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Abstract

The oral administration of therapeutic proteins copes with important challenges (mainly degradation and poor absorption)
making their potential therapeutic application extremely difficult. The aim of this study was to design and evaluate the
potential of the combination between mucus-permeating nanoparticles and permeation enhancers as a carrier for the oral
delivery of the monoclonal antibody bevacizumab, used as a model of therapeutic protein. For this purpose, bevacizumab
was encapsulated in PEG-coated albumin nanoparticles as a hydrophobic ion-pairing complex with either sodium deoxy-
cholate (DS) or sodium docusate (DOCU). In both cases, complex formation efficiencies close to 90% were found. The
incorporation of either DS or DOCU in PEG-coated nanoparticles significantly increased their mean size, particularly when
DOCU was used. Moreover, the diffusion in mucus of DOCU-loaded nanoparticles was significantly reduced, compared
with DS ones. In a C. elegans model, DS or DOCU (free or nanoencapsulated) disrupted the intestinal epithelial integrity,
but the overall survival of the worms was not affected. In rats, the relative oral bioavailability of bevacizumab incorporated
in PEG-coated nanoparticles as a complex with DS (B-DS-NP-P) was 3.7%, a 1000-fold increase compared to free bevaci-
zumab encapsulated in nanoparticles (B-NP-P). This important effect of DS may be explained not only by its capability to
transiently disrupt tight junctions but also to their ability to increase the fluidity of membranes and to inhibit cytosolic and
brush border enzymes. In summary, the current strategy may be useful to allow the therapeutic use of orally administered
proteins, including monoclonal antibodies.
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Introduction

In the last decades, therapeutic proteins have played a sig-
nificant role in the important transformation that the phar-
maceutical field has experienced by precision therapeutics,
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offering targeted and highly specific treatments. These mac-
romolecules, such as monoclonal antibodies and recombi-
nant proteins, have shown great promise in the treatment of
various diseases, including cancer, infections, autoimmune
disorders, and genetic disorders [1]. Apart from a high effi-
cacy, they often offer a favorable safety profile compared to
traditional small molecule drugs [2]. Additionally, therapeu-
tic proteins can act on specific molecular targets, modulate
biological pathways, and enhance the body’s natural defense
mechanisms, providing novel therapeutic options for previ-
ously untreatable conditions [3].

In spite of important advantages, the large majority of
these therapies are primarily administered through the par-
enteral route, which includes intravenous or subcutaneous
injections. In general, these administration methods are chal-
lenged to be replicated in a non-medical environment [4]
and, thus, may limit their accessibility and practicality for
patients outside of hospital settings [5]. In the last years,
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important research efforts are focused on the development
of alternative and patient-friendly administration routes for
protein delivery (i.e., oral administration).

Oral administration is a non-invasive route and allows
patients to self-administer medications easily, improving
patient compliance and adherence to the prescribed treat-
ment regimen [6]. This is particularly important for chronic
or long-term treatments [7]. Moreover, oral medications are
generally more cost-effective compared to other routes of
administration, requiring fewer resources for administration,
monitoring, and disposal. Despite all of these advantages,
oral delivery may not be suitable for all active substances
and remains a challenge for therapeutic proteins. These
compounds usually show a very poor oral bioavailability
that is consequence from their physicochemical properties
and the physiological conditions within the gut [8]. In fact,
therapeutic proteins are susceptible to inactivation in the
harsh conditions of the gastrointestinal tract, characterized
by an important variability in the pH conditions and the
presence of digestive enzymes along the gut and in the brush
border of enterocytes [9]. Moreover, the mucus layer lining
the epithelium of the gastrointestinal tract can trap these
macromolecules, preventing their arrival to the surface of
absorptive cells [10]. Finally, proteins are typically hydro-
philic, with a charged nature and large size with (sometimes)
complex three-dimensional structures that hinder their effi-
cient absorption through the gastrointestinal tract [11].

In order to solve these drawbacks and to improve the oral
absorption and bioavailability of therapeutic proteins, differ-
ent chemical and pharmaceutical approaches have been pro-
posed. Chemical modifications would involve the alteration
of the macromolecule’s structure by introducing a second
molecule or a functional group in order to improve its resist-
ance to enzymatic degradation and enhance its absorption
across the gastrointestinal tract. Some common chemical
modifications of proteins and peptides include the binding
of polyethylene glycol chains [12], carbohydrate chains (i.e.,
glycans [13], fatty acids [14], or methylation [15]). Phar-
maceutical strategies may involve the use of formulation
approaches, protease inhibitors or permeation enhancers.
Protease inhibitors can prevent or reduce the breakdown of
therapeutic proteins by luminal secreted enzymes [16] and/
or membrane-bound proteases [17], thus improving their
absorption and overall efficacy. Absorption enhancers can
improve the absorption of proteins by temporarily opening
tight junctions between intestinal cells [18].

Within this context, the use of pharmaceutical carriers
(i.e., microparticles and nanoparticles) appears to be the
most suitable formulation strategy to improve the bioavail-
ability of therapeutic proteins. Nanocarriers offer versatility
to both protect the loaded protein against its premature inac-
tivation and capability co-encapsulate protease inhibitors
[19] or absorption enhancers [20]. In any case, nanoparticles
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with the ability to diffuse through the mucus layer would
be the most effective device to promote oral delivery of
macromolecules. These mucus-permeating properties can
be generated by modifying the nanoparticle surface with
hydrophilic substances to reduce the interaction with mucins
(and other components of the mucosa) and, thus, increase
their ability to reach the gut epithelium [21, 22]. The coat-
ing of nanoparticles with poly(ethylene glycol) or certain
polysaccharides has been effective for this purpose [23, 24].
The aim of this work was to evaluate the ability of pro-
tein-based nanoparticles with mucus-permeating proper-
ties in combination with permeation enhancers as a dosage
form to promote the oral bioavailability of bevacizumab, as a
model of therapeutic protein. Bevacizumab is a fully human-
ized IgG1 monoclonal antibody that specifically binds to and
blocks the activity of the vascular endothelial growth fac-
tor (VEGF), inhibiting the formation of new blood vessels
[25]. For this purpose, hydrophobic ion-pairing complexes
between bevacizumab and anionic permeation enhancers
(either sodium deoxycholate or sodium docusate) were
encapsulated in PEG-coated albumin nanoparticles. These
nanoparticles have been shown a good capability to load
proteins without compromising their stability [26].

Materials and methods
Materials

Human serum albumin, sodium deoxycholate (DS), docu-
sate sodium salt (DOCU), poly(ethylene glycol) 35,000 Da
(PEG35), trehalose dihydrate, sodium azide, and agarose
were purchased from Sigma-Aldrich (Steinheim, Ger-
many). Bevacizumab (Avastin®) was purchased from Roche
(Madrid, Spain). Ethanol absolute was obtained from Schar-
lab (Sentmenat, Spain). Lumogen® F-Red 305 was supplied
by BASF (Ludwigshafen am Rhein, Germany). European
bacteriological agar, peptone, LB broth, and agarose were
provided by Condalab (Torrején de Ardoz, Spain). O.C.T.™
Compound Tissue-Tek was obtained from Sakura Finetek
Europe (Alphen aan Der Rijn, The Netherlands). Isoflurane
was purchased from Braun (Barcelona, Spain). Shikari®
Q-BEVA Enzyme Immunoassay used for the detection of
bevacizumab was purchased from Matriks Biotek (Golbast,
Turkey).

Hydrophobic ion-pairing (HIP) complex formation
with bevacizumab

The hydrophobic ion-pairing (HIP) complexes were pre-
pared by mixing an aqueous solution of bevacizumab
with either sodium deoxycholate (DS) or sodium docusate
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(DOCU) at different bevacizumab-to-counterion ratios. The
pH was adjusted to 5, 6.2, or 9. The mixtures were agitated
for 15 min at 400 rpm and then centrifuged at 21,000 X g for
15 min at 4 °C (Sigma 3K30 Osterode am Harz, Germany).
The supernatants were withdrawn, and the amount of beva-
cizumab was quantified by HPLC. The resulting complex
was finally dispersed in water and freeze-dried in a Telstar
Lyobeta Mini apparatus (Telstar, Terrassa, Spain).

Characterization of HIP complex with bevacizumab
Complex formation efficiency

To determine the complex formation efficiency between
the monoclonal antibody and the counterion, the amount
of free bevacizumab (recovered from the supernatants dur-
ing the purification step) was quantified by a validated size
exclusion chromatography method in an Agilent model 1200
series (Agilent Technologies, Waldbronn, Germany), cou-
pled with a photodiode array detection system at 280 nm.
As stationary phase, a Biozen column (3 pm dSEC-2 200
A, 300 x 4.6 mm; Phenomenex, CA, USA) was employed,
and the mobile phase was buffer phosphate (35 mM pH
6.8; 150 mM Na(l) in an isocratic mode. The flow rate was
0.2 mL/min, and the temperature of the column was set to
30 °C. The calibration curves were performed using standard
solutions of bevacizumab in the range from 22.5 to 300 pg/
mL (R?>0.999). The quantification limit for bevacizumab
was found to be 12.5 pg/mL.

The complex formation efficiency (CE, in percentage)
was calculated using Eq. (1):
CE(%) = M x 100 (1

Mi

being Mi the initial amount of bevacizumab and Mf the
unbound bevacizumab quantified by HPLC in supernatants
obtained after the centrifugation of the complexes.

FTIR analysis of bevacizumab-counterion

Fourier transform infrared spectroscopy (FTIR) using a Fou-
rier transform spectrophotometer IR Affinity-1S (Shimadzu,
Japan) coupled to a Specac Golden Gate ATR was conducted
to analyze the formation of the HIP complex. For the analy-
sis, samples were deposited on the diamond window. Spectra
were collected in the mode reflectance under the following
conditions: wavenumber from 600 to 4000 cm ™' at 2 cm™! of
resolution and 50 scans per spectrum. Spectra were analyzed
employing the LabSolutions IR software.

