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Abstract: Interferons (IFNs) are cytokines involved in the immune response that act on innate and 

adaptive immunity. These proteins are natural cell-signaling glycoproteins expressed in response 

to viral infections, tumors, and biological inducers and constitute the first line of defense of verte-

brates against infectious agents. They have been marketed for more than 30 years with considerable 

impact on the global therapeutic protein market thanks to their diversity in terms of biological ac-

tivities. They have been used as single agents or with combination treatment regimens, demonstrat-

ing promising clinical results, resulting in 22 different formulations approved by regulatory agen-

cies. The 163 clinical trials with currently active IFNs reinforce their importance as therapeutics for 

human health. However, their application has presented difficulties due to the molecules’ size, sen-

sitivity to degradation, and rapid elimination from the bloodstream. For some years now, work has 

been underway to obtain new drug delivery systems to provide adequate therapeutic concentra-

tions for these cytokines, decrease their toxicity and prolong their half-life in the circulation. Alt-

hough different research groups have presented various formulations that encapsulate IFNs, to 

date, there is no formulation approved for use in humans. The current review exhibits an updated 

summary of all encapsulation forms presented in the scientific literature for IFN-α, IFN-ß, and IFN-

γ, from the year 1996 to the year 2021, considering parameters such as: encapsulating matrix, route 

of administration, target, advantages, and disadvantages of each formulation. 

Keywords: interferons; IFN-α; IFN-β; IFN-γ; antiviral; antiproliferative; immunomodulator; 

PEGylation; formulation; encapsulate IFNs; drug delivery system; liposomes; polymeric micelles; 

microparticles; nanoparticles 

 

1. Introduction 

Interferons are a family of cytokines whose functions have been known for more than 

six decades [1]. Their primary function is the stimulation of the immune system, trigger-

ing antiviral, antiproliferative, and immunomodulatory responses [2]. These proteins are 

critical effectors of innate and adaptive immunity, associated with activating a humoral 

and cellular response to different pathogens derived from neoplastic processes and other 

damage responses to the organism [3]. There are three main groups: type I, type II, and 

type III IFNs. Type I IFNs include eight different subtypes classified according to the 

Greek letters α, β, ε, ω, κ, δ, τ, and ζ [4]. Within type I, IFN-α and IFN-β stand out for their 

potent antiviral function [5], activated through a signaling cascade triggered by heterodi-

merization of IFN-α/β receptor 1 (IFNAR) of nucleated cells [6] (Figure 1). This pathway 
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induces the expression of more than a thousand IFNs-stimulated genes (ISG[3]s) [7], 

whose generated proteins, such as 2–5 synthetase, protein kinase R (PKR), Mx protein, 

viperin, among others, play an essential role in the suppression of viral propagation [8]. 

IFN-α also possesses antiproliferative and immunomodulatory effects, through its func-

tion on apoptosis activation, mitotic cycle arrest, increased expression of major histocom-

patibility system (MHC) class I, stimulation of natural killer (NK) cells, and antigenic 

presentation [9]; as well as promotion of B and T lymphocyte differentiation [10,11]. 

 
Figure 1. Type I Interferons Induction and Functions. Type I IFNs are first induced intrinsically in infected cells through 

a process of host cell recognition of segments of DNA or RNA or other viral macromolecules called pathogen-associated 

molecular patterns (PAMPs). PAMPs recognition as non-self-starts with their binding to specific cellular pathogen recog-

nition receptors (PRRs), such as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors. Receptor-

ligand binding triggers the type I IFN induction cascade via NFκß, resulting in the activation and translocation to the 

nucleus of IFN regulatory factors IRF3 and IRF7, which induce the expression of type I IFNs. The expressed cytokine is 

exported to the extracellular milieu and binds to IFNAR, a heterodimeric receptor consisting of two subunits, IFNAR1 and 

IFNAR2. The molecule forms a trimeric structure with the receptor, thus activating the proteins Janus kinase 1 (JAK1) and 

tyrosine kinase 2 (TYK2). These proteins activate the signal transducers and activators of transcription 1 and 2 (STAT1 and 

STAT2), which induce the transcription of interferon-stimulated genes (ISGs) by forming a complex with IRF9. These ISGs 

encode antiviral effectors (PKR, Mx1, OAS, etc.) and activate type I IFN production, thus triggering autocrine and para-

crine signaling. Cells from the innate immune system, such as dendritic cells (DCs) and macrophages, produce type I IFN 

after sensing pathogen components using various PRRs found on the plasma membrane, in endosomes, and throughout 

the cytosol. Created with BioRender.com. 

IFN-γ is the only type II IFN. Type 1 innate lymphoid cells and NK secrete. This cy-

tokine is in response to the recognition of infected cells [12]. Its primary function is regu-

lating innate and adaptive immune responses, acting as a link between the two defense 

systems [13]. Additionally, it promotes antiviral immunity through its regulatory effects 

on the innate immune response [14]. The impact of IFN-γ as an antiviral on antigen-pre-

senting cells (APCs) is to enhance the stimulation of the adaptive response to eliminate 

infection and generate protective memory for future infections [15]. This cytokine is a crit-

ical inducer of the Th1-type T cell response by optimizing the antigenic presentation pro-
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cess to MHC-I [16]. IFN-γ also increases MHC-II expression and the maturation of den-

dritic cells [17]. IFN-γ binding to its receptor (IFNGR) initiates a signaling cascade that 

activates its response [18] (Figure 2). 

 
Figure 2. Roles of Type II Interferons. IFN type II is a pleiotropic cytokine that participates in viral response and regulating 

innate and adaptive immune responses. NK cells, T cells, B cells, APC release this cytokine to function both as an inducer 

(pro-inflammatory) and a regulator (anti-inflammatory) of immune responses. Regarding the pro-inflammatory effects, 

IFN-γ has a strong macrophage-activating activity and induces B cell maturation and IgG2 production. Additionally, this 

cytokine stimulates antigen presentation via MHC, development of Th1 effector cells, and cell function of Treg cells. The 

anti-inflammatory effects of IFN-γ include the inhibition of T cell-dependent osteoclastogenesis and production of IL-17, 

which leads to decreased levels of neutrophil-specific CXC chemokines and limited mobilization of neutrophils. Further-

more, type II IFN inhibits myelopoiesis of CD11b+ leukocytes, T cell proliferation and induces apoptosis by secreting nitric 

oxide (NO) and indoleamine 2,3-dioxygenase (IDO). All these anti-inflammatory properties contribute to the protective 

role of IFN-γ against autoimmune diseases. Created with BioRender.com. 

More recent scientific literature suggests that type I and II IFNs act synergistically by 

regulating the antiviral innate immune response and promoting the adaptive immune re-

sponse while suppressing the detrimental functions of other immune cells and minimiz-

ing the collateral damage of infection [19]. The synergistic response of both IFNs initiates 

multiple waves of type I IFN production. At 12 h after infection, IFNβ is responsible for 

inducing inflammatory monocyte recruitment mediated by monocyte chemoattractant 

protein 1 (MCP-1), leading to IL-18-induced NK cell IFN-γ production [20]. At 48 h after 

infection, the second peak of type I IFN production (IFN-α and IFNβ) occurs: at the same 

time, there is an increase in IFN-γ released by NK cells, which is down-regulated by type 

I IFN [21]. This second peak of type I and II IFN likely acts in concert to promote antigen-

presenting cell (APC) maturation, positive regulation of co-stimulatory molecules, anti-

gen processing, and presentation towards a Th1 polarization, while at the same time sup-

pressing innate lymphoid cell-mediated (ILC2) immunopathology [19]. 
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In 2003, two independent research groups, Kotenko et al. and Sheppard et al., dis-

covered type III IFNs through computational predictions [22,23]. They consist of four IFN-

λ subtypes, which play a crucial role in mucosal antiviral defense [24]. The cytokine pro-

duces this immune response through a signaling pathway similar to type I IFNs but using 

an IFN-λ receptor 1 (IFNLR) [8] (Figure 3). 

 

Figure 3. Type III Interferons Production and Activity. Type III IFNs act on epithelial cells and tissue-resident neutrophils, 

dendritic cells, macrophages, B cells, and plasmacytoid dendritic cells. Like the type I IFN pathway, IFN-λ induction starts 

with PRR (TLR and RLR) recognition of the respective PAMPs. Receptor-ligand binding triggers the IFN-λ induction 

cascade via NFκß, resulting in the activation and translocation to the nucleus of IFN regulatory factors IRF3 and IRF7, 

which induce the expression of type III IFN. After its release to the extracellular milieu, IFN-λ binds to its heterodimeric 

receptor (IFNLR), which consists of two subunits: α-subunit (IL28RA) and β-subunit (IL10RB). IFN-λ-IFNLR trimeric com-

plex formation leads to the activation of JAK1 and TYK2, followed by the phosphorylation of STAT1 and STAT-2. After-

ward, STAT1 and STAT-2 translocate to the nucleus and induce the expression of hundreds of ISGs with antiviral activity. 

Type I and III IFNs both show a complex mechanism of feedback loops, leading to autocrine and paracrine signaling. Even 

though epithelial cells are the primary source of type III IFN, macrophages, monocytes, and dendritic cells can also secrete 

them. Created with BioRender.com. 

The diversity of biological activities that IFNs perform within the immune system 

has made their clinical use necessary since the 1980s [25], which is why different forms of 

these genetically engineered cytokines have been developed, allowing their application in 

various infectious, neoplastic, and autoimmune therapies [24]. There are two recombinant 

forms of IFN-α: 2a and 2b; two presentations of IFN-β: 1a and 1b; and one of IFN-γ: 1b 

[26]. 

The first IFN approved by the US Food and Drug Administration (FDA) for clinical 

use was IFN-α type I in 1986 [25]. Among the conditions treated with this molecule are 

AIDS-associated Kaposi’s sarcoma [27], hepatitis B [28], hepatitis C [29], condyloma acu-

minatum [30], herpes zoster [31], hairy cell leukemia [32], and a broad spectrum of oph-

thalmologic disorders. IFN-β was later approved in 1993 and is used to treat multiple 

sclerosis due to several overlapping mechanisms, such as decreasing the expression of 

major histocompatibility complex class II in antigen-presenting cells. It also induces inter-

leukin-10 (IL-10) production, shifting the balance towards anti-inflammatory Th-2 helper 
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T cells and inhibiting T-cell migration [33]; and reduces proinflammatory proteins’ pro-

duction, such as IL-6 and TNF-α, which has made it a viable treatment for rheumatoid 

arthritis [34]. IFN-γ was approved in 1991 for therapy against chronic granulomatous dis-

ease and malignant osteopetrosis [35]. Regarding type III IFNs, there are currently no for-

mulations approved to treat any disease, but they represent a potential candidate for clin-

ical use because of their role in mucosal immunity [36]. 

IFNs’ therapy has encountered difficulties due to the size of the molecules, their sen-

sitivity to degradation, and rapid elimination from the blood circulation [37]. The half-life 

of these cytokines is very short (2–3 h for IFN-α, 10 h for IFN-β, and 4.5 h for IFN-γ) [38–

40]. This rapid clearance in blood makes administering high nonphysiological doses nec-

essary, preferably parenterally [41]. This condition leads to substantial and unavoidable 

toxicity that limits its effectiveness, causes the occurrence of a variety of adverse events 

for the three types of IFNs [33,35,42], and weakens the quality of life of treated patients 

[43]. These limitations in clinical use have motivated the development of alternative de-

livery systems to achieve greater therapeutic efficacy and decrease its toxicity [24,35]. 

Research is now focusing on obtaining new drug delivery systems that aim to pro-

vide adequate therapeutic concentrations with lower toxicity for these cytokines, prolong-

ing their half-life in the circulation and avoiding their degradation. The present review 

aims to compile the central encapsulation systems described in the scientific literature for 

type I and II IFNs, ranging chronologically in their development from PEGylation, lipo-

somes, micelles to their most recent forms of encapsulation (microparticles and nanopar-

ticles). The advantages and disadvantages of each encapsulation method used with these 

cytokines and the outlook for the most current emerging formulations. We will also ex-

hibit the most important milestones that have emerged with these new formulations in 

their development towards clinical application, improving aqueous solubility, chemical 

stability, increasing pharmacological activity, and reducing side effects associated with 

the large doses required to achieve their pharmacological function. 

2. IFN Delivery Systems 

IFNs in their natural low molecular weight form (~20 kDa) are glycosylated proteins, 

but this post-translational modification does not play a functional role [44]. Obtaining 

IFNs was initially derived from leukocytes and lymphoblastoid lines, but extraction of 

proteins from natural producers suffers from limitations that limit regular large-scale pro-

duction [45]. Recombinant DNA technology became an excellent option to produce these 

therapeutic proteins [46]. Recombinant IFNs are mostly non-glycosylated with identical 

biological activity to their natural counterparts [45]. They possess similar structures 

adopting a unique α-helix topology relative to other proteins [47]. These molecules pos-

sess amphipathic characteristics, with hydrophobic and hydrophilic regions conferring 

solubility [48]. Their instability, molecular size, hydrophilicity, low permeability, rapid 

clearance from circulation, and high susceptibility to degradation at low pH and in the 

presence of proteases have restricted their therapeutic application [49]. Formulations that 

protect IFNs from degradation and achieve prolonged releases with adequate biological 

activity are required [50,51]. Drug design systems that encapsulate therapeutic proteins 

maximize their biological potential, provide transport matrices that avoid the influence of 

weak non-covalent interactions (van der Waals forces) and electrostatic interactions that 

alter protein stability [52]. It also protects the cargo proteins from degradation by enzymes 

found at the administration site or during transport to the site of action, thus increasing 

their half-life [53]. 

New encapsulated formulations for IFNs have demonstrated several challenges, such 

as electrostatic interactions between IFNs (isoelectric point) and acidic end-groups of the 

encapsulation matrices (hydrolysis) with consequences on release; the pH of the formula-

tion buffer and its variants with impact on solubility, stability, and aggregation [54]. Effi-

cient encapsulation has been related to stabilizers that support particle size modulation 

and correlate with release patterns and biological activity [55]. Some of the encapsulations 
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explored have shown the necessity to consider the polarity of the protein concerning the 

encapsulant. For example, in amphipathic nanovectors (polymeric micelles), molecules 

are encapsulated by stimulating protein-like polarity so that hydrophobic structures in-

teract with hydrophobic parts of the system, and hydrophilic portions interact with hy-

drophilic regions [56]. Protein aggregation is related to hydrophobic interactions, encap-

sulating it through hydrophilicity to ensure stability (see Table 1) [57,58]. 

