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Abstract 
Precisely selective interactions of peptides with their unique binding partners represent an outstanding 

starting point for designing novel therapeutics. It is well established that peptides with a variety of 
critical physiological functions and specific mechanisms of action offer distinct advantages, including 
excellent safety and higher efficiency over traditional small molecule therapeutics. Certain intrinsic 
weaknesses of naturally occurring peptides such as negligible plasma half-life, low bioavailability, and 
potential immunogenicity have limited their administration as medicines. Nanotechnology has ex-
panded several promising strategies to address the limitations associated with therapeutic peptides. This 
review aims to perform a state-of-the-art summary of the strategies that are actively used to develop 
efficient formulations of nanosystem based peptide medicines. We first focus on the recent advances 
and updates on peptide-based nanomedicines. Then we indicate how nanosystems improved the func-
tionality of therapeutic peptides and what the future opportunities and challenges of developments in 
the field of therapeutic peptides are. Potential noninvasive delivery platforms for peptide incorporated 
nanoparticles through alternative administration routes are also discussed.  
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Rationale and Purpose  
One of the limitations of the therapeutic pep-

tides is their inefficient delivery to the site of 
action. Since nanoparticles have significant po-
tential as drug carriers, they can be used to over-
come this limitation. As the delivery strategies 
of peptide drugs using nanocarriers are not 
comprehensively discussed in many articles, a 
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summary reporting recent approaches was 
needed. This review consolidates the current 
understanding of nanosystems in the enhance-
ment of therapeutic peptide efficiency. Here, 
we point out the main classes of nanoparticles 
that have been introduced for delivery of thera-
peutic peptides, and after that, we mention re-
cent advances in each class.
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Summary of relevant literature 
 New insights into the therapeutic appli-

cations of peptides 
Peptide-based therapeutics constituting a 

unique class of biopharmaceuticals have at-
tracted great interest in the pharmaceutical in-
dustry since the advent of insulin therapy in the 
1920s1. Therapeutic peptides have been used 
for treatments of a wide assortment of diseases, 
from metabolic and immunologic disorders to 
cancer and infectious diseases2–4. From the late 
20th century, over 60 therapeutic peptides have 
been approved for clinical usage in the United 
States, Europe, and Japan5, and the global sales 
of therapeutic peptides exceeded USD 70 bil-
lion in 20196. According to the “Global Peptide 
Therapeutics Market & Clinical Trials Insight 
2026” report, there are approximately 800 pep-
tide drugs in clinical trials and 197 peptide-
based drugs commercially available on the mar-
ket7. It is expected that the peptide drug market 
will keep continuous 9.1% growth per year un-
til 20268.  

Peptides are arbitrarily defined as biopoly-
mers with 2 to 50 amino acid residues and less 
than 6 kDa molecular mass9. The length of ther-
apeutic peptides is determinative for their sec-
ondary structure, cytotoxicity, stability, and 
mode of action10. Most of the previous thera-
peutic peptides entering the clinical trials stage 
contain less than 10 amino acids that 7 to 8 of 
them were used to form amphipathic struc-
tures11. However, advances in manufacturing 
technology have provided peptide drugs with-
out length related constraints. Depending on 
their amino acid sequences, site-specific modi-
fications, and subsequent spatial confor-
mations, peptides retain diverse three-dimen-
sional structures and possess a variety of im-
portant physiological roles which are due to 
their ability to bind with exquisite specificity to 
the respective biological counterparts. Disrupt-
ing the interactions of proteins, propagation or 
inhibition of signaling cascades, and modulat-
ing the plasma membrane integrity are some in-
stances of peptide strategies as therapeutic 
agents12. Furthermore, peptides that mimic nat-
ural peptide hormones are considered as a med-
ication by compensating hormone deficiencies 
in body8. The intrinsic property of peptides pro-
vides great benefits such as notably lower side 
effects and less toxicity toward normal tissues 

compared with chemo drugs or protein thera-
peutics13. However, the number of available 
side chains, needed for possible peptide confor-
mations and strong target binding, is limited by 
the short length of polypeptides14. Advance-
ments in biotechnological techniques and re-
combinant DNA engineering lead to the crea-
tion of several new artificial bioactive peptides 
and the establishment of new strategies to con-
formationally stabilize these peptides15. Addi-
tionally, this new class of therapeutics is asso-
ciated with lower production complexity and is 
more cost-efficient16. Through the development 
and manufacturing processes of peptide pro-
duction, the quality of final products must be 
assessed and their lot-to-lot consistency must 
be assured17. Peptide-related impurities includ-
ing degraded products and residual solvents, 
must be precisely controlled during peptide 
drug production based on the guidelines. The 
proposed threshold of these impurities usually 
depends on the type of clinical application (e.g., 
therapeutic, vaccine, diagnostic) of the pep-
tide18. 

  Despite promising therapeutic properties, 
naturally occurring peptides are facing several 
interrelated pharmaceutical limitations, such as 
short plasma half-life and low oral bioavailabil-
ity that make them unsuitable for direct use as 
conventional medicines19. In the most fre-
quently employed methods of administration, 
currently available therapeutic peptides are de-
livered through the parenteral routes20. Lower 
stability and short circulation half-life of pep-
tides in the bloodstream, in comparison with 
protein therapeutics, leads to a low drug con-
centration and consequently, low therapeutic 
efficiency at the site of action. To overcome this 
issue, frequent injections are required. On the 
other hand, multiple injections bring about an 
oscillating concentration of drug in the blood 
and also consume higher doses of drugs, result-
ing in the development of side effects13. Poten-
tial unwanted immunogenicity is another draw-
back that should be taken into account. Immu-
nogenicity of peptide drugs that refer to the un-
desirable immune response in patients has been 
associated with the systemic (usually paren-
teral) administration of these therapeutics21. 
Over the past decade, several alternative formu-
lation routes, including oral, respiratory, trans-
dermal, and ocular, have been established and 
were considered as notably less invasive routes 
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for the administration of peptide medicines. 
Nevertheless, these alternative routes are also 
limited because of poor membrane permeabil-
ity, insignificant bioavailability after admin-
istration, intrinsic weakness in front of enzy-
matic digestion of protease, and high clearance 
rate22.  

  Several techniques have been developed to 
overcome these drawbacks and increase the sta-
bility of peptides in biological fluids. The most 
commonly used strategy is to add stabilizing 
agents or a combination of specific antiprote-
ases to the formulation of peptide medicines. 
These stabilizing additives, including heparin, 
chelating agents, and hydroxypropyl cyclodex-
trins, can enhance the thermal stability of pep-
tides23 or shield them from aggregation and pro-
teolytic degradation24,25. In a complementary 
approach, conjugation of inert polymers such as 
polyethylene glycol (PEG), polyvinylpyrroli-
done, and albumin to the therapeutic peptides 
can decrease the immunogenicity of peptides 
and therefore, confer resistance to neutraliza-
tion by antibodies26. Designing modified pep-
tides that are resistant to enzymatic degradation 
also shows increased stability in therapeutic 
peptides27. Although these stabilizing methods 
help to improve the therapeutic index of pep-
tides, in vivo applications are still limited due 
to their low-throughput pharmacokinetic prop-
erties. One approach for increasing the efficacy 
of peptide drugs without raising the overall 
dose is to increase the local concentration, par-
ticularly by conjugating them with targeted de-
livery systems such as nanoparticulate vehicles. 
To date, several types of nanosystems as carri-
ers of proteins and peptides have been devel-
oped28. Encapsulation of peptides in carrier sys-
tems or immobilizing them on the surfaces of 
nanoparticles have tremendous potential to in-
crease the bioavailability of therapeutic pep-
tides and potentiate their efficacy at the site of 
action. Here we present an overview of existing 
nanosystems that have been recently developed 
for the delivery of therapeutic peptides.  

