient delivery via the intestine, the mucoadhesion of the
colloidal carriers has been reported to be one of the most important
properties to improve the bioavailability of poorly absorptive drugs
[3—7]. Mucoadhesive carriers which adhere to the mucus layer of
intestinal mucosal membranes are expected to prolong the resi-
dence time at the local site of absorption, leading to increased drug
absorption through the intestinal cell layer. An interesting possi-
bility to increase the mucoadhesive properties of a polymeric
carrier is the introduction of disulfide bonds in the polymer back-
bone since the repetitive disulfide linkages in the polymer can react
with thiol groups and disulfide groups in the mucus [8—12].
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In this study we have evaluated two differently functionalized
poly(amidoamine)s (PAAs), one PAA comprising repetitive disulfide
linkages (SS-PAA), and one lacking disulfide linkages in their
polymer backbone, for their efficacy to deliver the model protein
human serum albumin (HSA) to human intestinal epithelial Caco-2/
TC7 cells, and co-cultures Caco-2/TC7 and HT29-MTX mucus
secreting cells. These cells are widely used in pharmaceutical
research as a model for the human small intestinal mucosa to
predict the uptake of orally administered drugs via the intestinal
route. The PAAs have been chosen as carriers since these polymers
can be synthesized with a great variety in structure by polyaddition
of primary and secondary amines to bisacrylamides. These cationic
polymers are water-soluble, biodegradable and have lower cyto-
toxicity than other usual polycationic vectors [13—16]. PAAs have
shown high potential in biomedical applications [17,18], particu-
larly for use as intracytoplasmic and endosomolytic vectors for the
delivery of anticancer drugs [19,20], proteins [21—23] and nucleo-
tides [24—28]. The tertiary amines in the main chain of the PAAs
give these polymers high buffer capacity in the pH range 5.1-7.4
and this property facilitates PAA nanocomplexes once taken up by
cells to escape from the endosomes by increasing polymer-
membrane interaction and the proton sponge effect [13,29,30].
Consequently, degradation of the therapeutic cargo by lysosomal
enzymes is prevented [31].

To evaluate the effect of the presence of repetitive disulfide
groups in the main chain of SS-PAAs on the mucoadhesive criteria,
we have synthesized the disulfide-containing polymer p(CBA-
ABOL) and the reference polymer p(BAP-ABOL), lacking disulfide
linkages, by Michael-type polyaddition of 4-amino-1-butanol
(ABOL) to cystamine bisacrylamide (CBA) and to bisacryloylpiper-
azine (BAP), respectively. In addition, the p(CBA-ABOL) polymer is
relatively stable in the extracellular medium but is prone to fast
degradation in the intracellular environment due to reductive
cleavage of the disulfide linkages, thereby releasing its therapeutic
payload and diminishing potential cytotoxicity effects of the poly-
mer [32—34]. By simply mixing negatively-charged HSA (plI = 5.3)
and positively-charged PAA at neutral pH, self-assembled poly-
electrolyte complexes (PECs) with nanosized dimensions are
formed, as is schematically represented in Scheme 1. The PECs
possess cationic surface charge, which makes them amenable to
bind to negatively-charged cell membranes and internalize into the
cells [35].

2. Materials and methods
2.1. Materials

Human serum albumin—fluorescein isothiocyanate conjugate (FITC-HSA,
~10 mol FITC per mol HSA) was obtained from Sigma. All monomers, 4-amino-1-
butanol (ABOL, Aldrich), Mono-Boc-protected diaminobutane (MBDAB, Fluka),
N,N’-cystamine bisacrylamide (CBA, Polysciences, USA), 1,4-bis(acryloyl)piperazine
(BAP, Sigma—Aldrich) were purchased in the highest purity and used without
further purification. HEPES (Sigma), dithiothreitol (DTT, Sigma—Aldrich), trifluoro-
acetic acid (TFA, Aldrich), porcine gastric mucus (Sigma), anhydrous dimethylsulf-
oxide (DMSO, Acros Organics), and methanol (MeOH, Biosolve) were used as

pH7.4 self- .
yo) o assemblin 5
2, sl 3 . e
J'J@—/If &S % Wy + P &Zﬁ, — \‘\
~r3S B e e @ ! )
@L\ S @ ®
cationic negatively-charged
PAA polymer protein

Scheme 1. Self-assembling formation of nanocomplexes at neutral pH by charge
attraction between a negatively-charged protein (such as human serum albumin) and
a positively-charged polymer (PAA).

received. The amine-reactive Alexa Fluor® 633 carboxylic acid, succinimidyl ester
(AF633) was purchased from Invitrogen. Deionized water (DI water) was obtained
from a MilliQ water purification system (Millipore, France).

2.2. Synthesis of poly(amidoamine)s (PAAs)

The SS-PAA polymer, p(CBA-ABOL), was synthesized by Michael polyaddition of
the primary amine monomer ABOL to CBA in equimolar monomeric ratios in MeOH/
water 4/1, as described previously [27]. The PAA polymer analog lacking the disulfide
moieties, p(BAP-ABOL), was synthesized similarly using BAP and ABOL as the
monomers. In this case only DI water was used as the solvent [27]. The resulting
polymers, collected in their HCl-salt form as white solid powder after freeze-drying,
have a good solubility in water. For both polymers the yield was ca. 45% after
ultrafiltration and lyophilization.