Some IFNs’ transport systems that have been studied and evaluated include PEGyla-

tion, self-assembled nanostructures such as liposomes and micellar systems, microparti-

cles, and nanoparticles (metallic, polymeric, or hybrid) [59] (Figure 4). For developing 

these platforms, criteria of safety, biocompatibility, biodegradability, and compatibility of 

the encapsulating material with the drug must be considered and comply with the param-

eters that determine the functionality of a nanoparticle, such as its size, shape, and surface 

characteristics [60]. However, bringing this approach towards clinical application requires 

careful evaluation of efficacy, safety, and manufacturing [61]. 

 
Figure 4. Encapsulation methods and IFN-delivery system. Summary of the different transport systems for type I and II 

IFNs, including PEGylation, liposomes, micellar systems, self-assembled nanostructures, microparticles, and nanoparti-

cles. Created with BioRender.com. 

3. PEGylation of IFNs 

PEGylation was the first formulation aimed at improving the pharmacological prop-

erties of IFNs [62]. It consists of the covalent bonding of poly(ethylene glycol) (PEG) chains 

to a drug to increase its half-life, reduce its clearance, and improve its pharmacokinetics 

and pharmacodynamics [63]. PEG is FDA approved for systemic applications [63] due to 

its pharmaceutically relevant properties: increases IFN solubility and stability by decreas-

ing proteolytic degradation; reduces renal clearance rate by increasing the size of the renal 

boundary molecule, decreases plasma clearance, improves the safety profile of the protein 
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by protecting antigenic and immunogenic epitopes; and increases circulation time, high 

mobility solutions, and low toxicity [64,65]. 

Through covalent conjugation of PEG to IFN molecules, several formulations of 

PEGylated IFNs were developed using two types of conformation, linear and branched: 

Pegasys® (Hoffmann La Roche Inc., Basel, Switzerland), conjugate IFN-α-2a to a 40 kDa 

branched-chain via amide linkages [66]; PegIntron® and ViraferonPeg® (Merck & Co., Inc., 

Whitehouse Station, NJ, USA), link IFN-α-2b to a 12 kDa linear molecule via a urethane 

linkage [67]; and Plegridy® (Biogen, Cambridge, MA, USA), couple IFN-β-1a to a 40 kDa 

linear PEG chain with amide linkages [63]. PEG conjugation does not alter protein confor-

mation significantly, but several aspects such as chain size and structure influence biolog-

ical activity [63]. Increasing molecular weight increases the half-life, and coupling 30–40 

kDa PEGs achieves this effect [67]. IFNs that bind to branched chains have a lower loss of 

biological activity than those conjugated to linear chains because binding to different 

amino acids binds a more significant amount of polymer [66,68,69]. The half-life and sta-

bility in branched PEGylations are higher because this structure decreases the glomerular 

filtration of proteins and protects their surface to a greater extent [70]. These forms of 

PEGylation with IFNs showed reduced excretion through the kidneys [71], with a five- to 

tenfold increase in half-life time, resulting in more stable drug concentrations in the 

plasma of patients [72], and replacing systemically applied IFNs [34,73]. This platform 

directly enhanced the drug’s pharmacokinetics, making possible less frequent dosing in-

tervals of PEG-IFN-α on patients with chronic hepatitis B and C while still effectively re-

ducing their viral load [29,74]. PEGylation of IFN-ß used in multiple sclerosis therapy re-

sulted in a more comfortable regimen for the patient by reducing the dosage [74]. Simi-

larly, PEG- IFN-γ conjugation has been evaluated, finding an increase in drug half-life of 

up to 32-fold in in vivo studies [75]. Currently, some formulations of PEGylated IFNs are 

in preclinical and clinical trial stages, including PEGylated IFNβ (preclinical testing com-

pleted) and PEGylated IFN-α (in preclinical studies), both from Bolder BioTechnology, as 

well as RogPEGinterferonα-2b (P1101) from PharmaEssentia (in preclinical studies) [45]. 

The loss of IFN activity caused by PEGylation is up to 80% of native IFN, which in-

creases the amount of drug necessary to obtain an antiviral effect equivalent to that of 

native cytokine, and thus a more significant induction of toxicity [76]. Therapy with these 

encapsulated formulations can cause a range of adverse events, from mild to severe, such 

as diabetes, liver neoplasms, or psychotic disorders [34,77]. The decrease in bioactivity 

could not always increase the in vivo therapeutic efficacy of IFN [78], so treatments with 

these molecules are often unsatisfactory and should be discontinued [79]. 

Other forms of gene fusion conjugation have been evaluated as an alternative to 

PEGylation: PASylation and binding to human serum albumin (HSA) to increase the half-

life of IFNs [80]. In the case of PASylation of IFN-α and IFN-β, a terminal polypeptide 

sequence rich in proline, alanine, and serine (PAS) was added [81], which increased sta-

bility, bioavailability, and biological activity, with minimal toxicity and immunogenicity 

[82–84] but did not reach the clinical phase [85]. Through the fusion of IFN-α-2b with 

HSA, the FDA-approved formulation Albuferon® (Human Genome Sciences Inc., Rock-

ville, Maryland, U.S. in collaboration with Novartis AG) was developed, which improved 

pharmacokinetics by increasing the half-life and maintaining its stabilization. This system 

had a prolonged serum half-life that allowed dosing at two- to four-week intervals. How-

ever, it was withdrawn from the market due to its toxicity [45]. 

In conclusion, although PEGylation of IFNs initially improved treatment efficacy, 

their toxicity has relegated the therapy to second-line status in most developed countries. 

Formulations still need to be developed using alternative strategies to increase the stabil-

ity and reduce the clearance and toxicity of IFNs without compromising their biological 

activity [8]. 
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4. Liposomes 

Liposomes are spherical structures formed by one or more concentric lipid bilayers 

surrounding aqueous spaces [86]. They consist of phospholipids and cholesterol, formed 

by hydrophobic interactions and other intermolecular forces, and possess hydrophobic 

and hydrophilic regions [87]. Liposome-based drug delivery systems have shown unique 

characteristics to cross biological obstacles and improve pharmacodynamics [88]. Some of 

the advantages of this delivery system include biocompatibility, low immunogenicity, 

self-assembly ability, and the ability to transport drugs, such as IFNs, thereby reducing 

systemic toxicity and prolonging residence time in the circulation [86]. There are different 

liposomal formulations for encapsulating chemotherapeutic drugs, antifungals, and vac-

cines, currently approved by regulatory agencies for clinical application [89]. 

Gurari-Rotman and Lelkes reported the first encapsulation of IFN-α in multivesicu-

lar liposomes in 1982 [90]. Consequently, similar investigations were developed with IFN-

γ [91,92]. Hume and Nayar demonstrated in 1989 that this encapsulation did not interfere 

with the molecule’s biological activity [93]. Some formulations were presented for type I 

[94,95] and type II IFN [96–98] from that year on. However, the encapsulation efficiency 

of these liposomes with IFNs variants did not exceed 50%, so their therapeutic use was 

not considered viable in 1998 despite the improved pharmacokinetics observed in murine 

models [99,100]. 

New formulations were developed at the beginning of the 21st century, using differ-

ent strategies to improve encapsulation efficiency (see Table 1). Vyas and collaborators 

(2006) produced 20 µm multivesicular liposomes with IFN-α, achieving 75% encapsula-

tion efficiency with the double emulsion method. In vitro studies confirmed that the sys-

tem provided a sustained release of 6 days, with an abrupt initial release [101]. In the same 

year, Yang et al. achieved improved encapsulation efficiency of up to 80% by making 101 

nm liposomes using the film hydration method. This formulation administered intramus-

cularly in Kungming mice allowed increasing the residence time of IFN-α at the injection 

site by up to 24 h. However, their result also showed a 10% reduction in the molecule’s 

activity and shorter sustained release time [102]. 

The most recent systems were synthesized by the film hydration method because of 

their higher encapsulation efficiency. Li and coworkers (2011) evaluated the pharmacoki-

netics of 172 nm liposomes with IFN-α in Wistar rats, finding higher bioavailability, max-

imum circulation time, and half-life time than systemic IFN-α [103]. In 2012, Li et al. en-

capsulated IFN-γ in liposomes with cyclic peptides. In vitro studies revealed selective lip-

osome transport into hepatic stellate cells, and in vivo experiments in Sprague–Dawley rats 

evidenced increased half-life and antifibrinolytic activity of IFN-γ with decreased toxicity. 

Still, encapsulation efficiency was less than 35% [104]. In 2017 Jøraholmen et al. obtained 

liposomes with IFN-α conjugated to PEG molecules to increase their pharmacokinetics. 

Ex vivo studies in vaginal tissue of pregnant goats indicated high penetration of the for-

mulation relative to the control. In this case, although PEGylation did not affect encapsu-

lation efficiency, the release of the molecule resulted in virtually no release, with less than 

1% of material released after 8 h [105]. In January 2021 Shamshiri MK, et al. presented a 

liposome design encapsulating IFN-γ targeted for an antitumor application [106]. In vitro 

and in vivo results indicated suitable attributes for Lip-F2 liposomal formulations 

(PEGylated liposomes) with tumor reduction and increased survival time in mice, but 

with cytotoxic effects in the C26 cancer cell line and colon carcinoma mouse models. 

Despite the success that this form of encapsulation has had with different drugs, nu-

merous challenges affect the effectiveness of liposomes in formulations with IFNs [88]. 

Hypersensitivity, opsonization, uptake by the Reticulo Endothelial System (RES), and im-

munosuppression are the primary negative responses of the immune system to liposomes. 

It is worth noticing that the production of lipid-based transport systems is expensive and 

that liposomes are not very stable because of their susceptibility to fusion, aggregation, or 

assembly without these cytokines [86]. For these reasons, there are currently no liposomal 
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systems that encapsulate IFNs approved by regulatory agencies for clinical application 

[88]. 

5. Polymeric Micelles 

Polymeric micelles are nanocarriers formed by the spontaneous arrangement of am-

phiphilic block copolymers in aqueous solutions [107]. Block copolymers are macromole-

cules of two or more different polymers joined by covalent bonds to form one structure. 

Its molecular conformation depends upon the number of blocks. Diblock copolymer con-

sists of two homopolymers, while triblock copolymer has three homopolymers. More 

complicated architectures such as mixed arm block copolymers contain three polymer 

chains covalently joined at a common branching point [108]. Polymeric micelles possess a 

two-phase structure: a hydrophobic core and a hydrophilic corona that allows modifica-

tions to their surface [56]. Polymeric micelles have several advantages for drug delivery, 

such as their increased solubility, enhanced stability of the molecule, structural flexibility, 

capacity to encapsulate a wide range of therapeutics, and the possibility of adjusting their 

size at the nanometer scale [56,108,109]. Modifications in the corona make it possible to 

reduce their clearance by the RES, thus prolonging their circulation time [110]. In this way, 

it is feasible to decrease the drug dose and the toxicity associated with drugs such as IFNs 

[56]. 

There have not been many encapsulations attempts of IFNs with polymeric micelles. 

So far, the proposed formulations are recent and only use IFN-α (see Table 1). Liu and 

collaborators (2018) reported the first system for a systemic application in ovarian cancer, 

who encapsulated the protein in micelles of a self-assembled copolymer, consisting of 

poly (oligoethylene glycol polymethacrylate) (POEGMA) and N-(2-hydroxypropyl) meth-

acrylamide (PHPMA). This formulation increased pharmacokinetics up to 83.8 h and 

showed antitumor activity without inducing toxicity in mice with ovarian tumors [57]. 

Wang and coworkers in 2020 created micelles of two elastin-like polypeptide building 

blocks using thermoregulated assembly. This approach increased the molecules’ half-life 

and showed antitumor activity in mice with ovarian tumors. However, the drug circula-

tion at the systemic level was lower (54.7 h) [58]. 

These experiments did not evidence in their results the encapsulation efficiency of 

IFN-α; a parameter considered one of the primary challenges to overcome since the en-

capsulation percentage is usually low (between 30 and 50%) [56]. Particle stability was 

another problem, which they resolved by regulating the assembly with temperature 

changes. However, this process involves a genetic fusion of IFN-α with the polypeptide 

block copolymer sequence, so that the process includes extra steps compared to other en-

capsulation strategies [58]. The complexity of micellar systems, together with the lack of 

methods to validate drug release and integrity of formulations, has limited therapeutic 

approval by regulatory agencies [111]. 

6. Recent Encapsulation Forms of IFNs 

Due to the lack of success of transport systems in bringing these compounds to a 

clinical stage, researchers have focused on using micro and nanoencapsulation to protect 

IFNs from degradation and extend their half-life. With this approach, small doses can be 

administered in a sustained manner with minimal side effects [45]. Microencapsulation 

and nanoencapsulation are a set of technologies that allow the trapping of active ingredi-

ents, also known as core materials, using a surrounding element (encapsulation or coat-

ing) [112]. The distinction between nanoencapsulation and microencapsulation is the size 

of the particles obtained, considering that nanoparticles have a size between 1 and 1000 

nm, and microparticles have a diameter greater than 1000 nm [113]. Both technologies aim 

to create a physical barrier to protect the active ingredient from the external environment, 

allowing a controlled release over time. Therefore, avoiding damage due to high concen-

trations of the active ingredient in the system [114] while extending its pharmacokinetics 

and reducing the fluctuation of serum levels, maintaining convenient doses [115]. 
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6.1. Microencapsulation 

This technique makes it possible to protect sensitive drugs from the external environ-

ment in micrometer structures [114]. The products of this encapsulation are microparticles 

distinguishable as microspheres or microcapsules according to their internal constitution 

and morphology [116]. Microspheres act as reservoir systems that embed the active ingre-

dient in the particle matrix. In contrast, microcapsules consist of matrix systems compris-

ing the drug as the core and the particle material as the capsule shell [117]. Various sub-

types of IFNs have used microsphere encapsulation for multiple purposes (see Table 1) 

[118]. 

