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Oral protein delivery holds significant promise as an effective therapeutic strategy for treating a wide
range of diseases. However, effective absorption of proteins faces challenges due to biological barriers
such as harsh conditions of the stomach and the low permeability of mucous membranes. To address
these challenges, this article presents a novel nano-in-nano platform designed for enteric protein delivery.
This platform, obtained by electrospinning, involves a coaxial arrangement comprising poly(N-vinylcapro-
lactam) nanogels (NGs) enclosed within nanofibers of Eudragit® L100-55 (EU), a pH-responsive polymer.
The pH-selective solubility of EU ensures the protection of NGs during their passage through the
stomach, where the fibers remain intact at low pH, and releases them in the intestine where EU dissolves.
The switchable characteristic of this nano-in-nano platform is confirmed by using NGs loaded with a
model protein (ovalbumin), which is selectively released when the intestinal pH is achieved. The versatility
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of this nano-in-nano delivery platform is demonstrated by the ability to modify the fibers dissolution
profile simply by adjusting the concentration of EU used in the electrospinning process. Furthermore, by
tuning the properties of NGs, the potential applications of this platform can be further extended, paving
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1. Introduction

Therapeutic proteins have emerged as crucial pharmaceutical
agents because of their high success in different disease treat-
ments." Proteins exhibit high selectivity through specific inter-
actions with targets, reducing side effects of treatments com-
pared to small drugs.” While oral administration is the pre-
ferred administration route because its safety, patient compli-
ance, ease of application, pain avoidance, and versatility, pro-
teins are typically delivered via parenteral routes. This is
primarily due to their poor oral bioavailability, as proteins face
multiple challenges such as acid inactivation, enzymatic degra-
dation, and low mucosal permeability.® Therefore, the develop-
ment of formulations that overcome gastrointestinal barriers
and facilitate oral protein delivery is imperative.
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the way for diverse therapeutic possibilities.

The use of nanoparticles for targeted and controlled drug
delivery has played a key role in achieving effective treatments
and minimizing adverse effects." Nanogels (NGs), crosslinked
polymer nanoparticles have shown promise in controlled and tar-
geted release due to their high water retention, large loading
capacities, stability in biological fluids, and biocompatibility.””
However, their application in oral delivery is limited by their large
exposed area and porosity, which limit the protection of their
cargo from the harsh conditions of the stomach. Previous studies
have explored strategies to bypass gastric conditions, such as
coating PLGA nanoparticles with Eudragit® FS30D, a pH-respon-
sive polymer soluble at a pH above 7, leading to their degradation
and release in the large intestine.® In the same way, mannosylated
chitosan nanoparticles coated with Eudragit® L100, which dis-
solves at pH 6, have demonstrated resistance to acid and enzyme
degradation in gastrointestinal fluid and selective release of an
antigenic protein in the intestine.’ Although these nanoparticu-
late systems allowed to protect the protein from stomach con-
ditions, the release in the intestine was not complete, reaching
approximately 30% protein released after 12 h. The use of nano-
fibers constitutes a promising approach for accelerating the
release time of a cargo molecule during oral delivery, due to their
large surface-to-volume ratio."

As there remains unexplored the effective combination both
systems (NGs and nanofibers) in a coaxial arrangement, in this
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Fig. 1 PVCL NGs synthesis (a), fibers formation (b) and nano-in-nano system in the gastrointestinal tract (c).

