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Abstract  Recent advances in the field of peptide therapeutics have led to the design 
and synthesis of many promising peptides. However, research and development to 
provide safe, stable, efficacious, and patient compliant formulation plays a vital role 
in bringing peptide therapeutics to market. The conventional parenteral route has 
made scientific advances to overcome multiple barriers, leading to the approval of 
many peptide-based products via parenteral route of administration in recent years. 
In parallel, oral, pulmonary, transdermal, and other delivery routes have been exten-
sively investigated to deliver peptides with improved patient compliance. This 
includes the use of novel strategies for developing delivery systems that can offer 
various advantages over conventional dosage forms. This chapter focuses on funda-
mentals, formulations, and recent advances for successful peptide delivery.  
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5.1 � Introduction 

Peptides and polypeptides are small-sized compounds (fewer than 50 amino acids) 
and a separate category of drugs positioned between small organic molecules and 
large proteins (Lau and Dunn 2018). Peptides offer several advantages such as bet-
ter efficiency, specificity, and selectivity as compared to small molecules and are 
more economical and less immunogenic as compared to large proteins (D’Hondt 
et al. 2014). Peptides of natural and synthetic origin have been involved in various 
biological roles such as hormones, enzyme substrate, antibiotics, regulators, and 
inhibitors (Tesauro et al. 2019). Recent years have witnessed the authorization of 
over 25 peptides and oligonucleotide drugs (Al Musaimi et al. 2021). In 2020, the 
US Food and Drug Administration (FDA) had approved 53 new drug entities, 6 of 
which fall in the peptides and oligonucleotides category. This number is almost 10% 
of the total drug authorizations and reflects the consolidation of peptides in the mar-
ket. Although peptides cover a wide spectrum of therapeutic areas, three major areas 
for peptide development include metabolic disease, cardiovascular disease, and 
oncology (Lau and Dunn 2018). These numbers reflect the potential interest in pep-
tides (D’Hondt et  al. 2014). The rise in scientific publications in the last decade 
related to peptide research indicates increased interest in this area of research which 
aligns with the current trend of marketed peptide therapeutics. However, the physi-
cal and chemical instability, enzymatic breakdown, and short half-life are the major 
barriers to the use of peptides (Sachdeva et  al. 2016). Various routes and newer 
delivery systems have thus been explored for therapeutic peptide delivery. While the 
most preferred and traditional parenteral route of administration overcomes some of 
these challenges, other routes of administration namely oral, pulmonary, transder-
mal are widely researched and investigated for safe and efficient delivery of peptide 
therapeutics (Fig. 5.1). This chapter focuses on different routes of administration for 
peptide therapeutics, formulation development, examples of marketed formula-
tions, and recent advances in the field of peptide delivery such as new drug delivery 
systems and technologies investigated.  

5.2 � Peptide Therapeutics Administered via Parenteral Route 

In the past few decades, tremendous advances have been made in bringing peptide 
therapeutics to the market. Despite efforts put into other routes of administration, 
the parenteral route remains the primary and most promising route for the adminis-
tration of peptides. However, their delivery can be challenging due to factors such 
as susceptibility to denaturation, degradation by enzymes, and short half-life, ulti-
mately leading to poor bioavailability (Banga 2005; Agarwal and Rupenthal 2013). 
Parenteral route of drug administration refers to injection directly into the body, 
which bypasses the skin and mucous membranes, and common routes of parenteral 
administration are intramuscular, subcutaneous, and intravenous. 
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Fig. 5.1  Summary of strategies for peptide delivery via different routes of administration

The intramuscular route refers to the administration of medication deep into the 
muscles. Most of the vaccines, like flu shots, are administered via the intramuscular 
route. Interferon alfa-2b to treat hairy cell leukemia, malignant melanoma is com-
monly administered via the intramuscular route. Plenaxis (abarelix), a product by 
Praecis Pharmaceuticals, which is an injectable gonadotropin-releasing hormone 
antagonist, approved by the FDA in 2003 is administered via intramuscular route 
(https://www.accessdata.fda.gov/drugsatfda_docs/label/2011/021567s026lbl.pdf). 

The subcutaneous route refers to the administration of drug using a short needle 
into the tissue layers between the skin and the muscle. Absorption from the subcu-
taneous route is usually slower than intravenous route. This route also permits self-
administration, thus freeing up the healthcare practitioners’ time for other issues 
beyond administration (Banga 2005; Ibeanu et al. 2020). Insulin, the first polypep-
tide to be administered therapeutically, is given via the subcutaneous route. Adipose 
tissue peptide, leptin to treat obesity, octreotide to treat acromegaly, and peptide 
neurotrophic factors such as nerve growth factor (NGF) used in the therapy of neu-
rodegenerative disorders are some examples of peptides or polypeptides commonly 
administered via the subcutaneous routes. Imcivree™ (Setmelanotide), a product by 
Molina Healthcare for use as anti-obesity medication and delivered via subcutane-
ous route, was approved by the FDA in 2020. 