6.1.1. IFN-α 

In 2002, Zhou and coworkers stabilized IFN-α in poly(lactide-poly(ethylene glycol) 

microparticles that showed sustained release and activation of antiviral activity for 11 

days in vitro in vesicular stomatitis virus (VSV)-infected Wish cells [119]. Diwan and Park 

(2003) obtained poly (lactic-co-glycolic acid) (PLGA) microspheres that showed sustained 

release of PEG-IFN-α for up to 3 weeks in in vitro models. However, their results also 

showed high release peaks that could be related to the molecule’s toxicity. A demonstra-

tion in an in vivo model was lacking [120]. Sanchez et al. in 2003 studied the synthesis of 

PLGA particles, finding that microspheres’ encapsulation improved cytokine release ki-

netics, which extended for 96 days in an in vitro experiment [54]. 

The IFN-α micro formulation that came closest to being approved for the treatment 

of hepatitis C is the so-called Locteron, first reported by De Leede et al. (2008). It consisted 

of microspheres of the polyether-ether-ester copolymer Poly-Active encapsulating recom-

binant IFN-α-2b produced in the Lemna duckweed system [121]. Phase IIB clinical trials of 

this product showed that it had similar antiviral efficacy to PEG-IFN-α2b, with higher 

serum levels and decreased toxicity relative to the comparator [122]. However, injection 

site reactions and mild to moderate neutropenia did occur, comparable to those reported 

for PEG-IFN-α-2b and PEG-IFN-α-2a, respectively [73,123]. Due to its efficacy and con-

siderable toxicity reduction, Biolex Therapeutics considered performing further phase III 

clinical trials; however, the firm filed for bankruptcy in 2012 [124]. No other company 

acquired the rights to Locteron [125]. There is no record of any phase III clinical trials in 

the US National Institutes of Health (NIH), clinicaltrials.gov, or FDA drug approvals for 

therapeutic use [126]. 

Beyond the relative success of Locteron, several investigations were continued in 

2008 using other strategies. Thus, Sáez and coworkers encapsulated the protein in PLGA 

microparticles, with no changes in its physicochemical and biological characteristics dur-

ing its release in vitro [127]. Zhang and coworkers fabricated PLGA microparticles, ob-

serving an increase in the residence time of IFN-α in serum up to 18 days and a sustained 

release of up to 12 days in studies in rhesus monkeys [128]. The alginate-chitosan micro-

spheres of Zheng and coworkers also manifested a 4-fold increase in the half-life time of 

IFN-α. However, their bioavailability was reduced, with no improvement in peak blood 

concentration [129]. Zhou et al. proposed loading magnetite nanoparticles to PLGA mi-

crospheres for site-specific delivery. This modification also improved encapsulation effi-

ciency compared to non-magnetic particles, but in vitro antiviral assays in Vero cells 

against VSV indicated a reduction in the molecule’s biological activity [130]. 

In 2010, Yang et al. obtained PLGA microspheres that exhibited a 7-day sustained 

release of IFN-α, maintaining its biological activity in the in vitro Wish/VSV cell system 

[131]. Li and coworkers (2011) increased the in vitro cumulative release for up to 23 days 

by encapsulating the cytokine in PLGA-PEG/polybutylene terephthalate (PBT) micro-

spheres. In vivo assays in Sprague–Dawley rats of this formulation showed that plasma 

levels of the molecule were stable for 13 days, starting with a rapid release on the first day 

[132]. In 2014, Gulia et al. impregnated protamine sulfate to gelatin microspheres to in-
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crease the release time of IFN-α to 336 h and prolong the in vitro cytotoxic effect on ovar-

ian cancer SK-OV-3 cells [133]. Chen et al. (2016) proposed a different structure by formu-

lating chondroitin sulfate and PVP microneedles that had stability for two months and 

did not cause skin damage after subcutaneous administration in SD rats [134]. 

6.1.2. IFN-β 

Kamei and coworkers (2009) performed the first microencapsulation of this subtype 

in poly (methacrylic acid-ethylene glycol) particles for intestinal administration and 

demonstrated improved intestinal adsorption, release, and pharmacokinetics of this for-

mulation in Sprague–Dawley rats [135]. In 2013, Kondiah et al. encapsulated IFN-β in tri-

methyl chitosan-poly (ethylene glycol)-methacrylic acid trimethyl methacrylate micropar-

ticles as a pH-sensitive transport system and administered orally. In vitro experiments 

indicated that 74% release of the cytokine at an intestinal pH of 6.8, and New Zealand White 

rabbits trials showed that the release profile exceeded 24 h [136]. This is the latest formu-

lation reported in the literature for this protein. 

6.1.3. IFN-γ 

IFN-γ was the first microencapsulated subtype, but the least successful so far, as re-

search ceased before 2000. Cleland and Jones (1996) first encapsulated this molecule in 

PLGA microspheres, using trehalose to prevent denaturation under encapsulation condi-

tions, maintaining the native conformation and in vitro biological activity [137]. In 1997, 

Conway and Alpar produced polylactide microspheres that exhibited sustained in vitro 

release for 400 h [138]. Building on this study, Eyles et al. (1997) evaluated the pharmaco-

kinetics of the system when administered orally in Wistar rats, finding increased absorp-

tion compared to unencapsulated IFN-γ [139]. Yang and Cleland complemented in 1997 

the two previous investigations by reporting that the cytokine was not adsorbed on PLGA 

and indicating that a high concentration of salts caused aggregation of the protein, pre-

venting its correct release in vitro [140]. The problems reported by several authors regard-

ing the protein’s stability for this encapsulation system led to the evaluation of alternative 

strategies such as the formulation in nanoparticles [137,138,140]. Further and more recent 

results for the encapsulation of this subtype are not yet available in the literature. 

Despite the positive results obtained in in vitro and in vivo studies of microencapsu-

lations, none of them were evaluated in clinical trials except for Locteron, since they pre-

sented drawbacks at different levels. The microencapsulation process achieved less than 

60% encapsulation efficiency in several formulations [130,136], while a reduction in bio-

logical activity was observed in some cases [119,129,133]. In other formulations, the drug 

was released abruptly or incompletely [120,128,141]. For instance, a study conducted by 

Saez et al. in 2013 showed that IFN-α release in PLGA microparticles did not exceed 75% 

[142]. Most of the systems used the double emulsion/solvent evaporation method to ob-

tain the microspheres. This process is challenging to scale up so that large-scale produc-

tion of the formulations would be very costly and unstable [143]. 

6.2. Nanoencapsulation 

Researchers worldwide have evaluated the possibility of encapsulating IFNs using 

nanoparticle systems since nanoformulations can improve its therapeutic index, espe-

cially in IFNs with a short half-life that therefore require frequent administration of high 

doses [50,51]. Nanoparticles are nanoscale structures that, like microparticles, can be cap-

sules or spheres depending on their internal constitution [144]. These systems make it 

possible to simplify the administration of IFNs, improve their therapeutic effects and re-

duce their dose-related side effects without reducing their biological activity or changing 

the protein structure (see Table 1) [45]. 

  



Pharmaceutics 2021, 13, 1533 12 of 30 
 

6.2.1. IFN-α 

The first strategy used to transport IFN-α in nanoparticles was not an encapsulation 

but a drug conjugation to lysine-coated gold particles, developed by Aghdam and 

coworkers in 2008 [145]. Using this principle, Lee and coworkers (2012) coupled the anti-

viral to gold nanoparticles containing hyaluronic acid, which were selectively transported 

to the liver and exhibited similar biological activity to PEG-IFN-α-2b in a murine BALB/c 

mouse model [146]. 

These systems were unique; since years after the study by Aghdam and co-authors, 

research was mainly focused on encapsulations using polymeric nanoparticles. The main 

route of elimination of IFN-α is renal catabolism, with minimal amounts of IFN-α in the 

urine, while hepatic metabolism and biliary excretion are minor routes of elimination. 

[147]. In 2011, Giri and coworkers obtained PLGA nanoparticles adsorbed with hepatitis 

B virus surface antigens. This configuration allowed the transport of the molecule into the 

liver without passing through the RES, maintaining a stable plasma concentration for 24 

h. The distribution and opsonization of PLGA nanoparticles appeared to be influenced by 

size (174 nm) and surface characteristics with uniform distribution. When using Intrave-

nous administration, the filtering effect of the pulmonary capillary bed removed large 

particles and aggregates. HBsAg-modified particles remained in the circulation longer 

than the uncoated counterpart, with a high blood concentration of the loaded drug for a 

prolonged period, with a targeting effect [148]. Feczkó et al. (2016) encapsulated PEG-IFN-

α-2a in PEG-PLGA nanoparticles that released the cytokine in a sustained manner for four 

days in vitro [149]. In 2017, Cánepa et al. synthesized chitosan nanoparticles that exhibited 

comparable antiviral activity to commercial IFN-α in in vitro models. In the same study, 

preliminary in vivo assays in a CF-1 mouse murine model showed that the molecule was 

detectable in the blood after one hour of oral administration of the formulation [150]. Im-

periale et al. complemented this study in 2019 by demonstrating that the system provided 

bioavailability comparable to intravenously administered IFN-α-2b in murine BALB/c 

mouse models [151]. Kristó et al. (2020) developed a nanoparticle with a core/shell struc-

ture, whose core was composed of IFN-α associated with human serum albumin, and the 

shell was constituted by three consecutive layers of polystyrene-chitosan-polystyrene sul-

fonate-sulfonate, respectively. This system exhibited sustained release for ten days with-

out reducing cytokine biological activity in a higher organism (Pannon rabbits) [152]. 

6.2.2. IFN-β 

Fodor-Kardos et al. in 2020 reported the first IFN-ß nanoencapsulation procedure. 

This research obtained nanometric particles with high encapsulation efficiency (> 95%) to 

treat multiple sclerosis. Although in vitro studies and in hepatocytes of Wistar rats admin-

istered with the formulation showed no evidence of toxicity, they observed mild side ef-

fects in the kidney, such as whiteness and pyelectasis [153]. Gonzalez et al. (2021) studied 

the effect of intranasal administration of chitosan/cyclodextrin nanoparticles loaded with 

IFN-ß for the treatment of multiple sclerosis, finding that the nanoformulation was more 

effective than systemic administration of the cytokine in a murine model of C57BL/6 mice 

with better availability and immunomodulatory effects [154]. 

6.2.3. IFN-γ 

Segura et al. in 2007 evaluated the macrophage activation capacity of IFN-γ encap-

sulated in human serum albumin nanoparticles, observing an increase in the bactericidal 

effect against Brucella abortus of macrophages activated by the formulation in BALB/c mice 

[155]. Yin et al. (2018) developed a nanoparticle with a core–shell structure encapsulating 

IFN-γ and doxorubicin for anti-melanoma therapy. In vivo studies in C57BL/6 mice deter-

mined a half-life extension of the cytokine up to 48 h without producing toxicity in vital 

organs at the doses administered [156]. 
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Nanoencapsulation exhibits better functionality than microencapsulations showing 

increased drug protection, more excellent stability, superior loading capacity, encapsula-

tion efficiency, sustained release profile, and improved bioavailability of the active ingre-

dient [157,158]. Research and development in the nanotechnology field have significantly 

advanced over the past few years. Still, the selection of nanocarrier systems and their po-

tential applications can confuse researchers without prior knowledge in the field [159]. 

The significant challenges in the formulation of drug delivery systems are to control drug 

release and avoid the opsonization of the particle. Therefore, it is necessary to analyze the 

different drug delivery mechanisms and methods to increase their bioavailability. Biolog-

ical barriers and their impact on the transport of the active ingredient must also be taken 

into account [159]. On the other hand, demonstrating its efficiency limits the implementa-

tion of a sustained release and transport system. At the same time, it must have minimal 

levels of cytotoxicity and immunogenicity [160]. 
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Table 1. Comparative table summarizing all forms of IFN-α, IFN-β, and IFN-γ delivery systems described in the scientific literature from 1996 to March 2021. 

IFN 

Type 
Encapsulating Matrix Route of Administration Encapsulation Method Physical Properties Formulation Objective Advantages/Disadvantages Ref 

IF
N

-α
 

Microspheres of 

LEAVE 
In vitro 

Double emulsion/solvent 

evaporation 
Size = 186 µm 

Stabilization of IFN-α on PELA particles with sus-

tained release and retention of antiviral activity 

for up to 11 days in in vitro studies. 

A: stabilization of IFN in the 

matrix 

D: initial burst release 

[119] 

PLGA microspheres In vitro 
Double emulsion/solvent 

evaporation 
Size = 1.8 µm 

Sustained in vitro release of methoxy-PEG-IFN-α 

for up to 3 weeks, although they exhibited high 

release peaks. 

A: solubility maintained 

D: initial burst release 
[120] 

PLGA/ 

poloxamer 
In vitro Oil-in-oil solvent extraction Size = 40 µm 

Evaluation of microparticles and nanoparticles as 

an in vitro controlled release system. The MPs re-

leased IFN for up to 96 days. 

A: integrity and activity of the 

molecule 

D: initial burst release 

[54] 

Multivesicular liposomes In vitro 
Double emulsion/solvent 

evaporation 
Size = ~20 µm  

Development of a system for controlled and sus-

tained release of PEG-IFN-α for up to 6 days in 

vitro.  

A: high stability and encapsula-

tion efficiency 

D: initial burst release 

[101] 

Uni- and multivesicular lipo-

somes 
Intramuscular Film hydration-dilution Size = 101 nm 

Prolonged retention of IFN-α-2b for up to 24 h at 

the application site after intramuscular admin-

istration in Kungming mice. 

A: high retention at the applica-

tion site 

D: loss of activity 

[102] 

Lysine-coated gold nanopar-

ticles 
In vitro 

Chloroauric acid and boro-

hydride reduction 
Size without IFN = 10 nm 

In vitro transport of IFN-α on gold nanoparticles 

coupled to lysine found on the particle surface.  