2.3. Synthesis of fluorescently labeled PAAs

The far-red fluorophore AF633 (Aem = 647 nm) was chosen for labeling of the
PAA polymers since the most common fluorescent label for detection in the red
channel, Rhodamine B, is not usable as its fluorescence emission (dem = 610 nm)
partly overlaps with the emission of fluorescein-HSA (dem = 525 nm) in the green
channel. The AF633-labeled PAAs were prepared from copolymers having 10 mol% of
the hydroxybutyl groups in the side chain substituted by aminobutyl groups. To
synthesize these polymers, copolymers of (CBA-ABOL) and p(BAP-ABOL) were
prepared by Michael addition of bisacrylamide (CBA or BAP, respectively) to a 9/1
mixture of amines, ABOL and MBDAB, followed by Boc-deprotection of the MBDAB
units. Typically, p(CBA-ABOL/MBDAB) copolymer was synthesized by adding CBA
(2.63 g, 10.75 mmol), ABOL (0.88 g, 9.67 mmol) and MBDAB (0.21 g, 1.08 mmol) into
a brown reaction flask with 5 ml of a 4/1 (v/v) MeOH/DI water mixture as a solvent.
The reaction mixture was allowed to proceed for 10 days at 45 °C in the dark under
nitrogen atmosphere, yielding to a viscous solution. Subsequently, 10 mol% excess of
ABOL (0.09 g, 0.11 mmol) was added to consume any unreacted acrylamide groups
and stirring was continued for two days at 45 °C. The p(CBA-ABOL/MBDAB) polymer,
containing Boc-protected amine in the side chain, was obtained in ca. 45% yield after
isolation by exhaustive ultrafiltration (3 kg/mol cut-off) with acidified DI water (pH
~5), followed by freeze-drying. Deprotection of Boc-protected amino groups of the
side chain of the polymer was performed in a mixture of TFA/MeOH overnight,
yielding to the copolymers p(CBA-ABOL/DAB) with a 9/1 ratio of hydroxyl and
primary amino groups in the side chains. Next, the reaction solution was diluted
with DI water and adjusted to pH ~5 using a 1M NaOH solution and the resulting
polymer solution was purified by ultrafiltration (3 kg/mol cut-off) with acidified DI
water (pH ~5). The p(CBA-ABOL/DAB) polymer was recovered in its HCl-salt form as
a white solid after lyophilization. The complete removal of the Boc protective groups
was confirmed by the disappearance of the tert-butyl signal at 1.5 ppm in the 'H
NMR spectra after addition of TFA to the copolymer, yielding to the polymer with the
free primary amine groups in the side chains. The primary amines were reacted with
the amine-reactive AF633 carboxylic acid, succinimidyl ester, for fluorescent
labeling of the polymer. In a typical example, for the synthesis of fluorescently-
labeled AF633-p(CBA-ABOL), AF633 (2.5 mg, 2.08 pmol) in anhydrous DMSO was
mixed with the p(CBA-ABOL/DAB) copolymer (146 mg, 41.60 umol free NH) in 2 ml
of sodium bicarbonate buffer (0.1 m, pH 8.3) and the solution was stirred overnight at
room temperature. Then, the resultant solution was purified by ultrafiltration (1 kg/
mol cut-off) with DI water. The labeled copolymer was isolated after freeze-drying. A
similar experimental procedure was applied in the synthesis of AF633-p(BAP-ABOL).

2.4. Polymer characterization

The 'H NMR spectra of the synthesized PAAs in D,0 were recorded on Varian
Inova spectrometer operating at 300 MHz. The molecular weight and polydispersity
(Mw/My) of the synthesized PAAs were determined by GPC relative to PEO standards
(Polymer Labs) using a Viscotek GPCMax pump and autoinjector and two thermo-
stated (30 °C) PL aquagel-OH 30 columns (8 um, 300 x 7.5 mm, Polymer Labs, with
a low-molar-mass separation range (200—40,000)). Data was collected using
a TDA302 Tripledetector with RI, Visc and LS (7 and 90°). 0.3 m NaAc aqueous
solution (pH 4.4) with 30% methanol was used as eluent at a flow rate of 0.7 ml/min.

2.5. Rheological studies

Rheological measurements were performed with a cone-plate (C35/28)
rheometer (RotoVisco RT20, Haake GmbH, Karlsruhe, Germany). p(CBA-ABOL) and
p(BAP-ABOL) were fully hydrated in 0.1 m phosphate buffer pH 6.8 to give
a concentration of 6% (w/v). The polymer solutions were added to an equal volume
of the 8% (wj/v) solution of porcine gastric mucin. After an incubation period of
20 min at room temperature, the polymer—mucin incubates were transferred to the
viscometer and allowed to equilibrate on the plate for 3 min at 25 °C. Dynamic
oscillatory tests within the linear viscoelasticity region were performed at 1 Hz
frequency. Frequency sweep measurements were also carried out with a frequency
varying from 0.1 to 10 Hz. The storage modulus (G’) and the loss modulus (G”) of the
disulfide-containing polymer p(CBA-ABOL) and the corresponding control polymer
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p(BAP-ABOL) lacking the disulfide linkages (3% w/v), as well as mixtures of the same
polymers with mucin (4% w/v) were determined. Rheological studies were per-
formed with commercially-available mucin instead of native mucus giving more
reproducible and comparable results. As references, polymer solutions were
prepared in the same way but without adding mucin.

