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ABSTRACT: Porous silicon (pSi) nanoparticles are loaded with
Immunoglobulin A-2 (IgA2) antibodies, and the assembly is
coated with pH-responsive polymers on the basis of the Eudragit
family of enteric polymers (L100, S100, and L30-DSS). The
temporal release of the protein from the nanocomposite
formulations is quantified following an in vitro protocol simulating
oral delivery: incubation in simulated gastric fluid (SGF; at pH
1.2) for 2 h, followed by a fasting state simulated intestinal fluid
(FasSIF; at pH 6.8) or phosphate buffer solution (PBS; at pH 7.4).
The nanocomposite formulations display a negligible release in
SGF, while more than 50% of the loaded IgA2 is released in
solutions at a pH of 6.8 (FasSIF) or 7.4 (PBS). Between 21 and

44% of the released IgA2 retains its functional activity. A capsule-based system is also evaluated, where the IgA2-loaded particles are
packed into a gelatin capsule and the capsule is coated with either EudragitL.100 or EudragitS100 polymer for a targeted release in
the small intestine or the colon, respectively. The capsule-based formulations outperform polymer-coated nanoparticles in vitro,

preserving 45—54% of the activity of the released protein.
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B INTRODUCTION

Biologic-based therapeutics (i.e, proteins, peptides, nucleic
acids) have become increasingly popular as treatment options
due to their narrow target spectrum and their biocompati-
bility." However, biologics pose serious formulation challenges
and most of the current biologic drugs are used as parenteral
formulations because of poor bioavailability.” Oral admin-
istration is a preferred, common therapeutic administration
route, but the delivery of proteins through the digestive tract
faces numerous challenges, such as degradation in the acidic
and proteolytic conditions of the stomach and low site
specificity.” ™ These obstacles result in high dosage require-
ments that substantially increase the cost and the potential for
toxicity and have led the pharmaceutical industry to invest in
the development of delivery systems. Carrier systems using
polymers,”” liposomes,®™'? silica,'' ™" and other nano-'®'
and microcarriers' >’ have been developed for oral protein
delivery, but the complexity of the human gut and stringent
requirements for clinical translation have limited their
deployment.”"** Additionally, the delivery systems developed
to date suffer from low loading capacity (<10 wt %), limited
control of release profiles, and denaturation or deactivation of
the loaded proteins.

In recent years, porous silicon (pSi) has been studied as a
delivery system for a variety of drug payloads.”™*® In
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particular, previous work has demonstrated the ability of pSi
particles to load and release active proteins.”” >’ Of relevance
to oral delivery, pSi has been shown to protect the sensitive
CrySB anthelmintic protein from the highly acidic and
proteolytic conditions in simulated gastric fluid (SGF),"
although the release kinetics were too slow to be effective in a
hamster model of hookworm infection. To increase the
residence time in a gastrointestinal (GI) system, Salonen,
Santos, and co-workers developed a polymer/biopolymer
modified pSi particle system as a mucoadhesive drug carrier
for the oral delivery of insulin for the treatment of type I
diabetes.”' ™" One advantage of such hybrid mesoporous
particle/polymer systems is that the mesoporous host material
can protect the protein payload from the harsh or otherwise
incompatible conditions typically needed to process the
polymeric component of the drug delivery system.”” Despite
these advances, incompatibilities between the protein and the
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Scheme 1. (a) Schematic Illustrating the Preparation and the Proposed Fate of Polymer-Coated Porous Silicon (pSi)
Nanopoarticles for Oral Delivery of IgA2“ and (b) Schematic Illustrating the Preparation of IgA2-Loaded pSi Nanoparticles for

Capsule-Based Delivery”

“First, the nanoparticles are loaded with the protein therapeutic (IgA2) through a vacuum infiltration process, and then, they are coated with a
member of the Eudragit family of pH-responsive enteric polymers. The Eudragit L100 and Eudragit L30 D-55 polymers selected for this study
dissolve at ~pH 6 (targeting release in the small intestine), and Eudragit S100 dissolves at pH 7 (for release in the colon). The role of the polymers
is to protect the loaded antibody from exposure to the acidic conditions commonly encountered in the stomach. bRather than coating the
individual nanoparticles with an enteric polymer as in (a), the uncoated, IgA2-loaded pSi nanoparticles are loaded into a commercial biodegradable
capsule, which is then coated with either EudragitL100 or Eudragit S100 pH-responsive enteric polymers.

delivery system, uncontrolled release kinetics, and a lack of
site-specific release remain key challenges for the oral delivery
of biologics.

The most common approach to achieve the site-specific oral
delivery of drugs has been to use pH-responsive enteric
polymers such as the commercially available Eudragit or Aqoat
classes. These materials exploit the sharp pH variations in the
gastrointestinal (GI) tract, where the stomach is highly acidic
(pH 1-2), the small intestine is mildly acidic (pH 5.5—6.8),
and the colon is neutral to basic (pH >7).** Of relevance to the
present study, the well-established Eudragit family of enteric
polymers displays a range of favorable pH-responsive
dissolution characteristics.*”** These materials are composed
of copolymers of methacrylic acid and methyl methacrylate,
which undergo dissolution upon ionization of the carboxylic
acid groups on the methacrylic acid chains. Thus, varying the
ratio of methacrylic acid and methyl methacrylate enables a
precise tuning of the dissolution pH. For the present work, we
selected two organic-soluble members of this family and one
that is available as an aqueous dispersion. The two organic-
soluble enteric polymers were as follows: (1) Eudragit L100,
which has a 1:1 methacrylic acid to methyl methacrylate ratio
and dissolves at pH S for release in the small intestine; and (2)
Eudragit S100, which has a 1:2 methacrylic acid to methyl
methacrylate ratio and dissolves at pH 7 for release in the
colon.**” The aqueous dispersed polymer was Eudragit L30
D-55, an anionic copolymer with a 1:1 ratio of methacrylic acid
and ethyl acrylate. Although these polymers are ideal carriers
for small molecule delivery, their macromolecular nature and
the need to formulate them in organic solvents causes
denaturation of biologic-based therapeutics. On the basis of
the results with polycaprolactone and poly(lactide-co-glyco-
lide) and related polymer formulations that used porous Si
nanoparticles to protect the protein payloads,”* " we
reasoned that a similar composite structure using an enteric
polymer might be able to protect a protein payload of
relevance to oral delivery.