work we investigate the synthesis of a nano-in-nano polymer
system based on Eudragit® L100-55 (EU) and poly(N-vinylca-
prolactam) (PVCL) NGs. The system consists of coaxial nano-
fibers formed by a continuous EU sheath, a pH-responsive
polymer that dissolves at pH above 5.5,'' that contains
protein-laden PVCL NGs axially distributed. Fig. 1 shows the
two-step process employed to obtain the system. Initially,
PVCL NGs were synthesized by emulsion polymerization
(Fig. 1a), followed by coaxial electrospinning to fabricate fibers
(Fig. 1b). The selective solubility of EU throughout the gastro-
intestinal tract ensures the protection of NGs during passage
through the stomach, where fibers remain unaltered, and it
facilitates their release in the duodenum (pH 6) where the EU
dissolves (Fig. 1c). Although fibers loaded with NGs were pre-
viously synthesized to improve the biological activity of the
protein after the electrospinning process,'” this article pursues
the coaxial arrangement to ensure the protection of the
protein during the stomach passage. Indeed, coaxial electro-
spinning was specifically chosen to achieve good coverage of
NGs by internally injecting their dispersion along with an
external EU flow." In addition, this processing technique pre-
vents the protein from coming into contact with organic sol-
vents of EU phase, which could potentially damage it. This
nano-in-nano platform combines the advantages of using elec-
trospun fibers for oral delivery,'® providing a matrix-protective
structure with a large surface area and interconnected poro-
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sity,"* along with the versatile properties of NGs as a protein
delivery and targeting system.">™"”

2. Materials and methods

2.1. Materials

For NGs synthesis the following reagents were used:
N-vinylcaprolactam (VCL, 98% purity, Sigma) as monomer,
N,N-methylenebis(acrylamide) (BIS, 99.9% purity, Genbiotech)
as cross-linker, potassium persulfate (KPS, 99% purity,
Mallinckrodt) as initiator, sodium bicarbonate (NaHCOs;,
99.7% purity, Cicarelli) as buffer, sodium dodecyl sulfate (SDS,
Anedra) as emulsifier, and hydroquinone as polymerization
inhibitor (99% purity, Fluka AG). Eudragit® L100-55 was
gently provided by Evonik. Ethanol and N,N-dimethyl-
formamide (DMF) were purchased from Cicarelli. Ovalbumin
from chicken egg (OVA, 98% purity, Sigma) was used as model
protein. All reagents were employed as received without
purification.

2.2. Methods

2.2.1. Nanogels synthesis. Following the previously
reported conditions,'®'® PVCL NGs were prepared in a
200 mL-jacketed glass reactor equipped with mechanical
stirrer, steam condenser, sampling output, nitrogen inlet,

This journal is © The Royal Society of Chemistry 2024
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digital thermometer, and thermostat bath. The polymerization
temperature for all experiments was 70 °C. VCL, BIS (4%
weight based on monomer, wbm), NaHCO; (1% wbm), SDS
(4% wbm), and water were loaded into the reactor and kept
stirring while nitrogen was bubbled at the reaction mixture for
60 min. Then, KPS, which was predissolved in a small amount
of water, was injected into the reactor to initiate the polymeriz-
ation. The reaction conditions were maintained for 180 min.
The resulting NGs dispersions were purified through dialysis.

2.2.1.1. Nano-in-nano system preparation. For fibers prepa-
ration, a coaxial electrospinning process was employed. All
electrospinning experiments were conducted under ambient
conditions, at a temperature of 23 + 4 °C and relative humidity
of 58 + 6%. The EU solution was prepared using ethanol : DMF
(4:1) as a binary solvent and two EU concentrations (150 and
200 mg mL ") were tested. On the other hand, the NGs con-
centration was maintained at 10 mg mL™" in all syntheses. The
polymer solutions were electrospun in a YFLOW® 2.2.D-350
equipment with single or coaxial nozzles, and an aluminum
flat collector placed 17 cm away. The flow rates were varied
from 0.1 to 2 mL h™", while the voltage was adjusted between
15 and 19 kV to achieve a stable electrospinning process. After
processing, all membranes were dried and stored protected
from light until further use.

2.2.2. Characterization

2.2.2.1. NGs characterization. Monomer conversion and
average particle diameter were measured in the withdrawn
samples during the reactions. Conversion of VCL and BIS was
determined by "H NMR spectroscopy, following the method
reported by Imaz et al.'® The spectra were recorded in a Bruker
300 MHz spectrometer using a Watergate (83919GP, relaxation
time (D1): 1.00 s) technique to eliminate the water signal. VCL
conversion calculation was based on the peak areas corres-
ponding to the VCL vinyl bond and the internal standard
(AcNa). Average hydrodynamic particle diameter (D,) was
measured by dynamic light scattering (DLS) at a detection
angle of 90° in a Brookhaven BI-9000 AT photometer. The
thermal response of the final NGs was also determined by DLS
by measuring the D, of dilute samples (1 mg mL™") at increas-
ing temperatures (from 20 up to 55 °C with 0.5 °C intervals
and 2 min of stabilization between measurements). The
volume phase transition temperature (VPTT) was defined as
the temperature of the inflection point of the D, vs. tempera-
ture curve.