The intravenous route facilitates the administration of drug directly into the sys-
temic circulation. A number of approved and under clinical trial peptides via intra-
venous routes have increased exponentially in recent years (Asfour 2021). For 
example, Parsabiv (Etelcalcetide) is a product currently owned by Amgen and Ono 
Pharmaceuticals and was approved by FDA in 2017 for chronic idiopathic hyper-
parathyroidism and is administered via the intravenous route. Another recently 
FDA-approved product via intravenous route is Polivy® (polatuzumab vedotin-
piiq), a product by Genentech Inc., indicated to treat relapsed or refractory diffuse 
large B-cell lymphoma. Padcev® (enfortumab vedotin-ejfv) was also approved by 
FDA in 2019 for adult patients with locally advanced or metastatic urothelial cancer 
and is administered via the intravenous route. 
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In order to improve stability, prolong delivery, and decrease clearance of biolog-
ics after intravenous administration, chemical modifications such as PEGylation, 
hyperglycosylation, mannosylation, stapled peptides, and colloidal carriers (lipo-
somes, microspheres, and nanoparticles) are widely explored strategies. PEGylation 
can be used as a strategy to alter properties such as molecular weight, solubility, and 
steric hindrance. Thus, it leads to improved stability and pharmacokinetic activity of 
peptides. Oncaspar® (pegaspargase) is an FDA-approved product with 
L-asparaginase (Lasparagine amidohydrolase) covalently conjugated to monometh-
oxypolyethylene glycol (mPEG). It is indicated as a component of a multiagent 
chemotherapeutic regimen and is administered via the intravenous route. 
Hyperglycosylation refers to a co- or post-translational enzymatic process that con-
jugates proteins, lipids, or other organic molecules with polysaccharides to form a 
glycoconjugate. This technique has been explored for peptide delivery via intrave-
nous route and offers advantages such as prolonged systemic circulation and 
reduced immunogenicity (Patel et  al. 2014). Mannosylation refers to mannose 
receptor-targeted delivery of proteins and peptides by conjugation with mannose to 
achieve improved pharmacokinetic and pharmacological properties (Patel et  al. 
2014). Other technologies such as staples peptides have been developed to bypass 
the intrinsic problems related to peptides and to enhance their pharmacological per-
formance. Stapled peptides are short peptides that are constrained in their alpha 
helical conformation by a synthetic brace, also called “staples.” They allow target-
ing the peptides inside the cells with high selectivity and efficiency (Moiola et al. 
2019). ALRN-6924 is a stabilized cell-permeating peptide designed by Aileron 
Therapeutics, Inc. to disrupt the interaction between the p53 tumor suppressor pro-
tein and its predominant endogenous inhibitors. As of July 2020, ALRN-6924 is in 
Phase 2a clinical trial study that evaluates the antitumor effects in patients with 
advanced solid tumors or lymphomas (Kim and Jacobsen 2020). These technologies 
may thus play a pivotal role in the future of peptide therapeutics in the pharmaceuti-
cal field. Several delivery issues exist for peptide products, such as instability during 
storage and processing, instability in biological fluids, and poor intracellular deliv-
ery (Swaminathan and Ehrhardt 2012). Carrier systems such as liposomes, micro-
spheres, and nanoparticles are some of the approaches to overcome these challenges 
in peptide delivery by conventional intravenous therapy. Liposomes are vesicles 
composed of one or more phospholipid bilayers with an aqueous internal cavity. 
Liposomes can encapsulate hydrophilic as well lipophilic components and hence 
have multiple applications as drug delivery systems. They can be formulated to be 
of different sizes, compositions, charge, and lamellarity (Bulbake et  al. 2017). 
Microspheres can be used as depot systems for controlled and localized delivery of 
therapeutic peptides. Microspheres-based delivery systems are commonly fabri-
cated by three methods: polymerization, emulsion-solvent extraction evaporation, 
and extrusion (Ramteke et al. 2012). There have been recent advances in the use of 
polymeric microspheres for the delivery of single-shot vaccines, plasmid DNA, and 
therapeutic peptides (Ramteke et al. 2012). Nanoparticles are microscopic particles 
with at least one dimension smaller than 100 nm. Nanoparticulate delivery systems 
have gained attention in delivering pharmaceutical actives in recent years. 
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Various products based on these controlled release technologies have been 
approved by FDA for parenteral administration of peptides. Lupron Depot® (TAP 
Pharmaceuticals) is a biodegradable, biocompatible polymeric microspheres-based 
product indicated for targeted and localized delivery of leuprolide acetate (a syn-
thetic nonapeptide) to treat the symptoms of advanced prostate cancer, endometrio-
sis, and uterine leiomyomata. Signifor Lar® (Novartis) is another product approved 
by the FDA in 2014 for pasireotide pamoate in PLGA microspheres for intravenous 
administration to treat acromegaly and Cushing’s disease. Bydureon Bcise® 
(Exenatide) is an extended-release injectable suspension from AstraZeneca indi-
cated to improve blood sugar control in adults with type 2 diabetes.  

5.3 � Peptide Therapeutics Administered via Oral Route 

Peptides are typically administered through the parenteral route because of their 
poor bioavailability orally. While each route has its advantages and disadvantages, 
the oral route of administration is often the most preferred route of drug administra-
tion due to factors such as noninvasive, painless delivery, lower manufacturing cost, 
and high patient compliance (Drucker 2020). Glucagon-like peptide-1 (GLP-1) is 
an intestinal hormone that exerts profound effects in the regulation of glycemia, 
stimulating glucose-dependent insulin secretion, and various other pathways (Lim 
and Brubaker 2006). The FDA recently approved Rybelsus (Semaglutide) oral tab-
lets to improve blood sugar control in adult patients with type 2 diabetes. This is the 
first GLP-1 product approved for oral use and is a landmark in peptide delivery by 
oral administration (Drucker 2020; Fda 2019). Research has been done for deliver-
ing other peptides such as calcitonin, insulin, human growth hormone, parathyroid 
hormone, and many other peptide therapeutics via the oral route (Liu and Dinh 
2011). Trulance™ (Plecanatide), developed by Synergy Pharmaceuticals, is another 
peptide product that received FDA and global approval in 2017 for chronic idio-
pathic constipation and is administered via oral route (Al-Salama and Syed 2017). 