IgA2 was selected as the protein payload for its central role
in gut microbiota homeostasis and defense against entero-
pathogens and their toxins at the mucosal surface.”® IgA2
monoclonal antibodies (mAbs) act through steric hindrance,
agglutination, and immune exclusion, forming an immuno-

logical barrier by binding to pathogens or toxins and impeding
their passage across the intestinal epithelial lining into the
body.” On the basis of these features, IgA is a potential
therapeutic for the treatment of gut infections from pathogenic
bacteria and their toxins, which cause acute diarrhea and the
most infantile deaths in developing countries.”® However, IgA
cannot survive the harsh conditions of the stomach; a delivery
system that can protect it in this environment and deliver it to
the lower GI tract would be a significant milestone in the
development and commercialization of this class of therapeu-
tics for bacterial or protozoal infections.

For the nanocarrier system developed here, porous Si
nanoparticles acted as a carrier to hold and protect the protein
payload and the Eudragit enteric coatings enabled pH-
controlled site-specific release. We explored two methods
employing Eudragit coatings to protect these protein-loaded
nanoparticles: The first involved directly coating individual
IgA2-loaded nanoparticles with the Eudragit polymer (Scheme
la), and the second involved loading powders of the IgA2-
loaded nanoparticles into gelatin capsules and then coating the
capsules with Eudragit (Scheme 1b). The rationale for the
capsule approach is that it physically separates the enteric
polymer from the IgA2-loaded pSiNPs, avoiding direct
exposure of the IgA2-loaded pSiNPs to the organic solvent
used in the Eudragit coating step. As a control, we also
explored the possibility of delivering the “free” IgA2 in a
capsule format, by loading IgA2 directly into a capsule without
the agency of porous Si nanoparticles. A potential disadvantage
of the capsule approach is that it might be expected to release
the nanoparticles (or the free drug) in a localized bolus,
whereas the individually coated nanoparticles of Scheme 1la
might be expected to be better dispersed throughout the lower
GI tract. The persistent diarrhea that typically accompanies an
enteric infection results in fast gastric clearance, and therefore,
a capsule filled with “free” IgA2 or with a nanoparticle
formulation of IgA2 might be cleared from the lumen too
quickly to effectively agglutinate the enteric bacteria and toxins
that cause the infection. It is known that certain nano- or
microparticles can transit more slowly than freely dissolved
molecules due to an enhanced retention of the particles by the
infected and inflamed tissues in the gastrointestinal tract.”">*
Therefore, while an enteric polymer on its own may protect a
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protein payload from gastric degradation, a motivation for
combining this with a nanoparticle carrier is to prolong the
transit time through the gut. Taken together, these concepts
might contribute to a more effective oral IgA2 therapy for
enteric infections.

2. MATERIALS AND METHODS

2.1. Materials. Highly boron-doped p-type silicon wafers, with 1.2
mQ-cm resistivity and single-side polished on the (100) face, were
obtained from Sil'Tronix Silicon Technologies. Concentrated hydro-
fluoric acid (48% aqueous, ACS grade) was obtained from Fisher
Scientific. Absolute ethanol, methanol, poly(vinyl alcohol) (PVA),
pepsin (from porcine gastric mucosa), sodium hydroxide, sodium
chloride, maleic acid, and potassium hydroxide were obtained from
Sigma-Aldrich. The SGF medium was prepared by mixing 7 mL of
hydrochloric acid, 2 g of sodium chloride, and 3.2 g of pepsin (Sigma-
Aldrich) in 1 L of DI water. Fasting state simulated intestinal fluid
(FasSIF) powder was purchased from Biorelevant Media, and the
medium was prepared according to the instructions provided by the
manufacturer and using the composition calculator on the Biorelevant
Media Web site (https:/ /biorelevant.com/fassif-v2 /how-to-make/).
Briefly, 1.392 g of sodium hydroxide pellets (NaOH), 2.220 g of
maleic acid (Sigma-Aldrich), and 4.010 g of sodium chloride (NaCl)
were added to 1 L of ultrapure water and mixed thoroughly. Once
solubilized, 1.790 g of FaSSIF-V2 powder was added to this solution
and stirred until dissolved. Finally, pancreatin (final concentration 10
mg/ mL) was added to obtain the solution referred to as FasSIF in this
work. Phosphate buffered saline (PBS) was purchased from Gibco.
Eudragit S100 was purchased from Evonik Industries, while Eudragit
L100-55 (referred to as Eudragit L100 throughout this manuscript)
and Eudragit L30-D5S5 were generously provided as test samples by
Evonik Industries. Deionized (18 M) water was used for the
preparation of all the buffers and dissolution mediums. Monomeric
IgA2 of the human monoclonal antibody F425A1g8 was prepared and
purified as described previously.>

2.2. Fabrication of Porous Silicon Nanoparticles. Porous
silicon nanoparticles with an approximate diameter of 550 nm were
fabricated using the perforation etching method described pre-
viously.>* Briefly, a single crystal silicon wafer (100) with a resistivity
of 1.2 mQ-cm and a thickness of 525 + 25 pm was anodically etched
using an aqueous HF-based electrolyte (CAUTION: HF is highly
toxic and corrosive, and proper care should be exerted to avoid contact
with skin, eyes, or lungs). The silicon wafer was packed in a custom-
designed Teflon etch cell with an exposed area of 8.2 cm” and the
ability to hold 24 mL of etching solution. A sacrificial etch layer was
prepared first in 3:1 (v/v) 48% aqueous HF/absolute ethanol
electrolyte by application of a current density of 10 mA-cm™
(Keithley 2651a Sourcemeter) for 30 s, which was removed by
immersion in a 2 M aqueous potassium hydroxide solution (KOH).
The perforation etch was carried out by applying a current density of
50 mA-cm™2 for 20 s followed by 200 mA-cm™ for 0.5 s in an
electrolyte solution consisting of 1:1 (v/v) 48% aqueous HF/absolute
ethanol. In a typical etch, this process was repeated SO times to
generate S0 layers of alternating porosities. The high current density
pulse introduced a high porosity “perforation” layer that acted as
fracture points during ultrasonication. The fabricated pSi layer was
detached from the underlying bulk Si by electropolishing the sample
ina 1:10 (v/v) 48% aqueous HF/absolute ethanol solution at 4 mA-
cm™ for 250 s. The free-standing pSi layer was washed three times
with ethanol and collected in a glass vial with ethanol. For particle
preparation, four free-standing pSi layers were collected in a glass vial
with 10 mL of ethanol and ultrasonicated for 20 h. The brown
suspension collected after ultrasonication was centrifuged at 11 000
rpm for 10 min, and the bottom pellet was collected and the
supernatant was discarded. The pellet was resuspended in ethanol and
centrifuged three additional times to remove the smaller size fraction
of particles. Next, the particles were centrifuged at 2000 rpm for 3 min
and the supernatant was collected to eliminate the large particles. The
particles in the supernatant were of the required size (~550 nm) on

the basis of dynamic light scattering (DLS) measurement. The
particles were stored in ethanol until further use.

