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Abstract

Oral administration is a pilla of the pharmaceutical industry and yet it remains challenging to
administer hydrophilic ‘“¢rapeutics by the oral route. Smart and controlled oral drug delivery
could bypass the physiological barriers that limit the oral delivery of these therapeutics. Micro-
and nanoscale technologies, with an unprecedented ability to create, control, and measure micro-
or nanoenvironments, have found tremendous applications in biology and medicine. In
particular, significant advances have been made in using these technologies for oral drug

delivery. In this review, we briefly describe biological barriers to oral drug delivery and micro

and nanoscale fabrication technologies. Micro and nanoscale drug carriers fabricated using these



technologies, including bioadhesives, microparticles, micropatches, and nanoparticles, are
described. Other applications of micro and nanoscale technologies are discussed, including the
fabrication of devices and tissue engineering models to precisely control or assess oral drug
delivery in vivo and in vitro, respectively. Strategies to advance translation of micro and
nanotechnologies into clinical trials for oral drug delivery are mentioned. Finally, challenges and
future prospects on further integration of micro and nanoscale technologies with oral drug

delivery systems are highlighted.

Keywords: Drug delivery devices; Micro and nanocarriers; Mic ro and nanoscale technologies;

Oral drug delivery; Tissue models.

1. INTRODUCTION

Oral delivery has been one of the most co.~monly used approaches for drug administration in the
body due to its high patient comr.ucncee, low cost, non-invasiveness, and ease of use (1, 2). A
multitude of therapeutic compounds, including synthetic small molecules and biologics have
been administered orally n.wever, oral drug delivery poses significant challenges to achieving
efficient therapeutic outcc mes. This is primarily due to the multitude of biological barriers that
are present throughout the gastrointestinal (GI) tract that a drug carrier must navigate through.
Some of these biological barriers to drug delivery include harsh acidic pH environments in the
stomach, degrading enzymes that render drugs ineffective, the inefficient penetration of drugs
across GI tissue barriers and into systemic circulation, and the eventual clearance of drugs
through the GI tract, which may occur prior to drug release. To overcome these barriers, the

delivered dosage of drugs is often higher than what is needed therapeutically, as the



bioavailability of the compound is often reduced due to factors like enzymatic degradation and
poor permeation through the intestinal wall. However, it is important that the drug concentration
should not exceed the level that can cause toxicity in the body, as has been observed with some
DNA and protein based drugs above critical concentrations (3, 4). On the other hand, if a drug at
a non-toxic concentration level passes the physiological barriers of the GI tract, its delivered

dosage to target site may not be effective (5).

An ideal oral drug delivery system has yet to be realized, by waici. drugs can be delivered to a
biological target at appropriate concentrations with tunable ¢ nsa‘.e windows. Several limitations
of delivery of drugs through the oral cavity are due *o pivsiochemical properties of drugs. In
particular, Lipinski rules or the Rule of Five (RO”, are used as a rule of thumb for discovering
new drugs and to improve the efficacy of d- reicned drugs (6). The ROF details four properties
of drug molecules including: that the molecu'ar weight should not exceed 500 Da, logP values
should be under 5, total number of by, rogen bond donors should be 5, and number of the
hydrogen acceptors should not L. more than 10. The total ROF score lies between 0 and 4.
Molecules with an ROF score . ~ore than 4 are considered to be marginal drug molecules and
need to have further 1ev>lop nent. However, some drug molecules do not follow the Lipinski
rules, such as proteins a2 RNA molecules. One of the most well-studied protein therapeutics for
oral administration is insulin. Currently, insulin is administered via daily injections and 45-60%
of diabetic patients intentionally skip insulin doses out of dread of injections (7). It is therefore
likely that oral administration of insulin would increase patient compliance and improve
therapeutic outcomes in diabetic patients. However, the bioavailability of orally administered
insulin is severely limited by the physiological barriers of the GI tract, such as acidic pH,

presence of proteases, and the limited transport of insulin across GI epithelial barriers into the



bloodstream (8).

By incorporating drugs such as insulin into materials-based carriers, it may be possible to
overcome or circumvent the physiological barriers that limit oral administration efficacies. In
designing materials for oral drug delivery, the drug carrier should preserve therapeutic efficacy
of the drug cargo for effective use in humans. There are two major goals for designing materials
for oral drug delivery: (1) the effective targeting of drugs to a GI section of interest, and (2) the
release of drugs from the GI into the bloodstream for system'c c.-culation. For both of these
goals, the design and development of drug delivering mate+i. !s n 2eds to account for the mucosal
microenvironment of the GI system, intestinal phy<iolc gy, and target diseases. Moreover,
chemistry, size, shape, metabolism, and bioavailak..;‘y of drugs play a crucial role in the design

of effective oral drug delivery systems.

Micro and nanotechnologies have seen 7idespread use in oral drug delivery systems with the
goal of improving the efficiency < aclivery systems. These technologies have been used for
many applications, including «.mg discovery via development of high throughput screening
assays (9-11), miniaturizzi.~n -r therapeutic and diagnostic tools, tissue engineering and oral
drug delivery (12, 13). Some major problems in oral drug delivery have been solved by
fabrication of micro and nanocarriers with precise control over their architecture and size. These
efforts are a part of controlled drug delivery systems dating back to the 1950s (14, 15). In recent
years, dynamic oral delivery systems have been fabricated using micro and nanofabrication
technologies by which sensing, recording, and stimulating of biological systems can be achieved

for optimized drug delivery (16, 17). In addition, microfabrication techniques have been used to



make biomimetic GI tract in vitro models in which the body’s response to drugs can be

recapitulated and used for better design of drugs.

In this work, a brief review of physiological barriers to oral drug delivery is given (Figure 1).
We then discuss micro- and nanofabrication techniques and the subsequently fabricated drug
carriers that have been used as oral drug delivery systems, with a focus on the material
components, fabrication technologies, and drug loading efficien .ies. We describe in detail the
general chemical and physical strategies to functionalize diver: e ty»es of drug carriers for oral
drug delivery applications with a focus on bioadhesion ara tissie barrier remodeling. Specific
examples of how engineered drug carriers have been ' sea successfully to navigate the GI tract
and improve oral drug delivery are then provider. "e then discuss applications of fabrication
technologies for modeling of the GI tract. "oliowing that, clinical trials in oral drug delivery
systems using fabrication technologies are mentioned. Finally, we highlight challenges and

future directions in using micro- and ".ar.>faorication technologies for oral drug delivery.
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Figure 1. Micro- and nanoscale technologies enable fabrication of oral drug carriers as well as

human tissue-on-a-chip models for precision medicine applications.

2. PHYSIOLOGICAL BARRIERS TO ORAL DRUG DELIVERY

Some limitations of oral drug delivery systems are governed by (3l anatomy, physiology, and
biochemistry. The skin is the largest interface between the huiyan body and the external
environment (18) (19). In a healthy adult, the human skin hw~ a urface area of approximately 2
m®. By comparison, the absorption mechanism of oranLv delivered drugs in the intestinal
epithelium has more chemical and physical restrictiv 1s, as it has a much larger surface area (300
— 400 m?) (20). In general, the drug is sw=.»wd and enters the GI tract and it release at the
intestine proceeds by diffusing inside the mu.us layer as shown in Figure 2. The mucus in the
small intestine is discontinuous, wherea, ‘r the stomach and large intestine (colon) there are two
layers (21). The drug is delivere ! thiough the mucus layer and from there diffuses through
pathways involving a long nath through tight junctions (TJs) as well as epithelium cells. This
process continues unt’! t, @ d ug is carried all the way through the capillary layer covering the

epithelium layer.

The GI tract consists of the oral cavity, esophagus, stomach, small intestine and colon, each with
different properties that need to be considered when designing delivery systems and studying
drug release mechanisms (Table 1) (22). In general, drug uptake in the GI tract is restricted by
complex physiological barriers in the different GI tract regions. The GI tract has a naturally low

permeability to the bloodstream and foreign molecules, such as orally delivered drugs (22). The



bottlebrush-like architecture of mucin in the lipid-rich matrix of mucus, embedded gastric glands
in the stomach with the acidic environment, residence time, microbiome, and permeability across
the intestinal epithelium should be considered for the design of carriers that facilitate oral
delivery of small molecules, proteins, and peptides (23). The main obstacles that exist for oral
drug delivery are the biochemical, mucus diffusional, and cellular permeability barriers of the GI
tract. The site of drug absorption is determined by the type of drug, as well as local
environmental conditions such as pH, enzymes, mucus barriers, J-ug residence time, and GI

surface area (24).
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Figure 2. Schematic illustration of drug release and absorption mechanisms for orally delivered

drugs in the large surface area of human intestinal epithelium.



Table 1. Characteristics of different segments of the human GI tract (22).

pH Length (cm) | Mean Mucus Mucus
Diameter (cm) | Thickness (um) | Turnover Rate
(hours)
Stomach 0.8-5 20 N/A 245 + 200 24 - 48
Duodenum | ~ 7 17-56 4 15.5 24 - 48
Jejunum >17 280-1000 |[2-2.5 15.5
Tleum >7 3 155+
Colon 7-8 80 -313 4-48 L’n—uzs 24 - 48

2.1. Biochemical Barriers

Enzymatic and pH degradation act t.zether as the major biochemical barriers for the
bioavailability of orally administe, ~d therapeutics (Figure 3a). The presence of drug-degrading
enzymes and acidic pH rest'ts 1.. an approximately 94-98% loss of ingested biologic drugs due
to deamidation, oxid.%o.. . hydrolysis (25). The stomach’s digestive fluid is composed of
hydrochloric acid, protewi-digesting enzyme pepsin, and mucus secreted by gastric glands, which
cause an acidic environment (pH=1.2-3). In addition to the harsh acidic environment of the
stomach, digestive enzymes such as pepsin also pose challenges for oral drug delivery. Lipases
in the stomach can also contribute to the hydrolysis of drugs with hydrophobic regions. The
small intestine can also account for the digestion of drugs, as digestive enzymes, such as
trypsins, chymotrypsins, carboxypeptidases, and elastases are present in high concentrations

(26). Finally, the colon provides a longer residence time of up to 20 h, low concentrations of



digestive enzymes, and relatively neutral pH values of 6-6.7, as well as low fluid volumes to

drug ratios (27).

2.2. Mucosal Diffusion Barrier

In addition to the above-mentioned physiological barriers (pH and enzymes), mucus with a
viscoelastic and hydrogel-like structure creates a strong barrier r ti.2 penetration of therapeutics
from the lumen to the underlying epithelium (Figure 3b). 1"e cirect interaction of therapeutics
with epithelial cells is restricted by two mucus layers: the outer loosely adherent layer and the
inner firmly adherent layer (26). Mucus is secretes »y goblet cells, with turnover rates of every
24-48 h, to eliminate the attachment of  -~te. tially harmful compounds and bacteria. The
majority of mucus is composed of mucin g'vcoproteins, which form a viscous gel to entrap
foreign particles (26). Mucus is also cc.orosed of proteins, carbohydrates, nucleic acids, lipids,
salts, antibodies, and other active oroeeins (23). Thus, it creates a safeguard and facilitates a

nutrient-rich environment for ba. terial colonization and antimicrobial molecules.

2.3. Cellular Permeability Barrier

The intestinal epithelium is the outermost layer of cells exposed to luminal contents. It is
composed of TJs and three different kinds of cells: enterocytes, goblet cells, and Microfold cells
(M-cells) (Figure 3c) (28). Enterocytes are the most abundant cells of the epithelium layer and
enhance the transportation of nutrients and water from the gut lumen to the bloodstream. Mucus-

secreting goblet cells comprise 10-20% of epithelial cells, while M-cells that cover Peyer's



patches represent <1%. M-cells are responsible for antigen sampling and are important drug
targets since they are less shielded by mucus (26). TJs are paracellular barriers for the

transportation of drugs between intestinal epithelial cells (29).

