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Microfluidic-Assisted Production of Gastro-Resistant
Active-Targeted Diatomite Nanoparticles for the Local
Release of Galunisertib in Metastatic Colorectal Cancer Cells

Chiara Tramontano, Jodo Pedro Martins, Luca De Stefano, Marianna Kemell,
Alexandra Correia, Monica Terracciano, Nicola Borbone, llaria Rea,*

and Hélder A. Santos*

The oral route is highly desirable for colorectal cancer (CRC) treatment
because it allows concentrating the drug in the colon and achieving a
localized effect. However, orally administered drugs are often metabolized in
the liver, resulting in reduced efficacy and the need for higher doses.
Nanoparticle-based drug delivery systems can be engineered to prevent the
diffusion of the drug in the stomach, addressing the release at the target site,
and enhancing the efficacy of the delivered drug. Here, an orally administrable
galunisertib delivery system is developed with gelatin-covered diatomite
nanoparticles targeting the ligand 1-cell adhesion molecule (L1-CAM) on
metastatic cells, and further encapsulated in an enteric matrix by
microfluidics. The gastro-resistant polymer protects the nanoparticles from
the action of the digestive enzymes and allows for a sustained release of
galunisertib at the intestinal pH. The efficacy of antibody—antigen interactions
to drive the internalization of nanoparticles in the targeted cells is investigated
in CRC cells expressing abnormal (SW620) or basal levels (Caco-2, HT29-MTX)
of L1-CAM. The combination of local drug release and active targeting
enhances the effect of the delivered galunisertib, which inhibits the migration
of the SW620 cells with greater efficiency compared to the free drug.

1. Introduction

Oral administration is not only the easi-
est and most tolerated drug delivery route
but also the most common way to treat
colon diseases locally, and thus represents
an attractive approach for the treatment of
colorectal cancer (CRC).Il Emerging food
and drug administration (FDA)-approved
drugs inhibiting the migration and inva-
sion of CRC cells have been brought into
preclinical and clinical trials to improve
the survival time of patients.?) Among
them, the small ATP-mimetic transform-
ing growth factor-p (TGF-p) inhibitor galu-
nisertib (LY 2 157 299) has been orally ad-
ministered both in monotherapy and in
combination with standard antitumor reg-
imens in Phase 2 clinical trials.¥l The
TGEF-f receptor is often overexpressed in
CRC and promotes metastases by regulat-
ing cell adhesion, motility, and extracellular

matrix (ECM) composition.[>7] Despite the
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encouraging preclinical results, the clinical translation of galu-
nisertib calls for multiple dosing strategies due to first-pass ef-
fects and drug metabolization, with consequent increasing side
effects.l®] Nanoparticles (NPs) have been providing new tools for
delivering drugs with otherwise fast metabolization rates, im-
proving drug efficacy, and enabling their release to the target
site.”] In particular, inorganic porous drug delivery systems, such
as silica NPs, have been shown to protect drugs from metab-
olizing enzymes and proteases, improve their oral bioavailabil-
ity and residence time, and overall, enhance their therapeutic
effect.'” However, even though cancer treatment has benefited
from the NP-based formulations that have reached the market,
only a few studies have investigated the delivery of galunisertib
via NPs.'112] Therefore, the potential of galunisertib-loaded NPs
for the oral treatment of CRC remains poorly explored. Our group
demonstrated that the loading of galunisertib in gelatin-modified
diatomite NPs (DNPs) enhances the antimetastatic effect of the
drug in CRC cells due to a matrix metalloproteinase-triggered
release from the gelatin matrix.['*] DNPs are inorganic NPs ob-
tained from the porous siliceous skeletons of diatoms, being thus
made of biocompatible porous silica, which is useful for efficient
drug entrapment and delivery to cells."*21 The oral adminis-
tration of gelatin-covered DNPs (DNPs-Gel) is, however, a hard
task due to the degradation of gelatin by digestive enzymes in the
gastrointestinal (GI) tract, which would cause the undesired re-
lease of galunisertib. The development of a gastro-resistant coat-
ing on DNPs-Gel by microfluidics could overcome gelatin degra-
dation in the stomach and help address the drug release in the
colon. Microfluidics has gained increasing relevance for the pro-
duction of advanced drug delivery systems, promoting the trans-
lation of NPs from research to clinical applications.?*2] Com-
pared to bulk mixing processes, which often result in polydis-
perse NPs, microfluidics enables the precise encapsulation of
NPs due to well-controlled flow rates of the gastro-resistant poly-
mer solution and NPs inside micrometer-sized channels.[2>-%]
This cutting-edge technology makes it possible to encapsulate
nanocarriers with high batch-to-batch reproducibility and gastro-
resistant properties, protecting gelatin from degradation and en-
abling the release of galunisertib in the target site. The DNPs-Gel
also hold great promise for CRC treatment due to the possibil-
ity of modifying the gelatin coverage with an antibody targeting
the ligand-1 cell adhesion molecule (L1-CAM) on cancer cells.
L1-CAM is a transmembrane protein involved in the dynamic
process of cancer metastasis and invasion of a secondary tu-
mor site, and therefore, is often overexpressed in CRC.[26] Recent
findings suggest that this antigen helps CRC cells adhere and
spread on the surface of blood capillaries, initiating the metastatic
outgrowth in perivascular sites.[?”28] The specific interactions of
antibody-modified DNPs-Gel with CRC cells expressing high lev-
els of L1-CAM would prevent off-target effects caused by unspe-
cific DNP uptake and galunisertib release.

Here, inspired by the need for a CRC-targeted therapy, we fab-
ricate a galunisertib delivery system for oral administration made
of DNPs-Gel modified with an anti-L1-CAM antibody (DNPs-Gel-
Ab) and encapsulated in hydroxypropyl methylcellulose acetate
succinate (HPMC-AS, herein abbreviated as HPMC) by microflu-
idics. We use an in-house glass-capillary microfluidic nanopre-
cipitation technique to achieve a homogeneous and controlled
encapsulation of the DNPs-Gel-Ab in the gastro-resistant HPMC

Adv. Healthcare Mater. 2023, 12, 2202672 2202672 (2 of 17)

www.advhealthmat.de

matrix (Encapsulated-DNPs).[2%30 The proposed microfluidic en-
capsulation enables considering, for the first time, the oral ad-
ministration of DNPs, which is expected to overcome challenges
associated with their injection, such as extravasation from blood
to tumor, blood clearance, and systemic toxicity.*"! To further
decrease side effects, we propose active-targeted encapsulated-
DNPs capable of selectively binding to cells overexpressing the
L1-CAM and increasing the local concentration of released galu-
nisertib. By concentrating the delivered drug in metastatic CRC
cells, our nanocarrier is expected to reduce the dose of the drug
required to inhibit cell migration, thereby decreasing the likeli-
hood of adverse side effects. To analyze the efficiency of the active-
targeted approach in our formulation, we investigate and quan-
tify the uptake of the DNPs in three CRC cell lines expressing
high (SW620) or basal (Caco-2, HT29-MTX) levels of the surface
antigen L1-CAM. Finally, we study the ability of galunisertib re-
leased by the encapsulated-DNPs to inhibit the TGF-f-mediated
migration of SW620 metastatic cancer cells.

2. Results and Discussion

2.1. Production and Physicochemical Characterization of NPs

The DNPs serving as drug nanocarriers were functionalized and
encapsulated as sketched in Scheme 1 to fabricate a gastro-
resistant oral formulation capable of delivering galunisertib
specifically to CRC cells. First, the diatomite earth powder, com-
posed of algae skeletons known as frustules, was dispersed in
ethanol and ultrasonicated for 160 h to reduce the size of the
frustules at the nanoscale level. DNPs were centrifuged, col-
lected and purified with a mixture of sulfuric acid (H,SO,)
and hydrogen peroxide (H,0,) to purge the organic contam-
ination, and with hydrochloric acid (HCl) to remove metal
residues. Then, they were washed with Milli-Q H,O to remove
traces of the acid treatments and aminosilanized with 10% v/v
3-aminopropyltriethoxysilane (APTES) solution (referred to as
“DNPs” here) as previously described.['>13] The produced DNPs
were loaded with galunisertib and further covered by a layer of
crosslinked gelatin (Scheme 1A,B). Then, the anti-L1-CAM anti-
body was bound to the gelatin layer via protein A, and the DNPs-
Gel-Ab were encapsulated in HPMC by microfluidics for oral ad-
ministration (Scheme 1C,D).

