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A review of nasal spray formulation excipients and 
their potential for enhancing drug delivery

Penetration enhancers and 
mucoadhesives in liquid nasal 
spray formulations

Introduction
For many years, the nasal route of administration 
has been used very successfully for the non-invasive 
delivery of small molecule drugs. The anatomy and 
physiology of the nasal cavity have been exploited 
to deliver 1) locally acting medications, to combat 
ailments such as seasonal and year-round allergies, 
2) systemically delivered drugs, via the highly vascu-
larized turbinates (e.g., migraine treatments), and 3) 
drugs delivered directly to the central nervous sys-
tem (nose-to-brain delivery), via the olfactory and 
trigeminal nerves (e.g., seizure treatments) [1]. 
Some commercially available liquid nasal spray 
formulations include excipients that can act as pene-
tration enhancers or mucoadhesives, and may thereby 
provide the benefit of increasing contact/residence 
time in the nasal cavity or increasing absorption of 
drug molecules by enhancing permeability through 
nasal mucosal membranes. As liquid nasal sprays 
are now being developed to expand their use from 

traditional small molecule drug delivery systems to 
delivery of biologics and as a prophylaxis for respi-
ratory diseases (including coronavirus treatments), 
the inclusion of penetration enhancers and muco-
adhesives may become more important. This article, 
while not intended to be comprehensive, provides 
information that may assist readers in considering 
the utility of various penetration enhancers and 
mucoadhesives for use in research and development.

Rationale for use of penetration 
enhancers and mucoadhesives 
The absorption of drugs through the biological 
membranes of the nasal cavity is influenced by the 
molecular weight, size and hydrophilicity/lipo-
philicity of the drug, as well as the permeability of 
the membrane itself. Large molecular weight and 
water-soluble drugs (e.g., proteins and peptides) 
have relatively low membrane permeability [2]. 
This, together with the limited residence time within 
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pensions, such as Polysorbate 20 and 80, may also 
serve as penetration enhancers.
Alkylsaccharides. Alkylsaccharides consist of an 
aliphatic hydrocarbon chain coupled to a sugar moi-
ety. It has been reported that the alkyl maltosides, 
including dodecyl maltoside (DDM), enhance 
transmucosal delivery through both the transcellular 
and paracellular pathways—temporarily loosening 
the tight junctions between epithelial cells, as well 
as increasing the permeability of cell membranes, 
allowing drug to pass through. For DDM, bioavail-
ability enhancement has been demonstrated from 
intranasal application of molecules (small molecules, 
therapeutic proteins, peptides and non-peptide 
macromolecules) of different molecular weights up 
to 30 kDa [9].
Bile salts and derivatives. Cholates (e.g., sodium 
glycocholate, sodium taurocholate) are bile salts that 
are synthesized from the lipid, cholesterol. Choles-
terol is an essential structural component of animal 
cell membranes, modulating membrane fluidity 
and functioning in intracellular transport. Due to 
their structural similarity to cholesterol, it has been 
postulated that bile salts and their derivatives may 
cause fluidization of the nasal epithelial cell mem-
branes, thereby increasing transcellular transport 
[7]. It has been reported that these materials have 
been shown to effectively promote nasal insulin and 
peptide drug absorption.
Cyclodextrins. Cyclodextrins are cyclic oligosac-
charides produced by the enzymatic degradation 
of starch. Typical cyclodextrins contain 6 to 8 
α-D-glucopyranoside units connected by α(1→4) 
linkages in a ring, creating a cone shape. There 
are three native cyclodextrins: α-cyclodextrin (a 
six sugar-ring molecule), β-cyclodextrin (a seven 
sugar- ring molecule), and γ-cyclodextrin (an eight 
sugar-ring molecule) enclosing a cavity of about 6, 
8 and 10 Å, respectively [10, 11]. These molecules 
have a hydrophilic outer surface and a relatively 
hydrophobic inner cavity that allows entrapment of 
a wide range of drug molecules, including proteins 
and peptides. These inclusion complexes are formed 
by weak non-ionic interactions (e.g., van der Waals 
forces), hydrophobic bonding and hydrogen bond-
ing between the cyclodextrin cavity and the drug 
molecule [12, 13]. Cyclodextrins can increase drug 
solubility at the absorption site and act as perme-
ation enhancers by carrying the drug from the 
bulk solution to the lipophilic surface of biologi-
cal membranes, where the drug molecules partition 
into the lipophilic membrane. Cyclodextrin/chi-
tosan nanoparticles have been used to combine the 
solubilizing properties of anionic cyclodextrins and 
the mucoadhesive properties of cationic chitosan to 
prolong the residence time on, and the permeation 
through, the mucosal membrane [10].

