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ARTICLE INFO ABSTRACT

Keywords: Oral insulin delivery could change the life of millions of diabetic patients as an effective, safe, easy-to-use, and
NanoparFiFIes affordable alternative to insulin injections, known by an inherently thwarted patient compliance. Here, we
Porous silicon designed a multistage nanoparticle (NP) system capable of circumventing the biological barriers that lead to poor
]lglcg;rin drug absorption and bioavailability after oral administration. The nanosystem consists of an insulin-loaded
Insulin porous silicon NP encapsulated into a pH-responsive lignin matrix, and surface-functionalized with the Fc

fragment of immunoglobulin G, which acts as a targeting ligand for the neonatal Fc receptor (FcRn). The
developed NPs presented small size (211 + 1 nm) and narrow size distribution. The NPs remained intact in
stomach and intestinal pH conditions, releasing the drug exclusively at pH 7.4, which mimics blood circulation.
This formulation showed to be highly cytocompatible, and surface plasmon resonance studies demonstrated that
FcRn-targeted NPs present higher capacity to interact and being internalized by the Caco-2 cells, which express
FcRn, as demonstrated by Western blot. Ultimately, in vitro permeability studies showed that Fe-functionalized
NPs induced an increase in the amount of insulin that permeated across a Caco-2/HT29-MTX co-culture
model, showing apparent permeability coefficients (Pgy) of 2.37 x 107® cm/s, over the 1.66 x 107% cm/s
observed for their non-functionalized counterparts. Overall, these results demonstrate the potential of these NPs
for oral delivery of anti-diabetic drugs.

Oral drug delivery

1. Introduction affecting millions of people all over the world, characterized by a partial
or absolute loss of capability of the endocrine system to produce insulin
Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disorder [1]. Despite active research, TIDM remains non-reversible, non-curable,
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and the number of patients is on the rise. The maintenance of normo-
glycemic levels (the most effective manner of managing T1DM) is
therefore dependent on the administration of exogenous insulin [1].
However, this requires, in most cases, the lifelong use of painful in-
jections, multiple times per day, which deleteriously thwarts patient
compliance [2,3]. In this scenario, an oral dosage form of insulin could
significantly change the life of millions of diabetic patients who are still
seeking for an effective, safe, easy-to-use, and affordable alternative to
their insulin injections [2,4]. Oral insulin delivery would also reduce the
high manufacturing costs associated with the sterile production re-
quirements of injectable products [5], as well as the waste resulting from
single-use disposable syringes and needles [6].

Nanotechnology-based drug carrier systems have already demon-
strated to address multiple shortcomings of conventional therapies such
as lack of specificity, burst release, cellular toxicity and severe side ef-
fects [7,8]. Thus, nanotechnology can benefit from advances in the fields
of drug delivery and materials science to foster the development of a
non-invasive, painless and patient compliant therapy for insulin
administration [2]. However, the effectiveness of orally administered
drugs, especially proteins like insulin, is hindered by several biological
barriers, such as the low pH and enzymatic activity in the stomach, as
well as the presence of mucus and an elaborate network of tight junc-
tions in the intestinal epithelium [9]. Altogether, these physical and
biochemical barriers impose a series of obstacles that result in poor drug
absorption and, subsequently, poor bioavailability after oral adminis-
tration [10].

The exploratory research around the development of nanosystems
for oral drug delivery has already originated a myriad of nanoparticle
(NP) platforms, produced according to a broad range of design aspects
and fabrication techniques [11]. NPs generated over the years have
shown to allow for the drugs to be released in a spatially and temporally
controlled manner [12,13], to provide increased stability in the harsh
conditions of the gastrointestinal tract (GIT) [12], to enhance the
transmucosal drug delivery [14], to enable the specific targeting of cells
or tissues [13,15,16], as well as to improve drug solubility and
bioavailability after oral administration [16,17]. However, to the best of
our knowledge, no nanoparticle-based insulin delivery system has
reached the market yet, with invasive methods continuing to dominate
the therapeutic landscape. Hence, the success of NP-based oral drug
delivery demands a rational development of formulations that can
simultaneously protect drugs from degradation in the GIT, while safely
and efficiently shuttling them across the intestinal epithelium [5]. Such
needs reinforce the continuous interest in the pursuit of new and
improved NP systems, as well as the importance of a thorough explo-
ration of organic and inorganic materials to this end. Moreover, the
combination of organic-organic and organic-inorganic materials have
shown to yield the fabrication of hybrid nanosystems that display a set of
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advantages over non-hybrid ones, including higher encapsulation rates,
specific release kinetics and higher stability [18], and which can be
more suitable for the development of the multistage and
stimuli-responsive NP systems that are required for successful oral drug
delivery.

In this study, we designed a multistage NP system potentially capable
of circumventing the highly dynamic microenvironmental changes of
the GIT and the prohibitively low intestinal insulin absorption and
bioavailability after oral administration (Scheme 1). This nanosystem
consists of an insulin-loaded porous silicon NP encapsulated into a lignin
matrix. The formed NPs were further surface-functionalized with a
specific targeting ligand. Porous silicon NPs are versatile and heavily
investigated drug carriers due to their highly tunable properties, high
loading capacity, biocompatibility and biodegradability [19]. Lignin,
the second most abundant natural organic polymer on earth, is usually a
by-product of pulping and bio-refinery processes [20]. It is a renewable
and eco-friendly material, which has only been explored very recently
for drug delivery [21]. The fact that it is biocompatible, together with
the possibility to chemically modify it to make it pH-sensitive, turn
lignin into an especially suitable polymer for oral drug administration
[22] and, in this particular case, for protecting the drug-loaded porous
silicon NPs from the harsh conditions of the GIT. To the best of our
knowledge, the potential of lignin for the oral administration of
anti-diabetic drugs has not been explored yet. The Fc fragment of
immunoglobulin G (IgG), chemically conjugated to the surface of the
lignin matrices, served as targeting ligand for the neonatal Fc receptor
(FcRn)-expressing intestinal cells. FcRn is a dual binding receptor,
essential for immune surveillance and homeostatic regulation of IgG and
albumin in the body [23]. The transcytosis and recycling of these
abundant proteins across polarized epithelial barriers takes place inside
of specialized vesicles, which protect them from catabolic degradation
[24,25]. In humans, this receptor is expressed in the small intestine
throughout adulthood at levels closely similar to the fetal expression,
and diffusely expressed in the colon [26]. Recent studies showed hith-
erto undescribed possibilities for Fc-decorated NPs to enhance the
transport of drug molecules across the intestinal epithelium and into the
bloodstream following oral administration, via FcRn-mediated trans-
cytosis [13,15,24,26].

Hence, we hypothesized that Fe-functionalized NPs could hijack the
FcRn transcytotic pathway, being transported across the intestinal
epithelium, and deliver insulin in the blood circulation, where it is ex-
pected to exert the therapeutic effect. For this purpose, we set out to
explore the physicochemical properties of the developed nanosystem,
including particle size and size distribution, surface charge and chem-
istry, morphology, pH-responsiveness, and in vitro insulin release pro-
file. Also importantly, we investigated the cytocompatibility of the NPs,
the interaction of both targeted and non-targeted NPs with FcRn-
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Scheme 1. Schematic illustration of the multistage NP system designed in this study as a potential candidate for the administration of anti-diabetic drugs
via the oral route. The nanosystem consists of an insulin-loaded porous silicon NP encapsulated into a pH-responsive lignin matrix (LNPs). The surface of these pH-
sensitive NPs was further surface-functionalized with the Fc fragment of IgG. When reaching the intestinal cells, Fc-functionalized NPs would hijack the FcRn-
mediated transcytotic pathway, being transported across the cells, and releasing the drug in the basolateral compartment, allowing them to reach blood circula-
tion. Image created using Servier Medical Art (Creative Commons - Attribution 3.0 Unported - CC BY 3.0).
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expressing cells and, finally, the efficacy of FcRn-targeted NPs in
increasing insulin permeation across the intestine, using an in vitro cell
culture model, in which the FcRn expression was also studied.

2. Materials and methods
2.1. Materials

The materials and reagents used in this study are reported in detail in
the Supporting Information.

2.2. Preparation of undecylenic acid modified thermally hydrocarbonized
porous silicon (UnTHCPSi) NPs

UnTHCPSi NPs were prepared according to previously optimized
protocols [17,27]. A detailed description of the preparation process can
be found in the Supporting Information.

2.3. Chemical modification of lignin

Two variants of lignin were prepared by chemical modification:
carboxylated lignin and maleimide-terminated lignin. These modifica-
tions were performed in BioPiva™ softwood kraft lignin (molecular
weight 5 kDa). To increase the amount of carboxyl groups on its struc-
ture, lignin was carboxylated as described elsewhere [22]. Briefly, 200
mg of BioPiva™ softwood kraft lignin was incubated with 400 mg of
succinic anhydride (22.2 mmol) and 40 mg of 4-dimethylaminopyridine
(DMAP; 4.1 mmol) in 30 mL of tetrahydrofuran (THF), and stirred for
48 h at room temperature (RT). To remove the unreacted reagents, the
reaction mixture was transferred to a dialysis bag (Spectra/Por® 1
Standard RC Dry Dialysis Tubing, 12-14 kDa, Spectrum Labs, CA, USA),
and dialyzed against Milli-Q water, which was replaced periodically
during 48 h. The carboxylated lignin was freeze-dried and stored for
further use.