Particle size is an important parameter for the choice of the
appropriate administration route. The intravenous injection is
generally suggested for NPs smaller than 150 nm but it is not
suitable for DNPs with an average size of 400 nm.[*”) The most
suitable administration for this system, instead, is represented
by the oral route. It has been demonstrated that the small intes-
tine epithelium can easily uptake particles 1 um in size, offering
the highest level of tissue uptake for NPs with an average size of
200-500 nm.**) Particles with smaller sizes are easier to be me-
tabolized outside the body, reducing the retention time of the de-
livered drug in the tumor site.l**3*] Bigger NPs, instead, are more
likely to be retained upon oral administration, thus increasing the
drug availability at the target site.

The DNPs produced by ultrasonication and purification ap-
proaches had an average size of 360 + 50 nm and a sur-
face charge of —10 + 3 mV due to the negatively charged hy-
droxyl groups (-OH™) (Figure 1A). The gelatin layer induced
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Scheme 1. Schematic representation of the developed NPs and their encapsulation via microfluidics. A,B) Galunisertib loading and coverage of DNPs
with gelatin. C) Attachment of the anti-L1-CAM antibody to the DNP-Gel. D) Encapsulation of DNPs-Gel into the enteric polymer. E) Design of the
microfluidic channel, which is composed of an outer capillary, in which the nanoprecipitation agent polyvinyl alcohol (PVA) is pumped, and an inner
capillary through which the dispersion of DNPs -Gel-Ab and HPMC is injected.

a slight increase in the DNPs’ size (about 40 nm) and pro-
vided the surface with positive amino groups (-NH,) useful
for further functionalization steps. Gelatin was crosslinked via
the formation of an intramolecular peptide bond using 1-ethyl-
3-[3-dimethylaminopropyl|carbodiimide-hydrochloride and N-
hydroxysuccinimide (EDC/NHS) chemistry. The coating with
crosslinked gelatin increased the PDI of the DNPs from 0.30 +
0.04 to 0.40 + 0.05 as expected due to the low degree of control
over the bulk mixing process of gelatin with the DNPs. The en-
capsulation of DNPs in gelatin and further crosslinking could
also be carried out in a microfluidic platform with three inlets,
in which the dispersion of DNPs and gelatin, antisolvent solu-
tion, and crosslinking agents are pumped separately.[**) How-
ever, the chemical crosslinking by EDC/NHS is generally a time-
consuming step in controlled pH conditions. Long-term reac-
tions may increase the likelihood of particle deposition on the
bottom of the microfluidic channel and contribute to its complete
or partial clogging. Alternative crosslinking techniques, such
as cooling, photopolymerization, or ionic bonding can be per-
formed in microfluidic channels.’”38] The chemical crosslink-
ing of gelatin, instead, was shown to be successfully achieved
by bulk mixing, allowing for the development of a galunisertib
delivery system with pH and enzyme responsive features.!*]
As a result of these aspects, herein, the gelatin coating on
the DNPs and further crosslinking was achieved by bulk mix-
ing, whereas the encapsulation in HPMC was performed by
microfluidics.

For binding the anti-L1-CAM antibody to the NPs, we attached
protein-A (Pr-A) to the -NH, groups of gelatin by EDC/NHS and
then incubated Pr-A-modified DNPs-Gel with the antibody. Pro-
tein A helped the antibody orient itself and bind to the DNPs’ sur-
face through the fragment crystallizable region (Fc), thus making
the fragment antigen-binding (Fab) accessible to the antigen.3!
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The DNPs-Gel-Ab showed an average size of 410 + 20 nm and a
surface charge of 16 + 4 mV (Figure 1B), which later on favored
the interaction with the negatively charged functional groups
of the HPMC. This enteric polymer is a regular excipient of
solid dosage forms, widely used as a coating material for orally-
administered formulations to protect the drug from the harsh
acidic conditions of the stomach.[*! For the encapsulation of
DNPs-Gel-Ab in HPMC, we used a microfluidic platform con-
sisting of inner and outer capillaries aligned in a co-flow geom-
etry (Scheme 1E). The inner phase was composed of a disper-
sion of DNPs-Gel-Ab and HPMC in 50:50 ethanol: water and
was pumped into the inner capillary, whereas the nanoprecipi-
tation agent polyvinyl alcohol (PVA) was injected from the outer
capillary as previously described.3°l The inner and outer phases
flowed in the same direction to create a 3D coaxial flow, in which
the aqueous PVA solution helped the precipitation of HPMC and
the entrapment of DNPs-Gel-Ab in the polymer matrix. Com-
pared to the conventional bulk mixing methods, this technology
allowed a precise encapsulation of DNPs-Gel-Ab due to the possi-
bility of controlling volumes and flow rates of the two phases. The
encapsulation was confirmed by a decrease in the size and PDI of
the formulation, which turned from 410 + 20 to 320 + 10 nm and
from 0.40 + 0.05 to 0.25 + 0.01 nm, respectively, due to the im-
proved morphology and stability provided by the homogeneous
polymeric coating. The controlled encapsulation provided the
system with a less irregular shape (Figure 1C-III), which, in turn,
improved the PDI. The nanoprecipitation of HPMC was also con-
firmed by the negatively charged surface of encapsulated-DNPs,
which turned from 14 + 4 to —20 +1 mV due to the -COOH
of the polymer matrix. The consistent negative surface charge of
the encapsulated DNPs increased the internal repulsion forces
between encapsulated-DNPs and avoided their aggregation. The
HPMC was first absorbed on the DNPs-Gel-Ab flowing through
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Figure 1. Characterization of the physicochemical properties of the developed DNPs: A) Size and PDI, and B) ¢-potential. Results are expressed as
mean + s.d. (n > 3). C) TEM images of DNPs (I), DNPs-Gel-Ab (11), and encapsulated-DNPs (111). The scale bars are 500 nm. D) ATR-FTIR spectra of the
DNPs, DNPs-Gel-Ab, and encapsulated-DNPs. E) Elemental composition of encapsulated-DNPs by EDX analysis. The scale bar in the inset is 500 nm.

the inner capillary, and, later on, the antisolvent PVA solution
caused the nanoprecipitation of HPMC and the formation of a
controlled coating around encapsulated-DNPs. The likelihood of
NPs’ aggregation with this technique is lower than with the bulk
mixing method, due to the continuous adjustment of the reaction
conditions over the mixing rates of reagents.””) The increased
stability of encapsulated-DNPs was demonstrated in aqueous 2-

Adv. Healthcare Mater. 2023, 12, 2202672 2202672 (4 0f17)

(N-morpholino)ethanesulfonic acid hemisodium (MES) pH 4.5
up to 36 h (Figure S1, Supporting Information).

