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Advancements in biotechnology and protein engineering expand the availability of various therapeutic
proteins including vaccines, antibodies, hormones, and growth factors. In addition, protein drugs hold
many therapeutic advantages over small synthetic drugs in terms of high specificity and activity. This
has led to further R&D investment in protein-based drug products and an increased number of drug
approvals for therapeutic proteins. However, there are many biological and biopharmaceutical obstacles
inherent to protein drugs including physicochemical and enzymatic destabilization, which limit their
development and clinical application. Therefore, effective formulations of therapeutic proteins are
needed to overcome the various physicochemical and biological barriers. In current medical practice, pro-
tein drugs are predominantly available in injectable formulations, which have disadvantages including
pain, the possibility of infection, high cost, and low patient compliance. Consequently, non-invasive drug
delivery systems for therapeutic proteins have gained great attention in the research and development of
biomedicines. Therefore, this review covers the various formulation approaches to optimizing the deliv-
ery properties of protein drugs with an emphasis on improving bioavailability and patient compliance. It
provides a comprehensive update on recent advancements in nanotechnologies with regard to non-
invasive protein drug delivery systems, which is also categorized by the route of administrations includ-
ing oral, nasal, transdermal, pulmonary, ocular, and rectal delivery systems.
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1. Introduction

Since endogenous proteins are actively involved in various
physiological and pathophysiological processes, the modulation
of their functions and activities are relevant to disease control
and prevention, providing big opportunities for discovering new
therapeutic agents. When compared with conventional low molec-
ular weight synthetic drugs, protein drugs have many advantages
including high specificity and potency, low toxicity, and high toler-
ance by the human body [1]. In addition, advancement in biotech-
nology, protein engineering, molecular modeling and
computational methodologies in formulation development facili-
tate investment in the research and development of protein drugs,
which leads to an increased number of drug approvals for thera-
peutic proteins [2,3].

Since approving the first protein drug Humulin� (human
recombinant insulin) in 1982, the US Food and Drug Administra-
tion (FDA) has approved more than 100 therapeutic proteins and
many more are currently undergoing clinical and pre-clinical eval-
uations [4]. Particularly in recent years, the number of biologics
approved by the FDA has rapidly grown. In 2018, the Center for
Drug Evaluation and Research (CDER) approved 59 novel drugs,
of which approximately 25% are biologics (Table 1) [5]. In parallel,
the protein drug global market has been continuously growing and
s approved by FDA in 2018 [5].

e ingredient Product Route Class

sumab CrysvitaTM Parenteral (i.v.) Monoclonal antibody
spargase pegol AsparlasTM Parenteral (i.v.) Pegylated enzyme
iplimab LibtayoTM Parenteral (i.v.) Monoclonal antibody
germin OxervateTM Eye drop Recombinant human n
egademase RevcoviTM Parenteral (i.m.) Pegylated enzyme
palumab-lzsg GamifantTM Parenteral (i.v.) Monoclonal antibody
umab AimovigTM Parenteral (s.c.) Monoclonal antibody
anezumab-vfrm AjovyTM Parenteral (s.c.) Monoclonal antibody
anezumab-gnlm EmgalityTM Parenteral (s.c.) Monoclonal antibody
zumab-uiyk TrogarzoTM Parenteral (i.v.) Monoclonal antibody
delumab TakhzyroTM Parenteral (s.c.) Monoclonal antibody
amulizumab-kpkc PoteligeoTM Parenteral (i.v.) Monoclonal antibody
etumomab pasudotox LumoxitiTM Parenteral (i.v.) Monoclonal antibody
aliase-pqpz PalynziqTM Parenteral (s.c.) Pegylated enzyme
lizumab UltomirisTM Parenteral (i.v.) Monoclonal antibody

axofusp-erzs ElzonrisTM Parenteral (i.v.) Fusion protein
akizumab IIumyaTM Parenteral (s.c.) Monoclonal antibody
is expected to increase from $172.5 billion in 2016 to $228.4 billion
in 2021 [6]. Currently, protein drugs are being pursued for the
treatment of diverse diseases including metabolic disorders,
autoimmune diseases, and cancers. There is also a particular
emphasis on intractable diseases.

Although many therapeutic proteins are now in the pharmaceu-
tical market, the most common route of administration for thera-
peutic proteins is parenteral injection (Table 1). In general,
parenteral injection is not the preferred route of administration
due to pain, risk of infection, high cost, and low patient compliance.
In addition, the safety issues related to the disposal of needles dis-
courages parenteral administration [7]. On the other hand, non-
invasive drug delivery systems via oral, nasal, pulmonary, oph-
thalmic, rectal, or transdermal routes offer alternative platforms
for the delivery of macromolecules with substantial benefits
including self-medication, free of needle stick injury, low risk of
infection, cost-effectiveness, and better patient compliance [2].
However, the inherent assets of proteins such as large molecular
size, hydrophilicity, low permeability, and chemical/enzymatic
instability create a big hurdle in developing non-invasive drug
delivery systems [8]. In order to overcome those issues, various
formulation approaches have been adopted, which target alterna-
tive non-invasive routes of administrations. Particularly, advance-
ments in nanotechnologies promote novel nanoformulations with
Targeted disease

X-linked dominant hypophosphatemic rickets
Acute lymphoblastic leukemia
Cutaneous squamous cell carcinoma

erve growth factor Neurotrophic keratitis
Adenosine deaminase severe combined immunodeficiency
Haemophagocytic lymphohistiocytosis
Migraine prevention
Migraine prevention
Migraine prevention
Multidrug-resistant HIV-1
Hereditary angioedema attacks
Mycosis Fungoides and Sézary Syndrome
Relapsed or refractory hairy cell leukemia
Phenylketonuria
Paroxysmal nocturnal hemoglobinuria
and atypical hemolytic uremic syndrome
Blastic plasmacytoid dendritic cell neoplasm
Moderate-to-severe plaque psoriasis



Table 2
Selected examples of commercially available drugs for non-invasive routes of administration [181–184].

Product Drug Route Indications

Minirin� Desmopressin Oral, Nasal Cranial diabetes insipidus or nocturia associated with multiple sclerosis
Sandimmune� Cyclosporine A Oral Immunosuppressants
Colomycin� Colistin Oral Intestinal infection (caused by sensitive Gram-negative organisms)
Cytorest� Cytochrome C Oral Leucopenia
Cachexon� Glutathione Oral AIDS- related cachexia
Ceredist�OD Taltirelin Oral Spinocerebellar ataxia
Anginovag� Tyrothricin Oral Pharyngitis
Vancocin� Vancomycin Oral Infection, clostridium difficile-associated diarrhea
Oral-LynTM Insulin Buccal Diabetis mellitus
SuprifactTM Buserelin Nasal Prostate cancer, endometriosis
Suprecur� Buserelin Nasal Prostate cancer, endometriosis
Synarel� Nafarelin Nasal Endometriosis
Kryptocur� LHRH Nasal Cryptorchism
Miacalcin� Salmon calcitonin Nasal Hypercalcemia or osteoporosis
Fortical� Salmon calcitonin Nasal Hypercalcemia or osteoporosis
Desmospray� Desmopressin Nasal Cranial diabetes insipidus or nocturia associated with multiple sclerosis
SyntocininTM Oxytocin Nasal Indicated for the initiation or improvement of uterine contractions
Antepan� Protirelin Nasal Hypothyroidism and acromegaly
FluMist� Quadrivalent Vaccine Nasal Influenza
Eylea� Aflibercept Ocular Wet age-related macular degeneration (WAMD), Diabetic macular edema (DME)

or Diabetic retinopathy (DR) in DME, Macular edema following retinal vein occlusion (MEtRVO)
Lucentis� Ranibizumab Ocular WAMD, DME or DR in DME, MEtRVO, Myopic choroidal neovascularization (mCNV)
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controlled particle size and surface modification, which improves
the target selectivity, systemic half-life, and bioavailability of pro-
tein drugs. Cutting-edge nanotechnology has a great impact on the
development of non-invasive drug delivery carriers that lead to
better clinical outcomes for protein drugs [9]. Selected examples
of commercially available non-invasive formulations of biophar-
maceuticals are summarized in Table 2.

This review details various formulation approaches used to
optimize the delivery properties of protein drugs. A particular
emphasis is placed on recent advancements in nanotechnologies
and their implications on non-invasive delivery systems of protein
drugs via various routes of administration.
2. Barriers to Non-Invasive Formulation Development for
Proteins

Over the past decades, various non-invasive routes of adminis-
tration including oral, transdermal, nasal, and pulmonary routes
draw the substantial attention for the development of more
patient-friendly dosage forms of protein drugs. Among them, oral
administration is the most preferred route of administration,
which has the advantages of high patient compliance, self- and
comfortable medication, free from pain and infection risk, and
low cost. Presently, the oral formulations of IFN-a and human
growth hormone are under clinical studies [4]. In the last few dec-
ades, the nasal route has also been widely explored as an alterna-
tive route of administration for bypassing the extensive hepatic
first-pass effect. The nasal route offers some advantages including
enhanced bioavailability and seamless administration, but more
importantly, it offers the opportunity of targeting drugs directly
to the brain from the nose [10]. Similarly, the lungs are exception-
ally permeable to macromolecules; thus, pulmonary delivery can
be an effective non-invasive route for protein delivery [11]. It has
been reported that inhaled insulin was more rapidly absorbed than
subcutaneously injected insulin and provides an enhanced physio-
logical response to a meal [11]. Likewise, the transdermal delivery
system provides a painless alternative to parenteral injections. The
pain, needle phobia, and risk of infection associated with the par-
enteral injection can be overcome by these alternate routes. How-
ever, there are crucial physicochemical and biological barriers in
formulating protein drugs [12]. The drug absorption resulting from
alternate routes depends on numerous factors such as the size,
concentration, solubility, degree of ionization of the drug, drug car-
rier, venous drainage of the mucosal tissue, mucosal contact time,
the pH of the absorption site, and so on [12]. Therefore, a better
understanding of the potential barriers against protein delivery is
essential in designing optimal formulations. The main barriers
against protein delivery are summarized in Fig. 1, according to
the non-invasive routes of administration and more details on each
barrier are described in the following sections.
2.1. Physicochemical Drug Properties

Intrinsic properties of protein-based drugs such as their large
size, poor membrane permeation, physicochemical instability,
and susceptibility to enzymatic degradation create a formidable
challenge with respect to the delivery of protein drugs, particularly
for non-invasive drug delivery. Therefore, physicochemical drug
properties are one of the key considerations for selecting the route
of administration and designing formulations.

First, the high molecular mass and the large size of drug mole-
cules often result in poor membrane permeability, which causes
low absorption. In general, drugs with a relatively small molecular
mass of <500 Da readily penetrate membranes in the GI tract and
skin through passive diffusion [13]. With respect to ocular delivery,
the human retina restricts the diffusion of macromolecules
>76 kDa due to inner and outer plexiform layers and macro-
molecules above 150 kDa are unable to reach the inner retina
[14]. The nasal mucosa also exhibit low membrane permeability
for molecules larger than 1 kDa [12]. Given that proteins above
3–5 kDa are generally regarded as peptidyl molecules, the molecu-
lar mass and size of proteins should be the most critical character-
istics affecting the absorption of protein drugs [15].

The hydrophilicity of therapeutic proteins also has a great
impact on their cellular transport. Most protein drugs are highly
hydrophilic with a log P value of less than zero [16], which ham-
pers drug permeation across biological membranes and creates
challenges with respect to delivery of protein drugs to intracellular
targets. Due to the lipophilic nature of biological membranes and
the paracellular space which is 3–10 Å, the large size and hydro-
philic nature of proteins limit their diffusion and passage through
paracellular pathways. Therefore, the cellular uptake of hydrophi-
lic proteins is primarily controlled by active transport or endocyto-
sis rather than passive diffusion [17]. For proteins, one of the major



Fig. 1. Main barriers for non-invasive routes of administration.
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disadvantages of the endocytic pathway is entrapment by endo-
somes, which eventually leads to degradation by lysosomal
enzymes.