To modify the lignin with maleimide groups, which will be later used
for chemical conjugation, 200 mg of BioPiva™ softwood kraft lignin was
mixed with 10 mL of THF. In parallel, 37.4 mg of N,N'-Dicyclohex-
ylcarbodiimide (DCC) was dissolved in 3.3 mL of THF, 88.6 mg of N-Mal-
N-bis(PEG2-acid) was dissolved in 3.3 mL of THF, and 2 mg of DMAP
was dissolved in 3.3 mL of THF. Each of the three solutions were added
to the initial lignin solution, in this order, and stirred for 24 h at RT. The
reaction mixture was transferred to a dialysis bag, and dialyzed against
Milli-Q water, following the protocol described above. The maleimide-
terminated lignin was freeze-dried and stored for further use.

Fourier transform infrared spectroscopy (FTIR; VERTEX 70, Bruker,
MA, USA) using a horizontal attenuated total reflectance (ATR) acces-
sory (MIRacle, PIKE Technologies, WI, USA) was used to characterize
the chemical modifications of lignin. The ATR-FTIR spectra were
recorded between 4000 and 650 cm ™!, with a resolution of 4 cm™,
using OPUS 5.5 software. Additionally, maleimide-terminated lignin
was characterized by 'H nuclear magnetic resonance (NMR) spectros-
copy, after being dissolved in deuterated dimethyl sulfoxide (DMSO-dg),
at RT. The spectra were recorded on a an Avance III 400 MHz NMR
spectrometer (Bruker, Swizerland) and analyzed by MestReNova
software.

2.4. Insulin loading into UnTHCPSi NPs

Human recombinant insulin was loaded into the UnTHCPSi NPs by
an immersion method, as described elsewhere [14,19]. Briefly, 1 mg of
UnTHCPSi NPs was dispersed in 500 pL of Milli-Q water by tip soni-
cation, and immersed in an insulin solution (2.25 mL, 200 pg/mL in
0.01 M HCI). The mixture was stirred at RT for 90 min (300 rpm). Then,
the NPs were collected by centrifugation at 16,110xg (5415D, Eppen-
dorf, Germany) for 5 min, to remove the excess unloaded insulin, and
washed once with 1 mL of Milli-Q water.
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2.5. Nanoencapsulation of insulin-loaded UnTHCPSi NPs into lignin

The insulin-loaded UnTHCPSi NPs were encapsulated into lignin by
desolvation, yielding the formation of UnTHCPSi@LNPs. Briefly,
carboxylated lignin and maleimide-terminated lignin (ratio 70:30) were
dissolved in 70% (v/v) EtOH to a concentration of 1 mg/mL for 1 h,
under magnetic stirring. The solution was then filtered using an Acro-
disc® 13 mm Syringe Filter, 0.45 pm pore size. 250 pg of insulin-loaded
UnTHCPSi NPs were dispersed in 570 pL of Milli-Q water by tip-
sonication, and then mixed with 430 pL of lignin solution. The
mixture was stirred overnight at RT, without sealing the incubation
flask. The LNPs were formed by nanoprecipitation and collected by
centrifugation at 16,110xg (5415D, Eppendorf, Germany) for 5 min
after complete evaporation of the organic solvent. Then, the excess, non-
precipitated lignin was removed by washing the NPs twice with Milli-Q
water.

2.6. Conjugation of Fc to insulin-loaded UnTHCPSi@LNPs

The Fc fragment of IgG was covalently conjugated to the surface of
insulin-loaded UnTHCPSi@LNPs by maleimide-thiol chemistry. 2-Imi-
nothiolane (Traut’s reagent; 5.5 pL from a 5 mg/mL solution in 5 mM
ethylenediaminetetraacetic acid (EDTA) in phosphate-buffered saline
(PBS)) was mixed with 43 pL of Fc fragment (2.3 mg/mL) to modify the
NH; groups of the Fc fragment with thiol groups (Fc-SH). The mixture
was stirred for 1 h at 37 °C. Afterwards, 1 mg of NPs were dispersed in
PBS (pH 6.5; 3 mg/mL), and the thiolated Fc fragments were added to
the NP suspension and allowed to react at 4 °C for 1 h, under magnetic
stirring, forming insulin-loaded UnTHCPSi@LNPs-Fc. Then, the NPs
were collected by centrifugation at 16,110xg (5415D, Eppendorf, Ger-
many) for 5 min, and washed once with Milli-Q water to remove the
unconjugated Fc.

2.7. Physicochemical characterization of the NPs

The physicochemical properties of the developed NPs were charac-
terized by a variety of techniques, including dynamic light scattering
(DLS) and electrophoretic laser scattering (ELS), ATR-FTIR, elemental
analysis, transmission electron microscopy (TEM) and exergy dispersive
X-ray (EDX).

2.7.1. Size and surface charge

The average particle size (z-average), polydispersity index (PdI) and
zeta ({)-potential were characterized by DLS-ELS, upon analyzing NPs
dispersed in Milli-Q water using a Malvern Zetasizer Nano ZS instrument
(Malvern Ltd., UK).

2.7.2. Surface chemical modifications

A Bruker VERTEX 70 FTIR (Bruker, MA, USA) spectrometer coupled
with a horizontal ATR sampling accessory (MIRacle, PIKE Technologies,
WI, USA) was used to evaluate the chemical modifications taking place
on the surface of the UnTHCPSi NPs (encapsulation into LNPs and
conjugation with Fc fragment). A minimum of 200 pg of NPs were
collected by centrifugation and left to dry overnight. The measurements
were performed at RT with a resolution of 4 cm™!.

The amount of Fc chemically conjugated to the surface of the
UnTHCPSi@LNPs-Fc was evaluated by elemental analysis, based on the
chemical structure of the targeting ligand. For that purpose, the number
of atoms of carbon (C), nitrogen (N) and sulfur (S) in the amino acid
sequence of the Fc molecule were counted. The final molecular weight of
the Fc fragment obtained herein supported the correct counting of the
atoms [28]. A Vario Micro cube CHNS analyzer (Elementar Analy-
sensysteme, GmbH, Germany) recorded the percentages of C, N and S
present in dry NP samples, with and without Fc. The percentages of
these elements in non-conjugated UnTHCPSi@LNPs was subtracted to
the percentages measured in Fc-conjugated NPs and converted to mass
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of element per gram of UnTHCPSi@LNPs. The mass of each element was
divided by its atomic number, to obtain the number of mols, which was
further multiplied by the number of atoms of that same element in the Fc
molecule. When multiplying the molarity of Fc per gram of
UnTHCPSi@LNPs by the molecular weight of the Fc fragment, it was
possible to obtain the abundance of Fc per gram of UnTHCPSi@LNPs.

2.7.3. Morphology and presence of Si in the NPs

The morphology of the developed NPs at different steps of prepara-
tion was assessed by TEM, a commonly used microscopic technique that
uses electron beams to characterize the shape of nanomaterials [29].
Briefly, 10 pL of an aqueous NP suspension was placed on top of
carbon-coated copper grids for 3-5 min. Then, the droplet was blotted
away, and the grids were left to dry overnight at RT, before imaging with
a Tecnai™ F12 microscope (FEI Company, USA). Additionally, an Ox-
ford INCA 350 EDX spectrometer (Oxford Instruments, UK) connected
with a field emission scanning electron microscope (FESEM; Hitachi
S-4800, Japan) was used to verify the presence of Si in the NPs [30]. The
measurements were performed in areas imaged with the bright field TE
detector of the FESEM.

2.8. pH-Responsiveness of the developed LNPs

Lignins are known to resist the harsh conditions of the GIT, as the
incomplete ionization of the carboxylic groups hinders their solubility at
acidic pH [31], which makes them capable of protecting insulin from
premature release and degradation in the stomach. For this reason, the
dissolution behavior of the LNPs was evaluated at different pH condi-
tions. Briefly, 250 pg of UnTHCPSi@LNPs, UnTHCPSi@LNPs-Fc and
insulin-loaded UnTHCPSi@LNPs-Fc were separately dispersed in 1 mL
of buffer solutions at different pH values: 0.1 M hydrochloric acid (HCI;
pH 1.2), 2-(N-morpholino)-ethanesulfonic acid (MES; pH 5.5, pH 6.0
and pH 6.5), and phosphate-buffered saline (PBS; pH 7.4), to mimic the
pH conditions found by the orally administered NPs throughout the GIT
and in the blood circulation. The mixtures were kept at 37 °C under
magnetic stirring. Samples were collected 2 min, 15 min and 30 min
after starting the incubation, and analyzed by DLS-ELS and TEM, as
described above.