Transmission electron microscopy (TEM) imaging showed
that the ultrasonication approach produced DNPs with irregu-
lar size and shape (Figure 1C-I), which are the expected features
of this type of NPs. However, the uneven surface of DNPs is
not likely to affect their interactions with the cells, as previously
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reported."*] The gelatin was absorbed into DNPs creating a thin
layer that made the surface of DNPs smoother (Figure 1C-II).
Since the bulk mixing of gelatin and DNPs offered a low control
over the process, free gelatin not embedding the DNPs-Gel-Ab
can be seen on the TEM grid. However, after encapsulation in
HPMC, the formulation showed a higher homogeneity in mor-
phology, as a result of the well-controlled microfluidic process
(Figure 1C-III). The improved morphology provided by the mi-
crofluidic entrapment was in line with the decreased PDI value
obtained with the DLS. The controlled nanoprecipitation of the
polymer around NPs led to the formation of a distinguishable
in-out structure made of silica and polymer (Figure S2, Support-
ing Information). The DNPs were further characterized by at-
tenuated total reflectance Fourier transform infrared (ATR-FTIR)
and energy dispersive X-ray (EDX) spectroscopy at different steps
of functionalization (Figure 1D,E). The FTIR spectrum of DNPs
showed two characteristic absorption bands at 1075 and 800 cm ™!
related to the Si-O-Si groups, and the band at 1600 cm™! ascribed
to the aminosilanization (Figure 1D).1"3] This band increased in
DNPs-Gel-Ab and can be related to both the crosslinked gelatin
(C-N) and antibody (N-H) labeling, which resulted in a pos-
itive surface charge of DNPs-Gel-Ab (Figure 1B).[*!l The C-O
stretch at 1740 and 1230 cm™!, and the C-H band at 2927 cm™
in the spectrum of encapsulated-DNPs confirmed the presence
in the sample of an organic matrix of HPMC in the sample.?]
The proof that DNPs-Gel-Ab were encapsulated in HPMC was
obtained by EDX elemental analysis (Figure 1E). We analyzed
both the inner DNPs-Gel-Ab and the polymer matrix surround-
ing them. The silicon (Si) peak appeared in the spectrum when
we analyzed the content of encapsulated-DNPs, that is the DNP-
Gel-Ab, whereas only the carbon (C) peak was detected when we
investigated the polymer matrix of HPMC. Overall, the EDX anal-
ysis confirmed that the DNPs-Gel-Ab were efficiently entrapped
in the HPMC matrix by creating an in-out structure, in which
the inner part was composed of the DNPs-Gel-Ab and the outer
of the HPMC polymer.

2.2. Drug Loading, Release, and Dissolution Studies of the
Encapsulated-DNPs

The transit through the GI tract is influenced by different param-
eters, including the residence time, pH, and presence of diges-
tive enzymes.[*?] The gastric time can vary from patient to pa-
tient and ranges from 0 to 2 h, whereas the transit in the small
intestine is considered relatively constant (4 h). The colonic tran-
sit time can be, instead, highly variable and affected by the local
disease, with ranges from 1 to 50 h.[*}] Therefore, to study the
behavior of the encapsulated-DNPs in the GI tract, we dispersed
encapsulated-DNPs in simulated gastric fluid (SGF) pH 1.6 with
pepsin (1 mg mL™!) for 2 h. Then, the encapsulated-DNPs were
dispersed in fasted-state simulated intestinal fluid (FaSSIF) pH
5.5 enriched with trypsin (0.06 mg mL™!). The concentration of
trypsin along the small and large intestine can vary significantly
from 0.03 to 0.13 mg mL~! from the upper part of the bowel to the
lower duodenum.!**] Due to these fluctuations, we used a mean
value of trypsin concentration (0.06 mg mL™") for mimicking the
passage of the encapsulated-DNPs through the intestine, as also
reported elsewhere.[?] To simulate the transit through the colon,
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the encapsulated-DNPs were then dispersed in FaSSIF pH 8.0
supplemented with trypsin for 2 h.[*] Before the galunisertib re-
lease studies, we investigated the drug loading capacity of DNPs-
Gel-Ab and after the encapsulation process (Figure S3, Support-
ing Information). To this aim, the DNPs-Gel-Ab were dispersed
in 1 mL of PBS solution supplemented with trypsin to degrade
the gelatin matrix, then they were centrifuged and supernatants
were analyzed by reversed-phase high-performance liquid chro-
matography (RP-HPLC). The encapsulated-DNPs, instead, were
first dispersed in 70% ethanol to dissolve the polymer matrix, and
then suspended in a PBS solution enriched with trypsin to favor
the enzymatic degradation of gelatin.

The DNPs-Gel-Ab and encapsulated-DNPs showed a very sim-
ilar galunisertib loading capacity of 4.5% + 0.3% and 4.0% +
0.2%, respectively (Figure S3, Supporting Information). The de-
creased loading capacity after encapsulation can be explained by
the loss of the drug that was loosely absorbed on the surface of
DNPs-Gel-Ab and, thus, released during the encapsulation pro-
cess. The loading capacity of encapsulated-DNPs is consistent
with the loading efficiencies reported for most existing nanocarri-
ers with a similar porosity via the immersion method.*¢! Higher
loading efficiencies were achieved by increasing the surface area
of NPs, which is a non-tuneable parameter for naturally porous
DNPs.[*7#8] We reported in a previous work that DNPs-Gel having
a lower galunisertib loading capacity of 2% + 0.4% inhibited the
metastatic signaling in CRC efficiently."*) Here, a higher load-
ing capacity of 4% =+ 0.2% was achieved by increasing the con-
centration of gelatin in the outer shell, as suggested by previous
results.l"?l Due to the improved loading capacity of encapsulated-
DNPs, a non-toxic concentration of NPs can be administered to
inhibit migration with greater efficiency than the free galunis-
ertib.

Due to the diverse external shells, the drug release profiles
of the DNPs-Gel-Ab and encapsulated-DNPs were very differ-
ent and followed distinct release kinetics (Figure 2A). For the
DNPs-Gel-Ab, we observed a burst release of galunisertib at pH
1.6 within 30 min, due to both the acidic microenvironment
and the presence of pepsin. Gelatin is a pH-responsive polymer
unfolding at pH < 5 and can be degraded by pepsin on the
N-terminal residues. Therefore, the gelatin matrix in the DNPs-
Gel-Ab got unfolded in the SGF buffer, and, as a consequence,
the chains got accessible to the pepsin, which degraded the
polymer and favored the release of 100% of galunisertib in
<30 min.*! For the encapsulated-DNPs, instead, only 20%
of galunisertib was released after 2 h at pH 1.6, whereas a
consistent amount of the drug (~80%) was released in FaSSIF
pH 5.5. Here, the gastro-resistant HPMC matrix protected the
gelatin layer covering the surface of DNPs from the acidic
pH, making the N-terminal residues of gelatin inaccessible to
pepsin degradation. As soon as the polymer started degrading
in FaSSIF pH 5.5, the gelatin on the DNPs-Gel-Ab was degraded
by trypsin and galunisertib was gradually released within 4 h.
Then, when the encapsulated-DNPs were dispersed in FaSSIF
pH 8.0 supplemented with trypsin, the HPMC was completely
dissolved, gelatin was digested by trypsin, and 100% of the drug
was released at the colon pH. The developed oral formulation
was designed to release galunisertib upon dissolution of the
enteric coating at the intestinal pH. During the passage between
the intestine and colon, however, the HPMC dissolution exposes
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Figure 2. Drug release and dissolution profile studies. A) The drug release studies of the DNPs-Gel-Ab (blue line) and encapsulated-DNPs (red line)
in SGF at pH 1.6 and FaSSIF at pH 5.5 and 8.0 were investigated by RP-HPLC. Results are expressed as mean + s.d. (n > 3). B) TEM images of the
encapsulated-DNPs after incubation in different pH environments. The scale bars are 300 nm.

the inner DNPs-Gel-Ab to the environment and the drug release
id triggered by gelatin enzymatic digestion. Without the gelatin
shell, however, galunisertib would be released from the DNPs
in the intestine after dissolution of the HPMC. The gelatin layer,
therefore, played a crucial role in the formulation as it controlled
the release of galunisertib at intestinal pH and ensured its
accumulation in the colon while avoiding burst release. The
drug release studies herewith suggest that the critical factors
controlling the release of galunisertib from encapsulated-DNPs
were the dissolution of both the enteric polymer and gelatin.

To investigate the polymer dissolution, we analyzed the mor-
phology of the encapsulated-DNPs after being dispersed in SGF

Adv. Healthcare Mater. 2023, 12, 2202672 2202672 (6 of 1 7)

at pH 1.6 and FaSSIF at pH 5.5 and 8.0 by TEM (Figure 2B).
The TEM images confirmed that the enteric polymer remained
intact when encapsulated-DNPs were dispersed at pH 1.6 for
2 h. As a result of the gastro-resistant features of the HPMC in
these pH conditions, only 20% of the encapsulated drug was re-
leased within 2 h (Figure 2A). The dissolution of HPMC occurred
rapidly at pH 5.5 since the polymer was completely dissolved af-
ter 10 min in the tested pH conditions, exposing the inner DNPs.
However, even if the dissolution of the enteric polymer was very
fast at pH 5.5, galunisertib was gradually released within 4 h
thanks to the crosslinked gelatin matrix. The TEM images sug-
gested that the HPMC matrix dissolved immediately at pH 8.0
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since the enteric matrix was no longer detectable after 5 min and
only DNPs could be seen on the TEM grid. Overall, the microflu-
idic encapsulation in HPMC makes the DNPs-Gel-Ab resistant
to the harsh conditions of the stomach after oral administration,
allowing for the release of galunisertib in the small intestine and
colon.