Methods for drug absorption into the bloodstream relies on interactions between the therapeutic
and epithelial cells whether the drug is transported through the cell or between the cells through
TJs. The absorption pathways are: a) transcellular pathways through epithelial cells; b)
paracellular pathways through the TJs between adjacent epithelal ¢ lls; ¢) lymphatic absorption
via M-cells of Peyer’s patches; d) receptor and transcytes. -mr.diated endocytosis, commonly
conducted by the vitamin B12 uptake pathway or bx hy frogen-coupled peptide transporters,
transferring receptors, and IgG neonatal receptors (Z%). In the next sections we will discuss how

micro and nanoscale technologies allow fe- the bypass of biochemical and mucosal diffusion

barriers to enable successful cellular uptake.
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3. MICRO AND NANOSCALE FABRICATION TECHNIQUES

Micro-/nanoscale fabrication technologies, including lithographic techniques and microfluidics,
have opened up important opportunities to further develop the fields of tissue engineering and
drug delivery (1, 30). Microfabrication has been implemented for drug delivery because of its
capability to combine different characteristics, including the ability to make precise shapes and
sizes (e.g. needles, non-symmetrical features) that increase the cr ntact area of the drug delivery
system with the GI tract and precise sizes or reservoirs (mu’tipic or single) to control drug
release. These microfabricated devices can be further engi <ered to be stimuli-responsive and
bioadhesive. In addition to drug delivery applicatior:, n.‘crofabrication technologies provide
great advantages in the generation of biomimetic C' tract prototypes, integrating physiological
cues, flow, and biomimetic structures (1, 31}. Ti.>re are a variety of methods to fabricate micro-
and nanoscale systems for controlled drug a.livery applications, including emulsion, assembly,
photolithography, mold replication, 1r icc v machining, micromilling, deposition, etching, and laser

ablation (32, 33).

3.1 Emulsion and self-c-sembling systems

Emulsion and self-assembly based systems of fabrication are some of the most widely used
techniques for the development of nano and microparticles. Emulsion fabrication, as well as
nano-precipitation techniques, rely on the phase separation of hydrophobic polymers in aqueous
solution (34-36). Such oil-in-water emulsions are frequently used with biocompatible polymers,

such as poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL). These emulsion



techniques are compatible with drug encapsulation, either with hydrophobic drugs and single
emulsion techniques, or with hydrophilic drugs and a double emulsion technique, which creates
water-oil-water particles. Emulsion techniques allow for the fabrication of particles of varying
size, ranging from tens of nanometers to hundreds of microns (37). The size of the particles is
dictated by the sheer imparted during the emulsification process which is affected by the
properties of solutions, as well as the concentration of polymer and surfactant in the aqueous
phase. The surfactant controls the phase separation behavior duritg emulsification (38). PLGA-
based reverse emulsions are not able to generate hydrophi':~ pzlymer particles in oil phase.
Therefore, these emulsions are less common for clinical ap~lications in oral drug delivery where
the particle needs to stably traverse aqueous environme..'s. However, in general, some PLGA-

loaded particles have been used in clinic for other ! ug delivery systems.

Self-assembly fabrication approaches are di.>cted by a variety of noncovalent forces such as
hydrophobic-hydrophilic and electros.ar.. iuteractions, which can offer more precise control than
standard emulsion or precipitatic.® tecaniques and allow for the fabrication of diverse shapes
including spherical, fibrillar, «~d ellipsoidal particles (39-41). Self-assembling systems are
typically size-limited to the nanoscale, with the particles commonly reported in the tens of
nanometers to low hun-eds of nanometers in diameter. Similar to emulsion techniques, self-
assembling systems have been used to encapsulate both hydrophobic and hydrophilic cargo for

oral drug delivery applications.

3.2. Electrospinning



In electrospinning, a high voltage source is used to make micro- or nanofibers from a polymer
solution or melt. An electrostatic interaction between a grounded collector and charged polymer
solution is formed when the polymer expelled from a metal needle, forming a cone at the base of
the needle called a Taylor cone. A fiber jet is ejected from the Taylor cone as the electric field
strength exceeds the surface tension of the liquid. By travelling the fiber jet through the air, the
solvent evaporates, consequently results in the deposition of solid polymer fibers on the
collector. Fibers generated by this process usually have diameters o.> the order of some hundred
nanometers. The capability to simply generate materials at d:Z=i xc sizes in a rapid and simple
manner has made a great interest in electrospinning for .*ssue engineering and drug delivery
applications (42, 43). Researchers have widely used this «.-.nnology in drug delivery because it is
easy to modulate the release profile of drugs based' on properties of polymeric materials and it is

compatible with a variety of drugs and bic ‘olv.ners (44).

3.3. Lithography

Photolithography inv~lvis the transferring of a photomask’s pattern onto a photoresist by
exposure to light (1, 45, 46). The photoresist layer is employed to transfer the pattern to a
material after development. The wavelength of light exposure is the dominant limitation of
photolithography. High resolution nanostructures can be made using more advanced techniques,

such as ion beam lithography and electron beam lithography (33).

Soft lithography is a complementary version of photolithography. While photolithography has

worked well to deal with photoresists (47), soft lithography expands the capabilities of



photolithography. Soft lithography can process a variety of elastomeric materials.
Polydimethylsiloxane (PDMS) is commonly used for soft lithography applications due to its
properties of biocompatibility, low cost, chemical inertness, low toxicity, mechanical flexibility
and durability, and versatile surface chemistry. Additionally, fabricating PDMS devices requires

minimal equipment (48, 49).

3.4. Microfluidics

Microfluidic systems are capable of handling and trarpo1 ing small volumes of fluids through
microchannels and they can be created with photo «.~a soft lithography. Microfluidics have been
used as a great tool for designing drug delive.:7 s stems (45, 50). Drug delivery to target sites can
be done in an efficient and well-controllc 1 manner with desired rates using microfluidic
platforms via implantation, localiza ic.. precise control, automation, and integration of the
platform (51). Microfluidics can i bricate materials with high precision and recapitulate in vivo
conditions for drug screening (7?-54) and drug discovery (54, 55) because of its capability to
provide physiological’v 1>lev.int fluid flow (1). This technology has become an essential part of

cellular assays for the ar-.ysis of oral drug absorption.

Recently, different microfluidic-based platforms have been developed to produce and screen
drug nanocarriers. Microfluidic drug development platforms provide high-throughput,
reproducible, and low-cost methods for producing, screening, and optimizing nanocarriers. The
properties of synthesized nanocarriers, such as morphology, drug loading capacity, and release

kinetic parameters, can be easily and effectively modified and optimized by adjusting the



channel geometries and flow rate. Microfluidics facilitate the efficient and low cost production of
various micro and nanoparticles, composed of different materials and therapeutic agents, with
high loading capacity and controlled release at small scale, which minimizes the amount of

required reagents, as compared to bulk mixing methods (56).

Microfluidic-based synthesizers are classified as diffusion and droplet-based methods (Figure 4)
(57). Hasani-Sadrabadi et al. fabricated a microfluidic device for zenerating core-shell chitosan-
based nanoparticles for oral delivery of hydrophobic anti-cance * dr.'gs to treat colorectal cancer
tumors (58). The core of the nanoparticles was composed of . hyr.rophobic modified N-palmitoyl
chitosan for efficient loading of hydrophobic drugs. Tt e c. re also allowed for the formation of
nanoparticles through the self-assembly of chitos?.. ~hains, without using a cross-linking agent.
The self-assembly of chitosan chains occur->1 .~ the first microreactor with hydrodynamically
focused flow controlling the mixing time of 1.~w streams. A Tesla micromixer was also designed
for efficient mixing and coating of n-.~oparticles by pH-responsive layer of Eudragit ((pH-
sensitive poly(methyl methacryla. ) i1, a controlled manner. The Coanda effect generated in this
Tesla-designed micromixer enh. nces mixing efficiency. It results in deflection of a part of the
flow toward the narrov s de « f the channel and flow of other part through the curved side for an
efficient mixing of two “'sw streams. In the latter study, the thickness of the shell in synthesized

particles was controlled by the ratio of sheath flow rate to the main flow rate.

Although the generation of particles can be controlled by tuning the flow rate in diffusion-based
mixing methods, the continuous flow regime limits efficient diffusion and the reaction between
materials boundaries between separate flow streams. In droplet-based techniques, each droplet

serves as a microreactor for an independent reaction, resulting in higher production efficiency for



drug-loaded nanocarriers. This method allows for precise control of nanocarrier size, drug
loading efficiency, and total amount of nanocarrier produced. Nano-in-micro platforms can be
introduced based on droplet-based methods to prepare nanoparticles encapsulated inside
microparticles. Araujo et al. produced a multifunctional composite for the oral delivery of a
mixture of glucagon-like peptide-1 and an enzymatic inhibitor (dipeptidyl peptidase 4) as
antidiabetic drugs for synergistic therapy using droplet-based microfluidic techniques (59). The
glucagon-like peptide-1 was first loaded in different PLGA and me.~oorous silicon biomaterials
to limit its rapid degradation in the intestine and the re<u'ti.z nanoparticles were further
functionalized by mucoadhesive polymers, such as chi.nsan and cell penetrating peptides.
Similar Nano-In-Micro platforms were utilized in seve. «1 other investigations to encapsulate
nanoparticles inside of micro structures, such «- hulloysite nanotubes-polymer, mesoporous
silicon-solid lipid, and mesoporous sitco’.-polymer composites, for oral drug delivery

applications (60),(61),(62).
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Figure 4. Microfluidic approaches to fab, ~.te nanocarriers for oral drug delivery. Different
diffusion- and droplet-based microfluidic »latforms for preparation of nanoparticles including
(a) microfluidic continuous flow, 0, m.crofluidic mixer, (c) microfluidic droplet generator, (d)

microfluidic processor. Reprin‘ea from (57) Copyright (2013), with permission from Elsevier.

3.5. Three-dimensional Printing

Three-dimensional (3D) printing technology is a promising fabrication technique that has
received wide interest in biomedical engineering and drug delivery applications to provide
complex drug release profiles, precise drug dosing, novel drug delivery devices, and 3D printed
polypills (63). 3D printing technology offers low-cost applications compared to conventional

systems since it does not need several unit operations and requires minimal human intervention



(64-67). Typically, 3D printing works through the digitally-controlled and layer-by-layer
deposition of materials to make different 3D constructs and desired geometries without the need
for molds or machining (68-70). This technology can offer precise and personalized dosing for
treatment of different patients (64, 71). However, 3D printing technology may need multiple

steps and sophisticated equipment to synthesize oral delivery platforms in a commercial setting.

Spritam® (72) was approved as the first 3D printed drug t-blet by the Food and Drug
Administration (FDA) and this led to great interest into the imlerentation of 3D printed drug
delivery systems. The capability to handle low volumes of .'uid; with spatial control facilitates
the preparation of devices with interesting compositin1s w10 geometries. The flexibility of 3D
printing enables the preparation of systems with m..*iple drugs and specific release profiles (73).
Various 3D printing technologies can be -myp'oyed for the development of pharmaceutical
formulations. Technologies such as diaital hyht processing, selective laser sintering, continuous
liquid interface production, stereoliin:,raphy, fused deposition modelling (FDM), material
jetting, inkjet deposition, and bincer jeiting are the most common 3D printing technologies that
have been implemented in nha maceutical research and customized drug formulation (68, 74).
The most challenging nai* of ising 3D printing for the fabrication of drug delivery systems is the
development of functic=al inks that retain the features necessary for sustain release and
bioadhesion. Some examples of such inks are commercially available (e.g., Resomer® filaments
for 3D printing by Evonik). These could be potentially used for the development of oral delivery

carriers.

Progress in 3D printing technology has led to innovative medical devices, as well as customized

drug delivery systems. 3D printing technology offers multiple formulation options compared to



conventional drug delivery systems. Moreover, it provides an opportunity to load multiple drugs
into a single device and make multifunctional drug delivery systems and dimension-specific drug
formulations to attain tunable drug release profiles (63). More recently, two-photon lithography
technologies were designed to offer 3D printing capabilities at nanoscale that could be

interesting for oral delivery systems where a nanoparticle has to be of specific shape.