2.9. Association efficiency (AE), loading degree (LD) and insulin release
profile

2.9.1. AE and LD

The AE and LD were calculated to determine the amount of insulin
loaded into the developed NPs and that can be released to exert a
therapeutic effect. To promote the release of insulin, the NPs were
dispersed into PBS — fetal bovine serum (FBS; 10%; pH 7.4) and stirred
overnight (300 rpm; IKA® RT 15, Germany) at 37 °C. For the drug
loading, the NPs were accurately weighed after centrifugation and
drying. The percentages of AE and LD were determined by the direct
method, using Eq. (1) and (2):

Insulin released from UnTHCPSiQLNPs — Fc
Initial amount of insulin

AE (%) = x 100 €))]

Insulin released from UnTHCPSIiQLNPs — Fc

LD =
(%) Total mass of the NPs (pg)

x 100 (2)

The concentration of insulin in the samples was determined by high-
performance liquid chromatography (HPLC; Agilent 1260, Agilent
Technologies, USA), as previously described [15]. Briefly, a C1g column
(4.6 x 150 mm, 5 pm, Supelco Discovery®, USA) was used as stationary
phase, whereas 0.1% trifluoroacetic acid (TFA; pH 2.0) and acetonitrile
(ACN) were used as the mobile phase, under a gradient system. The
initial ratio of 0.1% TFA to ACN was 80:20 (v/v) was changed to 70:30
(v/v) during 7 min, and then again changed to 80:20 (v/v) for the last 3
min, always under a flow rate of 1.2 mL/min. The injection volume was

Bioactive Materials xxx (xxxx) xXxx

50 pL and the detection wavelength was 240 nm. The temperature of the
column was set to RT. The total area under the curve (AUC) was used to
quantify the concentration of insulin in the samples. The data reported
corresponds to the averages of three technical replicates.

2.9.2. Insulin release profile

The insulin release profile was performed in buffer solutions at
different pH conditions, to mimic the passage of the NPs through the GIT
and blood circulation. To investigate the release of the drug in the
stomach conditions, UnTHCPSi@LNPs-Fc equivalent to 30 pg of insulin
were firstly dispersed in 10 mL of HC1 0.1 M (pH 1.2), and stirred for 2 h.
Afterwards, the NPs were collected by centrifugation and re-dispersed in
10 mL of PBS (pH 6.5). The mixture was stirred for the next 6 h, to
investigate the release of the drug in the pH conditions mimicking the
intestine, and in which the FcRn-mediated transcytosis must occur [25].
The NPs were again collected by centrifugation, and dispersed in PBS —
FBS (10%; pH 7.4), to investigate the release in pH conditions
mimicking the blood circulation. The mixture was stirred for 3 h.
Insulin-loaded UnTHCPSi NPs and UnTHCPSi@LNPs were used as
control, and their initial concentrations adjusted to an equivalent
amount of 30 pg of insulin. The entire experiment was conducted under
magnetic stirring (300 rpm; IKA® RT 15, Germany) at 37 °C, in tripli-
cates. At different time points, from 15 min to 11 h, 500 pL samples were
withdrawn for analysis, and the same volume of pre-warmed buffer
solutions (HCI, PBS or PBS — FBS (10%), respectively) was replaced, to
maintain the release volumes. The collected samples were centrifuged at
16,110xg (5415D, Eppendorf, Germany) for 5 min, and the supernatants
were analyzed using HPLC, as described above.

2.10. Cell culturing

Human epithelial colorectal adenocarcinoma Caco-2 and hepato-
cellular carcinoma HepG2 were obtained from American Type Culture
Collection (ATCC®, USA). Human goblet-like HT29-MTX cells were
kindly provided by Dr. T. Lesuffleur (INSERM U178, Villejuif, France).
Caco-2 (passage #26 — 40), HepG2 (passage #18 — 32) and HT29-MTX
(passage #32 — 40) were grown separately in cell culture flasks. Com-
plete medium consisting of Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% (v/v) FBS, 1% (v/v) L-glutamine, 1% (v/v) non-
essential amino acids (NEEA) and 1% (v/v) antibiotic — antimitotic
mixture (100 U/mL penicillin and 100 U/mL streptomycin; Pen-Strep).
The medium used for HepG2 cell culturing was further supplemented
with 1% (v/v) sodium pyruvate. All cell lines were kept at 37 °C, 5% CO,
and 95% relative humidity, in a 16 BB gas incubator (Heraeus In-
struments, GmbH, Germany). Cell culture medium was changed every
two days. Sub-culturing was performed when cells reached 80% con-
fluency. The medium was discarded, and the flasks were washed twice
with PBS — EDTA. To detach them from the flasks, cells were incubated
with 0.25% (v/v) trypsin in PBS — EDTA for 4 min. After centrifugation,
cells were dispersed in fresh, pre-warmed cell culture medium, and
transferred to new culture flasks.

2.11. Western blot analysis of the FcRn expression

The expression of the FcRn in intestinal cells was evaluated by
Western blot. Caco-2, HT29-MTX and Caco-2/HT29-MTX (ratio 90:10)
cell suspensions were grown in 6-well plates or 6-well Transwell®
permeable supports for 7, 14 and 21 days, according to the purpose of
the study. HepG2 cells were used as positive control. Cells were scrapped
and the protein was extracted. The protein concentrations of each lysate
were determined using a Bradford Assay. Extracts were resolved by SDS-
PAGE using a 4-20% gel under reducing conditions, and proteins were
transferred onto a polyvinylidene difluoride (PVDF) membrane. The
membrane was blocked using 2% (w/v) non-fat milk, and blots were
probed with Human FCRN Antibody (MAB8639) overnight at 4 °C. Af-
terwards, bound antibody was detected with Alexa Fluor® 488
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conjugate anti-mouse IgG (H + L), F (ab’)y Fragment. Blocking, in-
cubations and washings were performed using Tris Buffered Saline (TBS)
with 0.1% (v/v) Tween® 20. Signal was detected by chemiluminescence
(ChemiDoc™ MP Imaging System, BioRadiations Life Science Research,
CA, USA). Reactions were normalized to a monoclonal mouse anti-
a-tubulin.

2.12. Cytocompatibility studies

The cytocompatibility of the herein developed NPs with intestinal
cells was assessed using CellTiter-Glo® Luminescent Cell Viability
Assay, as previously reported [13]. Briefly, 100 pL of Caco-2, HT29-MTX
and Caco-2/HT29-MTX (ratio 90:10) were seeded in 96-well micro-
plates at a density of 5 x 10* cells/mL. Cells were kept at 37 °C, 5% CO,
and 95% relative humidity and allowed to attach for 24 h. Then, the
culture medium was discarded, and 100 pL of NP suspensions
(UnTHCPSi, UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc) in cell culture
media were added to the cells, at concentrations of 25, 50, 100, 200 and
400 pg/mL, and incubated for 6 and 24 h at 37 °C, in a humidified at-
mosphere. 1% (v/v) Triton X-100 and cell culture media were used as
positive and negative control, respectively, and incubated with the cells
in the same manner. Afterwards, cells were brought to RT and washed
twice with pre-warmed Hank’s balanced salt solution — 4-(2-hydrox-
yethyl)-1-pipezarinethanesulfonic acid (HBSS— HEPES). 100 pL of
CellTiter-Glo® assay reagent previously diluted in HBSS — HEPES (ratio
1:1) were added to the cells, and incubated at RT for 10 min. The plate
was shaken for 2 min to ensure mixing and measured using a Varioskan
Lux Multimode Microplate Reader (Thermo Fisher Scientific, Waltham,
MA, USA). The quantification of the metabolically active cells was based
on the amount of adenosine triphosphate content (ATP) produced by the
viable cells. Data corresponds to the averages of four independent
measurements (n = 4).

2.13. Fc fragment binding ability and cell-NP interaction studies

The binding ability of the Fc fragments and Fc-functionalized NPs
was studied by surface plasmon resonance (SPR). SPR measurements
were performed with a Navi™ 200 OTSO (BioNavis Ltd, Finland)
equipped with four flow channels, and a Navi™ 210 A VASA (BioNavis
Ltd, Finland) equipped with two flow channels. Both instruments were
equipped with two laser wavelengths (670 nm and 780 nm), in which
the linearly p-polarized laser lights were directed through an equilateral
prism coupled to a glass side (~2 mm) coated with a gold layer (~50
nm), using the Kretschmann configuration. Prior to the experiments, the
gold-coated SPR sensors (BioNavis Ltd, Finland) were cleaned by im-
mersion in a solution of 30% (v/v) hydrogen peroxide, 30% (v/v)
ammonia hydroxide, and Milli-Q water (1:1:5 v/v) and boiled for 5 min.
After that, the sensors were thoroughly rinsed with water and dried with
Ny before use. The flow channel injections were done using a Ismatec™
Reglo Digital MS-2/12 multichannel pump (Cole-Parmer, Germany).