the nasal cavity caused by mucociliary clearance 
(typically 15-20 minutes) necessitates formulation 
approaches to increase the contact time of the drug 
at the site of absorption, and the permeability of the 
mucosal membrane. One formulation approach that 
is becoming more widely investigated involves the 
use of penetration enhancers and/or mucoadhesives.
The year 2020 saw rapid expansion in interest in 
the use of liquid nasal sprays for the prophylactic 
treatment of respiratory diseases, fueled by the phar-
maceutical industry’s response to the COVID-19 
pandemic [3]. These formulations are intended to 
be retained and act locally within the nasal cavity, 
the site of first infection. As such, it is important that 
the residence time of the drug within the nasal cavity 
is maximized—not to increase time for absorption, 
but to increase opportunity for the drug to interact 
with the virus within the nose and prevent it enter-
ing deeper into the respiratory system. The use of 
mucoadhesives in these types of liquid nasal spray 
formulations may help achieve this objective.
It is important to note that demonstrating the 
absence of undesirable biological effects is a major 
barrier to the introduction of new excipients 
intended to enhance absorption in the nose. For 
example, some penetration enhancers have been 
reported to be irritating to the nasal mucosa as well 
as having a detrimental effect on ciliary activity, 
thus impacting the integrity of the nasal defense 
mechanisms. Measuring the ciliary beat frequency 
of nasal epithelial tissue has been suggested as a tool 
in the search for safe nasal absorption enhancers [4]. 
Although mucoadhesives are not normally as irritat-
ing to the nasal mucosa as penetration enhancers, 
they act by increasing the viscosity of the mucus. 
This, in turn inhibits the effect of ciliary beating, 
impairing mucociliary clearance [5]. The Inactive 
Ingredient Database [6] provides information on 
excipients used in FDA-approved drug products 
and can be used as a starting point when consider-
ing formulation additives.

Penetration enhancers
There are two primary mechanisms for absorption 
through the nasal mucosa—paracellular transport 
and transcellular transport [7]. Paracellular trans-
port involves the transient opening of the tight 
junctions between adjacent cells to enable diffu-
sion through the intercellular space. Transcellular 
transport involves the disruption of the integrity 
of the cell membrane lipid bilayer and increased 
membrane fluidity, thereby reversibly enabling the 
permeation of drugs. This can result in the opening 
of the aqueous pores due to calcium ion chelation 
and/or increase the intracellular delivery using 
functional moieties [8]. Some surfactants added to 
improve the physical stability of aqueous nasal sus-
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between the lipid composition of liposomes and cell 
membranes enables liposomes to be used as physio-
logically acceptable drug delivery systems [17]. One 
example of a phospholipid is phosphatidylcholine, 
which is the major component of lecithin.
Surfactants. Surfactants are compounds that are 
commonly used to lower the surface tension (or 
interfacial tension) between two liquids, for example, 
when formulating and stabilizing emulsions. They 
are amphiphilic molecules, containing both hydro-
philic and hydrophobic groups. Surfactants can be 
used as very effective permeation enhancers, increas-
ing the fluidity of cell membrane lipids. However, 
epithelial toxicity, ciliostatic activity and nasal irrita-
tion are some drawbacks [18]. Non-ionic surfactants 
are generally less irritating and better tolerated than 
anionic and cationic surfactants. Examples of non-
ionic surfactants that have been used in intranasal 
drug delivery systems are Poloxamer 188, Polysor-
bate 20 and Polysorbate 80.
Thiomers. Thiomers enhance the permeabil-
ity of drugs via the reversible opening of the tight 
junctions between epithelial cells. They have the 
potential benefit of not being absorbed through the 
nasal mucosa, as can happen with lower molecular 
weight enhancers. (For more information on thio-
mers, see the section on mucoadhesives.)
Other delivery systems. In addition to penetra-
tion enhancers, other delivery systems have been 
investigated to increase the efficiency of drug deliv-
ery—including cell-penetrating peptides, enzyme 
inhibitors (to reduce drug inactivation by mucosal 
proteases and reductases), polymeric nanoparticle 
carriers, microemulsions and nanoemulsions.