2.6. Characterization of PAA/HSA nanoparticles

2.6.1. Particle size and zeta-potential measurements

PAA/HSA nanocomplexes at different polymer/protein weight ratios ranging
from 6/1 to 24/1 were prepared by adding a HEPES buffer solution (10 mm, pH 7.4) of
PAA (800 pl) to a HEPES buffer solution (10 mwm, pH 7.4) of HSA (200 pl, 600 pg/ml),
followed by vortexing for 5 s and incubating at room temperature for 30 min.
Particle size and surface charge measurements of the nanocomplexes were deter-
mined by dynamic light scattering (DLS) at 25 °C with a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) using a wavelength of 532 nm. The value was recorded as
the mean of three measurements. The size distribution was given by the poly-
dispersity index (PDI) in which a PDI of 1 indicates large variations in particle size
and a PDI of 0 indicates no variation in particle size (i.e. an ideal monodispersed
formulation).

2.6.2. Protein condensation and loading efficiency

To estimate the loading efficiency of the nanoparticles at neutral pH, solutions of
PAA/HSA nanoparticles were prepared at polymer/protein weight ratios ranging
from 6/1 to 24/1 according to the procedure described above. The nanoparticles
were centrifuged at 14000 rpm for 30 min at 4 °C. Aliquots of supernatant were
subsequently taken and their protein content determined by fluorescence spec-
troscopy (Safire2, Tecan, Canada) at an emission wavelength of 519 nm and an
excitation wavelength of 495 nm. The actual loading efficiency was indirectly
determined by measuring the difference between the total amount of HSA added to
the solution and the amount of HSA in the free form in the supernatant. A calibration
curve from solutions of various HSA concentrations was determined prior to this
experiment. It was confirmed that free HSA were not precipitated from the solution
by centrifugation.

2.6.3. Protein release from nanoparticles by disulfide reduction of the SS-PAAs

The release of protein from the nanoparticles at intracellular mimicking
reductive conditions was measured using solutions of PAA/HSA nanoparticles
prepared as described in Section 2.6.1 at polymer/protein weight ratio 24/1. The
reducing agent DTT was added to a final concentration of 2.5 mm and the solution
was incubated for 30 min. Subsequently, the solution was centrifuged at 14000 rpm
for 30 min at 4 °C. Aliquots of supernatant were taken and their protein content was
determined by measurement of the fluorescence intensity using a prior-determined
calibration curve.

2.6.4. Protein release by acidification of the nanoparticles

The effect of pH decrease from 7.4 to 5.1 (mimicking endosomal pH decrease) on
the particle size and surface charge of the nanoparticles was investigated at 25 °C by
DLS measurements using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at
awavelength of 532 nm. The nanoparticle solution was titrated from pH 7.4 to pH 5.1
by regularly adding small aliquots of 0.25 m HCl solution using a MTP-2 multipur-
pose titrator (Malvern Instruments, Malvern, UK). Particle size and surface charge
were determined every half-unit of pH. In another experiment, the release of protein
from the nanoparticles upon acidification to pH 5, mimicking endosomal pH, was
measured using solutions of PAA/HSA nanoparticles prepared at polymer/protein
weight ratio 24/1 as previously. After acidification to pH 5 by addition of small
amounts of 1 M HCI solution and incubation for 30 min, the nanoparticles were
centrifuged at 14000 rpm for 30 min at 4 °C. Aliquots of supernatant were subse-
quently taken and their protein content was determined by fluorescence spectros-
copy (Aem = 519 nm, Aex = 495 nm) using a calibration curve. The percentage of
released protein was calculated from the difference of the total amount of HSA
originally present in the nanoparticle solution and the amount of HSA that is
determined in the free form in the supernatant.

2.7. Invitro cellular uptake and cytotoxicity of the nanoparticles

2.7.1. Fluorescently labeled p(BAP-ABOL) and p(CBA-ABOL) nanoparticles with HSA

Polymer/protein nanoparticles made of p(CBA-ABOL) and p(BAP-ABOL) poly-
mers and HSA were freshly prepared before every experiment at polymer/protein
weight ratio 24/1 by adding 4 volume equivalents of p(CBA-ABOL) or p(BAP-ABOL)
(3.60 mg/ml) to one equivalent of HSA (0.60 mg/ml), in 10 mm HEPES buffer. Before
cell exposure, these nanoparticle solutions were diluted 1:10 in DMEM without fetal
calf serum (FCS). Hence, the final polymer and protein concentrations for cell
exposure experiments were 288 and 12 pg/ml, respectively. Before the FACS uptake
studies, the fluorescence emission intensities of FITC-HSA and both nanoparticles
made of the AF633-PAA polymers were measured at the excitation/emission
wavelengths of for FITC (Aex = 490 nm, Aem = 525 nm) and AF633 (Aex = 632 nm,
Jem = 647 nm). It was observed that the fluorescence intensities of HSA in the PAA
nanoparticles were similar to those free in solution.

2.7.2. Cells and toxicity assays

All cells were used at passages 19—30, incubated at 37 °C in a humidified
atmosphere of 95% air and 5% CO,, and passaged at 80% confluence in a split ratio of
1/5 with a trypsin—ethylenediamine tetra acetic acid (EDTA) solution (0.25%). They
were routinely grown in 75 cm? flasks in Dulbecco’s modified Eagle’s medium
supplemented with 20% fetal bovine serum (FBS), 1% minimum essential medium
(MEM) nonessential amino acids, 2 mm L-glutamine, 10 units/ml of penicillin, 10 pug/
ml of streptomycin and 1.25 units/ml nystatin. Human intestinal epithelial Caco-2/
TC7 cells which were used as a model for the intestine epithelial barrier were ob-
tained from Dr. Monique Rousset, INSERM U505, Paris, France. HT29-MTX mucus
secreting cells were obtained from Dr. Thécla Lesuffleur, Centre de Recherche Jean-
Pierre Aubert — JPARC, INSERM U837, Lille, France. Toxicity level was determined
using the AlamarBlue® test (AbD serotec) and the BCA protein assay (Pierce).