The morphology of the NGs was evaluated using trans-
mission electron microscopy (TEM, JEOL JEM-2100 Plus).
Sample preparation involved depositing a diluted NGs dis-
persion with a concentration of 1 mg mL™' onto Formvar®-
coated copper grids and allowing them to dry at room temp-
erature. NGs size distributions were obtained from TEM
images. Image-Pro Plus® software was used for measuring
NGs diameters, with at least 300 measurements per sample.

An OVA loaded PVCL NGs dispersion (with a final NGs
content of 5 mg mL™') was prepared by re-dispersing the
required mass of lyophilized NGs in a 4 mg mL ™" OVA solution
and incubating it for 48 h at 4 °C. After the incubation period,

This journal is © The Royal Society of Chemistry 2024
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the suspension was filtered using a VIVASPIN centrifugal filter
(molecular weight cut-off, MWCO, 300 kDa) at 7227 g and for
15 min to separate the loaded NGs from the unloaded protein
solution. The concentration of OVA in the supernatant before
the NGs re-dispersion and after filtration was measured using
the Bradford assay,”® to determine the loading capacity (LC)
and encapsulation efficiency (EE, %) of the NGs as follows:

mass of OVA loaded
LC =

mass of NGs

__ mass of OVAloaded o
" mass of OVA added

EE 100

OVA release study was conducted by incubating 1 mL of
PVCL NGs dispersion (with a NGs concentration of 5 mg
mL ") loaded with 3.8 mg of OVA in 6 mL of PBS (pH = 7.4) at
25 and 37 °C for 1 week. Assays were carried out per triplicate.
The release medium was replaced at regular intervals, and the
amount of released protein was measured using the Bradford
assay.?°

2.2.2.2. Fibers characterization. Fiber morphology was
examined by scanning electron microscopy (SEM, Jeol
JSM-6460LV), after sputtering with gold/palladium. Fibers size
distributions were obtained from SEM images. Image-Pro
Plus® software was used for measuring fiber diameters, with
at least 300 measurements per sample. The internal mor-
phology was studied using TEM. For this purpose, fibers were
directly electrospun and collected on a copper grid for 10
seconds. The sample was stained with a 1% phosphotungstic
acid solution and observed a 200 kV.

To determine the degradation profiles of the nano-in-nano
systems, nanofibrous membranes were incubated at 37 °C in
HCl1 0.1 N and PBS pH 6.8 to simulate gastric and intestine pH
conditions, respectively. The weight of the membranes was
recorded at different times. In the same assay, NGs release was
also studied. Media samples were withdrawn to measure the
transmittance at 500 nm using a PerkinElmer Lambda 950 UV/
Vis spectrophotometer after incubation for 5 min at 40 °C.
NGs concentration was determined by correlating a calibration
curve under the same conditions. The surface morphology of
the membranes was examined by SEM on a representative
sample immersed in PBS 6.8 for 5 min to observe fibers mor-
phology evolution during degradation.

The interactions between NGs and EU was investigated by
FTIR and TGA. FTIR analysis was performed using a Thermo
Scientific Nicolet 6700 Fourier transform infrared spectro-
meter. The spectra were recorded over a range of
500-4000 cm ™" with a resolution of 2 cm™ and averaged over
64 scans. TGA was conducted by heating the samples from 40
to 500 °C with a constant heating rate of 10 °C min~' under
nitrogen atmosphere using a Q500 equip from TA instruments.