2.13.1. Binding affinity of the free Fc fragments

Firstly, SPR measurements were used to investigate the binding af-
finity of the free Fc fragments, and this was performed using Staphylo-
coccal protein A (SPA or protein A), a protein composed of five
homologous domains capable of binding the Fc portion of IgGs [32]. The
gold-coated sensors were cleaned in oxygen plasma for 10 min at
~1000-1200 mTorr. Afterwards, the sensors were rapidly transferred
into a 200 pM solution of dithiobis (succinimidyl propionate) (DSP)
dissolved in DMSO and incubated for 2 h at RT for thiol linkage. The DSP
coated sensors were rinsed with DMSO, then with PBS, and incubated
overnight at 4 °C with a 0.5 mg/ml protein A solution in PBS. After that,
the sensors were transferred into a 1 M ethanolamine solution (pH 8.6)
for 30 min-1 h, to block residual reacting sites. Finally, the sensors were
washed with Milli-Q water, dried with air or Ny, and stored at 4 °C. This
experiment was conducted on the Navi™ 200 OTSO. The full SPR
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reflectance spectrum was measured between 58 and 75°, and scanned
with a 670 nm laser wavelength, with a scanning time of ~2 s. Flow
channels and fluidic paths were firstly injected with PBS and then
primed with the assay buffer (HBSS-HEPES, pH 7.4) for initial signal
stabilization. Once achieving a stable baseline, the Fc fragment solutions
(0.1-100 pg/mL in HBSS-HEPES, pH 7.4) were injected at a flow rate of
30 pL/min, until reaching the equilibrium (association rate equal to the
dissociation rate). At this point, HBSS-HEPES was injected for 50 min, to
remove unbound excess Fc fragments.

2.13.2. pH-dependent binding of Fc fragments to protein A

The influence of the pH on the binding ability of the Fc fragments to
protein A was investigated. This experiment conducted on a Navi™ 200
OTSO and protein A was immobilized on the surface of the gold-coated
SPR sensor as described above. The incident light wavelength used was
670 nm, and the full SPR reflectance spectrum was measured between
55 and 77° every 3 s. Flow channels and fluidic paths were primed with
HBSS-HEPES at pH 6.5, 7.4 and 8.2.1 mg/mL BSA was injected in the
system for 5 min to block residual reacting sites. HBSS—-HEPES at the
corresponding pH values was again injected until a stable baseline was
achieved. 10 pg/mL Fc fragment solutions in HBSS-HEPES (pH 6.5, 7.4
and 8.2) were injected for 40 min at a flow rate of 30 pL/min.

2.13.3. Binding of FcRn-targeted NPs to Caco-2 cells

The cell -NP interactions were investigated by assessing the binding
ability of FcRn-targeted and non-targeted NPs to Caco-2 cells. For this,
Caco-2 cells were seeded over a gold-coated SPR sensor at a concen-
tration of 8.8 x 10° cells/mL, and allowed to attach for 24 h at 37 °C, 5%
CO; and 95% relative humidity. Afterwards, the sensor was transferred
onto a clean 35 mm Petri dish with 2 mL of cell culture medium, and
maintained in a humidified atmosphere for 14 days, with growing me-
dium replaced every other day. This experiment was performed on a
Navi™ 210 A VASA, with an incident laser wavelength of 670 nm, and
the full SPR reflectance spectrum was measured between 55 and 77°
every 3 s. The temperature of the system was set at 37 °C.
HBSS-HEPES-PS (pH 6.5) was injected into the system for initial signal
stabilization. Then, 100 pg/mL suspensions of UnTHCPSi@LNPs and
UnTHCPSi@LNPs-Fc in HBSS-HEPES-Pen-Strep (pH 6.5) were injected
at a flow rate of 25 pL/min for 30 min, followed by a 30 min injection of
buffer. Data collected from all SPR experiments were exported in ASCII
format with MP-SPR Navi Data Viewer 4.2.5 software by using the
centroid method for determining the SPR peak angular position (PAP).

2.14. In vitro permeability studies

Permeability studies were performed in Caco-2/HT29-MTX (ratio
90:10) cell monolayers seeded at a density of 6.8 x 10* cells/cm? in 6-
well Transwell® permeable supports (0.4 pm pore size; Corning Inc., NY,
USA) and grown for 21 days. Culture media was replaced every other
day. The successful formation of tight junctions, and therefore, of a
barrier-like structure was evaluated by monitoring the transepithelial
electrical resistance (TEER) throughout the culture period, using a
Millicell ERS-2 volt-ohm-meter with STX01 electrodes (Millipore, MA,
USA). A detailed description of the TEER measurements is reported in
the Supporting Information.

At the end of the culture period, the TEER was again monitored, the
monolayers were washed with HBSS-HEPES, and maintained for 15 min
in this buffer for equilibration. Insulin permeability was investigated
from the apical (0.5 mL) to the basolateral (1.5 mL) compartment, using
HBSS-HEPES pH 6.5 and pH 7.4, respectively. Insulin-loaded NPs
(UnTHCPSi, UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc) equivalent to
8 pg of insulin were added to the apical compartments of the Transwell®
membranes. The plates were kept at 37 °C, with shaking (100 rpm). At
specific time points (15-120 min), 300 pL samples were collected from
the basolateral compartments, and the same volume of pre-warmed
HBSS-HEPES (pH 7.4) was added to maintain a constant volume. The
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concentration of insulin in the basolateral compartments was quantified
by HPLC, as described above, and the apparent permeability coefficients
(Pgpp) were calculated using Eq. (3)

AQ 1

Pyp= ——x — 3
"= At AG, @

where, AQ/At is the steady-state flux (pg/s), Co is the initial insulin
concentration in the apical compartment (pug/mL), and A is the surface
area of the filter (cm?). The Pgyp, values were estimated using Co values
based on the complete insulin release from the NPs.

At the end of the study, the monolayers were washed with
HBSS-HEPES, to remove the excess NPs that were not interacting with
the cells, and fixed with glutaraldehyde at RT for 15 min. After washing
again, the membranes were dehydrated and embedded in epoxy resin for
TEM analysis. Ultra-thin sections of the membranes cut in the perpen-
dicular direction were stained with uranyl acetate and lead citrate and
observed under the microscope. The experiments were carried out in
triplicate (n = 3).

2.15. Statistical analysis

The experiments conducted in this study were performed, at least, in
triplicates (n > 3), and the results are reported as mean + standard
deviation (s.d.). The statistical significances were analyzed by one-way
or two-way analysis of variance (ANOVA), followed by the Bonferroni
post hoc test (GraphPadPrism, GraphPad Software Inc., CA, USA). The
levels of significance were set at probabilities of *p < 0.05, **p < 0.01,
*¥*¥%p < 0.001, and ****p < 0.0001.

3. Results and discussion

3.1. Characterization of the carboxylated lignin and maleimide-
terminated lignin

Lignin is a renewable resource and one of the most abundant poly-
mers derived from biomass on Earth [22,33,34]. Its eco-friendly origin,
biocompatibility, biodegradability and low toxicity have turned it into
an exciting material for the development of advanced drug delivery
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succinic anhydride,

THF, 48 h

LIGNIN CARBOXYLATED LIGNIN

—_—_— Lignin—-COOH
chemically modified
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systems [21,35]. In this study, softwood kraft lignin was chemically
modified to render it with a pH-responsive dissolution behavior and,
simultaneously, a suitable surface chemistry for the development of a
targeted drug delivery system for oral administration.

The chemical structure of the native lignin used in this study has
been previously reported [36]. The amount of carboxylic groups in its
structure was increased by reacting the native hydroxyl groups with
succinic anhydride, using DMAP as a nucleophilic catalyst [37]. The
scheme of lignin carboxylation is shown in Fig. 1a. Here, a nucleophilic
attack of catalyst DMAP on a carbonyl group of succinic anhydride forms
a tetrahedral intermediate, which triggers a more activated nucleophilic
attack to the hydroxyl groups present on lignin than that of the original
anhydride [36]. The reaction of this intermediate with the hydroxyl
groups of lignin leads to the formation of a second intermediate, which
collapses, followed by the elimination of the pyridine group, and the
lignin carboxylation reaction is completed [36]. In turn, the inclusion of
maleimide groups in the structure of lignin, which will be further used
for conjugation reactions, was achieved by reacting lignin with a het-
erofunctional PEG linker (Fig. 1b). In this reaction, DCC was used as a
coupling agent and DMAP as a catalyst [38].

The success of the chemical modifications was evaluated by
ATR-FTIR and 'H NMR. The ATR—FTIR spectrum showed that native
lignin displays the typical bands that correspond to the presence of
different functional groups on its structure [39]. The spectrum of the
carboxylated lignin, in turn, showed a stronger absorbance band at
1720 em ™2, as highlighted in purple in Fig. 1¢, which is attributed to the
stretching vibrations of C=0 of the free -COOH groups and of C=0 from
a ketone group at f-location [36,39].

In the case of the maleimide-terminated lignin, the increase in the IR
absorption band at ca. 1710 cm™! is attributed to the C=0 stretching
present in maleimide. This is supported by the spectra of the linker alone
and the physical mixture between the linker and native lignin when
compared to the spectrum of native lignin (Fig. 1c, highlighted in blue).
The ATR—FTIR data of the maleimide-terminated lignin was further
supported by the 'H NMR. In this case, the spectra of the linker alone
showed a chemical shift at 7 ppm, which derives from the protons in the
maleimide molecule (Fig. 1d). The same peak appears in the chemically
modified lignin, but not in the native lignin, supporting the success of
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Fig. 1. Lignin chemical modification. Schematic representation of a) lignin carboxylation reaction and b) lignin chemical modification with a maleimide-
terminated heterofunctional PEG linker (N-Mal-N-bis [PEG2-acid]); ¢) ATR—FTIR spectra, from bottom to top, of BioPiva™ softwood kraft lignin (raw), N-Mal-N-
bis(PEG2-acid), their physical mixture, lignin that was chemically modified with the maleimide-terminated N-Mal-N-bis(PEG2-acid), and carboxylated lignin; d) H
NMR spectra of lignin (stock), N-Mal-N-bis(PEG2-acid), and lignin after chemical modification with N-Mal-N-bis(PEG2-acid).
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the reaction.

