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Abstract: Drug delivery systems that safely and consistently improve transport of poorly absorbed
compounds across epithelial barriers are highly sought within the drug delivery field. The use of
chemical permeation enhancers is one of the simplest and widely tested approaches to improve
transmucosal permeability via oral, nasal, buccal, ocular and pulmonary routes. To date, only a small
number of permeation enhancers have progressed to clinical trials, and only one product that includes
a permeation enhancer has reached the pharmaceutical market. This editorial is an introduction
to the special issue entitled Transmucosal Absorption Enhancers in the Drug Delivery Field (https:
//www.mdpi.com/journal/pharmaceutics/special_issues/transmucosal_absorption_enhancers). The
guest editors outline the scope of the issue, reflect on the results and the conclusions of the 19 articles
published in the issue and provide an outlook on the use of permeation enhancers in the drug
delivery field.

Keywords: permeation enhancers; absorption modifying excipients; oral delivery; nasal delivery;
ocular delivery; vaginal delivery; transmucosal permeation

1. Introduction

Developing delivery strategies to assist movement of compounds across functionally conserved
and structurally diverse epithelial barriers challenges drug delivery scientists. The most successful
strategy to overcome poor permeation across epithelia, to date, has been to chemically modify the
active compound to enable increased passive transport across non-injected epithelial routes. In cases
where chemical modification is not feasible or unlikely to appreciably alter bioavailability, there
may be no alternative but to formulate the active in an injectable dosage form, at considerable cost
to manufacturers and inconvenience to patients. This is currently the case for many therapeutic
macromolecules, including peptides, proteins and nucleic acids. Much of the early emphasis within
the delivery field has focused on non-invasive administration of insulin; while it remains a major
scientific challenge, oral delivery of other peptides, including GLP-1 receptor agonists may be
preferable development candidates for Type II diabetes. Insulin is an affordable model peptide with
established tools for qualitative and quantitative analysis, but there is interest in shifting towards
development of smaller derivatised peptides [1] and cyclized peptides [2] that exhibit physicochemical
properties that are more amenable to transmucosal permeation. Chemical engineering of poorly
permeable macromolecules can improve potency, lengthen half-life, increase passive transcellular
permeation and limit enzymatic degradation; these improved features may reduce the overall amount
of active that is required to be shepherded across the epithelium. This may ultimately reduce the
demand on the delivery system that is tasked with improving permeation across the epithelial barrier.

Pharmaceutics 2019, 11, 339; doi:10.3390/pharmaceutics11070339 www.mdpi.com/journal/pharmaceutics1
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Peptides and other macromolecules are not the only targets for assisted permeation across biological
barriers. A percentage of marketed small molecule drugs, that exhibit low and variable bioavailability
(Biopharmaceutics Classification System (BCS) Class III drugs), may show improved efficacy in second
generation formulations containing delivery platforms. Additionally, successful delivery platforms
may help to relax constraints on discovery screening of compounds that are predicted to exhibit low
bioavailability, thereby enriching the pharmaceutical pipeline.

Inclusion of a chemical permeation enhancer (PE), sometimes referred to as an absorption
modifying excipient (AME), in a dosage form is considered a simple approach to improve absorption
across biological barriers. The most widely tested use of PEs today is in oral, nasal, pulmonary and
buccal applications and to a lesser extent via rectal, ocular and vaginal routes. Altering the integrity
of an epithelial barrier is met with caution within the field; especially as a wide range of potentially
noxious compounds are included in PE categories (e.g., toxins [3]). Not all substances that alter barrier
integrity can be considered candidate PEs, and it is only candidate PEs that are already used to improve
delivery in marketed products that can be termed an AME. In reality however, only a small number of
PEs have progressed to clinical testing, the majority of these having a history of safe use in humans
(e.g., FDA-allowed excipients (ethylenediaminetetraacetic acid), to food additives (fatty acids), and
endogenous secretions (e.g., bile acids)). Even in oral formulations that have advanced in clinical trials,
the persistence of generally low and variable drug absorption hampers progress. Ongoing research
attempts to address this problem through (i) identification of safer and more selective PEs that are
not associated with some of the in vitro cytotoxicity that is observed with ionizable surfactants and
chelating agents [4], and (ii) by investigating the impediments to translation of established PEs that
have demonstrated promising enhancement action in pre-clinical delivery models.

This Special Issue presents an insight in to some of the current research on PEs. Research topics
include assessment of natural, semi-synthetic and fully synthetic PEs in pulmonary, ocular, buccal,
intestinal, vaginal and nasal delivery. Themes discussed in this issue include: bioassays to assess the
effect of PEs on barrier integrity, identification of novel PEs, co-application of PEs with micro-and
nano- encapsulation, comparison of mechanisms underpinning PEs that have been investigated in
clinical trials, as well as a discussion of the technical challenges that continue to impede translation.
Topics are broadly grouped as enteral (oral) or non-enteral (nasal, pulmonary and vaginal). As
most PE applications pertain to oral and nasal routes of administration, reviews by Ghadiri et al.
(nasal/pulmonary [5]), and Maher et al. (oral [6]) provide a current outlook on promising new
developments by these major routes. Contributing authors also reviewed PEs by category [7].

2. Application of PEs via Enteral Routes

Delivery of peptides and proteins via the oral route is one of the key challenges in the delivery
field. At present there are nine peptides administered by the oral route on the market, seven of which
act locally, and only two are intended to reach systemic targets [8]. One of these two peptides is cyclised
and lipophilic (cyclosporin) and so, only one conventional linear hydrophilic peptide (Desmopressin,
1069 Da) is marketed for systemic delivery via the oral route. Desmopressin is formulated in an
immediate release tablet (0.2 mg, Desmotabs®, Ferring Pharmaceuticals, Saint-Prex, Switzerland), and
has a bioavailability (BA) of only 0.16%. Additionally, concomitant ingestion with food decreases the
extent of absorption by 40% [9]. The study of PEs in oral delivery is largely driven by the ambition to
reformulate marketed injectables, but, unless an equivalent oral dosage form has a similar cost to the
injectable formulation or has “extended value” over the injection (in terms of safety and/or efficacy),
the patient may not be eligible for reimbursement, depending on the national healthcare system. In the
absence of reimbursement for the oral tablet, patients may be unwilling to pay for the oral formulation,
although there are exceptions (e.g., patients with needle phobia). Cost and reimbursement issues were
several of the reasons behind the commercial failure of the first inhaled insulin (Exubera®) [10].

Evidence of enhancement of oral absorption of marketed injectable drugs provided a foundation
for oral delivery of peptide analogues that exhibit high potency and long biological half-lives from
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the injected route (e.g., semaglutide with sodium salcaprozate (SNAC) [1] or stable insulin analogues
with sodium caprate (C10)) [11]. That is not to say that some therapeutic peptides that are currently
marketed in injectable and/or nasal formulations cannot be developed into commercially successful
oral formulations. In 2015, the FDA agreed to accept the filing of a New Drug Application (NDA)
for once daily oral salmon calcitonin (sCT) (TBRIATM, Tarsa Therapeutics USA, Philadelphia, PA,
USA). Additionally, Chiasma (Ness Ziona, Israel) is currently conducting a Phase 3 trial termed
OPTIMAL (Octreotide capsules vs. Placebo Treatment In MultinationAL centres) for oral octreotide.
In pre-clinical testing, several PEs categories have been extensively tested in oral delivery models,
including surfactants, bile salts, chelating agents, toxins, and tight junction (TJ) modulators.

Maher et al. [6] provides a critical assessment of PEs in oral delivery. This review emphasizes
the need to look beyond insulin to smaller peptides that may be more amenable to oral delivery,
summarizes selected PEs in early development (e.g., choline geranate (CAGE) [12], permeant inhibitor
of phosphatase (PIP) peptide 640 (PIP 640) [13]) and promising new formulations in the clinic [14], and
explores some of the physiological challenges to translation of PEs in oral delivery. After a period of
unsuccessful clinical trials and/or discontinuation of oral peptide programmes (e.g., salmon calcitonin
(sCT) with Nordic Biosciences (Herlev, Denmark)/Novartis (Basel, Switzerland), there has been cause
for optimism with positive clinical trial data emerging for selected peptide dosage forms, for example
sCT with Tarsa Therapeutics (Philadelphia, PA, USA), octreotide with Chiasma and semaglutide with
Novo Nordisk (Bagsværd, Denmark) [15], and ongoing effort to engineer stable peptides that are more
amenable to oral delivery [2]. The lessons learned in unsuccessful clinical trials (reviewed in [16,17])
have also helped investigators identify the impediments to clinical translation, which has led to greater
focus on formulation of PEs and efforts to translate promising pre-clinical data into an effective oral
formulation that suitably co-presents the PE and the active in high concentrations at the intestinal
epithelium. The article by Maher et al. also provides a commentary on the value of using simulated
intestinal fluid in pre-clinical PE testing, an update on PE safety, and the lack of predictive power using
certain animal models.

The review article by Twarog et al. [18] provides the first analysis of a head-to-head comparison
between C10 and SNAC, two of the most widely tested PEs in oral delivery. Distinct mechanisms of
action have been proposed for each based on in vitro data, although there remains uncertainty around
their mechanisms at higher doses used in vivo. This article highlights the extensive history of clinical
testing of both compounds, as well as the importance of both the selection of poorly permeable active
and the design of the formulation. As things currently stand, SNAC has progressed further than
C10, having gained approval for oral delivery of vitamin B12 as a medical food (Eligen®-Vitamin B12,
Emisphere, Roseland, NJ, USA) and has completed Phase III studies in oral formulation of semaglutide
with Novo Nordisk [19].

A number of novel PEs are discussed in this Issue, including tryptophan [20], lactose esters [21],
sodium dilauramidoglutamide lysine [22] and ammonium mysristoyl chitosan [23]. Kamei et al. [20]
performed a comprehensive study assessing the enhancement action of tryptophan, a hydrophobic
amino acid that plays a key functional role in the action of cell penetrating peptides (CPPs) in pre-clinical
delivery models. In rat ileal instillations, l-tryptophan improved bioavailability of insulin from 0.1%
to 18.7% without causing mucosal injury. Other hydrophobic amino acids (isoleucine, proline, and
phenylalanine) had no effect on insulin absorption. Further studies are required to elucidate the
mechanism of enhancement action and to understand why this amino acid is effective in rat studies,
but apparently not in Caco-2 monolayers.

Lucarini et al. [21] performed a preliminary structure activity relationship on a panel of synthetic
fatty acid lactose esters (hydrophobic chain lengths of C10, C12, C14 and C16). The authors recorded
a decrease in the critical micelle concentration (CMC) for longer hydrophobic chain lengths, and an
increase in cytotoxicity in Caco-2 and Calu-3 monolayers. At concentrations below the IC50 (half the
maximum inhibitory concentration), there was no alteration to transepithelial electrical resistance
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(TEER) in Caco-2 monolayers, although there was a partial TEER reduction in lung epithelial cells;
suggesting that Calu-3 cells may be more sensitive to the action of lactose esters [21].

Silva et al. [23] synthesized an amphiphilic quaternary ammonium chitosan derivative and
assessed its capacity to improve solubility and in vitro permeability of the lipophilic small molecule,
curcumin. Permeation of curcumin from micelles was assessed in Caco-2 monolayers and a tri-culture
model (Caco-2, HT29 and Raji B cells). The study showed only a modest effect of the derivative
on permeation enhancement, but the concept of using cationic amphiphilic agents for combined
solubilization and permeation enhancement is worthy of further investigation. Additionally, this study
highlights how mixed cell cultures can impact interpretation of how PEs alter barrier integrity.

Haasbroek et al. [24] investigated how natural extracts from Aloe vera interact with intestinal
epithelial cells. The study found whole leaf and gel extracts of Aloe vera contain considerable quantities
of the acidifiers, citric acid and malic acid, which have previously demonstrated enhancement action [4].
Extracts caused a partial reduction in TEER and a two- to three- fold increase in permeation of
fluorescein isothiocyanate (FITC) dextran 4 kDa (FD4) in Caco-2 monolayers. Confocal analysis of
monolayers showed that FD4 was localized at the paracellular space, and that there was disruption
of filamentous actin, a scaffolding protein that holds tight junctions in place. While this study does
not provide definitive evidence of a paracellular effect over a transcellular effect, or elucidate the
mechanistic steps leading to alteration in barrier integrity, the data shows that FD4 diffuses along the
paracellular route.

Bocsik et al. [25] performed a detailed evaluation of the interaction of the 18-mer CPP, PN159,
with Caco-2 monolayers. This study highlights the difficulty of elucidating how PEs alter intestinal
permeability. PN159 increased permeability and modulated the localization of TJ proteins. There was
binding to claudins -4, and -7 at concentrations below a threshold for cytotoxicity in Caco-2 monolayers.
Nevertheless, there was evidence of ultrastructural aberration and leakage of an extracellular dye
into cells, suggesting a degree of transcellular perturbation. The authors therefore concluded that
PN159 has a dual mode of action. It would be interesting to see if the paracellular mechanism can be
uncoupled from cell penetrating effects via substitution of amino acid responsible for cell perturbation.
Irrespective of the mode of action, PN159 caused a rapid reduction in TEER over 5 to 15 min that was
partially recovered over 6 h and completely recovered after 24 h. There was a concomitant increase in
permeability of fluorescent dextrans in the molecular weight range of 4–40 kDa.

Alama et al. [22] performed mode of action studies on SLG-30, a Gemini surfactant (so called
for their distinctive chemical structure: hydrocarbon tail 1—ionic head group 1—spacer—ionic
head group 2—hydrocarbon tail 2). In a head-to-head comparison, SLG-30 improved absorption
of carboxyfluorescein in rat intestinal loop instillations by an order of magnitude more than two
established PEs (sodium laurate and sodium glycocholate). Fluorescence anisotropy of brush border
membrane vesicles showed that SLG-30 altered the membrane fluidity in the protein portion of
enterocyte membrane as well as the inner leaflet of the plasma membrane. Concurrently, there was a
significant reduction in the total cell expression of claudin-1 (57%) and claudin-4 (64%). These data
emphasize how surfactant alteration to membrane architecture may directly influence TJ proteins and
permeability via the paracellular route.

A detailed understanding of how PEs alter permeability is an important aspect in PE selection,
and there is often conflicting data within the scientific literature. Danielsen and Hansen [26] performed
mode of action studies on two surfactants (sodium cholate and dodecylmaltoside (DDM)) in a jejunal
mucosal explant [26]. This delivery model involved short-term culture of jejunal tissue segments in
organ culture dishes with cell culture media. Sodium cholate and DDM caused leakage of Lucifer
Yellow into epithelial cells as well as paracellular penetration of Texas Red dextran (3 kDa). At low
concentrations (2 mM), there was no evidence of histological damage by light microscopy, although
there was evidence of ultrastructural aberration by electron microscopy and histological damage was
recorded at higher concentrations (10 mM). Both surfactants preferentially extracted non-lipid raft
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domains of the plasma membrane, suggesting these substances might cause perturbation at specific
regions of the membrane rather than indiscriminate perturbation.

An extensive volume of literature has outlined the potential application of nanoparticles in a
wide range of delivery applications. The initial premise that untargeted nanoparticles can facilitate
significant translocation across the intestinal epithelium has not been forthcoming. There is demand
to discover targeting ligands that can improve nanoparticle uptake such as through endogenous
transporters on the mucosal surface (e.g., vitamin B12 [27]). Yong et al. [28] sought to determine if
transferrin-mediated endocytosis can facilitate translocation of targeted polystyrene nanoparticles
across Caco-2 monolayers. This study showed that polystyrene nanoparticles coated with an adsorbed
layer of transferrin improved cellular uptake in non-polarized Caco-2 cells by 5-fold compared to
the uncoated nanoparticles. In polarized Caco-2 monolayers, there was a 16-fold higher uptake of
transferrin coated nanoparticles compared to non-polarized cells. There was also a 23-fold increase
in permeation of transferrin coated nanoparticles compared to the non-coated particles. The authors
conclude that the transferrin transport system may have potential application for both regional and
systemic delivery of nanomedicines.

3. Application of PEs via Non-Enteral Routes

The nasal drug delivery technology market is expected to exceed $64 B by the year 2021 [29]. Nasal
administration is among the most successful approaches for the systemic delivery of macromolecules.
A number of small peptides are marketed in intranasal formulations, including; pritorelin (362 Da),
oxytocin (1 kDa), desmopressin (1 kDa), buserelin (1.2 kDa), gonadorelin (1.2 kDa), nafarelin (1.4 kDa)
and sCT (3.8 kDa) [30]. The largest of these peptides, sCT (Miacalcin®, Novartis, Switzerland), has a
BA of approximately 1–3% with large variability (0.3–30%) [31]. None of these nasal peptide products
contain a PE except for Miacalcin®, which contains benzalkonium chloride—a cationic surfactant
that alters nasal permeability at selected concentrations [32]. PEs are commonly tested for nasal
delivery of larger peptides and proteins (e.g., insulin, human growth hormone, interferon). Example PE
categories for nasal delivery include; chitosan [31], non-ionic surfactants [33,34], CPPs [35,36], thiolated
polymers [37], and cyclodextrins [38]. The non-ionic surfactants together represent the most clinically
advanced PEs in nasal delivery (e.g., polyethylene glycol stearates and alkyl maltosides). DDM and
tetradecyl maltoside (TDM) are constituents of IntravailTM (Aegis, San Diego, USA acquired by Neurelis,
San Diego, CA, USA), a delivery platform that has been approved for use to assist nasal absorption
of sumatriptan (TosymraTM, Dr Reddy’s, Hyderabad, India) [33]. In this Issue, Ghadiri et al. [5]
discuss strategies for exploitation of PEs for improvement of intranasal and pulmonary delivery of
macromolecules. PEs were grouped into five major categories; (i) surfactants, (ii) cyclodextrins, (iii)
protease inhibitors, (iv) cationic polymers and (v) tight junction modulators. An overview of other
approaches that may be used to improve permeability via the nasal and pulmonary routes is also
provided. Additionally, promising PEs that have progressed to clinical testing are listed.

In their article, Pearson et al. continued the evaluation of the soluble non-ionic surfactant PE,
polyethylene glycol (15)-hydroxystearate (Solutol® HS15, recently re-branded as Kolliphor® HS15,
BASF, Ludwigshafen am Rhein, Germany) as part of the CriticalSorbTM delivery platform (Critical
Pharma, Nottingham, UK) [34,39]. This PE previously showed promising enhancement action in
rats, where nasal BA of parathyroid hormone 1-34 (PTH1-34) was improved from 7.8% to 78% [40].
The current article examined intranasal administration of PTH1-34 in sheep (200 mcg) and humans
(90 mcg) as either a liquid (containing 7.5% w/v Solutol® HS15) or dry powder (40% w/w Solutol®

HS15). Overall, the promising PK data previously observed in rats were not replicated in large animals
or humans. Nasal BA of PTH1-34 was 1.4% for the liquid and 1% for the dry powder in the ovine model.
When the nasal spray was tested in seven healthy human volunteers, there were five non-responders.
Mean BA was 0.26%, a value that increased to 1% when the non-responders were excluded. These
values were considerably lower than the nasal BA of 3% observed in a previous Phase I study of human
growth hormone (hGH) administered with Solutol® HS15 in a dry powder formulation [41]. The nasal
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formulation caused mild irritation to the nasal cavity of sheep, but not in human subjects, which could
be due to dose differences. Scintigraphy performed in humans showed the nasal spray was deposited
in anterior segment of the nasal cavity, which may not be optimal for absorption of PTH1-34, and
the authors acknowledge that BA may be improved if local residence time can be increased. Overall,
further studies are necessary to determine the clinical potential of Solutol® HS15 in nasal drug delivery.

Rassu et al. [42] assessed the effect of combining methyl-β-cyclodextrin (MβD) and chitosan
chloride on nasal permeability of the model hydrophilic compound, N6-cyclohexyladenoside. Here,
insufflation of spray-dried microparticles in rats improved BA in the order of [1:0] MβD:chitosan
(BA: 36%) > [1:1] MβD:chitosan (BA: 12.8%) and [0:1] MβD:chitosan (BA: 1.85%) showing that the
combination of the two PEs did not accentuate the enhancement action. The ADME data for these
formulations compared favorably to an aqueous suspension of N6-cyclohexyladenoside administered
via drops, which was below detectable levels in plasma of rats. There was also an undetectable level
of N6-cyclohexyladenoside in cerebrospinal fluid. Interestingly, all test formulations containing PE
also increased transport of N6-cyclohexyladenoside into cerebrospinal fluid, suggesting elevation in
nose-to-brain transport.

Emulsomes are colloidal vesicular structures where a lipid core is coated with a phospholipid
bilayer; thus, combining the properties of liposomes and simple emulsions. Additionally, excipients
used in the preparation of emulsomes are often shown to alter epithelial permeability in pre-clinical
animal models. El-Zaafarany et al. [43] describe the nasal delivery of oxcarbazepine loaded in
emulsomes that were dispersed in a thermoresponsive gel. The emulsome in this formulation was
composed of phosphatidylcholine: triolein (3:1) and polysorbate 80. There was comparable release of
oxcarbazepine from the emulsomes and thermoresponsive gel over 8 h, but slower release from the gel
over 24 h. In a previous study [44], intranasal administration of the emulsome thermogel to rats had a
major impact on mean residence time (MRT) and oxcarbazepine area under the plasma concentration
curve (AUC0–48 h) relative to either a suspension or solution dosage form. Additionally, there was a
higher concentration of oxcarbazepine in the brain for a sustained period when administered in the
combination of emulsomes with the thermoresponsive gel system.

Bento et al. [45] assessed a co-adjuvant strategy to improve nasal vaccine administration of
recombinant hepatitis B surface antigen (HBsAg). The strategy involves combining a mast cell activator
(C48/80) and a chitosan nanoparticle with adsorbed antigen, the rationale being that the immune
potentiator activates the adaptive immune response while the nanoparticles improve immunogenicity
of antigens. Loading efficiency for C48/80 chitosan nanoparticles (500 nm) was less than 20%, which was
attributed to repulsion of cargo. There was considerable variation in the amount of model test antigen
adsorbed to the particle surface (bovine serum albumen (BSA): ~90%, ovalbumin: ~70% and myoglobin:
~10%), possibly due to differences in the extent of protein ionisation. There was internalization of
BSA-FITC in RAW 264.7 macrophages as measured by confocal microscopy. Intranasal administration
of C48/80 loaded chitosan nanoparticles coated with HBsAg to C57BL/6 mice led to a higher anti-HBsAg
IgG titer than another comparative nanoparticle (poly-ε-caprolactone [46]) by day 42.

Bruinsmann et al. [47] developed a chitosan coated lipid-core nanocapsules for nose-to-brain
delivery of simvastatin, a BCS Class II small molecule statin with potential neuroprotective actions [48].
The cationic lipid nanocapsules consisted of sorbitan monostearate and medium chain triglycerol
surrounded by poly-ε-caprolactone and coated with low (21 kDa) or high (152 kDa) Mw chitosan.
Mean particle size measurements for simvastatin loaded nanocapsules ranged between 163 to 168 nm
for the low Mw chitosan form and 161 to 210 nm for the high molecular weight forms. The higher
Mw nanocapsules had a slightly higher zeta potential (34 mV versus 29 mV in 10 mM NaCl), higher
mucin weight ratios suggesting more efficient mucoadhesion and exhibited slightly slower release of
simvastatin (31%) compared to the low Mw (37%) and solution control (56%). There was an increase in
simvastatin permeation in human nasal epithelial cells and isolated rabbit nasal mucosa with both
chitosan nanocapsule prototypes. Permeation of simvastatin in rabbit nasal mucosa was 1.7-fold
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higher for the low Mw chitosan capsules, which was attributed to differences in the physicochemical
properties. Overall, more efficient mucoadhesion could improve localization of nanocapsules.

Ocular drug delivery can broadly be considered in terms of topical, peri-ocular, or intra-ocular
administration. The most common route of administration is topical delivery where medicaments
are directly applied to the cornea, sclera and conjunctiva for local or regional actions. Delivery to
peri-ocular or intra-ocular targets via either the cornea or blood retinal barrier is difficult even for
highly permeable actives. The cornea is a widely accessible epithelial surface, although drug transport
across this barrier is arguably more challenging than via other epithelia. Aside from a relatively
short residence time, there is likely to be legitimate concerns regarding the use of any additive that
causes transmucosal perturbation. Moiseev et al. [49] comprehensively reviews the categories of
PE (sometimes termed penetration enhancers via this route) assessed in ophthalmic delivery. This
article includes an outline of ocular physiology and selected conditions where PEs may have potential
application. A detailed description of major PE categories is provided: including cyclodextrins,
chelating agents, crown ethers, CPPs, bile acids/salts, and a range of soluble and insoluble surfactants.
The authors conclude that penetration enhancers act by modulating the tear film or epithelial integrity.
While penetration enhancers may assist permeation of actives, it remains to seen whether the active
can diffuse to intraocular or periocular targets for conditions such as age-related macular degeneration
or diabetic retinopathy.

While PEs primarily act to improve systemic absorption of poorly permeable actives, which can
be achieved by enzyme inhibition, mucoadhesion and direct alteration to barrier integrity, these same
functions may assist penetration of actives into tumors. Ci et al. [50] assessed the effect of a hydrogel
containing cationic nanocrystals of imatinib/TPGS coated with polydopamine, to improve localization
and penetration in a model of cervical cancer. The introduction of a cationic coating (polydopamine)
inverted the zeta potential of imatinib nanocrystals from −9.27 mV to +27.25 mV and improved binding
to mucin. The cationic charge enables mucoadhesion, and as cationic polymers have been shown to
alter permeability, there is potential for improved transport with polydopamine. In the current study,
the nanocrystals of imatinib had greater cellular uptake and improved anti-tumor efficacy in a murine
orthotopic cervicovaginal cancer tumor model.

4. Review by PE Category

Promising PEs are also reviewed by category. The article by Peterson et al. is a useful guide to PEs
from natural sources, which the authors collectively refer to as bioenhancers [7]. The article summarizes
application of bioenhancers in buccal, nasal, oral and pulmonary routes of administration, and provides
information on source, model of action, test delivery model and payloads. This comprehensive review
discusses a wide range of phytochemicals that have not been previously reviewed in such detail,
including aloe vera, black cumin, caraway, curcumin, diosmin and emodin.

5. An Outlook on PEs in the Delivery Field

PEs have been extensively tested via oral and nasal routes, and to a lesser extent via pulmonary,
buccal, ocular and vaginal routes. As articles within this Issue highlight, there are challenges that
impact translation of promising data observed in pre-clinical animal models into effective oral dosage
forms in humans. The hurdle for investigators is to understand and control the action of PEs in dynamic
environments observed in the GI tract, nasal cavity, lungs and oral cavity, preferably in animal models
and humans. Co-localization of PE and active may help to replicate promising action that is observed
in static delivery models. It may be that improving the effectiveness of PEs requires engineering
technologies that co-localize the active and PE at the target epithelium. A focus on the final formulation
requires convergence between formulation science, delivery science and engineering [51]. As academic
research shifts from PEs towards nanoparticles and devices, there is less emphasis on addressing these
hurdles to translation. This Issue also highlights that current emphasis in research on PEs remains on
discovery of novel PEs that improve on potency, efficacy and safety of established candidates. However,
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improving these qualities may not negate issues related to co-delivery in dynamic environments. While
discovery of new PEs that act via intricate and elegant paracellular mechanisms without evidence of
mucosal perturbation is attractive, these PEs remain in preclinical research and have yet to be licensed
to Pharma due to the higher risks: They have not improved upon the efficacy of leading PEs that have
established safety records in humans.

An additional highlight of this Issue is the evolving nature of the target drug. Non-invasive
delivery of insulin was long considered the pinnacle of the drug delivery field, whereas today emphasis
has switched to GLP-1 agonists and other peptides. This is not only because they are smaller and
more amendable for transmucosal delivery, but also because they may have a higher therapeutic index.
An oral insulin formulation may eventually progress, as major manufacturers report data on novel
insulin analogues with improved stability in GI fluids and longer half-lives [11]. The importance
of oral insulin is immediately recognized as a key challenge to the scientific community [52], but it
is worth emphasizing there is unquestionable demand for practical, non-invasive delivery systems
for other poorly permeable macromolecules, development of which could help to shape the future
pharmaceutical pipeline with leads that are safer and more effective than conventional small molecules.
As most marketed therapeutic peptides are small, stable and often cyclised, then it may be more
pertinent to initially focus on developing prototype delivery systems and formulations for these target
peptides. This may be difficult, as cost of more contemporary peptides and availability of suitable
analytical methods can limit options available to academic investigators.
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Abstract: The small intestinal epithelium constitutes a major permeability barrier for the oral
administration of therapeutic drugs with poor bioavailability, and permeation enhancers (PEs)
are required to increase the paracellular and/or transcellular uptake of such drugs. Many PEs
act as surfactants by perturbing cell membrane integrity and causing permeabilization by leakage
or endocytosis. The aim of the present work was to study the action of sodium cholate (NaC)
and N-dodecyl-β-D-maltoside (DDM), using a small intestinal mucosal explant system. At 2 mM,
both NaC and DDM caused leakage into the enterocyte cytosol of the fluorescent probe Lucifer
Yellow, but they also blocked the constitutive endocytotic pathway from the brush border. In addition,
an increased paracellular passage of 3-kDa Texas Red Dextran into the lamina propria was observed.
By electron microscopy, both PEs disrupted the hexagonal organization of microvilli of the brush
border and led to the apical extrusion of vesicle-like and amorphous cell debris to the lumen.
In conclusion, NaC and DDM acted in a multimodal way to increase the permeability of the jejunal
epithelium both by paracellular and transcellular mechanisms. However, endocytosis, commonly
thought to be an uptake mechanism that may be stimulated by PEs, was not involved in the
transcellular process.

Keywords: intestinal permeation enhancers; sodium cholate (NaC); N-dodecyl-β-D-maltoside
(DDM); small intestine; enterocyte; brush border

1. Introduction

The small intestinal brush border has two equally important, but mutually conflicting bodily
functions to take care of: (1) to digest and absorb dietary nutrients, and (2) to prevent harmful
luminal agents from gaining access to the body. Whereas the digestive/absorptive capacity of
enterocytes is optimized by the large apical surface expansion represented by numerous microvilli [1,2],
the unusually high glycolipid content of the apical membrane bilayer favors the formation of “lipid
raft” domains [3–5]. The ensuing membrane robustness not only renders the brush border relatively
resistant to noxious luminal agents, but also proves a challenge to overcome in the pharmacological
quest for permeation enhancers (PEs) suitable for oral administration of drugs with otherwise poor
bioavailability [6]. Surfactants represent a large and chemically diverse group of PEs, and as amphiphilic
compounds, they have a capacity to adsorb to the cell membrane bilayer, thereby rendering it more fluid
and causing it to expand, leading to a loss of integrity and an increase in permeability [6,7]. At higher
concentrations, PEs may cause membrane solubilization, and ultimately, buckling and lysis of the cell
membrane itself [6]; ideally however, PE action should strike the optimal balance between achieving
adequate drug absorption from the gut without compromising mucosal integrity [8]. Functionally,
intestinal PEs may act to increase transcellular pathways and/or the paracellular permeability by the
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opening of tight junctions between adjacent epithelial cells. Regarding the former, permeabilization is
thought to be achieved by generating pores or leaks in the cell membrane, or by engaging one of several
possible endocytotic mechanisms [6,9,10].

Bile salts are a distinct group of chemically related endogenous compounds engaged in
assimilation of dietary fat [11]. Their role in this process may be likened to that of other types
of surfactants, and they have long attracted considerable interest as potential PEs in drug absorption,
as evidenced by their listing in several patents of oral peptide delivery systems [6,12–14]. Another
class of widely-used soluble surfactant PEs is alkyl maltosides, of which members like bile salts are
included in some formulations currently undergoing preclinical testing for oral drug delivery [6,15].

The aim of the present work was to compare how a bile salt, sodium cholate (NaC), and an alkyl
maltoside, N-dodecyl-β-D-maltoside (DDM) affect the different cellular uptake pathways of a number
of fluorescent polar and lipophilic probes, using a small intestinal mucosal organ culture model.
This experimental setup is simple to use and offers a more in-vivo-like alternative to commonly-used
epithelial cell lines such as Caco-2 [16]. Using this model, we have previously been able to visualize
directly how other types of PEs, including lauroyl-carnitine, monocaprin, the ethoxylate C12E9,
and melittin interact with the epithelium to affect uptake of polar and lipophilic probes [17–19].
At a concentration of 2 mM (~0.1%), NaC and DDM both exhibited multimodal actions as PEs, i.e.,
increased paracellular, as well as transcellular, permeability, without causing excessive damage to
the integrity of the epithelium. At the ultrastructural level, NaC and DDM disrupted the normally
ordered hexagonal organization of microvilli of the brush border and led to the extrusion of vesicle-like
and amorphous cell debris to the lumen. Otherwise, overall cell morphology, including tight junctions
and basolateral cell membranes, appeared intact, implying that the brush border is the primary target
of both PEs.

2. Materials and Methods

2.1. Materials

Sodium cholate hydrate (NaC, MW 409 Da) and N-dodecyl-β-D-maltoside (DDM, MW 511 Da)
were supplied by Sigma-Aldrich (Copenhagen, Denmark; www.sigmaaldrich.com), Lucifer yellow CH
ammonium salt (LY), a fixable analog of the FM lipophilic styryl dye FM 1-43 FX (FM), Texas Red Dextran
(MW 3000 Da, lysine fixable) (TRD), ProLong antifade reagent with DAPI, and a monoclonal antibody
to Na+/K+-ATPase (α-chain) by Thermo Scientific (Roskilde, Denmark; www.thermodanmark.dk),
a rabbit antibody to intestinal alkaline phosphatase (IAP) was from AbD Serotec (Copenhagen, Denmark;
www.bio-rad-antibodies.com), and a mouse anti-rat early endosome antigen-1 (EEA-1) antibody by
BD Transduction Laboratories (Lyngby, Denmark; www.bdbiosciences.com). A rabbit antibody to pig
intestinal aminopeptidase N (ApN) was prepared as previously described [20].

2.2. Animals

Animal experimentation included in this work was performed only by licensed staff at the
Department of Experimental Medicine, the Panum Institute, University of Copenhagen, and was
covered by license 2012-15-2934-00077 issued to the Dept. of Experimental Medicine, the Panum
Institute, University of Copenhagen. A total of six animals were used in this study.

Segments of porcine jejunum, taken about 2 m from the pylorus of overnight fasted, postweaned
animals, were surgically removed from the anaesthetized animals. After excision of the tissue,
the animals were sacrificed by an injection with pentobarbital/lidocaine (1 mg/kg bodyweight).
As this study contained no further animal experimentation, no specific approval by an ethics committee
was required.
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2.3. Organ Culture of Porcine Jejunal Mucosa

Organ culture of small intestinal mucosa was performed essentially as described previously [16,21].
Briefly, after excision from the animals, jejunal segments of ~20 cm in length were quickly opened
longitudinally and immersed in ice-cold RPMI medium. Mucosal tissue specimens weighing ~0.1 g
were excised with a scalpel and placed on metal grids in organ culture dishes, to which 1 mL of
pre-warmed RPMI medium was added. The dishes were placed in an incubator kept at 37 ◦C, and after
15 min of preincubation, reagents were added to the RPMI medium at the following concentrations:
NaC and DDM (2 mM or 10 mM), LY (0.5 mg/mL), FM dye (10 μg/mL), and TRD (50 μg/mL).
The explants were cultured in the presence of the reagents for 1 h in the dark, and after culture they
were carefully rinsed in fresh RPMI medium and immersed in a fixative overnight at 4 ◦C.

2.4. Fluorescence Microscopy

Explants were fixed at 4 ◦C overnight in 4% paraformaldehyde in 0.1 M sodium phosphate, pH
7.2 (buffer A). Following fixation and a quick rinse in buffer A, the explants were immersed overnight
in 25% sucrose in buffer A before they were mounted in Tissue-Tek and sectioned (~7 μm thick sections
cut parallel to the crypt-villus axis) at −19 ◦C in a Leica CM1850 cryostat. For immunolabeling,
the sections were incubated for 1 h at room temperature with antibodies to EEA-1 (diluted 1: 100),
Na+/K+-ATPase (diluted 1:100) or aminopeptidase N (diluted 1:5000) in 50 mM Tris-HCl, 150 mM
NaCl, 0.5% ovalbumin, 0.1% gelatin, 0.2% teleostan gelatin, 0.05% Tween 20, 0.05% Triton X-100, pH 7.2
(buffer B). Incubation with Alexa-conjugated secondary antibodies (diluted 1:200 in buffer B) was for
1 h at room temperature. Controls with omission of primary antibodies were routinely included in the
labeling experiments.

All sections were finally mounted in antifade mounting medium containing DAPI, and examined
in a Leica DM 4000B microscope (Leica, Wetzlar, Germany) fitted with a Leica DFC495 digital camera.
Images were obtained using Leica HCX PL Fluotar objectives with the following magnification/numerical
aperture: 20×/0.40, 40×/0.65, 63×/0.90, and 100×/1.30. The following filter cubes were used: I3
(band pass filter, excitation 450–490 nm), TX2 (band pass filter, excitation 560/40 nm), and A4 (band pass
filter, excitation 360/40 nm).

Hematoxylin-eosin (HE) staining of fixed tissue sections was performed according to a
standard protocol.

2.5. Transmission Electron Microscopy

For transmission electron microscopy, cultured explants were fixed in 3% glutaraldehyde (v/v),
2% (w/v) paraformaldehyde in buffer A overnight at 4 ◦C. After a rinse in buffer A, the explants were
post-fixed in 1% osmium tetroxide in buffer A for 1 h at 4 ◦C, dehydrated in acetone and finally embedded
in Epon (an epoxy resin). Ultrathin sections were cut in a Pharmacia LKB Ultrotome III, and stained with
1% (w/v) uranyl acetate in H2O and lead citrate. All sections were finally examined in a Zeiss EM 900
electron microscope (Zeiss, Oberkochen, Germany) equipped with a Mega View II camera.

2.6. Preparation of Microvillus Membrane Vesicles and Treatment with NaC and DDM

Brush border microvillus membrane vesicles were prepared from pig jejunal mucosa by
the divalent cation precipitation method [22]. Briefly, the mucosa was scraped from the gut
and homogenized in 10 volumes of 2 mM Tris-HCl, 50 mM mannitol, pH 7.1, containing 10 μg/mL
aprotinin and leupeptin. After centrifugation at 500× g, 5 min, MgCl2 was added to the supernatant
(final concentration: 10 mM), and after 10 min on ice, the preparation was centrifuged at 1.500× g,
10 min. The resulting supernatant was collected and centrifuged at 48.000× g, 30 min, to yield a pellet
of microvillus membrane vesicles (stored at −20 ◦C until use).

For subsequent treatments with NaC or DDM, microvillus vesicles (~1 mg/mL) were resuspended
in 25 mM HEPES-HCl, 150 mM NaCl, pH 7.1, and samples of 75 μL were mixed with 25 μL of NaC
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or DDM to obtain a final concentration in the range of 0–10 mM. After 15 min incubation at 37 ◦C
and rapid cooling on ice, the membrane suspensions were centrifuged at 20.000× g, 20 min, to yield a
membrane pellet and a supernatant of solubilized protein. Both fractions were collected and subjected
to SDS/PAGE in 10% gels, electrotransfered onto Immobilon membranes and stained for protein with
Coomassie brilliant blue, as described in Section 2.8.

2.7. Detergent Resistant Membrane (DRM) Analysis of Microvillus Membranes by Sucrose Gradient
Ultracentrifugation

One milliliter of microvillus membrane vesicles, prepared as described above, was resuspended
in HEPES-buffer, pH 7.2. The membranes were then treated with NaC, DDM or Triton X-100 (all at a
concentration of 1%) for 10 min on ice. A DRM analysis of the microvillus membranes was performed
by sucrose density gradient ultracentrifugation by a method previously described [23,24]. Briefly,
centrifugation was performed in a SW40 Ti rotor (Beckman Instruments, Palo Alto, CA) for 20–22 h at
35.000 rpm (gmax = 217.000× g), and after centrifugation, the gradient was fractionated into a pellet and
12 fractions of 1 mL. Protein from each of the soluble fractions was isolated by acetone precipitation
before analysis by SDS/PAGE.

2.8. SDS/PAGE and Immunoblotting

Samples were denatured by boiling for 3 min in the presence of 1% SDS and 10 mM dithiothreitol,
and subjected to SDS/PAGE in 10% gels as described [25]. After electrophoresis and electrotransfer of
proteins onto Immobilon PVDF membranes, immunoblotting was performed with antibodies to IAP
(1: 1000 dilution), followed by horseradish peroxidase-coupled secondary antibodies (1: 2000 dilution).
An electrochemiluminescence (ecl) reagent was used according to the manufacturers (GE Healthcare,
www.gehealthcare.com) protocol to develop the blots. After immunoblotting, total protein was stained
with Coomassie brilliant blue R250 (0.2% dissolved in an ethanol/H2O/acetic acid mixture (50:43:7).

3. Results

3.1. Microvillus Membrane-Solubilizing Effects of NaC and DDM

Chemically, NaC and DDM belong to the large class of surfactant PEs of which the main common
functional characteristic is the ability to adsorb to cell membranes, and thereby, to modify their
physical and biological properties (Figure 1). In order to evaluate the membrane solubilizing effect
on the intestinal brush border and to select optimal working concentrations of NaC and DDM for
subsequent culture experiments, the concentration-dependency of their ability to release proteins from
microvillus vesicles was first established. As shown in Figure 2, NaC had hardly any solubilizing effect
above background levels at concentrations up to 2 mM, but at 5 and 10 mM, an increasing release
of microvillus proteins was achieved. Both integral membrane proteins, such as the 150 kDa ApN,
and the major microvillus cytoskeleton protein actin (42 kDa) appeared in the supernatant, indicating
both membrane disruption and leakage. For DDM, microvillus solubilization was detectable already
at 1 mM, consistent with the comparatively lower CMC-value for this PE (Figure 2).
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Figure 1. The chemical structure of NaC and DDM. (The images were downloaded from the PubMed
Open Chemistry Data Base (https://www.ncbi.nlm.nih.gov/Structure/pdb/2MLT)).

Figure 2. Solubilization of microvillus membrane vesicles with NaC or DDM at concentrations ranging
from 0–10 mM as described in Methods. After centrifugation, the pellet (P) and supernatant (S)
fractions were subjected to SDS/PAGE and proteins visualized by staining with Coomassie brilliant
blue. Arrows indicate the molecular mass-values of the brush border proteins sucrase-isomaltase
(250 kDa), ApN (150 kDa), actin (42 kDa), and annexin A2 (36 kDa).

The ability to resist solubilization by detergents/surfactants at low temperature is the
biochemical hallmark of liquid-ordered membrane domains (i.e., lipid rafts) [5,26]. Thus, in the
glycolipid-rich intestinal brush border, many of the major digestive hydrolases resist solubilization
by the detergent Triton X-100, which is indicative that they reside in lipid rafts [24]. The 67-kDa IAP,
linked to the extracellular leaflet of the membrane by a glycolipid anchor, is a well-known lipid raft
marker [23], and as shown in Figure 3, this protein predominantly partitions in the floating DRM
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fractions of the sucrose gradient when using the “classical” detergent Triton X-100 for solubilization.
An essentially similar DRM distribution for IAP was likewise observed for NaC, as well as for DDM,
although relatively more of the enzyme appeared to be soluble. In addition, the profile of total
microvillus protein also resembled that obtained with Triton X-100 (data not shown). This experiment
thus indicates that the “non raft” domains of the brush border, i.e., those relatively enriched in
phospholipids and poor in glycolipids, are those most vulnerable to the action of both PEs.

Figure 3. DRM analysis of microvillus membrane vesicles. Microvillus membrane vesicles were
prepared and solubilized with either 1% Triton X-100, NaC or DDM on ice, followed by sucrose gradient
ultracentrifugation, gradient fractionation, SDS/PAGE and immunoblotting for IAP (67 kDa). “P”
indicates the pellet fraction, fractions 1-2 contain solubilized protein and fractions 4–12 contain DRMs.

3.2. Effects of NaC and DDM on Mucosal Morphology in Cultured Mucosal Explants

Organ culture of mucosal explants is an ideal model system for investigating the direct, short-term
effects of luminal compounds, and we have recently used it with a number of other types of permeation
enhancers [17–19]. In subsequent mucosal organ culture experiments, NaC and DDM were both used
at 2 and 10 mM in order to study cell-permeating effects under relative mild, as well as under more
membrane damaging, conditions. Both concentrations (corresponding to 0.86% and 4.3% for NaC,
and 1.0% and 5.1% for DDM, respectively) are well within the range of concentrations previously used
by other investigators [6].

As shown in Figure 4, exposure to either NaC or DDM at a concentration of 2 mM for 1 h caused no
gross overall deterioration of the mucosal morphology. Villus height was preserved and the integrity of
the epithelium generally upheld; only occasionally could foci of exfoliation be detected, typically at the
tip of the villi. In contrast, at a concentration of 10 mM, both PEs caused extensive denudation at the tip
of the villi, which are the most exposed and sensitive areas of the mucosal epithelium. Further down
along the sides of the villi and in the generative crypts, the epithelium was generally well preserved.
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Figure 4. HE-stained sections of mucosal explants cultured for 1 h in the absence (control) or presence
of 2 mM or 10 mM of NaC/DDM, as described in Methods. The villus organization and epithelium
were generally well preserved at 2 mM of both surfactants, although foci of exfoliation was occasionally
observed (asterisk). At 10 mM, both NaC and DDM caused extensive denudation, particularly near
the tips of the villi (arrows), whereas the epithelium along the sides of the villi and in the crypts were
generally better preserved. Enterocytes (E) and lamina propria (LP) are indicated. Bars: 100 μm.

3.3. Effects of NaC and DDM on Permeability of Lucifer Yellow

LY is a small fluorescent polar tracer (MW 444 Da) with little or no permeability through
normal cell membranes. It has previously been used to assess paracellular permeability in Caco-2
monolayers [27], and we have used it in the mucosal organ culture system for studying damage to
epithelial cell integrity under various conditions [18,19,28]. As shown in Figure 5, little or no staining
of the cytosol was seen in enterocytes of control explants, indicating well-preserved membrane
integrity with little or no leakage through the cell membrane. Likewise, the brush border was devoid
of staining by LY. However, an array of distinct subapical punctae was indicative of an uptake by
constitutive endocytosis from the brush border. These punctae were EEA-1-positive, thus representing
a subpopulation of early endosomes in the terminal web region of the enterocytes that we have
previously termed “TWEEs” (Terminal Web Early Endosomes) [29]. The underlying lamina propria
was strongly stained by LY in the control, and widespread stripy lateral staining along the enterocytes
was indicative of a paracellular passage across the epithelium. Both NaC and DDM caused a diffuse
staining of the enterocyte cytosol, indicating a leakage through the cell membrane. However, only some
enterocytes appeared to be thus affected, resulting in a characteristic mosaic staining pattern of the
epithelium; occasionally, single exfoliating cells were detected as well (Figure 5). The brush border
marker ApN was confined to the apical surface in the presence of both PEs, indicating that no
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gross membrane disruption had occurred. However, noticeably, both NaC and DDM prevented the
appearance of the LY-positive TWEEs, implying a blocked uptake via constitutive endocytosis.

At a concentration of 10 mM, both NaC and DDM caused widespread leakage of LY
into all enterocytes, although the localization of both the apical (ApN) -and basolateral marker
(Na+/K+-ATPase) was seemingly unaffected in areas where the epithelium was still intact (Figure 6).

Figure 5. Permeability of the mucosal epithelium probed with LY at 2 mM concentration of PEs.
Sections of mucosal explants cultured for 1 h with LY in the absence or presence of 2 mM NaC or
DDM, respectively. In addition, the sections were immunolabeled for ApN, a brush border enzyme,
or for EEA-1, a marker for early endosomes. In the controls, a string of EEA-1-positive subapical
punctae shows uptake of LY into apical early endosomes of the enterocytes, whereas the cytosol is only
weakly labeled. Lateral labeling and strong staining of the lamina propria are also seen, indicating a
paracellular passage of LY through the tight junctions. At 2 mM, both NaC and DDM frequently caused
LY to enter the enterocyte cytosol, indicating a leakage through the cell membrane, but endocytic
uptake was not observed. Asterisks indicate enterocytes in the process of exfoliation. Inserts show
enlarged image details. Bars: 20 μm.
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Figure 6. Permeability of the mucosal epithelium probed with LY at 10 mM concentration of PEs.
Sections of mucosal explants cultured for 1 h with LY in the absence or presence of 10 mM NaC
or DDM, respectively. In addition, the sections were immunolabeled for ApN, or Na+/K+-ATPase,
a basolateral cell membrane marker. Both NaC and DDM caused extensive denudation at the tips of
the villi (arrows), but epithelial integrity with preservation of cell membrane polarity was maintained
along the sides of the villi. However, all enterocytes had taken up LY into the cytosol. Bars: 20 μm.

3.4. Effects of NaC and DDM on Permeability of Texas Red Dextran and FM 1-43 FX

The TRD used in this study is polar like LY, but of higher MW (3000 Da), and is a commonly used
probe for cellular uptake studies [30]. Unlike LY, it labeled the brush border of control enterocytes, but
was only taken up sparsely into TWEEs in comparison with LY, implying a poor accessibility to the
bottom part of the microvilli from where endocytosis occurs (Figure 7). TRD stained the lamina propria,
but only weakly compared with LY, and a lateral staining along the enterocytes was barely visible,
which was indicative of limited paracellular diffusion through the tight junctions. Binding to the brush
border was unaffected by NaC and DDM, but no or little uptake into TWEEs was detected (Figure 7).
However, both PEs greatly increased the staining of the lamina propria, and a stripy lateral labeling
along the enterocytes was now clearly visible, implying a higher paracellular permeability of TRD.

19



Pharmaceutics 2018, 10, 172

Figure 7. Permeability of the mucosal epithelium probed with TRD and FM. Sections of mucosal
explants cultured for 1 h with TRD or FM in the absence or presence of 2 mM NaC or DDM,
respectively. In the control, TRD bound to the enterocyte brush border, but only few and weakly-stained
TRD-positive supapical punctae were observed. In addition, a faint labeling of the lamina propria was
detectable. NaC and DDM both greatly increased the lateral TRD-labeling and accumulation of the
probe in the lamina propria without affecting TRD-binding at the brush border, but little if any leakage
was seen into the cytosol of the enterocytes. Like TRD, FM strongly labeled the enterocyte brush border,
and also appeared in bright subapical punctae in the control. The brush border labeling was generally
unaffected by both surfactants, but subapical punctae were sparse. Occasionally, FM was absent from
the brush border, but leaked into the cytosol of enterocytes, as shown for DDM, but no staining of the
lamina propria was observed. (Asterisks show goblet cells labeled by FM and inserts show enlarged
image details.) Bars: 20 μm.

FM is a non-toxic, water-soluble and lipophilic probe (MW 560 Da) that only becomes fluorescent
when incorporated into cell membranes [31], and as shown in Figure 7, it strongly labeled the entire
brush border of control enterocytes together with goblet cells. In addition, it was efficiently taken
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up into TWEEs like LY, as earlier reported [29]. However, in contrast to LY, FM did not stain the
lamina propria or the basolateral sides of the enterocytes, indicating that this lipophilic probe, despite
its small size, is incapable of paracellular passage through the tight junctions. FM labeling of the
brush border was generally not affected by NaC or DDM, but the uptake into TWEEs was greatly
diminished (Figure 7). Lamina propria and lateral staining with FM was not detected in the presence
of the PEs; however, as seen with LY, leakage into the cytosol of enterocytes was occasionally observed.

In summary, the results obtained with LY, TRD and FM documented both paracellular and
transcellular mechanisms of action of both NaC and DDM. The data are consistent with the PEs
interacting with/inserting into the brush border membrane, resulting in functional leaks in the bilayer
that allow passage of both small polar (LY) and lipophilic (FM) compounds. In addition, the ability of
the apical cell membrane to engage in endocytosis was largely abolished by both PEs. This effectively
excludes the possibility that they act as PEs by stimulating luminal endocytotic uptake.

3.5. Effects of NaC and DDM on the Ultrastructure of the Enterocyte Brush Border

Transmission electron microscopy was employed to study in closer detail the direct action of
NaC and DDM on the morphology of the enterocytes. As shown in Figure 8A, the brush border of
enterocytes from control explants in longitudinal sections from the mid-villus area consisted of a
regular array of uniform microvilli of about 1.2–1.3 μm in length with actin rootlets extending into the
subapical terminal web region. Microvillus length gradually increases in enterocytes along the villi as
enterocytes move towards the extrusion zone at the tip, but microvillus diameter normally remains
unchanged at ~0.1 μm throughout the crypt-villus migration, as shown in cross sections (Figure 8D).
NaC (2 mM) did not affect the overall columnar shape of enterocytes or microvillus length in the
brush border (Figure 8B). However, in cross sections, the normally ordered, hexagonal alignment of
microvilli was less dense and frequently disrupted, and microvilli of smaller diameter were scattered
amongst seemingly normal microvilli (Figure 8E). In addition, bulbous protrusions were occasionally
observed at the tip of the microvilli (Figure 9A). Membrane-enveloped spherical bodies containing
electron-dense material and with a diameter of about 0.3 μM were frequently observed interspaced
between the microvilli, and in some cases they were surrounded by small (~50 nm) vesicles seemingly
attached to their surface. (Figure 9B,C).
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Figure 8. Effects of NaC and DDM on brush border ultrastructure. Electron micrographs showing
longitudinal (A–C) and cross sections (D–F) of the brush border. (Arrows indicate apparent leakage
into the lumen of cellular debris from the brush border in (C), microvilli with diminished diameter in
(E) and fused microvilli in (F).) Bars: 1 μm (A–C); 0.5 μm (D–F).

Enterocytes were also generally well preserved after exposure to DDM (2 mM), but in contrast to
NaC, DDM caused a marked shortening of the microvilli of villus enterocytes (Figure 8C). The effect
was variable, but frequently cells with microvilli as short as 0.5 μm were observed. Although one
must be cautious interpreting such data because, as mentioned above, microvillus length generally
increases as enterocytes move along the crypt-villus axis, stunted microvilli like those seen with DDM
are normally found only at the bottom of the crypts. In cross sections, the microvilli were of normal
diameter, but as with NaC, the hexagonal alignment was less dense and organized than in the control.
However, longitudinal fusion of pairs of microvilli was occasionally observed (Figure 8F). Noticeably,
variation in microvillus length sometimes even occurred between neighboring cells (Figure 9D). At high
magnification, microvesiculation of single microvilli was evident, and the tips of the microvilli often
appeared flat instead of the normal rounded shape of a cap (Figure 9E). In areas near the bottom of
the villi, vesicle-like structures and amorphous material, probably leaking through the brush border
(Figure 8C), accumulated in the narrow cleft between opposing villi (Figure 9F). This phenomenon
was observed both with NaC and DDM.

In contrast to the brush border, the tight junctions and meandering lateral cell membranes were
seemingly unaffected by both PEs at 2 mM (data not shown). Taken together, the electron microscopy
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data therefore strongly indicate that the brush border is the primary target of both NaC and DDM.
The lesions induced by NaC and DDM were similar, but not identical, implying that the two PEs cause
disruption of the membrane organization by different mechanisms.

Figure 9. Effects of NaC and DDM on brush border ultrastructure. Electron micrographs showing
different lesions in the brush border induced by NaC or DDM. Arrows indicate bulbous protrusions
from single microvilli in (A), electron dense bodies with small vesicles attached in (B) and (C),
microvesiculated, single microvilli in (E) and accumulated cellular debris in the lumen in (F).
Bars: 0.2 μm (A–C); 1 μm (D); 0.5 μm (E,F).

4. Discussion

Surfactants belonging to the bile salt or alkyl maltoside classes of compounds all have a
long history as PEs, but with regard to the intestinal permeation enhancement, they have so far
been tested mainly either in epithelial cell models, most often Caco-2 cells, or in colonic tissue [6,32,33].
For this reason, we thought it worthwhile to reinvestigate the PE action of NaC and DDM in a
jejunal mucosal explant system. The jejunum is the region of the intestine where endogeneous bile
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salts normally aid assimilation of poorly-soluble dietary constituents and where the brush border
membrane presumably is optimally equipped to withstand the action of luminal surfactants under
physiological conditions.

In elucidating the PE action of a specific compound, it is essential to clarify the mechanism
whereby epithelial permeabilization is achieved, i.e., whether a paracellular and/or transcellular route
is facilitated [34,35]. Bile salts and alkyl maltosides are commonly classified as multimodal in their
action, i.e., acting both via para and transcellular mechanism(s) [6,36], and the results of the present
work agree well with this classification. Hypothetically, transcellular permeabilization may occur
by endocytosis by one or more of several clathrin-dependent or independent molecular mechanisms
known to internalize cell membrane and cargo to the cellular endosomal system. In enterocytes, apical
endocytosis of cargo might be succeeded by trancytosis, leading to a complete crossing of the epithelial
barrier [9,37,38]. In this context, the main conclusion of the present work is that neither NaC nor DDM
achieved transcellular permeability by stimulating apical endocytotic uptake. In contrast, both largely
abolished the constitutive endocytosis of polar (LY) and lipophilic (FM) probes that normally operates
at the brush border and which can be readily visualized by these fluorescent compounds. Instead,
transcellular permeabilization occurred by rendering the apical cell membrane leaky. The sometimes
mosaic appearance of leaky enterocytes adjacent to unaffected cells together with the selective leakiness
to the 444 Da LY, but not the 3-kDa TRD, implies that disruption of the membrane bilayer was not too
extensive. This agrees well with the electron microscopy data, showing a reasonably well-preserved
microvillus ultrastructure. Nevertheless, the partial break-up of the uniform hexagonal organization
of microvilli and the appearance of scattered, abnormally thin (NaC) or fused (DDM) microvilli
are direct visual evidence of PE-induced membrane damage. Some of the lesions observed in this
study resemble those previously reported for intestinal brush borders of myosin-1a gene knockout
mice, including disorganization of microvilli and bulbous protrusions from the microvillus tips [39].
Myosin-1a is a motor protein that links the microvillus actin cytoskeleton with the cell membrane and,
amongst other functions, is responsible for the mechanical stabilization of the microvillus structure [1,2].
If PEs like NaC are able to disrupt this link, it could be the triggering event that ultimately leads
to the observed morphological changes of the brush border. This suggests a stochastic process of
disruption where single, affected microvilli form microvesicles and break up, followed by membrane
resealing. Given the fact that the brush border architecture expands the apical surface area of the
enterocyte roughly ten times compared to a “flat” cell surface [40], it harbors a large membrane
reservoir for use in repair of damaged microvilli. Interestingly, microvillus microvesiculation in the rat
and mouse has been proposed to be the result of a Ca2+-induced, villin-dependent severing of the actin
filaments [41], and the subsequent release of vesicles into the lumen as a physiological process in the
gut host defense aimed to deploy catalytic activities into the intestinal lumen [39,42,43]. Microvillus
microvesiculation was very rarely observed in cultured control explants in this study on porcine
jejunum, but the induction of this process by DDM may nevertheless reflect an uncontrolled triggering
of a natural process.

In recent studies, other types of surfactant PEs (lauroyl-carnitine, monocaprin and the ethoxylate
C12E9) were found to permeabilize the brush border mainly by inducing microvillus microvesiculation
and/or longitudinal fusion of microvilli [18], and the amphipathic cell penetrating peptide
melittin caused a marked elongation both of microvilli and their actin rootlets [19]. Nevertheless,
despite apparent differences in modes of microvillus disruption, these different types of PE agents
all resulted in membrane leakage of LY as well as inhibition of apical endocytosis. Collectively,
we infer from these observations that although the mechanism of action of the different types of
membrane-interacting agents seems to vary, they possess a similar functionality as PEs. The common
endocytosis-inhibiting effect may seem intriguing, and we are not certain of its cause. It could be
ascribed simply to energy depletion by leakage of ATP or loss of essential other small molecules/ions,
but local changes in membrane fluidity and lipid raft structure might also be sufficient to interfere with
endocytosis even in areas where the microvillus architecture remains intact. The latter explanation
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is supported by the DRM analysis showing that “non raft” areas of the microvillus membrane are
preferentially targeted by NaC and DDM.

5. Conclusions

In the present work, we studied the action of a bile salt (NaC) and an alkyl maltoside (DDM) on the
different luminal uptake pathways across the intestinal epithelium, using a jejunal mucosal organ
culture model. Both PEs increased the paracellular and transcellular pathways for polar fluorescent
probes, but of note, one common uptake mechanism, endocytosis, was virtually blocked. Instead,
leakage through the brush border membrane occurred. Ultrastructurally, lesions of the brush border
included microvillus microvesiculation, shortening, longitudinal fusion of microvilli, and the formation
and extrusion of dense bodies. A DRM analysis of microvillus membrane vesicles indicated that both
NaC and DDM, like the nonionic detergent Triton X-100, preferentially extract the “non-raft” domains
of the lipid bilayer, thereby decreasing the fluidity of the remaining membrane.
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Abstract: Generally, the use of absorption enhancers might be the most effective approaches to
ameliorate the enteric absorption of poorly absorbed substances. Among numerous absorption
enhancers, we already reported that a gemini surfactant, sodium dilauramidoglutamide lysine
(SLG-30) with two hydrophobic and two hydrophilic moieties, is a novel and promising adjuvant
with a high potency in improving the absorption safely. Here, we examined and elucidated the
absorption-improving mechanisms of SLG-30 in the enteric absorption of substances. SLG-30
increased the intestinal absorption of 5(6)-carboxyfluorescein (CF) to a greater level than the typical
absorption enhancers, including sodium glycocholate and sodium laurate, as evaluated by an in situ
closed-loop method. Furthermore, SLG-30 significantly lowered the fluorescence anisotropy of dansyl
chloride (DNS-Cl), suggesting that it might increase the fluidity of protein sections in the intestinal
cell membranes. Moreover, SLG-30 significantly lowered the transepithelial-electrical resistance
(TEER) values of Caco-2 cells, suggesting that it might open the tight junctions (TJs) between the
enteric epithelial cells. Additionally, the levels of claudin-1 and claudin-4 expression decreased in
the presence of SLG-30. These outcomes propose that SLG-30 might improve the enteric transport of
poorly absorbed substances through both transcellular and paracellular routes.

Keywords: absorption enhancer; gemini surfactant; intestinal absorption; poorly absorbed drug;
Caco-2 cells

1. Introduction

The enteric epithelium represents a physical barrier for the intestinal absorption of most substances
to the systemic-circulation. It is well-established that the enteric epithelium acts as an impervious
barrier against many pathogens and toxins through its complicated structure, although it can permit
the intestinal absorption of nutrients [1]. The most important barrier against the permeability of drugs
is the brush-border membranes of the enteric epithelial cells, which can restrict the passage of drugs
through cells into the systemic circulation. The other important barrier is the tight junction between
the adjacent cells, which is an aqueous route for compounds of molecular weight less than 500 Da [2–4].
These two barriers are considered great hurdles when some drugs are transported across the intestinal
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epithelial cells, assuming that drugs could survive the harsh environment and the decomposition in the
gastrointestinal tract [5,6]. Therefore, the major routes for drugs to be absorbed by the intestinal cells
are the transcellular and paracellular routes [7–9]. This could be a serious problem for a wide range of
newly discovered and synthesized drugs, especially peptide and protein drugs, which also suffer from
enzymatic deterioration [10] in the gastrointestinal tract before reaching the enteric cell membrane.

A variety of systems have been tested to improve the enteric absorption of poorly absorbed
substances [1]. Of all these approaches, the use of absorption enhancers is a promising way to improve
the enteric absorption of poorly absorbed substances [11–20]. It was reported that typical absorption
enhancers involving medium chain fatty acids (e.g., sodium laurate, sodium caprate, and sodium
caprylate) could improve the absorption of poorly absorbed substances such as antibiotics, peptide
and protein drugs, and bisphosphonates [11–20]. However, most of the typical absorption-enhancers
usually prompt irritation along with damage to enteric membranes.

Gemini surfactants are a new type of absorption enhancers with a rather different structure than
the typical ones [21]. The structure is composed of two hydrophilic heads connected with a linker
and two hydrophobic tails. This structure makes the CMC values of gemini-type surfactants lower
than the CMC values of typical surfactants with an equal chain length [21]. However, the effects
of gemini surfactants on the enteric absorption of substances and how they improve absorption are
seldom studied.

We previously reported SLG-30, a gemini surfactant, increased the enteric absorption of
hydrophilic poorly absorbed substances [22]. As shown in Figure 1, the hydrophilic heads of SLG-30
have two amino acid derivatives, i.e., two glutamic acid moieties, linked through a lysine spacer, and
two hydrophobic chains of twelve carbons each [23]. We showed that SLG-30 might be safe in vitro
and in vivo and may be a very efficient absorption enhancer, which can possibly be used as an adjuvant
in oral formulations for increasing the enteric absorption of poorly absorbed hydrophilic substances.
However, we did not compare the effectiveness of SLG-30 with that of typical absorption enhancers
regarding the enteric absorption of substances. Moreover, the absorption-enhancing mechanisms of
SLG-30 in improving the enteric absorption of poorly absorbed substances were not clearly understood.

Figure 1. The chemical structure of a gemini surfactant, SLG-30. The hydrophilic moiety of this
surfactant has two derivatives of amino acid, i.e., two glutamic acid moieties, linked through a lysine
spacer, while the hydrophobic moieties are lauric acid.

The purpose of this study was to study the difference between SLG-30, a gemini surfactant,
with typical absorption enhancers, including sodium glycocholate and sodium laurate, regarding
absorption-enhancing performance. Furthermore, we also examined and clarified the possible
absorption-enhancing mechanisms of SLG-30 on the enteric absorption of substances.
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2. Materials and Methods

2.1. Materials

Male Wistar rats, weighing 250–300 g, were purchased from SLC, Inc. (Hamamatsu, Shizuoka, Japan).
SLG-30 was kindly supplied by Asahi Kasei Chemicals Co. (Tokyo, Japan). CF was obtained
from Eastman Kodak Co. (Rochester, NY, USA). LDH-Cytotoxicity Test Wako, sodium glycocholate (NaGC),
sodium laurate, and tma-DPH (1-(4-(trimethylamino)phenyl)-6-phenylhexa-1,3,5-hexatriene-p-toluenesulfonate)
were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). DPH (1,6-diphenyl-1,3,5-hexatriene)
and Hank’s balanced salt solution (HBSS) were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Dansyl chloride (DNS-Cl) was purchased from Santa Cruz Biotechnology, Inc. (Dallas,
Texas, USA). Anti-claudin-1, anti-β-actin (rabbit monoclonal antibodies), and goat anti-rabbit IgG
HRP-linked antibodies were purchased from Cell Signaling Technology® (Danvers, MA, USA).
Anti-claudin-4 (mouse monoclonal antibodies) and rabbit anti-mouse IgG HRP-linked antibodies
were purchased from Invitrogen™ (Carlsbad, CA, USA). Chemi-Lumi One Ultra kit, Dulbecco’s
modified Eagle medium (DMEM) with 4500 mg/L glucose, nonessential amino acids (MEM–NEAA),
antibiotic–antimycotic mixture stock (10,000 U/mL penicillin, 10,000 μg/mL streptomycin, and
25 μg/mL amphotericin B in 0.85% sodium chloride), and 0.25% trypsin-1 mM EDTA solution were
purchased from Nacalai Tesque Inc. (Kyoto, Japan). Human colon adenocarcinoma-derived Caco-2 cell
line was purchased from Dainippon Sumitomo Pharma Co., Ltd. (Osaka, Japan). Fetal bovine serum
(FBS) was purchased from Gibco® Life Technologies (Grand Island, NE, USA). All other reagents used
in the experiments were of analytical grade.

2.2. In Vivo Enteric Absorption Studies

The enteric absorption of CF was examined by an in situ closed-loop method, as reported
previously [22,24]. The experiments were carried out in accordance with the guidelines of the
Animal Ethics Committee at Kyoto Pharmaceutical University. The protocols were approved by
this Committee (permit number: 16-12-069, permit date: 14 April 2016). The rats were starved
overnight for approx. 16 h pre-dosing, but water was freely available. After inducing anesthesia
with sodium pentobarbital which was administered intraperitoneally at a dose of 32 mg/kg body
weight, the rats were placed under a heat lamp to maintain a body temperature at around 37 ◦C,
and the intestines were exposed using a midline-abdominal incision. After the bile duct was ligated,
the intestines were washed with phosphate buffered saline (PBS, pH 7.4), and the remaining buffer
solution was expelled with air. Enteric cannulation was performed at both ends using polyethylene
tubing, and the distal parts of the small intestines were clipped by forceps. The dosing solutions (3 mL)
with or without absorption enhancers kept at 37 ◦C, were directly introduced into the lumen of the
enteric loop through a cannulated opening in the proximal part of the small enteric loop, which was
then closed by clipping with another forceps. The jugular vein was exposed, and approx. 0.3 mL of
blood was collected via a direct puncture into heparinized syringes at predetermined time intervals
up to 240 min. The samples were immediately centrifuged at 12,000 rpm (15,000× g) for a period of
5 min to obtain the plasma fraction, which was stored on ice for further analysis. CF fluorescence
signals in these plasma samples were detected after the treatment with the same volume of acetonitrile
using a fluorescence spectrophotometer, Powerscan1 HT supplied by BioTek Instruments (Winooski,
VT, USA) at an excitation wavelength of 485 nm and an emission wavelength of 535 nm. There was
no significant background fluorescence in the plasma when the fluorescence intensities of CF were
determined in this study. The peak drug concentrations (Cmax) and the time to reach the peak drug
concentrations (Tmax) in the plasma were directly determined from the plasma concentration–time
profiles. The area under the curve (AUC) was calculated by the trapezoidal method from pre-dose
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(time zero) till the administration of the final sample. The absorption enhancement ratios of CF, with
or without absorption enhancers, were calculated as follows:

Absorption enhancement ratio = AUCwith enhancer/AUCcontrol without enhancer

2.3. Preparation of Brush Border Membrane Vesicles (BBMVs)

To prepare BBMVs, we followed the methods as reported previously [25–27] with a slight
modification. Briefly, an in situ small intestinal loop was prepared in each rat, as mentioned above, and
then, PBS (pH 7.4) was administered into the loop. The fat was trimmed off from the small intestine and
mesentery. Then, the whole small intestine was soaked in ice-cold PBS (pH 7.4). The small intestine was
divided into 10 cm segments. Mucosa was scraped out with a slide glass from each of these segments
and used for subsequent studies. BBMVs were prepared by the divalent cation precipitation method
using MgCl2 in the presence of ethylenebis (oxyethylenenitrilo) tetraacetic acid (EGTA) [25–27]. Briefly,
the collected mucosa was homogenized in a buffer containing mannitol (300 mM), EGTA (5 mM), and
Tris (pH 7.4) (12 mM) by using a tissue homogenizer. An aqueous solution of 10 mM magnesium
chloride was added to the homogenate. The homogenate was centrifuged at 3000× g for 15 min.
The supernatant was then centrifuged at 32,000× g for 30 min. The pellet was resuspended in a buffer
containing mannitol (300 mM), EGTA (5 mM), and Tris (pH 7.4) (12 mM) by using a 26-G needle.
The protein concentration was determined by the BCA method using bovine serum albumin as a
standard, and the final concentration was adjusted to 1 mg/ml in each Eppendorf tube. The samples
were frozen by liquid nitrogen and kept at −80 ◦C for further studies.

2.4. Measurement of Membrane Fluidity by Fluorescence Polarization

The BBMVs (100 μg protein) were incubated with 1 μM DPH, with 0.5 μM tma-DPH or with 5 μM
DNS-Cl in HEPES-Tris buffer (25 mM HEPES, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 140 mM
NaCl, 5 mM glucose, pH 7.4 adjusted by 1 M Tris) in the dark at 37 ◦C for 30 min [25,28]. Then, various
concentrations (0.1% v/v, 0.25% v/v, 0.5% v/v, and 1.0% v/v) of SLG-30 were added. Then, the samples
were incubated in the dark for 1 min at 37 ◦C. For the control group, the same procedure was carried
out by adding the HEPES-Tris buffer only. The fluorescence intensities and the steady-state polarization
of fluorescence expressed as the fluorescence anisotropy, r, of the labeled membrane vesicles were
measured at 37 ◦C. The excitation and emission wavelengths were λex = 360 nm, and λem = 430 nm
for DPH and tma-DPH and λex = 380 nm and λem = 480 nm for DNS-Cl. The measurements were
carried out by using a Hitachi Spectrofluorometer (F-2000 Spectrofluorometer, Hitachi Seisakusho
Corp, Yokohama, Japan) equipped with a polarizer set.

The fluorescence anisotropy (r) was calculated using the following equation:

r =
IV − IH

IV + 2IH

where IV and IH respectively represent the perpendicular and parallel fluorescence intensities to the
polarized excitation plane [29].

2.5. Measurement of Transepithelial Electrical Resistance (TEER) and the Transport of CF Using Caco-2
cell Monolayers

Caco-2 cells (passage 45) were cultured in 175-cm2 culture flask (Thermo Fisher Scientific™,
Waltham, MA, USA). The culture medium consisted of DMEM containing 10% FBS, 0.1 mM
MEM–NEAA, 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin [30]. Cells
were cultured in a humidified atmosphere of 5% CO2 at 37 ◦C. The culture medium was changed
every two days. When the cultured Caco-2 cells became sub-confluent, they were seeded onto 12-mm
Transwell® with 0.4-μm pore polycarbonate membrane inserts (Corning Inc., New York, NY, USA)
at a density of 1 × 105 cells/insert. The transepithelial transport studies were performed when the
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transepithelial electrical resistance (TEER) values were more than 500 Ω·cm2 (i.e., after 21 days) [17,18].
Briefly, after removing the incubation medium by aspiration, the apical and basal sides were washed
thrice by Hank’s Balanced Salt (HBSS) solution (pH 7.4). The cells were incubated in HBSS (pH 6.0)
for the apical side and HBSS (pH 7.4) for the basal side for 20 min at 37 ◦C. HBSS supplemented with
1 mg/mL glucose was used in all cell culture experiments. After removing the washing solution by
aspiration, 500 μL of 10 μM CF in a HBSS (pH 6.0) solution with or without various concentrations
(0.001% v/v, 0.01% v/v, 0.025% v/v, 0.05% v/v, and 0.1% v/v) of SLG-30, 0.1% (w/v) and 1% (w/v)
NaGC or 0.05% (w/v) sodium laurate were added to the apical side at zero time, whereas precisely
1500 μL of HBSS (pH 7.4) was added to the basal side at 37 ◦C. The cells were kept at 37 ◦C and 5%
CO2 and were continuously agitated on a shaker during the transport experiments.

The TEER values were measured by Millicell® (ERS-2 Volt-Ohm Meter, Billerica, MA, USA) at the
predetermined times up to 24 h, and the initial values were considered as 100%. The samples from
the basal side were withdrawn at predetermined time points up to 24 h. The samples were replaced
with an equal volume of HBSS (pH 7.4). CF was determined as previously mentioned. The apparent
permeability coefficients Papp (cm/s) for the transported CF was determined by the following equation:

Papp =
dXR

dt
× 1

A
× 1

C0

where Papp is the apparent permeability coefficient in centimeters per second, XR is the amount of CF
in moles in the receptor side, dXR

dt is the flux across the monolayer, A is the diffusion area (i.e., in square
centimeters), and C0 is the initial concentration of CF in the donor side in moles per milliliter.

2.6. Assessment of Caco-2 Cell Damage

After the transport studies were over, the solution on the apical side of each well was collected.
Cell injury caused by SLG-30 was determined by tracking the LDH release [31,32]. The cell precipitate
and the monolayers left on the filters were solubilized with 1% (v/v) Triton X-100. The solutions from
apical sides and the lysates were centrifuged for 7 min at 200× g at a temperature of 4 ◦C. The activities
of LDH in the supernatant were measured. (LDHrelease) stands for the activity of the LDH released
into the apical side in the existence of SLG-30. (LDHcell) stands for the activity of the LDH obtained
from the cell lysate. LDHreleased% was calculated by the following equation:

LDHrelease% = LDHrelease × 100/(LDHrelease + LDHcells)

2.7. Western Blotting

Western blotting was performed by the method described previously with slight modifications [33,34].
Three male Wistar rats weighing 250 g were prepared to perform an in situ closed-loop method on
the small intestine, as mentioned above. A control study, a treatment study, and a pretreatment
study were conducted on the first, second, and third rat, respectively. For the control study, only PBS
solution (pH 7.4) was administered into the small intestine, and then, the rat was sacrificed, while
for the treatment study, SLG-30 was administered for 1 h, and then, the rat was sacrificed without
washing the SLG-30 out. The pretreatment study was performed by administrating SLG-30 for 1 h
then washing it out with PBS solution (pH 7.4), followed by sacrificing the rat after 4 h. The small
intestine (60 cm) of three rats was taken and treated, as mentioned above, for extracting the BBMVs.
The total protein amount of each sample was adjusted to 30 μg.

The expression levels of proteins from the claudin family, in the homogenate of the small
intestine membrane, were evaluated by western blotting. Briefly, equal amounts of protein samples
(30 μg protein) were mixed with an SDS buffer solution and electrophoretically separated on
SDS-polyacrylamide (15%) gels. The separated proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane. After blocking in 5% skim milk in Tris-buffered saline (pH 7.4) for 1 h at room
temperature, the PVDF membrane was incubated overnight in a blocking buffer with diluted (1:1000)
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monoclonal antibodies for claudin-1, claudin-4, and β-actin at 4 ◦C. Subsequently, the PVDF membrane
was washed three times using Tris-buffered saline containing 0.05% Tween 20 (TTBS), followed by
incubation with peroxidase-conjugated anti-rabbit IgG antibody for claudin-1 and β-actin, and with
peroxidase-conjugated anti-rabbit IgG antibody for claudin-4 for 1 h at room temperature. The signals
were visualized by luminescence imaging (Fujifilm Luminescent Image Analyzer LAS4000 System,
Tokyo, Japan). The intensity of each signal was corrected using the values obtained from the β-actin
bands, and the relative protein intensity was expressed as the fold change compared to the relative
protein intensity in the normal group.

2.8. Statistical Analysis

The results are expressed as the mean ± S.E. of at least three experiments. The statistical
significance between groups was analyzed using Dunnett’s test; p < 0.05 was regarded to be significant.
Significance levels are denoted (**) p < 0.01, (*) p < 0.05, and (n.s.) not significantly different.
The number of experiments is indicated by n.

3. Results

3.1. In Vivo Comparative Study between SLG-30 and Typical Surfactants Including Sodium Glycocholate and
Sodium Laurate

First, the effects of 0.5% (v/v) SLG-30 and 1% (w/v) sodium glycocholate (NaGC) on the enteric
absorption of CF were examined by an in situ closed-loop method, and the effectiveness of SLG-30 was
compared with that of NaGC (a typical absorption enhancer). As Figure 2 shows, the enteric absorption
of CF was significantly improved in the existence of 0.5% (v/v) SLG-30, and the AUC0→240 of CF was
16 times higher than that of the control group, as opposed to 4.5 times in the presence of 1% (w/v)
NaGC. The absorption improvement of CF in the existence of 0.5% (v/v) SLG-30 was about 3.5 times
higher than that in the existence of 1% (w/v) NaGC (Table 1). As shown in Figure 1, SLG-30 contains
two moieties of fatty acid (lauric acid). Therefore, in order to clarify whether SLG-30 is effective as
a whole compound or whether the effectiveness is related to lauric acid, a degradation product of
SLG-30, we also studied the absorption improvement effect of 0.5% (w/v) sodium laurate in the small
intestines by the in situ closed-loop method. We found that the Tmax of CF in the case of sodium
laurate-treated samples is approximately 15 min. Thereafter, the concentrations of CF decreased
quickly and continuously until the end of the experiment. Contrarily, SLG-30 greatly increased the
concentrations of CF until Tmax (180 min), followed by a decrease, as revealed in Figure 2 and Table 1.
The absorption improvement ratio of CF for SLG-30 was approximately 6 times higher than that of
sodium laurate.

Figure 2. The profile of concentration vs. time course of 5(6)-carboxyfluorescein (CF) in the plasma after
an enteric administration with SLG-30, a gemini surfactant, or typical absorption enhancers including
sodium glycocholate and sodium laurate by an in situ closed-loop method. The results are expressed as
the mean ± S.E. (n = 3). Keys: (�) Control, (�) 0.5% (v/v) SLG-30, (•) 0.5% (w/v) sodium laurate, and
(�) 1% (w/v) sodium glycocholate.
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Table 1. A summary of the pharmacokinetic parameters of CF (0.5 mg/kg) after its administration
with 0.5% (v/v) SLG-30, 0.5% (w/v) sodium laurate, and 1% (w/v) sodium glycocholate into rat small
intestines by an in situ closed-loop method.

Absorption
Enhancer

Conc.
Cmax

(ng/mL)
Tmax

(min)
AUC0→240

(ng·min/mL)
Enhancement

Ratio

Control - - 5450 ± 700 -
SLG-30 0.5% (v/v) 487 ± 4 180 ± 0 87,200 ± 6000 ** 16.0

Sodium laurate 0.5% (w/v) 375 ± 2 15 ± 0 14,700 ± 1950 2.7
Sodium glycocholate 1% (w/v) 172 ± 2 180 ± 0 24,500 ± 3700 * 4.5

The results are expressed as the mean ± S.E. (n = 3). ** p < 0.01, * p < 0.05, when compared with the control group.

3.2. Effects of SLG-30 on the Membrane Fluidity of Small Intestines in Rats

One of the important absorption-enhancing mechanisms of absorption enhancers is that they
increase the membrane fluidity of the enteric membrane, thereby increasing the enteric absorption
of poorly absorbed substances through a transcellular route. To examine the effect of SLG-30 on
the enteric membrane fluidity, DPH, tma-DPH, and DNS-Cl, which can bind to different portions
of the lipid bilayers (i.e., inner, outer, and protein portion, severally) were used as fluorescence
probes in this study. Any decrease in the fluorescence anisotropy of these markers represents an
increase in the membrane fluidity of BBMVs. Figure 3A–C shows that cholesterol, used as a positive
control, increased the fluorescence anisotropy, which indicates a decrement in the membrane fluidity
of BBMVs. Figure 3A shows that SLG-30 slightly decreased the fluorescence anisotropy of DPH
compared to that of the control group. However, as Figure 3B shows, SLG-30 did not decrease,
but significantly increased the tma-DPH fluorescence anisotropy. However, SLG-30 significantly
reduced the fluorescence anisotropy of DNS-Cl in a dose dependent pattern (** p < 0.01 vs. control
group) (Figure 3C). These findings propose that the membrane fluidity in the protein section of the
enteric membranes could be significantly augmented by SLG-30, while it also slightly augmented the
membrane fluidity in the inner section of the lipid bilayers.

Figure 3. Cont.
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Figure 3. The effect of SLG-30 on the membrane fluidity of brush-border membrane vesicles (BBMVs).
DPH (A), tma-DPH (B), and DNS-Cl (C) were used as fluorescein probes of inner lipid bilayers, outer
lipid bilayers, and the protein portion of the enteric membranes. The absolute concentrations of DPH,
tma-DPH, and DNS-Cl were 1 μM, 0.5 μM, and 5 μM, respectively. The results are expressed as the
mean ± S.E. (n = 4). ** p < 0.01, n.s. not significantly different when compared with the control.

3.3. Effect of SLG-30 on TEER and Transport of CF in Caco-2 Cell Monolayers

We also estimated the effects of SLG-30 on the TEER values and the transport of poorly absorbed
substances through the paracellular route by using Caco-2 cell monolayers. CF solutions in HBSS
with or without various concentrations of SLG-30 (i.e., 0.001% v/v, 0.01% v/v, 0.025% v/v, 0.05%
v/v, and 0.1% v/v) were added to the apical side of the cells and incubated at 37 ◦C. As shown in
Figure 4A, a significant decrease in the TEER values was noticed in the presence of SLG-30 at all
concentrations studied, including the lowest concentration of 0.001% (v/v), in the first hour. The TEER
values did not recover to the baseline (without removing SLG-30) for the higher concentrations, but
they started to recover for the lower concentrations. In contrast to the TEER results, as shown in
Figure 5, the transport of CF significantly increased after 24 h upon coadministration with SLG-30 at
all concentrations. The enhancement ratios of the CF transport were 6, 7, 9, 11, and 12 times higher
than the control group for SLG-30 concentrations of 0.001% (v/v), 0.01% (v/v), 0.025% (v/v), 0.05%
(v/v), and 0.1% (v/v), respectively.
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Figure 4. The TEER values in the existence of (A) SLG-30 and (B) sodium glycocholate and sodium
laurate in Caco-2 cell monolayers. The results are expressed as the mean ± S.E. (n = 3). ** p < 0.01,
n.s. not significantly different when compared with the control. Keys for Figure 4A: (�) Control, (�)
0.001% (v/v) SLG-30, ( ) 0.01% (v/v) SLG-30, (�) 0.025% (v/v) SLG-30, (�) 0.05% (v/v) SLG-30, and
(•) 0.1% (v/v) SLG-30. Keys for Figure 4B: (�) Control, (�) 0.1% (w/v) sodium glycocholate, (�) 1%
(w/v) sodium glycocholate, and (•) 0.05% (w/v) sodium laurate.

Parallel studies were performed with 0.1% (w/v) and 1% (w/v) NaGC and with 0.05% (w/v)
sodium laurate. Figure 4B shows that TEER values were significantly reduced in the presence of 0.05%
(w/v) sodium laurate without recovering to the baseline within the period of the experiment. In the
case of 1% (w/v) NaGC, the TEER values significantly decreased then recovered to the baseline at
the end of the experiment. Almost no effect was seen with 0.1% (w/v) NaGC on the TEER values.
As shown in Figure 5, 0.05% (w/v) sodium laurate significantly increased (94 times) the transport of
CF as compared to that observed in the control group; 1% (w/v) NaGC also significantly increased the
transport of CF to a lesser extent than SLG-30 (i.e., 5 times higher than the control group). Further,
0.1% (w/v) NaGC had an insignificant effect on the transport of CF through Caco-2 cells (Figure 5).
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Figure 5. The permeability of CF in the presence of SLG-30, sodium glycocholate, and sodium laurate
across Caco-2 cell monolayers: The results are expressed as the mean ± S.E. (n = 3). ** p < 0.01, n.s. not
significantly different when compared with the control.

3.4. Assessment of Caco-2 Cells Injury

To assess the membrane injury of Caco-2 cells caused by SLG-30, sodium laurate, and NaGC, the
LDH activities were measured right after the transport studies. The solutions were collected from
the apical sides of wells and then centrifuged at 200× g for 7 min at 4 ◦C. The activity of the released
LDH was measured in the supernatant (LDHrelease). As shown in Figure 6A, the activity of LDH
released from Caco-2 cells did not increase after the treatment with SLG-30 as compared to that in
the control group. In contrast, the activity of LDH released significantly increased after the treatment
with 0.05% (w/v) sodium laurate. Neither 0.1% (w/v) nor 1% (w/v) of NaGC increased the release
of LDH. These findings proposed that SLG-30 did not cause serious injury to the cell membranes.
Figure 6B shows the relationship between the effects of SLG-30 and typical absorption enhancers on
the CF permeability across Caco-2 cells on one side and their toxic effects on the other side. While
the absorption-improving effect of SLG-30 is concentration-dependent, we found no serious injury to
enteric membrane irrespective of SLG-30 concentrations.

3.5. Estimation of Claudin Proteins by Western Blotting

As described above, SLG-30 might open the tight junctions of the intestinal epithelium, thus
increasing the movement of substances through the paracellular route. However, the mechanism by
which SLG-30 might open the tight junctions was not elucidated. Therefore, we finally evaluated
the expression levels of claudin-1 and claudin-4 by western blotting. Figure 7A shows the bands of
western blotting for claudin-1 and claudin-4 after a treatment with 0.5% (v/v) SLG-30. The treatment
with 0.5% (v/v) SLG-30 decreased the intensity of the claudin-1 and claudin-4 bands by 57% and 64%,
respectively, as shown in Figure 7B,C. The expression levels of claudin-1 and claudin-4 were about
64% and 45% less than the control, respectively, after the pretreatment study.
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Figure 6. (A) The evaluation of the membrane toxicity of Caco-2 cells monolayers in the existence
of SLG-30, sodium glycocholate, and sodium laurate and (B) the relationship between the effects of
SLG-30 and typical absorption enhancers on the CF permeability across Caco-2 cells and their toxic
effects: The results are expressed as the mean ± S.E. (n = 6). ** p < 0.01, n.s. not significantly different
when compared with the control. Keys for Figure 6B: (�) Control, (Δ) 0.001% (v/v) SLG-30, ( ) 0.01%
(v/v) SLG-30, (�) 0.025% (v/v) SLG-30, (�) 0.05% (v/v) SLG-30, (•) 0.1% (v/v) SLG-30. (�) 0.1% (w/v)
sodium glycocholate, (�) 1% (w/v) sodium glycocholate, and ( ) 0.05% (w/v) sodium laurate.
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Figure 7. Western blot images of claudin-1 and claudin-4 (A): The expression levels of claudin-1 (B)
and claudin-4 (C) in the rat small intestine were quantitatively calculated after a treatment with 0.5%
(v/v) SLG-30 for 1 h. Control, without treatment; treatment, treatment with 0.5% (v/v) SLG-30 for 1 h;
and pretreatment, pretreatment for 1 h. The proteins were extracted after 4 h.

4. Discussion

SLG-30 is a gemini surfactant with good surface-active properties and it is different from typical
surfactants of similar chain lengths [21]. In this study, the efficacy of SLG-30 in improving enteric
absorption was compared with that of a typical absorption enhancer. We used 1% (w/v) NaGC,
a typical bile salt, as a typical absorption enhancer. Previously, it was proposed that bile acids interact
with cell membranes to form reverse micelles, which act as a channel to increase permeation [35]. On
the other hand, previous reports demonstrated the inhibition of insulin hydrolysis in different mucosal
homogenates of rats by 1% (w/v) NaGC (a protease inhibitor) [36]. As shown in Figure 2, 1% (w/v)
NaGC improved the absorption of CF from the small intestine to a much lower range than SLG-30. As
shown in Table 1, the AUC0→240 value of CF in the presence of 0.5% v/v SLG-30 is 3.5 times greater
than that in the presence of 1% (w/v) NaGC. These findings suggested that the absorption-enhancing
effect of SLG-30, a gemini surfactant, is more potential than typical absorption enhancers.

We also studied the absorption-improving effect of sodium laurate, as a typical absorption
enhancer and a major component of SLG-30 molecule. From Figure 2, we conclude that the effect of
sodium laurate on the enteric absorption of CF was quite low and rapid, probably because sodium
laurate itself was absorbed into the bloodstream due to its low molecular weight (approximately 288
Da), leading to a decrease in the concentration of sodium laurate at the site of absorption. This could
explain the lower Tmax observed for sodium laurate than for SLG-30. Table 1 also shows the difference
between the AUC0→240 values of CF in the presence of SLG-30 and sodium laurate. Therefore, SLG-30
by itself, rather than sodium laurate, a degradation product of SLG-30, could improve the enteric
absorption of poorly absorbable substances. These results provided three outcomes: firstly, the
superiority of the enteric absorption-enhancing effects SLG-30 over typical absorption enhancers.
Secondly, SLG-30 was effective as a whole compound and not because of lauric acid moieties present
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in the SLG-30 molecule. Finally, SLG-30 was stable in the intestines and was not degraded to its
basic components.

In this study, we examined and elucidated the absorption-enhancing mechanisms of SLG-30 in
improving the enteric absorption of poorly absorbed substances. Of all the absorption-enhancing
mechanisms, an increase in the membrane fluidity is one of the most important mechanisms of action
of many absorption enhancers. Labeling the cell membrane with fluorescent compounds allows the
tracking of membrane fluidity changes by fluorescence polarization techniques [25,28]. Enteric BBMVs
were used to study the membrane lipid fluidity in the presence of SLG-30. This was done by measuring
the fluorescence intensities and calculating the fluorescence anisotropies of DPH, tma-DPH, and
DNS-Cl [37,38]. As shown in Figure 3A, SLG-30 slightly decreased the anisotropy of DPH; meanwhile,
it decreased the anisotropy of DNS-Cl in a dose-dependent pattern, as shown in Figure 3C. These
results suggested that SLG-30 has a great effect on the protein portion of the cell membrane with a
mild effect on the inner portion between the phospholipids bilayers. However, it did not have an effect
on the outer portion of the phospholipid bilayers, as indicated in Figure 3B.

Caco-2 cell monolayers were used in this study to understand the mechanism by which SLG-30
could improve the absorption of chemical compounds and peptides. Caco-2 monolayers are more
susceptible to the cytotoxic influences of permeation enhancers than whole enteric tissue [39,40].
For this reason, we used low concentrations of SLG-30, i.e., 0.0001% (v/v), 0.001% (v/v), 0.025% (v/v),
0.05% (v/v), and 0.1% (v/v), and a low concentration of CF (10 μM). When SLG-30 was added at
concentrations used in in vivo studies, the cells were detached and severely injured. The TEER values
usually decreased when the tight junctions between the adjacent cells were opened. In the present
study, SLG-30 at all concentrations, significantly decreased the TEER values, suggesting that this
enhancer might open the tight junctions, even at low concentrations, thereby increasing the transport
of CF. The TEER values did not recover to the baseline when high concentrations of SLG-30 were
used, while in the in vivo absorption studies, we noticed that the concentrations of CF in the plasma
decreased [22]. This distinction might be explained by the nature of Caco-2 cells, which are more
sensitive than the enteric cells and have a lower ability to remove any substance away from the cell
surface than in vivo enteric cells [12,40].