Another physicochemical drug property influencing absorption
is the surface charge of a therapeutic protein, which is derived by
the amino acid sequence of the protein and the pH of its surround-
ings. This physicochemical property is complex and heteroge-
neous. It is typically caused by deamination, isomerization, or
post-translational modification, leading to a change in the net
charge of a protein and the formation of acidic and basic variants
[15]. The surface charge can cause protein drugs to interact with
molecules on the cell surfaces or tissue components, thereby
affecting absorption, distribution, and elimination of proteins in
the body.

Furthermore, proteins are susceptible to enzymatic and physic-
ochemical destabilization during various stages of their life cycle,
which spans from formulation development to systemic exposure
after intake. This can lead to low bioavailability and short biologi-
cal half-life [7]. Particularly, the complex secondary, tertiary, and
quaternary structures of proteins are vulnerable in various physic-
ochemical environments, resulting in the loss of bioactivity [16].
Some of the amino acid components of proteins are very sensitive
to destabilization reactions including denaturation, adsorption,
aggregation/precipitation, oxidation, and hydrolysis during manu-
facturing or storage. Factors such as pH, temperature, agitation,
ionic strength, and the presence of the metal ions or surfactants
can cause the destabilization of proteins [18].
2.2. Biological Barriers

2.2.1. pHs of Biological Environments
The pH conditions in various biological environments can affect

the ionization, chemical instability, and absorption of protein-
based drugs and their delivery systems. For example, protein drugs
are often unstable at physiological pHs. Particularly, the strongly
acidic gastric environment (pH 1 – 3) causes destabilization of pro-
tein drugs in the stomach, but chemical degradation reduces sig-
nificantly in the ileum and colon due to higher pHs [12,16,19]. In
an ocular delivery system, the buffering agent plays an important
role since hyperosmotic solutions cause transient dehydration of
the anterior chamber tissues while hypotonic solutions may cause
edema [14].

2.2.2. Enzymatic Barriers
Enzymatic degradation in the gastrointestinal (GI) tract is a for-

midable barrier against the oral delivery of proteins and leads to
low bioavailability. While the enzymatic activity of proteases is
high in the small intestine, the proteolytic activity in the colon is
comparatively lower; therefore, colon-targeted delivery systems
have gained a great deal of attention as an effective delivery sys-
tem for protein drugs [12]. Moreover, colon-targeted drug delivery
can also achieve prolonged drug absorption with a longer resi-
dence time. In addition to the systemic delivery of protein drugs,
colon-targeted drug delivery systems are suitable for the treatment
of local bowel diseases such as colon cancer, ulcerative colitis,
Crohn’s disease, and amoebiasis [12]. Even though the non-oral
routes of administration can avoid the hepatic first-pass effect,
enzymatic barriers may create a ‘‘pseudo-first-pass effect”. For
example, even low metabolic enzyme activity may act as a barrier
against nasal and pulmonary delivery of protein drugs [12,20].

2.2.3. Mucosal Barriers
Mucus and epithelial cell layers act as the major absorption bar-

rier against non-injectable drug administration. All mucosal
epithelia are covered in a layer of mucus, which serves as the first
line of defense at the surfaces of the eye, respiratory tract, and gas-
trointestinal tract against mechanical damage or the entrance of
harmful substances [12]. In addition, the mucus layer forms a
physical diffusion barrier for large molecules. Its hydrophilic nat-
ure and negative charge cause the drug to interact with mucus
components, retarding drug diffusion and thereby limiting intesti-
nal drug absorption [20].



Fig. 2. Approaches for protein drug delivery via non-invasive routes of
administration.
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The major components of mucus are secreted mucin-type gly-
coproteins and the thickness of the mucus layer varies greatly
throughout the body. For example, airway mucus may range in
thickness from 5 to 55 lm but the nasal tract has a mucus layer
of limited thickness. Thus it is more permeable compared to other
mucosal surfaces [21]. In the eye, the secreted precorneal mucin
gel covering the conjunctiva may be as thick as 30–40 lm [21].
In the GI tract, mucus layer thickness significantly varies depend-
ing on the site and digestive activity [12]. While the mucus layer
is thickest in the stomach and the colon, it ranges between 10
and more than 170 lm in ileum and stomach, respectively [12].
As a result, while the colon offers a favorable absorption site for
proteins due to the lack of proteolytic activity, drugs must pass
across a thicker mucus layer.
2.3. Others

Each non-invasive route of administration has its own limita-
tions depending on the anatomical size and position, microclimate,
specific physiological conditions, and formulations. For example,
the ocular delivery of proteins is hindered by the blood-retinal bar-
rier and efflux transporters (MRP1, 4 and 5) expressed in the pos-
terior segment [22]. In addition, the viscosity of formulations can
affect ocular drug delivery. High viscosity increases the corneal
contact time but leads to reflex tearing and blinking of the eye,
which alters the viscosity of the formulations. The volume and vis-
cosity of the fluid in the rectum may also affect drug absorption.

Overall, there are multiple barriers against protein delivery via a
non-invasive route of administration, resulting in a loss of biolog-
ical activity of the proteins and low bioavailability. Therefore, var-
ious formulation strategies have been attempted to overcome
those barriers as exemplified in Fig. 2. More details on non-
invasive protein delivery systems are discussed in the next section
according to the route of administration.
3. Formulation Strategies for Non-Invasive Protein Drug
Delivery

3.1. Oral Delivery

Oral ingestion is typically the most preferred route of adminis-
tration due to good patient compliance. Furthermore, oral dosage
forms are cost-effective compared to parental dosage forms [23].
However, the development of oral formulations for protein drugs
presents a difficult challenge due to many barriers including the
large molecular mass, size, physicochemical instability, enzymatic
degradation, and low membrane permeability, as detailed in previ-
ous sections. Accordingly, most protein drugs in the pharmaceuti-
cal market are available in parenteral formulations, and only a few
in oral formulations [23].

Despite the hurdles, great efforts and many different
approaches have been taken to develop oral dosage forms of pro-
tein drugs. This has led to significant progress in recent years. Par-
ticularly, advancements in nanotechnology have fueled progress in
oral protein delivery systems and some of them are highlighted in
the following sections.

3.1.1. Polymer-Based Formulations
3.1.1.1. Hydrogels. Hydrogels are three-dimensional polymeric net-
works composed of cross-linked hydrophilic and biocompatible
polymers, which also exhibit a thermodynamic compatibility with
water allowing them to swell in aqueous media [24,25]. Hydrogels
are widely used for various clinical applications such as contact
lenses, biosensors, materials for tissue engineering, and drug deliv-
ery carriers [25,26]. Significantly, hydrogels can also offer an effec-
tive and convenient way to administer protein drugs. Among
various polymers, 2-hydroxyethyl methacrylate, ethylene glycol
dimethylacrylate, N-isopropyl acrylamide, acrylic acid, methacrylic
acid (MAA), poly (ethylene glycol) (PEG) and poly (vinyl alcohol)
(PVA) are commonly used in hydrogels for protein delivery [26].

Given that hydrogels must maintain their integrity in order to
protect proteins until they are released at target sites, the mechan-
ical properties of hydrogels are also important for pharmaceutical
applications. The degree of hydrogel crosslinking must be adjusted
to obtain the desired mechanical properties since a higher degree
of crosslinking results in a stronger but more brittle structure
[26]. Copolymerization can also be utilized to obtain relatively
strong but elastic hydrogels.

Hydrogels are often designed to respond to certain physiologi-
cal stimuli such as pH, ionic strength and temperature. In response
to environmental stimuli, such hydrogels can dramatically change
their swelling behavior, network structure, permeability, and
mechanical strength [25]. Particularly, for more effective oral
delivery of protein drugs, pH-triggered drug release systems are
widely adopted in order to protect the proteins from the harsh gas-
tric environments. The pH-responsive hydrogels are ionic hydro-
gels containing pendant groups ionized in response to
environmental pH changes; this causes the hydrogel network to
swell. There are many previous reports investigating pH-
responsive hydrogels loaded with protein drugs. Recently,
Carrillo-Conde at al. [27] have prepared P(MAA-g-EG) and poly
[methacrylic acid-grafted-(N-vinylpyrrolidone)] [P(MAA-co-NVP)]
hydrogel systems for anti-tumor necrosis factor (TNF)-a mono-
clonal antibody (mAb). These hydrogelsystems protected TNF-a
mAb from the acidic environment of the stomach and released
the mAb in the small intestine. Consequently, these hydrogel sys-
tems preserved antibody bioactivity, leading to the systemic circu-
lation of an intact antibody retaining its biological function [27].
Other research groups have also demonstrated that P(MAA-g-EG)
based hydrogels were applicable to the oral delivery of vaccines
and cholera toxin [28]. Overall, P(MAA-g-EG) hydrogels appear to
be a promising oral delivery carrier for protein drugs, therapeutic
antibodies, and vaccines.

Recently, Lima etal. [29] fabricated an alginate-based hydrogel
loaded with BSA as a model therapeutic. Their hydrogel system
exhibited pH-dependent swelling performance with higher value
at pH 7.4 and enhanced pharmacological activity [29]. Similarly,
a xanthan gum/poly (N-vinyl imidazole) hydrogel system loaded
with BSA also exhibited high loading efficiency and encapsulation
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efficiency [30]. The release profile of BSA was dependent on the
concentration of the polymers. Overall, alginate and xanthan
gum-based hydrogel systems seem to be suitable for protein deliv-
ery via the oral route of administration.

3.1.1.2. Nanoparticles. In recent years, various nanoparticles have
been explored as potential carriers for oral protein delivery.
Nanoparticles are able to improve the physicochemical stability
of proteins in the GI tract by imprisoning proteins in the polymeric
matrix with a size range of 10–1000 nm. As an oral protein carrier,
nanoparticles should be non-toxic and non-immunogenic [31]. In
addition, the size of nanoparticles often plays a key role in intesti-
nal absorption, distribution, elimination, and in-vivo activity. For
instance, nanoparticles <100 nm can be well absorbed across the
intestinal mucosa, but intestinal absorption is dramatically
reduced for nanoparticles >500 nm [31]. The surface of nanoparti-
cles can be decorated with specific ligands for targeting the
receptor-mediated transport pathways [32].

Various natural and synthetic polymers are used in the prepara-
tion of nanoparticles. Among them, poly (lactic acid) (PLA), poly
(lactic-co-glycolic acid) (PLGA), chitosan, gelatin, polymethyl-
methacrylates, and poly-alkyl-cyanoacrylate are the most widely
used for the preparation of nanoparticles [33,34]. Chitosan, which
is derived from the deacetylation of chitin, is a copolymer consist-
ing of glucosamine and N-acetyl-glucosamine [34,35]. Many prop-
erties of chitosan, including biocompatibility,mucoadhesion, and
low toxicity, make it a suitable candidate as protein delivery carri-
ers [33,35]. Moreover, chitosan enhances cellular uptake by open-
ing the tight junction [33,34]. Therefore, many researchers have
attempted to use chitosan as a protein delivery carrier. For exam-
ple, Mukhopadhyay etal. [33] developed the self-assembled chi-
tosan/insulin nanoparticles for successful oral insulin delivery.
They prepared nanoparticles with spherical or subspherical shapes,
an average particle size of 200–550 nm, and a high encapsulation
efficiency of about 85%. The oral administration of chitosan/insulin
nanoparticles effectively decreased the blood glucose level in
alloxan-induced diabetic mice, suggesting that chitosan nanoparti-
cles have great potential as oral insulin carriers [33].

Many chitosan derivatives were proposed to improve the solu-
bility of natural chitosan in a broader pH range. Among them, N-
trimethyl chitosan chloride (TMC), a partially quaternized deriva-
tive of chitosan, overcomes issues of solubility at a neutral pH
while retaining the advantages of chitosan including mucoadhe-
sive properties and tight junction opening. Sandri etal. [36] com-
pared the cellular uptake of insulin-loadedTMC nanoparticles
with chitosan nanoparticles. In their studies, both chitosan and
TMC nanoparticles significantly enhanced the permeation of insu-
lin into Caco-2 cells; however, TMC NPs were more efficient in jeju-
num tissue (pH 6–6.5) due to their high mucoadhesive potential.
This indicates that TMC nanoparticles are a suitable carrier for
the oral administration of insulin [36]. In addition, Jin etal. [37]
prepared insulin-loadedTMC nanoparticles modified to target gob-
let cells using a C-Src tyrosine kinase (CSK) targeting peptide. Com-
pared with unmodified nanoparticles, the CSK peptide
modification facilitated the uptake of nanoparticles in villi. In addi-
tion, the orally administrated CSKpeptide-modifiedTMC nanoparti-
cles showed increased bioavailability and a greater hypoglycemic
effect of oral insulin when compared to unmodified ones. Accord-
ingly, CSKpeptide-modifiedTMC nanoparticlesappeared to be effec-
tive as goblet cell-targeting nanocarriers for oral delivery of insulin
[37]. Carboxymethyl chitosan (CMC) may be also applicable as a
drug carrier for hydrophilic macromolecules since some of previ-
ous studies confirmed the superior stability, low toxicity, and con-
trolled drug release properties of CMC-basedpH-sensitive
nanoparticles [38,39]. Besides these examples, there have been
many attempts to overcome the disadvantages of chitosan by using
derivatives such as diethyl methyl chitosan, triethyl chitosan, and
lauryl succinyl chitosan, which also have high potential as effective
oral delivery carriers for protein drugs.