3.2. Physicochemical characterization of the NPs

The NP system developed in this study consists of an insulin-loaded
UnTHCPSi NP encapsulated into a lignin matrix, and further surface-
functionalized with the Fc fragment of IgG. UnTHCPSi NPs were used
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as drug carriers due to their high loading capacity, biodegradability,
biocompatibility, as well as capability to be loaded with a variety of
therapeutic compounds, such as proteins and peptides [40,41]. These
NPs were prepared using a top-down approach by the electrochemical
anodization of p*-type monocrystalline Si wafers into porous films,
followed by surface stabilization by thermal hydrocarbonization, sur-
face modification using undecylenic acid treatment, and then milling,
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Fig. 2. Physicochemical characterization of the NPs developed in this study. a) Size, Pdl, {-potential and b) size distribution by intensity of bare and insulin-
loaded UnTHCPSi NPs, UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc. Results are expressed as mean =+ s.d. of three independent measurements of the same batch (n =
3). ¢) ATR—FTIR spectra of the NPs at different steps of preparation.
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according to previously optimized protocols [17,27]. The detailed
characterization of the physical properties of the UnTHCPSi NPs by Ny
sorption at —196 °C are shown in Table S1. Here, insulin was used as a
model anti-diabetic drug and it was loaded into the UnTHCPSi NPs by an
immersion method [14,19].

Insulin-loaded UnTHCPSi NPs were further encapsulated into a
lignin matrix, using a ratio of carboxylated:maleimide-terminated lignin
of 70:30 (w/w), based on the optimization of the encapsulation protocol
(data not shown). The NPs, previously dispersed in water, were mixed
with a lignin solution in EtOH, and maintained under mechanical
agitation. The subsequent solvent-evaporation process led to the for-
mation of individual lignin matrices around the core NPs via nano-
precipitation, which is an easy, reliable and high-yield procedure that
does not require the use lots of instrumentation or chemicals. The Fc
fragment of IgG, previously modified with thiol groups (Fc-SH), was
further conjugated to the surface of the NPs via maleimide-thiol chem-
istry [26].

The DLS data showed sizes of 184 4+ 6 nm for the UnTHCPSi NPs,
which increased up to 208 + 2 nm after encapsulation into the lignin
matrices (Fig. 2a). The functionalization of the UnTHCPSi@LNPs with
the Fc fragment did not significantly affect the size of the NPs (211 £ 1
nm), as expected, since the Fc is a very small molecule (Fig. 2a). Overall,
the NPs presented a narrow size distribution throughout the preparation
steps, with the final formulation presenting values of 0.14 & 0.02 when
bare, and 0.18 + 0.02 when loaded with insulin (Fig. 2a and b). The
insulin-loaded NPs showed a consistent but mild increase in the NP size
and PdI throughout the preparation process, which had a minimal effect
on the size of the NPs, as later proved by the TEM imaging. The size of
the final formulation is suitable for cellular uptake at the intestinal level
[42,43], which is essential to ensure that the NPs can be internalized by
the epithelial cells. The {-potential of the UnTHCPSi NPs was highly
negative (— 37 + 1 mV), as previously reported [13,15], becoming even
more negative after encapsulation with lignin (— 50 + 1 mV) [36], then
showing a slight increase once functionalized with the Fc fragment ( —
41 £+ 1 mV), an effect that has also been observed in previous works
(Fig. 2a) [13]. Interestingly, the surface charge of insulin-loaded
UnTHCPSi NPs was higher than their non-loaded counterparts (— 21
+ 1 mV), which supports the possible deposition of insulin on the surface
(Fig. 2a). Yet, the variations in the {-potential observed in the
insulin-loaded NPs throughout the preparation steps were coherent with
those observed in the unloaded ones.

ATR-FTIR spectroscopy of the NPs throughout the preparation steps
showed the characteristic bands of the UnTHCPSi NPs (Fig. 2¢) [13,15],
becoming visibly changed with the presence of lignin in the formulation.
After functionalization with the Fc fragment, the changes observed in
the bands of amides I, II and III, as well as the N-H stretch at ~3300
em™! (highlighted in blue) suggest an increase in the amount of amines
in the formulation. Considering that the Fc fragment contains primary
amines in its structure, these alterations support the successful conju-
gation of the targeting ligand to the NPs (Fig. 2c). The link between
maleimide and thiol itself is, however, below 500 cm ™! in the IR spectra,
which is below the spectra range cut-off, and therefore, not shown here.
The evaluation of the presence of thiols in the spectrum of the final
formulation could also be attempted at around 2550 cm ™. However,
these bands are weak and easy to overlook (not shown). For these rea-
sons, the extent of the success of this functionalization was further
evaluated by elemental analysis, a complimentary technique used to
determine the quantity of a particular element within the formulation.

Elemental analysis of the herein developed formulation showed a
marked increase in the amount of carbon from the UnTHCPSi NPs to the
lignin-encapsulated NPs, as expected, due to the addition of the
biopolymer to the nanosystem (Table 1). Also importantly, nitrogen
appeared in the formulation only upon functionalization with the Fc
fragment, which contains primary amines, supporting the ATR-FTIR
data and, consequently, the successful conjugation of the targeting
ligand to the NPs (Table 1). Based on the chemical structure of the Fc
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Table 1
Elemental analysis determination of the mass percentage of nitrogen, carbon and
sulfur elements in the NP formulation at different steps of preparation.

Sample N, % C, % S, %
UnTHCPSi Ny 13.11 + 3.97 Su
UnTHCPSi@LNPs Ny 41.39 + 2.03 1.05 + 0.05

UnTHCPSi@LNPs-Fc 1.05 £+ 0.06 41.76 + 0.62 1.11 + 0.03

N, = N amount below the detection limit; S, = S amount below the detection
limit. Results are expressed as mean =+ s.d. of three independent batches (n = 3).

region of IgG, there are ca. 0.052 + 0.004 mg of Fc per 1 mg of
UnTHCPSi@LNPs.

The morphological properties of the NPs were assessed by TEM.
Fig. 3a shows an irregular surface of UnTHCPSi NPs, which becomes
smooth after encapsulation with a thin layer of lignin. The functionali-
zation of the NPs with the Fc fragment does not induce visible
morphological alterations, as expected (Fig. 3a, upper panel). Addi-
tionally, UnTHCPSi NPs do not suffer detectable alterations after being
loaded with insulin (Fig. 3a, lower panel). The entrapment into the
lignin matrices was equally successful, with the final formulation
showing the desired size and shape (Fig. 3a, lower panel). Further TEM
images with a higher number of particles per image can be found in
Figure S1. The EDX elemental composition analysis showed the presence
of the Si peak in UnTHCPSi NPs (Fig. 3b, Spectra 1 and 2, blue arrow),
whereas no Si was detected in the surroundings of the NPs (Fig. 3b,
Spectrum 3). Results also confirmed the presence of UnTHCPSi NPs in-
side the lignin matrices due to the appearance of the Si peak in the
spectra of both UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc (Fig. 3b,
Spectra 1 and 2, blue arrow), with Si being similarly undetectable in
surroundings of the NPs (Fig. 3b, Spectrum 3). Overall, these results
confirm the successful development of insulin-loaded, lignin-nano-
encapsulated, FcRn-targeted PSi NPs.

3.3. pH-Responsiveness of LNPs

Although lignin is an abundant biomaterial, renewable and eco-
friendly [21], it has only very recently been considered for drug de-
livery applications and, particularly, for oral administration [31]. Lig-
nins are, in fact, the main organic polymers present in dietary insoluble
fiber, known to resist the digestive process in the GIT [31]. In line with
this, it has been suggested that the incomplete ionization of the -COOH
groups at acidic pH is not enough to disintegrate lignin molecules,
limiting their solubility in such conditions [44]. Hence, the fact that
lignin is biocompatible, together with its capacity to remain intact in the
harsh stomach conditions triggered the ongoing explorative research
around lignin for oral drug delivery applications. Moreover, the dis-
solution/stability of carboxylated lignin polymers with different
carboxylation degrees have been recently investigated, where the lignin
used herein was reported to dissolve immediately after incubation at
physiological pH [45]. Therefore, we hypothesized that lignin would
protect the insulin-loaded UnTHCPSi NPs throughout the GIT, and
remain intact while in contact with the intestinal cells. After
FcRn-mediated transcytosis, the NPs would reach the blood circulation,
and lignin would dissolve, finally releasing insulin.