A: stable conjugation in water 

D: modification of the carboxyl 

groups of the molecule 

[145] 

Poly(ether-ester) micro-

spheres (Poly-Active)  
Subcutaneous 

Double emulsion/solvent 

evaporation 
Size = ~30 µm 

Phase IIB clinical study of Locteron®, a 14-day 

dose–response sustained-release formulation, 

well tolerated by patients at a dose of 80 µg. 

A: significant decrease in ad-

verse events 

D: scarce report of its physico-

chemical characterization 

[121] 

PLGA microspheres In vitro 
Double emulsion/solvent 

evaporation 
Size = 28.1 µm 

Encapsulation of IFN-α in PLGA microparticles in 

vitro. No changes were detected in the physico-

chemical and biological characteristics of the mol-

ecule released by diffusion for 24 h at 37 °C. 

A: uniform size distribution 

D: IFN instability 
[127] 

PLGA microspheres Intramuscular 
Double emulsion/solvent 

evaporation 
Size = 81.23 µm 

Increased residence time of IFN-α in serum up to 

18 days, and sustained release with activity up to 

12 days in studies in rhesus monkeys.  

A: increase in circulation time 

in vivo 

D: loss of biological activity 

[128] 

Alginate microspheres 

chitosan 
Intramuscular Coacervation Size = 2.18 µm 

Evaluation of pharmacokinetics in ICR mice, re-

vealing a 4-fold increase in the half-life of IFN-α, 

with no increased peak concentration, and re-

duced bioavailability 

A: increase in maximum serum 

concentration 

D: low encapsulation efficiency 

[129] 
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PLA and PLGA microspheres In vitro 

Double emulsion/solvent 

evaporation with magnetite 

nanoparticles inclusion 

Average size = 2.5 µm 

Size distribution = 0.5–3.5 

µm 

Particle loading with magnetite for site-specific 

delivery. In vitro antiviral assays in Vero cells 

against vesicular stomatitis virus indicated a 

slight reduction in the antiviral activity of the par-

ticles.  

A: particle direction using mag-

netic field 

D: low encapsulation efficiency 

[130] 

PLGA microspheres In vitro 
Double emulsion/solvent 

evaporation 

Size distribution = 40.54–

115.62 µm 

Sustained release maintains the molecule’s bio-

logical activity for up to 7 days in in vitro studies 

in Wish cells against vesicular stomatitis virus. 

A: high encapsulation effi-

ciency 

D: in vivo performance was not 

evaluated. 

[131] 

IF
N

-α
 

PLGA-PEGT/PBT micro-

spheres 
Subcutaneous 

Double emulsion/solvent 

evaporation 
Size = 28.94 µm 

Extended cumulative release for up to 23 days in 

vitro, conforming to zero-order kinetics. Plasma 

levels were stable for 13 days in Sprague–Dawley 

rats, starting with a rapid release on day 1. 

A: high encapsulation effi-

ciency  

D: initial burst release 

[132] 

PLGA nanoparticles with ad-

sorbed HBV antigens 
Intravenous Double emulsion 

Size = 174 nm 

PZ = +30 mV 

System aimed at treating hepatitis B. Studies in 

BALB/c mice indicated that nanoparticles 

transport IFN to hepatocytes, with good systemic 

circulation. 

A: site-specific transport 

D: low encapsulation efficiency 
[148] 

Liposomes Intramuscular Film hydration 
Size = 82–172 nm 

PDI < 0.35 

Increased half-life, peak time, and bioavailability 

of encapsulated IFN-α-2b in Wistar rats. 

A: accumulation in the liver 

D: non-uniform size 
[103] 

Gold nanoparticles plus hya-

luronic acid (HA) 
Intravenous 

Chloroauric acid reduction 

with citrate and reductive 

amination of HA 

Size = 52.23 nm 

PDI = 0.089 

Selective transport to the liver for HCV treatment. 

Biological activity of IFN-α is similar to PEG-In-

tron in vitro (Daudi), in vivo (BALB/c mice).  

A: serum stability 

D: slow initial release 
[146] 

Protamine sulfate-impreg-

nated gelatin microspheres 
In vitro 

Emulsion polymerization 

with glutaraldehyde as a 

crosslinker 

Size = 28.94 µm 

Protamine sulfate impregnation to increase the 

release time of IFN-α to 336 h and prolong the cy-

totoxic effect in vitro in ovarian cancer Skov3 cells 

A: almost complete release 

D: no correlation with cytotoxi-

city 

[133] 

Chondroitin sulfate and PVP Intradermal 

Two-solution system in 

polydimethylsiloxane 

molds 

Arrangements of 12 × 12 

microneedles. 

Dimensions: 680 × 380 µm 

Transport of IFN-α in microneedles. In vivo stud-

ies (SD rats), the needles have good stability for 

two months and do not cause skin damage. 

A: no injections required 

D: limited stability over time 
[134] 

PLGA and PEG-PLGA nano-

particles 
In vitro 

Double emulsion/solvent 

evaporation 
Size = 104–129 nm 

Evaluation of sustained release of IFN-α under in 

vitro conditions: phosphate-buffered saline and 

blood plasma. 

A: sustained and stable release 

D: in vivo pharmacokinetics not 

evaluated. 

[149] 

Chitosan nanoparticles Evaluation of the oral route Ionotropic gelation 
Size = 36 nm 

PZ = +30 mV 

Nanoparticles for oral administration, with in 

vitro antiviral activity (MDBK) comparable to 

commercial IFN-α. IFN levels in plasma 1h after 

in vivo inoculation (in CF-1 mice). 

A: high encapsulation effi-

ciency 

D: non-specific release in the 

stomach 

[150] 

PEGylated Liposomes 
Franz Cell Diffusion Sys-

tem 
Film hydration 

Size = 181 nm 

PZ = −13 mV 

Formulation for treatment of human papilloma-

virus. No in vitro release. Ex vivo studies in goat 

vaginal tissue with high penetration of the mole-

cule into the tissue. 

A: crosses mucosa 

D: in vitro and ex vivo release 

was not correlated 

[105] 
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POEGMA-PHPMA copoly-

mer micelles 
Intravenous 

Self-assembly of copolymer 

blocks 
Size = 64.9 nm 

Formation of micelles by self-assembled copoly-

mer blocks that encapsulated IFN-α, with in-

creased half-life up to 83.8 h, and antitumor activ-

ity in mice with ovarian tumors 

A: effective tumor suppression 

D: decrease in biological activ-

ity 

[57] 

Chitosan nanoparticles Oral Ionotropic gelation  

Size = 36 nm 

PDI = 0.47 

Potential Z = +30 mV 

Evaluation of oral administration of nanoparti-

cles. In vitro (Caco-2:HT29-MTX (9:1)) and in vivo 

(BALB/c mice) studies confirmed improved phar-

macokinetics and bioavailability. 

A: crosses intestinal epithelium 

D: no analysis in disease mod-

els 

[151] 

Core-shell nanoparticles; 

core: HSA-IFN-α, shell: PSS-

CS-PSS 

Subcutaneous 

Core: aqueous precipita-

tion; shell: layer-by-layer 

assembly 

Size = 100 nm 

PZ = −50 mV 

Sustained-release after ten days in Pannon rabbits, 

with biological activity similar to lyophilized 

HSA-IFN-α. 

A: bioactivity maintained 

D: PSS is not biocompatible 
[152] 

Elastin-like copolypeptide 

micelles 
Intravenous 

Self-assembly of two copol-

ypeptide building blocks 
Size = 48 nm 

Formation of micelles by blocks of two self-as-

sembled polypeptides that encapsulated IFN-α, 

with an increase in its half-life up to 54.7 h, and 

antitumor activity in mice with ovarian tumors. 

A: efficient accumulation in tu-

mors 

D: encapsulation efficiency is 

not reported. 

[58] 

IF
N

-β
 

Poly(methacrylic acid-eth-

ylene glycol) microparticles  
Direct intestinal 

UV polymerization using 

TEGDMA as crosslinker 
Size < 53 µm 

Encapsulation for intestinal delivery of IFN-ß. In 

vitro and in vivo results in Sprague–Dawley rats 

showed sustained release and improved pharma-

cokinetics.  

A: pH-sensitive behavior 

D: incomplete release 
[135] 

TMC-PEGDMA-MAA micro-

particles 
Oral 

Suspension polymerization 

by free radicals 

Size = 1–3.5 µm at intestinal 

pH (6.8) 

pH-sensitive oral transport system for the treat-

ment of multiple sclerosis. Most of the IFN-ß was 

released in vitro at intestinal pH. Release profile 

in New Zealand White rabbits exceeded 24 h. 

A: pH-sensitive 

D: in vitro and in vivo release 

was not correlated 

[136] 

PLGA and PEG-PLGA nano-

particles 
Subcutaneous 

Double emulsion/solvent 

evaporation 

Size = 145 nm and 163 nm 

PZ = 17.7 and 18.8 mV 

Treatment of Multiple Sclerosis. No toxicity in 

vitro, in vivo studies in Wistar rats showed mild 

toxic effects such as pale kidney and pyelectasis. 

A: high encapsulation effi-

ciency 

D: mild toxicity 

[153] 

Chitosan nanoparticles/cy-

clodextrin 
Intranasal Gelation 

Size = 206 nm 

PZ = 20 mV 

PDI = 0.13 

Nasal administration of the formulation for treat-

ing multiple sclerosis, with greater effectiveness, 

than free IFN-β in C57BL/6 mice with sclerosis. 

A: reduction in encephalomye-

litis 

D: no CD4+ lymphocyte down-

regulation 

[154] 

IF
N

-γ
 

PLGA microspheres In vitro 
Double emulsion/solvent 

evaporation 
Size = 30–50 µm 

Stabilization of IFN-γ in microparticles, maintain-

ing the native conformation and biological activ-

ity of the protein. 

A: bioactivity maintained 

D: encapsulation destabilizes 

the protein 

[137] 

PLA microspheres Oral  
Double emulsion/solvent 

evaporation 
Size = 1.27 µm 

Sustained release in vitro for 400 h and increased 

absorption when administered orally in Wistar 

rats. 

A: increase in porosity 

D: delayed release 
[138] 

Liposomes Inhalation Freezing, thawing Size = 170–180 nm 

It demonstrated that encapsulation of IFN-γ and 

liposomal muramyl tripeptide with chitosan acti-

vated alveolar macrophages and increased sur-

vival in the treated group. In vivo study in a mu-

rine model. 

A: increase in the activation of 

alveolar macrophages. 

D: loss of biological activity 

[97] 
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BSA nanoparticles Intraperitoneal 
Coacervation and chemical 

crosslinking 

Size = ~340 nm 

PZ = −19.6 mV 

Evaluation of macrophage activation for Brucella 

abortus. It increased the bactericidal effect of IFN-

γ-activated macrophages in vitro and in vivo 

(BALB/c mice).  

A: increased biological activity 

D: extended-release only for 20 

h 

[155] 

Liposomes with cyclic pep-

tides 
Intravenous Film hydration 

Size = 83.5 nm 

PDI = 0.067 

Selective liposome transport to hepatic stellate 

cells increased half-life and antifibrotic activity of 

IFN-γ with fewer adverse effects in Sprague–Daw-

ley rats. 

A: selective transport to hepatic 

cells 

D: low encapsulation efficiency 

[104] 

PLGA core–shell nanoparti-

cles containing IFN-γ and 

doxorubicin.  

Intravenous Nanoprecipitation Size = ~100 nm 

Melanoma immunotherapy. Female C57BL/6 mu-

rine model, free IFN at 8 h, encapsulated cleared 

after 48 h inoculated in mice. There was no tox-

icity in vital organs.  

A: temperature-sensitive be-

havior 

D: conditional encapsulation ef-

ficiency 

[156] 

PEGylated Liposomes Intravenous 
Thin-film hydration and ex-

trusion 

Size = 135 nm 

PDI = 0.05 

Preparation of IFN-γ-containing liposomes for co-

lon cancer treatment. Sustained release in vitro 

for 144 h with an abrupt onset and increased cy-

tokine-activated antitumor immune response in 

BALB/c mice with C-26 tumor cells. 

A: significant induction of the 

antitumor response 

D: low encapsulation efficiency 

[106] 
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The current review showcases an updated summary of all forms of encapsulation 

including liposomes, micelles, microparticles and nanoparticles for IFN-α, IFN-β, and 

IFN-γ cytokines from 1996 to March 2021, considering the following parameters: encap-

sulating matrix, route of administration, encapsulation method, physical properties, tar-

get, advantages, and disadvantages of each formulation. Table 1 summarizes these sys-

tems. 

7. Discussion 

Although different research groups have presented various formulations to encap-

sulate IFNs, to date, there is no formulation approved for use in humans. Nevertheless, 

the importance of encapsulating IFNs is evident, considering new routes of administra-

tion. Since their first approval for clinical use in 1986, IFN formulations have improved 

since they are clinically valuable drugs [161]. IFNs are crucial elements in human humoral 

and cellular defense mechanisms and have shown clinical effectiveness against viral in-

fections, various cancers, and neurodegenerative diseases by limiting virus replication, 

reducing tumor masses, controlling symptoms of autoimmune conditions, and prolong-

ing survival [162]. They have been used as single agents or in combination treatment reg-

imens, demonstrating promising clinical results, resulting in 22 different formulations ap-

proved by regulatory agencies. Three have been withdrawn from the market [163]. The 

163 clinical trials currently active with IFNs reinforce their importance as therapeutics for 

human health [164]. On the economic side, total market sales of IFNs reached $6.9 billion 

in 2019, and these figures are expected to grow in the future due to the increasing inci-

dence of viral and chronic diseases, and the growing adoption of biosimilars for potential 

therapeutics or prophylaxis of future pandemics, among others [45]. 

IFNs are broad-spectrum antivirals that are effective against viruses of recent inter-

est, such as MERS-CoV [165], SARS-CoV [166], and SARS-CoV-2 [167]. These proteins ex-

ert autocrine or paracrine action on surrounding cells [45]. In an uninfected cell, binding 

of IFN to its receptor and subsequent IFN signaling renders the cell refractory to viral 

infection. In an infected cell, this signaling can suppress viral replication and decrease the 

release of viral progeny from the cell [168]. During initial infection in tissue, paracrine 

signaling can prevent the spread of infection by reducing the number of susceptible cells 

near the site of infection [169]. Therefore, a sustained release of IFN into the tissue, 

achieved through a transport system such as nanoencapsulation, is crucial in treating viral 

infections [170]. 