Orally administered peptides follow the same route as ingested food and hence 
undergo extensive degradation and metabolism and have to cross other barriers 
before being absorbed into the bloodstream from the small intestine. Barriers in oral 
peptide delivery include enzymatic barriers of the digestive system, mucus and epi-
thelial barriers of the intestine, paracellular transport, efflux pumps, and interindi-
vidual variability (Drucker 2020; Patel et al. 2014). 

The gastric acid present in the stomach destabilizes and exposes the peptide 
bonds for enzymatic degradation in the small intestine. Various proteolytic enzymes 
such as pepsin, trypsin, and aminopeptidases in the stomach and small intestine 
promote the digestion of peptides to amino acids, thus complicating the delivery of 
peptides via oral route (Dan et al. 2020; Brown et al. 2020). Various factors such as 
molecular weight, structural flexibility, hydrophilicity, and a number of enzyme sus-
ceptible groups affect the extent of proteolysis in the peptide therapeutics. Primarily, 
the function of the gut epithelium is recognition and exclusion of any foreign 
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substances such as viruses, bacteria, and other pathogens which makes the lining of 
the gastrointestinal tract poses an even greater challenge for the delivery of peptides 
(Dan et al. 2020). The gut epithelium consists of a single layer of columnar epithe-
lial cells supported by the lamina propria and the muscularis mucosae layers. The 
mucus secreted by these intestinal goblet cells, which cover the mucosal surfaces, 
comprises water and mucins, which are high molecular weight and heavily glyco-
sylated proteins. This mucus membrane effectively traps larger macromolecules 
and blocks their access to the underlying epithelial cells and thus another barrier to 
peptide absorption (Drucker 2020; Dan et al. 2020). 

Paracellular transport refers to the movement of molecules through spaces 
between epithelial cells regulated by tight junctions by passive diffusion. The size 
and charge of peptides generally exclude them from paracellular transport. On the 
other hand, the transcellular pathway has a large surface area of the brush border 
membrane available for absorption. Hence, most oral drugs are absorbed passively 
via the transcellular pathway (Dan et al. 2020). Efflux pumps pose another signifi-
cant barrier to peptide absorption (Bruno et  al. 2013). These are proteins of the 
ATP-binding cassettes superfamily and present on mature epithelial cells and play a 
role in multidrug resistance in humans. These efflux pumps can pump the peptide 
back to the lumen of the gastrointestinal tract (Bruno et al. 2013). Interindividual 
variability refers to the differences in the physiology of the gastrointestinal tract 
between individuals, including factors like the extent of mucus, enzyme production 
and expression, gastrointestinal motility, and gastric emptying time (Drucker 2020). 
Lastly, even after the peptide drug is absorbed, the first-pass metabolism in the gut 
and liver extensively reduces the fraction of the drug that reaches the systemic cir-
culation (Bruno et al. 2013). 

Multiple strategies have been pursued to overcome the barriers in the oral deliv-
ery of peptides. Zizzari et al. (2021) and Liu et al. (2011) have reviewed and high-
lighted many promising attempts to improve the oral bioavailability of peptides. 
Multiple oral delivery products of insulin, calcitonin, and parathyroid hormone 
which are in clinical development and are based on various strategies to enhance 
oral bioavailability of peptides have been described in these reviews (Liu and Dinh 
2011; Dan et al. 2020; Zizzari et al. 2021). 

Chemical modifications of peptide drugs can alter their physiological properties 
and improve enzyme stability and membrane permeation and minimize immunoge-
nicity (Liu and Dinh 2011; Shaji and Varkey 2012). Such modifications include 
alteration of amino acid side chains, alteration of carbohydrate moieties in glyco-
proteins, and conjugation to fatty acid and other lipophilic moieties to increase 
hydrophobicity and introduction of protective groups to prevent degradation (Dan 
et al. 2020). For example, the addition of alpha-lipoic acid and palmitoyl derivative 
moiety to insulin resulted in protection against digestion by trypsin (Hashimoto 
et  al. 1989). Another example of structural modification is the modification by 
deaminating and substituting a protective group in vasopressin to produce desmo-
pressin (Dan et  al. 2020). Desmopressin (1-desamino-8-D-arginine vasopressin; 
DDAVP) developed by Ferring Pharmaceuticals is a synthetic analog of human 
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hormone vasopressin. Desmopressin has greatly simplified the management of dia-
betes insipidus by offering ease of administration, safety, and tolerability (Kim 
et al. 2004). 

Formulation additives can enhance peptide drug gastrointestinal absorption (Liu 
and Dinh 2011). The use of enzyme inhibitors resists degradation by enzymes in the 
gastrointestinal tract, while absorption enhancers improve membrane permeability. 
Protease inhibitors inhibit the enzymatic activity of the protease enzyme. The choice 
of protease inhibitors should depend on the amino acids in the peptide therapeutics 
since these inhibitors are sequence specific (Brown et al. 2020). Another approach 
to inhibit the enzymes is to alter the pH to inactivate the local digestive enzymes. 
For example, digestive enzymes such as trypsin, chymotrypsin, and elastase can be 
inactivated by a sufficient amount of pH lowering buffer that can lower the local pH 
of the intestine to below 4.5 (Liu and Dinh 2011; Shaji and Patole 2008). Absorption 
enhancers are components of the formulation that disrupt the intestinal barrier and 
aid the peptides in crossing the biological membrane and reaching systemic circula-
tion (Shaji and Patole 2008). Numerous compounds such as surfactants, bile salts, 
chelating agents, fatty acids, alkanoylcholines, mucoadhesive polymers, acyl carni-
tine, lectins, and chitosans are used as absorption enhancers for peptide therapeutics 
(Bruno et al. 2013; Zizzari et al. 2021; Shaji and Patole 2008; Aungst 2000). Some 
chelating agents such as ethylenediaminetetraacetic acid (EDTA) and ethylene gly-
col tetraacetic acid (EGTA) can sequester metal ions to enhance the paracellular 
transport of peptides (Brown et al. 2020). 