2.7.3. Flow cytometry analysis (FACS)

Uptake studies were conducted two days after cell plating. Caco-2/TC7 culture
cells were grown to 70—80% confluence and were exposed to the PAA/HSA nano-
particles, PAA polymers alone and to free HSA in serum depleted culture medium for
2 h at 37 °C. The culture medium was then replaced by 10% FCS containing media
with the same concentration of polymer/protein nanoparticles, and incubation was
continued for additional 22 h at 37 °C. Non-specific blockers of permeability
glycoprotein-multi drug resistance (P-gp-MDR) were also applied using exposure
media containing 10 pum cyclosporin A (CsA). After exposure time, uptake was
terminated by removal of the exposure medium and washing the cells twice with
ice-cold PBS buffer. Trypsin—EDTA was used to suspend the adherent cells, followed
by rinsing with DMEM supplemented with 10% FCS and suspending in final volume
of 250 pul PBS buffer. As a control, the extent of adsorption of nanoparticles to the cell
membrane surface was determined, by exposing cells to nanoparticles for 1 hat 4 °C.
Thus, the reported uptake levels reflect the net results of uptake at 37 °C (total
fluorescence obtained at 37 °C minus that measured at 4 °C).

2.74. Confocal microscopic imaging of nanoparticles uptake and localization

We used fluorescence confocal microscopy to detect internalization and the
intracellular localization of the protein originating from the polymer/protein
nanoparticles. Caco-2/TC7 cells were seeded onto 35-mm diameter glass bottomed
dishes or cover slips at a density of 10° cells/cm? for 2—3 days. Cells were exposed to
nanoparticles as described above in Section 2.7.3. Then, cells were rinsed twice in
10% FCS DMEM and further incubated for 30 min at 37 °C in 10% FCS medium
supplemented with nuclear probe Hoechst 33342 (Invitrogen) and lysosomal
staining probe LysoTracker Red DND-99 (Invitrogen) (Aex = 577 nm, Aemy = 590 nm),
rinsed twice with PBS and subjected to confocal microscopy. Alternatively, cells were
transiently transfected with Rab-5 (early endosome) and Cathepsin b (lysosome)
coupled on N-terminal with monomeric Red Fluorescence Protein (RFP) (kindly
gifted from Dr. Nancy ]. Grant, Département de Neurotransmission et Sécrétion
Neuroendocrine, Centre de Neurochimie, Strasbourg, France) and exposed to
nanoparticles, then rinsed twice and scanned under a Zeiss 510 Meta inverted
confocal microscope for estimation of uptake level and location of the nanoparticles.
The photomultiplier tube (PMT) voltage was selected to produce images of
approximately equal fluorescence intensity.

3. Results and discussion
3.1. Synthesis and characterization of PAAs

The SS-PAA polymer p(CBA-ABOL) with repetitive bioreducible
disulfide linkages in its main chain was synthesized via Michael-
type addition of the primary amine monomer ABOL to CBA. For
comparison, p(BAP-ABOL), a PAA lacking disulfide linkages was
prepared from polyaddition of ABOL to BAP. The polymers were
coded in terms of the used monomers, as shown in Scheme 2. The
resulting polymers, obtained in ca. 45% yield in their HCl-salt form as
white powders after ultrafiltration and freeze-drying, have a good
solubility in water. The "TH NMR spectra of the synthesized PAAs were
in full accordance with the expected structures. The absence of any
proton signals between 5 and 7 ppm shows that the polymer did not
contain any residual acrylamide end groups. The GPC measurements
showed that the average molecular weights (M) of p(CBA-ABOL)
and p(BAP-ABOL) were 5.9 and 5.5 kg/mol, respectively, (PDI = 1.13).

3.2. Mucoadhesive properties of the p(CBA-ABOL) polymer

The mucoadhesion of colloidal carriers represents one of the
most important properties to improve the bioavailability of poorly
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Scheme 2. Synthesis scheme of PAAs. The polymers were coded in terms of the bisacrylamide and primary amine monomers.

absorptive drugs such as proteins. Mucosal surfaces usually have
distinct regions of mature mucins which are rich in cysteines,
residues participating in establishing disulfide linkages within and
among mucin monomers. We anticipated that the presence of
disulfide linkages in p(CBA-ABOL) favorably contributes to the
mucoadhesive properties of the polymer by disulfide exchange
reactions with the thiol and disulfide groups in the mucus. To
evaluate this concept, we have carried out rheology experiments of
mucin mixed with solutions of the disulfide-containing p(CBA-
ABOL) and p(BAP-ABOL), lacking disulfide bonds. Dynamic oscilla-
tory measurements were performed within the linear viscoelas-
ticity region by measuring the dynamic moduli (storage modulus G/
and the loss modulus G”) of the mixtures. This analysis provides
information about the mechanical properties of the mixtures;
increasing values of G’ and G” indicating an increase of stiffness.
The results are summarized in Fig. 1

A 4% (w/v) solution of mucin showed moderate viscosity with
measured storage and loss moduli of 0.24 Pa and 0.14 Pa, respec-
tively, whereas 3% polymer solutions of p(CBA-ABOL) and p(BAP-
ABOL) in 0.1 m phosphate buffer did not show a significant
increase in viscosity compared to pure buffer solution, with
dynamic moduli close to zero. However, mixing mucin with p(CBA-
ABOL) resulted in a 6.5—8 fold increase in storage and elastic
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Fig. 1. Storage modulus G’ (black bars) and the loss modulus G” (gray bars) of 3% (w/v)
p(CBA-ABOL), p(BAP-ABOL) (control) and their mixtures with 4% (w/v) mucin in the
presence or absence of DTT (free thiol). Oscillatory measurements were carried out at
1 Hz frequency at room temperature after an incubation period of 30 min. All indicated
values are means of three experiments + SD.