Hence, the pH-responsive dissolution behavior of the lignin-
encapsulated NPs developed in this study was evaluated by incubating
the NPs with buffers at different pH values (1.2, 5.5, 6.0, 6.5 and 7.4)
from 2 to 30 min. These pH conditions are physiologically relevant for
any drug carrier aimed at oral administration, as they mimic the pH
variations found from oral intake, throughout the GIT and, ultimately,
the blood circulation (after being transported across the intestinal cells)
[46]. DLS and TEM were used to evaluate the morphological changes of
the NPs throughout the experiment. In the DLS plots (Fig. 4a), the grey
dashed lines mark the properties of the NPs (size and PdI, respectively)
immediately after preparation, as originally presented in Fig. 2, before
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Fig. 3. Morphological characterization of the NPs. a) TEM images of bare and insulin-loaded NPs at different steps of preparation (scale bars represent 200 nm);
b) EDX analysis of the elemental composition of the NPs; spectra 1 and 2 represent the analysis of two different particles, whereas spectrum 3 represents the analysis

of the background (scale bars represent 200 nm).

incubation with any of the solvents, and were included to help under-
standing how much these values are deviating or not from the properties
of the original NPs. The DLS data indicated that the lignin matrix
remained intact throughout the acidic buffers that mimic the stomach
conditions, as well as the upper intestine, where the cellular absorption
must occur (Fig. 4a). This is essential to protect insulin from premature
release and degradation. Even though the DLS data did not detect any
alteration in the size of both UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc
throughout the test, the insulin-loaded UnTHCPSi@LNPs-Fc showed a
particularly marked decrease on the size of the NPs when incubated at
pH 7.4, which occurred immediately 2 min after incubation (Fig. 4a).
This effect may have been triggered by the fact that the initial sizes of
insulin-loaded NP were already slightly higher than those of its

unloaded counterpart, as shown in Fig. 2a, resulting in a more noticeable
decrease in the particle size upon dissolution of lignin. These results
suggest both that lignin can protect insulin from degradation until it
reaches the pH conditions of the blood circulation and also that the
dissolution process of lignin occurs rapidly. The NPs showed narrow size
distribution for all pH conditions and time points tested (Fig. 4a).

The TEM images further elucidated these findings (Fig. 4a), by
showing that all NP systems remain intact and with a smooth surface in
pH conditions of 1.2-6.5. The subsequent emergence of the irregular
surface of the core UnTHCPSi NPs showed that lignin dissolution
occurred in a progressive manner, which starts immediately after 2 min
of incubation at pH 7.4. These images also showed that the lignin
matrices were absent from the formulation after 30 min of incubation at
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pH conditions mimicking the blood circulation. The fact that the DLS did
not show any changes in the sizes of bare UnTHCPSi@LNPs and
UnTHCPSi@LNPs-Fc may be attributed both to the fact that lignin forms
a very thin layer around the core NPs and also to the use of several
buffers and different pH conditions, which possibly interfere with the
measurements of their hydrodynamic diameters [47]. The TEM images,
however, showed that the dissolution of the lignin matrix occurs as
initially aimed for this nanosystem. Altogether, these data showed that
the NPs remain intact in the pH conditions found throughout GIT, which
would enable their interaction with the FcRn-expressing epithelial cells.
After transcytosis in their intact form, the NPs should be able to reach
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the blood circulation, where the core, insulin-loaded NPs would become
exposed, as demonstrated herein.

3.4. Drug loading and in vitro drug release studies

As a result of the hydrophobic nature of their core, the lignin NPs
fabricated in this study would not suitably serve as insulin carrier alone
[36]. Attempting to load insulin in these NPs would result in a very low
loading degree and possible leakage during storage. Therefore, the
presence of UnTHCPSi as core NPs was needed to ensure proper drug
loading. Hence, insulin was loaded into the UnTHCPSi NPs, according to
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Fig. 5. AE, LD and in vitro insulin release profile of the developed NPs. a) AE (w/w) and LD (w/w) of UnTHCPSi, UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc; b)
Insulin release profile from the NPs at different steps of preparation; the percentages of insulin released were compared at time points from 15 min to 11 h. The
experiments were conducted at 37 °C, under magnetic stirring, with the particles dispersed in different buffer solutions at pH 1.2, pH 6.5 and pH 7.4. Results are
expressed as mean =+ s.d. of three independent batches (n = 3). Two-way ANOVA was used for the statistical analyses of the measured values, followed by the
Bonferroni post hoc test. Data sets were compared at the last time point to the control (UnTHCPSi NPs). The level of significant differences was set at probabilities of
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Results are expressed as mean =+ s.d. of three independent samples (n = 3).
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a previously optimized immersion method [14,19].

The amount of insulin associated to the NPs was determined by the
calculation of the AE and LD, via direct method. UnTHCPSi NPs showed
an AE (w/w) of 19.2 + 0.9%, whereas the lignin-encapsulated and the
Fe-functionalized NPs showed AEs of 8.7 + 0.3% and 7.8 &+ 0.2%,
respectively (Fig. 5a). The decrease observed from the non-encapsulated
(UnTHCPSi NPs) to the lignin-encapsulated NPs (both UnTHCPSi@LNPs
and UnTHCPSi@LNPs-Fc) is attributed to the loss of insulin during the
encapsulation step. However, once the lignin matrix is formed, there is
only a minimal difference in the AE of the NPs functionalized with the
Fc. The LD (w/w) showed a similar trend, with values of 5.5 + 0.2% for
UnTHCPSi NPs, 2.0% for UnTHCPSi@LNPs and 2.1% for
UnTHCPSi@LNPs-Fc. The decrease from the non-encapsulated to the
lignin-encapsulated NPs is equally attributed to the fact that
UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc are submitted to more steps
of preparation, with eventual loss of insulin, as well as to the increase in
their mass, resulting from the addition of lignin, with the mass being
accounted for the calculations of the LD.

The in vitro release profile of insulin from the NPs was investigated by
successively incubating them with buffers at pH 1.2, 6.5 and 7.4, thereby
mimicking the passage of the NPs through the different pH conditions
found from oral intake to the blood circulation. The duration of the
incubation times in the first two buffers (2 and 6 h, respectively) was
determined according to the estimated residence time of the NPs in the
stomach and intestine [46], whereas the 3 h incubation time at pH 7.4
was chosen based on the achievement of a release plateau during the
optimization of the protocol (not shown).

The in vitro insulin release profile from UnTHCPSi NPs,
UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc is shown in Fig. 5b. Results
showed that lignin protected insulin from being prematurely released at
pH 1.2 and 6.5 in both functionalized and non-functionalized NPs. This
effect is essential to ensure that the integrity of the NPs is maintained all
the way through the GIT, as well as to enable them to reach and interact
with the intestinal cells for transcytosis [48]. The drug started being
gradually released only when the NPs were incubated at pH 7.4,
reaching release values of ca. 60-70%. The fact that not all insulin
loaded into the NPs was released during this experiment can be ascribed
to the interactions between the hydrophobic parts of insulin and the
surface of the porous silicon, which limit the release of the protein that
becomes irreversibly attached, as previously reported [16]. Surpris-
ingly, UnTHCPSi NPs alone, without being encapsulated into lignin
matrices, showed an impaired release of the drug throughout the
experiment. Moreover, only minimal amounts were released at pH 1.2,
as one would expect, but which may be caused by the abovementioned
hydrophobic interactions occurring when dispersed directly in the acidic
buffers. These NPs only reached release values of ca. 25%. Despite their
release profile, in a living organism, the prolonged exposure of the drug
in the open pores of the UnTHCPSi NPs to the high enzymatic activity of
the stomach would compromise the structure, and therefore, the ther-
apeutic effect of insulin. For these reasons, the lignin matrices are shown
to play a crucial role in protecting the drug, while ensuring its adequate
release in the target site only. This experiment also supports the trans-
latability of this system to other therapeutic purposes, since UnTHCPSi
NPs are a versatile drug carrier, which can be loaded with a variety of
drug molecules, with different sizes, molecular structures and properties
[40,41].

3.5. Characterization of the FcRn expression

Established in vitro models grown in specific conditions provide
indispensable tools for predicting the behavior of drug delivery systems
when in contact with the intestinal microenvironment, and thus, the
transport of drugs and/or NPs across the intestinal epithelium. Caco-2/
HT29-MTX co-cultures are a widely used in vitro system to mimic the
physiology of the human intestine [49]. However, the validation of the
herein developed targeted NPs depends on the specific expression of the
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FcRn by the intestinal cells.