Immune system activation against oncogenesis and the control of tumor develop-

ment by IFNs has enabled their use in treating neoplastic diseases. These antitumor effects 

are due to their ability to inhibit cancer cell growth by triggering apoptosis and cell cycle 

arrest [171] (Figures 5 and 6). Since the proteins are administered in high doses to prevent 

rapid clearance, data predict that the antiproliferative and apoptotic activity would be 

more significant. However, research also shows that antitumor efficacy does not increase 

with an increasing amount of IFN administered, so small doses with minimal adverse 

events are more beneficial than higher doses [172]. Achieving optimal therapeutic re-

sponse requires sustained transport and release systems due to the cytokine’s short half-

life [8]. In this regard, nanoencapsulation allows for improved pharmacological activity 

without increasing the doses administered [173]. 
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Figure 5. Activation pathways are regulated by type I interferons (IFNs) in the antitumor response. The antiproliferative 

activity of type I IFNs has anti-angiogenic effects on tumor vascularization, increased cytotoxicity, and survival of NK 

cells. These cytokines induce the generation and survival of cytotoxic T lymphocytes, memory CD8 T, and maturation of 

dendritic cells. Type I IFNs influence the maturation, homeostasis, and activation of NK cells, eliminating tumor cells 

through other immune cells or cells of the tumor microenvironment. Dendritic cells play an essential role in recognizing 

and presenting the various antigens that trigger the activation cascade. Another indirect effect of type I IFNs on NK cells 

in a tumor environment is the modulation of surface molecules on CD8 + cytotoxic T lymphocytes (CTL) [NCR1 ligands; 

classical and non-classical major histocompatibility complex class I (MHC I)] with evasion of CTLs from NK cell-mediated 

killing. Created with BioRender.com. 

 
Figure 6. Role of IFN-γ in the antiproliferative response. Interferon-γ interacts with various cells in a tumor microenvi-

ronment to initiate the production of the cytokine itself. Some of these cells are T lymphocytes, macrophages, and dendritic 

cells. Macrophages: the protein stimulates the polarization of macrophages towards a proinflammatory phenotype by 
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increasing the secretion of chemokines. Dendritic cells: increases the maturation of these cells, positive regulation of MHC 

I and II with increased IRF1 expression, and decreased IFN-γ-dependent dendritic cell survival. T cells: stimulates their 

differentiation with Th1 polarization. IFN-γ causes positive feedback, increasing their production in Th1 cells and inhib-

iting differentiation towards Th2 and Th17. Maturation of virgin T cells to effector CD8 + T cells requires IFN-γ. IFN-γ is 

the primary cytotoxic molecule secreted by these cells. IFN-γ inhibits immunosuppressive regulatory T cells. Created with 

BioRender.com. 

IFNs have also been used to treat various autoimmune disorders because of their 

ability to modulate innate and adaptive responses, both humoral and cellular [9]. Research 

showed that nanomedicines could actively and efficiently cross the blood–brain barrier 

(BBB) and penetrate deeply into diseased brain tissues (Figure 7). In addition, there is an 

association between the use of nanoformulations with enhanced resistance, stability, sur-

face area, and sensitivity [174,175]. The delivery of nanoencapsulated IFNs into the central 

nervous system (CNS) has significantly improved current systemic immunomodulator-

based therapies for autoimmune diseases. Intranasal administration of the nanoformula-

tion resulted in a significant reduction in the cytokine’s effective dose [154]. 

 
Figure 7. Biological activity of IFNβ in autoimmune diseases. Its action directly increases the expression and concentration 

of anti-inflammatory agents and down-regulates the expression of proinflammatory cytokines. The same pathway that 

enables interferon beta’s biological effects mediates its mechanism of action in MS. This cytokine binds to its specific re-

ceptors IFNR I and IFNRII on the surface of the main cells of the immune system (DC, TH1 TH2, and B cells). Ligand-

receptor binding triggers a cascade of events within these cells that results in positive feedback from the molecule, increas-

ing IFNβ levels and producing the expression of multiple ISGs such as MHC Class I, Mx protein, 2′/5′-oligoadenylate 

synthetase (OAS), β2-microglobulin and neopterin. These products have been found in serum and cellular fractions of 

blood from patients treated with interferon-beta. Created with BioRender.com. 

IFN administration has been mainly intravenous and intramuscular. Researchers ex-

pected that elevated serum interferon titers would correlate with its therapeutic efficacy 

and that interferon levels in the interstitial fluid of target or effector cells would provide 



Pharmaceutics 2021, 13, x FOR PEER REVIEW 21 of 30 
 

more information. Still, this connection does not exist [45]. Moreover, because the kidneys 

rapidly filter them, elevated serum titers are accompanied by considerable renal clearance. 

Thus, several factors converge, demonstrating a modest therapeutic efficacy of interferon 

observed so far, such as the inadequacy of routes of administration and its rapid systemic 

elimination. 

Currently, these recombinant proteins, capable of activating mucosal immunity, are 

presented as ideal candidates in first-line treatments for acute viral infections, respiratory 

tract or sexually transmitted infections, and autoimmune conditions [176]. However, each 

specific physiological target exhibits some particularities requiring special considerations 

before their design. 

We believe that one of the most appealing and novel routes for encapsulated inter-

feron formulations could be intranasal, directly impacting the three biological actions of 

these cytokines (antiviral, antiproliferative, and immunomodulatory). The nasal mucosa 

provides the first-line defense against inhaled pathogens; it is the epithelial barrier to most 

infectious agents, especially respiratory viruses [177]. It presents lymphoid tissue, which 

contains abundant immune cells, such as B cells, CD4+ and CD8+ lymphocytes, and den-

dritic cells [178]. Its pseudostratified ciliated columnar epithelium lines most of the res-

piratory mucosa, nasal passages, nasopharynx, bronchial tree and performs physical, 

chemical, and immunological barrier functions [179]. Lymphoid cells and organs cover 

their surface is covered providing protective antibodies and cell-mediated immunity 

[180]. Mucosal epithelial lineages include epithelial cells that produce antimicrobial pro-

teins (defensins and lectins); and goblet and columnar epithelial cells that release mucins 

[181]. These epithelial cells can also function as specialized antigen-presenting cells [182]. 

Viral infection induces the epithelium host defenses. Plasmacytoid dendritic cells (pDCs) 

detect viruses through Toll-like receptors, and pattern recognition receptors (PRR) activa-

tion triggers the production and release of type I and III interferons and other proinflam-

matory mediators, which initiate the host innate and adaptive immune response [183]. 

These mechanisms make the nasal mucosa a very attractive route of administration 

for inhalation formulations as they represent the preferred site for invasion of respiratory 

viruses or neoplastic entities at the mucosal level or near the CNS [184]. The nasal mucosa 

can be used for noninvasive drug delivery and constitutes a tissue well supplied by blood 

vessels [185]. It ensures rapid absorption of most drugs, can generate high systemic levels, 

and avoids the first-step (hepatic) metabolism characteristic in oral administration [186]. 

For this reason, applications of interferons in inhaled formulations have been used [187]. 

These therapeutic variants demonstrate a reduction in viral load, symptom relief and 

shorten the duration of viral respiratory infections such as bronchiolitis, pneumonia, and 

acute upper respiratory tract infections [188]. Since 1973, the British Medical Research 

Centre confirmed that IFNs could prevent and treat respiratory virus infections by acti-

vating the nasal mucosa using the inhalation route [189]. In 2003, during the SARS out-

break, an animal study (rhesus monkey) revealed that recombinant human IFN-α2b aer-

osol could prevent SARS-CoV infection by inhibiting virus infection and replication [190]. 

Other studies showed that recombinant human IFN-α2b aerosol reduced the infection rate 

of the respiratory syncytial virus, influenza virus, adenovirus, and SARS-CoV [191]. In 

turn, IFN-γ has been administered in diseases such as cancer, tuberculosis, hepatitis, 

chronic granulocytic disease, osteopetrosis, scleroderma, atypical mycobacteria, among 

others [188,190,192]. Its aerosolized use has been proposed as a methodology for organ-

specific release cytokine therapy in infected airways [193,194], so both proteins’ safety 

profile and efficacy are widely known. 

The most attractive formulations considering the activation pathway of interferons 

with potential for the intranasal route would be micro and nanoparticles. Still, as we al-

ready presented in the section on microparticles, these show evidence that they affect the 

integrity of their active ingredient, so the best encapsulation option for these proteins 

would be nanoparticles. These formulations at the nanometric level overcome the physical 
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barrier of the mucous membranes and achieve a prolonged retention time on the cell sur-

face, penetrating effectively and accumulating on the epithelial surface; they also protect 

the active principle from biological and chemical degradation [159]. Combining nanopar-

ticles with absorption enhancers, functional excipients that improve penetrability at bio-

logical barriers, and enhancers that temporarily open tight intercellular junctions has been 

suggested, used in various nasal nanoformulations [195]. 

Currently, our research group is working on obtaining new drug delivery systems, 

which aim to provide adequate therapeutic concentrations for type I and II interferons, 

prolonging their half-life time in the circulation. Within these designs, nanoformulations 

are novel elements as drug carrier systems that allow: a sustained local release, a control-

lable long-duration administration, an interaction between different proteins that pre-

serve the structural stability of the drug and its biological activity, which are novel fea-

tures to be used with interferons. 

8. Conclusions 

There is great interest in achieving the encapsulation of interferons due to the diver-

sity and effectiveness of their biological functions and the wide range of applications on 

the three major groups of immune system conditions, infectious, proliferative, and auto-

immune. Researchers have applied various delivery methods, categorized as particle de-

livery systems, including micro and nanoparticles, liposomes, mini pellets, cell carriers, 

PEGylated IFNs, etc. 

Nanoparticulate systems are very successful as a tool for developing peptide and 

protein delivery, capable of enhancing the efficacy of established drugs and new mole-

cules. Due to their sustained release properties, subcellular size, and biocompatibility with 

tissues, these formulations have shown promise for the encapsulation of IFNs, allowing 

the bioavailability of drugs and improving the pharmacokinetic profile of other drugs for 

biomedical purposes. To date, an incredible amount of research has demonstrated the 

usefulness of nanoparticles in the formulation of new drugs and the protection they confer 

on mucous membranes and biological fluids by favoring penetration into cells. The final 

success in finding a nanoencapsulated formulation for interferons will be to prove their 

therapeutic potential and demonstrate their safety by integrating the research results with 

the pharmaceutical industry. We also know that selecting an appropriate route of admin-

istration will have a marked influence on the outcome of the proposed formulation, and 

we believe intranasal drug transfer could contribute to this outcome. 

This review not only provides an up-to-date summary of all the forms of encapsula-

tion that exist in the literature for interferons but is also a helpful starting point for new 

projections of the formulation of these cytokines and their contribution to their successful 

clinical application. 
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54. Sánchez, A.; TobıóM.; González, L.; Fabra, A.; Alonso, M.J. Biodegradable micro- and nanoparticles as long-term delivery 

vehicles for interferon-alpha. Eur. J. Pharm. Sci. 2003, 18, 221–229, doi:10.1016/s0928-0987(03)00019-8. 

55. Dai, J.; Long, W.; Liang, Z.; Wen, L.; Yang, F.; Chen, G. A novel vehicle for local protein delivery to the inner ear: Injectable and 

biodegradable thermosensitive hydrogel loaded with PLGA nanoparticles. Drug Dev. Ind. Pharm. 2018, 44, 89–98, 

doi:10.1080/03639045.2017.1373803. 

56. Majumder, N.; Das, N.G.; Das, S.K. Polymeric micelles for anticancer drug delivery. Ther. Deliv. 2020, 11, 613–635, 

doi:10.4155/tde-2020-0008. 

57. Liu, X.; Sun, M.; Sun, J.; Hu, J.; Wang, Z.; Guo, J.; Gao, W. Polymerization Induced Self-Assembly of a Site-Specific Interferon 

α-Block Copolymer Conjugate into Micelles with Remarkably Enhanced Pharmacology. J. Am. Chem. Soc. 2018, 140, 10435–

10438, doi:10.1021/jacs.8b06013. 



Pharmaceutics 2021, 13, x FOR PEER REVIEW 25 of 30 
 

58. Wang, Z.; Guo, J.; Liu, X.; Sun, J.; Gao, W. Temperature-triggered micellization of interferon alpha-diblock copolypeptide 

conjugate with enhanced stability and pharmacology. J. Control. Release 2020, 328, 444–453, doi:10.1016/j.jconrel.2020.08.065. 

59. Zazo, H.; Colino, C.I.; Lanao, J.M. Current applications of nanoparticles in infectious diseases. J. Control. Release 2016, 224, 86–

102, doi:10.1016/j.jconrel.2016.01.008. 

60. Su, S.; Kang, P.M. Systemic Review of Biodegradable Nanomaterials in Nanomedicine. Nanomaterials 2020, 10, 656, 

doi:10.3390/nano10040656. 

61. Lembo, D.; Donalisio, M.; Civra, A.; Argenziano, M.; Cavalli, R. Nanomedicine formulations for the delivery of antiviral drugs: 

A promising solution for the treatment of viral infections. Expert Opin. Drug Deliv. 2018, 15, 93–114, 

doi:10.1080/17425247.2017.1360863. 

62. Thitinan, S.; McConville, J.T. Interferon alpha delivery systems for the treatment of hepatitis C. Int. J. Pharm. 2009, 369, 121–135, 

doi:10.1016/j.ijpharm.2008.11.027. 

63. Turecek, P.L.; Bossard, M.J.; Schoetens, F.; Ivens, I.A. PEGylation of Biopharmaceuticals: A Review of Chemistry and 

Nonclinical Safety Information of Approved Drugs. J. Pharm. Sci. 2016, 105, 460–475, doi:10.1016/j.xphs.2015.11.015. 

64. Delgado, C.; Francis, G.E.; Fisher, D. The uses and properties of PEG-linked proteins. Crit. Rev. Ther. Drug Carr. Syst. 1992, 9, 

249–304. 