moduli, with G’ and G” of 1.57 Pa and 1.04 Pa, respectively. In
contrast, mixing mucin with p(BAP-ABOL), the polymer lacking the
disulfide linkages, only slightly increased rheological properties of
the polymer/mucin mixture were observed. The different results
between p(CBA-ABOL) and p(BAP-ABOL) suggest that the presence
of the disulfide bonds in p(CBA-ABOL) is responsible for the higher
viscosity obtained with this polymer. This increase in viscosity
might be attributed to disulfide bond formation between the
p(CBA-ABOL) polymer and mucin, due to exchange of disulfide
linkages from the polymer with free thiol groups present in mucin.
To obtain additional evidence for the formation of disulfide bonds
between p(CBA-ABOL) and cysteine residues present in mucin,
similar rheology measurements were performed in the presence of
the disulfide bond reducing agent DTT. As shown in Fig. 1, addition
of 2.5 mm DTT to the p(CBA-ABOL)/mucin mixture resulted in
a dramatic decrease of the storage and loss moduli to values even
lower than those determined for mucin only. For the p(BAP-ABOL)/
mucin mixture, only a slight decrease of G’ and G” is observed,
which may also be explained by cleavage of mucus disulfide
linkages.

3.3. Protein loading of the PAA nanoparticles: physical
characterization and loading efficiency

At physiological pH (pH 7.4), the PAAs are present as polycations
due to partial protonation of the tertiary nitrogens in the polymer
chain. Therefore, charge interaction with HSA can be expected since
this protein, with an isoelectric point of 5.3, has a net negative
charge under these conditions. DLS and zeta-potential measure-
ments showed that both synthesized PAA polymers are capable to
form nanosized polyelectrolyte complexes by self-assembly with
HSA. The particles have sizes < 200 nm with low polydispersity
(PDI < 0.15) and positive surface charge (+15 to +25 mV) (Fig. 2).
Repetitive measurements in time show that the particles formed
with HSA were stable for at least one month at room temperature.

Table 1 gives the loading efficiencies of the PAA/HSA nano-
particles at neutral pH, as determined by fluorescence spectroscopy
measurements. It can be seen that the incorporation of the protein
into the polymer nanoparticles is very high, even under the very
dilute conditions applied (HSA concentration is 120 ug/ml). This
demonstrates that the PAA polymers are capable to bind this
protein with slightly net negative charge with high affinity. The fact
that the p(CBA-ABOL) nanoparticles have a somewhat higher
protein loading efficiency than the p(BAP-ABOL) nanoparticles may
be due to the higher flexibility of the polymer backbone of the
former polymer.
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Fig. 2. Size distributions and zeta-potentials of nanoparticles of PAA/HSA in 10 mm HEPES buffer solution pH 7.4 measured by DLS at 25 °C at different PAA/HSA weight ratios, using

p(CBA-ABOL) (black bars) and p(BAP-ABOL) (gray bars) as polymeric carrier.

3.4. Mimicking the intracellular disassembly of the p(CBA-ABOL)/
protein nanoparticles in reducing environment

The rapid cleavage of the disulfide linkages in the p(CBA-ABOL)
polymer in the intracellular environment due to the presence of
glutathione and reductase enzymes can be favorably exploited to
induce disassembly of the nanocomplexes resulting in efficient
protein release. Table 2, column A, gives the percentages of HSA
released from the p(CBA-ABOL) and p(BAP-ABOL) nanoparticles
after incubation with 2.5 mm DTT for 30 min, as measured by
fluorescence of the supernatant solution after centrifugation. The
nanoparticles from the disulfide polymer p(CBA-ABOL) have
released most of the encapsulated protein, due to the fast degra-
dation of these polymers, whereas no release of protein was
measured for the particles containing p(BAP-ABOL), the polymer
lacking the disulfide linkages.

The results from these experiments suggest that once the
p(CBA-ABOL) nanoparticles have arrived in the reductive environ-
ment inside the cell, HSA is released from the nanoparticles, due to
the rapid cleavage of the disulfide linkages in the polymer back-
bone. In contrast, the release from nanoparticles made of p(BAP-
ABOL) will be a much slower process, most probably mainly gov-
erned by destabilization of the nanoparticles upon acidification
(vide infra) and/or the hydrolysis of the polymeric carrier. The
distinct difference in protein release between the two polymeric
carriers offers opportunities to tune the bioresponsive release by

Table 1
HSA loading efficiencies of PAA/FITC-HSA nanoparticles prepared using different
PAA/HSA weight ratios.

Polymer Polymer/Protein FITC-HSA loading
weight ratio efficiency (%)?
p(CBA-ABOL) 6/1 89
12/1 94
24/1 97
p(BAP-ABOL) 6/1 73
12/1 85
24/1 90

variation of the amount of disulfide linkages in the polymer chain of
PAAs [25].