A preliminary test was conducted for validation purposes. Caco-2
and HT29-MTX cells were separately grown on 6-well plates for 7
days. HepG2, a human liver hepatocellular carcinoma cell line, with
epithelial morphology, and known for expressing the FcRn [50], were
used as positive control. HepG2 were grown in the same conditions.
Lysates from Caco-2, HT29-MTX and HepG2 were prepared and
analyzed by Western blot. Blots were probed with human FcRn, followed
by HRP-conjugated anti-mouse IgG Secondary Antibody. Results
showed a 42-kDa band present in both Caco-2 and HepG2 cells, which is
consistent with the molecular weight of the FcRn heavy chain
(Figure S2). Little or no expression was detected in the HT29-MTX. For
these reasons, we carried out the Western blot for characterization of the
FcRn expression on Caco-2 cell monocultures and Caco-2/HT29-MTX
co-cultures. In this case, cells were grown on Transwell® permeable
supports, which provide apical and basolateral compartments, better
mimicking the configuration of the human intestine. Lysates were pre-
pared from the Caco-2 cell monocultures and Caco-2/HT29-MTX co--
cultures grown for 7, 14 and 21 days, and probed with the primary and
secondary antibodies stated above. A Ponceau S staining was used to
locate and identify the proteins after electroblotting onto the Western
Blot membrane (Figure S3). Western blot results showed that the FcRn
expression can be detected in Caco-2 cells immediately after 7 days of
culture, as shown by the presence of the 42-kDa band (Fig. 6). This
expression showed to increase over the culture period, up to 21 days of
culture. A similar trend was observed in the Caco-2/HT29-MTX co--
cultures (Fig. 6), with FcRn being detected at every time point tested,
confirming the increasing trend over the culture period. a-tubulin was
used as loading control (Fig. 6), proving that the differences observed in
the FcRn expression were not due to loading inconsistencies nor lack of
protein in a lane. Overall, these data support that this model is suitable
for in vitro evaluation of the behavior of the herein developed
FcRn-targeted NPs when in contact with the intestinal
microenvironment.

3.6. In vitro cytotoxicity studies

Since the NPs developed in this study are expected to interact with
the intestinal cells for possible receptor-mediated transcytosis, it is
important to evaluate whether any of the materials/compounds used in
their preparation induce cellular toxicity. Caco-2 cells, a human colo-
rectal adenocarcinoma cell line, were used to represent the enterocytes,
which constitute ca. 90% of the intestinal epithelium [49]. HT29-MTX,
in turn, constitute the remaining 10%, and were wused as
mucus-producing cells [49]. When co-cultured, a seeding ratio of 90:10
of Caco-2 and HT29-MTX, respectively, showed to render the best
physiological proportions [49].

Here, the cytotoxicity of the developed NPs was investigated on
monocultures of Caco-2 and HT29-MTX cells, and on Caco-2/HT29-MTX
co-cultures. Cells were exposed to the NPs at different steps of

Caco-2 Caco-2/HT29-MTX

Day7 Day14 Day21 Day7 Day14 Day21
50 kDa
hFcRn T -—" .- e 37 kDa
a-Tubulin T Nt et S e e 50 kDa

Fig. 6. Detection of human FcRn by Western blot. Western blot shows ly-
sates of Caco-2 monocultures and Caco-2/HT29-MTX co-cultures grown for 7,
14 and 21 days, probed with human FcRn, followed by HRP-conjugated anti-
mouse IgG Secondary Antibody. anti-a Tubulin was used for loading control.



J.P. Martins et al.

preparation (UnTHCPSi NPs, UnTHCPSi@LNPs and UnTHCPSi@LNPs-
Fc) for 6 and 24 h, with NP concentrations ranging from 25 pg/mL to
400 pg/mL. At these time points, the ATP content in metabolically active
cells was measured by the CellTiter-Glo® luminescence assay. The
selected cell lines and culture conditions, time points, and NP concen-
trations are expected to give insights on the NP concentration-dependent
toxicity, as well as on the highest concentration that can be used for
further studies.

In the Caco-2 monocultures, all NP systems showed mild levels of
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toxicity, which occurred in a concentration-dependent manner, with an
increase in the toxicity directly proportional to the increase of the NP
concentration, both after 6 and 24 h of incubation (Fig. 7). Cell viabil-
ities were, however, always > 84%, even when cells were incubated
with the highest NP concentration (400 pg/mL). Results also showed
that the different NPs do not induce toxicity when incubated with HT29-
MTX cells when using concentrations up to 200 pg/mL (Fig. 7). The
highest NP concentration tested, in turn, showed signs of toxicity in this
cell line, at both time points tested, presenting a significant difference

25 pyg/mL =50 pg/mL =100 pg/mL =200 pg/mL =400 pg/mL
Caco-2
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Control UNTHCPSI UNnTHCPSI@LNPs UnTHCPSI@LNPs-Fc Control UNTHCPSI UnTHCPSI@LNPs UnTHCPSI@LNPs-Fc
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Fig. 7. Cytocompatibility of the developed NPs. Cell viability values (%) of Caco-2, HT29-MTX and Caco-2/HT29-MTX (ratio 90:10) when exposed to UnTHCPSi,
UnTHCPSi@LNPs, and UnTHCPSi@LNPs-Fc assessed by CellTiter-Glo® luminescence assay. The ATP content was investigated after 6 and 24 h of incubation with the
different NPs at different concentrations (25-400 pg). Cells were incubated with cell culture media, as negative control. The incubations were conducted at 37 °C and
5% CO,. Two-way ANOVA was used for the statistical analyses of the measured values, followed by the Bonferroni post hoc test. Each data set was compared to the
negative control. The level of significant differences was set at probabilities of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Results are expressed as
mean =+ s.d. of four independent measurements (n = 4).
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(****p < 0.0001) when compared to the control. Nonetheless, these cells
make only a very small portion of the intestinal epithelium, and there-
fore, a minimal toxicity effect is expected to be caused by the NPs in
future experiments. In line with this, low levels of toxicity and a
concentration-dependent trend were again observed when the different
NPs were incubated with the Caco-2/HT29-MTX co-cultures for up to 24
h, even with the highest NP concentration (Fig. 7). The overall cell vi-
abilities were maintained > 79%. Altogether, these results suggest that
the final formulation and the materials it contains are biocompatible
with the intestinal cells for incubation periods of up to 24 h, and con-
centrations of up to 400 pug/mL.

3.7. Cell-NP interaction studies

Lignin is an optimal candidate for the development of advanced drug
delivery systems due to the presence of functional groups on its native
surface, as well as the possibility to be chemically modified with the
desired functional groups, which then enable the chemical conjugation
of targeting ligands [31]. Yet, the transport of the developed NPs via
FcRn-mediated transcytosis depends on the success of the interactions
between the NPs and the intestinal cells. In this study, the binding ability
of the Fc fragments used to functionalize the NPs and, most importantly,
the cell-NP interactions were investigated by SPR. SPR is an optical
method that allows the sensitive and label-free monitoring of molecular
interactions, based on the propagation of waves of surface plasmons on a
metal surface upon excitation with p-polarized visible light [51,52].

Firstly, the binding ability of the free Fc fragments was studied
through the analysis of their affinity towards protein A. Protein A is
expressed on the surface of Gram-positive bacterium Staphylococcus
aureus, composed of several domains that can bind the Fc portion of IgGs
[53]. The strength of this interaction depends on the type of IgG [32].
SPR studies using Protein A immobilized on the surface of gold sensors
have shown a great potential for the study of antibody-receptor in-
teractions [54]. Figure S4 shows the SPR PAP responses against time
when injecting Fc fragments at concentrations varying from 0.1 to 100
pg/mL in HBSS-HEPES (pH 7.4) on a protein A-covered SPR sensor.
With the exception of the lowest concentration tested, all Fc fragment
concentrations caused immediate responses in PAP. Also importantly,
this process occurred in a concentration-dependent manner, with an
increasing PAP upon the gradual increase of the Fc fragment concen-
tration. The highest concentration tested (100 pg/mL) reached a
maximum shift of ~550 millidegrees (Figure S4). For the majority of the
concentrations, the SPR response reaches a plateau, indicating that the
system is at equilibrium, and therefore, that the association and disso-
ciation rates are equal. The equilibrium affinity (Kp) of the Fc fragment
towards protein A was ~30 pM, which indicates a fairly strong inter-
action between the two molecules.

While the Fc portion of IgG is expected to bind optimally to protein A
at pH 8.2, the highest affinity between the Fc and the FcRn-expressing
intestinal cells is reported to occur at pH 6.5 [25]. For this reason, 10
pg/mL samples of Fc in HBSS-HEPES at pH 6.5, 7.4 and 8.2 were
injected on gold-coated SPR sensors immobilized with protein A.
Interestingly, all samples caused PAP responses immediately after in-
jection, and showed high binding ability towards protein A (Figure S5).
Moreover, the binding equilibrium was reached for every sample, and
no significant differences on the intensity of binding ability were
observed between the different pH conditions. Altogether, these data
support the biological activity and functionality of the Fc fragment used
in this study and its potential as a targeting ligand for NP surface
functionalization.