In the present work, we also compared the effects of typical absorption enhancers and SLG-30 on
Caco-2 cells. As shown in Figure 5B, the effects of NaGC were consistent with the results of previous
report [24] and with the in vivo studies. NaGC at a concentration of 1% (w/v) might also open the tight
junctions to an extent lower than SLG-30. The cumulative amounts of CF (Figure 7) after using 1%
(w/v) NaGC was also less than that obtained after using 0.001% (v/v) of SLG-30, thus confirming the
superiority of SLG-30 over NaGC. Figure 4B also indicates that sodium laurate significantly decreased
the TEER values without recovering and, with a significant cumulative amount of CF (Figure 5), even
more than that of 0.1% (v/v) SLG-30, while in the in vivo studies, the absorption enhancement ratio
for SLG-30 was better than that of sodium laurate. This discrepancy can be partially explained by
the highly toxicity effects of sodium laurate on Caco-2 cells. As Figure 6A shows, the amount of
LDH released from Caco-2 cells was significant, and sodium laurate might cause a disintegration of
Caco-2 cell monolayers and a rupture of cell membranes which led to a high permeability of CF to the
basal side.

We previously reported the in vivo safety of SLG-30, as an absorption enhancer for the enteric
epithelium [22]. The results of toxicity studies on Caco-2 cells (Figure 6A) also confirm the safety
of SLG-30 on the intestinal epithelium. Apparently, SLG-30 might loosen the tight junctions to an
extent enough for drug permeability but not enough to cause cell detachment, as in the case of sodium
laurate, or to cause damage to the cell membrane, as suggested by the normal release of LDH.

Many previous studies have suggested the importance of claudin family proteins (molecular
masses of approx. 23 kDa) to tight junctions to function properly [41,42]. Occludin family proteins
are also important tight junction components. However, the deletion of occludin did not cause a
disturbance of the TJs barrier function [43], and whether occludin is a major part of TJs remains unclear.
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Claudins, which have molecular weight of approx. 23 kDa, comprise a multigene family consisting
of more than 20 members. In our experiment, we studied the levels of claudin-1 and claudin-4
after treatment with 0.5% (v/v) SLG-30. The expression levels of both claudin-1 and claudin-4 were
impaired (Figure 7A), suggesting that the loosening of TJs might be connected to the decrease in
the levels of these proteins and that SLG-30 increased enteric transport of substances through the
paracellular route. The pretreatment studies indicated that these proteins levels recovered, although at
different rates, which could explain the partially reversible effects of SLG-30 [22]. It seems that the
tight junctions might need more than 4 h for recovery. However, other proteins involved in TJs should
be tested, including occludin and ZO-1, and further studies are required to understand the underlying
mechanism of the decrease in these protein levels.

These findings also suggested that SLG-30 might enhance the enteric absorption of substances
through a paracellular route in addition to a transcellular route.

5. Conclusions

Comparative studies conducted in vivo and in vitro showed that SLG-30, a gemini surfactant, had
a greater absorption-improving effect than typical absorption enhancers, including NaGC and sodium
laurate. Furthermore, the study also suggested that SLG-30 was stable in the intestines and acted as
a whole compound to ameliorate the enteric absorption of poorly absorbed substances. The in vitro
evaluation of membrane damage results confirmed the safety of SLG-30 on the enteric membrane.
SLG-30 might also improve absorption through the transcellular route by changing the membrane
fluidity. In addition, in vitro mechanistic studies suggested that SLG-30 might affect tight junctions
by decreasing the levels of claudin-1 and claudin-4; thus, SLG-30 might open TJs and enhance the
permeability through the paracellular route.
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Abstract: The absorption of drugs is limited by the epithelial barriers of the gastrointestinal tract.
One of the strategies to improve drug delivery is the modulation of barrier function by the targeted
opening of epithelial tight junctions. In our previous study the 18-mer amphiphilic PN159 peptide
was found to be an effective tight junction modulator on intestinal epithelial and blood–brain barrier
models. PN159, also known as KLAL or MAP, was described to interact with biological membranes
as a cell-penetrating peptide. In the present work we demonstrated that the PN159 peptide as
a penetration enhancer has a dual action on intestinal epithelial cells. The peptide safely and
reversibly enhanced the permeability of Caco-2 monolayers by opening the intercellular junctions.
The penetration of dextran molecules with different size and four efflux pump substrate drugs
was increased several folds. We identified claudin-4 and -7 junctional proteins by docking studies
as potential binding partners and targets of PN159 in the opening of the paracellular pathway.
In addition to the tight junction modulator action, the peptide showed cell membrane permeabilizing
and antimicrobial effects. This dual action is not general for cell-penetrating peptides (CPPs), since
the other three CPPs tested did not show barrier opening effects.

Keywords: absorption enhancer; antimicrobial peptide; Caco-2; claudin; cell-penetrating peptide
(CPP); drug delivery; intestinal epithelial cells; KLAL; PN159; tight junction modulator
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1. Introduction

The oral administration of medicines is the most common method in drug therapy because of its
easy administration and good patient compliance. However, the absorption of several drugs is limited
in the gastrointestinal tract by the barriers composed of epithelial cell layers [1]. Since the non-invasive
delivery of orally administered hydrophilic drugs or biopharmaceuticals to the systemic circulation is
still a challenge, several strategies and molecules have been investigated as penetration enhancers,
including biosurfactants, sucrose esters and peptides [1–3].

Tight junctions (TJs) between epithelial cells form the anatomical basis of the intestinal barrier
which is one of the main biological barriers in our organism and the body’s largest interface with
the external environment [1]. These TJs, located in the apical regions of cells, close the intercellular
gap and thus determine the paracellular permeability and the tightness of the epithelial barriers [1,
4]. The absorption level and rate across biological barriers depends on the composition of cellular
membranes, the anatomical structures, and the expression pattern of TJ proteins and transporters in
the cell membrane [5]. TJs are complex structures composed of integral membrane proteins including
among others the occludin protein and the claudin family [6].

One of the basic strategies to improve drug delivery is the modulation of barrier function by
the targeted opening of TJs [1] Peptides which act directly on TJs and modulate their permeability
are potential candidates to increase the absorption of hydrophilic or large therapeutic molecules in a
non-invasive manner [1,7]. In our recent work six TJ modulator peptides acting on different targets
were compared using culture models of the intestinal and the blood-brain barriers [8]. All the six
peptides induced reversible opening of TJs but barrier selectivity and differences in efficacy were
observed. We found the PN159 as the most effective TJ modulator peptide on both barrier models [8].
This peptide was identified as a TJ modulator on cultured human bronchial epithelial cell layers
in 2005 [4]. PN159 peptide effectively increased the permeability of respiratory epithelium both in
culture and animal experiments [9]. The specific target proteins of the peptide were unknown, but
we demonstrated that PN159 interacts with the extracellular loops of integral membrane TJ proteins
claudin-1 and -5 [8].

The amino acid sequence of the 18-mer PN159, KLALKLALKALKAALKLA-amide, contains
several KLA motifs, and therefore it is also named as KLA or KLAL peptide [10]. The other name
of this peptide is MAP, which stands for model amphipathic peptide [11,12]. The structure of the
lipid vesicle-bound PN159 peptide is mostly α-helical [10] and strongly interacts with biological
membranes [10,13]. Cell-penetrating peptides (CPPs) are a group of short natural or synthetic peptides
with 5–30 amino acids, which by crossing cellular membranes can transport into cells a wide range
of small and macromolecules, including nucleic acids, proteins, imaging agents [14]. Based on their
physical-chemical properties, CPPs can be classified into groups. The most investigated CPPs belong to
the amphipathic class. These peptides contain hydrophilic and hydrophobic motifs and are especially
rich in lysine, arginine, leucine and alanine. Examples include the PN159 peptide [10,11]; the cyclic
ϕ-peptide [15] and Pep-1 [16]. Among the cationic CPPs penetratin [17] or polyarginine peptides [18]
are extensively investigated.

CPPs are structurally similar to antimicrobial peptides, which are important defense elements
of the innate immunity, and accordingly, they show an antimicrobial effect against pathogens [19].
Bacterial resistance is a growing clinical problem, as it was highlighted by the Infectious Diseases
Society of America publishing the list of ESKAPE pathogens (Enterobacter species, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterococcus faecium) [20].
This group of microbes causes the large majority of nosocomial infections throughout the world.
The combat antibiotic resistance, CPPs can be promising alternative molecules, since increased
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sensitivity (collateral sensitivity) for antimicrobial peptides were found in antibiotic-resistant
Escherichia coli strains [21].

As a culture model of the intestinal epithelial barrier, we used in our study the Caco-2 human cell
line resembling the epithelium of the small intestine both from structural and functional aspects [22].
The cells have polarized cell morphology, grow in monolayer, possess microvilli, form TJs, express
nutrient and efflux transporters, and show good correlation with in vivo data [23,24]. Caco-2 epithelial
cells are routinely used in drug permeability studies [24,25].

Crucial parameters for absorption enhancers include their safety, reversibility and efficacy.
There are no data available about the effectiveness and safety of PN159 peptide on the intestinal
barrier, so our primary goal was to test the TJ modulator peptide for these aspects. Therefore, the aim
of the study was to (i) determine the influence of long-time and concentration-dependent effects of
treatments with PN159 peptide on intestinal epithelial cell viability, barrier function and recovery; (ii)
test the effect of PN159 peptide on drug penetration across the intestinal barrier model; (iii) identify
further potential targets of this TJ modulator peptide by molecular modelling; (iv) measure the cell
uptake of the PN159 in intestinal epithelial cells and its antimicrobial activity on ESKAPE pathogens;
and (iv) test other CPPs for the TJ modulator effect.

2. Materials and Methods

2.1. Materials

All reagents were purchased from Sigma-Aldrich Ltd. (Budapest, Hungary) except for those
specifically mentioned.

2.2. Peptide Synthesis

PN159 peptide (KLALKLALKALKAALKLA-amide) [4,10], and Pep-1 (Chariot) peptide
(KETWWETWWTEWSQPKKKRKV-amide) were synthesized manually on a 0.5 mmolar scale with
the use of standard Fmoc-chemistry on a Rink-amide resin. Couplings were performed in DMF with
three-fold excess of DCC, HOBt, and Fmoc-amino acids for 3 h at ambient temperature. In the case of
octaarginine (RRRRRRRR-amide, R8) three-fold excess of HATU and six-fold excess of DIPEA was used.
Fmoc deprotection was performed in 20% piperidine/DMF mixture for 20 min. The peptides were
cleaved from the resin by incubating them with the mixture of TFA/water/triisopropylsilane (48:1:1
volume ratio), precipitated with diethyl-ether and lyophilized. Crude peptides were purified using a
Shimadzu semi-preparative high-performance liquid chromatography (HPLC) instrument equipped
with a Phenomenex JupiterC18 column, in the following solvent system: (A) 0.1% aqueous TFA and
(B) 0.1% TFA in 80% aqueous acetonitrile, in a linear gradient mode. Analysis and purity control were
carried out on an analytical HPLC instrument (HP Model 1100 liquid chromatograph equipped with
a Phenomenex Jupiter C18 column). Quality control of the peptides was done by performing mass
spectrometric measurements on a FinniganTSQ-7000 triple quadrupole mass spectrometer in positive
ion mode.

The cyclic ϕ-peptide (cyclo[CGGFWRRRRGE(εAca)G])was also synthesized manually on a
0.5 mmolar scale with the use of Boc-chemistry on a MBHA-HCl resin, by applying a native chemical
ligation strategy. Couplings were performed in DMF with three-fold excess of DIC, HOBt, and
Boc-amino acids for 3 h at ambient temperature. Boc deprotection was performed in TFA/DCM (1:1
volume ratio) mixture for 20 min. The peptide was cleaved from the resin by the standard HF method.
Native chemical ligation was performed with 2% thiophenol in an ammoniumacetate solution (0.1 M)
at room temperature for 12h. Cyclic crude peptide was purified and analyzed as described above.

2.3. Cell Culture

The human Caco-2 intestinal epithelial cell line was purchased from ATCC (cat.no. HTB-37).
Caco-2 cells were grown in DMEM/HAM’s F-12 culture medium with stable glutamine
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(Life Technologies, Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(Life Technologies, Gibco, Carlsbad, CA, USA and 50 μg/mL gentamycin in a humidified incubator
with 5% CO2 at 37 ◦C. All plastic surfaces were coated with 0.05% rat tail collagen in sterile distilled
water before cell seeding.

2.4. Peptide Treatment

The PN159 peptide stock solution (5 mM) was prepared freshly in sterile DMSO. Treatment
solutions were further diluted in Ringer-Hepes (150 mM NaCl, 6 mM NaHCO3, 5.2 mM KCl,
2.2 mM CaCl2, 0.2 mM MgCl2, 2.8 mM D-glucose, 5 mM Hepes; pH 7.4) or cell culture medium.
Final concentrations of the peptide in treatment solutions were as follows: 1, 3, 10, 30 and 100
μM for cell viability assays; 1, 3, 10 and 30 μM for the barrier integrity assays and 10 μM for the
recovery measurements.

The stock solutions of the three reference CPPs were the following: Pep-1: 1 mM in distilled water
(DW); R8: 1 mM in DW; ϕ-peptide, 5 mM in DW and 2.5% DMSO. The 100 μM working solutions
were dissolved in cell culture medium or Ringer–Hepes buffer. We prepared all solutions freshly in
sterile conditions.

2.5. MTT Assay

For the cell viability assays Caco-2 epithelial cells were seeded to 96-well plates at the density of
6 × 103 cells/well (Orange Scientific) and cultured for 3-5 days. Confluent cultures were treated with
PN159 peptide (1, 3, 10, 30 and 100 μM) in phenol red free DMEM (Life Technologies, Gibco, Carlsbad,
CA, USA) for 1-h. This viability assay was performed at three different time points: (i) immediately
after the 1-h treatment, (ii) at one-day recovery, (iii) at one-week recovery. To determine 100% toxicity,
cells were incubated with 1 mg/mL Triton X-100 detergent. After treatment the medium was changed
and 0.5 mg/mL MTT (3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution was
added to the cells for 3 h. During the incubation cells were kept in a CO2 incubator. The metabolic
activity of cells is reflected by the conversion of the yellow MTT dye to purple formazan. Formazan
crystals were dissolved in DMSO and the amount of converted dye was determined by measuring
absorbance at 595 nm wavelength with a microplate reader (Fluostar Optima, BMG Labtechnologies,
Ortenberg, Germany). Cell viability and/or metabolic activity was calculated as percentage of dye
conversion by non-treated cells.

2.6. Impedance Measurement

Kinetics of epithelial cell reaction to PN159 peptide treatment was monitored by impedance
measurement at 10 kHz (RTCA-SP instrument, ACEA Biosciences, San Diego, CA, USA). Impedance
measurement is non-invasive, label-free and real time, and linearly correlates with adherence, growth,
number and viability of cells [2,26]. For background measurements 50 μL cell culture medium was
added to the wells, then cells were seeded at a density of 6 × 103 cells/well to the coated 96-well
plates with integrated gold electrodes (E-plate 96, ACEA Biosciences). Cells were cultured for 5–7 days
in a CO2 incubator at 37 ◦C and monitored every 10 min until the end of experiments. Cells were
treated with PN159 peptide solutions at 1, 3, 10, 30 and 100 μM concentrations at the beginning of
the plateau phase of growth and the effects were followed for 1-h or 24 h. To measure cell recovery,
peptide solutions were changed to culture medium and the impedance was monitored for one week.
Culture medium was changed every 2 days. Caco-2 cells were also treated with the three selected CPPs,
Pep-1, R8 and ϕ-peptide, at 100 μM concentrations at the beginning of the plateau phase of cell growth
for 24-h. Triton X-100 detergent (1 mg/mL) was used as a reference compound to induce cell death.
Cell index was defined as Rn-Rb at each time point of measurement, where Rn is the cell-electrode
impedance of the well when it contains cells and Rb is the background impedance of the well with the
medium alone.
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2.7. Measurement of the Electrical Resistance of Caco-2 Cell Layers

For the measurement of barrier integrity Caco-2 cells were seeded onto culture inserts (Transwell
3460, polyester membrane, 0.4 μm pore size, Corning Costar) and cultured for three weeks [2,24].
Transepithelial electrical resistance (TEER) reflects the tightness of the intercellular junctions. TEER was
measured by an EVOM volt-ohmmeter (World Precision Instruments, Sarasota, FL, USA) combined
with STX-2 electrodes, and was expressed relative to the surface area of the monolayers (Ω × cm2).
Resistance of cell-free inserts (130 Ω × cm2) was subtracted from the measured values. TEER
values were measured before and right after permeability experiments). TEER values indicated
the integrity and paracellular permeability of cell layers for ions. The TEER of Caco-2 monolayers was
1302 ± 49 Ω × cm2 (mean ± SD; n = 46) after 3 weeks culturing. For the recovery experiment, after
changing the 10 μM peptide solutions to culture medium, TEER was monitored for one day.

2.8. Penetration of Marker and Drug Molecules across Caco-2 Cell Layers

In the permeability experiments inserts with Caco-2 cell layers grown for 3 weeks were transferred
to 12-well plates containing 1.5 mL Ringer–Hepes buffer in the lower (basal or acceptor) compartments.
In the upper or apical compartments culture medium was replaced by 0.5 mL buffer containing
peptide solutions: PN159 peptide at 1, 3, 10 and 30 μM concentrations and CPPs at 100 μM
concentration. Permeability marker molecules albumin (1 mg/mL; Mw: 65 kDa) labeled with Evans
blue (167.5 μg/mL) and fluorescein (10 μg/mL; Mw: 376 Da) were added 30 min later. The incubation
with permeability markers in the presence of PN159 peptide lasted for 30 min. In case of CPPs
the incubation time with fluorescein was 1-h. Samples were collected from both compartments
and the concentrations of the marker molecules were determined by a fluorescence multi-well plate
reader (Fluostar Optima; excitation wavelength: 485 nm, emission wavelength: 535 nm in the case of
fluorescein and excitation wavelength: 584 nm, emission wavelength: 680 nm in the case of Evans-blue
labeled albumin). Fluorescein isothiocyanate (FITC)-labelled dextran marker molecules (Table 1) were
used at 1 mM concentrations, and fluorescence intensities of collected samples were measured using
a Fluorolog FL3-22 (Horiba Jobin Yvon, Paris, France) spectrofluorometer using 492 nm excitation
wavelength, 515 nm emission wavelength, and 0.5 s integration time. Drugs were used at 10 μM
concentrations and samples were measured by HPLC as described below. The apparent permeability
coefficients (Papp) were calculated as described previously [8,24]. Briefly, cleared volume was calculated
from the concentration difference of the tracer in the basal compartments (Δ[C]B) after 30 min and
apical compartments at 0 h ([C]A), the volume of the basal compartment (VB; 1.5 mL) and the surface
area available for permeability (A; 1.1 cm2).

Table 1. The amino acid sequences of the tested cell-penetrating peptides.

CPPs Amino Acid Sequence References

PN159 (KLAL/MAP) KLALKLALKALKAALKLA-amide [4,10]
Pep-1 KETWWETWWTEWSQPKKKRKV-amide [16]

R8 RRRRRRRR-amide [18]
ϕ-peptide cyclo[CGGFWRRRRGE(εAca)G] [15]

2.9. High-Performance Liquid Chromatography (HPLC)Analytical Procedures

Analytical measurements were performed on a Merck-Hitachi LaChrom HPLC system equipped
with an ultraviolet (UV) and fluorescence detector (Merck, Darmstadt, Germany). All reagents used
were of analytical reagent grade. Atenolol and verapamil were determined by using a Gemini C18
column (150 × 3 mm, 5 μm, 110 Å; Phenomenex Inc., Torrance, CA, USA) operated at 0.5 mL/min
flow rate, maintained at 35◦C. For atenolol measurements isocratic elution was applied with a mixture
of 300 mL methanol, 400 mL 100 mM ammonium acetate, 20 mL 10% ammonium-hydroxide and 2 mL
0.1 M ethylenediaminetetraacetic acid. The mobile phase for verapamil consisted of 350 mL methanol
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with 250 mL 20 mM ammonium acetate and 2 mL 10% trifluoroacetic acid with isocratic elution,
at 0.5 mL/min flow rate. UV detection for atenolol was performed at 270 nm while for verapamil
the 230 nm wavelength was adjusted. The calibration curve was linear (r2 = 0.9999) over a range of
0.01–1.5 μM for atenolol. The calibration curve for verapamil also showed a good linearity within the
examined concentration range of 0.01–1 μM (r2 = 0.9952). In both cases 10μL sample was injected into
the chromatographic system. Samples at higher than 1 μM atenolol and verapamil concentrations
were 10× diluted with Ringer–Hepes solution.

HPLC measurement of quinidine was performed using a YMC Pack Pro C18 column
(RS 150 × 2.1 mm, 5 μm, 80 Å; YMC America Inc., Allentown, PA, USA) equipped with a guard
column operated at 0.2 mL/min flow rate. The chromatographic column was maintained at 40 ◦C
and the 5 μL sample was injected onto the column. The elution of quinidine was performed with
a buffer containing a mixture of 100 mL methanol, 250 mL 0.1% ammonium acetate, and 4 mL
10% trifluoroacetic acid. Quinidine was quantified at 250/430 nm excitation/emission wavelengths.
The calibration curve was linear over the quantitation range of 0.01–1 μM (r2 = 0.9984).

HPLC measurement of cimetidine was performed using a Gemini NX column (150 × 4.6 mm,
3 μM) equipped with a guard column operated at 0.8 mL/min flow rate. The column temperature
was maintained at 40 ◦C and a 20 μL sample was injected onto the chromatographic system. A buffer
comprising of 15% acetonitrile and 85% 100 mM ammonium acetate was utilized for the isocratic
elution of cimetidine. UV detection was set at 228 nm. The calibration curve was linear (r2 = 0.9999)
over the range of 0.01–10 μM.

2.10. Electron Microscopy

Cells grown on culture inserts were treated with 10 μM PN159 peptide for 30 min and
fixed immediately after treatment or after a 1-day recovery. Cells were briefly washed with
phosphate-buffered saline (PBS) and fixed with 3% paraformaldehyde containing 0.5% glutaraldehyde
in cacodylate buffer (pH 7.4) for 30 min at 4 ◦C. After washing with the buffer several times, cells were
postfixed in 1% OsO4 for 20 min. Following a rinse with distilled water, the cells were block stained
with 1% uranyl acetate in 50% ethanol for 20 min, dehydrated in graded ethanol and after the last step
of dehydration inserts were placed in the 1:1 mixture of ethanol and Taab 812 (Taab; Aldermaston,
Berks, UK) for 10 min at 30◦C. Finally, the membranes of the culture inserts with the cells were removed
from their support and embedded in Taab 812. Polymerization was performed overnight at 60◦C.
Ultrathin sections were cut perpendicularly for the membrane using a Leica EM UC6 ultramicrotome
(Nussloch, Germany) and picked up on formvar-coated single-slot copper grids. The sections were
examined using a Hitachi 7100 transmission electron microscope (Hitachi Ltd., Tokyo, Japan) and a
side-mounted Veleta CCD camera (Olympus Soft Imaging Solutions). Altogether, 105 non-overlapping
images from the 3 groups at the same magnification were analyzed for the presence or absence of tight
junctions (control group n = 28; PN159 group n = 42; recovery group n = 35).

2.11. Immunohistochemistry

Morphological changes in interepithelial junctions after treatment with different concentrations
of CPPs (100 μM) and PN159 peptide (1, 3, 10, 30 and 100 μM) were followed by immunostaining
for claudin-1 integral membrane tight junction protein, β-catenin and zonula occludens protein-1
(ZO-1) cytoplasmic linker proteins. F-actin was stained by fluorescently labeled phalloidin. Treatments
lasted for 1 h. After peptide treatment cell layers were washed with PBS and fixed with a 1:1 mixture
of ice cold acetone and methanol for 2 min. Cells were blocked with 3% bovine serum albumin in
PBS and incubated with primary antibodies mouse anti-claudin-1 and -4, rabbit anti-ZO-1 and rabbit
anti-β-catenin (Life Technologies, Carlsbad, CA, USA) overnight. Fluorescent Atto 647N-phalloidin
(ATTO-TEC GmbH, Germany) lasted for 1 h. Incubation with Alexa Fluor-488-labeled anti-mouse and
anti-rabbit secondary antibodies (Life Technologies, Invitrogen, USA) lasted for 1 h. Bis-benzimide
dye (Hoechst 33342) was used to stain cell nuclei. After mounting (Fluoromount-G; Southern Biotech,
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Birmingham, AL, USA) the samples staining was visualized by a Leica TCS SP5 confocal laser scanning
microscope (Leica Microsystems GmbH, Wetzlar, Germany) and Visitron spinning disk confocal system
(Visitron Systems GmbH, Puchheim, Germany).

2.12. Circular Dichroism (CD) Spectroscopy

Far-UV circular dichroism (CD) spectra of the peptides were recorded at 25◦C temperature on a
J-810 spectropolarimeter (JASCO International Co. Ltd., Tokyo, Japan). The CD spectra were measured
between 260 nm and 185 nm with an optical pathlength of 1 mm, at a peptide concentration of
0.1 mg/mL in Milli-Q water diluted directly from powder. The bandwidth was 2 nm and data pitch
0.5 nm, the scan speed was set to 100 nm/min and the integration time was 1 sec. Ten spectra were
accumulated and plotted. The data were analyzed by CDSSTR method [27]. To test the thermostability
of the peptide structure the CD spectra were recorded between 25 ◦C and 55 ◦C temperature with a
ramp rate of 5 ◦C/min on a JASCO J-810 spectropolarimeter by using a Peltier sample holder. The CD
spectra were measured immediately between 260 and 185 nm with an optical pathlength of 1 mm,
the peptide concentration was 0.1 mg/mL in Milli-Q water. The bandwidth was 2 nm and data pitch
1 nm, the scan speed was set to 100 nm/min, and the integration time was 1 sec. Five spectra were
accumulated and plotted.

2.13. Molecular Modelling

Protein structures were obtained by homology modeling using the MODELLER program
package [28]. First, the structure of mouse claudin-15 was completed by homology modelling because
its X-ray structure file is lacking the fragment of residues from 34 to 41 [29]. Human claudins 1, 4 and 7
were homology modeled using the completed mouse claudin-15 as a template. The protein homology
models were further relaxed by a short (400 ns) molecular dynamics simulation in which the proteins
were embedded in a 95 by 95 Å POPC bilayer-water system containing 150 mM NaCl. Molecular
dynamics simulations were performed by the program NAMD [30], using the CHARMM27 molecular
force field with CMAP correction. The results were visualized by VMD v1.9.1. [31]. The docking studies
were performed by the CABS docking server [32] and the resulting C-alpha traces were reconstructed
by MODELLER using the python script supplied by the server homepage.

2.14. Visualization of the Uptake of PN159 Peptide in Caco-2 Cells

The Caco-2 cells were grown on glass bottomed petri dishes coated with collagen to visualize the
cellular uptake of the Bodipy FL maleimide labeled (BODIPY FL N-(2-aminoethyl) maleimide, Thermo
Fischer, Waltham, MA, USA) PN159 peptide. The cells were treated with peptide at concentrations
of 1, 3 and 10 μM for 5 min. To stain the cell nuclei the H33342dye (1 μg/mL) was used before
peptide treatment for 10 min. After peptide incubation the living cells were washed three times with
Ringer–Hepes buffer supplemented with 1%fetal bovine serum (FBS) and examined immediately with
a Visitron spinning disk confocal system.

In the case of the co-localization analysis the labeled PN159 peptide was used in 10 μM for 5 min.
Then the cellular uptake cells were fixed and immunohistochemistry was performed for claudin-4.
The samples were mounted and visualized by a Leica TCS SP5 confocal laser-scanning microscope.

2.15. Determination of Minimum Inhibitory Concentration (MIC) on Microbial Pathogens

We tested the spectrum of activity of PN159 on a set of five sensitive ESKAPE pathogens:
Staphylococcus aureus (ATCC 29213), Klebsiella pneumoniae (ATCC 10031), Acinetobacter baumannii (ATCC
17978), Pseudomonas aeruginosa (ATCC 27853), Enterobacter cloacae spp. cloacae (ATCC 13047); and one
vancomycin resistant ESKAPE pathogen, Enterococcus faecium (ATCC 700221). The MIC of PN159 on the
6 sensitive and resistant ESKAPE pathogenic strains was determined in cation-adjusted Muller–Hinton
broth. For Enterococcus faecium, which does not grow in Muller-Hinton broth, Brain-Heart-Infusion
broth was used. Minimum inhibitory concentrations (MICs) were determined by using a standard
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serial broth dilution technique [33]. Briefly, 11-step serial dilutions were prepared in 96-well microtiter
plates with three biological replicates per strain. Pathogens were inoculated into each well at a
density of 5×105 bacteria/mL, and the plates were incubated at 37 ◦C. Plates were shaken at 300 rpm
during incubation for 18 h. Cell growth was monitored by measuring the optical density (OD600
value, Synergy 2 microplate reader BioTek Instruments Inc, Winooski, VT, USA). MIC was defined as
complete growth inhibition (i.e., OD600 < 0.05). As reference compounds we tested the antimicrobial
activity of three bactericidal drugs with different modes of action. Cefoxitin inhibits the cell wall
synthesis, gentamicin (Applichem GmbH, Darmstadt, Germany) is a 30S ribosomal subunit inhibitor,
while ciprofloxacin is a gyrase inhibitor. The highest tested concentrations were 100 μg/mL in the case
of cefoxitin and gentamicin, and 10 μg/mL for ciprofloxacin.

2.16. Statistical Analysis

For statistical analysis Graph Pad Prism 5.0 software (Graph Pad Software Inc., San Diego,
CA, USA) was used. All data presented are means ± SD. Values were compared using analysis of
variance followed by Dunnett’s test. Changes were considered statistically significant at p < 0.05.
All measurements were repeated three times and the number of parallel samples was minimum three.

3. Results

3.1. Concentration-Dependent Effect of PN159 Peptide on Epithelial Cell Viability

The colorimetric endpoint MTT test was performed after a 1-h treatment with different PN159
peptide concentrations at three different time points: (i) immediately after the 1-h treatment, (ii) at
one-day recovery and (iii) at one-week recovery (Figure 1A). Low concentrations of the peptide
(1–10 μM) did not decrease cell viability, while cell damage was found at higher, 30 and 100 μM
concentrations. The cytotoxic effect of PN159 at 100 μM concentration was not reversible after one day
or even one week. The kinetics of PN159 effects on Caco-2 cells were followed by real-time impedance
measurements after 1-h (Figure 1B) or one-day treatment (Figure 1C). In both conditions only the two
highest peptide concentrations decreased the cell impedance indicating cell damage, similarly to the
results of the MTT assay.

Based on both tests, PN159 peptide treatment for 1-h was non-toxic at 10 μM or lower
concentrations, reversible at 30 μM and toxic at the highest 100 μM concentration. The results obtained
by MTT test and impedance measurement on Caco-2 cells were similar (Figure 1) and indicated that
all the used concentrations of PN159 peptide were safe, except the 100 μM. Because of its toxicity, the
100 μM concentration was not used in further experiments.
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Figure 1. (A) MTT assay after 1-h treatment with PN159 peptide on Caco-2 cells followed by 1-h, 1-day
or 1-week recovery. The MTT values are given as percent of the control group (100% viability). Values
are presented as means ± SD, n = 3–8. Statistical analysis: analysis of variance (ANOVA) followed
by Dunnett test, p < 0.05 as compared with the control groups. (B) Impedance measurements after
1-h treatment and (C) 1-day treatment followed by a recovery phase of 1-week. The effects of PN159
peptide on the impedance were shown as normalized cell index. Values are presented as means ± SD,
n = 3–8.

3.2. Concentration-Dependent Effect of PN159 Peptide on Intestinal Epithelial Barrier Integrity

All tested concentrations of the PN159 peptide significantly decreased the resistance of epithelial
cell layers after a 1-h treatment (Figure 2A). The two highest concentrations, 10 and 30 μM, opened the
paracellular barrier the most, causing 80–90% decrease in TEER. In concordance, these two highest
concentrations of PN159 showed the most effective permeability enhancer activity for both fluorescein
and albumin (Figure 2B). Because the peptide was safe for the cells but effectively opened the barrier
at 10 μM, this concentration was selected to reveal the kinetics of the reversibility of barrier opening,
and to investigate its effects on drug penetration.

 
Figure 2. Effect of 1-h PN159 treatment on barrier integrity of Caco-2 cell layers. (A) Transepithelial
electrical resistance (TEER). (B) Permeability for fluorescein and albumin marker molecules (Papp A-B
10−6 cm/s). Values are presented as means ± SD, n = 3–8. Statistical analysis: ANOVA followed by
Dunnett’s test, p < 0.05 as compared with the control groups.
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3.3. Reversible Effect of PN159 Peptide on the Opening of the Paracellular Cleft

The effect of PN159 peptide was very rapid, the electrical resistance dropped already to 42% of the
control value after 1-min treatment (Figure 3A). The decrease of TEER continued until the end of the
30-min treatment (5 min: 16%, 15 min: 2.7%, 30 min: 1.4% of the control value). After the removal of the
peptide the barrier function of Caco-2 cells was restored about 44% of the control value at six hours and
a complete recovery could be observed at the 20 h timepoint. Intact TJs providing the morphological
basis of barrier functions were visualized between Caco-2 epithelial cells in the control group by
transmission electron microscopy, but no junctions were observed following treatment with PN159
peptide (Figure 3B). The disappearance of intercellular TJs was reversible, because after 1-day recovery
the ultrastructure of epithelial junctions became similar to control cells. No open TJs were observed in
the control or recovery groups by checking the electron micrographs (28–42 images/groups).

 
Figure 3. Reversible effect of PN159 peptide (10 μM, 30-min treatment, 24-h recovery) on Caco-2
cells. (A) Kinetic analysis of transepithelial electrical resistance (TEER) after PN159 peptide treatment.
(B) Transmission electron micrographs of cell–cell connections (arrowheads); bar = 400 nm.

3.4. Effects of PN159 Peptide on the Penetration of Dextran Marker Molecules and Drugs

All these previous functional and morphological results pointed to the TJ opening effect of PN159
in Caco-2 cells which potentially can be exploited to increase drug penetration across the intestinal
barrier. The permeability of Caco-2 monolayers was measured in the apical to basal (intestine to
blood) direction for four water-soluble dextran marker molecules of different sizes (4–40 kDa) and four
drugs, the hydrophilic atenolol and cimetidine, and the lipophilic quinidine and verapamil (Table 2).
All four drugs are substrates of active efflux transporters [24]. The apparent permeability coefficients
of the large fluorescein isothiocyanate-labeled dextran (FD) macromolecules were very low in control
conditions but they were elevated by 159-400 fold following PN159 treatment. The highest increase
was measured in the case of FD-40, the largest macromolecule. In control conditions the permeability
of atenolol and cimetidine was the lowest from the tested molecules, while the highest penetration
was measured for quinidine and verapamil on Caco-2 cells. PN159 treatment caused more than
30-fold change for atenolol and cimetidine which penetrate slowly across the cells layers. The peptide
increased about 2 fold the permeability of the intestinal culture model for the lipophilic quinidine and
verapamil, which already showed a good penetration.
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Table 2. Apparent permeability coefficients of dextran marker molecules and drugs in the apical-basal
direction (Papp A-B, 10−6 cm/s) in control and PN159 treated cultures. The differences between control
and treated groups were expressed in fold changes. FD, fluorescein isothiocyanate-labeled dextran.

Markers and Drug Control PN159 Fold Change

FD-4 0.021 ± 0.001 4.2 ± 0.1 200.0
FD-10 0.025 ± 0.010 4.8 ± 0.7 192.0
FD-20 0.022 ± 0.002 3.5 ± 1.0 159.0
FD-40 0.015 ± 0.003 6.0 ± 0.3 400.0

atenolol 1.2 ± 0.3 36.3 ± 1.9 30.0
cimetidine 0.9 ± 0.2 34.5 ± 4.5 38.3
quinidine 45.0 ± 13.3 72.6 ± 2.4 1.6
verapamil 46.2 ± 3.9 86.7 ± 18.8 1.9

3.5. The Effect of PN159 Peptide on the Staining of Junctional Proteins and F-Actin

The concentration-dependent effects of the peptide on epithelial barrier integrity in Caco-2 cells
were confirmed by the immunostaining of junctional proteins claudin-1, ZO-1 and β-catenin, and the
labeling of the actin cytoskeleton (F-actin) (Figure 4). The 1 μM concentration of the peptide caused a
slight effect on cell morphology. At higher than 3 μM concentrations significant changes were observed
both in the junctional protein pattern and in the actin cytoskeleton organization. Claudin-1 was the
junctional protein most sensitive to the peptide treatment. PN159 at a concentration of 10 μM caused a
drastic change in actin cytoskeleton and epithelial junctional morphology, with a visible opening of
intercellular junctions.

Figure 4. Effects of PN159 peptide on junctional morphology of Caco-2 cells. Immunostaining for
claudin-1, β-catenin and zonula occludens-1 (ZO-1) junctional proteins and fluorescent staining for
F-actin are shown in control conditions or after 1-hour peptide treatment. Green color: immunostaining
for ZO-1, β-catenin and claudin-1. Blue color: staining of cell nuclei. Red color staining of F-actin.
Bar = 20 μm. Arrowheads indicate the opened junctions between the cells.
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3.6. Molecular Modeling of Human Claudin Proteins and Docking of PN159 Peptide

According to the CD spectra obtained, the secondary structure of PN159 peptide contains 11%
α-helix, 31% β-sheet, 24% turns and 34% unordered structure (Figure 5A). This secondary structure
of PN159 peptide was stable between 25 and 55 ◦C (Figure 5B). In concordance with the result of CD
spectra, similar secondary structure motifs were found by molecular modeling (Figure 5C).

 

Figure 5. (A) Circular dichroism (CD) spectroscopy of PN159 peptide at 25 ◦C. (B) Thermostability
measurement of the peptide structure. (C) Structure of PN159 by molecular modeling. Blue color: turn
motifs; White color: coil-coil motifs; Red color: C-terminal region.

Claudin protein structures were obtained by homology modeling using the MODELLER program
package (Figure 6A). Docking of PN159 peptide to full length homology modeled human claudin-1,
-3, -4, and -7 monomers, highly expressed in Caco-2 cells [34] was performed on the CABS server
(Figure 6B). Favorable docking poses located around extracellular loops ECL1 and ECL2 were sought
by both energetic and geometric considerations and analyzed in all docking trajectories. Docking
energies (“total energy”) were decomposed to “ligand energy”, “interaction energy” and “receptor
energy” parts (Table 3). Correct docking poses were expected to have low values not only for the total
energies, but as low as possible for all energy components simultaneously. Thus, the “ligand energy”,
“interaction energy” and “total energy” values were investigated. Based on the modeling, energetically
highly favorable interactions were found between PN159 and the ECLs of claudin-1, -4 and -7, but
not for claudin-3 (Table 3). Docked poses of PN159 with ECLs of claudin-1, -4 and -7 are shown on
Figure 6B.

Table 3. Docking energy components of PN159 to selected human claudin monomers. Etot, total energy;
Elig, ligand energy; Eint, interaction energy.

Energy Claudin-1 Claudin-3 Claudin-4 Claudin-7

Elig −34 −17 −61 −32
Eint −63 −59 −79 −186
Etot −1228 −1163 −1229 −1798

The amino acid sequence of ECL1 and ECL2 of the three claudins which showed interaction
with the TJ modulator peptide were compared and the most important amino acids which interact
with PN159 were identified (Figure 6C). Four residues in ECL1, the polar Q44 and S/N/D53, the
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hydrophobic V55 and L71, and in ECL2 the polar N/Q156 participate in major interactions with the
peptide. Q44 and V55 residues of claudin-1 and -7 form a binding pocket for L11 of the peptide, and the
same two residues of claudin-4 bind L6 and K9 (Figure 6C). The polar S/N/D53 and L71 of claudin-4
and -7 interact with K5, while the same amino acids of claudin-1 bind K12. The N/Q156 amino acid
of ECL2 of all three claudins interacts with lysine: in the case of claudin-1 this is L17 of PN159, for
claudin-4 L2, and for claudin-7 L6, L8, L15, L17. Based on the docking results, lysine, especially K1
and K5 and leucine L6 and L17 of PN159 interact with all three claudins examined (Figure 6D). After
docking of the peptide disappearance of β-strands in ECLs of claudins was observed (Figure 6B),
which seems to be correlated with the strength of interaction (Table 3). Comparing the docking energy
values of PN159 to claudins the following rank order in the strength of interaction can be established:
claudin-3 < claudin-1 < claudin-4< claudin-7. The energy values from modeling are shown in Table 3.

Figure 6. (A) Modeling human claudin-1, -4, -7 proteins. (B) Docking of PN159 peptide to claudin
proteins. Interacting residues are shown as sticks. Orange color: PN159 peptide; Yellow color: β-strands;
purple color: α-helices of claudins. (C) Amino acid sequence of ECL1 and ECL2 of human claudin
monomers 1, 4 and 7. Conserved amino acids are indicated in the boxes. The amino acids which
interact with PN159 according to docking studies are marked by yellow and light blue. Blue color
indicates interaction between the amino acids of claudins and PN159 peptide at the same position in
all three claudins. ECL: extracellular loop. (D) Interaction between PN159 peptide and human claudin
monomers 1, 4 and 7. Amino acids of PN159 peptide which interact with the claudins according
to docking.
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3.7. Cell-Penetrating Effect and Uptake of PN159 Peptide in Epithelial Cells

Besides the junctional effects, changes in the cell membrane integrity were also examined by
ethidium homodimer-1 (856.77 Da) staining of Caco-2 epithelial cells after 24-h treatments in the
concentration range of 1 to 10 μM. Only the highest PN159 concentration caused plasma membrane
entry of the red fluorescent dye, which stained cell nuclei (Figure 7A).

Figure 7. (A) Fluorescent staining of juntional protein zonula occludens-1 and double staining of
cell nuclei in Caco-2 cells after 1-h treatment with PN159 peptide. Green color: immunostaining
for ZO-1. Red color: staining by ethidium homodimer-1 (EH-1), indicating increased membrane
permeability.Blue color: staining of all cell nuclei by H33342. Bar = 10 μm. (B) Confocal microscopy
images of living Caco-2 epithelial cells incubated with Bodipy FL labeled PN159 peptide in different
concentrations for 5 min at 37◦C. Green color: BodipyFL-PN159 peptide. Blue color: staining of cell
nuclei. Bar = 10 μm.

The uptake of the fluorescently labeled PN159 peptide, reflected by the green fluorescent
signal, was visualized by confocal microscopy (Figure 7B). In Caco-2 cells treated with 1 and 3 μM
concentrations, the peptide was detectable in the cytoplasm as green dots. The cellular uptake of the
peptide in cells incubated with 10 μM concentration was more pronounced.

We confirmed the interaction of PN159 peptide with claudin-4 junctional protein by a
co-localization analysis. The labeled peptide was visible in the cytoplasm and also in the cell membrane
at the level of intercellular junctions immunolabeled for claudin-4 (Figure 8).

Figure 8. Caco-2 cells were treated with Bodipy FL labeled PN159 peptide (5 min), then fluorescent
immunostaining of junctional protein claudin-4 and staining of cell nuclei were performed. Red color:
immunostaining for claudin-4. Green color: Bodipy FL labeled PN159 peptide. Blue color: staining of
cell nuclei by H33342. Bar = 10 μm. Arrowheads indicate co-localization of claudin-4 and the labeled
PN159 peptide.
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3.8. Antimicrobial Effect of PN159

We tested the antimicrobial activity of PN159 peptide on six ESKAPE pathogens (Table 4) at a
wide range of concentration (0.8 to 70 μM). Among the tested bacteria Acinetobacter baumannii and
Enterococcus faecium were the two most sensitive strains with MIC values below 5 μM. The concentration
of PN159 to inhibit the growth of Staphylococcus aureus and Klebsiella pneumoniae was around 10 μM,
which was in similar range where peptide effects were seen on human epithelial cells. The peptide
was still effective on the vancomycin-resistant Enterobacter cloacae and on Pseudomonas aeruginosa, but
at 10-times higher concentrations than in the case of the most sensitive pathogens.

As compared to the reference bactericidal antibiotic cefoxitin, PN159 was more effective in the
case of Acinetobacter baumannii, Enterococcus faecium, Enterobacter cloacae and Pseudomonas aeruginosa.
Gentamicin and ciprofloxacin showed strong antimicrobial activity for all ESKAPE pathogens, except
Enterococcus faecium. This strain was resistant for all investigated antibiotics, however, PN159 efficiently
inhibited its growth (Table 4).

Table 4. Antibacterial activity of PN159 peptide, cefoxitin, gentamicin and ciprofloxacin antibiotics on
ESKAPE pathogens. ATCC numbers are added in brackets. MIC (μM), minimal inhibitory concentration.

ESKAPE Pethogens (ATCC) PN159 Cefoxitin Gentamicin Ciprofloxacin

Acinetobacter baumannii (17978) 3.6 222.6 0.6 0.94
Enterococcus faecium (700221) 4.4 >222.6 >143.9 >30.18
Staphylococcus aureus (29213) 9.2 6.9 1.1 1.89
Klebsiella pneumonia (10031) 13.8 3.5 0.6 0.06
Enterobacter cloacae (13047) 31.0 >222.6 1.1 0.06

Pseudomonas aeruginosa (27853) 46.4 >222.6 2.3 1.89

3.9. The Effect of Cell-Penetrating Peptides on Intestinal Barrier Integrity

The kinetics of the effects of three other CPPs on Caco-2 cells were followed by real-time
impedance measurements (Figure 9A). The R8 and ϕ-peptides decreased the cell impedance during
the 24-h monitoring which indicates a cell reaction. Changes in cell index without cytotoxic effects
most probably are caused by an increase in plasma membrane ionic permeability. There was no major
influence of CPPs on barrier integrity (Figure 9B,C) as compared to the effect of PN159. We observed a
slightly decreased TEER in the case of R8 and ϕ-peptide and only the ϕ-peptide caused an elevated
permeability for the fluorescein marker molecule. Based on these results the investigated CPPs have
no significant opening effect on the intercellular junctions, which was also verified by immunostaining
for junctional proteins (Figure 9D).

Figure 9. Cont.
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Figure 9. (A) Effects of different cell-penetrating peptides (CPPs; 100 μM, 24 h) on Caco-2 cells followed
by impedance measurements. The effects of peptides on the impedance were shown as normalized
cell index. Values are presented as means ± SD, n = 3−8. (B) Evaluation of barrier integrity on Caco-2
cell layers by measurement of transepithelial electrical resistance (TEER) after 1-h CPP treatment.
(C) Caco-2 cell layer permeability for fluorescein marker molecule (Papp A-B 10−6 cm/s) after 1-h
CPP treatment. (D) Effects of CPPs on junctional morphology of Caco-2 cells. Immunostaining for
zonula occludens-1 (ZO-1) and β-catenin junctional proteins in control conditions and after 1-h peptide
treatment. Red color: immunostaining for ZO-1 and β-catenin. Blue color: staining of cell nuclei.
Bar = 20 μm.

4. Discussion

We investigated for the first time the dual, TJ modulator and cell membrane actions of the PN159
peptide. PN159 was described as a TJ modulator and permeability-enhancing peptide on airway
epithelial cell layers in vitro and in vivo [4], and in our previous comparative work we found it also
very effective on culture models of the blood–brain and intestinal barriers [8]. The same peptide,
known also as KLAL or MAP was extensively studied for its cell membrane action as a CPP [10–12,35].
However, the identity of the differently named molecule was not previously known for the researchers
of the two fields. We demonstrated, that beside the cell-penetrating and antimicrobial effects, PN159 is
a TJ modulator on intestinal epithelial cells and by molecular modeling new members of the claudin
family were identified as its potential targets.

4.1. TJ Modulator Effect of PN159: Safety, Concentration Dependence and Reversibility

All the presented functional and morphological results point to the safe, concentration-dependent
and reversible TJ opening effect of PN159 in Caco-2 cells. The effect of the peptide on epithelial
cell viability was investigated for one and 24 h. We found that the peptide has no effect on cell
metabolism measured by MTT test or on impedance kinetics and can be considered as safe up to 10 μM.
The changes seen after higher, 30 μM concentration were fully reversible. The 100 μM concentration of
PN159 caused irreversible changes in both parameters on intestinal epithelial cells after either 1-h or
one-day treatment. Using respiratory epithelial tissue (EpiAirway model) and MTT assay, PN159 was
found to be safe at concentrations up to 100 μM for a 1-h treatment [9]. The difference between the
sensitivity of the epithelial models and also the sensitivity of the applied methods may explain the
dissimilarity of these data.

We found a marked concentration-dependence of the TJ modulator effect. With the most sensitive
method, TEER, we could determine that 1 μM PN159 already opened the paracellular cleft for ions,
while higher concentrations gradually decreased TEER. This TJ modulation by the effective but safe
10 μM concentration of the peptide was fast, within minutes, but after removal of the peptide a full
recovery was seen. This opening and complete recovery of the intestinal TJ structure was verified by
electron microscopy in the present study and by immunohistochemistry for TJ proteins both in this
and our previous work [8]. A similar concentration-dependent and reversible effect of PN159 on TEER
was found on airway epithelial tissue, too [4].
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The concentration dependence of the TJ modulator effect of the peptide was also detected in the
permeability assay for a small and a large hydrophilic marker, fluorescein and albumin. A similarly
high permeability increase with a full reversibility was measured for the same markers on both Caco-2
and blood–brain barrier culture models with the 10 μM concentration of PN159 peptide [8]. This action
of the peptide was verified by the immunostaining of junctional proteins with higher concentrations
causing bigger alterations in junctional protein intensity and distribution. Other claudin-specific TJ
modulator peptides act similarly on junctional protein staining as well as on permeability of epithelial
and endothelial cells [36,37].

In addition, the opening of the paracellular pathway in Caco-2 monolayers was measured by four
dextran markers with size between 4 and 40 kDa. The apparent permeability coefficients of the large
dextran macromolecules were very low in control conditions. PN159 treatment (10 μM) elevated the
dextran penetration by 159- to 400-fold. The highest increase was measured in the case of the largest,
FD-40 marker. The concentration dependency of the permeability increasing effect of PN159 was also
observed on the EpiAirway model, but in the concentration range of 25 to 100 μM. The elevation of the
permeability was 10- to 30-fold for FD-4 [4] and for peptide hormones with the same size [9].

To study the effect of PN159 on drug penetration, we tested two hydrophilic and two lipophilic
drugs, which are substrates of active efflux transporters [24,38]. The permeability of hydrophilic
atenolol and cimetidine was very low, while high penetration was measured for the lipophilic quinidine
and verapamil on Caco-2 cells in agreement with our previous study [24]. PN159 treatment caused
more than 30-fold permeability elevation for atenolol and cimetidine which penetrate slowly across
the cell’s layers. The peptide increased about 2-fold the permeability of the intestinal culture model for
the lipophilic quinidine and verapamil, which already showed a high penetration. The permeability
of the slightly lipophilic plant alkaloid, galantamine (287 Da), a substrate of P-glycoprotein, was
also increased 2 to 3-fold by PN159 in airway epithelial tissue model [9] confirming the peptide’s
penetration enhancer effect.

4.2. Tight Junction (TJ)Modulator Effect of PN159: Interaction with Claudins

In our previous study, binding of PN159 in the micromolar range to epithelial claudin-1
and endothelial claudin-5 was demonstrated by affinity measurements and confirmed by docking
studies [8]. In this report we describe an additional two intestinal epithelial junctional proteins,
claudin-4 and -7 which are highly expressed in Caco-2 cells [34], as potential targets of the peptide
by molecular docking. All these results suggest that PN159 peptide may open cell–cell junctions by
acting on claudins, the most prominent family of integral membrane junctional proteins. C-CPE and
C1C2 tight junction modulator peptides were also described to target claudins. C-CPE is a fragment
of Clostridium perfringens enterotoxin which directly binds claudin subtypes including claudin-3 and
-4 and induces disintegration of tight junctions [39]. The peptidomimetic C1C2 which contains the
C-terminal half of ECL1 of claudin-1 predominantly binds to claudin-1 and -5, opens the paracellular
barrier in cultured cells and causes cytosolic distribution of claudin-1, -2, -3, -4, and -5 [36]. What is
common in the action of these three TJ modulator peptides is that they have specific interactions with
conserved amino acids of claudins [8,40], however, these peptides do not share any similarity in their
amino acid sequence. The secondary structure of C1C2 consists of β-sheet stabilized by α-helix [40],
the claudin-binding domain of C-CPE is a nine-stranded β-sandwich [41], while according to our
CD measurements and molecular modelling PN159 also contains β-sheet in addition to α-helix. This
structural similarity between the three different but claudin-targeting peptides may be linked to the TJ
modulator effect.

4.3. Cell Penetration and Antimicrobial Effect of PN159

We observed a concentration-dependent cellular uptake of PN159 on intestinal barrier cells as
reflected in the confocal microscope images. PN159 has a fast uptake in human melanoma cells,
treatment with 1 μM concentration already causing detectable entry of the peptide into the cells, in
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concordance with our results [12]. The cellular uptake of PN159 was also verified on other four cell
lines [42]. After treatment with a concentration of 10 μM, the peptide entered the cytoplasm of cells
without cytotoxic effects, similar to our data.

Most of the CPPs have antimicrobial activity due to their structural properties, especially the
cationic and the amphipathic membrane active peptides [13]. Based on literature data the amphipathic
PN159 effectively inhibited the growth of different microorganisms, like Escherichia coli, Staphylococcus
epidermidis, Bacillus megaterium, Saccharomyces cerevisiae [10,19,43]. In this study we demonstrated
the antimicrobial activity of PN159 peptide in the concentration range of 3–46 μM on clinically
relevant ESKAPE pathogens. As compared to the reference antibiotics, PN159 was more effective in
the inhibition of the growth of Acinetobacter baumannii, Enterococcus faecium, Enterobacter cloacae and
Pseudomonas aeruginosa. (Table 4).

Comparing our results with data from the literature, another amphipathic antimicrobial peptide,
melittin, inhibited the growth of Escherichia coli and Micrococcus luteus [44] and was also tested against
three of the ESKAPE pathogens. Acinetobacter baumannii and Pseudomonas aeruginosa were more
sensitive for melittin treatment, than Klebsiella pneumoniae: for the inhibition of growth of Klebsiella
pneumoniae more than 100 μM melittin was needed [45], while in our study around 10 μM PN159 was
already effective.

PN159, as a model amphipathic CPP peptide, strongly interacts with biological membranes due to
its physical-chemical properties. As a CPP, PN159 enters epithelial cells [42], enhances the membrane
penetration of molecules and exerts antimicrobial effects [10,11]. Because PN159 binds different
claudins and interacts specifically with their conserved amino acids, it acts as a TJ modulator [8].
It is an open question, however, if the plasma membrane and the TJ modulator actions of PN159 are
connected or not.

4.4. TJ Modulator Effect of Other CPPs?

Based on these results we asked the question whether this TJ modulator ability is a unique
effect of PN159 among the CPPs or not. Therefore, we have tested two other amphipathic CPPs,
the widely used Pep-1 [16] and the cyclic ϕ-peptide [15], and one cationic CPP, R8 peptide [18]
on the barrier integrity of Caco-2 monolayers. None of the tested CPPs had a TJ modulator effect
similar to PN159. There was no change in the TEER values and only the ϕ-peptide increased the
permeability of fluorescein. Since no effect was seen on junctional staining in epithelial cells treated
with ϕ-peptide, the increase in permeability and decrease in the cell layer impedance may be linked
to the cell membrane action of this CPP [15]. As we demonstrated by our modeling results, PN159
peptide interacts with conserved residues of the claudins investigated (Figure 6) suggesting its ability
for specific interactions [8]. The amino acid sequence of PN159 results in an amphipathic helix
structure [10], which is not characteristic of the other CPPs investigated in our paper. From the other
three investigated peptides, R8 and ϕ-peptide have positively charged arginine clusters (Table 1) and
are considered as clearly cationic CPPs [17]. Pep-1 also contains a positively charged amino acid cluster
and is rich in tryptophan repeats (Table 1). Neither PN159 contains clusters of arginine or positively
charged amino acids, nor tryptophan (Table 1). While we have not found a CPP with a TJ modulator
effect in the current study, we cannot exclude that other membrane active peptides can have such dual
action. The amphipathic antimicrobial peptide melittin enhanced the paracellular permeability for
dextran marker molecules on Caco-2 cells [46]. The opening of TJs by melittin was mediated, at least
partially, by the prostaglandin signaling pathway [46].

5. Conclusions

We demonstrated that PN159 (KLAL/MAP) peptide as a penetration enhancer has a dual
action on intestinal epithelial cells. The peptide safely and reversibly enhances the permeability
of model molecules and drugs through intestinal epithelial cell layers by opening the intercellular
junctions. We identified claudin-4 and -7 junctional proteins by docking studies as potential binding
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partners and targets of the peptide in the opening of the paracellular pathway. In addition to the
tight junction modulator action, the peptide has a concentration-dependent cellular uptake and
cell membrane permeabilizing effect, which can also contribute to its penetration-enhancing effect.
This dual action is not general for cell-penetrating peptides, since the other three CPPs tested did not
show barrier opening effects. Therefore, we propose the investigation of CPPs for testing their effect
on paracellular permeability.
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Abstract: Salcaprozate sodium (SNAC) and sodium caprate (C10) are two of the most advanced
intestinal permeation enhancers (PEs) that have been tested in clinical trials for oral delivery of
macromolecules. Their effects on intestinal epithelia were studied for over 30 years, yet there is still
debate over their mechanisms of action. C10 acts via openings of epithelial tight junctions and/or
membrane perturbation, while for decades SNAC was thought to increase passive transcellular
permeation across small intestinal epithelia based on increased lipophilicity arising from non-covalent
macromolecule complexation. More recently, an additional mechanism for SNAC associated with a
pH-elevating, monomer-inducing, and pepsin-inhibiting effect in the stomach for oral delivery of
semaglutide was advocated. Comparing the two surfactants, we found equivocal evidence for discrete
mechanisms at the level of epithelial interactions in the small intestine, especially at the high doses
used in vivo. Evidence that one agent is more efficacious compared to the other is not convincing,
with tablets containing these PEs inducing single-digit highly variable increases in oral bioavailability
of payloads in human trials, although this may be adequate for potent macromolecules. Regarding
safety, SNAC has generally regarded as safe (GRAS) status and is Food and Drug Administration
(FDA)-approved as a medical food (Eligen®-Vitamin B12, Emisphere, Roseland, NJ, USA), whereas
C10 has a long history of use in man, and has food additive status. Evidence for co-absorption of
microorganisms in the presence of either SNAC or C10 has not emerged from clinical trials to date,
and long-term effects from repeat dosing beyond six months have yet to be assessed. Since there
are no obvious scientific reasons to prefer SNAC over C10 in orally delivering a poorly permeable
macromolecule, then formulation, manufacturing, and commercial considerations are the key drivers
in decision-making.

Keywords: oral macromolecule delivery; oral peptides; sodium caprate; salcaprozate sodium;
epithelial permeability; epithelial transport

1. Introduction

Despite an increasing trend in drug discovery and development in favor of biologics
(macromolecules), poor oral availability remains a major impediment to even more widespread
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application. One group of macromolecules, peptides and proteins, are especially advocated due to
excellent specificity, selectivity, safety, and efficacy. Indeed, a combined ~240 were marketed since the
1980s [1]. Of that list, 12% have <60 amino acids, designating approximately 30 peptides from that
total [2]. Over 90% of peptides are injectable formulations, with just 4% delivered orally, and even
lower percentages delivered via the skin and airway routes [2]. Recent progress was made toward the
development of oral formulations for peptides where there are scientific, patient acceptability, and
commercial arguments for non-injectable alternatives, especially for those that are used chronically
and require frequent dosing (e.g., glucagon-like peptide 1 (GLP-1) analogs) [3]. The oral route offers
greater patient compliance and can generate large market sales for molecules working indirectly
on the same overall biological target, even if overall efficacy is lower than parenteral options. This
is the case for oral dipeptidyl peptidase 4 (DPP-4) small-molecule inhibitors in competition with
injectable GLP-1 peptide analogs [4]. Oral administration of peptides is limited by local conditions
within the gastro-intestinal (GI) tract except for two relatively low-molecular-weight (LMW) examples
designed for systemic delivery: a microemulsion of cyclosporin (Neoral®, Novartis, Switzerland) and
a conventional solid-dose formulation of desmopressin (Minirin®, Ferring, USA) [5]. However, these
examples are exceptions based on the atypical macrocycle structures of the two peptides, yielding oral
bioavailabilities (BA) of 30–40% for lipophilic cyclosporine in Neoral® and just 0.17% for the highly
potent hydrophilic desmopressin, Minirin® [6].

2. Challenges for Oral Delivery of Macromolecules

Oral administration of hydrophilic macromolecules with a molecular weight (MW) above 1000 Da
remains a challenge due to susceptibility to pH and gastric/small intestinal enzymes, as well as low
intestinal epithelial membrane permeability. The low permeability results from minimal passive
or carrier-mediated transcellular permeation across phospholipid bilayers, as well as restricted
paracellular transport via tight junctions. If they were small molecules, peptides would likely be
assigned to Class III of the biopharmaceutics classification system (BCS), typically exhibiting high
aqueous solubility (but not always) and low intestinal permeability. It is noteworthy that, even
in the example of cyclosporine where the fraction absorbed (fabs) is high, sensitivity to intestinal
cytochrome P450 metabolism and P-glycoprotein efflux reduce the BA [7]; its primary problem is
intestinal wall metabolism, not permeability. Other variables also impact the feasibility of oral delivery
of macromolecules. If the plasma half-life (t 1

2
) is too short, it will not be economically viable to

administer a peptide candidate in multiple daily oral doses, where safety, efficacy, and variability
issues would also arise. Similarly, a large therapeutic index (TI) is important in the context of selecting
potent macromolecules as oral candidates, since efficacy and safety need to be addressed at the low
and variable BA values that may be achieved even with successful oral formulations.

Investigators attempted to address pre-systemic degradation and poor permeation in the same
formulation. A common approach is to combine peptidase inhibitors with absorption-modifying
excipients (AMEs) or chemical permeation enhancers (PEs). These are usually formulated in enteric-coated
dosage forms [6], although those formulated with salcaprozate sodium (SNAC), the leading candidate
PE of the Eligen® technology (Emisphere, NJ, USA), do not seem to require coating [8]. In addition
to avoiding degradation by gastric enzymes and low pH, enteric-coated capsules and tablets avoid
dilution and premature release of both PE and macromolecule in the stomach. Furthermore, coatings
can assist in promoting co-release of both in high concentrations at the same region to maximize
intestinal permeability [9], a formulation goal to maximize payload delivery. Incorporation of PEs
in conventional oral dosage forms is considered a relatively basic technology approach to address
macromolecule permeability [10]. However, the ease with which PEs can be incorporated into delivery
systems without the need for sophisticated and costly formulation made them more commercially
attractive compared to, for example, nanotechnology [11] and device-based systems [12]. The majority
of formulations currently in clinical trials for oral peptides are, therefore, based on PEs, whereas most
nanotechnology and device-based systems remain in preclinical research [6]. This scenario may change
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if PE-based formulations only prove efficacious and commercially viable for exceptions: highly potent,
stable, long-t 1

2
molecules of relatively low MW, and with a large TI.

3. Intestinal Permeation Enhancers

Numerous compounds including surfactants, bile salts, bacterial toxins, chelating agents, and
medium-chain fatty acids (MCFA) proved to be effective PEs for poorly permeable molecules in in vitro
and in vivo studies [10,13]. A comprehensive analysis of the majority of intestinal PEs from these
classes that are used with peptides is available [10]. PEs that increase permeability across Caco-2
monolayers, isolated intestinal tissue mucosae, and in rodent models may also improve oral BA in
humans, but this is not guaranteed since such studies are predominantly based on admixtures with
payloads, not oral formulations. Furthermore, scale-up of the final formulation, PE dose, dilution,
spreading, and release of both PE and payload during transit in the human GI tract, as well as the
influence of enzymes, bile salts, and lipids in human intestinal fluids, must all be taken into account
when attempting to make oral BA predictions for humans from preclinical studies. There are currently
over 50 clinical trials in which PEs were shown to increase oral absorption of poorly permeable
molecules, mostly achieved using surfactants [14]. The most widely tested PEs in these trials include
Eligen® carriers, MCFAs, acyl carnitines, bile salts, and ethylenediaminetetraacetic acid (EDTA) [15].
The MCFA, sodium caprate (C10), and the C8 derivative, salcaprozate sodium (SNAC), are of particular
interest as they had over 20 years of development in proprietary delivery platforms and have been
tested in human trials more than any other PEs. C10 was originally developed as the main component
of an oral solid-dosage form (GIPETTM, Gastro-Intestinal Permeation Enhancement Technology) by
Elan Pharma (Dublin, Ireland), and then, following licensing, by Merrion Pharmaceuticals (Dublin,
Ireland) for oral peptide delivery, and by Ionis Pharmaceuticals (Carlsbad, CA, USA) for oral delivery
of antisense oligonucleotides. SNAC was developed by Emisphere (NJ, USA) as the lead agent of its
Eligen® carrier technology. Novo Nordisk (Bagsværd, Denmark) licensed both GIPETTM and Eligen® to
assess with their insulin and GLP-1 analogs, ultimately opting to focus on an SNAC tablet formulation
with their highly potent, stable, long-t 1

2
(160 h) injectable GLP-1 analog, semaglutide, for advanced

clinical development, while abandoning GIPET™, along with further attempts to create an oral insulin.

4. Introducing C10

C10 is the sodium salt of capric acid, an aliphatic saturated 10-carbon MCFA (Figure 1A). Fatty
acids are ubiquitous nutrients liberated in high quantities during digestion of glycerides in the GI
tract. They are also present in low mM concentrations in various nutrient sources, including milk.
C10 is approved as a food additive in both the United States (US) and European Union (EU) and
there are no daily limits on consumption; it was recently concluded that its presence in food should
have no impact on human health [16]. C10 was a component of an approved rectal suppository
of ampicillin (Doktacillin®, Meda, Solna, Sweden) [17]. It was since assessed in clinical trials by
Merrion Pharma as oral solid-dosage forms (GIPETTM) for the delivery of a wide range of poorly
permeable actives, including small molecules (e.g., zoledronic acid, alendronate) and macromolecules
(insulin, desmopressin, acyline, and antisense oligonucleotides) [18]. C10 is a soluble anionic surfactant,
sensitive to changes in pH and ionic strength. At pH values 1–3 units below its pKa (~5) in gastric
fluid, it exists in the non-ionized, insoluble, and inactive capric acid form. At acidic pH values,
the surfactant can reduce surface tension, but does not exhibit detergent action. At pH values 1–3
units above its pKa (i.e., values that typically occur in the small intestine), C10 exists in an ionized
soluble form with detergent capacity. Like many other efficient detergents, it does not form micelles
efficiently owing to repulsion between the charged hydrophilic head groups. The resulting high
concentration of free monomeric surfactant enables epithelial plasma membrane interaction and
confers a transcellular element to its mode of action. The critical micellar concentration (CMC) value of
C10, like other ionizable surfactants, varies depending on the medium composition. Micelles form at
lower concentrations in higher-ionic-strength buffers because the counter-ions in media interact closely
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with anionic head groups. Thus, varying the ionic strength alters the free monomeric concentration of
C10 in the small intestine.

5. Introducing SNAC

SNAC is a synthetic N-acetylated amino-acid derivative of salicylic acid (Figure 1B). It was
discovered as part of a screen to identify carrier-based PEs that could “chaperone” poorly permeable
payloads across the intestine [19]. The carrier library of over 1500 compounds was collectively termed
Eligen®, and it formed the portfolio of Emisphere Technologies. SNAC is the most extensively tested
carrier and the only PE approved in an oral formulation designed to improve oral BA, albeit with a
small molecule, cyanocobalamin/SNAC [20]. It is important to note that this oral form of vitamin
B12 was approved under the regulatory pathway for medical foods, which does not have to meet the
standards required for drug approvals, although the regulatory requirements for medical foods are
still much higher than those of dietary supplements [21]. Emisphere obtained generally recognized as
safe (GRAS) status for SNAC, which was a requirement for developing cyanocobalamin/SNAC for
the medical food regulatory pathway. Having GRAS status for this PE may have somewhat mitigated
some of the perceived risks associated with the oral semaglutide program at Novo Nordisk. In the
1990s, initial focus on SNAC was aimed at developing an oral formulation of the poorly permeable
macromolecule, heparin [22]. In other preclinical studies, it also improved intestinal permeation of
peptides (salmon calcitonin (sCT) and insulin) [23], along with poorly permeable small molecules
(e.g., cromolyn) [24]. SNAC was tested in many formats: taste-masked liquids, tablets, and soft gelatin
capsules. Similar to C10, SNAC can be blended with the active pharmaceutical ingredient (API) using
conventional processes, which makes manufacturing uncoated oral tablet dosage forms economic and
relatively easy to scale.

It remains unclear if the high concentrations of SNAC required to improve small intestinal
epithelial permeation relate to membrane perturbation, membrane fluidization, payload solubility
changes, or tight junction openings, or whether it is a chaperone system that improves transcellular
permeation via hydrophobization of the payload through non-covalent linkages. Of these factors and,
unlike C10, there is less direct evidence for tight junction involvement in the mechanism of SNAC
than the other factors; hence, its common designation is as a transcellular PE. Common features are
that C10 and SNAC are weak acids that display amphiphilicity and surface activity. However, there is
a structural difference between them arising from the greater distribution of hydrophilic functional
groups in the salicylamide region of SNAC, as evident from its higher polar surface area (89.5 Å2)
compared to C10 (40.1 Å2) [25,26]. It follows that the hydrophobic region of SNAC should be less
efficient at inserting into phospholipid membranes than C10 [27]. This may be one of the reasons why
higher concentrations of SNAC than C10 are needed to improve permeation.

Figure 1. Structures of (a) sodium caprate (C10) and (b) salcaprozate sodium (SNAC).

6. How Do SNAC and C10 Alter GI Permeability?

6.1. Challenges in Determining Mechanism of Action

PEs can improve permeability via a combination of mechanisms. Such mechanisms include
opening tight junctions to increase paracellular permeability, decreasing mucus viscosity, inhibition of

68



Pharmaceutics 2019, 11, 78

epithelial efflux pumps, complexation/hydrophobization of payload, increasing membrane fluidity,
and (indirectly) via peptidase inhibition. The various mechanisms of action of C10 and SNAC were
studied using cell biology and physicochemical techniques including membrane fluorescence, Western
blotting, electrophoretic mobility, molecular imaging, and physical analysis. More recent approaches
to the study of the interactions between PEs and payloads use surface plasmon resonance [28], as well
as accelerated capillary electrophoresis, and isothermal titrated calorimetry (ITC) [29]; however, these
techniques are mostly restricted to simple physiological buffers rather than bio-relevant intestinal
fluids. In particular, a concern is that intricate mechanisms determined in in vitro assays might not
reflect the true mechanism, because the PE concentrations used in vitro are typically lower than the
efficacious doses used in vivo. There is, therefore, uncertainty regarding the actual local concentrations
of PE and payload at the small intestinal epithelial wall in a particular region due to variability in
dissolution, spreading, and dilution in the human GI lumen during transit.

6.2. C10 Mode of Action

The mode of action of C10 was studied at great lengths in a range of delivery models. In summary,
concentrations that lead to alteration to permeability coefficients or oral BA are associated with
mild mucosal damage and other hallmarks of transcellular perturbation. At low concentrations,
increases in permeability of hydrophilic small molecules across Caco-2 monolayers using relatively low
concentrations of C10 (2.5 mM) can be uncoupled from loss of monolayer integrity, accompanied by
reversible reductions in transepithelial electrical potential (TEER) [27,30], indicative of a paracellular
mechanism. The higher concentrations required to alter permeability in isolated rat and human
intestinal tissue mucosae are associated with transcellular perturbation [31,32]. Mode-of-action
studies at higher concentrations (8–13 mM) in Caco-2 monolayers also allude to a paracellular
mechanism involving activation of membrane-bound phospholipase C [33–35]. The resulting increase
in inositol 1,4,5-triphosphate (IP3) leads to an increase in intracellular calcium (Ca2+), which in turn
activates calmodulin and myosin light-chain kinase (MLCK). This event triggers the contraction of the
peri-junctional actomyosin ring (PAMR) [36], permitting increased tight junction (TJ) permeability.

Nonetheless, these studies involving pharmacological inhibitors are not definitive proof of a
discrete paracellular effect. Impedance spectroscopy in HT29/B6 human intestinal monolayers also
supports the dataset showing that C10 acts via a paracellular mechanism; this was associated with
removal or redistribution of the TJ proteins claudin 5 and tricellulin [37]. However, in the absence
of data supporting the absence of transcellular perturbation (a dye uptake assay), the data from this
study do not provide conclusive evidence for a paracellular mode of action either. It is impossible to
ignore the evidence from a wide range of studies that C10 also disrupts cell membranes at 8–13 mM.
C10 also caused Caco-2 cell leakage of intracellular ATP from Caco-2 cells [33], a likely consequence
of plasma membrane perturbation. One interpretation is that cells respond to the initial membrane
perturbation challenge by C10 with compensating intracellular signaling processes involved in mucosal
repair, beginning with disbandment of TJs, and concluded by epithelial resealing [38].

Some of the strongest evidence in favor of a mechanism driven primarily by perturbation,
however, comes from high content image analysis in live Caco-2 cells. C10 (2.5 mM) increased
intracellular Ca2+ in Caco-2 cells prior to the plasma membrane permeability changes detected at 8.5
mM [27]. C10 (8.5–13 mM) altered both plasma and mitochondrial membrane integrity, indicative of
perturbation; importantly, these were the minimum concentrations needed to induce a permeability
increase. The elucidation of the primary mode of action as membrane perturbation was clarified by the
capacity of C10 to preferentially displace claudins 4 and 5 from lipid rafts in MDCK cells, consistent
with surfactant properties [39]. Other evidence comes from a recent surfactant screen using isolated
rat intestinal mucosae in Ussing chambers, where C10 caused a concentration-dependent increase
in epithelial histology damage [40]. Given the close association between permeation enhancement
and mucosal perturbation in tissue and animal models, it was, therefore, not surprising that the
cyto-protectant prostaglandin analog, misoprostol, prevented both the C10-induced increase in flux
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of hydrophilic markers across Caco-2 monolayers and cell damage [41]. From these arguments, it is
likely that the high concentrations of C10 used in tablets also cause a degree of mild reversible mucosal
perturbation in vivo, not unlike that seen with aspirin, alcohol, and spicy foods [42]. In a study of a
human rectal formulation of ampicillin with C10, there was evidence of mild and reversible mucosal
perturbation [17], although the data were confounded by the hyper-osmolarity of the formulation.
While it is not possible to conclude that mucosal perturbation of the relatively static rectal mucosal
compartment extrapolates directly to the small intestine where transit is relatively fast, it is likely that
C10 causes mild and reversible regional perturbation within a short period at the high concentrations
exposed to the small intestinal epithelium prior to its almost complete absorption within minutes.

There is a lack of understanding of the physicochemical aspects of how C10 interacts with mixed
micelles in the small intestine in the fasted and fed states. Above its CMC of 25 mM in physiological
buffer [27], C10 forms micelles and there is a distinct ratio of monomer to micellar-bound material, as
highlighted in a recent study on alkyl maltosides [43]. In simulated intestinal buffers, it is uncertain
whether the payload is incorporated into or adsorbs onto colloidal structures (e.g., mixed micelles,
vesicles, lipid droplets), or whether it admixes with the C10 monomer. There is resulting confusion
over which format the payload permeates. Thus, while one envisages a paracellular permeation
route for polar macromolecules due to hydrophilicity, a transcellular pathway may also be available if
C10-entrapped vesicles and mixed micelles adsorb payload. Figure 2 is a composite of the possible
multiple effects of C10 on intestinal epithelia.

Figure 2. Mode of action of C10. The diagram represents the proposed mechanism of action of C10 via
paracellular flux (left) and transcellular perturbation (right) to induce drug permeability across the
intestinal mucosa. Abbreviations: PLC: phospholipase C; PIP2: phosphatidylinositol 4,5-bisphosphate;
DAG: di-acyl glycerol; PKC: protein kinase C; IP3R: inositol triphosphate receptor; MLC: myosin light
chain, CAM: calmodulin; ZO: zonula occludens; JAM: junctional adhesion molecule. Image created
using a template from Servier Medical Art under a Creative Commons Attribution License.

6.3. SNAC Mode of Action

A different mode of action to that of C10 was proposed to explain how SNAC improves intestinal
permeability. In the 1990s, Emisphere scientists proposed that SNAC improves passive transcellular
permeation via hydrophobization. The hypothesis was that dipole–dipole non-covalent interaction
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between the carrier and structural moieties of the payload caused a conformational change in the
latter, leading to exposure of hydrophobic regions that favor transcellular permeation. The interaction
between SNAC and heparin [22,44] and with insulin [45] was, therefore, thought to be based on
increased lipophilicity through hydrogen bonding and/or hydrophobic interactions, permitting
dissolution of the complex in lipid bilayers. In support of this hypothesis, SNAC at a concentration
of 17 mg/mL improved the permeation of insulin, but not that of radiolabeled mannitol across
Caco-2 monolayers, suggesting that the effect was neither related to opening tight junctions nor to
a decline in barrier integrity, and this interpretation was supported by confocal microscopy [45].
Higher concentrations of SNAC (50 mg/mL) that were more reflective of concentrations used in
in vivo studies, however, caused complete loss of TEER and a 36-fold increase in [3H]-mannitol
permeability in Caco-2 monolayers [44], data that do not permit definitive conclusions to be made
regarding mechanism since such high concentrations compromised the Caco-2 model. In isolated
rat jejunal mucosae mounted in Ussing chambers, SNAC (33–66 mM) boosted the flux of a polar
marker molecule, 6-carboxy-fluorescein (6-CF), but not that of [3H]-mannitol across the epithelium
and without reducing TEER values [46]. The authors argued that SNAC was indeed exploiting a
transcellular pathway and not tight junctions to allow permeation of the hydrophilic polar ionized
molecule (6-CF) and, somewhat controversially, they suggested that SNAC was reducing the charge
on CF, thereby improving the capacity to partition in the epithelium. Similar to the Caco-2 study [44],
when SNAC was added to jejunal mucosae at a concentration of 165 mM, TEER dropped and the
permeability coefficient (Papp) of [3H]-mannitol was increased [46], denoting a compromising event.
Other Caco-2 studies also support a transcellular mechanism; Malkov et al. [47] detected intracellular
signal increases ascribed to fluorescently labeled heparin and in the presence of SNAC, whereas
immunohistochemistry data indicated that there were no changes of F-actin or the actinomycin ring
during heparin flux. Ding et al. [48] used ITC and Fourier-transform infrared (FTIR) spectroscopy to
study the interaction between cromolyn and SNAC, and concluded that the aromatic ring of SNAC
inserted between those of cromolyn via its 2-hydroxybenzamide motif, leading to an increase in
hydrophobicity of the complex and a reduction in cromolyn hydration. Lactate hydrogenase release
(LDH) measurements indicated that the increased cromolyn fluxes across Caco-2 monolayers in the
presence of SNAC were not associated with cell damage.

Despite the elegance of the purported complex mechanism (Figure 3) of how SNAC might increase
transcellular flux of multiple payloads, the hypothesis is problematic in several respects. If Eligen®

carriers acted solely using dipole–dipole interactions via hydrophobization (and not an electrostatic
interaction), it would be difficult to envisage a significant increase in passive permeation since the
retention of ionized functional groups would impede passive movement across phospholipid bilayers.

 
Figure 3. Schematic of Eligen® drug-delivery technology mechanism in intestinal epithelia, as
advocated by Emisphere scientists in 2006. “Carrier molecule (delivery agent) associates with drug
molecule to create a transportable complex (lipophilic). Because of the weak association, carrier and
drug dissociate by simple dilution on entering the blood circulation.” Reproduced from Reference [49]
under the terms of the Creative Commons Attribution License.
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SNAC forms a conjugate base at the pH of the small intestinal lumen, so it can undergo
complexation via hydrophobic ion pairing (HIP) with the conjugate acid of basic amino-acid side
chains in macromolecules. However, HIP cannot fully account for Eligen®-mediated hydrophobization
of anionic payloads including heparin and cromolyn [24]. An alternative interpretation arises from
another SNAC study with cromolyn; SNAC increased Caco-2 epithelial cell membrane fluidity as
measured by fluorescence anisotropy, consistent with a surfactant-induced membrane perturbation
effect, whereas in this study there was no increase in cromolyn’s lipophilicity [50]. Still, the overall
contribution of transcellular perturbation to the increased flux is not clear since the presence
of hydrophilic functional groups in the salicylamide region of SNAC gives rise to inefficient
micelle formation (CMC: 56 mM in phosphate-buffered saline (PBS)) [50], and this will not favor
membrane insertion. There are a number of other anomalies concerning the original chaperone
transcellular mechanism proposed for SNAC (reviewed in Reference [49]). Firstly, since the structure
of SNAC comprises MCFA and salicylic-acid moieties, non-specific detergent/surfactant effects on
the epithelium should be expected. Secondly, the thermodynamic considerations with respect to
the non-covalent linkage between SNAC and payload during epithelial flux are yet to be addressed.
Furthermore, there were no calculations on the affinity of SNAC to payloads, except to assert that
affinity was weak, now confirmed for exenatide [29]. Thirdly, a transcellular mechanism should
account for epithelial endocytosis uptake pathways (e.g., via clathrin- or caveolae-mediated pathways
or macropinocytosis), where a template to follow is in place for the other group of transcellular
permeability-enhancing agents, the cell-penetrating peptides [51]. Finally, caution must be exercised in
making definitive conclusions on mechanism using some of these assays; epithelial TEER values yield
information on monolayer integrity, but reveal no direct information about tight junctions. Secondly,
the absence of changes in tight-junction-associated antibody imaging for associated proteins is not
definitive. Thirdly, fluorescently labeled payloads need to be assessed for their capacity to remain
intact during flux. Finally, LDH release from monolayers following exposure to SNAC would not
be regarded as a particularly sensitive assay, especially when increased membrane fluidization was
observed. In sum, evidence from Caco-2 studies is not yet convincing enough to solely ascribe an
exclusive transcellular mechanism for SNAC; moreover, there is little data to directly support the
chaperone hypothesis. On the other hand, there are some differences between the mechanism of action
of SNAC and those of PEs with mechanisms associated with tight-junction openings (e.g., EDTA).

Recently, Novo Nordisk offered a new mechanism of action for SNAC in its non-enteric coated
tablet of the GLP-1 analog, semaglutide (t 1

2
= 160 h). Using a ligated dog model, they found that

systemic delivery was achieved solely from stomach administration of the tablet [52]. The theory is
that SNAC forms a complex around the semaglutide in the stomach and causes a transient increase
in local pH around the molecule. It is claimed that semaglutide is protected against pepsin by
SNAC and that solubility is increased, resulting in an increased concentration-dependent flux of
semaglutide across the gastric mucosa, using a transcellular mechanism as the tablet comes in intimate
contact with the epithelium. By shifting the emphasis toward elevation in stomach pH away from
conformational changes and increased lipophilicity, the theory takes the focus away from membrane
perturbation. Moreover, the authors argue that this mechanism is highly specific for semaglutide, in
that similar studies with admixtures of SNAC and liraglutide led to no flux increase across in vitro
gastric epithelial models [52]. Part of the role of SNAC seemed to be to convert semaglutide to a more
permeable monomeric form and it seems to perform this better when formulated in a stomach-specific
tablet. Is this payload-specific and region-specific theory entirely compatible with the previous data
from small intestinal studies in which SNAC was paired with many payloads of differing structures?
With new cell-imaging tools available, along with advanced biophysical methods to decipher the
interaction between SNAC and payloads, it is likely that much of the discrepancy surrounding the
mechanism of SNAC will be resolved. Figure 4 is a composite of the possible effects that SNAC has in
the stomach when formulated with semaglutide.
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Figure 4. Theory of oral semaglutide absorption, as advocated by Novo Nordisk. Modified from
Reference [52]. The diagram represents the proposed mechanism of action of SNAC in inducing
transcellular flux of semaglutide across the gastric epithelium of the stomach. The optimum once-daily
tablet consists of 14 mg of semaglutide co-formulated with 300 mg of SNAC. After digestion, the
tablet erodes rapidly in the stomach, resulting in the release of a highly concentrated amount of SNAC
that neutralizes the pH of gastric fluid in the immediate vicinity of the tablet to inactivate pepsin.
SNAC is thought to induce semaglutide monomer production and increase gastric epithelial membrane
fluidity, but without affecting tight junctions, thereby allowing transcellular passage of semaglutide
into systemic circulation. The complex may dissociate at some point in the flux process (Figure 3) due to
weak association, but direct evidence for this is scant. Black circles = semaglutide; white circles = SNAC.
Image made using a template from Servier Medical Art under a Creative Commons Attribution License.

In sum, the in vitro studies on the mechanism of action of the two agents on cultured intestinal
epithelia suggest some common surfactant-based features; however, in contrast to SNAC, there is direct
evidence for tight-junction openings induced by C10. The culture models are sub-optimal, however, as
they do not discriminate permeation enhancement from perturbation very well, nor do they predict
in vivo consequences; the models have difficulty in tolerating both high concentrations of PEs and
simulated intestinal fluids.

7. C10 and SNAC: Pharmacokinetics and Efficacy in Clinical Trials

7.1. C10

GIPET™ was advanced to clinical testing as enteric-coated tablets containing C10 with both
peptide and small-molecule payloads [18,42]. Human studies using radiolabeled polyethylene glyol
(PEG) revealed that the permeating enhancement effects of GIPET™ were transient and reversible in
<1 h [18]. GIPET™ was tested in a range of doses with several poorly absorbed molecules in a total
of 16 Phase I studies comprising over 300 subjects [18]. Overall, while oral BA values of >5% were
cited for some molecules, the most notable feature was the massive intra-subject variability across all
studies, constituting an issue for safety and efficacy.

Pharmacokinetics (PK) analysis of human trials for GIPET™ formulations with low-molecular-weight
heparin (LMWH) and desmopressin was described [18]. LMWH–GIPET™ was formulated in tablets
containing either 45,000 or 90,000 IU of LMWH at two dose levels of C10. Oral BA was calculated
relative to the standard sub-cutaneous (s.c.) dose of 3200 IU following administration to 14–16 subjects.
Relative oral BA of 3.9–7.6% was achieved [18]. With a high dose of LMWH combined with a high
dose of C10, increased levels of an anti-clotting biomarker were seen in all subjects; the responses were
sustained and had a similar time course to the s.c. route. This particular formulation was not progressed
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clinically (Table 1). When desmopressin was formulated with GIPET™ and administered orally to
18 human subjects, a bioavailability of 2.4% relative to the s.c. route was detected [18], an improvement
over the typical 0.2% value for Minirin® tablets. Again, this formulation was not progressed further.
The GIPET™ technology was well tolerated even when repeatedly administered in these small Phase
I studies [18]. Other clinical trial examples include the gonadotropin-releasing hormone (GnRH)
antagonist decapeptide, acyline. In a Phase I study of oral acyline, serum luteinizing hormone (LH),
follicle-stimulating hormone (FSH), and testosterone were suppressed within 12 h at the 10-, 20-, and
40-mg single doses tested. However, sustained serum levels of acyline could not be detected, and there
was no pharmacokinetic–pharmacodynamic (PK–PD) relationship [53]. The GIPET™ technology was
also used to orally deliver the bisphosphonate, zoledronic acid. The rationale was that an oral tablet
(Orazol™) administered weekly by patients could compete with a monthly infusion of Zometa® in
a hospital setting for cancer patients with bone metastasis. In a Phase I study, urinary excretion of
unchanged zoledronic acid suggested equivalent delivery via both routes [54]. The licensing of GIPET™
to Novo Nordisk led to Phase I trials with respect to a proprietary insulin, NN1953, and a GLP-1 analog;
however, the resulting data were never published and, ultimately, Merrion’s remaining intellectual
property (IP) assets were sold to Novo Nordisk, before being liquidated in 2016. Novo Nordisk in turn
decided to move away from developing oral insulin to concentrate on its oral GLP-1 analog program.
Nonetheless, an important Phase II trial from that time assessing a once-daily long-acting basal insulin
(I338) with a t 1

2 of 70 h in a GIPET™ formulation was published in 2019 by Novo Nordisk [55]. In this
study, a relative oral F versus the long-acting s.c.-administered insulin glargine (Lantus®, Sanofi, Paris)
of 1.5–2.0% was achieved without evidence of toxicity over eight weeks. Although similar plasma
glucose reduction was achieved by the oral GIPET™-based formulation to the s.c. insulin, the rationale
for discontinuation was that the dose of I338 was not commercially viable. The GIPET™ journey
with oral peptides and poorly permeable small molecules, therefore, ended without generating a
product in 2015. As a post-script, a Phase I study was published in 2018 by Biocon (India) in which
a C10-based formulation of their alkylated PEGylated fast-acting meal-time insulin (IN-105; Insulin
Tregopil) was shown to have no effect on the PK of oral metformin in fasted conditions and it was well
tolerated [56]. Therefore, C10 continues to be used in oral peptide formulations both in clinical trials
and as a comparator for other PEs in preclinical studies.

The other arm of the original Elan licensing of C10-based matrix tablets in the late 1990s continued
in parallel with respect to antisense oligonucleotides. The gene medicine specialty Pharma, Ionis
Pharmaceuticals (Carlsbad, CA, USA) (formerly Isis Pharma) developed a number of oral antisense
oligonucleotide formulations containing C10 for clinical testing against RNA targets. One candidate that
progressed to Phase I was ISIS 104838, a tumor necrosis factor (TNF)-α inhibitor. Oral administration
of a C10-based tablet to dogs resulted in average absolute oral BA of 1.4% [57]. Tissue histology of the
small intestine and large intestine of the dogs indicated no changes following once-daily dosing of
tablets containing ~1 g of C10 over seven consecutive days. A subsequent Phase I trial examined ISIS
104838 (100 or 140 mg) formulated with C10 (660 mg) in immediate-release mini-tablets packaged in
enteric-coated gelatin capsules, with or without a second mini-tablet containing only C10. The second
group of mini-tablets was coated with different layers of Eudragit® RS30D to allow for subsequent
further release of the C10 following erosion of the first tablet containing ISIS 104838 [58]. The goal
was to create a greater window for absorption by prolonging the time C10 was in contact with the
epithelium, given that it is rapidly absorbed with a Tmax of 7 min. All formulations together yielded
an average oral BA of 9.5% relative to s.c. injection, with the formulation designed for additional
immediate release of C10 giving a value of 12%; however, the intra-subject variability ranged from
2–28% [58]. In 2017, Ionis advanced an oral antisense molecule IONIS-JBI1-2.5Rx, aimed at an RNA
target associated with a GI autoimmune disorder, to Phase I trials in collaboration with Janssen (Beerse,
Belgium) [59]; however, it is unlikely that the formulation contains C10 as it is designed for local colonic
delivery. Table 1 summarizes the clinical data reported for a range of poorly permeable molecules with
C10. Of these, there are only four peer-reviewed original research papers for GIPET™ tablets.
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Table 1. Summary of data from selected studies in humans reported for a range of poorly permeable
molecules formulated with sodium caprate (C10).

Description Treatment Outcome Reference

Ampicillin with C10 in
healthy subjects (n = 12).

Rectal suppository containing
250 mg of ampicillin and 25 mg

of C10.

Cmax increased 2.6-fold compared
to ampicillin alone and BA

increased 1.8-fold. Some local
tissue damage not ascribed to C10.

[17]

Phenoxymethylpenicillin,
antipyrine with C10 in

healthy subjects (n = 6).

Rectal perfusion containing 2 g of
phenoxymethylpenicillin, 8 mg of
antipyrine, and 0.7 g of C10. Two
treatments (T), T1: pH 6 and T2:

pH 7.4. Each subject received
control (no C10) and treatment.

C10 was ineffective at increasing
permeability across rectal

epithelium.
[60]

GIPET™: oral acyline in
healthy subjects (n = 8).

3 oral tablet doses of acyline: 10,
20, and 40 mg. Subjects received

all doses, 1 week apart, under
fasting conditions.

Significant reduction in LH, FSH,
and testosterone. No serious

treatment related adverse effects.
[53]

GIPET™: oral zoledronic
acid in prostate cancer

patients with bone
metastasis (n = 30).

Once-weekly enteric-coated
Orazol™ tablets containing 20 mg
of zoledronic acid versus weekly
Zometa® (4 mg) i.v. infusion over

49 days.

Equivalent urine output
biomarkers; claim of 5%

bioavailability (BA) in patent.
[54]

Antisense oligonucleotide
with C10 (ISIS 104838) in
healthy subjects (n = 15).

Enteric-coated tablets, four
formulations, and one after a

high-fat meal. Subjects received
all treatments.

9.5% bioavailability compared to
s.c. No study-related adverse

effects.
[58]

Basal insulin in C10
formulation versus insulin
glargine in Type 2 diabetics

(s.c.) (n = 25).

Daily tablets of a long-acting
insulin (I338) over 8 weeks.

1.5–2.0% bioavailability compared
to s.c. Comparable reductions in

plasma glucose.
[55]

Insulin tregopil (IN-105) in
C10 tablets in healthy

subjects.

Single treatments of insulin along
with metoformin over 4 periods of

2 days.

No effects on the
pharmacokinetics (PK) of
metformin; good safety.

[56]

LH, luteinizing hormone; FSH, follicle-stimulating hormone; s.c., sub-cutaneous; i.v., intravenous. The Phase II
study [55] is the most comprehensive of these studies.