2.3. IgA2 Loading onto pSi Nanoparticles. The IgA2
antibodies were loaded onto the prepared pSi nanoparticles using a
vacuum loading method. In this process, 1 mg of pSi nanoparticles
was washed three times with water to remove the ethanol used during
ultrasonication of the pSi films. The washed particles were incubated
overnight with 100 L of IgA2 solution (7 mg-mL™") in PBS at 4 °C.
The mixture of IgA2 and pSi nanoparticles then was vacuum-dried to
evaporate the buffer solution. The vacuum-dried IgA2-pSi formulation
was removed from the tube with a spatula.

2.4. Eudragit Enteric Coating on IgA2-Loaded pSi Nano-
particles. The IgA2-loaded pSi nanoparticles were coated with three
different polymers from the Eudragit family: L100-5S, $100, or L30
D-55. The Eudragit L100-5S polymer (referred to in this work as
Eudragit L100) was selected for payload release in the small intestine
(pH > 5.5), while Eudragit S100 was intended for payload release in
the colon (pH > 7). The Eudragit L100 and Eudragit S100 polymers
are soluble in organic solvents such as methanol. To coat the Eudragit
polymer onto IgA2-loaded pSi nanoparticles, a 2.5% (w/v) solution of
the polymer was prepared in methanol and 100 uL of the polymer
solution was added to 1 mg of IgA2-loaded pSi nanoparticles. The
particles were quickly mixed and added to S mL of an acidic (pH 3)
aqueous solution containing 1% by mass PVA with vigorous stirring
for 20 min. The sample was then centrifuged at 3000 rpm for 3 min
and washed with simulated gastric fluid (SGF). The Eudragit S100
polymer was coated onto IgA2-loaded pSi nanoparticles using a
similar protocol as that with the Eudragit L100 polymer. A 2.5% (w/
v) methanol solution (100 L) of Eudragit S100 was used with 1 mg
of pSi, followed by the addition of 1 w/v % PVA (at pH 3) and the
centrifugation steps described above. In the case of Eudragit L30 D-55
(referred to in this work as Eudragit L30)-coated IgA2-loaded pSi
nanoparticles, 200 L of aqueous Eudragit L30 was added to 1 mg of
IgA2-loaded pSi nanoparticles and mixed quickly, This mixture was
then rapidly added to S mL of an acidic (pH 3) aqueous solution of
PVA (1 wt %) with vigorous stirring for 20 min. Similar to in the
other two formulations, the Eudragit L30-coated pSi nanoparticles
were washed and collected through centrifugation in SGF. The
control formulations with Eudragit pure polymers (i.e, L100, S100,
L30) were prepared using the same protocols, where vacuum-dried
pure IgA2 was used in place of the IgA2-loaded pSi nanoparticles. The
amount of protein remaining in the wash solutions was measured
using micro bicinchoninic acid (BCA) protein assay according to the
procedure provided with the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). The amount of loaded protein was calculated by
subtracting the unloaded protein from total protein in the loading
solution (700 ug, unless indicated otherwise). The amount of protein
loaded per milligram of particles was used to calculate the loading
capacity for all the formulations.

2.5. Capsule Formulations of IgA2-Loaded pSi. The capsule
formulations were prepared by manually filling size 4 gelatin capsules
with 1.7 mg of IgA2-loaded pSi nanoparticles (i.e., 1 mg of pSi + 0.7
mg of IgA2). The filled capsules were then coated with Eudragit $100
or Eudragit L100 enteric polymers. A dip coating method was
employed, where the capsule was dipped into a 10% (w/v) solution of
polymer in methanol and dried under a N, flow. To obtain sufficiently
thick coatings, the procedure was repeated three times for each
capsule. Uncoated capsules charged with IgA2-loaded pSi particles
served as the control. In addition, 210 ug of pure vacuum-dried IgA2
(without pSi) was also filled into gelatin capsules, followed by coating
with the enteric polymer as a second set of controls.

2.6. In Vitro IgA2 Release from Eudragit Polymers-Coated
pSi Formulations. The in vitro IgA2 release experiments were
carried out by incubating the test formulations in 5 mL of the relevant
media maintained at 37 °C in a shaker—incubator. The formulations
were first incubated in simulated gastric fluid (SGF) at pH 1.2—1.8 for
2 h, and then, they were isolated and incubated for 3 h in either the
fasting state simulated intestinal fluid (FasSIF, pH 6.8) or in the
phosphate buffer solution (PBS, pH 7.4) depending on the
experiment. A release time point was collected every hour up to S
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polymer coating dissolution medium® intended release region IgA2 loading” (%)  release 3h @ pH 6.8/7.4°(%)  preserved activity” (%)

Eudragit $100 SGF—PBS colon (pH > 7) 29+ 1 70 £ 7 44 + 10

Eudragit L100 SGF—PBS small intestine (pH > 5.5) 29+ 1 61 +2 21+ 6
SGF—FasSIF 48 £2 32+ 13

Eudragit L30 D-55 SGF—PBS small intestine (pH > S.5) 31+2 56 +2 20 £ 6
SGF—FasSIF 41+3 24 + 11

“SGF is simulated gastric fluid, pH = 1.2; PBS is phosphate buffered saline solution, pH 7.4; FasSIF is fasting state simulated intestinal fluid, pH =
6.8. "Mass loading of IgA2 protein in the porous Si carrier, prior to polymer coating; defined as (mass of IgA2)/(mass of IgA2 + pSi carrier), given
as a percentage. Errors are 3 SD. “Percent by mass of IgA2 released from the particle formulation into the indicated release medium, after 3 h of
exposure. Measured by BCA assay. Errors given are 3 SD. dActiVity of IgA2 measured by both ELISA and HIV neutralization assay as percent of
total IgA2 released, after 3 h of exposure to the pH 6.8/7.4 solution, corresponding to the S h time point in Figure 2. Errors given are 3 SD.