2.3. Quantification of L1-CAM Expression on Caco-2, HT29-MTX,
and SW620 Cells and Cell Viability Studies

The L1-CAM is a glycoprotein involved in cancer development
and associated with metastases and poor prognosis.’®! The
expression of L1-CAM is frequently increased in metastasis-
initiating CRC cells and promotes their migration and invasion
of the liver.l®®! Therefore, before encapsulation, our nanosystem
was modified with the anti-L1-CAM antibody to address the inter-
actions of the NPs with the metastatic CRC cells overexpressing
the antigen L1-CAM. Considering that the developed formulation
was envisaged for the treatment of colon cancer, we selected three
CRC cell lines expressing different levels of the L1-CAM (SW620,
Caco-2 and HT29-MTX) for the in vitro studies. The SW620 cell
line constitutes a unique model for studying the later stages of
CRC since it was derived from a patient affected by Duke’s stage
B colon carcinoma with liver and lymph node metastases.*!l The
Caco-2 and HT29-MTX cells were isolated from the colon tis-
sue of a patient with colorectal adenocarcinoma, and they both
have an epithelial morphology.[23] Moreover, Caco-2 cells rep-
resent ~90% of the intestinal epithelium, and the goblet-like and
mucus-producing HT29-MTX cells represent ~#10% of the in-
testinal cells.**! Therefore, both Caco-2 and HT29-MTX repre-
sent the most used in vitro gastrointestinal models for investi-
gating the efficacy of oral dosage forms. Since the overexpres-
sion of L1-CAM promotes the ETM process by which cells acquire
metastatic capacities, we expected that the L1-CAM was overex-
pressed in the metastatic SW620 cells, whereas Caco-2 and HT29-
MTX exhibited basal levels of the antigen. To confirm this, we
investigated the expression of the antigen in the SW620, Caco-
2, and HT29-MTX by fluorescence-assisted cell sorting (FACS)
(Figure 3). The SW620, Caco-2, and HT29-MTX cells were incu-
bated with the anti-L1-CAM primary antibody. Then, they were
washed to remove the unbound molecules, and incubated with
the secondary antibody labeled with a fluorophore. Finally, the
cells were washed and sorted by FACS in the allophycocyanin
(APC) channel. The expression of the L1-CAM was observed in
20% = 4% of Caco-2 cells and 9% + 2% of HT29-MTX, suggest-
ing that the epithelial cells express a basal level of the endoge-
nous antigen (Figure 3A,B). By contrast, as expected based on
the metastatic phenotype, the L1-CAM was expressed in 86% =+
3% of the SW620 cells. (Figure 3C). Hence, the SW620 cell line
represented the ideal metastatic target to investigate the potential
of our formulation, whereas Caco-2 and HT29-MTX cells served
as the epithelial model of CRC cells.

After quantifying the expression of the antigen in the selected
cell lines, we investigated if any of the components used in the
formulation could be toxic to cells for up to 24 h. For this purpose,
the SW620, Caco-2, and HT29-MTX cells were incubated with the
DNPs at different steps of preparation (DNPs, DNPs-Gel, DNPs-
Gel-Ab, and encapsulated-DNPs) at different concentrations (12,
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25, 50, and 100 ug mL~') and time points. The cell viability was
measured by using the adenosine triphosphate (ATP)-based lu-
minescence assay after 6 and 24 h of incubation, corresponding
to the minimum (6 h) and maximum (24 h) residence time in the
GI tract, respectively, when NPs are taken up in the mucosa.l>!
Results showed that all the tested formulations were biocompat-
ible at different concentrations and did not induce toxicity in the
SW620, Caco-2, and HT29-MTX cells after 24 h of incubation
(Figure 4).

The cell viability of Caco-2 and SW620 cells incubated with
each formulation was over 85% after 6 and 24 h of incubation,
regardless of the concentration. For HT29-MTX, instead, fluctua-
tions of the cell viability values were observed when the cells were
incubated with the DNPs for 6 h. However, even if NPs condi-
tioned the viability of HT29-MTX cells within this time interval,
no cytotoxicity was observed. The incubation of the goblet-like
cells with the developed DNPs at every step of preparation for
a longer time (24 h) did not alter cell viability, which was higher
than 80% in each tested condition. The viability of SW620, HT29-
MTX, and Caco-2 cells was >85% after 24 h, demonstrating that
none of the developed formulations inhibited cell proliferation.
The encapsulated-DNPs, corresponding to the final system, re-
ported high cytocompatibility with both the metastatic and ep-
ithelial cell lines up to 100 pg mL~! and 24 h of incubation. The
transit of the developed formulation through the colon, however,
may be longer than 24 and take up to 70 h, according to the
weight, sex, and health conditions of patients.[*! An intriguing
advantage of using DNPs over organic NPs for oral administra-
tion is their thermal and chemical stability, which enables DNPs
to be retained in the colon for up to 70 h. To demonstrate the
safety of the developed formulation, we also investigated the cell
viability of the Caco-2, HT29-MTX, and SW620 upon incubation
with the NPs for 72 h (Figure S4, Supporting Information). The
viability of the SW620 and HT29-MTX cells was over 75% after in-
cubation with the highest concentration (100 pg mL™") of each de-
veloped formulation for 72 h. The incubation of the Caco-2 cells
with 25 ug mL™! of the encapsulated-DNPs decreased the cell vi-
ability from 100% (control cells) to 60% + 8% (Figure S4, Sup-
porting Information). However, the treatment of Caco-2 with the
highest concentrations of the encapsulated-DNPs (100 pg mL™!)
did not show significant changes in Caco-2 viability, ruling out
any toxicity of the developed formulation. Overall, the viability of
the CRC cell lines with the modified-DNPs at different concentra-
tions and functionalization steps suggests that the encapsulated-
DNPs can fulfil their function in the GI for up to 72 h safely.

2.4. Cell-DNP Interaction Studies by Confocal Microscopy

The chemical composition of the NPs and their surface modifica-
tions play a crucial role in the cell-NP interactions and internal-
ization process. For this reason, the surface of NPs can be tailored
to promote specific interactions or mediate the internalization
by selected pathways. In choosing the appropriate surface func-
tionalization, the cell membrane composition (i.e., antigen, pep-
tides, and protein expression) must be taken into consideration
carefully. Here, to promote the interactions of our formulation
with the SW620 cell line specifically, the encapsulated-DNPs were
modified with the anti-L1-CAM antibody. We hypothesized that
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Figure 3. Quantification of L1-CAM expression in A) Caco-2, B) HT29-MTX, and C) SW620 cells by FACS. Cells were incubated with the primary and
secondary antibodies and sorted by fluorescence in the APC channel. D) The statistical analysis is reported as mean + s.d. (n > 3).

the presence of the antibody on the surface of the NPs could in-
crease the specificity of the interactions with this cell line, rather
than with Caco-2 and HT29-MTX, which express low levels of
L1-CAM. To evaluate the efficacy of our targeting approach, we
studied the interactions of NPs with the three different cell lines
by confocal microscopy (Figure 5). The SW620, HT29-MTX, and
Caco-2 cells were seeded separately and allowed to reach conflu-
ency. Then, they were incubated with 50 ug of Alexa Fluor 488-
labeled DNPs-Gel, DNPs-Gel-Ab, and encapsulated-DNPs in PBS
(pH 7.2). At this pH, the HPMC matrix in the encapsulated-DNPs
was dissolved, exposing the inner DNPs-Gel-Ab. After 24 h, the
cells were extensively washed to remove unspecific interactions,
and cell membranes and nuclei were stained. Control cells were
incubated with PBS (pH 7.2).