Mucoadhesives
The nasal cavity is lined with a layer of mucus and 
hairs (cilia) that trap inhaled particles and patho-
gens. The cilia are in a constant wavelike movement, 
sweeping the mucus and entrapped particles towards 
the pharynx for ingestion and clearance by the 
gastrointestinal tract [2, 5, 7]. This process of muco-
ciliary clearance limits the residence time of particles 
within the nasal cavity to 15-20 minutes. Mucoad-
hesives are used in liquid nasal spray formulations 
to increase the viscosity of the mucus. This, in turn, 
inhibits the effect of ciliary beating, impairing muco-
ciliary clearance, and increasing the residence time 
of the drug on the nasal mucosa to allow more time 
for passive diffusion. Additionally, mucoadhesives 
can provide sustained drug release and reduce the 
degradation of vulnerable, small molecular weight 
and peptide-based drugs [19].
The inclusion of mucoadhesives can have the effect 
of increasing the viscosity of a formulation, leading 
to a narrower spray plume and larger spray droplets 
[20-22]. As with penetration enhancers, mucoadhe-

Cyclopentadecanolide. Cyclopentadecanolide 
is a natural macrolide lactone that is produced 
synthetically by ring expansion of cyclotetrade-
canone, or the depolymerization of polyesters of 
15-hydroxypentadecanoic acid. Macrolides consist 
of a large macrocyclic lactone ring, usually 14- to 
16- membered. Cyclopentadecanolide is a hydropho-
bic molecule that can interact with the hydrophobic 
chains of lipids within the cell membranes and has 
been shown to enhance the absorption of drugs 
through the nasal mucosa [14].
Diethylene glycol monoethyl ether. Diethylene 
glycol monoethyl ether is a hydroalcoholic sol-
vent that has a long history of use as a solvent and 
penetration enhancer in various pharmaceutical 
dosage forms, and its use in liquid nasal spray for-
mulations has increased in recent years. Although 
its mechanism of action is not fully understood, 
in the case of the stratum corneum, it appears to 
interact strongly with the water of the intercellular 
path, facilitating the movement of excipients and/
or active pharmaceutical ingredients (APIs) via the 
intercellular route [15].
Fatty acids. Fatty acids are carboxylic acids with 
either a saturated or unsaturated long aliphatic 
chain (e.g., oleic acid, capric acid). Most naturally 
occurring fatty acids have an unbranched chain of 
an even number of carbon atoms—between 4 and 
28 atoms. Fatty acids have shown a tight junction 
modulatory effect and enhanced permeation of 
drugs through the epithelial cell barrier. It has been 
suggested that they may alter membrane permea-
bility by increasing the fluidity of the membrane 
or through Ca2+-dependent tight junction mech-
anisms. One suggested mechanism of penetration 
enhancement for a medium chain fatty acid, capric 
acid, is by activation of phospholipase-C and an 
increase of intracellular calcium levels, resulting in 
contraction of actin microfilaments and dilation of 
the tight junctions [16].
Phospholipids. Phospholipids are a class of mol-
ecule that has a hydrophilic “head” containing a 
negatively charged phosphate group, and two hydro-
phobic “tails” derived from fatty acids, joined by a 
glycerol molecule. They are a key component of all 
cell membranes and can form lipid bilayers because 
of their amphiphilic nature—the tail regions, 