Nanosystems for therapeutic peptide de-
livery 

Incorporation of drugs or other active ingredi-
ents into nanocarriers holds enormous promise 
for further enhancements in the diagnosis and 
treatment of diseases29. Recent advancements 
in the field of therapeutic peptides have focused 

on the development of effective peptide deliv-
ery to the extracellular or intracellular targets. 
However, low permeability of peptides through 
biological barriers and their inefficacious cellu-
lar internalization have hampered the clinical 
translation of peptide-based medicines30. Ther-
apeutic peptides engineered into nanostructures 
not only provide opportunities to accelerate 
smart transportation to the desired site but also 
prolong their half-life in the plasma. These 
nanostructures are stable as colloidal particles 
in aqueous suspensions and are smaller than 
1000 nm in diameter that have been developed 
for interaction with biological macromolecules 
and other active substances. Nanoparticles have 
shown the potential to serve as a conjugate scaf-
fold or provide a cavity for entrapment of bio-
logics to improve their functionality31. Efficient 
cellular internalization, stable spatial architec-
tures, and enhanced vasculature accessibility of 
nanoparticles hold great potential to overcome 
the pharmaceutical obstacles of peptides and 
have motivated the development of peptide-de-
rived therapeutic nanomedicines. 

Nanoparticles can be modified to possess 
stimuli-responsive properties and release their 
cargo in response to endogenous or exogenous 
triggers32,33. The controlled release of therapeu-
tic peptides from nanoparticles is regarded as an 
effective strategy for improving their therapeu-
tic index through the reduction in off-target ef-
fects. Experimental outcomes complemented 
by computational simulation demonstrate that 
physical properties of nanoparticles (e.g., ex-
posed surface area and charge density) are dom-
inant in the interaction of nanoparticles and 
peptides, and can be engineered to indicate the 
release profile of peptide drugs34,35. Various bi-
ocompatible nanoparticle-based carrier sys-
tems, mainly polymer-based nanoparticles, li-
pid-based nanoparticles, inorganic-based nano-
materials, bioactive peptide assemblies, and hy-
brid nanostructures have been reported for suc-
cessful targeted peptide delivery (Figure 1). 
Conjugation of proteins and peptides to these 
nanoparticles can greatly facilitate their pene-
tration into the target cells and tissues. To im-
prove therapeutic outcomes an effective release 
of peptide therapeutics from nanosystems must 
be precisely managed. In the following, we 
summarize the main functionalities of nanopar-
ticles to improve the therapeutic index of pep-
tide drugs.  
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Figure 1: Main classes of nanosystems that contributed to the delivery of therapeutic peptides. As nanotechnology develops, 
peptide drugs achieve a better pharmacological efficiency via nano delivery systems. Five main classes of nanosystems em-
ployed in the delivery of therapeutic peptides are represented here. More expanded definitions and examples are introduced 
in this review. 

Polymer-based nanoparticles 
 As a well-established drug delivery system, 

polymer-based nanoparticles have demon-
strated significant advantages over other sys-
tems. The term polymeric nanoparticle includes 
both nanocapsules and nanospheres with size 
ranging from 10 to 1000 nm (Figure 2)36 
Nanocapsules consist of colloidal nanobubbles 
in which the liquid core (oily or aqueous) is en-
closed by layers of polymeric membrane that 
confers reservoir properties to this structure37. 
Increasing the oral bioavailability of peptide 
drugs using polymeric nanocapsules have been 
the object of research since 199038. Nano-
spheres are homogenous matrix systems in 
which the drug is physically and uniformly dis-
persed throughout the polymeric particle39. The 
amorphous or crystalline nature of nanospheres 
provides the capability to release the drug in a 
slow and sustained manner.  

Physical properties and drug-loading capacity 
of different polymeric nanoparticle constructs 

are significantly affected by the nature of mon-
omers as well as the preparation procedure of 
polymeric nanoparticles. Synthetic and natural 
polymers investigated for proteins and peptides 
delivery mainly includes biodegradable polyes-
ters (e.g., poly [lactide-co-glycolic acid] 
[PLGA]40, polylactic acid [PLA]41), poly (me-
thyl methacrylate), poly (methyl vinyl ether 
maleic acid) (P[MVEMA])42, dextran, hyalu-
ronic acid, and chitosan.  

Chitosan (CS) and its derivatives are a well-
known group of natural polysaccharides with 
high biocompatibility and pH-responsive fea-
ture which have the potential to serve as a car-
rier for oral delivery of peptides43. Moreover, an 
abundant number of amino and hydroxyl 
groups on the chitosan backbone provides the 
ability to capture peptide-based therapeutics via 
both hydrogen and covalent bonds44,45. To date, 
many ongoing studies have been done to make 
stable complexes of chitosan and insulin to ef-
ficiently enhance their intestinal adsorption and 
extend their blood duration.46,47 
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Figure 2: Schematic representations of a polymeric nanocapsule and nanosphere. Nanocapsules consists of a single or 
multilayered polymeric shell and a liquid core in which payloads are confined to a central cavity of the nanocapsule. However, 
nanospheres are uniform structures that are formed by dense uniform polymeric matrixes without any empty cavity and drugs 
uniformly disperse within their matrix.  

Accordingly, adequate mucoadhesion 
through oral administration and self-sustained 
release profile of insulin loaded chitosan-mucin 
nanospheres were reported by M.A. Mumuni48. 
Mucin, a natural anionic polymer, rectifies the 
high degradation rate of chitosan by forming 
network complexes and therefore reduces the 
unwanted release of insulin before reaching the 
adsorption site. High encapsulation efficiency 
(90%) and good loading capacity (23%) of 
these nanoparticles are presumably attributable 
to the ionic interactions of mucin and chitosan. 
Other combinations of biopolymers with chi-
tosan to improve its inherent limitations were 
studied by A. Blachman et al.49 They recently 
introduced an interesting nanosystem that in-
corporated an egg-derived anti-inflammatory 
tripeptide (Ile-Arg-Trp) into the matrix of the 
dermatan sulfate/chitosan nanospheres. Selec-
tive targeting toward inflamed endothelium, ef-
fectual cell internalization, and intracellular re-
lease of peptides were mediated by dermatan 
sulfate molecules on the surface of nano-
spheres. Thus, simple and reproducible com-
plexation of peptides with a physically stable 
structure based on chitosan biopolymer pro-
vided a versatile platform for active peptide 
drug loading.  

Hyaluronic acid (HA), a natural glycosamino-
glycan polymer, could be a suitable candidate 
for the construction of polymeric drug delivery 

systems as a consequence of its biocompatibil-
ity and biodegradability. The potential mucoad-
hesive property, high water-binding capacity, 
and pseudoplastic behavior of HA have been 
successfully employed to increase the bioavail-
ability of hydrophobic therapeutic peptides in 
ocular administration. Clinical applications of 
peptide drugs through ocular administration 
have been restricted because of their fast clear-
ance from ocular surface50. Cyclosporine A 
(CsA) is one of these highly hydrophobic pep-
tides which has been recommended to use in the 
treatment of ocular autoimmune disease51. Hy-
aluronic acid-coated poly-3-caprolactone nano-
spheres loaded by CsA resulted in the increased 
residence time and sufficient drug concentra-
tion in the cornea of the eye tissue and shows 
promise for local treatment of corneal disease52. 
Alternative polymeric nanoparticles have also 
been evaluated for entrapment and local deliv-
ery of therapeutics. A novel multilayered poly-
meric nanomicelle formulation composed of 
polyoxyethylene hydrogenated castor oil 40 
(HCO-40) and octoxynol 40 (OC-40) have been 
designed for ocular delivery of the octreotide as 
a small therapeutic peptide53. In comparison to 
other similar polymeric structures, using or-
ganic solvents instead of conventional aqueous 
systems in the encapsulation step of this formu-
lation increased the efficiency of peptide encap-
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sulation (up to 76%). Generally, successful im-
plementation of polymeric nanoparticles to en-
capsulate sufficient amounts of cargo has 
opened a new window in the ocular administra-
tion of peptide therapeutics in their native 
forms. 