Alginate is a natural anionic polymer that is widely used as a
drug carrier [40,41]. Due to its anionic surface charge, it can readily
undergo gel formation via electrostatic interaction with cationic
materials. However, alginate beads have a large porosity, which
leads to drug leakage. To overcome this issue, chitosan or dextran
sulfate are commonly used in combination with alginate. For
example, Mukhopadhyay etal. [42] suggested that chitosan-
alginate nanoparticles could be a promising oral delivery carrier
for insulin via pH-dependent drug release in the GI tract. They
demonstrated that the insulin release from chitosan-alginate
nanoparticles were effectively suppressed at acidic pHs, followed
by a sustained release at intestinal pHs [42]. Accordingly,
chitosan-alginate nanoparticles protected insulin from the harsh
gastric environment upon oral administration. Furthermore,
chitosan-alginate nanoparticles significantly improved the hypo-
glycemic effects and bioavailability of oral insulin when compared
to free insulin solution in diabetic mice [42].

In addition to natural polymer-based nanoparticles, various
synthetic polymers are commonly used as oral delivery carriers
for protein drugs. Among them, PLGA is a representative polymer
widely used for oral protein delivery. PLGA is a copolymer of lactic
acid and glycolic acid created via ring-opening polymerization. The
biodegradability and biocompatibility of PLGA facilitate its applica-
tion as a drug delivery carrier [43,44]. Yang etal. [45] prepared
insulin-loadedPLGA nanoparticles by double-emulsion solvent
evaporation methods and evaluated invivo efficacy after oral
administration in diabetic rats [45]. Their results indicated that
blood glucose in the diabetic rats decreased to normal levels within
8 h after oral administration of insulin-loadedPLGA nanoparticles
[45].

In many ways, PLGA nanoparticles are promising vehicles for
oral protein delivery; however, they also present difficulties such
as initial burst drug release in acidic pHs and poor mucosal pene-
tration [45]. To overcome these issues, PLGA nanoparticles can
undergo the surface modification. Zhang etal. [46] reported the
enhanced bioavailability of insulin by using PLGA nanoparticle
coated with chitosan. PLGA nanoparticles are applicable to tar-
geted drug delivery of orally administered proteins. Hurkat etal.
[47] prepared PLGA nanoparticles coated with targeting ligands
specific for M cells located in Peyer’s patches, the main gateway
for macromolecules such as bacteria and virus. As a targeting
ligand, they used Con A lectins which can specifically bind to
alpha-fucosyl groups presented by M cells. Con A-coatedPLGA
nanoparticles suppressed drug release in acidic environments
and gradually released insulinup to 70% with retaining the struc-
tural stability of insulin. Furthermore, invivo experiments sug-
gested that Con A-coatedPLGA nanoparticles were effective at
improving the oral bioavailability of insulin [47]. Another approach
for targeted oral protein delivery utilizes the neonatal Fc receptor
(FcRn) present in the apical region of the small intestine and colon
epithelial cells. The Fc-conjugated nanoparticles bind to FcRn and
diffuse through lamina propria via receptor-mediated endocytosis.
Recently, Shi etal. [32] developed exenatide-loadedPEG-PLGA
nanoparticles modified with Fc, which lead to the enhanced
absorption and better hypoglycemic effect of exenatide. This study
suggests that nanoparticles targeted to FcRn overcome the epithe-
lial barrier and improve the effectiveness of oral protein delivery
systems [32].

Some studies reported the application of polylactic acid (PLA) as
a novel oral protein delivery carrier. PLA is a biodegradable alipha-
tic polymer that can be hydrolyzed into monomeric units inside
the body. In a recent study, Xiong etal. [48] prepared insulin-
loadedblock-copolymer containing PLA and Pluronic P85 (PLA-
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P85-PLA), which resulted in a prolonged and enhanced hypo-
glycemic effect. Similarly, insulin-loadedPLA-PEG nanoparticles
conjugated with modified Fc exhibited >11-fold higher absorption
than non-targeted nanoparticles [49].

Overall, nanoparticles decorated with specific targeting ligands
may have a significant impact on the treatment of many diseases
by enabling protein drugs, which are currently limited by low
bioavailability, to be efficiently delivered through oral administra-
tion. FcRn targeting may also be applicable for other routes of
administration since FcRn is expressed in the vascular endothe-
lium, blood-brain barrier, renal system, hepatic system, lungs,
and throughout the hematopoietic system [49].

Redox-activated nanocarriers are also suggested as effective
delivery systems for drugs and genes, which are often sensitive
to glutathione (GSH) as a regulator of cellular redox potential
[50–52]. For example, Cai etal. [52] demonstrated the effective
gene delivery using stimulus-responsive catiomer designed with
redox-sensitive disulfide and acid-labile imine linkers. The experi-
mental results confirmed the high potential of redox-responsive
systems for nonviral gene delivery applications with high DNA
binding ability, low cytotoxicity, and high transfection efficiency.

3.1.2. Lipid Based Formulations
3.1.2.1. Emulsion. An emulsion is a well-blended mixture of two
immiscible liquids such as oil and water in the presence of emulsi-
fying or surface-active agents [53]. Multiple emulsions such as oil-
in-water-in-oil (O/W/O) and water-in-oil-in-water (W/O/W) emul-
sions are often used for delayed or controlled drug release [54]. In
addition, W/O/W emulsion has been widely studied for protein
encapsulation since it can effectively entrap hydrophilic drugs in
the internal aqueous chamber. However, the application of W/O/
W emulsion as a protein drug delivery system faces issues includ-
ing reduced protein activity, difficulties in size control, and insta-
bility against pH, heat, and storage [55].

Wang etal. [56] suggested a simple preparation method for
anhydrous reversed micelles (ARMs) by lyophilization of a water-
in-oil emulsion. Lyophilized ARMs contained insulin and phos-
phatidylcholine in an aqueous phase and an oil phase, respectively.
After oral administration, ARMs released the drug slowly and sig-
nificantly reduced plasma glucose levels in diabetic rats [56].
Recently, protein-loaded, pH-sensitive nanofibers were also devel-
oped by using an emulsion electrospinning method, which exhib-
ited pH-dependent drug release and significantly enhanced
protein stability during long term storage [57].

On the other hand, self-nanoemulsifying drug delivery systems
(SNEDDS) have received considerable attention as a promising
alternative to orally administered emulsions due to their high
physical stability and ease of manufacture [58,59]. SNEDDS consist
of oils, surfactants, co-solvents/co-surfactants, and drugs. These
can be orally administered in gelatin capsules and spontaneously
form a fine O/W emulsion with nano-sized droplets upon aqueous
dilution by the gentle agitation of the gastrointestinal fluids
[60,61]. In addition to the enhanced dissolution of drugs by
SNEDDS, bypassing the hepatic first-pass effect via lymphatic
transport is another factor that contributes to the increased
bioavailability of drugs by SNEDDS [60,61]. Compared to conven-
tional W/O/W emulsions, SNEDDS have some advantages as an oral
delivery system for protein drugs in terms of better stability, better
oral bioavailability, and easier particle size control. Sakloetsakon
etal. [62] fabricated the thiolated chitosan based SNEDDS for oral
delivery of insulin, which displayed a significant increase in oral
exposure of insulin.

In addition, Qi etal. [61] proposed a self-double-emulsifying
drug delivery system (SDEDDS) by formulating mixtures of hydro-
philic surfactants and water-in-oil (W/O) emulsions to resolve the
instability issue of W/O/W emulsions. SDEDDS spontaneously
emulsify into W/O/W double emulsions in the aqueous gastroin-
testinal environment, resulting in drug encapsulation within the
internal water phase of the double emulsions. When they encapsu-
lated pidotimod as a model protein in SDEDDS, the protein
retained its stability for 6 months at 25�C. Moreover, SDEDDS
increased the oral absorption of pidotimod by 2.56-fold when com-
pared to aqueous protein solution [61].

3.1.2.2. Liposome. Liposomes are widely used to improve the mem-
brane permeability of protein drugs by encapsulating proteins
inside the aqueous core [16]. The structural similarity of liposomes
with the cellular membrane is also beneficial in facilitating intesti-
nal absorption. However, liposomes have some weaknesses as an
oral protein carrier such as chemical and enzymatic instability in
the GI tract [63]. Since surface coating should be advantageous
for oral drug delivery in liposomes to overcome instability issues,
various approaches have been attempted to modify the surface of
liposomes by using ligands that interact with specific receptors
on the cellular membrane. For example, lectins, a type of glycopro-
tein from plants, are promising ligands for specific binding to their
carbohydrate receptors on the mucosal surface [64]. Makhlof etal.
[65] prepared liposomes coated with wheat germ agglutinin
(WGA) lectin, which strongly bound to N-acetyl-D-glucosamine
and sialic acid on the intestinal mucosal membrane. In their stud-
ies, three types of calcitonin encapsulated liposomes were pre-
pared: uncoated liposomes (LIP), carbopol coated liposomes (CP-
Lip), and WGA-carbopol coated liposomes (WGA-CP-Lip). Among
the tested liposomes, WGA-CP-Lip significantly improved the cel-
lular uptake of calcitonin without any toxicity [65]. Furthermore,
after oral administration to rats, relatively high plasma calcium
levels suggested that WGA enhances the oral absorption of calci-
tonin by specifically binding to a receptor on the intestinal
membrane.

Archaeosomes are another type of lipid-based oral delivery sys-
tem fabricated from the polar lipids of various Archaeobacteria.
They have unique structural features that help them retain stabil-
ity at high temperatures, low or high pHs, and in the presence of
phospholipases and bile salts, which may lead to superior stability
in the GI tract [66,67]. Therefore, they have gained increasing
attention as a carrier for proteins, genes, and vaccines. Li etal.
[66,67] explored the potential of archaeosomes constructed with
the polar lipid fraction E from S. acidocaldarius as an oral drug
delivery carrier. In their studies, archaeosomes exhibited superior
stability in simulated GI fluids, and invivo experiments indicated
that archaeosomes containing insulin-induced lower levels of
blood glucose when compared to conventional liposomal formula-
tions [66]. They also examined the immunogenic potentials of
archaeosomes as oral vaccine delivery vehicles. After oral adminis-
tration, archaeosomes greatly enhanced the immune response
against the model antigen ovalbumin (OVA), eliciting a substantial
IgG response systemically as well as an IgA response mucosally
[67]. Archaeosomes also facilitated antigen-specific CD8+T cell pro-
liferation. The above indicates that archaeosomes may be a poten-
tial vaccine carrier and adjuvant for effective oral immunization
[67].

3.1.3. Others
In order to facilitate the effective oral delivery of biologics, var-

ious novel and cutting-edge approaches have been pursued. One of
them includes drug delivery with microneedle-based technology
where the capsule is filled with micro-needles for oral delivery of
biologics. Here, shielded microneedles with insulin pass through
the hostile environment of the stomach and once exposed to
intestinal pH, the shield coating dissolves and then the bare micro-
needles pierce the intestinal epithelium to enhance the insulin
absorption. The researchers performed proof-of-concept studies,
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demonstrating the superior hypoglycemic effect of shielded micro-
needles with insulin over subcutaneous injection and transdermal
microneedles in pigs [68]. Furthermore, it was found that
microneedle-containing devices were safe with no evidence of tis-
sue damage in the GI tract. This study strongly supports the appli-
cability of microneedle technology for use in the GI tract. Similarly,
Banerjee et al. [69] developed a mucoadhesive device loaded into a
pH-responsive enteric-coated capsule for oral delivery of insulin.
The enteric coating aids in escaping the acidic environment of
the stomach and its mucoadhesive properties enhance the intesti-
nal resident time.