HIP complex dissociation

The dissociation of HIP complexes was evaluated by incu-
bating samples with 4 mg bevacizumab, under magnetic stir-
ring at 300 rpm, in 5 mL of an aqueous medium (water, gas-
tric simulated fluid at pH 1.6, or intestinal simulated fluid at
pH 6.8). After 30 min of incubation, samples were taken and
centrifuged at 21,000 X g for 15 min at 4 °C (Sigma 3K30
Osterode am Harz, Germany). The amount of bevacizumab
in the supernatants was quantified by HPLC, and the per-
centage of dissociated bevacizumab was calculated as the
quotient between amount of bevacizumab in the supernatant
and the initial amount of the monoclonal antibody used to
form the complex.

Preparation of empty nanoparticles

Human serum albumin (HSA) nanoparticles, contain-
ing either sodium deoxycholate (DS) or sodium docusate
(DOCU), were prepared by a desolvation process previously
described [26] with minor modifications.

For this purpose, 177 uL of an aqueous solution of DS
(25 mg/mL) or 600 uL of DOCU (6 mg/mL) was added
to 8 mL of an albumin aqueous solution (12.5 mg/mL)
and the pH was adjusted to 5.6 with HC1 1N. Nanoparti-
cles were formed by the addition of 16 mL ethanol under
magnetic stirring. Then, 500 puL of an aqueous solution of
PEG35 (100 mg/mL) was added dropwise to coat the freshly
formed nanoparticles. After the incubation of the mixture for
30 min, the organic solvent was eliminated under reduced
pressure (Biichi Rotavapor R-144; Postfach, Switzerland)
and the resulting nanosuspensions were purified by cen-
trifugation at 41,000 X g for 20 min at 4 °C (Sigma 3K30
Osterode am Harz, Germany). Finally, the pellet contain-
ing the nanoparticles was dispersed in an aqueous solution
of trehalose (3% w/v) and freeze-dried (Telstar Lyobeta
Mini). These nanoparticles were named as DS-NP-P and
DOCU-NP-P.

Control nanoparticles without DS or DOCU were also
formulated using the same protocol and were identified as
NP-P.

Preparation of Lumogen®-labeled nanoparticles

Nanoparticles were fluorescently labeled with Lumogen®
F-Red 305. Briefly, Lumogen® Red was encapsulated into
human serum albumin nanoparticles by adding 2.6 mL of
a stock solution of the fluorescent tag in ethanol (0.1 mg/
mL) to the aqueous solution of HSA before the formation of
the nanoparticles. Then, nanoparticles were coated, purified,
and freeze-dried as previously described.
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Preparation of bevacizumab-loaded nanoparticles

Bevacizumab was encapsulated in human serum albumin
nanoparticles, as HIP complex with either DS (B-DS) or
DOCU (B-DOCU). These nanoparticles were obtained
as described above. In brief, a variable amount of either
B-DS or B-DOCU (corresponding to 8 mg bevacizumab)
was added to an aqueous solution of HSA (100 mg in 6 mL
purified water). After incubation, the pH was adjusted to
6—6.4 with HCI1 IN and the formation of nanoparticles was
induced by the addition of 16 mL ethanol. Then, nanoparti-
cles were coated with PEG35 (500 pL of a solution in water
100 mg/mL) before elimination of the organic solvents and
purification by centrifugation at 41,000 X g for 20 min at
4 °C (Sigma 3K30 Osterode am Harz, Germany). Finally,
nanoparticles were freeze-dried using trehalose as cryopro-
tectant. These formulations were identified as B-DS-NP-P
and B-DOCU-NP-P.

Control nanoparticles containing free bevacizumab
(B-NP-P) were prepared as described above but in the
absence of DS or DOCU. For this purpose, 8 mg bevaci-
zumab was dissolved in the aqueous solution of albumin
prior to pH adjustment and desolvation of the protein with
ethanol. Uncoated nanoparticles, identified as B-NP, were
also prepared in the absence of PEG35.

Physicochemical characterization of nanoparticles
Mean size, polydispersity index (PDI), and zeta potential

Nanoparticles were dispersed in ultrapure water, and the
mean particle size and polydispersity index (PDI) were
measured by dynamic light scattering (DLS) at a scatter-
ing angle of 90° at 25 °C. Electrophoretic light scatter-
ing (ELS) was used to determine the zeta potential. For
this purpose, nanoparticles were dispersed in ultrapure
water. This characterization was carried out in a ZetaPlus
analyzer system (Brookhaven Instruments Corporation,
Holtsville, NY).

Evaluation of shape and morphology

The morphology and shape of nanoparticles were evalu-
ated by SEM. Two milligrams of lyophilized nanoparticles
was dispersed in deionized water. The cryoprotectant was
eliminated by centrifugation at 1850 X g for 20 min at 4 °C.
Then, the pellet was redispersed in 2 mL water and 25 puL
was deposited on SEM grids. After the drops were dried at
room temperature, samples were coated with a gold layer
using Emitech K550 Gold Sputter Coater (Quorum Tech-
nologies, Laughton, UK). Finally, samples were analyzed
using a ZEISS Sigma 500 VP FE-SEM apparatus (Zeiss
Microscopy, Jena, Germany).
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Total process yield

The amount of HSA transformed into nanoparticles was cal-
culated by HPLC as described before. The analytical condi-
tions were as follows: Agilent model 1200 series, photodi-
ode array detection system at 280 nm, Biozen column (3 pm
dSEC-2 200 A, 300 x4.6 mm), and buffer phosphate 35 mM
pH 6.8 and 150 mM NaCl. The flow rate and the tempera-
ture were the same as described by bevacizumab (0.2 mL/
min and 30 °C, respectively). The calibration curves were
performed at concentrations ranging from 22.5 to 300 pg/
mL (R*>0.9994). Under these conditions, the quantification
limit for HSA was found to be 10 pg/mL.

For the quantification, fresh nanoparticles were centri-
fuged at 41,000 X g for 20 min at 4 °C. Then, the super-
natants were collected for albumin quantification and the
pellets digested in NaOH 0.025 N for total disruption of
nanoparticles. The resulting samples were diluted with water
for injection and analyzed by HPLC.

FTIR and DSC analysis

FTIR analysis of the nanoparticles was performed following
the same methodology explained above. The thermal profile
of nanoparticles was evaluated in a Differential Scanning
Calorimeter TA DSC 25 Discovery series apparatus (TA
Instruments, New Castle, DE). For this purpose, between 5
and 10 mg of each sample was weighed in a 40 uL aluminum
pan and closed with a hermetic lid assuring good contact
between the sample and the capsule bottom. The thermo-
grams were analyzed under an inert nitrogen atmosphere
(gas flow, 50 mL/min) from —40 to 250 °C, employing a
ramp heating/cooling rate of 10 °C/min. TRIOS software (TA
Instruments, New Castle, DE) was used to analyze the data.

Bevacizumab quantification and integrity
by microfluidic electrophoresis

Bevacizumab was identified and quantified in an Expe-
rion™ Automated Electrophoresis System (Bio Rad, Her-
cules, CA). For this purpose, 4 mg of each formulation was
dispersed in 1 mL of water and centrifuged at 41,000 X g,
10 min at 4 °C. The pellets were then digested in NaOH
0.025 N under agitation for 3 min. The resulting samples
were finally analyzed under non-reducing conditions accord-
ing to the manufacturer’s protocol. The obtained electro-
pherograms and simulated gel with densitometric bands
were analyzed using the Experion™ software.

Bevacizumab quantification by ELISA

Bevacizumab was also quantified by Enzyme-Linked Immu-
nosorbent Assay (ELISA) using the commercial kit Shikari®
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Q-BEVA (Matriks Biotek Co., Ankara, Turkey). In this
case, 10 mg of each formulation was dispersed in NaOH
0.025 N and maintained under agitation for 3 min at room
temperature. Samples were then treated in accordance with
the manufacturer’s instructions, and the 96-well plate was
read at 450/650 nm using a PowerWave HT microplate spec-
trophotometer (BioTek Instruments, Inc., Winooski, VT).

Ex vivo mucus diffusion studies by MPT

The diffusion of nanoparticles in pig intestinal mucus was
performed as previously described [27, 28]. Briefly, 4 mg
Lumogen® Red-labeled nanoparticles (4 mg/mL) was dis-
persed in 0.5 g mucus and incubated for 2 h at 37 °C at
60 rpm (Labnet VorTemp 56 EVC, Labnet International,
Inc., Edison, NJ). The mucus was obtained following the
procedure previously described [27, 28]. The movement of
nanoparticles was recorded in a two-dimensional plane at 30
frames/s during 10 s by a high-speed camera (Allied Vision
Technologies, Stadtroda, Germany) attached to a wide-field
epifluorescence microscope used at 63 X magnification oil
immersion lens (Leica DM IRB, Wetzlar, Germany). A min-
imum of 100 trajectories were captured and later tracked and
analyzed using an image processing software (Fiji Imagel).

The diffusion coefficient of the nanoparticles in water
(D°) was obtained from the Stokes—FEinstein equation [28],
whereas the “Effective Diffusion Coefficient” (< Deff >)
was calculated as follows:

< MSD >

Deff = ——— @

in which < MSD > is the mean square displacement of 100
individual trajectories, 4 is a constant related to the 2-dimen-
sional mode of video capture, and At is the selected time
interval. All the formulations were expressed as the ratio (%)
between their Deff and their D° (diffusions in mucus and in
water, respectively).