65. Nucci, M.L.; Shorr, R.; Abuchowski, A. The therapeutic value of poly(ethylene glycol)-modified proteins. Adv. Drug Deliv. Rev. 

1991, 6, 133–151, doi:10.1016/0169-409x(91)90037-d. 

66. Foster, G.R. Pegylated Interferons for the Treatment of Chronic Hepatitis C. Drugs 2010, 70, 147–165, doi:10.2165/11531990-

000000000-00000. 

67. Veronese, F.M.; Mero, A. The Impact of PEGylation on Biological Therapies. BioDrugs 2008, 22, 315–329, doi:10.2165/00063030-

200822050-00004. 

68. Ramon, J.; Saez, V.; Báez, R.; Aldana, R.; Hardy, E. PEGylated Interferon-α2b: A Branched 40K Polyethylene Glycol Derivative. 

Pharm. Res. 2005, 22, 1375–1387, doi:10.1007/s11095-005-5278-4. 

69. Basu, A.; Yang, K.; Wang, M.; Liu, S.; Chintala, R.; Palm, T.; Zhao, H.; Peng, P.; Wu, D.; Zhang, Z.; et al. Structure−Function 

Engineering of Interferon-β-1b for Improving Stability, Solubility, Potency, Immunogenicity, and Pharmacokinetic Properties 

by Site-Selective Mono-PEGylation. Bioconjugate Chem. 2006, 17, 618–630, doi:10.1021/bc050322y. 

70. Fee, C.J. Size comparison between proteins PEGylated with branched and linear poly(ethylene glycol) molecules. Biotechnol. 

Bioeng. 2007, 98, 725–731, doi:10.1002/bit.21482. 

71. Asselah, T.; Lada, O.; Moucari, R.; Martinot, M.; Boyer, N.; Marcellin, P. Interferon Therapy for Chronic Hepatitis B. Clin. Liver 

Dis. 2007, 11, 839–849, doi:10.1016/j.cld.2007.08.010. 

72. Trinh, V.A.; Zobniw, C.; Hwu, W.-J. The efficacy and safety of adjuvant interferon-alfa therapy in the evolving treatment 

landscape for resected high-risk melanoma. Expert Opin. Drug Saf. 2017, 16, 933–940, doi:10.1080/14740338.2017.1343301. 

73. Jansen, P.L.; De Bruijne, J. Controlled-release interferon alpha 2b, a new member of the interferon family for the treatment of 

chronic hepatitis C. Expert Opin. Investig. Drugs 2012, 21, 111–118, doi:10.1517/13543784.2012.640671. 

74. Woo, A.S.J.; Kwok, R.; Ahmed, T. Alpha-interferon treatment in hepatitis B. Ann. Transl. Med. 2017, 5, 159, 

doi:10.21037/atm.2017.03.69. 

75. Fam, C.M.; Eisenberg, S.P.; Carlson, S.J.; Chlipala, E.A.; Cox, G.N.; Rosendahl, M.S. PEGylation Improves the Pharmacokinetic 

Properties and Ability of Interferon Gamma to Inhibit Growth of a Human Tumor Xenograft in Athymic Mice. J. Interferon 

Cytokine Res. 2014, 34, 759–768, doi:10.1089/jir.2013.0067. 

76. Boulestin, A.; Kamar, N.; Sandres-Saune, K.; Alric, L.; Vinel, J.-P.; Rostaing, L.; Izopet, J. Pegylation of IFN-α and Antiviral 

Activity. J. Interf. Cytokine Res. 2006, 26, 849–853, doi:10.1089/jir.2006.26.849. 

77. Meller, S.; Gerber, P.; Kislat, A.; Hevezi, P.; Göbel, T.; Wiesner, U.; Kellermann, S.; Bünemann, E.; Zlotnik, A.; Häussinger, D. 

Allergic sensitization to pegylated interferon-α results in drug eruptions. Allergy 2015, 70, 775–783, doi:10.1111/all.12618. 

78. Wang, G.; Hu, J.; Gao, W. Tuning the molecular size of site-specific interferon-polymer conjugate for optimized antitumor 

efficacy. Sci. China Mater. 2017, 60, 563–570, doi:10.1007/s40843-017-9053-y. 

79. Bewersdorf, J.P.; Giri, S.; Wang, R.; Podoltsev, N.; Williams, R.T.; Rampal, R.K.; Tallman, M.S.; Zeidan, A.M.; Stahl, M. Interferon 

Therapy in Myelofibrosis: Systematic Review and Meta-analysis. Clin. Lymphoma Myeloma Leuk. 2020, 20, e712–e723, 

doi:10.1016/j.clml.2020.05.018. 

80. Schlapschy, M.; Binder, U.; Börger, C.; Theobald, I.; Wachinger, K.; Kisling, S.; Haller, D.; Skerra, A. PASylation: A biological 

alternative to PEGylation for extending the plasma half-life of pharmaceutically active proteins. Protein Eng. Des. Sel. 2013, 26, 

489–501, doi:10.1093/protein/gzt023. 

81. Binder, U.; Skerra, A. PASylation®: A versatile technology to extend drug delivery. Curr. Opin. Colloid Interface Sci. 2017, 31, 10–

17, doi:10.1016/j.cocis.2017.06.004. 

82. Shamloo, A.; Rostami, P.; Mahmoudi, A. PASylation Enhances the Stability, Potency, and Plasma Half-Life of Interferon α-2a: 

A Molecular Dynamics Simulation. Biotechnol. J. 2020, 15, 1900385, doi:10.1002/biot.201900385. 

83. Zvonova, E.A.; Ershov, A.V.; Ershova, O.A.; Sudomoina, M.A.; Degterev, M.B.; Poroshin, G.N.; Eremeev, A.V.; Karpov, A.P.; 

Vishnevsky, A.Y.; Goldenkova-Pavlova, I.V.; et al. PASylation technology improves recombinant interferon-β1b solubility, 

stability, and biological activity. Appl. Microbiol. Biotechnol. 2017, 101, 1975–1987, doi:10.1007/s00253-016-7944-3. 



Pharmaceutics 2021, 13, x FOR PEER REVIEW 26 of 30 
 

84. Xia, Y.; Schlapschy, M.; Morath, V.; Roeder, N.; Vogt, E.I.; Stadler, D.; Cheng, X.; Dittmer, U.; Sutter, K.; Heikenwalder, M.; et 

al. PASylated interferon α efficiently suppresses hepatitis B virus and induces anti-HBs seroconversion in HBV-transgenic mice. 

Antivir. Res. 2019, 161, 134–143, doi:10.1016/j.antiviral.2018.11.003. 

85. Abbina, S.; Parambath, A. PEGylation and its alternatives: A summary. In Engineering of Biomaterials for Drug Delivery Systems, 

Parambath, A., Ed.; Woodhead Publishing: Sawston, UK, 2018; pp. 363–376. 

86. Vahed, S.Z.; Salehi, R.; Davaran, S.; Sharifi, S. Liposome-based drug co-delivery systems in cancer cells. Mater. Sci. Eng. C 2017, 

71, 1327–1341, doi:10.1016/j.msec.2016.11.073. 

87. Large, D.E.; Abdelmessih, R.G.; Fink, E.A.; Auguste, D.T. Liposome composition in drug delivery design, synthesis, 

characterization, and clinical application. Adv. Drug Deliv. Rev. 2021, 176, 113851, doi:10.1016/j.addr.2021.113851. 

88. Zahednezhad, F.; Saadat, M.; Valizadeh, H.; Zakeri-Milani, P.; Baradaran, B. Liposome and immune system interplay: 

Challenges and potentials. J. Control. Release 2019, 305, 194–209, doi:10.1016/j.jconrel.2019.05.030. 

89. Anselmo, A.C.; Mitragotri, S. Nanoparticles in the clinic. Bioeng. Transl. Med. 2016, 1, 10–29, doi:10.1002/btm2.10003. 

90. Gurari-Rotman, D.; Lelkes, P.I. Encapsulation of human fibroblast interferon activity in liposomes. Biochem. Biophys. Res. 

Commun. 1982, 107, 136–143, doi:10.1016/0006-291x(82)91680-1. 

91. Eppstein, D.A.; Marsh, Y.V.; van der Pas, M.; Felgner, P.L.; Schreiber, A.B. Biological activity of liposome-encapsulated murine 

interferon gamma is mediated by a cell membrane receptor. Proc. Natl. Acad. Sci. USA 1985, 82, 3688–3692, 

doi:10.1073/pnas.82.11.3688. 

92. Sone, S.; Tandon, P.; Utsugi, T.; Ogawara, M.; Shimizu, E.; Nii, A.; Ogura, T. Synergism of recombinant human interferon 

gamma with liposome-encapsulated muramyl tripeptide in activation of the tumoricidal properties of human monocytes. Int. 

J. Cancer 1986, 38, 495–500, doi:10.1002/ijc.2910380407. 

93. Hume, D.A.; Nayar, R. Encapsulation is not involved in the activities of recombinant gamma interferon associated with 

multilamellar phospholipid liposomes on murine bone marrow-derived macrophages. Lymphokine Res. 1989, 8, 415–425. 

94. Coradini, D.; Pellizzaro, C.; Biffi, A.; Lombardi, L.; Pirronello, E.; Riva, L.; Di Fronzo, G. Effect of liposome-encapsulated alpha- 

or beta-interferon on breast cancer cell lines. Anticancer Res. 1998, 18, 177–182. 

95. Killion, J.J.; Fan, D.; Bucana, C.D.; Frangos, D.N.; Price, J.E.; Fidler, I.J. Augmentation of Antiproliferative Activity of Interferon 

Alfa Against Human Bladder Tumor Cell Lines by Encapsulation of Interferon Alfa Within Liposomes. J. Natl. Cancer Inst. 1989, 

81, 1387–1392, doi:10.1093/jnci/81.18.1387. 

96. Mellors, J.W.; Debs, R.J.; Ryan, J.L. Incorporation of recombinant gamma interferon into liposomes enhances its ability to induce 

peritoneal macrophage antitoxoplasma activity. Infect. Immun. 1989, 57, 132–137, doi:10.1128/iai.57.1.132-137.1989. 

97. Goldbach, P.; Dumont, S.; Kessler, R.; Poindron, P.; Stamm, A. In situ activation of mouse alveolar macrophages by aerosolized 

liposomal IFN-gamma and muramyl tripeptide. Am. J. Physiol. Cell. Mol. Physiol. 1996, 270, L429–L434, 

doi:10.1152/ajplung.1996.270.3.l429. 

98. Rutenfranz, I.; Bauer, A.; Kirchner, H. Interferon gamma encapsulated into liposomes enhances the activity of monocytes and 

natural killer cells and has antiproliferative effects on tumor cells in vitro. Blut 1990, 61, 30–37, doi:10.1007/bf01739431. 

99. Rutenfranz, I.; Bauer, A.; Kirchner, H. Pharmacokinetic Study of Liposome-Encapsulated Human Interferon-γ after Intravenous 

and Intramuscular Injection in Mice. J. Interf. Res. 1990, 10, 337–341, doi:10.1089/jir.1990.10.337. 

100. Saravolac, E.; Kournikakis, B.; Gorton, L.; Wong, J. Effect of liposome-encapsulation on immunomodulating and antiviral 

activities of interferon-γ. Antivir. Res. 1996, 29, 199–207, doi:10.1016/0166-3542(95)00832-2. 

101. Vyas, S.; Rawat, M.; Rawat, A.; Mahor, S.; Gupta, P. Pegylated Protein Encapsulated Multivesicular Liposomes: A Novel 

Approach for Sustained Release of Interferon α. Drug Dev. Ind. Pharm. 2006, 32, 699–707, doi:10.1080/03639040500528954. 

102. Yang, L.; Yang, W.; Bi, D.; Zeng, Q. A novel method to prepare highly encapsulated interferon-alpha-2b containing liposomes 

for intramuscular sustained release. Eur. J. Pharm. Biopharm. 2006, 64, 9–15, doi:10.1016/j.ejpb.2006.03.003. 

103. Li, H.; Yang, L.; Cheng, G.; Wei, H.-Y.; Zeng, Q. Encapsulation, pharmacokinetics and tissue distribution of interferon α-2b 

liposomes after intramuscular injection to rats. Arch. Pharmacal Res. 2011, 34, 941–948, doi:10.1007/s12272-011-0611-4. 

104. Li, F.; Li, Q.H.; Wang, J.Y.; Zhan, C.Y.; Xie, C.; Lu, W.Y. Effects of interferon-gamma liposomes targeted to platelet-derived 

growth factor receptor–beta on hepatic fibrosis in rats. J. Control. Release 2012, 159, 261–270, doi:10.1016/j.jconrel.2011.12.023. 

105. Jøraholmen, M.W.; Basnet, P.; Acharya, G.; Škalko-Basnet, N. PEGylated liposomes for topical vaginal therapy improve delivery 

of interferon alpha. Eur. J. Pharm. Biopharm. 2017, 113, 132–139, doi:10.1016/j.ejpb.2016.12.029. 

106. Shamshiri, M.K.; Jaafari, M.R.; Badiee, A. Preparation of liposomes containing IFN-gamma and their potentials in cancer 

immunotherapy: In vitro and in vivo studies in a colon cancer mouse model. Life Sci. 2021, 264, 118605, 

doi:10.1016/j.lfs.2020.118605. 

107. Amin, M.C.I.M.; Butt, A.M.; Amjad, M.W.; Kesharwani, P. Chapter 5—Polymeric Micelles for Drug Targeting and Delivery. In 

Nanotechnology-Based Approaches for Targeting and Delivery of Drugs and Genes; Mishra, V., Kesharwani, P., Mohd Amin, M.C.I., 

Iyer, A., Eds.; Academic Press: Cambridge, MA, USA, 2017; pp. 167–202. 

108. Bastakoti, B.P.; Liu, Z. Chapter 10—Multifunctional polymeric micelles as therapeutic nanostructures: Targeting, imaging, and 

triggered release. In Nanostructures for Cancer Therapy, Ficai, A., Grumezescu, A.M., Eds.; Elsevier: Amsterdam, The Netherlands, 

2017; pp. 261–283. 