3.5. Effect of environmental acidification on the nanoparticles

Since electrostatic interactions between the positively-charged
polymer and the negatively-charged protein are an important, if
not determining driving force for the self assembly into the nano-
particles, it can be expected that a decrease of the pH, as occurring
during endosomal acidification, will also influence the stability of
the nanoparticles. On one hand, a decrease of the pH will lead to
a decrease of the amount of negative charges on the protein. On the
other hand, the degree of protonation of the PAAs will be increased.
Therefore there is a delicate balance between these effects, in
which it is, however, expected that the decrease of overall negative
charge on the protein will be the dominating factor, since an excess
of positive charge is already present on the polymers in the nano-
particles at pH 7.4. Then, a decrease of the pH will lead to desta-
bilization of the nanocomplexes and eventually release of the
protein. DLS measurements show that the PAA/HSA nanoparticles
significantly increase in size from ca. 165 nm to more than 300 nm
when the pH decreases from 7.4 (extracellular pH) to 5.1 (endo-
somal pH) (Fig. 3). For both systems, small peaks in size distribution
were observed around 40—50 nm when the pH is decreased to
values below pH 5.3, revealing the formation of small aggregates of
free protein.

The amount of released protein from the PAA/HSA nanoparticles
after incubating the nanoparticle solution for 30 min at pH 5.1, and

Table 2

The extent of HSA release from p(BAP-ABOL)/FITC-HSA nanoparticles in HEPES
buffer pH 7.4 (weight ratio 24/1), after addition: DTT to a final concentration of
2.5 mm (column A) or 0.25 m HCl to decrease pH down to pH 5.1 (column B).

Polymer A (2.5 mm DTT)? B (pH 5.1)?
P(CBA-ABOL) 93.9 14.0
p(BAP-ABOL) 1.8 17.0

2 Percentage of HSA incorporated in the PAA nanoparticles (1) in HEPES buffer
solution.

2 Percentage of HSA that is released from the polymeric nanoparticles (+1). Initial
HSA concentration in the nanoparticles is 120 pg/ml.
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Fig. 3. Size distributions of nanoparticles of p(BAP-ABOL)/HSA (weight ratio 24:1) during pH titration of the particle solution from pH 7.4 to pH 5.1 (titration duration: 2 h),
representing the pH of the extracellular and intracellular environments respectively, using p(CBA-ABOL) (black bars), and p(BAP-ABOL) (gray bars) as polymeric vector.

subsequent centrifugation of the nanoparticles is given in Table 2,
column B. The HSA release is in the range of 14—17%, and obviously
there is no clear difference between the two polymers whether it
contains disulfide bonds or not. These results suggest that endo-
somal acidification alone may not be sufficient to release the
protein content from the nanocomplexes and that bioreduction of
the polymer backbone can give an essential contribution to the
intracellular release process.

3.6. Cytotoxicity

A primary step in evaluating uptake of nanoparticles by the
intestinal cells was to validate cell viability under the experi-
mental conditions of uptake. The viability of Caco-2/TC7 cells after
48 h of incubation with the free p(CBA-ABOL) and p(BAP-ABOL)
polymers, free HSA protein, as well as the polymer/HSA nano-
complexes was evaluated by BCA and alamar blue assays. Fig. 4
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shows that the free HSA (12 mg/ml) and free p(CBA-ABOL)
(288 mg/ml) were found to be non-cytotoxic, but the same
concentration of p(BAP-ABOL) polymer induced a decrease in the
total protein of ca. 15% after 48 h of exposure, reflecting decrease
in the viable cell number adhering to the substratum. A similar
level of cell viability was confirmed by the alamar blue assay that
showed ~20% decrease of cell viability after 4 h of exposure to
P(BAP-ABOL) and ~45% after 24—48 h of exposure. The p(CBA-
ABOL)/HSA and p(BAP-ABOL)/HSA nanoparticles in the same
concentrations as their uncomplexed free components exhibited
similar toxicity. The Caco-2/TC7 cells were also exposed to nano-
particles in the presence of the non-specific multi drug resistance
(MDR) blocker, CsA, in order to determine the possible involve-
ment of the MDR machinery in the efflux of PAA/protein nano-
particles (vide infra). The presence of CsA appeared to be not
cytotoxic after 4 h of incubation, but a slightly decreased cell
viability of ca. 15% was found 24—48 h of exposure.
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Fig. 4. Cell viability of Caco-2/TC7 cells following incubation with p(CBA-ABOL)/HSA and p(BAP-ABOL)/HSA nanoparticles, free polymers and HSA, in the presence and absence of
CsA for 4 h (black columns), 24 h (white columns) and 48 h (gray columns). Cell viability was determined by (A) BCA and (B) Alamar assays. Assays were carried out at 37 °C in 10%
serum supplemented media in presence or absence of 10 um CsA. Results are given as mean + SD of three independent experiments.
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3.7. Uptake of the PAA nanoparticles as determined by flow
cytometry