7.2. SNAC

SNAC was in a succession of clinical trials in oral formulations with poorly permeable
actives since the late 1990s, culminating with approval for cyanocobalamin as a medical food
for vitamin B12-deficient anemic subjects in 2014 [20,21]. The initial clinical trials were carried
out using unfractionated heparin in 1998 [61]. In the first Phase I study, 2.25 g of taste-masked
SNAC was combined with 30,000–150,000 IU of heparin and administered to subjects via gavage;
the formulation achieved increases in outputs associated with anti-coagulation efficacy: activated
partial thromboplastin time (aPTT) and production of anti-factor Xa. This led to subsequent Phase I and
II trials with taste-masked 10–15-mL liquid formulations in patients undergoing total hip replacements;
oral heparin was dosed at either 60,000 or 90,000 IU with 1.5 or 2.25 g of SNAC respectively, and
results were compared to s.c. administration of 5000 IU of heparin [62]. The oral dosing regimen
comprised 12–16 doses over a four-day period after surgery. Data from the second Phase I study
showed that the oral heparin liquid formulation induced anti-factor Xa activity similar to s.c. heparin.
In the Phase II trial, major bleeding events were similar between oral and s.c. heparin groups, thereby
offering encouragement on the safety front. In 2002, the oral liquid heparin formulation ultimately
missed its primary efficacy end-point in a Phase III trial (PROTECT) comparing oral heparin (either
60,000 IU/1.5 g SNAC or 90,000 IU/2.25 g SNAC three times a day) to s.c. LMWH (enoxaparin) over a
30-day period with assessment for deep vein thrombosis as the read-out. The study comprised over
2000 patients undergoing elective hip replacement, a study that was associated with poor compliance
due to the bitter taste of the solution [49]. Direct leveraging from a taste-masked drink to a solid dosage
form was not possible, due to the high quantities of SNAC and heparin. Subsequently, a new Phase I
PK–PD study was eventually carried out in 2007 in 16 subjects receiving a 75,000 IU heparin/500 mg
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SNAC total dose in soft gel capsules [63]. It confirmed the effect on aPTT and the orally delivered
heparin had a Cmax of 58 min. Ultimately, a solid dose formulation of oral heparin/SNAC never
reached Phase III and was abandoned, perhaps in part because of the advantages of LMWH over
unfractionated heparin, as well as the advent of alternative oral anti-thrombotics.

In relation to other payloads and Eligen® carriers, a caprylic-acid derivative, possibly SNAC,
was also formulated with sCT, and a Phase I study in eight volunteers was published in 2002,
with a comprehensive analysis of PK [64]. This benchmark study described tablets of 0.4 mg
of sCT with 225 mg of SNAC that were dosed singly, in duplicate, or in triplicate to present
individual doses of 0.4, 0.8, and 1.2 mg of sCT. The resulting absolute oral BA values versus an
intravenous (i.v.) dose of 10 μg ranged from 0.5–1.4%. An Eligen® formulation of insulin was
also assessed in a 2010 trial in 14 Type 2 diabetics (T2D) where the carrier was monosodium
N-(4-chlorosalicyloyl)-4-aminobutyrate (4-CNAB). An oral BA of 7 ± 4% was achieved from a 300-IU
dose (with 200–400 mg of 4-CNAB) versus an s.c. dose of 15 IU in fasting subjects [65]. Such large
variability would not be acceptable for this low-therapeutic-index drug. A third related Eligen® carrier,
8-(N-2-hydroxy-5-chloro-benzoyl)-amino-caprylic acid (5-CNAC), was also evaluated by Novartis
(Switzerland) and Nordic Biosciences (Herlev, Denmark) in three large Phase III trials for oral sCT: two
for osteoarthritis [66] (NCT00486434 and NCT00704847) and one for osteoporosis [67] (NCT00525798).
The dosing to several thousand patients across the three trials comprised one tablet (0.8 mg sCT
with 200 mg of 5-CNAC) in a tablet administered twice a day with 50 mL of water approximately
30 min ahead of meals. These studies lasted 24 months for the osteoarthritis trials and 36 months
for the osteoporosis trial. Although these trials missed their primary efficacy end-points, interesting
assessments concerning dosing formats and regimes were published with conclusions that may have
relevance for SNAC trials [68]. Differences in sCT absorption and effects on bone biomarkers occurred
depending on the volume of water, proximity to a meal, and the time of day (reflecting circadian
rhythms in bone turnover). Table 2 summarizes the clinical trial performance of oral SNAC and related
Emisphere carrier formulations across a range of poorly permeable molecules.

Table 2. Summary of data from selected studies in humans reported for a range of poorly permeable
molecules formulated with either salcaprozate sodium (SNAC), monosodium N-(4-chlorosalicyloyl)-
4-aminobutyrate (4-CNAB), or 8-(N-2-hydroxy-5-chloro-benzoyl)-amino-caprylic acid (5-CNAC).
T2D—type 2 diabetes; sCT—salmon calcitonin.

Description Treatment Outcome Reference

Vitamin B12 with SNAC
in tablets in healthy

subjects (n = 20). Medical
food clinical study.

(A) Two tablets, each with 5 mg of
vitamin B12 with 100 mg of SNAC
(B) One tablet: 5 mg of vitamin B12

with 100 mg of SNAC
(C) One commercial tablet: 5 mg

of vitamin B12
(D) 1 mg of vitamin B12 via i.v.

injection.

Treatment (B) achieved 3%
higher absolute BA compared

to the commercial oral
formulation. No
adverse effects.

[20]

Heparin with SNAC in
hip replacement patients,

(n = 123). Phase II.

Two studies: one dose every 8 h
(max 16 doses), and two doses

every 8 h (max 12 doses).

Achieved anti-factor Xa
activity comparable to s.c.

heparin. No change in major
bleeding events compared

to s.c.

[62]

Insulin with 4-CNAB in
untreated T2D (n = 10).

Phase II.

300 mg of insulin with 400 mg of
4-CNAB, or 15 IU of insulin s.c.

Performed under fasting
conditions.

Cmax was higher and was
reached faster compared to s.c.

Shorter duration and high
subject variability. No

adverse effects.

[65]

sCT with 5-CNAC in
osteoarthritic patients

over 24 months (n = 1176
and n = 1030) Phase III.

0.8 mg of sCT in tablets twice
daily for 24 months.

No significant effect compared
to placebo. [66]

sCT with 5-CNAC in
postmenopausal women

with osteoporosis
(n = 4665). Phase III.

0.8 mg or placebo in tablets daily,
together with vitamin D and

calcium for 36 months.

No beneficial effect on
fractures was observed. No

change in quality of life.
[6]
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Recent focus, however, shifted entirely to the clinical development of the oral semaglutide/SNAC
tablet by Novo Nordisk. Once-daily oral semaglutide with 300 mg of SNAC resulted in improved
glycemic control and greater reductions in body weight than placebo in a 26-week Phase II
dose-escalation study in doses ranging from 2.5–40 mg of semaglutide per day in over 600 patients with
T2D [69]. Daily oral administration of semaglutide (20 mg and 40 mg) with SNAC lowered glycated
hemoglobin (HbA1c) by over 1.4% and these data were comparable with that seen with weekly s.c.
administration of semaglutide (1 mg). For oral semaglutide with SNAC, the oral BA is likely to be
~1%, although the focus of the publications was on the PD effect and biomarkers. Clues come from
Beagle dog studies where tablets containing 300 mg of SNAC with 5–20 mg of semaglutide gave oral
BA values of 1.22 ± 0.25% following oral administration [52,70]. Novo Nordisk completed ten Phase
IIIa PIONEER trials in 2018. Top-line data from PIONEER 1 achieved significance with respect to
a reduction in HbA1c of 1.5% with a 14-mg semaglutide dose in T2D, along with evidence of some
weight loss [71]. Recent trials also revealed that renal impairment did not affect PK parameters of 5 mg
and 10 mg of semaglutide formulated with 300 mg of SNAC over a short time frame in diabetics [72].
This design was repeated in diabetic patients with hepatic impairment with the same outcome in that
PK values were not altered and, therefore, no dose adjustment was needed in these patients [73]. The
question of the impact of omeprazole on PK was also assessed, as elevation of bulk stomach pH might
have confounded the purported mechanism of SNAC. Using a 5-mg semaglutide dose in patients
taking 40 mg of omeprazole over a 10-day period with a follow-up period out to 21 days, overall PK
values for both semaglutide and SNAC were unchanged, leading to a conclusion that dose adjustment
would be also unnecessary in patients on concomitant omeprazole [74]. The implications of these
findings would support the determination that the pH increase created by SNAC in the stomach must
be at the semaglutide tablet surface [52] and does not impact bulk stomach pH; otherwise, a large effect
of omeprazole on PK would have been expected. The PIONEER 6 Phase III study enrolled diabetics
with cardiovascular disease in order to exam oral semaglutide PK and PD in this cohort to see if the
daily 14-mg formulation increases cardiovascular risk [75]. Selected oral semaglutide clinical data are
summarized in Table 3. It will be interesting to examine patient compliance with the current rather
inconvenient dosing regime, especially in post-marketing studies if oral semaglutide is approved,
since the daily tablet must be taken at least 30 min before meals in the morning in order to avoid food
interference with formulation performance.

Table 3. Selected clinical trial data with an emphasis on peer-reviewed literature from the daily
semaglutide/SNAC oral tablet formulation from Novo Nordisk in T2D patients.

Description Parameters Comment Reference

Phase II dose-ranging
26-week study in
patients (n = 632)
(NCT01923181).

0.7–1.9% reduction in glycated
hemoglobin (HbA1c); some

weight reduction; mild
gastro-intestinal (GI) side

effects common.

The key trial which supported
moving to Phase III. [69]

PIONEER-1 Phase IIIa
26-week study in
patients (n = 703)
(NCT02906930).

Mean 1.5% reduction in HbA1c
confirmed with 14-mg dose;

4.1-kg weight reduction;
mild–moderate nausea in 16%

versus 6% in placebo.

14 mg established as
semaglutide dose with 300 mg

of SNAC in all studies.
[71]

PIONEER 5 Phase IIIa in
renal-impaired patients
(n = 71) (NCT02014259).

5 mg of semaglutide for 5 days;
10 mg for 5 days, assessed up to

21 days after; no change in
PK overall.

Area under curve (AUC) and
half-life (t 1

2
) similar to regular

T2D patients, no need to
change dose regime.

[72]

Trial in hepatic-impaired
patients (n = 56)
(NCT02016911).

Design as for PIONEER-5.
AUC, Cmax, and t 1

2
unchanged, no need to change

in dose regime.
[73]
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Table 3. Cont.

Description Parameters Comment Reference

Trial in healthy subjects 1

taking omeprazole
(n = 54) (NCT02249871).

5 mg for 5 days, followed by
10 mg for 5 days) ± 40 mg

omeprazole.

AUC and stomach pH slightly
higher in

semaglutide/omeprazole
group, but no need to change

dose regime.

[74]

PIONEER-6 Phase IIIa
assessed cardiovascular

(CV) risk in T2D patients
(n = 3183)

(NCT02692716).

Primary end-points: reduction in
major CV events over median

16-month period.

Cardiovascular (CV) outcomes
not different from placebo, but

suggestion of a mortality
benefit of oral tablet.

[75]

1. All studies in T2D patients except for the omeprazole study. 2. PIONEER Phase III 10 study designs are available
at https://pharmaintelligence.informa.com/resources/product-content/novos-oral-semaglutide-passes-pioneer-2-
but-weight-loss-result-a-bit-disappointing (accessed 12 February 2019). Details of all oral semaglutide trials are
available at www.clinicaltrials.gov.

8. Safety of SNAC and C10 in Preclinical and Clinical Studies

Although C10 was previously marketed in a rectal product, this has limited relevance to the
safety of an orally delivered tablet formulation. The approval of SNAC in an oral vitamin-B12 medical
food product, though encouraging, is also only partially informative. Nonetheless, the clinical trial
experience with both PEs in hundreds of subjects over more than 20 years suggest that only very
low numbers of subjects experienced side-effects that caused drop out from trials, and the majority
of reports were related to mild GI effects including nausea and diarrhea for GIPET™ [18,42] and
SNAC [69]. Reversibility studies performed with C10 in humans using the lactulose:mannitol urinary
excretion ratio (LMER) assay showed that, following intra-jejunal administration to human subjects,
the enhancer only increased permeability in a 20-min window [42]. It seems that dilution, spreading,
and rapid intestinal absorption of both C10 and SNAC prevents prolonged exposure in vivo. There is
no direct evidence, even from studies with a duration as long as six months, that stomach or duodenal
ulcers are caused by these PEs, nor that pathogens can gain entry across a compromised intestinal
epithelium. Still, post-marketing surveillance will provide more safety data in the context of daily
administration over several years, at least in the case of SNAC with both vitamin B12 and semaglutide
in the event of Food and Drug Administration (FDA) approval. Additional safety experience for SNAC
will be ascertained from extensive Phase III oral semaglutide trials, which will fully report in 2019.

In terms of preclinical safety data, the experience for both molecules is extensive. Numerous
studies reveal little toxicity of high doses of C10 in rats, dogs, and pigs following oral administration
alone and in combination with payloads [18,42,76]. In a study of the acute effects of a C10-based dosage
form (Orasense™) in Beagles, Raoof et al. provided evidence of the safety of oral hydroxypropyl
methyl cellulose-coated C10/antisense tablets [57]. Several hundred milligrams of C10 were used in
each tablet and dogs received treatment three times per day for seven days. Clinical chemistry and
blood biochemistry parameters were normal; the dogs tolerated the formulation and there was normal
weight gain. Canine intestinal issues were also adjudged normal following macroscopic examination
post mortem. Five separate canine daily tolerance studies revealed encouraging safety data for selected
components of the GIPET I and II technology [42]. Similar studies were also carried out intra-intestinal
catheterized pigs where C10 was formulated with antisense oligonucleotides at doses up to 100 mg/kg
of the MCFA; it was well tolerated following multiple doses and with little evidence of intestinal
epithelial damage post mortem [77].

For SNAC, Riley et al. carried out a sub-chronic oral toxicity test of SNAC in rats and found a
no observed adverse effect (NOAEL) level of 1 g/kg/day in rats for up to 13 weeks; it was only a
massive dose of 2 g/kg/day that eventually caused significant mortality [78]. It was also examined
for gestational toxicity in pregnant rats at oral doses up to 1 g/kg/day where slight weight loss was
seen; there was no effect on growth of pups, but some evidence of a small increase in the still-birth rate
was noted [79]. Some GI effects including emesis and diarrhea were observed in studies involving
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monkeys at a dose of ≥1.8 g/kg/day [80]. SNAC ultimately achieved provisional GRAS status as a
food additive. The safety data from clinical and preclinical studies, therefore, raised no red flags for
either agent in oral dosage forms at high concentrations with a wide range of actives tested to date.
An important safety consideration is the high inter-subject variability typically associated with the low
oral bioavailability values for all payloads tested with both PEs to date; formulation with these PEs
will, therefore, not be suitable for molecules with low therapeutic indices.

It is clear that surfactant-based PEs cause a mild degree of reversible perturbation of the intestinal
mucosa. The small intestinal epithelium is entirely renewed every 72 h [81]; there is a high rate of
cellular turnover and the intestine has a high capacity to replace cells, due to migrating stem cells
from the intestinal crypt. There is also a reserve of stem cells that are dormant until epithelial injury
occurs, at which point they are recruited to assist with restoration [82]. The capacity of the intestinal
mucosa to repair is also associated with secretion of mucus, prostaglandins, and bicarbonate [80].
For a comprehensive review of repair and restoration of the intestinal barrier, see Blikslager et al. [38].
The capacity for epithelial repair following C10 exposure was investigated in rat jejunal instillations,
where full restitution was seen within 60 min of exposure [83]. These data were similar to that seen
in rat models with other PEs including bile salts [84] and sodium dodecyl sulfate (SDS) [85]. Since
C10 and SNAC are rapidly and completely absorbed, one interpretation is that, following local and
transient mucosal perturbation leading to a transient increase in permeability, the epithelium recovers
due to gradual dilution of the PE.

Another concern over routine use of PEs is based on their potential capacity to promote
microbiome changes and absorption of microorganisms, antigens, and toxins leading to local
inflammation, autoimmune disease, and sepsis [86]. Surfactants may impair the protective mucus
layer, facilitating the diffusion of luminal bacteria to the intestinal epithelium and ultimately disturbing
the host microbiota [87]. In a recent study which generated much debate, evidence was provided that
the approved excipient emulsifiers, polysorbate-80 and carboxymethyl cellulose, disturb microbiota
composition and induce obesity in mice [88]. Whether these data have any true significance for humans
is not known at this point, but it is clear that intestinal microbiome research is going to become more
relevant in toxicology profiling of oral formulations. A second concern that is continually raised is
the potential increase in permeability of bystander molecules arising from tissue damage induced
by PEs [89,90]. Taking into account the precise conditions required for permeation enhancement
(high concentrations of payload and PE contemporaneously at the intestinal epithelium), as well
as the marked difference in the MW of candidate payloads (<10 kDa) compared to that of typical
bacteria, viruses, and bacterial lipopolysaccharide (LPS) (>100 kDa), this concern may be overstated.
Nonetheless, clinical pharmacology data from binge-drinking human subjects suggests that alcohol
can permit absorption of endotoxins and can promote elevation of type 1 cytokines in plasma, akin to a
low-grade infection [91]; thus, together with the study of relevant microbiome changes, more research
is needed to filter the true toxicological risks of orally delivered PEs following chronic exposure.

Several studies describe an anti-microbial effect of C10 at high concentrations. Cox et al. [92]
demonstrated the bactericidal property of C10 against Salmonella typhimurium, and it also prevented
its attachment to intestinal epithelia. Moreover, there was no evidence from the same study that
C10 promoted permeation of this gut pathogen across isolated rat intestinal mucosa. At low mM
concentrations, C10 is also bactericidal against Helicobacter pylori [93]. In an in vivo study with
chickens, incorporation of C10 in feed at a level of 3 g/kg protected them from colonization by
Salmonella enterica [94]. Finally, capric acid has antifungal activities on Microsporium gypsum mycelia
and spores in vitro [95]. These data are consistent with the well-known anti-microbial actions of
MCFAs [96]. Although, to our knowledge, similar data are not reported for SNAC, it would be
surprising if, upon examining its structure, it did not have similar anti-microbial actions.
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9. Conclusions

In comparing the safety and efficacy of C10 and SNAC as PEs in preclinical and clinical studies,
examination of 20–30 years of literature would suggest that several of the key parameters are similar.
Both can permit oral bioavailability of a range of macromolecular payloads by <5%, with mean values
closer to ~1%. The SNAC clinical PK data with semaglutide seem to be on a par with previous
performance, for example, with sCT; however, it is due to its formulation with a potent peptide
with a long t 1

2
and high TI that is of particular interest. It is the long t 1

2
that can compensate for

large intra-subject variability [52]. Aspects that tip the balance to SNAC compared to C10 include the
following: broader clinical experience and an approved vitamin B12 product, more extensive toxicology
studies and GRAS status, and the lack of requirement for protection against stomach acid. There is still
controversy over the mechanism of action of SNAC; techniques including surface plasmon resonance
and ITC are now providing data that suggest that the non-covalent interaction of peptides with either
SNAC or C10 is low affinity and quite similar for each agent. Moreover, while the literature seems
to offer a consensus that C10 (at low concentrations) acts on tight junctions via intracellular events,
and at high concentrations via transcellular perturbation arising from its surfactant effect, there is not
the same consensus concerning the mechanism of action of SNAC. The 1990s theory of an exclusive
transcellular action arising from increased lipophilicity of a non-covalent complex between SNAC and
the payload was not convincing. The new mechanism suggested for SNAC arising from ligated dog
studies argues for a local increase in stomach pH around semaglutide, a mechanism that appears to be
specific for this molecule. Finally, the main argument advanced for oral peptide delivery is improved
convenience over needles leading to better compliance. Patients will, however, be required to wait
30 min before eating and drinking after taking tablets of semaglutide/SNAC each morning; thus,
patients will ultimately decide if this is an inconvenience preferable to a once-a-week injection.
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Abstract: Permeability enhancers are receiving increased attention arising from their ability to
increase transepithelial permeability and thus, bioavailability of orally or pulmonary administered
biopharmaceutics. Here we present the synthesis and the in vitro assaying of a series of lactose-based
non-ionic surfactants, highlighting the relationship between their structure and biological effect.
Using tensiometric measurements the critical micelle concentrations (CMCs) of the surfactants were
determined and demonstrate that increasing hydrophobic chain length reduces surfactant CMC.
In vitro testing on Caco-2 intestinal and Calu-3 airway epithelia revealed that cytotoxicity, assessed
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and lactate dehydrogenase
(LDH) release assays, is presented for most of the surfactants at concentrations greater than their
CMCs. Further biological study demonstrates that application of cytotoxic concentrations of the
surfactants is associated with depolarizing mitochondrial membrane potential, increasing nuclear
membrane permeability and activation of effector caspases. It is, therefore, proposed that when
applied at cytotoxic levels, the surfactants are inducing apoptosis in both cell lines tested. Importantly,
through the culture of epithelial monolayers on Transwell® supports, the surfactants demonstrate
the ability to reversibly modulate transepithelial electrical resistance (TEER), and thus open tight
junctions, at non-toxic concentrations, emphasizing their potential application as safe permeability
enhancers in vivo.

Keywords: absorption enhancers; sugar-based surfactants; biocompatibility studies; transmucosal
drug delivery

1. Introduction

Sugar-based fatty acid esters usually belong to the class of non-ionic surfactants and possess
desirable characteristics suitable for different applications in food, cosmetic and pharmaceutical
fields. They are constituted by a sugar moiety as hydrophilic head (polar) linked via an ester bond
to a fatty acid chain as hydrophobic tail (non-polar). Various modifications, both on polar head or
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non-polar tail, have been rationally designed to obtain a broad class of sugar esters with different
properties. Particularly, sugar-based fatty acid esters made up of carbohydrate moieties, including
mono-, di- or tri-saccharides condensed with saturated or unsaturated fatty acids with different chain
lengths have been synthesized to give products with various degree of esterification [1]. Constituted
of natural substrates, easily available and therefore inexpensive and renewable, these products are
considered ideal raw materials to be employed for a large variety of technological applications such as
emulsification, stabilization of disperse systems, solubility or drug permeation enhancement [2–5].

Sugar-based fatty acid esters are receiving a growing attention due to the large demand for
non-toxic, non-irritant and highly biocompatible and biodegradable amphiphilic compounds in
different fields [6]. Many studies have recently reported the synthesis and possible applications
of selective 6-O-sugar fatty acid monoesters, generally referred as sugar monoesters [7–9]. Several
physico-chemical and biological properties have been studied [10,11], to develop advanced
drug delivery systems, including skin penetration enhancing effect or transmucosal permeability
enhancement [12–15]. The use of amphiphilic compounds as permeability enhancers (PEs) for
transmucosal drug delivery represents one of the most promising application of surfactants in
biopharmaceutics, able to provide a valid alternative (e.g., oral or pulmonary administration) to
the conventional (e.g., injection) route of administrations of many therapeutic peptides [16–20].

Among the class of sugar monoesters, sorbitan and sucrose derivatives are those most easily
available on the market. However, sugar-based surfactants bearing a different sugar moiety can
also represent a valid alternative to the currently available amphiphilic compounds; particularly
when industrial waste can be easily transformed in valued-added products. In this respect, the
lactose monoester derivatives have been recently brought back into the spotlight, as promising
eco-friendly emulsifier and antimicrobial compounds for pharmaceutical, food and cosmetic fields.
These surfactants were synthesized for the first time in the 1970s [21], and, over the last decades,
they have been proposed, including as excipients in drug formations, additives in the food industry
and are being explored for their potential anticancer activity [22]. Despite being well-characterized
in term of surface activity [23,24], and emulsifying properties [25], no detailed studies have been
performed aimed at defining cytotoxicity profiles of these surfactants. Such information is required to
broaden the potential applications of this class of sugar-based amphiphiles for pharmaceutical and
cosmetic applications.

The aim of this work was to investigate the relationship between the structure and cytotoxicity
of a series of lactose esters derivatives, enzymatically synthesized using saturated fatty acids with
different chain lengths (C10; C12; C14; C16). The critical micelle concentration (CMC) was compared
with cytotoxicity (IC50) evaluated on two selected cell lines as models for the intestinal (Caco-2)
and respiratory (Calu-3) epithelia, which are common route of drug administration. In addition,
mitochondrial membrane potential, nuclear membrane permeability and effector caspase activation
were studied on the same cell lines to deeper understand the mechanism upon cellular toxicity. Finally,
transepithelial electrical resistance (TEER) measurements were performed to investigate the effect
of saturated acyl chain lactose monoesters on the integrity of the cellular barrier and to provide
a preliminary evidence of their transmucosal perturbance action, which is commonly exerted by
surfactants acting as permeability enhancers across mucosa.

2. Materials and Methods

2.1. Materials

Decanoic, lauric, myristic and palmitic acids were purchased from TCI (Zwijndrecht, Belgium),
lactose monohydrate from Carlo Erba (Milan, Italy), while Lipozyme® (immobilized from Mucor
miehei), p-toluenesulfonic acid, 2,2-dimethoxypropane, tetrafluoroboric acid diethyl ether complex,
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and all organic solvents used in
this study were purchased from Sigma-Aldrich (Milan, Italy). Prior to use, acetonitrile was dried
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with molecular sieves with an effective pore diameter of 4 Å and toluene was saturated with water.
CellEvent™ caspase-3/7 green detection reagent was purchased from Thermo Fisher Scientific
(Waltham, MA, USA) and the CellTox™ green cytotoxicity assay acquired from Promega (Madison,
WI, USA). The JC-1 probe (5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine, iodide)
was purchased from Biotium (Fremont, CA, USA).

2.2. Cell Culture Conditions

Caco-2 and Calu-3 cells were obtained from American Type Culture Collection. Caco-2 cells were
cultured in advanced Dulbecco Modified Eagle Medium (DMEM) supplemented with 10% v/v Fetal
Bovine Serum (FBS) and 1% v/v antibiotics-antimycotic. Calu-3 cells were cultured in DMEM F-12
supplemented with 10% v/v FBS and 1% v/v antibiotics-antimycotic. All cell lines were maintained
at a 5% CO2 in a humidified incubator at 37 ◦C. Caco-2 cells were used between passages 30–45 and
Calu-3 cells between 25–40.

2.3. Synthesis of Lactose-Based Surfactants

The structures of compounds were unambiguously assessed by 1H NMR and 13C NMR recorded
on a Bruker AC 400 or 100 (Milan, Italy), respectively, spectrometer and analyzed using the TopSpin
software package (version 2.1). Chemical shifts were measured using the central peak of the solvent.
Column chromatography purifications were performed under “flash” conditions using Merck 230–400
mesh silica gel. TLC was carried out on Merck silica gel 60 F254 plates, which were visualized by
exposure to an aqueous solution of ceric ammonium molibdate.

2.3.1. General Procedure for the Synthesis of Lactose Tetra Acetal Monoesters

Lipozyme® (0.078 g) was added to a solution of the fatty acid (1a–d) (0.79 mmol) and
4-O-(3′,4′-O-isopropylidene-β-D-galactopyranosyl)-2,3:5,6-di-O-isopropylidene-1,1-di-O-methyl-D-
glucopyranose (lactose tetra acetate, LTA) [26] (2) (0.402 g, 0.79 mmol) in water-saturated toluene at
25 ◦C [12,27]. The mixture was stirred at 75 ◦C for 12 h, cooled and diluted with acetone, then the
enzyme was filtered, and the filtrate was concentrated. The purification of the residue by column
chromatography (cyclohexane/EtOAc 8:2) gave 3a–d as pale yellow oils. (Scheme 1).

[6′-O-Decanoyl-4-O-(3′,4′-O-isopropylidene-β-D-galactopyranosyl)-2,3:5,6-di-O-isopropylidene-1,1-di-O-
methyl-D-glucopyranose] (3a) [27]. Yield: 53% (0.275 g). 1H NMR (400 MHz, MeOD) δ: 0.92 (t, 3H,
J = 6.7 Hz, CH3), 1.32 (s, 6H, 2CH3), 1.33–1.37 [m, 12H, (CH2)n], 1.39 (s, 3H, CH3), 1.41 (s, 3H,
CH3), 1.44 (s, 3H, CH3), 1.49 (s, 3H, CH3), 1.61–1.67 (m, 2H, CH2CH2COOR), 2.40 (t, 2H, J = 7.0 Hz,
CH2COOR), 3.46 (s, 6H, 2OCH3), 3.47 (dd, 1H, J8–9 = 7.0 Hz, J8–7 = 8.0 Hz, H8), 3.91 (dd, 1H,
J4–3 = 1.2 Hz, J4–5 = 5.0 Hz, H4), 4.04 (ddd, 1H, J11–12a = 1.5 Hz, J11–10 = 2.1 Hz, J11–12b = 6.8 Hz, H11),
4.05 (dd, 1H, J6b–5 = 6.0 Hz, J6b–6a = 8.7 Hz, H6b), 4.08 (dd, 1H, J9–10 = 5.5 Hz, J9–8 = 7.0 Hz, H9), 4.14
(dd, 1H, J3–4 = 1.2 Hz, J3–2 = 7.5 Hz, H3), 4.17 (dd, 1H, J6a–5 = 6.0 Hz, J6a–6b = 8.7 Hz, H6a), 4.22 (dd, 1H,
J10–11 = 2.1 Hz, J10–9 = 5.5 Hz, H10), 4.27 (dd, 1H, J12b–11 = 6.8 Hz, J12b–12a = 11.5 Hz, H12b), 4.30 (dd,
1H, J12a–11 = 1.5 Hz, J12a–12b = 11.5 Hz, H12a), 4.31 (ddd, 1H, J5–4 = 5.0 Hz, J5–6a ∼= J5–6b = 6.0 Hz, H5),
4.41 (d, 1H, J1–2 = 6.2 Hz, H1), 4.51 (d, 1H, J7–8 = 8.0 Hz, H7), 4.51 (dd, 1H, J2–1 = 6.2 Hz, J2–3 = 7.5 Hz,
H2) ppm. 13C NMR (100 MHz, MeOD) δ: 13.0, 22.3, 24.2, 24.6, 25.1, 25.5, 25.6, 26.2, 27.0, 28.8, 29.00,
29.02, 29.2, 31.6, 33.5, 53.0, 55.1, 63.0, 65.5, 70.8, 73.3, 73.5, 75.4, 76.4, 76.8, 77.6, 79.4, 103.1, 105.7, 108.5,
109.7, 109.9, 173.8 ppm.

[6′-O-Dodecanoyl-4-O-(3′,4′-O-isopropylidene-β-D-galactopyranosyl)-2,3:5,6-di-O-isopropylidene-1,1-di-O-
methyl-D-glucopyranose] (3b) [27]. Yield: 50% (0.274 g). 1H NMR (400 MHz, MeOD) δ: 0.92 (t, 3H,
J = 6.7 Hz, CH3), 1.32 (s, 6H, 2CH3), 1.33–1.37 [m, 16H, (CH2)n], 1.39 (s, 3H, CH3), 1.41 (s, 3H,
CH3), 1.44 (s, 3H, CH3), 1.49 (s, 3H, CH3), 1.62–1.67 (m, 2H, CH2CH2COOR), 2.40 (t, 2H, J = 7.0 Hz,
CH2COOR), 3.46 (s, 6H, 2OCH3), 3.47 (dd, 1H, J8–9 = 7.1 Hz, J8–7 = 8.0 Hz, H8), 3.91 (dd, 1H,
J4–3 = 1.2 Hz, J4–5 = 5.0 Hz, H4), 4.05 (ddd, 1H, J11–12a = 1.2 Hz, J11–10 = 2.1 Hz, J11–12b = 6.8 Hz, H11),
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4.05 (dd, 1H, J6b–5 = 6.0 Hz, J6b–6a = 8.7 Hz, H6b), 4.08 (dd, 1H, J9–10 = 5.6 Hz, J9–8 = 7.1 Hz, H9), 4.14
(dd, 1H, J3–4 = 1.2 Hz, J3–2 = 7.5 Hz, H3), 4.17 (dd, 1H, J6a–5 = 6.0 Hz, J6a–6b = 8.7 Hz, H6a), 4.22 (dd, 1H,
J10–11 = 2.1 Hz, J10–9 = 5.6 Hz, H10), 4.27 (dd, 1H, J12b–11 = 6.8 Hz, J12b–12a = 11.5 Hz, H12b), 4.30 (dd,
1H, J12a–11 = 1.2 Hz, J12a–12b = 11.5 Hz, H12a), 4.31 (ddd, 1H, J5–4 = 5.0 Hz, J5–6a ∼= J5–6b = 6.0 Hz, H5),
4.41 (d, 1H, J1–2 = 6.2 Hz, H1), 4.51 (d, 1H, J7–8 = 8.0 Hz, H7), 4.51 (dd, 1H, J2–1 = 6.2 Hz, J2–3 = 7.5 Hz,
H2) ppm. 13C NMR (100 MHz, MeOD) δ: 13.0, 22.3, 24.2, 24.6, 25.1, 25.5, 25.7, 26.2, 27.0, 28.8, 29.0, 29.1,
29.2, 29.3, 31.7, 33.5, 53.0, 55.1, 63.1, 65.5, 70.8, 73.3, 73.5, 75.4, 76.4, 76.8, 77.6, 79.4, 103.1, 105.7, 108.5,
109.7, 109.9, 173.8 ppm.

[6′-O-Tetradecanoyl-4-O-(3′,4′-O-isopropylidene-β-D-galactopyranosyl)-2,3:5,6-di-O-isopropylidene-1,1-di-O-
methyl-D-glucopyranose] (3c) [27]. Yield: 44% (0.248 g). 1H NMR (400 MHz, MeOD) δ: 0.92 (t, 3H,
J = 6.7 Hz, CH3), 1.30–1.33 [m, 20H, (CH2)n], 1.35 (s, 6H, 2CH3), 1.39 (s, 3H, CH3), 1.41 (s, 3H,
CH3), 1.44 (s, 3H, CH3), 1.49 (s, 3H, CH3), 1.61–1.67 (m, 2H, CH2CH2COOR), 2.40 (t, 2H, J = 7.0 Hz,
CH2COOR), 3.46 (s, 6H, 2OCH3), 3.47 (dd, 1H, J8–9 = 7.1 Hz, J8–7 = 8.0 Hz, H8), 3.91 (dd, 1H,
J4–3 = 1.2 Hz, J4–5 = 5.0 Hz, H4), 4.04 (ddd, 1H, J11–12a = 1.0 Hz, J11–10 = 2.2 Hz, J11–12b = 6.8 Hz, H11),
4.05 (dd, 1H, J6b–5 = 6.0 Hz, J6b–6a = 8.7 Hz, H6b), 4.08 (dd, 1H, J9–10 = 5.6 Hz, J9–8 = 7.1 Hz, H9), 4.15
(dd, 1H, J3–4 = 1.2 Hz, J3–2 = 7.5 Hz, H3), 4.17 (dd, 1H, J6a–5 = 6.0 Hz, J6a–6b = 8.7 Hz, H6a), 4.22 (dd, 1H,
J10–11 = 2.2 Hz, J10–9 = 5.6 Hz, H10), 4.27 (dd, 1H, J12b–11 = 6.8 Hz, J12b–12a = 11.5 Hz, H12b), 4.30 (dd,
1H, J12a–11 = 1.0 Hz, J12a–12b = 11.5 Hz, H12a), 4.31 (ddd, J5–4 = 5.0 Hz, J5–6a ∼= J5–6b = 6.0 Hz, H5), 4.41
(d, 1H, J1–2 = 6.2 Hz, H1), 4.51 (d, 1H, J7–8 = 8.0 Hz, H7), 4.51 (dd, 1H, J2–1 = 6.2 Hz, J2–3 = 7.5 Hz, H2)
ppm. 13C NMR (100 MHz, MeOD) δ: 13.0, 22.3, 24.2, 24.6, 25.1, 25.5, 25.6, 26.2, 27.0, 28.8, 29.0, 29.1,
29.2, 29.31, 29.34, 29.4, 31.7, 33.5, 53.0, 55.1, 63.1, 65.5, 70.8, 73.3, 73.6, 75.4, 76.4, 76.8, 77.6, 79.4, 103.1,
105.7, 108.5, 109.7, 109.9, 173.8 ppm.

[6′-O-Esadecanoyl-4-O-(3′,4′-O-isopropylidene-β-D-galactopyranosyl)-2,3:5,6-di-O-isopropylidene-1,1-di-O-
methyl-D-glucopyranose] (3d) [27]. Yield: 34% (0.200 g). 1H NMR (400 MHz, MeOD) δ: 0.92 (t, 3H,
J = 6.7 Hz, CH3), 1.30–1.33 [m, 24H, (CH2)n], 1.35 (s, 6H, 2CH3), 1.39 (s, 3H, CH3), 1.41 (s, 3H,
CH3), 1.44 (s, 3H, CH3), 1.49 (s, 3H, CH3), 1.60–1.67 (m, 2H, CH2CH2COOR), 2.40 (t, 2H, J = 7.4 Hz,
CH2COOR), 3.46 (s, 6H, 2OCH3), 3.47 (dd, 1H, J8–9 = 7.1 Hz, J8–7 = 8.0 Hz, H8), 3.91 (dd, 1H,
J4–3 = 1.2 Hz, J4–5 = 5.0 Hz, H4), 4.04 (ddd, 1H, J11–12a = 1.5 Hz, J11–10 = 2.2 Hz, J11–12b = 6.8 Hz, H11),
4.05 (dd, 1H, J6b–5 = 6.0 Hz, J6b–6a = 8.7 Hz, H6b), 4.08 (dd, 1H, J9–10 = 5.5 Hz, J9–8 = 7.1 Hz, H9), 4.14
(dd, 1H, J3–4 = 1.2 Hz, J3–2 = 7.5 Hz, H3), 4.17 (dd, 1H, J6a–5 = 6.0 Hz, J6a–6b = 8.7 Hz, H6a), 4.22 (dd, 1H,
J10–11 = 2.2 Hz, J10–9 = 5.5 Hz, H10), 4.27 (dd, 1H, J12b–11 = 6.8 Hz, J12b–12a = 11.5 Hz, H12b), 4.30 (dd,
1H, J12a–11 = 1.5 Hz, J12a–12b = 11.5 Hz, H12a), 4.31 (ddd, 1H, J5–4 = 5.0 Hz, J5–6a ∼= J5–6b = 6.0 Hz, H5),
4.41 (d, 1H, J1–2 = 6.2 Hz, H1), 4.51 (d, 1H, J7–8 = 8.0 Hz, H7), 4.51 (dd, 1H, J2–1 = 6.2 Hz, J2–3 = 7.5 Hz,
H2) ppm. 13C NMR (100 MHz, MeOD) δ: 13.0, 22.3, 24.2, 24.6, 25.1, 25.7, 26.2, 27.0, 28.8, 29.1, 29.2, 29.4,
31.7, 33.5, 53.0, 55.1, 63.1, 65.5, 70.8, 73.3, 73.6, 75.4, 76.4, 76.9, 77.6, 79.4, 103.1, 105.7, 108.5, 109.7, 109.9,
173.8 ppm.

Scheme 1. Reagents and conditions: (a) toluene, 75 ◦C, 12 h; (b) HBF4 Et2O, CH3CN, 30 ◦C, 3 h.
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2.3.2. General Procedure for the Synthesis of Lactose Fatty Acid Monoesters

Compounds 3a–d (0.25 mmol) were dissolved in tetrafluoroboric acid diethyl ether
complex/water/acetonitrile (2.1 mL, 1:5:500) and the mixture was stirred at 30 ◦C for 3 h [12,27].
The white solids precipitated were then filtered, washed with acetonitrile and dried. The purification
by recrystallization from methanol gave 4a–d as white solids. (Scheme 1).

[6′-O-Decanoyl-4-O-(β-D-galactopyranosyl)-D-glucopyranose, lactose caprate] (4a) [27]. Yield: 75% (0.093 g).
1H NMR (400 MHz, DMSO) δ: 0.86 (t, 3H, J = 6.6 Hz, CH3), 1.20–1.32 [m, 12H, (CH2)n], 1.48–1.57 (m,
2H, CH2CH2COOR), 2.31 (t, 2H, J = 7.3 Hz, CH2COOR), 3.17 (ddd, 1H, J2–1 = 4.0 Hz, J2–OH2 = 7.0 Hz,
J2–3 = 9.5 Hz, H2), 3.27 (dd, 1H, J4–3 ∼= J4–5 = 9.5 Hz, H4), 3.33–3.37 (m, 2H, H8, H9), 3.57 (dd, 1H,
J3–2 ∼= J3–4 = 9.5 Hz, H3), 3.60–3.67 (m, 3H, H6a, H6b, H10), 3.68–3.76 (m, 2H, H5, H11), 4.09 (dd, 1H,
J12b–11 = 4.5 Hz, J12b–12a = 11.5 Hz, H12b), 4.17 (dd, 1H, J12a–11 = 8.5 Hz, J12a–12b = 11.5 Hz, H12a),
4.20–4.25 (m, 2H, H7, OH3), 4.43 (dd, 1H, JOH6–6a ∼= JOH6–6b = 6.0 Hz, OH6), 4.55 (d, 1H, JOH2–2 = 7.0 Hz,
OH2), 4.78 (d, 1H, JOH10–10 = 5.0 Hz, OH10), 4.86 (d, 1H, J = 3.0 Hz, OH), 4.90 (dd, 1H, J1–OH1 ∼= J1–2 =
4.0 Hz, H1), 5.15 (d, 1H, J = 3.0 Hz, OH), 6.33 (d, 1H, JOH1–1 = 4.0 Hz, OH1) ppm. 13C NMR (100 MHz,
DMSO) δ: 14.4, 22.6, 24.8, 28.9, 29.1, 29.2, 29.3, 31.7, 33.8, 60.9, 63.8, 68.7, 70.2, 70.8, 71.7, 72.7, 72.9, 73.3,
81.6, 92.5, 104.0, 173.4 ppm.

[6′-O-Dodecanoyl-4-O-(β-D-galactopyranosyl)-D-glucopyranose, lactose laurate] (4b) [27]. Yield: 44% (0.058 g).
1H NMR (400 MHz, DMSO) δ: 0.86 (t, 3H, J = 6.6 Hz, CH3), 1.19–1.30 [m, 16H, (CH2)n], 1.48–1.57 (m,
2H, CH2CH2COOR), 2.31 (t, 2H, J = 7.3 Hz, CH2COOR), 3.17 (ddd, 1H, J2–1 = 4.0 Hz, J2–OH2 = 7.0 Hz,
J2–3 = 9.5 Hz, H2), 3.27 (dd, 1H, J4–3 ∼= J4–5 = 9.5 Hz, H4), 3.33–3.38 (m, 2H, H8, H9), 3.56 (dd, 1H, J3–2 ∼=
J3–4 = 9.5 Hz, H3), 3.60–3.67 (m, 3H, H6a, H6b, H10), 3.68–3.76 (m, 2H, H5, H11), 4.09 (dd, 1H, J12b–11 =
4.5 Hz, J12b–12a = 11.5 Hz, H6a), 4.17 (dd, 1H, J12a–11 = 8.5 Hz, J12a–12b = 11.5 Hz, H6b), 4.20–4.24 (m, 2H,
H7, OH3), 4.43 (dd, 1H, JOH6–6a ∼= JOH6–6b = 6.0 Hz, OH6), 4.56 (d, 1H, JOH2–2 = 7.0 Hz, OH2), 4.79 (d,
1H, JOH10–10 = 5.0 Hz, OH10), 4.86 (d, 1H, J = 5.0 Hz, OH), 4.90 (dd, 1H, J1–OH1 ∼= J1–2 = 4.0 Hz, H1),
5.16 (d, 1H, J = 4.0 Hz, OH), 6.34 (d, 1H, JOH1–1 = 4.0 Hz, OH1) ppm. 13C NMR (100 MHz, DMSO) δ:
14.4, 22.6, 24.8, 28.9, 29.2, 29.4, 29.46, 29.48, 31.8, 33.8, 60.9, 63.8, 68.7, 70.2, 70.7, 71.7, 72.7, 72.9, 73.3,
81.6, 92.5, 104.0, 173.4 ppm.

[6′-O-Tetradecanoyl-4-O-(β-D-galactopyranosyl)-D-glucopyranose, lactose myristate] (4c) [27]. Yield: 65%
(0.090 g). 1H NMR (400 MHz, DMSO) δ: 0.86 (t, 3H, J = 6.6 Hz, CH3), 1.17–1.32 [m, 20H, (CH2)n],
1.48–1.57 (m, 2H, CH2CH2COOR), 2.30 (t, 2H, J = 7.4 Hz, CH2COOR), 3.16 (ddd, 1H, J2–1 = 4.0 Hz,
J2–OH2 = 7.0 Hz, J2–3 = 9.5 Hz, H2), 3.27 (dd, 1H, J4–3 ∼= J4–5 = 9.5 Hz, H4), 3.31–3.37 (m, 2H, H8, H9),
3.56 (dd, 1H, J3–2 ∼= J3–4 = 9.5 Hz, H3), 3.60–3.66 (m, 3H, H6a, H6b, H10), 3.67–3.76 (m, 2H, H5, H11), 4.08
(dd, 1H, J12b–11 = 4.5 Hz, J12b–12a = 11.5 Hz, H12b), 4.16 (dd, 1H, J12a–11 = 8.5 Hz, J12a–12b = 11.5 Hz,
H12a), 4.20–4.25 (m, 2H, H7, OH3), 4.47 (dd, 1H, JOH6–6a ∼= JOH6–6b = 6.0 Hz, OH6), 4.60 (d, 1H, JOH2–2 =
7.0 Hz, OH2), 4.82 (d, 1H, JOH10–10 = 5.0 Hz, OH10), 4.89 (d, 1H, J = 4.0 Hz, OH), 4.90 (dd, 1H, J1–OH1∼= J1–2 = 4.0 Hz, H1), 5.19 (d, 1H, J = 4.0 Hz, OH), 6.37 (d, 1H, JOH1–1 = 4.0 Hz, OH1) ppm. 13C NMR
(100 MHz, DMSO) δ: 14.4, 22.6, 24.8, 29.0, 29.18, 29.19, 29.4, 29.48, 29.51, 29.53, 31.8, 33.8, 60.9, 63.8,
68.7, 70.2, 70.7, 71.7, 72.7, 72.9, 73.3, 81.6, 92.5, 104.0, 173.4 ppm.

[6′-O-Esadecanoyl-4-O-(β-D-galactopyranosyl)-D-glucopyranose, lactose palmitate] (4d) [27]. Yield: 80%
(0.116 g). 1H NMR (400 MHz, DMSO) δ: 0.86 (t, 3H, J = 6.6 Hz, CH3), 1.18–1.32 [m, 24H, (CH2)n],
1.47–1.58 (m, 2H, CH2CH2COOR), 2.31 (t, 2H, J = 7.4 Hz, CH2COOR), 3.18 (ddd, 1H, J2–1 = 4.0 Hz,
J2–OH2 = 7.0 Hz, J2–3 = 9.5 Hz, H2), 3.27 (dd, 1H, J4–3 ∼= J4–5 = 9.5 Hz, H4), 3.32–3.38 (m, 2H, H8, H9), 3.57
(dd, 1H, J3–2 ∼= J3–4 = 9.5 Hz, H3), 3.61–3.67 (m, 3H, H6a, H6b, H10), 3.68–3.76 (m, 2H, H5, H11), 4.09 (dd,
1H, J12b–11 = 4.5 Hz, J12b–12a = 11.5 Hz, H12b), 4.17 (dd, 1H, J12a–11 = 8.5 Hz, J12a–12b = 11.5 Hz, H12a),
4.20–4.28 (m, 2H, H7, OH3), 4.39 (dd, 1H, JOH6–6a ∼= JOH6–6b = 6.0 Hz, OH6), 4.51 (d, 1H, JOH2–2 = 7.0 Hz,
OH2), 4.75 (d, 1H, JOH10–10 = 5.0 Hz, OH10), 4.82 (br s, 1H, OH), 4.90 (dd, 1H, J1-OH1 ∼= J1–2 = 4.0 Hz,
H1), 5.12 (br s, 1H, OH), 6.31 (d, 1H, JOH1–1 = 4.0 Hz, OH1) ppm. 13C NMR (100 MHz, DMSO) δ: 14.4,
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22.5, 24.8, 29.0, 29.1, 29.2, 29.4, 29.46, 29.50, 31.7, 33.8, 61.0, 63.7, 68.7, 70.2, 70.8, 71.7, 72.7, 72.9, 73.3,
81.6, 92.5, 104.0, 173.4 ppm.

2.4. Surface Tension Measurements

Surface tension of different concentrations of surfactant solutions in water was measured using a
platinum cylindrical rod probe with wetted length of 1.6 mm (K100-Krüss force tensiometer, Hamburg,
Germany) at room temperature. Approximately 1 mL of each surfactant solution was placed onto a
Teflon plate and the surface of the liquid was aspirated to remove any remaining impurities. Then,
the rod probe was immersed 2 mm into the liquid. Data are expressed as the mean of three repeated
measurements performed at room temperature. The critical micelle concentration and the surface
tension at the CMC (γCMC) were calculated through the straight-line interception method, while the
Gibbs surface excess (Γmax) was calculated from the following equation:

Γmax =
1

2.303 × n × R × T

(
δγ

δlogC

)
(1)

where T is the absolute temperature, R is the gas constant (8.314 J/mol K), C is the surfactant
concentration, n = 1 for a non-ionic candidate. δγ/δlogC was calculated from the maximum slope of
the plot surface tension vs. surfactant concentration in the linear region before CMC.

The minimum area per surfactant molecule at the air-water interface (Amin) was determined
as follow:

Amin =
1018

N × Γmax
(2)

where N is the Avogadro number.

2.5. MTT Cell Viability Assays

Caco-2 and Calu-3 cells were seeded in sterile 96-well culture plates at a density of 3 × 104 cells
per well. The cells were incubated to attain at least 80% confluence before the experiment. Stock
solutions of surfactants were prepared in phosphate buffered saline (PBS). They were diluted at various
concentrations (from 0.0078 to 1 mg/mL) in cell culture medium before added to the cells. Complete
culture media were used as control. The cytotoxic effect of each surfactant was evaluated using the
MTT cell viability assay. After 24 h of incubation, surfactant solution was discarded and replaced by
MTT solution (0.8 mg/mL). The cells were subjected to MTT treatment for 2 h. Formazan crystals
formed were then dissolved in absolute isopropanol and incubated with gentle shaking at room
temperature for 15 min. Absorbance was measured at 570 nm using a microplate reader (Multiskan™
GO Microplate Spectrophotometer Thermo Scientific, Waltham, MA, USA). Percentage of viable cells
was calculated using untreated cells as control with 100% cell viability. The percentage of viable cells
was plotted against log concentration of the surfactants. IC50 (mg/mL), the concentration of surfactant
that caused a 50% reduction in cell viability was calculated by fitting the experimental data with
dose–response model (Prism 6, Version 6.0b, GraphPad Software).

2.6. Lactate Dehydrogenase (LDH) Release Assay

LDH assay was used to evaluate the membrane disruption effect exhibited by the surfactants.
Caco-2 and Calu-3 cells were seeded in sterile 96-well culture plates at a density of 3 × 104 cells per
well. Surfactant solutions (at the same concentration as in MTT assay described above) were added to
the cells and incubated at 37 ◦C for 24 h. Triton X-100 at 1% v/v was used as positive control. LDH
release assay was conducted according to the manufacturer’s protocol. The percentage of released
LDH was calculated relative to the controls by taking samples treated with Triton X-100 as complete
LDH release and untreated cells as nil LDH release.
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The concentration of surfactant that caused a 50% release of LDH (IC50, mM), was calculated by
fitting the experimental data with dose–response model (Prism 6, Version 6.0b, GraphPad Software).

2.7. Mitochondrial Membrane Potential (JC-1 Assay)

Caco-2 and Calu-3 cells were seeded in sterile 96 well plates at a density of 1 × 104 cells per well
and cultured for 24 h. As above, surfactant solutions were applied in Hank’s balanced salt solution
(HBSS) for 24 h. One millimolar FCCP was employed as the positive, mitochondrial depolarizing
control. Following exposure, treatments were removed and cells were washed twice with PBS prior
to the addition of 50 μL (5 μg/mL) JC-1 dye diluted in complete DMEM (without antibiotics) per
well for 15 min at 37 ◦C. Dye solution was then removed and wells washed with PBS followed by
addition of 50 μL/well PBS prior to measuring fluorescence at 550/600 nm (λex/λem) for detection of
JC-1 J-aggregates and 485/535 nm (λex/λem) for detection of JC-1 monomers. A ratio between JC-1
aggregates and JC-1 monomer signals was then taken, and data normalized by setting the untreated
control as a value of 1.0 and the positive control (1.0 mM FCCP) as a value of 0.0.

2.8. Caspase 3/7 Activation (CellEvent™ Assay)

Caco-2 and Calu-3 cells were seeded in sterile 96 well plates at a density of 1 × 104 cells per well
and cultured for 24 h. Following 24 h exposure on cells, surfactant solutions were removed, and cells
washed twice with PBS followed by the addition of 100 μL 1.0% CellEvent™ Caspase-3/7 detection
reagent diluted in HBSS buffer per well for 60 min. Fluorescence was then analyzed at 490/540 nm
(λex/λem), and data presented normalized to the untreated control set as a value of 1.0.

2.9. Nuclear Membrane Permeability (CellTox™ Green Cytotoxicity Assay)

Caco-2 and Calu-3 cells were seeded at a density of 1 × 104 cells per well in sterile 96 well plates
for 24 h prior to assaying. Cells were exposed to treatments for 24 h, followed by the addition of 100
μL (2×) CellToxTM Green reagent (1:500 dilution of CellToxTM Green Dye in Assay Buffer) per well.
The resulting solution was incubated at room temperature for 15 min and fluorescence then measured
at 495/519 nm (λex/λem). CellToxTM green signals were normalized by setting the untreated control as
0% and the positive control (1% Triton X-100) as 100% permeabilization of cell nuclei.

2.10. Measurement of Trans-Epithelial Electrical Resistance (TEER)

Caco-2 and Calu-3 cells were seeded at a density of 2 × 105 cells per well on filter inserts
(Transwell® Permeable Support 12 mm Insert, Corning Life Sciences, Tewksbury, MA, USA) and
cultured to confluence under air-liquid interface conditions. Culture media on the baso-lateral sides of
the cells were changed every 24 h. For TEER measurements, culture medium was discarded from the
cell layer and replaced with Kreb’s Balanced Saline Solutions (KBSS) on both the apical and baso-lateral
sides of the monolayers. Cell layers were allowed equilibrating in KBSS at 37 ◦C, 5% CO2 for 45 min
prior to sample application. Baseline TEER was measured before the treatment with surfactants.
For each surfactant, concentrations that caused 50% cell viability, and the highest concentration that
maintained 100% cell viability (according to the MTT assay) were added to the apical sides of the cell
layers and incubated for 2 h. TEER was then measured at 5, 30, 60, 90 and 120 min after surfactant
addition. Between TEER measurements, cells were incubated at normal cell culture conditions. After
120 min, surfactant was removed, and culture media were added to both sides of the filter inserts.
TEER measurement was conducted again after 24 h to evaluate the recovery of cell monolayers. A
volt-ohmmeter (Millcell® ERS-2 Voltohmmeter, Millipore, Burlington, MA, USA) equipped with a pair
of electrodes was used for TEER measurement. Baseline TEER measured from cell layers incubated in
KBSS was used as control and the change in TEER was presented as a percentage relative to baseline
value. Three independent experiments were performed in duplicate.
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3. Results and Discussion

3.1. Surface Tension and CMC Determination

Figure 1 shows the variation of surface tension over concentrations for each lactose fatty acid
monoester. From the plotted curves, it is possible to observe the relevant influence of the carbon chain
length on the surface properties of the amphiphiles.

Figure 1. Surface tension (mN/m) vs. concentration (mM) plot for the lactose fatty acid monoester
surfactants. Surface tension data are the mean of three repeated measurements (n = 3) performed
at room temperature. The CMC (critical micelle concentration) is calculated from the straight-line
interception method [28].

A clear relationship between the calculated CMC values (Table 1) and the carbon chain length can
be established.

Table 1. Air-water surface parameters (critical micelle concentration (CMC), surface tension at CMC
(γCMC), maximum surface excess (Γmax) and minimum area per surfactant molecule (Amin)) of the
synthetized lactose fatty acid monoesters determined by tensiometry.

Entry CMC (mM) γCMC (mN/m) Γmax × 10−6 (mol/m2) Amin (Å2)

Lactose caprate 2.58 ± 0.32 40.6 ± 0.04 9.52 ± 0.11 17.46 ± 0.25
Lactose laurate 0.55 ± 0.02 40.4 ± 0.02 9.52 ± 0.05 17.45 ± 0.09

Lactose myristate 0.14 ± 0.05 45.6 ± 0.19 8.37 ± 0.46 19.86 ± 0.80
Lactose palmitate 0.08 ± 0.03 45.1 ± 0.33 6.46 ± 0.11 25.69 ± 0.43

Indeed, lactose esters with longer carbon chains show a lower CMC because of the higher
hydrophobicity. This translates in a lower water solubility and micellization reasonably occurs at
lower concentrations. These results agree with those previously reported by Becerra et al. and
Garofalakis et al. [24,29].

The surface tension at the CMC (γCMC) was calculated to be around 40 mN/m for lactose caprate
and lactose laurate, while it was around 45 mN/m for derivatives with a longer hydrocarbon chain
(C14 and C16), demonstrating the potential application of these compounds as surface-active agents
(Table 1).

The absorption of the surfactants at the interface is described by the maximum surface excess
concentration (Γmax), according to the Gibbs isotherm.
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The packing ability of surfactants at the interface is influenced by both the hydrocarbon chain
length and polar head group. Surfactants with the bulkiest organization are generally characterized
by a higher area per surfactants (Amin). In fact, as previously reported, Amin depends not only
on the hydrophilic head group dimensions (number of hydroxyl group), but also on packing and
stereochemistry of the whole structure [29].

According to Becerra et al., the surface excess is inversely dependent on the hydrocarbon chain
length, therefore as the carbon chain length increase, the Γmax decreases. Conversely, the area occupied
by each molecule of surfactant increases as the carbon chain length increases [24]. Lactose caprate and
lactose laurate, characterized by short hydrocarbon chain lengths, showed the highest Γmax, suggesting
the organization in a more packed monolayer as indicated by the lower area per molecule.

3.2. Biocompatibility Studies

3.2.1. MTT and LDH Assays on Calu-3 and Caco-2 Cells

MTT and LDH assays were carried out to assess the cytotoxicity of various concentration of
lactose esters on Calu-3 and Caco-2 cells after 24 h exposure.

Results from the MTT assay (Figure 2) clearly suggest that cell viability of Calu-3 and Caco-2
cells is influenced by both carbon chain length and surfactant concentration. It is interesting to notice
how, by increasing the carbon chain length of the synthetized surfactants, cell viability decreases at
lower concentrations.

Figure 2. MTT assay of the lactose ester surfactants on Calu-3 and Caco-2 cell lines. The graph plots
cell viability (%) as a function of different surfactant concentrations. Data are expressed as mean ± SD
(n = 3).

A similar toxicological profile of lactose surfactants was observed when tested on both Caco-2
and Calu-3 cell lines.

Besides the MTT assay, another commonly employed in vitro cytotoxicity assay (LDH assay)
was performed. The LDH assay highlights the effect of lactose esters on the cell membrane integrity,
confirming the influence of the carbon chain length on the surfactant cytotoxicity on both cell lines
(Figure 3).

A comparison on the cytotoxicity of lactose surfactants can be performed by calculation IC50

values, which is the concentration of surfactant that causes 50% maximum effect, in terms of 50%
reduction of viable cells (MTT assay) or 50% release of LDH (LDH assay) (Table 2).

IC50 values decrease from lactose caprate to lactose palmitate independently from the cytotoxicity
tests (MTT or LDH assay) or cell lines (Calu-3 and Caco-2). Indeed, for lactose caprate surfactant an
IC50 value cannot be calculated since it is higher than the tested concentration range, confirming it
has the lowest cytotoxicity. For the other lactose surfactants, it is noted that comparable IC50 values
were calculated from the LDH assay between the two cell lines, while slightly higher IC50 values were
found in Calu-3 with respect to Caco-2 from the MTT assay.
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Figure 3. LDH assay of the series of lactose surfactants. The graph plots LDH release (%) from
Calu-3 and Caco-2 cell lines as a function of different surfactant concentrations. Data are expressed as
mean ± SD (n = 3).

Table 2. MTT and LDH cytotoxicity studies of the lactose ester surfactants on Calu-3 and Caco-2 cells.
IC50 is the concentration of surfactant that causes 50% maximum effect, thus 50% reduction of viable
cells (MTT assay) or 50% release of LDH (LDH assay).

Entry

MTT Assay
IC50 (mM)

LDH Assay
IC50 (mM)

Calu-3 Caco-2 Calu-3 Caco-2

Lactose caprate >2 >2 >2 >2
Lactose laurate 1.069 0.376 0.452 0.597

Lactose myristate 0.261 0.112 0.189 0.194
Lactose palmitate 0.122 0.060 0.142 0.163

Interestingly, previous studies demonstrate the relationship between the hydrocarbon chain
length and the cytotoxicity of sugar-based surfactants. The cytotoxic effect results from the interplay
of different factors such as the ability of the hydrocarbon chain to insert into the lipid bilayer
and to perturb membrane as well as the availability of free surfactant molecules, as indicated by
CMC value [30,31]. Perinelli et al. recently investigated the correlation between the CMC and the
cytotoxicity of N-decanoyl amino acid-based surfactants with different polar head groups. The authors
demonstrated that toxicity is affected by both the polar head and the hydrocarbon chain length, with
the latter parameter causing the main effect [32,33].

Lactose palmitate, which is characterized by the lowest CMC (0.08 mM), demonstrated the highest
cytotoxicity in both cell lines. The calculated IC50 values for lactose palmitate, were 0.122 mM (Calu-3)
and 0.060 mM (Caco-2) for the MTT assay and 0.142 mM (Calu-3) and 0.194 mM (Caco-2) for the LDH
assay, respectively.

Moreover, IC50 values were compared to the CMC values, since it has already been demonstrated
that surfactants with high cytotoxicity, show IC50 values lower than the CMC [33,34]. All the surfactants
demonstrated IC50 values higher or comparable to the CMC in both cell lines (MTT and LDH assays),
showing a low toxicity potential of the investigated lactose ester series on the two selected cell
lines under defined conditions. This result obtained on cell-based methods in vitro is a preliminary
evaluation of the toxicological profile of these surfactants, which should be confirmed by in vivo
studies to assess the safety of these amphiphiles for pharmaceutical applications.

3.2.2. JC-1 Assay to Monitor Mitochondrial Health on Caco-2 and Calu-3

To examine the effect of lactose surfactants on the variation of mitochondrial membrane potential
(ΔΨm), the ratiometric dye JC-1 assay was employed. The JC-1 dye readily permeates across the cell
plasma membrane where it specifically accumulates in active mitochondria, in a potential dependent
way. When present in the mitochondria, the dye forms J-aggregates, emitting fluorescence at red
595 nm wavelength, distinct from the dye presents in the cytoplasm which remains in monomeric

95



Pharmaceutics 2018, 10, 81

form emitting fluorescence at green 530 nm wavelength [34]. Mitochondrial depolarization, due to
the dissipation of negative charges across the mitochondrial membrane because of mitochondrial
disruption, is consequently indicated by a decrease in the J-aggegrate:monomer intensity ratio, thus
representing an arbitrary value for ΔΨm.

The effect of different concentration of lactose surfactants on the mitochondrial membrane
potential is reported in Figure 4.

Figure 4. Mitochondrial membrane potential as measured by JC-1 assay in (A) Caco-2 and (B) Calu-3
cells. Responses are relative to those induced by untreated (HBSS buffer) which were set to a value of
1.0 and to 1.0 mM FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), known to induce
total depolarization of mitochondrial membrane which were set to a value of 0.0. Data represents mean
± SD of triplicates from three independent experiments except for data for Caco-2 dosing of lactose
myristate 3.6 mM and 9.0 mM, which comes from one repeat.

Loss of mitochondrial membrane potential is influenced by both concentration and hydrocarbon
chain length of the tested surfactants, thus reflecting the results obtained from the MTT and LDH
assays. In general, all the surfactants exert a similar toxicological profile in the two cell lines. When
applied at the same concentrations, the highest cytotoxic effect is observed with lactose palmitate, as
indicated by the lower J-aggretates:J-monomers ratio.

It is likely that the decline in metabolic activity measured by the MTT assay, observed above
(Figure 2), is related to the interruption of mitochondrial respiration that would occur because of
mitochondrial membrane potential disruption.

A common cause of mitochondrial depolarization is the induction of apoptosis. Both intrinsic
and extrinsic apoptosis cause depolarization, which induces the release of key pro-apoptotic
proteins/messengers from the mitochondria.

Depolarization of the mitochondrial membrane potential is commonly caused by the formation
of pores or channels across the inner mitochondrial membrane, such as the permeability transition
pore that is activated by the pro-apoptotic Bcl-2 family members [35]. Various accounts demonstrate
that the dissipation of mitochondrial membrane potential occurs shortly after the permeabilization
of the outer mitochondrial membrane [36]. Once the outer membrane is permeabilized, the soluble
proteins present in the inner mitochondrial space are released [37,38], many of which play crucial roles
in the induction of apoptosis. Therefore, the results gathered suggest the potentially involvement of
apoptosis in surfactant toxicity and is explored further in the next section.

3.2.3. Caspase 3/7 Detection

Detection of activated effector caspases 3/7 is a well-recognized marker of programmed cell
death. CellEvent™ Caspase-3/7 detection reagent is a four-amino acid peptide (DEVD) conjugated to
a specific dye, thus inhibiting its ability to bind to DNA. The conjugated dye is non-fluorescent until
the DEVD peptide sequence is recognized and cleaved by activated caspase-3/7, which in turn enables
the dye to bind to DNA.
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Figure 5 shows the detection of activated caspase 3/7 induced by the tested lactose surfactants as a
function of the applied concentration, in Caco-2 and Calu-3 cells. Based on these results, it is reasonable
to assume that the compounds induce caspase 3/7 activation, indicating that apoptosis is occurring.
Furthermore, the induction of activated caspases occurs in a compound-dependent manner; therefore,
as carbon chain length is increased, the potency to elicit apoptosis increases also since caspase 3/7
activation occurs at lower concentrations. Nevertheless, starting from a certain concentration, the
normalized level of caspase 3/7 activation decreases, returning to the baseline values (or lower as is
the case for lactose palmitate).

Figure 5. Detection of activated caspase 3/7 in (A) Caco-2 and (B) Calu-3 cells. Responses are displayed
normalized to those induced by vehicle control (HBSS buffer). Data is presented as mean ± SD and
represents triplicates from three experiments except for data for dosing of lactose myristate 3.6 mM
and 9.0 mM in both Caco-2 and Calu-3 cells, which comes from one repeat.
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These unusual profiles (Figure 5) observable for all the lactose surfactants may be explained by
the dynamic and transient nature of caspase expression. Once cellular death has occurred, indicated
by total loss of metabolic activity, the apoptotic process is likely over, therefore cellular expression
of effector caspases is no longer necessary. When a cell population undergoes apoptosis, however,
caspase levels significantly increase, and the breakdown of the cellular components occurs.

An alternative interpretation to the obtained results that should not be overlooked, is the induction
of necrosis at higher concentrations rather than apoptosis, as was observed with quaternary ammonium
surfactants [39]. This data set could therefore benefit from the inclusion of an intermediate exposure
point (6 or 12 h) which could test the theory based on dynamic caspase expression discussed above.
Additional approaches, such as the detection of apoptotic DNA fragmentation, would also aid
in deciphering if apoptosis is occurring at higher surfactant concentrations or indeed if necrosis
was prevalent.

3.2.4. CellToxTM Green Cytotoxicity Assay

CellToxTM green is a DNA binding dye that measures changes in membrane integrity that occurs
because of cell death [40]. Signal generation occurs when the cell-impermeable dye binds DNA, and
this can occur when DNA is released from cells. Thus, this assay detects for both loss of cellular and
nuclear membrane integrity. Alternatively, compounds that enhance membrane permeability can also
facilitate dye entry via permeabilization of the cell and nuclear membrane, thus binding to intracellular
DNA. Figure 6 shows the results obtained from CellToxTM green assay in Caco-2 and Calu-3 cells
treated with different concentration of lactose surfactants. It is possible to observe a concentration and
compound dependent increase in nuclear permeability.

Figure 6. Nuclear membrane permeability as measured using the CellToxTM green assay in (A) Caco-2
and (B) Calu-3 cells. Responses are relative to those caused by 1.0% Triton X-100, which were set to
100%. Data is presented as mean ± SD and represents triplicates from three independent experiments
except for data for Caco-2 dosing of lactose myristate 3.6 mM and 9.0 mM, which comes from one repeat.

Permeabilization of the plasma membrane that may enable the CellToxTM green dye to enter
the cell is likely an effect of direct surfactant interaction and incorporation into phospholipid bilayer
resulting in altered membrane fluidity, a commonly observed surfactant effect [41]. The increases in
nuclear membrane permeability could then subsequently occur as a direct consequence of surfactant
incorporation into the nuclear membranes. Additionally, increased permeability in nuclear membranes
may be induced because of cellular apoptosis—a late event in apoptosis, mediating the formation
of apoptotic bodies. Thus, taken together with the activation of caspase-3/7, increased nuclear
membrane permeability at low surfactant concentrations may be occurring in an apoptotic manner.
However, at higher concentrations the presence of LDH release alongside increased nuclear membrane
permeabilization is likely indicative of surfactant-mediated perturbation of cellular membranes.
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3.3. Trans-Epithelial Electrical Resistance (TEER) Studies in Calu-3 and Caco-2 Cells

TEER studies were performed in Calu-3 and Caco-2 cells to evaluate the ability of lactose
surfactants to act as absorption enhancers, through transmucosal perturbation possibly by transiently
opening tight junctions (Figure 7). Results obtained from TEER measurements should be interpreted
carefully with the toxicological profile of the tested compounds to ensure that the changes in TEER
was not due to the permeant damage of the membrane integrity. In fact, a transient modulation of
tight junction opening commonly translates in a reversible effect on the TEER, while a permanent
perturbation of the membrane integrity, on the other hand, is evidenced by a non-reversible effect on
the TEER. However, it should also be noted that reversible effect on TEER could be a consequence of
mechanisms other than tight junction opening.

Figure 7. Effect of two different concentrations of lactose surfactants on Calu-3 cell monolayer TEER.
(A) IC50 calculated from MTT assay and (B) the highest concentration that shows 100% viability from
MTT assay. Data are presented as the mean of three independent experiments.

In the present study, two concentrations of each lactose surfactant were selected for TEER studies,
specifically the IC50 calculated from MTT assay and the highest concentration that shows 100%
viability in MTT assay, to evaluate the potential application of lactose surfactants within this range
of concentrations. Hence, the effect observed on TEER for each surfactant must be correlated with
the specific applied concentration, in addition to the structure of the compound (hydrocarbon chain
length).
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Regarding Calu-3 cells, lactose laurate was found to be the most effective surfactant in decreasing
the TEER at both tested concentrations, while all the other surfactants showed only a moderate
decrease in the TEER. Lactose laurate was effective in decreasing the TEER at the lowest applied
concentration (0.476 mM; 0.025% w/v), with an effect comparable to the highest applied concentration
(1.069 mM; 0.056% w/v). On the other hand, lactose caprate, applied at a similar concentration (1 mM),
only slightly affected the TEER. It is noted that the surfactants were tested at different concentrations
according to their toxicity profile. The ability of lactose laurate to lower the TEER significantly at the
tested concentrations indicated that this surfactant exhibits a good balance between safety and efficacy.

Interestingly, TEER reversed to the initial value after 25 h with all the tested surfactants and
concentrations, suggesting a transient effect on the membrane permeability, possibly by tight junction
opening. To elucidate the mechanism and to confirm whether the surfactants could be serve as
permeation enhancers, a macromolecule permeability assay could be performed in future study.

Regarding Caco-2 cells, different concentrations of surfactants were selected for TEER experiments,
based on the IC50 calculated from the MTT assay (Figure 8). Due to the higher cytotoxicity displayed
on Caco-2 cells, surfactants were tested at lower concentrations.

Figure 8. Effect of two different concentrations of lactose surfactants on Caco-2 cell monolayer TEER.
(A) IC50 calculated from MTT assay and (B) the highest concentration that shows 100% viability from
MTT assay. Data are presented as the mean of three independent experiments.
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Caco-2 cells were significantly less sensitive than Calu-3 cells. This was mainly because Caco-2
cells were more prone to the cytotoxic effect of the surfactants, hence a much lower concentrations
were used in the TEER study than on Calu-3 cells, rendering the rather poor response on this cell line.
Lactose caprate tested at 2 mM, induced a more significant decrease in TEER in Calu-3 cells compared
to Caco-2 cells. All the surfactants, tested at their IC50 concentration, only poorly affected the TEER,
suggesting a reduced efficacy in tight junction opening or other membrane perturbation mechanisms.
Nevertheless, lactose laurate showed a more significant effect, with a moderate reduction of TEER. On
the other hand, all the surfactants tested at the lowest concentration (100% cell viability from MTT
assay) did not induced a significant decrease of TEER.

4. Conclusions

This work reports an extensive and comprehensive study of the cytotoxicity profile of selected
lactose-based surfactants, as function of their structure (different hydrocarbon chain length) and
concentration. Cytotoxicity of the tested surfactants was found to be closely related to their
hydrocarbon tail for this specific homologues series in cell cultures tested, thus increasing the
hydrocarbon chain length also increased the cytotoxicity. Hence, higher IC50 values were observed in
presence of more hydrophilic compounds (shorter hydrocarbon chain length). Moreover, comparing
CMC and IC50 values reveals that the CMCs of the surfactants are lower or similar, thus showing
a low toxicity potential on the selected cell lines. Furthermore, the compounds tested showed a
comparable cytotoxicity in Caco-2 colonic epithelium and Calu-3 airway epithelium according to
both MTT and LDH assay. When applied for 24 h the compounds induced, in a dose-dependent
manner, depolarization of the mitochondrial membrane potential and permeabilization of plasma and
nuclear membranes, as shown by JC-1 assay and CellToxTM green assay, respectively. The activation
of caspase-3/7 suggests apoptosis may play a role in surfactant-induced cell death, particularly at
lower surfactant concentrations; however, at higher concentrations, surfactant-mediated membrane
perturbation may possibly result in necrotic-like cell death. The initiating factor behind induction
of apoptosis remains unknown but is likely associated to alterations in membrane fluidity and the
subsequent effect on ion gradient homeostasis and intracellular redox environment. Interestingly,
lactose laurate showed a good ability to decrease the TEER at a concentration close to IC50 value,
while all the other surfactants showed only a moderate effect on membrane perturbation across
cell monolayer.

Overall, results from cytotoxicity assays suggest a possible “mild behavior” of lactose monoester
surfactants in term of toxicological profile, providing a preliminary evidence regarding one of the
possible advantages of using these amphiphiles in different fields.
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Abstract: Cell-penetrating peptides (CPPs) have great potential to efficiently deliver drug cargos
across cell membranes without cytotoxicity. Cationic arginine and hydrophobic tryptophan have been
reported to be key component amino acids for cellular internalization of CPPs. We recently found
that L-arginine could increase the oral delivery of insulin in its single amino acid form. Therefore,
in the present study, we evaluated the ability of another key amino acid, tryptophan, to enhance
the intestinal absorption of biopharmaceuticals. We demonstrated that co-administration with
L-tryptophan significantly facilitated the oral and intestinal absorption of the peptide drug insulin
administered to rats. Furthermore, L-tryptophan exhibited the ability to greatly enhance the intestinal
absorption of other peptide drugs such as glucagon-like peptide-1 (GLP-1), its analog Exendin-4 and
macromolecular hydrophilic dextrans with molecular weights ranging from 4000 to 70,000 g/mol.
However, no intermolecular interaction between insulin and L-tryptophan was observed and no
toxic alterations to epithelial cellular integrity—such as changes to cell membranes, cell viability,
or paracellular tight junctions—were found. This suggests that yet to be discovered inherent
biological mechanisms are involved in the stimulation of insulin absorption by co-administration
with L-tryptophan. These results are the first to demonstrate the significant potential of using the
single amino acid L-tryptophan as an effective and versatile bioavailability enhancer for the oral
delivery of biopharmaceuticals.

Keywords: tryptophan; oral delivery; insulin; GLP-1; intestinal absorption; amino acid;
cell-penetrating peptide

1. Introduction

During the past few decades, cell-penetrating peptides (CPPs) have been established as potential
tools for delivering bioactive macromolecules and lipidic or polymeric particulate carriers into
cells via mainly covalent conjugation [1,2]. Conversely, our recent studies demonstrate that
CPPs can dramatically accelerate the intestinal and nasal absorption of therapeutic peptides and
proteins including insulin and the GLP-1 receptor agonist, Exendin-4, by the means of noncovalent
co-administration [3–5]. In particular, we found that artificial cationic peptides such as octaarginine (R8)
and the amphipathic sequence derived from antennapedia homeoprotein—penetratin—are CPPs that
have shown the greatest potential to act as bioavailability enhancers for facilitating mucosal absorption
of poorly absorbable peptides and proteins [3,6]. Several reports suggested that CPPs may enter into
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cells by multiple internalization mechanisms including endocytosis, mainly macropinocytosis and
energy-independent direct translocation into the cytoplasm compartment [7–10].

Alternatively, in an earlier study examining the effects of arginine peptides with different chain
lengths (4–16 residues), Futaki and coworkers found that the cationic amino acid arginine is a key
common amino acid in arginine-rich CPPs, including the human immunodeficiency virus (HIV)-1
Tat peptide and identified an optimal arginine chain length that maximized cellular internalization
efficiency [11]. We also examined the relationship between chain length of arginine peptides and
their ability to enhance the intestinal absorption of insulin and confirmed that the effect of R8 was
stronger than that of shorter or longer peptides [12]. Apart from the discussion regarding the effects
of peptides with different numbers of amino acids, we recently found that the L-form of the amino
acid arginine (L-arginine) could strongly enhance the intestinal absorption of insulin in its single
amino acid form, although its effectiveness was relatively less than peptide forms of arginine [13].
Other studies suggest that when hydrophobic moieties such as stearyl groups or hydrophobic amino
acids such as tryptophan are found within the peptide structure they synergistically enhance the
potential of the original arginine-rich peptides [14–17]. R8 modified with a stearyl group and penetratin
containing tryptophan residues are typical examples of CPPs with both cationic and amphipathic
properties [18–20]. In fact, we demonstrated the stronger effect of penetratin over R8 on the intestinal
and nasal absorption of various peptide and protein drugs [3,6,21,22]. These findings have shown
the importance of the hydrophobic amino acid tryptophan for boosting the action of arginine-rich
peptides in the facilitation of the intestinal absorption of insulin. It was expected that single amino
acid tryptophan would affect the modulation of intestinal absorption of insulin similar to L-arginine.
However, little is known about the ability of tryptophan to enhance the absorption of insulin.

Therefore, in the present study, we examined the effects of single amino acid tryptophan on
the intestinal absorption of insulin and compared its effectiveness to other useful and conventional
absorption enhancers including CPP (penetratin), tight junction-modulator (sodium caprate, C10) [23–25]
and lipid membrane-disrupting bile acid (sodium taurodeoxycholate) [26,27]. Among the diversity
of biopharmaceuticals currently available, the majority include peptides and proteins that must be
administered as injectable forms [28]. Therefore, we further evaluated the applicability of tryptophan
to enhance intestinal absorption of other biopharmaceuticals including peptide drugs (GLP-1 and
Exendin-4) and different sizes of model hydrophilic macromolecules (dextrans, FD-4, FD-20 and
FD-70; with molecular weights of 4000, 20,000 and 70,000 g/mol, respectively). Regarding the safe
use of tryptophan as a potential absorption enhancer, we evaluated the irreversibility of action and
possible cytotoxic effects on the intestinal mucosa. Furthermore, to better understand the mechanism
of action, the structural isomeric difference and its specificity among hydrophobic amino acids on the
ability of tryptophan and the possibility of intermolecular interaction between insulin and tryptophan
in absorption enhancement were examined. As the possible transepithelial pathway utilized by
tryptophan, the involvement of paracellular transport via tight junction opening effect of tryptophan
itself or its major metabolite serotonin was examined. In addition, the ability of tryptophan to protect
the peptide drugs from intestinal enzymatic degradation was tested.

2. Materials and Methods

2.1. Materials

Recombinant human insulin (27.5 IU/mg) and amino acids (L-tryptophan, D-tryptophan,
L-phenylalanine, L-isoleucine and L-proline) were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Exendin-4 was synthesized by Sigma Genosys, Life Science Division of Sigma-Aldrich
Japan Co. (Hokkaido, Japan). L-Penetratin (RQIKIWFQNRRMKWKK; capital letters indicate the
L-form of amino acids) and GLP-1 were synthesized by Toray Research Center, Inc. (Tokyo, Japan).
D-R8 (rrrrrrrr; lowercase letters indicate the D-form of amino acids) was synthesized by Scrum Inc.
(Tokyo, Japan). Fluorescein isothiocyanate-labeled dextran with average molecular weights 4400,
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20,000 and 70,000 g/mol (FD-4, FD-20 and FD-70, respectively), sodium taurodeoxycholate and Triton
X-100 were purchased from Sigma-Aldrich Co. (Darmstadt, Germany). C10 was purchased from
Tokyo Chemical Industry, Co. Ltd. (Tokyo, Japan). Methylcellurose (MC, METOLOSE) was purchased
from Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). Human colon adenocarcinoma-derived Caco-2 cell
line was purchased form the American Type Culture Collection (Rockville, MD, USA) at passage 18.
Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L glucose, nonessential amino acids (NEAA),
antibiotic mixture (10,000 U/mL penicillin, 10,000 μg/mL streptomycin and 29.2 mg/mL L-glutamine
in 10 mM citric acid-buffered saline), 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA) and Hanks’
balanced salt solution (HBSS) were purchased from Gibco Laboratories (Lenexa, KS, USA). Fetal bovine
serum (FBS) was purchased from Biowest (Nuaillé, France). Carboxymethyl dextran (CM5)-coated
sensor chips were purchased from GE Healthcare (Little Chalfont, Buckinghamshire, UK). All other
chemicals were of analytical grade and are commercially available.

2.2. Preparation of Mixed Solutions of Peptide Drugs and Amino Acids or CPPs

To prepare the insulin solution, specific amounts of recombinant human insulin were dissolved
in 100 μL of 0.1 M HCl. The insulin solution was diluted with 0.8 mL of phosphate buffered saline
(PBS, pH 7.4) (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4 and 1.47 KH2PO4 without calcium and
magnesium) containing 0.001% MC, which prevents the adsorption of insulin and penetratin to the
tube surface and was then normalized with 100 μL of 0.1 M NaOH. The final insulin concentration
of the stock solution was 40 IU/mL. Stock solutions of other peptide drugs (GLP-1 and Exendin-4)
and macromolecular compounds (FD-4, FD-20 and FD-70) were created by dissolving in PBS (pH 7.4)
containing 0.001% MC (1.0 mg/mL and 8.0 mg/mL, respectively). Two times concentrations of amino
acids (L-arginine, L- or D-tryptophan, L-phenylalanine, L-isoleucine and L-proline) were prepared using
PBS (pH 7.4) containing 0.001% MC. To aid in the dissolution of high concentrations of hydrophobic
amino acids such as L- or D-tryptophan and L-phenylalanine, the solutions were immersed in a water
bath at 60 ◦C resulting in a clear solution. To create the solution used for the intestinal absorption
study, two times concentrations of peptide drugs or macromolecular compounds and amino acid stock
solutions were mixed together in equal volumes.

In the comparison study, specific amounts of L-penetratin, D-R8, C10, or sodium
taurodeoxycholate were dissolved in PBS (pH 6.0 or 7.4) containing 0.001% MC at appropriate
concentrations. For the in vitro study with Caco-2 cells, HBSS (LDH assay and transepithelial electrical
resistance [TEER] measurement) or completed DMEM (WST-8 assay) were used instead of PBS to
produce the test solution.

2.3. Animal Study

Animal experiments were performed at Kobe Gakuin University and complied with the
regulations of the Committee on Ethics in the Care and Use of Laboratory Animals (approved as
A16-15 and A17-4). Male Sprague Dawley rats weighing 180–220 g and male ddY mice weighing
30–40 g were purchased from Japan SLC, Inc. (Shizuoka, Japan), housed in temperature controlled
rooms (23 ± 1 ◦C) with a relative humidity of 55 ± 5% and had free access to water and food during
acclimatization. Animals were fasted for 18 h (rats) and 24 h (mice) before the experiments; however,
they were allowed to drink water ad libitum.

2.4. In Situ Closed Ileum Loop Administration Study

Following anesthetization by intraperitoneal (i.p.) injection of sodium pentobarbital (50 mg/kg,
Somnopentyl®, Kyoritsu Seiyaku Corp., Tokyo, Japan), which has been conventionally used in our
insulin delivery study as confirmed to have a minimal effect on the blood glucose levels, rats were
restrained in a supine position on a thermostatically controlled board at 37 ◦C. Additional i.p. injections
of sodium pentobarbital (12.5 mg/kg) were administered every 1 h to maintain anesthesia. The ileum
was exposed following a small midline incision made carefully in the abdomen. Its proximal to
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ileocecal junction segments (length = 10 cm) were cannulated at both ends using polypropylene
tubing and ligated securely to prevent fluid loss. To wash out the intestinal contents, PBS warmed
to 37 ◦C was circulated through the cannula at 5.0 mL/min for 4 min using an infusion pump.
The cannulation tubing was removed, the segments were closed tightly and returned carefully to their
original location inside the peritoneal cavity. Rats were kept on the board at 37 ◦C for an additional
30 min to calm biological reactions such as elevated blood glucose levels resulting from the stress
imposed by surgery. After 30 min rest period, 0.5 mL of test insulin or other drug solution with or
without amino acids and/or L-penetratin was administered directly into a 6 cm ileal loop created from
the 10 cm pretreated segment. The insulin dose was administered at 50 IU/kg body weight (20 IU/mL)
for all animal experiments. To examine dose dependency, the final concentrations of tryptophan were
adjusted to 4, 8, 16 and 32 mM. In the comparison study with three hydrophobic amino acids or
metabolite of L-tryptophan, the final concentrations of L-isoleucine, L-proline, L-phenylalanine and
serotonin were 32 mM. In the study examining the synergistic effect of L-arginine and L-tryptophan,
the final concentration of L-arginine was fixed at 40 mM. The doses of GLP-1 and Exendin-4 were both
1.25 mg/kg (0.5 mg/mL) and the doses of FDs were all 10 mg/kg (4 mg/mL). In the study examining
the effect of pretreatment with L-tryptophan, D-R8, L-penetratin and other positive controls, ileal loop
was exposed to these solutions during 30 min rest period after surgery and before the administration
of insulin solution. For a part of above experiments involving pretreatment with L-tryptophan, C10
and sodium taurodeoxycholate for 30 min, an additional rest period of 30 min was added before the
administration of insulin.

During the experiment, 0.25 mL blood aliquots were taken from the jugular vein at 0, 5, 10, 15, 30,
60, 120 and 180 min after dosing. The tuberculin syringes (1 mL, Terumo Corp., Tokyo, Japan) were
heparinized by the standard procedure of coating the syringe wall with aspirated heparin and then
expelling all the heparin. Plasma was separated by centrifugation at 13,400× g for 1 min and stored at
−80 ◦C until analysis. The plasma concentrations of insulin, GLP-1 and Exendin-4 were determined
using a human insulin ELISA kit (Mercodia AB, Uppsala, Sweden), GLP-1 ELISA kit (Wako Pure
Chemical Industries, Ltd.) and Exendin-4 EIA kit (Phoenix Pharmaceuticals, Inc., Burlingame, CA,
USA), respectively. The plasma concentrations of FDs were measured with a microplate fluorimeter
(Synergy HT, BioTek Instruments Inc., Winooski, VT, USA) at excitation and emission wavelengths
of 485 and 528 nm, respectively. The total area under the drug concentration time curve (AUC) from
0–3 h was estimated using the sum of successive trapezoids fitted between each set of data points in
the time profiles of the plasma drug concentration.

2.5. Pharmacokinetic Analysis

The bioavailability of intestinal administered insulin was calculated relative to the subcutaneous
(s.c.) route. Briefly, an insulin solution was prepared by dissolving an appropriate amount of insulin in
PBS for s.c. injection (1 IU/kg). The peak plasma concentration (Cmax) and time to reach Cmax (Tmax)
were determined directly from the plasma insulin concentration–time curves. The total area under the
insulin concentration–time curve (AUC) for 0–3 h was estimated from the sum of successive trapezoids
between each data point. The relative bioavailability (BA) of insulin was calculated relative to the s.c.
injection as follows:

BA (%) = ([AUC]/dose)/([AUC]s.c./doses.c.) × 100

2.6. In Vivo Oral Administration Study

After 24 h fasting, mice were dosed with insulin (50 IU/kg) with or without L-tryptophan (32 mM)
(100 μL) by using oral gavage tube (i.d. 0.9 × length 50 mm) (Natsume Seisakusho Co., Ltd., Tokyo,
Japan). Blood glucose levels were measured (One Touch Ultra View, Johnson & Johnson K.K., Tokyo,
Japan) by collection of blood (one drop) from a small cut in the tail vein at t = 0 (prior to dosing), 15, 30,
60, 120, 180, 240, 300 and 360 min after administration. Blood glucose levels are depicted as percentage
of the initial value in same mouse. Mice were trained with oral dosing and tail cutting at 24 h and

107



Pharmaceutics 2018, 10, 182

60 min prior to actual drug administration to avoid the unexpected elevation of blood glucose levels
during experiments.

2.7. Insulin Degradation in Intestinal Enzymatic Fluid

Intestinal fluid was collected from male Sprague-Dawley rats by inserting a Sonde needle into
the upper portion of the small intestine and the intestine was then cannulated on the lower side
(length = 20 cm) to remove the intestinal fluid. The contents of the small intestine were washed
out with 30 mL of PBS. Because intestinal fluid contains a high lipid content, the efflux solution
was treated with equal volume of methylene chloride to remove any lipids that might interfere
with the analysis of insulin by HPLC. This removal of lipid contents was repeated five times. L- or
D-tryptophan (8–32 mM as final concentration) was mixed with insulin (10 IU/mL final concentration)
and incubated in the intestinal fluid at 37 ◦C. At 5, 15, 30, 45 and 60 min, 50 μL was collected and
added to 50 μL of ice-cold mobile phase solution to terminate the reaction. L- or D-penetratin (0.25 mM
as final concentration) and STI (1.25 mg/mL final concentration) were used as a CPP and positive
conventional inhibitor, respectively. Insulin concentration was measured by HPLC (LaChrom Elite
System, Hitachi High-Technologies Corporation, Tokyo, Japan) using the following conditions: mobile
phase, acetonitrile, trifluoroacetic acid (0.1%) and sodium chloride (31:69:0.58, v/v/w); 20 μL injection
volume; 1.0 mL/min flow rate; 220 nm wave length; analytical column (4.6 × 150 mm; 5 μm) with
guard column (4.6 × 150 mm; 5 μm) (ChemcoPak Nucleosil 5C18, Chemco Plus Scientific Co., Ltd.,
Osaka, Japan).

2.8. Cell Culture

Caco-2 cells were cultured in 75 cm2 culture dishes (Nippon Becton Dickinson, Tokyo, Japan)
with 10 mL of culture medium. The culture medium consisted of DMEM containing 10% FBS, 0.1 mM
NEAA, 2 mM glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin (completed DMEM).
The seeding density for cultivation was 8.0 × 105 cells/dish. The cells were maintained in an incubator
at 37 ◦C, 95% relative humidity and 5% CO2. The culture medium was replaced with fresh medium
every second day for approximately 7 days until the cells reached 80% confluence, at which time
they were subcultured. For the subculture procedure, the cells were detached from the culture dishes
by trypsinization with 0.05% trypsin–EDTA, counted with a hemocytometer and transferred at the
desired seeding density to new culture dishes or experimental wells. We used cells between passages
25 and 35.

2.9. In Vitro and In Situ the Lactate Dehydrogenase (LDH) Leakage

To assess the cytotoxic effects of L-tryptophan, the integrity of the cell membrane after treatment
with the CPPs was examined by measuring the lactate dehydrogenase (LDH) released from the
cytoplasm under both in vitro and in situ conditions.

In the in vitro assay, the Caco-2 cells were grown in 24-well plates with a 1.88 cm2 culture area
(Nippon Becton Dickinson) at the density of 1.0 × 105 cells/cm2 and then grown in completed DMEM
for 3 or 4 days. Before the addition of L-tryptophan, cell membranes were allowed to equilibrate
in 0.5 mL of assay buffer for 30 min. HBSS containing 0.001% MC (pH 7.4) was added to the
wells as the transport buffer. After a 30 min pre-incubation with transport buffer, the assay was
initiated by replacing 50 μL of transport buffer with 50 μL of L-tryptophan stock solution (ten times
concentration) or transport buffer. Various concentrations (300–2400 μM) of L-tryptophan were
incubated in Caco-2-seeded wells for 120 min at 37 ◦C. The incubation buffer was collected and
LDH released from the cytoplasm into the incubation buffer was determined using a CytoTox 96
Non-Radioactive Cytotoxicity Assay kit (Promega Corp., Madison, WI, USA). Cytotoxicity was
expressed as the percentage calculated by dividing the absorbance of the vehicle (HBSS) or the
L-tryptophan-treated sample by that of a sample treated with 0.8% Triton X-100, according to the
instructions of assay kit.
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In the in situ assay, various concentrations of L-tryptophan solution (16, 32 or 50 mM) with
50 IU/kg insulin were administered into rat ileal segments in the same manner as the closed loop
administration study described above. For the trial with the highest concentration of L-tryptophan
(50 mM), L-arginine (40 mM) was added as a solubilizing agent. For this test, 5% sodium
taurodeoxycholate was used as a positive control. At 60 min after administration, the ileal loop
was washed with 5.0 mL of PBS and then intestinal fluid was collected. After adjusting the collected
intestinal fluid to a total volume of 6.0 mL with PBS, the activity of LDH (Unit) leaked into the intestinal
fluid was determined using an LDH kit (Promega Corp.).