3.2. Nasal Delivery

The blood-brain barrier (BBB) controls the passage of most ther-
apeutics, including proteins, into the central nervous system (CNS)
and also represents a significant hurdle in drug delivery to the CNS
for the treatment of many neuronal degenerative disorders [70]. In
this context, the nasal route can be the most reliable alternative
when compared to oral and parenteral routes [71,72]. Although
the nasal route is typically used for infection of many pathogens,
it is a convenient mucosal site for drug delivery. Primarily, the
nasal mucosa is accountable for airways homeostasis, humidifica-
tion, mucous secretion, mucociliary clearance and antimicrobial
protection [73]. The nasal delivery route is advantageous to drug
delivery because it is non-invasive, readily accessible due to a thin
and porous epithelial barrier, and highly vascularized. Additionally,
it can bypass the hepatic first-pass metabolism, has a relatively low
activity of proteolytic enzymes, and provides a rapid onset of
action [73–75]. Furthermore, it is effective and patient-friendly
with respect to self-medication. Lastly, it allows drugs to be deliv-
ered directly to the brain tissue or cerebrospinal fluid through
olfactory neurons, bypassing the BBB [75]. All those advantages
make the nasal route suitable for local and systemic drug delivery.
Particularly, the nasal route exhibited high potential for an effec-
tive protein drug delivery.

Various formulation strategies are available to improve the
bioavailability of protein drugs via nasal administration. They
include the use of enzyme inhibitors to circumvent nasal metabo-
lism by proteolytic enzymes, the incorporation of absorption
enhancers to promote permeation through the membrane,
mucoadhesive formulations to improve nasal residential time,
and prodrug approaches for optimizing favorable physiochemical
properties. Among them, the use of absorption enhancers such as
bile salts, surfactants, fluidic acid derivatives, phosphatidylcholi-
nes, fatty acids (taurodihydrofusidate), cyclodextrins(CDs), cation-
ized polymers, chelators, and cell penetration peptides facilitate
drug permeation across the nasal membrane [76]. Since the
bioavailability of proteins can be limited by short residence time
in the nasal cavity, mucoadhesive systems are used to prolong
nasal retention time. Accordingly, the improved nasal bioavailabil-
ity of calcitonin and insulin using Carbopol 941 and carboxymethyl
cellulose was reported in previous studies [2]. Mucoadhesive poly-
mers also act as permeation enhancers by opening the tight junc-
tions of the nasal epithelium. Thus, mucoadhesive micro-/nano-
particles can be effective carriers for the nasal delivery of protein
drugs as they offer longer residence time with enhanced perme-
ation across the nasal membrane. These formulation approaches
are discussed in detail below.

3.2.1. Polymer-Based Formulations
3.2.1.1. Nano-/Micro-Particles. The nasal administration of protein
drugs using nanoparticles has been actively pursued in recent
years [71,73]. Particularly, mucoadhesive nanoparticles have a
longer residence time in the nasal cavity. Chitosan nanoparticles
have been widely explored for the nasal delivery of insulin [73].
The positive charge of chitosan nanoparticles prolonged the con-
tact time between insulin and the nasal mucosal membrane,
thereby enhancing the bioavailability of insulin. Likewise, the
intranasal administration of chitosan-N-acetyl-L-cysteine
nanoparticles and PEG-g-chitosan nanoparticles enhanced the
bioavailability of insulin [75,77]. The nasal-associated lymphoid
tissue (NALT) is the main target in intranasal vaccination, and poly-
meric nanoparticles of chitosan, PLGA, and polystyrene were effec-
tive with respect to antigen uptake by NALT [73]. Trimethyl
chitosan nanoparticles increased the residence time of the antigen
and enhanced IgA and IgG production [73,78]. Likewise, mucoad-
hesive chitosan nanoparticles dramatically increased the brain
uptake of nerve growth factor (NGF) via nasal administration
[73,79].
3.2.1.2. Nanogel. Nanogels are water-swollen and crosslinked poly-
mer nanoparticles with hydrodynamic sizes in the 10–100 nm
range and may be dispersed in an aqueous medium while main-
taining their fixed conformation [80,81]. They can be prepared
using natural and/or synthetic polymers [82]. The main advantage
of nanogels is that their size, surface charge, network density, and
chemical functional groups can be controlled and tailored to obtain
the desired structural and functional properties.

Insulin molecules have been covalently attached to soft, highly
hydrophilic, and multifunctional nanogels for nasal delivery. After
intranasal administration, poly(N-vinyl pyrrolidone)-based nano-
gels covalently attached to insulin were able to cross the BBB
and exhibit greater neuroprotection against amyloid b-induced
dysfunction when compared to free-insulin [83]. These results sug-
gest intranasal nanogels are a promising tool for developing new
therapies for neurodegenerative diseases.

Nochi etal. [84] developed an intranasal vaccine-delivery sys-
tem with a nanometer-sized hydrogel consisting of a cationic
cholesteryl-group-bearing pullulan (cCHP). Anon-toxic subunit
fragment of Clostridium botulinumtype-A neurotoxin BoHc/A was
administered intranasally with cCHP nanogel (cCHP-BoHc/A),
which was effectively taken up by mucosal dendritic cells after
its release from the cCHP nanogel [84]. Moreover, tetanus toxoid
intranasally administered with cCHP nanogels induced strong
tetanus-toxoid-specific systemic and mucosal immune responses,
which suggest that cCHP nanogels can be used as a protein-
basedantigen-delivery vehicle for adjuvant-free intranasal vaccina-
tion [84].
3.2.2. Lipid-Based Formulations
The nasal administration of drug-loaded liposomes showed

effectiveness in the treatment of CNS disorders because it allows
direct nose-to-brain drug delivery by means of lipid nanoparticles.
Liposomes are applicable for the intranasal delivery of therapeutic
proteins and peptides. Kakhi et al. [85] developed liposomal vacci-
nes for intranasal administration. The liposomal vaccine was fabri-
cated with the ErbB2 T-cytotoxic epitope, the influenza-derived HA
T-helper epitope, and the lipopeptide adjuvant, Pam2CAG. Nasal
administration of the liposomal vaccine resulted in efficient anti-
lung tumor activity, where the size, structure, and flexibility of
liposomes did not affect vaccine immunity and antitumoral effi-
ciency. These results suggest the feasibility of liposomal carriers
for antitumor vaccine delivery by nasal route [86].

Spray-dried polymer-coated liposomes could improve the pen-
etration of proteins across the nasal mucosa [86]. Among the
polymer-coated liposomes, TMC-coated liposomes have shown
the high entrapment efficiency of BSA, a model protein, while
retaining the structural integrity of the entrapped protein [86].
Recently, Kaplan et al. [87] developed liposomes with sizes ranging
between 200 and 250 nm and entrapment efficiency of 73%. The
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liposomes were further dispersed in a chitosan gel (lipogel) to
enhance the mucosal retention time [87].

3.3. Transdermal Delivery

Drug delivery via the skin offers some advantages including
reduced dosing frequency with sustained drug release, bypassing
the hepatic first-pass metabolism, cost-effectiveness, and high
patient compliance [2,88,89]. Particularly, when compared to oral
delivery, transdermal administration can prevent the chemical
and enzymatic destabilization of protein drugs in the harsh gas-
trointestinal environment. Furthermore, transdermal administra-
tion is also applicable for topical drug delivery, which minimizes
the adverse systemic effects. As a result, in the past few decades,
there have been many attempts at delivering macromolecules via
the transdermal route; however, inherent low absorption of
macromolecules by impermeable stratum corneum is a major chal-
lenge [90].

The skin consists of three stratiform tissues; epidermis, dermis
and subcutaneous tissue. The epidermis comprises the stratum
corneum and viable epidermis. While the viable epidermis and
dermis are hydrophilic, the hydrophobic and fibrous structure of
the stratum corneum impedes the passage of exogenous materials
and serves as a major barrier against the perfusion of large hydro-
philic proteins [88]. In addition, adhesive membrane proteins form
tight junctions in the viable epidermis, which forms an additional
physical barrier. To overcome these barriers, various approaches
have been developed including the addition of biochemical enhan-
cers such as terpenes and glycols, and the use of physical penetra-
tion enhancement techniques such as iontophoresis, sonophoresis,
electroporation, and microneedles [90]. Although these approaches
have been successful, to a certain extent, in enhancing the skin
penetration of macromolecules, chemical enhancers can cause
local irritation and permanent skin damage. Physical enhancement
approaches also have disadvantages including high cost and
patient discomfort [90]. Recent advancements in nanotechnologies
have promoted improvements in the transdermal delivery of
hydrophilic macromolecules such as proteins and peptides. Some
representative nano-formulations for transdermal delivery of pro-
tein drugs are described in the following sections.

3.3.1. Polymer-Based Formulations
Nanoparticles have lipid-fluidizing functions which alter the

extracellular lipids of the stratum corneum and thus play an
important role in altering skin permeability. Sadhasivam et al.
[91] developed a nanoparticle system with chitosan for transder-
mal delivery of insulin. These insulin loaded-chitosan nanoparti-
cles exhibited a quasi-circular structure with sizes ranging
between 465 and 661 nm. Transdermal patches of insulin–chitosan
nanoparticles were prepared using HPMC, PVP K30, and PEG 400
with Tween 80 as plasticizer [91]. The insulin release rate from
patches increased as the concentration of hydrophilic polymer
was increased [91]. Groot et al. [92] developed ovalbumin (OVA)-
loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles with
and without the TLR3 agonist, poly(I:C). Intradermal injection of
the OVA-loaded PLGA nanoparticles by hollow microneedles
primed both adoptively transferred antigen-specific naïve trans-
genic CD8+ and CD4+ T cells with markedly high efficiency. The
immune response following immunization with anionic PLGA
nanoparticles co-encapsulated with OVA and poly(I:C) provided
protection against a recombinant strain of intracellular bacterium
Listeria monocytogenes [92]. This study demonstrates that PLGA
nanoparticles are an effective delivery vehicle for protein antigen
into the skin. Monkare et al. [93] also developed hyaluronan-
based dissolving microneedles loaded with PLGA nanoparticles
(NPs) co-encapsulating OVA and poly(I:C) for intradermal immu-
nization. The immunogenicity of PLGA NPs delivered by dissolving
microneedles was compared with that of hollow microneedle-
delivered NPs in mice. While NP-loaded dissolving microneedles
achieved equally strong immune responses compared to hollow
microneedles, humoral and cellular immune responses produced
by NP-loaded dissolving microneedles were lower than those pro-
duced by NPs delivered through hollow microneedles [93].
Recently, Tu et al. [94] evaluated the transdermal delivery of pro-
tein drugs by N-trimethyl chitosan nanoparticles (TMC NPs) in
the presence of electret. Electret prepared by a corona charging
system with polypropylene film is a dielectric material that can
maintain a quasi-permanent electrical charge for a long duration.
In this study, superoxide dismutase (SOD)-loaded TMC NPs, when
combined with electret, exhibited a strong inhibitory effect on ede-
mas in the ears of mice, which indicates that the transdermal deliv-
ery of protein drugs in TMC NPs was significantly enhanced in the
presence of electret [94]. This study suggests that TMC NPs com-
bined with electret is a novel platform for the transdermal delivery
of protein drugs. In addition, Chen et al. [95] developed a cardiac
patch by using electrospinning cellulose nanofibers modified with
chitosan/silk fibroin (CS/SF) multilayers, to improve the retention
of the engrafted adipose tissue-derived mesenchymal stem cells
(AD-MSCs). They demonstrated that CS/SF-modified nanofibrous
patches promoted the retention and functional survival of
engrafted AD-MSCs [95].