Biodistribution of nanoparticles within the gut

The biodistribution in vivo of nanoparticles was evaluated in
healthy Wistar rats (Envigo, Indianapolis, IN). The protocol,
previously described [24, 28], was approved by the “Ethi-
cal and Biosafety Committee for Research on Animals” at
the University of Navarra in accordance with the European
legislation on animal experimentations (protocol number
045-18).

For the study, fasted animals received by oral gavage
25 mg of fluorescently labeled nanoparticles dispersed
in 700 pL water. As control, a suspension of Lumo-
gen Red in water containing Tween 80 (0.2% w/v) was
employed. After 4 h of administration, the rats were anes-
thetized with isoflurane by inhalation and sacrificed. The

gastrointestinal tract was collected, and small portions of
the stomach, small intestine, and cecum were obtained,
cleaned with PBS and embedded in O.C.T.™, and fro-
zen. For analysis, each portion was cut into 5 pm sections
on a cryostat and attached to glass slides before staining
with DAPI for 15 min [24]. Samples were visualized in
an Automated Microscope Zeiss Axio Imager M1 with
an Axiocam MRm camera (Zeiss Microscopy, Jena, Ger-
many). The images were processed by Fiji Imagel.

In vivo evaluation in Caenorhabditis elegans
Strain and culture condition

C. elegans transgenic strain FT63 labeled with green
fluorescent protein (GFP) at the epithelial junctions
(DLG::GFP) was obtained from the Caenorhabditis Genet-
ics Center (CGC, University of Minnesota, MN). Worms
were cultured at 20 °C on NGM (Nematode Growth
Medium) agar with E. coli OP50 as normal nematode
feed source. For all experiments, age-synchronized worms
were employed. For this purpose, worms were treated with
sodium hypochlorite and then incubated for at least 24 h in
MO buffer solution until the eggs hatch into larvae. Then,
approximately 500 L1 larvae were transferred to plates and
cultured to a defined age in each experiment.

Analysis of C. elegans epithelialjunctions

The assay was carried out in a NGM supplemented with
different treatments including nanoparticles (10 mg/mL)
and DS and DOCU (0.13 mg/mL). The concentrations of
the free components (DS or DOCU) corresponded to the
theoretical amounts presented in the nanoparticles.

At L1, 100 worms were placed in each well and incu-
bated at 20 °C. Once the worms achieved the L4 stage,
they were collected and fixed on a 2% agarose and 1%
sodium azide glass [29]. Samples were visualized using
an Automated Microscope Zeiss Axio Imager M1 with
an Axiocam MRm camera (Zeiss Microscopy, Jena,
Germany).

The criteria for the intestinal disruption were based on
the fluorescence of the epithelial cells. The epithelial cells
of worms without disruption were visualized forming a
ladder, whereas when the disruption occurred, the fluores-
cence of the GFP becomes blurry or fragmented.

Lifespan assay

The lifespan assay was conducted in L4 larva stage seeded
in NGM plates containing 40 mM 5-fluoro-2'-deoxyuridine
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[30]. In all cases, 25 worms were placed in each well and
each treatment was evaluated in triplicates and kept at 20 °C.
Dead worms were counted and removed every 2 days until
day 15, when counting was daily until the end of the study.
Nematodes were considered dead if they did not move after
repeated mechanical stimuli.

In vitro release study

In vitro release studies of bevacizumab from different nan-
oparticles were carried out in simulated gastric (SGF, pH
1.2) and intestinal fluids (SIF, pH 6.8). For each time point,
20 mg of bevacizumab-loaded formulations was dispersed
in 1 mL SFG and placed in a shaking bath (37 °C) with a
constant agitation of 60 strokes/min (VorTemp 56, Labnet
International, Edison, NJ). At predetermined time intervals,
samples were centrifuged for 10 min at 41,000 X g (Rotor
3336, Biofuge Heraeus, Hanau, Germany). After 30 min in
SFG, the samples were centrifuged, and the pellets were
redispersed in SIF. Supernatants were analyzed by HPLC.

In vivo pharmacokinetic study in rats

The pharmacokinetic study was performed in healthy male
Wistar rats (Envigo, Indianapolis, IN). All the manipula-
tions were carried out following an approved protocol by the
“Ethical and Biosafety Committee for Research on Animals”
from the University of Navarra, following the European leg-
islation on animal experimentation (protocol 113-21). At
the arrival of the rats, they were disposed in their cages with
free access to food and water. The conditions of the animal
house were strictly controlled with 12-h dark/light cycles
under controlled temperature (23 +2 °C). Rats were not
manipulated until 7-day acclimation process had finished.
After this period, rats were randomly divided into groups of
6 animals each. Before the beginning of the experiment, rats
were fasted 12 h before the start with free access to water.
Different treatment of nanoparticles was then administered
by oral gavage to rats at a dose of 15 mg/kg of bevacizumab.
The dose of the intravenous administration was 5 mg/kg of
bevacizumab. At different time points, blood samples for
the tail vein were obtained. Concentrations of bevacizumab
in plasma were quantified by the Shikari® Q-BEVA ELISA
kit. The bevacizumab concentrations obtained were then rep-
resented versus time, and a pharmacokinetic analysis was
performed using PKSolver [31]. Maximal plasma concentra-
tion (C,,,,), time in which C,, is reached (7,,,,,), area under
the concentration—time curve from time O to last sampling
time (AUC), and clearance (Cl) were calculated. Also, the
relative bioavailability (Fr %) was calculated as follows:

@ Springer

AUC oral X Dose i.v.
Fr(%)= x 100
t(%) AUC i.v. X Dose oral &)

Statistical analysis

The means and standard errors were calculated for every
dataset. All the group comparisons and statistical analyses
were performed using a one-way ANOVA test followed by
a Tukey—Kramer multicomparison test. In all cases, p <0.05
was considered as a statistically significant difference. All
calculations were performed using GraphPad Prism v6
(GraphPad Software, Boston, MA), and the curves were
plotted with the Origin 8 software from Origin Lab (North-
ampton, MA).

Results
Characterization of HIP complex with bevacizumab

In this work, bevacizumab complex with either DS or DOCU
was prepared at two different molar ratios (1:150 and 1:200).
In these conditions, the complex formation efficiency
between bevacizumab and DOCU was close to 90% at pH
values of 5 and 6.2 and lower than 20% at pH 9 (Fig. 1A,
B). For the bevacizumab-DS complex, the highest CE value
(about 90%) was observed at a molar ratio of 1:200 and pH
6.2. Overall, the complex formation efficiency was higher
for DOCU-based complex than for DS-based ones.

FTIR was conducted to evidence the interactions between
the monoclonal antibody and either DS (Fig. 1C) or DOCU
(Fig. 1D). For the B-DS complex, the interaction between
the monoclonal antibody and the counterion was confirmed
mainly by the shift of the signal corresponding to the car-
boxylic group of DS from 1403 to 1394 cm™', as well as by
the broadening and intensity reduction associated to O-H
stretching vibrations and C = O groups of bevacizumab and
DS upon complexation. For B-DOCU complex, the signals
associated to the sulfonate group of docusate (1215 cm™!
and 1050 cm™!) and the C-N vibration of bevacizumab
(1240 cm~! and 1145 cm™") turned into a pronounced single
band at 1230 cm~! and 1040 cm™', respectively, when the
complex was formed. All of these modifications provided
evidence of interaction between protonated amino acids of
bevacizumab and the negative ionized groups of DS (COO™)
and DOCU (SO;").

HIP complexes between the monoclonal antibody and
DS or DOCU were also incubated for 30 min in different
media and, after the centrifugation, the amount of bevaci-
zumab in the supernatants was quantified (Supplementary
information, Fig. S1). In water, the amount of dissociated
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Fig.1 Complex formation efficiency between bevacizumab and either
DS or DOCU at different pH conditions and bevacizumab-to-counterion
molar ratios of 1:150 (A) and 1:200 (B). The isoelectric point (pI) of
bevacizumab is approximately 8.3 [25]. Data expressed as mean+SD
(n=3). Bevacizumab was quantified by HPLC. FTIR spectra of HIP

bevacizumab was lower than 10% for both complexes. On
the contrary, a different behavior for B-DS and B-DOCU
was observed when analyzed in simulated gastric and intes-
tinal fluids. Thus, for B-DS, about 90% of bevacizumab
appeared to be dissociated when incubated in both SGF and
SIF for 30 min. On the contrary, less than 10% of beva-
cizumab was found dissociated for the B-DOCU complex
when incubated in either SGF or SIF.

Characterization and evaluation
of albumin nanoparticles

Physicochemical characterization

Albumin nanoparticles were prepared by desolvation and
then stabilized by their coating with PEG 35,000. These
nanoparticles (NP-P) displayed a mean size of about
207 nm with a negative zeta potential of —25 mV and a
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and the sulfonate group of DOCU (SO;7; 1215 and 1050 em™)

yield (calculated as the amount of HSA transformed into
nanoparticles) close to 80% (Table 1). The incorporation of
either DS or DOCU in PEG-coated nanoparticles signifi-
cantly increased the mean size of the resulting nanoparticles
(DS-NP-P and DOCU-NP-P, respectively). This increase
was particularly high for DOCU-NP-P 100 nm bigger than
NP-P. DS-NP-P and DOCU-NP-P displayed similar negative
zeta potential and yield values as control ones.