109. Liu, J.; Ai, X.; Zhang, H.; Zhuo, W.; Mi, P. Polymeric Micelles with Endosome Escape and Redox-Responsive Functions for 

Enhanced Intracellular Drug Delivery. J. Biomed. Nanotechnol. 2019, 15, 373–381, doi:10.1166/jbn.2019.2693. 



Pharmaceutics 2021, 13, x FOR PEER REVIEW 27 of 30 
 

110. Movassaghian, S.; Merkel, O.M.; Torchilin, V.P. Applications of polymer micelles for imaging and drug delivery. Wiley 

Interdiscip. Rev. Nanomed. Nanobiotechnology 2015, 7, 691–707, doi:10.1002/wnan.1332. 

111. Ghezzi, M.; Pescina, S.; Padula, C.; Santi, P.; Del Favero, E.; Cantù, L.; Nicoli, S. Polymeric micelles in drug delivery: An insight 

of the techniques for their characterization and assessment in biorelevant conditions. J. Control. Release 2021, 332, 312–336, 

doi:10.1016/j.jconrel.2021.02.031. 

112. Silva, E.K.; Meireles, M.A.A. Encapsulation of Food Compounds Using Supercritical Technologies: Applications of Supercritical 

Carbon Dioxide as an Antisolvent. Food Public Health 2014, 4, 247–258, doi:10.5923/j.fph.20140405.06. 

113. Joye, I.J.; McClements, D.J. Biopolymer-based nanoparticles and microparticles: Fabrication, characterization, and application. 

Curr. Opin. Colloid Interface Sci. 2014, 19, 417–427, doi:10.1016/j.cocis.2014.07.002. 

114. Paulo, F.; Santos, L. Design of experiments for microencapsulation applications: A review. Mater. Sci. Eng. C 2017, 77, 1327–1340, 

doi:10.1016/j.msec.2017.03.219. 

115. Andrade, C. Sustained-Release, Extended-Release, and Other Time-Release Formulations in Neuropsychiatry. J. Clin. Psychiatry 

2015, 76, e995–e999, doi:10.4088/jcp.15f10219. 

116. Jyothi, N.V.N.; Prasanna, P.M.; Sakarkar, S.N.; Prabha, K.S.; Ramaiah, P.S.; Srawan, G. Microencapsulation techniques, factors 

influencing encapsulation efficiency. J. Microencapsul. 2010, 27, 187–197, doi:10.3109/02652040903131301. 

117. Yasukawa, T.; Ogura, Y.; Tabata, Y.; Kimura, H.; Wiedemann, P.; Honda, Y. Drug delivery systems for vitreoretinal diseases. 

Prog. Retin. Eye Res. 2004, 23, 253–281, doi:10.1016/j.preteyeres.2004.02.003. 

118. Saez, V.; Ramon, J.; Peniche, C.; Hardy, E. Microencapsulation of Alpha Interferons in Biodegradable Microspheres. J. Interf. 

Cytokine Res. 2012, 32, 299–311, doi:10.1089/jir.2011.0034. 

119. Zhou, S.; Deng, X.; He, S.; Li, X.; Jia, W.; Wei, D.; Zhang, Z.; Ma, J. Study on biodegradable microspheres containing recombinant 

interferon-α-2a. J. Pharm. Pharmacol. 2002, 54, 1287–1292, doi:10.1211/002235702320402143. 

120. Diwan, M.; Park, T.G. Stabilization of recombinant interferon-α by pegylation for encapsulation in PLGA microspheres. Int. J. 

Pharm. 2003, 252, 111–122, doi:10.1016/s0378-5173(02)00636-1. 

121. De Leede, L.G.; Humphries, J.E.; Bechet, A.C.; Van Hoogdalem, E.J.; Verrijk, R.; Spencer, D.G. Novel Controlled-Release Lemna-

Derived IFN-α2b (Locteron): Pharmacokinetics, Pharmacodynamics, and Tolerability in a Phase I Clinical Trial. J. Interf. Cytokine 

Res. 2008, 28, 113–122, doi:10.1089/jir.2007.0073. 

122. Sodhi, J.S.; Parveen, S.; Saif, R.U. New Horizons and Perspectives in the Management of Chronic Hepatitis C. JMS Ski. 2010, 13, 

41–47, doi:10.33883/jms.v13i2.46. 

123. Di Bisceglie, A.; Ghalib, R.; Hamzeh, F.; Rustgi, V. Early virologic response after peginterferon alpha-2a plus ribavirin or 

peginterferon alpha-2b plus ribavirin treatment in patients with chronic hepatitis C. J. Viral Hepat. 2007, 14, 721–729, 

doi:10.1111/j.1365-2893.2007.00862.x. 

124. Paul, M.J.; Teh, A.Y.; Twyman, R.M.; Ma, J.K. Target Product Selection—Where Can Molecular Pharming Make the Difference? 

Curr. Pharm. Des. 2013, 19, 5478–5485, doi:10.2174/1381612811319310003. 

125. Pawlotsky, J.M. New Hepatitis C Virus (HCV) Drugs and the Hope for a Cure: Concepts in Anti-HCV Drug Development. 

Semin. Liver Dis. 2014, 34, 22–29, doi:10.1055/s-0034-1371007. 

126. Vermehren, J.; Sarrazin, C. New hepatitis C therapies in clinical development. Eur. J. Med. Res. 2011, 16, 303, doi:10.1186/2047-

783x-16-7-303. 

127. Saez, V.; Ramón, J.; Aldana, R.; Pérez, D.; Hardy, E. Microencapsulation of recombinant interferon α-2b into poly (D, L-lactide-

co-glycolide) microspheres. Biotecnol. Apl. 2008, 25, 31–41. 

128. Zhang, Y.-M.; Yang, F.; Yang, Y.-Q.; Song, F.-L.; Xu, A.-L. Recombinant interferon-alpha2b poly(lactic-co-glycolic acid) 

microspheres: Pharmacokinetics-pharmacodynamics study in rhesus monkeys following intramuscular administration. Acta 

Pharmacol. Sin. 2008, 29, 1370–1375, doi:10.1111/j.1745-7254.2008.00881.x. 

129. Zheng, C.H.; Yu, H.Y.; Gao, J.Q.; Sun, X.Y.; Liang, W.Q. Hydrophilic biodegradable microspheres of interferon-alpha and its 

pharmacokinetics in mice. J. Biomed. Mater. Res. Part B Appl. Biomater. Off. J. Soc. Biomater. Jpn. Soc. Biomater. Aust. Soc. Biomater. 

Korean Soc. Biomater. 2008, 85, 225–230, doi:10.1002/jbm.b.30940. 

130. Zhou, S.; Sun, J.; Sun, L.; Dai, Y.; Liu, L.; Li, X.; Wang, J.; Weng, J.; Jia, W.; Zhang, Z. Preparation and characterization of 

interferon-loaded magnetic biodegradable microspheres. J. Biomed. Mater. Res. Part B Appl. Biomater. Off. J. Soc. Biomater. Jpn. Soc. 

Biomater. Aust. Soc. Biomater. Korean Soc. Biomater. 2008, 87B, 189–196, doi:10.1002/jbm.b.31091. 

131. Yang, F.; Song, F.-L.; Pan, Y.-F.; Wang, Z.-Y.; Yang, Y.-Q.; Zhao, Y.-M.; Liang, S.-Z.; Zhang, Y.-M. Preparation and characteristics 

of interferon-alpha poly(lactic-co-glycolic acid) microspheres. J. Microencapsul. 2010, 27, 133–141, 

doi:10.3109/02652040903052010. 

132. Li, Z.; Li, L.; Liu, Y.; Zhang, H.; Li, X.; Luo, F.; Mei, X. Development of interferon alpha-2b microspheres with constant release. 

Int. J. Pharm. 2011, 410, 48–53, doi:10.1016/j.ijpharm.2011.03.016. 

133. Gulia, M.; Rai, S.; Jain, U.K.; Katare, O.P.; Katyal, A.; Madan, J. Sustained-release protamine sulphate-impregnated microspheres 

may reduce the frequent administration of recombinant interferon alpha-2b in ovarian cancer: In-vitro characterization. 

AntiCancer Drugs 2014, 25, 63–71, doi:10.1097/cad.0000000000000026. 

134. Chen, J.; Qiu, Y.; Zhang, S.; Gao, Y. Dissolving microneedle-based intradermal delivery of interferon-α-2b. Drug Dev. Ind. Pharm. 

2016, 42, 890–896, doi:10.3109/03639045.2015.1096282. 

135. Kamei, N.; Morishita, M.; Chiba, H.; Kavimandan, N.J.; Peppas, N.A.; Takayama, K. Complexation hydrogels for intestinal 

delivery of interferon β and calcitonin. J. Control. Release 2009, 134, 98–102, doi:10.1016/j.jconrel.2008.11.014. 



Pharmaceutics 2021, 13, x FOR PEER REVIEW 28 of 30 
 

136. Kondiah, P.P.; Tomar, L.K.; Tyagi, C.; Choonara, Y.E.; Modi, G.; du Toit, L.C.; Kumar, P.; Pillay, V. A novel pH-sensitive 

interferon-β (INF-β) oral delivery system for application in multiple sclerosis. Int. J. Pharm. 2013, 456, 459–472, 

doi:10.1016/j.ijpharm.2013.08.038. 

137. Cleland, J.L.; Jones, A.J. Stable Formulations of Recombinant Human Growth Hormone and Interferon-gamma for 

Microencapsulation in Biodegradable Mircospheres. Pharm. Res. 1996, 13, 1464–1475, doi:10.1023/a:1016063109373. 

138. Conway, B.R.; Alpar, H. Single and Coencapsulation of lnterferon-γ in Biodegradable PLA Microspheres for Optimization of 

Multicomponent Vaccine Delivery Vehicles. Drug Deliv. 1997, 4, 75–80, doi:10.3109/10717549709051876. 

139. Eyles, J.; Alpar, H.; Conway, B.R.; Keswick, M. Oral Delivery and Fate of Poly(lactic acid) Microsphere-encapsulated Interferon 

in Rats. J. Pharm. Pharmacol. 1997, 49, 669–674, doi:10.1111/j.2042-7158.1997.tb06090.x. 

140. Yang, J.; Cleland, J.L. Factors Affecting the in Vitro Release of Recombinant Human Interferon-γ (rhIFN-γ) from PLGA 

Microspheres. J. Pharm. Sci. 1997, 86, 908–914, doi:10.1021/js960480l. 

141. Liang, J.; Li, F.; Fang, Y.; Yang, W.; An, X.; Zhao, L.; Xin, Z.; Cao, L.; Hu, Q. Synthesis, characterization and cytotoxicity studies 

of chitosan-coated tea polyphenols nanoparticles. Colloids Surf. B Biointerfaces 2011, 82, 297–301, 

doi:10.1016/j.colsurfb.2010.08.045. 

142. Saez, V.; Ramon, J.A.; Caballero, L.; Aldana, R.; Cruz, E.; Peniche, C.; Paez, R. Extraction of PLGA-Microencapsulated Proteins 

Using a Two-Immiscible Liquid Phases System Containing Surfactants. Pharm. Res. 2013, 30, 606–615, doi:10.1007/s11095-012-

0916-0. 

143. Ogawa, E.; Furusyo, N.; Kajiwara, E.; Takahashi, K.; Nomura, H.; Tanabe, Y.; Satoh, T.; Maruyama, T.; Nakamuta, M.; Kotoh, 

K.; Azuma, K.; Dohmen, K.; Shimoda, S.; Hayashi, J. Evaluation of the adverse effect of premature discontinuation of pegylated 

interferon α-2b and ribavirin treatment for chronic hepatitis C virus infection: Results from Kyushu University Liver Disease 

Study. The Kyushu University Liver Disease Study [KULDS] Group. 2012, 27(7), 0–0, doi:10.1111/j.1440-1746.2011.06965.x 

144. Jain, A.K.; Thareja, S. In vitro and in vivo characterization of pharmaceutical nanocarriers used for drug delivery. Artif. Cells 

Nanomed. Biotechnol. 2019, 47, 524–539, doi:10.1080/21691401.2018.1561457. 

145. Aghdam, A.G.; Vossoughi, M.; Almzadeh, I.; Zeinali, M. Bioconjugation of Interferon-alpha Molecules to Lysine-Capped Gold 

Nanoparticles for Further Drug Delivery Applications. J. Dispers. Sci. Technol. 2008, 29, 1062–1065, 

doi:10.1080/01932690701815762. 

146. Lee, M.-Y.; Yang, J.-A.; Jung, H.S.; Beack, S.; Choi, J.E.; Hur, W.; Koo, H.; Kim, K.; Yoon, S.K.; Hahn, S.K. Hyaluronic Acid–Gold 

Nanoparticle/Interferon α Complex for Targeted Treatment of Hepatitis C Virus Infection. ACS Nano 2012, 6, 9522–9531, 

doi:10.1021/nn302538y. 

147. Zaman, R.; Islam, R.A.; Ibnat, N.; Othman, I.; Zaini, A.; Lee, C.Y.; Chowdhury, E.H. Current strategies in extending half-lives of 

therapeutic proteins. J. Control. Release 2019, 301, 176–189, doi:10.1016/j.jconrel.2019.02.016. 

148. Giri, N.; Tomar, P.; Karwasara, V.S.; Pandey, R.S.; Dixit, V. Targeted novel surface-modified nanoparticles for interferon 

delivery for the treatment of hepatitis B. Acta Biochim. Biophys. Sin. 2011, 43, 877–883, doi:10.1093/abbs/gmr082. 

149. Feczkó, T.; Fodor-Kardos, A.; Sivakumaran, M.; Haque Shubhra, Q.T. In vitro IFN-α release from IFN-α- and pegylated IFN-α-

loaded poly(lactic-co-glycolic acid) and pegylated poly(lactic-co-glycolic acid) nanoparticles. Nanomedicine 2016, 11, 2029–2034, 

doi:10.2217/nnm-2016-0058. 

150. Cánepa, C.; Imperiale, J.C.; Berini, C.A.; Lewicki, M.; Sosnik, A.; Biglione, M.M. Development of a Drug Delivery System Based 

on Chitosan Nanoparticles for Oral Administration of Interferon-α. Biomacromolecules 2017, 18, 3302–3309, 

doi:10.1021/acs.biomac.7b00959. 