Strategies such as PEGylation and various formulation vehicles such as lipo-
somes, nanoparticles, and microspheres discussed earlier for parenteral delivery 
have multiple applications in the oral delivery of peptides as well (Bruno et al. 2013; 
Fasano 1998; Cao et  al. 2019). However, the renewal of the mucus layer due to 
periodic turnover every 4–6 hours can lead to the rapid clearing of entrapped par-
ticulate system. For example, BioOral system (BioSante Pharmaceuticals) is based 
on calcium phosphate-based nanotechnology (CAP) for facilitating vaccine deliv-
ery. CAP was observed as a safer adjuvant to improve the efficacy of vaccines as 
compared to other approved adjuvants (BioSante 2004; Dan et al. 2020). Insulin 
was formulated CAP-PEG-insulin-casein (CAPIC), to improve the oral bioavail-
ability by protecting insulin against the low pH in stomach where casein encapsu-
lates the insulin-PEG formulation and acts as an enteric coating. The use of CAP in 
cancer, infectious disease, autoimmune disease vaccines, malaria vaccine, and 
anthrax vaccine is investigated (BioSante 2004). 

Hydrophilic mucoadhesive polymers (polyacrylates, cellulose, and chitosan) and 
thiolated polymers have also been used as peptide carrier systems (Bruno et  al. 
2013). Nanoemulsions are another type of carrier system specifically for oral pep-
tide delivery. They are typically oil-in-water (o/w) or water-in-oil (w/o) emulsions 
with mean droplet diameters ranging from 50 to 1000  nm (Bruno et  al. 2013). 
Another type of formulation in development are self-emulsifying drug delivery sys-
tems (SEDDS) that are composed of surfactants, lipids, and co-solvents. These sys-
tems have gained focus in recent years to improve oral delivery of peptides owing 
to their mechanism of forming emulsions and microemulsions when dispersed in GI 
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fluids (Zizzari et  al. 2021). Sandimmune/Neoral® (Cyclosporin A) by Novartis 
Pharma AG is an FDA-approved marketed SEDDS-based product to prevent trans-
plant rejection and treat patients with severe rheumatoid arthritis (Zizzari et al. 2021). 

Hydrogels have high water content and a cross-linked network of hydrophilic 
polymer yet insoluble in water and can also be tailored for site-specific sustained 
oral drug delivery (Bindu Sri et al. 2012; Peppas et al. 2004). Hydrogels are bio-
compatible and have a high drug loading. Poly (methyl methacrylic acid), alginates, 
and chitosans are commonly used polymers for formulating hydrogels (Brown et al. 
2020). Mucoadhesive polymeric systems are another approach for delivering pep-
tides. These delivery systems adhere to the mucin layer and increase residence time 
at drug absorption site, thus decreasing drug clearance rate from the absorption site 
(Shaji and Patole 2008). Examples of mucoadhesive polymers include semi-natural 
polymers such as xanthan gum, polyvinyl pyrrolidone, polyvinyl alcohol, and syn-
thetic polymers such as polyacrylic acid-based polymers and cellulose derivatives 
(Shaji and Patole 2008). In conclusion, despite being extremely challenging, oral 
delivery of peptides evolved with newer technologies. It can be an alternate and a 
more patient-compliant route of peptide therapeutics administration.  

5.4 � Peptide Therapeutics Administered via Pulmonary Route 

In recent years, pulmonary route due to its unique and versatile features (Smith 
1997) including (1) large surface area of the respiratory tract and lungs allowing 
simultaneous exposure of drug, (2) increased blood flow with thinner alveolar epi-
thelium, (3) lesser metabolic activity, and (4) no hepatic metabolism has become an 
alternate route for delivery of therapeutic peptides via noninvasive route. As opposed 
to the oral route of delivery, pulmonary route has shown better bioavailability for 
peptide therapeutics with providing both local and systemic effects. However, deliv-
ery of peptides via respiratory tract has its challenges (Kwok et al. 2011). Mucociliary 
clearance is the primary challenge as it is the mechanism by which foreign particles 
get restricted from entering the body. Besides, the geometry and morphology of the 
airway and the presence of pulmonary peptidases are the other challenges for 
absorption of peptides (Smith 1997; Banga 2011). With a better understanding of 
these challenges, various approaches have been tried to deliver therapeutic peptides 
with better efficiency and reproducibility while maintaining their stability. One 
major technology for pulmonary delivery of peptides is the use of aerosols that is 
via inhalation (Shoyele and Slowey 2006). Nebulizers, metered-dose inhalers 
(MDI), and dry powder inhalers (DPI) are the most popular inhaled formulations in 
the market. The drug inhaled from aerosol gets deposited by gravitational sedimen-
tation, inertial impaction, and diffusion (Shoyele and Slowey 2006). The aerody-
namic behavior of particles, breathing patterns, and airway anatomy affects the 
distribution and absorption of drugs in the lungs (Liang et al. 2020). Although aero-
sols are most popular for pulmonary delivery of peptides, newer formulation 
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approaches such as liposomes and microparticulate systems have been investigated 
recently for controlled and targeted delivery of peptides (Wan et al. 2012). 