4. MICRO AND NANOSCALE CARRIER TYPES

The unique physiochemical properties and high surfree aea to volume ratio of nanoparticles
facilitate high loading of drugs into them throrg. encapsulation or formation of chemical-
physical bindings with their functional gro*:;s. The stability of some nanoparticles in aqueous
physiological environments allows for succe. <ful loading and delivery of poorly water-soluble
drugs (75). Additionally, nanoparticles cc be functionalized using different targeting or imaging
agents in order to be utilized ‘or .maging and targeted drug delivery applications (76).
Specifically, drug delivery vsing biocompatible nanocarriers has been introduced as an effective
solution to overcome ~on.= challenges involved in oral drug administration, particularly for drugs
with low stability, bioav:.iability, and solubility. Nanoparticles can protect drugs from the acidic
environment of GI and the secretion of mucus to enhance membrane permeability, which
promotes drug absorption and bioavailability. Bioadhesive properties of nanoparticles enhance

the permeation of drugs by increasing residence time in the GI tract (77).

Microparticles are common oral delivery systems in addition to nanoparticles, and offer the

means to improve the bioavailability of pharmaceuticals through the control over shape, size,



geometry, and functional characteristics of the particle (78-81). During the past few decades,
microparticle technology has been extensively applied for various applications in therapeutic and
pharmaceutical fields, such as the delivery of anti-inflammatories (82, 83), antibiotics (84, 85),
chemotherapeutics (86, 87), proteins (88), and vitamins (89, 90). Microparticle sizes range from
1 to 1000 um and they exist in various structures (91). Microparticles may be characterized as

either homogenous or heterogeneous structures depending on the formulation and processing.

Using the techniques described above, drug carriers can be fal rica’ed in multiple size regimes
from different materials, with tunable physical and chemical nrorerties. We will briefly describe
some of the different classes of carriers, before di=cus:’ng functionalization strategies and
methods of targeting the GI system or systemic Fudstream circulation via oral administration

of these carriers.

4.1. Lipid-based Nanoparticles

Lipid-based nanoparticles, . cu. as solid lipid nanoparticles (SLNs) and liposomes, are a group of
nanoparticles used exten.ively for oral drug delivery due to their excellent biocompatibility,
similarity with biological membranes, and drug loading capacity. Liposomes were the first
nanocarriers approved by FDA for clinical use (92). They are composed of an aqueous core,
which encapsulates hydrophilic drugs, and an amphiphilic lipid bilayer, which allows for the
loading of hydrophobic drugs (93) (Figure 5a). Additionally, they can be utilized as the carrier
of biomolecules like peptides, antigens or antibodies which are covalently attached to the

polyethylene glycol (PEG)-coated (PEGylated) surface of liposomes (Figure 5c).



Functionalization of liposomes with PEG limits their recognition by phagocytic cells, resulting in
longer circulation time and enhanced biodistribution (94). Furthermore, different targeting agents
can be conjugated to the external surface of the liposomes for the enhanced targeted delivery of
therapeutic agents to specific cells. The encapsulation of hydrophilic drugs and biologics inside
of liposomes significantly improves their cellular absorption (95),(96). However, the efficiency
of conventional phospholipid or cholesterol-based liposomes is seriously affected by instability
of their lipid vesicles and phospholipid hydrolysis or oxidatiou ‘n the GI track. Therefore,
chemical and physical functionalization is employed to inz:~a.: their residence time in the

intestine and enhance their stability, as we will discuss in la.~r sections.

SLNs contain a monolayer phospholipid shell and = . 21id lipid core (97). These nanoparticles can
be utilized for encapsulation of lipophilic i~ relients and insoluble drugs. SLNs are prepared
from synthetic or natural biodegradable -°nd biocompatible lipids, such as fatty acids,
triglycerides, steroids, and phospholir1c, 7 aey have shown high stability in the harsh conditions
of the GI, as compared to other li, id nanoparticles, such as liposomes. Functionalizing and non-
covalent coating of SLNs with ~arboxymethyl chitosan can further enhance their stability and
drug bioavailability (9/). everal investigations reported higher oral bioavailability of
hydrophobic drugs, sucl as nitrendipine and nimodipine, loaded in SLNs (99),(100). However,
the encapsulation of hydrophilic drugs in SLNs is limited due to the particle’s hydrophobic
nature. Incorporation of a SLN core with hydrophilic viscosity-enhancing polymers, such as
PEG, through a water-oil-water double emulsion method is proposed for higher loading
efficiency of hydrophilic drugs in the core of SLNs. In this strategy, the core of orally
administered SLNs consists of a solid lipid core and a hydrogen-bonded rich aqueous phase

encapsulating insulin, which is either dispersed in the lipid phase or is formed like a central core



in the lipid matrix (Figure Sb) (101). Although surface functionalization of SLNs with PEG

enhances their hydrophilicity, a reduction in muco-adhesion of SLNSs is also observed.

4.2. Polymeric Nano and Microparticles

Natural polymers, synthetic polymers or their combine.ions, cellulose derivatives,
polysaccharides or proteins, and waxes of plant or animal origi't ca.' be used to prepare nano or
microstructural oral drug delivery materials. Polymeric pa.*icles can interact with the mucus
through electrostatic, van der Waals, hydrophobic, or b 7dr¢ yen-bonding interactions, which may
lead to long residence time of drugs in the absorr.u.n region (102). However, more research is
required to reduce their undesired adhesio~ ‘o ~on-target regions (103). Several studies have
demonstrated more efficient absorbance of 1._drophobic polymeric nanoparticles to the Peyer's
patches when compared to less h/d . »hobic or hydrophilic particles (104), showing the

important role of hydrophobicity i.- poirymeric nanoparticles.

Polymeric nano and mic:~ociucles made of PLGA, poly(lactic acid) (PLA), PLA-PLGA
copolymer, poly(acrylic acid) (Carbopol) and poly(N-isopropylacrylamide) have been
extensively explored in the pharmaceutical field as carriers for oral drug delivery due to their
biocompatibility, enzymatic degradation, bioadhesion, and rapid removal in the mucus. The
biodegradability and biocompatibility of these polymers have been approved for various medical
and pharmaceutical applications, including drug delivery by both the FDA and the European

Medicine Agency (102).



Of the polymers available, PLGA is one of the most commonly researched polymer for oral drug
delivery, owing to its FDA approval (105), biocompatibility, and biodegradability. In particular,
PLGA is suitable for oral delivery of water insoluble anti-cancer drugs, such as paclitaxel and
curcumin, due to its hydrophobic nature (106). The encapsulation of hydrophobic anti-cancer
drugs in PLGA nanoparticles resulted in enhanced bioavailability of drugs, which is due to
improved aqueous stability of loaded drugs in PLGA nanoparticles, compared to free drug, and

sustained drug release by degradation of the PLGA nanoparticles (iv4).

In addition to nanoparticles, different microparticle, p.lyner-based systems have been
introduced for oral drug delivery for in vivo and in vit»> su dies which are summarized in Table
2. A natural polymer-based microencapsulation -, tem was proposed by Vasiliu et al. They
prepared microparticles based on polyelez‘ro.te complexes between two polysaccharides
(xanthan gum and gellan) and an acrylic ion « xchange resin to obtain a novel antibiotic delivery
system. The effects of contact time, e7..nerature, and drug concentration on the patch efficacy
were optimized using batch adso. rtiown studies (107). Wang et al. reported a monodisperse and
temperature-induced self-burstu. ~ microcapsules for encapsulating hydrophobic compounds. The
proposed microcapsu’=s “ad a hydrophobic core and a thermo-responsive shell comprised of
poly(N-isopropyl acryle-iide) and embedded superparamagnetic Fe;O4 nanoparticles (108).
Koetting et al. designed hydrogel microparticles and used them for oral delivery of therapeutic
proteins (109). More efficient surface engineering technologies, advanced bioadhesive
functionalization, and combination with smart materials will result in the development of highly

functional microparticle-based oral drug delivery systems.



Another widely used nanocarrier for oral drug delivery is the polymer micelle, which is formed
by self-assembly of amphiphilic polymers above the critical micelle concentration. This
fabrication process provides a core-shell structure, which allows loading of poorly water soluble
drugs in hydrophobic cores with enhanced bioavailability and stability (110),(111). For example,
an amphiphilic block copolymer consisted of a micellar shell-forming PEG block and a core-
forming poly(2-(4-vinylbenzyloxy)-N,N-diethylnicotinamide) block, while N,N-
Diethylnicotinamide in the micellar inner core resulted in effective paclitaxel solubilization and
stabilization (110). Suitable copolymers for oral drug deli=~ry ,nould have self-assembling
capabilities in water, water, biodegradability, biocompatib..‘ty, high stability, and residence time
in the GI track. Different polymeric micelles containu. polyethers or polyesters have been
proposed for oral drug delivery. Pluronics. ~»mposed of poly(ethylene oxide) (PEO)-
poly(propylene oxide)-PEO copolymer, alsc known as of Poloxamer are commonly used
polymers for micelle assembly. Some ,olymeric micelles exhibit pH-responsive disassembly
with lower release rate in acidic e~vii~m.ments, reducing initial burst release of drug (112). In
addition to micelles, reverse m. elles prepared in an oily solution with an interior hydrophilic
core and exterior hydroph-hic 'uyer can be used for the encapsulation and sustained release of

hydrophilic drugs (113).
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Figure 5. Fabrication and charoc. vization of nanocarriers for oral drug delivery. (a) Schematic
image of possibilities for druy loading and functionalization with different targeting and
therapeutics ligands ™ .‘nosomes. Reprinted from (92) with permission from Elsevier. (b) A
strategy for loading h,.rophilic drugs in the core of solid nanoparticles (blue color) by
generation of a hydrophilic viscose phase in the core. Reprinted from (101), Copyright (2016),
with permission from Elsevier. (c) A two-step preparation method for insulin-loaded core-shell
nanoparticles composed of a modified chitosan core coated with thiolated hyaluronic acid
through electrostatic (114). Copyright (2018) Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission. (d) Self-assembly of cationic copolymers (yellow color) with anion

biomacromolecules (green color) to form polymer micelles with targeting agents can improve



mucoadhesion and can generate polymeric networks of micelles. Reprinted (adapted) with

permission from (115) Copyright (2005) American Chemical Society.

Table 2. Microparticle systems for applications in oral drug delivery.

Material

Model of Drug

Applications and Benefits

References

PLA

Insulin

A solvent extraction mefthad vas used to
prepare different sized m croc. nsules and the
highest insulin release 7.~ was obtained in
7-12 h.

Lovastatin

(116)

PLA micrsphe. ss enhanced the
bioavailability o. urugs for gastroretentive
drug deli-e1y ano prolonged the drug
circulati \n un e in vivo.

(117)

PLGA

Amifostine

A s 'veit evaporation technique was used for
Am’.ostine encapsulation and oral controlled
rew. ase. It was observed that 50% of the drug
was released within the first 6 h and 92%
| ~ithin 12 h.

(118)

Plasmid DNA
(pDNA)

pDNA  vaccine  encapsulated PLGA
microcapsules was synthesized via a solvent
evaporation method. The pDNA was
protected from degradation in the GI system.

(119)

Ine lin

Magnetic nanocrystals and insulin were
encapsulated in PLGA microparticles to
delay drug transition using a magnetic field.

(120)

Curcumin

PLGA particles with different molecular
weights were prepared by an emulsification-
solvent evaporation method to encapsulate
curcumin. The results showed that the
bioavailability of high molecular weight
PLGA particles was better than that of low
molecular weight PLGA particles and
curcumin.

(121)

Physicochemical properties and in vivo
therapeutic  activities of porous and
nonporous PLGA  microparticles were
studied. Ammonium bicarbonate was used to
create the porosity and in vivo experiments
showed that oral administration of porous
microparticles exhibited therapeutic efficacy

(122)




against Ulcerative colitis
nonporous microparticles.

compared to

PCL

Bovine
albumin

serum

PCL microparticles for use in oral vaccine
applications were produced in sizes (5-10
microns) that can be taken by M cells in
Peyer's patches.