being repelled by water and slightly attracted to 
each other, congregate, exposing the head regions 
to the exterior. Liposomes are biodegradable and 
biocompatible vesicles composed of one or more 
phospholipid bilayers surrounding an inner aqueous 
compartment. This structure enables liposomes to 
encapsulate drugs of different size and lipophilicity. 
Hydrophilic drugs are encapsulated into the aque-
ous compartment, lipophilic drugs are contained 
inside the bilayer, and amphiphilic drugs partition 
themselves between these two regions. The similarity 
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Gums. Other naturally occurring polysaccharides 
have also been shown to exhibit mucoadhesive prop-
erties [24], including alginates, guar gum, pectin 
and xanthan gum. 
Alginates are salts of alginic acid, an anionic poly-
mer obtained from brown seaweed. Alginic acid is a 
linear copolymer, comprising blocks of (1→4)-linked 
β-D-mannuronate and α-L-guluronate residues 
covalently linked in different sequences. They form 
viscous gums and have good mucoadhesive prop-
erties due to the presence of the carboxylic acid 
moiety, which causes hydrogen bonding with the 
glycoprotein of mucin. 
Guar gum is a non-ionic polysaccharide based on 
galactose and mannose units and is extracted from 
guar beans. It consists of a linear chain backbone of 
β(1→4)-linked mannose units to which galactose 
units are (1→6)-linked at every second mannose, 
forming short side-branches. The mucoadhesive 
properties of guar gum are due to hydrogen bonding 
with the mucin glycoproteins. Additionally, there is 
a synergistic rheological interaction between guar 
gum and xanthan gum—the viscosity of the gum 
combination is higher than the sum of the single 
polymer solutions. 
Pectin is a natural heterogenous anionic polysac-
charide that is extracted from citrus peel or apple 
pomace. It contains linear chains of (1→4)-linked 
α-D-galacturonic acid residues that contain car-
boxyl groups. The mucoadhesive properties of pectin 
come via the formation of hydrogen bonds between 
the carboxylic acid groups and mucin, and electro-
static interaction between pectin and the mucin 
molecule. Mucin and pectin are both negatively 
charged; therefore, increasing the concentration 
of pectin in an aqueous medium increases electro-
static repulsion with mucin. This repulsion causes 
uncoiling of the polymer chain, facilitating inter-
penetration, entanglement and adhesion. 
Xanthan gum is an anionic polysaccharide pro-
duced by the fermentation of glucose and sucrose. 
The xanthan molecule consists of a backbone of 
β(1→4)-linked D-glucose residues. Trisaccharide 
side chains containing two mannose units sep-
arated by guluronic acid are linked to every other 
glucose unit. Although xanthan gum has negatively 
charged carboxyl groups on the side chains, the ste-
ric hindrance of these side chains inhibits access to 
the charged mucin groups, leading to a low level of 
mucoadhesion [27].
Lectins. Lectins are carbohydrate-binding proteins 
that are capable of binding to specific sugar moieties 
[28, 29]. Due to their ability to cross-link sugar-con-
taining macromolecules, they are able to coagulate 
these molecules, forming a thickened mass (agglu-
tination). Certain lectins can bind to the mucosa, 
and then either stay on the cell surface or become 