Nebulizers are commonly used to deliver a large volume of dose for inhalation in 
the form of droplets. Depending on the mechanism of generation of droplets, nebu-
lizers can be classified as (1) jet nebulizer which uses compressed air to produce 
droplets or (2) ultrasonic nebulizer in which a piezoelectric crystal below the liquid 
reservoir generates ultrasonic waves and leads to the creation of aerosol droplets. 
The creation of an air-water interface and repeated stress can lead to physical insta-
bility in jet nebulizers, whereas thermal stress can be an issue in the case of ultra-
sonic nebulizers (Banga 2005). Advances in nebulizer technologies led to the 
development of devices such as AERx (Aradigm, Hayward, CA) and Respimat 
(Boehringer, Germany), which are based on mechanical extrusion of liquid from 
unit dose, and more recent AeroDose (Aerogen Inc., Mountain View, CA) based on 
vibrating mesh technology which all are investigated for pulmonary delivery of 
peptides (Schuster et al. 1997; Perera et al. 2002; Cryan 2005). However, the only 
marketed formulation administered via jet nebulizer is Pulmozyme® containing 
dornase alfa to treat cystic fibrosis (Cryan 2005). 

As the name suggests, MDIs are formulations containing the active substance 
and other excipients dissolved or suspended in a propellent system which, upon 
actuation, delivers a measured dose of drug in the form of aerosol spray. Advantages 
of MDI include their low cost, portability, dose reproducibility, and disposability 
(Shoyele and Slowey 2006). Propellants such as hydrofluroalkanes (HFA) have 
replaced chlorofluorocarbons (Banga 2005). HFA-based MDI was investigated to 
deliver a high dose of cyclosporine using ethanol as co-solvent (Myrdal et al. 2004). 
In MDI, the inert propellant vapor atmosphere and sealed container protect the 
active from oxidative degradation and microbiological contamination, but the sta-
bility of peptides in these propellants remains a challenge (Banga 2005; Shoyele 
and Slowey 2006). Thus, many MDIs are formulated as a suspension. There is 
reported use of nonionic soluble surfactants to create a uniform suspension using 
freeze-dried protein and surfactant particles to formulate MDIs (Kwok et al. 2011). 
Synthetic nonapeptide leuprolide acetate is reported to be formulated as MDI both 
as solution and suspensions (Adjei and Gupta 1994). Studies conducted with human 
subjects with these formulations showed a three–four fold increase in plasma con-
centration from suspension as compared to a solution. 

DPI is a system inhaled as a cloud of fine particles, and they do not contain pro-
pellant (Shoyele and Slowey 2006). These can be single or multiple doses where the 
drug is preloaded or loaded in the form of hard capsule (e.g., Spinhaler from Fisons 
Pharmaceuticals, Rochester, NY) or foil blister discs (e.g., Diskhaler from GSK, 
RTP, NC). Thus, they are easy to operate and inexpensive and have an advantage 
over nebulizers and MDI for administration of peptides (Banga 2005). Newer 
devices such as Spiros (Dura Pharmaceuticals, San Diego, CA) and Nektar T-326/ 
TOBI®Podhaler (now owned by Novartis AG) use powder inhaler system which 
generates aerosol independent of inspiratory rate and volume, enhancing the effi-
ciency of DPI for drug delivery (Cryan 2005). However, formulating a peptide as 
DPI faces other challenges, including powder flowability, dispersibility, and 
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stability (Banga 2005). One of the advances made into overcoming these challenges 
is drying the protein to an amorphous glassy state which inhibits denaturation. 
While this technology takes care of biochemical stability, the hygroscopic nature of 
dried particles can lead to physical instability (Kwok et al. 2011). Other ways of 
producing dry powders of peptides include milling, spray drying, spray freeze-dry-
ing, and supercritical fluid (Cryan 2005). Caveolin scaffolding domain peptide was 
investigated recently for treating pulmonary fibrosis as DPI using excipient free jet 
milling (Zhang et al. 2020). Cetrorelix acetate (decapeptide) was also reported to be 
formulated as DPI to study the role of particle engineering in detail (Zijlstra et al. 
2004). Previously marketed inhalable insulin Exubera by Pfizer was the first-in-
class product manufactured using spray drying and was administered as DPI with 
low-dose powder filing technology. However, it was withdrawn from the market due 
to several other factors, including its price, low sales, bulky device, and lack of 
insurance reimbursement (Banga 2005). 

Like parenteral and oral routes, other strategies researched for pulmonary deliv-
ery of peptides include liposomes and microparticulate system (Wan et al. 2012). 
Due to their ability to encapsulate peptides, reduced local irritation, and toxicity 
with possible sustained release, liposomes are widely explored (Cryan 2005). They 
can be formulated as a liquid to be used with a nebulizer or in the form of dry pow-
der for DPI.  As mentioned earlier, essential parameters for formulation include 
selection and composition of lipids used and their ratio, charge, and size, which can 
be modulated to control drug release. Pulmonary insulin delivery has been previ-
ously investigated via liposomal carriers where insulin absorption and retention was 
increased using liposomes (Liu et al. 1993). Other peptides investigated for liposo-
mal pulmonary delivery include cyclosporine, interleukin-2, and enzyme catalase 
(Cryan 2005). Microspheres and large porous particles are different microparticu-
late delivery systems explored for pulmonary delivery of peptides due to their abil-
ity to be formulated as powder and better stability. Polylactic acid (PLA), 
polylactic-co-glycolic acid (PLGA), chitosan, dextran, and gelatin are some of the 
polymers used to fabricate the microparticles. Large porous particles have an aero-
dynamic diameter of less than 5 μm owing to their low density and hence can be 
used for deep lung delivery (Banga 2005). 