(123)

Manidipine
dihydrochloride

In order to treat high blood pressure, PCL
microparticles containing Manidipine
dihydrochloride with an ~ntihypertensive
effect for up to 24 h were deve.~oed.

(124)

Polyvinyl alcohol (PVA)

Ornidazole

Controlled release of the drirz molecule in
the GI tissue was provided with PVA
microparticles prer are.' v-ing different ratios
of PVA to starch

Methylcellulose

Thymol

(125)

Methylcellulose and hydroxypropyl
methylcellulowe puthalate were used to
produce [}yrmol encapsulated microspheres.
In vivo p.~raacokinetic studies showed that
th_ m-oparticles could be used for local
reat nent of intestinal infections.

(126)

Ethylcellulose

Propranolol

Ethy.cellulose  microparticles containing
Propranolol hydrochloride were prepared
1sing a modified solvent evaporation method,
and its use for the treatment of hypertension
was studied.

(127)

Carboxymethyl
cellulose

sodium

FI b1y, “oten

Chitosan-coated and uncoated sodium
carboxymethyl cellulose and polyvinyl
alcohol microspheres were synthesized and
crosslinked with Fe’* ions. The chitosan-
coating provided a slower release and a lower
burst effect.

(128)

Progesterone

Low methoxy amidated pectin-sodium
carboxymethyl cellulose microspheres were
prepared, and Zn®" and AP’ ions were used
for crosslinking. The particles were tested in
colon-targeted drug delivery.

(129)

Chitosan

Ovalbumin

Porous chitosan microparticles, which can be
taken up by the epithelium of the Peyer's
patches, were synthesized and used as a
vaccine delivery system

(130)

Curcumin

A sustained release of curcumin in the
intestinal tract was reported for N-trimethyl
chitosan modified SLNs

(131)




Progesterone

Zn-pectinate/chitosan particles were made to
increase the oral Dbioavailability of
progesterone and to use the particles as the
colon targeting system.

(132)

Sodium

hyaluronate

Vancomycin

Drug loading capacity of vancomycin in
porous and degradable hyaluronic acid (HA)
microparticles were increased by the HA
porosity, and the drug release degree could be
modified by the degradability of the particles.

(133)

Sodium alginate

Curcumin

Alginate microparticles crosslinked by ion
gelation were used for controlled release
curcumin solubilized in the Jipid phase.

(134)

Insulin

The efficacy of microparticles | “epared using
different amounts of mu :in «1d alginate on
controlled insulin relea~> w = ussessed.

(135)

Gelatin

Vascular endothelial
growth factor
(VEGF)

Gelatin micropr.. ~le. were designed for the
controlled rel. 'se «f VEGF, and a regular
controlled rrlea.= was achieved by
modifyin, the degree of microparticle
crosslink ir g.

(136)

Bone morphogenetic
protein-2

fela'in  Microparticles were evaluated for
ar.colled release of bone morphogenetic
pro.~in-2, and the release profiles were
compared with PLGA microparticles.

(137)

Ciprofloxac:-

Ciprofloxacin, a water-insoluble
antimicrobial drug, was encapsulated in
gelatin as a result of a one-step process by
spray drying an aqueous solution.

(138)

Polymethacrylic
polyethylene
chitosan

acid-
glycol-

In ulin

Surface thiolation was used to increase the
drug release performance of hydrogel-based
oral insulin delivery systems.

(139)

Chitosan-carboxymethyl

starch

5-aminosalicylic
acid

Chitosan-carboxymethyl  starch  particles
were synthesized via a casting technique with
high encapsulation performance as a drug
delivery system for the colon.

(140)

Chitosan-graft-
polyacrylamide

Ibuprofen

Chitosan-graft-polyacrylamide ~ copolymer
was produced by cerium (IV) ammonium
nitrate-induced free radical graft
polymerization, and the release profile as a
function of crosslinker amount and drug to
polymer ratio was investigated.

(141)

Poly(butylmethacrylate-

co-(2-
dimethylaminoethyl)
methacrylate-co-

Micronutrients

(iodine, zinc, iron,
and vitamins (B2,
B12, C, D, and A),

Poly(butylmethacrylate-co-(2-

dimethylaminoethyl) methacrylate-co-
methylmethacrylate) was used to encapsulate
different micronutrients, and the

(142)




methylmethacrylate) biotin, folic acid, | encapsulation was shown to provide stability
and niacin) against a variety of factors.

4.3. Inorganic Nano and Microparticles

In addition to organic nano and microparticles, inorganic particles, including mesoporous silica,
gold, silver, iron oxide, quantum dots, carbon nanotubes, and grap.® *ne oxide nanoparticles, have
found wide applications for oral drug delivery due to their exce ‘ion . physiochemical properties
(143),(144),(145). High stability in aqueous conditions. alzug with acidic and enzymatic
environments (1), feasibility of functionalization (2,3,, larze surface area with a high loading
capacity (4,5), enhanced membrane permeabilit: t, *he cells (6,7), and optical and magnetic
properties (8,9) all suggest promising app’ica ion: of inorganic nanoparticles not only in drug
delivery, but also in bioimaging. Howc er, their clinical applications are restricted by their poor
biodegradability and biocompatibility, wiuch requires functionalization with other biomaterials.
Functionalization of inorganic rancarticles with biocompatible ligands can be achieved during
their synthesis procedure o1 ~fte  their preparation. Silica nanoparticles, with high porosity and
surface area, possess s.'and! groups, which facilitate their functionalization. For example, silica
nanoparticles coated with PEG slowed the release of insulin both in acidic and neutral pH (144).
PEG, chitosan, and alginate coated silicate nanoparticles have also been utilized for oral delivery
of insulin to enhance their mucoadhesion and biocompatibility (144),(146). Poly(amidoamine)-
functionalized multiwalled carbon nanotubes loaded with hydrophobic therapeutics were
modified with a carboxylate group to increase loading capacity and drug dissolution (137).
Insulin-loaded silica nanoparticles ranging from 289 nm to 625 nm showed increased interaction

with mucin when coated with chitosan (146).



4.4. Micropatches

Micropatches (also called wafers or films) can be designed as drug carriers with a typical size of
2-10 cm? and a thickness of 20-500 um (147-149). They can be classified as melt away, rapid
disintegrating, and sustained-release, referring to their different drug release rates and
disintegration times as detailed by Kirsch ef al. (150). The drug relea. = rate can be defined by the
polymer used but can also be multilayered with varying dic..=g.ation times. Oral patches are
usually fabricated with laminated structure, a drug-co.*aining bioadhesive layer, and an
impermeable backing layer for increased retentior ('51). To improve the retention of
micropatches within the intestinal lining, microya. *hes are designed to be thin and flat (Figure

6a,b). This design also minimizes expos.re © the constant flow of fluids from the intestine

(Figure 6c¢).
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Figure 6. Micropatches in oral drug delivery. (a) Schematic representation showing a GI patch
and (b) working mechanism of the hard capsule filled with mucoadhesive patches. Reprinted
from (152), Copyright (2011), with permission from Elsevier. (c) In contrast to microspheres,

asymmetric and planar microdevices facilitate proximal and unidirectional drug release, while



increasing residence time in the GI tract. Reprinted from (29), Copyright (2015), with permission

from Elsevier.

4.5. 3D Fabricated Microdevices

Encapsulation of drugs in polymeric matrices can be achieved vsing several methods, such as
injection molding, pressing, and 3D printing (153-156). First a 1rug polymer blend can be
fabricated via mixing the polymer with the desired drug ard ‘her either molded or shaped in the
form of filaments for 3D printing. The release rate car oe « 'ned by manipulating the polymer or

drug concentration.

Khaled et al. utilized 3D extrusion-base 1 printing to fabricate a polypill for patients under
complex medication regiments. The volypill contained five distinct drugs with two
independently well-defined and cznti~Ved release profiles. The drug formulations aimed to
improve the drug usage for na.ents taking a variety of different drugs and to allow for the
tailoring of a drug regim2n ».th distinct release kinetics for each individual. The polypill
demonstrated rapid ana sustained release profiles based on the excipient/active ratio (157).
Maroni et al. proposed printed 3D capsular and multi-compartment devices. The devices are
separated by a 600 or 1200 um thickness wall, for two-pulse oral drug delivery. The devices
were manufactured by FDM 3D printing, which allows for larger scale production (158).
Melocchi et al. investigated FDM 3D printing for the manufacturing of capsular devices with a
shell-thickness of 600 um using a swellable and erodible polymer (hydroxypropyl cellulose) for

oral pulsatile release. This study focused on the fabrication of hollow structures via FDM and the



production of hydroxypropyl cellulose filaments by hot melt extrusion. After assembly of the
capsular devices, the study reported an initial slow release followed by a quantitative and rapid

liberation of the drug (159).

Li et al. showed that 3D printing can be utilized to fabricate oral drug delivery devices
consisting of various materials with customized designs (Figure 7a) (160). FDM was employed
for the 3D printing of glipizide-loaded filaments, which were f'bricated by melt extrusion of
PVA and glipizide (154). Then, the drug-loaded filament was 31 pi.ated into a tablet shape. The
tablet was composed of a core and shell comprised of varinu.: coatents of glipizide. By this new
design, both controlled and delayed release were possisle s the composition of the outer layer
controlled the release behavior of the core. In anc.>r study, Maroni ef al. employed FDM and
IM technologies to fabricate a capsular devir: to. two pulse oral drug administration (Figure 7b)
(158). Commercial PVA and other formulatic ns of polymers were used for FDM and injection
molding. The capsules were composec ~t two hollow halves with desired thicknesses with a
middle partition. Varied thicknes. >s ai.d compositions in each half led to faster or slower drug
release in the respective halves of the capsule. FDM enabled customization of the drug delivery
system and injection mc'din ; was suitable for its high throughput production. Kirtane et al.
designed a novel oral dc-uge form for weekly and sustained drug release (Figure 7¢) (161). The
dosage form released long-acting antiretroviral for the prevention and treatment of human
immunodeficiency virus (HIV). The device was composed of an elastomeric core connected to
six separate polymeric arms that were flexible enough to be folded and placed into a capsule. The
arms were embraced by a polymeric shell and filled with a drug-polymer composite, which was
fabricated by melt mixing. Poly(adipic anhydride), poly(sebacic anhydride), and PEG polymers

and three antiretrovirals, dolutegravir, cabotegravir, and rilpivirine, were selected for the drug-



polymer mixtures. Various polymers for drug-polymer composites enabled different drug release

rates and a modular release system.

Reservoir-based microdevices are another type of microdevices designed to protect the drug
against degradation and deactivation for an efficient drug release (162-166). Precise control over
the amount of drug loaded into a device can be obtained by drop-on demand inkjet printing of
the drugs. Marizza et al. developed reservoir-based microdevices or oral drug delivery of active
ingredients (Figure 7d) (163). They employed lithogr phy techniques to fabricate
microcontainers in desired dimensions. Then, the microco tair ers were filled with a precise
amount of polyvinylpyrrolidone (PVP) solution via in<jer printing and ketoprofen was soaked
into the PVP when supercritical carbon dioxide we, .sed as the loading medium. The amounts of
the printed polymer and loaded drug w:e modulated by varying printing and soaking

parameters. Thus, a controlled and reproduciu’= drug release was achieved.
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Figure 7. Fabricated devices for oral drug delivery. (a) Caplets fabricated by 3D printing with

Chitosan

various designs of multiple materials showed by different colors. Reprinted with permission from
(160). Copyright (2016) American Chemical Society. (b) 3D printed multi-compartment capsular
devices with two phase release profiles. Reprinted from (158) Copyright (2017), with permission
from Elsevier. (c) The device consisted of an elastomeric part (core) and six drug-loaded arms.