3.3.2. Lipid-Based Formulations
3.3.2.1. Emulsion. Nanocarriers dispersed in lipophilic vehicles
should penetrate the stratum corneum efficiently since the stra-
tum is hydrophobic. Among nanocarriers, nanoemulsion is a low
viscosity isotropic dispersed system containing two immiscible liq-
uid phases. In general, nanoemulsions can be prepared by high-
pressure homogenization, phase-inversion temperature, and
micro-fluidization [96]. Since nanoemulsion is a thermodynami-
cally unstable system, its major drawback is physical instability
such as creaming and flocculation during long-term storage [97].
However, optimizing the particle size and the composition of sur-
factants can produce a metastable state in the system. Although
nanoemulsions for transdermal delivery are less popular due to
their thermodynamic instability, transcutaneous immunization of
nanodispersions has shown some potential as a transdermal anti-
gen delivery vehicle [98,99]. Transcutaneous immunization is safe,
non-invasive, economic, patient-friendly, and avoids first-pass
metabolism [96]. Ledet etal. [98] prepared a novel nanoemulsion
with FITC-BSA, squalane, Tween 80, and Span 80 by using high-
pressure homogenization. These nanoemulsions exhibited opti-
mized physical characteristics and superior skin permeation, indi-
cating their flexibility for incorporating diverse active ingredients
and the potential of their nanoemulsion system as a transcuta-
neous vaccine delivery vehicle [98]. Lopez etal. [99] also developed
a novel imiquimod solid nanoemulsion (IMI-Sol) for transcuta-
neous immunization, which induced high-qualityT cell responses
for enhanced protection against infections. Their study demon-
strates that IMI-Sol can overcome the limitations of previous imi-
quimod based transcutaneous immunization approaches and
promoted the prevention and treatment of infectious diseases
and cancers [99]. Malakar etal. [100] developed insulin-loaded
microemulsions for transdermal delivery using isopropyl myristate
or oleic acid as the oil phase, Tween 80 as the surfactant, and iso-
propyl alcohol as the cosurfactant. They demonstrated that a
microemulsion containing 10% oleic acid, 38% aqueous phase,
50% surfactant phase, and 2% dimethyl sulfoxide as a permeation
enhancer was highly effective at improving the skin permeation
of insulin.

To overcome the instability issues associated with nanoemul-
sions, S/O nanodispersion systems have been proposed, which
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are oil-based dispersions of hydrophilic molecules in solid powder
form. S/O dispersions are prepared by removing water and cyclo-
hexane from W/O emulsions via lyophilization followed by redis-
persion of the surfactant–drug complex in another oil vehicle
[101]. Therefore, W/O nanoemulsions are precursors to S/O nan-
odispersions. For example, Araki etal. [102] developed a transcuta-
neous immunization vaccine based on S/O nanodispersion using
OVA as a model antigen. OVA was coated with a surfactant to form
nano-sizedsurfactant-OVA complexes and dispersed in the oil
phase, which penetrated the skin without any adjuvant. Incorpora-
tion of ionic lipids in an S/O system caused higher amounts of OVA-
specific serum IgG than S/O nanodispersions without ionic lipids
[102]. Consequently, this study demonstrates that ionic lipid-
mediated S/O nanodispersions were effective in delivering macro-
molecules via transcutaneous administration [102]. Likewise, S/O
nanodispersion of BSA appeared to be an effective transdermal
delivery system with enhanced skin permeation of model proteins
[103]. Tahara etal. [104] also demonstrated that the collaborative
effect of S/O nanodispersion and arginine-rich peptides as a perme-
ation enhancer could enhance the skin permeation of insulin.

3.3.2.2. Liposome. Liposomes are efficient carriers for the delivery
of therapeutics into the skin [89,105]. Due to the similarity
between liposomal components and skin lipids, liposomes are
easily absorbed by the epidermis and reach the deepest layers of
the skin. In addition to delivering higher concentrations of a drug
into the layers of the skin, liposomes enhance skin hydration via
molecular mixing of the liposome bilayer with intracellular lipids
in the stratum corneum [106]. Particularly, the topical application
of liposomes offers a wide range of advantages such as increased
moisturization, enhanced local effects, minimized unwanted sys-
temic side effects, biodegradability, and biocompatibility.

The encapsulation of proteins within liposomes has been used
to develop a non-invasive transdermal delivery system for macro-
molecules. To overcome the limited success of conventional lipo-
somes [107], many advanced forms of liposomes have been used
to improve skin permeation of macromolecules because the stra-
tum corneum often limits the efficiency of drug delivery through
the skin. Among them, the incorporation of drugs within flexible
liposomal vesicles such as Transfersomes�, ethosome, niosome,
and invasomes is a promising approach for delivering drugs into
deeper layers of the skin or systemic circulation [108]. Transfer-
somes�, also called deformable liposomes, ultra-flexible liposomes,
or elastic liposomes, have the special feature of elasticity induced
by an incorporated edge activator (a single chain surfactant)
[108,109]. While the first and second generation transfersomes�

were mainly composed of phospholipids and surfactants, third-
generation transferosomes are composed of amphiphilic surfactant
combinations with or without phospholipids and exhibit greater
elasticity and skin permeability than conventional liposomes
[109]. Previous studies have demonstrated the effectiveness of
Transfersomes� as a transdermal delivery system of proteins. A
transferosomal gel containing insulin was also successful in
enhancing the skin permeation of insulin and achieving a pro-
longed hypoglycemic effect in alloxan-induced diabetic rats over
24 h after transdermal administration [110]. Similarly,
interleukin-2 and interferon-alpha also showed an enhanced
immunologic effect when formulated into transfersomes, which
indicates the potential of transfersomes as a transdermal delivery
system of macromolecules. In addition, improved immunogenicity
was observed when the carboxyl-terminal19 kDa fragment of
merozoite surface protein-1 (PfMSP-119) from Plasmodium falci-
parum was administered subcutaneously through elastic lipo-
somes as an improved vaccine delivery system [111].

In addition to Transfersomes�, niosomes and ethosomes are
also applicable for transdermal delivery of macromolecules. Nio-
somes are self-assembling elastic nanovesicles composed of one
or more non-ionic surfactants and/or lipids [108]. They are
second-generation elastic vesicles in which molecular clusters
are formed by self-aggregation of non-ionic surfactants in an aque-
ous phase or in combination with cholesterol [112]. They are
chemically stable because they lack phospholipids, which thereby
avoids oxidative degradation [112]. They also offer enhanced pen-
etration and a localized depot for sustained drug release through
the skin. Ethosomes are a multi-phase dispersion system, com-
posed of phospholipids, water, and highly concentrated alcohol.
The head of the lipid bilayer contains alcohol, which enhances
the flexibility and fluidity of ethosomes [112]. Meng etal. [113]
evaluated the transdermal potential of novel testosterone propi-
onate (TP) ethosomes and liposomes prepared by surfactant mod-
ification. The generated TP-loaded ethosomes were nanometric in
size, displayed high entrapment efficiency, and exhibiting greater
skin permeation and stability than conventional liposomes.

For more effective delivery of macromolecules into the skin,
liposomal formulations are incorporated into a dissolving micro-
needle array. For example, Zhao etal. [114] developed ovalbumin
(OVA)/platycodin (PD)-loaded liposomes (OVA-PD-Lipos) and
incorporated them into a dissolving microneedle array (OVA-PD-
Lipos-MNs) to enhance transdermal immunization. These lipo-
somes exhibited high stability of OVA, low toxicity of PD, and
enhanced cellular uptake. Subsequently, OVA-PD-Lipos-MNs
showed a significantly enhanced immune response, suggesting this
combined system of liposome and dissolving microneedle array is
a promising delivery vehicle for subunit vaccines and their adju-
vants into the skin [114]. Guo etal. [115] also developed a transcu-
taneous vaccine device consisting of a dissolving
polyvinylpyrrolidone (PVP) microneedle array where the tips were
loaded with antigenand adjuvants encapsulated in liposomes. They
selected ovalbumin (OVA) as the model antigen, CpG OND as the
adjuvant, and cationic liposomes (Lip) for co-delivering antigens
and adjuvant. An enhanced immune response was observed with
this system, and it also achieved a shift of immune type from a pre-
dominately Th2 type to a balance of Th1/Th2 types [115].
3.3.3. Others
3.3.3.1. Microneedle. Microneedles are tiny needles with lengths
between 50 and 900 lm, and they can pass through stratum cor-
neum to create microchannels [116,117]. As a pain-free device,
microneedles improve the patient’s compliance and provide a ver-
satile platform to overcome the skin barrier for hydrophilic and
high molecular weight drugs, including protein drugs [118]. They
can be fabricated using silicon, metals, biodegradable polymers,
or carbohydrates. First-generation microneedles were solid micro-
needles that perforated the skin membrane and enhanced the per-
meability of drugs. Although solid microneedles appeared to be
effective in delivering insulin [119], the application of solid micro-
needles is limited by low delivery efficiency, complex administra-
tion, a lack of precise dosing, and risk of infection [120]. Recently,
solid microneedles were modified by coating the drug payload
directly onto the surface of microneedles. Dip-coating, casting,
and deposition techniques are widely used for coating the
microneedles. Many studies on protein delivery using coated
microneedles have been successfully carried out. These studies
examined the delivery of recombinant human erythropoietin alfa,
desmopressin, insulin, and various antigens [13,121]. Kusamori at
al. [122] also developed interferon-alpha (IFNa)-coated polyvinyl
alcohol-based microneedles. They reported efficient delivery of
INFa from microneedles with minimal invasion. Moreover, the
pharmacokinetic parameters and anti-tumor activity of IFNa-
microneedles were comparable to those of IFNa subcutaneous
administration [122].
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Hollow microneedles contain a fluid drug formulation, which
pierces the skin and transports the drug through the openings
[13]. An important benefit of hollow microneedles over solid
microneedles is their ability to facilitate force-driven fluid flow,
which allows faster rates of drug delivery [13]. Furthermore, the
dose of the desired drug in the solution can be more easily con-
trolled according to the need of the patient.

Additional strategies such as the use of dissolvable or degrad-
able polymers and the incorporation of bio-responsive materials
have also been used to improve the efficacy of microneedles
[121]. Dissolvable microneedles are completely dissolved upon
insertion into the skin, and this triggers the release of the drug.
Duration of action ranges from an hour to days depending on the
dissolution rate of the polymer [123]. Hydrophilic polymers swell
rapidly and dissociate the chain network, which drives drug
release upon insertion of a microneedle into the skin. Mönkäre etal.
[124] reported the preparation of monoclonal IgG-loaded hyaluro-
nic acid-based dissolving microneedles. After the dissolution of the
microneedles, more than 80% of the incorporated IgG was recov-
ered and no conformational changes were observed. In an ex-vivo
study, the majority of the original tip length was dissolved within
10 min, and both IgG and hyaluronan were deposited to a depth of
150–200 lm in the skin. This study indicated that hyaluronan-
based dissolving microneedles could be useful for rapid non-
invasive intradermal protein delivery.

Incomplete insertion is a common problem associated with
polymer microneedles, leading to inefficient drug delivery and
wastage of valuable medication. To resolve this issue, Chen etal.
[125] developed a fully insertable insulin-loaded microneedle sys-
tem using poly-c-glutamic acid (c-PGA) microneedles and polyvi-
nyl alcohol (PVA)/polyvinyl pyrrolidone (PVP) for supporting
structures. This microneedle system dissolved within 4 min after
insertion into the skin and quickly released its insulin payload. Fur-
thermore, the hypoglycemic effect of insulin-loaded microneedles
was comparable to that of subcutaneous insulin injections in dia-
betic rats [125]. This study indicated that c-PGA microneedles con-
taining a supporting structure design have great potential for the
relatively rapid and convenient transdermal delivery of protein
drugs [125].

Biodegradable microneedles provide sustained drug release
upon the hydrolysis of the biodegradable polymer matrix [13].
Polymers with high molecular weight and high crosslinking den-
sity are preferred when fabricating this type of microneedles.
Recently, Seong etal. [126] fabricated bullet-shapeddouble-
layered microneedle arrays using water-swellable tips made of
polystyrene-block-poly(acrylic acid) and insulin as a model protein
drug. The bullet-shape provides an optimal geometry for mechan-
ical interlocking with soft tissues via selective distal swelling after
skin insertion. In an in-vivo pilot study, this microneedle system
showed a prolonged release of insulin and a gradual decrease in
blood glucose levels [126].