Like many cell lines making epithelial barriers, the Caco-2
monolayer was characterized by the formation of vacuoles, which
make these cells function as gut epithelial cells (Figure 5).1°%]
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The DNPs-Gel were randomly internalized in this cell line, as
shown by the heterogeneous distribution of the NPs on the cell
monolayer. The cell-adhesion properties of gelatin covering the
DNPs could have promoted the unspecific interactions of the
DNPs with the Caco-2 cells. The DNPs-Gel and DNPs-Gel-Ab
showed very similar interactions with these cells, and in both
cases, we did not observe any pattern in the cell-DNP interaction.
The random DNP distribution on the cell monolayer suggests
that the binding of the DNPs-Gel and DNPs-Gel-Ab was driven
by unspecific adsorption on the cell surface. The internalization
of the encapsulated-DNPs in the Caco-2 cell line was reduced
compared to the DNPs-Gel and DNPs-Gel-Ab uptake, confirm-
ing that the antibody did not drive the cell-DNP interaction,
even though ca. 20% of the Caco-2 cells expressed the L1-CAM
(Figure 3). Similar results were observed with the goblet-like cells
HT29-MTX, which exhibited ca. 10% positivity to the antigen
L1-CAM. Both the DNPs-Gel and DNPs-Gel-Ab showed a few
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Figure 4. Biocompatibility studies. Cell viability (%) of Caco-2, HT29-MTX, and SW620 incubated with NPs at different steps of preparation (DNPs,
DNPs-Gel, DNPs-Gel-Ab, encapsulated-DNPs) and concentrations ranging from 25 to 100 ug mL™". Cells were incubated with HBSS—HEPES buffer
(pH 7.2) as the negative control. Each data set was compared to the negative control. The level of significance was set at probabilities of * p < 0.05, **

p < 0.07, and *** p < 0.001. Results are expressed as mean + s.d. (n > 3).
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Figure 5. Cell-DNP interactions. Confocal microscopy of Caco-2, HT29-MTX, and SW620 cells after incubation with 50 ug of DNPs-Gel, DNPs-Gel-Ab,
and encapsulated-DNPs for 24 h at 37 °C in PBS. CellMask Deep Red (red) was used to stain the cell membranes; DNPs were labeled with Alexa Fluor
488 (green), and nuclei were stained with DAPI (blue). The scale bars are 50 pm. The images were acquired with a Leica SP8 microscope, using a 63x

objective.

interactions with the HT29-MTX population. The encapsulated-
DNPs seemed to have been internalized in HT29-MTX cells
more than the DNPs-Gel and DNPs-Gel-Ab, but the result was
not comparable to the SW620 cell line overall. The improved
internalization of the encapsulated-DNPs in the epithelial cells
can be associated with the reduced size and PDI provided by
the encapsulation process. Differently from the epithelial cells
HT29-MTX and Caco-2, the binding of the encapsulated-DNPs to
the targeted cell line overexpressing the antigen was strongly pro-
moted by the presence of the antibody on the surface of NPs. We
observed that the antibody-labeled formulation interacted better
than DNPs-Gel with the SW620 cells and that the DNPs-Gel-Ab
were preferentially concentrated at the cell membrane, where the
L1-CAM was expressed. The interactions of the final formulation
with the targeted cells appeared highly uniform, as demonstrated
by the homogeneous distribution of the encapsulated-DNPs on
the cell monolayer. Therefore, both the good size distribution
provided by the microfluidic process and the active targeting
approach enhanced the uptake of the encapsulated-DNPs in

Adv. Healthcare Mater. 2023, 12, 2202672 2202672 (10 of 17)

the metastatic cell line. The interaction of the developed oral
formulation with the SW620, Caco-2, and HT29-MTX cells was
further compared in Figure S5, which reports the fluorescence
signals from the single channels. The green fluorescence repre-
sents the labeled-NPs, and the red and blue channels represent
the cell membranes and nuclei, respectively. The amount of the
encapsulated-DNPs detected in the green channel (Figure S5,
Supporting Information) was more consistent when NPs were
incubated with the metastatic cell line rather than with Caco-2
or HT29-MTX cells. The antigen-antibody binding efficiently
enhanced the interactions of the NPs with the cell line express-
ing high levels of the antigen, as seen for the SW620 cells. On
the contrary, its effect was negligible for cells expressing basal
levels of L1-CAM, such as the Caco-2 and HT29-MTX cell lines.
The obtained results provided qualitative information on the
interaction of the encapsulated-DNPs with the three selected cell
lines. However, the detection of cell-DNP interactions may be
negatively impacted by particular features of the cell monolayer,
such as the cytoplasmatic vacuolization observed only in Caco-2
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cells (Figure S5, Supporting Information). To further support
the findings obtained by confocal microscopy, we measured the
uptake of the developed formulation in the cells and quantified
the efficacy of the active targeted approach by FACS.

2.5. Specificity of the Antibody-Labeled DNP-Cell Uptake by FACS

The number of DNPs internalized or firmly bound to the cell
membrane was investigated by flow cytometry to quantify the up-
take of the encapsulated-DNPs in the three selected cell lines. Ac-
cording to the quantification of L1-CAM in the different cell lines
(Figure 3) and the interaction studies (Figure 5), the uptake of
the encapsulated-DNPs was expected to be higher in the SW620
than Caco-2 and HT29-MTX cells, which express low levels of
L1-CAM. To this aim, metastatic and epithelial cells were seeded
separately and allowed to adhere for 24 h. The cells were incu-
bated with the Alexa Fluor®488-labeled DNPs-Gel, DNPs-Gel-Ab,
and encapsulated-DNPs for 24 h in PBS, then the unbound NPs
were removed with washings. The cells were detached by trypsin,
washed again in a V-bottom plate and analyzed (Figure 6).

We found that the uptake of both the DNPs-Gel-Ab (25.0% +
0.5%) and encapsulated-DNPs (26% + 1%) in Caco-2 cells was
close to the DNPs-Gel (25% + 1%) (Figure 6A-D) and mainly
unspecific, as also shown by the confocal microscopy analysis
(Figure 5). Similarly, the internalization of both the antibody-
labeled and unlabeled DNPs in the HT29-MTX was compara-
ble to each other, ruling out any specific pattern in the internal-
ization. The average uptake of the DNPs-Gel, DNPs-Gel-Ab, and
encapsulated-DNPs in HT29-MTX cells was 11% + 2% of the to-
tal amount of NPs incubated with the cells (Figure 6B-D). There-
fore, the uptake of the antibody-labeled DNPs (DNPs-Gel-Ab and
encapsulated-DNPs) in the cells expressing basal expression of
the antigen (Caco-2, HT29-MTX) was mainly unspecific com-
pared to the SW620 cell line. At high antigen concentrations, the
functionalization of DNPs-Gel-Ab and encapsulated-DNPs with
the antibody anti-L1-CAM improved the cell internalization by
13% compared to the untargeted DNPs-Gel (Figure 6C,D). The
uptake of the DNPs-Gel in the metastatic cells was reported to be
27% + 2%, which was comparable to the uptake of the same for-
mulation in the Caco-2 cells. However, the internalization of the
DNPs-Gel-Ab with the SW620 cells was measured to be 40.0%
+ 0.2%, corresponding to an internalization 15% higher than in
Caco-2 and 30% greater than in HT29-MTX. (Figure 6D).