Factors to be considered while developing a peptide-based formulation for pul-
monary delivery include pH of the formulation, buffering agents used, solubility, 
osmolarity, and special excipients such as absorption enhancers, protease inhibitors, 
and surfactants (Kwok et al. 2011). All these factors affect the conformation, stabil-
ity, and absorption of peptides from the lungs. Absorption enhancers such as oleic 
acid, polyoxyethylene oleyl ether, bile acids, bile salts, fatty acids, and surfactants 
are reported to enhance absorption of peptides (Banga 2005). The use of protease 
inhibitors is investigated mainly for delivery of proteins rather than peptides. In a 
study conducted using rat lung homogenate, bacitracin showed highest effective-
ness among the various protease inhibitors (sodium glycocholate, soybean trypsin 
inhibitor, aprotinin, and bacitracin) tested for delivery of insulin (Shin et al. 1994). 
In another study, pulmonary transport of polypeptide arginine vasopressin was 
enhanced with use of protease inhibitors (Hiroshi et  al. 1994). Another critical 
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factor that needs to be considered for the formulation is the immunogenicity of the 
excipients used, where certain absorption enhancers and enzyme inhibitors can lead 
to immunogenic response (Kwok et al. 2011). Liposomes discussed earlier can help 
to encapsulate peptides, thus avoiding clearance triggered by the immunogenic 
response. The safety of excipients used in the formulation is of concern as only 
phosphatidylcholine is approved for inhalation as of now, whereas safety of other 
absorption enhancers remains to be tested (Cryan 2005).  

5.5 � Peptide Therapeutics Administered via 
Transdermal Route 

Topical/transdermaldelivery of peptides has gained attention due to its advantages, 
which include (1) large surface area, (2) bypassing hepatic metabolism and mini-
mizing enzymatic degradation, (3) ease of administration leading to better patient 
compliance, and (4) controlled and sustained delivery (Herwadkar and Banga 2011). 
Thus, transdermal route is one of the routes explored as an alternative to parenteral 
administration, especially for peptides. Stratum corneum, the outermost layer of 
skin, is a major barrier to diffusion of drugs. An ideal drug administered via skin 
passively is a moderately lipophilic (log P ~ 1–3) molecule with molecular weight 
<500 Da (Banga 2005). On the other hand, peptides are hydrophilic macromole-
cules, making passive delivery via the skin a challenge (Schuetz et al. 2005). Apart 
from permeation across skin, proteolytic enzymes in the skin are an enzymatic bar-
rier to delivering peptides. 

To overcome these challenges, various physical and chemical enhancement tech-
niques are employed to enhance delivery of peptides into and across skin (Banga 
2005). The physical enhancement techniques researched so far include micronee-
dles, iontophoresis, electroporation, sonophoresis, laser ablation, thermal and radio-
frequency ablation, jet injectors, and their combination. On the other hand, chemical 
enhancement technique uses various chemicals to alter permeation of molecules 
across skin. 

Microneedles (MN) are micron-sized needles that create hydrophilic microchan-
nels in the skin by offering a needle-free, pain-free mode of administration 
(Herwadkar and Banga 2011). This disruption of stratum corneum thus bypasses the 
major barrier for transdermal delivery enabling delivery of hydrophilic macromol-
ecules such as peptides. Material of fabrication for microneedles, microneedle 
length, number of microneedles per unit area, microneedle structure/geometry, and 
type of application are among the critical factors determining successful delivery 
(Kirkby et al. 2020). Transdermal delivery of insulin via MN and the effect of MN 
lengths on delivery have been investigated (Zhou et al. 2010). Transdermal delivery 
of four hydrophilic peptides having different molecular weights was investigated 
using solid MN across porcine ear skin, and microneedles enhanced delivery of all 
four peptides (Zhang et al. 2014). Delivery of peptide salmon calcitonin via coated 
microneedles was found to be similar to subcutaneous administration in hairless rat 
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models (Banga 2005). The ability to deliver hydrophobic autoantigen peptides has 
been demonstrated recently using coated microneedles (Zhao et al. 2017). Another 
study used dissolving MN to deliver monoclonal IgG (Mönkäre et al. 2015) and 
interferon-α-2b (Chen et  al. 2016). Swelling hydrogel-forming microneedles are 
among the new type of microneedles investigated for delivery of insulin and protein-
based drug bevacizumab (Courtenay et al. 2018). With many examples investigated 
so far, MN is a promising approach for delivery of peptides; however, its commer-
cialization will depend on developments in large-scale manufacturing to ensure 
safety, stability, and regulatory compliance. 