PLGA based nanoparticles have been widely 
used for encapsulation and delivery of thera-
peutic peptides as these polymers are biode-
gradable and have been approved by the US 
Food and Drug Administration (FDA)54. How-
ever, chemical reactions between nucleophilic 
primary amines in peptide sequences and car-
boxylic acid end-groups of PLGA or PLGA 
degradation products form acylated derivatives 
of peptides, which may cause loss of activity, 
immunogenicity, and toxicity55. It has been 
demonstrated that peptide PEGylation or co-en-
capsulation of stabilizer agents including solu-
ble multivalent cationic salts and/or carboxyl 
methyl chitosan, can strongly prevent the acyl-
ation of encapsulated peptides and conse-
quently, enhances the effectiveness of peptide 
delivery56. The effects of a variety of additives 
such as carbohydrates, amino acids, and surfac-
tants on the stability and encapsulation effi-
ciency of the exenatide-loaded PLGA particu-
late system was determined by H. Park et al.57 
They reported that nonionic surfactants, espe-
cially poloxamer 188, can preserve the biologi-
cal conformations of buried peptides within the 
polymer by preventing their aggregation at the 
hydrophobic surfaces and also effectively de-
crease peptide hydrolysis. A precise combina-
tion of additives such as poloxamer 188, su-
crose, and amino acids like phenylalanine pro-
vide synergic improvements in the encapsula-
tion efficiency and control the initial burst re-
lease of peptide cargos from PLGA particles.  

Cell-penetrating properties of guanidine func-
tional groups inspired the design of an effective 
polyarginine-based nanoparticle for oral deliv-
ery of therapeutices58. Interaction of polyargi-
nine with tight junction proteins favors the 
paracellular transport of drugs and improves the 
transport of therapeutic peptides across the epi-
thelial barriers. Encapsulation of elisidepsin, a 
cyclic peptide with antitumor activity, within 
polyarginine nanocapsules, has been explored 
by G. Lollo et al59. High encapsulation effi-
ciency (close to 50%), reasonable stability in in-
testinal fluids, and enhanced penetration of 

nanocarriers through the transcellular pathway 
have made this polymeric nanosystem a poten-
tial candidate for use as an oral nanoparticulate 
delivery system. 

The ultimate goal in using polymer-based na-
noparticles for sustained delivery of therapeu-
tics is designing a suitable device with an admi-
rable capacity of holding and releasing active 
agents with the desired rate60. Such delivery 
systems provide concurrent degradation of na-
noparticles and release of drugs that extend the 
active duration of drugs compare to conven-
tional dosage forms. Lately, the effectiveness of 
polymeric hydrogels in this area has been ap-
proved. Polymeric hydrogel systems are a net-
work of cross-linked polymers with the capac-
ity to entrap high concentrations of therapeutic 
peptides within their hydrophilic cores and pre-
vent peptide degradation over a long period61. 
In a recent study, Exendin-4 (Ex-4), recombi-
nant glucagon-like protein-1 (GLP-1) receptor 
agonist, was encapsulated in a protamine con-
jugated poly(organophosphazene) (ProCP) hy-
drogel system to enhance glucose-dependent 
insulin secretion in diabetic patients62. Ionic in-
teraction of the protamine moiety with Ex-4 has 
provided a favorable condition for slow drug re-
lease and suggested a long-term effective nano-
medicine for anti-diabetic treatment. More im-
portantly, this nanocomplex makes concord-
ance in periods of Ex-4 release and ProCP hy-
drogels biodegradation, then carriers do not re-
main in the blood longer than the drug release 
period and injections can be repeated without 
toxic accumulation of hydrogels during the 
treatments period (Figure 3). 

However, several drawbacks may limit the 
feasibility of polymeric structures in vivo. The 
slow rate and incomplete release of drugs from 
polymeric nanoparticles in line with low rates 
of biodegradation are the main limitations of 
polymeric drug delivery platforms. Besides, re-
garding the high molecular weight nature of 
polymeric nanoparticles, undegraded polymers 
accumulate in tissues that could augment in-
flammatory reactions. Particle size and surface 
morphology of polymeric nanoparticles can af-
fect their dissociation and biodegradation rates, 
thereby controlling the efficiency of drug load-
ing and drug release. 
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Figure 3: Schematic illustration of protamine-conjugated polymer (ProCP) hydrogels encapsulated Ex-4 recombinant pep-

tide. The formation of a bulk hydrogel in this design is temperature-dependent and happened in situ after injection. Ionic 
interactions between the hydrogel backbone and Ex-4 drastically enhanced the bioavailability of the drug and provided long-
term drug release. Concordant degradation of the Ex-4/ProCP nanocomplex and drug release have the benefits of enabling 
the nanosystems to be used as repeatable anti-diabetes treatment. Adapted with permission from 62. Copyright (2019) Amer-
ican Chemical Society. 

Recent advances in polymer chemistry re-
search are transforming the synthesis methods 
and application of polymeric nanoparticles that 
develop several novel formulations with suita-
ble size and surface chemistry to synthase an 
appropriate carrier for therapeutic peptides. By 
considering multiple factors at the pre-formula-
tion step to adjust the interaction of peptides 
and polymer backbones, the kinetics of drug re-
lease can be controlled, and the initial burst 
drug release can be prevented63. For instance, 
co-encapsulation of peptide drugs and relevant 
stabilizing agents in polymer particulate sys-
tems have pivotal roles in the improvement of 
peptide stability during formulation and deliv-
ery64. Difficulties in scale-up, complicated 
steps of modification, and the high cost of syn-
thesis are also significant restraints of polymer-
based nanocarriers for their clinical translation. 
Currently, research efforts have been focused 
on the optimization of some polymer synthesis 
techniques such as nanocrystallization65 or 
flow-based methods66 which can be easily 
scaled up to produce large quantities of well-

characterized polymeric nanoparticles. Hin-
dered consistency in polymeric nanoparticles 
that have happened as a result of heterogeneity 
of polymeric structures also can be addressed 
by precise control of the synthesis proce-
dures67,68. Eventually, the nature of polymers 
besides toxicological features of them, and 
careful selection of solvents should be consid-
ered to have acceptable final polymeric nano-
medicine both by clinicians and patients69. 

Lipid-based nanoparticles  
Liposomes and other lipid-based colloidal na-

noparticles, such as solid lipid nanocarriers, 
bear the advantage of being in the group of bi-
ocompatible nanomaterials, and their specific 
architecture and properties make them feasible 
for in vivo applications70. Lipid nanoparticles 
are among the most extensively explored plat-
forms to provide a long-acting system for local 
peptide delivery for both hydrophilic and hy-
drophobic drugs (Figure 4)71. Lipid nanocarri-
ers can be modified with targeting moiety to in-
crease their specific ability to pass through the 
target membrane and could be densely packed 
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with a layer of PEG molecules to prolong their 
blood circulation time via limiting systemic 
clearance. Several lipid-based formulations for 
drug delivery have been approved by the FDA, 
and many products are under different stages of 
clinical trial72. 

Liposomal nanomedicines are highly benefi-
cial to improve cellular uptake of peptide drugs 
once these drugs are loaded into liposomes. 
These nanoparticles consist of an amphiphilic 
phospholipid bilayer surrounding an aqueous 
core cavity resembling the mammalian cell 
membrane and have higher loading capacity in 
comparison to other lipid passed nanoparticles. 
Strong interaction between liposomes and cell 
membranes guarantees efficient membrane per-
meability of encapsulated peptide medica-
tions73. An ultra-flexible liposome to convey a 
sufficient dose of salmon calcitonin (sCT) 
through intranasal administration has been for-
mulated by Chen et al74. sCT is a clinically ef-
fective peptide for the regulation of calcium ho-
meostasis. In this formulation, deformation and 
penetration of liposomes into the nasal mucosa 
during their residence in the respiratory cavity 
significantly increased the absorption and bioa-
vailability of the drug compared with sCT solu-
tion. High deformability and flexibility of lipo-
somes in this formulation were correlated to the 
sodium dodecyl sulfate content in liposomes 
that increased the absorption of nanoparticles 
through the pores between the cells of the bio-
logical membranes. L-CsA is an example of an 
aerosolized liposomal formulation that encap-
sulates cyclosporine A for the treatment of 
chronic rejection in lung transplant recipients 
that is currently under phase III of the clinical 
trials75.  