Table 1 Physicochemical characterization of albumin nanoparticles.
Data expressed as mean=+SD (n=6)

Size (nm) PDI Zeta Amount
potential of HSA
(mV) (%)
NP-P 207 +£2 0.10+0.01 -26=+1 79+4
DS-NP-P 280+13 0.08+0.04 —-28+1 83+3
DOCU-NP-P  310+9 0.07+0.01 —-32+4 81+2
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Figure 2A shows the FTIR spectra of PEG-coated albu-
min nanoparticles (NP-P) and their main individual compo-
nents. In the nanoparticles, the interaction between PEG35
and albumin was evidenced by the signals observed in the
so-called fingerprint region by FTIR analysis (Fig. 2A).
Thus, the C-O stretching vibration band of the OH end
group and the signal associated to C—O—C stretching vibra-
tion of PEG35 were shifted toward higher frequencies (from
1093 cm™! and 1059 cm™", for pure PEG35, to 1103 cm™'
and 1074 cm™!, in nanoparticles, respectively). In addition,
the signals corresponding to CH, groups of PEG35 (960 and
840 cm™!) also appeared as slightly broadening bands in the
nanoparticles. All of these changes would be the result of
the interaction between PEG35 and albumin at the surface of
nanoparticles. Figure 2B shows the thermograms obtained
by DSC analysis of PEG-coated albumin nanoparticles (NP-
P) and their main individual components. For PEG 35,000,
the thermogram was characterized by a broad endothermic
signal, corresponding with the melting point of this sub-
stance (about 68 °C), typical of a no high crystalline sub-
stance. This signal was also clearly observed in the physical
mixture between albumin and PEG35. Regarding the ther-
mogram of PEG-coated nanoparticles, the broad endother-
mic peak appearing at 57 °C may be attributed to interaction
between PEG35 and albumin. In a similar way, the weak
signals observed at 136 °C and 145 °C, as well as a melting
endothermic peak detected at higher temperatures (164 °C)
compared to HSA (155 °C), would correspond to the protein
thermal behavior (unfolding and melting processes) due to
its interaction with PEG35.

Evaluation of mucus-permeating properties

The relative mucus diffusion of the nanoparticles was
evaluated in pig intestinal mucus (Supplementary material
Table S1 and Fig. 3A). As control, DS-NP (prepared with-
out the outer PEG35 coating layer) was employed. These
nanoparticles displayed a mean size of 264 + 14 nm and a
negative zeta potential (—28 + 1 mV). PEG-coated nanopar-
ticles containing DS (DS-NP-P) significantly increased the
diffusivity in mucus compared with NP-P. Moreover, the
presence of PEG35 increase 4.8 times the diffusion for DS-
NP-P compared to DS-NP. On the contrary, the incorpora-
tion of DOCU to PEG-coated nanoparticles (DOCU-NP-P)
decreased 0.7-fold their diffusion in mucus.

Figure 3B shows the fluorescence micrographs of the gas-
trointestinal tract of rats obtained 4 h post-administration of
the different Lumogen® Red-loaded nanoparticles. Likely,
the Lumogen suspension (control) was mainly localized in
the stomach. Also, as a control, DS-NP (without PEG35)
was used. PEG-coated and uncoated nanoparticles depicted
differences that may be attributed to the presence of PEG35.
In this case, the localization of DS-NP seemed to be almost
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limited to the lumen and the mucus layer. On the contrary,
PEG-coated nanoparticles (DOCU-NP-P and DS-NP-P) were
able to reach the intestinal epithelium occupying the intervilli
spaces and even reaching the intestinal crypts especially at
distal portion of the small intestine (jejunum and ileum).

Evaluation of the permeation enhancer properties

After confirming that the worms ingested nanoparticles
orally (Fig. S2 in Supplementary information), the effect
of nanoparticles and the permeation enhancers (DS and
DOCU) on the integrity of the epithelial junctions and
lifespan was evaluated in FT63 worms. As expected, the
supplementation of NGM with either DS or DOCU induced
a clear loss of the integrity in the intestinal epithelium of
animals (Fig. 4A, B). However, the incidence in the num-
ber of worms that showed intestinal disruption was similar
for animals treated with free or nanoencapsulated absorp-
tion enhancers. In the same way, no statistically significant
differences were observed between the treatments with DS
or with DOCU (Fig. 4A). In contrast, NP-P (without per-
meation enhancer) displayed an approx. 2 times lower inci-
dence of animals with intestinal disruption than DS-NP-P
or DOCU-NP-P (p <0.001).

Results from the lifespan experiment are summarized in
Table 2. The Kaplan—Meier representations of the percent-
age of worms alive over time can be found in the Supple-
mentary information (Fig. S3). In all cases, the lifespan of
worms showed similar values to control (NGM group), inde-
pendent of the treatment. The overall median survival was
17 days and the maximum life expectancy close to 25 days.

Bevacizumab-loaded nanoparticles
Characterization of nanoparticles

Table 3 summarizes the main physicochemical characteris-
tics of bevacizumab-loaded nanoparticles employed in this
study. When free bevacizumab was incorporated in albu-
min nanoparticles, the mean size was about 225 nm and
the zeta potential close to —36 mV. The coating of those
nanoparticles with PEG35 (B-NP-P) increased the mean
size (235 nm) and slightly reduced the negative zeta poten-
tial (about —28 mV). On the other hand, the encapsulation
of HIP complexes in albumin nanoparticles increased the
mean size, until 270 nm (for B-DS-NP-P when B-DS was
employed) and 328 nm (for B-DOCU-NP-P, for B-DOCU).
In detail, the best encapsulation efficiency (EE) was
obtained using the B-DS complex with about 90% of the
monoclonal antibody encapsulated and a payload of 43 pg
bevacizumab per mg nanoparticle; this EE was significantly
higher (p <0.05) than for B-DOCU with a bevacizumab
loading of 35 pg/mg, which corresponded to an EE of 70%.
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Fig.2 FTIR spectra and

DSC curves of PEG-coated
nanoparticles (NP-P) and

their individual components.

In FTIR spectra (A), dashed
lines correspond to amide I
and II of albumin (1655 and
1525 cm™!, respectively) and
the following PEG35 character-
istic bands: C-O (1145 cm™),
C-O stretching band of the

OH end group (1093 cm™}),
C-0-C (1059 cm™"), and CH,
(960 cm™.). In B, the upper
right box shows a magnification
of the spectrum area of NP-P
corresponding to the unfolding
and melting process of HSA.
HSA +PEG: physical mixture
of albumin and PEG35
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Fig.3 Evaluation of the capa-
bility of nanoparticles to diffuse
in intestinal mucus and reach
the epithelial surface in the gut.
A The diffusion of nanoparticles
was evaluated in pig intestinal
mucus. Data are normalized to
the value of NP-P and expressed
as mean +SD (n=3); *p<0.05,
*#*% p<0.001. B Fluorescence
microscopy images of the
gastrointestinal tract after 4 h

of administration of Lumogen®
Red-labeled nanoparticles con-
taining DS or DOCU (in red).
Nuclei of cells are stained with
DAPI (blue). L: lumen; MM:
muscularis mucosa; C: crypts.
Scale bar represents 200 pm

Relative mucus diffusion (%)
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The morphological analysis by scanning electron micros-  Figure 5C shows the microfluidic electrophoresis analysis
copy (SEM) showed that all the formulations consisted of a  of these nanoparticles. By this technique, bevacizumab
homogeneous population of spherical-shaped nanoparticles  appeared as a band at 165 kDa. The quantification of this
(Fig. 5A, B). The size values obtained by this technique  band provided bevacizumab loading and EE values similar
were similar to those obtained by dynamic light scattering.  to that obtained by ELISA (Table 3) confirming that the
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Fig.4 Evaluation of the permeation enhancer effect of nanoparti-
cles and the lifespan of transgenic C. elegans FT63 (DLG:GFP). A
Effect on the disruption capacity of nanoparticles at the epithelial
junctions of the intestine of transgenic C. elegans. Data expressed as
mean=+SD (n>90). *** p<0.001. B Images of disruption on intes-
tinal epithelium of worms taken in a fluorescence microscope 10X at

Table 2 Effect of permeation enhancers, free or nanoencapsulated,
supplementation on the lifespan of C. elegans, expressed as mean,
median, and maximum life expectancy. NGM: control, n > 70 worms

' i
DS-NP-P DOCU-NP-P

Treatment Mean survival Median survival Maximum
(days) (days) (days)

NGM 13 16+1 24+2

DS 13 18+3 23+1

DOCU 17 20+1 25+2

DS-NP-P 15 16+2 26+2

DOCU-NP-P 13 15+1 24+2

Table 3 Physicochemical characterization of bevacizumab-loaded
albumin nanoparticles. PDI polydispersity index, EE encapsula-
tion efficiency, B-NP bevacizumab loaded in albumin nanoparticles,
B-NP-P bevacizumab-loaded nanoparticles coated with PEG35,
B-DS-NP-P albumin nanoparticles containing the bevacizumab-DS

DOCU-NP-P

L4 stage. Scale bar represents 100 um. DS: free sodium deoxycholate,
DOCU: free sodium docusate, NP-P: PEG-coated albumin nanoparti-
cles, DS-NP-P: DS encapsulated into PEG-coated albumin nanopar-
ticles, DOCU-NP-P: DOCU encapsulated into PEG-coated albumin
nanoparticles. NGM: control

preparative process of nanoparticles did not have any sig-
nificant influence on the stability and structural integrity of
bevacizumab. Figure 5D shows the release of bevacizumab
from nanoparticles during their incubation in SGF (for the
first 30 min) and then in SIF. All the formulations displayed
a similar profile, characterized by an important release of the
bevacizumab content (of about 50-60%) when incubated in
SGF. However, when the formulations were moved to the
SIF, nanoparticles containing the bevacizumab complexes
with either DOCU or DS displayed a lower amount of beva-
cizumab released than from B-NP or B-NP-P. Thus, after

complex coated with PEG35, B-DOCU-NP-P albumin nanoparticles
containing the bevacizumab-DOCU complex coated with PEG35.
Data expressed as mean=+SD (n=6). Bevacizumab was quantified by
ELISA

Size (nm) PDI Zeta potential (mV) EE (%) Payload
(ng/mg
NP)
B-NP 225+5 0.06+0.02 —-36+2 82+2 61+3
B-NP-P 235+2 0.12+0.03 —-28+4 89+5 46+4
B-DS-NP-P 270+ 6 0.13+0.03 —-29+4 90+2 43+1
B-DOCU-NP-P 328+32 0.19+0.08 -26+5 70+6 35+3
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Fig.5 Scanning electron microscope images of B-NP-P (A) and
B-DS-NP-P (B). C Microfluidic-based automated electrophore-
sis of nanoparticles. L: ladder; 1: HSA; 2: bevacizumab; 3: physi-
cal mixture (HSA+BEVA); 4. B-DS-NP-P; 5: B-DOCU-NP-P. D

| HSA

8 h of incubation in SGF (for 30 min) and SIF (for 7.5 h),
the amount of bevacizumab released from B-NP or B-NP-P
was about 90% of the initial content, whereas for B-DOCU-
NP-P or B-DS-NP-P, the amount of the monoclonal antibody
released was only about 75%.