Figure 1. Scanning electron microscope (SEM) images of (a) as-etched pSi nanoparticles with an average pore diameter of 60 nm and an average
diameter of 550 nm (DLS number density histogram shown in the inset), (b) empty pSi nanoparticles after coating with Eudragit L100, and (c)

empty pSi nanoparticles after coating with Eudragit S100. The scale bars in all images are 1 pm.

h by centrifugation of the formulations at 3000 rpm for S min and
collection of the release medium. Fresh release medium was added to
the formulations at each time point. Concentrations of the released
IgA2 in the release media were determined using the BCA protein
assay. Control BCA assay measurements from empty pSi particles
incubated in the three separate media were subtracted from the test
data to correct for protein concentrations.

2.8. Activity Testing for the in Vitro Released IgA2. Aliquots
of IgA2 released from the different formulations at specified time
points were analyzed by enzyme-linked immunosorbent assay
(ELISA) in order to quantify the amount of bioactive (ie., not
denatured) IgA2. All the samples were analyzed by ELISA to
determine the bioactivity of IgA2 released from the relevant
formulations, and the bioactivity of IgA2 in some samples (Table
1) was confirmed with an HIV neutralization-based functional assay
previously described.”’

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of IgA2-Loaded
Porous Si Particle Formulations. The present study
explored two strategies for preparing materials suitable for
the delivery of a protein therapeutic to the lower GI tract, as
outlined in Scheme 1; both involved loading of the protein into
porous silicon (pSi) nanoparticles as a means of preserving the
activity of the biologic. The pSi nanoparticles were prepared
from single crystal silicon wafers using a perforation etch
process previously described,”> which yielded nanoparticles
approximately 550 nm in diameter. The etch parameters were
adjusted to achieve mean pore diameters of 58 + 14 nm. The
average particle size and the notional pore diameter were
measured by dynamic light scattering (DLS, Figure S1) and by
scanning electron microscopy (SEM, Figure 1), respectively.
The particles were then loaded with the IgA2 antibody (MW
162 kDa, Stokes radius 6.2—8.7 nm>”) by vacuum infiltration.
This process involved soaking of the pSi nanoparticles in a cold

aqueous solution of IgA overnight and then evaporation of the
solvent at room temperature under a vacuum. To ensure the
rapid release of the protein payload, as-prepared pSi nano-
particles were used. The as-prepared pSi nanoparticles possess
a Si—H and Si—Si surface chemistry that is readily oxidized and
hydrolyzed in water,”® and they rapidly dissolve under
physiological conditions. In order to configure the particles
to survive the stomach conditions and release payload in
conditions simulating the intestinal lumen,* the nanoparticles
were then protected with enteric polymer coatings, either by
coating individual nanoparticles (Scheme 1a) or by placing a
bolus of uncoated nanoparticles in capsules that were then
coated with an enteric polymer (Scheme 1b). An illustration of
the type of nanoparticles prepared and the in vitro carrier
dissolution/drug release protocol is provided in Scheme 2.

For the first delivery strategy involving coating of individual
nanoparticles with Eudragit (Scheme 1a), the IgA2-loaded pSi
nanoparticles were coated with either Eudragit L100 or
Eudragit S100, which are polymers that have been engineered
for specific delivery to the small intestine or the colon,
respectively. The coating was achieved by the rapid addition of
acidified water to a dispersion of the nanoparticles in a
methanol solution of the polymer. The deposition solution
contained 1% by mass poly(vinyl alcohol) (PVA) stabilizer.
The SEM images (Figure 1) revealed what appeared to be a
relatively conformal coating of polymer on the pSi nano-
particles. The DLS data showed an increase in the average
particle size, to approximately 1100 nm for Eudragit L100 and
1300 nm for Eudragit S100. Multiple images of multiple
samples indicated that a subset (<5%) of the pSi nanoparticles
were incompletely coated with polymer.

We next measured the dissolution characteristics of the
nanoparticle preparations. For these experiments, we followed
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Scheme 2. Description of the IgA2-Loaded Nanoparticles and the Release Protocol Used in This Study”

“The porous Si nanoparticles are loaded with the antibody via a vacaum infiltration procedure (left panel, top), which yields a mass loading of
~29%. The control involves a pure Eudragit enteric polymer bead containing IgA2 (left panel, middle). To prepare nanoparticles individually
coated with the enteric polymer (left panel, bottom), the IgA2-loaded pSi nanoparticles are dispersed in a methanol solution of the Eudragit
polymer and quickly added acidic aqueous solution of PVA (1 wt %) with rapid stirring to induce deposition of the coating. The drug release
protocol is carried out over a total period of S h; for the first 2 h, the samples are incubated in SGF at pH 1.2 (right panel, red backdrop) followed
by either FasSIF (pH 6.8) for the formulations using Eudragit L100 and Eudragit L30 D-S5 or PBS (pH 7.4) for the formulations using Eudragit

S100 (right panel, green backdrop).

an in vitro protocol designed to mimic oral delivery conditions:
Samples were measured over a period of 5 h, where, for the
first 2 h, they were exposed to simulated gastric fluid (SGF) of
alow pH (1.2) and containing the digestive enzyme pepsin at a
physiologically relevant concentration and, then, for the
following 3 h, they were incubated in either fasting state
simulated intestinal fluid (FasSIF, pH 6.8) or in phosphate
buffer solution (PBS, pH 7.4), depending on the experiment.
The uncoated pSi nanoparticles (loaded with IgA2) displayed
a slow decrease in diameter during the 2 h at pH 1.2, and this
was followed by a more pronounced decrease in diameter
(from approximately S50 to 100 nm) when the particles were
transitioned to pH 7.4 (Figure Sla, Supporting Information).
This is consistent with the known behavior of porous Si; the
material is relatively stable in acidic solutions and it dissolves
more rapidly in neutral or alkaline aqueous media.”’