Liposome-based chemotherapeutics for can-
cer treatment possess a large proportion of clin-
ical-stage nanoparticles with high pharmaco-
logical potency. One of the most interesting an-
ticancer therapeutic payloads of liposomes are 
cytotoxic peptides hereupon varieties of their 
formulations are now under clinical trials. 
Mepact® (formerly known as L-MTP-PE) is the 
liposomal muramyl tripeptide formulation that 
has been approved for parenteral administration 
in patients with osteosarcoma76,77. Preclinical 
studies confirmed that this formulation has at 
least 10 times less toxicity than free drug sub-
stances. Combinational therapy of L-MTP-PE 

with conventional chemotherapeutics also pro-
vided benefits for the treatment of osteosar-
coma78. Studies on Stimuvax® (earlier known as 
BLP25), which was another example of anti-
cancer liposomes incorporating an antigenic 
lipopeptide (tecemotide), has been terminated 
in phase III of the clinical trial, as it failed to 
improve overall survival in non-small cell lung 
carcinoma patients79. Modification of 
Stimuvax® by incorporating a synthetic immu-
noadjuvant peptide is under more investigations 
to come into clinical studies80.  

The precise liposome peptide formulation and 
the peptide behavior in the liposome are critical 
to control the peptide release rate. The formu-
lated nanoparticles developed by N. Rezaie et 
al. were a liposome-based anti-angiogenesis 
peptide delivery system to enhance the stability 
and plasma half-life of the endostatin peptide81. 
It has been demonstrated that changing the mo-
lar ratio of phospholipid and peptide payload 
(endostatin) can affect the release profile of the 
encapsulated drug by changing the physico-
chemical properties of the liposomal system. 
Based on their results, an increase in surface 
area of liposome and, therefore, higher interac-
tion between peptide payload and lipid bilayer 
were the consequences of the smaller size of 
liposomes, which increased the release rate of 
the peptide cargo. On the other hand, self-as-
sembly of peptides in the hydrophilic core of 
liposome, which has been simulated through 
molecular dynamics, is an effective factor in 
prolonging the peptide release rate in vivo81. A 
few great examples of liposomal formulations 
for peptide-based drug delivery have been sum-
marized in Figure 4.  

Lipid nanoemulsions are non-covalent lipid-
based aggregates with low antigenicity and po-
tent applications in the ocular drug delivery87. 
Bioadhesive properties of cationic lipid-based 
nanoemulsions cause stable electrostatic inter-
actions with the cells of the ocular surface and 
lead to the successful development of the no-
vasorb® technology, which has effectively 
treated ophthalmic diseases with controlled 
drug release manner83. The advantages, such as 
easy fabrication and small size for transcorneal 
penetration, are combined with mucoadhesive 
features and introduced an ideal nanoemulsion-
based ocular delivery88.  

  Solid lipid nanocarriers are classified as col-
loidal particles with lipid core matrix consisted 
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of solid lipid nanoparticles (SLNs) and 
nanostructured lipid carriers that have a higher 
loading efficiency for hydrophobic drugs com-
pared with liposomes89. Among the most recent 
formulations, SLNs have been introduced as a 
well-organized and non-toxic alternative lipid 

nanoparticle carrier system that can be conven-
iently dispersed in water or aqueous surfactant 
solutions. SLNs can improve the blood-brain 
barrier permeability of loaded drugs and exe-
cute a sustained release of drug payloads90. 

 

 
Figure 4: Lipid-based nanoparticles are developed for therapeutic peptide delivery through diverse administration routes. 

(Center) Multifunctional lipid structures commonly are coated with a layer of PEG and are decorated by targeting agents for 
long plasma circulation and specific tissue accumulation. Lipid-based nanoparticles provide separate areas for encapsulation 
of both hydrophilic and hydrophobic drugs. (A) Inhalation delivery of CsA through liposomal formulation (L-CsA) was intro-
duced for the treatment of bronchiolitis obliterans syndrome. (B) Mepact® and Stimuvax® are liposomal formulations of 
peptides with anticancer activity. (C) Nanomicellar solution of lifitegrast peptide82 and nanoemulsion formulations of CsA 
(Novasorb® and Restasis®)83,84 are novel formulations for the treatment of dry eye diseases which are developed for ocular 
administration. (D) T4N5 (T4 endonuclease V) liposomal lotion (also known as dimercine) has been approved for lowering 
the risk of skin cancer in patients with xeroderma pigmentosum through the transdermal administration85. (E) Oral admin-
istration of ezatiostate through the liposomal formulation is known as Telintra® (TLK199) that is under the development for 
the treatment of myelodysplastic syndromes86. 

Antibacterial peptides are one of the most 
common peptide payloads of clinically relevant 
lipid-based nanoparticles. Co-encapsulation of 
vancomycin and potent antioxidant ellagic acid 
within SLNs were found to significantly reduce 
the nephrotoxicity of this antibacterial glyco-

peptide91. Physical stability and drug-lipid com-
patibility of this combination provided a slow 
release of active antibiotics with minimum ne-
phrotoxic effects. Surface modification ap-
proaches such as PEG coating and ligand bind-
ing can be adapted directly to SLN formulations 
to respectively increase their bioavailability and 
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specificity toward the site of interests92. Fur-
thermore, decorating the surface of nanoparti-
cles by functional peptides confers exclusive 
properties to the SLN based delivery platform. 
To emphasize the importance of endosomal es-
cape for orally delivered peptides, Y. Xu et al. 
introduced an SLN with the incorporation of 
hemagglutinin-2 (HA2) on the solid lipid shell 
for oral delivery of insulin93. HA2 is a non-toxic 
fusogenic agent that confers the ability of endo-
somal membrane destabilization to the nano-
particle and facilitates the transepithelial 
transport of the nanocarrier94. In vitro and in 
vivo studies have demonstrated that administra-
tion of these SLN loaded HA2 with loading ca-
pacity close to 7% is enough to maintain the 
highest biological activity of internalized insu-
lin. In another study, decorating the surface of 
SLNs with the L or D stereoisomers of cell-pen-
etrating peptides represented increased adsorp-
tion of insulin through the intestinal mucosa95.  

Lack of robust control of drug release, limited 
drug-loading capacity, and not enough stability 
after administration are the main disadvantages 
of lipid-based nanoformulations96. Manipula-
tion of interior pH of liposome through co-en-
capsulation of stabilizing agents can result in 
excellent retention of therapeutics inside the 
core cavity of liposomes. Bile salt stabilized 
liposomal carrier, bilosomes, are the widely ac-
cepted strategy to improve the stability and per-
meation of peptide drugs in gastrointestinal 
(GI) tract97. Furthermore, covering the outer 
surface of lipid nanoparticles with a layer of 
polymers enhances the stability and helps in 
steric stabilization98.  

The use of toxic organic solvents in the syn-
thesis of lipid nanoparticles was another limita-
tion in the clinical use of these nanomedicines 
that has recently been addressed through using 
alternative less toxic supercritical fluids. The 
low solubility of peptide drugs in the lipid ma-
trix also limits the incorporation of peptide-
based medicines99. Current studies on lipid-
based nanoparticles not only focus on lipo-
somes or solid lipid nanocarriers, but there are 
many studies that are developing advanced ap-
proaches for using lipid nanoparticles as thera-
peutic peptide carriers. Accordingly, high po-
tential of ultra-flexible particles such as trans-
fersomes and invasomes for transdermal pene-
tration has been gaining considerable attention 
in the treatment of different skin cancers100,101. 

Transferosomes and invasomes have the same 
structural constituent as liposomes and consist 
of phospholipids, ethanol, and hydrocarbon 
compounds that confer deformability to the 
structure102. Expanding an appropriate technol-
ogy for the industrial production of these novel 
particles is required for future clinical applica-
tion of them. 