In vivo pharmacokinetic study

For the pharmacokinetic study, a bevacizumab solution
intravenously administered at a dose of 5 mg/kg was used
as control. The plasma levels were characterized by an ini-
tial rapid decrease during the first 24 h, followed by a slow
decrease during the following 29 days. The pharmacokinetic
parameters, summarized in Table 4, showed a C,,,
129 pg/mL and an AUC of 659 pg/mL per day.

On the other hand, B-NP-P and B-DS-NP-P were orally
administered as a single dose of 15 mg/kg (Fig. 6). The plasma
levels of bevacizumab after its administration as an oral

of about
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In vitro release profile of bevacizumab-loaded nanoparticles. Data
are expressed as mean+SD (n=3). Bevacizumab was quantified by
HPLC

solution or encapsulated in B-NP-P were very low (less than
70 ng/mL). On the contrary, for B-DS-NP-P, the pharmacoki-
netic profile of bevacizumab was characterized by an initial
rapid increase of its concentration in plasma levels, followed
by a slow decrease during the following 3 h, and a plateau of
bevacizumab plasma concentration (close to 2 pg/mL) up to
30 days post-administration. The maximum concentration was
about 10 pg/mL and the AUC was calculated to be 37 pg/mL
per day, with a relative oral bioavailability of 3.7%.

Discussion

The purpose of the work was to design and evaluate an
adequate oral delivery system to promote the oral bioa-
vailability of therapeutic proteins, using bevacizumab as a
model. The strategy was based on the encapsulation of the
monoclonal antibody as HIP complex with a counterion
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Table 4 Pharmacokinetic parameters obtained for the administration
of free and nanoencapsulated bevacizumab at 15 mg/kg. Data are
expressed as mean+SD (n=6). Bevacizumab bevacizumab aque-
ous solution, B-NP-P bevacizumab-loaded nanoparticles coated with
PEG35, B-DS-NP-P albumin nanoparticles containing the bevaci-

zumab-DS complex coated with PEG35, po per oral, T,,, time to
reach maximum plasma concentration, C,,, maximum plasma con-
centration, t;, half-life, AUC area under the curve, Fr relative oral

bioavailability, NA not available

Imax (days) Cinax (ng/mL) ty, (days) AUC, 34 (ng/mL-d) Fr
Bevacizumab iv 0 129+1 13+3 659 +31 100
Bevacizumab po NA NA NA NA NA
B-NP-P 0.33+0.05 0.08 +£0.02 NA 0.06+0.02 0.003
B-DS-NP-P 0.25+0.08 10+1 36+14 73+7 3.7

(either DS or DOCU), in mucus-permeating nanoparticles.
Both compounds, DS and DOCU, have been employed to
increase the hydrophobicity of proteins (and other drugs)
to enhance their encapsulation in SEDDS [32] and nano-
particles based on hydrophobic polymers such as PLGA
[33] or lipids [34]. Moreover, DS and DOCU also pos-
sess permeation enhancer properties by disrupting in a
reversible way the tight junctions between epithelial cells
[8, 35], leading to an increase in paracellular transport of
drugs through the intercellular gaps [36].

In our case, the complex formation efficiency was higher
for the bevacizamab-DOCU complex than for bevacizumab-
DS one (Fig. 1). In addition, the formation of the complex
was affected by the pH of the medium (particularly for DS-
based complex); however, in both cases, the efficiency of
the formation process was higher than 90% (molar ratio of
1:200 and pH 6.2). These experimental conditions are in line

Fig. 6 Pharmacokinetic profile

N

H

o
J

with previous results in which hydrophobic ion-pairing com-
plexes of bevacizumab with sodium docusate have been pre-
pared (bevacizumab-to-counterion ratio of 1:150 in water)
[37, 38]. The dissociation of the two HIP complexes (B-DS
and B-DOCU) was evaluated in different media (Supple-
mentary information, Fig. S1). Negligible dissociation was
observed for both complexes in water. However, in simulated
stomach and intestinal fluids, bevacizumab-DOCU complex
showed a lower dissociation than bevacizumab-DS complex.
This fact would be related to the strongest interaction of
cationic charges (bevacizumab) with sulfate groups (sodium
docusate) than with carboxylic groups (sodium deoxycho-
late) [39]. Similar incomplete dissociation in simulated flu-
ids has been reported for complexes between sodium dode-
cyl sulfate and a IgG-Fab fragment [40] or octreotide [41].
Next, these complexes were encapsulated in albumin
nanoparticles. The mean size was higher for B-DOCU-NP-P
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than for B-DS-NP-P, whereas the bevacizumab loading was
about 20% lower for nanoparticles containing B-DOCU than
B-DS complexes (Table 3). The nanoparticles were coated
with PEG35 to both confer structural stability and provide
a hydrophilic surface without ionizable groups. The inter-
molecular interactions between albumin and PEG35 on the
surface of nanoparticles were evidenced by FTIR and DSC
techniques (Fig. 2). Furthermore, the coating of nanoparti-
cles with PEG35 increased the capability of nanoparticles
to diffuse in pig intestinal mucus (Fig. 3A), particularly
DS-NP-P, which showed a significantly higher diffusivity
in mucus (X 5) than their uncovered counterparts (DS-NP).
The mucus-permeating properties of PEG-coated nano-
particles (DS-NP-P or DOCU-NP-P) were also evidenced
in vivo (Fig. 3B), being capable of reaching the intestinal
epithelium surface, whereas uncoated nanoparticles (DS-
NP) were found mainly in the mucus layer of the jejunum
and ileum (Fig. 3B). These results agree well with previous
works employing PLGA [42] or zein nanoparticles [28]. The
in vitro release study was performed in simulated gastroin-
testinal fluid and established a role for hydrophobic com-
plexation, as bevacizumab release was slower when encap-
sulated as HIP complex with either DOCU or DS. Similar
behavior has been previously reported by Peira et al. [38],
who demonstrated that the amount of bevacizumab released
from lipid nanoparticles decreased when formulated as HIP
complex with sodium docusate. PEG coating had no effect
in the release, although its role could be more important in
the presence of enzymes as its protection of proteins against
enzymatic degradation has been previously described [43].

Despite the interest of permeation enhancers to improve
the oral absorption of proteins, their safety may be an impor-
tant concern, particularly when high doses are employed or
in chronic treatments. Thus, the disruption of the tight junc-
tions may induce intestinal barrier dysfunction impairing
physiological functions [44] and facilitating the passage of
unwanted substances (i.e., toxins or pathogens) [45]. There-
fore, the ability of nanoparticles containing DS or DOCU
to induce the opening of tight junctions and their effect on
lifespan was evaluated on C. elegans FT63 strain (Fig. 4).
This model of intestinal permeability and barrier disruption
evaluation has been previously performed for a mechanistic
understanding of the effects caused by microorganisms and
chemicals [46]. These two compounds clearly altered the
integrity of the gut of animals and their effect (measured as
the percentage of worms that showed intestinal disruption)
was not lost by their encapsulation in albumin nanoparticles
(Fig. 4A, B). In any case, and in spite of the disruptive effect
observed for DS and DOCU (free or nanoencapsulated),
the lifespan of worms was similar to that of the control
group (Table 2 and Fig. S3 in Supplementary information)
and the reported value in the literature, around 2-3 weeks
(14-21 days) [47].
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In the pharmacokinetic study in rats (Fig. 6 and Table 4),
the administration of bevacizumab encapsulated in PEG-
coated nanoparticles (B-NP-P) produced a relative oral bio-
availability value of 0.003%. However, when the monoclonal
antibody was encapsulated in albumin nanoparticles in the
form of HIP complex with DS (B-DS-NP-P), the relative oral
bioavailability increased (at least) 1000-fold (3.7%, Table 4).

It is well established that only very small amounts of
intact immunoglobulins may reach the systemic circulation
when orally administered, suffering from their physicochem-
ical properties (size, charge, hydrophilicity) and sensitivity
to degradation by gastric and intestinal proteases [48]. How-
ever, the intestinal absorption of these biologicals to the cir-
culation, particularly those of the IgG isotype (such as beva-
cizumab), is possible by means of the neonatal Fc receptor
(FcRn) expressed in the intestinal villous enterocytes [49].
FcRn mediates bidirectional transport and immune response
to IgG and IgG immune complexes in the gut [50]. In pri-
mates, including humans, the expression of FcRn in the
enterocytes has been confirmed throughout adult life [51].
On the contrary, in the intestinal epithelium of rodents, FcRn
expression would be only limited to the suckling period [52],
being responsible for 80% of IgG uptake from the duode-
num [49]. This lack of FcRn in adult rats could explain the
very low oral bioavailability value obtained with B-NP-P,
in which bevacizumab was encapsulated in the free form,
compared to B-DS-NP-P, in which the monoclonal antibody
was encapsulated forming a complex with sodium deoxycho-
late. In any case, it is evident that the presence of sodium
deoxycholate promotes the oral absorption of bevacizumab.
In principle, the effect of sodium deoxycholate may be
explained at least by a triple mechanism. First, it has been
described that sodium deoxycholate can transiently disrupt
the integrity of the tight junctions between intestinal epithe-
lial cells [53]. As a result, the paracellular pathway would
be open and the passage of a macromolecule such as bevaci-
zumab facilitated. This mechanism was partially confirmed
by the evaluation of the intestinal disruption effect caused
by DS and DOCU in a transgenic C. elegans model (Fig. 4).