The polymer coatings slowed the aqueous dissolution of the
nanoparticles in acidic media while maintaining the rapid
dissolution behavior in neutral solutions. Thus, the average
particle size of the Eudragit L100-coated pSi nanoparticles
(approximately 950 nm) remained stable for 2 h in SGF at pH
1.2, and it decreased markedly (to 300 nm) after the medium
was replaced with FasSIF at pH 6.8 (Figure S1b, Supporting
Information). Similarly, the average particle size of the
Eudragit S100-coated pSi nanoparticles was maintained
(between 1440 and 1720 nm) for 2 h in SGF, and the size
decreased (to ~450 nm) when held for 3 h in PBS at pH 7.4
(Figure Slc, Supporting Information).

3.2. In Vitro IgA2 Loading and Release of Eudragit-
Coated pSi Particles under Simulated Oral Delivery
Conditions. In vitro IgA2 loading and release studies were
then carried out to assess the potential performance of the
Eudragit—pSi composite system. Loading of IgA2 into the pSi
particles was carried out under vacuum-drying conditions. On
average, the mass loading of IgA2 in the pSi particles
(determined by assaying the wash solutions postcoating) was
29 wt % (i.e,, 0.4 mg Iof gA2 loaded into 1 mg of pSi particles;
the final mass of IgA2 + pSi particles = 1.4 mg) for both of the
Eudragit-coated pSi formulations studied. In vitro IgA2 release
from the Eudragit-pSi constructs was carried out under the
simulated gastrointestinal protocol described above, and the
total protein released was quantified using the BCA protein
assay (Figure 2). As anticipated, the Eudragit L100—pSi—IgA2
formulation showed minimal release in the acidic SGF (pH
1.2) phase of the protocol; less than 2% of the total loaded
IgA2 was released during the 2 h incubation period, attributed
to residual IgA2 present on the surface of the particles (Figure
2a). When the solution pH was increased by the introduction
of FasSIF (pH 6.8) buffer, approximately 50% of the loaded
IgA2 was released in the ensuing 3 h. The release behavior was
consistent with the performance of the Eudragit L100 coating,
which is engineered to dissolve in the small intestine at pH
values >5.5. In another set of experiments, the IgA2 release
behavior from this same formulation was measured using PBS
(pH 7.4) in place of FasSIF. The total released IgA2 was
somewhat larger in this case, approaching 61% (Figure S2,
Supporting Information). Similarly, the Eudragit S100-coated
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Figure 2. Release of IgA2 from enteric polymer-coated pSi particle formulations and from controls, comparing total protein (Total IgA2) with
protein activity (Active IgA2) as a function of time: (a) Eudragit L100-coated pSi particles, (b) Eudragit L100 polymer control (IgA2 loaded into
polymer only), (c) Eudragit S100-coated pSi particles, (d) Eudragit S100 polymer control, and (e) uncoated pSi particle control. For the
compositions that used the pSi carrier, the percent of dissolved Si measured in the elution solution is also given. These temporal release profiles
were obtained following an elution protocol mimicking oral delivery to either the small intestine or to the colon, involving a 2 h incubation in
simulated gastric fluid (SGF, pH 1.2) followed by either fasting-state simulated intestinal fluid (FasSIF, pH 6.8) or phosphate buffered saline (PBS,
pH 7.4) for 3 h. The FasSIF condition was designed to simulate delivery to the small intestine, whereas the PBS condition simulated delivery to the
colon. The temperature throughout the experiments was maintained at 37 °C. The total protein was measured by BCA assay, the total active IgA2
antibody was measured by ELISA (for Eudragit—pSi formulations, activity was further confirmed with a stringent HIV neutralization assay), and
the % Si present in eluents was measured by molybdenum blue assay.
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formulation showed no significant release of IgA2 in SGF,
while nearly 70% of the IgA2 payload was released during the 3
h incubation in PBS (Eudragit S100—pSi—IgA2 formulation,
Figure 2c). The Eudragit S100 polymer dissolves preferentially
at pH > 7, as it is designed for site-specific release in the colon.
The release of silicon from the pSi—polymer formulations
tracked IgA2 release, whereas minimal silicon was released into
the solution during the low pH phase of the test; once the pH
was raised to the point where polymer dissolution occurred,
the silicon pSi nanomaterial began to dissolve (Figure 2a,c).

Control experiments involving IgA2 loaded into the pure
polymers, without the pSi vehicle, were performed. The
polymer-only formulations of Eudragit L100 and Eudragit
S100 displayed similar elution characteristics under the
physiological release conditions (Figure 2b,d). Both formula-
tions displayed minimal (6—8%) release in SGF in the 2 h
period of the elution protocol, and approximately 70% of the
total loaded IgA2 was released during the 3 h incubation
period in FasSIF (for Eudragit L100) or in PBS (for Eudragit
$100). The IgA2 release profiles for the two control polymer
formulations and for the formulations in which IgA2 was
contained in the pSi carriers embedded in the polymers were
qualitatively similar, suggesting that the rate of IgA2 release
was primarily dictated by the state of the enteric polymer. In
the case of Eudragit L100, the release of IgA2 from the pSi-
containing formulation was somewhat slower than what was
observed from the pure polymer (Figure 2a,b), indicating that
the nanomaterial exerted some control over IgA2 elution.

In a second set of control experiments, we measured the
release of IgA2 from uncoated pSi particles. In the absence of
the polymer coatings, the particles displayed a rapid, burst-like
release of the protein payload into the SGF medium (Figure
2e), releasing 50—60% of the payload within 2 h of incubation
in SGF. Little dissolution of silicon was observed in this pH
range, which is consistent with the known stability of pSi and
its surface oxide in acidic media. These results suggest that a
majority of the protein payload was held within the pSi host via
relatively weak electrostatic or van der Waals forces, such that
the protein rapidly leached from the pSi matrix in the low pH
aqueous medium in the absence of a polymer coat. The pSi
carrier dissolved more rapidly upon transition to the higher pH
FasSIF or PBS media, and the release of IgA2 continued,
although it slowed substantially, suggesting that the release of
protein in the higher pH range was tied more to the
breakdown of the pSi matrix than was observed at a low pH.

In summary, the in vitro release data for both enteric
polymer types confirmed that they effectively coated the IgA2-
loaded particles and prevented premature payload release in
the low pH, proteolytic environment of SGF, which in these in
vitro experiments approximated the conditions of the stomach,
whereas dissolution of the pSi carrier and release of IgA2 was
triggered in the higher pH conditions simulating either the
small intestine or the colon, for which the respective enteric
polymers were designed.