Iontophoresis is another technique that uses a physiologically acceptable amount 
of current to deliver molecules into and across skin. As opposed to other techniques, 
iontophoresis works on the drug rather than on skin layers, with electro-osmosis and 
electro-repulsion being the two driving forces to deliver molecules (Banga 2005; 
Bakshi et al. 2020). Factors that need to be considered for iontophoretic delivery of 
peptides include physicochemical properties of peptide (isoelectric point, charge at 
physiological pH), type, amount, and duration of current applied. Peptides with a 
high charge-to-mass ratio can be delivered more efficiently. Due to skin pH between 
4 and 7, peptides with isoelectric point below 4 and above 7.4 are better suited for 
transdermal delivery (Herwadkar and Banga 2011). The effect of pH on delivery of 
peptide leuprolide was investigated, where a pH of 7.4 was found to be optimal for 
delivery (Kochhar and Imanidis 2004). In another study, iontophoresis enabled 
delivery of leuprolide in vivo in humans to achieve a response similar to subcutane-
ous injection (Meyer et al. 1990). Iontophoretic delivery of various peptides, includ-
ing cyclosporine, angiotensin, octreotide, arginine vasopressin, nafarelin, luteinizing 
hormone-releasing hormone (LHRH), and thyrotropin-releasing hormone, has been 
investigated (Schuetz et al. 2005). While mild symptoms including redness and ery-
thema associated with iontophoresis are well-tolerated, success of the available 
marketed iontophoretic device will determine development of iontophoretic deliv-
ery of peptides in the near future. 

Laser ablation, thermal microporation, and radiofrequency-assisted ablation are 
different ablation technologies explored for drug delivery, including peptides 
(Benson and Namjoshi 2008). Laser ablation involves using a high laser beam that 
leads to water evaporation on the skin surface, thereby creating microchannels. These 
have been investigated for delivery of various macromolecules. For example, Nelson 
et  al. observed a 2.1-fold increase in delivery of peptide INF-γ using an erbium-
YSGG laser across porcine skin (Nelson et al. 1991). As the name suggests, thermal 
ablation uses heat for a short amount of time to create micropores. Delivery of 
interferon-α-2b using thermal ablation across hairless rats was found to be compa-
rable to subcutaneous injection (Badkar et al. 2007). The use of the Passport™ sys-
tem using thermal ablation to deliver insulin has also been reported (Benson and 
Namjoshi 2008). Similar to thermal ablation, radio frequency-assisted thermal abla-
tion uses radiofrequency generated energy for ablation. The ViaDor™ system devel-
oped by Trans Pharma uses this technique to deliver drugs into and across skin which 
is tested for human growth hormone (Levin et  al. 2005). For all the ablation 
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technologies, safety and patient compliance remain to be tested for successful deliv-
ery system. 

Other technologies to deliver peptides via transdermal route include jet injectors, 
electroporation, sonophoresis, and chemical enhancers. A jet injector is a velocity-
based technology that uses a high velocity (>100 m/s) jet to penetrate skin. There 
are different jet injectors developed for liquid and powder formulations (Schuetz 
et al. 2005). Some of the jet injectors developed include Vitajet™, Medi-jector®, 
and Zomajet®, which are investigated for delivery of insulin, human growth hor-
mone, and erythropoietin (Benson and Namjoshi 2008). Other dry powder formula-
tion injector uses finer particles of drug in supersonic flow to penetrate the skin. 
Successful delivery of salmon calcitonin in  vivo in rabbits was reported using 
PowderJect® device, which was further tested for insulin delivery in rats (Benson 
and Namjoshi 2008). The maximum dose that can be delivered using the jet injec-
tors and stability of formulations are some of the barriers that limit the application 
of this technology for peptide delivery. 

Electroporation uses high voltage pulses (60–1000 V) for a short duration (μ to 
ms) to create pores in lipid bilayer (Herwadkar and Banga 2011). Physiological 
properties of drug and formulation and the electrical parameters such as pulse rate, 
duration, and voltage affect peptide delivery. Peptide vaccine has been investigated 
for delivery using electroporation in mice (Zhao et  al. 2006). Electroporation-
assisted delivery of luteinizing hormone-releasing hormone has been reported 
in  vitro across porcine skin in combination with iontophoresis, where increased 
delivery was observed with an increase in number of pulses of electroporation 
(Riviere et al. 1995). A combination of electroporation and iontophoresis was also 
used for delivery of salmon calcitonin (Chang et al. 2000) and human parathyroid 
hormone (Medi and Singh 2003). The nature of micropores (reversibility) and con-
cern about damage to skin limit application of electroporation for peptide delivery. 

Sonophoresis, as the name suggests, uses ultrasonic perturbation to drive mole-
cules into and across skin. It employs piezoelectric crystal, which produces acoustic 
waves. The resulting acoustic cavitation is believed to play a major role in enhanc-
ing drug delivery (Dragicevic and Maibach 2017). The ultrasonic frequency, dura-
tion of application, intensity, and pulse length are the parameters that need to be 
optimized for achieving target delivery. A low frequency is preferred for permeation 
enhancement. A study was conducted to deliver cyclosporin A using sonophoresis 
alone and in combination with electroporation and chemical enhancers. It was 
observed that the skin delivery of cyclosporin was enhanced with sonophoresis 
alone and in combination with chemical enhancers as compared to passive diffu-
sion. However, a significant enhancement in systemic delivery was observed only 
when electroporation was combined with sonophoresis and chemical enhancers 
(Liu et al. 2006). For sonophoresis-assisted delivery of insulin, the effect of inten-
sity, duration, and threshold energy to increase permeation has been tested in several 
studies (Dragicevic and Maibach 2017). Other peptides and proteins explored for 
delivery using this technology include vasopressin, interferon- γ, and erythropoie-
tin. Although various devices such as SonoDerm™ Technology and Sonoprep® 
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were developed, heavy and oversized instrumentation and flexibility limit the use of 
sonophoresis in transdermal delivery (Benson and Namjoshi 2008). 

