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Delivery of proteins to mucosal tissues of GI tract typically utilize formulations which protect against proteolysis
and target the mucosal tissues. Using case studies from literature and the authors' own work, the in-process
stability and solid state storage stability of biopharmaceuticals formulated in delivery systems designed for
oral delivery to the GI tract will be reviewed. Among the range of delivery systems, biodegradable polymer sys-
tems for protection and controlled release of proteins have been the most studied; hence these systems will be
covered in greater depth. These delivery systems include polymeric biodegradable microspheres or nanospheres
that contain proteins or vaccines, which are designed to reduce the number of administrations/inoculations and
the total protein dose required to achieve the desired biological effect. Specifically, this reviewwill include a land-
scape survey of the systems that have been studied, the manufacturing processes involved, stability through the
manufacturing process, key pharmaceutical formulation parameters that impact stability of the encased proteins,
and storage stability of the encapsulated proteins in these delivery systems.

© 2015 Elsevier B.V. All rights reserved.

Contents

1. Introduction and challenges with oral delivery route . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
2. Methods employed in preparation of biopharmaceutical oral solid dosage forms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

2.1. Preparation methods for microspheres and nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.1.1. Solvent evaporation/extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.1.2. Single emulsion method (O/O or O/W) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.1.3. Double emulsion method (W/O/W) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.1.4. Incompatible polymer addition or salt addition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.1.5. Ionic/Ionotropic Gelation (polyelectrolyte complexation) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.1.6. Spray drying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.1.7. Spray Freeze drying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.1.8. Spray chilling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

2.2. Preparation methods for oral thin films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3. Stresses encountered during manufacture of oral solid dosage forms and ways to improve in-process stability . . . . . . . . . . . . . . . . . 100

3.1. Organic solvents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.2. Air/water interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.3. Ice/water interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
3.4. Drying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
3.5. Mixing/homogenization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4. Formulation and stability aspects in oral solid dosage forms for biomacromolecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.1. Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.1.1. Hydrophobic polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.1.2. Hydrophilic polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

Advanced Drug Delivery Reviews 93 (2015) 95–108

☆ This review is part of the Advanced Drug Delivery Reviews theme issue on "Protein stability in drug delivery applications".
⁎ Corresponding author. Tel.: +408 385 1742; fax: +408 960 3822.

E-mail address: truongv@aridispharma.com (V. Truong-Le).

http://dx.doi.org/10.1016/j.addr.2015.08.001
0169-409X/© 2015 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Advanced Drug Delivery Reviews

j ourna l homepage: www.e lsev ie r .com/ locate /addr

http://crossmark.crossref.org/dialog/?doi=10.1016/j.addr.2015.08.001&domain=pdf
http://dx.doi.org/10.1016/j.addr.2015.08.001
mailto:truongv@aridispharma.com
http://dx.doi.org/10.1016/j.addr.2015.08.001
http://www.sciencedirect.com/science/journal/0169409X
www.elsevier.com/locate/addr


4.2. Permeation/absorption enhancers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.3. Enzyme inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.4. Other formulation components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5. Stability post-manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.1. Storage stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.2. Stability after administration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6. Summary and future prospects and trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

1. Introduction and challenges with oral delivery route

Due to the rapid progress in biotechnology, the industry has pro-
duced a large number of therapeutic peptides and proteins on com-
mercial scale. Over 130 biotechnologically derived drug products
are approved by the US Food and Drug Administration (FDA) [1].
Most biopharmaceutical drug products (proteins, peptides, and vac-
cines) are administered parenterally because of their poor bioavail-
ability from different alternate routes of administration, including
the oral route. Poor intestinal absorption of these drugs, for example,
is due to their susceptibility to acid and enzymatic hydrolysis, unfavor-
able physico-chemical properties including size, charge, and hydrophi-
licity. In addition to hydrolysis in the stomach and gastrointestinal (GI)
tract, peptide and protein drugs targeting a local therapeutic effect in
the colon [16] must also survive degradation via bacterial fermentation.
Despite these challenges a number of alternate routes of administration
for biologic drugs have been pursued with varying degrees of success.
Some examples of these alternative routes that have advanced to
human use are provided in Table 1. Alternate delivery routes can offer
convenience/non-invasiveness, enhanced targeting to diseased tissues,
controlled release rate, improved compliance, and can provide a game-
changing commercial opportunity.