Various polymers (blue, red and yellow) released the drug at different rates. Material from (161),



published 2018, Nature Springer. (d) Scanning electron microscopic (SEM) image of the
microcontainer filled with polymer and impregnated with ketoprofen. Scale bar is 100um.
Reprinted from (163) Copyright (2014), with permission from Elsevier. (e) Schematic of the
drug- loaded micromotor and drug delivery in stomach. Reprinted by permission from (163).

Nature, Copyright (2017).

4.6. Dendrimers

Dendrimers have been extensively studied for oral d-ug delivery. Dendrimers have complex
structure, divided into three parts: core, brar.., and terminal groups. Dendrimers are
monodispersed, usually symmetric and the’ md'ecular weight can be controlled. Additionally,
physicochemical properties of dendrimers cai he tuned based on their chemical structure, surface
functionalization, and core structure. Most importantly, the terminal functional group in
dendrimers has significant role a. it can be conjugated to various biological active molecules,
such as enzymes and antibodie. Polyamidoamine is the most commonly used dendrimer with
core structure consist~ ¢ all.yl diamine and tertiary amine branches. Several drugs, such as
clotrimazole, sulfameth::.azole, propranolol, ketoconazole, triclosan have been conjugated to
polyamidoamine dendrimer to test their efficacy through oral drug delivery (167-169). The latter
studies proved that the activity of the drug molecules was significantly increased in conjugation

with the dendrimer compared to their pure state.

5. STRATEGIES TO IMPROVE BIOADHESION OF DRUG CARRIERS



Over the years, many types of micro- and nanocarriers have been designed and fabricated for
oral drug delivery. A combination of different materials, versatile fabrication technologies, and
different sizes and shapes of carriers have been explored to develop oral drug delivery systems.
The aim of fabricated micro- and nanocarriers is to obtain dynamic and accurate control over the
drug delivery process. These drug carriers can be engineered to improve their interactions with
biological systems, such as mucus barriers. This can be achieved either through the increased
adhesion and retention of the carrier within a biological enviru.ment (termed bioadhesive),
which has been shown to improve oral drug delivery to v=zio.z regions of the GI tract. To
improve bioadhesion, two main strategies are used to Sinctionalize the drug carriers, i.e.,
chemical modification to the surface of the carriers a.. ' engineering the physical materials-

biology interface.

The design of carriers with bioadhesive oroperties is considered an advance in oral,
transmucosal, and transdermal delier, systems. The integration of bioadhesive properties
improves the oral drug deliverv . f favricated carriers. A key purpose of utilizing bioadhesive
materials 1s to delay the transit « f cargos for sustainable release of drugs at target sites, prolong
the residence time in ~rdc+ to 2nhance the drug absorption process, and increase material-cellular
contact, thus improving “.oavailability. Bioadhesive materials have also demonstrated additional
properties of inducing TJ rearrangement to enhance drug transport across epithelial barriers (29).
Achieving bioadhesive properties can be classified into chemical approaches and physical
approaches. In this section, we describe strategies that are used across multiple applications in
oral drug delivery to further functionalize drug carriers to improve their overall bioadhesion and

the interactions with tissue barriers (1, 29, 170).



5.1. Chemical Approaches to Improve Bioadhesion

Chemical bioadhesion is achieved through the combination of a material’s chemical composition
and structure on its surface. A common chemical approach to enhance adhesion of a material is
the immobilization of target lectin and carbohydrate binding proteins onto the surface of
microparticles, microdevices, or micropatches, to increase the specicity of binding receptors of
intestinal epithelial cell lines. As binding to cell surface zo-cp tor results in receptor-based

endocytosis of nanocarriers, this approach facilitates target J'2livery of carriers into cells (171).

The surface charge of carriers is another effe...ve parameter for particle uptake in oral
administration. Considering the negative c'.~rgo of sugar moieties on the mucins, positively
charged nanoparticles can enhance muco«hesion through the formation of electrostatic
interactions (23). Liu et al. showed t'ie «fact of surface chemical properties of a drug carrier in
the GI tract. N3-O-toluyl-fluoron cil  TFu) was loaded into cationic SLNs (TFu-SLNs) and the
particles were studied to improv. the uptake of TFu. They observed that cation coated TFu-SLNs
elevated the oral abso™ti~n o "TFu about 2-fold in comparison with TFu suspension (Figure 8c).
The plausible mechani-.a to enhance the ability of controlled drug release is increased
bioadhesion of the carrier by electrostatic interaction between the negatively charged absorption

mucosal surface and positively charged colloidal particles (172).

Another important method for modifying drug carriers is through the incorporation of functional
biomaterials into the design of oral drug delivery systems. Chemically modified polysaccharides,

such as chitosan, alginate, pectin, gelatin, and dextran, are considered the most important natural



polymers used in oral drug delivery due to their biocompatibility, bioadhesion, and enzymatic
degradation. Chitosan with its positive charge enhances drug absorption and, consequently,
coating nanoparticles with chitosan is an effective method to promote mucoadhesion (173).
Chitosan variants with higher molecular weight have shown better mucoadhesion (174). Also,
chemical modification of chitosan for enhanced mucoadhesion, physiological stability,
permeability and bioavailability has been utilized for more efficient oral delivery of various
drugs, including anti-cancer and peptide drugs (175),(176). For ius.nce, thiol functionalization
of chitosan exhibited enhanced mucoadhesion, which is d:z v covalent bonds between the
cysteine and thiol groups on mucus glycoproteins (177, In a similar approach, Tian et al.
introduced a two-step flash nanocomplexation process o fabricate core-shell nanoparticles
coated with thiolated hyaluronic acid to be vti.'zed for oral insulin delivery (114). First, a
positively charged insulin-loaded nanc art’cle core was fabricated through electrostatic
interaction between insulin and N-(2-hyroxypropyl)-3-trimethyl ammonium chloride-modified
chitosan under turbulent mixing -~or.%i.ions. Subsequently, the prepared positively charged
nanoparticle core was coated w.th polyanionic thiolated hyaluronic acid to synthesize the final
product (Figure Sc). A ce~b.>wdon of chitosan with alginate and dextran have also been used

for oral delivery of insul.> (178).

Combining PLGA nanoparticles with chitosan has also been investigated to improve
mucoadhesion of nanoparticles and facilitate their functionalization. In one example, Abd El
Hady et al. studied a delivery system of diosmin in PLGA microparticles coated with chitosan
and reported its effects on the gastric retention of diosmin (179). In another study, folic acid
(FA)-functionalized nanoparticles were prepared through a double emulsion method by surface

coating insulin-loaded PLGA nanoparticles with chitosan-FA conjugates through electrostatic



interactions to enhance their uptake and targeting abilities through FA receptors (180). Multi-
layered nanocapsules of PLGA and chitosan were prepared through layer-by-layer self-assembly

of PLGA and chitosan via electrostatic interactions

Functionalization of copolymers with mucoadhesive functional groups is an efficient way to
enhance the mucoadhesion of micelles as well. Dufresne et al. prepared a copolymer micelle
based on PEG-poly-(2-(N,N-dimethylamino)ethyl methacrylate® and functionalized the PEG
chains with thiol groups to form disulfide bonds with th: n.icin, leading to improved
mucoadhesion of micelles (115). In this method, thiolated co,oly ners with opposite charge were
self-assembled in an aqueous solution to form thiolated pc'ymer micelles with the potential for
functionalization with targeting agents and impr..,‘ng mucoadhesion and the ability to form

redox-sensitive polymer networks (Figure 5

These strategies have also been appu>d to liposomal particles. Coating liposomes with
mucoadhesive polymers, such as <h.t~san through non-covalent interactions increased the
residence time and bioavailabil. ' of aighly hydrophilic drugs with low permeability (181),(182).
Modifying liposomes wi*h "0l groups through functionalization with thiolated polymers
(thiomers) imbued lipos mes with desirable properties, such as mucoadhesion and enzyme
inhibition (183),(184). In addition to mucoadhesive polymers, conjugation of liposomes with
ligands, such as biotin, whose receptors are expressed in the intestine, can enhance the efficacy
of conventional liposomes in oral drug delivery (185). Glycans are binding sites for lectins in the
membrane of cells in the GI tract; thus, functionalization of liposomes with lectin is another

method to increase mucoadhesion (186).

In addition to mucoadhesive polymers, other hydrophilic polymers such as bp-a-tocopheryl



poly(ethylene glycol) 1000 succinate (TPGS) (a PEG-conjugated vitamin E) can be used to
enhance the residence time and bioavailability of particles for oral drug delivery. TPGS can
prolong the circulation time and cellular uptake of the coated nanoparticles. TPGS increases oral
bioavailability by enhancing cell membrane permeability through the inhibition of P
glycoproteins (P-gp) (187, 188). This is particularly important for increasing the oral
bioavailability of anticancer drugs. For example, low concentrations of TPGS increased the
intestinal permeability of paclitaxel, attributed to the inhibition of *-gp (189). Therefore, TPGS

stands as a potent adjuvant for orally administered chemother-; .

5.2. Physical Approaches to Enhance Bioadhesiu

The physical properties of materials, such a. mechanical properties, surface area, and surface
morphology affect their adhesion prop..ties to surfaces (29). One of the physical methods to
enhance bioadhesion is the utiliz.*ion of different geometries/shapes of drug carriers. Tao and
Desai made a direct compariso. between conventional microspheres (multidirectional release)
and their flat and thir deice designed for unidirectional release, both coated with bioadhesive
tomato lectin-poly(meth, . methacrylate). They showed that despite the larger surface area of the
microspheres compared to their device, the spheres remained less bounded to Caco-2 monolayers
after consecutive washes. This was attributed to the smaller fraction of microsphere surface
which is in direct contact to the cells (190). Similarly, in nano-adhesive conditions, increasing
bioadhesion of drug carriers is associated with the multivalence of adhesive elements per surface
area. As the number of adhesive elements increases, Van der Waals adhesion also increases,

resulting in greater absorption of the drug. The microvilli on mucosal epithelia have protrusions



that increase surface area. Thus, fabricating nanostructured microdevices with multivalency
could be a potential way to strengthen the bioadhesion of materials for targeting microvilli

coated intestinal epithelium (191).

Microfabrication techniques are an advanced technology to design microdevice bodies with
protruding microneedles and microposts. This permits the particle to interact with mucosa by
strongly adhering to the mucosa surface and penetrating the mucus layer. As a result, an
enhanced drug permeability occurs. Microneedle platforms -verc developed to increase the
retention time in drug delivery systems (Figure 8b). For instince, Guan ef al. fabricated a
crosslinked bilayered system made of PEG with clitosan microparticles. These fabricated
systems were structured with self-folding arms. ..~ expected, the arms anchored to the cell
surface by penetrating into mucus layer. Thr= rc*ention time of the device, as well as resistance

to surface erosion of the mucus layer, increasc 1 (192).
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Figure 8. Physical anu chemical approaches to oral drug delivery. (a) Performance of
traditional drug delivery platforms (left) compared to the developed tomato lectin-modified
poly(methyl methacrylate) drug delivery microdevices. (b) SEM images of the microneedles
fabricated via reactive ion etching technique (left) and insertion of needle tips into the epidermis
(right). (c¢) Release curves of TFu-SLNs and TFu-Sol in artificial intestinal juice and artificial

gastric juice. Reprinted with permission from (193).



6. TARGETING THE GASTROINTESTINAL TRACT VIA ORAL ADMINISTRATION

WITH MICRO AND NANOSCALE TECHNOLOGIES

For both the gastric and intestinal tracts, innovative micro and nanoscale technologies have been
developed for enhanced tissue targeting and oral drug delivery. These technologies range from
polymeric nano and microparticles to 3D-printed wearables. Altho.~h many different oral drug
delivery techniques have been developed so far, there are m~.v considerations for any specific
active ingredient and one delivery method does not fit all a.1gs. Thus, it is essential to customize
the delivery technique based on the type of drugs and . - patient needs. Selected examples of
micro and nanotechnologies used for improvirg ‘ne efficacy of oral administration and drug

delivery to the esophagus, stomach, intesti *es. and colon are described in this section.