3.3. Activity of IgA2 Released from the Formulations.
Whereas the above data demonstrated that the coated
nanoparticles were effective at preventing premature release
of the IgA2 protein therapeutic into the degradative conditions
of the stomach, the more important question is whether the
protein payload, once released in the target compartment,
retains its function. The conditions used to process the
Eudragit class of polymers typically involve organic solvents
that can denature proteins, and the polymers themselves and

their hydrolysis chemistries can also induce protein denatura-
tion.>® Indeed, this was the main motivation for using the pSi
particles as a carrier, as it has previously been shown that the
preloading of proteins into pSi particles can preserve their
activity through the processing steps needed to incorporate
them into a biodegradable polymer.”*~*’

The first issue evaluated here was what effect the vacuum
loading procedure, which was used to load IgA2 into the pSi
carriers (Scheme 2, top panel), might have on the activity of
the protein. We assessed the procedure by vacuum drying 30
uL aliquots of IgA2 solution (7 mg/mL), dissolved in the
various release media (PBS, FasSIF, or SGF), and then
dispersing the dried protein back into the relevant media. SGF
was used as a negative control, as the low pH and presence of
pepsin in that medium was expected to lead to a complete
degradation of the protein. Vacuum-dried IgA2 redispersed
quickly in all three media, and the protein concentration was
confirmed by BCA assay. The activity of the IgA2 redispersed
in PBS, FasSIF, or SGF was quantified using a functional
ELISA involving the F425A1g8 (IgA2)-specific gp120-CD4
complex antigen immobilized on ELISA plates (Figure S3,
Supporting Information).”’ As expected, the data showed a
complete loss of IgA2 activity in the SGF control. However, a
significant loss of activity for IgA2 was also observed in the
PBS and FasSIF buffers; only 60 and 50% IgA2 activity was
retained upon redissolution in PBS and FasSIF, respectively.
These activity numbers likely represent an upper bound of the
activity that might be expected from the loading method used
in this work.

We next assessed the activity of IgA2 released into eluent
solutions from the fully formulated Eudragit-coated IgA2-
loaded pSi particles (Scheme 2, bottom panel) using a
functional ELISA and confirmed it using an HIV neutralization
assay, a very stringent assay used to determine the bioactivity
of IgA.53 As a control, IgA2 released from the polymer-only
Eudragit formulations (without pSi, Scheme 2, middle panel)
showed no detectable activity under any of the release
conditions tested (Figure 2b,d), indicating that direct
formulation of the protein into the Eudragit polymer from
methanol solutions is not a viable approach. A second control,
using the pSi carrier but no polymer coating (Scheme 2, top
panel), was also tested. The uncoated pSi particles released
essentially all of the IgA2 payload in the low pH (SGF) phase
of the elution (Figure 2e). No activity was observed from IgA2
that was released in this phase, as can be expected due to the
presence of the proteolytic enzyme pepsin in the SGF medium.
By contrast, the release of IgA2 from pSi particles into the pH
1.2 buffer simulating gastric conditions was substantially
hindered by the Eudragit polymer coatings, as discussed
above. Upon transition to the higher pH FasSIF buffer
simulating intestinal conditions, IgA2 released from the
Eudragit L100—pSi formulation retained 32% of its activity
(61 pg of active IgA2 out of 192 ug of total protein released,
Figure 2a). Similarly, IgA2 from the Eudragit S100—pSi
formulation retained around 44% of its activity (124 ug of
active IgA2 out of 279 ug of total protein released, Figure 2c)
when released into PBS buffer simulating conditions in the
colon. For completeness, similar experiments using the
Eudragit L100—pSi formulation but releasing the IgA2 payload
into PBS (pH 7.4) media were also performed using the same
protocol and are presented in Figure S2 (Supporting
Information). Here, 20% activity was retained in the IgA2
released.
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Figure 3. Representative ex situ SEM images monitoring morphological changes in polymer-coated or uncoated pSi particles at various stages of
exposure to eluent solutions of different pH values. In this experiment, particles were sequentially exposed to SGF for 2 h followed by SIF or PBS
for 3 h and a S L sample aliquot was taken at specified time point for SEM imaging. Uncoated (as-etched) pSi particles after (a) 2 h incubation in
SGF (pH 1.2), (b) 1.5 h incubation in PBS (pH 7.4), or (c) 3 h incubation in PBS (pH 7.4). The uncoated particles are stable at pH 1.2 but show
signs of slow dissolution at pH 7.4. Eudragit L100-coated pSi after (d) 2 h in SGF (pH 1.2), (e) 1.5 h in FasSIF (pH 6.8), or (f) 3 h incubation in
FasSIF (pH 6.8). The Eudragit L100 coating is stable at pH 1.2 but readily dissolves at pH 6.8 to expose the underlying pSi particles. Eudragit
$100-coated pSi particles after (g) 2 h in SGF (pH 1.2), (h) 1.5 hin PBS (pH 7.4), or (i) 3 hin PBS (pH 7.4). The Eudragit S100 coating is stable
at pH 1.2 but dissolves at pH 7.4 to expose the underlying pSi particles. Scale bars for all images are 200 nm.

The bioactivity data thus demonstrates that the polymer-
coated pSi delivery system was capable of pH-responsive
release of protein and that a substantially greater percentage of
the protein remained active relative to the polymer-only
delivery system but some protein activity was lost upon coating
of the nanoparticles with enteric polymer. The retention of
20—44% activity with this system was markedly greater than
those of previously reported delivery systems including
polymer, liposome, silica, and other nanocarrier-based
formulations (summarized in Table S1, Supporting Informa-
tion). Despite its improved performance relative to these other
benchmark systems, the Eudragit—pSi formulations still
showed a substantial loss in activity of the IgA2 protein, as
(at most) only 44% activity was retained. The reason for the
loss in activity of the released IgA2 is attributed to the loading
and polymer processing conditions, as discussed above.