Second, sodium deoxycholate is an ionic detergent capa-
ble of disrupting cell membranes and protein to protein
interactions [54, 55] and, thus, may increase the fluidity of
cell membranes in the gastrointestinal tract. Moreover, it
has been described that fluidifying agents (i.e., detergents)
can fractionate the plasma membrane in vivo, and vesicles
formed would connect immediately to physiological mem-
brane-trafficking mechanisms [3, 56]. In consequence, this
increased fluidity may facilitate the absorption of bevaci-
zumab via a pinocytosis process, involving the uptake of
fluid and molecules by the cells lining the intestine.

Third, sodium deoxycholate can also act as protease
inhibitors to enhance oral absorption. In fact, bile salts have
been shown to inhibit brush border membrane and cytosolic
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proteolytic hydrolysis and would thus be useful to reduce intes-
tinal degradation of peptide drugs [57]. Thus, a macromolecule
such as bevacizumab, once released from the nanoparticle,
could maintain its integrity for a longer period and facilitate its
intact absorption by the transcellular route and/or pinocytosis.

Conclusions

In summary, the study demonstrates the successful encapsu-
lation of bevacizumab in PEG-coated albumin nanoparticles,
particularly with DS as the counterion, leading to improved
oral bioavailability. Albumin nanoparticles (containing either
DS or DOCU) were successfully prepared by desolvation
and then coated with PEG 35,000 to confer stability and
mucus-permeating properties. In C. elegans FT63, DS and
DOCU, either free or encapsulated, disrupted the integrity of
the intestinal epithelium, without affecting the overall sur-
vival of the worms. The relative oral bioavailability of beva-
cizumab was calculated to be up to 3.7%. For comparative
purposes, this value is higher than the reported oral bioavail-
ability of semaglutide (Rybelsus®, about 1%) [58] or octreo-
tide (Mycapssa®, about 0.7%) [59]. The presence of sodium
deoxycholate appears to play a critical role in enhancing the
oral absorption of bevacizumab through various potential
mechanisms, including tight junction disruption, increased
fluidity of membranes, and/or enzymatic inhibition.
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Acknowledgements Cristina Pangua acknowledges the Spanish Asso-
ciation Against Cancer Scientific Foundation (AECC FC) for the pre-
doctoral fellowship PRDNA21586PANG. C. elegans FT63 strain was
provided by the CGC, which is funded by NIH Office of Research
Infrastructure Programs (P40 OD010440).

Author contribution All authors contributed to the study conception
and design. Material preparation, data collection, and analysis were
performed by CP, SE, and CM-O. JLV and JMI supervised the experi-
ments. The first draft of the manuscript was written by CP, and all
authors commented on previous versions of the manuscript. All authors
read and approved the final manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. This work was supported by the Span-
ish Association Against Cancer Scientific Foundation (AECC FC) for
the predoctoral fellowship PRDNA21586PANG.

Data availability The datasets generated during and/or analyzed dur-

ing the current study are available from the corresponding author on
reasonable request.

Declarations

Ethics approval and consent to participate All institutional and national
guidelines for the care and use of laboratory animals were followed. The

protocols were approved by the “Ethical and Biosafety Committee for
Research on Animals” (protocol numbers 045-18 and 113-21).

Consent for publication All authors give consent for publication.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Elgundi Z, Reslan M, Cruz E, Sifniotis V, Kayser V. The state-
of-play and future of antibody therapeutics. Adv Drug Deliv Rev.
2017;122:2-19. https://doi.org/10.1016/J.ADDR.2016.11.004.

2. Kesik-Brodacka M. Progress in biopharmaceutical development.
Biotechnol Appl Biochem. 2018;65(3):306-22. https://doi.org/10.
1002/bab.1617.

3. Lagassé HA, Alexaki A, Simhadri VL, Katagiri NH, Jankowski
W, Sauna ZE, Kimchi-Sarfaty C. Recent advances in (therapeutic
protein) drug development. F1000Res. 2017;6:113. https://doi.
org/10.12688/f1000research.9970.1.

4. Laptos T, Omersel J. The importance of handling high-value
biologicals: physico-chemical instability and immunogenicity
of monoclonal antibodies. Exp Ther Med. 2018;15(4):3161-8.
https://doi.org/10.3892/etm.2018.5821.

5. Dimitrov DS. Therapeutic proteins. Methods Mol Biol.
2012;899:1-26. https://doi.org/10.1007/978-1-61779-921-1_1.

6. Algahtani MS, Kazi M, Alsenaidy MA, Ahmad MZ. Advances
in oral drug delivery. Front Pharmacol. 2021;12: 618411. https://
doi.org/10.3389/fphar.2021.618411.

7. Lou J, Duan H, Qin Q, Teng Z, Gan F, Zhou X, Zhou X.
Advances in oral drug delivery systems: challenges and opportu-
nities. Pharmaceutics. 2023;15(2):484. https://doi.org/10.3390/
pharmaceutics15020484.

8. Han Y, Gao Z, Chen L, Kang L, Huang W, Jin M, Wang Q, Bae
YH. Multifunctional oral delivery systems for enhanced bio-
availability of therapeutic peptides/proteins. Acta Pharm Sin B.
2019;9(5):902-22. https://doi.org/10.1016/j.apsb.2019.01.004.

9. Hooton D, Lentle R, Monro J, Wickham M, Simpson R. The
secretion and action of brush border enzymes in the mammalian
small intestine. Rev Physiol Biochem Pharmacol. 2015;168:59—
118. https://doi.org/10.1007/112_2015_24.

10. Subramanian DA, Langer R, Traverso G. Mucus interaction to
improve gastrointestinal retention and pharmacokinetics of orally
administered nano-drug delivery systems. J Nanobiotechnology.
2022;20(1):362. https://doi.org/10.1186/s12951-022-01539-x.

11. Haddadzadegan S, Dorkoosh F, Bernkop-Schniirch A. Oral
delivery of therapeutic peptides and proteins: technology
landscape of lipid-based nanocarriers. Adv Drug Deliv Rev.
2022;182: 114097. https://doi.org/10.1016/j.addr.2021.114097.

12. Renukuntla J, Vadlapudi AD, Patel A, Boddu SH, Mitra AK.
Approaches for enhancing oral bioavailability of peptides and

@ Springer


https://doi.org/10.1007/s13346-023-01454-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/J.ADDR.2016.11.004
https://doi.org/10.1002/bab.1617
https://doi.org/10.1002/bab.1617
https://doi.org/10.12688/f1000research.9970.1
https://doi.org/10.12688/f1000research.9970.1
https://doi.org/10.3892/etm.2018.5821
https://doi.org/10.1007/978-1-61779-921-1_1
https://doi.org/10.3389/fphar.2021.618411
https://doi.org/10.3389/fphar.2021.618411
https://doi.org/10.3390/pharmaceutics15020484
https://doi.org/10.3390/pharmaceutics15020484
https://doi.org/10.1016/j.apsb.2019.01.004
https://doi.org/10.1007/112_2015_24
https://doi.org/10.1186/s12951-022-01539-x
https://doi.org/10.1016/j.addr.2021.114097

Drug Delivery and Translational Research

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

proteins. Int J Pharm. 2013;447(1-2):75-93. https://doi.org/10.
1016/j.ijpharm.2013.02.030.

. Moradi SV, Hussein WM, Varamini P, Simerska P, Toth I. Gly-

cosylation, an effective synthetic strategy to improve the bio-
availability of therapeutic peptides. Chem Sci. 2016;7(4):2492—
500. https://doi.org/10.1039/c5sc04392a.

Hackett MJ, Zaro JL, Shen WC, Guley PC, Cho MJ. Fatty acids
as therapeutic auxiliaries for oral and parenteral formulations.
Adv Drug Deliv Rev. 2013;65(10):1331-9. https://doi.org/10.
1016/j.addr.2012.07.012.

Riader AFB, Reichart F, Weinmiiller M, Kessler H. Improving
oral bioavailability of cyclic peptides by N-methylation. Bioorg
Med Chem. 2018;26(10):2766-73. https://doi.org/10.1016/j.
bmc.2017.08.031.

Choonara BF, Choonara YE, Kumar P, Bijukumar D, du Toit LC,
Pillay V. A review of advanced oral drug delivery technologies
facilitating the protection and absorption of protein and peptide
molecules. Biotechnol Adv. 2014;32(7):1269-82. https://doi.org/
10.1016/j.biotechadv.2014.07.006.

Dan N, Samanta K, Almoazen H. An update on pharmaceutical
strategies for oral delivery of therapeutic peptides and proteins
in adults and pediatrics. Children (Basel). 2020;7(12):307.
https://doi.org/10.3390/children7120307.

Mabher S, Mrsny RJ, Brayden DJ. Intestinal permeation enhanc-
ers for oral peptide delivery. Adv Drug Deliv Rev. 2016;106(Pt
B):277-319. https://doi.org/10.1016/j.addr.2016.06.005.