The uptake of nanoparticles carrying proteins and the release of
their cargo into the cytosol can serve as means of enabling protein-
based therapeutic agents to interact with their intracellular targets.
The facilitation of PAA nanoparticles to introduce HSA into the
cytosol of Caco-2/TC7 cells was studied by FACS analysis of the cells
exposed to the two types of PAA/HSA nanoparticles for 4 and 24 h.
To verify that the fluorescence as measured in the FACS analysis
originated from increased uptake of FITC-HSA in the cells, and not
caused by residual nanoparticles adsorbed to the cell membrane,
we have analyzed by FACS the fluorescence intensity of cells
exposed at 4 °C to HSA, p(CBA-ABOL) and p(BAP-ABOL), either in
complex or alone. At 4 °C the endocytic machinery is not active [36],
thereby enabling only adsorption of nanoparticles to the cell
membrane. The signals detected in these cells, under this condition
of low temperature, were found to be very low and comparable to
the auto-fluorescence of non-treated cells. Fig. 5 shows the relative
fluorescent intensities obtained from Caco-2/TC7 cells exposed to
free HSA and to the two polymer/HSA nanoparticles after 4 and 24 h
of exposure, in the absence and presence of CsA. Low fluorescence
intensities were detected when cells were incubated with solutions
of free HSA, indicating a poor uptake of the free protein, which is in
line with previous studies [37,38]. However, a significant increase of
fluorescence intensity for HSA uptake was obtained when cells
were incubated with p(CBA-ABOL)/HSA nanoparticles. After 4 h,
these cells exhibited ca. 1.5 fold (p < 0.05) higher fluorescence level
than cells exposed to free HSA, and after 24 h of exposure this level
increased to ca. 4 fold (p < 0.01). In comparison, the uptake of HSA
carried by p(BAP-ABOL)/FITC-HSA nanoparticles was similar to that
of free HSA, indicating no improvement of uptake and almost no
uptake of these particles. These results demonstrate that the
nanoparticles made of the p(CBA-ABOL) polymer have superior
capacity to deliver HSA into the cells, than those possessed by the
polymer lacking disulfide bonds of p(BAP-ABOL).
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As uptake of nanoparticles is the net outcome of two competing
influx and efflux processes of the particles, we employed CsA as
non-specific inhibitor for the efflux pumps associated with the
MDR family. Fig. 5 shows that exposure of Caco-2/TC7 cells to
p(CBA-ABOL)/HSA nanoparticles in the presence of 10 pum CsA
yielded a significant increase of HSA uptake of ~2.8 folds
(p < 0.001) and ~5 folds (p < 0.001), after 4 and 24 h of exposure,
respectively. In contrast, the FITC emission intensities of cells
exposed to p(BAP-ABOL)/HSA nanoparticles were not affected by
the presence of CsA. These findings demonstrate that p(CBA-ABOL)/
HSA nanoparticles undergo an efficient influx as well as extrusion
via CsA sensitive efflux pumps. The observed low protein delivery
by p(BAP-ABOL) nanoparticles may be attributed either to a very
low influx or to an efficient removal of the p(BAP-ABOL)/HSA
nanoparticles from the cells through efflux pathways which are
insensitive to CsA.

3.8. Effect of mucus level on the uptake of PAA/protein
nanoparticles

As mucus covers the cell layer of intestinal epithelium,
composed of enterocytes and mucus secreting goblet cells, we have
chosen to examine uptake in co-cultures of Caco-2/TC7 and HT29-
MTX mucus secreting cells. Different ratios of Caco-2/TC7 and
HT29-MTX were mixed and the extent of uptake of p(CBA-ABOL)/
HSA nanoparticles as well as p(BAP-ABOL)/HSA nanoparticles was
determined by flow cytometry analysis, following 4 and 24 h of
exposure (Fig. 6A and B, respectively). It was shown that the uptake
of free HSA was not altered with increase of the percentage of
HT29-MTX cells in the cell culture. However, the uptake of the HSA-
loaded p(CBA-ABOL) nanoparticles increased significantly in
a linear fashion upon increment of the percentage of HT29-MTX
cells in the cell co-cultures, both after 4 h and 24 h of exposure.
When a homogeneous population of HT29-MTX cells, (corre-
sponding to Caco-2/TC7:HT29-MTX ratio of 0:100) was exposed to
these nanoparticles, FITC emission intensity of HSA was 5 folds

o4h
B24h

p(CBA-  p(BAP-
ABOL)/HSA ABOL)HSA

HSA

p(CBA- p(BAP- | HSA + CsA
ABOL)/HSA ABOL)/HSA
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Fig. 5. Uptake of PAA/HSA nanoparticles by Caco-2/TC7 cells as measured by flow cytometry. Exposure to p(CBA-ABOL)/HSA, p(BAP-ABOL)/HSA and free HSA was carried out for 4
(gray columns) and 24 (black columns) hours at 37 °C, in the absence or presence of 10 um CsA. The uptake is given as in terms of the geometrical mean (XGmean) + SD of

fluorescence distribution of 10,000 cells in three independent experiments (n = 3).
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higher than those of cells exposed to free HSA. In contrast, the
uptake of the p(BAP-ABOL)/HSA nanoparticles was not affected by
an increase of HT29-MTX percentage in the cell co-culture and
remained constant even after 24 h of exposure, with extent of
uptake similar or even lower than for the uptake of free HSA,
illustrating a poor intracellular delivery capacity. It may be sug-
gested that both the presence of mucus produced by the HT29-MTX
cells as well as the presence of the disulfide bonds of p(CBA-ABOL)
are involved in the enhanced uptake of these nanoparticles. These
results are in good agreement with the rheological experiments
showing that the p(CBA-ABOL) polymer interacts strongly with
mucus, in contrast to p(BAP-ABOL) lacking disulfide linkages.

A

3.9. Compartmental localization of polymer/protein nanoparticles
by confocal microscopy

The uptake of the PAA/HSA nanoparticles and their subsequent
localization in Caco-2/TC7 cells were examined by confocal
microscopy. Cells were incubated with free HSA, p(CBA-ABOL)/
HSA and p(BAP-ABOL)/HSA nanoparticles, as well as free p(CBA-
ABOL) and p(BAP-ABOL) polymers. The confocal microscopy
images of Caco-2/TC7 cells exposed to free FITC-HSA (Fig. 7B)
showed no significant fluorescence signal, similar to the non-
treated cells (Fig. 7A), indicating that free HSA was not taken up
by these cells. The free polymers were used as control and indeed,