Bioresponsive microneedles are triggered to release protein
drugs in response to physiological signals such as variations in
pH, glucose, reactive oxygen species and enzymes, which offer
opportunities for on-demand release of drugs in a relatively precise
manner [127]. Wang etal. [128] developed a bio-inspiredglucose-
responsive insulin delivery system, which was a painless core-
shell microneedle array patch consisting of a degradable cross-
linked gel. This gel-based device partially dissociated and subse-
quently released its insulin payload when triggered by hydrogen
peroxide (H2O2) generated during the oxidation of glucose by a
glucose-specific enzyme covalently attached inside the gel. This
resulted in the effective regulation of blood glucose levels in a dia-
betic mouse model [128].

Collectively, advancements in materials and nanotechnology
have facilitated the fabrication of more sophisticated microneedle
devices that improve efficacy, biocompatibility, and safety. Fur-
thermore, advancements in the formulation technologies neces-
sary to load drugs into microneedles signal a bright future for
microneedles as an effective transdermal delivery system for
hydrophilic macromolecules.

3.3.3.2. Iontophoresis. Iontophoresis is one of the technigues to
improve the transdermal drug delivery by using mild electric cur-
rent (usually <0.5 mA/cm2 of skin) to the skin [129]. The charged
drug is placed under an electrode with the same polarity; there-
fore, when electirc current is applied, the drug is moved away from
the electrode into the skin by electro-repulsion [13]. Electromigra-
tion and electroosmosis are two main drug transport mechanisms
for iontophoretic delivery [129]. As the repulsion of the charged
drug by an electrode with the same polarity, electromigration is
the principal transport mechanism for charged drugs [129]. Elec-
troosmosis is the flow of solvent from anode to cathode and it is
the transport mechanism for neutral hydrophilic drugs into the
skin [129]. Iontophoretic drug delivery is affected by multiple fac-
tors including the physicochemical drug properties (e.g. size, over-
all charge, structure, and lipophilicity), current density, duration of
current application, and electrodes. Therefore, these factors should
be adjusted to optimize the iontophoresis-mediated drug delivery.
In addition, the main limitations of iontophoretic drug delivery
should be also considered, which include the size limit of drug
molecules up to ~10–15 kDa, potential malfunction of the device
itself, and the possibility of dose dumping [129].

Badkar etal. [130] demonstrated the transdermal delivery of
interferon alpha-2b (IFNalpha2b) in hairless rats using iontophore-
sis and microporation, where iontophoresis enhanced the penetra-
tion of IFNalpha2b through microporated skin in hairless rats. In
addition, many studies were carried out with small molecules
and demonstrated the synergistic effect of iontophoresis in the
transdermal drug delivery [107].

3.3.3.3. Sonophoresis. Sonophoresis uses ultrasound waves to
increase the skin permeability of drugs. Ultrasound waves induce
expansion and oscillation of the air pockets in the stratum cor-
neum, consequently disrupting the lipid bilayer and forming cavi-
ties which enhance the drug permeability through the skin [131].
In addition to the net ultrasound exposure time and the pulse
"on" duration, the degree of enhancementin drug delivery by
sonophoresis depends on the physicochemical drug properties of
the drug. Even though sonophoresis can enhance the transdermal
delivery of therapeutic proteins, potential instability issues of pro-
teins by ultrasound should be carefully evaluated.

Combination of sonophoresis with other enhancement methods
such as chemical enhancers, electroporation, and iontophoresis can
be more effective in enhancing the drug delivery through the skin
as compared with sonophoresis alone. Liao etal. [132] demonstraed
that combined treatment with optimal ultrasound and microbub-
bles could enhance the transdermal delivery of a-arbutin to inhibit
melanogenesis without damaging the skin in mice [132]. The com-
bined system improved the penetration depth, concentration, and
efficiency of transdermal a-arbutin delivery when compared to
either the drug alone or ultrasound alone.

3.3.3.4. Electroporation. Electroporation is an electrical technique
applying high voltage electronic pulses for short durations of time
to increase the skin permeability by opening the aqueous pores in a
reversible manner [13,129,133]. Both electroporation and ion-
tophoresis rely on the application of an electric field: however,
electroporation acts mainly on the skin to alter the membrane per-
meability to enhance drug penetration while iontophoresis directly
acts on the drug to propel it into the skin [13,129,133].



R. Bajracharya et al. / Computational and Structural Biotechnology Journal 17 (2019) 1290–1308 1301
Many studies reported the effectiveness of electroporation to
enhance the transdermal delivery of proteins. For example,
Mohammad etal. [134] investigated the effects of electroporation
parameters on the transdermal delivery of insulin. Results showed
that the increase in the number of pulses (from 15 up to 60 succes-
sive pulses) and the decrease in applied field strength (from 200 to
100 V/cm) significantly decreased the blood sugar level in rabbits.
Furthermore, combination of electroporation with other enhance-
ment techniques such as iontophoresis offers a synergistic effect
on the transdermal delivery of macromolecules. For example, Medi
etal. [135] demonstrated the synergistic effect of electroporation in
combination with iontophoresis on skin permeability of human
parathyroid hormone.

3.4. Pulmonary Delivery

The lung allows rapid and high drug absorption due to its large
surface area (approximately 80–140 m2), very thin alveolar epithe-
lium thickness (0.1–0.5 mm), and large blood supply [2,136]. Pul-
monary drug delivery is advantageous because it avoids the
hepatic first-pass effect and it is also non-invasive, efficacious at
lower doses, and applicable for local or systemic delivery [2,136].
Lung tissue has relatively low enzymatic activity when compared
to the GI tract and pulmonary epithelium has many immunological
properties [137]. However, pulmonary delivery does have some
disadvantages including short duration of activity due to the rapid
removal of the drug. Inhaled drugs can be swept from the airways
toward the mouth and can also be removed via phagocytosis by
alveolar macrophages after their deposition in the lungs [137].
Therefore, an effective slow-drug release requires a means of
avoiding or suspending the lungs’ natural clearance mechanisms
until encapsulated drugs have been effectively delivered. In gen-
eral, proteins with molecular weights between 6000 and
50,000 D have good bioavailability following inhalation [11].
Therefore, pulmonary administration has gained a great deal of
attention as an attractive delivery route for protein drugs.

The delivery device plays a critical role in the effectiveness of
pulmonary drug administration and thus the selection of a delivery
device is one of the key factors in the formulation design for pul-
monary drug delivery. The most commonly used devices used to
deliver therapeutics as aerosols are nebulizers (e.g. jet nebulizers,
ultrasonic nebulizers, and vibrating mesh nebulizers), metered-
dose inhalers, and dry powder inhalers. Selection of a delivery
device depends on the nature of the drug, its formulation including
aerosol properties, the site of action, and the pathophysiology of
the lungs [138]. Protein nebulizer formulations are mainly aqueous
solutions and are relatively easy to develop. Mechanically gener-
ated vibration mesh technologies are currently being used in clin-
ical trials for the delivery of proteins and peptides.

Various nanotechnology-based formulation approaches have
been extensively examined for effective protein delivery via the
pulmonary route. In general, nanoparticles appear to be promising
as a pulmonary delivery carrier of proteins due to their targeting
capability and controlled drug release. In addition, nanoparticles
<200 nm in size might escape the recognition by alveolar macro-
phages, resulting in more effective uptake and drug action [139].
Besides polymeric nanoparticles, other types of nanocarriers
including liposomes and solid lipid nanoparticles have been used
for pulmonary delivery of protein drugs [140]. More detailed dis-
cussion on these nanocarriers can be found in the following
sections.

3.4.1. Polymer-Based Formulations
Polymeric nanoparticles (NPs) are widely used as a pulmonary

drug delivery carrier due to biocompatibility and the ease of sur-
face modification and copolymerization [139]. The most commonly
used natural polymeric carriers include chitosan, alginate, and
gelatin. Similarly, poloxamer, poly(lactic-co-glycolic) acid (PLGA),
and polyethylene glycol (PEG) are the most commonly used syn-
thetic nanocarriers for pulmonary drug delivery [136,139,141].
Recently, Menon et al. [139] examined the capabilities of six poly-
meric NPs (gelatin, chitosan, alginate, PLGA, PLGA-chitosan, and
PLGA- PEG) with regard to inhalational protein/DNA delivery.
Among them, gelatin and PLGA NPs exhibited the smallest particle
sizes (<200 nm), which was within the optimal range for deposi-
tion in the alveolar region by nebulization while avoiding phagocy-
tosis by alveolar macrophages [139]. Based on these profiles,
gelatin and PLGA NPs were used to encapsulate plasmid DNA
encoding yellow fluorescent protein (YFP) or rhodamine-
conjugated erythropoietin (EPO) for pulmonary delivery to rats.
Following a single inhalation, widespread pulmonary EPO distribu-
tion persisted for up to 10 days while increasing YFP expression
was observed for at least 7 days for both NPs [139]. These results
support both PLGA and gelatin NPs as promising carriers for pul-
monary protein/DNA delivery.

Alfagih et al. [137] also developed bovine serum albumin (BSA)-
loaded NPs using a biodegradable polymer poly(glycerol adipate-
co-x-pentadecalactone) (PGA-co-PDL), for pulmonary delivery.
NP size was mainly affected by the polymer mass used and the
structural stability of proteins was well maintained. The effective
uptake of NPs was observed in target dendritic cells with >85% cell
viability [137]. These results indicate the optimal process parame-
ters for the preparation of protein-loaded PGA-co-PDL NCMPs suit-
able for inhalation.

3.4.2. Lipid-Based Formulations
Liposomes are the most effective pulmonary carrier for proteins

drugs, offering enhanced and sustained drug release, biocompati-
bility, biodegradation, and non-immunogenicity [2]. Liposomes
can enhance drug permeation through alveolar epithelium by
altering the physicochemical properties of the drug (e.g. rendering
the drug hydrophobic) and by decreasing the mucociliary clear-
ance due to their surface viscosity [2]. Therefore, liposomal formu-
lations have been developed for the pulmonary delivery of protein
drugs. In addition to liposomes, solid lipid nanoparticles (SLN) have
also been studied as carriers for the delivery of therapeutic pro-
teins through the lung epithelium. Particularly, the production of
spray-dried powders containing SLNs has overcome the problem
of low inertia which can prevent nanoparticles from depositing
in the lung. Gaspar et al. [142] developed a new hybrid microen-
capsulated SLN for pulmonary administration. Papain, a model pro-
tein, was adsorbed onto glyceryl dibehenate and glyceryl
tristearate SLN and then, incorporated into mannitol and trehalose
microspheres by a spray-drying process, leading to spherical
microparticles with suitable aerodynamic characteristics for lung
deposition [142]. Protein stability was maintained throughout
microsphere production, and the protein released from the dry
powder formulations retained its enzymatic activity. These results
suggest the utility of microencapsulated SLN as protein carriers for
pulmonary delivery.

3.5. Ocular Delivery

Due to the urgent need for advanced therapeutic approaches for
the treatment of chronic ocular diseases, the ophthalmology mar-
ket has grown tremendously over the last 20 years [14]. Particu-
larly, the emergence of the anti-vascular endothelial growth
factor (anti-VEGF) aptamer (Macugen; Pegaptanib sodium; OSI
Pharmaceuticals, New York) and monoclonal antibody (Lucentis;
Ranibizumab; Genentech, California) in the early 2000s dramati-
cally accelerated the expansion of ophthalmic protein and
peptide-based drug market. Global sales of biological drugs for
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ophthalmic indications are expected to increase to $35.7 billion by
2025 [143]. Compared to small molecule drugs, proteins-based
drugs have shown great promise as novel therapeutics for the
treatment of ocular diseases, with some advantages including high
potency, less toxicity, low drug-drug interaction, and increased
biological and chemical diversity [14,17]. However, the ocular
delivery of these macromolecules faces several challenges which
include physicochemical degradation, low permeability, short in-
vivohalf-life, and risk of immunogenic effect [14,17]. Consequently,
there is a strong need to develop novel ophthalmic delivery sys-
tems for macromolecules and to target these macromolecules to
biologically relevant ocular tissues.