Overall, the DNPs-Gel showed a good cell uptake in both
Caco-2 and SW620, confirming the ability of DNPs to pen-
etrate cancer cells and serve as nanocarriers.['” Additionally,
the antibody-labeled formulations (DNPs-Gel and encapsulated-
DNPs) showed an improved cell uptake in the targeted SW620
cells overexpressing the antigen, due to the antibody-antigen
affinity. The highest NPs’ uptake was observed in the metastatic
cell line overexpressing the L1-CAM (SW620), followed by Caco-
2 and HT29-MTX, in line with their antigen expression lev-
els (SW620>Caco-2>HT29-TMX). This study demonstrates that,
even though the DNPs are passively taken up in the CRC cells,
the active targeted functionalization moved towards the specific
uptake of encapsulated-DNPs and DNPs-Gel in the CRC cell line
overexpressing the L1-CAM.
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2.6. Encapsulated-DNPs Inhibit the Migration of the Metastatic
Cell Line SW620

The ability of metastatic cells to migrate and colonize a sec-
ondary tumor site is promoted by the upregulation of both the
TGEF-p pathway and surface expression of adhesion molecules,
such as the L1-CAM.[?] The TGF-# pathway promotes the nu-
clear transcription of pro-metastatic genes (e.g., Twist, SNAIL,
and Vimentin), whereas the L1-CAM mediates the adaption to
the stroma and adhesion to blood capillaries. Hence, the block-
ing of both the targets (TGF-§ and L1-CAM) can slow down
the metastatic cells” ability to invade and colonize a perivascu-
lar site. We investigated whether the release of galunisertib from
the encapsulated-DNPs in the SW620 cells could block the TGF-
B pathway, thus reducing the cell migratory capacity. For this
purpose, the SW620 cells were seeded in a wound-healing assay
chamber and allowed to reach 90% confluency for 48 h. After
that, we studied the migration of the control cells incubated with
DMEM supplemented with 0.5% FBS to slow down cell prolif-
eration. To compare the effect of free galunisertib to that of the
drug delivered by our NPs, we dispersed either galunisertib (LY)
2.5 um or drug-loaded encapsulated DNPs 26 pg mL~! (reported
as encapsulated-DNPs-LY in Figure 7) in the culture media and
studied the cell migration under starvation. The mass of drug-
loaded encapsulated-DNPs that released an amount of galunis-
ertib equivalent to the free drug was calculated by the drug release
studies (see Section 2.2). Then, to evaluate any contribution of the
developed NPs on the cell migration, we also investigated the ef-
fect of the empty encapsulated-DNPs (26 pg mL™) on the cells
(reported as encapsulated-DNPs in Figure 7). The cell migration
was measured as the percentage of wound closure (Figure 7).

The migration of the untreated cells started only after 48 h and
reached 30 + 3% of wound closure after 120 h in starvation (Fig-
ure 7A,B). Cells were kept under starvation in 0.5% FBS DMEM
to slow down cell proliferation, which could contribute to wound
closure and affect the result of the experiment. Therefore, the
migration observed in the control cells (30%) was only due to the
capacity of cells to migrate towards the wound area and was not
affected by their proliferation. The effect of galunisertib on the
cell line was negligible within 48 h and started to be consistent
at 96 h when cells began to invade the wound area (Figure 7B).
The treatment of the SW620 cells with 2.5 um of the free drug
decreased the wound closure from 30 + 3% of the control cells to
20 + 2%, confirming the capacity of galunisertib to downregulate
the TGF-f signaling, inhibiting cell migration by 10% compared
to the control.

A reduced migration was also observed when SW620 cells
were incubated with the empty encapsulated-DNPs (not loaded
with galunisertib), which showed migration of 20% =+ 4% after
120 h. The decreased migration of the cells treated with the
encapsulated-DNPs could be due to the presence of the nanocar-
rier bound on the cell surface and interacting with the antigen
L1-CAM.B% It has been shown that the L1-CAM has a binding
site to several integrins (i.e., @541, avfl, and avp3) and triggers
cell migration through an integrin-dependent pathway.>’! The
main integrin binding site was mapped in the sixth immunoglob-
ulin (Ig) domain of the cell adhesion molecule. The inactivation
of the integrin binding site on L1-CAM using antibodies or
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Figure 6. Cell uptake studies. Normalized fluorescence intensity after incubation of A) Caco-2, B) HT29-MTX, and C) SW620 cells with the Alexa-labeled
DNPs-Gel, DNPs-Gel-Ab, and encapsulated DNPs for 24 h. Control cells (blue histogram) were incubated with PBS and analyzed to measure cell
autofluorescence. After incubation with DNPs, cells (red histogram) were sorted by green fluorescence in the FITC channel. D) Statistical analysis of
DNPs’ uptake. The level of significance was set at probabilities of * p < 0.05, ** p < 0.01, and *** p < 0.001. Not statistically significant values are

reported as “ns”.

site-directed mutagenesis prevents the nuclear translocation of
the L1-CAM signal, reducing cell-cell adhesion and migration.>®!
Hence, we suppose that the anchoring of the antibody-labeled
DNPs (encapsulated-DNPs) to the L1-CAM on SW620 cells
blocked the main integrin binding site, inhibiting their interac-
tion with L1-CAM and consequent migration. This hypothesis
is based on the evidence that L1-CAM and L1-CAM-binding
integrins are often expressed by the same cell.>®]

Adv. Healthcare Mater. 2023, 12, 2202672 2202672 (12 of 1 7)

The inhibition of the migratory properties of SW620 was even
stronger when encapsulated-DNPs were loaded with galunis-
ertib. The cells treated with the drug-loaded encapsulated-DNPs
showed a migration of 10% =+ 3%, which is 11% lower than the
migration of cells treated with the free drug, demonstrating an
enhanced effect of the delivered galunisertib (Figure 7A,B). The
improved effect of galunisertib delivered by DNPs in CRC was
already validated in previous works, in which we reported a 3-
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Figure 7. A) Migration assay of SW620 cells. Migration of the cells incubated with 0.5% FBS DMEM (control), LY 2.5 um, encapsulated-DNPs 26 pg
mL~", and drug-loaded encapsulated-DNPs 26 ug mL~" in 0.5% FBS DMEM for 120 h. Images of the wound closure were taken at 0, 24, 48, 96, and
120 h. The size of the closure at time t = 0 is 500 um. The scale bars are 500 pum. Images were acquired with a Leica Microscope and analyzed by the
Image) software. B) Results are reported as mean + standard deviation. The level of significance was set at probabilities of * p < 0.05, ** p < 0.07, and

#% p < 0.001.

fold increase of the gene downregulation by the delivered drug
compared to the free molecule.[*! Here, the increased therapeu-
tic effect was provided by both the drug local release and block-
ing of L1-CAM. The binding of the NPs to the L1-CAM inhib-
ited the interactions between integrins and the surface antigen.
Therefore, the active-targeted approach not only improved the up-

Adv. Healthcare Mater. 2023, 12, 2202672 2202672 (13 of 1 7)

take of NPs in the targeted cell line but also inhibited the EMT
process mediated by the engagement of integrins by the sur-
face antigen. Overall, the synergistic effect of the drug and L1-
CAM blocking produced a therapeutic outcome that was greater
than the inhibition of migration induced by the free form of
galunisertib.
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3. Conclusion

Here, we reported the development of galunisertib-loaded
gelatin-covered diatomite NPs modified with an antibody and fur-
ther entrapped in HPMC by microfluidic nanoprecipitation. This
unique approach allowed the encapsulation of the active-targeted
NPs with great efficiency, obtaining a formulation with good size
distribution and gastro-resistant features for local drug release.
The enteric polymer protected the gelatin coverage on NPs from
enzymatic degradation in the stomach and triggered the release
of galunisertib at the small intestine and colon pH. The devel-
oped formulation showed high biocompatibility with three colon
cancer cell lines classifiable as either metastatic (SW620) or ep-
ithelial (Caco-2, HT29-MTX). The higher antigen levels expressed
by the SW620 cells made them the ideal target of the developed
NPs. The gastro-resistant formulation was designed to ease the
binding of the anti-L1-CAM antibodies, exposed on the NPs’
surface, to SW620 cell membrane antigens after the dissolution
of the enteric matrix in the colon. The internalization and uptake
studies demonstrated that the antigen-antibody interactions im-
proved the uptake of NPs in the cell line overexpressing the anti-
gen. In contrast, this approach had negligible effects on the cells
expressing basal levels of the L1-CAM antigen (Caco-2 and HT29-
MTX). Finally, we demonstrated that the delivered galunisertib
was capable of slowing down the migration of the SW620 cells by
blocking the TGF-g pathway with higher efficiency than the free
drug. The obtained results suggest that the effect of the delivered
drug on the cells was enhanced by the inhibition of the inter-
actions between L1-CAM and integrins. Overall, the increased
galunisertib concentration at the target site provided by the
enteric matrix, and the L1-CAM inhibition by the active-targeted
NPs could lead to enhanced therapeutic outcomes for CRC
treatment.