In vitro OVA release was evaluated by immersing 35 mg of
fibers in 10 mL of HCI 0.1 N (pH 1.2) for 2 h, followed by 8 h
in 10 mL of PBS (pH 6.8). Experiments were performed in a
shaking bath at 37 °C per triplicate. The release medium was
replaced at regular time intervals, and the amount of released
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protein was measured using the Bradford assay.”’ For the tran-
sition from HCI 0.1 N to PBS environment, the medium was
simply replaced in the same vial while maintaining assessed
fibers remained during the whole experiment. For fibers con-
taining NGs, samples were centrifugated for 10 min at 10 000
rpm and 10 °C to separate loaded NGs from released OVA.
Then, the OVA concentration was measured from the
supernatant.

3. Results and discussion

3.1. Nanogels synthesis

PVCL NGs were synthesized through batch emulsion polymer-
ization using BIS as a crosslinker. A fast polymerization kinetic
was observed, reaching a maximum conversion of VCL and BIS
at around 20 min (Fig. S1at). The growth of NGs diameter cor-
related with monomer and BIS conversion, indicating that par-
ticles nucleation occurred only at the early stages of the reac-
tion (Fig. S1bt). The resulting PVCL NGs exhibited a spherical
morphology with irregular edges and an average diameter of
87.3 nm (Fig. 2a), as determined by TEM.

The NGs demonstrated thermoresponsive behavior, exhibit-
ing a transition temperature (VPTT) of 32.5 °C (Fig. 2b) in
aqueous media. This suggests that the NGs are expected to be
collapsed at the human body temperature. Furthermore, PVCL
NGs displayed the ability to efficiently load OVA with a LC and
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EE% of 0.94 and 94%, respectively. As it can be seen in Fig. 2c,
the release of OVA from the NGs showed temperature depen-
dence. At 37 °C, OVA was released at a faster rate compared to
25 °C, attributed to the enhanced diffusion of the protein
driven by the collapse of the NGs. The minimal release of OVA
at 25 °C suggests the presence of strong interactions between
the protein and the NGs network. Consequently, a precise
temperature-controlled ON-OFF effect was observed. This
result is important because NGs should be able to retain the
loaded OVA during the nano-in-nano system formation, a
process developed at temperatures near 25 °C.

3.2. Fibers preparation

For the preparation of the nano-in-nano system through
electrospinning, PVCL NGs and EU L100-55 solutions were
simultaneously injected using a coaxial nozzle. Compositional
and processing parameters were adjusted to achieve a stable
Taylor cone, as illustrated in Fig. S2,T where two nearly conical
menisci enable the formation of concentric jets. In the initial
stage, different flow rates of both phases (referred to as Fyg
and Fgy, representing the flow rates of NGs dispersion and EU
solution, respectively) were tested while maintaining a con-
stant NGs concentration of 10 mg mL~" and EU concentration
of 150 mg mL ™", along with a voltage ranging from 15 to 17
kv. The resulting average fiber diameters obtained with
different flow rates are presented in Table 1, and SEM images
along with size distribution are shown in Fig. 3.
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Fig. 2 PVCL NGs properties. TEM image and size distribution (a), thermal response determined by DLS (b) and OVA release profile at 25 and 37 °C (c).
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Table 1 Flow rate used for fibers preparation and resulting fiber dia-
meters (D)
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Table 2 NGs dispersion media used, conductivity and obtained average
fibers diameters

Fiber code  Flow rate NGs (Fyg) Flow rate EU (Fgy) D (nm) Code Dispersion media Conductivity (S m™) D (nm)

Mo — 0.6 233.7+£79.6 M1 Distilled water 0.119 + 0.002 199.8 +48.4
M1 0.1 0.6 199.8 = 48.4 M6 PBS 1.280 £ 0.056 185.1 £ 54.2
M2 0.1 0.8 197.4 £100.4 M7 Ultrapure water 0.083 + 0.003 199.5 £ 69.2
M3 0.5 1.5 248.6 + 89.9

M4 0.5 2.0 395.4 +214.4

M5 0.6 0.6 297.9 + 141.5

The incorporation of NGs as the inner phase, reduces the
diameter of fibers, with respect to EU pure fibers (M0) because
in the coaxial electrospinning the presence of NGs dispersion,
and hence of water, enhances conductivity. As anticipated, an
increase in both flow rates (M3 and M4) led to larger fiber dia-
meters and greater size dispersion. Similar results were
observed when increasing Fgy while keeping Fyg constant.
Additionally, when the same flow rate of both phases was
applied (sample M5), the stability of the Taylor cone was com-
promised, resulting in fibers with some defects (Fig. 3f).