2.10. Cell Viability Assay

To examine the cellular viability of Caco-2 cells exposed to L-tryptophan, a WST-8 assay was
performed with Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan). The Caco-2
cells were grown in 96-well plates with a 0.33 cm2 culture area (Nippon Becton Dickinson) to a density
of 3.0 × 104 cells/cm2 and then grown in 100 μL of completed DMEM for 3 or 4 days. In this assay,
the completed DMEM was used in place of the incubation buffer to prevent the possible loss of cell
viability during total 5 h incubation in HBSS. First, 10 μL of L-tryptophan stock solution (eleven
times concentration) or transport buffer was added to 100 μL of completed DMEM and the cells were
incubated with various concentrations of L-tryptophan (600–2400 μM) for 2 h. Then, 10 μL of CCK-8
reagent was added to the wells and the cells were incubated for an additional 3 h to allow for the
reductive reaction of WST-8. The resulting absorbances of the incubated solution in the wells were
read with a microplate reader (Synergy HT, BioTek Instruments Inc.) at a wavelength of 450 nm. In this
assay, 0.8% of Triton X-100 was used as a positive control, same as the LDH assay.

2.11. Transcellular Transport Assay

For TEER measurement, Caco-2 cells were grown in 12-well transwell plates with a 1.13 cm2

culture area (collagen-coated polytetrafluoroethylene (PTFE) membrane with 0.4 μm pore size, Corning
Inc., Corning, NY, USA). The cells were cultured to a density of 1.0 × 105 cells/cm2. The cells were
grown in completed DMEM for 21 days until they achieved a constant TEER reading of >500 Ω cm2,
which indicated that tight junctions had formed in the monolayer. The culture medium was changed
every second day and the electrical resistance was monitored by the method described below. Each well
consisted of apical (top) and basal (bottom) chambers, which were separated by a collagen-coated
polytetrafluoroethylene membrane with a pore size of 0.4 μm and a filter area of 1.12 cm2.

In preparation for the assays, the cell membranes were allowed to equilibrate for 30 min in
transport buffer; HBSS (pH 7.4) with 0.001% MC was added to the apical (0.5 mL) and basal (1.5 mL)
chambers of the transwell. After a 30 min pre-incubation for equilibration, an initial TEER measurement
was taken of the monolayer in each well and then 100 μL of transport buffer was removed from the
apical chamber and replaced with 50 μL of insulin and 50 μL of L-tryptophan or serotonin stock
solutions (ten times concentration) or transport buffer. L-tryptophan (600, 1200 or 16,000 μM) or
serotonin (2.4 or 16 mM) was incubated with insulin (15 μM) in the apical chamber of the Caco-2-seeded
transwell for 2 h. During the incubation, the Caco-2 monolayer was kept at physiological temperature
(37 ◦C).

2.12. TEER Measurement

The TEER of the Caco-2 monolayer was measured to confirm cell growth and differentiation on the
insert filter of the transwell using a Millicell ERS-2 (Millipore Corp., Bedford, MA, USA). Before seeding
the Caco-2 cells, the electrical resistance of the insert filter in the medium was measured and subtracted
from the total electrical resistance determined for the monolayer to calculate the intrinsic TEER of the
monolayer. The TEER of the monolayer was measured at the end of the 2 h incubation to detect any
negative effects of the applied L-tryptophan on the intercellular tight junctions. The TEER is expressed
as a percentage calculated by dividing the TEER value (Ω cm2) at 2 h by the initial value.
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2.13. Surface Plasmon Resonance (SPR)-Based Binding Assay

The intermolecular interactions between insulin and L-tryptophan or L-penetratin were analyzed
by SPR (Biacore X-100, GE Healthcare). To measure the binding of L-tryptophan or L-penetratin to
insulin, insulin was immobilized at the carboxymethyl dextran surface of a CM5 sensor chip by using
an amine coupling method. For the immobilization procedure, insulin was diluted to a concentration
of 50 μg/mL using acetate buffer at pH 4.5 and immobilized on the chip surface in separate flow
cells at 5 μL/min for 7 min. Reference surfaces were prepared by amine coupling activation followed
by immediate deactivation. For binding measurements, different concentrations of L-tryptophan or
L-penetratin (2–200 μM) were injected for 90 s followed by an additional 90 s dissociation phase. At the
end of each cycle, the surface was regenerated by a 30 s injection of 1 M NaCl. Measurements were
carried out in HBSS (pH 7.4) supplied with 0.001% MC at 20 μL/min at 25 ◦C. Each sensorgram was
determined by subtracting nonspecific binding on the surface of the reference flow cell from total
binding on the immobilized-insulin surface.

2.14. Statistical Analysis

Each value is expressed as the mean and standard error of the mean (SEM) of multiple
determinations. The significance of the differences in the mean values of multiple groups was evaluated
using analysis of variance with Dunnett’s test. IBM SPSS Statistics (version 24; IBM Corp., Armonk,
NY, USA) was used for statistical analysis. Differences were considered significant when the p value
was less than 0.05.

3. Results

3.1. Stimulatory Effect of L-Tryptophan on the Intestinal Absorption of Insulin

It was reported that tryptophan residues at position 6 and 14 in the penetratin amino acid
sequence aid in lipid interaction in cell membranes and are therefore an important moiety involved in
the cellular internalization of penetratin [18]. To test the ability of hydrophobic amino acid tryptophan
as an absorption enhancer for insulin, we first conducted an in situ absorption study in which
insulin was administered with various concentrations of the L-form of tryptophan (8–32 mM) into
rat ileal closed loops. As shown in Figure 1A, the plasma insulin concentration increased after
administration of insulin with L-tryptophan in a concentration dependent manner and with a late
onset of action 30–60 min after administration. This result suggests that L-tryptophan has the potential
to strongly enhance the intestinal absorption of insulin as single amino acid form. On the other hand,
we confirmed the effect of the amphipathic CPP penetratin on the intestinal absorption of insulin.
The effect of L-penetraitn shown in Figure 1A was consistent with our previous publication using
L-penetratin [3,6], in which insulin co-administered with L-penetratin was absorbed immediately at
15 min post administration. The difference of action onset between L-tryptophan and L-penetratin
suggested that L-tryptophan as single amino acid played a role in increasing absorption of insulin
in a different way from tryptophan residues as a component of the peptide structure of L-penetratin.
We further compared the effect of other hydrophobic amino acids such as phenylalanine, proline and
isoleucine on the absorption of insulin. The results in Figure 1B show that there was no stimulatory
effect on insulin absorption by these three hydrophobic amino acids suggesting that the bioenhancing
effect is unique to tryptophan among the hydrophobic amino acids. The pharmacokinetic parameters
are summarized in Table 1.
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Figure 1. Time profiles of plasma insulin concentration after in situ administration of insulin (50 IU/kg)
with or without L-tryptophan, L-penetratin or other hydrophobic amino acid additives into rat ileal
loop. Panel (A), L-tryptophan (8–32 mM) or L-penetratin (0.5 mM); panel (B), hydrophobic amino acids
(L-isoleucine, L-proline and L-phenylalanine, 32 mM). Each data point represents the mean ± SEM of
N = 3–8, except for the group with L-tryptophan (8 mM, N = 2).

Table 1. Pharmacokinetic parameters following in situ administration of insulin with various amino
acid additives, L-penetratin, or after pretreatment of amino acids or control reagents.

Experiment Cmax (μU/mL) Tmax (min) AUC (μU·h/mL) BA (%)

Insulin (50 IU/kg) 8 10.6 ± 2.4 9.4 ± 1.1 8.5 ± 2.5 0.1 ± 0.0
+L-Tryptophan (8 mM) 2 52.9 30 35.8 0.4

(16 mM) 4 563.0 ± 162.4 45.0 ± 8.7 558.4 ± 195.2 ** 5.8 ± 2.0 **
(32 mM) 4 2008.2 ± 196.9 52.5 ± 7.5 1785.7 ± 153.5 ** 18.7 ± 1.6 **

+D-Tryptophan (16 mM) 3 84.7 ± 35.8 60.0 ± 0.0 75.4 ± 30.2 0.8 ± 0.3
(32 mM) 3 723.5 ± 153.0 60.0 ± 0.0 606.3 ± 132.8 ** 6.3 ± 1.4 **

+L-penetratin (0.5 mM) 4 1079.0 ± 54.4 15.0 ± 0.0 481.8 ± 85.0 ** 5.0 ± 0.9 **
+Serotonin (32 mM) 3 258.3 ± 124.7 60.0 ± 0.0 304.8 ± 174.1 3.2 ± 1.8

Pretreatment study
+PBS 4 1.7 ± 0.3 7.5 ± 2.5 2.0 ± 0.2 0.0 ± 0.0
+L-Tryptophan (32 mM) 4 1040.5 ± 455.9 18.8 ± 3.8 582.1 ± 229.2 6.1 ± 2.4
+D-R8 (0.5 mM) 3 22.7 ± 5.2 8.3 ± 3.3 22.5 ± 6.7 0.2 ± 0.1
+L-penetratin (0.5 mM) 3 356.3 ± 241.3 5.0 ± 0.0 141.0 ± 73.8 1.5 ± 0.8
+C10 (100 mM) 3 1574.8 ± 772.9 20.0 ± 5.0 1235.9 ± 686.2 12.9 ± 7.2
+Sodium taurodeoxycholate (5%) 3 4038.0 ± 1685.4 8.3 ± 3.3 2386.2 ± 1114.6 * 25.0 ± 11.7 *

Pretreatment with 30 min rest
+L-Tryptophan (32 mM) 3 41.2 ± 11.2 11.7 ± 3.3 25.8 ± 5.4 0.3 ± 0.1
+C10 (100 mM) 3 165.1 ± 22.7 11.7 ± 3.3 128.3 ± 35.6 1.3 ± 0.4
+ Sodium taurodeoxycholate (5%) 3 393.7 ± 225.2 8.3 ± 3.3 203.3 ± 121.3 2.1 ± 1.3

Insulin s.c. (1 IU/kg) 3 133.8 ± 3.4 25.0 ± 5.0 191.2 ± 5.2 100

Cmax, the maximum concentration; Tmax, the time to reach the Cmax; AUC, the area under the curve; BA, relative
bioavailability compared to subcutaneous injection. Each data point represents the mean ± SEM of N =3–8, except
for the group with L-tryptophan (8 mM, N = 2). * p < 0.05, ** p < 0.01, significantly different with corresponding
control insulin (50 IU/kg).

3.2. Identification of the Ability of L-Tryptophan as the Oral Absorption Enhancer for Insulin

The above-mentioned results suggested that L-tryptophan has the ability to effectively increase
the intestinal absorption of insulin. Therefore, the potential of L-tryptophan as oral absorption
enhancer was further tested after in vivo oral administration of insulin to mice. As shown in Figure 2,
the hypoglycemic reaction elevated after oral administration of insulin (50 IU/kg) with L-tryptophan
(32 mM) suggested that L-tryptophan could enhance the oral absorption of insulin. The elevation in
the blood glucose levels just after oral administration in all groups might be because of the stress by
oral gavage, even though mice were trained before administration.
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Figure 2. Blood glucose levels in mice following oral administration of insulin (50 IU/kg) with or
without L-tryptophan (32 mM). Each data point represents the mean ± SEM of N = 6–8. * p < 0.05,
## p < 0.01, significantly different with PBS and insulin (50 IU/kg), respectively.

3.3. Applicability of L-Tryptophan to Enhance the Intestinal Absorption of Various Biopharmaceuticals

Although the mechanism involved in the absorption-stimulatory effect of L-tryptophan is still
unclear, our results strongly suggest that L-tryptophan has potential as an effective absorption enhancer
for the oral delivery of insulin. We additionally researched the ability of L-tryptophan to aid in the
delivery of other biopharmaceuticals.

To examine the ability of L-tryptophan to assist in the transport of a range of differently sized
potential drug cargo, we evaluated the effect of L-tryptophan co-administered with fluorescently
labeled hydrophilic dextrans of various molecular weights (4400, 20,000 and 70,000 g/mol). As shown
in Figure 3A–C, the intestinal absorption of all dextrans (FD-4, FD-20 and FD-70) was effectively
enhanced by co-administration with L-tryptophan (32 mM), although the effectiveness of enhancement
tended to decrease with increase in the molecular weight of the cargo compounds. Furthermore, the
effect of L-tryptophan on the intestinal absorption of other peptide drugs, GLP-1 and Exendin-4, was
examined. As shown in Figure 4A,B, these peptide drugs were efficiently absorbed in the presence of
L-tryptophan (32 mM). Thus, L-tryptophan has the potential to enhance the intestinal absorption of a
wide variety of biopharmaceuticals in a safe manner. The AUC values of dextrans and peptide drugs
are summarized in Table 2.

 

Figure 3. Time profiles of plasma concentrations of model hydrophilic macromolecules (FD-4, FD-20
and FD-70) after their in situ administration with or without L-tryptophan (32 mM) into rat ileal loop.
Panels (A–C) show the absorption of FD-4, FD-20 and FD-70, respectively. Each data point represents
the mean ± SEM of N = 3–8.
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Figure 4. Time profiles of plasma concentrations of peptide drugs (GLP-1 and Exendin-4) after their
in situ administration with or without L-tryptophan (32 mM) into rat ileal loop. Panels (A) and (B)
show the absorption of GLP-1 and Exendin-4, respectively. Each data point represents the mean ± SEM of
N = 4.

Table 2. AUCs following in situ administration of dextrans (FD-4, FD-20 and FD-70) with L-tryptophan
into rat ileal loop.

AUC (ng·h/mL)

−L-Tryptophan +L-Tryptophan (32 mM)

FD-4 (10 mg/kg) 1194.2 ± 463.2 5512.7 ± 1034.9**
FD-20 (10 mg/kg) 146.0 ± 44.8 1973.2 ± 801.8*
FD-70 (10 mg/kg) 25.4 ± 24.6 205.6 ± 115.0

GLP-1 (0.5 mg/mL) 1.35 ± 0.27 6.35 ± 2.06*
Exendin-4 (0.5 mg/mL) 1.54 ± 0.62 6.17 ± 0.67**

AUC, the area under the curve. Each data point represents the mean ± SEM of N = 3–8. * p < 0.05, ** p < 0.01,
significantly different with corresponding control without L-tryptophan.

3.4. Mucosal Cytotoxic Examinations for Intestinal Administration of L-Tryptophan

3.4.1. Effect of L-Tryptophan on the Membrane Integrity and Cell Viability in the Intestinal Epithelium

The intestinal absorption of insulin accelerated by co-administration with L-tryptophan might be
attributed to the modulation of biological structures and functions in the intestinal mucosa. To establish
the safety of L-tryptophan as a potential absorption enhancer for biopharmaceuticals, changes in the
integrity of epithelial cell membranes, cellular viability and the tightness of the paracellular junctions
after administration of L-tryptophan were examined.

Figure 5A,B shows the leakage of an intracellular protein, LDH, from intestinal epithelial cells
after in situ administration into rat ileal loop (A) and in vitro exposure onto the epithelial model
Caco-2 cells (B). In Figure 5A, the leakage of LDH was negligible after in situ administration of
insulin with L-tryptophan at all tested concentrations (16 and 32 mM) and these measurements
were significantly low when compared to the positive control (the administration of 5% sodium
taurodeoxycholate). Similarly, in the in vitro assay (Figure 5B), no release of LDH into the media
was observed after the exposure of Caco-2 cells to L-tryptophan at all concentrations (300–2400 μM).
Figure 5C shows the viability of Caco-2 cells after applying L-tryptophan to culture media. The results
indicate no decrease in cell viability after addition of L-tryptophan at all concentrations (600–2400 μM).
The toxicity examinations suggest that L-tryptophan has no adverse effect on the intestinal mucosa
and may therefore become a potentially safe absorption enhancer.
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Figure 5. Cytotoxicity examinations after the exposure of intestinal epithelium to L-tryptophan.
Panel (A), the LDH release in the intestinal fluid collected at 60 min after ileal administration of PBS,
insulin (50 IU/kg) with or without L-tryptophan (16–50 mM) and sodium taurodeoxycholate (5%).
Panel (B), LDH released from the cytoplasm into the incubation medium (HBSS) after incubation
with various concentrations of L-tryptophan (200–2400 μM). The value is expressed as a percentage
calculated by dividing the absorbance of the L-tryptophan treated medium sample by that of the sample
treated with Triton X-100 (0.8%). Panel C, cell viability after incubation with various concentrations
of L-tryptophan (600–2400 μM). Each data point represents the mean ± SEM of N = 3, 3 and 6–11 for
panels (A–C), respectively. * p < 0.05, ** p < 0.01, significantly different with corresponding control PBS-
(panel (A)), or DMEM- (panel (C)) treatment group.

3.4.2. Effect of Intestinal Pretreatment with L-Tryptophan on the Intestinal Absorption of Insulin

The results from the previous section suggest that L-tryptophan can enhance the intestinal
absorption of insulin via functional and structural modification of the intestinal mucosa, while not
exhibiting cytotoxicity (Figure 5). When further considering the safe use of absorption enhancers, it is
important that these agents exhibit either no effect or only a temporal effect on the functions of the
mucosal membrane since this membrane is an integral component of the defense system protecting
against exogenous pathogens. To assess the reversibility of L-tryptophan activity, an insulin solution
was administered to rat ileal loop after pretreatment with L-tryptophan (32 mM), CPPs (D-R8 and
L-penetratin), or conventional enhancers (C10 and sodium taurodeoxycholate) for 30 min and then
washing the pretreated ileal segment with fresh PBS.

As shown in Figure 6A, an increase in plasma insulin concentration was observed after the
administration of insulin to the ileal loop pretreated with L-tryptophan and L-penetratin, however,
the extent of insulin absorption was lower than the effect of co-administration with these enhancers
(Figure 1A). In addition, the onset of insulin absorption could be shifted to an early time point, (5 min
after administration of insulin), by pretreating withL-tryptophan. In contrast, pretreatment with C10
and sodium taurodeoxycholate had a stronger stimulatory response on intestinal absorption of insulin
than L-tryptophan and L-penetratin (Figure 6B). When insulin was administered into the ileal loop
after 30 min of pretreatment with L-tryptophan followed by washing and further rest for 30 min, the
increase in the plasma insulin concentration was almost completely eliminated (Figure 6C), suggesting
that the action of L-tryptophan was temporal and reversible. The pharmacokinetic parameters are
summarized in Table 1.
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Figure 6. Time profiles of plasma insulin concentration after in situ administration of insulin (50 IU/kg)
into rat ileal loop pretreated with L-tryptophan (32 mM), D-R8 (0.5 mM), L-penetratin (0.5 mM), C10
(100 mM), or sodium taurodeoxycholate (5%). In the results shown in Panels (A,B), insulin solution was
administered immediately after washing the pretreatment solution from the ileal loop. For the results
shown in Panel (C), insulin solution was administered at 30 min after washing out the pretreatment
solution. Each data point represents the mean ± SEM of N = 3–4.

3.5. Mechanistic Analysis for the Intestinal Absorption of Insulin Facilitated by L-Tryptophan

3.5.1. Possibility of the Intermolecular Interaction between Insulin and L-Tryptophan

The above-mentioned results suggest that single amino acid L-tryptophan is unique in its ability
to enhance the intestinal absorption of insulin. The binding affinity of L-tryptophan with insulin
and/or possible activity of L-tryptophan in the modulation of biological functions and structures may
explain its specificity for absorption enhancement. In this section, we analyzed the intermolecular
interaction between insulin and L-tryptophan using a SPR-based assay.

Figure 7 shows the binding sensorgrams obtained from the assay. Various concentrations of
L-tryptophan (2–200 μM) or L-penetratin (2–200 μM) were injected into the flow cells containing
immobilized insulin. The resulting sensorgrams do not show an increase after the injection of
L-tryptophan at any concentration (Figure 7A). For comparison, L-penetratin was bound to the
insulin-immobilized flow cells depending on the applied insulin concentration (Figure 7B) in a manner
consistent with our previous publications [29]. These results suggest that L-tryptophan can enhance
the absorption of insulin without intermolecular interaction and that the modulation of mucosal
epithelial structure might be important for the enhancement of intestinal insulin absorption mediated
by L-tryptophan.

 

Figure 7. Binding sensorgrams obtained by SPR analysis. Various concentrations of L-tryptophan (A)
or L-penetratin (B) solutions (pH 7.4) were injected into insulin-immobilized flow cells.
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3.5.2. Possible Ability of Tryptophan to Protect Insulin from Enzymatic Degradation

The formation of the complex via intermolecular interaction between insulin and L-tryptophan or
L-penetratin might be related to the protection of insulin from the intestinal enzymatic degradation.
Therefore, we further evaluated the protective effect of L-tryptophan and L-penetratin on the
degradation of insulin in the intestinal enzymatic fluid. As shown in Figure 8B, the positive control STI
(1.25 mg/mL) completely abolished the activity of proteases in the intestinal fluid and the co-incubation
with L-penetratin partially protected insulin from the enzymatic degradation. This was consistent
with the result in our previous work [6]. This suggested that the stabilization of insulin in the
presence of L-penetratin could be probably explained by steric hindrance via their intermolecular
interaction (Figure 7B). In contrast, L-tryptophan did not have the ability to protect insulin from
intestinal enzymatic degradation (Figure 8A). This may be attributed to the lack of intermolecular
interaction between insulin and L-tryptophan (Figure 7A).

 

Figure 8. Degradation profiles of insulin in the presence of tryptophan or positive controls (penetratin
and STI) in rat intestinal enzymatic fluid. Panel (A), various concentrations of L-tryptophan (8–32 mM);
panel (B), L-penetratin (0.25 mM) or STI (positive control, 1.25 mg/mL). Each data point represents the
mean ± SEM of N = 3.

3.5.3. Possibility of Paracellular Transport via Tight Junction Opening Effect Induced by L-Tryptophan
and Its Metabolite

The temporal effect of pretreatment with L-tryptophan on the intestinal absorption of insulin
(Figure 6A,C) suggested that L-tryptophan could possibly modify the structure of the lipid membrane
or tight junctions in the intestinal epithelium, resulting in enhanced transcellular or paracellular
transport of insulin. Therefore, the epithelial transport of insulin in the in vitro Caco-2 cell monolayer
model was then examined in the absence or presence of L-tryptophan. Figure 9A shows the TEER
values which reflect the integrity of paracellular tight junctions after the application of L-tryptophan
into Caco-2 cells grown in transwells. No change in the TEER values was observed after addition
of L-tryptophan at all concentrations examined (600–16,000 μM), although a significant reduction in
TEER was observed after addition of typical enhancer C10. The maintained TEER confirmed that
the cellular lipid membrane was retained after addition of L-tryptophan, consistent with the LDH
release assays (Figure 5A,B). Consistent with the result in TEER measurement, Figure 9B showed no
change in the in vitro epithelial permeation of insulin after co-incubation with various concentrations
of L-tryptophan.
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Figure 9. Cytotoxicity examinations after the exposure of intestinal epithelium to L-tryptophan. Panel
(A), changes in the TEER of Caco-2 cell monolayers after the incubation with insulin (15 μM) and
various concentrations of L-tryptophan (600–16,000 μM). The values are expressed as a percentage
calculated by dividing the TEER measurement (Ω cm2) at 120 min by the initial value. Panel (B), time
courses of permeation of insulin through Caco-2 monolayer in the presence or absence of L-Tryptophan
(600–2400 μM). Each data point represents the mean ± SEM of N = 3. * p < 0.05, ** p < 0.01, significantly
different with corresponding insulin control group.

3.5.4. Isomeric Dependent Effect of Tryptophan Co-Administration on the Intestinal Absorption of Insulin

The lack of L-tryptophan effect in the in vitro transport assay (Figure 9B) contradicted the in situ
and in vivo effect of L-tryptophan on the absorption of insulin (Figures 1A and 2), suggesting that
inherent active transport systems might potentially be associated with the action of L-tryptophan but
that these transport systems might be diminished or deficient in Caco-2 cells. In our recent work, we
found that only the L-form of arginine in its amino acid form can facilitate the intestinal absorption of
insulin [13]. As it is possible that the effect of tryptophan may also vary between L- and D-forms, we
conducted an in situ absorption study of insulin with D-tryptophan (16 and 32 mM) and compared
its effectiveness to that of L-tryptophan (Figure 1A). The results in Figure 10 show that the effect of
D-tryptophan appears much weaker than that of L-tryptophan but the onset of action by D-tryptophan
(60 min after administration) was similar to that of L-tryptophan.

Figure 10. Time profiles of plasma insulin concentration after in situ administration of insulin (50 IU/kg)
with or without D-tryptophan (16 or 32 mM) into rat ileal loop. Each data point represents the
mean ± SEM of N = 3.
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3.5.5. Possible Involvement of Serotonin as Active Metabolite of L-Tryptophan to Enhance the
Intestinal Absorption of Insulin

On the other hand, it is possible that the metabolite of L-tryptophan, serotonin, has the potential
to enhance the epithelial permeability of insulin and other macromolecular drugs [30] and the delayed
action of L-tryptophan might be attributed to the time required for conversion from tryptophan to
serotonin after administration to the intestine. Therefore, we then tested the effect of serotonin on
the permeation and absorption of insulin under the in vitro and in situ conditions. The result of the
permeation study with Caco-2 cell monolayer (Figure 11A,B) showed that serotonin had no stimulatory
effect on the permeation of insulin, in fact, serotonin increased the TEER as shown in Figure 11C,
suggesting that paracellular space was tightened by addition of serotonin. Consistent with the increase
in TEER, the permeability of insulin through the Caco-2 cell monolayer decreased by co-incubation
with serotonin (Figure 11B). On the other hand, serotonin (32 mM) could enhance the intestinal
absorption of insulin after administration to a rat ileal loop but it was less effective than L-tryptophan
(Figure 11D). The pharmacokinetic parameters are summarized in Table 1. The relationship between
results in the in vitro and in vivo conditions is unknown.

 
Figure 11. Permeation of insulin through the Caco-2 cell monolayer panels (A,B) and TEER values panel
(C) during coincubation with L-tryptophan (16 mM) or serotonin (2.4 or 16 mM) and the absorption of
insulin after its in situ administration of insulin (50 IU/kg) with or without serotonin (32 mM) into rat
ileal loop panel (D). Each data point represents the mean ± SEM of N = 3.

3.5.6. Combined Effect of Co-Administration of L-Tryptophan with L-Penetratin on the Intestinal
Absorption of Macromolecules

The difference in the action onset between L-tryptophan (slow) and L-penetratin (rapid) shown in
Figure 1A suggested that these two enhancers used different pathways to enhance the intestinal
absorption of insulin and other macromolecular drugs. No intermolecular interaction between
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insulin and L-tryptophan (Figure 7A,B) confirmed that L-tryptophan uses a different mechanism than
L-penetratin. Therefore, we then examined the additive or synergistic potential of the combination of
L-tryptophan and L-penetratin to increase the intestinal absorption of macromolecular dextran (FD-4)
in the in situ ileal loop administration study.

As shown in Figure 12, the individual effect of L-tryptophan (16 mM) and L-penetratin (0.5 mM)
on the absorption of FD-4 was confirmed as being delayed and rapid onset, respectively, consistent
with the above-mentioned results with insulin (Figure 1). Contrary to our expectation, the effect of the
combined co-administration with L-tryptophan (16 mM) and L-penetratin (0.5 mM) on the absorption
of FD-4 was almost equal to that co-administered with only L-penetratin (0.5 mM). As L-penetratin
had the capacity to interact with FD-4 similar to insulin, L-tryptophan might be deprived of a chance
to facilitate the absorption of FD-4. Possibly, a large part of FD-4 administered to the intestine could
be systemically and quickly absorbed by complexing with L-penetratin, while FD-4 which could be
delivered by L-tryptophan was scarce due to the slow mechanism of action. The results suggested that
the action mechanism of L-tryptophan to facilitate the intestinal absorption of macromolecular drugs
was different from that of L-penetratin.

Figure 12. Time profiles of plasma concentrations of FD-4 after its in situ administration with or without
L-tryptophan (16 mM) and/or L-penetratin (0.5 mM) into rat ileal loop. Each data point represents the
mean ± SEM of N = 3–4.

4. Discussion

We recently discovered that single amino acid arginine, particularly the L-form of arginine, an
important component in cationic CPPs, has the potential to facilitate the intestinal absorption of insulin
without being part of a peptide structure such as arginine-rich CPPs [13]. Another amino acid, the
hydrophobic amino acid tryptophan, is known to play an important role in the cellular association and
internalization of the amphipathic CPP, penetratin [16,18]. In fact, our previous study demonstrated
that the amphipathic CPP enhanced the intestinal absorption of insulin to a greater degree than cationic
CPPs such as R8 and Tat peptide [3]. Therefore, we hypothesized that addition of tryptophan to insulin
might potentially improve the intestinal absorption of insulin.

The data showed that the intestinal absorption of insulin was significantly enhanced by
co-administration with L-tryptophan (16 or 32 mM, Figure 1A and Table 1), comparable to the effect of
L-penetratin (0.5 mM). Interestingly, the onset patterns of insulin absorption after co-administration
were quite different between L-arginine (Tmax 12.8 ± 0.9 min at 40 mM) and L-tryptophan (Tmax

52.5 ± 7.5 min at 32 mM), as shown in Figure 1A, Table 1 and our previous publication [13], suggesting
that different mechanisms might be associated with the absorption enhancement by cationic arginine
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versus hydrophobic tryptophan. On the other hand, we showed in our previous publications that the
simple cationic CPP (R8) generated a relatively slow enhancing effect, whereas the typical amphipathic
CPP (penetratin), containing two tryptophan residues, rapidly enhanced the absorption of insulin [3,21],
contradicting the effect of amino acids, L-arginine and L-tryptophan, observed in the present and
current studies [13]. This suggests that L-tryptophan and L-arginine could enhance intestinal absorption
via mechanisms distinctly different from that involving CPPs.

The binding analysis showed no intermolecular interaction between insulin and L-tryptophan
(Figure 7), implying that L-tryptophan has no capacity to bring the noncovalently mixed drugs as a
delivery carrier. L-arginine also showed no binding with insulin (data not shown). This observation
is quite different from the mechanism of penetratin and R8 in which intermolecular interaction is
essential to their ability as absorption enhancers. There was no protective effect of L-tryptophan on the
enzymatic degradation of insulin (Figure 8A), confirming no possible interaction between insulin and
L-tryptophan. With respect to the opening of tight junctions as a possible mechanism, the examination
in our recent report suggested that no opening of tight junctions was observed after adding the effective
concentrations of L-arginine (9.6 mM equivalent to 4.2 mg/kg in the animal study) to the transwell
with Caco-2 cell monolayers [13]. In regard to tryptophan, while there is an earlier report suggesting
that mucosal exposure of L-tryptophan (1 mM or more) increases the paracellular permeability of
macromolecules in an energy- and sodium-dependent manner [31], more recent study suggests that
indole-containing molecules like tryptophan strengthen the epithelial barrier function via the increased
expression of tight junction-related proteins such as claudins and occludins [32,33]. No change in
the TEER values of Caco-2 cell monolayers was observed after addition of various concentrations
of L-tryptophan (600–16,000 μM) (Figure 9A). Therefore, it is expected that the mechanism resulting
in the enhancement of the mucosal absorption by both amino acids does not occur via opening of
tight junctions.

Interestingly, it was suggested that the enteric nervous system was associated with the intestinal
transport of low molecular weight compounds and hydrophilic macromolecules [34,35]. While the
adrenergic stimulation has been known to decrease the intestinal absorption of dextran with molecular
weights of 20,000 and 40,000 g/mol [35], vascular perfusion with the cholinergic agonist bethanechol
can contribute to the increase in intestinal drug transport [34]. Furthermore, serotonin, a major
metabolite of tryptophan, is known to promote the secretion of acetylcholine via the stimulation
of the serotonin 5-HT4 receptor, possibly contributing to the increased intestinal absorption of
macromolecules [30]. No enhancement of the epithelial permeation of insulin in the presence of
L-tryptophan (Figure 9B) may strengthen the hypothesis that L-tryptophan needs to be metabolized for
enhancing the epithelial permeation of drugs. However, our in vivo data (Figure 11D) in the present
study was inconsistent with such a hypothesis, as the effect of serotonin (32 mM) on the intestinal
absorption of insulin was weaker than that of L-tryptophan (32 mM) and the action onset of serotonin
was delayed compared to L-tryptophan. Furthermore, our in vitro data partially negated the possible
cholinergic contribution, as serotonin appeared to tighten the paracellular space and decrease the
epithelial transport of insulin through a Caco-2 cell monolayer (Figure 11A–C). In the present study
regarding the ability of tryptophan to enhance intestinal absorption, the L-form is more effective
than the D-form (Figure 10), similar to arginine. Considering the differences between how L- and
D-amino acids affect insulin absorption, endogenous systems such as the enteric nervous system,
the transporter-mediated influx, or receptor-mediated influx mechanisms might be involved either
directly or indirectly. Although some effects of D-tryptophan remained at the higher dose (32 mM),
it was considerably small compared to that of L-tryptophan (Figure 10 and Table 1), suggesting that
stereospecificity might be partially involved in their absorption enhancing mechanisms.

The in situ administration study conducted after pretreatment with L-tryptophan indicated its
reversibility in the enhancement of the intestinal absorption of insulin. As shown in Figure 6C, the
absorption stimulatory effect of L-tryptophan greatly diminishes at 30 min after pretreatment with
L-tryptophan followed by washing, like the effect of conventional positive controls such as C10
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and sodium taurodeoxycholate. These results along with the cytotoxic analysis (Figure 5A–C and
Figure 9A) suggest L-tryptophan has no irreversible effect on the mucosal structure, which means that
L-tryptophan does not induce permanent functional change to the intestinal membrane. Future studies
are needed to clarify the mechanism.

Based on the results of the in situ intestinal insulin absorption study, we examined the
potential of L-tryptophan as an oral absorption enhancer for insulin in vivo. Figure 2 clearly
showed the hypoglycemic effects after oral administration of insulin (50 IU/kg) with L-tryptophan
(32 mM). In this study, insulin and L-tryptophan were administered just as a solution, therefore, the
development of an appropriate formulation could be expected to increase the biological effect of insulin.
Figures 3 and 4 clearly demonstrates the wide applicability of L-tryptophan as an absorption enhancer
for macromolecules having peptide- to protein-sized molecular weights. In contrast, L-arginine had
no effect on the intestinal absorption of such peptide drugs (data not shown). The effectiveness
of absorption enhancement by L-tryptophan was comparable to that by L-penetratin, although
L-tryptophan required relatively higher concentrations (16 mM or more) than L-penetratin (0.5 mM).
Since L-tryptophan is currently used as an oral supplement and it appears to facilitate the intestinal
absorption of a wide variety of biopharmaceuticals, its potential as an intestinal absorption enhancer is
meritorious and quite unique.

As mentioned above, tryptophan is first metabolized into serotonin which stimulates the
cholinergic nervous system, balancing neural activity. Therefore, although L-tryptophan is one of
the essential amino acids, its excess use has to be carefully considered for safe pharmacotherapy.
In addition, another metabolite from tryptophan, melatonin, is used as a sleep-inducing agent and
therefore may affect circadian rhythm. The required dose of L-tryptophan for inducing sleepiness
is roughly to 1500–3000 mg·day−1·human−1, which is comparable to the maximum dose used to
enhance the intestinal absorption of biopharmaceuticals (32 mM equivalent to 16.3 mg/kg) in this
study. However, the dose of L-tryptophan used as an absorption enhancer could be further optimized
by precisely evaluating the relation between its co-administered concentration and the efficiency of
the resultant absorption enhancement. Considering the effective plasma concentration of insulin
(<100 μU/mL), it is expected that the dose of L-tryptophan can be reduced to 10 mM, the equivalent
to 5.1 mg/kg (300 mg/human). Further examination will be essential to establish the potential of
L-tryptophan as a safe and effective absorption enhancer for the oral delivery of biopharmaceuticals.

5. Conclusions

In the process of studying the role of the hydrophobic amino acid tryptophan, which was widely
known as a key amino acid in the function of CPPs, we discovered that tryptophan singly improves
the intestinal absorption of various biopharmaceuticals having peptide to protein molecular sizes.
When examining the absorption of insulin in particular, the bioavailability enhancement effect of
L-tryptophan was far stronger than that of L-arginine [13], another key cationic amino acid component
of CPPs and comparable to the potent CPP, L-penetratin. However, the mechanism of action remains
unclear. In the present study, the cell integrity of the intestinal epithelium (demonstrated by assessing
cell viability, cell membrane integrity and the tightness of paracellular junctions) was not changed
in the presence of L-tryptophan. Furthermore, no intermolecular interaction between insulin and
L-tryptophan was observed and insulin was not protected from enzymatic degradation when in the
presence of L-tryptophan. Tryptophan is the precursor of a wide array of bioactive compounds, such
as serotonin, melatonin and so forth. [36]. Considering the stronger action of L-tryptophan as an
absorption enhancer relative to the D-form, inherent biological functions might be involved in its
action mechanisms. To utilize L-tryptophan as a safe absorption enhancer, further studies are required
to identify the complete mechanism of action.
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Abstract: The aim of this study was to probe whether the transferrin (Tf) transport pathway can be
exploited for intestinal delivery of nanoparticles. Tf was adsorbed on 100 nm model polystyrene
nanoparticles (NP), followed by size characterisation of these systems. Cell uptake of Tf and
Tf-adsorbed NP was investigated in intestinal epithelial Caco-2 cells cultured on multi-well plates
and as differentiated polarised monolayers. Tf-NP demonstrated a remarkably higher cell uptake
compared to unmodified NP in both non-polarised (5-fold) and polarised cell monolayers (16-fold
difference). Application of soluble Tf significantly attenuated the uptake of Tf-NP. Notably, Tf-NP
displayed remarkably higher rate (23-fold) of epithelial transport across Caco-2 monolayers compared
to unmodified NP. This study therefore strongly suggests that the Tf transport pathway should be
considered as a candidate biological transport route for orally-administered nanomedicines and
drugs with poor oral bioavailability.

Keywords: Caco-2; intestinal absorption; nanomedicine; nanoparticle; oral delivery; transferrin

1. Introduction

The oral drug administration route offers the ultimate patient convenience, preference and
therefore adherence to drug therapy. However, with a few exceptions, oral administration is currently
an option only for small drug molecules that show acceptable intestinal absorption. As a rapidly
expanding class of drugs, biologics are presently predominantly given by injection. Significant research
efforts over a number of decades have explored technologies to enable oral delivery of biologics,
but progress has been relatively poor. Drug delivery strategies in this area mostly utilise absorption
or permeation enhancers and focus on smaller biologics, such as glucagon-like peptide 1 (GLP-1)
analogues [1]. However, safety concerns, including those related to many surfactants [2], have hindered
the clinical translation of these approaches. Recent progress in this area seeks to utilise advances
in materials, engineering and electronics, leading to swallowable “devices”, such as mucoadhesive
patches [3] and the microneedle “robotic pill” [4].

The key challenge in the field of oral delivery of macromolecular biologics concerns the difficulty
in overcoming the formidable intestinal epithelial barrier, rather than additional barriers such as the
stomach acid and mucosal enzymes, which can be addressed via relatively established technologies.
A key requirement for technologies enabling therapeutically-relevant oral delivery of biologics is safety.
Rather than disrupting and increasing the permeability of the intestinal epithelium non-selectively
(i.e., an effect that a classical permeation enhancer would display), it is desirable to engineer delivery
systems that selectively permeate the intestinal mucosa. This can be achieved by targeting and hijacking
the natural, physiological transport processes present in the intestinal epithelium. This approach
usually requires a ligand or transport-enabling entity capable of intestinal translocation, which is
linked (e.g., conjugated or fused) to the biotherapeutic. Alternatively, the ligand can be presented on
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the surface of drug carriers, particularly nanocarriers [5–7], which may also serve to protect the drug
against mucosal enzymatic degradation or enable targeted delivery post absorption.

Transferrin (Tf) has been explored as a potential ligand to enable drug targeting and delivery
across biological barriers, particularly the blood-brain barrier (BBB) [8,9], because of its high expression
in BBB endothelium [10]. The transferrin receptor (TfR) is expressed in the human gastrointestinal
epithelial cells [11]. Furthermore, TfR is overexpressed in colon cancer (similarly to other types of
cancer) [12] and the inflamed colon; it was detected in both basolateral and apical sides of enterocytes
from the colon tissue biopsies of inflammatory bowel disease (IBD) patients and rats with colitis [13].
Therefore, TfR and TfR-mediated transcytosis could be exploited as a biological system for systemic
delivery of biologics, in addition to its potential as a targeting receptor for local delivery in intestinal
cancer or IBD.

However, it must be noted that it is currently unclear whether TfR-mediated transcytosis offers
opportunity for improving intestinal delivery of biologics in the context of systemic delivery, or local,
targeted delivery to the intestinal diseased tissue. This is because of predominant distribution of TfR
on the basolateral surface in polarised cells, which presents an obvious obstacle for receptor-mediated
mucosal delivery [14]. There are however reports of TfR-mediated transcytosis being explored for
oral delivery of biologics via a Tf recombinant fusion protein approach [15] or Tf conjugation to
therapeutic macromolecule [16]—both these approaches have shown evidence and potential for
the use of TfR-mediated transport as a strategy to enhance the intestinal absorption (i.e., in the
apical-to-basolateral direction) of biologics. Importantly, a recent landmark study clearly showed
a complete and enhanced apical-to-basolateral transcytosis of Tf-functionalised nanogranules in
Caco-2 cells, with Tf modification upregulating the expression of trafficking-related (endocytosis and
transcytosis) proteins [17].

This study probed the possibility of improving the intestinal epithelial delivery of nanoparticles
(NP), as potentially useful carriers of biologics, by targeting TfR-mediated transcytosis. A fundamental
study of this nature is imperative to assess the possibility that TfR-mediated transcytosis may be
utilised to facilitate intestinal translocation of nanomedicines. This is important as, with the exception
of two studies [17,18], TfR-mediated transcytosis has not been investigated for intestinal delivery
of nanosystems. We show here that TfR targeting of NP significantly improves their uptake into
intestinal epithelial cells (Caco-2), as well as translocation across cell monolayers serving as an in vitro
intestinal model.

2. Materials and Methods

2.1. Materials

Hank’s balanced salt solution (HBSS; with sodium bicarbonate, without phenol red), Dulbecco’s
Modified Eagle’s Medium (DMEM) and all other reagents (including cell culture media supplements,
antibiotic-antimycotic solution and foetal bovine serum), unless otherwise stated, were purchased from
Sigma-Aldrich (Poole, UK). Fluorescently-labelled (“fluospheres”), carboxylate-modified polystyrene
microspheres of 0.1 μm diameter (referred to as “NP”) and multiwell cell culture plates were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Human holotransferrin (Tf) was purchased from
LEE biosolutions (Maryland Heights, MO, USA), while fluorescently-labelled human Tf-CF®488A dye
conjugate was purchased from Biotium (Fremont, CA, USA). Transwell permeable inserts of 12 mm
diameter and polycarbonate filters and 0.4μm pore size were obtained from Corning (Corning, NY, USA).

2.2. Adsorption of Tf to Nanoparticles

Tf-adsorbed nanoparticles (Tf-NP) were prepared based on a procedure that was previously
reported [19]. A 1:2 Tf to NP mass ratio (1.1 mg/mL Tf and 2.2 mg/mL carboxylic-modified NPs) was
used, with adsorption achieved by incubation in 50mM 2-(N-morpholino)ethanesulfonic acid (MES)
buffer at pH 5.9 for 2 h at 20 ◦C. A previous study characterising Tf adsorption to latex NP reported the
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1:1 mass ratio to produce full surface coverage on the same NP systems [19]. Given that we used a
lower amount of Tf (below adsorption saturation), the presence of unadsorbed Tf was assumed to be
very low and dialysis was not carried out.

2.3. Nanoparticle Characterisation

Average hydrodynamic size (dynamic light scattering, DLS), polydispersity and zeta potential of
NP before and post Tf adsorption were measured by using a Malvern zetasizer (Malvern Instruments
Ltd., Malvern, UK). Unmodified and Tf-NP were diluted in HBSS (biological buffer used in cell
experiments). Measurements were conducted at a scattering angle θ = 173 and at a temperature of
25 ◦C. For DLS, each measurement was an average of 12 repetitions of 10 s each. Both DLS and zeta
potential measurements were repeated three times.

2.4. Cell Culture

Caco-2 cells were cultured on 24-well plates for two days as undifferentiated system and Transwell
inserts as differentiated monolayers, following plating at 105 cells/cm2 using DMEM. Cells were
cultured on inserts for at least 21 days prior to the experiments, with culture medium replaced every
other day. For differentiated Caco-2 system, transepithelial electrical resistance (TEER) was measured
periodically and before uptake and transport experiments to ensure integrity of the monolayer and tight
junction formation (polarisation). Prior to cell uptake and transport experiments, both undifferentiated
and differentiated Caco-2 cells were equilibrated in HBSS for 45 min to minimise the potential impact
of media change on cell uptake and transport studies.

2.5. Cell Uptake of Tf

Human Tf CF488A conjugate was applied to Caco-2 cells (cultured on 24-well plates) at 50 μg/mL
and cells incubated at 37 ◦C for two hours. This was followed by removing the applied sample and
repeated cell washing using HBSS. Triton X-100 (1% v/v) was applied to cells for 10 min to permeabilise
and detach the cells. Permeabilised cells were then centrifuged and the supernatant harvested.
Tf CF488A conjugate was quantified by measuring the fluorescence of supernatant using a Tecan
Fluorescence Plate Reader (Tecan Trading AG, Männedorf, Switzerland) at 515 nm emission/490 nm
excitation. Quantitation of samples was carried out via a calibration curve.

2.6. Cell Uptake of Tf-NP

Tf-NPs (1:2 mass ratio) were applied to Caco-2 cells cultured on 24-well plates at 40 μg/mL.
Cells were incubated with the samples at 37 ◦C for two hours, following washing with HBSS. Cells were
then permeabilised via the application of Triton X-100 (1% v/v in HBSS). Cells were then harvested and
transferred to 1 mL vials for centrifugation. Tf-NPs were quantified by measuring NP fluorescence
following centrifugation of permeabilised cells and measurement of fluorescence of the supernatant
using a Tecan fluorescence plate reader at 590 nm/645 nm (excitation/emission).

2.6.1. Competition Studies

For competition studies, cells were pre-treated with 10 μg/mL of Tf, shortly followed by application
of Tf-NP. Cell uptake was examined as above.

2.6.2. Uptake in Differentiated Monolayers

In addition to examining uptake of Tf-NP in multiwell plate-grown Caco-2 cells, we also tested
cell internalisation of these systems in differentiated Caco-2 cells (i.e., following culture on Transwell
inserts). Only cell monolayers displaying TEER ≥ 500 Ωcm2 were used in the experiments (given the
typical range observed in our work of 700–1400 Ωcm2). Application of Tf-NP and cell monolayer
permeabilisation was conducted in the same manner as above.
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2.7. Transport of Tf-NP across Differentiated Caco-2 Monolayers

Caco-2 cells were cultured as polarised monolayers on Transwell inserts as described above.
Prior to the transport study, cells were equilibrated in HBSS. Tf-NP (1:2 ratio) were then applied to the
apical side of Caco-2 cells at 40 μg/mL for two hours. Unmodified NPs were also applied at equivalent
concentration. Cells were incubated with the samples at 37 ◦C for two hours, with periodic sampling
of the basolateral solution every 20 min (this was replaced with fresh HBSS). Samples were transferred
onto a black 96-well plate for NP fluorescence quantitation as above.

2.8. Statistical Analysis

Unpaired, unequal variance t test (or Welch t test) was performed for comparisons of two group
means, while one-way analysis of variance (ANOVA) was utilised for comparison of three or more
group means. p value of <0.05 was considered statistically significant. ***, ** and * indicate p < 0.001,
p < 0.01 and p < 0.05, respectively, whereas “ns” denotes nonsignificant. Statistical analysis was
conducted using GraphPad Prism® Software.

3. Results

This study examined whether TfR-mediated transcytosis may be utilised as a biological transport
route to facilitate intestinal delivery of nanomedicines (Figure 1).

 
Figure 1. Transferrin transcytosis pathway as a potential route for intestinal delivery of nanomedicines.

3.1. Nanoparticle Characterisation

To assess the effect of physical adsorption of Tf to NP on their size, we conducted size
characterisation of bare NP and Tf-NP. Data shown in Figure 2 highlight that adsorption of Tf
on model polystyrene NP produced an increase in the hydrodynamic diameter of the NP (measured
by DLS) from approximately 130 nm to 176 nm, indicating the formation of an adsorbed Tf surface
layer of about 23 nm.

Figure 2. Hydrodynamic size of bare nanoparticles (NP) and transferrin-adsorbed systems (Tf-NP).
Size was characterised by dynamic light scattering (DLS), with systems suspended in Hank’s Balanced
Salt Solution (HBSS). Measurements were done at scattering angle θ = 173 and at a temperature of
25 ◦C. Data shown as mean ± SD. Each measurement was an average of 12 repetitions of 10 s each and
repeated three times. ** denotes p < 0.01.
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In terms of surface charge, the zeta potential of unmodified NP was −35.7 (± 1.57), whereas for
Tf-NP this amounted to −14.3 (± 1.03), resulting in a statistically significant reduction of negative
surface charge post Tf adsorption (p = 0.0001).

3.2. Cell Uptake of Tf

Uptake of Tf by multiwell-cultured (undifferentiated) Caco-2 cells following application at
50 μg/mL (at 37 ◦C for two hours) was 0.18 μg/well (24-well plate).

3.3. Cell Uptake of Tf-NP

The internalisation of Tf-NP by intestinal Caco-2 cells was tested under different conditions in
non-polarised, multiwell-cultured cells (Figure 3), prior to subsequent examination in differentiated
cell monolayers (Figure 4). Considering the multiwell-cultured cells, Figure 2 shows the internalisation
of Tf-NP after application alone, or following treatment with soluble Tf (‘+Tf’). The figure also depicts
the uptake of bare NP. The data highlight more than five-fold higher cell uptake of Tf-NP compared
to bare NP. Importantly, following cell treatment of Tf-NP in conjunction with excess free Tf, cell
internalisation of the former was attenuated by more than three-fold.

μ

Figure 3. Uptake of transferrin-adsorbed nanoparticles (‘Tf-NP’) and bare nanoparticles (NP) by Caco-2
cells cultured on multiwell plates. Tf-NP were applied to cells at 40 μg/mL alone or just after application
of 10 μg/mL soluble Tf (‘Tf-NP + Tf’). Cells were incubated with the samples at 37 ◦C for two hours.
Cell internalisation was measured following permeabilization with Triton X-100 (1% v/v in Hank’s
Balanced Salt Solution), centrifugation and measurement of nanoparticle fluorescence. Data shown as
the mean ± SD (n = 3). ** and * denote p < 0.01 and p < 0.05, respectively.

3.4. NP-Tf Uptake in, and Transport across, Differentiated Monolayers

Cell uptake of Tf-NP in differentiated Caco-2 monolayers is depicted in Figure 4. The data
demonstrate more than 16-fold higher cell uptake of Tf-NP compared to bare NP.

μ

Figure 4. Uptake of transferrin-adsorbed nanoparticles (‘Tf-NP’) and bare nanoparticles (NP) by Caco-2
cells cultured as differentiated monolayers. Tf-NP were applied to the apical side of Caco-2 monolayers
at 40 μg/mL in Hank’s Balanced Salt Solution (HBSS) as biological buffer. Cells were incubated with the
samples at 37 ◦C for two hours. Cells were permeabilised via the application of 100 μL of Triton X-100
(1% v/v in HBSS). Nanoparticles were quantified by fluorescence. Data presented as the mean ± SD
(n = 3). *** denotes p < 0.001
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Following the demonstration of Tf-NP uptake by intestinal Caco-2 cells, the final set of experiments
looked into the transepithelial transport. In this regard, Figure 5 shows that Tf-NP traversed
differentiated Caco-2 monolayers remarkably more efficiently; specifically a 23-fold higher rate of NP
translocation was observed with Tf-NP compared to bare counterparts.

 
Figure 5. Transport of transferrin-adsorbed nanoparticles (‘Tf-NP’) and bare nanoparticles (NP) across
differentiated Caco-2 cells (cultured on inserts for three weeks). Tf-NP were applied to the apical side of
Caco-2 monolayers at 40 μg/mL in Hank’s Balanced Salt Solution (HBSS) as biological buffer. Cells were
incubated with the samples at 37 ◦C for two hours, during which sampling from the basolateral
compartment was carried out periodically. Data presented as the mean ± SD (n = 3). * denotes p < 0.05.

4. Discussion

The intestinal mucosa acts as a selective barrier to systemic absorption of material present in the
lumen. Large and complex biologics are usually not capable of crossing the intestinal epithelium,
therefore displaying very low bioavailabilities following oral administration. One way to improve
the oral bioavailability of such drugs is to enhance epithelial absorption by targeting the transcytosis
pathways as physiological routes of transport in the intestinal epithelium. This strategy has been made
possible by advances in biotechnology and nanotechnology, which have facilitated the production of
fusion proteins and drug nanocarriers, respectively. We and other groups have demonstrated that a
number of physiological transcytosis processes functioning in the intestinal epithelium can potentially
be used to shuttle material (nanoparticles and macromolecules) across the intestinal epithelium,
including the transport system for IgG [20,21], neurotensin [22] and albumin [23,24]. This study
provides further progress in this arena, by demonstrating that the biological machinery for Tf transport
can also be considered as a potential pathway for intestinal delivery of nanomedicines.

Tf is an abundant human plasma glycoprotein responsible for transport of iron, binding to
TfR when bound to iron, activating receptor mediated endocytosis [25]. As tumour cells generally
overexpress the TfR because of high demand for iron, Tf-mediated drug delivery strategy has been
predominantly used for its potential to target cancer cells, usually as a ligand to guide NP to these cells.

Transferrin receptor (TfR)-mediated endocytosis and transcytosis in intestinal Caco-2 cells was
previously investigated using Tf-fusion proteins. It was shown that apically-endocytosed Tf in Caco-2
cells is transported to a Rab11-positive compartment, which may control its release to follow either slow
recycling to apical membrane or progress to transcytotic compartments [26]. Shah and Shen studied
the transport of Tf-conjugated insulin across Caco-2 cell monolayers and reported that transport of the
complex, which was mediated via the TfR, was increased by 5- to 15-fold compared to free insulin [16].
In another study, Tf recombinant fusion protein approach was explored for oral delivery for human
growth hormone (hGH) [15]. Fusion proteins of 100 kDa, which retained bioactivity of both hGH
and Tf, were tested in hGH-deficient hypophysectomised rats for in vivo biological activity. It was
shown that one of the tested fusion proteins—containing a helical linker as spacer between hGH and
Tf domain—induced a statistically significant weight gain after oral dosing.

We utilised fluorescently-labelled model polystyrene NP systems and achieved ligand (Tf)
presentation on NP via physical adsorption. This produced Tf-NP of approximately 180 nm (Figure 2),
which fall within the optimal size range for intestinal epithelial transport [6,20,27,28]. Furthermore,
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it was previously shown that following presentation as coating on the surface of NP via physical
adsorption, Tf retains the ability to target and interact with TfR [29].

We first probed the internalisation of Tf by Caco-2 cells, demonstrating that the extent of Tf uptake
by Caco-2 cells (0.18 μg/1.9 cm2) is likely to be comparable with a previous study [16] showing that
cell internalization of insulin-Tf conjugate was around 1.9 pmoles per 3.5 cm2 monolayer (Caco-2),
equivalent to around 0.15 μg (the final insulin:Tf ratio in the conjugate was 3:1).

Cell internalisation of Tf-NP was tested both in multiwell-cultured cells and differentiated cell
monolayers. This was done to determine any potential difference in cell uptake capacity between
undifferentiated and differentiated cells (cultured on inserts), given the difference in surface area
available for uptake and potential differential receptor expression between undifferentiated and
differentiated cells. In undifferentiated cells (multiwell culture) cell uptake of Tf-NP was over five-fold
higher relative to bare NP. Furthermore, excess free Tf reduced cell uptake of Tf-NP by more than
three-fold (Figure 3). With regards to cell uptake of Tf-NP in differentiated cells, data revealed more
than 16-fold higher cell uptake of Tf-NP compared to bare NP (Figure 4), with the latter displaying a
similar uptake level to that previously reported by us (around 2 μg here versus 5 μg in previously
published work [30]), confirming the pattern observed in undifferentiated cells. The notably larger
magnitude of effect (enhanced cell uptake following Tf presentation on NP) may be related to differential
TfR expression in undifferentiated versus differentiated cells. The implications of these findings are
important, pointing to significant enhancement of cell uptake of NP following presentation of Tf on
their surface.

It is noted that the definitive biological pathway of Tf-NP uptake in Caco-2 cells cannot be
ascertained from this work. However, suppression of internalisation by excess free Tf does point to
a TfR-dependent uptake, similarly to the study by Shah and Shen [16] who demonstrated that the
binding and uptake of the radiolabelled insulin-Tf conjugate in Caco-2 cells were inhibited by 70% and
80%, respectively, with excess unlabeled Tf.

We finally considered the transport of Tf-NP across differentiated Caco-2 monolayers. The data
concerning this showed remarkably higher (23-fold) transport of Tf-NP across cells compared to bare
NP (Figure 5). It must be pointed out that this remarkable enhancement in the permeation of NP across
intestinal epithelium in vitro is much higher than that previously seen with other transcytosis receptor
systems exploited in a similar manner (i.e., for intestinal NP delivery). This includes the neonatal Fc
receptor (FcRn), whereby the uptake into Caco-2 cells of polyethylene glycol-poly(lactic-co-glycolic acid)
(PEG-PLGA) NP modified with Fc was improved (compared to non Fc-modified NP) by a maximum
three-fold [20]. Similarly, a different study showed that the translocation of 63 nm Fc-targeted poly(lactic
acid)-b-poly(ethylene glycol) (PLA-PEG) across Caco-2 monolayers was increased by approximately a
factor of two (compared to non-modified NP) [21].

Overall, this work highlights that the TfR transport system shows potential as a pathway for
cell entry and transepithelial permeation of NP in the intestinal epithelium. Therefore, this system
should be given consideration as a potential pathway for intestinal delivery of nanomedicines intended
for systemic effect or local action. The latter is particularly applicable to colon cancer and IBD,
given TfR overexpression in the intestinal mucosa in these diseases [12,13]. Therefore, TfR-mediated
delivery should be probed further for its potential usefulness in the area of oral or intestinal delivery
of nanomedicines.
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Abstract: An amphiphilic derivative of chitosan containing quaternary ammonium and myristoyl
groups, herein named as ammonium myristoyl chitosan (DMCat), was synthesized by reacting
glycidyltrimethylammonium chloride (GTMAC) and myristoyl chitosan (DMCh). The success of the
modification was confirmed using Fourier-transform infrared spectroscopy (FTIR) and 1H nuclear
magnetic resonance (NMR) spectroscopy. The average degrees of alkylation and quaternization
(DQ) were determined by using 1H NMR and conductometric titration. The zeta potential of the
micelles was higher than 28 mV while its average size and encapsulation efficiency ranged from
280 nm to 375 nm and 68% to 100%, respectively. The in vitro cytotoxicity of the unloaded and
curcumin (CUR)-loaded micelles was tested against Caco-2 and HT29-MTX intestinal epithelial cell
lines. The results showed no cytotoxic effect from loaded and unloaded micelles as compared to free
CUR. In the permeability test, it was observed that both types of micelles, i.e., DMCh and DMCat,
improved CUR permeability. Additionally, higher permeability was verified for both systems in
Caco-2/HT29-MTX:Raji B because of the mucoadhesive character of chitosan and its ability to open
tight junctions. The results indicated that DMCat micelles, due to the physico-chemical, improved
characteristics may be a promising carrier to encapsulate CUR aiming cancer therapy.

Keywords: chitosan derivatives; amphiphilic polymers; polymeric micelles; quaternization;
curcumin; intestinal delivery

1. Introduction

Polymeric micelles have attracted considerable interest for controlled drug delivery over the last
few years, due to their unique properties and behaviors resulting from their small size and high load
capacity [1]. These nanostructured materials show potential to deliver chemotherapeutics to tumor
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cells maintaining their concentration at the desired site for a sufficient time to have a therapeutic effect,
increasing the efficacy of treatment and reducing the toxicity [2].

Curcumin (CUR) is a naturally occurring phytochemical that has been widely used as a therapeutic
agent against a variety of cancers [3–8]. In particular, CUR is a cheap compound (especially when
compared with popular anticancer agents like paclitaxel and camptothecin) and has properties
in antioxidant, anti-inflammatory, antimicrobial, anticancer, anticarcinogenic, chemopreventive,
chemotherapeutic, and chemosensitizing activities [9,10]. Although CUR possesses remarkable
medicinal properties, its bioavailability during cancer treatments is limited due to its low solubility
and poor stability in aqueous solution. Other than its rapid degradation in physiological conditions,
however, there is a wide interest in the development of systems to solve problems related to the
limitations of the applicability of CUR as a therapeutic agent [4–7,11]. To enhance solubility, stability,
pharmacokinetics profile of curcumin and thus its therapeutic efficiency, various drug delivery systems
have been investigated, including nanoemulsions, nanosuspensions, and polymeric micelles [11,12].

In recent years, drug delivery systems based on polymeric micelles have been the subject of
research. Several formulations are undergoing clinical trials due to the ability of the micelles to
encapsulate hydrophobic and hydrophilic drugs [13–15]. In addition, these systems have shown
greater physical stability and encapsulation efficiency, when compared to liposomes [16–20]. Shell/core
polymeric micelles, in particular, exhibit advantages regarding encapsulation and controlled release of
drugs since their hydrophobic nuclei promote the solubilization of hydrophobic actives, avoiding drug
degradation. On the other hand, hydrophilic outer shells avoid recognition by the immune system,
prolonging the circulation time of the drug in the body [21,22].

Lately, micelles formulations based on chitosan have presented promising results in the drug
delivery field [23–28]. This cationic biopolymer exhibits biological activities, such as biocompatibility,
biodegradability, mucoadhesiveness, and antimicrobial activity, in addition to presenting antioxidant
properties [29–31]. Chitosan has present in its backbone reactive groups (–OH and –NH2) that make it
susceptible to chemical modifications. Various derivatives of chitosan are obtained via the addition
of hydrophobic groups with different degrees of substitution (DS). In particular, chitosan modified
with stearic acid (DS = 4.96%) [32] and linoleic acid (DS = 1.8%) [33] exhibit self-assembly and loading
abilities, which improve the solubility of hydrophobic drugs [34,35]. However, the addition of a small
portion of hydrophobic units makes chitosan extremely insoluble in neutral medium, leading to a low
loading capacity of the micelles for non-ionic hydrophobic drugs [34,36].

Previous studies with the structural modification of chitosan via an O-acylation reaction with
myristoyl chloride showed excellent capacity for encapsulation and solubilization of hydrophobic
drugs, such as paclitaxel [37]. This is due to the affinity of the acyl chains within the drug. However,
because such a derivative exhibited a low degree of substitution (DS = 6.8%), the characteristics of
the starting chitosan have been maintained, and its limited solubility at a neutral pH has hindered its
application. Thus, the limitations resulting from the modification of chitosan with myristoyl chloride
via an O-substitution reaction can be solved by carrying out a further chemical modification.

The introduction of hydrophilic and hydrophobic groups has shown excellent results
in the encapsulation of hydrophobic drugs, such as paclitaxel and doxorubicin. In this
sense, different amphiphilic derivatives of chitosan have been synthesized, such as N-octyl-N,
O-carboxymethylchitosan [18], colic acid grafted N-(2,3-(dihydroxypropyl) chitosan [38], chitosan-g-
polylactic [39], N-octyl-N-trimethylchitosan [40], N-propyl-N-methylenephosphonic chitosan [41],
N-naphthyl-N, O-succinylchitosan [42]. In all of these studies, amphiphilic derivatives of chitosan
are suggested to be promising efficient carriers for hydrophobic drugs, especially when compared to
hydrophobically modified chitosan.

This work aims to develop a new amphiphilic derivative of chitosan via O-acylation and
quaternization reactions in chitosan (Scheme 1), since the first step (O-acylation) has already been
conducted with excellent results for anticancer drug delivery [37]. Studies showed that the synthesis
of quaternized chitosan via N-substitution by reacting it with N-(2-hydroxyl) propyl-3-trimethyl
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ammonium chloride presented properties of interest, such as water solubility, antibacterial activity,
mucoadhesiveness, increased permeability to hydration, and strong stereochemical hindrance of
quaternary amine groups [43–45].

Scheme 1. The synthesis of N-(2-hydroxy)-propyl-3-trimethylammonium,O-mysristoyl chitosan.

In this study, an amphiphilic derivative of chitosan containing quaternary ammonium and
myristoyl goups was prepared and its ability to form self-assembled micelles with ability to encapsulate
curcumin was explored. The efficiency of the structural modification was evaluated by FTIR and 1H
nuclear magnetic resonance (NMR) spectroscopy and conductometric titration. The physical-chemical
characteristics such as average size, zeta potential, drug loading efficiency, and critical aggregation
concentration (CAC) were determined. The in vitro cytotoxicity was evaluated using Caco-2 (clone
C2BBe1) and HT29-MTX cell lines, as well as the in vitro intestinal permeability.
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2. Materials and Methods

2.1. Materials

Chitosan acquired from a commercial supplier (Cheng Yue Plating Co. Ltd.; Pequim, China)
was purified according to Santos et al. [46], and then dried at 30 ◦C. The average degree of
acetylation (DA) of chitosan was 5%, as determined by the 1H NMR analysis. The viscosity
average molecular weight (Mv) of chitosan was calculated from its intrinsic viscosity, which was
determined in 0.3 mol L−1 acetic acid/0.2 mol L−1 sodium acetate buffer (pH 4.5) at 25.00 ± 0.01 ◦C,
by using the Mark-Houwink-Sakurada equation, resulting in Mv ≈ 87.000 g mol−1 [46,47].
Glycidyltrimethylammonium chloride (GTMAC) was acquired from Sigma-Aldrich (Saint Louis,
MO, USA). All other reagents and solvents were used as acquired, i.e., without any purification.

2.2. Synthesis of 3,6-O,O’-Myristoyl Chitosan

The synthesis of 3,6-O,O′-myristoyl chitosan (DMCh) was realized by adding 1 g of chitosan in
25 mL of methanesulfonic acid (MeSO3H). In addition, an amount of myristoyl chloride was added in
order to generate an excess of chitosan (≈13.3). After 1 h of reaction, the product was (i) neutralized
with 5% (w/v) aqueous sodium bicarbonate solution, (ii) centrifugated, (iii) extensively washed with
distilled water, (iv) purified in Soxhlet, and finally, (v) dried in a vacuum oven at room temperature.
This procedure can be found in detail in a previous work [37].

2.3. Synthesis of N-(2-Hydroxy)-Propyl-3-Trimethylammonium Chitosan Chloride

The reaction of glycidyltrimethylammonium chloride (GTMAC) and DMCh in an acid
medium was carried out as described in the literature [46] to result in N-(2-hydroxy)-propyl-3-
trimethylammonium,O-mysristoyl chitosan chloride. Briefly, 1 g of DMCh was dissolved in 60 mL of
acetic acid 1% (v/v), until complete dissolution. An aqueous solution of GTMAC was added dropwise
to the DMCh solubilized; the reaction mixture was then stirred in a glycerin bath for 8 h, under
constant stirring at 80 ◦C. Following, excess acetone was added to the reaction medium to result in
the precipitation of the product, which was filtered. Finally, the solid was purified by extraction with
acetone in Soxhlet during 6 h and dried in a vacuum oven (30 ◦C), obtaining as final product the
DMCat polymer.

2.4. Preparation of CUR-Loaded DMCh and DMCat Micelles

Both CUR-loaded DMCh and DMCat micelles were prepared by following the steps described in
earlier works [37,48,49]. In essence, DMCh is dissolved in acetic acid 0.1% while DMCat is dissolved
in deionized water. CUR was dissolved in acetone (1 mg/mL). Next, aliquots containing 50, 100
and 150 μg of CUR were added in the different polymer solutions (DMCh and DMCat). Then, the
solutions are magnetically stirred at 300 rpm for 2 h (room temperature) and freeze-dried. Finally, the
CUR-loaded micelles are resuspended and separated by centrifugation at 5000 rpm for 10 min.

2.5. Characterization

2.5.1. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR was performed on an IRAffinity Shimadzu spectrometer (Shimadzu Scientific Instruments,
Columbia, MD, USA) in a 4000–400 cm−1 wavelength range, with an accumulation of 32 scans and
resolution of 4 cm−1. In order to prepare the pellets, the sample and KBr were dried at 60 ◦C for 8 h
and mixed in a ratio of 1:100 (sample:KBr).
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2.5.2. 1H NMR Spectroscopy

A Bruker AVANCE III spectrophotometer 400 MHz (Bruker, Billerica, MA, EUA) was used to
obtain 1H NMR spectra, aiming the samples’ characterization. Basically, the Equations (1)–(3) are
used to determine the average degree of acetylation of chitosan (DA) ([50,51]), degree of substitution
(DS) of the derivative 3,6-O,O’-myristoyl chitosan ([37]) and degree of quaternization (DQ) of the
derivative N-(2-hydroxy)-propyl-3-trimethylammonium, O-mysristoyl chitosan ([46]), respectively.
In other words, DA, DS, and DQ refers to the amount of acetylated units present in chitosan, as well
as both the myristoyl groups added to chitosan and the quaternary groups present in derivative
N-(2-hydroxy)-propyl-3-trimethylammonium,O-mysristoyl chitosan.

DA(%) =

(
ACH3 /3

AH2−H6 /6

)
∗ 100 (1)

ACH3 = area of the methyl hydrogens of the acetamido group (of GlcNAc units);
AH2–H6 = area of hydrogens bonded to the C (2–6) carbon of the glycopyranose ring.

DS(%) =

(
AMe/3

AH2−H6 /6

)
∗ 100 (2)

AMe = area of the methyl hydrogens of the myristoyl group;
AH2–H6 = area of hydrogens bonded to the C (2–6) carbon of the glycopyranose ring.

DQ(%) =
IH1′

IH1′ + IH1
· 100 (3)

IH1′= the integral of the signal due to the anomeric hydrogen bonded to N-substituted GlcN (units);
IH1 = is the integral of the signal due to the anomeric units hydrogen bonded to unsubstituted

GlcN (units).

2.5.3. Conductometric Titration

The DQ of DMcat samples were also determined by dosing the counter-ions Cl− through titration
with standardized 0.017 mol L−1 aqueous AgNO3 solution. Thus, the quaternized derivative (0.1 g)
was dissolved in deionized water (100 mL) and the conductivity of the solution was measured at
25.00 ± 0.01 ◦C as a function of the added volume of aqueous AgNO3 by using a Handylab LF1
conductivimeter (SI Analytics, Mainz, Germany). The value of DQ of samples was calculated from the
titration curves according to [46].

2.5.4. Critical Aggregation Concentration (CAC)

The conductivity method was performed to determine the CAC by using a Consort C863
conductivity meter. In order to prepare the samples, different polymer concentrations were utilized
(1 × 10−6 mg/mL ≤ Cp ≤ 1 mg/mL). The DMCh sample was solubilized in acid medium due to its
limited solubility in neutral medium, while deionized water was used to dissolve DMCat.

2.5.5. Particle Size and Surface Charge

The average size, polydispersity, and zeta potential of DMCh (in acid medium) and DMCat
(in water) micelles were determined using dynamic light scattering (DLS) measurements (ZetaSizer
Nano ZS, Malvern, UK). Three replicates of each formulation were produced and analyzed.

2.5.6. Drug Encapsulation Efficiency

The drug encapsulation efficiency (EE%) was quantified by measuring the absorbance of the CUR
solution at 340 nm using a UV-Vis spectrophotometer [3,7]. The measurements were performed by
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an indirect method in triplicate, in which the unencapsulated drug was solubilized in acetone and
quantified. The amount of CUR loaded into the DMCh and DMCat micelles was determined according
to Equation (4):

EE% =
(CURtotal − CURfree)

CURtotal
× 100 (4)

2.6. In Vitro Studies

2.6.1. Cell Culturing Reagents

Caco-2 cells (clone C2BBe1) were obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA) and HT29-MTX cell line was kindly provided by Dr. T. Lesuffleur (INSERMU178,
Villejuif, France). Dulbecco’s Modified Eagle Medium (DMEM, Lonza, Basel, Switzerland),
supplemented with 10% (v/v) fetal bovine serum (FBS, Merck Millipore, USA), 1% (v/v) penicillin
(100 UI/mL, Merck Millipore), streptomycin (100 μg/mL, Merck Millipore), and 1% (v/v) nonessential
amino acids (NEAA, Merck Millipore). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO) and Triton X-100 were obtained from Sigma Aldrich.

2.6.2. Cytotoxicity Assay

The cytotoxicity of CUR-loaded micelles and free CUR was assessed in Caco-2 and HT29-MTX
cell lines, using the MTT reagent. Cells were seeded (200 μL) into 96-well plates at a density of
1 × 104 cells/well for HT29-MTX cell line and 2 × 104 cells/well for Caco-2 and then incubated during
24 h in a Binder® incubator at 37 ◦C with a humidified atmosphere and 5% CO2 to reach exponential
growth prior to the assay test. On the following day, the medium was removed and the cells were
washed twice with 200 μL of phosphate buffered saline (PBS). Next, the cells were treated with
free CUR and CUR-loaded and unloaded micelles at the concentrations of 5, 10, 20, and 50 μg/mL.
The negative control, which were cells treated with cell culture medium and positive control and
treated with 1% (w/v) Triton X-100 in DMEM [52]. The cultured cells were incubated for 4 h in the
presence of different concentrations of the referred samples. After this period, the wells were washed
twice with PBS at 37 ◦C and 200 μL of the MTT reagent (0.5 mg/mL in cell culture medium) was added
to each well, followed by an incubation period of 4 h. After, the MTT was removed and 200 μL of
DMSO was added to each well to dissolve the formazan crystals. The plates were shaken for 10 min
inside the microplate reader before the relative color intensity has been measured at 570 nm and taking
the absorbance at 630 nm as a reference, by using a microplate reader (Synergy 2, Biotek Instruments
Ltd., Winooski, VT, USA). The percentage of cell viability was calculated according to the Equation (5):

Cell viability (%) =
experimental value − negative control

positive control − negative control
× 100 (5)

2.6.3. Permeability Studies

Monoculture model of Caco-2 cells and triple co-culture model of Caco-2/HT29-MTX:Raji B cells
were seeded on 6-well TranswellTM cell culture inserts (transparent PET, 3 μm pore size, 4.67 cm2,
Corning Life Sciences, New York, NY, USA), according to Araújo. F [53,54]. The cell lines were seeded
on the apical compartment at a density of 1 × 105 cells/cm2. In the case of the triple co-culture model,
Caco-2 and HT29-MTX were seeded at the proportion 90:10 and at the 14th day of culture, Raji B cells
were added to the basolateral compartment in a density of 1 × 105 cells/cm2. Cells were grown for
21 days until reaching confluency and the medium was changed every 2 days.

Before permeability experiments, cells were washed twice with pre-warmed Hank’s buffered salt
solution (HBSS) and then replaced with new HBSS and allowed to equilibrate for 30 min at 37 ◦C
at 100 rpm. Permeability studies of CUR-loaded micelles and free CUR (20 μg/mL) were run at
similar conditions during 3 h and samples were collected at different time (15, 30, 60, 90, 120, and
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180 min). Each sample was taken from the basolateral side of the TranswellTM cell culture insert,
which contained 1% (v/v) DMSO in HBSS in order to maintain the sink conditions. The same volume
of pre-warmed 1% (v/v) DMSO in HBSS was added to replace the withdrawn volume. The cell
monolayers integrity was measured at the during 21 days of growth and during the experiment,
using an epithelial voltohmmeter EVOM2® with chopstick electrodes (World Precision Instruments,
Sarasota, FL, USA). The transepithelial electrical resistance (TEER) values, expressed in percentage,
were normalized in function of the TEER value after equilibrium. All experiments were performed in
triplicate and the CUR was quantified by measuring the absorbance at 340 nm as referred previously.

2.7. Statistical Analysis

The experiments were performed in triplicate and are represented as mean ± standard deviation
(SD). A two-way ANOVA with Bonferroni multiple/post hoc group comparisons was used to analyze
the cytotoxicity and permeability data. GraphPadPrism software (GraphPad Software, San Diego, CA,
USA) was used and the level of significance was set at probabilities of * p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001.

3. Results and Discussion

3.1. Spectroscopic Characterizatio

The infrared spectra of chitosan, DMCh, and DMCat derivatives (Figure 1) were characterized by
an intense and broad band centered at 3434 cm−1, associated to the axial stretching of hydroxyl and
amine groups; a band at 2915 cm−1 corresponding to stretching vibration of CH; the bands at 1654
and 1600 cm−1 assigned to the C=O stretching and N–H bending, respectively [55]. The spectrum
of DMCh (Figure 1B) also exhibits a weak band centered at 1732 cm−1, due to axial deformation of
carbonyl ester that is related to the O-acylation of chitosan [37]. In the spectrum of DMCat, a new band
is observed at 1483 cm−1, which is attributed to the CH bending of +N(CH3)3 group [56]. Additionally,
the band corresponding to the primary amine observed at 1600 cm−1 in the spectrum of chitosan and
DMCh is less intense in the spectrum of DMCat and it is shifted to lower wavenumber while that
band observed at 1654 cm−1 is more intense in the spectra of DMCat, which confirms that the primary
amine group of GlcN units of DMCh has been modified to secondary amine group as a consequence of
the reaction with GTMAC [46,57].

       

 
  

 

 

 

    

 
 

 

 

 

Figure 1. (A) Infrared spectra of chitosan, (B) DMCh, and (C) DMCat.
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The comparison of the 1H NMR of chitosan (Figure 2A), DMCh (Figure 2B), and DMCat (Figure 2C)
provide additional evidences for the structural modifications resulting of O-acylation of chitosan and
the quaternization of DMCh. The 1H NMR spectrum of chitosan exhibited singlets at 2.0 ppm and
3.2 ppm characteristics of methyl hydrogens of GlcNAc units and to the hydrogen bonded to C2 of
GlcN units, respectively. The set of signals in the range of 3.3–4.0 ppm is attributed to the hydrogens
H3–H6 from GlcN unit and the hydrogen bonded to C2 of GlcNAc unit, while that signal occurring at
4.80 ppm is due to the hydrogen (H1) bonded to the anomeric carbon (C1) [46]. The average degree
of deacetylation of chitosan was calculated from its 1H NMR spectrum by taking into account the
intensity of the signals due to methyl hydrogens from acetamido groups (2.0 ppm) and due to H2–H6
of GlcN/GlcNAc units (3.3–4.0 ppm) and resulted in DA = 5%.

Figure 2. (A) 1H nuclear magnetic resonance (NMR) spectra of chitosan, (B) DMCh, and (C) DMCat in
solution D2O/HCl 1% (v/v) acquired at 80 ◦C.
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The 1H NMR spectrum of DMCh (Figure 2B) exhibits additional signals at 1.1, 1.5, 1.8, 2.5,
and 3.1 ppm corresponding to the hydrogen atoms of CH3, CH2, CH2 (β), and CH2 (α) moieties
of myristoyl group. The peaks at 3.2–4.2 ppm refer to the hydrogens H3–H6 from the GlcN unit
and the hydrogen bonded to C2 of the GlcNAc unit [37]. The DS of DMCh was calculated from 1H
NMR spectrum, as described in the Section 2.5.2, and resulted in DS = 6%. As a consequence of
quaternization of DMCh, the 1H NMR spectrum of DMCat (Figure 2B) showed signals at 4.0 ppm
and 4.2 ppm assigned to the methyl hydrogens of N+(CH3)3 and methylene hydrogens of NHCH2,
respectively, which were due to the introduction of the substituent on the chitosan chains. Additionally,
the signals of the hydrogens H3–H6 from GlcN unit and the hydrogen bonded to C2 of GlcNAc unit
shifted from 3.2–4.2 ppm to 4.4–4.9 ppm upon the chemical modification of DMCh. The signals at
5.6 ppm and 5.7 ppm are ascribed to the hydrogen bonded to the anomeric carbon of unsubstituted and
substituted GlcN units, respectively. The DQ was calculated from the corresponding 1H NMR spectrum
by using Equation (2) and resulted in DQ = 34.7%. The average degree of quaternization of DMcat
was also determined from conductometric titration and resulted in DQ = 36%, thus demonstrating a
good agreement with that calculated from the 1H NMR spectra.

3.2. Critical Aggregation Concentration

The critical aggregation concentration (CAC) was evaluated with the conductivity measurements
of sample aqueous solutions of DMCh and DMCat at different concentrations, resulting in CAC values
of 8.9 × 10−3 mg/mL [37] and 9.38 × 10−6 mg/mL, respectively. The CAC result of the DMCat sample
was calculated from the data shown in Figure 3; the result related to the DMCh sample is presented
in a previous work [37]. It is also important to note that each polymer was solubilized in a different
aqueous medium, according to its solubility, because the aggregation behavior of the polymers was
evaluated depending on their solubility as a function of the polymer concentration, thus enabling
quantification of the dilution limit that each system presents until its aggregation occurs. When it came
to evaluating the stability of micellar systems, the CAC of the polymer was extremely important, as
it was possible to know the minimum concentration required of the amphiphilic polymer to obtain
stable micelles [18]. Therefore, the ability of the micelles to withstand the dilution is described in
terms of their thermodynamic stability and micelles with low CAC values can be maintained in a
more dilute solution, and therefore, thermodynamically more stable [58]. A previous study [37] on
the physical chemical properties of DMCh evidenced its lower CAC as compared to non-polymeric
surfactants, showing that the former was thermodynamically more stable as the micelles are formed
and kept stable in more dilute solutions [58]. In the same sense, taking into account that the CAC
value of DMCat was much lower as compared to that of DMCh, the former system was able to form
micelles at more dilute solutions, evidencing its higher stability as compared to DMCh [59,60]. DMCat
derivative was more stable than the DMCh, a fact that can be explained by the permanent positive
charges present in the DMCat, as these charges prevent agglomeration of the micelles by the effect of
electrostatic repulsion [37,49].
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Figure 3. Graphic of specific conductivity versus function of logarithm concentration of DMCat of
1 mg/mL to 1 × 10−6 mg/mL. DMCat sample solubilized in water.

3.3. Drug Encapsulation Efficiency

The encapsulation efficiency (EE) of curcumin in the micellar systems of the DMCh and DMCat
derivatives was evaluated through UV spectroscopy. The quantification was performed through
the indirect method, from the no-encapsulated CUR contained in the supernatant. The EE values
were calculated from the equation of the line obtained from the analytical curve and the results are
presented in Table 1. According to the data in Table 1, both micellar systems presented high EE values.
However, DMCh micelles had higher EE values when compared to DMCat. This difference may have
occurred due to the difficulty of CUR crossing the barrier of positive charges as a consequence of the
electronsteric effect. In addition, it was observed that all systems remained stable, with no formation
of larger particles and/or particles precipitation.

Table 1. Size, polydispersity index, zeta potential, and encapsulation efficiency of DMCh and
DMCat micelles.

Drug
(μg)

Micelles–CUR

Sample DMCh Sample DMCat

Size (nm) 1 PDI 2 Zeta (mV) 3 EE (%) 4 Size (nm) 1 PDI 2 Zeta (mV) 3 EE (%) 4

0 356 ± 21 0.53 ± 0.03 32.1 ± 4.4 - 343 ± 19 0.21 ± 0.02 34.0 ± 0.8 -
50 289 ± 17 0.49 ± 0.04 42.5 ± 2.1 92.7 ± 0.8 268 ± 43 0.62 ± 0.01 30.5 ± 1.2 100 ± 0.5
100 281 ± 38 0.44 ± 0.04 49.1 ± 0.2 81.8 ± 1.0 231 ± 15 0.66 ± 0.02 28.8 ± 1.0 73.8 ± 1.0
150 386 ± 168 0.44 ± 0.16 46.6 ± 4.12 80.9 ± 0.9 372 ± 23 0.49 ± 0.03 33.0 ± 1.5 68.6 ± 0.9

Size 1, polydispersity index 2, and zeta potential 3 were determined by carrying out dynamic light scattering
measurements. Encapsulation efficiency 4 of curcumin (CUR) in percentage. Values were reported as mean ± SD
(n = 3).

3.4. Particle Size and Surface Charge

In case of DMCh micelles, the mean diameter of the micelles varied from 281 nm to 386 nm and
from 231 to 372 nm, in case of DMCat micelles (Table 1). CUR-loaded micelles presented lower values
than empty micelles (Figure 4), probably due to a contraction of the micelles in the presence of the
drug, caused by the greater interaction between the hydrophobic groups pertaining to the core of the
micelles and the drug [37]. However, the micelles with higher CUR encapsulation reached a limit,
which in turn resulted in the expansion of the volume of the micelles to accommodate a larger amount
of CUR and hydrophobic groups inside. The same behavior was observed for the micelles of DMCat,
showing that the hydrophobic groups present in both micellar systems have a direct influence on the
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size of the micelles. Therefore, from the mean diameter results it can be stated that such micelles were
promising for delivery of hydrophobic drugs via oral administration.

Zeta potential of the micelles were also evaluated and according to the data presented in Table 1,
loaded and empty micelles had high positive zeta potential values (> +28 mV), regardless of whether
they were made up of DMCh or DMCat. In the case of DMCh micelles, the net positive charge
at the micelles surface was due to the high content of amine groups pertaining to GlcN units,
which were converted to ammonium groups when the polymer was dissolved in acid medium [48].
In contrast, the surface of DMCat micelles had permanent positive charges regardless of the pH of the
medium because of the presence of quaternized nitrogen atoms pertaining to the substituent groups
N-(2-hydroxy)-propyl-3-trimethylammonium.
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Figure 4. (A) the particle size, zeta potential, and encapsulation efficiency of micelles DMCh-CUR and
(B) DMCat-CUR with different drug concentrations.

The zeta potential values of the empty and loaded micelles were slightly different. It was observed
that the DMCh micelles showed an increase of the zeta potential with increase of the CUR loading.
This behavior can be attributed to the fact that the formation of the micelles occurred by association of
the hydrophobic moieties of the polymer chain to constitute the micelle core, while the hydrophilic
portions of the positively charged polymer were exposed to the aqueous medium, i.e., the latter was
predominantly located on the surface of the micelles. On the other hand, it was observed for DMCat
micelles a small decrease on zeta potential values, which may be justified by the micelles surface,
probably containing hydrophobic moieties, as well as a certain fraction of hydrophilic groups may
be located in the micelles nuclei, varying the zeta potential in a narrow range. Thus, the high density
of permanent positive charge in the hydrophilic shell of the micelles contributes strongly to stabilize
them and also favors the interactions of the micelles with the negatively charged cell wall, resulting in
the greater absorption and penetration of CUR.

According to the literature, formulations with PdI values ≤0.3 are representative of monodisperse
systems [61,62]. From the PdI results of both micelles, it was possible to observe values ranging from
0.21 to 0.66 (Table 1), indicating that the systems did not present a monodisperse distribution. This
fact can be justified by the non-uniform distribution of the acyl groups added to the chitosan chains,
because it was a derivative from a heterogeneous reaction, which lead to the block distribution of the
substituent groups. However, the values obtained were in agreement with the results obtained in the
literature for chitosan derivatives [48,63–65].
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3.5. Cytotoxicity Assay

The in vitro cell viability studies were carried out with Caco-2 and HT29-MTX intestinal cell lines
to evaluate the biocompatibility and safety for the oral administration of the empty micelles, DMCh
and DMCat, the micelles loaded with CUR, DMCh-CUR and DMCat-CUR, and free CUR. Loaded
micelles were incubated during 4 h with different concentrations of drug (5 to 50 μg/mL) and the
correspondent amount of empty micelles was also incubated in the same conditions. The cell viability
was assessed using an MTT assay (Figure 5). According to the results shown in the Figure 4, it was
observed that all the tested samples had no cytotoxic effect on both cell lines for the concentrations 5,
10, and 20 μg/mL. However, at the concentration of 50 μg/mL, it was possible to note a slight decrease
on cell viability for unloaded and loaded micelles. This was more evident in the case of HT29-MTX
cell line, which dropped very close to 70%. This 70% of cell viability is a threshold that was considered
as the cytotoxic level, according to the ISO 10993-5 guideline [52].

It is important to notice that CUR presented a cytotoxic effect for the highest concentration tested
with statistical significance when compared with the unloaded and loaded micelles. This means that
both micelles systems had the ability to maintain and protect the drug inside of the core, at least
during 4 h, showing their potential to be used in the micelles for the release of the drug in the intestine,
avoiding the apparent cytotoxicity of CUR. It was assumed based on our previous published studies,
where similar chitosan micelles were able to retain and protect the drug, providing a hydrophobic
drug release less than 20% after 4 h in the gastric and intestinal fluids [49]. The absence of cytotoxicity
from the polymers was also expected taking into account our previous work [37,49]. HT29-MTX
cell line showed greater sensitivity to the tested samples. However, it is known that the intestine
is constituted by a small portion of these mucus-producing cells, being the majority constituted by
Caco-2 cells, which presented higher cell viability levels. Taking into account these cytotoxicity results,
the concentration chosen to proceed for the in vitro intestinal permeability was 20 μg/mL, since no
cytotoxic effect was observed either for the free drug or for the unloaded or loaded micelles in both
cell lines.

Figure 5. Cell viability of DMCh, DMCat, DMCh-CUR, DMCat-CUR, and free CUR against Caco-2
(left) and HT29-MTX (right) cell lines, respectively, at CUR concentrations between 5 and 50 μg/mL
after 4 h of incubation. Values were reported as mean ± SD (n = 4). ** p < 0.01 and **** p < 0.0001
denotes a significant difference when compared with free CUR.

3.6. Permeability Studies

In order to evaluate the in vitro permeability estudies, non-toxic concentrations of free CUR and
DMCh/DMCat loaded with CUR were selected based on cell viability results. Tests were carried
out uni-directionally from the apical to the basolateral compartment. Therefore, a monoculture
model consisting of Caco-2 cells was used, which represents the standard model that mimics human
enterocytes. In addition, the triple co-culture model, Caco-2/HT29-MTX:Raji B was used due to be a
model that better mimic the human intestine when compared to isolated Caco-2 cells, since HT29-MTX
are secretory cells of mucus and Raji B cells can induce differentiation of the Caco-2 cell phenotype
into M cells.
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The monolayer’s integrity and growth were carefully verified before the day of the experiment
by measuring the TEER regularly during 21 days in order to make sure that a confluent monolayer
was formed (Figure 6). As can be seen in Figure 6, Caco-2 model presented much higher TEER
values compared to the triple model. These higher values were expected due to the tight junctions
presented in Caco-2 cells [66]. On the other hand, the triple model presented lower TEER values due
to the presence of HT29-MTX. Both models presented TEER values after 21 days that supported those
monolayers to be used in the permeability experiment.

TEER values before starting the experiment were about 1600 Ω/cm2 in the case of Caco-2 model
and up to 450 Ω/cm2 in the case of the triple model (Figure 6). The TEER values were normalized
in percentage by the value at the beginning of the experiment (time zero). The permeability profile
of CUR permeated through both models was plotted as a function of time expressed in percentage
and is shown in Figure 7. It is possible to observe the permeability of CUR across Caco-2 monoculture
model ranged from around 15% in the case of free CUR to around 18% and 24% for DMCh-CUR and
DMCat-CUR, respectively, showing that both polymers are capable of carrying CUR. However, the
micellar system constituted by DMCat-CUR presented no statistical difference in terms of permeability
through monoculture compared to DMCh-CUR, as the first one appeared to have a faster CUR release
over time, reaching almost the same permeability after 60 min compared to the CUR permeability at
180 min. The triple co-culture model presented a permeability value in the range of 10% in case of free
CUR to 16% and 19% in the case of DMCat-CUR and DMCh-CUR, respectively.

Figure 6. Transepithelial electrical resistance (TEER) values (Ω/cm2) monitored in function of
time during the 21 days of culture on Transwell™ membranes for Caco-2 monoculture model and
Caco-2/HT29-MTX:Raji B triple co-culture model.

Figure 7. In vitro permeability profile of DMCh-CUR, DMCat-CUR, and free CUR across Caco-2
monoculture model (left) and across Caco-2/HT29-MTX:Raji B triple co-culture model (right) expressed
in percentage. All experiments were conducted from the apical to basolateral compartment in 1% (v/v)
DMSO in HBSS at 37 ◦C. Error bars represent mean ± SD (n = 3) and * p < 0.05 denotes a significant
difference between DMCat-CUR and CUR.

In this model, a more controlled permeability of CUR was observed over time possibly due to the
presence of mucus, which may delay the transport of CUR through the intestinal barrier. In addition,
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and as can be concluded, there is no significative difference in CUR permeability between both micellar
systems. However, for the triple model, DMCat-CUR presented a statistical significance compared
with free CUR, evidencing that this system presents a greater capacity to permeate in a more controlled
way through the biological barriers and to do the release of the drug.