4. Experimental Section

Materials: The materials and reagents used in the following studies
are described in detail in the Supporting Information.

Fabrication of Galunisertib-Loaded Gelatin-Modified DNPs (DNPs-Gel):
DNPs were produced by sonication and purification of the diatomite pow-
der, and amino-silanized as reported elsewhere.['213] The detailed proto-
col of DNPs production and amino-silanization is reported in the Sup-
porting Information section. Galunisertib was loaded in amino-modified
DNPs by an immersion method. First, 0.1 mg of amino-modified DNPs
were dispersed in a 0.125 mg mL~" galunisertib solution and stirred for
2 h (400 rpm). Then, the dispersion was centrifuged, the supernatant was
removed and the drug-loaded DNPs were immersed in MES solution with
gelatin 5 mg mL~" and stirred for 2 h. A mixture of EDC (final concen-
tration 3.8 um) and NHS (final concentration 1.7 um) was added to the
dispersion to crosslink the gelatin via the formation of an intramolecular
peptide bond. After 2 h, DNPs-Gel were centrifuged (13 200 rpm), washed
with H, O three times, and collected.

Binding of the Anti-L1-CAM Antibody to the Gelatin Coating of DNPs-Gel:
For the binding of the antibody, the DNPs-Gel were first functionalized with
a recombinant Pr-A to promote the anchoring of the antibody to DNPs via
the Fc rather than the Fab fragment. For this reason, 0.1 mg of the DNPs-
Gel were suspended in PBS 1 pH 7.2 solution of Pr-A 0.1 mg mL™" with
2 um EDC and 0.8 um NHS for 2 h (400 rpm). Then, the suspension was
centrifuged, the supernatant was removed and the NPs were washed three
times with PBS. Pr-A-modified DNPs-Gel were incubated with a PBS solu-
tion of the anti-L1-CAM antibody 0.8 ug mL~" for 2 h. Finally, the antibody-
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labeled DNPs-Gel (DNP-Gel-Ab) were washed with H,O, centrifuged, and
collected for encapsulation.

Production of Encapsulated-DNPs via Glass Capillary-Based Microfluidics:
As reported elsewhere, the drug-loaded DNPs-Gel-Ab were encapsulated
into HPMC using the microfluidics glass capillary technique.[233% The fab-
rication of the microfluidic chip consisting of an inner and outer capillary is
reported in the Supporting Information section. HPMC is a polymer com-
monly used for enteric coatings soluble at alkaline pH with an opening pH
range between 5.5 and 6.5.1%0] The inner phase was injected through the in-
ner capillary and consisted of drug-loaded DNPs-Gel-Ab (1 mg mL™") dis-
persed in ethanol: water solution (50:50) of HPMC (5 mg mL™"). The outer
solution phase was injected in the outer capillary and consisted of a water
solution of PVA 0.5% at pH 6.7. The inner solution was injected at 1 mL
h=1, and the outer solution at 30 mL h~' (1:30 ratio). Based on different
flow rate ratios, we obtained formulations with varying size, {-potential,
and polydispersity (Table S1, Supporting Information). The flow rate ra-
tio 1:30 enabled us to obtain encapsulated-DNPs with the desired size,
PDI, and morphology, as confirmed by TEM analysis. The encapsulated-
DNPs were collected from the end of the outer capillary under mild stirring
(400 rpm), centrifuged (13 200 rpm), and washed with H, O to remove the
excess reagents.

Physicochemical ~ Characterization: Hydrodynamic  diameter  (Z-
average), polydispersity index (PDI), and zeta ({)-potential of the NPs
were measured using a Zetasizer ZS Nano instrument (Malvern Instru-
ments Ltd., UK). The functionalization steps (gelatin coating, antibody
labeling, and encapsulation in the HPMC polymer) were evaluated using
a Bruker VERTEX 70 series FTIR spectrometer (Bruker Optics, Germany)
with a horizontal ATR sampling accessory (MIRacle, Pike Technology,
USA) with a resolution of 4 cm™'. The analysis was performed with dried
samples (0.5-1 mg mL™") at RT.

The morphology of bare DNPs, DNPs-Gel-Ab, and encapsulated-DNPs
was evaluated by TEM, using a TecnaiTM F12 microscope (FEI Company,
USA). For this purpose, NPs were dispersed in H, O at the final concentra-
tion of 0.1 mg mL~", pipetted on copper-coated grids, left to dry at RT, and
analyzed. The encapsulation of the DNPs-Gel-Ab in HPMC was assessed
using an Oxford INCA 350 EDX spectrometer connected with a field emis-
sion scanning electron microscope (FESEM; Hitachi S-4800, Japan). The
measurement points were selected from areas imaged with the bright field
TE detector of the FESEM.

Galunisertib In Vitro Loading and Release Studies: The drug loading ca-
pacity (LC) of the encapsulated-DNPs was determined by immersing NPs
(0.1 mg) in T mL of ethanol 100% for 4 h to dissolve the polymer matrix
under stirring (400 rpm). The dispersion was centrifuged (13 200 rpm),
the supernatant collected, and the DNPs-Gel-Ab obtained by the HPMC
dissolution were dispersed in 1 mL of PBS pH 7.2. Trypsin (0.06 mg) was
added to this solution to degrade the gelatin matrix and favor the release of
galunisertib, as reported previously.['?] After 2 h, the encapsulated-DNPs
were centrifuged (13 200 rpm), and the released drug in the supernatants
was quantified by RP-HPLC using a Discovery C18 Column (Merck, DE) as
stationary phase (5 um particle size, 150 X 4.6 mm). Mobile phase A com-
prised TFA 0.02% v/v in H,O, whereas mobile phase B was TFA 0.02% v/v
in acetonitrile (ACN). The flow rate and wavelength were set at 1 mL min~!
and 254 nm, respectively. The amount of loaded/released drug was quan-
tified using an external calibration method and the LC was determined
using Equation (1):

amount of released galunisertib (mg)

LC (%) = x 100 M

amount of Encapsulated DNPs (mg)

For the in vitro drug release, the encapsulated-DNPs were dispersed
in buffers mimicking the gastrointestinal (Gl) tract (stomach, intestine,
and colon), such as the SGF pH 1.6 and FaSSIF, pH 5.5 and 8.0. The SGF
solution consisted of 0.2% w/v sodium chloride (NaCl) and 0.7% v/v HCl,
to which pepsin (final concentration 1 mg mL™") was added to mimic
the presence of digestive enzymes. The FaSSIF solutions consisted of
106 mm NaCl, monobasic sodium phosphate, 8.7 mm sodium hydroxide,
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3 mm sodium taurocholate, and 0.75 mm lecithin. The pH of FaSSIF
solutions was adjusted to 5.5 and 8.0, and trypsin (final concentration
0.06 mg mL™") was added to mimic the intestine and colon composition.
Encapsulated-DNPs were dispersed in SGF-pepsin® for 2 h at 37 °C
and under stirring (400 rpm). Then, the dispersion was centrifuged
(13 200 rpm), the supernatants were collected at different time points
(5, 15, 30, 60, and 120 min), and the NPs resuspended in pre-warmed
fresh buffer. After 2 h, the NPs were removed from the SGF solution by
centrifugation for 5 min at 13 200 rpm and dispersed in FaSSIF-trypsin™
pH 5.5 for 4 h at 400 rpm. The supernatants were collected at different
time points (5, 15, 30, 60, 120, 180, and 240 min) by centrifugation
(13 200 rpm), and analyzed. Finally, encapsulated-DNPs were dispersed
in FaSSIF-trypsin™ pH 8.0 for 2 h at 400 rpm. The NPs were centrifuged
at different points (5, 15, 30, 60, and 120 min) to collect the supernatant
and calculate the released drug by RP-HPLC. The cumulative percentage
release was calculated by using Equations (2) and (3):

leased d ttime t
Released drug (%) = released drug at time

100 2
total amount of drug loaded % @

Cumulative release (%) = P (t — 1) + Pt (3)

where Pt is the percentage of the released drug at time t and P(t — 1) is
the percentage of the drug quantified at the previous time.