Development of an effective oral delivery system for biologics
requires a detailed understanding of the several barriers along the
digestive tract (See Fig. 1), as well as the mechanisms involved in
their absorption across targeted tissues. It is generally believed that
the challenges to oral delivery of biopharmaceuticals are significant,
and substantial opportunities remain to optimize delivery approaches,
formulation components and processing conditions for each peptide
and protein drug.

Obviously the most convenient route for the systemic delivery of
pharmaceuticals is oral; however, attempts to deliver large molecular
weight proteins and peptides orally have seen limited successes. Bio-
availability via this route is poor formolecules ofmolecularmass greater
than a couple hundred Daltons. In addition, proteins are susceptible to
hydrolysis and modification at gastric pH levels and can be degraded
by proteolytic enzymes in the small intestine. Various approaches cur-
rently under investigation include amino acid backbone modifications
[2], conjugation of bacterial and viral transcytosis peptide sequences
[3,4], formulation design, chemical modification, use of proteolytic in-
hibitors, and passive absorption enhancers; all have shown variable
successes.

Parenteral delivery of proteins and peptides has been themethod of
choice for systemic delivery mainly for avoidance of biological barriers
through which it is difficult for proteins to pass, and the ability to
achieve pharmacologic levels of circulating protein over a relatively
short period of time. In addition to parenteral administration, interest
has increased in the area of local delivery of proteins through mucosal
tissues of the buccal area [15], gut, sinus and lungs by both oral and
inhalation delivery systems.1 In these applications, proteins typically
must be administered in formulations which protect against unwanted
proteolysis and target the mucosal tissues. In recent years, there has
been a rise in quick dissolving oral thin films in commercial application
ranging from Listerine® breath freshener strips to analgesics, thus war-
rants some review coverage. There are already a number of excellent
reviews on the biological barriers to oral delivery related to absorption
mechanisms, molecular approaches to absorption enhancement,
including comprehensive reviews of different oral delivery systems
[5]. Using case studies from literature and from our own work on oral
thin films, we will continue this special edition’s theme on protein sta-
bility and focus on themanufacturing processes, the in-process stability
and storage stability of biopharmaceuticals formulated in delivery sys-
tems designed for oral delivery to the gastro-intestinal (GI) tract.
Among the range of delivery systems, biodegradable polymer systems
for protection and controlled release of proteins have been the most
studied; hence, we will review these systems in greater depth. These
include polymeric biodegradable microspheres or nanospheres that
contain proteins or vaccines, which are designed to minimize both
administration frequency and biologically effective protein dosage. Spe-
cifically, this review will include a landscape survey of the systems that
have been studied, the manufacturing processes involved, stability
through the manufacturing process, key pharmaceutical formulation

Table 1
Routes of administration and dosage forms developed for non-parenteral administration
of biopharmaceuticals [77].

Administration
route

Examples of Dosage
forms/Drug delivery
vehicles

Examples of biopharmaceuticals
tested (C – clinical trials, A –
approved product)

Oral Pills
Capsules
Microspheres
Hydrogels
Nanoparticles
Enteric coated tablets
Enteric coated dry
emulsions
Liquid dropper

Calcitonin (C)
Insulin (C)
Exenatide (C)
Octreotide (C)
Rotavirus vaccine (A)
Typhoid vaccine (A)
Adenovirus vaccine (A)
Anthrax vaccine
Cholera vaccine (C)
H5N1 Avian flu vaccine (C)
Polio vaccine (A)
Smallpox vaccine

Buccal Mucoadhesive
patches/films
Liquid spray

Insulin (C)
Interferon (C)
Oxytocin

Sublingual Tablets Desmopressin (A)
Ocular Eye drops

Injections
VEGF-targeted Fab and IgG1 mAb (A)

Vaginal Gels LHRH (luteinizing hormone
releasing hormone) analogue (C)

Rectal Suppositories
Cutaneous/Topical Micro-needles

Transdermal patches,
creams, sprays, gels

Influenza virus (A)
Parathyroid hormone (PTH) (C)
Insulin (C)
Testosterone (A)

Nasal Aerosol sprays Influenza vaccine (A)
Salmon calcitonin (A)

Inhalable Aerosol and dry
powder sprays

Insulin (A,C)
Dornase alfa (A)

1 Examples of products in this area include Generex Biotechnology’s insulin buccal
spray Oral-lyn™ (in Phase III clinical trials) and the oral thin film products of MonoSol
Rx®, which include both the marketed small molecule products Zuplenz® and
Suboxone® as well as several complex-molecule-containing oral films in development,
such as insulin that is in clinical trials.
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