The decrease on TEER values in Caco-2 monoculture model were in agreement with the higher
permeability observed in this mode. The triple co-culture model presented lower CUR permeability
values for all the samples tested and this may be due to two important factors to consider due to the
complexity of evaluating different biological systems. First, TEER values presented at the end of the
21 days for the triple model presented a lower value (below 500 Ω/cm2) than that observed in the
co-culture (above 1500 Ω/cm2), making it impossible to compare between the two models. Second,
the presence of mucus that entrapes the free CUR avoiding their passage through the monolayer.
The lower ability of the micellar systems to permeate through the biological barriers is explained
by the high capacity of mucoadhesion that the polymer presents. Preliminary studies show that the
DMCat sample had a mucoadhesion capacity greater than the chitosan [67–69], due to the permanent
charges present in the polymer chain (DMCat), emphasizing the importance of electrostatic forces
for the establishment of interaction with the biological substrate. The effect of mucoadhesion is
responsible for maintaining the DMCat-CUR system on the surface of the biological barrier, allowing
the release of the sustained release of the drug over time, and in this case, the release of the drug
occurs through degradation of the carrier or by diffusion through the polymeric wall. In the process
of degradation are involved lysozyme and/or N-acetyl-beta-D-glucosaminidase (NAGase), which
are enzymes present in the human body, capable of performing the hydrolysis of 1,4-beta-linkages
between N-acetyl-D-glucosamine, a constituent of polymer chains of chitosan derivatives [67,70,71].
Perhaps, a longer experiment would be necessary to verify if CUR release from DMCat-CUR and
subsequent CUR permeation would increase with time. Still, DMCat-CUR presented a more sustained
and higher CUR intestinal permeability, which according to the previous results, demonstrate this
system as a potential CUR intestinal delivery system.

4. Conclusions

Modification of the derivative 3,6-O,O′-dimyristoyl chitosan by the addition of quaternary groups
was conducted to improve the solubility of the promising system to carry hydrophobic drugs; it was
successfully performed. The presence of the permanent positive charges in the DMCat derivative
allowed the solubilization of the polymer over a wide pH range. In addition, the characteristics of this
polymer allowed the recognition thereof by the immunological system, thus facilitating its passage
through the biological barriers, allowing the circulation of the polymer charged with a hydrophobic
drug of interest.
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Abstract: The co-administration of absorption enhancing agents with macromolecular drugs
(e.g., protein and peptide drugs) has been identified as a means to improve the oral bioavailability of
these drugs. Absorption-enhancing agents of natural origins have received a great deal of attention
due to their sustainable production, in support of green chemistry. In previous studies, certain parts of
the Aloe vera leaf (e.g., gel and whole leaf extract) have shown a potential to enhance drug permeation
across the intestinal epithelial barrier. The mechanism of the drug-absorption-enhancement action
and the capacity for absorption-enhancement of the A. vera gel and whole leaf, were investigated in
this study. A clear decrease in transepithelial electrical resistance (TEER) of Caco-2 cell monolayers
exposed to A. vera gel and wholeleaf extract, in various concentrations, indicated the opening of tight
junctions between the epithelial cells. The transport of Fluorescein isothiocyanate (FITC)-dextran,
with a molecular weight of 4 kDa (FD-4), could be enhanced across the Caco-2 cell monolayers,
by the A. vera gel and whole-leaf extract, but not the FITC-dextran with larger molecular weights
(i.e., 10, 20, and 40 kDa), which indicated a limited drug absorption enhancement capacity, in terms
of the molecular size. Accumulation of FD-4 between the Caco-2 cells (and not within the cells),
after treatment with the A. vera gel and whole-leaf extract was shown with a confocal laser scanning
microscopy (CLSM) imaging, indicating that the paracellular transport of FD-4 occurred after the
interaction of the A. vera gel and whole-leaf extract, with the epithelial cell monolayers. Furthermore,
changes in the F-actin distribution in the cytoskeleton of the Caco-2 cell monolayers was observed by
means of a fluorescence staining, which confirmed tight junction modulation as the mechanism of
action for the absorption enhancement effect of the A. vera gel and whole-leaf extract.

Keywords: Aloe vera; gel; whole leaf; absorption enhancement; Caco-2; confocal laser scanning
microscopy; F-actin; FITC-dextran; tight junctions; transepithelial electrical resistance

1. Introduction

The oral route of drug administration is associated with relatively high patient compliance and is
more affordable, when compared to the injection therapies [1]. Reasons for a high patient compliance
with the oral route of administration, include self-treatment, ease of use, and its non-invasive nature [2].
On the other hand, oral drug administration is challenged by the low bioavailability of certain drugs,
such as macromolecular drugs [1]. The general low-membrane permeability and oral bioavailability of
large compounds (molecular weight > 500 Da) can be ascribed to their unfavorable physico-chemical
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properties [3], as well as the harsh gastrointestinal environment where enzymatic and chemical activity
cause extensive degradation, especially, of protein and peptide drugs [4].

For an orally administered drug to have its desired pharmacological effect, the drug must
reach the systemic circulation via absorption, through the intestinal epithelial layer [5], which can
occur via the paracellular or transcellular pathways [6,7]. The paracellular pathway is the transport
of drug molecules between epithelial cells and occurs by means of size-limited passive diffusion,
through the tight junctions and intercellular spaces. Hydrophilic macromolecules, such as peptide
and protein drugs are mainly transported via the paracellular route, since they cannot penetrate cell
membranes [7,8], however, their paracellular movement is severely restricted by the tight junctions
between the adjacent epithelial cells [9]. A promising approach to improve the oral absorption of these
hydrophilic macromolecules is the co-administration of absorption enhancers [7].

Tight junctions (zonula occludens) are one of three intercellular complexes, with adherence
junctions (zonula adherens) and desmosomes (macula adherens), which link epithelial cells together.
Tight junctions can be described as dynamic multi-protein complex structures consisting of various
transmembrane proteins, with the main proteins being occludin, tricellulin, and the claudin family.
These proteins are connected to the cell actin cytoskeleton, via the scaffolding protein zonula
occludens-1 (ZO-1). Thus, a change in the actin distribution can be linked to a modulation of one
or more tight junction proteins [10,11]. The dynamic nature of the tight junction ensures that it can
be modulated by different stimuli, resulting in an increased paracellular absorption, in a reversible
and potentially safe manner [12]. Tight junction modulation can be experimentally confirmed by
transepithelial electrical resistance (TEER) measurements, as well as the permeability of paracellular
markers. In addition, microscopic examination after staining of cell components and intercellular
accumulation of fluorescent probes, can be used to indicate the opening of tight junctions as a
mechanism of paracellular drug-absorption enhancement [13,14].

Oral drug-absorption enhancement of protein and peptide drugs can be defined as the process
of improving the movement of the drug molecules across the intestinal epithelium, which can be
accomplished by the incorporation of functional excipients, in dosage forms. This improved membrane
permeation should be accomplished without damaging the cells or causing toxic effects [15,16].
Absorption enhancers are chemical adjuvants that are co-administered with peptides and proteins, to
increase their bioavailability, by reversibly removing or disrupting the intestinal barrier, with minimal
tissue damage [17]. The mechanisms through which this can be achieved include decreasing mucus
viscosity, changing membrane fluidity, disrupting the structural integrity of the intestinal wall or
modulating the tight junctions [17,18].

Many compounds have already been investigated for their potential drug-absorption enhancing
abilities, including various chemicals of natural origin that are derived from plants (capsaicin,
piperine, quercetin, and Aloe vera) and from animals (chitosan and zonula occludens toxin). Different
mechanisms of absorption enhancement have been suggested for these chemical absorption-enhancing
agents, such as regulation of gastrointestinal function, enzyme inhibition, P-gp efflux inhibition,
mucoadhesion, and tight junction modulation [12,19–24].

Aloe vera is a succulent perennial xerophyte that displays the water-storage mechanisms in
leaves, such as the formation of a viscous mucilage to survive in arid regions with little or irregular
rainfall [25,26]. The innermost part of the leaf is made up of clear, moist, soft, and slippery tissue that
consists of thin-walled parenchyma cells [27]. As a result, the thick fleshy leaves contain amongst other
compounds, storage carbohydrates, such as acetylated mannan (acemannan or aloverose) and cell wall
carbohydrates, such as cellulose and hemicellulose [28].

Aloe vera has long been used in traditional medicine, where the latex has been used for its
laxative effects and the gel was mainly used for the treatment of wounds and skin ailments, such as
psoriasis and genital herpes [29]. Other uses that have also been ascribed to A. vera components
include anti-bacterial, anti-cancer, anti-diabetic, anti-fungal, anti-obesity, anti-viral effects, and gastric
protection against ulcers [25,29,30].
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A study was conducted to evaluate the effect of A. vera liquid preparations on the absorption
of vitamin C and E, in human subjects, and it was found that A. vera markedly improved the oral
bioavailability of both these vitamins [31]. It was shown in an in vitro study that the A. vera gel and
whole-leaf extract had the ability to markedly enhance the transport of insulin across the Caco-2
cell monolayers [32]. Thereafter, several in vitro studies were conducted on the effect of the A. vera
gel and whole-leaf extract on macromolecular and other hydrophilic compounds, across intestinal
epithelial cell monolayers, excised intestinal tissues [32–35], excised skin [36,37], and across excised
buccal mucosa [38]. The P-gp-modulating effects of the A. vera juice was investigated by Djuv and
Nilsen [39], but they found that the A. vera juice did not inhibit the P-gp mediated transport of digoxin,
in a statistically significant way in any of the concentrations that were tested.

The aim of this study was to identify the mechanism of action by which the A. vera gel and the
whole leaf extract, enhance the gastrointestinal absorption of macromolecules, as well as to establish
the capacity of these materials in terms of the size of the molecules, which can be moved across the
intestinal epithelium. This was done by determining the transport of the FITC-dextran with different
molecular weights across the Caco-2 cell monolayers, after treatment with the A. vera gel and whole-leaf
extract, by TEER studies, by visualization of the accumulation of the FITC-dextran (4 kDa) between
the Caco-2 cells, on the monolayers grown on membrane inserts, and by fluorescence staining and
visualization of the F-actin structure of the Caco-2 cells, after incubation with the A. vera gel and the
whole-leaf extract.

2. Materials and Methods

2.1. Materials

Dehydrated Aloe vera gel powder 200X (Dalton Max 700® gel) and whole leaf, decolourised,
spray-dried Aloe vera powder 100X (whole-leaf extract) were kindly donated by Improve USA. Inc.
(De Soto, TX, USA). Chitosan (ChitoClear® with a degree of deacetylation of 96% and viscosity of
8 cP for a 1% solution) was purchased from Primex (Siglufjordur, Iceland). Fluorescein isothiocyanate
(FITC)-dextran with molecular weight (MW) of 4 kDa (FD-4), 10 kDa (FD-10), 20 kDa (FD-20),
and 40 kDa (FD-40), as well as Lucifer Yellow, were purchased from Sigma-Aldrich/Merck (Darmstadt,
Germany). CytoPainter® Phalloidin iFluor 488 and Fluoroshield® mounting medium, with propidium
iodide, were purchased from Abcam (Cambridge, MA, USA).

2.2. Chemical Characterisation of the A. vera Gel and the Whole-Leaf Extract

Quantitative proton nuclear magnetic resonance (1H-NMR) analysis was used to chemically
characterise the A. vera gel and the whole-leaf extract, by determining the content of certain
marker molecules, including aloverose, glucose, malic acid, and iso-citric acid (whole-leaf marker),
as previously described [40].

2.3. Chemical Characterisation of N-Trimethyl Chitosan Chloride

N-trimethyl chitosan chloride (TMC) was synthesised from chitosan (ChitoClear®, degree
of deacetylation of 96% and viscosity of 8 cP, for a 1% solution), as previously described [41],
and characterized by the means of 1H-NMR spectroscopy, using an Avance III 600 Hz NMR
spectrometer (Bruker BioSpin Corporation, Rheinstetlen, Germany). A sample of the TMC (100 mg)
was dissolved in 2 mL D2O and analyzed in the NMR spectrometer, at 80 ◦C, with a suppression of
the water peak. The degree of quaternization of the TMC was calculated from the 1H-NMR spectra,
by using Equation (1), as previously described [42]:

DQ (%) =

[(∫
TM∫
H

)
× 1

9

]
× 100 (1)
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where DQ (%) is the percentage of the degree of quaternization,
∫

TM is the integral of the trimethyl
amino group (quaternary amino) peak at 3.7–4.0 ppm, on the 1H-NMR spectra, and

∫
H is the integral

of the 1H peaks from 4.7–6.2 ppm, on the 1H-NMR spectra.

2.4. Caco-2 Cell Culturing

The Caco-2 cells were procured from the European Collection of Authenticated Cell Cultures
(ECACC). Caco-2 cells were cultured in a growth medium that consisted of high-glucose Dulbecco’s
Modified Eagles Medium (DMEM), supplemented with 10% v/v fetal bovine serum (FBS), 1% v/v
non-essential amino-acid solution (NEAA), 1% v/v penicillin/streptomycin (10,000 U/mL penicillin
and 10,000 U/mL streptomycin), 1% v/v amphotericin B (250 μg/mL), and 2 mM L-glutamine. The cells
were incubated at 37 ◦C and exposed to 95% humidified air and 5% CO2. The Caco-2 cells were used
between passages 51–56.

2.5. Cell Monolayer Integrity

The integrity of the cell monolayers was confirmed by measuring the TEER, as well as determining
the permeation of the exclusion marker, Lucifer yellow [43,44].

Prior to each permeation experiment, the TEER of the Caco-2 cell monolayers was measured to
confirm the formation of a confluent cell monolayer on the insert membrane. The minimum TEER
values, as indicated in Table 1, were required and considered as indicative of the presence of intact cell
monolayers, in the different Transwell® plates (Corning Costar®, Corning, NY, USA) [45–47].

Table 1. Required transepithelial electrical resistance (TEER) values, as indicative of the intact Caco-2
cell monolayers, on different Transwell®plate insert membranes.

Type of Transwell® Plate TEER Value Measured (Ω)
TEER Value Normalized for

Surface Area (Ω·cm2)

Transwell® 6-well plates
(surface area = 4.67 cm2) [45]

150 700.5

Transwell® 24-well plates
(surface area = 0.33 cm2) [46]

750 247.5

Snapwell® 6-well plates
(surface area = 1.12 cm2) [47]

179 200.0

Lucifer yellow was used as an exclusion transport marker molecule, to confirm the formation
of confluent Caco-2 cell monolayers on the inserts of each Transwell® plate. The growth
medium was aspirated from the basolateral chambers of the 6-well Transwell® plate and replaced
with the appropriate volume of pre-heated serum-free DMEM, buffered with N-(2-hydroxyethyl)
piperazine-N-(2-ethanesulfonic acid) (HEPES) (pH = 7.4), and incubated for 30 min, at 37 ◦C.
After 30 min, the Transwell® plates were removed from the incubator, the growth medium was
aspirated from the apical chambers and replaced with an appropriate volume of a pre-heated
Lucifer yellow solution (i.e., 50 μg/mL in serum-free DMEM) [44]. The Transwell® plates were
incubated with the Lucifer yellow solution and samples (200 μL) were withdrawn from the basolateral
chamber, every 20 min, for 120 min, and replaced with equal volumes of pre-heated serum-free
DMEM buffered with HEPES. The Lucifer yellow concentration in the samples was quantified
by means of fluorescence spectroscopy, at excitation, and at emission wavelengths of 485 nm
and 535 nm, respectively [48]. The percentage transport of Lucifer yellow across the Caco-2
cell monolayer should be less than 2% for the two-hour transport period, to indicate intact cell
monolayers [48]. Furthermore, apparent permeability coefficient (Papp) values of the Lucifer yellow
≤ 0.2 × 10−6 cm/s [43] or 0.66–0.75 × 10−6 cm/s [44], were considered indicative of the formation of
intact Caco-2 cell monolayers.
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2.6. In Vitro Transepithelial Electrical Resistance (TEER) Study

Caco-2 cells were cultured in Transwell® 24-well plates (Corning Costar®) on insert membranes,
with a surface area of 0.33 cm2 and pore size of 0.4 μm, to form confluent monolayers. The positive
control consisted of 0.5% w/v TMC (a known tight junction modulator), while the test solutions
consisted of A. vera gel and whole-leaf extract, each in four different concentrations ranging from 0.1 %
w/v to 1.5% w/v. Serum-free DMEM alone was used as the negative control.

The TEER measurements of the Caco-2 cell monolayers on insert membranes in 24-well Transwell®

plates commenced one hour prior to addition of the test solutions, to obtain the TEER values, at a
baseline level. DMEM buffered with HEPES (pH = 7.4) (1 mL) was added to the basolateral chamber
and incubated for 30 min, prior to the addition of the test solutions (200 μL) to the apical chamber on top
of the cell monolayers, on the filter membranes. The TEER (T0) was measured directly, after application
of the test solutions to the apical chamber. TEER measurements were then taken at 20 min intervals up
to 120 min, after addition of test solutions. TEER was measured with a Millicell ERS meter (Millipore,
Billerica, MA, USA) that was connected to a set of chopstick electrodes.

2.7. In Vitro Permeation Studies

Caco-2 cells were cultured in Transwell® 6-well plates (Corning Costar®) on insert membranes,
with a surface area of 4.67 cm2 and a pore size of 0.4 μm, to form confluent monolayers. For the in vitro
permeation study, four different FITC-dextran (i.e., FD-4, FD-10, FD-20 and FD-40) solutions were
prepared, each in a concentration of 125 μg/mL, in serum-free DMEM. Four different concentrations
of each of the A. vera gel and whole leaf extract (ranging from 0.1 % w/v to 1.5% w/v) were added to
each of the FITC-dextran solutions, to prepare the experimental solutions. Control groups consisted of
each FITC-dextran in serum-free DMEM, without A. vera gel and the whole-leaf extract.

The in vitro permeation of each of the FITC-dextran molecules, in the absence and presence of the
different A. vera gel and the whole-leaf extract solutions, was determined in the apical to basolateral
(AP-BL, absorptive) direction, across the Caco-2 cell monolayers. First, the growth medium was
aspirated from the basolateral chamber and replaced with 2.5 mL pre-heated serum-free DMEM
buffered with HEPES (pH = 7.4) and placed back in the incubator (37 ◦C), to equilibrate for 30 min.
After 30 min, the Transwell® plates were removed from the incubator and the growth medium from the
apical chamber was aspirated and replaced with 2.5 mL of each of the experimental solutions pre-heated
to 37 ◦C. Samples (200 μL) were extracted from the basolateral chamber at 20 min intervals for a total
period of 120 min and replaced with 200 μL pre-heated DMEM buffered with HEPES. The quantification
of the FITC-dextran concentrations, in the samples, was done by means of fluorescence spectroscopy,
at excitation and at emission wavelengths of 494 and 518 nm, respectively.

The percentage transport was calculated from the concentration of each FITC-dextran (i.e., FD-4,
FD-10, FD-20, and FD-40) measured in the samples withdrawn from the basolateral chamber, at each
time interval. The percentage transport was calculated with the following equation:

%Transport =
Drug concentration at specific time interval

Initial FITC − dextran dose
×100 (2)

The apparent permeability coefficient (Papp) values were calculated from the percentage transport
data across the Caco-2 cell monolayers, for each of the FITC-dextran molecules. Papp is defined as
the permeability rate that is normalized by the surface area, across which the permeation occurs,
as well as the concentration, assuming the starting concentration in the acceptor (basolateral) chamber
is zero [49]. The Papp was calculated by using the following equation [50,51]:

Papp = dc/dt
1

(A ·60·C0)
, (3)
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where Papp is the apparent permeability coefficient (cm·s−1), (dc/dt) represents the permeability rate
(concentration/min, represented by the slope of the transport curve), A is the permeation surface
area (cm2), and C0 is the starting concentration of the permeant.

From the Papp values, the permeation-enhancement ratio (R) values were calculated by the
following equation [32]:

R =
Papp experiment

Papp control
(4)

where R is the permeation-enhancement ratio, Papp experiment is the apparent permeability coefficient
for the test solution, and Papp control is the apparent permeability coefficient for the control group.

2.8. Caco-2 Cell Monolayers for the Confocal Laser Scanning Microscopy (CLSM) Study

For the CLSM visualisation studies (for both the transport pathway and the F-actin filament
studies), the Caco-2 cells were cultured in Snapwell® 6-well plates (Corning Costar®), with removable
filter-rings, which had a surface area of 1.12 cm2 and a pore size of 0.4 μm, to form confluent cell
monolayers. Stock solutions of the FITC-dextran 4 kDa (FD-4, 1 mg/mL), the A. vera gel, the A. vera
whole-leaf extract (2.0% w/v), and TMC (1.0% w/v), were each prepared, separately, in a serum-free
DMEM. These stock solutions were used to prepare the experimental solutions, which consisted of
combinations of the FITC-dextran and each of the permeation enhancers solutions (i.e., A. vera gel,
A. vera whole leaf, and TMC) in a 1:1 ratio that were applied to the Caco-2 cell monolayers. The final
concentrations of the test solutions were, therefore, 1.0% w/v A. vera gel, 1.0% w/v A. vera whole-leaf
extract and 0.5% w/v TMC, while the final concentration of FITC-dextran (FD-4) in the mixture, applied
to the cell monolayers, was 0.5 mg/mL. The negative control group consisted of serum-free DMEM,
without any of the chemical permeation enhancers.

For the fluorescence staining, a 10× CytoPainter® Phalloidin iFluor 488 solution was prepared by
diluting 5 μL of a 1000× phalloidin conjugate in dimethyl sulfoxide (DMSO) stock solution with 500 μL
PBS, containing 1.1% v/v foetal bovine serum (FBS). The 0.1% v/v Triton X100 solution was prepared
by diluting 3 μL of the 100× Triton X-100 solution to 300 μL with phosphate buffer saline (PBS).

2.8.1. Fluorescence Staining

Visualisation of the Transport Pathway

After 21 days of culturing, in the Snapwell® 6-well plates, and confirmation of the cell monolayer
formation, the cell monolayers were incubated with the above-mentioned experimental solutions for
2 h at 37◦C, 5% CO2, and 95% air (i.e., the same conditions as for the in vitro permeation study).

After the 2 h incubation period, the cells were fixed with 4% formaldehyde for 10 min [52,53] and
gently rinsed, once, with ice-cold PBS [54]. After fixation, the cell monolayers were prepared on the
microscope slides, as described below in Section 2.8.2, and confocal images were taken with a Nikon
Eclipse TE-3000 inverted microscope (Nikon Instruments, Melville, NY, USA), equipped with 60× and
100× ApoPlanar oil immersion objectives and a DSRi1 Nikon digital camera, for real-time imaging.
The microscope was linked to a Nikon D-Eclipse C1 confocal system. The images were taken at room
temperature, under light exclusion. All experiments were done in triplicates.

Visualization of the F-Actin Filaments in the Cytoskeleton

Staining of the F-actin in the cytoskeleton of the Caco-2 cells was used to identify if opening of
tight junctions was the mechanism of action of the A. vera gel and the whole-leaf extract, in terms
of drug-absorption enhancement [55,56]. The cell monolayers in the Snapwell® 6-well plates were
incubated with the experimental permeation enhancer solutions (A. vera gel and whole-leaf extract
without FD-4) for 2 h, at 37 ◦C, 5% CO2, and 95% air. The cell monolayers were then fixed with
4% formaldehyde, for 10 min, and gently rinsed, once, with ice-cold PBS. Fixation was followed by
permeabilization (to increase the accessibility of the F-actin to the CytoPainter® Phalloidin iFluor
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probe) with 0.1% Triton X-100 for, 3 min, after which the cell monolayers were gently rinsed with PBS.
Thereafter, F-actin staining was done with 10X CytoPainter® Phalloidin iFluor 488 for 60 min and gently
rinsed for 5 min, with PBS. The cell monolayers were prepared on the microscope slides, as described
below in Section 2.8.2, and images were taken with CLSM, as described above. All experiments were
done in triplicates.

2.8.2. Preparation of the Microscope Slides for the Confocal Laser Scanning Microscopy (CLSM)

The filter-ring was removed from the Snapwell® insert and placed onto a glass plate, to add
support before the filter membrane was cut loose with a scalpel. The filter membrane was cut into
smaller sections and a section with a size of, approximately, 1.12 cm × 0.3 cm was transferred to a
microscope slide. Three to four drops of the Fluoroshield® mounting medium, containing propidium
iodide [57], were added and spread-out, evenly. Care was taken not to touch the cell monolayer on the
filter membrane. The propidium iodide, contained in the mounting media was used to visualize the
cell nuclei. Finally, the excess Fluoroshield® mounting medium was removed by gently touching the
slide with a piece of paper towel, and then a coverslip was added.

2.8.3. Imaging with Confocal Laser Scanning Microscopy

The CLSM was equipped with an Argon Ion laser (emission wavelength of 488 nm or 515 nm),
a Helium Neon polarised laser (emission wavelength of 543 nm), and a blue Diode laser (emission
wavelength of 409 nm). The excitation and emission wavelengths used for the imaging of the
FITC-dextran, Phalloidin iFluor, and the propidium iodide are shown in Table 2.

Table 2. Excitation and emission wavelengths of the dyes and transport marker used in the confocal
imaging experiments [51,54,57].

Compound Excitation Wavelength (nm) Emission Wavelength (nm)

FITC-dextran 494 518
Phalloidin iFluor 493 517
Propidium Iodide 535 615

2.9. Data Analysis

Data analyses on the in vitro permeation results were performed with STATISTICA Version 12
(Statsoft, Tulsa, OK, USA, 2013). All data sets were subjected to the Brown-Forsythe test to establish
the normality and homogeneity of the data distribution. Normally distributed data were analyzed
by analysis of variance (ANOVA) with Dunnet’s post-hoc tests (two-sided). For data sets that were
not normally distributed, non-parametric Kruskal-Wallis testing was applied. Statistically significant
differences were accepted when p < 0.05.

3. Results and Discussion

3.1. Characterisation of the A. vera Gel and the Whole-Leaf Extract

The quantitative 1H-NMR analysis indicated that the A. vera gel contained 15.2% aloverose; 9.8%
glucose; 2.0% citric acid, and 20.7% malic acid, while the A. vera whole-leaf extract contained 4.9%
aloverose; 8.6% glucose, 8.9% citric acid, 24.7% malic acid, and 14.6% iso-citric acid, or whole-leaf
marker [33].

3.2. Characterization of the N-trimethyl Chitosan (TMC)

The degree of quaternization (DQ) of the TMC was calculated to be 45.995%, from the 1H-NMR
spectrum of the TMC (Figure 1), using Equation (1).
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Figure 1. Proton nuclear magnetic resonance (1H-NMR) spectrum for the N-trimethyl chitosan chloride (TMC).

3.3. Cell Monolayer Integrity Using Lucifer Yellow

The cumulative percentage transport of Lucifer yellow, across the Caco-2 cell monolayers was
below 2%, over a period of 120 min, which indicated an acceptable integrity of the Caco-2 cell
monolayers, as suggested by Wahlang et al. [48]. The apparent permeability coefficient (Papp) value
for the Lucifer yellow was calculated to be 0.346 × 10−6 cm/s, from the transport curve, which was
also within the range of the suggested Papp values for the Lucifer yellow, when transported across the
Caco-2 cell monolayers, with an acceptable integrity, namely 0.2–0.75 × 10−6 cm/s [43,44].

3.4. In Vitro Transepithelial Electrical Resistance (TEER) Study

The TEER value of a cell monolayer is indicative of the tight junction integrity and a decrease
in TEER has been related to the opening of tight junctions and, therefore, also to an increase in the
paracellular permeability [56]. The TEER studies were performed to indicate the capability of the
A. vera gel and the whole-leaf extract, to open tight junctions. From the results it was clear that
maximum TEER reduction was already evident at 20 min, after application of the test solutions,
and the TEER started to recover over the 120 min period, towards the initial value. The percentage
TEER of the Caco-2 cell monolayers, after application of the test solutions and the positive control
(i.e., TMC) plotted as a function of time, are shown in Figure 2, for four different concentrations of the
A. vera gel, and in Figure 3, for the four different concentrations of the A. vera whole-leaf extract.
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Figure 2. Percentage transepithelial electrical resistance (TEER) of the Caco-2 cell monolayers, after
application of the A. vera gel, at different concentrations, and N-trimethyl chitosan chloride (TMC) (0.5%
w/v, positive control), plotted as a function of time (n = 3) (Error bars represent standard deviation (SD)).

From Figure 2, it is clear that a rapid (within 20 min) and relatively large decrease in the percentage
TEER of Caco-2 cell monolayers occurred after the application of the A. vera gel solutions, which
was similar in extent to that of the positive control (TMC at 0.5% w/v), except for the 1.5% w/v
A. vera gel solution, which exhibited a lower TEER reduction effect. The decrease in TEER caused
by the A. vera gel on the Caco-2 cell monolayers was inversely proportional to the concentration
applied. This could probably be explained by the increase in the viscosity of the A. vera gel solutions,
with each concentration increase, which may have decreased the diffusion of ions across the Caco-2
cell monolayers.
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Figure 3. Percentage TEER of the Caco-2 cell monolayers after the application of the A. vera whole leaf,
at different concentrations, and TMC (0.5% w/v, positive control) plotted as a function of time (n = 3)
(Error bars represent SD).

From Figure 3, it is evident that the A. vera whole-leaf extract solutions caused a rapid and
relatively large decrease in the TEER of the Caco-2 cell monolayers, which started to recover towards
the initial value, over the period of 120 min. Furthermore, the decrease in TEER caused by some of
the A. vera whole-leaf extract solutions, was larger than that of the positive control (0.5% w/v TMC).
However, the reduction in TEER did not correlate, directly or inversely, with the concentration of the
A. vera whole-leaf extract solutions.
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Nonetheless, the TEER reduction results are in line with previous studies on the application of
the A. vera gel and whole leaf extract on epithelial surfaces [32,33,35]. The TEER results indicated that
the A. vera gel and whole-leaf extract were capable of opening tight junctions between the Caco-2 cells.

3.5. In Vitro Permeation Studies

The A. vera gel and whole-leaf extract showed the ability to enhance the transport of the
FITC-dextran with a molecular weight of 4 kDa, across the Caco-2 cell monolayers, however,
no transport could be detected for the FITC-dextran molecules, with molecular weights of 10 kDa
(FD-10), 20 kDa (FD-20), and 40 kDa (FD-40), in the absence or presence of the A. vera gel and whole-leaf
extract solutions, across the Caco-2 cell monolayers.

The transport curves and apparent permeability coefficient (Papp) values of the FD-4, across the
Caco-2 cell monolayers, in the absence and presence of four different concentrations of the A. vera gel
and whole-leaf extract, respectively, are shown in Figures 4–7.
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Figure 4. Percentage transport of the Fluorescein isothiocyanate (FITC)-dextran (FD) (FD-4 with MW
of 4 kDa) plotted as a function of time, across the Caco-2 cell monolayers, in the absence (FD-4 control)
and presence of the Aloe vera gel solutions, with different concentrations (n = 3; error bars represent SD).

From Figure 4, a clear increase in the percentage transport of FD-4, in relation to the negative
control (FD-4 alone), can be seen for all concentrations of the A. vera gel solutions that were applied to
the Caco-2 cell monolayers, with the FD-4. The transport of the FD-4, alone, showed an initial increase
until 20 min, whereafter it reached a plateau, over the rest of the 120 min transport period. While in the
presence of the A. vera gel it continued to be transported, albeit at a slower rate than the first 20 min.

A slightly higher than the two-fold increase in the transport of the FD-4 (R or
permeation-enhancement ratio values indicated on Figure 5) in relation to the control group (FD-4
alone) was shown for all the concentrations of the A. vera gel solutions tested. The transport of the
FD-4 was, statistically, significantly higher (p < 0.05) in the presence of all the A. vera gel solutions,
compared to the transport of the control group (FD-4 alone). A. vera gel, therefore, showed the
ability to significantly enhance the transport of a macromolecule (FD-4), across intestinal epithelial cell
monolayers (Caco-2), which is in line with previous findings [32–34].
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Figure 5. Apparent permeability coefficient (Papp) values of the FITC-dextran (FD-4 with MW of 4 kDa),
across the Caco-2 cell monolayers, when co-applied with the Aloe vera gel solutions. Bars marked with
an asterisk (*) indicate statistical significant differences from the control (p < 0.05) (n = 3; error bars
represent SD) (R = permeation-enhancement ratio).
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Figure 6. Percentage transport of the FITC-dextran (FD-4 with MW of 4 kDa) plotted as a function of
time, across the Caco-2 cell monolayers, in the absence (FD-4 control) and presence of the Aloe vera
whole-leaf extract solutions, with different concentrations (n = 3; error bars represent SD).

From Figure 6, a distinct increase in the FD-4 transport across the Caco-2 cell monolayers can
be seen for all the concentrations of the A. vera whole-leaf extract solutions, when compared to the
negative control group (FD-4 alone). The transport of the FD-4 alone (negative control) reached a
plateau after 20 min, and only slightly increased, further, over the remainder of the transport period
(120 min); while in the presence of the A. vera whole-leaf extract, it continued to be transported.

The transport of the FD-4 in the presence of all concentrations of the A. vera whole-leaf extract
solutions, were significantly higher (Figure 7) than that of the control group (FD-4 alone) (p < 0.05).
A. vera whole-leaf extract has, therefore, shown the ability to significantly enhance the transport of
a macromolecular model compound (FD-4), across the intestinal epithelial cell monolayers (Caco-2),
which is in line with previous findings [32–34]. The absorption-enhancing effect of the A. vera
whole-leaf extract was in agreement with the TEER reduction results and can, therefore, most probably
be attributed to its tight junction-modulating activities.
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Figure 7. Apparent permeability coefficient (Papp) values of the FITC-dextran (FD-4 with MW of 4 kDa)
across the Caco-2 cell monolayers, when co-applied with the Aloe vera whole-leaf extract solutions.
Bars marked with an asterisk (*) indicate statistically significant differences from the negative control
group (p < 0.05) (n = 3; error bars represent SD) (R = permeation-enhancement ratio).

3.6. Confocal Laser Scanning Microscopy (CLSM)

3.6.1. Visualization of the Transport Pathway

Figure 8 shows the top-view confocal micrograph images of the Caco-2 cell monolayers to which
the FD-4 was applied, in the absence (negative control) and presence of the A. vera gel and whole-leaf
extract, as well as TMC (positive control).

From the confocal micrograph images in Figure 8, the intercellular accumulation of FD-4 (green)
between the Caco-2 cells can be observed, when it was applied with the absorption enhancers
(Figure 8b–d), compared to no accumulation in the negative control (Figure 8a). This accumulation in the
intercellular spaces between the cells indicated a movement of the FD-4 molecules, via the paracellular
pathway. The CLSM image of the positive control (0.5% w/v TMC, a known tight junction modulator
and paracellular absorption enhancer) is in accordance to previously published papers [58,59]. The lack
of green fluorescence inside the cells, confirmed that the incubation with TMC, the A. vera gel, and A.
vera whole-leaf extract, did not damage the cell membranes. The paracellular accumulation of the FD-4,
in the presence of the A. vera gel and the whole-leaf extract, corresponded with the TEER reduction
results and is most probably the result of their ability to modulate tight junctions.

Figure 8. Cont.
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Figure 8. Top-view confocal micrograph images of the Caco-2 cell monolayers on which the
FITC-dextran with MW of 4 kDa (FD-4) was applied (green: FD-4 and red: cell nuclei stained with
propidium iodide). (a) Negative control (FD-4 alone), (b) positive control (0.5% w/v TMC), (c) A. vera
gel (1.0% w/v), and (d) A. vera whole-leaf extract (1.0% w/v) (Scale bars represents 10 μm).

3.6.2. Visualization of the F-Actin Filaments in the Cytoskeleton

According to Ward et al. [11], disruption of the actin cytoskeleton through modulation of the
F-actin structure can cause opening of the tight junctions and an increase in paracellular permeability.
The re-arrangement of filamentous actin (F-actin) in the cytoskeleton of the Caco-2 cells was visualized,
in order to determine the possible mechanism of action by which the A. vera gel and the whole-leaf
extract increase the paracellular absorption. The CLSM images in Figure 9 show the F-actin expression
in a Caco-2 cell monolayer, after incubation with the TMC (positive control), A. vera gel, and whole-leaf
extract, and without an absorption enhancer (negative control).

Figure 9. Confocal micrograph images of the filamentous actin (F-actin) distribution in the Caco-2 cell
monolayers (green: F-actin stained with CytoPainter® Phalloidin iFluor 488 and red: cell nuclei stained
with propidium iodide). (a) Negative control (untreated Caco-2 cell monolayer), (b) positive control
(0.5% w/v TMC), (c) 1.0% w/v A. vera gel, and (d) 1.0% w/v A. vera whole-leaf extract (Scale bars
represent 10 μm).
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In the confocal micrograph images shown in Figure 9, the differences can be seen in the appearance
of the F-actin when the Caco-2 cells were treated with A. vera gel, A. vera whole-leaf extract, and TMC
(positive control), as compared to the negative control (untreated cells). The untreated Caco-2 cell
monolayer (negative control) showed very little and irregular fluorescence (green) distribution of
the F-actin, along the cell borders. In contrast to this, the F-actin fluorescence localization (green) in
all the other images was visibly different (Figure 9b–d), which indicates that the F-actin distribution
was re-arranged. The rearranged F-actin fluorescence pattern, seen in Figure 9b, is in congruence
with previously published research on the effect of TMC (a known tight junction modulator) on the
actin cytoskeleton of the Caco-2 cells [56]. The changed fluorescence patterns of the F-actin seen
in the Caco-2 cells that were treated with A. vera gel (Figure 9c) and the A. vera whole-leaf extract
(Figure 9d), were similar to that of the TMC. The changed F-actin distribution, therefore, indicates that
tight junction modulation occurred in the presence of A. vera gel and A. vera whole-leaf extract.

4. Conclusions

Tight junction modulation by the A. vera gel and A. vera whole-leaf extract has previously been
suggested, by Chen et al. [32], as a possible mechanism of its action for drug-absorption enhancement.
The results obtained from this study confirmed tight junction modulation by the A. vera gel and A. vera
whole-leaf extract, by means of different tests, including TEER reduction, transport enhancement of
the FD-4, accumulation of FD-4 between the epithelial cells (i.e., in the intercellular spaces), and F-actin
disruption, as determined with confocal laser scanning microscopy.
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Abstract: Many new chemical entities are discovered with high therapeutic potential, however,
many of these compounds exhibit unfavorable pharmacokinetic properties due to poor solubility
and/or poor membrane permeation characteristics. The latter is mainly due to the lipid-like barrier
imposed by epithelial mucosal layers, which have to be crossed by drug molecules in order to exert
a therapeutic effect. Another barrier is the pre-systemic metabolic degradation of drug molecules,
mainly by cytochrome P450 enzymes located in the intestinal enterocytes and liver hepatocytes.
Although the nasal, buccal and pulmonary routes of administration avoid the first-pass effect, they
are still dependent on absorption of drug molecules across the mucosal surfaces to achieve systemic
drug delivery. Bioenhancers (drug absorption enhancers of natural origin) have been identified
that can increase the quantity of unchanged drug that appears in the systemic blood circulation
by means of modulating membrane permeation and/or pre-systemic metabolism. The aim of this
paper is to provide an overview of natural bioenhancers and their main mechanisms of action for the
nasal, buccal, pulmonary and oral routes of drug administration. Poorly bioavailable drugs such as
large, hydrophilic therapeutics are often administered by injections. Bioenhancers may potentially be
used to benefit patients by making systemic delivery of these poorly bioavailable drugs possible via
alternative routes of administration (i.e., oral, nasal, buccal or pulmonary routes of administration)
and may also reduce dosages of small molecular drugs and thereby reduce treatment costs.

Keywords: bioenhancer; cytochrome P450; drug absorption enhancer; efflux; metabolism;
P-glycoprotein; pharmacokinetic interaction; tight junction

1. Introduction

Drug absorption is the process whereby drug molecules are transferred from the site of
administration across biological membranes into the systemic blood circulation to produce a systemic
pharmacological effect. Biological cell membranes have a lipophilic nature due to their phospholipid
bilayer structures. Molecules should therefore have sufficient hydrophilic properties to dissolve in
the aqueous environments surrounding the biological membranes, but should also have sufficient
lipophilic properties to partition into the membranes in order to achieve passive absorption via the
transcellular pathway [1]. Adjacent epithelial/endothelial cells are connected by tight junctions, which
are traversed by aqueous channels/fenestrae through which only small water-soluble molecules
(<600 Da) can pass to get absorbed via the paracellular pathway [2].

A number of active transporter molecules (including both uptake transporters and efflux
transporters) are present in various cell types in different organs. Drug efflux transporters found
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in the plasma membranes of intestinal epithelial cells can pump structurally diverse compounds
from within the intestinal epithelial cells back to the gastro-intestinal lumen and thereby reduce drug
bioavailability [3]. Efflux of compounds occurs by active transporters that need energy and this
process is adenosine triphosphate (ATP)-dependent [4]. The ATP-binding cassette (ABC) transporter
superfamily is among the largest and most broadly expressed efflux transporters discovered so far,
consisting of P-glycoprotein (P-gp), the multidrug resistant protein (MRP) and the breast cancer
resistance protein (BCRP) [5–7]. Another major determinant of oral drug bioavailability besides drug
permeation across the epithelial cells is pre-systemic metabolism or first-pass metabolism, which is the
metabolism that takes place during uptake before the drug molecules reach the systemic circulation,
as observed for olanzapine treatment [8]. Pre-systemic metabolism occurs mainly in the enterocytes of
the gastrointestinal epithelium and the hepatocytes of the liver. The cytochrome P450 (CYP) family of
enzymes account for the majority of oxidative metabolic reactions of xenobiotics during pre-systemic
and systemic metabolism. More than 30 different human CYP enzymes have been identified, of which
CYP3A4 appears to be one of the most important drug-metabolizing enzymes in humans [9].

For the purpose of this paper, the term bioenhancer is reserved for molecules of natural origin that
are capable of increasing the rate and/or extent at which co-administered drug molecules reach the
systemic circulation unchanged (i.e., increased bioavailability). The main mechanisms that have
been identified through which bioenhancers can improve the bioavailability of drug molecules
include alteration of the plasma membrane fluidity to increase passive transcellular drug permeation;
modulation of tight junctions to allow for increased paracellular diffusion; and active efflux transporter
modulation, such as P-gp-related efflux inhibition. Inhibition of CYP enzymes in the intestinal
epithelium and liver can significantly impact upon the bioavailability of drugs that are substrates of
these enzymes by means of reducing pre-systemic metabolism [10–12].

The most popular route of drug administration remains the oral route [2]. As mentioned before,
the oral bioavailability of a drug molecule is determined by its ability to penetrate the gastrointestinal
epithelial membrane, which is mainly determined by its physico-chemical properties (e.g., pKa,
lipophilicity, molecular size, charge, dissolution and solubility) [13], together with the extent of
enzymatic metabolism during its movement to the systemic circulation (known as pre-systemic
metabolism or the first-pass effect). Some other factors that may affect the oral bioavailability of a drug
include the gastric emptying rate, pH of the gastrointestinal fluid, interactions with other compounds
(e.g., other drugs, food or herbs) and its affinity for active transporters [2,14].

Drug administration via the nasal route can easily be accomplished by patients for both local and
systemic drug delivery, which is non-invasive and painless. A relatively large epithelial surface
is available that is highly permeable and offers a rapid onset of therapeutic effect. For drugs
that target the central nervous system, direct nose-to-brain drug delivery is possible [13,15,16].
Additionally, intranasal drug administration bypasses hepatic first-pass metabolism [13,17,18].
However, the protective mucous layer and ciliary clearance may potentially have a negative impact on
intranasal absorption [13,15].

The buccal route of administration is a good alternative for drugs that are unstable in gastric
fluids and those that are severely affected by first-pass metabolism. However, absorption across the
buccal mucosa is relatively slow due to the limited surface area, poor permeability of buccal epithelial
tissue, removal of drug by saliva and the presence of peptidases within the buccal mucosa [15]. Hence
this route of drug administration is mostly suited for highly potent, low dose drugs [15].

The pulmonary route of drug administration (i.e., administration via the lungs) is associated
with rapid drug delivery due to the large surface area and abundant blood supply [2,15]. Pulmonary
drug delivery can occur through different dosage forms, such as aerosol or nebulizer, for both local
treatment (e.g., bronchodilators) or systemic drug delivery [2]. In the case of volatile anesthetics or for
voluptuary drugs, the inhalation route is the preferred way of administration [2,19].

In this paper, discussions regarding drug absorption enhancing agents are restricted to
bioenhancers of natural origin (therefore purely synthetic chemical permeation enhancers are excluded).
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The selected bioenhancers are discussed in terms of their main effects on drug bioavailability as well as
their mechanisms of action as elucidated by in vitro and in vivo studies. Furthermore, a comprehensive
list of bioenhancers is included in Table 1 for each of the four selected routes of administration including
the buccal, nasal, pulmonary and oral routes of drug administration.

2. Buccal Route of Administration

Figure 1 illustrates the main mechanisms of action of selected bioenhancers for improved drug
delivery via the buccal route of administration.

Figure 1. Illustration of the main mechanisms of action of bioenhancers for enhanced buccal
drug delivery.

2.1. Aloe Vera

The effect of Aloe vera gel on the permeability of didanosine (ddI) across porcine buccal mucosae
was investigated using Franz diffusion cells. The control solution contained ddI in phosphate buffer
saline (PBS) at pH 7.4 alone (5, 10, 15, 20 mg/mL), and the test solutions contained ddI (20 mg/mL) in
the presence of A. vera gel (0.25, 0.5, 1, 2, 4, and 6% w/v) [20].

At concentrations of 0.25 to 2% w/v, A. vera gel significantly enhanced the buccal permeability
of ddI with enhancement ratios ranging from 5.09 (0.25% w/v) to 11.78 (2% w/v). However, at higher
concentrations (4 and 6% w/v) of A. vera gel, decreased ddI permeability across the buccal tissue was
observed. This may be attributed to the high viscosity of the A. vera gel at these high concentrations,
which caused resistance to drug diffusion. A. vera gel may be used as a potential buccal permeation
enhancer for ddI in the treatment of HIV and AIDS [20].
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2.2. Bile Salts

The in vitro permeation of 2′,3′-dideoxycytidine (ddC) across porcine buccal mucosae was studied
in the absence and presence of sodium glycocholate using in-line flow-through diffusion cells [28].
Fresh isotonic McIlvaine buffer solution (IMB, pH 7.4), which simulated gingival fluid without enzyme,
with 10 mg/mL ddC, 0.01% (w/v) gentamicin and sodium glycocholate in concentrations varying
from 0.6 to 50 mM, were added to the donor chambers. A flow rate of 0.8 mL/h was maintained,
and samples were collected every 90 min for 22.5 h. Results demonstrated a concentration-dependent
increase in ddC permeation across buccal mucosa as donor concentrations of ddC was increased from
1 to 20 mg/mL. This is indicative of passive diffusion [28]. In the presence of sodium glycocholate
(4 mM), the permeability of ddC was significantly increased (~32-fold) to an apparent permeability
coefficient (Papp) value of 5.11 ± 1.46 × 10−6 cm/s. At lower sodium glycocholate concentrations
(<4 mM), a limited enhancement effect was observed, while the Papp value was only increased to
5.61 ± 1.06 × 10−6 cm/s at higher concentrations of sodium glycocholate (10 and 50 mM). Earlier
studies indicated that 4 mM sodium glycocholate was close to the critical micelle concentration (CMC)
of sodium glycocholate [116,117]. Since sodium glycocholate can solubilize the membrane lipids by
incorporating them into sodium glycocholate micelles, a low enhancement effect was expected at
sodium glycocholate concentrations below the CMC of 4 mM. On the other hand, interfacial saturation
between sodium glycocholate micelles and lipid could explain the restricted enhancement effect
observed with sodium glycocholate at concentrations beyond the CMC [28].

2.3. Chitosan and Derivatives

It was shown that chitosan could enhance the absorption of the transforming growth factor-β
(TGF-β), a large bioactive peptide, across buccal mucosal tissue. A gel was prepared that consisted of
2% chitosan-H (MW: 1 400,000; degree of deacetylation: 80%) in dilute lactic acid solution. I125-labelled
TGF-b (MW: ~25 Kda) was incorporated into the chitosan gel, as well as in a control solution of
PBS. Continuous-flow perfusion chambers were used to study the permeability of TGF-β across
porcine buccal mucosa dermatomed to a thickness of approximately 700 μm. Additionally, horizontal
sectioning and counting was performed to determine the localization of TGF-β within the buccal
mucosa [22]. Results demonstrated that chitosan enhanced the permeability of the TGF-β bioactive
peptide in buccal mucosa six- to seven-fold, even though oral mucosa is relatively impermeable to
TGF-β due to its large size [22].

Furthermore, compared to the control PBS solution, an increased amount of TGF-β was found
in the superficial layers of the epithelium [22]. Enhanced penetration of TGF-β into buccal mucosa
may be the result of increased retention of the drug at the application site due to the mucoadhesive
nature of chitosan [22]. Another potential mechanism whereby chitosan improved drug transport
across the buccal epithelium, is interference with the lipid organization in the intercellular regions of
the epithelium [22].

Another in vitro study demonstrated decreased trans-epithelial electrical resistance (TEER) of the
buccal epithelial TR146 cell culture model when chitosan was used as a bioenhancer for peptide and
protein absorption. In this study, chitosan glutamate concentrations of 20 μg/mL and higher showed
enhanced transport of large hydrophilic compounds, 3H-mannitol and fluorescein isothiocyanate
labeled dextrans (FITC–dextrans), at pH 6. 3H-mannitol demonstrated the highest cellular permeability,
and decreasing permeability was observed for FITC–dextran with molecular weight (MW) of 4000 Da
(FD4), FD10 (MW of 10,000 Da), and FD20 (MW of 20,000 Da) as their molecular weights increased [21].
Enhanced permeability caused by chitosan of all the test substances, except FD20, was statistically
significant. Compared to untreated cells, the TEER of the TR146 cell culture model was drastically
reduced to ~30% in the presence of chitosan glutamate at concentrations of 20 μg/mL and higher [21].
Contrary to nasal and intestinal mucosal membranes, the buccal mucosal intercellular barrier is
not based on tight junctions [22], therefore tight junction modulation cannot be the mechanism by
which permeability enhancement proceeded. It was thus suggested that interference with the lipid
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organization in the buccal mucosa was responsible for improved drug transport in the presence of
chitosan glutamate or also potential loosening of intercellular filaments [21].

Thiolated chitosans have shown the ability to significantly improve mucoadhesion and drug
permeation [118]. A mucoadhesive buccal peptide drug delivery system with thiolated chitosan
was designed and evaluated in vitro and in vivo as an approach for the buccal delivery of
pituitary adenylate cyclase-activating polypeptide (PACAP) [23,24]. Chitosan-4-thiobutylamidine
(chitosan–TBA) was synthesized and homogenized with enzyme inhibitor and permeation mediator
glutathione (GSH), lyophilized and compressed into flat-faced discs. Two experimental formulations
were prepared for in vivo evaluation, namely, formulation A that comprised chitosan–TBA (69.5 mg),
GSH (3.75 mg), Brij 35 (0.75 mg), and PACAP (1 mg); whereas formulation B contained an innermost
layer of chitosan–TBA (50 mg), GSH (2.5 mg), Brij 35 (2.5 mg), PACAP (1 mg) and an outermost
layer of chitosan–TBA (50 mg). Additionally, formulation B contained a palm wax coating on one
side to ensure unidirectional release of the drug toward buccal mucosa, whilst avoiding losses in the
oral cavity [23]. Control formulations contained unmodified chitosan and PACAP (formulation C) or
unmodified chitosan, Brij 35, and PACAP (formulation D). These test formulations were given to pigs
via buccal administration for 6 h. An absolute bioavailability of 1% was obtained with formulations A
and B, whereas the controls (formulations C and D) did not allow PACAP to even reach the systemic
circulation [23].

In another study, trimethyl chitosan (TMC) with different quaternization degrees (QDs of 4%, 35%
and 90%) showed increased mucoadhesive properties and enhanced permeation of FD4 (FITC–dextran
with a molecular weight (MW) of 4000 Da) across porcine cheek mucosa [29]. The epithelium of
the porcine cheek mucosa was peeled from the underlying tissues and mounted in Franz diffusion
cells. TMC polymer solutions were prepared at 4% (w/w) concentration by gentle stirring at room
temperature, followed by addition of FD4 at 0.2% (w/w) concentration [29]. A tensile stress tester
was used to evaluate the mucoadhesive properties of the polymer solutions on cheek buccal mucosa
and submaxillary bovine mucin. Results from the in vitro permeation studies demonstrated that
permeation of FD4 across the excised cheek mucosal tissue was poor and difficult in the absence of a
penetration enhancer. Mucoadhesive performance increased with increasing QD, regardless of media
or biological substrate used. However, increased permeation of FD4 was only observed with pH 6.4
buffer, which can be attributed to increased polymer solubility. The best permeation enhancement
results were obtained with low molecular weight TMCs with high QD [29].

2.4. Fatty Acids

A study investigated the effect of unsaturated fatty acids (including oleic acid, eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA)) when concomitantly administered with insulin in a
Pluronic F-127 (PF-127) gel formulation [27]. PF-127 (MW: 12,500 Da) was used to prepare insulin
gel formulations with or without unsaturated fatty acids. The final concentrations of PF-127 and
unsaturated fatty acids were 20 and 5%, respectively. The control formulation consisted of a 20%
PF-127 gel containing only insulin [27]. In vitro release studies were performed using membrane-less
dissolution tests. In vivo studies were performed by buccally administering a volume of 0.2 mL of a
formulation (insulin dose, 25 IU/kg) to anesthetized rats. Blood samples were taken before and after
buccal dosing to determine the serum glucose levels [27].

A decreased rate of insulin release together with a remarkable and continuous hypoglycemic effect
was observed with PF-127 gels (insulin dose, 25 IU/kg) containing unsaturated fatty acids. The reduced
release rate may be partly due to reductions in the numbers and dimensions of the aqueous channels
through which the hydrophilic solutes diffuse, or it may be due to the viscosity of the formulations [27].
The serum glucose levels were significantly reduced with all formulations containing unsaturated fatty
acids. Results demonstrated that PF-127 gels containing oleic acid yielded the highest bioavailability
(15.9 ± 7.9%) of insulin relative to subcutaneous administration. In comparison, EPA and DHA
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yielded bioavailabilities of 3.4 ± 1.2% and 4.1 ± 3.4%, respectively. However, increased bioavailability
observed in the presence of DHA was not statistically significant [27].

Similarly, a study investigated the effect of cod-liver oil extract (CLOE) and hydrogenated castor
oil (HCO) on the buccal permeation of ergotamine tartrate (ET) [25]. Hamster cheek pouch was used
as a model membrane for the in vitro permeation study using a two-chamber diffusion cell (37 ◦C).
The buccal membrane was pre-treated for 1 or 3 h with a solution of phosphate buffer (PB, pH 7.4) and
propylene glycol (PG) (PB:PG, 1:1) containing 5% of each of the permeation enhancers which was each
added to the donor cell. After pre-treatment, the solutions in both cells were removed and the cells were
rinsed multiple times using a fresh PG/PB mixture. This was immediately followed by the permeation
experiment where the donor cell was filled with a suspension of ET in PG/PB, and the receiver cell
was filled with the PG/PB mixture only [25]. Results from the permeation study demonstrated that
the permeation rate of ET was markedly increased in the presence of each of the permeation enhancers
(5%). In the presence of HCO, the solubility of ET was noticeably increased, which resulted in a
relatively low flux of ET due to a decrease in the partitioning of ET to the mucosa [25]. On the other
hand, the solubility of ET increased ~2-fold in the presence of CLOE, which produced a ~8-fold
increase in the flux of ET. These results suggest that CLOE has a direct action on the mucosa in addition
to the solubilizing effect it has on ET [25]. Increasing concentrations of CLOE did not enhance the
permeation of ET greatly, and 3% concentration of CLOE was considered to be sufficient to exhibit
the enhancing action. Furthermore, the flux of ET was almost constant with or without pre-treatment,
and an extended period of pre-treatment had no effect on the flux of ET. These findings suggest that
CLOE exhibits a transient enhancing effect [25].

The permeation study was repeated on four of the major fatty acids in CLOE, namely palmitic acid,
oleic acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). However, the concentration
of each fatty acid in the donor solution was calculated according to its composition ratios in CLOE.
Results from this permeation study revealed that the individual fatty acids had a significantly lower
effect on the flux of ET than that of 5% CLOE, of which oleic acid showed the greatest enhancing action.
This suggests that the synergistic action of the individual fatty acids in CLOE likely contributes to the
greater enhancing action of CLOE [25].

2.5. Menthol

A study of the trans-buccal permeation of dideoxycytidine (ddC) using menthol as an enhancer
demonstrated a significant increase in ddC permeability. Porcine buccal tissue was used for the
permeation experiments using side-bi-side flow-through diffusion cells at 37 ◦C. The Papp of ddC
across the buccal mucosa increased 2.02 times at a menthol concentration of 0.3 mg/mL. However,
no significant difference was observed between the permeation enhancement of ddC in the presence
of lower concentrations (0.1 and 0.2 mg/mL) of l-menthol. This may be due to the limited effect of
menthol on the intercellular lipid extraction over the range of concentrations studied [26]. It was
suggested that the observed enhancement in ddC permeation may be partly due to the partition
coefficient enhancing effects of l-menthol [26].

3. Nasal Route of Administration

Figure 2 illustrates the main mechanisms of action of selected bioenhancers for improved drug
delivery via the nasal route of administration.

182



Pharmaceutics 2019, 11, 33

Figure 2. Illustration of the main mechanisms of action of bioenhancers for enhanced nasal
drug delivery.

3.1. Bile Salts

The bioavailability of insulin from a nasal formulation with 5% glycofurol (GF) was studied in
rabbits [119]. Zinc-free human insulin, Novolin® Nasal (Novo Nordisc) and glycofurol 75 (Hoffman
La-Roche) were used in this study. Preparation of intranasal formulations consisted of 6.6 mg
insulin dissolved in 1 mL phosphate buffer (12.5 mM, pH 7.4) containing 5% glycofurol. The dosage
administered was 50 μL of the nasal solution within each nostril equivalent to 0.66 mg insulin (15.8 IU).
Blood glucose was determined in blood collected at pre-determined time intervals. The frog palate
model described by Gizurarson, et al. [120] was used to test local toxicity on mucocilliary clearance
with phosphate buffer (12.5 mM) at pH 7.4 and 5% glycofurol. The results demonstrated greater
decreased plasma glucose levels when glycofurol was included in the nasal formulation, which were
comparable with previously published results [121]. Although the absorption enhancing mechanism
of glycofurol is not known, the results demonstrated rapid insulin absorption with 90% reduction
in the initial glucose blood concentration after 15 min. Furthermore, the plasma glucose was still
suppressed with 85% of the initial value at a time interval of 120 min. The results are indicative of
glycofurol having the ability to enhance insulin absorption in rats with enduring suppression of blood
glucose levels.

Bagger, et al. [122] investigated the absolute nasal bioavailability of peptide T in rabbits when
administered with sodium glycocholate and glycofurol. Previous nasal absorption studies with the
bile salt sodium glycocholate as a drug absorption enhancer of peptide and peptide-like compounds
has shown apparent bioenhancing effects [123–127]. In this study, the absorption enhancing action
of sodium glycocholate and glycofurol was investigated by using Tmax, Cmax and time-dependent
concentration profiles of peptide T. The bioavailability of peptide T administered with the selected
bioenhancers was compared to a control formulation consisting of peptide T in water, which gave
a bioavailability of 5.9%. Sodium glycocholate showed the highest increase in the bioavailability of
peptide T (59%), while glycofurol also increased its bioavailability (22%). On the other hand, when
the two bioenhancers were combined (i.e., glycoferol and sodium glycocholate), a bioavailability of
29% was obtained for peptide T. Furthermore, when peptide T was co-administered with sodium
glycocholate, the bioenhancing effect was characterized by rapid absorption but relatively short
duration of action. The glycofurol showed a lower absorption enhancement effect, but with a longer
duration of action [122].

3.2. Chitosan and Derivatives

Chitosan is a polysaccharide obtained from deacetylation of chitin, the second most abundant
natural polymer that is contained in the exoskeletons of insects and crustaceans. Illum and co-workers
were the first to demonstrate the nasal drug absorption enhancement effects of chitosan. Chitosan
showed, for example, the ability to increase the Cmax of insulin in sheep from 34 mIU/L to 191 mIU/L,
while the AUC was elevated 7-fold [128]. The use of chitosan as a novel absorption enhancer for
peptide drugs has been described previously [129], while its use in nasal delivery systems for a
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range of therapeutics has recently been comprehensively reviewed [130]. Selected studies will briefly
be discussed below as illustration of the nasal drug delivery enhancement potential of the natural
polymer, chitosan.

Illum, Watts, Fisher, Hinchcliffe, Norbury, Jabbal–Gill, Nankervis and Davis [31] showed that the
co-administration of either chitosan in solution or chitosan formulated in microspheres can improve
the bioavailability of morphine hydrochloride after nasal administration in sheep. Chitosan caused
an increase in the Cmax of morphine from 151 nM in the control group (morphine alone) to 657 nM,
and improved the bioavailability of morphine from 10.0% (control group) to 26.6%. Furthermore,
the rate of absorption was increased as indicated by the Tmax of 14 min as opposed to 20 min in
the control group. Chitosan formulated into microspheres even further improved the bioavailability
parameters of morphine with a Cmax of 1,010 nM and bioavailability of 54.65%. The rate of absorption
was also improved with a Tmax of 8 min, which was statistically significantly different from that of the
control [128].

Hinchcliffe, Jabbal–Gill and Smith [30] investigated the pharmacokinetic effects of a
chitosan-based intranasal delivery system on salmon calcitonin within a sheep model. A control nasal
solution containing salmon calcitonin (2200 IU/mL) only was compared to a salmon calcitonin solution
containing chitosan glutamate (5 mg/mL) as well as to Miacalcin®, a commercially available salmon
calcitonin containing nasal spray. A Cmax value of 99 pg/mL (range 50–107 pg/mL) was obtained for
the salmon calcitonin solution containing chitosan compared to 33 pg/mL (range 13–49 pg/mL) for the
salmon calcitonin control solution and 42 pg/mL (range 15–79 pg/mL) for the Miacalcin® nasal spray.
Furthermore, the average AUC value of the chitosan-containing solution of 3220 pg/mL/min (range
1606–4972 pg/mL/min) demonstrated a 3.5-fold increase compared to that of the control salmon
calcitonin solution (943 pg/mL/min, range 198–2519 pg/mL/min) and 2-fold increase towards that of
the Miacalcin® nasal spray (1636 pg/mL/min, range 87–3792 pg/mL/min) [30].

Since chitosan is only soluble at acidic pH values below its pKa value, chemically modified
derivatives, such as N-trimethyl chitosan chloride (TMC), have been synthesized to improve solubility
at more neutral pH values [131]. In a study where TMC polymers with different quaternisation degrees
(QD) was nasally administered with 14C-mannitol to rats, it was shown that the QD of TMC played
an important role at a neutral environment (pH 7.4) in terms of its nasal absorption enhancement
effects. The nasal delivery of 14C-mannitol increased with an increase in QD until a threshold value
was reached at 45% [33].

3.3. Starch Microspheres

In vivo studies in sheep found augmented nasal drug absorption for bioadhesive starch
microsphere delivery systems, which could be improved synergistically by combination with
other absorption enhancing agents. The comparison of control solutions with starch microspheres
containing insulin and gentamicin showed 5-fold and 10-fold increases in absorption efficiency,
respectively [132–134]. Similar starch microsphere formulations and drug compounds demonstrated
approximately 30-fold increases in the bioavailability of the drugs when administered nasally to
rats [135].

4. Oral Route of Administration

Figure 3 illustrates the main mechanisms of action of selected bioenhancers for improved drug
delivery via the oral route of administration.
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Figure 3. Illustration of the main mechanisms of action of bioenhancers for enhanced oral drug delivery.

4.1. Aloe Vera

Aloe vera leaf materials and extracts have been found to modify in vitro drug transport and
in vivo drug bioavailability. In a double-blind, cross-over clinical study investigating the effect of
A. vera liquid products on the absorption of vitamins C and E in human subjects, both A. vera gel
product (AVG) and A. vera whole leaf product (AVWL) were investigated. AVG caused a 3.7-fold and
AVWL a 2-fold increase in the bioavailability of vitamin C in comparison to the control (i.e., vitamin
C administered with water). With respect to the influence on the bioavailability of vitamin E, both
Aloe products caused a statistically significant increase in the baseline levels of vitamin E at 6 and 8 h
post administration. However, due to large inter-individual variation, the AUC values between the
different treatments were not statistically significant. The authors attributed the improvement in the
bioavailability of vitamins C and E by the A. vera products to a protective action against degradation
in the gastrointestinal tract, however, this was not proven in the study [37].

Both A. vera gel and whole leaf materials increased insulin transport extensively across Caco-2
cell monolayers over a concentration range of 0.1 to 5% w/v at two different pH values of 5.8 and
7.4. The Aloe materials decreased the TEER of the Caco-2 cell monolayers markedly at concentrations
higher than 0.5% w/v, which was reversible [36]. A study was conducted using A. ferox and A. vera
gel material, whole leaf material as well as precipitated polysaccharides (from these materials) in
a concentration of 2% w/v in combination with atenolol as model drug across excised rat intestinal
tissues in diffusion chambers. All the Aloe materials lowered the TEER of the excised rat intestinal
tissues statistically significantly (p < 0.05) in comparison to the control (atenolol alone) and to a larger
extent than the positive control (0.2% w/v sodium lauryl sulfate). In this study, it was also shown that
some precipitated polysaccharides resulted in a higher decrease in TEER than their corresponding gel
and whole leaf material counterparts. This reduction in TEER was indicative of the ability of the Aloe
leaf materials to open tight junctions and consequently enhance paracellular transport of hydrophilic
drug molecules such as atenolol. Only the precipitated polysaccharide fraction from dehydrated
A. vera gel (Daltonmax 700®) material could enhance the transport of atenolol across intestinal rat
tissue statistically significantly in comparison to the control. Although not statistically significant in
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comparison to the control, the polysaccharide fraction obtained from the A. vera whole leaf extract
(Daltonmax 700®) caused a substantial increase in atenolol transport. The A. ferox materials were,
however, not able to enhance the transport of atenolol across the excised rat intestinal tissues [35].

In a study by Wallis, Malan, Gouws, Steyn, Ellis, Abay, Wiesner, P Otto and Hamman [38],
the effect of A. vera gel and polysaccharides (i.e., crude polysaccharides as well as fractionated
polysaccharides based on molecular weight) on the bioavailability of indinavir was investigated
in Sprague–Dawley rats. As part of this study, the effect of the selected Aloe materials was also
investigated on the TEER of Caco-2 cell monolayers as well as their influence on the metabolism of
indinavir in LS 180 cells. The results of this study indicated that all of the Aloe materials decreased
the TEER of the Caco-2 cell monolayers indicating opening of tight junctions. The precipitated
polysaccharides decreased the TEER to a larger extent than the gel material. However, no clear
correlation between the different molecular weight fractions of the polysaccharides and TEER reduction
could be made. All of the Aloe materials exhibited enzyme inhibitory effects, although not statistically
significant, in comparison to the control (indinavir alone). With respect to the influence on the
bioavailability of indinavir as indicated by AUC, all the investigated Aloe materials rendered an
increase in bioavailability although not statistically significant. The increase in indinavir bioavailability
caused by the crude precipitated polysaccharide and polysaccharide fractions were higher than that
seen for the A. vera gel. The increase in bioavailability of indinavir in this study was attributed
to a combination of mechanisms including the opening of the tight junctions (as indicated by a
reduction in TEER) and an inhibition in the metabolism of indinavir (as indicated by the metabolite
plasma concentration). Furthermore, from the results of this study, it is evident that the biologically
active components responsible for the modulation of drug pharmacokinetics and absorption are most
probably concentrated in the polysaccharide component of the A. vera gel material although it cannot
be directly correlated with the molecular size of the polysaccharide component [38].

4.2. Bile Salts

The ability of bile salts to enhance the oral bioavailability of compounds, especially poorly
water-soluble drugs, has been discovered many years ago [136–138].

The study by Yu, Zhu, Wang, Peng, Tong, Cao, Qiu and Xu [102] investigated the bioavailability
of silybin when mixed with bile salt micelles compared with silybin-N-methylglucamine alone after
oral administration in dogs. The prepared mixed bile salt micelles showed a mean particle size of
75.9 ± 4.2 nm. Silybin-sodium cholate/phospholipid-mixed micelles revealed a very slow release of
the silybin, only 17.5% (w/w) over 72 h in phosphate buffer (pH 7.4) and 15.6% (w/w) in HCl solution
(pH 1.2). In spite of this slow release, the relative bioavailability of silybin in the mixed micelles versus
silybin-N-methylglucamine in dogs was 252% [102].

An in vivo study in diabetic rats was used to investigate the regional-specific intestinal delivery
of insulin by co-administration of sodium glycocholate [139]. Insulin (10 UI/kg) was administered
intestinally (duodenum, jejunum and ileum) to rats by surgical technique without (control) and with 5%
sodium glycocholate. Insulin absorbed from the gastrointestinal tract was investigated by measuring
the hypoglycemic effect in the rats at 45 and 60 min post administration. The hypoglycemic effect (100%)
of the positive control was specified at 77.9 mg/100 mL glucose at 45 min and 70.5 mg/100 mL glucose
at 60 min. For the duodenum region, the insulin control showed a hypoglycemic effect of 71% at 45 min
and 84% at 60 min, while the insulin with sodium glycocholate showed hypoglycemic effects of 90%
and 95% at 45 and 60 min post administration, respectively. For the jejunum region, the insulin control
showed 34% and 54% hypoglycemic effects, while the insulin with sodium glycocholate showed
39% and 60% hypoglycemic effects at 45 and 60 min post administration, respectively. However,
administration within the ileum of rats did not demonstrate a significant decrease in blood glucose
concentration profiles compared to control. For the ileum, the insulin control showed 9% and 5%,
while insulin with sodium glycocholate showed 5% and 8% at 45 and 60 min post administration,
respectively [139].
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These effects could be contributed to the increased insulin absorption in the presence of
the bile salt, potentially by mechanisms of mucus layer modification as well as tight junction
modulation [140,141]. Finally, the effects of sodium glycocholate on the intestinal absorption
enhancement of insulin demonstrated site-dependent effects with duodenum being the optimal
site for insulin oral delivery [139].

4.3. Black Cumin

Nigella sativa, commonly known as black cumin/caraway, was previously evaluated as a
bioenhancer for amoxicillin [142]. N. sativa extracts were prepared by cleaning, milling and sieving
seeds, followed by extractions with methanol and hexane for 6 h [142]. Everted rat intestinal sacs were
used to study the transfer of amoxicillin (6 mg/mL) in PBS (pH 7.4) with or without methanol (3 mg)
and hexane (6 mg) extract of N. sativa seeds. The amount of amoxicillin transported across the gut was
quantified spectrophotometrically at 273 nm [142]. For in vivo studies, amoxicillin (25 mg/kg) was
orally co-administered with N. sativa hexane extract (25 mg/kg) to rats. Blood samples were collected
at 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6 and 8 h post-dosing, after which UPLC-MS/MS was used to quantify
the amount of amoxicillin in rat plasma [142].

Results from the in vitro study demonstrated that both the methanol and hexane extracts
of N. sativa significantly increased the permeation of amoxicillin, with the latter showing the
greatest increase [142]. Hence, hexane extract was selected for in vivo evaluation. Results from
the in vivo study also demonstrated a significant increase in amoxicillin plasma concentration in rats.
N. sativa extract increased the rate and extent of amoxicillin absorption, increasing the Cmax from
4138.251 ± 156.93 to 5995.045 ± 196.28 ng/mL, while AUC0→t increased from 8890.40 ± 143.33 to
13483.46 ± 152.45 ng/mL·h. It was suggested that this permeation enhancing effect of N. sativa might
be attributed to the presence of fatty acids [142]. It has previously been demonstrated that fatty acids
are able to enhance permeation of low permeable drugs by increasing the fluidity of the apical and
basolateral membranes [143]. A similar in vivo study performed on rabbits yielded opposite results.
In that study, the Cmax and AUC0−∞ of cyclosporine (30 mg/kg) significantly decreased by 35.5% and
55.9%, respectively, after pretreatment with Nigella (200 mg/kg). However, a significant increase in
cyclosporine clearance (~2-fold) was observed, thus suggesting that intestinal P-gp and/or CYP3A4
are activated in the presence of N. sativa [144].

4.4. Capsaicin

In vitro, in situ and in vivo evaluations of the effect of capsaicin pre-treatment on fexofenadine
showed significantly enhanced intestinal absorption of fexofenadine [145]. Non-everted intestinal sacs
of rats were employed in the in vitro study, while an in situ single-pass intestinal perfusion study was
conducted on rats where the ileal segment (~8–12 cm) was isolated and cannulated. For the in vivo
study, the same pre-treatment was applied for 7 days in rats. Results from the non-everted sac study
indicated a significant increase in the intestinal transport and Papp of fexofenadine in the presence of
capsaicin. It was suggested that P-gp efflux inhibition in intestine of rats was the action mechanism,
since the results obtained with capsaicin pre-treatment and verapamil, a standard P-gp inhibitor,
were comparable [145]. In situ single-pass intestinal perfusion results demonstrated a significant
increase in the absorption rate constant, fraction absorbed, and effective permeability of fexofenadine
in rats pre-treated with capsaicin and verapamil in comparison with control group [145]. In vivo
results showed a significant increase in the AUC and Cmax of fexofenadine orally administered to rats
pretreated with capsaicin. Additionally, the apparent oral clearance of fexofenadine was significantly
decreased, while tmax and t1/2 were unchanged. Findings from this study thus provide in vivo evidence
that capsaicin might increase the bioavailability of fexofenadine via the inhibition of P-gp-mediated
drug efflux [145].
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4.5. Caraway

Caraway is obtained from the dried ripe fruit of the plant Carum carvi. In an open-label, cross-over
in vivo study, the bioenhancing effect of C. carvi (Caraway) extract (100 mg) on the pharmacokinetics
of rifampicin, isoniazid and pyrazinamide administered as a fixed-dose combination (FDC) was
investigated. The Caraway extract increased both Cmax and AUC as indicators of bioavailability for
all three drugs, statistically significantly. The increase in Cmax was 32.22%, 36.01% and 33.22% for
rifampicin, isoniazid and pyrazinamide, respectively, while the increase in AUC0–24 h was 32.16%,
29.06% and 27.92% for rifampicin, isoniazid and pyrazinamide, respectively. According to the authors,
the improvement in bioavailability caused by Caraway extract may be attributed to an enhancement
of mucosal to serosal permeation as well as its influence on P-gp efflux [40]. Caraway was shown
to act as an inhibitor of P-gp efflux and the main active components were found to be carvone and
limonene [146].

4.6. Cylcosporine A

Cyclosporine A is a polypeptide consisting of 11 amino acids and was initially derived from
a fungus, Tolypocladium inflatum Gams [147]. Cyclosporine A is used amongst other indications as
an immunosuppresive agent during organ transplantation, to treat autoimmune diseases and in the
treatment of certain viral diseases such as Hepatitis C, to name but a few uses. Cyclosporine A
has been shown to act as an inhibitor of the efflux transporter, P-gp and as a result may increase
the bioavailability of drugs that are substrates for this active efflux transporter [51]. Cyclosporine
A has been shown to improve the bioavailability of clopidogrel, an antiplatelet drug, in rats.
Co-administration of a dose of 10 mg/kg of cyclosporine A and 30 mg/kg of clopidogrel resulted
in a 3.48-fold and 2.83-fold increase in the AUC and Cmax of clopidogrel, respectively. The authors
attributed this increase in bioavailability to the inhibition of P-gp-mediated efflux [49].

4.7. Chitosan and Derivatives

The oral drug absorption enhancing effects of chitosan and its derivatives have previously been
reviewed extensively [148,149]. In brief, several studies have shown that chitosan (including chitosan
salts such as chitosan hydrochloride and chitosan glutamate) is an effective oral drug absorption
enhancer across in vitro cell models as well as in vivo animal models [42,150–152]. The major
mechanism of drug absorption enhancement has been shown to involve tight junction modulation
to allow for enhanced paracellular uptake of hydrophilic and macromolecular drug compounds.
Although a number of studies indicated interactions of chitosan with epithelial cells to open tight
junctions [153] through redistribution of F-actin and ZO-1 [148,154], it was shown on HT-29/B6 cells
with two-path impedance spectroscopy that the tight junction opening effect of chitosan was due to
changes in intracellular pH caused by the activation of a chloride-bicarbonate exchanger [155].

To improve some of the characteristics of chitosan, several derivatives and chemically modified
chitosans have been investigated for their drug delivery potential including trimethyl-chitosans,
thiolated chitosans, carboxymethyl chitosan and derivatives, hydrophobic chitosans, chitosan succinate
and phthalate, PEGylated chitosans and chitosan-enzyme inhibitor conjugates, which have been
published in a review previously [156].

4.8. Curcumin

Curcumin (diferuloylmethane) is the major curcuminoid contained in the rhizome of Curcuma
longa L. (turmeric) that has been shown to have several biological and pharmacological activities [157].
A previously published review on pharmacokinetic interactions of curcuminoids with conventional
drugs revealed potential interactions via modulation of CYP450 and phase II enzymes as well as
P-gp efflux inhibition and potential effects on organic anion transporting polypeptides (OATP).
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Unfortunately, contrasting results were obtained by different studies ranging from drug absorption
enhancement to drug absorption reduction by curcumin [158].

An example of a study where curcumin was found to significantly increase drug bioavailability is
an in vivo study in Sprague–Dawley rats that received curcumin (60 mg/kg) for four days prior to
drug administration (pre-treatment group), while another group received curcumin (60 mg/kg) once
only concomitantly with the drug and the control group received no curcumin. The bioavailability of
celiprolol increased statistically significantly in the curcumin pre-treated rats, but not in rats where it
was co-administered once only with curcumin. Although the bioavailability of midazolam increased in
both the pre-treatment group as well as the co-administered group, it was only statistically significant
in the pre-treatment group. Western blot analyses revealed that intestinal P-gp protein expression
reduced by 49%, while CYP3A protein content reduced by 42% after 4 days of pre-treatment with
curcumin. On the other hand, the hepatic P-gp protein expression increased by 144% and the CYP3A
protein content was increased by 91%. Renal P-gp protein levels remained unchanged, but renal
CYP3A was enhanced by 41%. Since celiprolol is a P-gp substrate and midazolam is extensively
metabolized by CYP3A enzymes, it was deduced from this study that the pharmacokinetics of these
two drugs have been changed by curcumin due to down regulation of P-gp and CYP3A in the small
intestine [48]. Furthermore, when curcumin was administered at a dose of 10 mg/kg with tamoxifen
to rats, the AUC and Cmax values of tamoxifen were significantly increased (i.e., by 64% and 71%,
respectively) [159]. Pre-treatment of broiler chickens with 100 mg/kg curcumin for ten days enhanced
the absolute and relative bioavailabilities of marbofloxacin in these animals [160]. The P-gp inhibiting
effects of curcumin was confirmed in an in vitro study on a human P-gp overexpressing cell line
(LLC-GA5-COL300) where the uptake of calcein-AM was increased [161].

4.9. Diosmin

Certain flavones (e.g., tangeretin, nobiletin and bergamottin) from citrus fruits have shown
P-gp inhibitory effects, which caused pharmacokinetic interactions with drugs that are substrates
for this efflux transporter. Diosmin, a flavonoid contained in citrus fruit, was investigated in the
Caco-2 cell model for P-gp inhibitory effects using rhodamine 123 and digoxin as model compounds.
Rhodomine 123 accumulation in the Caco-2 cells was investigated in the absence and presence
of diosmin. At a concentration of 50 μM, diosmin caused a 494 ± 8.4% increase in the cellular
accumulation of rhodamine 123 in reference to the control. To further investigate the initial observation
of P-gp-mediated efflux inhibition by diosmin, bi-directional transport (i.e., in the apical-to-basolateral
[A-B] and basolateral-to-apical [B-A] direction) of digoxin across Caco-2 cell monolayers was conducted
in the absence and presence of diosmin. At a concentration of 50 μM diosmin, the Papp (A–B) was
significantly increased from 2.8 ± 0.07 × 10−6 cm/s to 9.5 ± 0.06 × 10−6 cm/s, while the Papp (B–A)
was significantly decreased from 41.1 ± 1.20 × 10−6 cm/s to 17.1 ± 0.10 × 10−6 cm/s. These Papp

values corresponded to transport ratio values of 15.2 in the absence and 2.3 in the presence of diosmin.
Based on the results of this study, it is clear that diosmin act as a P-gp efflux transport inhibitor and as
such has the potential to improve the bioavailability of drugs that are substrates for P-gp [50].

In a more recent study, the effect of diosmin on the in vivo pharmacokinetics of fexofenadine in
rats was investigated. In this study, rats were pre-treated for 7 days with diosmin (50 mg/kg) where
after fexofenadine (10 mg/kg) was administered on day 8. Pre-treatment with diosmin resulted in a 2.5-
and 2.2-fold increase in Cmax and AUC0-∞, respectively. The enhanced bioavailability of fexofenadine
in this study was attributed to the fact that diosmin is a potent P-gp inhibitor [162].

4.10. Emodin

Anthraquinones such as emodin (1,3,8-trihydroxy-6-methyl-anthraquinone) occur naturally in
a wide variety of plants and herbs such as Rheum palmatum [163], Polygonum multiflorum [164],
Polygonum cuspidatum [165], Cassia obtusifolia [166] and Aloe vera [167]. Administration of emodin
may lead to synergistic and/or inhibitory effects on P-gp-related efflux and/or modulation of
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multidrug-resistance associated protein 1, 2 and 3 (MRP1, MRP2 and MRP3) and these effects may
have a profound effect on the bioavailability of co-administered substrate molecules [163,168–171].

In an extensive study conducted by Min, et al. [172], potential interactions between emodin
and rhodamine 123 were investigated in various in vitro models. In this study, human myelogenous
myeloid leukemia cells (K562), the P-gp over-expressing adriamycin resistant K562 cells (K562/ADM)
and Caco-2 cells were used as in vitro models to investigate if the co-administration of emodin at
various concentrations had any significant effect on the intracellular accumulation of rhodamine
123 (1 μM). The results showed that addition of emodin increased the intracellular accumulation of
rhodamine 123 in a concentration-dependent manner in both the Caco-2 and K562/ADM cell models.
The extent of the accumulation of rhodamine 123 in Caco-2 cells by emodin (20 μM) was comparable
to that of a much higher verapamil concentration (200 μM). Binding site competition between emodin
and rhodamine 123 on P-gp was also investigated. The results showed that the calculated Ki values
increased consistently in conjunction with increasing rhodamine 123 concentrations (0 to 20 μM),
which indicated that a competitive interaction occurred between emodin and rhodamine 123. It was
concluded that emodin and rhodamine 123 shared the same R-binding site on P-gp [172].

An MTT method was also used in conjunction with the K562/ADM cell line to investigate if
the addition of emodin could potentially reverse P-gp-mediated MDR. The results showed that the
addition of emodin (20 μM), alone or in combination with 10 μM adriamycin, exerted down regulation
of P-gp expression in comparison to the control group. The authors concluded that emodin could
potentially reverse P-gp-mediated MDR due to inhibition of P-gp expression in K562/ADM cells and
also by competitive interactions between emodin and rhodamine 123 at the R-binding site of P-gp.
The results confirmed that emodin is an effective inhibitor of P-gp and its effects are mediated either by
direct binding to P-gp and subsequent weakening of the P-gp-mediated efflux function or by indirect
mechanisms related to a reduction in P-gp expression [172].

In another study, it was also shown that the addition of emodin to the Caco-2 cell model had the
ability to decrease P-gp-mediated efflux, but additionally it was also reported that P-gp expression
was mediated via the MAPK/AP-1 pathway by means of COX-2 inhibition [173]. An in vitro transport
study across rat intestinal tissues using an Ussing-chamber technique showed that the transport of
digoxin was decreased in the presence of emodin while the transport of teniposide was increased in
the presence of emodin. The authors concluded that emodin was an inducer of P-gp-related efflux and
also an inhibitor of MRP3 [174].

4.11. Gallic Acid Ester

Gallic acid is a water soluble phenolic acid which is found in grapes and in the leaves of various
plants and forms part of a larger group of plant polyphenols known as gallotannins [175]. Gallotannins
are transformed in the gastrointestinal tract by hydrolysis to form free gallic acid [176]. Various
health benefits are associated with the intake of gallic acid and it is reported in the literature to exert
anti-cancer, anti-inflammatory, cardio-protective and anti-diabetic properties [175]. Gallic acid has
been reported to exhibit inhibitory effects on P-gp-mediated drug efflux and also on CYP450-related
isozymes such as CYP3A4 [177–179].

In vitro and in situ transport studies were conducted to investigate the effects of gallic acid on the
transport of diltiazem. The in vitro studies entailed the use of non-everted gut sacs from Wistar rat
intestinal tissue. The results from the in vitro study showed that the apparent permeability of diltiazem
had increased in the presence of gallic acid by 4.4-, 5.1- and 4.9-fold in the respective segments of the
duodenum, jejunum and ileum of non-everted intestinal gut sacs when compared with the control
group [180].

For the in situ single-pass intestinal perfusion study, rats were randomly divided into four groups
(n = 5) (control, standard inhibitor, and pre-treated with either gallic acid or ellagic acid). Perfusion
of the cannulated intestinal segment was performed using phosphate buffered saline (pH = 7.2)
containing diltiazem (100 μg/mL) and phenol red (50 mg/mL). A constant flow rate of 0.2 mL/min
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was maintained for a period of 90 min and samples were collected at 10 min intervals. The results
from the in situ study showed that pre-treatment with gallic acid (50 mg/kg) for 7 days resulted in
a significant (p < 0.05) increase in diltiazem transport in rats when compared to the control group
(diltiazem alone) following pre-treatments with gallic acid for 7 days. The Cmax, AUC0–t, and AUC0–∞

of diltiazem were increased by 1.90-, 2.06- and 2.08-fold, respectively (Athukuri and Neerati., 2018).
Based on these results, it was suggested that gallic acid was most likely a dual inhibitor of both P-gp
and CYP3A4 and that this dualistic effect may have resulted in the significant enhancement in the
bioavailability of diltiazem [180].

The transport of metoprolol was assessed in a similar in situ single-pass intestinal perfusion study
to evaluate the pharmacokinetic parameters of orally administered metoprolol in Wistar rats. The
rats were pre-treated with gallic acid (50 mg/kg) for 7 days before the start of the study. A significant
increase in the Cmax and AUC values of metoprolol were evident. It was concluded that gallic acid had
enhanced the oral bioavailability by inhibiting CYP2D6 activity in the liver, which caused reduced
metabolism of metoprolol [181].

4.12. Genistein

The flavonoid genistein (5,7-Dihydroxy-3-(4-hydroxyphenyl)chromen-4-one) is a plant-derived
(Glycine max and Pueraria lobata) isoflavone and a phytoestrogen, frequently ingested by
humans [54,55,182]. Genistein has very poor bioavailability in itself and although some studies
have suggested that genistein may have anticancer effects, these effects could not be obtained in
clinical studies because of its low bioavailability [183]. Genistein is purported to be an enhancer of
bioavailability of drugs, since it has been shown to inhibit efflux of P-gp, BCRP and MRP2 transporters.
These properties were investigated in a Caco-2 antiparasitic agent transport study, where taxol (a P-gp
substrate) was applied in combination with 33 or 100 μM genistein [184]. Although no inhibition of
transport could be measured for 33 μM genistein, 100 μM genistein resulted in 20% inhibition. It was
subsequently determined that although genistein inhibited P-gp, it did not appear to be a substrate
of P-gp. Another study showed 10–30 μM genistein increased sensitivity of a P-gp hyper-expressing
drug resistant human cervical carcinoma cell line (KB-V1) to vinblastine and paclitaxel, while reducing
efflux of Rhodamine 123 and vinblastine in a dose-dependent manner (10–200 μM) [185]. However,
no correlating change in P-gp expression was observed following exposure to genistein, indicating
only P-gp activity was modulated. Li and Choi [55] later demonstrated that a single oral dose of
30 mg/kg paclitaxel 30 min after ingesting 3.3 mg/kg or 10 mg/kg genistein, significantly increased
the AUC by 54.7% in male Sprague–Dawley rats. This was as a result of decreased plasma clearance
(35.2%), thereby increasing systemic exposure. The same effect was seen when the paclitaxel was
administered intravenously (3.3 mg/kg). It was proposed that the genistein inhibited the efflux
transporters and metabolic enzymes for which paclitaxel is known to be a substrate, probably being
P-gp and CYP3A [55,182].

Genistein also inhibited efflux of 2′,7′-bis-(carboxypropyl)-5(6)-carboxyfluorescein (BCPCF),
an MRP1 substrate, from human erythrocytes. Genistein displayed an IC50 concentration of 50–70 μM
for BCPCF efflux. It was reported that genistein inhibited MRP1 efflux transporters, but that this
modulation was substrate sensitive [186].

Genistein has been shown to inhibit the biotransformation and intestinal efflux of
(-)-epigallocatechin-3-gallate (EGCG) in more recent studies. EGCG is a flavonoid in various foods
and beverages, but especially in Camellia sinensis (green tea), and has been shown to have several
therapeutic effects such as anti-cancer, anti-viral and anti-inflammatory effects, but it has very poor
oral systemic absorption [187]. Lambert, Kwon, Ju, Bose, Lee, Hong, Hao and Yang [54] demonstrated
an increase in cytosolic EGCG of 2- to 5-fold in the presence of genistein (20 μM), in HT-29 human colon
cancer cells. They also treated CF-1 mice with 200 mg/kg genistein and 75 mg/kg EGCG, resulting in
increased plasma half-life and maximal concentration of the EGCG. However, in a male adenomatous
polyposis coli (APC) min/+ mouse model, this combination also enhanced tumor genesis.
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An in vitro and in vivo study treated Mardin-Darby canine kidney (MDCK-II) cells and Assaf
sheep with the antibacterial fluoroquinolone, danofloxacin, concomitantly with genistein [188].
Danofloxasin is exclusive for animal use and is actively secreted into milk. The in vitro transport study
showed that genistein inhibited BCRP transport of danofloxasin efficiently, while the in vivo study
indicated no change in danofloxasin plasma levels following isoflavone supplementation. A prolonged
diet of soy, however, did reduce antimicrobial concentrations in the milk.

Important to note are the findings of Chen, et al. [189], which indicated that genistein can induce
the phase II drug-metabolizing enzyme, sulfotransferase. Enzymatic activity, protein levels and mRNA
expression were evaluated in a transformed human liver cell line (HepG2) and a colon carcinoma
cell line (Caco-2). It was concluded that gene expression (SULT1A1 and SULT2A1) was induced by
genistein in a time and dose-dependent (0–25 μM) manner. Contrary, approximately 0.1 μM genistein
inhibited human liver phenol sulfotransferase by 50% in a competitive manner [190].

4.13. Gokhru Extract

Gokhru extract, a popular plant extract used in Ayurvedic medicines, is derived from
Tribulus terrestris Linn (Zygophyllaceae) [56,191]. Some of the phytochemicals previously identified
in T. terrestris include saponins, steroids, flavonoids and carboline alkaloids. Gokhru extract is
traditionally used as a diuretic, anti-inflammatory, anabolic, spasmolytic, muscle relaxant, hypotensive,
and hypoglycemic agent, but it has been reported to influence bioavailability of co-administered drugs.

One study investigated the effect of Gokhru extract on the absorption of metformin hydrochloride
(HCl) in an everted sac model [56]. Metformin is an anti-diabetic drug that is known to be highly
soluble, but poorly membrane permeable (BCS class III). In this study, the extract was prepared
from dried plant material (fresh fruits, leaves and stems) with hot ethanol. The results showed
increased absorption of metformin in the presence of the Gokhru extract, and the authors suggested
the major saponin component in the extract may have contributed largely to this increase in drug
transport. Saponins consist of one or more sugar chains, connected to a steroid or triterpenoid aglycon.
It can solubilize cholesterol, while maintaining most of the structure of the cell membranes, thereby
permeabilizing it to increase membrane permeability [57].

A similar study formulated metformin HCl tablets (175–500 mg) with varying concentrations
Gokhru extract (0–100 mg), which were then investigated using a chicken intestine everted sac model.
In this study, the drug absorption enhancement properties of Gokhru extract was confirmed with
increased metformin permeation across the chicken intestinal membranes from 29% to 54% [57].

A methanol extract was prepared from dried T. terrestris leaves and applied together with salicylic
acid (aspirin) to the mucosal side of the goat intestinal tissues used in an everted sac technique. The
Gokhru extract increased aspirin transport and it was proposed that the permeability enhancing action
was a result of the saponins effects on the membranes [191].

4.14. Grapefruit Juice

The pharmacokinetic interaction between grapefruit (Citrus paradisi) juice and the calcium channel
antagonist, felodipine, was discovered serendipitously during an in vivo clinical study in 1989 that
was designed to evaluate the potential interaction between ethanol and felodipine. Grapefruit juice
was used to mask the taste of ethanol in this study. Concomitant intake of felodipine with grapefruit
juice caused higher anti-hypertensive effects as well as higher felodipine plasma concentrations. This
observation led to a follow-up pilot study in a single volunteer where felodipine plasma concentrations
were found to be more than 5-fold higher when it was taken with grapefruit juice than with water [192].
Since this initial discovery, more than 85 drugs have shown to interact with grapefruit juice in terms of
pharmacokinetics of which most experienced increased plasma concentrations [193].