Since topically-applied conventional dosage forms, such eye
drops have the main drawbacks of low bioavailability and subse-
quent low therapeutic efficiency, various new strategies have been
developed to overcome the ocular delivery barriers and enhance
the bioavailability of proteins via the ocular route of administra-
tion. For example, the utilization of chemical chaperones and co-
administration of recombinant human hyaluronidase have been
attempted to facilitate protein delivery through the ocular route
[144,145]. Since protein aggregation is one of the primary concerns
in the formulation of proteins for ocular diseases, a novel strategy
to utilize chemical chaperones (protein aggregation inhibitors) was
developed to prevent protein misfolding and/or inhibit the self-
assembly of aggregation-prone sequences in native protein struc-
tures [144]. The co-administration of recombinant hyaluronidases
has also been used for decades to increase the penetration of bio-
logical drugs across ocular tissue barriers because hyaluronidases
catalyze the degradation of hyaluronic acid, a key structural com-
ponent of tissues [145]. Furthermore, various nanocarriers includ-
ing polymeric micelles, liposomes, nanospheres, nanowafers, and
dendrimers are being extensively evaluated for their controlled
and targeted delivery of proteins via the ocular route. Some formu-
lation approaches that enhance the ocular delivery of protein drugs
are described in the following section.

3.5.1. Polymer-Based Formulations
3.5.1.1. Nanoparticles. Nanoparticles can be administered through
various routes including topical, periocular, suprachoroidal and
intravitreal. However, intravitreal injection of nanoparticles often
leads to clouding of the vitreous due to the light scattering proper-
ties of polymeric particles. The possible loss of bioactivity, low sta-
bility of proteins due to interactions with nanoparticle matrix and
extensive nanoencapsulation methods may complicate the deliv-
ery of nanoformulations of proteins [14]. So far, only a few
nanoparticle-mediated ocular delivery systems are reported for
protein drugs, and they are in the early stage of development.

Many studies have proven that polymeric nanoparticles, includ-
ing a polymer-basedthermo-gelling system, are successful in ocu-
lar drug delivery. Cho etal. [146] developed a thermosensitive
hexanoyl glycol chitosan (HGC) as a new drug carrier for topical
drug delivery to the eye, by modulating the degree of N-
hexanoylation to control thermogelling. Since HGC was retained
on the preocular surface for a comparatively longer period of time
due to its enhanced viscosity at body temperature, brimonidine-
loadedHGC achieved better bioavailability and prolonged duration
of action compared to the marketed formulation (Alphagan P)
[146]. This study indicates that an HGC-based formulation can
overcome the limited bioavailability of conventional eye drops
due to the rapid drug removal from the surface of the eye. Agrahari
etal. [147] synthesized a pentablock (PB) copolymer (PB-1: PCL-
PLA-PEG-PLA-PCL)-based nanoformulation suspended in a ther-
mosensitive gelling copolymer (PB-2: mPEG-PCL-PLA-PCL-PEGm)
as a novel ocular delivery system for proteins. Subsequently, IgG-
Fab encapsulated nanoparticles suspended in thermosensitive gel-
ling copolymer demonstrated a continuous zero-order release,
avoiding the potential toxicity associated with peaks and valleys
of the protein concentration in the target tissues [147]. This study
suggests that PBcopolymer-based composite nanoformulations can
serve as a platform for ocular delivery of therapeutic proteins,
which may reduce the side effects from frequent intravitreal
injections.

3.5.1.2. Polymeric Micelles. Polymeric micelles are nanocarriers
with sizes ranging between 10 and 100 nm and are composed of
amphiphilic block copolymers with hydrophilic chains forming a
shell and hydrophobic chains forming a core [14,148]. They can
be self-assembled in aqueous media to form an organized
supramolecular structure at concentrations exceeding their critical
micellar concentrations [14,148]. Polymeric micelles for ocular
delivery are prepared by using various polymers including polox-
amer 407, poloxamer 188, methoxy poly (ethylene glycol)-poly(e
-caprolactone), poly (butylene oxide)-poly (ethylene oxide)-poly
(butylene oxide), polyhydroxyethylaspartamide, and, N-
isopropylacrylamide (NIPAAM) [148]. They can also be fabricated
by using the various methods examined in a recent review by Man-
dal et. al. [148].

Polymeric micelles have improved stability, high drug loading
capacity, a low risk for toxicity, highly modifiable surfaces, and
controlled drug release [14,148,149]. Particularly, mucoadhesive
polymeric micelles can enhance the residence time at the ocular
surface, and the nano-range size of polymeric micelles offer better
penetration into ocular tissues. In addition, they have high patient
compliance because they are easy to apply and produce no visual
interference [148,149]. Previous studies have demonstrated signif-
icant improvements in the in-vivo performance of macromolecules
via the ocular administration of polymeric micelles. For example,
anti-Flt1 peptide (an antagonistic peptide for vascular endothelial
growth factor receptor 1 (VEGFR1 or Flt1)) was chemically conju-
gated to tetra-n-butyl ammonium modified hyaluronate (HA-
TBA) via amide bond formation for the treatment of retinal neovas-
cularization and diabetic retinopathy. The resulting conjugate self-
assembled to form micelle-like nanoparticles in aqueous solution
[150]. Anti-Flt1peptide-HA conjugates in the form of micelles
effectivelyinhibited retinal choroidal neovascularization (CNV) in
laser-inducedCNV model rats. They also significantly reduced the
retinal vascular permeability and the deformation of retinal vascu-
lar structure in a diabetic retinopathy rat model [150]. These con-
jugate micelles also increased the mean residence time of anti-Flt1
peptide to longer than 2 weeks.

In addition to conventional polymeric micelles, new ocular
delivery technologies have emerged for facilitating controlled drug
release, including micelles as nano-scale microbubble precursors
and stimuli-responsive micelles [151]. Particularly, innovative car-
riers such as stimuli-responsive intelligent polymeric vesicles
biomimicking the biological activities of lipid bilayers can lead to
effective ocular delivery of protein drugs to both anterior and pos-
terior segments of the eye [151]. Although only a few stimuli have
been investigated in this field to date, the stimuli applicable for
ocular delivery may include temperature, pH, light, magnetic
fields, or disease-specific biological components [151]. Based on
more extensive feasibility studies with various proteins and pep-
tides in future, the stimuli-responsive intelligent polymeric vesi-
cles may provide a new platform for the effective ocular delivery
of macromolecules, although the limitation of biomaterials and
effective stimuli responses are still a hurdle that needs to be
overcome.

3.5.1.3. Dendrimers. Dendrimers are nano-sized polymeric carriers
that can entrap and/or conjugate high molecular weight molecules
[152]. They are radially symmetric molecules with well-defined,
homogeneous, and monodisperse structures consisting of tree-
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like branches. Some commonly used dendrimers are based on
polyamidoamines, polyamines, polyamides (polypeptides), poly
(aryl ethers), polyesters, and carbohydrates, of which polyami-
doamines (PAMAM) are the most common and commercially avail-
able [152]. Their molecular weight and surface charge play a
crucial role in determining tissue accumulation profiles and drug
release rates from the polymer. The absorption is maximal in the
cationic dendrimers due to their ability to interact with lipid bilay-
ers, and it is decreased with the uncharged or anionic dendrimers
[153]. Additionally, the multiple functional groups on their surface
make it possible to target any location in the body, which can rein-
force ligand-receptor binding, ameliorate the targeting of attached
components, and accelerate dendrimer stimuli-responsive func-
tions [14]. Holden etal. [154] fabricated a PAMAM dendrimer
hydrogel by crosslinking responsive acrylate groups from PEG-
acrylate chains, which were activated by UV light. They found that
the dendrimer hydrogel was highly mucoadhesive and nontoxic to
human corneal epithelial cells. In addition, high cellular uptake and
enhanced ‘‘bovine corneal transport” of drugs were reported [154].
They also fabricated a novel hybrid PAMAM dendrimer hydrogel/
poly (lactic-co-glycolic acid) (PLGA) nanoparticle platform for co-
delivery of drugs. The formulation was found to be effective,
non-toxic, highly absorbed, and exhibited a sustained drug release
profile on the ocular surface of rabbits [155]. Studies have also con-
firmed the delivery of therapeutic peptides and proteins using dif-
ferent conjugation techniques with dendrimers. As proteins can
form an adsorbed layer called a ‘‘protein corona”, the mechanism
of formation of a protein corona allows for a better understanding
of dendrimer conjugates in a biological environment, which
thereby helps in effective formulation design as well [156]. Even
though dendrimers are not yet approved for clinical use in the
eye, their promising preclinical results may lead to significant
advancements in clinical development as some of the drawbacks
associated with dendrimers (multistep syntheses, high preparation
costs, inadequate quality control assays, etc.) are improved.

3.5.1.4. Others. Nanowafers are tiny transparent circular or rectan-
gular membranes that contain arrays of drug-loadednano-
reservoirs that release drugs in a highly controlled manner and
for a longer duration than eye drops (a few hours to several days)
[14,157]. They are composed of various polymers such as poly
(vinyl alcohol) (PVA), polyvinyl pyrrolidone (PVP), hydroxypropyl
methylcellulose (HPMC) and carboxymethyl cellulose (CMC)
[157]. Nanowafers are applied with the patient’s fingertip, can
withstand constant blinking without removal, and release the drug
slowly. This enhances the drug resident time and absorption into
ocular tissues and improves therapeutic efficacy [157]. Further-
more, during drug release, the nanowafer slowly dissolves render-
ing ocular surfaces free of polymers. The feasibility of nanowafers
as an ocular delivery system has been examined in previous stud-
ies [158]. Yuan etal. [158] developed PVA-based nanowafers
loaded with axitinib for the treatment of corneal neovasculariza-
tion (CNV). These nanowafers were nontoxic, and in a murine ocu-
lar burn model, once-a-day dosing with an axitinib nanowafer was
two-fold more effective, when compared to twice-a-day dosing
with a topical eye drop formulation [158]. Consequently, these
results confirmed that the nanowafer formulation was more effec-
tive than topical eye drops even at a lower dosing frequency. These
promising results provide a rationale for the preclinical and clinical
evaluation of nanowafer for the ocular delivery of macromolecules
including proteins and peptides.

Drug-loaded contact lenses are also candidates for effective
ocular drug delivery and therapy. Contact lenses provide longer
drug residence time on the eye, which enhances drug permeation
through the cornea [159]. The slow diffusion of drug molecules
from the lens matrix offers sustained drug release. The residence
time and drug release rate can be further improved by entrapping
the drug in nanocarriers and dispersing the drug-loaded nanocarri-
ers in the lens matrix [159]. The application of drug-loaded contact
lenses as an ocular delivery system for macromolecules needs to be
further explored to achieve the desired therapeutic objectives.
However, limitations including drug leaching during storage and
distribution and safety issues related to surface roughness must
be resolved.

3.5.2. Lipid-Based Formulations
Lipid-based nanocarriers such as liposomes, solid lipid nanopar-

ticles, and nanostructured lipid carriers have been examined for
ocular protein delivery. A number of repeated intravitreal injec-
tions can increase the risk of ocular complications including vitre-
ous hemorrhage, endophthalmitis, retinal detachment, and
cataracts; therefore, sustained drug release should be beneficial
in reducing the risk of these ocular complications. Li etal. [160]
developed novel pigment epithelium-derived factor (PEDF)-
loaded immuno-nanoliposomes (INLs) for the treatment of choroi-
dal neovascularization (CNV). After injection into CNV models of
BN rats, PEDF-loaded INLs exclusively bound to CNV but not to nor-
mal choroidal vessels, which led to a significant reduction in the
CNV area of PEDF treatment groups [160]. Moreover, PEDF-
loaded INLs exposed to ultrasound were more efficient in reducing
the CNV area. This suggests that INLs, in combination with ultra-
sonic exposure, can transmit PEDF into the cytoplasm with high
specificity and efficiency, thereby enhancing the inhibitory effects
of PEDF on CNV and reducing its side effects [160]. Consequently,
PEDF-loaded INLs could represent a new treatment paradigm for
patients with ocular neovascularization.