3.4. Changes in Morphology of Polymer—Particle
Composites under Release Conditions. The triggered
release of IgA2 upon dissolution of the polymer coating was
confirmed by DLS measurements and SEM observations. The
DLS measurements (Figure S1, Supporting Information) show
that the average nanoparticle size increased upon coating with
Eudragit L100 and Eudragit S100 (to 1000 and 1650 nm,
respectively). The particle size did not change during the 2 h
incubation of these coated nanoparticles in SGF. After
replacing the medium to FasSIF or PBS, the average particle
size decreased substantially, indicating dissolution of the
polymer shell and of the particle within. The trend in size
reduction was similar for both Eudragit L100—pSi and
Eudragit S100—pSi formulations. However, the overall size
reduction was greater for Eudragit S100—pSi, where the
average particle size reduced to ~350 nm after a total of S h of

incubation in the release medium (2 h in SGF and then 3 h in
PBS). This result is consistent with the Si dissolution trend of
Figure 2a,, and it is attributed to a more rapid rate of
dissolution of the pSi core at the higher pH of PBS (7.4)
relative to FasSIF (6.8); the increase in the rate of dissolution
of pSi with increasing pH is well documented.*”~*!

The SEM micrographs obtained at different times during
incubation in release media support the DLS data and confirm
the fate of the enteric polymer coatings (Figure 3). The as-
etched (uncoated) pSi particles showed no evidence of
changes in particle size or pore morphology when incubated
for 2 h in the highly acidic (pH 1.2) simulated gastric fluid,
SGF (Figure 3a). By contrast, the incubation of uncoated pSi
particles in PBS buffer (pH 7.4) showed evidence of
dissolution of the pSi matrix that increased with increasing
time of exposure to the buffer (Figure 3b,c). The polymer-
coated pSi particles performed as expected in the buffers for
which the enteric polymers were designed. Thus, the Eudragit
L100—pSi formulation showed no obvious signs of dissolution
after 2 h of incubation in SGF (Figure 3d), but it dissolved
rapidly upon switching to the less acidic (pH 6.8) FasSIF
buffer (Figure 3e,f). The SEM images make it clearly evident
that the underlying pSi particles are unveiled as the Eudragit
L100 coating dissolves. The data also confirm, as suggested by
the DLS measurements and by the protein release and
dissolved Si data of Figure 2, that the pSi carrier dissolved
more slowly than the Eudragit L100 polymer at pH 6.8.

In case of the Eudragit S100—pSi formulation, 2 h of
incubation in SGF (Figure 3g) resulted in no apparent
dissolution of the polymer coating, whereas extensive
dissolution of the Eudragit polymer and the pSi particles
occurred upon incubation in PBS at pH 7.4 (Figure 3h,i). In
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Figure 4. Release of IgA2 from capsule-packed formulations and from controls, comparing total protein (Total IgA2) with protein activity (Active
IgA2) as a function of time: (a) total and active IgA2 released from Eudragit L100-coated capsule packed with IgA2-loaded pSi particles, (b) total
IgA2 released from Eudragit L100-coated capsule packed with vacuum-dried IgA2 without pSi particles, (c) total and active IgA2 released from
Eudragit S100-coated capsule packed with IgA2-loaded pSi particles, (d) total IgA2 released from Eudragit S100-coated capsule packed with
vacuum-dried IgA2 without pSi particles, (e) total IgA2 released from uncoated capsule packed with IgA2-loaded pSi particles in SGF for 2 h
followed by release in either FasSIF (pH 6.8; open black squares) or PBS (pH 7.4; closed black squares), and (f) total (BCA assay) and active
(ELISA assay) IgA2 released at 3 h time point from (b) and (d) (i.e., IgA2-packed Eudragit polymer-coated capsules without pSi). Since negligible
quantities of IgA2 were released in SGF during the first 2 h of incubation and approximately 99% of the IgA2 packed in the capsule was released
during the following 3 h time point, activity was determined at this point only.

this case, vestiges of the enteric polymer coat could be seen in
the SEM images of the formulation after 1.5 h of exposure to
the pH 7.4 buffer (Figure 3h), whereas after 3 h of exposure
the coating was substantially less evident (Figure 3i).

In order to assess if using a water-processable enteric
polymer might provide better performance, Eudragit L30 D-55
was coated onto pSi particles and in vitro release was assessed.

Unlike the other two Eudragit polymers used in the present
study, which were processed in methanol, Eudragit L30 D-55 is
soluble in water, and so, the coating process was performed in
water. The data for a Eudragit L30 D-55—pSi formulation and
control (Eudragit L30 D-5S without pSi) are presented in
Figure S4 (Supporting Information). The formulation showed
an in vitro release trend similar to the other two composite
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formulations, and the released IgA2 displayed only 20%
activity (measured by ELISA; HIV neutralization assay was
used to confirm the activity for the Eudragit L30 D-55—pSi
formulation). The low activity for this formulation is attributed
to the increased interaction of IgA2 with polymer chains in the
aqueous medium. The in vitro release and activity data for the
three enteric polymer-coated pSi formulations studied in this
work (see Scheme la) are summarized in Table 1.

3.5. In Vitro 1gA2 Release and Activity Using
Eudragit-Coated Capsules Filled with pSi Particles.
Because the process of coating the enteric polymers on the
pSi particle-based carriers reduced the overall activity of the
IgA2 payload somewhat, we explored the possibility of
avoiding the polymer coating on each individual pSi particle
altogether by placing a bolus of IgA2-loaded, uncoated pSi
particles into standard size 4 gelatin capsules, which were then
coated with the same Eudragit enteric polymers (Scheme 1b).
The size 4 gelatin capsules used in this study were loaded with
1.7 mg of drug-loaded pSi particles, corresponding to 700 g of
IgA2 (based on 41 wt % loading on unwashed particles) in a
single capsule. The size 4 capsules had a volume sufficient to
hold ~85 mg of particles, but they were under-filled for
experimental convenience. The capsule was then coated with
either Eudragit L100 or Eudragit $100. The Eudragit polymer
concentration (5, 10, and 15 wt/v %). The coating process
(i.e., number of dipping cycles used to coat the capsules with
the Eudragit polymer) was optimized using capsules filled with
the indicator dye Rhodamine 6G (R6G; S mg per capsule),
which provided a convenient means to monitor leakage. The
conditions were selected on the basis of the ability to obtain a
conformal coating that (1) protected the capsule from
premature disintegration in the low pH SGF conditions and
(2) dissolved quickly at intestinal pH (i.e, pH 6.8 in FasSIF or
pH 7.4 in PBS). R6G release was monitored visually under
simulated physiological conditions (Figure S5, Supporting
Information). The optimal concentration was determined to
be 10% (mass/volume) for Eudragit L100 and 15% (mass/
volume) for Eudragit S100. The gelatin capsules were filled
with IgA2-loaded pSi particles, sealed, and then coated with
the Eudragit polymer of interest.