Inorganic-based nanoparticles 
The structural and physical properties of inor-

ganic-based nanoparticles can easily be tailored 
to exhibit distinct interaction with biological 
systems. Inorganic NPs can provide a multi-
functional platform by incorporation of thera-
peutic peptide and targeting ligand simultane-
ously103. Most inorganic nanoparticles have 
several unique characteristics, such as tunable 
optical properties, large surface area, and high 
stability compared with organic material that 
can add valuable functionality to the nanomed-
icines104. Conjugation of peptides to inorganic 
nanoparticles particularly has been widely used 
to provide higher physical stability of these na-
noparticles105. Therapeutic peptides can be at-
tached on the surfaces of inorganic nanoparti-
cles with a covalent bond or a non-covalent in-
teraction, increasing their stability in relation to 
proteolytic degradation. Additionally, self-as-
sembly of inorganic nanoparticles has resulted 
in stable higher-ordered structures that can en-
trap therapeutics in the core cavity of the nano-
assemblies106. Hence, inorganic nanomaterials, 
including silica-based nanomaterials, metallic 
nanoparticles, quantum dots (QDs), and car-
bon-based nanomaterials provide unprece-
dented prospects in biotechnology and nano-
medicines. Polar characteristics of nanomateri-
als, including inorganic nanoparticles, prevent 
their diffusion through the cell membrane, 
therefore cellular uptake of these materials pro-
ceeds mainly via endocytosis107 (Figure 5). 
During the endocytosis process, nanoparticles 
are captured into the vesicular compartments 
(i.e., endosomes) followed by endosomal scape 
to deliver peptides or other therapeutics to the 
cytosolic compartments. Mesoporous silica na-
noparticles (MSNs) with large surface area and 
porous interior have provided high loading ca-
pacity for entrapment and delivery of bioactive 
materials and peptides108. Electrostatic or hy-
drophobic interactions of proteins and peptides 
with the hollow cavity of MSNs provide pep-
tide-based drugs loading with an intact three-
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dimensional structure and be protected from 
degradation by proteases. Textural properties of 
MSNs (surface area, pore-volume, and surface 
charge) are major factors that contribute to the 
loading of therapeutic peptide and determine 
their membranes interactions109. Strong electro-

static adsorption of cationic antibacterial pep-
tide inside the pore systems of anionic silica na-
noparticles allows for easy formulation and also 
drastically enhances cellular internalization of 
the therapeutic peptide110. 

 
 

 
Figure 5: Schematic illustration of widely used classes of inorganic nanoparticles and their application as peptide-carrying 

vehicles. Inorganic nanoparticles owning their reasonable structural stability and also the possibility for their modification 
with the array of functional groups are promising candidates for conjugation with therapeutic peptides since they prolong 
their bioavailability in the circulation after systemic administration and mediate their intracellular delivery. IONPs: iron oxide 
nanoparticles; MSNs: mesoporous silica nanoparticles; GNPs: gold nanoparticles; CNTs: carbon nanotubes; QDs: quantum 
dots.

Modification of a porous silica matrix with hy-
drophobic or stimuli-responsive functional 
groups enables stable storage and tunable re-
lease of the cargo111. Hydrophobic characteris-
tic of SH-modified mesoporous silica pore 
walls improved their interactions with the anti-
microbial LL-37 peptide (a cathelicidin-derived 
peptide with anti-endotoxic activity) and effec-
tively decreased the release kinetic of pep-
tides112. The controlled release of antimicrobial 
agents represents a potent approach to hinder 
implant-related infections. Gold nanoparticles 
(GNPs) are at the forefront of the rapidly devel-
oping field of biomaterials. Biocompatibility, 

ease of surface biofunctionalization, size-de-
pendent optical properties, and longer plasma 
half-life than peptides in general, offers possi-
ble visions for designing conjugated constructs 
of gold nanoparticles and therapeutic pep-
tides113. Peptide sequences containing thiol or 
amine moieties can be easily conjugated to the 
surface of GNPs and facilitate multi- function-
alization of these nanoparticles with a set of dif-
ferent peptides for simultaneous targeting, di-
agnostic, and therapeutic functions. This strat-
egy significantly amplifies the specificity of 
nanosystems and enhances the bioactivity of 
peptide drugs over the free peptides114. A 20 nm 
GNP decorated with both targeting peptides, 
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and an analogous of the RAF peptide ligand (an 
inhibitor of tumor growth and angiogenesis) 
was evaluated by L. Hosta-Rigau et al. for their 
selectivity toward cancer cells, higher cell inter-
nalization properties and improved efficacy of 
RAF antitumor activity115. The same approach 
also has been employed by A. Kumar et al. for 
multi-functionalized small (2 nm) GNPs with 
both a therapeutic peptide (p12, with loading ef-
ficiency close to 65%) and a targeting peptide 
that introduced a monolith system with selec-
tive cancer cells binding as well as therapeutic 
effects116. Depending on the peptides structure, 
conjugation of GNPs with only one type of bi-
omolecules such as peptides (homo-functional-
ization) may lead to the formation of aggregates 

with complicated structures and divergent 
physicochemical properties. To address this is-
sue, an alternative methodology for peptide 
conjugation was introduced by C.T. Matea et al. 
In their work, the conjugation of two or more 
functional biomolecules (hetero-functionaliza-
tion) prevents undesirable aggregation of pep-
tide coated GNPs117. JAG-1 peptide fragment, 
an agonist in the activation of the Notch signal-
ing pathway, coupled with GNPs surface via di-
rect conjugation as a homo-functionalized sys-
tem and also conjugated through PEG linker as 
hetero-functionalized system (Figure 6). 

 

 

 
Figure 6: Illustration of the proposed functionalization routes for binding the JAG-1 peptide (top chemical structure) to gold 
nanoparticles (GNP). In this study, the homo-functionalization of GNPs simply with peptides (route I) has created aggregates 
of peptide coated GNPs with altered physicochemical properties and high polydispersity index. However, hetero-functionali-
zation of GNPs with peptides and through the PEG molecules spacers (route II) leads to monodisperse stable peptide coated 
nanoparticles, which would promote an efficient interaction between the JAG-1 peptide and the Notch receptor. Adapted with 
permission from 117. 

Comparing the resulting nanoparticles from 
each route indicated that the direct coupling of 
peptides on the surfaces of GNPs might not pro-
vide monodispersed and well-directed func-
tionalized nanoparticles. While PEGylation of 
the surface prior to the coupling step makes a 
spacer between the JAG-1 peptide and the gold 
core and yields a monodisperse and aqueous 
stable nanometric structure 

It is stipulated that insulin coated GNPs can 
retain the physicochemical effects of insulin af-
ter intravenous administration118,119. Using glu-
can coated biocompatible GNPs for expansion 
of oral insulin delivery proceeded to phase II 
clinical trials for type 1 diabetes mellitus by 
Midasol Therapeutic™ 120,121.  

Semiconductor QDs have emerged as 
nanocarriers with outstanding optical and 
chemical properties. They have been widely in-
vestigated owing to their excellent potential to 
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be used as a probe for diagnosis or as a carrier 
for traceable targeted delivery of drugs122. Ther-
apeutic application of these nanoparticles was 
demonstrated as self-assembly of fluorinated 
QDs based on non-covalent fluorine–fluorine 
interactions which have been used in designing 
a delivery platform for therapeutic proteins and 
peptides in their active forms123. Effective re-
lease of encapsulated therapeutics only in re-
sponse to the acidic pH can prevent the drug re-
lease outside the cells. On the other hand, QD-
based theranostics cater to both therapeutic and 
diagnostic modalities. Conjugation of two po-
tent antimicrobial peptides with ultra-small 
tungsten disulfide QDs not only boosts the an-
timicrobial and anti-biofilm potency of these 
peptides but also represents a promising tool for 
selective pathogen imaging124. The intrinsic 
toxicity of constituent ions has restricted clini-
cal utilization of QDs as contrast agents or as 
nanoscale carriers of therapeutics. Recently 
emerging non-toxic cadmium-free QDs (e.g., 
silicon QDs, QDs of group III-V and group 
I−III-VI, or graphene and carbon QDs) offer 
safer theranostic formulations which can be 
used for bioimaging and therapeutics delivery 
purposes125. 