In the second stage, different NGs dispersion media were
used during the electrospinning process, while maintaining
the optimal values of Fyg = 0.1 and Fgy = 0.6, which yielded
the thinnest fibers with a narrow distribution (Table 2). In all
cases, the average diameter of the fibers remained similar. The
obtained results demonstrate that when using both distilled
water and PBS, the resulting fibers and Taylor cone exhibited
close resemblance (Fig. 4a and b). Conversely, when ultrapure
water was used, a higher applied voltage was required, likely
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=)
s

0 |
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due to the lower conductivity of the dispersion (Table 2).
Consequently, the Taylor cone changed into a more conical
shape (Fig. 4c), and the electrospinning process became less
stable. As it is known, in the case of low conductivity solutions,
the surface of a charged droplet can not form a Taylor cone
which leads to microjet formation. Increasing solution conduc-
tivity enables charged droplet to overcome surface tension and
to eject microjets of polymer solutions that produce nanofibers
with lower diameter.>!

TEM observations were conducted to examine the internal
morphology of the fibers. Fig. 5 displays TEM images of mem-
brane M0 and M6. It can be seen in Fig. 5a EU fibers (MO0)
whose interior is homogeneous, while within the M6 fibers
(Fig. 6b and c), elongated domains can be observed, which
correspond to the PVCL NGs. Indeed, as it can be seen in
Fig. S3,t size of these ellipsoids agree with NGs size observed
by TEM (Fig. 2), with an approximate length of the major axis
of 118 nm and of the minor axis of 70 nm. The elongation
suffered by the NGs is likely due to their softness and flexi-
bility, consistent with the deformation of the polymer matrix
during the fiber formation. Similar morphologies were
observed in other coaxial fibers (prepared by coaxial or emul-
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Fig. 3 SEM images and diameter distribution from fiber samples MO (a), M1(b), M2 (c), M3 (d), M4 (e) and M5 (f).

This journal is © The Royal Society of Chemistry 2024

Biomater. Sci., 2024, 12, 335-345 | 339


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm01422c

Open Access Article. Published on 22 novembre 2023. Downloaded on 28/01/2026 06:22:41.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Biomaterials Science

§ oy oy
5 g g
3
o E3 2
2 o o
'-; w w
© - =
3 s g 10
o« r o o

N sd-_ 7/ AN . .

100 200 C::Qg 290 5t°° 600 700 800 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
iber diameter (nm — ; ) ) )
(nm) 1 um Fiber diameter (nm) -1 um Fiber diameter (nm) —1 um
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Fig. 5 TEM images of membranes MO (a) and M6 (b, c).
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Fig. 6 ATR-FTIR spectra of PVCL NGs, MO and M6 (a) and profiles and DTG thermograms of membranes MO and M6 (b).

sion electrospinning) as a result of droplet stretching from the
discrete phase fluid during solvent evaporation.*” It is crucial
to note that the NGs are fully encapsulated by an EU layer and
not exposed to the surrounding medium. This result confirms
the achievement of the desired morphology when employing
the coaxial electrospinning method.

3.3. Interactions between fibers components

Although the mass ratio NGs/EU is very low in the synthesized
nano-in-nano systems, FTIR and TGA analyses pursue to find
evidence of interactions between these two materials. The
ATR-FTIR spectra of the starting materials and electrospun
nanofibers are presented in Fig. 6. The spectrum of the NGs
exhibits signals attributed to the C=O and C-N groups of
PVCL at 1630 and 1479 cm ™" (Fig. 6a).'® In the case of pure EU
(Mo fiber), the most prominent peaks are at 1152 and
1700 cm™", corresponding to the stretching vibrations of C-O-
C and C=O0 groups, respectively. While the signals of PVCL
NGs are not distinguishable in the spectra of the nano-in-nano
systems (as they overlap with those from the major com-
ponent), a small shift in the signals associated with the ester
group of EU can be seen, and a change in the relative intensity

This journal is © The Royal Society of Chemistry 2024

of the carbonyl double peak around 1700-1703 cm™. Even
though these signal differences are not substantial, they rep-
resent an indication of the possible interactions between EU
ester groups and NGs in the system, which is further sup-
ported by TGA analysis, where fibers containing PVCL NGs
exhibited a higher temperature of maximum degradation rate
compared to pure EU fibers (MO0) (Fig. 6b).