Solid-lipid nanoparticles (SLNs) also appear to be a promising
ocular delivery system for improving therapeutic efficiency with-
out compromising drug safety and patient compliance. As a drug
carrier, SLNs offers many advantages including physical stability,
targetability, controlled release, easy scale-up, and non-toxicity
since they are composed of physiological lipids [161]. In addition,
SLNs can enhance the corneal absorption of drugs and improve
the ocular bioavailability of both hydrophilic and lipophilic drugs.
SLNs are also amenable to autoclave sterilization, a required step
for ocular formulations, and they are dispersible in aqueous media,
enabling them to be formulated as modified eye drops [161]. Based
on these assets, SLNs are especially useful as an ocular drug deliv-
ery carrier. However, drawbacks of SLNs include low drug loading
efficiency, initial burst release of drugs, and rapid elimination by
the mononuclear phagocytic system [161]. To overcome these
drawbacks, a nanostructured lipid carrier has been developed,
which is composed of highly disordered solid and liquid lipids
and improves the entrapment efficiency compared to SLNs [162].
Although SLNs and nanostructured lipid carriers have shown high
potential in delivering small molecules to ocular tissues, their effi-
ciency in delivering macromolecules has not been fully exploited,
yet. Vicente-Pascual etal. [163] developed SLN systems for the
delivery of p-IL10, which could allow for the sustained de novo syn-
thesis of the cytokine in corneal cells and provide long-termanti-
inflammatory effects. This SLN system was able to enter and trans-
fect human corneal epithelial cells, which suggests that SLN-
basedvectors are promising gene delivery systems for corneal dis-
eases [163]. Although SLNs meet many of the requirements for
ocular formulations, as described above, more extensive evalua-
tions are needed to expand the application of SLNs for the ocular
delivery of macromolecules such as protein drugs.

Niosomes, self-assembling nanovesicles composed of non-ionic
surfactants that behave like liposomes, are also preferred for topi-
cal ocular drug delivery due to their chemical stability, biodegrad-
ability, biocompatibility, lack of immunogenicity, and low toxicity
[164]. They can also encapsulate both lipophilic and hydrophilic
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drugs, offering structural flexibility. Discomes are a modified form
of niosomes with large structures (12–16 mm) created by the addi-
tion of Solulan C24 (non-ionic surfactant). They are well-suited for
the ocular route of administration since their large size may pre-
vent their drainage into the systemic pool [164]. In addition, dis-
comes are disc-shaped, which helps them fit better into the cul-
de-sac of the eyes. Niosomes and discomes are still in early-stage
development, and their potential as an ocular delivery system of
proteins should be further explored.

3.6. Rectal Delivery

The rectal administration of drugs has been a long-lasting med-
ical practice for the management of local and systemic diseases
due to the fairly stable physicochemical and enzymatic environ-
ment of the colorectal mucosa and the possibility of avoiding the
hepatic first-pass effect [133,165]. In addition, rectal administra-
tion is useful when patients are susceptible to nausea, vomiting,
convulsion, or are unconscious. The lower part of the rectal venous
drainage is directly connected to the general circulation, avoiding
the hepatic first-pass effect. Furthermore, extensive rectal vascula-
ture, the presence of lymphatic vessels, and lower protease activity
can enhance drug absorption via the rectal route of administration
[133]. Rectal drug delivery may improve the bioavailability of pro-
tein drugs which are very vulnerable to physicochemical and
enzymatic- destabilization [133]. Therefore, various approaches
to improve the bioavailability of drugs via the rectal administration
have been attempted, including the utilization of absorption
enhancers, protease inhibitors, prodrugs, and nanoformulations.
In general, absorption enhancers are required to increase rectal
absorption of macromolecules such as insulin, heparin, calcitonin,
recombinant human granulocyte colony-stimulating factor (rhG-
CSF), and human chorionic gonadotrophin [133,166]. Although a
number of absorption enhancers can be used in rectal drug deliv-
ery, some of them cause membrane damage and irritation; thus,
non-toxic and effective enhancers are in high demand. Similarly,
the use of protease inhibitors is also effective at improving rectal
bioavailability by reducing the degradation of proteins and
enhancing the enzymatic stability of protein drugs. Prodrug
approaches are being pursued to enhance the absorption of pro-
teins and peptides by protecting them against degradation from
peptidases and other mucosal enzymes. In addition to those
approaches, nanotechnology-based formulation approaches are
available for improving protein drug delivery via rectal administra-
tion. Although rectal formulations of macromolecules have been
explored less extensively when compared to other routes of
administration, continuous research and development may reveal
the hidden potential of rectal drug delivery systems for macro-
molecules such as proteins and peptides. Some of the formulation
approaches for rectal protein delivery are introduced in the follow-
ing sections.

3.6.1. Polymer-Based Formulations
3.6.1.1. Hydrogel. Previous studies demonstrated the effectiveness
of hydrogel formulations at improving the bioavailability of pro-
tein drugs via rectal administration. Shi etal. [167] developed a
novel hydroxypropyl methyl cellulose-co-polyacrylamide-co-met
hacrylic acid (HPMC-co-PAM-co-PMAA) hydrogel as a rectal sup-
pository. The HPMC-co-PAM-co-PMAA hydrogel was fabricated
via free-radical polymerization and loaded with insulin to regulate
blood glucose levels in diabetic cases. This insulin-loaded hydrogel
was non-cytotoxic and could release insulinin a continuous man-
ner in pH 7.4 buffer (rectal conditions), exhibiting an obvious
invivo hypoglycemic effect [167]. Xue etal. [168] also reported a
novel binary hydrogel containing insulin as rectal suppository via
solution polymerization. Many of the micro-pores inside binary
hydrogels can accommodate a large amount of drug molecules.
And an insulin-loaded hydrogel was able to diffuse drugs in a sus-
tained manner, which resulted in reduced blood glucose levels in
diabetic rats [168]. These promising preclinical observations
strongly support hydrogel formulations as effective rectal delivery
systems for protein drugs.

3.6.1.2. Nanoparticles. While the valuable features of polymeric
nanoparticles have already been proven for most delivery routes,
the development of polymeric nanoparticles for rectal administra-
tion is still limited [169]. Chitosan and its derivatives, PLGA, PLA,
and methacrylic acid copolymers are commonly used to fabricate
polymeric nanoparticles for rectal drug delivery [169]. Further-
more, these polymeric nanoparticles often undergo surface modifi-
cation to offer additional assets such as site-specificity or longer
circulation time. Zuo etal. [170] developed a novel nano-complex
by using galactosylated low molecular weight chitosan (gal-
LMWC) and an antisense oligonucleotide (ASO) against TNFa for
the treatment of Crohn’s disease. They successfully demonstrated
targeted delivery of gal-LMWC/ASO complexes into activated colo-
nic macrophages, which significantly reduced colonic TNFa in mice
with colitis via intracolonic administration [170]. Recently, Nunes
etal. [171] reported that dense surface modification of PLGA
nanoparticles with short-chain polyethylene glycol (PEG) in a
non-covalent fashion could enhance drug distribution and reten-
tion after rectal delivery when compared to non-modified
nanoparticles. This indicates the usefulness of PEG-modified
nanoparticles as mucus-penetrating carriers. Furthermore, the
intestinal organoids-based delivery system may be a potential
approach for delivering protein drugs to inflamed areas, since
intestinal organoids can improve the functionality of the drug-
loaded nanoparticles due to their ability to adsorb small nanopar-
ticle inside the lumen and attach to the damaged area [172].

As nanotechnology has advanced, carbon nanotubes (CNTs)
have appeared as ground breaking nanocarriers for the delivery
of diverse compounds that suffer from short half-lives and poor
solubility [173,174]. CNTs belong to the fullerene family of carbon
allotropes with cylindrical shapes and exhibit unique physiochem-
ical properties with easy surface modification [174,175]. They also
possess superior mechanical properties, high thermal conductivi-
ties, and, more importantly, the ability to penetrate cell mem-
branes, which make them suitable as nanocarriers for targeted or
controlled drug delivery, biosensing, and bioimaging [173,174].
Hassanzadeh etal. [173] fabricated multi-walled carbon nanotube
(MWCNTs) complexes loaded with 2-arachidonoylglycerol (2-AG)
to improve the pharmacological effect of 2-AG. Once-daily
intrarectal administration of this MWCNTs-2-AG complex
enhanced the therapeutic effects of 2-AG with longer duration in
a rat colitis model [173]. In addition to small molecules, CNTs
can also deliver proteins [174]. Although there are few examples
of CNTs being used for the rectal delivery of proteins, some invitro
studies suggest that carbon nanotubes combined with functional
proteins may open new pathways for rectal delivery of protein
drugs.

3.6.2. Lipid-Based Formulations
Nano-sized liposomes are also applicable for rectal administra-

tion, and a few studies examining liposomal formulations have
been conducted regarding the rectal delivery of macromolecules.
Recently, modified nanoliposomes containing hepatitis B surface
antigen were also proposed for mucosal immunization, which
composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine bilayer
engulfing a solid fat core (mainly glyceryl tripalmitate) and use
monophosphoryl lipid A as an adjuvant [176]. These hybrid lipo-
somes showed greater stability and significant humoral and cellu-
lar immune responses in rats after intracolonic administration
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[176]. As an additional nanocarrier, solid lipid nanoparticles are
applicable for rectal drug delivery. Many examples of their rectal
application have been reported so far, however, they have failed
to demonstrate an advantage over conventional formulations
[169].
4. Computer-Aided Formulation Development

Computational methods are widely used to support the various
formulation design including tablets, nanoparticles, and topical
formulations [177]. Computational methods can aid in selecting
optimal excipients and predicting potential toxicity, stability, and
biological performance of drug delivery systems [177]. In addition,
computational methods help to identify the factors influencing the
formulation design in a hypothetical manner [178]. Various com-
putational tools are available, which include molecular modeling,
molecular mechanics, discrete element modeling, finite element
method, computational fluid dynamics, and physiologically based
pharmacokinetics modeling. These tools facilitate the formulation
development with reducing time and cost, by predicting in vitro/
in vivo properties of formulations including stability, solubility, dis-
solution, and in vivo performance [178,179]. The computational
approach is also applicable for the formulation development of
protein drugs during early preclinical development. For example,
Barata et al. [180] identified protein–excipient interaction hotspots
using computational approaches. For the selection of excipients
preventing protein aggregation, they used a molecular docking
approach for the identification of protein–excipient hotspots.
Potential interactions between Fab A33 and several excipients pre-
dicted by molecular docking were also confirmed by Tm values
from a thermal study [180]. This approach provided information
on intermolecular interactions responsible for the protective
effects of excipients in protein formulations.

Given that the computational approach can enhance our under-
standing of the mechanism of action of drug carriers and their
underlying interactions with drugs, cellular membranes, and other
biological components, computational modeling along with labo-
ratory experiments should be an integral part of formulation
development.
5. Summary and Outlook

Protein drugs are indispensable in current medical practice due
to their potent therapeutic effects and clinical benefit; however,
their industrial manufacturing and clinical applications still face
to a big challenge due to inherent physical and/or chemical insta-
bility, enzymatic degradation and rapid elimination from systemic
circulation. Also, their drug delivery viability, large size, and
hydrophilicity make it difficult for them to overcome absorption
barriers. Although the parenteral administration of protein drugs
is often useful in bypassing absorption barriers, it suffers from
issues associated with repeated dosing, high costs, and pain, rais-
ing the need for non-invasive delivery systems via alternative
routes of administration. Each route of administration faces certain
biological barriers originating from anatomical and physiological
characteristics that stretch from the site of administration to sys-
temic circulation or target organs. These barriers significantly
affect the bioavailability and therapeutic outcomes of protein
drugs. Therefore, various formulation approaches have been devel-
oped to overcome these barriers associated with each route of
administration and this review provided an overview of the recent
advancement in non-invasive delivery systems for therapeutic
macromolecules. Particularly, advancements in nanotechnology
offer a great opportunity to improve protein drug delivery via
non-invasive routes of administration. Furthermore, the combined
use of nano-formulations with the sophisticated medical devices,
electric or magnetic forces, or sonic waves can maximize the effec-
tiveness of non-invasive drug delivery systems. Computational
approach is also helpful in more successful formulation design
with reduced time and cost.

Taken together, the non-invasive drug delivery systems of ther-
apeutic macromolecules are evolving innovatively via the technical
convergence of IT, BT, and NT (information technology, biotechnol-
ogy, and nanotechnology). Looking forward, the effective combina-
tion of nano-formulation techniques with novel bio-devices or
wearable digital devices will open a new era of sophisticated digi-
tal medicines and provide new platforms for non-invasive and
more precise protein drug delivery in the near future.
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