Fig. 7. Median optical sections of confocal z-stack of Caco-2/TC7 cells exposed to nanoparticles for 24 h at 37 °C. A: non-treated cells, B: free HSA, C: free p(CBA-ABOL), D: free
p(BAP-ABOL), E: p(CBA-ABOL)/HSA nanoparticles, F: p(BAP-ABOL)/HSA nanoparticles. Red: LysoTracker probe; Blue: Hoechst nuclear staining; Green: FITC labeled — HSA. Each
panel is composed of 3 channels: green, red, blue and a merged image. In the right and bottom part of the panels B—F are placed orthogonal cross sections of the Z-stack. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Median optical sections of confocal z-stack of Caco-2/TC7 cells expressing Cathepsin-p-RFP (A, B; E, F) or Rab-5-RFP (C, D; G, H) exposed to p(CBA-ABOL)/HSA (A, B; C, D) or
P(BAP-ABOL)/HSA (E, F; G, H) nanoparticles for 24 h. Green: FITC-HSA, Red: Red fluorescence protein (RFP), Pink: AF633-labeled polymers, White: colocalization of red, green and
pink fluorophores. In the right and bottom part of the panels A—B, E—H are placed orthogonal cross sections of the Z-stack. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

as expected, very low green signal was observed when cells were
exposed to the free polymers (Fig. 7C and D); the low fluorescence
signal which is still apparent may originate from the green auto-
fluorescence of the Caco-2/TC7 cells. The p(CBA-ABOL)/HSA
nanocomplexes clearly demonstrated to be internalized into cells
as they are seen as green-red co-localized aggregates, within the
cell cytosol and lysosomal compartments following 24 h of
exposure (Fig. 7E). In contrast, the low level of FITC signal in cells
exposed to p(BAP-ABOL)/HSA nanoparticles was similar to that
found in cells exposed to the same amount of free FITC-HSA. Most
of the weak FITC fluorescence level that was observed in these
cells seemed to be adsorbed on the cell membrane and not within
the cytoplasm, suggesting that these nanoparticles were poorly
internalized (Fig. 7F).

In order to localize the nanoparticles in the different endosomal
compartments, Caco-2/TC7 cells expressing either Rab-5 (early
endosomes) or Cathepsin b (lysosomes) tagged with red fluorescent
protein were incubated with the HSA-loaded nanoparticles. Cells
incubated with p(CBA-ABOL)/HSA nanoparticles showed green
FITC-HSA dots in the cytosol, and white aggregates. The later rep-
resenting the colocalization of the red fluorescence protein from
the endosomal or lysosomal compartments, with the AF633-
labeled polymer (pink) and FITC-HSA (green) (Fig. 8A—D). As not
all the green dots that were observed were localized within the
analyzed compartments, it may suggest that HSA dissociated from
the p(CBA-ABOL)/HSA nanocomplex and was released into the
cytosol. In contrast, cells exposed to p(BAP-ABOL)/HSA nano-
particles did not contain any co-localized green-red markers, but
possessed only weak green dots in the cytoplasm that were not co-
localized with endosomal markers, indicating that HSA was poorly
internalized (Fig. 8E—H). These results clearly confirm the higher
capacity of the p(CBA-ABOL) polymer as carrier for intracellular
delivery of HSA, in comparison to the p(BAP-ABOL) polymer, lack-
ing disulfide bonds. In addition, when the cells were exposed to
HSA-loaded nanoparticles made of Rhodamine B labeled CBA-
ABOL, their cytoplasm exhibits a much broader spread of red
than cells exposed to HSA-loaded nanoparticles made of p(BAP-
ABOL) (data not shown). This distributed red pattern is most

likely due to the reduction of the disulfide bonds within p(CBA-
ABOL) in the cell as a result of the reductive environment prevail-
ing in the cytosol, involving degradation of the polymer. This
observation is in good agreement with the results given in Table 2A
depicting higher intracellular protein release from the nano-
particles made of the p(CBA-ABOL) polymers in the presence of the
reducing agent DTT.

4. Conclusions

Both positively-charged PAAs, p(CBA-ABOL) and p(BAP-ABOL),
can self-assemble with the net negatively-charged protein HSA to
form stable nanosized complexes at physiological pH 7.4. Acidifica-
tion to pH 5.1 leads to destabilization of the nanocomplexes, which
may serve as an indication that such a process also occurs after
endosomal uptake. Since p(CBA-ABOL) induces much higher
viscosity to intestinal mucus than p(BAP-ABOL) it might be expected
that protein-loaded nanoparticles with disulfide moieties give
higher mucoadhesion in the intestine. This is also supported by the
high correlation between the extent of uptake of p(CBA-ABOL)-
based nanoparticles and the mucus level of the cell culture,
a phenomenon that was not detected for p(BAP-ABOL), lacking the
disulfide bonds. In addition, p(CBA-ABOL) nanoparticles show fast
disintegration in reductive solution, indicating that the protein
payload will become quickly released in the intracellular environ-
ment. Indeed, HSA, complexed with p(CBA-ABOL) into nanoparticles
was successfully internalized into Caco-2/TC7 cells and after cellular
uptake, the protein-containing p(CBA-ABOL) nanocomplexes
became disassembled and HSA was released inside the cell with
excellent cell viability. The internalization efficiency using p(CBA-
ABOL) nanoparticles was further enhanced in the presence of CsA,
suggesting that a counteracting MDR-dependent efflux pathway is
mitigating the efficacy of these nanoparticles. In contrast to the HSA-
p(CBA-ABOL) nanoparticles, the HSA-p(BAP-ABOL) nanoparticles
show only low intracellular protein delivery. The fluorescence
cytometry and confocal microscopy results for HSA-p(BAP-ABOL)
nanoparticles suggest adsorption of these nanoparticles to the cell
membrane rather than intracellular uptake.
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