Lastly, the binding ability of FcRn-targeted NPs to FcRn-expressing
intestinal epithelial cells was investigated. Non-targeted NPs
(UnTHCPSi@LNPs) were used as control. Prolonged culturing of Caco-2
cells up to 21 days over gold-coated SPR sensors resulted in detachment
of the monolayer from the substrate and a reduced cellular survival rate
(data not shown). Nonetheless, Caco-2 cells showed to be confluent over
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the sensors at day 14 of culture. Also, the Western blot data presented in
this study showed that Caco-2 cells already express high levels of FcRn at
this stage. Therefore, this experiment was conducted in Caco-2 cells
immobilized on gold-coated SPR sensors for 14 days. For this study, the
system was primed with HBSS-HEPES-Pen-Strep (pH 6.5) until a stable
baseline was achieved. Upon injection with the NPs (100 pg/mL), both
targeted and non-targeted NPs caused immediate responses in PAP
(Fig. 8). Whereas the results show the occurrence of non-specific in-
teractions between non-targeted NPs and Caco-2 cells, the FcRn-targeted
UnTHCPSi@LNPs-Fc presented higher binding ability towards the FcRn-
expressing cells throughout the entire experiment (Fig. 8). No signal
decrease was observed even after sample injections were stopped and or
when the system was being flushed with running buffer, further sup-
porting the strength of these interactions. At the end of the experiment,
the binding ability of the FcRn-targeted NPs presented a significant
difference (*p < 0.05) when compared to the non-targeted NPs. In
summary, these data show a noticeable difference between
UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc, and the higher binding
ability observed specifically for Fe-functionalized NPs reinforces the
potential of FcRn transcytosis as a functional pathway for increasing the
intestinal permeation of drug-loaded NPs.

3.8. Insulin permeability studies on an in vitro cell culture model

To reach the blood circulation and find the optimal pH conditions to
release insulin, the lignin-encapsulated NPs developed in this study need
to migrate from the apical to the basolateral side of the intestinal
epithelium. Hence, after the Western blot validation of the FcRn
expression on the in vitro cell culture model, and the promising SPR
cellular interaction studies, insulin permeation was investigated across
Caco-2/HT29-MTX co-cultures.

The establishment of a confluent monolayer and development of
tight junctions was assessed by monitoring the TEER over the culture
period. Results showed increasing TEER values until day 9 of culture,
then starting to stabilize and even slightly decreasing as the cell differ-
entiation is occurring (Figure S6). Nonetheless, the TEER value of 794 +
52 Q cm? obtained at the end of the culture period (21 days) supports the
successful development of continuous tight junctions [55] and, more

UnTHCPSI@LNPs

12— UnTHCPSI@LNPs-Fc
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Fig. 8. SPR analysis of the interaction between FcRn-targeted and non-
targeted NPs with Caco-2 cells. Representative SPR PAP responses to
UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc (100 pg/mL) with Caco-2 cells.
Results are expressed as mean + s.d. of three independent injections (n = 3).
One-way ANOVA was used for the statistical analyses of the values measured at
the last time point, followed by the Bonferroni post hoc test. The level of sig-
nificant differences was set at probabilities of *p < 0.05.



J.P. Martins et al.

importantly, the integrity of the cell monolayer in a close resemblance of
the in vivo scenario.

Results from the insulin cumulative permeability profiles depict an
increase in the amount of insulin permeating the intestinal cells imme-
diately after 15 min of incubation, which gradually increases throughout
the experiment (Fig. 9a). The permeation rate of insulin from the FcRn-
tartgeted UnTHCPSi@LNPs-Fc was faster than the non-targeted NPs and
UnTHCPSi NPs alone, presenting, at the end of the incubation period, a
statistically significant difference (****p < 0.0001) (Fig. 9a). The use of
UnTHCPSi NPs as drug carriers may have promoted the levels of insulin
permeation observed for the non-targeted systems, which is also in
agreement with the non-specific interactions observed in the SPR
studies.

The apparent permeability coefficients (Pgyp) of insulin were calcu-
lated from the permeation profiles across the Caco-2/HT29 monolayers
(Fig. 9b). The Py, for insulin loaded into UnTHCPSi@LNPs-Fc was al-
ways higher than that of UnTHCPSi@LNPs and UnTHCPSi NPs. At the
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end of the experiment, the Py, of UnTHCPSi@LNPs-Fc were ca. 2.37 x
107° cm/s, whereas the Pg,, of UnTHCPSi@LNPs and UnTHCPSi NPs
were ca. 1.66 x 107® cm/s and ca. 1.01 x 107% cm/s, respectively.
Hence, the insulin that permeated the cell monolayers when loaded into
the FcRn-targeted NPs was significantly higher than that loaded into
UnTHCPSi@LNPs (**p < 0.01) and UnTHCPSi NPs (****p < 0.0001)
(Fig. 9b). Overall, the addition of the Fc fragment of IgG as a targeting
ligand on the surface of the NPs revealed to further increase the insulin
permeation across the Caco-2/HT29-MTX co-cultures.

The HPLC data were greatly supported by the microscopic analysis of
the behavior of the NPs when in the physiological environment, i.e., the
Caco-2/HT29-MTX co-cultures. For this purpose, at the end of the
experiment, the excess, non-interacting NPs were washed, and the
Transwell® membranes were dehydrated and embedded in epoxy resin
for TEM analysis. Ultra-thin sections of the monolayers incubated with
the different NP systems and cut in the perpendicular direction are
presented in Fig. 9c. Results show normal morphology of the cells kept
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Fig. 9. In vitro permeability studies. a) Cumulative permeability of insulin across Caco-2/HT29-MTX co-cultures grown in Transwell® permeable supports after
incubation with insulin-loaded UnTHCPSi, UnTHCPSi@LNPs, and UnTHCPSi@LNPs-Fc for 120 min. The experiments were conducted in HBSS-HEPES at 37 °C, from
the apical (pH 6.5) to the basolateral (pH 7.4) side of the Transwell® supports. b) Apparent permeability coefficients (Pgy, x 107° cm/s) of insulin across Caco-2/
HT29-MTX monolayers calculated from the drug permeation profiles. For a) and b), results are presented as mean =+ s.d. of three different samples (n = 3). Two-way
ANOVA was used for the statistical analyses of the values measured at the last time point, followed by the Bonferroni post hoc test. The level of significant differences
was set at probabilities of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ¢) TEM images of flat embedded ultra-thin Caco-2/HT29-MTX monolayers after
120 min of incubation with buffer, UnTHCPSi, UnTHCPSi@LNPs, and UnTHCPSi@LNPs-Fc for the in vitro permeability studies. The scale bars represent 1 pm.
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solely with buffer throughout the experiment. Additionally, non-
targeted NPs (UnTHCPSi and UnTHCPSi@LNPs) were found in the
close vicinities of the cells, amidst the microvilli, but no signs of inter-
nalization were detected (Fig. 9c, upper panel, white dashed lines). Also
importantly, FcRn-targeted NPs showed not only to be internalized at
the apical compartment (Fig. 9¢c, lower panel, blue dashed lines), but
also to be transported across the cells and released in the basolateral
compartment (Fig. 9c, lower panel, red dashed lines). These observa-
tions are in accordance with the increased insulin permeation detected
in the basolateral compartment, thus showing the FcRn-based trans-
cytotic mechanisms and their potential to increase the transport of FcRn-
targeted NPs across the tightly organized intestinal epithelium.

Despite the significant progress achieved in the characterization of
the developed NPs and on its capacity to increase insulin permeation
across in vitro cell culture models, in vivo studies will be essential to
determine the success of this for formulation after being orally admin-
istered in a living organism. Since the expression of FcRn in rodents is
markedly different than that observed in humans, as it decreases
immediately after weaning [56], such studies will require the use of a
transgenic mouse model expressing human FcRn (FcRn~/" hFcRn (32)
Tg). This model will require the concomitant deletion of the mouse FcRn
expression, to avoid discrepancies caused by endogenous expression of
the receptor when administering the NPs. More interestingly, any pu-
tatively enhanced drug permeation observed in in vitro or in vivo contexts
might be further improved in humans, whose intestinal cells constitu-
tively express FcRn throughout adulthood [56].

4. Conclusions

Nanomedicine is revolutionizing the clinical landscape by providing
new therapeutic strategies, as well as solutions for the shortcomings of
conventional therapies. An ideal nanocarrier system for oral adminis-
tration in diabetes therapy should circumvent the barriers imposed by
the GIT and, ultimately, increase drug permeation across the intestine.
Here, we developed and characterized a multistage NP system for the
oral administration of insulin. The developed NPs showed to have small
size, which revealed to be suitable for intestinal translocation, also
showing narrow size distribution. The entrapment of the core insulin-
loaded NPs into lignin matrices rendered the nanosystem with pH-
responsive properties, ideal for protecting insulin from premature
release and degradation in the stomach and upper intestine, but dis-
solving at the pH conditions that would be found in the blood circula-
tion. The in vitro cell culture model used herein showed to express the
targeted receptor, FcRn. Moreover, the NPs exhibited low levels of
toxicity when incubated with the intestinal cells for periods of up to 24
h. SPR studies revealed that FcRn-targeted NPs display higher binding
affinity to Caco-2 cells than their non-targeted counterparts. Insulin
permeation across an in vitro cell culture model was significantly
enhanced when the drug was loaded into NPs functionalized with the Fc
fragment of IgG as a targeting ligand to the FcRn. Overall, the porous
silicon NPs showed to be a suitable drug carrier, and the lignin-based
matrices showed to adequately fit the demands of delivery systems
aimed at oral administration. The Fc functionalization showed to play a
role in potentiating the success of oral NPs, whose ability to cross the
intestinal epithelium is, otherwise, limited. Ultimately, this study pro-
vides further possibilities for the development of FcRn-targeted thera-
pies, while fostering the discussion on the reformulation of the
administration routes currently in use for diabetes management.
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