151. Imperiale, J.C.; Schlachet, I.; Lewicki, M.; Sosnik, A.; Biglione, M.M. Oral Pharmacokinetics of a Chitosan-Based Nano- Drug 

Delivery System of Interferon Alpha. Polymers 2019, 11, 1862, doi:10.3390/polym11111862. 

152. Kristó, K.; Szekeres, M.; Makai, Z.; Márki, Á.; Kelemen, A.; Bali, L.; Pallai, Z.; Dékány, I.; Csóka, I. Preparation and investigation 

of core-shell nanoparticles containing human interferon-α. Int. J. Pharm. 2020, 573, 118825, doi:10.1016/j.ijpharm.2019.118825. 

153. Fodor-Kardos, A.; Kiss, Á.F.; Monostory, K.; Feczkó, T. Sustained in vitro interferon-beta release and in vivo toxicity of PLGA 

and PEG-PLGA nanoparticles. RSC Adv. 2020, 10, 15893–15900, doi:10.1039/c9ra09928j. 

154. González, L.F.; Acuña, E.; Arellano, G.; Morales, P.; Sotomayor, P.; Oyarzun-Ampuero, F.; Naves, R. Intranasal delivery of 

interferon-β-loaded nanoparticles induces control of neuroinflammation in a preclinical model of multiple sclerosis: A 

promising simple, effective, non-invasive, and low-cost therapy. J. Control. Release 2021, 331, 443–459, 

doi:10.1016/j.jconrel.2020.11.019. 

155. Segura, S.; Gamazo, C.; Irache, J.M.; Espuelas, S. Gamma Interferon Loaded onto Albumin Nanoparticles: In Vitro and In Vivo 

Activities against Brucella abortus. Antimicrob. Agents Chemother. 2007, 51, 1310–1314, doi:10.1128/aac.00890-06. 

156. Yin, Y.; Hu, Q.; Xu, C.; Qiao, Q.; Qin, X.; Song, Q.; Peng, Y.; Zhao, Y.; Zhang, Z. Co-delivery of Doxorubicin and Interferon-γ by 

Thermosensitive Nanoparticles for Cancer Immunochemotherapy. Mol. Pharm. 2018, 15, 4161–4172, 

doi:10.1021/acs.molpharmaceut.8b00564. 

157. Shishir, M.R.I.; Xie, L.; Sun, C.; Zheng, X.; Chen, W. Advances in micro and nano-encapsulation of bioactive compounds using 

biopolymer and lipid-based transporters. Trends Food Sci. Technol. 2018, 78, 34–60, doi:10.1016/j.tifs.2018.05.018. 

158. Saifullah, M.; Shishir, M.R.I.; Ferdowsi, R.; Tanver Rahman, M.R.; Van Vuong, Q. Micro and nano encapsulation, retention and 

controlled release of flavor and aroma compounds: A critical review. Trends Food Sci. Technol. 2019, 86, 230–251, 

doi:10.1016/j.tifs.2019.02.030. 



Pharmaceutics 2021, 13, x FOR PEER REVIEW 29 of 30 
 

159. Chenthamara, D.; Subramaniam, S.; Ramakrishnan, S.G.; Krishnaswamy, S.; Essa, M.M.; Lin, F.H.; Qoronfleh, M.W. Therapeutic 

efficacy of nanoparticles and routes of administration. Biomater. Res. 2019, 23, 1–29, doi:10.1186/s40824-019-0166-x. 

160. Elsharkasy, O.M.; Nordin, J.Z.; Hagey, D.W.; De Jong, O.G.; Schiffelers, R.M.; Andaloussi, S.E.; Vader, P. Extracellular vesicles 

as drug delivery systems: Why and how? Adv. Drug Deliv. Rev. 2020, 159, 332–343, https://doi.org/10.1016/j.addr.2020.04.004. 

161. Walsh, G. Biopharmaceutical benchmarks 2018. Nat. Biotechnol. 2018, 36, 1136–1145, doi:10.1038/nbt.4305. 

162. Smatti, M.K.; Cyprian, F.S.; Nasrallah, G.K.; Al Thani, A.A.; Almishal, R.O.; Yassine, H.M. Viruses and Autoimmunity: A 

Review on the Potential Interaction and Molecular Mechanisms. Viruses 2019, 11, 762, doi:10.3390/v11080762 

163. Silva, A.C.; Sousa Lobo, J.M. Cytokines and growth factors. Adv. Biochem. Eng. Biotechnol. 2019, 171, 87–113, 

doi:10.1007/10_2019_105. 

164. ClinicalTrials.gov-Database. Search of: Interferon|Active, not Recruiting Studies—List Results. Available online: 

https://clinicaltrials.gov/ct2/results?term=interferon&Search=Apply&recrs=d&age_v=&gndr=&type=&rslt= (accessed on 23 

June 2021). 

165. Zheng, B.; He, M.L.; Wong, K.L.; Ching, T.L.; Poon, L.L.M.; Peng, Y.; Guan, Y.; Lin, M.C.M.; Kung, H.F. Potent Inhibition of 

SARS-Associated Coronavirus (SCoV) Infection and Replication by Type I Interferons (IFN-α/β) but Not by Type II Interferon 

(IFN-γ). J. Interf. Cytokine Res. 2004, 24, 388–390, doi:10.1089/1079990041535610. 

166. De Wilde, A.H.; Raj, V.S.; Oudshoorn, D.; Bestebroer, T.M.; Van Nieuwkoop, S.; Limpens, R.W.A.L.; Posthuma, C.C.; Van Der 

Meer, Y.; Barcena, M.; Haagmans, B.L.; et al. MERS-coronavirus replication induces severe in vitro cytopathology and is 

strongly inhibited by cyclosporin A or interferon-α treatment. J. Gen. Virol. 2013, 94, 1749–1760, doi:10.1099/vir.0.052910-0. 

167. Bagheri, A.; Moezzi, S.M.I.; Mosaddeghi, P.; Nadimi Parashkouhi, S.; Fazel Hoseini, S.M.; Badakhshan, F.; Negahdaripour, M. 

Interferon-inducer antivirals: Potential candidates to combat COVID-19. Int. Immunopharmacol. 2021, 91, 107245, 

doi:10.1016/j.intimp.2020.107245. 

168. Lavigne, G.M.; Russell, H.; Sherry, B.; Ke, R. Autocrine and paracrine interferon signalling as ‘ring vaccination’ and ‘contact 

tracing’ strategies to suppress virus infection in a host. Proc. R. Soc. B 2021, 288, 20203002, doi:10.1098/RSPB.2020.3002. 

169. Jones, C.T.; Catanese, M.T.; Law, L.M.J.; Khetani, S.R.; Syder, A.J.; Ploss, A.; Oh, T.S.; Schoggins, J.W.; MacDonald, M.R.; Bhatia, 

S.N.; et al. Real-time imaging of hepatitis C virus infection using a fluorescent cell-based reporter system. Nat. Biotechnol. 2010, 

28, 167–171, doi:10.1038/nbt.1604. 

170. Fathi, M.; Donsi, F.; McClements, D.J. Protein-Based Delivery Systems for the Nanoencapsulation of Food Ingredients. Compr. 

Rev. Food Sci. Food Saf. 2018, 17, 920–936, doi:10.1111/1541-4337.12360. 

171. Bekisz, J.; Baron, S.; Balinsky, C.; Morrow, A.; Zoon, K.C. Antiproliferative Properties of Type I and Type II Interferon. 

Pharmaceuticals 2010, 3, 994–1015, doi:10.3390/ph3040994. 

172. Bocci, V. Evaluation of Routes of Administration of Interferon in Cancer: A Review and a Proposal. Cancer Drug Deliv. 1984, 1, 

337–351, doi:10.1089/cdd.1984.1.337. 

173. Ye, X.; Wang, Q.; Wang, H. New era of drug innovation in China. Acta Pharm. Sin. B 2019, 9, 1084, doi:10.1016/j.apsb.2019.06.002. 

174. De Jong, W.H.; Borm, P.J.A. Drug delivery and nanoparticles: Applications and hazards. Int. J. Nanomed. 2008, 3, 133–149, 

doi:10.2147/ijn.s596. 

175. Greish, K. Enhanced permeability and retention (EPR) effect for anticancer nanomedicine drug targeting. Methods Mol. Biol. 

2010, 624, 25–37, doi:10.1007/978-1-60761-609-2_3. 

176. De Clercq, E.; Li, G. Approved Antiviral Drugs over the Past 50 Years. Clin. Microbiol. Rev. 2016, 29, 695–747, 

doi:10.1128/cmr.00102-15. 

177. Scherzad, A.; Hagen, R.; Hackenberg, S. Current Understanding of Nasal Epithelial Cell Mis-Differentiation. J. Inflamm. Res. 

2019, 12, 309–317, doi:10.2147/jir.s180853. 

178. Yang, X.; Chen, X.; Lei, T.; Qin, L.; Zhou, Y.; Hu, C.; Liu, Q.; Gao, H. The construction of in vitro nasal cavity-mimic M-cell 

model, design of M cell-targeting nanoparticles and evaluation of mucosal vaccination by nasal administration. Acta Pharm. Sin. 

B 2020, 10, 1094–1105, doi:10.1016/j.apsb.2020.02.011. 

179. Bustamante-Marin, X.M.; Ostrowski, L.E. Cilia and Mucociliary Clearance. Cold Spring Harb. Perspect. Biol. 2017, 9, a028241, 

doi:10.1101/cshperspect.a028241. 

180. Ishikawa, T. Axoneme Structure from Motile Cilia. Cold Spring Harb. Perspect. Biol. 2017, 9, a028076, 

doi:10.1101/cshperspect.a028076. 

181. Freeman, S.C.; Karp, D.A.; Kahwaji, C.I. Physiology, Nasal; StatPearls Publishing: Treasure Island, FL, USA, 2021. 

182. Schmidt, M.E.; Varga, S.M. The CD8 T Cell Response to Respiratory Virus Infections. Front. Immunol. 2018, 9, 678, 

doi:10.3389/fimmu.2018.00678. 

183. Iwasaki, A. Exploiting Mucosal Immunity for Antiviral Vaccines. Annu. Rev. Immunol. 2016, 34, 575–608, doi:10.1146/annurev-

immunol-032414-112315. 

184. Iwasaki, A.; Foxman, E.F.; Molony, R.D. Early local immune defences in the respiratory tract. Nat. Rev. Immunol. 2017, 17, 7–20, 

doi:10.1038/nri.2016.117. 

185. Sweeney, L.; McCloskey, A.P.; Higgins, G.; Ramsey, J.M.; Cryan, S.A.; MacLoughlin, R. Effective nebulization of interferon-γ 

using a novel vibrating mesh. Respir. Res. 2019, 20, 66, doi:10.1186/s12931-019-1030-1. 

186. Pandey, V.; Gadeval, A.; Asati, S.; Jain, P.; Jain, N.; Roy, R.K.; Tekade, M.; Soni, V.; Tekade, R.K. Formulation strategies for nose-

to-brain delivery of therapeutic molecules. Drug Delivery Systems 2019, 291–332, doi:10.1016/b978-0-12-814487-9.00007-7. 



Pharmaceutics 2021, 13, x FOR PEER REVIEW 30 of 30 
 

187. Tanwar, H.; Sachdeva, R. Transdermal drug delivery system: A review. Int. J. Pharm. Sci. Res. 2016, 7, 2274–2290, 

doi:10.13040/IJPSR.0975-8232.7(6).2274-90. 

188. Shen, K.-L.; Yang, Y.-H. Diagnosis and treatment of 2019 novel coronavirus infection in children: A pressing issue. World J. 

Pediatr. 2020, 16, 219–221, doi:10.1007/s12519-020-00344-6. 

189. Scott, G. The Use of Interferons in Respiratory Viral Infections. In Viral and Other Infections of the Human Respiratory Tract; 

Springer: Berlin/Heidelberg, Germany, 1996; pp. 383-396. 

190. Kumaki, Y.; Day, C.W.; Bailey, K.W.; Wandersee, M.K.; Wong, M.-H.; Madsen, J.R.; Madsen, J.S.; Nelson, N.M.; Hoopes, J.D.; 

Woolcott, J.D. Induction of Interferon-γ-Inducible Protein 10 by SARS-CoV Infection, Interferon Alfacon 1 and Interferon 

Inducer in Human Bronchial Epithelial Calu-3 Cells and BALB/c Mice. Antivir. Chem. Chemother. 2010, 20, 169–177, 

doi:10.3851/imp1477. 

191. Meng, Z.; Wang, T.; Li, C.; Chen, X.; Li, L.; Qin, X.; Li, H.; Luo, J. An experimental trial of recombinant human interferon alpha 

nasal drops to prevent coronavirus disease 2019 in medical staff in an epidemic area. MedRxiv 2020, 

doi:10.1101/2020.04.11.20061473. 

192. Wang, H.Q.; Ma, L.L.; Jiang, J.D.; Pang, R.; Chen, Y.J.; Li, Y.H. Recombinant human interferon alpha 2b broad-spectrum anti-

respiratory viruses pharmacodynamics study in vitro. Yao Xue Xue Bao 2014, 49, 1547–1553. 

193. Jaffe, H.A.; Buhl, R.; Mastrangeli, A.; Holroyd, K.J.; Saltini, C.; Czerski, D.; Jaffe, H.; Kramer, S.; Sherwin, S.; Crystal, R. Organ 

specific cytokine therapy. Local activation of mononuclear phagocytes by delivery of an aerosol of recombinant interferon-

gamma to the human lung. J. Clin. Investig. 1991, 88, 297–302, doi:10.1172/JCI115291. 

194. Condos, R.; Hull, F.P.; Schluger, N.W.; Rom, W.N.; Smaldone, G.C. Regional Deposition of Aerosolized Interferon-γ in 

Pulmonary Tuberculosis. Chest 2004, 125, 2146–2155, doi:10.1378/chest.125.6.2146. 

195. Islam, S.U.; Shehzad, A.; Ahmed, M.B.; Lee, Y.S. Intranasal Delivery of Nanoformulations: A Potential Way of Treatment for 

Neurological Disorders. Molecules 2020, 25, 1929, doi:10.3390/molecules25081929. 

 