sives may also play other roles in a formulation. For 
example, due to their viscosity-enhancing properties 
and thixotropic nature, they may act as suspending 
and stabilizing agents. Additionally, by increasing 
the droplet size of the spray, the increased formula-
tion viscosity may play a part in controlling where, 
within the nasal cavity, spray droplets would be 
deposited and reduce the possibility of unintended 
lung delivery [23].
Cellulose and derivatives. Cellulose is a polysaccha-
ride consisting of a linear chain of several hundred to 
more than 10,000 β(1→4) linked D-glucose units. 
Cellulose derivatives used as mucoadhesives include 
carboxymethyl cellulose (CMC), hydroxypropyl 
cellulose (HPC) and hydroxypropyl methylcellu-
lose (HPMC) [24]. CMC, specifically the sodium 
salt (NaCMC) is an extensively used mucoadhesive 
polymer. It is an anionic polymer that generates 
more hydrogen bonding than non-ionic polymers, 
thereby possessing better mucoadhesion. HPMC is 
used not only for mucoadhesion but also as a con-
trolled release mechanism. It is a non-ionic polymer 
lacking a proton-donating carboxylic group, which 
causes lesser hydrogen bonding than CMC. HPMC 
exhibits thermal gelation, increasing the viscosity 
as the temperature is raised. HPC, like HPMC, is 
a non-ionic, water-soluble, cellulose ether with the 
thickening and stabilizing properties characteristic of 
other water-soluble cellulose polymers. While HPC 
and HPMC are insensitive to electrolytes, CMC is 
affected both by ionic strength and pH.
Chitosan and derivatives. Chitosan is a cationic 
polysaccharide comprised of glucosamine and 
N-acetyl glucosamine copolymers linked by β(1→4) 
glycosidic bonds, and is obtained by the partial 
deacetylation of chitin [19]. Chitosan polymers 
vary in their degree of deacetylation, molecular 
weight (50 kDa to 2,000 kDa), and viscosity [25]. 
Chitosan has one primary amino and two free 
hydroxy groups for each C6 building unit [26], giv-
ing the capability of both hydrogen bonding and 
covalent bonding. The high charge density of the 
amino groups enables chitosan to chemically react 
with anionic systems, giving rise to a strong elec-
trostatic interaction with the negatively charged 
mucosal glycoproteins. Microspheres can be pre-
pared by reacting chitosan with controlled amounts 
of multivalent anions, resulting in intermolecular 
cross-linking. These microspheres can provide con-
trolled release of drugs, improve the bioavailability 
of degradable substances (such as proteins) and 
improve the uptake of hydrophilic substances across 
the epithelial layers. Unfortunately, the solubility 
and mucoadhesive nature of chitosan requires an 
acidic pH (pH < 6), which can limit its use, as many 
biologics are not stable at low pH. As a result, vari-
ous chitosan derivatives have also been investigated.
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Thiomers. Thiols are organosulfur compounds of 
the form R−SH, where the –SH functional group 
is referred to as either a thiol group, a sulfhydryl 
group or a sulfanyl group. Thiomers, or thiolated 
polymers, are polymers that have been modified by 
the addition of thiol-bearing side chains. These thiol 
groups can form covalent, disulfide bonds with the 
cysteine-rich subdomains of mucus glycoproteins 
that make up the mucus gel layer, via thiol/disulfide 
exchange reactions and/or a simple oxidation pro-
cess. As a result, thiomers mimic naturally secreted 
mucus glycoproteins and can improve mucoadhesion 
by up to one hundred times [28, 29, 34]. Examples 
are thiomers based on chitosan, hyaluronic acid, gel-
atin, polyacrylates and cyclodextrins.

In summary
Liquid nasal sprays continue to be a very useful, 
patient-friendly, non-invasive drug delivery mecha-
nism. Different formulation approaches, including a 
greater emphasis on the use of penetration enhancers 
and/or mucoadhesives, are being investigated to 
facilitate their evolution from being a delivery sys-
tem for small molecules to one that may be better 
able to deliver biologics and prophylactics.
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