3.4. Fibers degradation

The weight evolution of membranes M0 and M6 when incu-
bated in buffers simulating stomach and intestine pH con-
ditions (HCl 0.1 N and PBS 6.8) was registered to determine
their degradation profiles (Fig. 7a). It is observed that pure EU
fibers (M0) degraded at a faster rate than fibers containing
NGs under both pH conditions. This result provides further
evidence of the presence of interactions between NGs and EU
in the formed fibers. In all cases, fibers experienced more
weight loss when incubated in PBS 6.8 compared to HCI 1.2,
due to the pH-dependent solubility of EU, which is soluble
above pH 5.5. At stomach pH, fibers lost approximately 20% of
their weight, while in PBS (pH = 6.8) membranes were comple-
tely degraded after 2 h of incubation. The release profile of
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Fig. 7 Degradation profiles of membranes MO and M6 (a), and NGs release of M6 (b); and degradation mechanism proposed from SEM images of

incubated M6 (PBS pH 6.8, 5 min) (c).

NGs, shown in Fig. 7b, exhibits a similar trend to the degra-
dation curves. These findings indicate that the proposed nano-
in-nano system demonstrates the desired behavior for its appli-
cation as an enteric delivery platform, where the cargo needs
to be protected for 2 h during passage through the stomach
and then released during residence in the intestine (10 h in
the small intestine).”

The possible degradation mechanism of fibers proposed in
Fig. 7c stems from the observations of M6 fibers incubated in
PBS 6.8 for 5 min (representing the intestine pH, which is higher
than the critical pH of EU). In this sample, different stages of
degradation can be observed. First, fibers undergo swelling due
to water diffusion into their matrix. The absorbed water leads to a
significant reduction of the Tg of EU, as a result of the plasticity
effect of water,” thereby promoting membrane modifications
such as fibers deformation, adhesion to adjacent fibers, and
chain interdifussion that leads to fibers coalescence.
Subsequently, the progressive dissolution of EU initiates the for-
mation of pores within the coalesced matrix until the structure

342 | Biomater. Sci, 2024, 12, 335-345

eventually breaks down. During this process, the release of NGs
from the matrix begins, as evidenced by the appearance of larger
pores than the size of NGs.

3.5. Protein loading

For the loading of protein into nano-in-nano system, coaxial
fibers were produced by electrospinning using OVA-loaded
NGs. In addition, EU fibers without NGs, were also loaded
with OVA. To achieve this, an OVA solution in PBS was used as
the inner solution in the coaxial nozzle. The electrospinning
process employed fixed flow rates (Fxg = 0.1 and Fgy = 0.6)
with varied concentration of EU. As expected, the EU:NGs
ratio variation would allow the protein release profile tunning.

Table 3 shows the average fibers diameter obtained from SEM
images (shown in Fig. 8) when OVA was encapsulated under
different conditions. As expected, fiber diameters were found to
be more sensitive to changes in the EU concentration compared
to the effect of the encapsulation of OVA or loaded NGs.
Increasing the EU concentration from 150 mg mL™" to 200 mg

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm01422c

Open Access Article. Published on 22 novembre 2023. Downloaded on 28/01/2026 06:22:41.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

Table 3 Composition of
obtained fibers diameters

solutions used for electrospinning and

Code  Outer solution Inner solution D (nm)

MO EU 150 mg mL™"  — 233.7 £ 79.6
M8 EU150 mg mL™'  OVA 10 mg mL ™" 222.4 + 63.5
M9 EU 150 mg mL™"  NGs+OVA10 mg mL™"  229.7 + 100.6
M10  EU200mgmL™' OVA10 mgmL™’ 520.2 + 282.1
M11 EU 200 mg mL™  NGs+OVA10 mg mL™"  462.8 + 263.9

ml " approximately doubled the diameter. The incorporation of
loaded NGs into the fibers did not have a significant impact on
the homogenous nanofibrous structure and its diameter.