The use of chemical enhancers is another strategy traditionally used to deliver 
small molecules, and it is also utilized to deliver peptides transdermally. These 
chemicals, when applied, change the permeability of skin either by increasing solu-
bility of drug or chemical enhancer in lipid layer or by disrupting the barrier of skin. 
Polyalcohols, esters, fatty acids, pyrrolidones, sulfoxides, amines, amides, surfac-
tants, and phospholipids are various chemical enhancers that can be used to enhance 
transdermal delivery of peptides (Herwadkar and Banga 2011). For example, etha-
nol alone and combined with cineole is reported to enhance the delivery of 
thyrotropin-releasing hormone analog (M-TRH) across human epidermal mem-
brane (Magnusson and Runn 1999). Another strategy is the use of synthetic peptides 
to be administrated along with large protein molecules. For example, a short syn-
thetic peptide was found to enhance permeation of insulin and human growth hor-
mone (Chen et  al. 2006). Although chemical enhancers are well known for 
enhancement, their use for enhancing delivery of hydrophilic molecules such as 
peptides is limited. 

Formulation approaches for transdermal delivery of peptides include encapsula-
tion technologies, use of protease inhibitors, and prodrug/chemical modification. 
The encapsulation technology uses a carrier system to deliver peptide transdermally, 
whereas use of protease inhibitors is the same as mentioned earlier. In the prodrug 
approach, hydrophilic peptide molecules are modified by conjugating it with lipid 
moiety or by derivatization, enabling delivery via skin. For example, a 2.5–5-fold 
increase in delivery of INF-α was observed when converted to acyl derivative for 
in vitro permeation across human skin (Foldvari et al. 1999). Similarly, delivery of 
insulin and thyrotropin hormone was also tested with fatty acid derivative 
(Herwadkar and Banga 2011). As this approach leads to creation of a new chemical 
entity, additional testing might be required from a regulatory perspective. Other 
novel and emerging technologies yet to be explored for transdermal delivery of 
peptides are photochemical waves, heat-assisted drug delivery, microscissioning, 
and ionic liquids (Schuetz et al. 2005).  

5.6 � Peptide Therapeutics Administered via Other Routes 

Other routes for administration of peptides include nasal, rectal, vaginal, and buccal 
routes. The nasal route for peptide administration offers advantages such as rapid 
absorption, bypassing presystemic clearance, and ease of administration. Two 
approaches are commonly used for nasal delivery of peptides, namely, use of 
absorption enhancers to modify the permeability of the nasal membrane and use of 
mucoadhesive systems to decrease mucociliary clearance, and thereby increase the 
contact time at the site of absorption (Jitendra et al. 2011). Another potential route 
for administering peptide therapeutics is via the rectum. The lower part of the rec-
tum is connected directly to systemic circulation, which also offers an opportunity 
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to enter directly into the systemic circulation. In addition, it has many lymphatic 
vessels and thus can be a target to the lymphatic system route (Sanders 1990). 
Vaginal route can also be a favorable alternative for systemic drug delivery due to 
rich blood supply and large surface area of the vagina. Research has been conducted 
to deliver peptides such as calcitonin, human growth hormone, oxytocin, and insulin 
via the vaginal route (Jitendra et al. 2011). However, factors such as cultural sensi-
tivity, personal hygiene, local irritation, and gender specificity can limit the vaginal 
route of administration of peptide therapeutics (Jitendra et al. 2011). Finally, the 
buccal route of administration is known to be an alternative to the conventional oral 
route, wherein the formulation can stick to the buccal mucosa and maintain a pro-
longed contact due to the mucoadhesive polymers. The formulation for delivery via 
buccal route also contains additives such as penetration enhancers to improve pep-
tide permeation across buccal mucosa and enzyme inhibitors to protect the peptides 
from mucosal enzymes (Jitendra et al. 2011).  

5.7 � Summary  

•	 Parenteral Route: Primary and most promising with choice of IV/IM/SC admin-
istration but faces challenges including stability, short half-life, and poor bio-
availability for peptide delivery. Various formulation approaches including 
chemical modifications and colloidal carriers have been explored for successful 
delivery with products in market. 

•	 Oral Route: Noninvasive and highly patient compliant route of administration. 
However, enzymatic degradation in GI tract along with other factors leads to 
poor bioavailability of peptides. Chemical modification and use of enzyme 
inhibitors and absorption enhancers along with several other approaches such as 
mucoadhesive and carrier systems have been utilized for therapeutic peptide 
delivery. 

•	 Pulmonary Route: A noninvasive route providing both local and systemic effects, 
with improved bioavailability compared to oral administration. Morphology and 
geometry of airway, mucociliary clearance, and immunogenicity limits peptide 
delivery. Various microparticulate systems and liposomes have been explored 
with strategic use of absorption enhancers and protease inhibitors for enhanced 
peptide delivery via aerosolized systems. 

•	 Transdermal Route: Another noninvasive route which can provide sustained and 
controlled delivery. However, permeation of hydrophilic peptides across skin is 
a major challenge. Various physical enhancement techniques such as micronee-
dles, iontophoresis, and sonophoresis, encapsulation technologies, and chemical 
modifications have been explored for therapeutic peptide delivery. 

•	 Future Aspects: Extensive research and technological advances in various routes 
of administration have shown promising results, and this may broaden the reach 
of peptide therapeutics in the future.
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