6.1. Esophageal and Stomach . elivery

Delivery of drugs to *he esophagus for treatment of esophageal diseases including infections,
gastric reflux, and cancc:s is limited by transient nature and low permeability of the esophagus.
Therefore, designing an effective esophageal-targeted system with sufficient retention time
during rapid transit through esophagus is of great importance. Drug-loaded nano and
microparticles with prolonged contact and enhanced adhesion to the esophageal mucosa are
introduced for targeting of therapeutic agents to the esophagus. Kockisch et al. developed an in
vitro mucoadhesion tensile test and demonstrated efficient adhesion of polymeric microparticles,

synthesized from carbopol, polycarbophil, and chitosan through water-in-oil emulsification to the



porcine esophageal mucosa (194). Additionally, magnetic systems are suggested for more
efficient targeted therapy of esophageal cancer using an external magnetic force. Ito et al.
prepared magnetic granules composed of ultrafine ferrite and a mixture of bioadhesive polymers
containing hydroxypropyl cellulose and Carbopol 934. The granules were administered orally in
rabbit models and were guided to the esophagus by applying an external magnet in less than 2

min, and results showed that almost all granules were retained in the target region for 2 h (195).

Rapid degradation, low stability, and poor absorption of drugs ir the GI tract can be solved using
stable drug delivery capsules to deliver drugs to the stoma<l w}.ich is dominated by the gastric
emptying time of 1-4 hours (196). In one approach, Jisng « * al. studied oral delivery of mussel-
inspired and protein-functionalized electrospun “..nofibers for treating gastric cancer (197).
Through the incorporation of a pH-respor-ve release mechanism, the authors demonstrated
doxorubicin release from PCL nanofibers .~ acidic conditions of the stomach over neutral
medium. In addition to the acidic stcm'.ch environment, there are a number of other challenges
for the delivery of oral peptides, inciuding low permeation through the intestinal epithelium,

inactivation, and proteolytic deg.2qaation in the GI tract (198).

The incorporation of miconeedles into pills that push into the GI lining (intra-enteral injection)
to bypass these challenges has the capacity to improve bioavailability of a biologically active
macromolecule (199). An illustration of the working mechanism of such microneedle pill is
represented in Figure 9. Recent studies suggest that macromolecule drug delivery may be
possible via ingestible self-orienting millimeter-scale applicator (SOMA) capsules, which
contain a tiny needle to autonomously position the capsule to engage the GI lining of the

stomach in a safe manner to increase retention and enable the escape of insulin cargo from the GI



into the bloodstream (196) (Figure 10). The use of these methods is an alternative to injectable
delivery of biologics medications, such as insulin and peptides, and enhances patient

convenience, as well as increases safety and efficacy.

Microneedle capsules can deliver not only small molecules but also proteins, peptides, vaccines,
hormones, and other macromolecules. Traverso et al. successfully deployed a microneedle-
containing device, modeled after current FDA-approved ingestibl: devices (200), and monitored

the administration of insulin in the stomach (198).
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Figure 9. A microneedle approach for the delivery of biologics via oral administration. Delivery
of biologics via the GI using a luminal unfolding microneedle injector (LUMI). Reprinted by

permission from (199). Nature, Copyright (2019).



@ Localize =) Inject = @ gf:fo/ves

Figure 10. (a) A schematic illustrating SOMA capsules fc.r v~ drug delivery. SOMA capsules
reach a stable point of orientation and deliver bioloy‘cs hrough GI lining and into systemic
circulation, (b) scale of fabricated SOMA, (c) the sFape of SOMA capsules were inspired by the
leopard tortoise shell, (d) mechanism of dr.g . 2le. se after needle injection to the mucus through
the spring ejection in caramelized sucr~se. Reprinted from (201). Reprinted with permission from

AAAS.

Recently, some nove! .>li »pelled microdevices, known as microrockets or micromotors, have
been developed for delivery of drugs to target locations of organs. Microrockets should be
biocompatible and be degraded in the gastric acid. Zhou et al. developed a self-propelled
microdevice for target-based delivery of doxorubicin (202). The microdevice consisted of a core
of Zinc (Zn) surrounded by a thin layer of Fe and poly(aspartic acid) (PASP) microtube layer.
Doxorubicin was adsorbed on the PASP surface by electrostatic interaction. The Zn particles
electrodeposited into the PASP/Fe layers could propel the microdevice by creating hydrogen

bubbles in an acidic environment and prevent the oxidation of Fe. The microdevice was



magnetically controlled due to presence of Fe layer and navigated to the target site of the
stomach by locating a strong magnet near it. The microdevice was trapped into gastric layer and
started releasing the drug in an acidic environment. In another work, Avila et al. proposed a
magnesium (Mg)-based micromotor for active delivery of antibiotics for treatment of gastric
bacterial infections (203). The in vivo treatment of H. pylori infection using Mg-based
micromotor loaded with clarithromycin was demonstrated in a mouse model. The micromotor
consisted of a core of Mg microparticles coated with a thin layeir  f titanium oxide (TiO;) and
then with a film of PLGA loaded with clarithromycin, while =~ ..l opening for the contact with
acid was left. Then, the micromotor was coated with 2 thin layer of chitosan to enable
electrostatic adhesion of the micromotor to the mucus m e stomach. In the acidic environment
of stomach, Mg core reacted with acid and Mg 21 ~du-lly dissolved, while created hydrogen gas
that led to self-propulsion of the micromc or i1 the gastric fluid and delivery of the drug. The in
vivo studies illustrated high efficienc © in delivery of antibiotics when using Mg-based

micromotors compared to the passi== ¢ 2 delivery approaches.

6.2. Intestines and C~loi.: De.ivery

Enhancing intestinal drug delivery is primarily driven through the increased adhesion of
materials to the intestinal lining and mucosal barriers, both to facilitate local release of drugs to
intestinal drug targets, and to increase the release of drugs into the bloodstream for systemic
circulation. Thus, the majority of oral drug delivery research is focused on delivery to this region

of the GI tract. We will discuss significant examples of successful intestinal delivery of



therapeutics, first discussing tissue-targeting strategies to achieve controlled drug release, and

then discussing approaches focused at the cellular level of targeted intestinal drug delivery.

One of the most widely used drugs in oral drug delivery studies is insulin, with the goal of
increasing insulin bioavailability via oral administration so that regular insulin injections are no
longer required. One of the key goals with biologic delivery in the intestine is to protect the drug
cargo from the harsh environments of the stomach prior to improving bioadhesion and controlled
release of insulin within the intestines. Recently, Nemeth et al. reported on the loading of
Eudragit® microwell devices via picoliter inkjet 3D printing for oral drug delivery applications
(204). This method provides a high throughput and repr>du.ible means of loading biologics such
as insulin into flat devices to increase tissue retent:..» and improve oral drug delivery. In another
study, Fox et al. employed a multi-step lithez-apv process to develop a microdevice including a
drug reservoir sealed by a nanostraw membra.e (205). The proposed device could facilitate drug
loading and enable tunable release ty ..anipulating the nanostraw inner diameter and density.
The proposed microdevice could ~dhece to the GI tissue due to the presence of nanostructural
topology (i.e., nanostraws) on ti.~ surface of the device. Thus, the drugs could be locally released
over an adjustable *im> p:riod, while the drugs were not exposed to drug-degrading
biomolecules and digest*~ ¢ enzymes. The proposed microdevice can improve the oral absorption,

which is of great importance for drugs with poor bioavailability such as insulin.

To increase the release of biomolecules from the intestine into the bloodstream, Abramson et al.
developed a capsule named LUMI for the oral administration of various biomacromolecule
drugs, using insulin as the potential target drug (206). The device consisted of 3 degradable arms

with drug-loaded microneedles packed into a capsule that was 9 mm in diameter and 30 mm in



length. The microneedles were generated at the end of each arm and were composed of PVP with
insulin powder at the tip. After taking the capsule, the poly(methacrylic acid-co-ethyl acrylate)
coating was dissolved at pH levels above 5.5 and then the PEG coating embracing the
compressed spring actuator was dissolved and the device was pushed out of capsule when the
arms were in a random direction to the intestinal wall. Then, the drug was delivered, and the rest
of device was dissolved. The actuation time of the capsule could be tuned by varying the
molecular weight of the PEG in an environment with the proper p:' condition. After actuation,
the capsule broke apart and was transported through GI t-ac.. The LUMI device showed
consistent release of drugs into the small intestinal mucos. during the in vivo studies. However,
one limitation of this devices is that the LUMI delive v method may cause discomfort for

patients due to scratching the intestine after activa.’ m »f the device.

In another work, oral administration of insui.n-loaded liposomes, containing three kinds of bile
salts including sodium glycocholate, so..'n1m taurocholate, and sodium deoxycholate, resulted in
enhanced bioavailability and an i, ~rease in blood insulin for 20 h (207),(208),(208). Liposomes
containing ergosterol as the s huizer, instead of cholesterol, have also shown a significant

improvement in stabil‘ty (209,.

Recently, Lamson et al. reported on the development of anionic silica nanoparticles for the
enhanced oral delivery of insulin (210). The researchers found that both the size and charge of
the silica nanoparticles influenced not only their interactions with mucus barriers, but also the
permeabilization of epithelial barriers for enhanced insulin release into the bloodstream.
Interestingly, 50 nm silica nanoparticles in juxtaposition to 20 nm or 100 nm particles, provided

the optimal balance between increased mucus penetration and integrin-mediated TJ relaxation.



Thus, 50 nm silica nanoparticles loaded with insulin displayed enhanced insulin bioavailability
over what would normally be possible with oral drug delivery. This study lends support to other
research that demonstrated that nanostructural cues can influence TJ remodeling (29, 205), and
provides an example of the combined strengths of chemical and physical engineering of

nanoscale drug carriers.

In addition to adjusting the physicochemical properties of drug carriers, the incorporation of
stimuli-responsive materials in the reservoir-based drug delivery de\ices can advance the control
over drug release. Using these materials, devices can be desiner. to be triggered and release the
drug only under conditions simulating the GI tract. Nieisen et al. developed a platform of
microwells for pH-triggered release of drugs (2:1). The microwells were fabricated by hot
embossing PLA. The microwells were ther #i1.~d with amorphous sodium salt of furosemide
(ASSF) powder via an improved screen-pri.‘ing process, as a proof of principle for oral drug
delivery. The release of ASSF occurreo ot pH 6.5 (intestinal pH). The proposed microwells can
be used for to protect the drug an.' prevent release before entering the intestine. Malachowski et
al. developed a stimuli-respons ve multi-fingered device that enabled site-specific delivery of
various types of druge by act vely gripping the tissue at body temperature. It was proposed that
gripping action increase~ che efficiency of drug delivery specially under flow conditions as this
happens in the GI tract. The stimuli-responsive gripper was composed of rigid poly(propylene
fumarate) and thermo-responsive poly(N-isopropylacrylamide-co-acrylic acid) hinges fabricated
by photolithographic patterning (212). The grippers had a porous structure that allowed loading
of the device with commercially available drugs. When the device entered the body (above
32°C), it gripped the tissue and delivered the loaded drug over time (up to seven days for

mesalamine and doxorubicin). Both in vitro and in vivo studies confirmed the improved delivery



efficiency of doxorubicin.