Carbon nanotubes (CNTs) are rolled-up gra-
phene-based nanoparticles with great potential 
for biomaterial conjugation. However, low wa-
ter solubility and toxicity have limited their bi-
opharmaceutical applications that given rise to 
the development of CNTs transformation strat-
egies to achieve a viable delivery system. Func-
tionalization of CNTs covalently or electrostat-
ically with proteins and peptides not only can 
control limiting factors it can also enhance the 
effectiveness of therapeutic peptides126.  

Single-wall CNTs (SWNTs) are considered as 
an ideal carrier system for synthetic peptide 
vaccines to improve immune responses against 
human tumor antigens127. Peptide-SWNT con-
structs are non-toxic and were rapidly internal-
ized by antigen-presenting cells which gener-
ated effective antibody responses against even 
weak immunogenic tumor antigens. In one re-
cent study, CNTs conjugated with indolicidin126 
and other alternative antimicrobial peptides 
(such as TP359, TP226, and TP557)128 resulted 
in a significantly better antibacterial activity 
than free peptides. Surface modification of 
metal nanoparticles with therapeutic peptides 

can solve some limitations in using these nano-
particles, and it can also increase the stability 
and effectiveness of the peptides by increasing 
their plasma half-life.  

Inhibition of Clostridium difficile (C. difficile) 
spore germination is clinically important as it is 
associated with healthcare-facility-related in-
fections, and after its development, there are 
only a few antibiotics available to control it129. 
Vancomycin, a glycopeptide antibiotic, is the 
traditional treatment of choice in this case, but 
the off-target side effects can contribute to 
dysbiosis and intestinal inflammation. Single-
crystal non-stoichiometric Fe3−δO4 iron oxide 
magnetite nanoparticles (IONPs) show unique 
sporicidal activity and possess a strong binding 
affinity to the C. difficile spores through a hy-
drophobic interaction130. Surface modification 
of each iron oxide Fe3−δO4 nanoparticles with 
5.8 ± 1.5 molecules of vancomycin resulted in 
the spore-targeting van-IONPs formulation 
with effective suppression of spore germina-
tion. Accumulation of the vancomycin-targeted 
delivery system on the spore surface increases 
the local concentration of antibacterial peptide 
and optimizes its efficacy without raising the 
overall dose. 

Aggregation and unfavorable interaction in 
aqueous solvents are the inherent disadvantages 
of inorganic nanoparticles that must be ad-
dressed prior to the development of inorganic-
based nanocarriers131. Surface engineering 
strategies, including coating by small ligands, 
polymers, and lipids, are long-lasting method-
ology to enhance the colloidal stability of inor-
ganic nanoparticles in the aqueous solutions132. 
Burying surfaces of the metal complexes or in-
organic nanoparticles with protein containers is 
another appealing approach that has been ex-
plained as shielding nanoparticle surfaces by a 
layer of assembled protein chains to increase 
their stability and circulation lifetime133,134. Fur-
ther advancements in this technique have been 
achieved through decorating the surfaces of in-
organic nanoparticles by specific cargo-loading 
peptides135. Via lock-and-key interactions, 
cargo-loading peptides efficiently bind to the 
inner container surfaces and retain the morphol-
ogy and integrity of protein during the delivery. 
Accordingly, protein containers are versatile 
compartments demonstrating a new direction 
for the development of hybrid protein-inorganic 
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nanoplatforms with higher drug delivery effec-
tiveness. Long-term accumulation in organs of 
the reticuloendothelial system and non-negligi-
ble toxicity are other drawbacks in the applica-
tion of these nanoparticles that should be con-
sidered while developing the inorganic nano-
materials for clinical use. A new generation of 
inorganic nanoparticles with alternative ele-
mental compositions are currently being devel-
oped that possess faster degradation and excre-
tion from the body and, therefore, less toxicity 
as peptide delivery platforms136,137. Nonethe-
less, the precise equilibrium between the clear-
ance rate and the effective concentration of in-
organic nanoparticles in the target tissues is 
challenging and needs to be investigated in fu-
ture studies. 

Bioactive peptide assemblies  
Self-assembly of peptide and peptide conju-

gates has been widely reported as highly tai-
lored materials optimized for therapeutic deliv-
ery applications138. Depending on the biochem-
ical environment, peptides undergo hierarchical 
assembly through non-covalent interactions 
and form ordered aggregates, which can be used 
as a nanocarrier for drug delivery. Furthermore, 
the peptide itself may have therapeutic proper-
ties, both through presented bioactivity and by 
a drug-like function which interfaces with a 
specific pathway in cells or tissues139. The main 
advantage of peptide assemblies is their higher 
stability in circulation, which can significantly 
enhance the therapeutic index and improve 
their clinical translation.  

A broad class of therapeutic peptide assem-
blies are peptides amphiphiles (PA) wherein a 
peptide is grafted with linear or branched non-
peptide modifiers via a linker or spacer to drive 
self-assembly through hydrophobic collapse140. 
PAs have been widely developed as nanomedi-
cines due to their modularity, biocompatibility, 
and straightforward synthesis procedures with 
controlled size and shape. Spherical micellar 
PA derived nanoparticles have been effectively 
utilized as nanocarriers for stimuli-responsive 
delivery of chemotherapeutics141,142. However, 
the intelligent design of PAs for having stimuli 
responsiveness creates smart delivery platforms 
for therapeutic peptides. Y. Ding et al. have 
shown that conjugation of an angiogenesis in-
hibitory peptide (C16Y) with the hydrophobic 
molecule, 3-diethylaminopropyl isothiocyanate 

(DEAP), creates amphiphilic building blocks 
with the capability of self-assembling to the sta-
ble antitumor nanostructures143. pH-responsive 
assembly/disassembly behavior of this struc-
ture provided intact peptide functionality in the 
circulation, whereas dissociation of the 
nanostructure in the tumor site makes peptide 
sequences well available for binding to its re-
ceptor and inhibiting angiogenesis. Considera-
ble serum stability of DEAP–C16Y nanostruc-
tures compared with C16Y demonstrated the 
efficiency of the self-assembling process for the 
protection of therapeutic peptides. PA nanocar-
rier platforms also incorporated in atherosclero-
sis nanomedicine for targeted delivery of an im-
munotherapeutic (Ac2-26 ) to atherosclerotic 
plaque144. Ac2-26 is the mimetic peptide of glu-
cocorticoid annexin A1 protein which has pro-
tective effects against inflammation within ath-
erosclerotic lesions. Upon exposure to bio-
chemical cues overexpressed in atheroma mi-
croenvironment, active Ac2-26 is released and 
reduces plaque burden of atherosclerotic niche. 
A related strategy also has been applied by L. 
Zhang et al. for enhancing the bioavailability of 
hydrophobic T4 therapeutic peptide (Figure 
7)145. Dual responsive peptide-assembling 
nanostructures (P-T4) obtained by conjugation 
of mPEG modified peptide and angiopoietin re-
ceptor targeting peptide (T4) indeed prolonged 
half-life time of the T4 in the circulation and re-
sponded to a decreased level of pH and cleav-
age by the endogenous legumain protease at the 
tumor microenvironment. P-T4 nanoparticles 
specifically target tumor tissues and block the 
reconstruction of blood vessels in the tumor. 
Taking advantage of the higher expressions of 
specific proteinases such as matrix metallopro-
teinase-2 (MMP-2) inside the tumor microenvi-
ronments, K. Cheng et.al. designed a PA de-
rived nanoformulation that holds the peptide se-
quence substrate of MMP-2 conjugated to the 
short D-peptide antagonist of PDL-1(DPPA-
1)146. Precise and controlled release of DPPA-1 
in the extracellular matrix of cancer cells in-
creased the chance of interaction between this 
peptide and its counterpart, PDL-1, which 
caused modulation of the immunosuppressive 
tumor microenvironment and enhanced cancer 
therapy. 