In a study on borderline hypertensive patients where the effect of different fruit juices was
evaluated on felodipine pharmacokinetics, it was shown that grapefruit juice, but not orange juice,
could markedly increase felodipine’s bioavailability parameters (both Cmax and AUC were increased).
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In addition, grapefruit juice reduced the ratio of dehydrofelodipin (the primary metabolite of felodipine
produced by CYP3A4) to felodipine. This effect was not observed for intravenous administration
of felodipine with grapefruit juice, which indicated selective inhibition of pre-systemic metabolism
involving CYP3A4 [194].

Several studies showed that three groups could be distinguished with respect to the effect of
grapefruit juice on the pharmacokinetic parameters of drugs, namely “increase”, “decrease” and “no
change” [195]. The uptake and bioavailability enhancement effect of grapefruit juice was shown in a
study where both in vitro and in vivo models were used. Lyophilized freshly-prepared grapefruit juice
significantly increased the uptake of doxorubicin into human uterine sarcoma (MES-SA/DX5) cells and
significantly increased the bioavailability of timolol maleate in rabbits [196]. However, it was shown
that both regular strength and double strength grapefruit juice did not have a significant effect on the
pharmacokinetic parameters of simvastatin when administered concomitantly to Sprague–Dawley
rats in a dose of 20 mg/kg over 28 days. On the other hand, simvastatin plasma concentrations
were elevated by double strength grapefruit juice when the drug was administered at a dose of
80 mg/kg [197], indicating a dose-dependent pharmacokinetic interaction. In another in vivo study,
grapefruit juice decreased the oral bioavailability of fexofenadine [58].

Results from different studies revealed, over time, that the pharmacokinetic effect of several forms
of grapefruit (i.e., whole fruit, fresh fruit juice or frozen concentrate) is drug-specific and it may in some
cases be concentration-dependent. It was also shown that the lower the inherent bioavailability of the
drug due to pre-systemic metabolism, the higher the chance is that the interaction with grapefruit can
be dangerous [193].

One of the main mechanisms of action of grapefruit juice by which the bioavailability of drugs
(e.g., felodipine) is increased, is by mechanism-based inhibition of CYP3A4 in the enterocytes of
the small intestine and hepatocytes of the liver [58,198]. It was also shown that grapefruit juice
could inhibit the P-gp efflux transporter and thereby increase the bioavailability of drugs that are
substrates for this efflux transporter (e.g., talinolol) [199,200]. Furthermore, a study on 10 volunteers
that received grapefruit juice three times a day for 6 days revealed that their small intestinal CYP3A4
protein expression reduced by 62%, but not their liver CYP3A4 protein expression. This selective
down regulation of CYP3A4 correlated well with the Cmax increase of felodipine after grapefruit juice
consumption relative to that taken with water [201]. On the other hand, it was found that grapefruit
juice has the ability to inhibit uptake transporters such as OATP, specifically OATP1A2 and OATP2B1,
and thereby it can decrease the absorption of certain drugs (e.g., fexofenadine) [202,203].

4.15. Lycopene

The effect of a lycopene-containing nano-formulation containing simvastatin on low density
lipoprotein (LDL) was investigated in mildly hypercholesterolemic patients [60]. The aim of this
study was to evaluate lycopene as a vector of intrahepatic transport to specifically enhance the hepatic
bioavailability of simvastatin. This is important, since hepatic cholesterologenesis is the main site
of statin action. Furthermore, the plasma lipid profile is not affected by extrahepatic inhibition of
HMG-CoA reductase, and extrahepatic toxicity is observed with increasing statin concentrations [60].
A total of 10 patients with moderately increased plasma LDL levels (150 to 200 mg/dL) received 20 mg
of either unmodified simvastatin or lycosome-formulated statin (Lyco–Simvastatin) daily. Plasma
samples were obtained after 30-day treatment and analyzed for lipids. The results demonstrated
that the solubilized lycosome nanoparticles increased the intestinal absorption rate in comparison
with unmodified simvastatin and were able to bind hepatocyte membranes. The lycopene-containing
simvastatin formulation significantly (p = 0.0049) reduced LDL levels in the hypercholesterolemic
patients as compared to unmodified simvastatin [60].

The mechanism of action of lycopene is enhanced hepatic uptake via a dual carotenoid/LDL
receptor-mediated mechanism [60]. It was shown that lycopene crystals and/or lycopene-containing
nanoparticles (lycosomes) became incorporated into chylomicrons upon absorption. The chylomicrons
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are then distributed by lymph and likely undergo a dual receptor-mediated uptake associated with the
lycopene core. The latter is a powerful ligand for carotenoid receptors that are expressed by hepatocytes
and therefore promoted intrahepatic delivery of lycosome-formulated statins [60]. Enhanced hepatic
uptake of lycostatin is also possible due to a second pathway of intrahepatic uptake involving an
LDL-receptor mechanism. Chylomicrons and their enzymatically degraded products, LDL and very
low density lipoprotein (VLDL), contain ApoB that mediates their transport inside hepatocytes using
the LDL receptor [60]. Although further research related to the pharmacology of Lyco-Simvastatin is
needed, lycopene seems to a promising bioenhancer for targeted hepatic delivery of simvastatin [60].

4.16. Lysergol

Lysergol (9,10-Didehydro-6-methylergoline-8-O-methanol) is a compound present in several
higher plants (e.g., Ipomoea violacea, I. muricata and Rivea corymbosa) and lower fungi (e.g., Claviceps,
Penicillium and Rhizopus) [182,204]. Lysergol is traditionally used as a psychotropic, analgesic,
analeptic, hypotensive and immuno-stimulant. It usually maintains normal blood flow through
its vaso-activity and can promote drug absorption from the gastrointestinal tract [205]. An in vivo
study by Shukla, Malik, Jaiswal, Sharma, Tanpula, Goyani and Lal [62] indicated that lysergol
increased the bioavailability and decreased the clearance of curcumin significantly. This was
followed by in vitro mechanistic studies using rat liver microsomes and probe substrates for P-gp
and BCRP transporter proteins. The results suggested that BCRP, rather than P-gp, was inhibited
by lysergol. In situ single-pass intestinal perfusion studies of the P-gp substrate, digoxin, and the
BCRP substrate, sulfasalazine, were then performed in Sprague–Dawley rats following pre-treatment
with 20 mg/kg lysergol. These studies supported the conclusion that P-gp was not involved in the
permeation-enhancing effect of lysergol, but that BCRP was inhibited [62].

Lysergol (2–10 μg/mL) isolated from I. muricata seeds with methyl alcohol has been shown to
act as a bioenhancer of antibiotics. The authors showed that rifampicin and tetracycline intestinal
transport could be enhanced (2.96–8.53 fold) by lysergol in vitro [204]. Lysergol also increased the oral
bioavailability of the quaternary protoberberine alkaloid, berberine, in male Sprague–Dawley rats.
Berberine is used for numerous ailments, including bacterial infection, intestinal parasitic infection
and diarrhea, but it is very poorly absorbed in the intestines and extensively metabolized. The study
indicated that 20 mg/kg lysergol could increase the bioavailability of the berberine [61].

4.17. Naringin and Bergamottin

Certain phytochemicals such as naringin (a flavonoid) and bergamottin (a furanocoumarin)
contained in grapefruit have been associated with the pharmacokinetic interactions observed
for grapefruit juice co-administered with certain drugs [195]. When paclitaxel has been orally
co-administered with naringin to Sprague–Dawley rats, the paclitaxel plasma concentrations increased
statistically significantly. Since naringin affected the bioavailability of paclitaxel similar to that
of quercetin, a known inhibitor of CYP3A and P-gp, it was deduced that naringin enhanced
the bioavailability of paclitaxel by means of inhibition of CYP3A metabolism and P-gp efflux
transporters [66]. Similarly, the pharmacokinetic parameters of diltiazem (AUC and Cmax) were
increased by 2-fold when the rats were pre-treated with naringin (administered 30 min prior to
diltiazem) compared to the control group. In addition, the AUC metabolite-to-parent ratio decreased
by 30% in the presence of naringin compared to the control. This confirmed the ability of naringin to
inhibit metabolism of diltiazem [64].

The CYP3A4 inhibition activities of bergamottin and 6′,7′-dihydroxybergamottin were
investigated in a human intestinal microsome study on two model compounds namely testosterone
and midazolam. Bergamottin was identified as a substrate-dependent reversible inhibitor,
but a substrate-independent mechanism-based inhibitor of CYP3A4. On the other hand,
6′,7′-dihydroxybergamottin was found to be a substrate-independent reversible and mechanism-based
CYP3A4 inhibitor [206].
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4.18. Palmitoyl Carnitine Chloride

Initial drug absorption enhancement studies on palmitoyl carnitine, a fatty acid ester of carnitine,
showed that it is capable of intestinal drug absorption enhancement by means of tight junction
opening (paracellular transport) and disruption of brush-border membrane lipids (transcellular
transport) [207,208]. An in depth study on Caco-2 cell monolayers indicated that lytic effects and
reduction in cell viability accompanied transport enhancement of hydrophilic macromolecules at all
concentrations of palmitoyl carnitine that were investigated. It was concluded that the alteration
of the tight junctional network, which was shown by TEER reduction and confocal laser scanning
microscopic localization of ZO-1, occurred secondary to the interaction of palmitoyl carnitine with the
membrane. Since complete recovery of TEER could not be obtained, the use of palmitoyl carnitine for
drug absorption enhancement should be considered with caution [209].

4.19. Piperine

Piperine is an alkaloid contained in black pepper (Piper nigrum) and long pepper
(Piper longum) [11]. Piperine can probably be considered as one of the world’s first bioenhancers
since its use dates as far back as the 7th century BC [205,210]. Piperine is traditionally used for
its anti-inflammatory, anti-pyretic, anti-fungal, anti-diarrheal and anti-cancer effects [211]. Possible
mechanisms by which piperine caused bioenhancing effects include alteration of membrane dynamics,
inhibition of P-gp efflux, and inhibition of gastrointestinal and hepatic metabolism [11,83,210].

A study that investigated the effects of piperine on the serum levels of resveratrol
(3,5,4′-trihydroxystilbene) when orally co-administered to C57BL mice, showed that AUC and Cmax

were increased by 229% and 1,544%, respectively [77]. Jin and Han [76] investigated the bioavailability
changing effects of orally administered piperine in rats when co-administering fexofenadine either
orally (10 mg/kg) or intravenously (5 mg/kg). The results suggested that there were no significant
variations in the Cmax of fexofenadine or its half-life, but the oral exposure (AUC) of fexofenadine
was almost doubled. It was deduced from this study that the effects of piperine are more prominent
after oral administration (likely due to the P-gp-mediated efflux inhibition and metabolism inhibition
in the gastrointestinal epithelium) than after intravenous administration (due to hepatic metabolism
inhibition) [76].

4.20. Quercetin

Quercetin, which is a CYP3A4 and P-gp inhibitor, has shown the ability to significantly enhance
the bioavailability of orally administered tamoxifen and 4-hydroxytamoxifen in rats [95]. In that study,
tamoxifen (10 mg/kg) was orally administered with or without quercetin (2.5, 7.5 and 15 mg/kg) in
rats. Tamoxifen (10 mg/kg) was added to 1.5 mL distilled water for the control solution, whereas the
required quercetin dose was dissolved in 1 mL distilled water to prepare quercetin suspensions for
oral administration. Plasma concentrations of tamoxifen were measured in blood samples (0.5 mL)
collected at 0, 0.5, 1, 2, 3, 4, 5, 6, 8, 12, 24 and 36 h after tamoxifen administration using HPLC [95].

The relative bioavailability of tamoxifen was 1.35- and 1.61-fold higher, with an absolute
bioavailability of 20.2% and 24.1% with 2.5 and 7.5 mg/kg quercetin, respectively. These changes in
bioavailability were significant (p < 0.05). Interestingly, higher concentrations of quercetin (15 mg/kg)
did not induce any significant changes. No significant changes in the terminal half-life (t1/2) and
the time to reach the peak concentration (Tmax) of tamoxifen was observed when co–administered
with quercetin. When 4-hydroxytamoxifen, one of tamoxifen’s metabolites, were co-administered
with quercetin (7.5 mg/kg), a significant increase in the AUC of 4-hydroxytamoxifen was observed.
These results suggested that MDR efflux and first-pass metabolism of tamoxifen was inhibited by
quercetin [95].

Another in vivo study demonstrated an inhibitory effect on P-gp efflux of fexofenadine when it
was co-administered with quercetin [91]. Twelve healthy subjects received an oral dose of quercetin
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(500 mg) or placebo 3 times daily for 7 days. On the 7th day, a single dose of 60 mg fexofenadine
was administered orally with 240 mL water under fasting conditions of more than 10 h. The healthy
volunteers received the oral administration of fexofenadine while in the sitting position, and remained
seated for 4 h [91]. Four and 10 h after dosing, subjects received standardized meals with only minor
amounts of flavonoids, so as not to influence the absorption of fexofenadine or quercetin. Subsequently,
blood samples were drawn immediately before, as well as 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, and 24 h
after fexofenadine administration. Urine samples were collected during time intervals of 0–2, 2–4, 4–8,
8–12, and 12–24 h after dosing. Plasma and urinary fexofenadine concentrations were quantified using
HPLC [91].

Results indicated that quercetin significantly enhanced the mean plasma concentrations of
fexofenadine. The AUC of plasma fexofenadine increased by 55% from 2,005.3 to 3,098.6 ng.h/nL
(p < 0.001) in the presence of quercetin. The Cmax was similarly increased by 68% from 295.3 to
480.3 ng/mL (p = 0.006) when co-administered with quercetin. After quercetin treatment, the oral
clearance of fexofenadine was significantly decreased by 37% from 61.4 to 38.7 L/h (p < 0.001). However,
no differences in the renal clearance and half-life were observed between the groups receiving placebo
versus quercetin [91].

In summary, quercetin can be used as a bioenhancer for enhanced intestinal absorption, and hence
bioavailability, of tamoxifen [95] and fexofenadine [91]. The action mechanisms employed by quercetin
are MDR transporter efflux inhibition, as well as first-pass metabolism inhibition [95]. If the results
obtained with tamoxifen from the rats’ model is confirmed in the clinical trials, the dose of tamoxifen
should be adjusted for potential drug interactions when quercetin or the quercetin-containing dietary
supplements are simultaneously consumed with this drug [95]. Although the inhibitory effect of
quercetin on P-gp-mediated efflux of fexofenadine was demonstrated in the short-term (7 days), it is
uncertain whether long-term use of quercetin will yield the same results [91].

4.21. Quinidine

A research study using everted gut sacs demonstrated that quinidine could significantly enhance
the absorption of paeoniflorin (20 μM) [97]. Increased absorption of paeoniflorin was observed with
an increase of incubation time, indicating that the absorption of this compound was time-dependent.
In addition, the absorptive profiles with different concentrations of paeoniflorin indicated that
absorption increased with increasing concentrations, but saturation of the in vitro gut sac system
was observed at a concentration of ~80 μM. This saturation indicates that transport of paeoniflorin
might be facilitated by an active transporter or carrier [97]. Co-administration of quinidine (1.3 mM)
and paeoniflorin (20 μM) yielded a 1.5-fold increase in the absorption of paeoniflorin after 45 min
of incubation. Absorption of paeoniflorin in the intestine could thus be significantly enhanced by
co-administration of quinidine [97].

4.22. Resveratrol

A recent study demonstrated that resveratrol could significantly increase rat intestinal absorption
of methotrexate in vivo and in vitro [99]. Furthermore, resveratrol was also able to inhibit efflux
transport and decrease renal clearance of methotrexate. The bidirectional transport of methotrexate
across mock-MDCK, MDR1-MDCK, and MRP2-MDCK cell monolayers were evaluated using an
experimental buffer solution containing methotrexate (10 μM) and/or resveratrol (10 μM). This
experimental buffer solution was added to the donor chamber, either 400 μL apical or 600 μL basolateral
chamber, respectively. At time intervals of 0.5, 1, 2, and 3 h, 50 μL samples were removed from the
opposite (receiver) chamber and replenished with 50 μL fresh Hanks’ balanced salt solution (HBSS,
pH 7.4) [99].

Additionally, the in vitro uptake of methotrexate in the absence and presence of resveratrol in
kidney slices and Caco-2 cells were determined by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). To clarify the action mechanism of resveratrol, transporter uptake assays were similarly
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performed using mock-human embryonic kidney (HEK) 293 cells, human organic anion transport 1
(hOAT1)-HEK293 cells and hOAT3-HEK293 cells. The transport buffer contained 10 μM methotrexate,
p-amino hippuric acid (PAH), Penicillin G (PCG) or resveratrol. PAH and PCG are specific substrates
of OAT1 and OAT3, respectively [99].

The in vivo absorption experiment in rats entailed an oral administration of 5 mg/kg methotrexate
dissolved in 2% sodium bicarbonate with or without resveratrol (100 mg/kg, dissolved in 0.5% sodium
carboxymethyl cellulose) and brought up to volume with normal saline. Blood samples were collected
at 5, 10, 20, 30, 60, 120, 240, 360, 480, and 600 min to determine plasma concentrations of methotrexate.
In order to establish the renal excretion of methotrexate, a solution of methotrexate (5 mg/kg) and/or
resveratrol (10 mg/kg) dissolved in normal saline solution of hydroxypropyl-β-cyclodextrin was
intravenously administered to rats. Again, blood samples were collected at the specified times to
determine the plasma concentration of methotrexate. Furthermore, urine was collected at 2, 4, 6, 8,
10, 12, 16, and 24 h after dosing to determine the concentration of methotrexate excreted through
urine [99].

In vivo results indicated that a significant increase in the plasma exposure of methotrexate was
observed when methotrexate was orally or intravenously co-administered. In vitro results using
the rat everted gut sac model demonstrated that serosal concentrations of methotrexate increased
significantly in the presence of resveratrol, as well as verapamil and/ or CDF, inhibitors of P-gp
and MRP2, respectively. These results thus suggest that resveratrol can enhance methotrexate
intestinal absorption by inhibiting P-gp or MRP2. Furthermore, co-administration of methotrexate
and resveratrol resulted in a 37.3% decreased cumulative urinary excretion of methotrexate, indicating
that resveratrol could inhibit renal excretion of methotrexate. To clarify the action mechanism of the
latter, methotrexate uptake experiments were conducted using rat kidney slices. Results from this
experiment showed significantly decreased uptake of methotrexate in the presence of resveratrol
and probenecid, a well-known inhibitor of OATs. Furthermore, PAH and PCG (substrates of OAT1
and OAT3, respectively), as well as methotrexate uptake was significantly inhibited by resveratrol in
hOAT1-HEK293 or hOAT3-HEK293 cells. These results indicated that resveratrol was able to inhibit
OAT1/3, which were target transporters involved in drug-drug interactions between methotrexate
and resveratrol in the kidney. The rate of basal-to-apical transepithelial methotrexate transport in
MDR1-MDCK and MRP2-MDCK cells increased 32.5- and 20.8-fold, respectively, in the presence
of resveratrol. These results thus indicated that P-gp and MRP2 are also target transporters of
methotrexate, which is inhibited by resveratrol [99].

In vivo and in vitro results indicated that resveratrol could significantly increase the absorption
of methotrexate in the intestine, and also decreased methotrexate renal clearance. Uptake, transport
and renal clearance studies confirmed that the mechanisms of action of resveratrol entailed inhibition
of P-gp, MRP2, OAT1 and OAT3. This corresponds with previous studies demonstrating that
methotrexate is mainly eliminated rapidly by OAT1 and OAT3 in the unchanged form into
urine [212,213].

A recent study demonstrated contradictory results where resveratrol stimulated P-gp efflux of
saquinavir in MDR1-expressing Madin–Darby canine kidney (MDCKII-MDR1) cells [214]. In this study,
MDCKII-MDR1 cells were incubated with 50 μM saquinavir and/or resveratrol (1, 10, 33, and 100 μM)
or verapamil (50 μM) at 37 ◦C for 4 h. Verapamil, a P-gp inhibitor, served as the positive control.
Additionally, an in vitro metabolism experiment in microsomes assessed the effect of resveratrol on
the intestinal CYP3A-mediated metabolism of saquinavir. In order to assess the effects of resveratrol
on the pharmacokinetic profiles of saquinavir, 30 mg/kg saquinavir was orally administered, with
or without resveratrol (20 mg/kg), to rats. Saquinavir was suspended in solvent (20% ethanol, 30%
propylene glycol, and 50% saline) at a concentration of 6 mg/mL, whereas resveratrol was suspended
in saline with 30% polyethylene glycol 400 at 20 mg/mL concentration. Subsequently, blood samples
were collected at 0, 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h after drug administration, and analyzed with
LC-MS/MS [214].
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Results demonstrated significantly decreased saquinavir intracellular concentrations in the
presence of resveratrol in a concentration-dependent manner, which indicated that resveratrol
stimulated P-gp-mediated efflux of saquinavir. Results from the metabolism experiment demonstrated
a significant increase in residual saquinavir in the presence of resveratrol in a dose-dependent
manner. This suggests that resveratrol has a concentration-dependent inhibitory effect on the
intestinal CYP3A-mediated metabolism of saquinavir. Oral co-administration of resveratrol (20 mg/kg)
decreased the mean AUC0–∞ of saquinavir by ~31%, while the mean apparent systemic clearance
(CL/F) was increased by ~51%. However, both these changes were not statistically significant
(p > 0.05) [214].

4.23. Sinomenine

Previous research using everted gut sacs demonstrated that sinomenine at 16 and 136 μM
concentrations could significantly enhance the absorption of paeoniflorin (20 μM) by 1.5- and 2.5-fold,
respectively [97]. Similarly, the absorption of digoxin (13 μM) could significantly be enhanced by
2.5-fold in the presence of sinomenine (136 μM). Increased absorption of paeoniflorin was observed
with increase of incubation time, indicating that the absorption of this compound was time-dependent.
In contrast, absorptive profiles with different concentrations of paeoniflorin indicated that absorption
increased with increasing concentrations, but saturation of the in vitro gut sac system was observed
at a concentration of ~80 μM [97]. This saturation indicated that transport of paeoniflorin might be
facilitated by an energy-dependent carrier. Enhanced bioavailability of paeoniflorin (150 mg/kg) in
the presence of sinomenine (90 mg/kg) has also previously been demonstrated in vivo in rats, yielding
a 12-fold increase [100].

In order to investigate the potential mechanism underlying the observed enhanced absorption of
paeoniflorin, two Pg-inhibitors (verapamil or quinidine) and a P-gp substrate (digoxin) was employed.
Co-administration of verapamil (20 μM) and paeoniflorin (20 μM) yielded a 2.1-fold increase in
the absorption of paeniflorin after 45 min of incubation. Similarly, when quinidine (1.3 mM) was
co-administered, a 1.5-fold increase in the absorption of paeoniflorin was observed. Transportation
and absorption of paeoniflorin in the intestine could thus be significantly enhanced by inhibition of
P-gp by verapamil and quinidine [97]. Sinomenine (136 μM) was also able to significantly enhance the
absorption of 13 μM digoxin, which is a well-known P-gp substrate-like drug, by 2.5-fold after 45 min
of incubation.

4.24. Sodium Caprate (Fatty Acid)

Enhancement of sodium caprate on the intestinal absorption of berberine has been studied
by in situ, in vitro and in vivo experiments [101]. Results from the recirculating perfusion model
demonstrated an increased absorption rate of berberine (50 μmol/L) at 4 h from 9.3% to 18.5% in
the presence of sodium caprate. In comparison, 100 μmol/L and 200 μmol/L berberine with sodium
caprate (0.2% w/v) showed increased absorption rates of 13.1% and 20.1%, respectively. The in vitro
everted rat gut sac experimental results showed that small amounts of berberine is absorbed in the
intestine, with the highest and lowest amounts being absorbed in the jejunum and ileum, respectively.
In the presence of sodium caprate, absorption of berberine was rapidly and significantly increased
after 90 min incubation. Sodium caprate also resulted in an enhanced Papp. The greatest absorption of
berberine in the presence of sodium caprate, was in the ileum (ER = 3.49), which showed the weakest
absorption in the absence of sodium caprate. The duodenum and jejunum showed enhancement ratios
(ERs) of 2.08 and 1.49, respectively. In vivo studies demonstrated that the bioavailability of berberine
could be improved by co-administration of sodium caprate. A significant increase in the peak plasma
concentration (from 721.39 ± 53.46 to 988.84 ± 135.56 ng/mL) of berberine in rats was observed,
together with delayed peak time (from 30 to 60 min) and increased AUC0-6 h (28%). Compared with
the berberine treatment group, berberine with sodium caprate remarkably decreased the blood glucose
levels and the areas under the glucose curves, thus enhancing the antidiabetic activity of insulin [101].
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It is suggested that the low bioavailability of berberine is due to P-gp efflux. It has previously been
demonstrated that sodium caprate can inhibit P-gp efflux [215].

4.25. Zonula Occludens Toxin (Zot)

Research demonstrated that the permeability of high molecular weight markers and poorly
bioavailable compounds can be increased across Caco-2 cell monolayers by co-administration of the
absorption enhancer Zonula occludens toxin (Zot, MW: 45 kDa), a toxin produced by the Vibrio cholerae
bacteria [107]. During this study, the transport of hydrophilic high molecular weight markers (i.e.,
PEG4000, FITC–dextran 10,000, and inulin) and hydrophobic therapeutic agents (i.e., acyclovir,
cyclopsorin, paclitaxel, and doxorubicin) were evaluated with Zot using Caco-2 cell monolayers.
It has previously been established that Zot can reversibly open tight junctions between intestinal
epithelial cells by binding to a specific receptor on the luminal surface of the intestine [216]. After cell
monolayers were pre-incubated with Zot (0, 1, 2, and 4 μg/mL) for 30 min, markers or therapeutic
agents were added to inserts at time 0 and samples were collected over 120 min from the basolateral
chamber. Radio-graphic or HPLC methods were used for transport analysis, and TEER values were
monitored over a 3 h period. Results indicated that 4 μg/mL Zot significantly enhanced the transport
of markers with MW < 5 kDa by 6.2-fold. Similarly, Zot significantly increased transport of therapeutic
agents at a concentration of 4 μg/mL, yielding enhancement ratios of 1.8 and 3.13 for acyclovir and
paclitaxel, respectively. Significantly lower TEER values were observed between 0.5 and 2 h, although
this effect of Zot on TEER across Caco-2 cell monolayers was reversible.

Caco-2 transport studies with the transcellular marker propranolol indicated that Zot does not
significantly modulate the transcellular pathway [107]. Furthermore, a lactate dehydrogenase (LDH)
assay demonstrated no significant difference in LDH activity in the presence of Zot, thus suggesting Zot
is non-cytotoxic at the effective concentration level after a 3 h incubation period [107]. The permeation
of FITC was not significantly enhanced, whereas a significant increase (6.3-fold) in permeability of
inulin from 7 × 10−7 cm/s (control) to 4.37 × 10−6 cm/s (4 μg/mL) was observed. It was suggested
that the compact cylindrical configuration of inulin results in higher permeability of inulin vs. PEG4000,
even though inulin has a higher molecular weight [107]. The in vitro results with the therapeutic
agents displayed a range of permeation increase by Zot from 20–300%. The rank order of permeability
enhancement observed with the therapeutic agents in the presence of Zot was paclitaxel > doxorubicin
> acyclovir > cyclosporine A. Paclitaxel and cyclosporine A demonstrated Papp enhancement ratios of
3.13 and 1.2, respectively [107].

5. Pulmonary Route of Administration

Figure 4 illustrates the main mechanisms of action of selected bioenhancers for improved drug
delivery via the pulmonary route of administration.

Figure 4. Illustration of the main mechanisms of action of bioenhancers for enhanced pulmonary
drug delivery.
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5.1. Bile Salts

A research study demonstrated that the tracheal permeability of thyrotropin-releasing
hormone (TRH, MW: 362 Da) and insulin (MW: 5814 Da) was significantly increased by sodium
glycocholate [113]. Non-everted sac segments of excised rabbit trachea were used. In addition
to the transport study, the peptidase activities in the trachea and jejunum were measured and
compared to examine the enzymatic barrier for TRH and insulin permeation across rabbit tracheal
epithelium [113]. Results demonstrated that the permeability of both TRH (5 mM) and insulin
(10 IU/mL) significantly increased in the presence of 10 mM glycocholate. The Papp values for
TRH (5 and 10 mM) were 2.51 ± 0.31 × 10−7 and 3.54 ± 0.87 × 10−7 cm/s, respectively. Sodium
glycocholate (10 mM) increased the tracheal permeability of TRH ~3-fold [113]. The Papp value for
insulin (10 IU/mL) was 6.66 ± 0.11 × 10−9 cm/s. However, the half-life of insulin was about 14 h,
and only showed slight degradation by luminal secreted enzymes for the duration (150 min) of the
experiment. The tracheal and jejunal peptidases showed the following decreasing order of activity:
DPP IV > Leu-aminopeptidase > cathepsin-B > trypsin [113]. These four peptidases had significantly
lower activities in the tracheal epithelial cells compared to jejunal epithelial cells. Since TRH had no
metabolites during tracheal permeation, a potential action mechanism of tight junction modulation and
therefore enhanced paracellular permeability is suggested for sodium glycocholate [113]. Glycocholate
is known to be a Leu-aminopeptidase inhibitor. However, insulin was slightly degraded during
tracheal permeation. It is therefore suggested that insulin (MW: 5814 Da) is mainly transported
via paracellular diffusion with slight metabolism by proteolytic enzymes such as trypsin-like and
aminopeptidase-like enzymes through isolated rabbit tracheal epithelium [113].

Similarly, previous in vitro and in vivo research indicated that absorption of inhaled insulin could
be enhanced by the bile salt sodium taurocholate [114]. For the in vivo study, beagle dogs were starved
for at least 16 h, after which they were intubated and exposed to insulin or insulin-sodium taurocholate
aerosols for differing times. As an intravenous reference, insulin in 0.9% NaCl was infused for 5 min
(0.2 U/kg, 0.5 U/mL, 0.08 mL/kg per min) in the right foreleg vein. The insulin–sodium taurocholate
solutions were aerosolized by a PARI LC jet nebulizer. The flow from the nebulizer was 3.2 L/min
(1 Bar) and the target inhaled dose of insulin was 1 U/kg. Blood samples were collected before
dosing and at 5, 10, 15, 25, 35, 50, 65, 95, 125 and 245 min after start (t = 0) of inhalation [114]. The
bioavailability of pure insulin was 2.6 ± 3%, while the bioavailability of nebulized insulin solutions
increased to 23.2 ± 4.4% with addition of 32 mM sodium taurocholate. In comparison, a 3.81 ± 1.12%
bioavailability of insulin was obtained when aerosolized powder was administered to the lungs.
In vitro results indicated increased insulin transport, accompanied by reduced TEER, at sodium
taurocholate concentrations between 25 and 30 mM. Unfortunately, the viability of cell layers was
approximately zero at sodium taurocholate concentrations exceeding 32 mM [114].

5.2. Chitosan and Derivatives

The enhancement of bronchial octreotide absorption by chitosan and N-trimethyl chitosan (TMC)
was evaluated with an integral in vitro/in vivo correlation approach [109]. The TMC derivatives
with 20% and 60% QD (TMC20 and TMC60) were synthesized by alkaline methylation of chitosan.
Chitosan was dissolved at 1.5% (w/v) in HBSS, buffered with 30 mM HEPES at pH 5.5. TMC20 and
TMC60 were dissolved at 1.5% (w/v) in HBSS/HEPES at pH 7.4. Two hours prior to the TEER studies,
the culture medium was removed and Calu-3 cells were equilibrated in 1 ml HBSS/HEPES at pH 7.4
in the basolateral chamber and 200 μL HBSS/HEPES, at pH 5.5 or pH 7.4, in the apical compartment.
At t = 0, the apical medium was replaced by 200 μL chitosan, TMC20 or TMC60 formulations or by
200 μL HBSS/HEPES at pH 5.5 or pH 7.4 that served as controls. The TEER was measured at t = 120
and 60 before administration and t = 0, 30, 60, 90, 120, 150, 210 and 240 min after administration.

Octreotide was dissolved to an end concentration of 0.97 mM in 0.9% saline containing 1.5%
chitosan (pH 5.5), TMC20 (pH 7.4) or TMC60 (pH 7.4). Control solutions contained octreotide in
0.9% saline of pH 5.5 and 7.4. From these solutions, 200 μL were instilled into the trachea of rats.
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Intratracheal instillation was employed to ensure dose deposition in bronchial region of rats. Blood
samples of 200 μL were collected initially, and every 30 min thereafter for 4 h. A group of 6 rats
received a 200 μL intravenous bolus containing 190 μM octreotide in 0.9% saline in order to determine
the absolute bioavailability of octreotide [109].

A significant, but reversible, reduction in TEER was observed in the presence of chitosan, TMC20
and TMC60, accompanied by 21-, 16- and 30-fold enhanced octreotide permeation, respectively.
The bioavailability was enhanced by 2.4-, 2.5- and 3.9-fold, respectively. TMC60 induced a strong
decrease in TEER, which suggested that pH, solubility and cationic charge density are important
factors for paracellular barrier modulation [109]. A linear in vitro/in vivo correlation was observed
between calculated absorption rates (R2 = 0.93), which suggested that an analogous mechanism
causes permeation enhancement by the polymers, both in vitro and in vivo. The permeation studies
showed zero order kinetic profiles, suggesting that the polymers altered the structural integrity of
tight junctions to facilitate passive paracellular diffusion of octreotide [109].

5.3. Citric Acid (Chelating Agent)

The effect of additives on the pulmonary absorption of insulin from solutions and dry powders
was examined in male Sprague–Dawley rats [110]. Results from this study demonstrated a slight
hypoglycemic effect in the absence of citric acid [110]. In the presence of citric acid, a significant
and extended dose-dependent hypoglycemic effect was observed after insulin administration.
Bioavailabilities of 43% and 57% were obtained with the citrate buffer solutions (0.19 mg/dose of citric
acid in 0.1 mL) at pH 5 and 3, respectively. However, a greater hypoglycemic effect was achieved with
citrate in dry powder than in solution. For the 0.2% (0.036 mg/dose) citric acid formulation, the blood
glucose level rapidly decreased after insulin dry powder administration and the effect continued for
the duration of the experiment [110]. An absolute bioavailability greater than 50% was achieved. LDH
activity, which is a sensitive indicator of acute toxicity to lung cells, was as low for 0.2% citric acid as it
was for PBS administration. This suggested that citric acid is a safe absorption enhancing additive.
Possible action mechanisms proposed for citric acid included altered epithelium membrane integrity
of the lungs, decreased insulin degradation by suppressing enzyme activity and phagocytic activity of
alveolar macrophages [110].

5.4. Cyclodextrins (CDs)

An in vitro permeability study of chemically modified cyclodextrins (CDs), namely
hydroxypropyl-β-cyclodextrin (HPβCD), hydroxypropyl-γ-cyclodextrin (HPγCD), randomly
methylated β-cyclodextrin (Rameb), and 2-0-methyl-β-cyclodextrin (Crysmeb), was conducted using
Calu-3 cells [111]. Results from this study showed a concentration-dependent increase in 14C-mannitol
flux across Calu-3 layers in the presence of each of the βCD derivatives, while no change in permeability
was caused by HPγCD. Rameb was the only CD that enhanced mannitol transport at the lowest
concentration (10 mM), whilst increasing mannitol flux 10-fold at the highest concentration (50 mM).
Crysmeb and HPβCD were able to increase mannitol permeability at 25 and 50 mM. A reduction
in TEER was observed for all increases in mannitol transport across the Calu-3 cell layers. Confocal
microscopy revealed that Crysmeb (25 mM) was able to reversibly disrupt the tight junctional
complexes [111].

Similarly, a previous study demonstrated that tetradecyl-β-maltoside (TDM) and
dimethyl-β-cyclodextrin (DMβCD) could enhance the pulmonary absorption of low molecular weight
heparin (LMWH) both in vitro and in vivo, mainly by acting on the membrane rather than interacting
with the drug [115]. Calu-3 cells were used to conduct transport studies with 3H-enoxaparin and
14C-mannitol with or without different concentrations (0.0625%, 0.125%, and 0.25% (w/v)) of TDM or
DMβCD at pH 7.4. TEER was measured during the transport experiments. For the in vivo pulmonary
absorption studies, TDM and DMβCD were dissolved in saline to prepare 1% stock solutions of
each. Enoxaparin, dalteparin (MW: 5000 Da), and unfractionated heparin (MW: 15,000–20,000 Da)
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were respectively mixed with either saline or TDM and DMβCD (0.0625%, 0.125%, and 0.25%
(w/v)) to yield a final concentration of 15 U of anti-factor Xa activity per 100 μL formulation. These
formulations (50 U/kg) were intratracheally or subcutaneously administered to rats for the absorption
and bioavailability studies, respectively. Subsequently, blood samples (300 μL) were collected at 0, 15,
30, 60, 120, 240, 360, and 480 min. Enoxaparin absorption was determined by measuring plasma
anti-factor Xa levels using a colorimetric assay, followed by standard pharmacokinetic analysis [115].

Results demonstrated a dose-dependent increase in enoxaparin in the presence of TDM or DMCD
(0.0625–0.25%) in the apical fluid. With an increase in TDM concentration from 0.0625% to 0.25%,
a statistically significant 4-fold increase in the Papp of enoxaparin was observed. Similar results were
obtained with the transport of mannitol. Increase in the overall permeability of mannitol in the
presence of TDM or DMβCD suggest that the action mechanism is loosening of tight junctions and
therefore enhanced paracellular transport. This was confirmed with TEER values that were decreased
to 51.9% and 70.7% of the initial value in the presence of 0.25% TDM and 0.25% DMβCD, respectively,
after 2 h. However, the effect on TEER reduction was reversible, indicating that these bioenhancers
are not likely to cause extensive damage or cellular toxicity in respiratory epithelial cells. Increased
concentrations of TDM and DMβCD resulted in increased Cmax and decreased Tmax for enoxaparin.
Altogether, results from the pharmacokinetic analysis suggested that TDM enhanced pulmonary
absorption of enoxaparin. Bioavailability data showed that TDM was more efficacious in enhancing
pulmonary absorption of LMWH when compared to DMβCD. Interestingly, pharmacokinetic profiles
of pulmonary administered enoxaparin showed a quicker onset of anti-factor Xa activity compared to
subcutaneous enoxaparin. Dalteparin also increased the anti-factor Xa levels rapidly and substantially
in the presence of 0.125% TDM or DMβCD, whereas unfractionated heparin only produced a modest
increase in anti-factor Xa activity. Reduced absorption of unfractionated heparin was observed,
which could be due to the fact that it is larger and bulkier than LMWHs (enoxaparin and dalteparin).
Results from this study are in agreement with previous studies on the nasal delivery of LMWHs [217].
Furthermore, comparative analysis demonstrated that the relative bioavailability of enoxaparin was 4-
to 6-fold higher with pulmonary administration compared to nasally administered enoxaparin, and the
amounts of bioenhancers required to produce therapeutic anti-factor Xa activity from pulmonary
administered LMWHs were 2-5 times less [115].

5.5. Lanthanides

The absorption of insulin pre-administered or co-administered with lanthanides (Ln3+), namely
lanthanum, cerium and gadolinium, from rat lung was investigated by means of an in situ pulmonary
absorption experiment [112]. Lanthanide ion solutions were prepared by dissolving the oxide in
5 mol/L HCl solution, followed by heating to deplete excess acid. Residue was then diluted with saline
water and Ln3+ concentrations were determined. For pre-administered intratracheal drug delivery,
Ln3+ (0.2 mg/kg) in 25 μL saline water (pH 7) was first injected, followed by insulin (1 IU/kg in
40 μL saline water, pH 7) administration 30 min later. In the other experiments, insulin and Ln3+ were
co-administered. Blood samples (0.5 mL) were collected at predetermined time intervals after insulin
administration, and serum insulin levels were measured [112].

Results demonstrated that serum insulin levels increased significantly in the presence of CeCl3 and
GdCl3, with relative bioavailabilities of 57.9% and 59.5%, respectively. Furthermore, the anionic form of
gadolinium showed greater enhancement of pulmonary insulin absorption than its cationic form (Gd3+).
The relative bioavailabilities of co-administered and pre-administered GdCl3 were 80.1% and 59.5%,
respectively. In comparison, LaCl3 showed weak enhancement in pulmonary absorption of insulin,
with a relative bioavailability of 30.9%, while LuCl3 had no enhancing effect [112]. Co-administration
of Gd3+ (0.2 mg/kg) with insulin (Fr = 80.1%) showed the greatest insulin absorption enhancement
from the lung. Interestingly, higher concentrations of Gd3+ (0.6 mg/kg) showed decreased insulin
absorption, possibly due to partial hydrolysis of Gd3+ upon entrance of the lung. The action mechanism
proposed for Ln3+ is local mucosal tissue modulation, whereby lanthanides bind to membrane lipids
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and proteins to induce conformational changes and micropore formation to enhance the permeability
of intracellular and exogenous matter flux [218,219]. Another action mechanism is the favorable
absorption of insulin from the lung when a conformational change of insulin is induced when Ln3+

binds to zinc(II) binding sites. Additionally, increased interaction of insulin with its receptor in the cell
membrane might be increased with insulin-bound Ln3+ in the serum [112].

5.6. Protease Inhibitors

The effects of protease inhibitors were evaluated as absorption enhancers for the pulmonary
absorption of recombinant human colony-stimulating factor (rhG-CSF) in rats [108]. Protease inhibitors
included (p-amidinophenyl) methanesulfonyl fluoride-HCl (p-APMSF), aprotinin and bestatin. The
respective protease inhibitors (10 mM p-APMSF, 500 IU/mL aprotinin, 1 mM bestatin) were added to
rhG-CSF solution (pH 6.5), after which the final rhG-CSF concentration was adjusted to 250 μg/mL.
After intravenous, subcutaneous and intratracheal administration of the test solutions (containing
protease inhibitors) and the control solution (rhG-CSF only), blood samples were collected periodically
for 8h to determine the rhG-CSF plasma concentration by enzyme immunoassay.

The plasma rhG-CSF concentration was greatly enhanced in the presence of protease inhibitors,
with p-APMSF showing the greatest enhancement with a ~3-fold increase in plasma rhG-CSF
concentration from 3.9 to 11.7 ng/mL 30 min after intratracheal administration [108]. In order to
determine the mechanism of enhanced absorption, a surfactant, polyoxyethylene 9-lauryl ether
(Laureth-9) and the protease inhibitor p-APMSF were administered with rhG-CSF. The rhG-CSF
concentration increased ~123-fold from 3.9 ± 1.4 ng/mL to 481.5 ± 96.7 ng/mL with the simultaneous
intratracheal administration of Laureth-9 and p-APMSF. As a result, the proposed mechanism of action
entails enhanced membrane permeation and inhibition of enzymatic degradation of rhG-CSF [108].

Similarly, a previous study demonstrated that the tracheal permeability of insulin was significantly
increased by bestatin (aminopeptidase B and leucine aminopeptidase inhibitor), and aprotinin (trypsin
and chymotrypsin inhibitor) [113]. Non-everted sac (2 cm) segments of excised rabbit trachea were
used. Briefly, test solutions, with or without protease inhibitors (0.1 and 1 mM bestatin; 1000 and
10,000 KIU/mL aprotinin), in HEPES-buffered solution (0.2 mL, pH 7.4) was infused into the sac
mucosal side, which was then placed in serosal medium consisting of oxygenated (O2/CO2, 95%:5%)
HEPES (7 mL, pH 7.4). Samples (0.2 mL) were removed from the serosal fluid at pre-determined
times for 150 min, and replaced with 0.2 mL fresh fluid. In another experiment, 10 μL samples were
removed from the mucosal fluid at pre-determined times to calculate the degradation rate of insulin in
the mucosal fluid of the trachea using the RIA method. Additionally, the peptidase activities in the
trachea and jejunum were measured and compared to examine the enzymatic barrier for TRH and
insulin permeation across rabbit tracheal epithelium [113].

Results demonstrated that the permeability of insulin (10 IU/mL) significantly increased in the
presence of 1 mM bestatin and 10,000 KIU/mL aprotinin. However, the half-life of insulin was about
14 h, and only showed slight degradation by luminal secreted enzymes for the duration (150 min) of
the experiment [113]. The tracheal and jejunal peptidases showed the following decreasing order of
activity: DPP IV > Leu-aminopeptidase > cathepsin-B > trypsin. These four peptidases had significantly
lower activities in the tracheal epithelial cells compared to jejunal epithelial cells. However, insulin
was slightly degraded during tracheal permeation. It is suggested that insulin (MW: 5814 Da) is
mainly transported via paracellular diffusion with slight metabolism by proteolytic enzymes such as
trypsin-like and aminopeptidase-like enzymes through isolated rabbit tracheal epithelium. In summary,
pulmonary administration of some peptide drugs, such as insulin, by intratracheal insufflation and
instillation may contribute to the systemic absorption of these drugs [113].

5.7. Surfactants

The effects of surfactants of natural origin were evaluated as absorption enhancers for the
pulmonary absorption of recombinant human colony-stimulating factor (rhG-CSF) in rats [108].
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Surfactants included polyoxyethylene 9-lauryl ether (Laureth-9) and sodium glycocholate (SGC).
Surfactants (1% w/v) were respectively added to rhG-CSF solution (pH 6.5), after which the final
rhG-CSF concentration was adjusted to 250 μg/mL. After intravenous and intratracheal administration
of the test solutions (containing surfactants) and the control solution (rhG-CSF only), blood
samples were collected periodically for 8 h to determine the rhG-CSF plasma concentration by
enzyme immunoassay.

The plasma rhG-CSF concentration was greatly enhanced in the presence of the surfactants.
Relative bioavailabilities of rhG-CSF achieved with intravenous and intratracheal administration
of Laureth-9 and SGC were 37% (intravenous), 88% (intratracheal), 84% (intravenous), and 197%
(intratracheal), respectively [108]. In order to determine the mechanism of enhanced absorption, both
the surfactant Laureth-9 and a protease inhibitor (p-amidinophenyl) methanesulfonyl fluoride-HCl
(p-APMSF) were administered with rhG-CSF. The rhG-CSF concentration increased ~123-fold from
3.9 ± 1.4 ng/mL to 481.5 ± 96.7 ng/mL with the simultaneous intratracheal administration of Laureth-9
and p-APMSF. As a result, the proposed mechanism of action entails enhanced membrane permeation
and inhibition of enzymatic degradation of rhG-CSF [108].

6. Conclusions

A comprehensive list of bioenhancers of natural origin is given in Table 1 with their mechanisms
of action for four specific routes of drug administration, namely nasal, buccal, pulmonary, and oral.
From all the described bioenhancing studies it is evident that inhibition of pre-systemic metabolism
as well as efflux transporters and tight junction modulation is the predominant mechanism of drug
bioavailability enhancement for the oral route of drug administration. Tight junction modulation and
membrane disruption are the pre-dominant mechanisms of drug absorption enhancement for the nasal,
buccal and pulmonary routes of administration. Since various factors can influence dissolution and
absorption of drugs across different mucosal surfaces, studies on bioenhancers should be conducted
for each specific drug for which bioavailability enhancement is needed. Although many studies have
shown the potential of absorption enhancing agents, very few have been included in commercially
available drugs.
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Abstract: The application of permeation enhancers (PEs) to improve transport of poorly absorbed
active pharmaceutical ingredients across the intestinal epithelium is a widely tested approach.
Several hundred compounds have been shown to alter the epithelial barrier, and although the
research emphasis has broadened to encompass a role for nanoparticle approaches, PEs represent
a key constituent of conventional oral formulations that have progressed to clinical testing. In this
review, we highlight promising PEs in early development, summarize the current state of the art,
and highlight challenges to the translation of PE-based delivery systems into safe and effective oral
dosage forms for patients.

Keywords: permeation enhancer; oral delivery; formulation; permeability; safety; simulated intestinal
fluid; hydrophobization; epithelium

1. Introduction

Since the early 1990s, the pharmaceutical industry has gradually reduced attrition related
to non-optimal pharmacokinetics (PK) and low bioavailability (BA) of drugs in development [1].
A combination of tools that predict sub-optimal physicochemical properties, as well as technologies
that address impediments to translation from in vitro/preclinical studies to successful clinical trials
(e.g., low aqueous solubility, short plasma half-life (t1/2)) has led to a shift in overall attrition from PK
to safety. Despite this, non-optimal PK characteristics continue to rank amongst the most common
cause of attrition [2]. The shift towards the development of more lipophilic compounds that are less
likely to suffer from sub-optimal PK has however been associated with low solubility and increased
toxicity [3,4]. A cohort of macromolecules that can exhibit desirable safety and efficacy are large
hydrophilic compounds with greater molecular complexity (e.g., oligomeric peptide backbones),
but such properties inevitably confer low intestinal epithelial permeability. In theory, poorly permeable
drugs may be administered orally at higher doses to offset low absorption, but this is usually
impractical for formulation and cost reasons. Low permeability might be acceptable if a safe and
consistent therapeutic effect can be achieved with a molecule that has a long t1/2, even in the context of
high variability in BA, otherwise poorly permeable drugs are typically formulated in injectable dosage
forms or in dosage forms using other routes of delivery with higher membrane permeability than the
intestine, such as the nasal route.

A paucity of delivery technologies that address low intestinal epithelial permeability for
macromolecules has left pharmaceutical manufacturers with little option but to limit screening of
these complex hydrophilic macromolecules or default to parenteral formulation. Delivery systems

Pharmaceutics 2019, 11, 41; doi:10.3390/pharmaceutics11010041 www.mdpi.com/journal/pharmaceutics215



Pharmaceutics 2019, 11, 41

that enable poorly permeable molecules to be efficiently delivered across the intestine may diversity
the type of compounds screened in discovery and may permit reformulation of selected injectable
macromolecules. There is debate as to whether medicinal chemists in the discovery field should solely
focus on safety and efficacy of the active, and rely on formulation and delivery scientists to address
sub-optimal solubility, ADME (absorption, distribution, metabolism and excretion), and stability
characteristics—or whether medicinal chemists should focus on all of the aforementioned properties to
rely less on delivery and formulation scientists [5]. Recent advances highlight the importance of dual
focus early in development: optimizing the molecule and the formulation [6,7]. The key challenge
with focusing on delivery platforms is the current lack of proven technologies that can significantly
improve intestinal permeability in humans.

2. Permeation Enhancer (PE) Categories

The potential of improving the oral BA of macromolecules has been extensively researched, but the
majority of delivery systems have failed to progress beyond preliminary animal model evaluation.
The inclusion of an excipient that facilitates transport across the intestinal epithelial barrier is a desirable
approach. Proprietary formulations that attempt to improve oral absorption of macromolecules in
humans usually include permeation enhancers (PEs). However, failure of these PE-based formulations
to translate into commercial products has led academic investigators to prioritize development of more
technologically advanced drug delivery systems rather than address impediments to translation of PEs.
Several hundred compounds have been shown to alter permeability in oral, nasal, buccal, pulmonary,
vaginal, and corneal delivery models. These compounds are broadly categorized as paracellular or
transcellular PEs.

Paracellular PEs can be sub-categorized into first and second generation [8]. The older first
generation paracellular PEs open tight junctions (TJs) through intracellular signaling mechanisms,
while the second sub-category act via direct disruption of homophilic interactions at cell adhesion
recognition (CAR) sequences. Major targets to afford TJ opening include: the cytoskeleton, claudins,
occludin, and E-cadherin and Ca2+ [9]. Toxins and their derivatives are one of the largest sources
of paracellular PEs, irrespective of sub-category (e.g., zonula occludins toxin, clostridium perfringens
enterotoxin (CPE) [10]). Despite extensive preclinical assessment of microbial toxins and derived
motifs, clinical trials with paracellular PEs are dominated by older agents with broader mechanisms of
action, one example being ethylenediaminetetraacetic acid (EDTA) (PODTM, Oramed, Israel [11]).

Transcellular PEs alter epithelial permeability by two contrasting mechanisms, (i) reversible
perturbation of the epithelial plasma membrane [9], or (ii) physical interaction with the active to
improve passive transcellular permeation (e.g., hydrophobization [12]). Surfactant-based PEs are
a widely tested category that alter membrane integrity. Included in this category are medium
chain fatty acids, acylcarnitines, acylated amino acids, bile salts, and a variety of non-ionic
surfactants (e.g., polyoxyethylene-8 lauryl ether (C12E8), sucrose laurate, macrogol-8 glycerides [13,14]).
A number of surfactants have been evaluated clinically in oral delivery systems for macromolecules:
lauroylcarnitine chloride (PeptilligenceTM, Enteris Biopharma, Boonton, NJ, USA [15]) sodium
caprate (C10) (GIPETTM, Merrion Pharma, Dublin, Ireland [16]), sodium caprylate (TPETM Chiasma,
Ness Ziona, Israel [17]), and sodium cholate (Biocon, Bangalore, India [18]). Soluble and insoluble
surfactants are also constituents of complex lipoidal systems including oily suspensions [17] and
emulsions [19]. At low test concentrations in reductionist cell and tissue based delivery models,
transcellular perturbants (i) activate plasma membrane receptors and enzymes, (ii) modulate
intracellular mediators, (iii) selectively remove TJ proteins from fluidic regions of the membrane,
and (iv) initiate repair mechanisms related to opening of TJs [20]. In some cases, these actions are
uncoupled from membrane perturbation [21]. This has led investigators to suggest that some perturbants
may in part act indirectly via a paracellular mode of action. However, low concentrations of such agents
that do not induce transcellular perturbation cause only modest increases on permeability in vitro [21].
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Transcellular permeation may also be improved by physical complexation, either by hydrophobic
ion pairing (HIP) or dipole–dipole interaction [9]. HIP involves electrostatic-based complexation of
an ionizable lead (usually a peptide) with an amphiphilic counterion. The hydrophobic moiety of the
counter ion confers a lower capacity for solvation than conventional counterions typically used in
the preparation of pharmaceutical salts to address low aqueous solubility. HIP reduces the solubility
of several peptides including insulin [22], desmopressin [23], octreotide [24], and exenatide [25].
Hydrophobization via dipole–dipole interactions between the poorly permeable macromolecule
and acylated amino acids (the so-called Eligen® carriers of Emisphere, Roseland, NJ, USA [26]) is
a more widely studied approach than HIP, although the less well understood. Emisphere have
assessed the clinical potential of Eligen carriers most notably SNAC (sodium salcaprozate) and
5-CNAC (N-(5-chlorosalicyloyl)-8-aminocaprylic acid) over a 20-year period. In that time, Emisphere
discontinued development of SNAC for oral delivery of heparin and insulin. SNAC has however
been successfully used in a marketed oral vitamin B12 supplement (Eligen B12) [27], and more recently
was shown to improve oral absorption of semaglutide in Phase II trials [28]. Development of an oral
salmon calcitonin (sCT) using 5-CNAC failed to meet primary endpoints in two Phase III trials [29].

Several non-surfactant PEs have also been tested in pre-clinical studies. These include chitosan
and its derivatives, cell penetrating peptides (CPPs), solvents (e.g., ethanol), salicylates, and enamines.
CPPs such as penetratin and its analog, PentraMaxTM, continue to be researched for oral peptide delivery.
There is evidence that these CPPs act by altering membrane barrier integrity [30], endocytosis [30],
and physical complexation [31]. Although a few CPPs have progressed to clinical evaluation,
the majority relate to the intracellular delivery of small molecules and not to oral delivery of
macromolecules [32]. It remains to be seen if CPPs will eventually advance to clinical testing in
oral delivery of anti-diabetic peptides [33].

3. Targets for Intestinal Permeation Enhancement: Beyond Insulin

Development of delivery platforms that improve epithelial permeability was historically
associated with creating non-invasive formulations of insulin. Insulin represents an inexpensive
and available prototype peptide with established analytical methods for PK and pharmacodynamic
assays. In justifying the use of insulin, it can be argued that a prototype that can improve permeation
of this large peptide (5.8 kDa) could be even more effective with smaller peptides (1–4 kDa), so it
is a high bar. While there is some merit to the development of an oral insulin dosage, the focus on
insulin has restricted effort to develop oral delivery systems for other macromolecules with more
favourable physicochemical properties. Additionally, the emphasis on oral delivery of insulin and the
lack of success in that pursuit during the hype of the 1990s has led to a largely negative view in the
pharmaceutical industry and with journal editors of novel strategies to improve intestinal permeability.

Table 1 shows a selection of licensed peptides marketed via oral or injectable routes. This table
shows that dose (potency), t1/2, Mw, lipophilicity (LogP) and target action site are important factors
that influence whether a peptide is commercially successful via oral or injectable routes. There are
currently nine peptides on the market as oral products [34], although only two desmopressin and
cyclosporin are intended to act on systemic targets; the properties of which are shown in Table 1.
All other peptides in Table 1, except the regionally acting vancomycin, are marketed in injectable
formulations and BA values are considered negligible (<0.1%).

All peptides marketed via the oral route are assigned low permeability within the Biopharmaceutics
Classification System (BCS). Marketed injectable peptides are not formally assigned a BCS Class,
although all peptides in Table 1 are considered BCS Class III. It is evident from Table 1 that while
peptides exhibit low and variable BA (apart from cyclosporin), an optimal balance between potency,
size/complexity, and apparent plasma t1/2 can facilitate the development of a successful oral form
(e.g., desmopressin) (Table 1). The extent to which chemical modification and the delivery system can
compensate for peptides that do not exhibit an optimal balance between potency, size/complexity,
and apparent plasma half-life is not clear. Structural modifications can reduce demand on delivery
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systems for peptides that are larger and more complex. A recent example being the very long
t1/2 GLP-1 analog, semaglutide [35], which has demonstrated promising results in clinical trials
in an oral formulation containing SNAC, a PE that failed with macromolecules that did not have such
favorable features.

In atypical cases where peptides are lipophilic and stable to proteolytic degradation, oral BA can
be significantly higher than equivalent hydrophilic peptides (e.g., cyclosporin). The downside of high
lipophilicity is low aqueous solubility, which has been addressed using lipid-based formulations [36].
Clinical evaluation of the cyclosporin (Sandimmune® Neoral, Novartis) has shown that 86% of the
intact peptide permeates the intestinal epithelium [37]. While brush border and hepatic metabolism
reduce BA of cyclosporin to 27%, oral BA is far higher than equivalent hydrophilic peptides such
as desmopressin and octreotide. Chemical modification has been less successful in addressing low
permeability, for example, in the case of insulin [38], although there is emerging evidence that
physical modification of peptides using hydrophobizing agents may improve passive permeation
(Section 4.7) [9,12,39]. A key area of development, therefore, is the combined development of
hydrophobized peptides with a suitable lipid-based delivery system.

Table 1. Properties of selected approved peptides and their routes of delivery (source of information:
Health Products Regulatory Authority (HPRA) summary of product characteristics (SPC), Drugbank,
PubChem, and Welcome Compound Report Card).

Active Mw Dose Frequency Route t1/2 LogP † BCS Oral BA

Desmopressin 1069 Da 1–4 mcg Daily sc ~2.8 h −4 III 0.17%
Octreotide 1019 Da 200 mcg Thrice daily sc ~1.7 h −1.4 — Phase 3

Cyclosporin 1203 Da 280 mg Daily iv inf. ~8.4 h 7.5 II 27%
Vancomycin 1449 Da 1500 mg Twice daily iv inf. ~7.2 h −2.6 III Local

Salmon calcitonin 3432 Da 16.7 mcg Daily sc ~1.3 h −16.6 — Phase 3
Semaglutide 4114 Da 500 mcg * Weekly sc ~168 h −5.8 — Phase 3

Exenatide 4186 Da 10 mcg Daily sc ~2.4 h −21 — Phase 1
Insulin degludec 6108 Da 350 mcg Daily sc ~25 h −4.9 — —

Insulin aspart 5832 Da 1.8 mg ** — sc ~1.4 h — — —

* oral dose in clinical testing [28]; ** estimated daily dose; † estimated logP (XLogP3-AA [40]); BCS: Biopharmaceutics
classification system; t1/2: plasma half-life; LogP: octanol water partition coefficient.

4. Recent Highlights

4.1. Oral Semaglutide Reduces HBA1c in Type 2 Diabetics by over 1.5% in Phase II Trials

Novo Nordisk (Bagsværd, Denmark) has adopted an integrated approach to enabling oral
peptide delivery, combining structural engineering and formulation optimization [6]. Semaglutide is
a long-acting acylated GLP-1 agonist (Ozempic® once weekly, s.c.) that also has greater stability to
enzymatic degradation in the gastrointestinal (GI) tract. A once-a-day oral formulation of semaglutide
in an immediate release formulation with SNAC is likely to have a significant effect on the management
of diabetes. In a Phase II randomised controlled trial of 632 patients, daily administration of oral
semaglutide (2.5–40 mg) lowered HbA1c by 0.7% to 1.9% [28]. Although there was a 280-fold difference
in the cumulative dose relative to the once weekly sub-cutaneous (sc) injection (1 mg), the long plasma
t1/2, high potency, and improved stability reduces the need for a high-performing PE. Induction of
high local pH in the immediate vicinity of the semaglutide/SNAC tablet in the stomach to increase
solubility is considered a central aspect of the technology [41], where the contemporaneous release of
SNAC and semaglutide to fasting patients enables co-localisation in high concentration at the site of
enhancement. In gamma scintigraphy studies in healthy volunteers, the anatomical location for tablet
erosion was confirmed as the stomach irrespective of whether participants ingested the formulation
with 50 mL or 240 mL water [42]. The time to complete tablet erosion was 95 min (50 mL water) and
66.2 min (240 mL). Slow erosion of tablets (<54% in 1 h) was associated with higher plasma semaglutide
levels and a longer Tmax compared to fast eroding tablets. It is unclear why gastric emptying does
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not occur in patients receiving oral semaglutide, although it is possible that the peptide could slow
gastric emptying [43]. It is not clear if the slow progressive release of semaglutide in the stomach may
necessitate a longer delay before ingestion of a meal. The unusual gastric pH mechanism advocated
for semaglutide/SNAC seems to be highly specific for this peptide. This topic is discussed in detail in
the current special issue review by Twarog et al.

4.2. The Ionic Liquid Choline Geranate (CAGE) Has a Major Effect on Oral BA of Insulin

Ionic liquids are salt-like materials that are liquids below 100 ◦C. There has been renewed
interest in the use of ionic liquids primarily due to their solvent properties. A recent study showed
that intestinal co-instillation of a relatively low dose of insulin with choline geranate (CAGE) led
to a dramatic lowering in blood sugar levels in non-diabetic rats [44]. The decrease in blood sugar
compared favourably with the s.c. delivered insulin. The oral BA of insulin (10 IU) in rats was 45%
following delivery with CAGE (80 mg) in enteric coated capsules in rodents, one of the highest values
ever recorded for an insulin formulation in a rat PK study, albeit relative to 2 IU (s.c.) as against 1IU
(s.c.) in most studies. CAGE increased the fluidity of mucous, reduced epithelial barrier integrity
and protected insulin from degradation by trypsin. There was no apparent histological damage
to the intestinal mucosa of rats. However, CAGE caused a partial reduction in Caco-2 cell viability,
a decrease in transepithelial electrical resistance (TEER) and evidence of intracellular insulin-fluorescein
isothiocyanate (FITC) in fluorescence microscopy, suggesting some transcellular perturbation. It is
noteworthy that choline-based ionic liquids were amongst the least cytotoxic in a screen assessing
the effect of a panel on the viability of Caco-2 and HT29 cells [45]. Moreover, insulin was stable in
CAGE for four months at 4 ◦C. It is noteworthy that peptide stability concerns have been overcome
in non-aqueous polyprotic solvents [46]. It will be interesting to see if these results translate to large
animal models with a dosage form that can translate to human trials.

4.3. Mode of Action Studies on the PE, PIP 640

Permeant inhibitor of phosphatase (PIP) peptide 640 (PIP 640) is a decapeptide that transiently opens
TJs. PIP640 inhibits myosin light chain phosphatase (MLCP), which in turn inhibits dephosphorylation
of myosin light chain (MLC) [47]. This is achieved by binding to a subunit complex of protein
phosphatase 1 (PP1) and MYPT1 (myosin phosphatase target subunit) in the same manner as CPI-17
(C-kinase-activated protein phosphatase-1 (PP1) inhibitor-17kDa). PIP-640 increased fluorescein
isothiocyanate dextran 4 kDa (FD4) permeation across Caco-2 monolayers and improved BA of
insulin to 4% in rat intestinal instillations [47]. More recently, a structure–activity assessment of
PIP 640 showed that residues of glutamic acid and tyrosine are requisite for binding to MYPT1
subunit of the MLCP complex, while substitution of aspartic acid for arginine led to more specific
targeting of PP1 subunit, which was associated with greater cytotoxicity [48]. In a follow-on study,
PIP 640 was shown to selectively increase total levels of claudin 2 (both the cytoplasm and at the
membrane) [49]. This increment was attributed to the preserved stability of existing claudin 2 rather
than increased expression. Alteration of Caco-2 monolayer permeability by PIP 640 was biased towards
paracellular transport of positively-charged diethylaminoethyl dextran compared to neutral dextran or
carboxymethyl dextran, in keeping with data showing that claudin-2 is responsible for the formation
of a channel that is selective for cations. A similar effect was observed in the comparison of sCT
(cationic at the pH in the small intestine) and exenatide (anionic at the pH in the small intestine).
PIP640 caused a greater increase on permeation of sCT over exenatide in both Caco-2 monolayers and
rat intestinal instillations. Together these data highlight a potential for development of new chemical
entity PEs that show bias towards permeation of cationic actives. These studies are noteworthy due
the molecular biology and rational screening approaches taken to produce a PE molecule. Increasing
the potency of PIP 640 is however likely to be required in order to allow a translatable oral dosage
formulation to be developed.
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4.4. Application of Nanoparticles to Co-Localise Active and PE

Nanotechnology has several potential applications in the science of oral delivery including
protecting payload, targeting epithelial receptors in GI regions, and improving permeability [50].
The original working hypothesis for application in oral delivery of peptides was that nanoencapsulation
would protect labile actives from pre-systemic degradation and shuttle cargo across the intestinal
epithelium [51]. While this is the desired outcome, low and variable transmucosal uptake of
nanoparticles and formulation complexity continue to impede progression. Investigators have
attempted to improve transmucosal flux of drug-loaded nanoparticles using PEs, but it is difficult
to envisage a PE improving uptake of colloids when uptake of peptides is inherently low and
variable. An evolving view of nanoencapsulation is their potential to permeate mucus and to
co-localise release of the macromolecule and PE at the intestinal epithelial wall, a key requirement for
effective permeation enhancement [52,53]. It remains to be seen whether PE-macromolecule loaded
nanoparticles, either passive or receptor-targeted, can be an effective strategy for delivering payloads
across the intestine.

4.5. Application of PEs in Delivery of Nutraceuticals

Bioactive molecules in foodstuffs may have potential health benefits beyond their basic
nutritional value. Many of these are complex natural substances that have low aqueous solubility
and/or low intestinal permeability. These include peptides, carbohydrates, lipids, and complex organic
phytochemicals. There is considerable overlap in the approaches to enable oral delivery of pharmaceutical
and nutraceutical products [54], although development considerations related to safety, efficacy,
and cost-effectiveness vary between the two.

Application of PEs to improve the oral BA of nutraceuticals is an emerging area. Safety concerns
related to additives that might alter intestinal barrier integrity may outweigh any health benefits
derived from selected nutraceuticals. PEs that are likely to be useful in oral delivery of nutraceuticals
are substances that have food additive status, GRAS status, or can be made to food grade, so this
limits the range for selection. These include medium and long chain fatty acids, bile salts (e.g., sodium
chloeate [13]), chitosan and its derivatives [55] and certain non-ionic surfactants (e.g., sucrose esters [56],
lactose esters [57], polysorbates [58]). Although most PEs are tested with transport markers of poorly
permeable drugs, recent studies have evaluated oral delivery of antihypertensive tripeptides derived
from milk and chicken muscle. Co-delivery of C10 (180 mM) with isoleucine-proline-proline (IPP)
and leucine-lysine-proline (LKP) from milk did not improve oral absorption any further in rats in
part because basal permeability seemed to be already high [59]. C10 reversed the effect of the Pep-T1
inhibitor (glycyl sarcosine) on oral absorption of these tripeptides. Other PEs have been shown to
act in part via solubilization (bile salts [60]), inhibition of transporters (piperine [61]), or alteration to
pre-systemic metabolism (genistein [62]). There are questions as to whether PEs can be effective as part
of food matrices, and it may, therefore, be necessary to deliver bioactives as nutritional supplements
in capsules or tablets. The relatively lower potency of nutraceutical versus therapeutic peptides is
a challenge to the use of PEs. On the other hand, bioactive nutraceutical peptides are likely to be cheap
to manufacture and exhibit intrinsically low toxicity. Thus it may be possible to offset lower potency
with a higher amount of peptide and PE.

4.6. Can Non-Ionic Surfactants be More Effective than Ionizable Surfactants?

Surfactant-based PEs have long been the leading candidates to improve oral absorption
of poorly permeable actives. The most prominent surfactant categories include medium chain
fatty acids (anionic), acylcarnitines (amphoteric), alkyl sulfates (anionic), and bile salts (anionic).
A structurally diverse group of non-ionic surfactants have been shown to alter epithelial barrier
integrity including fatty alcohol ethoxylates, ethoxylated sugar esters, alkylphenol ethoxylates,
alkyl maltosides/glucosides, macrogol glycerides, and sucrose/lactose esters. Most non-ionic
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surfactants in this category are liquid or unctuous semi-solids at room temperature, which limits their
formulation potential. Small quantities of liquid PE can be incorporated into solid dosage forms using
adsorbent. However, it is more challenging to prepare powders that have acceptable properties for
capsule filling or compaction into tablets (such as flowability, disintegration, dissolution, desorption).
For example, solidification of Labrasol® (Gattefosse, Saint Priest, Lyon, France) was achieved using
relatively low quantities of silica (e.g., Neusilin® US2, Fuji Chemicals, Nakaniikawa-gun, Toyama, Japan)
(Figure 1). Tablets prepared using a Labrasol® (50%), and Neusilin® US2 had poor disintegration times,
but this was corrected by inclusion of a disintegrant (Table 2). Use of additional excipients lowers
the quantity by weight of PE that can be incorporated into the formulation. This approach is more
therefore likely to be only useful for the most potent non-ionic surfactants (e.g., C12E8), where less PE
is required to improve permeation.

Figure 1. Visual effect of Neusilin® US2 on physical state of Labrasol®. Ratio of Neusilin® US2 to
Labrasol® are (a) 1:0, (b) 0.75:0.25, (c) 0.67:0.33, (d) 0.5:0.5, (e) 0.33:0.67, (f) 0.25:0.75 (Maher unpublished).

Table 2. Disintegration times and break strength values for a panel of formulations containing
Labrasol®, Neusilin® US2 and a disintegrant (Croscarmellose Sodium).

Formulation Additives
Disintegrant

(% w/w)
Tableting Pressure

(psi)
Disintegration Time

(min)
Break Strength

(N)

Labrasol and Neusilin® US2 (1:1) 0 1000 >60 29.1 ± 2.9
Labrasol and Neusilin® US2 (1:1) 0 2000 >60 68.8 ± 3.2
Labrasol and Neusilin® US2 (1:1) 5 1000 5.5 ± 0.2 49.8 ± 6.2
Labrasol and Neusilin® US2 (1:1) 5 2000 4.9 ± 0.3 72.4 ± 2.7

Some non-ionic surfactants are solids at room temperature (e.g., sucrose and lactose esters)
although a low melting point makes it challenging to incorporate into tablets. Growth in the number
of poorly soluble drugs administered in lipid-based formulations (LBFs) has led investigators to assess
delivery of macromolecules in non-aqueous vehicles in soft or hard gelatin capsules. An underpinning
question is what are the advantages of non-ionic surfactants versus ionizable surfactants, salts of which
are easier to formulate into solid dosage forms? In general, non-ionic surfactants are safer and more
widely used as excipients and food additives, primarily as emulsifiers. Sucrose laurate is an excipient
included in some marketed formulations, and, although it is present in low amounts, its status as
an excipient reduces risks in development. In a recent head-to-head, sucrose laurate and Labrasol®

(Gattefosse, France) improved the flux of transmucosal marker molecules to a similar level to C10

and sodium undecylenate (C11:1) at comparable concentrations across isolated rat intestinal tissue
mucosae [13]. Sucrose laurate caused less damage to isolated rat colonic mucosae compared with
C10 at similar concentrations [63]. In intestinal instillations, sucrose laurate improved permeation
of insulin in the absence of histological damage [64]. It is noteworthy that other sugar esters have
recently been shown to exhibit permeation enhancement. For example, the enhancement action of
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lactose laurate was comparable to sucrose laurate [65]. Although sucrose laurate and other sucrose
esters can be synthesized as monoesters and have demonstrated enhancement action in their pure
forms, food and excipient grades are typically supplied as mixtures containing the soluble mono-ester
assigned a hydrophilic lipophilic balance (HLB) of 15 and a significant proportion of insoluble di-, tri-,
and polyesters (HLB < 5). Thus, dispersions formed by mixed sucrose esters are not simple micellar
systems; they comprise mixed micelles and/or micro/nanoemulsions. There is a requirement for safe
and selective methods for production and material separation.

Labrasol® is another example of a complex blend of soluble and insoluble surfactants containing
a large proportion of macrogol glycerides and 10% medium chain glycerides. Although Labrasol®

caused perturbation of isolated rat intestinal mucosae, there was a degree of separation between the
enhancement action and the histology damage score [13]. The effect of the difference in dispersion
properties has not yet been fully elucidated, although there is emerging evidence that the extent of
the monomeric surfactant that is free to interact with the mucosal surface plays a role in permeation
enhancement [66,67]. The effect of free surfactant on enhancement action is discussed further in
Section 4.9.

4.7. Can Physical Hydrophobization Improve Passive Intestinal Flux?

The majority of PEs act by altering epithelial barrier integrity. In recent years, investigators
have attempted to improve the lipophilicity of the active to facilitate passive intestinal permeation.
Hydrophobisation can be achieved by chemical conjugation (prodrugs [68]) or physical complexation [9]
(Section 2). Chemical modification is not ideal for large ionizable peptides as it is not practical to mask
several amino acid side chains within a macromolecule. The reversible formation of a salt between
the peptide and a complexing agent can lead to a more dramatic increase in lipophilicity. This occurs
through a combination of charge neutralization, exposure of hydrophobic domains within the peptide
and/or the introduction of lipophilic moieties via the counterion. The process of HIP, therefore,
leads to extensive lowering of aqueous solubility, which can be addressed through encapsulation in
nanoparticles (e.g., poly(lactic-co-glycolic acid [69]), solubilization in lipid-based formulations [70],
and non-aqueous solvents [22,71]. Incorporation of HIP complexes in the non-aqueous vehicle may
prevent enzymatic degradation, limit pH dependent complex destabilization, and counterions may
also perform as PEs [72]. Given the successful application of lipoidal vehicles in oral delivery of
cyclosporin, there is research effort assessing the factors that impact loading in LBFs [70]. There are
cases where HIP does not result in loss of aqueous solubility [73] and do not immediately breakdown
at high pH values where deprotonation of cationic functional groups is known to occur [74].
However, further investigation is required to understand the permeability of soluble HIP complexes.
Other considerations require kinetic and thermodynamic assessment of the dissociation of the
hydrophobized peptide complex during permeation.

4.8. Mode of Action Studies are Required to Provide Evidence for a Paracellular Effect

The mechanism by which PEs alter the intestinal barrier has implications for safety and approval of
PE-containing oral macromolecule formulations. In general, few PEs solely act via a paracellular mode
of action, and it is necessary to distinguish paracellular and transcellular pathways across intestinal
epithelia. Reduction in TEER for example or an increase in flux of paracellular transport markers is
not direct proof of a paracellular mode of action, as transcellular perturbation can also reduce TEER
and increase such fluxes. The absence of cytotoxicity in common cell viability assays (e.g., MTT) at
concentrations that cause alteration to TEER and marker transport favour an interpretation relating
to paracellular pathways. However, cytotoxicity assays based on mitochondrial enzymes may not
represent the first sign of membrane perturbation. In this case, it may be appropriate to combine
the use of MTT assay and techniques that directly evaluate membrane perturbation (e.g., lactate
dehydrogenase (LDH) release assay). Two-path impedance spectroscopy has been used to show that
C10 acts via a paracellular mode of action in vitro at low concentrations [75]. However, this method
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requires strict verification that the PE does not cause intracellular uptake of a paracellular dye [76],
and applications that do not assess membrane integrity can overestimate the contribution of the
paracellular route [75]. A recent study showed restoration of barrier integrity and a parallel decrease
in absorption of a model peptide following cessation of intra-duodenal perfusion of C10 in rats [77].
This reversible action was equated to a paracellular mode of action, the rationale being that, had the
effect been related to mucosal perturbation, the absorption of peptide would have continued to remain
high. This conclusion does not, however, take into account the capacity of the GI tract to undergo
rapid repair following perturbation [78]. Overall, more direct mode of action studies are required to
confirm a paracellular mode of action.

4.9. Growing Need for Simulated Intestinal Fluid in PE Experiments

Over the last 30 years, there has been extensive effort to predict the behaviour of oral formulations
in humans from solubility and release characteristics in vitro. This has given rise to important topics
in biopharmaceutics including bioequivalence testing and in vitro/in vivo correlations. Solubility
enhancement strategies highlighted the importance of replicating in vivo fasted and fed state conditions
in order to predict release characteristics in humans, however there has not been the same emphasis
on how constituents of intestinal luminal fluids affect intestinal permeability and in vivo absorption
in preclinical models (including cell culture monolayers grown on Transwell® supports, isolated
tissues mounted in Ussing chambers, everted and non-everted intestinal sacs, open/closed loop
instillations, tablet insertion into gut loop, single-pass intestinal perfusion, infusion via intubation,
oral administration as liquid or solid dosage forms).

Gastrointestinal fluid contains a complex mixture of endogenous secretions (including gastric,
pancreatic, luminal, and biliary secretions, sloughed cells) and dietary substances (nutrients, drugs,
microorganisms). This heterogeneous milieu consists of a cocktail of ions, bicarbonate, enzymes, mucin,
bile acids, phospholipids, carbohydrates, proteins, amino acids, lipids, fatty acids, indigestible solid
particles, and lysates from sloughed epithelial cells and non-viable microorganisms. In principle,
the luminal milieu can modulate enhancement action of PEs. In the simplest example, PEs that are
peptides/proteins may be degraded by proteolytic enzymes. Not all protein-based PEs are inactivated
by luminal fluid as evident from the fact that many protein-based toxins stimulate electrogenic chloride
secretion and TJ openings [79]. It remains to be seen whether peptide-based PEs can consistently
modulate epithelial permeability or whether these additives must be chemically-modified to increase
stability (e.g., cyclisation, synthesis of all D-forms, amino acid substitutions) or mixed with excipients
that prevent enzymatic degradation of the therapeutic peptide (e.g., citric acid, soybean trypsin
inhibitor). Other structural PEs categories can also be enzymatically degraded in the small intestine.
Macrogol glycerides (e.g., Labrasol®, Gattefosse, France) are substrates of digestive lipase [80],
although the degradation products in this instance are free medium chain fatty acids which may
contribute to permeation enhancement [81].

It is not only chemical degradation that can attenuate the enhancement action. PEs that
have demonstrated the most significant effect on epithelial permeability are soluble surfactants.
This surfactant type exists in the monomeric form up to threshold concentration above which they
form micelles. This critical micelle concentration (CMC) is both a measure of the solubility of the
monomeric surfactant form and a direct measure of when surfactants begin to form micelles. Ionic
surfactants with high CMC values are generally good detergents because it is the monomeric form
of the surfactant that is responsible. As detergent-like membrane perturbation caused by surfactants
is largely driven by the monomeric form of the surfactant, any physiological factor that reduces
the CMC can potentially reduce efficacy. The CMC of ionizable surfactants such as medium chain
fatty acids, acylcarnitines, and alkyl sulfates can be decreased by increasing the ionic strength of the
medium, as the addition of counterions reduces repulsion between anionic hydrophilic head groups,
which makes micellization favorable at low concentrations [82]. Recently, enhancement action of C10

and sodium dodecyl sulphate (SDS) was increased in hypotonic conditions (achieved with NaCl) in
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a single-pass intestinal perfusion in rats [83], an effect that could relate to a reduction in the CMC.
In the case of ionizable surfactants that contain weakly acidic or weakly basic hydrophilic head groups,
alteration to pH can transform a surfactant from its soluble form to its insoluble form, which although
still capable of lowering surface tension, has reduced capacity to act as a detergent.

Divalent cations such as calcium found in milk can decrease the permeation enhancement of
anionic surfactants through precipitation of inactive salts [84]. On the other hand, alteration to pH
may increase permeation enhancement. For example, reduction in the regional pH with an amphoteric
surfactant may increase the proportion of the surfactant in the cationic form, which is likely to have
a greater affect. Additionally, it has been proposed that co-solvents that increase the solubility of
insoluble surfactants can improve aqueous solubility and enable greater interaction with the cell
membrane [66]. Several other factors may modulate the free surfactant concentration within the small
intestine. These include adsorption to undigested solid particles and oil droplets and incorporation
into colloidal structures (e.g., mixed micelles with free fatty acids and bile salts). Depending on
the quantity and type of materials within the GI tract, free surfactant monomers may be efficiently
replenished from micelles, but as the window for efficient enhancement can be shortened by dilution,
spreading, and absorption of the PE itself, the availability of surfactant within that window may be
quickly diluted. Phospholipid and bile salt constituents of simulated intestinal media can attenuate
the effects of alkyl maltopyranosides through the formation of mixed micelles [67]. Fasted state
simulated intestinal media (FaSSIF) containing taurocholate, phosphatidylcholine in buffered isosmotic
buffer salt solution (pH 7.1) also attenuated the permeation enhancement of palmitoylcarnitine and
hexyphosphocholine surfactants in Caco-2 monolayers [85]. In the same study, FaSSIF did not affect
the enhancement action of non-surfactant PEs, EDTA and 3-nitrocoumarin. In some cases, mixing
surfactants can increase enhancement action still further [86]. Combinations of medium chain fatty
acids with PEG-8 glycerides increased permeation of FD4 across isolated rat intestinal tissue by 10-fold
over the respective individual agents [87].

A recent study assessed the effect of FaSSIF and fed state simulated intestinal fluid (FeSSIF on the
absorption of BCS Class I, II and III drugs in a single pass intestinal perfusion (Roos et al., submitted).
Even in the absence of PEs, there was a significant difference in the absorption of atenolol, enalaprilat,
ketoprofen, and metoprolol between FaSSIF and FeSSIF. This result was not surprising as an analysis of
92 clinical datasets found that 67% of BCS Class I drugs had no food effect, 71% of Class II had a positive
food effect, and 61% of BCS Class III had an adverse food effect [88]. Additionally, there is evidence of
reduced drug absorption in rats when metoprolol was perfused in aspirated fed state intestinal fluids
compared to fasted state aspirates [89]. Absorption of selected PE active combinations were reduced
in FeSSIF, which the authors attributed to the presence of colloidal structures formed by lecithin and
bile acids in FeSSIF (Roos et al., submitted). Surfactant PEs have potential to emulsify dietary lipids
and can form mixed micelles with both soluble (e.g., bile salts, ionized free fatty acids) and insoluble
surfactant (glycerides, phospholipids), and as the CMC of these mixed micelles is typically lower than
the native surfactant, these structures are capable of lowering the sufficient quantity of free monomeric
surfactant that is available to perturb membranes. A conclusion is that luminal surfactants can exert
a protective effect against mucosal perturbation by ionizable surfactants. It is noteworthy that the
presence of a luminal surfactant does not change the CMC of the PE, so if there is a large excess of
PE over the luminal surfactants, it will exist in the molecular form at its CMC and will therefore be
available to exhibit transcellular perturbation.

Further work is required to determine the effect of luminal composition on the absorption of
soluble macromolecules and the enhancement action of PEs. A question arising from studies showing
the effect of luminal constituents on PE actions is what constitutes the typical composition within the
GI tract? Given the variability in free fatty acid, lipids, and bile salts in human intestinal fluid [90],
it may be difficult to precisely identify the type and amount of substances that must be included in the
SIF for permeability studies. Additionally, it remains unclear whether there is a substantial difference
in the concentration and type of constituents in bulk luminal fluid and local extrinsic mucus gel layer.
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Therefore, it is also unclear if SIF for permeability testing should represent bulk luminal fluid (and hence
mirror dissolution media), or whether it should mirror the composition of the extrinsic mucus gel
layer. In addition, it is difficult to use SIFs designed for dissolution testing [91] in cell- or tissue-based
in vitro assays, as several constituents of intestinal fluid (e.g., bile acids, phospholipids, and free fatty
acids) are themselves capable of altering permeability and causing local perturbation. There have
been efforts to develop biorelevant media that do not alter the viability or barrier integrity of Caco-2
monolayers over short periods [92]. By necessity there are reductions in the concentrations of bile
salts in the SIF used in vitro compared to intestinal aspirates (e.g., free fatty acids). Other investigators
have opted to use full biorelevant media and overcome damage to Caco-2 monolayers using overlying
biosimilar mucus [93,94]. It may be that studies with SIF should begin with more robust in situ models
such as the rat single pass intestinal perfusion [83,95,96]. More research assessing the effect of PEs in
SIF would also help investigators understand how a growing number of lipoidal dispersions improve
intestinal permeability (e.g., TPETM, Chiasma, Ness Ziona, Israel [17]).

4.10. Improving PE Action in the Dynamic GI Tract

Of those PE that have been assessed in oral formulation of macromolecules in clinical trials,
only a modest single digit increase in oral BA has ever been observed. The majority of PEs are effective
in static delivery models, where the PE and active are co-delivered in liquid dosage forms to cells,
isolated tissues or tied intestinal loops for extended periods. In these models, the PE and active are
typically presented to the epithelial surface above a threshold concentration for an extended period of
several hours. This provides the PE sufficient time to alter barrier integrity in the presence of a high
concentration gradient of both macromolecule and PE. These optimal conditions do not prevail in the
human GI tract following oral delivery of a solid dosage form (Figure 2).

Figure 2. Presentation of PE and active at the small intestinal mucosa. (a) Co-localization of PE and
active at the intestinal epithelium ensures that the PE is present at a high concentration and is present
for long enough to alter barrier integrity. (b) A high local concentration of active provides the drive
force for intestinal flux. A low release rate and more gradual dissolution of PE dosage forms, fast transit,
spreading and dilution in luminal fluid and interaction with constituents of luminal fluid will impede
optimal co-localization because the concentration of both are ultimately not high enough.

Few published studies assess the effect of PEs in oral dosage forms. The majority of oral peptide
dosage forms in clinical development are enteric coated, and so that active and PE are co-released
in the small intestine. Relatively quick transit along the small intestine attenuates enhancement in
the GI lumen as the PE requires time at a focal point within the lumen to alter integrity and facilitate
permeation of the macromolecule, while not being too rapidly absorbed itself (as is the case with C10
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and SNAC). This is problematic for all PEs, in particular, those that do not cause a rapid decrease
in barrier integrity. Investigators have shown that confining PE and macromolecule over a focussed
area [97] and the synchronous co-release of both in high concentration in a short period [78,98,99]
can improve enhancement. The fluid volume within the stomach and small intestine is another
potential variable. Intestinal fluid is not homogeneously spread across the small intestine, it forms
fluid-filled pockets of varying number and volume [100], which may give rise to variable absorption.
This is because dissolution of PE in a small volume will lead to greater enhancement action than if
the PE is dissolved in a larger fluid volume. As there has been little research assessing the effect of
release metrics on permeability, it follows that few delivery technologies have been developed to
improve localization of PE and active at the intestinal epithelium. Initial experimental strategies tested
include mucoadhesives, superporous hydrogels [101], electronic capsules (e.g., IntelliCapTM [102]),
controlled release of PE [98,103,104], intestinal patches (Section 4.11) and pharmacological motility
(e.g., loperamide). Overall, the goal of optimizing co-presentation aims to create a diffusion gradient
to improve the rate and extent of enhancement action and all PEs to reach and sustain a threshold
concentration required to improve intestinal flux.

Dissolution of the PE and active is another factor that must be considered for effective translation.
Peptides often exhibit their lowest solubility at the isoelectric point (pI) and greatest solubility at
pH values below the pI owing to ionization of basic side chains in acidic conditions. Insulin (pI 5.5)
for example, dissolves well in acidic media, but has low solubility at neutral pH. Peptides with low
potency and low intrinsic solubility may dissolve more slowly in the small intestine, which may lower
the concentration gradient that drives flux. Gradual dissolution may prevent a PE from reaching and
sustaining a threshold local concentration for enhancement (e.g., chitosan [105], medium chain fatty
acids [106]). Investigators have attempted to improve release through the inclusion of disintegrants [97],
or via formulation as liquids [46].

4.11. Intestinal Patches to Co-Localise PE and Active

Intestinal patches are a more recent strategy for localization of poorly permeable solutes at the
small intestinal epithelium. Some of the earliest patches did not include PEs [107], but their inclusion
in more recent iterations suggests they may be required for optimal patch performance. Assessment
of a 13 mm patches (coated on one side with ethyl cellulose backing) in Caco-2 monolayers showed
a modest two-fold enhancement of insulin and exenatide flux [108]. In the same study, there was
significant absorption of insulin in patches, especially those that contained the PE, dimethyl palmitoyl
ammonio propanesulfonate (PPS) (0.5% w/v). Other PEs incorporated into patches include SDS,
polyoxyethylene hydrogenated castor oil 60 [109], thiolated polycarbophils [110] and Labrasol® [111].
Patches are delivered in enteric-coated capsules, so there are no compaction forces associated with
tableting. More recently, patches have been miniaturized into micropatch formats, which offer a large
surface area for absorption. Oral delivery of capsules containing micropatches (50 U/kg insulin and
0.2 mg PPS) admixed with citric acid (15 mg) decreased plasma glucose in rats by 22% compared to
a drop of 54% with free insulin (1 U/kg, s.c.) [112]. Further optimization is required to ensure adequate
adhesion within the GI tract and optimal retention at the mucosal surface.

4.12. Is Safety of PEs a Real Impediment to Translation?

Safety is a widely held concern to the application of PEs in oral delivery (reviewed in [113]).
This concern can be sub-categorized into those related to individual or sub-classes of compounds and
concerns relating to modulation of intestinal barrier integrity on a chronic basis. Over 250 compounds
have been shown to alter intestinal permeability, but only about a dozen of these are realistic candidate
PEs for clinical trials. The reversible modulation of TJ opening might be viewed as a safer approach to
improving permeation relative to transcellular membrane perturbation.

The first-generation TJ modulators acted via intracellular cell signaling pathways which alter
TJ architecture from within epithelial cells. There are risks related to PEs that alter permeability
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through ubiquitous cell signaling processes such as protein kinase C [114]. Although additional
pharmacological effects observed with currently ‘allowed’ excipients, this is secondary to a primary
action, examples including depression of the CNS (e.g., ethyl alcohol), inhibition of metabolic enzymes
and transporters (D-alpha-tocopherol polyethylene glycol 1000 succinate [115], and Cremophor
EL [116]) and interference with metabolic enzymes [116]. Most second-generation paracellular PEs
selectively disrupt the interaction between TJ proteins in adjacent cells [8], although the consequences
of modulating TJ at other barriers is not yet entirely clear [9].

The alternative is to use surfactant-based PEs that increase permeation via transcellular
perturbation. High concentrations of these additives often cause temporary mild local mucosal injury,
but when diluted are less likely to reach the high concentrations required for cell perturbation at other
sites within the body even if absorbed. Additionally, some leading candidates in this category have
food additive (e.g., C10) or GRAS status (e.g., SNAC) or are pharmaceutical excipients (e.g., sucrose
esters). There may be a relatively low risk of systemic toxicity for such surfactants, although there are
ongoing concerns related to local mucosal perturbation. The majority of evidence to date suggests that
surfactant PEs do not possess a discrete mechanism of action; instead they act by directly compromising
the integrity of enterocyte plasma membranes. This category of PE has been assessed extensively in
clinical trials over the last 20 years, and while there have been no major adverse events reported, there
has also been only a modest effect on oral BA in most trials. It remains to be seen if new technologies
designed to improve residence of PE and active at a focal point within the intestinal lumen may result
in more histological damage. It is difficult to determine if PEs cause histological damage at the site
of release in the human GI tract, owing to difficulty pinpointing the site of release and performing
a biopsy within the enhancement window and before epithelial repair. In one of the few clinical trials
assessing the effect of PEs on histology score within the GI tract, administration of DoktacillinTM

suppositories (ampicillin (250 mg), C10 (25 mg) and hard fat (950 mg, PharmasolTM B-105, NOF Corp.
Shibuya-ku, Tokyo, Japan)) improved rectal BA of ampicillin from 13 to 23% [117]. DoktacillinTM

suppositories caused a significant increase in the average histology score from 0.62 in the control group
(before administration) to a score of 1.94 after administration of the suppository (25 min). The average
histology score measured three hours after administration of DoktacillinTM was 0.96, suggesting the
barrier can repair from mucosal perturbation. The authors note that C10 itself and hyperosmolarity
of the rectal fluid contribute to the histological damage score. Irrespective of whether C10 causes
hyperosmolarity, exposure time in the rectum is longer than any equivalent segment of the small
intestine owing to longer residence time. There is also a higher concentration of PE due to a lower
amount of rectal fluid than in other intestinal segments. To allay fears over chronic daily use of PEs,
some may be confined to administrations with a different dosing regimen. Some PE formulations
tested in trials include for example, a once-weekly tablet zoledronic acid with C10 (Orazol®, Merrion
Pharma, Ireland [118]), which would provide time for recovery of barrier integrity. Nonetheless,
time to recovery from PEs that cause mild mucosal perturbation does not seem to be a problem in
clinical trials so far (e.g., daily administration of semaglutide with SNAC [28]). To date, there has
been no evidence of intestinal problems that are unrelated to the GLP-1 class in any oral semaglutide
trials performed.