Shi L, Zhang J, Zhao M, Tang S, Cheng X, Zhang W, Li W,
Liu X, Peng H, Wang Q. Effects of polyethylene glycol on the
surface of nanoparticles for targeted drug delivery. Nanoscale.
2021;13(24):10748-64. https://doi.org/10.1039/DINR02065J.
Cao SJ, Xu S, Wang HM, Ling Y, Dong J, Xia RD, Sun XH.
Nanoparticles: oral delivery for protein and peptide drugs.
AAPS PharmSciTech. 2019;20(5):190. https://doi.org/10.1208/
$12249-019-1325-z.

Ensign LM, Schneider C, Suk JS, Cone R, Hanes J. Mucus
penetrating nanoparticles: biophysical tool and method of drug
and gene delivery. Adv Mater. 2012;24(28):3887-94. https://
doi.org/10.1002/adma.201201800.

Pereira de Sousa I, Steiner C, Schmutzler M, Wilcox MD,
Veldhuis GJ, Pearson JP, Huck CW, Salvenmoser W, Bernkop-
Schniirch A. Mucus permeating carriers: formulation and
characterization of highly densely charged nanoparticles. Eur
J Pharm Biopharm. 2015;97(Pt A):273-9. https://doi.org/10.
1016/j.ejpb.2014.12.024.

Bourganis V, Karamanidou T, Samaridou E, Karidi K, Kammona
O, Kiparissides C. On the synthesis of mucus permeating
nanocarriers. Eur J Pharm Biopharm. 2015;97(Pt A):239-49.
https://doi.org/10.1016/.ejpb.2015.01.021.

Inchaurraga L, Martin-Arbella N, Zabaleta V, Quincoces G,
Peiiuelas I, Irache JM. In vivo study of the mucus-permeating
properties of PEG-coated nanoparticles following oral admin-
istration. Eur J Pharm Biopharm. 2015;97(Pt A):280-9. https://
doi.org/10.1016/j.ejpb.2014.12.021.

Garcia J, Hurwitz HI, Sandler AB, Miles D, Coleman RL,
Deurloo R, Chinot OL. Bevacizumab (Avastin®) in cancer
treatment: a review of 15 years of clinical experience and future
outlook. Cancer Treat Rev. 2020;86: 102017. https://doi.org/10.
1016/j.ctrv.2020.102017.

Luis de Redin I, Boiero C, Martinez-Oharriz MC, Agiieros
M, Ramos R, Peifiuelas I, Allemandi D, Llabot JM, Irache JM.
Human serum albumin nanoparticles for ocular delivery of
bevacizumab. Int J Pharm. 2018;541(1-2):214-23. https://doi.
org/10.1016/j.ijpharm.2018.02.003.

Abdulkarim M, Agullé N, Cattoz B, Griffiths P, Bernkop-
Schniirch A, Borros SG, Gumbleton M. Nanoparticle diffusion
within intestinal mucus: three-dimensional response analysis

@ Springer

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

dissecting the impact of particle surface charge, size and hetero-
geneity across polyelectrolyte, pegylated and viral particles. Eur J
Pharm Biopharm. 2015;97(Pt A):230-8. https://doi.org/10.1016/J.
EJPB.2015.01.023.

Reboredo C, Gonzalez-Navarro CJ, Martinez-Oharriz C,
Martinez-Lopez AL, Irache JM. Preparation and evaluation of
PEG-coated zein nanoparticles for oral drug delivery purposes.
Int J Pharm. 2021;597: 120287. https://doi.org/10.1016/J. 1IJPHA
RM.2021.120287.

Wan L, Lin J, Du H, Zhang Y, Bravo A, Soberén M, Sun M,
Peng D. Bacillus thuringiensis targets the host intestinal epithe-
lial junctions for successful infection of Caenorhabditis elegans.
Environ Microbiol. 2019;21(3):1086-98. https://doi.org/10.1111/
1462-2920.14528.

Martinez-Lépez AL, Gonzalez-Navarro CJ, Aranaz P, Vizmanos JL,
Irache JM. In vivo testing of mucus-permeating nanoparticles for
oral insulin delivery using Caenorhabditis elegans as a model under
hyperglycemic conditions. Acta Pharm Sin B. 2021;11(4):989—
1002. https://doi.org/10.1016/J.APSB.2021.02.020.

Zhang Y, Huo M, Zhou J, Xie S. PKSolver: an add-in program for
pharmacokinetic and pharmacodynamic data analysis in Micro-
soft Excel. Comput Methods Programs Biomed. 2010;99:306-14.
https://doi.org/10.1016/j.cmpb.2010.01.007.

Malkawi A, Jalil A, Nazir I, Matuszczak B, Kennedy R, Bernkop-
Schniirch A. Self-emulsifying drug delivery systems: hydropho-
bic drug polymer complexes provide a sustained release in vitro.
Mol Pharm. 2020;17(10):3709-19. https://doi.org/10.1021/acs.
molpharmaceut.0c00389.

Holmkvist AD, Friberg A, Nilsson UJ, Schouenborg J. Hydro-
phobic ion pairing of a minocycline/Ca(2+)/AOT complex for
preparation of drug-loaded PLGA nanoparticles with improved
sustained release. Int J Pharm. 2016;499(1-2):351-7. https://doi.
org/10.1016/j.ijpharm.2016.01.011.

Devrim B, Asuman B. Design and evaluation of hydrophobic ion-
pairing complexation of lysozyme with sodium dodecyl sulfate
for improved encapsulation of hydrophilic peptides/proteins by
lipid-polymer hybrid nanoparticles. ] Nanomed Nanotechnol.
2015;06:1-5.https://doi.org/10.4172/2157-7439.1000259.

Fein KC, Gleeson JP, Newby AN, Whitehead KA. Intestinal per-
meation enhancers enable oral delivery of macromolecules up to
70 kDa in size. Eur J Pharm Biopharm. 2022;170:70-6. https://
doi.org/10.1016/j.ejpb.2021.11.010.

Narkar Y, Burnette R, Bleher R, Albrecht R, Kandela A, Robinson
JR. Evaluation of mucosal damage and recovery in the gastrointesti-
nal tract of rats by a penetration enhancer. Pharm Res. 2008;25(1):25-
38. https://doi.org/10.1007/s11095-007-9509-8.

Battaglia L, Gallarate M, Peira E, Chirio D, Solazzi I, Giordano
SM, Gigliotti CL, Riganti C, Dianzani C. Bevacizumab loaded
solid lipid nanoparticles prepared by the coacervation technique:
preliminary in vitro studies. Nanotechnology. 2015;26(25):
255102. https://doi.org/10.1088/0957-4484/26/25/255102.

Peira E, Chindamo G, Chirio D, Sapino S, Oliaro-Bosso S,
Rebba E, Ivanchenko P, Gallarate M. Assessment of in-situ
gelling microemulsion systems upon temperature and dilution
condition for corneal delivery of bevacizumab. Pharmaceutics.
2021;13(2):258. https://doi.org/10.3390/pharmaceutics 13020258.
Ristroph KD, Prud’homme RK. Hydrophobic ion pairing encap-
sulating small molecules, peptides, and proteins into nanocarri-
ers. Nanoscale Adv. 2019;1(11):4207-37.https://doi.org/10.1039/
¢9na00308h.

Patel A, Gaudana R, Mitra AK. A novel approach for antibody
nanocarriers development through hydrophobic ion-pairing com-
plexation. J Microencapsul. 2014;31(6):542-50. https://doi.org/
10.3109/02652048.2014.885606.

LiuJ, Xu Y, Liu Z, Ren H, Meng Z, Liu K, Liu Z, Yong J, Wang
Y, Li X. A modified hydrophobic ion-pairing complex strategy


https://doi.org/10.1016/j.ijpharm.2013.02.030
https://doi.org/10.1016/j.ijpharm.2013.02.030
https://doi.org/10.1039/c5sc04392a
https://doi.org/10.1016/j.addr.2012.07.012
https://doi.org/10.1016/j.addr.2012.07.012
https://doi.org/10.1016/j.bmc.2017.08.031
https://doi.org/10.1016/j.bmc.2017.08.031
https://doi.org/10.1016/j.biotechadv.2014.07.006
https://doi.org/10.1016/j.biotechadv.2014.07.006
https://doi.org/10.3390/children7120307
https://doi.org/10.1016/j.addr.2016.06.005
https://doi.org/10.1039/D1NR02065J
https://doi.org/10.1208/s12249-019-1325-z
https://doi.org/10.1208/s12249-019-1325-z
https://doi.org/10.1002/adma.201201800
https://doi.org/10.1002/adma.201201800
https://doi.org/10.1016/j.ejpb.2014.12.024
https://doi.org/10.1016/j.ejpb.2014.12.024
https://doi.org/10.1016/j.ejpb.2015.01.021
https://doi.org/10.1016/j.ejpb.2014.12.021
https://doi.org/10.1016/j.ejpb.2014.12.021
https://doi.org/10.1016/j.ctrv.2020.102017
https://doi.org/10.1016/j.ctrv.2020.102017
https://doi.org/10.1016/j.ijpharm.2018.02.003
https://doi.org/10.1016/j.ijpharm.2018.02.003
https://doi.org/10.1016/J.EJPB.2015.01.023
https://doi.org/10.1016/J.EJPB.2015.01.023
https://doi.org/10.1016/J.IJPHARM.2021.120287
https://doi.org/10.1016/J.IJPHARM.2021.120287
https://doi.org/10.1111/1462-2920.14528
https://doi.org/10.1111/1462-2920.14528
https://doi.org/10.1016/J.APSB.2021.02.020
https://doi.org/10.1016/j.cmpb.2010.01.007
https://doi.org/10.1021/acs.molpharmaceut.0c00389
https://doi.org/10.1021/acs.molpharmaceut.0c00389
https://doi.org/10.1016/j.ijpharm.2016.01.011
https://doi.org/10.1016/j.ijpharm.2016.01.011
https://doi.org/10.4172/2157-7439.1000259
https://doi.org/10.1016/j.ejpb.2021.11.010
https://doi.org/10.1016/j.ejpb.2021.11.010
https://doi.org/10.1007/s11095-007-9509-8
https://doi.org/10.1088/0957-4484/26/25/255102
https://doi.org/10.3390/pharmaceutics13020258
https://doi.org/10.1039/c9na00308h
https://doi.org/10.1039/c9na00308h
https://doi.org/10.3109/02652048.2014.885606
https://doi.org/10.3109/02652048.2014.885606

Drug Delivery and Translational Research

42.