Designing an appropriate self-assembling 
therapeutic peptide often needs peptide se-
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quence modifications or conjugations. How-
ever, these additional modifications may inevi-
tably affect the intrinsic effectiveness of pep-
tide drugs. The rational design of some intelli-
gent nanosystems with the possibility of losing 
their extra modifications in the site of action can 
significantly improve their therapeutic outputs. 
Strong cytotoxicity or inherent hemolytic activ-
ity of some anticancer peptides also limits the 

application of peptide-based nanostructures ob-
tained from these peptides147. Making hybrid 
nanostructures by incorporation of more stable 
and less immunogenic materials to the bioac-
tive peptide assemblies provide the opportunity 
of expanding the utilization of these nanoparti-
cles in medicine.  

 

Figure 7: Illustration of fabrication and proposed mechanism of therapeutic peptide-assembling nanoparticles function. 
(a) Peptide sequences have been synthesized through solid-phase techniques. Self-assembly of peptides in aqueous solution, 
pH 7.4 is driven by an amphiphilic character of monomer units. (b) Dual responsiveness of nanoparticle to decreased pH 
and tumor-specific protease kept the nanoparticles intact in blood circulation and caused the accumulation of an active pep-
tide at tumor sites. Adapted with permission from 145. Copyright (2019) American Chemical Society. 

Hybrid nanoparticles 
Hybrid nanoparticles are considered as a ver-

satile and continually growing field across a 
number of biomedical disciplines. Connecting 
two or more materials at the nanometer scale 
generates a new hybrid particle that combines 
the intrinsic characteristics of its components 
and gains some extra properties caused by syn-
ergistic effects between the constituents148. 
Meanwhile, the critical challenge in designing 
hybrid nanomaterials is keeping or enhancing 

useful characteristics of the components (e.g., 
specificity and stability) and reducing their par-
ticular limitation (e.g., toxicity and fast drug re-
lease). 

Polymer coating of liposomes is one of the 
promising approaches for stabilizing these na-
noparticles against unfavorable interactions of 
liposomal membranes and their fusions. Be-
sides a protective PEG coating149, Eudragit E-
100® (a non-toxic cationic FDA approved pol-
ymer) has been applied for coating liposomes 
with encapsulated antimicrobial peptide 
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(Alyteserin-1c)150. Enhancement of antibacte-
rial activity of peptide after encapsulation in 
liposome and coating with polymer suggested a 
hopeful strategy for designing viable therapeu-
tic options. The combination of natural biocom-
patible polysaccharides such as chitosan, chon-
droitin sulfate151, and pectin152 with liposomes 
have also previously reported that present re-
duced undesirable aggregation as well as 
slower peptide release during storage. 

Organic-inorganic hybrid drug delivery sys-
tems, usually known as double-layered struc-
tures, consist of inorganic core moiety, which 
provides rigidity or enhanced thermal stability 
to the soft organic shell153,154. Functional groups 
of the organic moiety (e.g., lipids, polymers, 
and peptides) may be used to adjust the hydro-
phobicity and bioreactivity of the inorganic ma-
trixes and prolong their plasma retention time. 
Y. Jin et al., developed an organic-inorganic 
nanocomposite with dual-functionality pos-
sessing gadolinium-doped MSNs as a core 
structure coated onto the liposomes155. MSNs 
were further loaded by pro-apoptotic KLA pep-
tides with encapsulation efficiency close to 
87% for efficient intracellular delivery of the 
cancer theranostic system. Resulting nanocom-
posites exhibited enhanced colloidal stability, 
improved biocompatibility, and more effective 
cellular uptake of the liposome. Engineering in-
organic nanoparticles with a polymer surface 
coating has proved to be an excellent tactic to 
conquer their disadvantages in vivo. Highly-
branched G5 polyamidoamine (PAMAM) den-
drimers were applied to cover the large pore 
sized-MSNs that strongly enhanced specific 
cellular accumulation and cell-penetration ca-
pabilities of inorganic MSNs156. Polymeric 
shells in this designed hybrid platform are em-
ployed as gatekeepers and provide cavities for 
drug loading. Dual-entrapment of anticancer 
NuBCP-9 peptide on the silica pores and doxo-
rubicin on the PAMAM polymer cavities dis-
played higher loading efficiency for peptide 
(10.8%) than doxorubicin (2.1%) and showed 
superior antitumor activity in comparison with 
the monotherapy. Natural biopolymers possess 
favorable interactions with biological compart-
ments while coating inorganic core nanoparti-
cles and therefore enhance the bioavailability of 
hybrid nanosystems after administration. Cap-
ping insulin loaded GNPs by chitosan157, dex-

tran158, and chondroitin sulfate159 intensifies ad-
sorption of the inorganic core through noninva-
sive administration routes and reduced the fre-
quency of insulin injection by facilitating the 
lasting of insulin activity. 

Self-assembling nanostructures consisting of 
peptides and polymers are immensely attractive 
for the fabrication of multifunctional materials. 
Potential stimuli-responsive behavior and di-
verse bioactivity of each component alone are 
great advantages of these nanocomposites160. 
Stimulus-driven assembly and disassembly of 
polymer-peptide hybrid structures have been 
used to build dynamic carriers applicable in tu-
mor treatments161. Y. Cong et al. introduced a 
hybrid polymer-peptide formulation composed 
of poly (β-thioester) backbone that was func-
tionalized by the joined sequences of cytotoxic 
peptide and pH-sensitive moiety162. Hydro-
philic property of this hybrid construct owing to 
the pH-sensitive tail provided deep penetration 
into solid tumors as a single-chain form. Once 
reaching the tumor microenvironment, mildly 
acidic pH triggers the hydrolysis of hydrophilic 
tail sequences that leads to the formation of 100 
nm particles through self-assembly of peptide 
sequences. The transformation from disassem-
bled chains to the assembled structures contrib-
utes to the high internalization efficiency, im-
proving the therapeutic activity of the cytotoxic 
peptide. In another rational design, taking ad-
vantage of shape conversion properties of poly-
mer-peptide hybrid structures, HA biopoly-
mers, and pH-sensitive peptide sequences were 
combined to exhibit successive morphology 
and size transformations in response to the 
acidic tumor microenvironment and NIR laser 
irradiation (Figure 8)163. Melittin, a bee venom-
derived cytolytic peptide with effective anti-
cancer properties, was self-assembled by incor-
porating a NIR-absorbing photothermal mole-
cule (cypate) and were further coated by HA 
polymers to form tumor-targeted nanospheres. 
The resultant hybrid structures were suitable for 
long-term systemic circulation and also had the 
potential to be transformed into the nanofibers 
in response to the acidic microenvironment of 
tumor cells. Deep penetration into the tumor 
and durable retention for complete tumor abla-
tion have been achieved as a result of this shape 
transformation, which also significantly inhib-
ited the metastatic dissemination of tumor cells.
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Figure 8. Schematic representation of the fabrication and function of stimuli-responsive hybrid melittin peptide-polymer 

complex. Self-assembly of therapeutic peptide and further coating by HA biopolymers provided stable nanospheres in circu-
lation with higher accumulation into the tumor tissues. Morphology transformation from the nanosphere to nanofiber hap-
pened in response to the acidic pH of the tumor and caused the ability of deep tumor penetration for more efficient tumor 
toxicity. Adapted with permission from 163. Copyright (2019) American Chemical Society. 