It is tempting to justify the use of PEs that cause mild reversible mucosal damage by citing
precedence for the use of substances that cause GI disturbances. Regarding medicines approval, it is
not possible to justify the use of PEs that act to improve flux via transcellular perturbation by citing
the side effects of drugs, excipients or food additives. However, a PE may not be listed as such in
any given formulation, and therefore their use may be more comparable to other additives that have
been shown to cause membrane perturbation in vitro (e.g., surfactants [119]). Comparison of PEs to
established excipients does help to show that mild mucosal perturbation may be common.

There is concern that altering the integrity of the intestinal epithelium, irrespective of mode of
action, may facilitate colonization of epithelial cells and invasion of deeper tissues by opportunistic
pathogens. While there is no evidence to date that oral PE-macromolecule dosage forms cause

227



Pharmaceutics 2019, 11, 41

infections in clinical trials, it is important to mention that if this is true risk, then potential clinical
manifestations range from asymptomatic infection to diarrhea, to more serious infections depending on
the micro-organism and host genetic variability [120]. This concern would seem to be more plausible
for PEs that cause reversible mucosal damage, and not TJ modulators, because the maximum opening
of the TJ is far smaller than the diameter of a bacterium [121]. Compromising the integrity of the
intestinal mucosae is more likely to facilitate the translation of microorganisms. In Caco-2 monolayers,
co-incubation of octyl phenol ethoxylate (Triton X-100) with E. coli increased translocation, although
whether such translocation occurs in vivo has not been assessed [118].

There is the additional concern that other luminal bystanders may be translocated within the
enhancement window. There is evidence that ischemia can increase levels of plasma lipopolysaccharide
(LPS) [122] which may contribute to septic shock [123]. Given that PEs cause only a modest uptake of
small peptides co-localised in the formulation, it seems unlikely that large luminal xenobiotics (such as
LPS or LPS fragments) that are spread diffusely across the GI lumen would be appreciably absorbed.
Again, this potential issue may be less likely for PEs that act via the opening of TJs, as the diameter of
an open junction within the small intestine is estimated to be 10 nm [84]. It is noteworthy however,
that altered expression of the TJ protein claudin is associated with intestinal bowel disorders [124].
The surfactants hexadecylphosphocholine and octylphenol ethoxylate increase permeation of LPS
across Caco-2 monolayers [125]. Co-delivery of C10 (154 mM) or penetratin (2 mM) with LPS to mice
for seven consecutive days did not cause LPS induced hepatic damage, as measured by plasma levels
of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) which are both released
during hepatic necrosis [126]. A significant elevation in those enzymes was observed when LPS was
co-delivered with taurodeoxycholate (96 mM) in the same study. However, as there was no control
treatment in the absence of LPS it remains unclear whether elevated levels of hepatic necrosis markers
relate to LPS or PE only. There is also evidence from a controversial study that prolonged exposure of
two common emulsifiers (polysorbate 80 and carboxymethyl cellulose) causes low-grade inflammation
in healthy mice and colitis in predisposed mice via altering the microbiome [127]. It is not known if
these findings have any relevance for human exposure to excipients.

4.13. Convergence between Delivery Concepts, Intestinal Physiology, and Formulation Science

In order to address the hurdles to translation, there must be convergence between delivery
concepts, intestinal physiology, and formulation. The material and physicochemical properties of the
PE must be considered more; especially as PEs can be a significant proportion of the formulations.
As noted in Section 4.6, it can be challenging to incorporate liquid or semi-solid PEs into oral dosage
forms. Salts of ionizable surfactants are more readily incorporated into tablets. However, there remains
the likely requirement for other excipients in the formulation, which in some instances may require
a reduction in the quantity of PE to accommodate these additives. The type of formulation and
process additives and their quantity in the final manufacturable scalable dosage form are important
considerations as delivery researchers begin to assess optimal luminal presentation, be it for immediate
release or controlled release. There are also practical considerations in the progression of PEs to clinical
testing, such as availability of GMP grade material or a specification. There is the requirement for
extensive information in any regulatory submission, including details of manufacture and purification
procedures, extensive physical and chemical properties of any new PE and provision of supporting
safety data (non-clinical/clinical).

Reliable animal models are prerequisite for identification of promising macromolecule drug
delivery systems that have potential to translate to humans. There is variability between key anatomical
and physiological parameters in humans and those observed in rats, pigs and dogs (Table 3).
These include differences in gastric emptying time, gastric retention time, absolute water content,
transit time, local pH, gut length, mucous thickness, and average stomach capacity [128,129]. It is
possible to purchase minicapsules and manufacture minitablets for oral delivery to rats, but there are
additional challenges. In the case of minicapsules it can be difficult to load sufficient levels of PE into the
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capsule shell without prior granulation (e.g., by roll compaction) and these formulations are difficult
to enteric coat by manual dip coating (thus necessitating the use of specialist coating equipment).
It is possible to purchase single- or multi-tip tooling for the preparation of minitablets, although this
requires specialist tableting equipment (granulator, spray coater, and tablet press) and expertise in
formulation and process development. There are very few studies where complete dosage forms
are administered to rodents, and therefore the formulation factors that impact translation are rarely
assessed in this widely used animal model. There is the argument that formulations administered
to rats have little relevance to formats tested in larger animals and humans, and there is therefore
a need for studies in more representative animals and humans. Nevertheless, if the impediments
to translation of PE dosage forms can be partially optimized in rodent models, this could better
inform development of formulations in humans. Oral peptide research in rodents typically involves
oral gavage of liquid mixtures and not dosage forms tested in humans. This is the same for rat in
situ static intestinal instillations, which help identify PEs in ad-mixtures with payloads, but do not
offer information on transit time, fluid volume, pH conditions within the small intestine nor do they
adequately model dissolution of PE dosage forms. Hence, translation of results from rats to humans is
limited by fundamental anatomical and physiological differences in intestinal length (1.8 m versus
5.9 m [128]), transit time in the fed (20 h versus 4 h [130]) and water volume (0.06 g/cm gut length
versus 0.58 g/cm [130]).

Dosage forms of similar dimensions to those used in humans are amenable to administration
in dogs and pigs. However, as there are longer gastric emptying times in these animals, immediate
release PE dosage forms intended to increase flux within the stomach (e.g., semaglutide) could be more
effective in dogs and pigs owing to greater residence time (localization of PE and active), although such
data may not be replicated in humans due to shorter residence times. In the case of enteric coated
macromolecule formulations, longer gastric emptying times in pigs and dogs may result in a longer
delay to onset of drug absorption compared to humans. The pH in the stomach of healthy fasted dogs
is highly variable (pH 1–8) [129,131], leading some investigators to pre-administer an acidic solution
containing 0.1 M HCl and 0.1 M KCl [132] or the hormone pentagastrin to stimulate endogenous
acid secretion [133]. Both approaches aim to standardize the pH prior to oral administration to
animals. In the absence of pH adjustment, the stomach of dogs may not adequately model release of
enteric-coated oral peptide formulations. In the small intestine, transit time is shorter by half in dogs
compared to humans and pigs. Faster transit reduces the absorption window for drugs, which gives
rise to differences in oral BA. As the importance of local GI retention of PE and macromolecule
is requisite for efficient enhancement, study of PEs in dogs may underestimate the action of these
additives. Further interspecies divergence is observed at the intestinal epithelium, where mucous
thickness is appreciably larger in dogs compared to humans. The anatomy physiology and diet of pigs
closely aligns to humans [134], and in some aspects (but not all aspects, e.g., gastric residence time) pigs
are considered an appropriate model to assess GI permeability [133]. The composition of enterocyte
membranes in different animal models [128] could also play a role in different susceptibility to
surfactant PEs [9]. It is also worth emphasizing that there can be differences in GI physiology in
different disease states [135], which could also influence the action of PEs.

Interspecies differences highlight that the best model of human is human [136], nevertheless
combinations of animal models are still relevant for optimization of oral PE macromolecule
formulations and ultimately translation into effective dosage forms in man. Although most oral
peptide formulations fail to progress to clinical evaluation, poor translation between animal models
and humans is likely to be one of many reasons. There is nearly always higher BA in open- and
closed-loop instillations and single pass intestinal perfusion compared to oral dosage forms, but these
models still provide a necessary first hurdle with a relatively low bar; it is then the challenge for
formulation and delivery researchers to develop technologies that recreate such presentation in
appropriate oral dosage forms.
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Table 3. Potential effects of GI physiology in different animals on the action of PEs.

Anatomical/Physiological
Property

Species Influence on PE Action

Gastric emptying time (h)

Human: 1 h [130]
Rat: 0.7–2.1 h [130]
Dog: 3.9–5.3 h [130]

Pig: 1.5–6 h [130]

For immediate release dosage forms, slower gastric emptying
in pig and dog than in humans may increase gastric residence

time of PE and payload, thus overestimating enhancement.
For enteric dosage forms, slower gastric emptying, may delay

dissolution in the GI tract and ultimately increase Tmax in
these species versus humans.

Gastric fluid volume (mL)

Human: 118 mL [137]
Rat: 2.29 [137]

Dog: 500–1000 mL [137]
Pig: 278 mL [137]

For immediate release dosage forms, the larger volume in dogs
may result in greater dilution of PE to below a threshold for
enhancement action, thereby underestimating enhancement.

Stomach pH

Human: 1.7 [128]
Rat: 3.9 [138]
Dog: 1.5 [128]
Pig: 1.7 [128]

As many PEs that have progressed to clinical testing in oral
formulations are weak acid surfactants, differences in solubility
can be observed if there is variation in gastric pH. This gives
rise to differences in enhancement as acidic surfactants are

more effective in their ionizable form at high pH.

Small intestine transit time
(Fasted state)

(time (h) and length (m))

Human: 3–4 h [139]
Human: 6.25 m [137]

Rat: 4–5 h [128]
Rat: 0.34 m [137]
Dog: 1.5 h [137]

Dog: 2.48 m [137]
Pig: 3–4 h [137]

Pig: 14.2 m [137]

Faster transit may reduce the exposure of PE and payload at
the epithelium, thereby reducing enhancement,

and potentially underestimating the effects of the PE. A short
transit time does not strictly mean faster movement, as length

of the small intestine is different in different species.

Small intestine fluid
volume

(total and g/cm)

Human: 212 mL [137]
Human: 0.6 g/cm [130]

Rat: 3.9 mL [137]
Rat: 0.06 g/cm [130]
Dog: 300 mL [137]

Dog: 0.9 [130]
Pig: 476 mL [137]

Pig: 0.62 [130]

Differences in fluid volume, or more specifically the volume
and number of intestinal fluid pockets in the small intestine
could lead to differences in the regional concentration of PE

and payload, as well as differences in dissolution rate.
This could lead to under- or overestimation of enhancement.

Duodenal mucus thickness
(μm)

Human: 15.5 μm [137]
Rat: 30.6 μm [137]

Dog: —
Pig: 25.6 μm [137]

Difference in the thickness of the protective mucus gel layer
overlying the epithelium has potential to

modulate enhancement.

Small intestine diameter

Human: 5 cm [137]
Rat: 2.5–3 mm [137]

Dog: —
Pig: —

The diameter of the intestinal lumen may impact the
proximity of enteric formulations to the epithelium and

ultimately impact co-localization of PE and payload.

Plasma membrane
phospholipid composition

of intestinal epithelium

Human: —
Rat: —
Dog: —
Pig: —

There are differences in phospholipid composition in different
species [128], which may impact sensitivity to perturbation by

surfactant PEs

5. Conclusions

Discovery of safe, effective, and formulation-compatible PEs for oral delivery of macromolecules
has been a priority for investigators. Research on PEs has branched into the discovery of agents that
target opening of TJs [47] or using substances with established use in humans [106]. Recent studies
have examined (i) the behavior of PEs and acidifiers in the intestinal lumen, (ii) factors that impact
enhancement within the dynamic environment in the GI tract in vivo (e.g., intestinal fluid, tonicity,
exposure time), (iii) physiochemical properties of PEs that give rise to enhancement, (iv) effect of PE
combinations, and (v) learnings from clinical investigations [140,141]. These studies have highlighted
the need for greater emphasis on the hurdles to translation, in particular, development of concepts to
optimize the co-presentation of PE and macromolecule payload in high concentration for as long as
possible at the intestinal wall. Greater focus on this area may improve the likelihood of translation.
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Abstract: There are more than 100 recognized disorders of the eye. This makes the development
of advanced ocular formulations an important topic in pharmaceutical science. One of the ways
to improve drug delivery to the eye is the use of penetration enhancers. These are defined as
compounds capable of enhancing drug permeability across ocular membranes. This review paper
provides an overview of anatomical and physiological features of the eye and discusses some common
ophthalmological conditions and permeability of ocular membranes. The review also presents the
analysis of literature on the use of penetration-enhancing compounds (cyclodextrins, chelating agents,
crown ethers, bile acids and bile salts, cell-penetrating peptides, and other amphiphilic compounds)
in ocular drug delivery, describing their properties and modes of action.
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1. Introduction

According to the World Health Organization, the number of people who live with some form of
distance or near vision impairment is about 1.3 billion worldwide [1]. This problem is very important
because approximately 80% of external input of information delivered to the brain is processed by the
visual pathway [2]. There were many methods and improvements of ocular drug delivery developed
over the last decades exploring more effective treatments for different ocular diseases. Nevertheless,
this field of medicine remains one of the most challenging.

The preferred method of ocular drug delivery is via topical application due to ease of access to
the eye and the non-invasive nature of this administration route [3]. Self-medication by this means is
achievable by most people that are not limited by dexterity issues or conditions affecting mental ability.
Administration by a helper eliminates these potential difficulties. Ocular drug penetration is possible
via the transcellular pathway, i.e., into and through cells, or the paracellular route, i.e., between cells,
or a combination of both pathways [4].

Drug penetration enhancement can be achieved by inclusion of agents capable of modifying
the tear film, mucous layer, and ocular membranes in a drug formulation [5]. A further strategy for
enhancing drug penetration into the eye can be achieved by energy-driven means, where a small
electrical current is used (iontophoresis) [6] or ultrasound is employed to drive the drug to enter the
ocular tissues [7–9]. The use of microneedles for enhanced ocular drug delivery is another emerging
area of research; however, this could be considered somewhat invasive and inconvenient [10–12].

Penetration enhancers are compounds that are able to enhance drug delivery across otherwise
impermeable or limited permeability membranes such as the cornea, acting predominantly on the
epithelia [5]. The use of penetration enhancers in transdermal applications is a well-established
approach to facilitate drug delivery across the skin and this topic was covered in a number of excellent
reviews [13,14]. Ocular drug delivery is still lacking good understanding and analysis of the effects of
various penetration enhancers. It is, however, already established that penetration enhancers in ocular
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drug delivery facilitate delivery of active pharmaceutical ingredients through three main mechanisms
or their combination [15,16]:

1. Altering tear film stability and the mucous layer at the ocular surface [17,18];
2. Modifying membrane components such as lipid bilayers of associated epithelial cells [19];
3. Loosening epithelial tight junctions [4,17].

Penetration-enhancing excipients for use in ocular formulations should ideally have the following
characteristics: they should be non-toxic and non-irritating, efficacious at low concentrations, fast-acting,
and their effect should be reversible [20,21].

This paper provides an overview of anatomy and physiology of the eye, discusses some common
ophthalmological conditions, and presents an analysis of literature on the use of penetration enhancers
in ocular drug delivery.

2. Ocular Anatomy and Physiology

The visual system is a sensory unit helping us to understand our environment, comprising a
receptor (retina), sensory pathway (optic tract), and brain center (primary visual cortex). Each eyeball is
embedded within the orbit, which is a pear-shaped cavity physically protecting the eye [1,22]. Adipose
tissue surrounds the eye within the orbital cavity and helps to cushion the eye. Other accessory organs
include lacrimal glands, eyebrows, eyelids, eyelashes, and muscles of the eye. The human eye is a
complex organ comprising three different coats or layers, enclosing various anatomical structures as
shown in Figure 1. Below, we briefly consider some specific tissues in the eye.

 

Figure 1. Anatomy of the human eye: 1—cornea; 2—meibomian glands; 3—palpebral conjunctiva;
4—bulbar conjunctiva; 5—conjunctival fornix; 6—sclera; 7—iris; 8—anterior chamber; 9—iridocorneal
angle; 10—ciliary body; 11—lens; 12—posterior chamber; 13—suspensory ligament; 14—choroid;
15—retinal pigmented epithelium; 16—retina; 17—vitreous body; 18—optic disc; 19—optic nerve;
20—central artery and vein of the retina; 21—fovea.

2.1. The Outermost Layer (Tunica Fibrosa Oculi)

The fibrous tunic helps maintain the spherical shape of the eyeball and consists of the cornea
and sclera. It is well known that less than 5% of the topically applied drug penetrates through the
cornea [23]. However, the most accessible regions for drug application are the conjunctiva, sclera, and
cornea. The cornea is an avascular, transparent, highly innervated structure, whose average diameter
is ~11.5 mm vertically and ~12 mm horizontally. The average thickness of this structure is ~540 μm in
the central part, and it is thicker toward the periphery [22]. The refractive power of this structure in
the eye is roughly 42 diopters. The cornea is covered with the tear fluid, forming a film that protects
its surface from dust and other particles. This film consists of three layers as shown in Figure 2: the
outer lipid layer (delivered to the lid margins from the meibomian glands located within the tarsal
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plate) [24], middle aqueous layer (produced by the lacrimal gland, containing free lipid and soluble
mucin), and mucous layer (which is mainly secreted by the goblet cells located within the conjunctiva
as single cells with the highest density of those in the conjunctiva of the inferior eyelid) [25].

 

Figure 2. The tear film consists of the outer lipid layer, middle aqueous layer, and mucous layer.

The mucous layer is in contact with the corneal epithelium and is anchored via microvilli of the
superficial epithelium cells. Apart from the tear film, there is another factor hampering ocular drug
delivery—the structure of the cornea (Figure 3). The cornea consists of six different layers (epithelium,
Bowman’s membrane, stroma, Dua’s layer, Descemet’s membrane, and endothelium). The external
layer of the cornea is the epithelium. It is relatively thin and is about 100 μm in the periphery of the
cornea and approximately 50 μm in its center.

 
Figure 3. Micrograph demonstrating a cross-section of the multilayered structure of porcine cornea.
Scale bar = 100 μm. Please note that this micrograph is a combination of three images stitched together
using Inkscape 0.92.4 software due to the restrictions of the microscope camera field of view posing
restrictions to the image in view. The arrows indicate stitches between images.

The main feature of this layer is the ability to regenerate non-keratinized stratified squamous
epithelium. The high lipophilicity of the epithelium allows permeability to up to 90% of lipophilic
small drug molecules and only about 10% of hydrophilic molecules. The cells of this layer have
Ca2+-dependent membrane adherent regions; tight junctions are formed between the zonula occludens,
zonula adherens, and desmosomes [5]. The epithelium protects the eye against ultraviolet radiation
(UVR) by means of a high concentration of tryptophan residues and ascorbate that absorb UVR [26].
The next layer that is placed right underneath the epithelium is the Bowman’s membrane that is
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also called the anterior limiting membrane. Bowman’s layer is acellular and composed primarily
of collagen. The anterior limiting membrane reaches from 8 μm to 14 μm in thickness. The middle
corneal layer is the stroma, also known as substantia propria due to the fact that it makes up to 90%
of the total thickness of the cornea. It is composed of about 80% of water and collagen, proteins,
mucopolysaccharides, and proteoglycans [5]. In 2013, Dua et al. reported a discovery of an additional
corneal layer that was not detected previously [27]. According to Dua et al., this layer is about 15 μm in
thickness and is located between the corneal stroma and the fifth corneal layer, Descemet’s membrane.
This is also the posterior limiting membrane of the cornea. This membrane is a ~6-μm-thick basement
of the endothelium cells. The innermost layer of the cornea is known as the endothelium and plays the
role of a pump, providing the cornea with the correct hydration to ensure transparency of this tissue.
The clarity of the cornea depends on an ordered lamellar collagen structure and relative dehydration
which requires endothelial cell density of at least 1000 cells/mm2. According to the literature, there is
a loss of the human cornea mean endothelial cell density in normal eye by approximately 0.6% per
year [28]. The endothelium is ~5 μm in thickness and consists of a monolayer of squamous or low
cuboidal cells [5].

Another layer providing the eyeball with protection is called the conjunctiva, of which all three
portions are shown in Figure 4. The palpebral conjunctiva has blood vessels and covers the posterior
surface of the upper and lower lids. The conjunctiva comprises two or more layers of isoprismatic to
highly prismatic epithelial cells. The bulbar conjunctiva is an avascular slightly mobile layer that starts
from the upper and lower fornices and lies over the sclera up to the cornea region. This anatomical coat
consists of stratified non-keratinized epithelial cells [29]. The superior and inferior fornices form the
conjunctival sac, which can act as a reservoir for instilled medicine or the placement of a drug-loaded
ocular insert [30,31]. According to the literature, the estimated total area of the human conjunctival sac
is approximately 16 cm2 [24]. Figure 4 clearly demonstrates all three portions of the conjunctiva.

(a) (b) 

Figure 4. Three portions of conjunctiva: (a) 1—bulbar conjunctiva; 2—superior conjunctival fornix;
3—palpebral conjunctiva of the upper lid; (b) 1—bulbar conjunctiva; 2—inferior conjunctival fornix;
3—palpebral conjunctiva of the lower lid.

The tough outer layer of the eye globe is called the sclera. This is covered by the episcleral, a loose
connective tissue layer. In the anterior part of the eye, the sclera lies up to the corneal limbus, and
posteriorly to the optic nerve. This layer comprises collagen, proteoglycans, elastin, and glycoproteins.
These collagen bundles are not uniformly oriented, which results in the opaque but mechanically
strong nature of the sclera. The sclera itself is pierced by a number of blood vessels, while being
effectively avascular itself [32].

2.2. Eye Chambers, Iris, Ciliary Body, and Lens

One of the first intraocular structures that can be partially seen, due to the corneal transparency, is
the anterior chamber of the eye. This is a space between the cornea’s endothelium and anterior surface
of the iris that is filled with aqueous humor. The latter is an optically clear fluid resembling blood
plasma. The aqueous humor helps maintain appropriate intraocular pressure (IOP), and provides the
cornea, trabecular meshwork, and lens with nutrition and oxygen, while removing metabolic wastes,
as well as delivering molecules of neurotransmitters [33].
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This fluid is formed and delivered to the posterior chamber by nonpigmented cells of the epithelia
via ciliary processes [34]. Then, it flows through the pupil into the anterior chamber where two ways
of outflow are found (Figure 5): (1) the conventional route is the primary outflow, where the aqueous
humor is drained through the trabecular meshwork located at the anterior chamber angle (iridocorneal
angle) to the Schlemm’s canal (circular tube located in the limbus, 1-mm-wide region of merging
epithelium of cornea and sclera), which delivers it directly into aqueous veins [35]; (2) uveoscleral
outflow is provided by means of the iris root and the ciliary body face, where the aqueous humor
crosses between fibers of the muscle into the supraciliary and suprachoroidal spaces and is collected
by the choroidal blood circulation. The proportion of aqueous outflow via each route could be
different according to the age and disease [36]. The aqueous humor consists of inorganic and organic
ions, carbohydrates, glutathione, urea, amino acids, proteins, oxygen, carbon dioxide, and water.
According to the literature, the concentration of Na+ in the aqueous humor is almost the same as in the
blood plasma, while the concentration of proteins is 200 times lower compared to plasma levels, and
ascorbate’s concentration is 20 to 50 times higher [33].

 
Figure 5. Pathways of aqueous humor outflow are indicated with arrows. 1—cornea; 2—sclera;
3—anterior chamber; 4—pupil; 5—iris; 6—ciliary body; 7—lens; 8—suspensory ligament; 9—Schlemm’s
canal; 10—trabecular meshwork; 11—trabecular route; 12—uveoscleral route; 13—posterior chamber.

The anterior chamber houses the iris, which separates anterior and posterior segments. Being
attached to the anterior part of the ciliary body from the periphery, this anatomical structure has an
aperture in its center that is called the pupil, the diameter of which can be regulated by the sphincter and
dilator muscles located within the iris stroma (vascular connective tissue) to control the amount of light
transmitting into the eye. At the posterior part of the iris, there are two epithelial layers—the anterior
layer is slightly pigmented, while the posterior one has a high density of pigmentation and faces the
posterior chamber. Just behind the iris lies another part of the uveal tract called the ciliary body. As
already mentioned, production of the aqueous humor and uveoscleral outflow are among its functions.
Additionally, the ciliary body is responsible for hyaluronate production and its release into the vitreous
body, as well as for being a part of the accommodation mechanism due to the circular muscle fibers
within the ciliary body. Also, this structure of the eye plays an important role in maintaining the
blood–aqueous barrier [37].

The capsular bag is situated between the iris and the vitreous body and encapsulates the crystalline
lens, which is a transparent biconvex avascular structure enclosed in the elastic capsule composed of
collagen and that is attached to the ciliary body with the help of zonular fibers (the zonule of Zinn).
Interestingly, the thickness of the anterior part of the capsular bag grows from 12–15 μm to 21 μm
throughout life. Conversely, the thickness of the posterior part remains at about 2 μm. It is well known
that the lens is the second most powerful refractive structure of the eye (after the cornea). It helps
refract incoming light and focuses it onto the retina. When light is focused at a short focal distance, the
suspensory ligaments are not under tension due to contraction of the ciliary muscle; thus, the lens
thickens and results in higher refractive power. At the same time, distance vision requires the ciliary
muscle to relax and, hence, to tense the lens-supportive apparatus which flattens the lens. Regarding
the microscopic structure of the lens, it is composed of two types of cells. The cuboidal lens epithelial
cells form a single layer that lines the anterior hemisphere, enlarging in the equator region and forming
the lens “bow”. The cells in this region function as stem cells for the lens. The bulk of the lens consists
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of lens fibers that differentiate to the point where no lens nucleus remains. These fiber cells extend in
concentric layers from the anterior lens pole to the posterior one, where junctions at the terminus of
the cells form the lens sutures [38]. The transparency and refractive properties of the lens are due to
the uniform concentration gradient of the crystallins (α-, β-, γ-crystallins) that represent about 90% of
the water-soluble proteins [39].

The third chamber of the eye is called the vitreous body, which is positioned at the back of the
eyeball between the lens and the retina. It is a clear, gel-like substance occupying the main volume
of the eye and is composed of long fine collagen fibers, proteins (over 80% of those are albumin and
immunoglobulins), fibrillins, fibulins, agrin, opticin, pigment epithelium-derived factor, leucine-rich
alpha-2 glycoprotein, thrombospondins, hyaluronic acid, polysaccharides, ascorbic acid, and water
(about 98% of the whole volume). The vitreous body has no circulatory flow; hence, molecular
movements are driven mostly by diffusion. Although the vitreous body is a remarkably stable structure,
there is a gradual tendency for the gel to collapse in the course of a lifetime. This is commonly believed
to be a result of degradation or alteration of the collagen fiber network. Moreover, the volume of the
vitreous gel is about 4 mL at the age of 20 years, starting to gradually decrease after 40 years to less
than 2.5 mL at 80 years [40–42].

2.3. Choroidea and Retina

The choroid is a vascular layer located between the sclera and Bruch’s membrane (BM) extending
from the ora serrata (region of the anterior edge of the retina) to the optic nerve. The choroid coat
includes five distinct regions: (1) BM—thin, acellular extracellular matrix positioned right under the
retina which acts like a filter to the retina; (2) the choriocapillaris (provides the outer retina with oxygen
and nutrients); (3) layer with small and medium-sized vessels; (4) layer with large vessels; and (5) the
suprachoroid. Apart from BM and the layer with choriocapillaris, the remainder of the choroidea, the
stroma, is populated with melanocytes, connective tissue elements (including fibroblasts, mastocytes,
elastic, and collagen fibrils), blood vessels, macrophages, dendritic cells, lymphocytes, nonvascular
smooth muscle cells, intrinsic neurons, and nerve fibers associated with vessels [43–45].

The retina is a complex transparent tissue of ~0.55 mm at the edges of the fovea and of ~0.13 mm
at the center (umbo). This innermost layer of the eye includes a nonsensory part and an optic part that
are divided by the ora serrata. The anterior part does not provide any sensory function and covers the
ciliary body and iris with bilaminar epithelium. The posterior portion of the retina lies from the ora
serrata to the optic disc being attached only at these two locations. Interestingly, there is an area on
the optic retina, roughly 5.5 mm in diameter, which is centered about 4 mm temporal to and 0.8 mm
inferior to the center of the optic disc that is called macula (macula lutea or central retina) and which
has xanthophyll and two or more layers of ganglion cells. Moreover, few regions can be distinguished
within this part of the retina: (1) the fovea (fovea centralis) is a depression in the center of the macular
area (~1.5 mm in diameter); (2) the foveola is a central floor of the fovea, which is approximately
0.35 mm in diameter; and (3) the umbo (central depression of the foveola). The optic part of the retina is
composed of the retinal pigmented epithelium (RPE; the outer layer) and the cerebral layer (inner). RPE
supplies the neurosensory layer with nutrition, as well as removes metabolic products. Additionally,
it plays a key role in maintaining the blood–retina barrier (BRB) separating the neurosensory retina
from the circulating blood. The inner retina comprises photoreceptors (approximately 120 million
rods and 6–7 million cones that constitute the first neuron), bipolar cells (the second neuron), and
multipolar ganglion cells (the third neuron), along with horizontal and amacrine cells. Interestingly,
rod cells are responsible for peripheral vision acting at low light levels using the photosensitive
molecule (rhodopsin) in visual phototransduction. In contrast, three types of cone cells (according
to the color perception: red, blue, and green) are located only within the fovea area and are 30- to
100-fold less sensitive compared to rod cells, requiring the simultaneous activation of tens to hundreds
of visual pigment molecules (that are homologous or even identical to those found in rods) to generate
a detectable response resulting in their activity at relatively high light levels, thereby providing central
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vision and the ability to distinguish colors. Therefore, the retina is the site of transformation of light
energy into a neural signal that is transmitted via the optic nerve to the visual cortex to be analyzed by
the brain helping to “see” the environment [29,46,47].

3. Ocular Conditions

There are more than 100 recognized disorders of the eye [22]. Therefore, only some of the most
common disorders or the conditions that could potentially benefit from the development of advanced
topical formulations with enhanced drug permeability are briefly discussed here. Most frequent
diseases of the cornea include keratitis, keratoconus, and dry eye syndrome.

Keratitis is a condition when the patient’s cornea becomes inflamed. A wide range of
germs could lead to this inflammatory condition, but the most common are Staphylococcus aureus,
Staphylococcus epidermidis, Streptococcus pneumoniae, Pseudomonas aeruginosa, Neisseria gonorrhoeae,
Haemophilus, herpes simplex and varicella zoster viruses, Fusarium, Aspergillus, Candida, and
acanthamoeba. Patients typically complain of pain, foreign body sensation, photophobia, redness of
the eye, tearing, discharge (sometimes purulent), and decreased visual acuity. Although this condition
is mostly quite painful for the patient and requires urgent treatment, sometimes it can be almost
asymptomatic (for instance, if caused by acanthamoeba).

Antibacterial drops combined with subconjunctival injections in severe cases are the choices of
therapy in patients with keratitis. According to the most recent clinical recommendations [48], two main
schemes are used to treat bacterial keratitis depending on the pathogen and the response to its therapy.
The monotherapy includes the use of antibacterial eye drops consisting of fluoroquinolones (levofloxacin,
moxifloxacin, gatifloxacin, besifloxacin, ofloxacin, or ciprofloxacin) that cover both Gram-positive
(Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus pneumoniae) and Gram-negative
(Pseudomonas aeruginosa, Neisseria gonorrhoeae, Haemophilus) bacteria. However, these medications
should be used with caution due to the possible resistance of some organisms, which can be noticed
by controlling the clinical response. Therefore, there is a second treatment scheme, which combines
fluoroquinolone eye drops and solutions for a topical or subconjunctival route that comprise other
groups of antibiotics including cephalosporin (cefazolin, ceftazidime), aminoglycosides (gentamicin
or tobramycin), penicillins (penicillin G, methicillin, or piperacillin), and glycopeptide antibiotics
(vancomycin). For instance, cefazolin is commonly used for Pseudomonas aeruginosa infection. On the
other hand, ceftazidime is effective against resistant forms of Pseudomonas aeruginosa. Vancomycin
has efficacy against methicillin-resistant staphylococci, as well as against other Gram-positives.
Additionally, corticosteroids (dexamethasone, prednisolone) can be used topically in terms of
reducing pain and inflammation in bacterial keratitis but with caution, keeping in mind they inhibit
re-epithelialization of the cornea [49,50]. Treatment with steroids should be avoided, when keratitis is
induced by fungi or acanthamoeba, as well as in cases of any doubts regarding the effectiveness of the
antimicrobial regimen.

Nonsteroidal anti-inflammatory drugs (NSAIDs) also may be recommended for reducing
symptoms of inflammation only in the case of efficient antimicrobial therapy. In addition,
preservative-free lubricants may be used for promoting healing and cycloplegic agents (cyclopentolate)
to reduce discomfort associated with spasm of the ciliary body, as well as for decreasing formation of
synechiae [48].

Topical usage of antiviral eye drops (acyclovir) is the core of treatment in cases of herpes simplex
keratitis. Eye drops with trifluorothymidine or ganciclovir can be prescribed instead of acyclovir in
cases of resistance to therapy. Also, prednisolone acetate- or dexamethasone-including eye drops
are used to reduce the inflammation, albeit with the caveat regarding epithelial damage discussed
above. In terms of preventing virus reactivation, the administration of oral antiviral agents is preferred.
Conversely, in patients with keratitis induced by varicella zoster virus (herpes zoster ophthalmicus),
Dworkin et al. [51] reported that topical antiviral therapy is ineffective. Hence, systemic usage of
antiviral drugs is the choice of treatment. Additionally, cycloplegic eye drops (cyclopentolate) are
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used for preventing ciliary spasm that can be associated with this pathological condition. Topical
preservative-free lubricants such as hydroxypropyl methylcellulose (and others) can also be added to
the treatment [48].

Fungal keratitis should be generally treated with topical antifungal formulations that can be
divided into a few groups depending on their mode of action: polyenes (amphotericin B, natamycin),
imidazoles (clotrimazole, miconazole, econazole, ketoconazole), triazoles (itraconazole, fluconazole,
voriconazole), pyrimidines (flucytosine), and echinocandins (micafungin, caspofungin) [49]. Systemic
antifungal drugs can be recommended in severe cases involving deep stromal layers with a high risk of
perforation of the cornea. Additionally, topical cycloplegic drugs can be used. The keratitis caused by
acanthamoeba should be treated with topical anti-amoebic formulations [48]. Of note, the aim of this
treatment is to eradicate amoebic cysts from the cornea. The first-line therapy includes biguanide agents
(polyhexamethylene biguanide (PHMB), chlorhexidine) that are cystidical (active against cysts). The
aromatic diamidines (propamidine, hexamidine) belong to the second-line medications providing more
variable activity, along with being cystidical. In contrast, aminoglycosides (neomycin, paromomycin)
or azole agents (clotrimazole, fluconazole, ketoconazole, miconazole) are almost not cystidical, being
active against trophozoites [49]. However, they can be used in addition to first- or second-line therapy.
According to the literature, adenylate cyclase can be administered topically to promote the conversion
of cysts into a protozoal state [48].

Keratoconus is defined by Kanski and Bowling as a progressive disorder in which thinning of the
central or paracentral stroma of the cornea occurs, accompanied by apical protrusion and irregular
astigmatism [22]. It affects 0.05–5% of the population [48]. Patient complaints include blurred vision,
mild photophobia, and increased vision impairment due to progressive myopia and astigmatism. The
cause of this condition is still unknown, but some authors refer to such factors as combination of
repeated trauma and existing abnormalities of the stroma. Additionally, in some cases, keratoconus
presents in patients with other ocular and systemic conditions including, for example, disorders of
the connective tissue. One widely used method for treatment of this condition is a corneal collagen
cross-linking, which leads to stabilization of ectasia by using riboflavin eye drops and subsequent
exposure to ultraviolet-A light. Also, implantation of the ring segment within the cornea can be used
as an addition to the cross-linking procedure. In severe cases, keratoplasty (corneal transplantation) is
a choice of treatment [22].

Dry eye disease (keratoconjunctivitis sicca) occurs in cases of inadequate tear volume or function,
which results in an unstable tear film with disease of the surface of the eye. The prevalence of dry eye
syndrome in American and Australian population is estimated to be around 5–16%, while in Asia it is
higher and could reach up to 27–33% [49]. Severity of the symptoms may highly vary from patient
to patient, but they mostly include a feeling of burning and blurred vision. Pathologies affecting
the lacrimal gland and dysfunction of the Meibomian glands, as well as neurological diseases, can
lead to the keratoconjunctivitis sicca [22,32]. The aim of therapy is to restore the normal surface of
the eye by using tear supplementation along with inhibiting the aberrant inflammation observed
in patients with chronic dry eye syndrome. Treatment of this condition is complex, but only the
most common topical ocular formulations are discussed in this paper. The following groups of
medicines are recommended: lubricants (carboxymethylcellulose, hydroxypropyl methylcellulose, and
carbomer gels), hydroxypropyl guar/sodium hyaluronate or combinations (carboxymethylcellulose,
polysaccharides or disaccharide), xanthan gum, phospholipids and soybean), artificial tears (with
various electrolyte compositions, viscosity, and presence of preservatives), and eye drops with
cyclosporine A (increasing tear production by reducing the inflammation of the lacrimal gland).
However, lifitegrast is a topical anti-inflammatory medicine which is, at the moment, the only drug
approved by the Food and Drug Administration for treating both symptoms and signs in patients with
dry eye disease [48,49].

Cataract is a condition in which opacification of the crystalline lens occurs principally as a result
of protein aggregation. According to some studies, the number of people in the world who become
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blind due to cataract is estimated as 20 million [52]. The Vision Loss Expert Group funded by the Bill
and Melinda Gates Foundation, Fight for Sight, and others calculated that cataracts led to blindness
in 10.6 million people and moderate to severe visual impairment in 34.4 million people [49]. A few
classifications are used (depending on morphology, etiology, and maturity) but, in general, all cataracts
can be divided into two groups: congenital and acquired. Among the latter group, one of the common
types is the age-related cataract induced by metabolic processes of aging (including oxidative stress)
of the human lens. Clinicians can hear from patients such symptoms as decreased visual acuity,
changing of the contrast sensitivity, color perception, glare, monocular diplopia, and ghosting [48].
Surgical removal of the natural lens and its replacement with an intraocular lens (IOL) is currently
the only solution for patients with this condition. However, scientists are actively searching for a
potential topical treatment. Thus, it was found that pyruvate eye drops can effectively penetrate ocular
membranes and potentially provide protection against oxidative stress [53], while Zhao et al. reported
that using lanosterol-loaded nanoparticles can reverse protein aggregation in the lens [54].

Glaucoma is a progressive optic neuropathy that is accompanied by the excavation of the optic
nerve head and a loss of visual sensitivity in the sequence beginning in the mid-peripheral visual field.
Types of glaucoma are classified as open-angle, angle-closure, glaucoma due to another disease, and
childhood onset glaucoma [55,56]. It is worth noting that the leading cause of irreversible blindness
worldwide is glaucoma. The following indicators are considered as risk factors for developing glaucoma:
increasing age (mostly after 40 years), race, family history, and using steroids. One of the major risks
for the development and progression of glaucoma is intraocular pressure (IOP). The prevalence of this
condition is 3.54% for people aged 40–80 years worldwide [56]. Even in normal-tension glaucoma
with IOP not exceeding 21 mmHg, IOP remains a risk factor for progressive damage of the optic
nerve [49]. One of the reasons why patients may not ask for medical help until developed stages
of the disease occur is that it is usually asymptomatic. In some cases, patients may complain of
halos, pain in the eye, headache, precipitants, and subjective loss of vision field [32]. Pharmacological
treatment of glaucoma includes five main groups of topical formulations (prostaglandin analogues,
beta-blockers, sympathomimetics (alpha-2-agonists), carbonic anhydrase inhibitors, and miotics). Eye
drops with prostaglandin analogues (latanoprost, travoprost, bimatoprost, tafluprost) are considered
to be a first-line therapy in open-angle glaucoma patients to reduce the IOP primarily by increasing
uveoscleral outflow. A number of side effects (conjunctival hyperemia, irreversible hyperpigmentation
of iris, reversible increasing pigmentation of the lid skin, lengthening along with thickening of eyelashes,
and orbital fat loss), as well as limitations of using these therapies in inflamed eyes and in patients with
herpetic keratitis in their anamnesis, may lead to replacing prostaglandin derivatives with beta-blockers.
The latter IOP-lowering class of drugs reduces aqueous production and can be divided into two kinds
of beta-blockers depending on the involved receptors: non-selective (timolol, carteolol, levobunolol)
and β1-selective (betaxolol). However, the use of beta-blockers is relatively restricted in patients
with asthma and cardiovascular diseases due to the potential bronchospasm, hypotension, heart
block, and bradycardia. The carbonic anhydrase inhibitors (brinzolamide, dorzolamide) represent
another type of topical formulations, which also lower levels of aqueous humor production, being
contraindicated in patients with an allergy to sulfonamide antibiotics and patients with renal or
liver failure. The mode of action of sympathomimetics (brimonidine and apraclonidine) is based
on the stimulation of alpha-2-receptors, resulting in both the decrease of the aqueous secretion
and enhancement of the uveoscleral outflow. On the other hand, bradycardia and heart block are
among the contraindications for the use of these sympathomimetics. Alpha-2 agonists are mostly
prescribed for short-term use (for instance, after laser iridotomy). The treatment of angle-closure
glaucoma includes the use of miotics (pilocarpine and carbachol) that increase the outflow through the
trabecular meshwork. Currently, numerous combined preparations are commercially available on the
market (timolol and dorzolamide/brinzolamide/travoprost/bimatoprost/brimonidine/pilocarpine or
brimonidine and brinzolamide). Regardless of the number of available options for topical treatment of
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glaucoma, there is still a demand of using systemic drugs, and laser and surgical procedures in some
clinical cases [22,48].

Age-related macular degeneration (AMD) is a degenerative disorder affecting people over the
age of 50 years. An estimated number of people affected by AMD is approximately 30–50 million
worldwide [49]. There are two known forms of AMD. The majority of patients have so-called “dry”
AMD that is usually asymptomatic, except for gradual central visual loss of night vision. Also, it
may be accompanied by metamorphopsia and prolonged afterimages [57]. This stage is defined
by formation of drusen (amorphous deposits located between the retinal pigmented epithelium
(RPE) and the Bruch’s membrane) and abnormalities of RPE including hyperpigmentation and
atrophy. In a relatively small share of patients, this form progresses to the neovascular (“exudative”
or “wet”) AMD. This condition is characterized by the growth of new abnormal capillaries from
the choriocapillaris (choroidal neovascularization) that penetrate the Bruch’s membrane, resulting
in hemorrhages or exudation, producing scar, retina, or RPE detachment. At this stage, patients
complain of a rapid onset of visual loss, a central blind spot, or metamorphopsia. The treatment
of “dry” AMD is mostly based on changing lifestyle and using oral vitamin supplements (ascorbic
acid, vitamin E, alpha-carotene, and zinc), which are thought to delay its progression. On the other
hand, the treatment of the neovascular (“wet”) AMD should be started with intravitreal injections
of anti-vascular endothelial growth factor agents (anti-vascular endothelial growth factor (VEGF)
treatment: ranibizumab, aflibercept, pegaptanib, bevacizumab), which is an invasive procedure
posing concern and discomfort for the patient. Moreover, there are some potential vision-threatening
complications associated with intravitreal injections: infectious endophthalmitis, retinal tears, sterile
inflammation, vitreous hemorrhage, cataract, elevation of the IOP, etc. [49]. The intravitreal injection
still remains a primary delivery route of anti-VEGF agents. A serious limitation of this therapy is
a relatively short half-life of VEGF following intravitreous injections [58], which implies the need
for frequent administrations. Some approaches were recently reported to develop less invasive
methods of delivery, for example, subconjunctival administration of lyophilized matrices containing
bevacizumab [59].

The development of formulations capable of delivering anti-VEGF agents into the eye, when
administered topically, will be of great advantage and could revolutionize the therapy of this condition.
Davis et al. [60] reported the successful topical delivery of Avastin using annexin A5-associated
liposomal formulations to the posterior segment of the eye in vivo (rats and rabbits) at physiologically
significant levels. This could be considered as a major advancement that should attract further research
and perhaps some studies into the use of penetration enhancers. Some advances in the development of
topical formulations to the delivery of biopharmaceuticals to the posterior segment of the eye were
recently discussed in several reviews [61].

Photodynamic therapy (PDT) is an option if patients have any contraindications for anti-VEGF
therapy. Focal laser photocoagulation is the third solution that can be offered to a patient, which is
uncommon due to common recurrence and presence of localized scotoma after the procedure [48].

Diabetic retinopathy (DR) also belongs to one of the leading causes of vision impairment, as
prevalence of diabetes mellitus is increasing dramatically worldwide [62]. In fact, this is the most
frequent microvascular complication of diabetes. According to Duh et al. [63], almost 100 million
individuals were diagnosed with diabetic retinopathy. DR is divided into two groups: (1) the earlier
stage of non-proliferative diabetic retinopathy (NPDR), which is characterized by microaneurysms,
retinal hemorrhages, intraretinal microvascular abnormalities, and venous caliber changes; and
(2) proliferative diabetic retinopathy (PDR) with pathologic pre-retinal neovascularization. Additionally,
diabetic macular edema may occur during both NPDR and PDR, representing the most common
cause of vision loss in patients with DR. This edema arises from diabetes-induced breakdown of
the blood–retinal barrier, with consequent leakage of fluid and circulating proteins from the vessels
into the neurosensory retina [63]. As a matter of priority, assessment of patients with DR relies on
the control of glucose concentration in the patient’s blood. The treatment of this condition involves
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laser photocoagulation (panretinal, focal, and grid), intravitreal anti-VEGF agents (aflibercept and
ranibizumab), corticosteroids (dexamethasone and fluocinolone acetonide intravitreal implants), and
vitrectomy in the case of vitreous hemorrhage [48]. Some of these therapeutic approaches could
potentially benefit from the development of formulations that could deliver drugs to the eye topically.

4. Permeability of Ocular Membranes

The analysis of the physicochemical properties of various chemical compounds that cross
membranes in the eye could be key in understanding the opportunities and obstacles in ocular drug
delivery. Thus, according to Prausnitz and Noonan [64], the octanol–water partitioning coefficient
(logP), which helps characterize the drug’s hydrophilic–lipophilic properties, determines the ability of
molecules to pass through cells of the epithelial and endothelial layers of the cornea and conjunctiva.
The epithelium permeability accounts up to 90% for the lipophilic substances as a result of the high
dependence on logP, while almost totally excluding macromolecules (with radius larger than 10 Å) [64].
Hence, the epithelium is the main limitation for intracorneal drug delivery. In contrast, stromal
drug permeability is less dependent on logP but highly dependent on the radius of the molecules,
providing a great barrier for lipophilic compounds of a small size (radius < 10 Å). Interestingly, the
permeation across the endothelium layer relies on both logP and the size of the molecule (paracellular
penetration route) and is slightly more impermeable for lipophilic small molecules in comparison to
the corneal stroma. However, macromolecules cross the endothelium more easily than the stroma. The
permeability of another ocular membrane, sclera, is relatively close to that of the corneal stroma. The
data on conjunctival permeation are limited; however, according to some reports, it demonstrates a
higher permeability compared to the cornea [64].

Edwards and Prausnitz [65] reported the development of a theoretical model that can help in
predicting the permeability of the cornea for different solutes, which can be calculated using only
two parameters: radius of the molecule and logP. This could be a very useful model in ocular drug
delivery, but there are a few factors that were not taken into account by the authors: simplification of
the structure of openings between the cells, as well as tight junctions in epithelial and endothelial layers,
various permeability of cells within the epithelium layer, possible intracorneal binding of compounds,
and different shape of molecules (assuming all of them to be solid spheres).

Recently, a few in vitro and ex vivo models were used to evaluate permeability and drug absorption
by the cornea. Thus, according to Agarwal and Rupenthal [66], cell-based models are commonly used
for studies of penetration. Advantages of these models include relatively lower cost compared to the
use of laboratory animals, as well as minimizing the number of animal studies. However, this type of
model is more suitable to evaluate the cytotoxicity of the compounds rather than their permeability and
absorption by the cornea. This is because cell-based models are, in simple terms, five to six layers of
the epithelial cells of the cornea (usually, corneal culture of the rabbit) but not the entire structure of the
cornea. Additionally, these cell cultures neither have transporter molecules nor enzymes responsible
for drugs metabolism. One of the closest models to the real cornea involves reconstructed tissue
cultures which comprise different types of cells that help mimic the three-layer structure including the
epithelium, stroma, and endothelium. For example, Kaluzhny et al. [67] recently developed an in vitro
human three-dimensional corneal epithelial tissue model and demonstrated the applicability of this
membrane for studies of drug permeability using several fluorescent markers, as well as latanoprost
and bimatoprost.

Ex vivo corneas of various animals (rabbit, porcine, bovine) are also commonly used for evaluating
corneal permeability and absorption; however, this model is not ideal due to the differences in the
anatomical structure compared to the human cornea, as well as potentially different enzymes and
molecules of active transporters. Thus, rabbit eyes are commonly used as ex vivo models, but the
rabbit cornea does not have Bowman’s layer, which results in higher penetration of substances in
comparison with the human cornea. The eyeball size, thickness of the cornea, ratio of length of the
cornea to eye-globe diameter, and histological structure (including Bowman’s membrane) in porcine
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eyes are the closest to the human eye. Bovine eyes are also used in the studies of ocular tissue drug
permeability despite the fact that these are larger than human eyes and their corneal epithelium is
almost twice the thickness [66]. Loch et al. [21] conducted a comparative study of the permeation
of three different drugs (ciprofloxacin hydrochloride, lidocaine hydrochloride, and timolol maleate)
through porcine, rabbit, and bovine ocular tissues. They observed substantial differences between the
apparent permeability coefficients (Papp) for different animal species.

Papp =
Q

A×C0
, (1)

where Q is the steady-state appearance rate of the investigated substance on the acceptor side of the
tissue (mol/s), C0 is the initial concentration of the drug in the donor chamber (mol/L), and A is the
surface area of the tissue (cm2). In order to take into account the differences in the thicknesses of porcine,
rabbit, and bovine tissues, they calculated effective diffusion coefficients using the following equation:

De f f = Papp × l, (2)

where l is the tissue thickness (cm). The results of Deff determination are presented in Figure 6. These
results clearly show that the chemical nature of the drug has great influence on the tissue permeability.
The authors also hypothesized that protein binding, tissue hydration, or transporters may play some
role in the differences between different species.

 

 
Figure 6. Effective diffusion coefficients Deff (cm2/s) of several drugs for rabbit, porcine, and bovine
cornea and sclera. Data taken from Reference [21] with permission from Elsevier, 2012.

5. Penetration Enhancers

Anatomical and physiological features of the eye, ocular conditions, and permeability of ocular
membranes were discussed above, and the review now moves to consider some of the different classes
of penetration-enhancing compounds, describing their properties and modes of action.
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5.1. Cyclodextrins

Cyclodextrins (CD) are water-soluble cyclic oligosaccharides shaped like a truncated cone.
Native cyclodextrins include α-CD, β-CD, and γ-CD, which differ in the number of α-(1-4)-linked
glucopyranose subunits (six, seven, and eight, respectively, Figure 7) [68]. There were many derivatives
of CDs developed over the last decades, each bringing some improved properties such as enhanced
aqueous solubility. The most common derivatives of CDs include hydroxypropyl-β- and γ-CD,
the randomly methylated β-CD, and sulfobutylether β-CD [69]. Cyclodextrins have lipophilic
cavities and hydrophilic hydroxyl groups associated with the external surfaces of their molecule [70].
They are capable of forming guest–host inclusion complexes, whereby lipophilic drugs with poor
aqueous solubility reside within the hydrophobic cavity, where they are protected, but not covalently
bound. The drug–CD complexes usually have improved aqueous solubility due to the hydrophilic
properties of the external surface of the cyclodextrin molecule [71]. It is generally established that
only free drug molecules from topical formulations with cyclodextrins are able to penetrate ocular
membranes [72]. Since cyclodextrins are relatively large molecules, they are unable to permeate
through intact lipophilic membranes, for example, the corneal epithelium; however, they allow drugs
to interact with the epithelial surface. They have uses in pharmaceutical applications due to their drug
solubility-enhancing properties, improved bioavailability, and improved formulation stability, capable
of masking a drug’s irritation effects; they are generally regarded as safe (GRAS) [73]. Drug–CD
inclusion complex formation/dissociation is a dynamic process, where drug molecules are released
and taken up spontaneously in the aqueous environment [74,75]. Lipophilic compounds are able to
reside within the cyclodextrin molecule cavity through weak hydrophobic interactions. In the aqueous
environment of the tear film, drugs can be released from drug–CD complexes by preferential take-up
of cell-membrane lipids, such as cholesterol and phospholipids, and simultaneous ejection of the drug
guest. There remains an opportunity for the drug to enter the epithelium membrane via the temporary
disruption caused by lipid extraction during membrane–cyclodextrin interaction [68,76].

 
Figure 7. Structures of α-cyclodextrin, β-cyclodextrin, and γ-cyclodextrin. The image was reproduced
under the Creative Commons Attribution Share Alike 3.0 Unported license [77].

The ability of α-CD to enhance corneal penetration for cysteamine (β-mercaptoethylamine;
medication used to treat cystinosis, which is a rare, genetic disorder with abnormal accumulation of
cystine within the corneal stroma resulting in photophobia) [78] was established by Pescina et al. [79]
in ex vivo experiments with freshly excised pig corneas. The researchers also demonstrated lack
of irritation caused by a 5.5% α-CD solution employing the Hen’s Egg Test on the Chorioallantoic
Membrane. Moreover, the addition of ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA) to α-CD
established a good stability profile of cysteamine. According to Aktaş et al. [80], the eye drops consisting
of pilocarpine nitrate and hydroxypropyl β-cyclodextrin (HP-β-CD) demonstrated a four-fold increase
in transcorneal penetration compared to a drug formulation without CD. The researchers used
side-by-side diffusion cells and corneas harvested from rabbits. In addition, the pupillary-response

250



Pharmaceutics 2019, 11, 321

pattern was monitored in rabbits in vivo. The constriction of the pupil was remarkably increased
due to the addition of the HP-β-CD-containing formulation of pilocarpine nitrate. Loftsson and
Stefansson [81] designed low-viscosity eye-drop formulations with drug/γ-CD complexes which were
then tested in vivo in rabbits and clinically in patients. The first aqueous eye-drop formulation included
dorzolamide/γ-CD complexes and demonstrated high levels of the drug in the aqueous humor of
rabbit eyes more than 24 h after a single application. The IOP-lowering effect of this solution in patients
was observed after daily use compared to conventional eye drops with dorzolamide that should be
given three times a day to provide the same effect. Other eye drops consisted of dexamethasone/γ-CD
complexes and showed the ability to deliver dexamethasone to the posterior segment of the rabbit eye.
Moreover, there were significant clinical improvements in patients with diabetic macular edema (DME)
and intermediate uveitis patients with cystoid macular edema after the topical use of eye drops with
dexamethasone/γ-CD. The results for DME patients were clinically similar to those after the intravitreal
corticosteroid injection.

Morrison and co-workers [68] studied the penetration of riboflavin through freshly excised
bovine corneas using formulations containing various cyclodextrins. They established that β-CD
and HP-β-CD facilitate the permeation of riboflavin through the cornea; however, they do not affect
the lag time of approximately 90–120 min, where the first portions of the drug begin crossing the
cornea. The microscopic examination of the corneas treated with cyclodextrins indicated that these
permeability enhancers cause some disruption of the epithelial structure. Further analysis of this
disruption allowed the authors to establish the mechanism of permeability enhancement related to
the extraction of cholesterol from corneal tissue observed in the case of formulations with β-CD and
HP-β-CD. This resulted in a partial disruption of the corneal epithelia, which was evidenced from
histological examination of the bovine corneal membranes exposed to solutions of cyclodextrins for
different contact times. Figure 8 shows exemplary micrographs of corneas exposed to 30 mg·mL−1

solutions of β-CD compared to control non-exposed tissues. Samples of the cornea treated with
β-cyclodextrin showed some epithelial disruption, which became more noticeable with longer exposure
time. However, no extraction of cholesterol was observed when the corneas were exposed to water or
α-CD and γ-CD.

 

Figure 8. Micrographs of bovine cornea exposed to 1 mL of β-cyclodextrin (30 mg·mL−1) (b,d,f) against
non-exposed regions (a,c,e). Exposure time: 15 (a,b), 45 (c,d), and 75 min (e,f). Scale bar = 100 μm.
Reproduced from Reference [68] with permission from American Chemical Society, 2013.

5.2. Chelating Agents

The corneal epithelium offers a highly resistant barrier against alien matter due to its lipophilic
characteristics, preventing the transcellular transport of many drugs, and the existence of tight junctions,
i.e., tightly adherent regions between cells, maintaining intimate cell contact, effectively preventing
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drug transport via the paracellular route. Tight junction functionality of the superficial epithelial
cells depends on an undetermined availability of Ca2+ ions [4,82]. Calcium chelating agents are often
included in topical ocular drug formulations as stabilizers. They were shown to offer temporary and
reversible action when used for enhancement of ocular drug delivery. However, there is evidence that
ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA) in topical ocular formulations can bring side effects
due to accumulation within the iris and ciliary body, and can affect endothelial cells and capillaries
associated with the uveal tract. Caution should be exercised due to toxicity implications, especially
when medication is required in the long term [83]. Calcium chelators, a class of polyaminocarboxylic
acids, for example, EDTA, ethylene glycol-bis(beta-aminoethyl)-N,N,N’,N’-tetraacetic acid (EGTA),
1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA) [84], and ethylenediamine-N,N’
-disuccinic acid (EDDS) (Figure 9), are capable of reversibly enhancing drug penetration across
otherwise penetration-resistant barriers such as the corneal epithelium [17].

 
(a) (b) 

 
(c) (d) 

Figure 9. Structures of ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA) (a), ethylene
glycol-bis(beta-aminoethyl)-N,N,N’,N’-tetraacetic acid (EGTA) (b), 1,2-bis(o-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid (BAPTA) (c), and ethylenediamine-N,N’-disuccinic acid (EDDS) (d).

Their mode of action is achieved via disruption of tight junctions and adherens junctions by
sequestration of interstitial Ca2+ ions, on which the barrier function is dependent. Research carried
out by Morrison and Khutoryanskiy [17] showed that low-concentration aqueous solutions of EDTA,
EGTA, and EDDS at 1 mg·mL−1 were capable of extracting Ca2+ ions from bovine corneas in vitro
(Figure 10). The three formulations studied enhanced Ca2+ extraction and corneal penetration of
riboflavin compared with phosphate-buffered saline. The same researchers investigated permeability
enhancement of bovine corneas in vitro using transepithelial electrical resistance analysis (TEER),
finding that all polyaminocarboxylic acid formulations investigated lowered TEER values, correlating
with enhanced penetration of riboflavin across bovine epithelia into the corneal stroma. EGTA showed
the best performance for Ca2+ extraction and penetration enhancement from the formulations explored.

Kikuchi et al. [85] investigated a synergistic relationship for enhancing ocular drug penetration
when using a combination of EDTA and boric acid in various proportions. The researchers found that
the co-formulation brought an improvement in drug penetration across the highly resistant epithelial
membrane, but no enhancement to the already efficient permeation across de-epithelialized rabbit
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corneas. They concluded that the synergistic effects observed were due to improved transcellular
permeability when compared to formulations with either EDTA or boric acid alone [85]. Topical aqueous
ocular drug formulations incorporating polyaminocarboxylic acid penetration-enhancing agents induce
disruption to the corneal epithelium, even at concentrations as low as 1 mg·mL−1. Although this
enhances corneal permeability to drugs, it can also introduce undesirable side effects such as ocular
irritation. The use of topical ocular drug formulations incorporating mucoadhesive polymers, i.e.,
hyaluronic acid, chitosan, and alginate, together with polyaminocarboxylic acid penetration-enhancing
agents, gives the benefits from these chelating agents whilst moderating the epithelial disruptive effects,
allowing them to give moderate enhancement to ocular drug penetration without inducing irritation.
The use of mucoadhesive polymers potentially offers a means to give improved drug efficacy, low
dose, and sustained delivery with reduced issues of toxicity and minimal undesired side effects [86,87].
However, Rodriguez et al. [86] demonstrated that the combination of mucoadhesive polymers with
permeability enhancers leads to the inhibition of permeability-enhancing effects.

 

Figure 10. Calcium concentration in solutions containing phosphate-buffered saline (PBS), EDDS,
EGTA, and EDTA (1 mg·mL−1) before and after 3 h of exposure to bovine cornea. * p < 0.05, ** p < 0.01,
*** p < 0.001; one-way ANOVA; n = 3. Reproduced from Reference [17] under the terms of the Creative
Commons Attribution License (CC BY).

5.3. Crown Ethers

Crown ethers are synthetic cyclic oligomers of ethylene oxide consisting of linked ether groups;
they are named this way because the shape of their molecules resembles that of a crown when its
structure is viewed at its side elevation. Naming convention follows numbers divided by the letter “C”
for “crown”, whereby the larger number represents the number of atoms contained in the molecule,
and the smaller number represents the number of oxygen atoms. The most common members are
12C4, 15C5, and 18C6, namely, the tetramer (n = 4), pentamer (n = 5), and hexamer (n = 6) (Figure 11).

(a) (b) (c) 

Figure 11. Structures of 12-crown-4 (a), 15-crown-5 (b), and 18-crown-6 (c).
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Crown ethers were discovered accidentally by Pedersen whilst researching the development
of complexing agents for divalent cations in the 1960s. During his research, Pedersen realized that
the cyclic polyether by-products were capable of forming complexes with alkali metals [88]. Since
Pedersen’s pioneering work, many derivatives were developed [89–91], and these found uses in various
fields of science, industry, and pharmacology. Crown ethers are able to form complexes with metal ions,
as well as neutral and ionic organic molecules, and their complexes have the ability to traverse biological
membranes [92–94]. They are employed for the treatment of tumors [95,96] and drug-loaded vesicular
preparations [97,98]. Crown ethers are flexible molecules, allowing them to adapt to the environment
they are exposed to. In aqueous solutions, they interact with this medium by exposing their hydrophilic
oxygen atoms to water molecules; however, when these molecules encounter a lipophilic solvent, they
interact via their lipophilic ethylenic groups [91]. These properties, together with their ionophoric
qualities, make them ideal compounds for use in ocular drug delivery, where the formulation has to
interact with both aqueous and lipophilic phases. At the time of writing of this review, there was only
one published study investigating the use of crown ethers for enhanced ocular drug delivery [99];
Morrison et al. [100] investigated 12C4, 15C5, and 18C6 for use in ocular drug delivery, and they were
able to show enhanced aqueous solubility of riboflavin up to 46%, potentially improving bioavailability
(Table 1). Furthermore, all crown ether variants studied were capable of significantly enhancing Ca2+

extraction from bovine corneas in vitro compared with phosphate-buffered saline. In the same study
the researchers were able to show enhanced corneal delivery of riboflavin to bovine corneal stroma
in vitro with crown ether concentrations as low as 1 mg·mL−1.

Table 1. Steady-state flux and apparent permeability of riboflavin through bovine cornea in
phosphate-buffered saline (PBS) with and without crown ether. Reproduced from Reference [100] with
permission from American Chemical Society, 2017.

Solution Steady-State Flux (μmol·min−1) Papp (cm·s−1 × 10−3)

PBS 0.0478 1.945
12C4 (1 mg·mL−1) 0.1208 6.138
15C5 (1 mg·mL−1) 0.1074 5.457
18C6 (1 mg·mL−1) 0.0753 3.826

12C4 (30 mg·mL−1) 0.3410 17.326
15C5 (30 mg·mL−1) 0.1961 9.964
18C6 (30 mg·mL−1) 0.1811 9.202

Morrison et al. [100] also carried out a toxicological investigation and in vivo penetration studies
using the rat model. The toxicological investigation was able to show that crown ethers were no
more toxic to ocular tissue than benzalkonium chloride, an excipient often used at low concentrations
as a preservative in ocular drug formulations. The in vivo drug penetration study failed to show
any statistically significant permeability enhancement compared to enhancer-free formulations, the
most probable reason being due to natural clearance mechanisms that protect the eye from foreign
material. However, their in vivo study was conducted using a very limited number of animals (n = 3)
to achieve good levels of statistical significance. They concluded that further in vitro and in vivo
investigations are required to better understand crown ethers as penetration enhancers for ocular drug
formulations [100].

5.4. Surfactants

Surface active compounds (surfactants) are compounds that have lipophilic and hydrophilic
moieties. Acting on a surface, or between aqueous and non-aqueous media interfaces, surfactants
are able to reduce interfacial surface tension [101]. In pharmaceutical applications, surfactants are
commonly used as excipients to solubilize formulation components, or in the case of permeability
enhancement, they alter membrane properties by disrupting tear film and mucin, removing their
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protective properties, disrupting the integrity of the epithelia by loosening tight junctions or modifying
epithelial cell membranes. These compounds are included in formulations in a wide range of
pharmaceutical applications including oral, injectable, nasal, ocular, and transdermal, amongst others.
The polar group determines the specific properties of surfactants, and they can be classified into
four main groups: cationic, anionic, zwitterionic, and non-ionic. Cationic surfactants have a positive
charge on the polar head group, anionic surfactants have a negative charge, zwitterionic surfactants
have positive and negative charges depending on which environment they are exposed to, and
non-ionic surfactants are neutral [102]. Non-ionic surfactants are the compounds of choice for
many drug delivery scenarios including ocular drug delivery, bringing enhanced drug solubility,
formulation stability, biocompatibility, and low toxicity compared with their anionic, amphoteric, and
cationic counterparts [103,104]. Polyoxyethylene-9-lauryl ether, Tween-80 and Span-60 are non-ionic
surfactants, and their mode of action is via phospholipid acyl chain perturbation. According to Marsh
et al. [105], the 1% solutions of Tween-20 and Brij-35 showed a relatively high effectiveness in enhancing
permeability of the cornea by a five-fold increase in penetration of fluorescein through the cornea
without detected irritation of the eye. Saettone et al. [106] reported improved permeability of the
rabbit cornea for the β-blockers (atenolol, timolol, levobunolol, and betaxolol) combined with Brij-35,
-78, and -98. The increased penetration was greater for atenolol and timolol, which are hydrophilic,
than for hydrophobic β-blockers (levobunolol and betaxolol), which can be due to the hydrophilic
properties of the corneal stroma. The non-ionic surfactant d-alpha-tocopheryl poly(ethylene glycol)
1000 succinate is also a potential permeability enhancer for ocular drug delivery. Ostacolo et al. [107]
showed that this penetration enhancer effectively increased the permeation of riboflavin through
porcine corneas. Pharmasolve® (N-methyl-2-pyrrolidone) is another permeation enhancer that was
studied by Li et al. [108] for transcorneal drug delivery using rabbit eyes. Interestingly, this penetration
enhancer increased the apparent corneal permeability coefficients for ribavirin, enoxacin, puerarin,
and ibuprofen by 4.04-, 2.76-, 2.67-, and 1.47-fold, respectively. Also, no ocular irritation was observed
for formulations with less than 10% N-methyl-2-pyrrolidone. Montenegro et al. [109] demonstrated
a significant improvement in penetration of acyclovir through the rabbit corneas in the presence
of 5% N-methyl-2-pyrrolidone, positively charged phospholipid mixture, and sodium taurocholate
after 90 min since the drug was administered on the ocular surface; however, after 180 min, only the
phospholipid mixture was still effective. The taurocholate, Brij-78, and phospholipid mixture enhanced
the permeation of timolol maleate across the cornea after 90 min, but only Brij-78 showed the ability to
retain this effect after 180 min.

These are also natural surfactants produced by some plants that could be potentially useful as
penetration enhancers. Saponins are a class of amphiphilic glycosides abundantly found in different
plants that exhibit good penetration-enhancement properties. For instance, digitonin is a steroidal
saponin (Figure 12) isolated from the Digitalis purpurea plant; it is capable of solubilizing cellular
membrane lipids and cholesterol. Shih and Lee demonstrated that digitonin caused ocular epithelial
exfoliation [110–112].

Benzalkonium chloride (BAC) is a cationic surfactant that is commonly used in many formulations
for ocular drugs in low concentrations as a preservative. BAC is a known irritant even at low
concentration (<0.01%); nevertheless, it acts as a penetration enhancer, which destabilizes the tear
film and the protection offered by the mucous layer at the cornea surface. BAC also initiates changes
within phospholipid bilayers of cellular membranes [113]. Recently, Johannsdottir et al. [114] reported
an in vivo study of benzalkonium chloride’s effect on the ocular penetration of dexamethasone
in pigmented rabbits. They compared two eye-drop formulations of dexamethasone, where the
drug formed a microsuspension with γ-CD in a vehicle containing poloxamer, NaCl, and EDTA
with and without 0.02% (w/v) benzalkonium chloride. The analysis of the drug concentrations in
different ocular tissues 2 h following the eye-drop administration indicated no statistically significant
effects of benzalkonium chloride. The authors related the absence of permeability enhancement to
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the quick removal of benzalkonium chloride with tear fluid and its inability to penetrate into the
cornea/conjunctiva and sclera to cause disruption of barrier function.

p

 

 

(a) (b) 

Figure 12. Structures of digitonin (a) and benzalkonium chloride (b).

Sasaki et al. [115] compared the influence of a few penetration enhancers (saponin, EDTA,
benzalkonium chloride, and paraben) on improving ocular absorption of thyrotropin-releasing
hormone and luteinizing hormone-releasing hormone using diffusion cells with rabbit conjunctiva
and cornea. The researchers showed that penetration of both hormones through the conjunctiva was
improved by 0.5% saponin, 0.05% benzalkonium chloride, and 0.01% benzalkonium chloride. The
permeability coefficient of conjunctiva was significantly improved for luteinizing hormone-releasing
hormone using EDTA and paraben. The observed effects of permeation enhancers for conjunctiva were
smaller compared to those on corneal penetration with luteinizing hormone-releasing hormone with
paraben as the exception. EDTA and saponin increased the ratios of corneal to conjunctival permeation
of both hormones. According to van der Bijl et al. [116], 0.01% benzalkonium chloride enhanced the
permeation of cyclosporin A through frozen/thawed rabbit cornea.

Transcutol® P is another solubilizer mostly used as a transdermal penetration enhancer.
Liu et al. [117] demonstrated that 0.005–0.03% Transcutol® P increased the apparent permeability
coefficient by 1.5-, 1.5-, 3.0-, and 3.3-fold for ribavirin, gatifloxacin, levofloxacin hydrochloride, and
enoxacin, respectively. Permeation for oxaprozin was inhibited with a maximum decrease by 2.8-fold
for 0.03% Transcutol® P. In addition, no irritation was observed with Transcutol® P at concentrations
of 0.005–0.03%, with the presence of slight irritation for 0.05% Transcutol® P. A non-ionic oil-in-water
surfactant, Labrasol®, is also a potential excipient as a corneal penetration enhancer. It is composed
of well-characterized polyethylene glycol (PEG) esters, a small glyceride fraction, and free PEG.
Liu et al. [118] observed no ocular surface irritation for 0.5–3.0% Labrasol® and slight irritation for
5.0% Labrasol®. The penetration of baicalin solution through the rabbit cornea was enhanced by 1.69-,
3.14-, and 2.23-fold in the presence of 1.5%, 2.0%, and 3.0% Labrasol®, respectively.

5.5. Bile Acids and Bile Salts

Bile acids are steroid acids, all forms of cholic acid, and their sodium or potassium salts, and
there are a number of derivatives that result from cholesterol metabolism in the liver which then
undergo further transformations in the intestinal tract. They are soluble in water and are involved
in the solubilization of dietary lipids within the gut. In the intestinal tract, they become conjugated
with taurine and glycine, where the sodium and potassium salts of these conjugates are termed bile
salts [119,120]. Bile acids are amphiphilic compounds naturally produced in the human digestive
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system; they are able to promote drug penetration across biological membranes. They are employed
in drug formulations for enhancement of drug penetration via many mucosal routes including
nasal, oral, buccal, ocular, pulmonary, and rectal mucosa. They are capable of forming vesicular
drug-carrying systems which are able to promote epithelial drug transport via transcellular and
paracellular routes [121]. Bile acids and bile salts have surfactant properties with an ability to form
micelles or liposomes in the aqueous environment, otherwise known as “bilosomes”; these vesicular
entities offer some interesting and novel properties in drug delivery [122]. Examples of many bile
acid/bile salt derivatives include deoxycholate, glycocholate, and taurodeoxycholate (Figure 13). They
are able to alter the rheological properties of ocular mucosal membranes [123], and the mucolytic
properties of bile salts alter the protective mucus barrier, inducing changes in membrane characteristics
allowing for enhanced drug transit into ocular tissue [4,124]. Dai et al. [125] investigated liposomes
with bile salts for the ocular delivery of tacrolimus FK506, a calcineurin inhibitor, as a model drug. The
liposomes they developed contained cholesterol (control) or bile salts (sodium taurocholate, sodium
deoxycholate, and sodium glycocholate), prepared using a thin-membrane dispersion technique,
achieving uniform particle size and drug entrapment. These liposomes exhibited controlled release of
<5% over 24 h, thus avoiding a “burst release” often seen with some ocular drug delivery systems. They
conducted ex vivo corneal permeability and in vivo corneal uptake experiments and demonstrated
that liposomes with bile salts offered enhanced transcorneal drug permeability compared to the
cholesterol-containing liposomes, enhancing the permeation of tacrolimus across the cornea up to
four-fold. Furthermore, cytotoxicity studies showed that the liposomes with sodium taurocholate
or sodium glycocholate were well tolerated, whereas those with deoxycholate showed evidence of
corneal toxicity to spontaneously derived human corneal epithelial cells and in the rabbit model. The
researchers concluded that liposomes incorporating sodium taurocholate and sodium glycocholate
offer potential as ocular drug delivery systems for drugs of low aqueous solubility such as tacrolimus,
due to their low toxicity and improved ocular permeability [125]. A cautious approach is generally
required when employing bile acids and bile salts for enhanced ocular drug delivery; however, given
the right choice of cholic acid variant or a derivative therewith, and the right choice of delivery vehicle,
bile acids and their salts offer much potential for future ocular drug delivery systems.

  
(a) (b) 

 

 

(c)  

Figure 13. Structures of deoxycholate (a), glycocholate (b), and taurodeoxycholate (c).

Mahaling and Katti [126] recently investigated the effect of different enhancers (benzalkonium
chloride, capric acid, EDTA, sodium glycocholate, and sodium taurocholate) on the penetration of
polymeric nanoparticles in vivo in pigmented mice. It was established that sodium glycocholate and
sodium taurocholate enhanced the permeability of nanoparticles in the conjunctiva. Benzalkonium
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chloride, sodium glycocholate, and sodium taurocholate enhanced bioavailability of nanoparticles
in the iris and ciliary body. They also observed some inhibition effects; the use of EDTA decreased
the bioavailability of nanoparticles in the lens and choroid, whereas sodium glycocholate showed
a reduction in their presence in the choroid and retina. The authors concluded that a combination
of penetration enhancers with a hydrophilic mucoadhesive coating on nanoparticles is a promising
approach to enhance their bioavailability.

5.6. Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) are short chains of amino acids connected by amide bonds
(peptide bonds); they form a diverse group of compounds derived from variable combinations of
many different natural amino acid residues [127]. CPPs are capable of penetrating cellular membranes
and have the ability to transport internalized hydrophilic cargo into cells, for example, drugs [128].
Liu et al. [129] investigated a number of fluorophore-labeled cell-penetrating peptides, namely,
trans-activating transcriptional activator (TAT), penetratin, poly(arginine), low-molecular-weight
protamine, and poly(serine), for their ocular permeability using side-by-side diffusion cells, ex vivo
in a rabbit model. Protamine is a small arginine-rich protein; TAT and penetratin are complex
polypeptides consisting of specific sequences of different amino acids, whereas poly(arginine) and
poly(serine) represent homopolymers of corresponding amino acids. The structures of poly(arginine)
and poly(serine) are shown in Figure 14. They also used human conjunctival epithelial cells to
determine cytotoxicity and cellular uptake of CPPs. The researchers found penetratin to have excellent
performance in enhancing drug permeability, whilst also showing the lowest cytotoxicity. Penetratin
showed cellular uptake more than 25-fold compared with the control peptide poly(serine). This
peptide also showed an increased permeation of 87.5 times using the rabbit excised corneas. When
fluorophore-labeled penetratin was instilled into the cul-de-sac of rat eyes, it was widely distributed
in the anterior and posterior segments and could be measured in the corneal epithelium and retina
for at least 6 h. They concluded that penetratin could be a potential permeability enhancer for
ophthalmic use; this peptide can be conjugated with bioactive compounds for topical delivery into the
eye reaching as far as the retina. Further research on the design and synthesis of new cell-penetrating
peptides for topical delivery into different layers of the cornea, with potential application as absorption
enhancers for metabolic sensitive ophthalmic drugs, was recently conducted by Pescina et al. [130].
The researchers labeled the synthesized CPPs with 5-carboxyfluorescein and measured their diffusion
and distribution within the cornea using an ex vivo porcine model and confocal microscopy. The
synthesized peptides were also shown to be safe and well tolerated when tested on human conjunctival
cell line. They concluded that the tested CPPs could provide useful ocular therapies, especially
when used as transcorneal transporters for some drugs with unfavorable molecular characteristics,
examples being the aminoglycoside antibiotic, cysteamine, and antiviral agents. Interestingly, in
2017, de Cogan et al. [131] reported a promising approach for topical delivery of an anti-VEGF agent
(bevacizumab) linked to the CPP (5(6)-carboxyfluorescein–RRRRRR–COOH) to the posterior segment
of the eye. The toxicity of CPP, assessed using cell cultures, was found to be low. This complex study
was done in vivo and included optical coherence tomography (OCT) imaging of the CPP tagged with
fluorescent dye passing into the rat’s eye anterior segment, as well as assessment of topical delivery of
the complex CPP–bevacizumab into the vitreous body with subsequent fixation of the time course
of bevacizumab clearance from the vitreous body and retina. Moreover, the in vivo effectiveness of
eye drops comprising a complex formulation of CPP with anti-VEGF agent was evaluated in a mouse
model with choroidal neovascularization (CNV) which, as mentioned above, is common in patients
with neovascular AMD. Mice received different treatment, which included intravitreal injection of the
anti-VEGF agent, topical application of CPP with anti-VEGF (twice a day), or dexamethasone gavage
(every day) for 10 days. Additionally, ex vivo experiments with topical delivery of anti-VEGF agents
(ranibizumab and bevacizumab) into pig eyes were also conducted. As a result, CPP was observed
within 6 min in the anterior chamber of the eye in rats. A single application of CPP–bevacizumab
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complex on the rat’s cornea showed drug levels in the posterior segment that could be relevant to
clinical concentrations. CPP–ranibizumab and CPP–bevacizumab complex concentrations in the
posterior chamber of porcine eyes were also found to be clinically relevant. There was a significant
decrease in CNV area in all mice that received intravitreal injection, eye drops with CPP with anti-VEGF
drug, and dexamethasone gavage compared to the eyes treated with a laser only.

 
(a) (b) 

Figure 14. Structures of poly-l-serine (a) and poly-l-arginine hydrochloride (b).

Nemoto et al. [132] demonstrated the permeability-enhancing features of poly-l-arginine
hydrochloride for hydrophilic molecules (fluorescein isothiocyanate (FITC)-labeled dextran and
pyridoxamine), across ocular membranes taken from Japanese white rabbits. The increase in Papp of
FITC-labeled dextran in the cornea, conjunctiva, and conjunctiva/sclera composite was observed in the
presence of poly-l-arginine (0.1 mg/mL) by 6.81-, 9.78-, and 7.91-fold, respectively. The permeation of
pyridoxamine was also improved by adding poly-l-arginine by 7.98-, 4.67-, and 8.31-fold, respectively.
The authors suggested that the mechanism of this permeability enhancement lies in the ability of
poly-l-arginine to disassemble tight junction-associated proteins present in the cornea and conjunctiva.
Thus, this compound can be used as a permeability enhancer for lipophobic compounds without
producing significant damage to the epithelium.

Some progress in the application of cell-penetrating peptides in ocular drug delivery was recently
reviewed by Pescina et al. [133]. The authors highlighted this topic as an emerging area in ocular
therapeutics, which has great potential for the delivery of drugs and biopharmaceuticals both to the
anterior and posterior segments of the eye.

5.7. Other Amphiphilic Compounds

Fatty acids facilitate ocular drug permeation by altering cell-membrane properties and loosening
tight junctions. These compounds can also induce ion–pair complexation when formulated with
cationic drugs. Caprylic acid and capric acid are examples of fatty acids (Figure 15). The former
interacts with proteins, whilst the latter can affect both proteins and lipid components of cellular
membranes [111]. Capric acid was shown to enhance ocular penetration of β-blockers, bringing
moderate enhancement to the penetration of hydrophilic β-blockers, whilst only offering slight
enhancement for lipophilic β-blockers [123]. Kato and Iwata attributed the penetration-enhancing
effects of fatty acids for bunazosin to ion–pair interactions [134,135].
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(a) (b) 

Figure 15. Structures of caprylic acid (a) and capric acid (b).

Gelucires are glyceride-based compounds with amphiphilic surfactant properties. Gelucires
comprise mono-, di-, and triglycerides with mono- and diesters of polyethylene glycol [136]. The
numbers 44 and 14 in the name of Gelucire 44/14 indicate the melting temperature of 44 ◦C and
a hydrophilic–lipophilic balance of 14. Known for their drug absorption-enhancing performance,
Gelucires have a good safety profile for pharmaceutical formulations and are “generally regarded as
safe” (GRAS). Gelucire 44/14 was evaluated as a potential permeability enhancer in vitro and in vivo
using different ophthalmic drugs and was shown to enhance transcorneal permeability of drugs with a
range of hydrophilicity/lipophilicity whilst remaining safe to use and non-irritating [5,20]. Another
potential corneal permeability enhancer is Azone™ (1-dodecylazacycloheptan-2-one), which is currently
used mostly for transdermal drug delivery. This formulation is thought to act by partitioning into lipid
bilayers of the bio-membrane and, as a result, disrupting its structure. Tang-Liu et al. [137] compared
effects of four permeation enhancers (Azone™, hexamethylenelauramide, hexamethyleneoctanamide,
and decylmethylsulfoxide (Figure 16)) with lipophobic (acetazolamide, cimetidine, guanethidine, and
sulfacetamide), moderately hydrophobic (bunolol and prednisolone), and hydrophobic (flurbiprofen
and its amide analogue) drugs through the rabbit cornea.

  
(a) (b) 

  
(c) (d) 

Figure 16. Structures of Azone™ (a), hexamethylenelauramide (b), hexamethyleneoctanamide (c), and
decylmethylsulfoxide (d).

The researchers demonstrated that 0.1% Azone™ enhanced the permeability of lipophobic
formulations 20-fold, while permeation of moderately hydrophobic compounds was enhanced at
0.025–0.1% Azone™ by two- to five-fold. Interestingly, there was inhibition instead of promotion of
corneal permeability for flurbiprofen and its amide analogue in the presence of Azone™. Also, all four
penetration enhancers used in this study showed similar ability to promote penetration through the
cornea for cimetidine. Additionally, the researchers noticed a parabolic relationship between the rate of
drug penetration and the lipophilicity of this compound. Afouna et al. [138] also tested gel formulations
with Azone™ as a permeability enhancer, Carbopol-974® as a mucoadhesive, and s-timolol maleate
as a model drug using rabbits. It was demonstrated that in vivo reduction of intraocular pressure
for these formulations lasted roughly 3–4 times longer in comparison with the conventional timolol
maleate eye drops. In 2016, Afouna et al. [139] reported the extension of in vitro parameters including
release, onset, magnitude, and action duration up to two days for the gel formulations containing
Azone™, Carbopol-974®, and latanoprost acid.

Borneol is a terpene derivative that can also be used as ocular penetration enhancer (Figure 17).
According to Yang et al. [140], 0.1% synthetic borneol improved the permeability of two hydrophobic
compounds (indomethacin and dexamethasone) through rabbit corneas by 1.23-and 2.40-fold,
respectively, while the permeation of more hydrophilic drugs (ofloxacin, ribavirin, and tobramycin) was
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increased by 1.87-, 2.80-, and 3.89-fold, respectively. Natural borneol also enhanced the permeability
with the following levels: 1.67, 2.00, 2.15, 2.18, and 3.39, respectively. It was also established that 0.1%
borneol did not produce any damage to the cornea. The authors suggested that borneol’s ability of
promoting corneal permeability might be due to the changes in the arrangement of lipid molecules
in the cell membrane of corneal epitheliocytes, increasing the orderliness of the molecular chains
of lecithin.

 

 
(a) (b) 

Figure 17. Structures of borneol (a) and terpinen-4-ol (b).

At the same time, terpinen-4-ol (Figure 17) can also be used as an ocular drug permeability enhancer.
Afouna et al. [141] prepared and tested ophthalmic gel formulations with different concentrations
of terpinen-4-ol as a penetration enhancer, Carbopol-934 as a mucoadhesive, and dorzolamide
hydrochloride as a model drug. They demonstrated that permeation of this IOP-lowering drug
across the excised rabbit’s cornea was increased significantly with the concentration of terpinen-4-ol.
It was shown that the highest concentration of this penetration enhancer (0.5%) demonstrated the
best permeation features among tested formulations. The authors suggested that this permeability
improvement may result from the thermodynamic activity increase, as well as from the change in
the ratio between ionized and unionized dorzolamide hydrochloride species in favor of the latter.
The cumulative amount of dorzolamide hydrochloride in the receiver chamber of a vertical Franz
diffusion cell from ophthalmic gel formulations with different terpinen-4-ol concentrations and fixed
concentration of Carbopol-934 through the excised rabbit’s cornea is shown in Figure 18.

 
Figure 18. The cumulative amount of dorzolamide hydrochloride in the receiver chamber of a vertical
Franz diffusion cell from ophthalmic gel formulations with various terpinen-4-ol concentrations and
a fixed concentration of Carbopol-934 through the excised rabbit’s cornea (n = 3). Reproduced from
Reference [141] with permission from Elsevier, 2010.
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Semifluorinated alkanes (SFAs) belong to the group of amphiphilic liquids that can dissolve
lipophilic compounds forming clear solutions. Agarwal et al. [142] assessed the potential of two different
SFAs for topical ocular drug delivery. Cyclosporin A (CsA) was dissolved in perfluorobutylpentane
(F4H5) or perfluorohexyloctane (F6H8) and was compared with commercially available CsA ophthalmic
emulsions, Restasis® and Ikervis®, in terms of corneal availability. The penetration of CsA through the
cornea was evaluated by plotting the concentration of the corneal CsA per g of cornea (ng/g) against
time and determining the mean area under curve of each formulation tested over 4 h (AUC (0–4 h))
(Figure 19). The permeability of the cornea was significantly enhanced for CsA after a single dose of
0.05% CsA in F4H5 and F6H8 was applied when compared to Restasis with the area under the curve
over 4 h (AUC (0–4 h)) being at least eight-fold higher for both SFAs. Interestingly, the AUC (0–4 h) of
0.1% CsA in F4H5 was almost five-fold higher than with Ikervis. Thus, semifluorinated alkane-based
CsA formulations may improve the therapeutic efficacy.

Figure 19. Corneal penetration of cyclosporin A (CsA) from the test formulations. The amount of CsA
recovered (ng) per g of cornea after application of a single 50-μL dose was plotted against time (n = 5;
mean ± standard error of the mean (SEM)). Reproduced from Reference [142] with permission from
Elsevier, 2018.

6. Comparison of Different Penetration Enhancers

Different classes of penetration enhancers considered in this review are summarized in Table 2.
Some of these compounds, such as EDTA and benzalkonium chloride, are already commonly used in
ophthalmic formulations with different roles, e.g., as a buffering agent and antimicrobial preservative,
respectively. However, these compounds may provide some permeability enhancement as an extra
benefit. Cyclodextrins are used in some pharmaceutical formulations to facilitate the solubility of
poorly soluble drugs; additionally, they could provide permeability-enhancing properties. Other
amphiphilic molecules such as bile acids and AzoneTM have established safety profiles but are not yet
used in commercial ocular formulations. Crown ethers represent a relatively new class of permeability
enhancers that will require more research into their efficiency and toxicological profile. Cell-penetrating
peptides are highly promising permeability enhancers that received a lot of interest in the recent decade;
more research is expected with these materials as they could potentially provide opportunities for
formulating topical products for the delivery of biologicals.
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7. Conclusions

Topical drug application is the most widely used treatment in ophthalmology due to its simplicity.
However, some obstacles including low permeability of the cornea, tear reflex, blinking, and
nasolacrimal drainage hamper drug delivery in this way. The analysis of physicochemical properties
of various chemical compounds that cross ocular membranes, coupled with the histological structure
of cornea, sclera, and conjunctiva, could be key in understanding the opportunities and obstacles in the
ocular drug delivery. Penetration enhancers facilitate delivery of active pharmaceutical compounds
through three main mechanisms or their combination: altering tear film stability and the mucous layer
at the ocular surface, modifying membrane components such as lipid bilayers of associated epithelial
cells, and loosening epithelial tight junctions. The variety of penetration enhancers (cyclodextrins,
chelating agents, crown ethers, bile acids and bile salts, cell-penetrating peptides, and other amphiphilic
compounds) enables an increase in the permeability of ocular membranes. However, ocular drug
delivery remains one of the toughest problems in ophthalmology, and new formulations still need to be
developed to allow better control of drug delivery and improved performance, whilst also minimizing
undesired side effects.

Different penetration enhancers were identified and mechanisms of their action were researched
in the past several decades. Many of these enhancers were also evaluated for their potential harmful
effects on the eye. However, these toxicological studies were often done to evaluate short-term exposure
of the ocular tissues to enhancers. Very little is known on the longer-term exposure and potential
chronic applications.
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Abstract: New therapeutic agents such as proteins, peptides, and nucleic acid-based agents are being
developed every year, making it vital to find a non-invasive route such as nasal or pulmonary for their
administration. However, a major concern for some of these newly developed therapeutic agents is
their poor absorption. Therefore, absorption enhancers have been investigated to address this major
administration problem. This paper describes the basic concepts of transmucosal administration
of drugs, and in particular the use of the pulmonary or nasal routes for administration of drugs
with poor absorption. Strategies for the exploitation of absorption enhancers for the improvement
of pulmonary or nasal administration are discussed, including use of surfactants, cyclodextrins,
protease inhibitors, and tight junction modulators, as well as application of carriers such as liposomes
and nanoparticles.

Keywords: nasal; pulmonary; drug administration; absorption enhancers; nanoparticle; and liposome

1. Background

Absorption enhancers are functional excipients included in formulations to improve the
absorption of drugs across biological barriers. They have been investigated for many years, particularly
to enhance the efficacy of peptides, proteins, and other pharmacologically active compounds that have
poor barrier permeability [1]. The ideal absorption enhancer should be one that protects biological
agents against enzymatic degradation and causes a rapid opening of the relevant barrier while
enhancing absorption transiently.

As a portal for non-invasive delivery, nasal and pulmonary administration has several advantages
over traditional oral medication or injection. Nasal and pulmonary delivery are non-invasive routes
of administration that target the delivered dose directly to the site of drug action [2,3]. Moreover,
drug delivery to the respiratory area can also be used for systemic delivery of peptides and proteins due
to the large surface area for drug absorption. Pulmonary and nasal administration bypasses first-pass
metabolism that is observed in oral administration and the lung and nasal cavity have a low drug
metabolizing environment [4]. Despite all these advantages, there is a significant challenge to enhance
the absorption of the active agent via these routes. In nasal and pulmonary administration, absorption
enhancers have been investigated over the last two decades, to increase the rate of absorption by
targeting different mechanisms [5,6]. These mechanisms are either to improve the permeation of
materials across the epithelial barrier via intracellular or paracellular mechanisms (Figure 1) or to
enhance stability and mucus solubility of the drugs regionally. However, to date, no safe absorption
enhancer for pulmonary administration of drugs has translated into commercial products. Their use
has generated safety concerns due to potential irreversible alteration of the epithelial cell membrane,
which could potentially make the lung susceptible to the entry of exogenous allergens. While there are
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no absorption enhancers for pulmonary drug administration on the market, quite a few appear to be
at the threshold of becoming products for nasal administration.

This review critically assesses advances in the field of absorption enhancers for nasal and
pulmonary drug administration. The various agents used to increase the absorption of poorly
permeable drugs, their mechanisms of action, safety, and effectiveness are also presented.

 

Figure 1. Mechanisms of absorption includes; (a) Transcellular diffusion, (b) Para cellular transport, (c)
Vesicle mediated transport, and (d) Carrier mediated transport.

2. The Barriers

The first requirement for drug absorption is for the active pharmaceutical ingredient (API, or drug)
to reach the absorbing barrier. For the respiratory system, the drug has to be deposited on the luminal
surface of the epithelial membrane and be absorbed before being cleared or degraded. Furthermore,
adequate absorption of the API may also require controlling its release profile as it passes through
multiple biological barriers. These barriers include: (1) the surfactant layer, mucus layer, (2) epithelial
layer, (3) interstitium and basement membrane, and (4) capillary endothelium (Figure 2).