3.6. Ovalbumin release

Finally, in vitro evaluation of OVA release from the loaded
fibers was shown in Fig. 8f. OVA release profiles was obtained by
incubating fibers M8, M9, M10 and M11 for 2 h in HCI 0.1 N fol-
lowed by the incubation in PBS (pH 6.8) until complete dis-
solution of the fibers. It is important to clarify that the experi-
ment extension depended on the tested sample, as it corre-
sponded to the time at which the membrane was completely dis-
solved. This already provides valuable information, indicating
that membranes with lower EU content dissolved earlier, and for
the same EU concentration, those with NGs took longer times to
dissolve. This observation is directly related to the smaller fiber
diameter obtained at lower EU concentrations. Furthermore, as
mentioned earlier, the incorporation of NGs makes the fibers
more resistant to dissolution, likely due to the presence of physi-
cal interactions between NGs and EU.

Realative frequency (%)
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It is worth noting that in all cases, the release of OVA in
HCI 0.1 N is lower than 10%, indicating that OVA is retained in
the nano-in-nano system during 2 h (i.e., the equivalent resi-
dence time in the stomach). Also, once fibers were exposed to
pH 6.8, they dissolved earlier with less EU, because of their
higher exposed area, and as a consequence, presented a faster
OVA release. In fibers containing NGs (M9 and M11), the OVA
release is slower due to two factors: (i) fibers with NGs degrade
at slower rate than fibers without NGs; and (ii) once NGs
released from the fibers, OVA must diffuse from the NGs
interior. This significant difference between the release kine-
tics from fibers with and without NGs evidenced that OVA was
effectively loaded inside NGs. It is also notable that the final
OVA release from M9 and M11 does not reach 100%. This is
because NGs are separated from the released OVA in each
sample, interrupting the release of the OVA that remains
loaded in the NGs. As demonstrated earlier, free NGs are able
to deliver the loaded OVA in a pH 6.8 medium after above 2 h,
indicating that the release of the therapeutic protein should
occur in the intestinal environment.

It is important to consider that OVA release from nano-in-
nano system results are not comparable with OVA release from
NGs, since both experiments were conducted in different
conditions.

4. Conclusions

A nano-in-nano system for enteric protein delivery was success-
fully developed by incorporating NGs into electrospun coaxial
nanofibers. This designed system demonstrated pH-responsive

¥ N L
600 800 1000 1200

D (nm)

PBS 6.8

t(h)

Fig. 8 SEM images and scheme of a transversal cut of fibers MO (a), M8 (b), M9 (c), M10 (d) and M11 (e). OVA release from M8, M9, M10 and M11
incubated for 2 h in HCL 0.1 N and then in PBS pH 6.8 until complete fibers dissolution (f).
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behavior, enabling the controlled release of NGs with a kinetic
profile suitable for therapeutic enteric treatments. It effectively
protected the protein cargo in the acidic environment of the
stomach and facilitated its release in the duodenum at pH 6.
The dissolution mechanism of the pH-responsive nanofibers
was hypothesized to trigger the release.

The synthesized PVCL NGs exhibited a size suitable for bio-
logical applications, allowing for active interaction with cells
and the ability to cross biological membranes, among other
functions. They were capable of efficiently loading a model
protein (ovalbumin, 94%) and retaining it until reaching body
temperature, thus ensuring complete release of the loaded
cargo. The coaxial electrospinning process was optimized to
obtain homogeneous defect-free nanofibrous structures with
continuous porosity.

The innovative incorporation of NGs in nanofibers serves as
a proof of concept for the potential versatility and applications
of this platform. NGs, being highly versatile materials, offer a
range of properties that can be tailored to meet specific needs
in various fields.
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