Dissolution Behavior of Encapsulated-DNPs in Buffers Mimicking the Gl
Tract: To evaluate the dissolution behavior of the encapsulated-DNPs
in the Gl tract, NPs were dispersed in the buffer solutions SGF and FaS-
SIF (pH 1.6, 5.5, and 8.0) supplemented with enzymes at 37 °C and un-
der magnetic stirring. Samples were collected at different time points (5,
30, 60, and 120 min), washed, and placed on copper-coated grids. The
encapsulated-DNPs were left to dry over the grid at RT and then observed
by TEM microscopy.

Cell Lines and Culture Conditions: Human colon adenocarcinoma
Caco-2 cells were obtained from the American Type Culture Collection
(ATCC, USA). Human goblet-like HT29-MTX was kindly provided by Dr
T. Lesuffleur (INSERM U178, Villejuif, France). Caco-2 (passages #30-40)
and HT29-MTX (passages #30-37) cells were grown separately in tissue
culture flasks (Corning Inc., USA) with high-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% v/v heat-inactivated fe-
tal bovine serum (FBS), 1% v/v L-glutamine, 1% v/v non-essential amino
acids (NEEA), 1% v/v and antibiotic—antimitotic mixture (final concentra-
tion of Penicillin and Streptomycin (PEST) 100 IU mL™"). SW620 (pas-
sages #24-32) were purchased from Cell Line Service GmbH (CLS, DE)
and cultured in tissue flasks with high glucose DMEM supplemented with
10% v/v FBS, 1% v/v L-glutamine, and 1% v/v PEST. Cells were kept in the
incubator (16 BB gas, Heraeus Instruments GmbH, Germany) at 37 °Cand
5% CO, in a water-saturated atmosphere. For each cell line, the culture
medium was replaced every other day and sub-culturing was performed at
80% confluency for all the cell lines using trypsin-PBS-EDTA.

Cell Viability Studies: The cell viability of Caco-2, HT29-MTX, and
SW620 was evaluated with the CellTiter-Glo Luminescent Cell Viability As-
say, measuring the amount of ATP produced by living cells. Cells (5 x 10°
cells mL™") were seeded separately into 96-well plates and allowed to at-
tach for 24 h. Then, the cell culture medium was removed, and DNPs,
DNPs-Gel, DNPs-Gel-Ab, and encapsulated-DNPs were incubated with
Caco-2, HT29-MTX, and SW620 cells at different concentrations (12, 25,
50, and 100 ug mL™") for 6 and 24 h at 37 °C, 5% CO,. After incubation,
cells were washed twice with HBSS and HEPES, and then incubated with
0.1 mL of CellTiter-Glo (prepared in HBSS—HEPES buffer ratio 1:1). Posi-
tive and negative controls were obtained by incubating cells with Triton X-
100 1% and HBSS—HEPES buffer, respectively. The plates were shaken for
5 min, and the luminescence was measured using a Varioskan Microplate
Reader (ThermoFisher Scientific, USA). The experiments were carried out
in triplicates (n > 3).

Quantification of the Expression Levels of the Cell Surface Antigen L1-CAM:
For this study, 3 x 10° Caco-2, HT29- MTX, and SW620 cells were detached
with trypsin from the flasks, washed in PBS, and seeded separately in 96-
well V-Bottom plates for fluorescence-assisted cell sorting (FACS) analysis.
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This technique can be used to complement the NP-cell interaction stud-
ies obtained by confocal microscopy.[%'] The cells were incubated with the
anti-L1-CAM primary antibody solution 6 ug mL~" for 30 min at 4 °C (vol-
ume of staining 0.1 mL, 50:50 cells: antibody). Then, the cells were cen-
trifuged, washed twice with PBS and incubated with the secondary anti-
body m-lgGK BP-CFL-647 2 pg mL~" for 30 min, RT, in dark conditions.
Control cells were incubated with only the secondary antibody to mea-
sure the binding unspecificity. Cells were sorted by fluorescence in the APC
channel with an Accuri C6 Plus Flow Cytometer (BD Biosciences). For each
condition, a minimum of 2 X 10* events were measured. Flow cytometry
data were analyzed using Flow]o.

Cell-DNP Interaction Studies: To study the interaction of NPs with
Caco-2, HT29-MTX and SW620 cells, 2 x 10° cells mL~" was seeded in
Lab-Tek eight-chamber slides (ThermoFisher Scientific) separately and al-
lowed to attach for 24 h in humidified atmosphere. Then, the medium
was discarded and cells were incubated with 0.05 mg of Alexa Fluor 488-
labeled DNPs-Gel, DNPs-Gel-Ab, and encapsulated-DNPs in DMEM for
24 h. The fluorophore labeling was performed according to the proto-
col described elsewhere.["] After reaching confluency, cells were washed
twice with HBSS-HEPES, fixed by paraformaldehyde (PFA) 1% v/v, and
nuclei and membrane were stained with 6-diamidino-2-phenylindole dihy-
drochloride (DAPI) and CellMask Deep Red, respectively. Finally, cells were
washed and suspended in fresh PBS and analyzed by Leica SP5 Il HCS-A
confocal microscope (Leica Microsystems, Wentzler, Germany). Images
were analyzed using Fiji software.

Cell Uptake of DNPs Measured by Flow Cytometry (FACS): Caco-2,
HT29-MTX, and SW620 cells were seeded separately in a 24-well plate at
a density of 1 x 10° cells per well and incubated for 24 h at 37 °C and
5% CO,. Cells were washed once with PBS pH 7.2 and incubated with
Alexa Fluor 488-labeled DNPs-Gel, DNPs-Gel-Ab, and encapsulated-DNPs
0.05 mg mL~" in DMEM for 24 h in a humidified atmosphere. Cells were
washed twice with PBS to remove the non-internalized NPs before detach-
ment and centrifuged at 13 200 rpm for 4 min. Then, cells were suspended
in PBS in a 96-well V-Bottom plate and analyzed by FACS (Accuri C6 Plus
Flow Cytometer, BD Biosciences) 0.2 X 10° cells were measured and sorted
by fluorescence in the FITC channel for each condition.

Migration Assay: For the investigation of Caco-2, HT29- MTX, and
SW620 migration, cells were seeded separately into culture-inserts 2 well
in u-dishes 35 mm (IBIDI, IT) at a density of 8 x 10* cells per well in DMEM
supplemented with FBS 10%. Cells were left to adhere and reach 95% con-
fluency for 48 h at 37 °C and humified atmosphere. After 48 h, the insert
was removed, and the cells were washed and allowed to migrate in DMEM
0.5% FBS (control) under starvation. The efficacy of both the free and deliv-
ered drug was investigated by supplementing DMEM 0.5% FBS with either
free galunisertib (LY) 2.5 um or encapsulated drug-loaded DNPs (Encap-
sulated DNPs-LY, 26 ug mL™") for 24 h, and quantifying the cell migration
over time. The concentration of the encapsulated-DNPs-LY releasing an
equivalent amount of drug (2.5 um) was calculated by the drug release
studies (Galunisertib In Vitro Loading and Release Studies, Experimental
Section). We also investigated the effect of the empty encapsulated-DNPs
(26 ug mL™") to assess if any of the components of the formulation af-
fected cell migration. After 24 h, the cells were washed twice with DMEM
to remove the drug and NPs dispersed in the media, and fresh DMEM
0.5% FBS was added to the plate to keep the cells under starvation. The
culture medium was replaced every day. The pictures were acquired with
an inverted microscope (Leica Microsystem, GmbH) and analysis was per-
formed using Fiji software.

Statistical Analysis:  All experiments were performed at least in tripli-
cates, and the measured values are expressed as mean + standard devi-
ation (s.d.). Results were evaluated by means of two-way analysis of vari-
ance (ANOVA) with the Bonferroni test, and levels of significance are set
at probabilities of * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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