In a different approach, scientists were inspired by transdermal patches to generate intestinal
patches (152). Intestinal patches are typically millimeters in size and have a mucoadhesive drug
reservoir layer, a pH-sensitive layer, and a backing layer. Also, intestinal patches can be
composed of water-insoluble polymers, pH-sensitive polymers, colors, fragrances, absorption
enhancers, buffer substances, and preservatives (150). While traisdermal patches are designed
for drug release of up to one week, intestinal patches are exjeciud to release drugs over the
course of hours (213). Intestinal patches were invented to 1 creise drug bioavailability, reduce
the drug disruption by the GI tract, and prevent painfir dr. g injection, such as anticancer drugs

for cancer chemotherapy or insulin for diabetes (2! 5

[lustrations of various intestinal micropa <h “tructures are shown in Figure 11. The two-layer
patches comprised of a waterproof bac-ing layer and a drug-laden mucoadhesive layer. The
mucoadhesive layer provides stror alkesion to the intestinal mucosa. Cui ef al. developed a
novel two-layered micropatch a. 'g aelivery system for oral delivery of proteins. The micropatch
consisted of bilaminated £'n.. a hydrophobic ethylcellulose layer, a mucoadhesive chitosan-
ethylenediaminetetraacew..~ acid hydrogel layer, and also carboxylated chitosan-grafted
nanoparticles (215). The adhesion of micropatches to intestinal mucosa is driven by the
attachment of cationic polymers to negative residues on mucin, or through polymer chain
entanglement and hydrogen bonding. Banerjee et al. developed mucoadhesive intestinal patches
that combine intestinal devices with dimethyl palmitoyl ammonia propane sulfonate as a
permeation enhancer for oral delivery of insulin. The patches were delivered from a capsule

coated with a pH-responsive coating. The patches adhered to intestinal mucosa, released cargo



unidirectionally, and prevented enzymatic degradation in the gut (216). As shown in Figure 11, a
typical 3-layer patch consists of a pH-responsive layer, a backing layer, and a drug-laden
mucoadhesive layer. Four-layer patches typically have individual mucoadhesive and drug layers.
Grabovac et al. made a three-layered oral delivery system for insulin delivery composed of
thiolated polycarbophil as a polymeric matrix layer, a water-insoluble backing layer, and an
enteric coating (217). Eaimtrakarn ef al. developed a four-layer patch consists of a backing layer
of ethyl cellulose to protect protein drug from enzymatic hydrolysis, » pH-sensitive surface layer,
a drug-carrying middle layer, and a mucoadhesive layer. The' *es.z2u three different pH-sensitive

layers to achieve dissolution in different sections of the sm..'l intestine (218).
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Figure 11. Examples of different intestinal patch structures including two-layered, three-layered,
and four-layered patches. These patches deliver drugs with additional supportive layers.

Reprinted from (219), Copyright (2015), with permission from Elsevier.



Colon-targeting approaches have received increased attention in the field of oral drug delivery, as
the longer retention time within the large intestine and colon provide opportunities for sustained
drug release and drug escape into the bloodstream. Varshosaz et al. used dextran to prepare a
natural polymer-based microparticle system for targeted delivery to the colon of budesonide for
ulcerative colitis treatment. Microcapsules were prepared with different drug-to-dextran ratios
and three molecular weights of the polymer. Their results showed that budesonide encapsulated
microcapsules could target the colon, increasing the specificity o drug delivery, resulting in

higher reduction of macroscopic damage and efficacy than mez-la.:2:ne suspension (220).

In addition to microparticle systems, electrospun me«ica.>a shellac nanofibers have received
interest for the fabrication of a colon-targeting del, >ry capsule to improve the bioavailability of
poorly water soluble drugs and provide sus*-*nc release in the colon (Figure 12) (221),(222).
Wang et al. reported a simple method for *he fabrication of capsule shells from a coaxial
electrospinning method with a ccre fluid of shellac and ferulic acid (FA) and N,N-
dimethylformamide as the shell (?22,. Due to the insolubility of shellac at low pH, a small
percentage of drug was releaseu nio solution at pH 2, mimicking the stomach pH, but sustained
release was observed af.er 2 h incubation and transitioning to a neutral dissolution medium
(Figure 12b) Recently, “.iere has been interest in the encapsulation of nanoparticles, such as
micelles, liposomes, vesicles, and nanoparticles, in shellac nanofibers. In one study, Henning et
al. developed liquid-filled shellac capsules to obtain colonic release of pectinate (223). They
showed that an external shellac layer significantly protected the pectinate from enzymes in the
GI tract and extended the material retention time to several hours. Colon-targeted drug delivery
has recently gained significant interest for bioactive proteins (224),(197). Ravi et al. developed a

colon-targeted delivery system using inulin as an inner coating, followed by shellac as outer



coating with diltiazem hydrochloride as a model drug. The release study showed that polymer-
drug shellac tablets were insoluble in the stomach and intestinal environment and released the
maximum amount of drug in the colonic environment to increase drug release into the
bloodstream (221). Wen et al. developed a core/shell structured nanofilm, using alginate as the
outer shell layer and chitosan nanoparticles as the inner core layer for delivery of a model
protein, bovine serum albumin (224). In general, colon targeting fibrous materials could be
useful for specific protein targeting to the colon, with the aim or minimizing side effects and

improving the local efficacy of proteins.
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Figure 12. Preparation and characterization of shellac nanofibers and their applications in oral

drug delivery. (a) A schematic illustrating the design strategy of medicated shellac nanofibers

and the results of in vitro dissolution tests. (b) The FA release profiles and (c) SEM images (i, ii)



just after dissolution, (iii, iv) 3h after dissolution, (v, vi) 7h after dissolution. Reprinted from

(222), Copyright (2015), with permission from Elsevier.

In addition to controlling the drug carrier tissue-targeting properties, cellular interactions must
also be controlled to improve bioadhesion and drug delivery efficacies. To target intestinal cells
and improve cellular bioadhesion, chemical functionalization of 1. aterials is often performed.
Antibodies and peptides specific for intestinal cells %.¢ recently been utilized for
functionalization of drug carriers not only to increase adi.>sion, but also for target based drug
delivery to specific types of intestinal cells (23, 103). L. one study, nanoparticles were grafted
with trastuzumab (Herceptin, human epiderm.' g.owth factor receptor-2 antibody). The
antibody-coated nanoparticles showed an I crrase in uptake by Caco-2 (225). Another strategy is
to use adhesion promoters, such as tethe.~d or linear polymer chains to stimulate bioadhesion in
drug delivery (226, 227). In anoth~r cvample, Ainslie et al. designed a microdevice with di-
methacrylate hydrogel as a bacn™one to which avidin was covalently conjugated. Subsequently,
biotinylated tomato lectin ~a. ~dded to increase the bioadhesion of the microdevice, as biotin
has a strong binding a1 ity to avidin. /n vitro testing results demonstrated that the Caco-2
epithelial colorectal cells were more attached to microdevices functionalized with lectin than
non-functionalized devices (228). Microdevices were conjugated with two lectins: (1) tomato,
which is capable of attachment to Caco-2 cells, stable in low pH environments, and selective to
small intestine epithelium; and (2) peanut, which has non-specific lectin sites. The lectin
conjugated microdevices showed a 2-4 fold higher degree of binding when compared to control

microdevices. The tomato lectin conjugate showed significant difference of 2 folds over peanut



lectin (229, 230). Similar strategies were applied for microspheres and micropatch systems to

enhance the adhesion of the material.

To deliver drugs into systemic circulation from the intestine, epithelial barriers and TJs must be o
vercome. Drug carriers have been shown to rearrange of TJs and influence protein expression to
enhance drug permeation across epithelial barriers. This is primarily achieved through the
installation of nanotopography on microparticle carriers or on thin films. Uskokovic et al.
demonstrated that nanowires protruding from the surface of si'ica microparticles facilitates the
rearrangement of ZO-1 TJ proteins in Caco-2 monolave: models (231). Subsequent work
improved on this design through the fabrication of plar.r n. nowire-coated surfaces for enhanced
tissue contact and TJ rearrangement (Figure 137, ‘232). Nanostructured thin films have also
been observed to reversibly loosen epithe':~l carriers, allowing for increased permeation of
antibodies across TJs (Figure 13b) (233). In . 1dition to influencing TJ behavior, recent work by
Levy et al. demonstrated that PEG ni_-ouevices can inhibit P-gp efflux pump expression on
Caco-2 monolayers, which may s.ve as a means of enhancing intestinal drug adsorption for oral
drug delivery applications (234 Although this study did not use nanostructured materials, it
provides further evidence tha physical parameters of nano and microtechnologies can influence
cellular behavior to irzcove oral drug delivery applications. Taken together, these studies
demonstrate that the physical engineering of nano and microscale materials can serve as
important methods for enhancing drug penetration across epithelial barriers to improve systemic

drug delivery via oral administration.
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Figure 13. Physical approaches to modulate TJs for oral druc e ery. (a) Nanowire-coated
silica microparticles and planar microdevices Reprinted wi h pcvmission from (232). Copyright
(2012) American Chemical Society (b) nanostructured t'...” 1.'ns initiate ZO-1 TJ rearrangement
to enhance drug penetration through epithelial barrie.'s. noprinted with permission from (233).

Copyright (2013) American Chemical Society.

7. MICROFABRICATED IN VI (k> MODELS

In vitro modelling of the GI system is significantly helpful to investigate the performance of
various oral drug del.vev ., stems in GI tissues. In particular, in vitro GI tract models allow for
the studying of drug permeation across biological barriers, as well as studying complex host-
microbe interactions, while decreasing the costs and ethical issues involved with preclinical
animal studies (235). The physiological environment of the GI tract, including its functions and
dynamic conditions, makes it a challenging organ to be modeled in vitro. Several in vitro models,
such as organoids, trans-well co-culture, and macroscale bioreactors have been developed to
study the GI tract and are reviewed in previous literature (236). Here, we review systems that

use microscale or nanoscale approaches to recapitulate the topography, motility, and flow present



of the GI tract in microfabricated in vitro models and organ-on-a-chip platforms.

3D spheroid models better recapitulate in vivo biological conditions and have seen immense use
as both basic science and drug discovery tools (237). Micro and nanoscale technologies offer
opportunities to improve on standard spheroid models and better mimic in vivo physiology.
Several examples have been reported on the use of microparticles to direct cellular assembly and
architecture in spheroid models (238-241). In a recent example, Samy et al. demonstrated that
the growth of Caco-2 cells around a Matrigel microparticle in tiaw's faster TJ formation when
compared to the standard transwell model system (242). This "ystem also induces the proper
polarization of apical and basal membranes, with act'n a.d ZO-1 TJs displayed on the outer
membrane of the spheroid, allowing easier drug ..-~ess to the spheroid TJs in order to model

intestinal drug transport in vitro.

Organ-on-a-chip platforms often proviac a chamber to colonize cells in a specific arrangement
that resembles the architecture of de-izned tissues or organs and mimics the physiological
function of tissues or organs i.. a microfluidic system (243, 244). Kimura et al. developed a
micro pumping system on- --c..*;y to model the gut epithelial using Caco-2 cells (Figure 14). The
device was used to inve.tigate the perfusion and transportation of fluorescent compounds for
applications in drug toxicity (245). In further advancement of GI modeling on a chip, Imura et al.
made a microchip-based system using Caco-2 cells to test drug absorption (246). They also
developed two organs on-a-chip system using Caco-2 cells for intestine and HepG2 (liver
hepatocellular) cells for liver. The intestinal absorption and hepatic metabolism were tested to
demonstrate the feasibility of their device for in vitro assays (247). In another work, Bricks et al.

used a microfluidic platform to study the interaction between Caco-2 and HepG2. Their study



showed that such coculture is important for proper metabolism and transformation of a tested
compound (248). A similar device was also used to study host-microbe molecular interactions in
the gut. The intestinal epithelial barrier plays an important role in protecting our body from
foreign organisms. To model this barrier, Tan et.al. used a commercial chopstick-style electrode
to record the trans epithelial electrical resistance and quantify the integrity of cellular lining in
their system. The trans epithelial electrical resistance was also used to measure the permeability
across the intestinal barrier (249). In a more recent study, a modu.>r GI tract-liver system was
developed, using primary human intestinal epithelial cel’: w2 3D liver micro-lobe like
constructs (250). The authors showed that the primary inwstinal cells formed a monolayer and

exhibited comparable cellular integrity to native intestire.