Manufacture of hybrid nanocomposites is 
limited to small scale productions as designing, 
modification, and functionalization of these 
nanosystems can be complicated. Irrespective 
of the preparation, expanding hybrid particulate 
systems that can be degraded without produc-
ing toxicity and balance the safe and sustainable 
release of therapeutic peptides is also challeng-
ing. Adopting endogenous building blocks in 
the fabrication of hybrid nanoplatforms can en-
dow adequate biocompatibility to the system 
and optimize the performance of hybrid nano-
particles according to pathological mecha-
nisms164. It has also been proven that the integ-
rity of organic shells of hybrid nanoparticles 
changes dramatically following their localiza-
tion in endosomal and lysosomal compart-
ments165. The interaction of therapeutic peptide 
and its localization in the nanosystems should 
be engineered to control the bioavailability and 
release rate of therapeutic peptides and to con-
quer the remaining challenges. Evidently, cur-
rent reported hybrid nanoparticles are far from 
being applied clinically; however, extensive ef-
forts are being devoted to tackling obstacles.  

Administration routes of peptide 
nanocarriers 

One of the most important factors in design-
ing the nanomedicines is the modality of ad-
ministration. The route of administration has a 
significant influence on the therapeutic out-
come of peptide drugs. Nanoformulation of the 
therapeutic peptides have demonstrated en-
hanced prospect for systemic delivery. Exten-
sive research both in industry and laboratory are 
ongoing to develop alternative noninvasive 
routes to administrate nanoformulations of ther-
apeutic peptides. When considering the route of 
administration for peptide drugs, matching the 
delivery route to the therapeutic target location 
is paramount. Currently, most peptide nanocar-
riers are administrated by the parenteral injec-
tion, albeit it is not the preferred one due to sev-
eral disadvantages such as low patient compli-
ance. Hence, noninvasive administration forms 
for delivery are being explored including oral, 
ocular, respiratory, and transdermal routes that 
offer alternative cost-effectiveness pathways 
with higher patient admission. A brief overview 
of different administration routes of nanocarri-
ers are pointed out below to provide a deeper 
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understanding of the biological barriers and the 
challenges associated with each drug delivery 
route. Besides, some achievements in nanofor-
mulation for delivering peptide drugs with di-
verse administration routes are classified based 
on Table 1. 

Parenteral injections: Therapeutic peptides 
are conventionally formulated as solution or 
suspension and are administered via subcutane-
ous injection. Inherently poor physicochemical 
properties of therapeutic peptides in the gastro-
intestinal tract, and also low permeability 
across biological membrane implies the ad-
vantages of intravenous injection. The need for 
repeated administration as a result of short 
plasma half-life of peptide drugs combined 
with the risk of infection are disadvantages of 
this approach. Encapsulating peptides in the 
nanoformulations with the aim of protection 
from degradation, as well as conjugation of 
peptide to the inert polymers, are some of the 
promising approaches to enhance the stability 
of peptide drugs.  

Oral route: As an alternative to the invasive 
parenteral route, noninvasive oral administra-
tion for peptide drugs is greatly preferred 
thanks to the low infection risk and high patient 
compliance. Nevertheless, delivering enough 
functional peptides in their native form through 
the oral pathway is a significant unmet chal-
lenge. Peptide degradation is ascribed to the 
acidic environment and proteolytic enzymes in 
the GI tract and is the main limitation for deliv-
ery through this pathway166. Low permeability 
across the GI epithelia also causes an overall 
poor bioavailability of peptide and protein 
drugs. Using smart nanoparticles that can pro-
tect encapsulated peptides toward enzymatic di-
gestions and releasing them when required have 
been explored extensively167.  

Ocular route: The sensitive and complex en-
vironment of the eye and poor membrane per-
meability across ocular barriers and tissues are 
the main challenges to deliver peptide drugs 
through the ocular pathway. Two main factors 
in transcorneal penetration of biological mole-
cules are their size and efficient interaction with 
the ocular surface. Various nanoparticles alone 
or in combination with other physical treat-
ments improved the topical passage of proteins 
and peptide-based drugs through the barriers of 
ocular system168. Nanoparticles can adhere to 

the ocular surface and increase the contact time 
of administrated drugs with eye tissue. Further-
more, nanoformulations permit the penetration 
of drugs to the inner layer of eye structure using 
a transmucosal route169. Controlling the surface 
charge also is another critical feature of nano-
particles, which has been very useful in ocular 
delivery170. 

Respiratory route: Inhalation delivery of ther-
apeutics is a more convenient method in the 
treatment of respiratory disease. Nevertheless, 
a large absorptive surface area and high vascu-
larity of endothelial basement membrane of the 
nasal epithelium make respiratory routes prom-
ising for the systemic delivery of active phar-
maceutical peptides171. Particularly, the respir-
atory route is favorable for the targeted delivery 
of drugs to the brain. However, the absorption 
of therapeutic peptides across airway epithelial 
cells is strongly limited by clearance mecha-
nisms in the airway172. Small nanoparticle sizes 
conferred the ability to deposit in deep lungs 
and adhere to the mucosal membrane of respir-
atory tracts which highly increase their endocy-
tosis by airways epithelial cells173. Penetration 
to the nasal epithelium via extracellular routes 
is possible for nanoparticles smaller than 50 
nm.  

In comparison with other airway delivered 
therapeutics which have larger sizes, nanoparti-
cles are less susceptible to phagocytosis by 
macrophages. Controlling the surface charge, 
shape, and hydrophobicity of the nanoparticles 
can modulate their residence time in the respir-
atory tract and protect them against clearance 
by immune system174. 

Transdermal route: The most significant ad-
vantages of the transdermal route are consider-
ably reduced enzymatic activity and avoidance 
from hepatic first-pass metabolism after admin-
istration175. To date, most of the delivery ap-
proaches based on the transdermal route in-
clude small lipophilic drug molecules. 

Recently, nanoparticles have been shown to signif-
icantly improve the penetration of peptide-based 
drugs through the stratum corneum layer176. The mo-
lecular mass, size, and surface charge of particles are 
also determinative factors in the selection of admin-
istration routes177. The successful delivery of pep-
tide-based medicines to the target region requires 
not only an ideal nanocarrier but also an effective 
strategy that enables carriers to cross the biological 
barriers after administration. 
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Table 1. Nanoformulation examples used for therapeutic peptide delivery 

 NPs formulations Size(nm) Therapeutic peptide Peptide length(aa) Administration 
routes 

Refer-
ences 
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  74 
  76 
  93,185 
  186 
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  130 
  13 
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  189 
 

CS: chitosan; CMS carboxymethyl chitosan; GNP: gold nanoparticles; MSN: mesoporous silica nanoparticles; 
SLN: solid lipid nanoparticles. 
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dous potential over other medications such as proteins, owing to their unique advantages, including 
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directly suitable for use as available therapeutics. Suboptimal physicochemical and pharmacokinetic 
properties of peptide therapeutics can be tackled through taking advantage of nanocarrier-based plat-
forms. Over the past decades, nanoparticles and colloidal systems have successfully been applied both 
in industry and medicine, and many designs and structures have been evaluated. As drug delivery ve-
hicles, nanocarriers are intended to protect peptide payloads from premature degradation, enhance the 
controlled release of them in the target tissue, and improve their cellular uptake. Synergism between 
peptide drugs and nanoparticulate systems would make substantial progress toward the development of 
the next generation of personalized medicine and help to overcome insurmountable challenges in the 
clinical translations of therapeutic peptides.  

The rational design of peptide-carrying nanoparticles should undergo profound adjustments concern-
ing sophisticated physicochemical features of biological systems and target tissues. Delivering pharma-
cologically active peptide to specific tissues or cells through their incorporation into nanocarriers en-
counters various challenges. Functional modifications to overcome their drawbacks are under investi-
gation and include hybridization of two or more materials into the unified construction, as well as de-
veloping new formulations containing self-assembled peptide nanoparticulates or colloidal systems. 
Such strategies have the potential to develop advanced peptide-based therapeutics. The need for future 
research may be centered on the perfection of the safety and efficiency of nanoparticles for noninvasive 
administration and high patient compliance. Interaction among different research areas such as materi-
als, chemistry, biology, and medicine will enable us to rationally engineer and provide the multifaceted 
tools to overcome the major challenges that prevent this technology from being translated to the clinic. 
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