The in vitro release studies were performed following the
same protocol as was used for the polymer-coated pSi particles.
The capsules showed no IgA2 release into SGF during the
initial 2 h of incubation for either the Eudragit L100 or the
Eudragit S100 coatings. Since the target release site for
Eudragit L100-coated capsules is the small intestine, for the
Eudragit L100 experiments, the release medium was switched
to FasSIF (pH = 6.8). In this medium, 60% (i.e., 420 = 14 pug)
of the total loaded IgA2 was released within 3 h (Figure 4a).
The release from the same system was also measured in PBS
(pH 7.4) after 2 h of initial incubation in SGF, and 70% (i.e.,
490 + 89 ptg) of the total loaded IgA2 eluted during the 3 h
incubation (Figure S6, Supporting Information). The differ-
ence between the quantities of IgA2 released with these two
buffers can be attributed to the increased rate of dissolution of
pSi at the higher pH of PBS relative to FasSIF. The gelatin
capsule disintegrated quickly in either of these buffers. Of the
IgA released into solution, 53% (i.e, 223 + 20 ug) retained
functional activity in FasSIF buffer and 54% (i.e., 265 + 77 ug)
retained the activity in PBS buffer (Figure 4a and Figure S6,
respectively).

Since the target release site for Eudragit S100-coated
capsules is the colon, the Eudragit S100 experiments involved

2 h in SGF followed by 3 h in PBS (pH = 7.4). The in vitro
temporal release data for the Eudragit S100-coated capsules are
plotted in Figure 4c. Similar to the Eudragit L100-coated
capsule system, the Eudragit S100 system did not show any
release of IgA2 in SGF over 2 h of incubation, but upon
changing the release medium to PBS, approximately 47% (i.e.,
333+ 12 yg) of the total loaded IgA2 was released within 3 h.
The activity analysis using functional ELISA showed that 45%
(i.e., 150 £ 79 ug) of the released IgA2 retained activity. The
IgA2-loaded pSi particles packed in an uncoated gelatin
capsule disintegrated in SGF during the first 2 h of incubation
and released 60% of the total loaded IgA2 into the SGF buffer;
after 3 h in FasSIF or PBS, a total of 85% of the loaded IgA2
had been released (Figure 4e).

As the controls, vacuum-dried IgA2 (not loaded into pSi
particles) was packed into capsules that were then coated with
Eudragit polymers and tested for in vitro release behavior
(Figure 4b,d). The Eudragit L100- and Eudragit S100-coated
capsules showed similar dissolution trends, with no noticeable
capsule degradation or rupture during the 2 h of incubation
time in SGF and complete disintegration of the capsule within
1 h of switching the release medium to FasSIF or PBS. At this
point, the free IgA2 released from the Eudragit L100-coated
capsules retained 25% activity, while the Eudragit S100-coated
capsules yielded 45% activity for the released IgA2 (Figure 4f).
The lower activity in IgA2 released from the Eudragit L100-
coated capsules is attributed to the interaction between the
released protein and the locally high concentration of Eudragit
L100 and gelatin components dissolved in the release medium.
By contrast, at the same 3 h time point (1 h postexposure to
FasSIF or PBS), the activity of IgA2 released from Eudragit-
coated pSiNPs (Figure 2) was 30 + 11 or 37% + 10 for
Eudragit L100 (FasSIF eluent) or Eudragit S100 (PBS eluent)
coatings, respectively; the activity of IgA2 released from
Eudragit-coated capsules containing IgA2-loaded pSiNPs
(Figure 4) was SO = 16 or 147% + 62 for Eudragit L100
(FasSIF eluent) or Eudragit S100 (PBS eluent) coatings,
respectively. Thus, in terms of retention of IgA2 activity, the
Eudragit S100-coated capsules containing IgA2-loaded pSiNPs
showed the best performance and the Eudragit-coated particles
performed comparable to the capsules containing free IgA2,
within the error limits of the measurements. The superior
performance observed for capsules packed with IgA2-loaded
pSi particles is attributed to the ability of the pSi carrier to
shield the protein from interacting with the relatively high local
concentration of polymer dissolved in the elution medium
during the initial release time points. These data are consistent
with the performance throughout the 5 h elution experiments
and indicate that uncoated IgA2-loaded nanoparticles loaded
into a capsule offers more controlled release with a higher
protein bioactivity overall. Because nanoparticles can passively
target sites of inflammation in the GI tract whereas orally
administered molecular therapeutics tend to clear quickly
through the gut,31 a nanoparticle formulation such as the
present one may show a greater retention and thus longer
duration of action for its therapeutic payload.

B CONCLUSIONS

This work is the first example of a Eudragit-enabled porous
silicon (pSi) oral delivery system. The unique feature of the
approach is that the pSi nanoparticles provided protection and
site-specific delivery for the IgA2 antibody therapeutic payload,
with a high mass loading of 29%, defined as (mass of drug)/
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(mass of pSi particle + drug) and substantial retention of
biologic activity. Two approaches were used to protect the pSi
particles and their drug payload against degrading gastric
conditions were explored using Eudragit enteric polymers:
coating of individual pSi particles and coating of a standard
gelatin capsule containing a bolus of uncoated pSi particles.
Both approaches provided protection of the protein payload
under acidic gastric conditions and both released >50% of the
protein payload within 3 h of entering the target neutral pH
range for which the Eudragit polymer was engineered. The
approach involving placing uncoated protein-loaded pSi
nanoparticles into coated capsules was the most effective at
delivering the highest quantity of protein with the highest
retention of activity; only 21—44% of activity was retained in
IgA2 released from the individually coated pSi nanoparticles,
whereas 45—54% of activity was retained in IgA2 released from
pSi nanoparticles delivered by capsule. The capsule for-
mulation also delivered a larger amount of IgA2 on a mass
percentage basis. Overall, the small intestine- and colon-
targeted systems were able to provide selective pH-responsive
releases and retain substantial activity of the released proteins,
demonstrating promise for oral delivery of biologics targeted to
the lower GI tract.
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