The inclusion of dynamic conditions and fab.‘cation of structures mimicking the intestinal
architecture (e.g., crypts or villi) are importa. * components in order to fully model the GI tract.
To tackle this challenge, advanced me de.~ to recapitulate the microenvironment of the epithelium
were recently developed. For ins. nce, Costello et al. made in vitro small intestine tissue using
polymeric scaffolds that mimic *he 3D tissue architecture. The integrity data derived from trans
epithelial electrical re~ist. nce showed that the inclusion of dynamic flow improved the integrity
of the cell barrier as corrzared to static condition (251). Shim et al. fabricated a collagen scaffold
that mimics the intestinal villi to study the epithelium’s permeability (252). This study showed
that the inclusion of flow in the microfluidic tract, in addition to the incorporation of 3D

structure, further increased the relevance of their model to the intestinal villi.

To further improve the biomimicry of in vitro models of GI, inclusion of gut motility is another

mechanical cue that needs to be considered in the device design. To tackle this, a variety of cell



stretchers were used to apply stain to a cell monolayer in different directions (uniaxial, biaxial,
and radial stretching). Stretching is an important modulator of cell physiology in the GI tract. In
particular, the epithelium in the intestine is stimulated by repetitive deformation caused by
peristaltic movement and repetitive shortening of the villi. To investigate the effect of mechanical
stimulation, Basson et al. cultured Caco-2 cells on an elastic membrane and subjected the cells to
10% strain. They showed that the cells proliferated faster and expressed brush border enzymes
(253). In a recent work, Caco-2 cell junctions were disrupted to .nalyze the impact of cyclic
stretch on the TJ in cells. The results showed the increaser na.zcellular permeability and re-

organization of the junction's proteins after the disruption (=54).

In one example of highly sophisticated human iv..stine models, known as “human gut-on-a-
chip”, a microfluidic device was used flow * c-eate both shear stress and cell stretching on a
stretchable porous silicone membrane coatew with extracellular matrix (ECM) proteins (Figure
14a,b) (255). The flow rate was adjus ces *o 30 pl/h to produce a shear stress of 0.02 dyne/cm? to
mimic the flow rate of the intesti..>. Tuey also applied cyclic uniaxial strain (10%; 0.15 Hz) that
mimicked the physiological p.+istaltic motions and facilitated the fast polarization of the
epithelium (Figure 14c). Thi. cell monolayer developed with high integrity. This system was
employed to co-culture “itestinal epithelium cells with commensal microbes (256). After one-
week, endoxins and immune cells stimulated the epithelial cells to generate proinflammatory
cytokines. The inflammatory cascade was induced by the villi injury and compromised the
intestinal barrier function. The latter study showed that gut-on-a-chip is suitable to study the
interaction between the microbiome and intestine in a pathophysiological environment. In a
recent work, Kasendra ef a/. made a small intestine-on-a-chip system for culturing human

intestinal vascular endothelium and primary epithelial cells (257). The device also provided both



uniaxial cyclic deformation and flow to the cells and showed the formation of villi-like structures
(Figure 15a) and functional gut epithelium and endothelium layers with TJs ((Figure 15b).).

This system also provided increased transcriptional similarities to the human duodenum.

Taken together, the abovementioned studies are the most advanced micro-physiological models
of the GI tract to date (258) Although the inclusion of a 3D and mature tissue composed of ECM,
muscle cells, vasculature, and capillaries is missing from those m»dels and would help to create
a more biomimetic model of human GI tract. However, such simplified microphysiological
models of GI tissues can be used to tackle challenges in ¢+al lrug delivery and improve our

knowledge about the GI action in diverse microenviroriaen:s.
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Figure 14. The human gut-on-a-chip. (a) Schematic of the gut-on-a-chip device showing the
porous ECM-coated membrane covered with gut epithelial cells and side vacuum chambers to
apply mechanical strain on membrane mimicking the role of peristaltic motion. Top channel
(blue) represents the gut lumen and the bottom channel (red) represents the capillary bed
underlaying the epithelial cells. (b) An actual image of the gut-on-a-chip device made of PDMS
elastomer. Arrows show the flow direction and red and blue dyes in tubing correspond to the

lower and upper microchannels, respectively, for channel visualization. (c) Schematics (of



intestinal monolayers cultured on the gut-on-a-chip porous membrane in the presence (right) or
absence (left) of 30% mechanical strain applied by vacuum chambers and corresponding
micrographs of epithelial cells on the porous membrane. Scale bar is 50 um. Reproduced with

permission. (255) Copyright 2012, Royal Society of Chemistry
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Figure 15. Morphological ai.” 1:icroscopical characterization of the primary human intestine
on-a-chip. (a) Microscor ic .mages of the intestinal epithelium grown on-a-chip after 12 days
under cyclic strain and fl. id flow showing the formation of epithelial villi-like protrusions. The
images are stained f F-actin (magenta, brush border) and for nuclei (DAPI, blue). (b)
Immunofluorescence images showing the intact TJs in the intestinal epithelium and underlying
endothelium immunostained with ZO-1 (magenta), E-cadherin for epithelial cells (yellow), VE-

cadherin for endothelial cells (green), and nuclei (DAPI, blue). Scale bars are 50 um (257).



8. BRINGING MICRO AND NANOSCALE TECHNOLOGIES INTO THE CLINIC

It is crucial to push highly advanced drug delivery systems and devices towards clinical
applications. Nanocarriers were first used in clinical trials in the 1960s to deliver small
molecules that have poor pharmacokinetic profile, low solubility, and high off-target toxicity
(259). Among the developed particles for oral drug delivery, some polymer-based particles have
been approved in clinical studies, and several liposomal fo-mulations are under clinical
investigations (260). Additionally, other nanoparticle carriers, suci as silica nanoparticles and
calcium phosphate nanoparticles have been used in oral 41 'g celivery and have begun to see
translation into clinical trials (261). These nanocarricrs , ave been primarily used to deliver
insulin, as well as small lipophilic peptides (~1-2 .C°a molecular weight) with a cyclic structure,

which are resistive to peptidase degradation

Oral administration is a pillar of pharmac ~utical industry. Currently 62% of FDA-approved drugs
are orally administered drugs (262>, *ha~’s to ease of administration and high patient acceptance.
While small hydrophobic melecles have been successful in oral administration, hydrophilic
small molecules or pepti©.~ w=d proteins are yet to find their way to the clinical translation.
Indeed, there is an um. et need for the delivery of proteins and peptides for which oral
bioavailability is as low as <2% with current technologies (22). Micro and nanotechnology have
been showing to be promising to overcome these barriers. Although many microfabricated drug
delivery systems are close to clinical trials, only a few formulations have seen translation into the

clinic and numerous challenges remain for the future oral practice (263).

The oral delivery of biologicals could potentially improve the life of millions of patients and

huge efforts are being put to push such solutions to the clinic (261). A self-emulsifying system



for oral delivery is marketed for delivering immunosuppressing agent cyclosporine A
(Sansimmune, CH). Similarly, self-emulsifying oral testosterone received FDA approval in 2019
(Jatenzo) (264). Liposomal insulin formulation, which delivers drug to the liver, known as
Hepatocyte-directed vesicular (HDV) insulin, showed promising results in phase 1 and 2 clinical
trials (265). The oral nanoformuation of this liposomal HDV insulin, composed of HDV
conjugated insulin and a biotin-phosphatidylanolamine hepatic tag, is available now and is under
phase 2, and 3 of clinical trials (266). Liver-targeting liposomes “r insulin delivery reached
Phase III (NCT00814294, Silica nanoparticles also deliveriz~ zsulin orally are currently in
Phase II (NCT01973920, Oshadi Drug Administration, 1L). Nanoparticles with a calcium
phosphate core and pegylated salts of fatty acids, coatc ' with carbomer and cellulose acetate
phthalate for the delivery of insulin rea-aes Phase 1 (ChiCTR-TRC-12001 872,
NOD/NodlinTM, CN). Nanomega Corp s rncapsulating insulin in chitosan shelled gamma
poly(g-glutamic acid)-based nanopartic'es. These are key steppingstones that have to be
leveraged for progressing micro ~d »unofabricated technologies for oral delivery of many
therapeutic proteins. This knov.'edge can also be used for the delivery of hydrophilic small
molecules. The challenge~ ¢ rently faced by micro and nanofabricated technologies are

presented below.

Poor bioavailability has been the major bottleneck of translation of micro and nano technologies
for oral delivery. Some practical and simple approaches have been proposed to tackle this
problem. For example, nanoparticles can be coated with hydrophilic polymers, such as chitosan
and PEG, and TPGS (a PEG-conjugated vitamin E) or can be synthesized with these polymers to
further incorporate hydrophilic elements in the polymeric nanoparticles (267). As a result, the

permeability, solubility, stability, and thereby oral bioavailability of nanoparticles are enhanced.



Another important challenge for orally administered formulations is that nano- and
microfabrication come at a cost that must be justified to make a product commercially cost-
effective. This is achievable with high-throughput emulsion or self-assembly fabrication
methods. However, more advanced microfabricated systems (3D printed or lithography enabled
casting), have typically a complex engineering design and low-throughput manufacturing
processes that result in high cost of fabrication (29),(268),(269),(170). For example, the current
workflow for 3D printed drug delivery systems is multi-step (3D pi:ting, drug loading, sealing,
substrate release) and involves expensive equipment (3D pri~tcs, inkjet printer, spray coater)
(270). Recently, rapid and large-scale 3D printing was aci.*eved using a mobile liquid interface
that minimize heat buildup (271). The evolution of such 1. nnology to print micro-scale elements

in high-throughput could enable the progress of ~pdcution of oral deliveries.

Expensive biologicals are frequently enca,sulated in micro and nano-fabricated systems.
Interestingly, a daily capsule semaglit'2~ tequires a 100 times higher dose and more frequent
administration, to achieve a simil.~ eti.cacy compared to its weekly injection counterpart for the
treatment of type 2 diabetes A s>“1ay was conducted to confirm that the additional costs incurred
to produce extra sem~gh tide for the oral formulation would still generate a cost-effective oral
formulation, given the ;.eater quality of life experienced by the patients receiving the daily
capsules (272). This study testifies the need to carefully assess the dosing frequency against the
efficacy when a molecule is selected for encapsulation in micro and nano-fabricated systems.
This work also teaches the importance of direct comparison of oral delivery to other routes of

administration.

Of particular interest is the applications of micro- and nanoscale technologies for delivery of



therapies in preclinical and clinical trials for coronavirus disease 2019 (COVID-19). The
outbreak of COVID-19 is considered as one of the deadliest diseases that has caused the death of
approximately 550,000 people worldwide so far. Antiviral drugs, such as remdesivir,
chloroquine, and hydroxychloroquine have been proposed as promising drug candidates for
treating coronavirus disease (273-275). These antiviral drugs have been administered orally to
inhibit virus infection with mild to moderate doses daily for a long time, which causes the
adverse effects in patients. In order to overcome such issues, we scogest employing micro and
nanotechnology-based drug delivery approaches to increase th: @i>zacy of these drugs to prevent

coronavirus infection.

Improving the standardization of preclinic.! +arameters and procedures, including
biodistribution, toxicity, protein adsorpti n, ~.nd device removal (27, 269) will enable faster
translation of technologies into the c.'nic. Despite these challenges, the opportunities for
improving oral drug delivery using i and nanoscale technologies is immense, and therefore
the field should continue the pu.h for translation into large animal models and eventual clinical

trials.

9. CONCLUSION

During the past decade, researchers have had great leverage to create nano and microdevices that
enable oral administration of different biomolecules. Indeed, the clinical translation of
nanotechnology for drug delivery through the intravenous route, gave us a deep understanding of

such systems. In parallel, the great progress of microfabrication methods was leveraged to serve



the oral administration field. This progress was only recently reflected to marketed products. To
unlock the full potential of such technologies, researchers should focus on inventing methods
that would ensure robust manufacturing scale-up and solid proof of efficacy. It is crucial to push
highly advanced drug delivery systems and devices towards clinical applications as they could be
leading to an evolution of pharmaceutical industry towards more patient-friendly oral

administration.
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