43.

44,

45.

46.

47.

48.

49.

50.

for long-term peptide delivery with high drug encapsulation and
reduced burst release from PLGA microspheres. Eur J Pharm Biop-
harm. 2019;144:217-29. https://doi.org/10.1016/j.ejpb.2019.09.022.
Xu Q, Ensign LM, Boylan NJ, Schon A, Gong X, Yang JC,
Lamb NW, Cai S, Yu T, Freire E, Hanes J. Impact of surface
polyethylene glycol (PEG) density on biodegradable nanoparticle
transport in mucus ex vivo and distribution in vivo. ACS Nano.
2015;9(9):9217-27. https://doi.org/10.1021/acsnano.5b03876.
Liao R, Pon J, Chungyoun M, Nance E. Enzymatic protection and
biocompatibility screening of enzyme-loaded polymeric nanopar-
ticles for neurotherapeutic applications. Biomaterials. 2020;257:
120238. https://doi.org/10.1016/j.biomaterials.2020.120238.
McCartney F, Gleeson JP, Brayden DJ. Safety concerns over the
use of intestinal permeation enhancers: a mini-review. Tissue Bar-
riers. 2016;4(2): e1176822. https://doi.org/10.1080/21688370.
2016.1176822.

Lin PY, Chuang EY, Chiu YH, Chen HL, Lin KJ, Juang JH,
Chiang CH, Mi FL, Sung HW. Safety and efficacy of self-
assembling bubble carriers stabilized with sodium dodecyl
sulfate for oral delivery of therapeutic proteins. J Control Release.
2017;259:168-75. https://doi.org/10.1016/j.jconrel.2016.12.018.
Stutz K, Kaech A, Aebi M, Kiinzler M, Hengartner MO.
Disruption of the C. elegans intestinal brush border by the fungal
lectin CCL2 phenocopies dietary lectin toxicity in mammals.
PLo0S One. 2015;10(6):e0129381. https://doi.org/10.1371/journal.
pone.0129381.

Zhang S, LiF, Zhou T, Wang G, Li Z. Caenorhabditis elegans as a
useful model for studying aging mutations. Front Endocrinol (Laus-
anne). 2020;11:554994. https://doi.org/10.3389/fendo.2020.554994.
Tashima T. Delivery of orally administered digestible antibodies
using nanoparticles. Int J Mol Sci. 2021;22(7):3349. https://doi.
org/10.3390/ijms22073349.

Kliwinski C, Cooper PR, Perkinson R, Mabus JR, Tam SH,
Wilkinson TM, Giles-Komar J, Scallon B, Powers GD, Hornby
PJ. Contribution of FcRn binding to intestinal uptake of IgG in
suckling rat pups and human FcRn-transgenic mice. Am J Physiol
Gastrointest Liver Physiol. 2013;304(3):G262-70. https://doi.org/
10.1152/ajpgi.00340.2012.

Pyzik M, Sand KMK, Hubbard JJ, Andersen JT, Sandlie I,
Blumberg RS. The neonatal Fc receptor (FcRn): a misnomer?
Front Immunol. 2019;10:1540. https://doi.org/10.3389/fimmu.
2019.01540.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Pyzik M, Rath T, Lencer WI, Baker K, Blumberg RS. FcRn: the
architect behind the immune and nonimmune functions of IgG and
albumin. J Immunol. 2015;194(10):4595-603. https://doi.org/10.
1053/j.gastro.2016.08.014.Cagy.

Hornby PJ, Cooper PR, Kliwinski C, Ragwan E, Mabus JR,
Harman B, Thompson S, Kauffman AL, Yan Z, Tam SH, Dorai
H, Powers GD, Giles-Komar J. Human and non-human primate
intestinal FcRn expression and immunoglobulin G transcytosis.
Pharm Res. 2014;31(4):908-22. https://doi.org/10.1007/
s11095-013-1212-3.

Zeng H, Safratowich BD, Cheng WH, Larson KJ, Briske-
Anderson M. Deoxycholic acid modulates cell-junction gene
expression and increases intestinal barrier dysfunction. Molecules.
2022;27(3):723. https://doi.org/10.3390/molecules27030723.
Coreta-Gomes FM, Martins PA, Velazquez-Campoy A, Vaz WL,
Geraldes CF, Moreno MJ. Interaction of bile salts with model
membranes mimicking the gastrointestinal epithelium: a study
by isothermal titration calorimetry. Langmuir. 2015;31(33):9097—
104. https://doi.org/10.1021/acs.langmuir.5b01810.

Rotunda AM, Suzuki H, Moy RL, Kolodney MS. Detergent effects
of sodium deoxycholate are a major feature of an injectable phos-
phatidylcholine formulation used for localized fat dissolution.
Dermatol Surg. 2004;30(7):1001-8. https://doi.org/10.1111/j.
1524-4725.2004.30305.x.

Ryman JT, Meibohm B. Pharmacokinetics of monoclonal antibod-
ies. CPT Pharmacometrics Syst Pharmacol. 2017;6(9):576-88.
https://doi.org/10.1002/psp4.12224.

Bai JPF. 1994. Effects of bile salts on brush-border and cyto-
solic proteolytic activities of intestinal enterocytes. Int J Pharm.
1994;111(2):147-52. https://doi.org/10.1016/0378-5173(94)
00117-0.

Lewis AL, McEntee N, Holland J, Patel A. Development and
approval of rybelsus (oral semaglutide): ushering in a new era in
peptide delivery. Drug Deliv Transl Res. 2022;12(1):1-6. https://
doi.org/10.1007/s13346-021-01000-w.

Brayden DJ, Maher S. Transient Permeation Enhancer® (TPE®)
technology for oral delivery of octreotide: a technological evalu-
ation. Expert Opin Drug Deliv. 2021;18(10):1501-12. https://doi.
org/10.1080/17425247.2021.1942838.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.ejpb.2019.09.022
https://doi.org/10.1021/acsnano.5b03876
https://doi.org/10.1016/j.biomaterials.2020.120238
https://doi.org/10.1080/21688370.2016.1176822
https://doi.org/10.1080/21688370.2016.1176822
https://doi.org/10.1016/j.jconrel.2016.12.018
https://doi.org/10.1371/journal.pone.0129381
https://doi.org/10.1371/journal.pone.0129381
https://doi.org/10.3389/fendo.2020.554994
https://doi.org/10.3390/ijms22073349
https://doi.org/10.3390/ijms22073349
https://doi.org/10.1152/ajpgi.00340.2012
https://doi.org/10.1152/ajpgi.00340.2012
https://doi.org/10.3389/fimmu.2019.01540
https://doi.org/10.3389/fimmu.2019.01540
https://doi.org/10.1053/j.gastro.2016.08.014.CagY
https://doi.org/10.1053/j.gastro.2016.08.014.CagY
https://doi.org/10.1007/s11095-013-1212-3
https://doi.org/10.1007/s11095-013-1212-3
https://doi.org/10.3390/molecules27030723
https://doi.org/10.1021/acs.langmuir.5b01810
https://doi.org/10.1111/j.1524-4725.2004.30305.x
https://doi.org/10.1111/j.1524-4725.2004.30305.x
https://doi.org/10.1002/psp4.12224
https://doi.org/10.1016/0378-5173(94)00117-0
https://doi.org/10.1016/0378-5173(94)00117-0
https://doi.org/10.1007/s13346-021-01000-w
https://doi.org/10.1007/s13346-021-01000-w
https://doi.org/10.1080/17425247.2021.1942838
https://doi.org/10.1080/17425247.2021.1942838

	Mucus-penetrating and permeation enhancer albumin-based nanoparticles for oral delivery of macromolecules: Application to bevacizumab
	Abstract
	Introduction
	Materials and methods
	Materials
	Hydrophobic ion-pairing (HIP) complex formation with bevacizumab
	Characterization of HIP complex with bevacizumab 
	Complex formation efficiency
	FTIR analysis of bevacizumab-counterion
	HIP complex dissociation

	Preparation of empty nanoparticles
	Preparation of Lumogen®-labeled nanoparticles
	Preparation of bevacizumab-loaded nanoparticles
	Physicochemical characterization of nanoparticles
	Mean size, polydispersity index (PDI), and zeta potential
	Evaluation of shape and morphology
	Total process yield
	FTIR and DSC analysis
	Bevacizumab quantification and integrity by microfluidic electrophoresis
	Bevacizumab quantification by ELISA

	Ex vivo mucus diffusion studies by MPT
	Biodistribution of nanoparticles within the gut
	In vivo evaluation in Caenorhabditis elegans
	Strain and culture condition
	Analysis of C. elegans epithelialjunctions 
	Lifespan assay

	In vitro release study
	In vivo pharmacokinetic study in rats
	Statistical analysis

	Results
	Characterization of HIP complex with bevacizumab
	Characterization and evaluation of albumin nanoparticles
	Physicochemical characterization
	Evaluation of mucus-permeating properties
	Evaluation of the permeation enhancer properties

	Bevacizumab-loaded nanoparticles
	Characterization of nanoparticles
	In vivo pharmacokinetic study


	Discussion
	Conclusions
	Anchor 41
	Acknowledgements 
	References