The mucus layer is the first barrier. The deposited drug needs to be dissolved or transverse the
mucus layer before degradation due to the enzymatic activity or clearance by mucociliary activity.
Because the ciliary action is relatively fast in removing the drug from the absorption site, permeation
enhancers must act rapidly to increase bioavailability. The understanding of mucus layer thickness
and clearance rate is important to develop drug delivery strategies to overcome mucosal clearance
mechanisms. In the lung, the thickness of the luminal mucus gel has been reported to be ~5–10 μm [7].
The underlying, less viscoelastic sol layer, also known as the periciliary liquid, covers the cilia and
has an additional 5–10 μm thickness [7]. However, other studies based on confocal fluorescence
microscopy suggest that airway mucus may range in thickness from 5 to 55 μm [8,9]. The nasal tract
has a thin mucus layer which is readily accessible and considered highly permeable compared to
other mucosal surfaces [10]. In the nasal tract, the ciliary motion transports mucus with the flow
rate of about 5 mm per minute, and the mucus layer is renewed approximately every 20 min [11,12].
Similarly, the luminal gel layer of respiratory tract mucus is replaced every 10 to 20 min, [11]. While,
the sol layer of respiratory mucus has a slower rate of clearance than the more solid-like luminal gel
layer. Drug absorption via the nose is dependent on drug clearance from the nasal cavity, which is
determined by nasal mucociliary clearance (MC). In a study by Inoue et al., the effect of nasal MC on
in vivo absorption of norfloxacin after intranasal administration to rats was estimated quantitatively.
This study resulted in a model to precisely estimate nasal drug absorption [13].
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Figure 2. Barriers against drug absorption in pulmonary drug administration including; (1) mucus
layer, (2) epithelial layer, (3) interstitium and basement membrane, and (4) capillary endothelium.

The second barrier is the epithelial cell membrane. It is comprised of a layer of pseudostratified
columnar cells interconnected via tight junctions. Most drugs are primarily absorbed via transcellular
diffusion, permeating through the epithelial cell membrane. Small hydrophobic molecules can partition
across biological membranes via a concentration gradient. Hydrophilic molecules generally require
some sort of selective transport system to cross the lipid bilayer. Large and polar drugs may be
absorbed by a paracellular mechanism, and the tight junction structure represents the barrier to
paracellular absorption.

Once a drug molecule has passed through to the basolateral side of the epithelium, the next
barrier is the capillary endothelium for absorption into the blood. While this is not critical for locally
acting drugs, it is important for systemically targeting APIs.

Strategies used to overcome these barriers to absorption include: A. Preventing degradation/
metabolism; B. Enhancing barrier permeability via transient opening of tight junctions, C. Disruption
of lipid bilayer packing/complexation/carrier/ion pairing; and D. Enhancing resident time/slowing
down mucociliary clearance (Figure 3).

In the following sections, absorption enhancers utilized to overcome these barriers in nasal and
pulmonary routes of administration are discussed.

Figure 3. Hurdles for the absorption of drugs via inhalation.
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3. Absorption Enhancers Investigated for Nasal and Pulmonary Drug Administration

The most common permeation enhancers investigated for nasal and pulmonary drug
administration and their classification are listed in Table 1. Most of these agents have been divided into
one of the following major classifications: (I) surfactants, (II) cyclodextrins, (III) protease inhibitors,
(IV) cationic polymers, and (V) tight junction modulators. Each of these classifications are discussed in
greater detail below.

Table 1. Common absorption permeation enhancers- application for nasal and pulmonary administration.

Class Enhancers Examples References

Surfactants Bile salts
Sodium taurocholate [14,15]

Sodium deoxycholate sodium [16]

Glycodeoxycholat [17,18]

Surfactants Fatty acids and
derivatives

Palmitic acid [19]

Palmitoleic acid

Stearic acid

Oleyl alcohol

Oleic acid

Capric acid [20,21]

DHA, EPA [20]

Surfactants Phospholipids Dipalmitoyl phophatidyl choline, soybean
lecithin, phosphatidylcholine [22,23]

Cationic polymers Polymers Chitosan and their derivatives [24–26]

Enzyme inhibitors Human neutrophil elastase inhibitor (ER143)

Cyclodextrins Beta-Cyclodextrin [27]

Tight junction
modulators

Claudine
modulator Clostridium perfringens enterotoxin [28]

ZO modulator Zonula occludens toxin (ZOT) [29]

3.1. Surfactants

Surface active agents, or surfactants, are amphiphilic molecules possessing both lipophilic and
hydrophilic residues. Surfactants have various applications in pulmonary drug administration, due to
their high interfacial activity; one of which is as an absorption enhancer [30]. Surfactants can enhance
absorption with more than one mechanism; these include perturbing the cell membrane by leaching of
membrane proteins, opening of tight junctions, or preventing enzymatic degradation of the drugs [31].
These surfactants are mainly used and studied in oral drug administration; however, there have been
a few studies looking at their application in nasal and pulmonary drug delivery. Surfactants used
as absorption enhancers can be classified as; (A) phospholipids [32], (B) bile salts, (such as sodium
taurocholate etc.) [33], (C) non-ionic surfactants [31], (D) salt of fatty acids [20], and (E) alkyl glycosides
(e.g., tetradecylmaltoside, N-lauryl-b-d-maltopyranoside etc.) [34].

(a) Phospholipids: Natural pulmonary surfactant is a complex mixture of phospholipids (90%)
and proteins (10%). The main function of this surfactant is to reduce the surface tension
at the alveolar air–liquid interface of the lungs to avoid alveolar collapse [35]. It has also
been shown that phospholipids can enhance the absorption of active agents in the lung [36].
A review by Wauthoz extensively discussed their role in pulmonary drug administration [36].
For example, Dipalmitoylphosphatidylcholine (DPPC) is a main component of lung surfactant,
representing 40% by weight [37]. DPPC has been used as a lung absorption enhancer in
several studies [23,38,39]; for instance, it was used to optimize the absorption of parathyroid
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hormone 1-34 (PTH) from the lungs into the bloodstream [38]. Other lung surfactants,
including phosphatidyl cholines (35%), phosphatidylglycerol (10%), phosphatidylinositol (2%),
phosphatidylethanolamine (3%), sphingomyelin (2.5%), and neutral lipid (3%) have also been
used as absorption enhancers. These natural pulmonary surfactants (PS) and their artificial
substitute phospholipid hexadecanol tyloxapol (PHT) have been tested as absorption enhancers
for promoting recombinant human insulin (Rh-ins) absorption in vivo from the lung in a diabetic
rat model [40]. In another study, the same phospholipids were tested in vitro on Calu-3 ALI
(air-liquid culture) model [41] to further investigate their absorption potential. This in vitro study
demonstrated an enhanced permeation of Rh-ins and fluorescein isothiocyanate-labelled dextran
(FD-4) (4000 Dalton molecular weight) through the cell layer. Hence, PS demonstrated a greater
absorption enhancing effect than that of PHT. However, they could not identify the underlying
mechanism of enhanced absorption. It was suggested that PS and PHT may interact directly with
the tight junctions and increase the absorption via the paracellular pathway.

(b) Bile salts; one of the primary roles of bile salts and their derivatives in drug delivery is
their ability to enhance absorption [42]. For pulmonary drug delivery applications, salts of
cholate, deoxycholate, glycocholate, glycodeoxycholate, taurocholate, and taurodeoxycholate [43]
have been tested as absorption enhancers. Sodium taurocholate is one of the most-used
bile salts to increase bioavailability of proteins, especially insulin [33] via the pulmonary
route. The ranking of enhancement by bile salts for insulin has been reported to be sodium
deoxycholate > sodium cholate > sodium glycocholate > sodium glycodeoxycholate (GDCA) >
sodium taurodeoxycholate [33]. Even though bile salts and derivatives have shown potential
as absorption enhancers, their toxicity on the epithelial surface is a main challenge in clinical
applications. In a recent study the effect of inhaled bile salts on lung surfactant function as
absorption enhancers was investigated in two in vitro models and then correlated to in vivo lung
effects [44]. This study demonstrated that bile salts in vitro disrupted surfactant function and
in vivo induced pulmonary irritation. Therefore, even though the bile salts did not affect the
barrier integrity or viability of human airway epithelial cells at the tested doses, they have shown
toxicity to some extent.

(c) Fatty acids; Fatty acids, polyunsaturated fatty acids (PUFA), and their salts have also been
investigated as absorption enhancers via the nasal and pulmonary route [21]. They have shown
a tight junction modulatory effect to some extent, and enhanced permeation of drugs through
the epithelial cell barrier. Although the exact mechanism is still unknown, previous studies have
suggested that they may alter the membrane’s permeability, increasing fluidity of the membrane
or through Ca2+ dependent tight junction mechanisms [45]. Their potential as an absorption
enhancer has been demonstrated in both in vitro [20] and in vivo studies [16]. For example,
the effects of arachidonic acid as an absorption enhancer combined with amino acid Taurine
enhanced absorption of fluorescein isothiocyanate 4000 (FD-4) via the pulmonary route [46].
Among the fatty acids, medium chain fatty acids such as capric acid and lauric acid have
been studied extensively as absorption enhancers due to their safety and effectiveness [45,47].
The suggested mechanism for capric acid (sodium caprate) is most likely by activation of
phospholipase-C and increase of intracellular calcium levels, resulting in contraction of actin
microfilaments and dilation of the tight junctions [45].

(d) Non-ionic surfactants—Non-ionic surfactants, consisting of a hydrophilic head group and a
hydrophobic tail, carry no charge and are relatively non-toxic [48]. Poloxamer 188, a non-ionic
surfactant, has been widely studied as intranasal drug delivery system [49]. in vitro and in vivo
studies demonstrated that poloxamer 188 played a key role in promoting intranasal absorption of
both isosorbide dinitrate [49] and sumatriptan succinate [50] in rats. Incorporation of poloxamer
188 was reported to be able to influence the elasticity of nano-cubic vehicles for intranasal
delivery [51]. Other non-ionic surfactants such as cremophor EL, laurate sucrose ester (SE), and
sucrose cocoate have also shown absorption enhancement properties via nasal administration. SE
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has shown an efficient absorption-enhancing effect of poorly permeable drugs [31], furthermore,
intranasal administration of an insulin formulation containing 0.5% sucrose cocoate showed
a rapid and significant increase in plasma insulin level, with a concomitant decrease in blood
glucose level [52]. Alkylglycosides (AGs) are a type of non-ionic surfactant class with groups such
as maltose, sucrose or monosaccharides (e.g., glucose) attached to alkyl chains of variable length.
Tetradecylmaltoside and N-lauryl-b-d-maltopyranoside are the most commonly used AGs. They
have shown effective nasal absorption enhancement properties at extremely low concentrations.
Pillion and his colleagues showed that AGs could be used effectively to enhance nasal absorption
of insulin, calcitonin, and glucagon [53]. They synthesized a series of new glycosides with
extended alkyl side-chains (C13–16) linked to maltose or sucrose and tested their efficacy as a
penetration enhancer for delivery of nasal insulin in anesthetized rats [54]. Of the AGs tested,
tetradecyl maltoside (TDM), a 14-carbon alkyl chain attached to a maltose ring, has been shown
to be the most efficacious in enhancing nasal insulin absorption. The effects of TDM on the
respiratory epithelium were shown to be reversible, with the epithelium reversing to its normal
physiological barrier function 120 min after exposure to these agents. The molecular mechanism
involved in these absorption-enhancing effects in vivo is unclear. It has been suggested that AGs
have a direct effect on the epithelium layer, probably via the para cellular pathway [55]. Although
AGs have shown absorption enhancing effect, they exhibit significant toxicity towards airway
epithelial cells (Calu-3 cells), probably from a membrane-damaging effect [56].

(e) Bio-surfactants—Biosurfactants are surface-active substances synthesised by living cells such as
bacteria, fungi, and yeast. Bio-surfactants are generally non-toxic, environmentally benign,
and biodegradable. Biosurfactants have been investigated as drug absorption enhancers
previously [57]. One of the most well characterized classes of biosurfactants are rhamnolipids.
The effect of rhamnolipids on the epithelial permeability of FD-4 and FD-10 across Caco-2 and
Calu-3 monolayers has been reported [58]. It was shown that rhamnolipids increased permeation
of FD-4 and FD-10 across both cell lines at a safe concentration with a dose-dependent effect.

(f) Animal derived surfactants—The animal-derived surfactant poractant alfa (Curosurf®) was
used to deliver polymyxin E and gentamicin to the lung in a neonatal rabbit model [59]. In this
study, polymyxin E was mixed with poractant alfa and administered to a near-term rabbit.
This mixture increased bactericidal effect of the antibiotics against Pseudomonas aeruginosa
in vivo. This may be due to more efficient spreading mediated by interactions between drugs
and surfactant.

3.2. Enzyme Inhibitors

Airway surface liquid and mucus contains a high number of enzymes including proteases, and
nucleases that may degrade active agents before they are absorbed [60]. Among these enzymes,
serine proteases and aminopeptidases constitute the majority of degrading enzymes present in the
lung. Given the high number of enzymes in the lung, these may metabolize respiratory drugs before
they reach the absorbing membrane. Peptide, proteins, and nucleic acid-based drugs are especially
vulnerable to metabolism. Therefore, a strategy to protect drugs against enzymatic degradation within
the lung and nasal cavity may be necessary in some cases. Some of the protease inhibitors studied
over the last decade in pulmonary/nasal drug administration as absorption enhancers are: nafamostat
mesilate [61], aprotinin [62], bacitracin [63], soybean trypsin inhibitor [63], phosphoramidon [15],
leupeptin [64], and bestatin [65]. In one study, aprotinin, bacitracin, and soybean trypsin were used
as protease inhibitors in combination with other absorption enhancers (sodium glycocholate, linoleic
acid-surfactant mixed micelles, and N-lauryl-β-d-maltopyranoside) and tested on rat lung for the
absorption of insulin and Asu (1,7)) eel-calcitonin (ECT) [62,63]. During the aforementioned study, rats
received insulin with protease inhibitor via intra tracheal administration. The absorption of insulin
from the lung was evaluated by their hypoglycemic and hypocalcemic response when used with these
additives [62,63]. In the presence of protease inhibitors, the plasma concentration of glucose reached a

276



Pharmaceutics 2019, 11, 113

minimum of 24.0–66.7% of baseline within 90 min of solution administration. It was also found that
bacitracin (20 mM) was more effective at enhancing the pulmonary absorption of insulin than aprotinin
and soybean trypsin inhibitor. In the same study, the effects of these protease inhibitors on the stability
of insulin in rat lung homogenate were investigated, to elucidate the enhancing mechanisms of these
protease inhibitors. All protease inhibitors were effective in reducing insulin degradation and these
findings suggest that combination of absorption enhancers and protease inhibitors would be a useful
approach for improving the pulmonary absorption of biologically active drugs. Studies have shown
that when nafamostat mesilate, which strongly inhibits a variety of proteases, such as trypsin, plasmin,
and kallikaren, was co-administered with insulin in the lung, the relative bioavailability of insulin was
approximately twice that obtained when the peptide was administered alone [66].

During chronic lung inflammation and infection proteases such as neutrophil elastase (NE),
a neutrophil-specific serine protease against P. aeruginosa, will be released into the lung lumen to
fight pathogens involved in lung infections [67]. Excessive accumulation of NE in pulmonary fluids
and tissues of patients with chronic lung infection is thought to reduce the absorption of inhaled
drugs. Therefore, neutrophil elastase inhibitors (NEIs) have shown potential as absorption enhancers
by protecting drug moieties from degradation by neutrophil elastase [68]. The potential use of NEIs,
such as peptide chloromethyl ketones or reversible peptide aldehydes, tripeptide ketones, modified
NE-specific β-lactams, or peptide boronic acids have been largely replaced by the development of
EPI-HNE-4, a rapid acting and potent NE inhibitor [69] which can potentially be nebulized to CF
patients [70]. However, clear clinical efficacy of this NE inhibitor remains to be demonstrated.

3.3. Cationic Polymers as Absorption Enhancers

Polymeric systems with positive charges or modified with cationic entities, incorporated on
their backbone and/or side chains, are considered cationic polymers [71]. Cationic polymers have
the potential to enhance absorption of macromolecules [72]. Cationated gelatins [72], cationated
pullulans, poly-L-arginine, polyethylenamine (PEI), chitosan, and its derivatives are types of cationic
polymers. Cationic polymers interact with the mucosal barriers and enhance the absorption of
water-soluble macromolecules via tight junctions modification. For example, in the case of insulin
with negative charges in neutral solutions, interaction between the cationic polymers and insulin is
important to promote effective insulin absorption. An appropriate interaction can help insulin to
access the cell surface; however, strong interaction can inhibit insulin absorption. PEI is a cationic
and highly water-soluble polymer that has shown potential as a carrier for nasal drug administration.
It was also demonstrated that the degree of positive charge was linearly correlated with absorption
enhancing effect of PEI, suggesting that positive charge of PEI might be related to its absorption
mechanisms for enhancing pulmonary absorption of insulin in rats [73]. Spermined dextran (SD), a
cationic polymer, has been studied as absorption enhancer for pulmonary application of peptide
drugs [74]. Its enhancing effects on the absorption of insulin and permeation of FD-4 through
Calu-3 cells increased with an increase in the molecular weight of SD, over the range 10–70 kDa.
The mechanism of action of SD is not fully understood yet, but it is hypothesized that the molecule
may interact directly with the luminal surface of the mucus barriers via an ion-ion interaction, inducing
the opening of tight junctions, resulting in intercellular permeation of water soluble drugs [74].
Chitosan and its derivatives are excellent examples of cationic polyelectrolytes. They have been
extensively used to develop mucoadhesive polymers [25,75] and have favorable characteristics such as
biocompatibility, biodegradation, and low toxicity. These aforementioned characteristics make them
suitable as a pharmaceutical excipient [76]. Chitosan interacts electrostatically with the negatively
charged mucin chains thereby demonstrating mucoadhesive properties. This mucoadhesion prolongs
the residence time of the drug and thus enhances API absorption [77]. However, Chitosan derivatives
are poorly soluble in water at physiological pH, limiting their application. Chitosan exhibits excellent
mucoadhesive properties when dissolved in neutral or alkaline medium so to overcome solubility
issues, different derivatives have been synthesized [78]. Chitosan oligomers [79], for example, have
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relatively high solubility in water compared to conventional chitosan and have been tested for their
absorption enhancing potential via lung [25]. For example, the pulmonary absorption of interferon-α
has been shown to be effective when using chitosan oligomers [25]. Of these chitosan oligomers, 0.5%
w/v chitosan hexamer appeared to be more effective in enhancing the pulmonary absorption of IFN
than other oligomers at the same concentration, and the AUC value of IFN with chitosan hexamer
increased 2.6-fold when compared to control. In a recent study, O-palmitoyl chitosan, synthesized from
chitosan and palmitoyl chloride, demonstrated improved mucoadhesive and absorption enhancing
properties [80]. In addition, bioadhesive properties of chitosan may be useful in enhancing drug
absorption following inhalation [81].

Sperminated pullulans (SP) have been shown to enhance pulmonary absorption of insulin in rats,
with their enhancing effects correlated to the amino group content and their molecular weight [82].
SP acted as an enhancer for insulin absorption when a 0.1% w/v solution was applied with insulin
simultaneously in vivo. Ikada et al. studied the use of negatively and positively charged gelatin
microspheres for pulmonary administration of salmon calcitonin in rats [83]. The pharmacological
effect after administration of salmon calcitonin in positively charged gelatin microspheres was
significantly higher than that in negatively charged gelatin microspheres. Additionally, administration
of salmon calcitonin in positively charged gelatin microspheres with smaller particle sizes led to a
higher pharmacological effect. The pharmacological effect after pulmonary administration of salmon
calcitonin in positively charged gelatin microspheres with particle sizes of 3.4 and 11.2 μm was
approximately 50% [83].

Polyamines have also been tested for their absorption enhancing properties [84]. The polyamines
spermidine and spermine are commonly found in all mammalian cells [84]. They are essential for
the maintenance of cell growth in many tissues. Specifically, for the lungs, He et al. showed that
polyamines, particularly spermine and spermidine, can effectively improve the pulmonary absorption
of insulin and other water soluble macromolecules without any membrane damage of the lung tissues
in rats [84]. It was suggested that the absorption-enhancing mechanism of spermine partly includes
opening of the epithelial tight junctions. Sperminated dextrans have also been studied as absorption
enhancers with different average molecular weights (MWs; 10, 40, and 70 kDa) and numbers of amino
groups, prepared as cationized polymers [74]. Sperminated dextrans increased pulmonary absorption
of insulin in rats and also permeation of FD-4 through Calu-3 cell monolayers in vitro [74].

3.4. Tight Junction Modulators

The intercellular spaces between adjacent epithelial cells are sealed by tight junctions (TJs).
Modulation of TJs is an effective strategy for drug absorption via the paracellular pathway.
The paracellular transport is not suitable for the transport of large macromolecules and is generally
restricted to the compounds of molecular radii less than 11 Å. Hydrophilic drugs with low molecular
weight, peptides, and proteins often have poor bioavailability. However, it has been shown that some
peptide drugs, such as octreotide, desmopressin, and thyrotropin-releasing hormone are absorbed by
this route in which tight junctions play a fundamental role [85]. Tight junction modulators effective on
TJ proteins such as Claudin and ZO are extremely potent in opening these tight junctions, 400 fold
stronger than other agents [86]. Until now they have mainly been tested on intestinal and dermal [87]
tight junction barriers [88,89] and on the blood–brain barrier [90]. Of these modulators, two have been
tested for pulmonary drug administration.

(A) Clostridium perfringens enterotoxin (CPE)—The C-terminal fragment of CPE (C-CPE) is
known to modulate the barrier function of claudin [28]. Claudin is one of the key structural and
functional components of the TJ-seal (70). Therefore, it has been suggested that claudin may be
a potential target for paracellular API delivery. C-CPE is a potent absorption-enhancer and this
enhancing activity is greater than clinically used enhancers. The main problem with tight junction
modulators is their toxicity [91]; therefore, many variants of CPE have been synthesized to decrease
toxicity [86]. In a study on nasal and pulmonary absorption of human parathyroid hormone hPTH
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in rats, C-CPE was used as an absorption enhancer. It was instilled into each nostril and after 4 h
hPTH was delivered intranasally. A Micro-sprayer was used to spray C-CPE into rats’ lungs, then
after 4 h, hPTH was administered. This study showed C-CPE, and enhanced nasal but not pulmonary
absorption of hPTH [89].

(B) Zonula occludens toxin (ZOT) are another tight junction modulator. Zot is a protein of Vibrio
cholera, and zonulin is the Zot analogue that governs the permeability of intercellular TJs [92]. Zot and
Zot derivatives are reversible TJ openers that enhance the delivery of drugs through the paracellular
route. The active domain of zonula occludens toxin (ZOT) is called AT-1002 [93]. AT-1002, a hexamer
peptide, induced tight junction disassembly in the epithelial layer in the trachea [29]. In this study,
in vivo intratracheal administration of salmon calcitonin in rats with 1 mg of AT-1002 resulted in a
5.2-fold increase in absorption of calcitonin over the control group [29].

4. Other Strategies to Enhance Absorption

4.1. Nanoparticles (NPs)

Nanoparticles (NPs) have been used as drug carriers for overcoming mucociliary clearance and to
avoid phagocytosis by alveolar macrophages, hence increasing the absorption of drugs in respiratory
system [94]. It was shown that alveolar macrophages are less efficient to phagocytose ultrafine particles
compared to larger particles [95] and NPs overcome the mucus barrier and achieve longer retention
time at the cell surface, effectively penetrating the mucus layer and accumulating on the epithelial
surface. In order to penetrate mucus, nanoparticles must avoid adhesion to mucin fibres and be small
enough to avoid significant steric inhibition by the dense fibre mesh [96]. In a study by Schneider,
variously sized, polystyrene-based muco-penetrating particles (MPP) were synthesized and their
absorption in the lungs following inhalation investigated. They demonstrated that MPP as large as
300 nm exhibited uniform distribution and markedly enhanced retention in the lung [96]. NPs can
also improve nose-to-brain drug delivery, since they are able to protect encapsulated drug from
biological and/or chemical degradation, and from extracellular transport by P-gp efflux proteins [97].
Retention of bioadhesive NPs on the mucosal surface of the nasal cavity, as well as their ability of
transiently opening of the tight junctions of the mucosal epithelium, should contribute to enhanced
nasal absorption [98].

4.2. Liposomes

An approach to enhance mucosal penetration is to encapsulate drugs within liposomes. Liposomes
consist of one or more phospholipid bilayers and can incorporate hydrophilic substances within their
inner cavity and hydrophobic substances within the lipid bilayer. Liposomes and phospholipids have
been investigated for the systemic absorption of proteins after intra tracheal administration [99]. It is
suggested that the mechanism of absorption is driven by phospholipids in the liposomes being infused
with the rapidly recycling lung surfactant that leads to enhanced uptake of the protein molecule into
the systemic circulation [99]. Liposomes are also known to promote an increase in drug retention
time and reduce the toxicity of drugs after administration [23]. Several factors influence drug release
and absorption of drugs loaded into liposomes such as the composition of lipids and the size of the
liposomes used [100]. The presence of cholesterol and phospholipids with saturated hydrocarbon
chains have also been shown to increase drug residence time within the lung [23]. A number of
nebulizable liposome formulations have reached clinical trial phase. For example, Arikace® (liposomal
amikacin) and Pulmaquin® (liposomal ciprofloxacin) are antibacterial formulations currently in
advanced stages of development.

Glycerosomes are vesicles composed of phospholipids, glycerol, and water, and have been used as
novel vesicular carriers for trans-mucosal drug delivery. Glycerosomes are made from a diverse range
of phospholipids and a high percent of glycerol (20–40%, v/v). They are flexible vesicular carriers,
where the glycerol component alters the vesicle membrane fluidity, and are constituted by different
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substances such as cholesterol that enhance the lipidic bilayer stability. They also may contain basic or
acidic lipid molecules which adjust the electrical charge of vesicular surfaces and decrease liposome
aggregation. Glycerosomes can be prepared by the same common techniques that are used for the
preparation of conventional liposomes.

As an example, curcumin was incorporated in glycerosomes for delivery into the lungs. In this
study, curcumin was loaded into glycerosomes which were then combined with two polymers,
sodium hyaluronate and trimethyl chitosan, to form polymer-glycerosomes [101]. The study showed
that nebulized curcumin vesicles were able to protect in vitro A549 cells stressed with hydrogen
peroxide, restoring healthy conditions, not only by directly scavenging free radicals but also by
indirectly inhibiting the production of cytokine IL6 and IL8. Also, in vivo results in rats showed the
high capacity of these glycerosomes to favor the curcumin accumulation in the lungs, confirming
their potential use as a pulmonary drug delivery system. In another study, Rifampicin loaded
glycerosomes, vesicles composed of phospholipids, glycerol, and water, were combined with trimethyl
chitosan chloride (TMC) to prepare TMC-glycerosomes or with sodium hyaluronate (HY) to obtain
HY-glycerosomes [102]. These new hybrid nanovesicles were tested as carriers for pulmonary delivery
of rifampicin. Rifampicin nanoincorporation in vesicles reduced the in vitro drug toxicity on A549 cells,
as well as increasing its efficacy against Staphylococcus aureus. Finally, the in vivo biodistribution and
accumulation, evaluated after intra-tracheal administration to rats, confirmed the improvement of
rifampicin accumulation in lung.

4.3. Dendrimers

Dendrimers possess high water solubility, and as highly efficient absorption promoters, they
can easily penetrate through barriers. In addition, they can be used as carriers for different routes
of drug administration [103,104]. Dendrimers have been studied intensively as a drug carrier in
delivery systems [103,104]. As a novel class of artificial macromolecules, polyamidoamine (PAMAM)
dendrimers have shown excellent performance in drug delivery systems due to their unique physical
and chemical properties [105]. PAMAM dendrimers with generation 0 to generation 3 (G0–G3) and
concentrations (0.1–1.0%) were tested in terms of their capacity to enhance pulmonary absorption of
macromolecules [105]. The results showed that treatment with a 0.1% G3 PAMAM dendrimer could
increase the secretion of organic cation transporters (OCTs), OCT1, OCT2, and OCT3, which might be
related to the absorption-enhancing mechanisms of the pulmonary absorption of the macromolecule.

4.4. Exosomes

Exosomes are a subgroup of 30–100 nm size extracellular vesicles (EVs) secreted by cells into
the extracellular environment. EVs have the distinct advantage that their membranes are structurally
similar to the cell membrane. This means that EVs lipid composition, fluidity, protein membranes, and
other fusogenic proteins are similar to what is found in cell membranes. Because of this unique property,
cellular uptake of EVs surpasses that of more traditional carriers, such as liposomes or nanoparticles.
Exosomes can be used as a biological nano-platform for enhanced drug delivery [106]. Their advantages
include their small size for penetration into deep tissues, slightly negative zeta potential for long
circulation, and deformable cytoskeleton, as well as their similarity to cell membranes [107]. In addition,
some exosomes also exhibit an increased capacity to escape degradation or clearance by the immune
system [108]. Exosomes have been developed as drug delivery vehicles for a variety of drugs [109,110].
Tumor-derived exosomes are of great significance for guiding the targeted therapy of lung cancer, and
exosomes themselves can be a target for treatment. For example, GW4869, a neutral sphingomyelase
inhibitor (regulates ceramide biosynthesis, promotes exosomes inward budding), tested in mice,
demonstrated inhibition of exosomes production with reduced metastasis in lung cancer [111].
In another study, exosomes derived from curcumin-treated cells alleviated oxidative stress, tight
junctions (ZO-1, claudin, occludin), adherent junction (VE-cadherin) proteins, and endothelial cell
layer permeability [112]. A nano-formulation consisting of exosomes loaded with paclitaxel (PTX),
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a commonly used chemotherapeutic agent, developed by Batrakova et al. [113], showed efficacy in
the treatment of multi-drug resistant cancer cells. Incorporation of PTX into exosomes increased
cytotoxicity more than 50 times in drug resistant MDCKMDR1 (Pgp+) cells and showed a potent
anticancer effect in the murine Lewis lung carcinoma pulmonary metastases model. It was shown that
exosomes loaded with PTX may alter drug intracellular trafficking and bypass the drug efflux system.
The potential of intranasally administered exosomes as delivery vehicles for the treatment of neuro
inflammatory diseases has also been investigated. After intranasal administration of exosomes loaded
with potent antioxidant, considerable amounts of catalase were detected in a Parkinson’s disease (PD)
mouse brain model. It provided significant neuroprotective effects in in vitro and in vivo models of
PD [114]. Low molecular antioxidant [115], anticancer agents, doxorubicin (Dox) [116], and a model
drug rhodamine [117], have also been loaded into exosomes or exosome-like vesicles for nasal drug
delivery to enhance absorption and efficacy.

4.5. Cell Penetrating Peptides (CPPs)

Improving the translocation of drugs across the plasma membrane will significantly enhance
their absorption. Therefore, using cell penetrating peptides (CPPs) to enhance drug penetration has
the potential to significantly reduce the quantity of drug to be administered, thus reducing possible
side effects. Cell-penetrating peptides are short peptides that enable cellular intake/uptake of various
molecular moieties with poor permeability across epithelial and endothelial barriers [118]. Several
types of cargoes, for example, proteins, nucleic acid based macromolecules such as siRNA, plasmid
DNA, and small drug molecules, can be transported by CPPs to overcome the natural cellular biological
barriers [119]. The mechanism of action of CPPs is still a matter of some debate. Some research suggests
CPPs could pass through the plasma membrane via an energy-independent pathway, with others
claiming the formation of micro-micelles at the membrane [120], or direct translocation through the
lipid bilayer [121]. Multiple studies have consolidated the high efficiency of CPP-mediated drug
delivery in vitro. For instance, CPPs have been used successfully to deliver macromolecules [122],
oligonucleotides [119,123], and peptides [124] across different cellular barriers. Specifically, CPPs have
been recently investigated in nasal and pulmonary drug administration [125–127], where they have
been used as a conjugate to liposomes and nanoparticles to enhance absorption of model DNA [128].
Co-administration of CPPs could improve nose-to-brain drug transport. In Kamei’s study, it was
demonstrated that, insulin was transported into the brain when co-administered with amphipathic
CPP, and eventually insulin reached the deeper regions of the brain such as the hippocampus in both
mice and rat [126]. The immunohistological examination of the hippocampus demonstrated enhanced
nose-to-brain delivery of insulin had a partial neuroprotective effect but unexpectedly increased
amyloid β plaque deposition. Therefore, CPPs seem to hold great promise as delivery agents for
biomacromolecules. However, CPP-mediated delivery is apparently not tissue- or cell-type specific, so
for specific targeting purposes additional agents need to be included in the drug delivery system.

4.6. Surface Modification

To enhance the absorption of poorly permeable drugs, another strategy is to modify the inhaled
particle surface with agents that enhance their absorption. For example, by coating particles with lipids,
the disturbance of the particles on the cellular layer can be reduced [129]. Moreover, the lipid-coated
particles can be readily enfolded by the surfactant layer to form vesicular structures that can fuse
with the cell membrane. Polymer coating of nanoparticles and liposomes is another strategy to
enhance the mucosal penetration of particles via nasal/pulmonary administration [130]. For example,
spray dried polymer coated liposomes composed of soy phosphatidylcholine and phospholipid
dimyristoyl phosphatidylglycerol coated with alginate, chitosan, or trimethyl chitosan, increased
penetration of liposomes through the nasal mucosa over uncoated liposomes when delivered as a
dry powder [130]. Surface-modified liposomes for pulmonary administration of peptides were also
investigated. For example, chitosan oligosaccharide (oligoCS) and polyvinyl alcohol (PVA-R) with a
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hydrophobic anchor were used as surface modifiers [131]. The effect of surface modified liposomes
on potential toxicity via inhalation was evaluated in vitro and in vivo. In vitro studies on alveolar
epithelial cells (A549 cells) demonstrated that PVA-R modification reduced interaction with this cell line,
whereas oligoCS modification electrostatically enhanced cellular interaction. The therapeutic efficacy of
a peptide (elcatonin) after pulmonary administration to rats was significantly enhanced and prolonged
for 48 h after separate administration with oligoCS- or PVA-R-modified liposomes. Furthermore,
oligoCS-modified liposomes increased residency of liposomes in the lung and had a tight junction
opening effect. On the other hand, PVA-R-modified liposomes induced long-term retention of elcatonin
in the lung fluid, leading to sustained absorption. Lactoferrin, a natural iron binding protein whose
receptor is highly expressed in both respiratory epithelial cells and neurons, was utilized to facilitate the
nasal delivery of nucleic based therapeutic agents. For example, a Lactoferrin-modified PEG-co-PCL
NPs was recently developed to enhance brain delivery of a neuroprotective peptide—NAPVSIPQ
following intranasal administration [132]. In another study, rotigotine, dopamine agonist for the
treatment of PD, was loaded in lactoferrin (Lf) modified poly(ethylene glycol)–poly(lactic-co-glycolic
acid) (PEG-PLGA) nanoparticles. Following intranasal administration, brain delivery of rotigotine was
more effective with Lf-NPs than with NPs alone. The brain distribution of rotigotine was heterogeneous,
with a higher concentration in the striatum, the primary region affected in PD. This strongly suggested
that Lf-NPs enable the targeted delivery of rotigotine for the treatment of PD.

4.7. Cyclodextrins (CDs)

Cyclodextrins (CDs) are a distinct family of chemical reagents that contain six, seven, or eight
monosaccharide units in a cyclized ring with a central cavity that can accommodate other agents [133].
Hydrophobic drug molecules or hydrophobic parts of drugs are introduced into the CD apolar cavities,
thereby presenting the potential to modify the properties of the inhaled drug. For example, Shimpi et al.
showed that CDs have an effect on absorption of hydrophilic macromolecules through the pulmonary
and nasal routes [27]. They have demonstrated many benefits in pulmonary drug administration, such
as improvements in aqueous solubility, systemic absorption and bioavailability of drugs. It has also
been shown that modified CDs, such as methylated β-cyclodextrin (M-β-CD), dimethyl-β-cyclodextrin
(DM-β-CD), and hydroxypropyl-beta-cyclodextrin (HP-β-CD) as its derivatives notably enhance
intranasal absorption of drugs [134]. β-cyclodextrins (β-CD) have been broadly studied as an intranasal
absorption enhancer [49]. The effect of CDs on the respiratory cell layer permeability was investigated
in vitro and shown to be concentration-dependent and variable according to the type of CDs, type of
chemical modification, and degree of substitution [135]. It has been shown that CDs, in general, do not
cause a decrease in cell viability at concentrations ≤1 mM, whereas differences between various CDs
were observed at concentrations ≥2 mM [136,137]. HP-β-CD and natural-CDs are safest in terms of
cytotoxicity, while M-β-CD were the least safe for pulmonary administration [138]. Particularly, it has
been shown that CDs are more effective in animal studies compared to in vitro studies as absorption
enhancers [134].

The mechanism of absorption enhancement with CDs is still unclear; however, there are reports
that M-β-CD increase transcellular, as well as paracellular, movement of peptide drugs [135]. CDs may
also have a direct disruptive effect on the alveolar epithelial membrane as evidenced by the extraction
of membrane lipids and proteins [139]. CDs derivatives can also stimulate transmucosal absorption
of peptide drugs. Importantly, M-β-CD, such as DM-β-CD, strongly enhance transmucosal insulin
absorption, whereas unmodified-cyclodextrin has little effect on insulin absorption [139]. It is suggested
that both DM-β-CD and tetradecyl-beta-maltoside cyclodextrin (TDM-CD) enhance absorption of
insulin by different mechanisms. It has been demonstrated that CDs enhance transmucosal absorption
of insulin by formation of an inclusion complex, with insulin or by direct action on the membrane [139].
The latter may involve removal of membrane proteins, complexation with different membrane
components, or inhibition of proteolytic enzyme activity. However, it has been claimed that TDM-CD
may act by opening cell–cell tight junctions. There is a commercial product of CDs available in
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the market called Kleptose® HPB (hydroxypropylβ-cyclodextrin) which has been suggested as an
attractive excipient for nasal and pulmonary drug administration due to its potential in solubilizing
drugs, enhancing absorption of drugs, and low toxicity profile.

5. Products in Development

Currently, there are few products in development that employ an absorption-enhancing
technology for nasal and pulmonary formulations, as seen in Table 2.

Table 2. Nasal and Inhalation products in development that employ penetration enhancers.

Technology
Development

Stage
Biological Products Company

Absorption
Enhancer Used in

the Technology

Cyclopenta
Decalactone

Marketed
Phase 2

Testosterone (Testim)
Nocturia

CPEX Pharmaceuticals
Serenity Surfactant

ChiSysTM

PecSysTM

Phase 2
Phase 2
Phase 3

Intranasal Apomorphine
Intranasal Diazepam
Intranasal fentanyl citrate
(NasalFent)

Archimedes Pharma
Ltd.

Chitosan based
delivery

IntravailTM
Phase 1
Phase 2
Phase 1

Proteins (IFN-β, EPO) and
peptides (PTH, GLP-1),
Sumatriptan
Naltrexone, Nalmefene

Neurelis, Inc. (Aegis
Therapeutics Inc.)
Opiant Pharmaceuticals

Cationic
polymers-Alkyl
saccharide

GelSite®

GelVac™ nasal dry
powder

Phase 1 Vaccines Carrington Labs
(Delsite Biotech)

Cationic
polymers-Poly
saccharide

μco™ Phase II
Phase 1

Granisetron-zolmitriptan
Peptides: (insulin, PTH,
FSH, GHRP)
Nasal epinephrine
formulation

SNBL, Ltd.
G2B Pharma Inc.

Polymer-Micro
crystalline
cellulose (Powder)

6. Conclusions

Several technologies for enhancing the absorption of poorly permeable therapeutic biomolecules
have progressed from early studies. They have demonstrated permeation enhancement in isolated
barrier model, and a number of absorption-enhancing technologies, especially for nasal applications,
are now in clinical trials. These absorption enhancers increase systemic absorption of biomolecules
as indicated by improved bioavailability or bioactivity, and appear to represent possible alternatives
to existing products, which have sub-optimal bioavailability. Still, one of the challenges towards
clinical application of these agents is their lack of safety. Understanding the mechanism of absorption
enhancement may be very useful toward reducing their side effects and improving their efficacy
before these could be considered as future platforms for inhalation formulation of drugs with
poor permeability.
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Abstract: Microspheres based on both methyl-β-cyclodextrins and chitosan were prepared by
spray-drying as nasal formulations of a model polar drug to analyze, firstly, how the composition
of the carrier affects drug permeation across synthetic membranes and, secondly, how it induces
systemic or brain delivery of the drug. Microparticles with different weight ratios of the two
penetration enhancers (10–90, 50–50, 90–10) were characterized with respect to morphology, size,
structural composition, water uptake, and the in vitro drug permeation profile. The leader
formulation (weight ratio of 50–50) was then nasally administered to rats; systemic and cerebrospinal
fluid (CSF) drug concentrations were analyzed by high performance liquid chromatography (HPLC)
over time. Microspheres obtained with a single enhancer, methyl-β-cyclodextrins or chitosan,
were administered in vivo as a comparison. The in vitro properties of combined microspheres
appeared modified with regard to the polymeric matrix ratio. In vivo results suggest that the optimal
drug distribution between CSF and bloodstream can be easily obtained by varying the amount of
these two penetration enhancers studied in the matrix of nasal microspheres.

Keywords: combined microsphere; chitosan; cyclodextrin; nasal delivery; nose to brain transport;
penetration enhancer; nasal formulation; in vivo studies

1. Introduction

Absorption enhancers are agents included in formulations whose function is to increase absorption
of a pharmacologically active drug by enhancing membrane permeation [1]. They are frequently
employed in nasal formulations [2–5] in order to improve drug flux through nasal epithelia [6].
The main mechanisms involved in enhanced permeability of nasal membranes include (i) the transient
opening of the tight junction between adjacent cells that favor paracellular diffusion through the
intercellular space, and/or (ii) perturbation of lipid bilayer integrity and increased membrane fluidity
promoting the transcellular permeation of drugs [1]. Permeation-enhancing excipients are investigated
to develop formulations for hydrophilic drugs that have poor nasal membrane permeability [7];
among these, cyclodextrins (CDs) and chitosan are characterized by high biocompatibility, since they
are able to induce their enhancing effects without causing damage to nasal mucosa [7].

Cyclodextrins, especially methylated-β-cyclodextrins, have proven to be excellent solubilizers and
absorption enhancers in nasal drug delivery [2,8–10]. Owing to their ability to remove cholesterol and
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phospholipids from the outer half of the membrane bilayer, CDs can increase membrane fluidity [11].
Furthermore, methylated-β-cyclodextrins cause an increase in the paracellular permeability of
epithelial cell layers because the cholesterol depletion influences the distribution of specific tight
junction proteins (claudin 3, claudin 4, and occludin) [12]. Recently, Fenyvesi and co-workers [13]
have shown that fluid-phase endocytosis of CDs can contribute to overcoming the mucosal barrier for
poorly absorbed drugs.

Chitosan is one of the most-used penetration enhancers in nasal formulations [14–17]. A combination
of mucoadhesion and transient opening of the tight junctions in the cell membrane allows polar drugs to
pass by a paracellular pathway [2]. There are a number of chitosan salts that have better characteristics
than chitosan itself; these include solubility, mucoadhesiveness, and penetration enhancement ability.
The chitosan chloride salt form is the only kind of chitosan that has a specific monograph in the
European Pharmacopoeia 8.0 [18].

In addition to high stability, powder formulations can also have an absorption promoting
effect [2,17] by exerting a direct effect on the mucosa. Microspheres absorb water from mucus causing
dehydration of the epithelial cells which leads to the opening of the tight junctions [19]. For these
reasons, the formulation of solid microparticles in the presence of promotion enhancers appears
advantageous for nose to brain delivery of drugs.

Traditionally cyclodextrin and chitosan have been used separately in nasal powder
formulation [15,16,20] and no combination has been evaluated. Bshara and co-workers [21] formulated
hydroxylpropyl-β-CD and chitosan aspartate in microemulsion and observed that the highest Cmax

and AUC values among all the formulations they tested (formulation without hydroxylpropyl-β-CD
and chitosan aspartate and with chitosan aspartate alone) were most likely due to a synergistic effect
of both materials on the intranasal permeation of drug.

Therefore, the aim of this work was to formulate methyl-β-cyclodextrins and chitosan in
combination in spray-dried microspheres for nasal administration of a polar drug. In particular,
the effects of the microparticles’ composition on drug permeation across synthetic membranes were
analyzed, and, then, related to systemic or brain delivery of the drug after intranasal administration.

Indeed, when administered nasally, a drug can be deposited on the respiratory or olfactory
epithelia. In the first case, it may cross the respiratory mucosa by paracellular or transcellular transport,
reaching the lamina propria and then blood vessel (systemic circulation) or peripheral trigeminal nerve
(brainstem). If, on the other hand, the drug is deposited on the olfactory epithelium, transport to the
central nervous system may be either paracellular through olfactory neurones, or transcellular through
olfactory epithelial cells [7,22].

N6-cyclopentyladenosine was selected as a model polar drug with low molecular weight.

2. Materials and Methods

2.1. Materials

Methyl-β-cyclodextrin, Cavasol® W7MPharma (Mw: 1300 g/mol; molecular substitution: 1.7) was
purchased from Wacker-Chemie GmbH (München, Germany). Chitosan chloride, Protasan UP CL 113
(Mw: 160,000 g/mol; deacetylation degree, 86%) were purchased from NovaMatrix/FMC Biopolymer
(Sandvika, Norway). Tegiloxan3™ silicon oil was kindly gift from Goldschmidth (Essen, Germany).
N6-cyclopentyladenosine (CPA) (Mw: 335.36), N6-cyclohexyladenosine CHA, sodium acetate and
acetic acid glacial were obtained from Sigma-Aldrich (Milan, Italy). Dimethylsulfoxide (DMSO) was
obtained from Merck (Darmstadt, Germany). Methanol, acetonitrile, ethyl acetate, and water high
performance liquid chromatography (HPLC) grade were purchased from Sigma-Aldrich (Milan, Italy).
Male Wistar rats were purchased from Charles-River, Milan, Italy.
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2.2. Preparation of Microspheres

Formulations of microspheres were prepared by spray drying technique with a Mini Büchi B-191
spray dryer (Büchi Laboratoriums-Technik AG, Flawil, Switzerland) using methyl-β-cyclodextrin and
chitosan as excipients in different percentage ratios chosen on the basis of preliminary studies. Drug to
polymer ratio 1/20 was chosen which guarantees an optimal dose for in vivo test and administration
of powder amount suitable for rat nasal cavity [23]. The feed solution concentration was 0.5% (w/v).
The microparticles containing both excipients in different weight ratio (10–90, 50–50, and 90–10) were
prepared dissolving separately methyl-β-cyclodextrin and chitosan in water, under magnetic stirring,
and solutions were mixed before the addition of CPA. The following operating conditions were utilized
during spray drying: inlet and outlet temperature, 110 ◦C and 77 ± 2 ◦C, respectively; spray flow
rate, 500 L/h; pump setting, 5% (1.74 ± 0.09 mL/min); and aspirator setting, 98% regardless solutions
composition. The dry particles were put in a desiccator for at least 24 h. Unloaded microspheres
based on methyl-β-cyclodextrin (MCb) and loaded microspheres based on chitosan (CH100) or
methyl-β-cyclodextrin (MC100) were prepared as comparison.

The codes and composition of the microspheres are presented in Table 1.

Table 1. The polymer composition (% w/w), drug content (DC) and encapsulation efficiency (EE) of
loaded microspheres.

Microsphere
Codes

Methyl-β-
Cyclodextrin

Chitosan DC (%) EE (%) dvs (μm) SPAN

MC100 100 - 4.25 ± 0.05 a 88.78 ± 0.98 a 3.49 ± 0.10 2.20
MC90 90 10 4.25 ± 0.01 a 88.66 ± 0.22 a 2.74 ± 0.09 1.85
MC50 50 50 4.20 ± 0.07 a 87.87 ± 1.53 a 6.79 ± 1.84 b,c 2.24
MC10 10 90 3.81 ± 0.05 80.91 ± 1.13 6.55 ± 1.04 b,c 2.09

CH100 # - 100 4.75 ± 0.06 95.0 ± 1.20 6.14 ± 0.84 b,c 1.66
# Prepared as reference for in vivo studies [23]. a p < 0.05 MC10 versus MC100; versus MC90; versus MC50. b p < 0.05
MC100 versus CH100; versus MC50; versus MC10. c p < 0.05 MC90 versus CH100; versus MC50; versus MC10.

The yields of production were calculated as the weight percentage of the final product after
drying, with respect to initial total amounts of drug and excipients used for the preparation.

2.3. Microsphere Characterization

2.3.1. Determination of Drug Content and Encapsulation Efficiency

To determine the real amount of CPA loaded in microspheres, 0.5 mL of water was added to an
exact amount of combined formulations (containing about 0.5 mg of drug); then, 45.5 mL of methanol
were added and stirred until solution was obtained. Finally, spectrophotometric analysis (UV-160A
UV–Visible Recording Spectrophotometer, Shimadzu, Tokyo, Japan) was performed at 270 nm and the
drug in solutions was quantified by using the calibration curve obtained in concentrations range from
2.8 to 22.4 mg/L (y = 0.067x + 0.027, R2 = 0.9997). Analyses were carried out in triplicate.

Furthermore, an exact amount of MC100 (corresponding to 0.5 mg of CPA) was dissolved in
50 mL of methanol and solution spectrophotometrically analyzed.

The drug loaded in microspheres (DC) was calculated as the experimentally detected amount
of CPA in microspheres and expressed as percentage; encapsulation efficiency (EE), as percentage,
was also calculated. The following equations were applied:

DC (%) =

(
rCPA
tCPA

)
× tDC

EE (%) =

(
DC
tDC

)
× 100
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where rCPA is the detected amount of CPA in microspheres, tCPA is the drug amount solubilized in
feed solution and tDC the percentage of the expected theoretical value.

2.3.2. Morphological Analysis

The morphology of the microspheres was determined by observation on a scanning electron
microscope (VP-SEM; Zeiss EVO40XVP, Arese, Milan, Italy). The samples were placed on double-sided
tape that had previously been secured to aluminum stubs and then analyzed under an argon
atmosphere at an 18 kV acceleration voltage after gold sputtering.

2.3.3. Particle Size Analysis

The particle size and particle size distribution of the microspheres were determined by laser
diffraction using a Coulter Laser Sizer LS100Q (Coulter LS 100Q Laser sizer, Beckman Coulter, Miami,
FL, USA). All analyses were performed at room temperature. Two mg of microspheres were suspended
in 1 mL of Tegiloxan by sonication (about 4–6 s) and then analyzed. The results reported are the
averages of triplicate averages. The average particle size of the microspheres was reported as the mean
volume-surface diameter, dvs (μm). To quantify distribution width, SPAN was calculated as previously
reported [24].

2.3.4. Powder X-ray Diffraction

Powder diffraction spectra were recorded, at room temperature, on a Bruker D-8 Advance
diffractometer (Brucker, Karlsruhe, Germany) with graphite monochromatized Cu Kα radiation
(λ = 1.5406 Å). The data were recorded at 2θ steps of 0.02◦ from 3◦ to 50◦ with 2 s/step.

2.3.5. Water Uptake

The investigation of water uptake capability was carried out by the modified Enslin apparatus as
previously described [25]. Microspheres (10 mg) were uniformly dispersed on a cellulose filter disk
saturated with MilliQ water, lying on the top of a fritted glass support, connected with a graduated
capillary. The volume of water absorbed (μL) along the time (from 0.25 up to 60 min) was measured.
The result obtained is the average of three determinations (n = 3; ±SD).

2.3.6. In Vitro Permeation Test of Microspheres

The in vitro drug permeation across synthetic membrane was performed using a modified Franz
diffusion system incorporating three in-line flow-through diffusion cells [26]. Regenerated cellulose
membranes (pore size 0.45 μm, 47 mm diameter, Sartorius, Goettingen, Germany) saturated with
octanol were chosen as lipophilic layer [20]. An amount of microspheres containing about 1.0 mg
of CPA was uniformly spread out above the membrane. Acceptor compartment was filled with
100 mL of pH 6.5 phosphate buffer at 37 ± 0.5 ◦C, to guarantee sink condition. The flux of the
medium was 6 mL/min. Permeation system was automatically coupled to UV-spectrophotometer
(UV-1800, UV–Visible Recording Spectrophotometer, Shimadzu, Tokyo, Japan) and the fluid was
analyzed at 270 nm at predetermined times (from 30 up to 120 min). The permeated drug was
quantified by using the calibration curve obtained in concentrations range from 2.8 to 22.4 mg/L
(y = 0.0559x + 0.051 R2 = 1). All experiments were performed in triplicate. As comparison, in vitro
permeation test of raw CPA was carried out.

From the values obtained, the curves of accumulated amounts (mg/cm2) versus permeation time
(min) were drawn; then, the flux (J) was determined from the slope of the steady state portion as well
as the lag time (T lag) values from the x-intercept of the slope at a steady state [27].
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2.4. In Vivo Studies

2.4.1. In Vivo CPA Administration and Quantification

Male Wistar rats (200−250 g) anesthetized during the experimental period received a femoral
intravenous infusion of 0.1 mg/mL CPA dissolved in a medium constituted by 20% (v/v) DMSO and
80% (v/v) physiologic solution, with a rate of 0.2 mL/min for 10 min. At the end of infusion and at
fixed time points, blood samples (100 μL) were collected and cerebrospinal fluid (CSF) samples (50 μL)
were withdrawn by the cysternal puncture method described by van den Berg and co-workers [28],
which requires a single needle stick and allows the collection of serial (40–50 μL) CSF samples that are
virtually blood-free [29]. Four rats were employed for femoral intravenous infusions. CSF samples
(10 μL) were immediately injected into high performance liquid chromatography (HPLC) system for
CPA detection.

The blood samples were hemolyzed immediately after their collection with 500 μL of ice-cold
water, then 50 μL of 3N NaOH and 100 μL of internal standard (10 μM CHA) were added. The samples
were extracted twice with 1 mL of water-saturated ethyl acetate, and, after centrifugation, the organic
layer was reduced to dryness under a nitrogen stream. One hundred and fifty microliters of a mobile
phase (see below) was added, and, after centrifugation, 10 μL was injected into the HPLC system for
CPA detection.

The in vivo half-life of CPA in the blood was calculated by nonlinear regression (exponential
decay) of concentration values in the time range within 90 min after infusion.

Nasal administration of CPA was performed to anaesthetized rats laid on their backs, following
two procedures. The first way consisted on the introduction in each nostril of rats 20 μL of an
aqueous suspension of CPA (5 mg/mL) using a semiautomatic pipette which was attached to a short
polyethylene tubing [29]. After the administration, blood (100 μL) and CSF samples (50 μL) were
collected at fixed time points, and they were analyzed with the same procedures described above.
Four rats were employed for nasal administration of CPA suspension. The second way consisted on the
insufflation of loaded CPA microparticles to each nostril of the anaesthetized rats by means of single
dose Monopowder P1 insufflators [30]. The insufflators were loaded with about 2.4 mg of CH100,
MC100 and MC50 and their content was administered to each nostril of rats. After the administration,
blood (100 μL) and CSF samples (50 μL) were collected at fixed time points, then analyzed. Four rats
were employed for nasal administration of each type of microparticulate powders.

All in vivo experiments were performed in accordance with the European Communities Council
Directive of September 2010 (2010/63/EU) a revision of the Directive 86/609/EEC and were approved
by the Italian Ministry of Health and by the Ethical Committee of the University of Ferrara. Any effort
has been done to reduce the number of the animals and their suffering.

The area under concentration curves of CPA in the blood and CSF (AUC, μg mL−1 min) were
calculated by the trapezoidal method. All the calculations were performed by using the computer
program Graph Pad Prism (GraphPad Software Incorporated, La Jolla, CA, USA).

2.4.2. HPLC Analysis

The quantification of CPA in all samples generated from the experimental procedures was
performed by HPLC. The chromatographic apparatus consisted of a modular system (model LC-10
AD VD pump and model SPD-10A VP variable wavelength UV−vis detector; Shimadzu, Kyoto, Japan)
and an injection valve with 20 μL sample loop (model 7725; Rheodyne, IDEX, Torrance, CA, USA).
Separations were performed at room temperature on a 5 μm Hypersil BDS C-18 column (150 mm
× 4.6 mm i.d.; Alltech Italia Srl, Milan, Italy), equipped with a guard column packed with the same
Hypersil material. Data acquisition and processing were accomplished with a personal computer
using CLASS-VP Software, version 6.12 SP5 (Shimadzu Italia, Milan, Italy). The detector was set at
269 nm. The mobile phase consisted of a ternary mixture of acetonitrile, methanol and 10 mM acetate
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buffer (pH 4) with a ratio of 4/40/56 (v/v/v). The flow rate was 0.8 mL/min and the retention time of
CPA and CHA were 4.1 and 5.8 min, respectively.

The chromatographic precision, represented by relative standard deviations (RSD), was evaluated
by repeated analysis (n = 6) of the same sample solution containing each of the examined compounds
at a concentration of 10 μM. The solutes were diluted in water by 10−2 M stock solutions in DMSO.
The RSD values ranged between 0.81% and 0.83% for the analyzed compounds. The calibration curve
of peak areas versus concentration was generated in the range 0.1 to 20 μM of CPA and resulted linear
(n = 9, r = 0.998, p < 0.0001). For CSF simulation, standard aliquots of balanced solution (PBS Dulbecco’s
without calcium and magnesium) in the presence of 0.45 mg/mL BSA were employed [31,32]. In this
case, the chromatographic precision was evaluated by repeated analysis (n = 6) of the same sample
solution containing 1.0 μM CPA whose RSD value was 0.92% and calibration curve of peak areas
versus concentration was generated in the range 0.08 to 10 μM (corresponding to 26.8 to 3353 ng/mL),
resulting linear (n = 8, r = 0.994, p < 0.0001). The LOD and LOQ values of CPA determination in
the blood were 8.12 ng/mL (0.0002 nmoles/injection, signal-to-nose ratio of 3:1) and 26.8 ng/mL
(0.0008 nmoles/injection, signal-to-noise ratio of 10:1), respectively. The accuracy of the analytical
method for CPA extracted from rat whole blood was determined by comparing the peak areas of 10 μM
CPA (corresponding to 3353 ng/mL) extracted at 4 ◦C (n = 3) with those obtained by injection of an
equivalent concentration of the analyte dissolved in the mobile phase for HPLC analysis. The average
recovery from rat whole blood ± S.E. was 86 ± 3%. The concentrations of CPA were therefore referred
to as peak area ratio with respect to the internal standard CHA. The precision of this peak area
ratio-based method is demonstrated by the RSD values of 1.03% for 10 μM CPA extracted from rat
blood at 4 ◦C, whose calibration curve was linear over the range 0.15−30 μM (corresponding to 50.4
to 10,059 ng/mL; n = 9, r > 0.992, p < 0.0001). The LOD and LOQ values of CPA determination in
the blood were 15.3 ng/mL (0.0005 nmoles/injection, signal-to-nose ratio of 3:1) and 50.4 ng/mL
(0.0015 nmoles/injection, signal-to-noise ratio of 10:1), respectively.

2.5. Statistical Analysis

Data were analyzed using one-way ANOVA followed by Tukey or Bonferroni test (GraphPad
Prism, version 6.02; GraphPad Software Incorporated). Difference was considered statistically
significant at P values less than 0.05.

3. Results and Discussion

3.1. Preparation and Characterization of Microspheres

Spray drying appears to be a suitable method for the preparation of CPA-loaded microspheres
containing methyl-β-cyclodextrin and chitosan chloride. The technique is simple and rapid as it only
requires the preparation of a feed solution. Production yields were good (range from 63–72% (w/w))
with no significant differences between the formulations produced.

3.1.1. Determination of Drug Content and Encapsulation Efficiency

CPA content of the formulations and encapsulation efficiency are listed in Table 1. The drug
contents of the formulations were relatively close to the theoretical values, and the encapsulation
efficiency values ranged between 80% and 88%. The higher chitosan content of MC10 determined a
significant decrease in drug encapsulation capacity compared to the other formulations (p < 0.05).

3.1.2. Morphological Analysis

Figure 1 illustrates that by increasing the percentage of methyl-β-cyclodextrin in the microspheres,
the transition from a smooth to corrugated surface was gradual. In fact, CH100 and MC100 evidenced
distinct morphologies. In particular, as reported in Figure 2, CH100 showed a spherical shape and
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smooth surface, whereas the surface of MC100 particles appeared corrugated in the presence of
multiple invaginations.

 

 

Figure 1. SEM micrographs with magnifications of 5000 times of: (A) MC90; (B) MC50; (C) MC10.

 

Figure 2. SEM micrographs with magnifications of 5000 times of: (A) MC100; (B) CH100.

3.1.3. Particle Size Analysis

The dvs values of the formulations are reported in Table 1. The size of the microspheres, generated
by spraying feed solutions with the same concentration, depends on the kind and ratio of excipients
used. In fact, the weight ratio between two polymers affected the dvs, which increased significantly
from MC90 to MC50 and 10–90 (p < 0.05), but not particle size distribution (p > 0.05). In fact, SPAN index
values were comparable, ranging between 1.85 and 2.24, indicating an almost narrow size distribution
in all cases. Drug encapsulation did not significantly affect the particle size of methyl-β-cyclodextrin
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microspheres (MCb 4.52 ± 0.09). On the contrary, chitosan unloaded microparticles generally appeared
bigger than the corresponding loaded particles. These last data would appear to be in accordance with
those obtained in previous studies: indeed, size modification was observed for spray-dried chitosan
microparticles as a consequence of the presence of metoclopramide [33] and CPA [23].

3.1.4. Powder X-ray Diffraction

Additional information on the solid state of the microparticles was obtained by powder X-ray
diffraction. As illustrated in Figure 3A, pure CPA (black) exhibited distinct diffraction peaks.
The diffractogram of the loaded microparticles did not exhibit any CPA diffraction peaks, indicating the
absence of its crystalline state in the loaded form. In particular, the patterns of CH100 (red) and MC10
(blue) samples reported in Figure 3A are accordant with the pattern of chitosan, as shown in Figure 3B,
showing a magnification of the comparison between pure chitosan (black) and the sample CH100
(red) diffractograms. Moreover, the patterns of MC100 (fuchsia) and MC90 (brown) samples reported
in Figure 3A are accordant with the pattern of methyl-β-cyclodextrin, as may be seen in Figure 3C,
showing a magnification of the comparison among pure methyl-β-cyclodextrin (red), MCb (black) and
MC100 (blue) diffractograms. The pattern of MC50 sample (green) reported in Figure 3A evidenced
the presence of both chitosan and methyl-β-cyclodextrin in the same sample.

Figure 3. Powder X-ray diffraction patterns of: (a) CPA (black), MC90 (brown), MC50 (green)
MC10 (blue), MC100 (fuchsia) and CH100 (red); (b) chitosan (black) and CH100 (red); (c)
methyl-β-cyclodextrin (red), MCb (black) and MC100 (blue).
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3.1.5. Water Uptake

The water uptake of formulations containing both excipients was affected by their weight ratio
(Figure 4). It is well-known that methyl-β-cyclodextrin is a water soluble excipient that absorbs very
little water and is then rapidly solubilized; on the contrary, chitosan salts are able to absorb water
allowing them to swell and gel [20]. Consequently, the amount of water absorbed per milligram of
microspheres markedly increased when the amount of chitosan was raised in the particle matrix.

Figure 4. The water uptake capacity (μL/mg) of the microspheres. Data are reported as the mean value
of three independent experiments. SD values were ≤0.17 of their corresponding means.

3.1.6. In Vitro Permeation Test of Microspheres

The in vitro permeation profiles of CPA released from microspheres, compared with those of
the pure drug, are shown in Figure 5. CPA, as a hydrophilic drug, was able to permeate synthetic
membrane with linear kinetic (n= 11, r = 0.984, p < 0.0001), reaching 80% of the amount tested in
acceptor medium within 120 min. When encapsulated in microspheres the CPA permeation ability
was modified in relation to the polymer and ratio employed as the polymeric matrix. In particular,
cyclodextrin increased the flux and total amount of drug permeated when used alone (MC100), or at
90% (w/w) (MC90) (Table 2).

On the contrary, chitosan reduced the permeation of the loaded drug through lipophilic
membranes (CH100: 30% of CPA permeated after 120 min). When the concentration of chitosan
was 50% (MC50) and 90% (MC10) MC50, the CPA permeation flux and drug total amount significantly
decreased (Table 2), reaching the zero values for MC10 sample at all time points tested (Figure 5).
CPA’s inability to permeate when encapsulated in MC10 could be due to the need of the elevated
amount of water for its hydration (as demonstrated by the water uptake results), which was not
available in the experimental conditions. Worthy of note is, firstly, chitosan’s ability to reduce the
permeation, and, secondly, methyl-β-cyclodextrin’s ability to increase the passage of the loaded drug
through lipophilic membranes regardless of the kind of drug encapsulated [20]. Among the combined
formulations tested, of interest is the linear kinetic of CPA release from MC50 in the range from 20 min
to 120 min (R2 = 0.9987).

Lag time is the time required for the diffusion flow to become stable. During our experiments,
it varied from 1.44 to 20.11 min (Table 2), and was affected by the hydration time of the matrix.
These lag times could be considered appropriate for nasal formulations, taking into account that the
half-life of clearance in nasal cavity is in the order of 15–20 min [7].
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Figure 5. The permeation profiles of N6-cyclopentyladenosine (CPA) from formulations through
lipophilic membranes. Profiles are compared with those of the raw drug. Data are reported as the
mean ± standard deviation (SD) of three independent experiments.

Table 2. Values of flux (J), T lag and drug permeated for each formulation after 120 min.

Microsphere Codes J (μg/cm2 min) T Lag (min) Drug Permeated (%)

CPA 2.48 ± 0.65 a,b,c 1.44 83.55 ± 10.85 d,e,g

MC100 25.64 ± 2.14 a 4.64 112.56 ± 1.24 d

MC90 7.27 ± 0.18 a,b 8.96 105.87 ± 2.26 e

MC50 2.09 ± 0.14 a,b 17.62 65.46 ± 3.66 d,e,f

MC10 0.00 a,b,c - 0.00
CH100 0.86 ± 0.53 a,b 20.11 22.26 ± 15.33 d,e,f,g

a p < 0.01 MC100 versus MC90; versus MC50; versus MC10; versus CH100 and CPA. b p < 0.01 MC90 versus
MC50; versus MC10; versus CH100; versus CPA. c p < 0.05 MC10 versus CPA. d p < 0.05 MC100 versus MC50;
versus CH100; versus CPA. e p < 0.05 MC90 versus MC50; versus CH100; CPA. f p < 0.05 MC50 versus CH100.
g p < 0.05 CH100 versus CPA.

On the basis of the in vitro properties of microspheres made by combined penetration enhancers,
MC50 was elected as the leader formulation to be in vivo tested. MC50 possessed good EE% as well
as size and morphology, comparable to the other formulation containing a high amount of chitosan
(MC10). Nevertheless, MC50 needed lower amounts of water to hydrate and showed a better drug
release profile than MC10. On the other hand, MC90 had very similar in vitro properties to MC100,
but as it is a formulation made by cyclodextrin alone, it would not be possible to evaluate the in vivo
effect of the co-presence of the two penetration enhancers.

3.2. In Vivo CPA Administration and Quantification

The analysis of rat blood samples following the intravenous infusion of 0.2 mg of CPA indicated
that the drug concentration in the blood stream was 6.11 ± 0.41 μg/mL at the end of infusion,
and decreased with a terminal half-life of 6.8 ± 0.9 min. The AUC value of this profile was
37687 ± 1118 ng mL−1 min (Table 3). These data are in good agreement with those obtained in
previous in vivo studies on CPA pharmacokinetics in rats [23,34]. On the other hand, no CPA was
detected in the CSF of rats within 120 min after the end of the intravenous infusion. These results
confirm that CPA is unable to reach the CNS from the bloodstream, as previously reported [23,35–37].
The microparticles (CH100, MC100 and MC50) were tested for nasal administration of CPA in order to
verify its potential uptake into the CNS. Nasal administration of an aqueous suspension of CPA was
also tested as control. Indeed, the nasal administration of pure CPA as powder was not performed,
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owing to the very low dose (200 μg in rats). Therefore, as control we employed a water suspension
of the raw drug. No significant amounts of CPA were observed either in blood or in in the CSF of
rats within 120 of the treatment (data not shown). A similar behavior was registered after the nasal
administrations of rokitamicin [15], deferoxamine [20], and a zidovudine prodrug [16,29], as water
suspensions, confirming that appropriate nasal formulations are needed in order to promote the drug
uptake in the central nervous system.

Table 3. Area under concentration curves (AUC) obtained after CPA administration in rats for blood
and CSF compartments.

Blood CSF

Administration
Way

AUC
(ng mL−1 min)

Absolute
Bioavailability

AUC
(ng mL−1 min)

Relative
Bioavailability

Intravenous 37,687 ± 1118 100 n.d. 0
Nasal (suspension) n.d. 0 n.d. 0

Nasal (CH100) 699 ± 257 1.85% 32,910 ± 1199 100%
Nasal (MC50) 4830 ± 827 a 12.8% 39,900 ± 1520 121% b

Nasal (MC100) 13,590 ± 1451 c 36.0% 55,140 ± 1016 170% c

Data are reported as mean ± standard deviation, n = 4. Absolute bioavailability values are referred to AUC
obtained by intravenous administration (100%); relative bioavailability values are referred to AUC obtained by
nasal administration of CH100 microparticles (100%). n.d., not detectable. a p > 0.05 versus CH100; b p < 0.05 versus
CH100; c p < 0.001 versus CH100.

On the contrary, nasal administration of the powder constituted by the loaded CH100, MC100
and MC50 microparticles (4.8 mg, about 200 μg of CPA) produced detectable levels of the drug
in both blood and CSF, as reported in Figures 6 and 7, respectively. CH100 microparticles were
previously described [23], but they were chosen as reference formulation in order to evaluate the
effects induced by MC100 presence in the formulations. After nasal administration of CH100 particles,
the peak concentration in the blood was detected at 60 min, with values just above the LOD of the
analytical method (22 ± 12 ng/mL), indicating relatively poor CPA permeation from the nose to the
bloodstream, as previously reported for this type of formulation [23]. Indeed, a comparison of the
AUC values (Table 3) obtained after intravenous administration (37687 ± 1118 ng mL−1 min) and
nasal administration (699 ± 257 ng mL−1 min) indicated an absolute bioavailability value of 1.85% for
the microparticulate powders based on chitosan.

Figure 6. Blood CPA concentrations (ng/mL) after infusion or nasal administration of a 200-μg dose.
The time ranging from −5 to 0 min refers to CPA IV infusion. In the inset: zoom of the same plot
with expanded Y-scale (CPA blood concentration) from 0 to 1000 ng/mL. The inset highlights the
concentration values obtained after administration of CH100, MC100 and MC50. Data are expressed as
the mean ± standard deviation, n = 4.
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Figure 7. CPA concentrations (ng/mL) detected in the cerebrospinal fluid (CSF) after nasal administration
of CH100, MC100 and MC50. Data are expressed as the mean ± standard deviation, n = 4.

The presence of cyclodextrins in the microparticulate nasal formulation induced an increase in CPA
permeation in the bloodstream after nasal administration. Indeed, as evidenced in the inset of Figure 6,
following the nasal administration of MC50 or MC100 particles, the peak plasma concentrations of
CPA were detected at 30 min, with values of 118 ± 36 ng/mL or 354 ± 62 ng/mL, respectively. In this
case the AUC values of MC50 or MC100 formulations were 4830 ± 827 or 13,590 ± 1451 ng mL−1

min, respectively, but only the MC100 value appeared significantly different from the AUC of CH100
(Table 3). The absolute bioavailability values were 12.8% and 36.0% for MC50 and MC100 samples,
respectively. Table 3 summarizes the AUC and bioavailability values for the different administration
routes of CPA. These data indicate that the progressive modifications of the morphology and structural
composition of CH100 particles induced by the enhancement of the CDs in their composition reflects a
progressive increase in systemic delivery of CPA, following their nasal administration.

Relevant amounts of CPA were detected in the CNS of rats after nasal administration of the solid
microparticulate formulations. In particular, Figure 7 shows the CPA concentrations detected in the
CSF: drug loaded chitosan microparticles (CH100 sample) may be seen to lead to an increase in CPA
concentration values up to 481 ± 21 ng/mL within 60 min. Then, at 90 min the CPA concentration in
CSF was significantly decreased (201 ± 50 ng/mL) and became undetectable at 120 min. The AUC
value of this profile was found to be 32,910 ± 1199 ng mL−1 min. These data are in good agreement
with those obtained in previous in vivo studies for this type of microparticles [23]. As registered in
the bloodstream, the presence of cyclodextrins in the nasal formulations induced an increase in CPA
amounts permeating in the CSF. Indeed, after nasal administration of the samples MC50 or MC100,
the CPA concentrations in the CSF of rats increased up to 614 ± 44 and 911 ± 29 ng/mL, respectively,
within 60 min after the nasal administration, then the values decreased to 243 ± 39 ng/mL for MC50
and 382 ± 16 ng/mL for MC100 at 90 min and became undetectable at 120 min. The AUC value of the
MC50 and MC100 profiles were found to be 39,900 ± 1520 and 55,140 ± 1016 ng mL−1 min, respectively,
with relative bioavailability values of 121% for MC50 and 170% for MC100, with respect to the CH100
formulation. These data seem to confirm that the presence of cyclodextrins in microparticulate nasal
formulations can enhance drug permeation across nasal mucosa, with respect to formulations based
on chitosan [20].

On the other hand, CH100 microparticles allowed us to obtain a CPA distribution between CSF and
bloodstream resulting in a significantly higher ratio of concentrations than the ratios obtained by the
nasal administration of the microparticles containing cyclodextrins. This aspect is evidenced in Figure 8,
where the AUC ratios of CPA between CSF and bloodstream, obtained after nasal administration
of the CH100, MC50 and MC100 microparticles, are reported. In particular, CH100 microparticles
induced an AUC ratio of 47 ± 18, significantly higher (p < 0.001) than the AUC ratios obtained by
nasal administration of MC50 (8.2 ± 1.6) and MC100 (3.9 ± 0.5) samples. A high AUC value can be
very useful when a selective therapeutic activity of the drug is required in the central nervous system
with respect to the bloodstream where the drug activity can induce severe side-effects. To the best of
our knowledge, this is the first time that a modulation between the optimal uptake of a drug and its
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optimal distribution between CSF and bloodstream has been shown to be easily obtainable simply by
varying the amount of cyclodextrins and chitosan in the microparticles.

Figure 8. Ratios between CPA area under concentration curves (AUC) values between CSF and
bloodstream obtained after nasal administration of the loaded microparticles CH100, MC50 and MC100.
Data are expressed as the mean ± standard deviation, n = 4. * p < 0.001 versus CH100.

4. Conclusions

This study has demonstrated that the choice of penetration enhancer in nasal microspheres
significantly affects the in vivo bioavailability of the encapsulated drug. In particular, methyl-β-
cyclodextrin is more effective in enhancing drug permeation through respiratory and olfactory epithelia;
this could be due to the changes in both paracellular and transcellular transports. On the contrary,
chitosan has proven to be a selective excipient able to increase, above all, the paracellular transport
of a drug through olfactory epithelia. This is, moreover, the first time that optimal drug distribution
between CSF and bloodstream has been shown to be easily obtainable by varying the amount of these
two penetration enhancers studied in the matrix of powder formulations.
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Abstract: Drug delivery to the brain represents a challenge, especially in the therapy of central
nervous system malignancies. Simvastatin (SVT), as with other statins, has shown potential anticancer
properties that are difficult to exploit in the central nervous system (CNS). In the present work the
physico–chemical, mucoadhesive, and permeability-enhancing properties of simvastatin-loaded
poly-ε-caprolactone nanocapsules coated with chitosan for nose-to-brain administration were
investigated. Lipid-core nanocapsules coated with chitosan (LNCchit) of different molecular weight
(MW) were prepared by a novel one-pot technique, and characterized for particle size, surface
charge, particle number density, morphology, drug encapsulation efficiency, interaction between
surface nanocapsules with mucin, drug release, and permeability across two nasal mucosa models.
Results show that all formulations presented adequate particle sizes (below 220 nm), positive surface
charge, narrow droplet size distribution (PDI < 0.2), and high encapsulation efficiency. Nanocapsules
presented controlled drug release and mucoadhesive properties that are dependent on the MW of the
coating chitosan. The results of permeation across the RPMI 2650 human nasal cell line evidenced
that LNCchit increased the permeation of SVT. In particular, the amount of SVT that permeated
after 4 hr for nanocapsules coated with low-MW chitosan, high-MW chitosan, and control SVT was
13.9 ± 0.8 μg, 9.2 ± 1.2 μg, and 1.4 ± 0.2 μg, respectively. These results were confirmed by SVT ex
vivo permeation across rabbit nasal mucosa. This study highlighted the suitability of LNCchit as a
promising strategy for the administration of simvastatin for a nose-to-brain approach for the therapy
of brain tumors.

Keywords: nasal permeability; nose-to-brain; simvastatin; nanocapsules; mucoadhesion;
CNS disorders; chitosan
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1. Introduction

Statins are potent inhibitors of the hydroxymethyl glutaryl coenzyme A (HMG-CoA) reductase,
and they are commonly administered for the treatment of cardiovascular disease [1]. However,
in recent years, it has been suggested that the statin therapeutic indications might expand, due to
their pleiotropic effects [2]. These non-cholesterol-related effects include their modulation of immune
responses, the enhancement of endothelial function, the reduction of oxidative stress, and checking
of inflammation processes [3,4]. The majority of pleiotropic effects are mediated by preventing the
synthesis of isoprenoids, and the subsequent inhibition of small signaling proteins [5,6]. Among the
diseases that could benefit from statin’s pleiotropic effects are multiple sclerosis, rheumatoid arthritis,
systemic lupus erythematosus, chronic obstructive pulmonary disease, neurodegenerative disorders,
bacterial infections, and cancer [3].

In the field of cancer therapy, statins showed pro-apoptotic effects against various tumor cell
lines [7,8], and numerous studies have examined their potential chemopreventive action [9]. Due to the
inhibition of the enzyme HMG-CoA reductase, statins decrease the levels of mevalonate, the precursor
of dolichol, geranylpyrophosphate (GPP), and farnesyl-pyrophosphate (FPP). Dolichol enhances
DNA synthesis and is associated with several proteins found in tumor cells [10]. GPP and FPP are
post-translational modifications of intracellular proteins as the G-proteins Ras and Rho, which regulate
the signal transduction of several membrane receptors, and which are critical for the transcription
of genes involved in cell proliferation, differentiation, and apoptosis. Ras and Rho gene mutations
are found in a variety of tumor cells [7,11]. Furthermore, statins show apoptotic effects in human
glioblastoma cell lines that induce the depletion of geranylgeranylated proteins, which is important for
the transition to cell cycle phases [12]. Statins have also shown to play a role in the prevention of tumor
metastases by the inhibition of epithelial growth factor–induced tumor cell invasion [13]. Moreover,
statins, inducing the inactivation of nuclear factor kB, reduce urokinase and matrix metalloproteinase-9
expression, which are pivotal for tumor metastatic processes [7,14].

In the case of glioma cell lines, simvastatin (SVT) showed a suppression of cell proliferation
and the induction of apoptosis [15,16]. However, when evaluated in an in vivo orthotopic model
of the glioblastoma multiform model, simvastatin did not show tumor-inhibitory effects [17]. As in
this experiment, the major factor for the failure of chemotherapies against central nervous system
(CNS) tumors has been attributed to limited brain-blood barrier (BBB) permeability [18]. In addition,
after oral administration statins are extensively metabolized in the liver, their hydrophilic metabolites
are prevented from crossing the BBB [19].

Some new strategies have been proposed to deal with such limitations in order to increase the
distribution of drugs in the CNS, such as the use of nose-to-brain route [20,21] and the development of
nanocarriers [22–24]. In recent years, nose-to-brain delivery has attracted much attention as a means
of delivering drugs more efficiently to the CNS bypassing the BBB. This is because the nasal cavity is
anatomically connected to the CNS via the olfactory system [25]. Moreover, it offers advantages such
as non-invasiveness, the avoidance of hepatic first-pass metabolism, practicality and the convenience
of administration [26]. However, due to the presence of the rapid mucociliary clearance mechanism,
nasal delivery applications for brain delivery are hindered by the short residence time of conventional
formulations. Moreover, the barrier of the nasal epithelium, nasal metabolism, and the limited
volume of administration are limiting aspects for the development of nose-to-brain drug delivery
systems [25,27].

To increase bioavailability after nasal delivery, polymeric nanocapsules have been investigated [28–30].
These nanocarriers are considered a type of reservoir drug delivery system [31], and can be obtained by
the interfacial deposition of pre-formed polymers [32]. Their structure is characterized by an oil core
surrounded by a polymeric shell stabilized by a surfactant system [31,33]. The lipid-core nanocapsules
(LNCs), developed by our research group, are composed of a dispersion of sorbitan monostearate (solid
lipid) and medium-chain triacylglycerols (liquid lipids) in the core, surrounded by poly(ε-caprolactone),
an aliphatic polyester as a polymeric wall, and polysorbate 80 as a stabilizing surfactant [34]. The lipid
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core dispersion, i.e., sorbitan monostearate dispersed in oil, confers different properties to this system,
such as controlling the drug release and increasing the encapsulation efficiency when compared to the
core of the conventional nanocapsules containing only liquid lipids [34–36]. These nanocarriers showed
efficient brain delivery of drugs as resveratrol [37] and curcumin [38] when administered orally and
intraperitoneally, as well as the reduction of the side effects of the antipsychotic drug olanzapine [39].
Furthermore, they demonstrated improved the vitro and in vivo antitumor effectiveness of resveratrol,
methotrexate, and acetyleugenol when compared to the free drugs [40–42].

Bender and co-authors [43], developed a two-step process to obtain modified LNC stabilized
simultaneously with polysorbate 80, and lecithin and coated with chitosan. Chitosan is a cationic
biopolymer obtained by the partial deacetylation of chitin under alkaline conditions [44]. Chitosan
demonstrated several interesting properties for pharmaceutical application, such as biodegradability,
biocompatibility, antibacterial activity, and the controlled release of drugs [45,46]. Furthermore,
chitosan showed mucoadhesive and penetration-enhancing properties, which are particularly desirable
for its application in drug nasal delivery [47,48]. These actions are mediated by the structural
reorganization of the tight junctions of the nasal epithelium, increasing the paracellular transport of
drugs [49].

In the present study, LNC stabilized with lecithin and coated with chitosan was obtained by
an innovative one-pot technique. Moreover, the pharmaceutical properties of formulations with
chitosans of different molecular weights (MW), intended for the nose-to-brain delivery of simvastatin,
were evaluated.

2. Materials and Methods

2.1. Materials

Poly (ε-caprolactone) (PCL) (MW = 14,000) and Span 60® (sorbitan monostearate) were purchased
from Sigma-Aldrich (Strasbourg, France). Caprylic/capric triglyceride was obtained from Delaware
(Porto Alegre, Brazil), and simvastatin (SVT) was purchased from Pharma Nostra (Rio de Janeiro,
Brazil). Chitosan low MW (21 kDa—viscosity 9 cP) and high MW (152 kDa—viscosity 114 cP) was
provided by Primex (Chitoclear FG, deacetylation degree 95%, Siglufjordur, Iceland). Soybean lecithin
(Lipoid S75) was kindly donated by Lipoid AG (Ludwigshafen, Germany). Minimum essential medium
(MEM), fetal bovine serum (FBS), phosphate-buffered saline (PBS), and Hank’s Balanced Salt Solution
(HBSS) were supplied by Gibco (Carlsbad, CA, USA). Transwell® cell culture inserts (1.12 cm2 surface
area, polyester, 0.4 μm pore size) were supplied by Corning Costar (Lowell, MA, USA). All of the other
chemicals and solvents used were of analytical or pharmaceutical grade.

2.2. Preparation of the Lipid-Core Nanocapsules Coated using a One-Pot Technique

Chitosan-coated simvastatin-loaded lipid-core nanocapsules were prepared according to the
method of interfacial deposition of pre-formed polymers already reported in literature [35]. An organic
phase (25 mL of acetone) containing the polymer (PCL, 0.04 g), sorbitan monostearate (0.016 g),
and caprylic/capric triglyceride (0.048 mL) was kept under magnetic stirring at 40 ◦C. After complete
dissolution of the components, an ethanolic solution (4 mL) containing lecithin (0.025 g) was added into
the organic phase, and finally, simvastatin (0.010 g) was added and completely dissolved. The aqueous
phase (50 mL) contained 0.1% (w/v) chitosan, prepared as a dilution from a 0.5% (w/v) of chitosan
solution in 1% (v/v) acetic acid. The organic phase was injected using a funnel into the aqueous phase
under moderate magnetic stirring. The solvents were eliminated at 40 ◦C to a final volume of 10 mL,
by the use of a rotary evaporator, Büchi® R-114 (Flawill, Switzerland). The formulations obtained were
named LNCSVT-LMWchit when low-MW chitosan (viscosity 9 cP) was used, and LNCSVT-HMWchit when
high-MW chitosan (viscosity 114cP) was used. Blank nanocapsules (LNCLMWchit and LNCHMWchit)
were also prepared, omitting the simvastatin from the organic phase preparation.
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2.3. Drug Content and Encapsulation Efficiency

SVT quantification was carried out by high performance liquid chromatography with detection
in the ultraviolet range (HPLC-UV), using a previously validated method [30]. The analysis was
performed with a Shimadzu HPLC system (Kyoto, Japan) with detection at 238 nm and using a
column Phenomenex Lichrosphere® C18 (4.6 × 250 mm, 5 μm). The composition of the mobile phase
was 65% acetonitrile and 35% sodium dihydrogen phosphate buffer (25 mM, pH 4.5), the flow rate
was 1.0 mL·min−1, with an injection volume of 100 μL. Calibration curves (n = 3) were prepared to
determine the linearity (R > 0.99) in the concentration range from 0.1 to 20 μg·mL−1. The drug content
in the formulations was determined by diluting a precise volume of nanoparticle suspension (100 μL) in
10 mL of the mobile phase. The samples were then sonicated for 30 min and filtered through a 0.45 μm
membrane (Millipore®, Billerica, MA, USA) before being assayed by HPLC-UV. Free simvastatin was
determined in the ultrafiltrate after ultrafiltration–centrifugation (Ultrafree-MC, cut-off of 30 kDa,
Millipore) at 2688× g (Scilogex D3024, Rocky Hill, CT, USA) for 15 min and quantification by HPLC-UV.
Encapsulation efficiency (EE) as a percentage was calculated by the difference between the total and free,
i.e., non-encapsulated, drug amount, divided by the total drug amount multiplied by 100. All analyses
were performed for triplicate batches (n = 3).

2.4. Physicochemical Characterization

The nanoparticle formulations were characterized with multiple techniques, as described below.
All analyses, with the exception of transmission electron microscopy (TEM) (n = 1), were performed
for triplicate batches (n = 3).

2.4.1. Laser Diffraction

Particle size and the size distribution were determined by laser diffraction (Mastersizer® 2000,
Malvern Instruments, Malvern, UK), with the aim of detecting the eventual presence of micrometric
particles or aggregates. The sample was directly added to water in the wet dispersion accessory (Hydro
2000SM-AWM2002, Malvern Instruments) until an obscuration level of 2% was reached. The particle
size was then expressed by using the volume-weighted mean diameter (D[4,3]), and the diameters
calculated at the 10th, 50th, and 90th percentiles (d0.1, d0.5, and d0.9, respectively) of the cumulative size
distribution curve, by volume (v) and by the number (n) of particles. The width of the distribution
(Span) was determined according to Equation (1):

Span =
d0.9 − d0.1

d0.5
, (1)

2.4.2. Dynamic Light Scattering

The mean particle size (Z-average diameter) and the polydispersity index (PDI) of the
nanocapsules were evaluated by dynamic light scattering (DLS) at 25 ◦C, using a Zetasizer® Nano ZS
(Malvern Instruments). After dilution of the samples (500×) in purified and filtered (0.45 μm) water,
the correlogram was obtained by allowing the instrument software to determine the optimal time
of acquisition, and the Z-average diameter and PDI were calculated by the method of Cumulants,
with the same software.

2.4.3. Nanoparticle Tracking Analysis

The nanoparticles tracking analysis (NTA) method was used to determine the mean diameter
and the concentration of nanocapsules per volume, expressed as the particle number density (PND)
(NanoSight LM10, Malvern Pananalytical, UK). The analysis was carried out by diluting the samples
in ultrapure water (1000×) and introducing them into the instrument sample chamber cell by a syringe.
The chamber is located on an optical microscope, where a laser diode (635 nm) illuminates the particles
in suspension. The NTA 3.2 software tracks single particles, which are in Brownian motion, and it can
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relate this particle movement to a sphere equivalent hydrodynamic radius, as calculated using the
Stokes–Einstein equation (Equation (2)). The samples were evaluated at room temperature for 60 s,
with automatic detection. The results correspond to the arithmetic average of the calculated sizes of all
particles analyzed:

(x, y)2 =
4 TkB
3πηdh

, (2)

where kB is the Boltzmann constant, and (x, y)2 is the mean-squared displacement of a particle during
time t at temperature T, in a medium of viscosity η, with a hydrodynamic diameter of dh.

2.4.4. pH and Zeta Potential

The pH values of the nanocapsules suspensions were determined using a calibrated potentiometer
(DM-22 Digimed, São Paulo, Brazil) via direct measurements of the formulations at 25 ◦C. The zeta
potential values were determined by electrophoretic mobility after the samples were diluted in 10 mM
NaCl aqueous solution (500×), previously filtered (0.45 μm, Millipore®, Billerica, USA). The zeta
potentials of the nanoparticles suspensions were also measured at different pH values, using the
MPT-2 autotitrator for the Zetasizer® Nano ZS (Malvern Instruments, Malvern, UK). The samples
(10 mL) were placed in the titration cell and titrated over acid (0.1 M HCl) towards a basic (0.05 M
NaOH) pH range in 1.0 pH unit intervals. This combination allowed for automated titration over a
wide pH range, and thus, made it possible to determine the isoelectric point (IEP) of the nanoparticles.

2.4.5. Morphology

TEM was used to evaluate the morphology of the formulations. TEM samples were diluted
in ultrapure water (10×, v/v), and then deposited (10 μL) onto specimen grids (Formvar-Carbon
support film, Electron Microscopy Sciences, Hatfield, PA, USA) and negatively stained with uranyl
acetate solution (2% (w/v), Sigma-Aldrich, St.Louis, MO, USA). Analyses were performed using a
transmission electron microscope (JEM 2200-FS, Jeol, Tokyo, Japan) operating at 80 kV. The images
were processed with Digital Micrograph (Gatan Inc., Pleasanton, CA, USA) software.

2.5. In Vitro Evaluation of the Interaction between Nanocapsules and Mucin

The mucoadhesive properties of the formulations were assessed by using mucin from porcine
stomach (Type II, Sigma-Aldrich, St. Louis, MO, USA), as previously described [29,50]. The mucin
was dispersed in ultrapure water (0.5% (w/v)) by magnetic stirring for 3 h at room temperature.
The suspension was centrifuged at 4000× g for 30 min. The supernatant was collected and lyophilized.
Then, mucin solutions were prepared in a simulated nasal electrolytic solution (SNES) [51] at
predetermined weight ratios f, determined as:

f =
Wmucin

Wmucin + WNC
, (3)

where Wmucin is the mucin mass and WNC is the LNCchit nanocapsule mass.
The Z-average diameter and PDI before and after contact with mucin were measured by DLS as

described above, after the dilution (500×) of the samples in mucin solutions. The mucoadhesive index
values (MI) were determined as:

MI =
d
d0

, (4)

where d and d0 are the diameters of the LNCchit nanocapsules before and after their interaction with
mucin, respectively.

Furthermore, changes in the zeta potential were measured after the nanocapsules were diluted
(500×) in mucin solutions containing 10 mM NaCl.
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2.6. In Vitro Release Study

The in vitro release profiles of SVT from the formulations were determined by using the dialysis
bag method. Briefly, 1 mL of each sample was placed in a dialysis bag (14 kDa molecular weight
cut-off, Sigma-Aldrich, St. Louis, MO, USA) and suspended into 100 mL of SNES containing 0.5%
of polysorbate 80, to improve SVT solubility and to reach the sink conditions. A free drug solution
was placed in the dialysis bag in the control experiment (SVTsolution, simvastatin dissolved in 1%
ethanol and 0.5% polysorbate 80). The dialysis bags were maintained in the medium under stirring,
and maintained in a temperature-constant water bath (37 ◦C). One milliliter of release medium
was collected at predetermined time intervals (from 0.16 to 8 h) and filtered (0.45 μm, Millipore®).
The volume was replaced by adding one milliliter of fresh release medium pre-heated at 37 ◦C.
The samples were analyzed by HPLC–UV, and the cumulative drug release was determined.

2.7. Transport Studies across an In Vitro Nasal Epithelial Cell Model

RPMI 2650 human nasal cells (human nasal septum tumor, ECACC, Salisbury, UK) were cultured
in MEM media supplemented with 10% (v/v) fetal bovine serum (FBS). Cells were grown at 37 ◦C
in an atmosphere of 95% air/5% CO2. Transwell® cell culture inserts were used to establish an
air–liquid interface (ALI) nasal model, as previously reported [52]. Briefly, 200 uL of cell suspensions
(2.5 × 106 cell/mL) were seeded onto Transwell® and after 24 h, the media from apical compartment
was removed, resulting in an ALI culture configuration. After 14 days from seeding, the Transwell®

was removed and transferred to a 12-well plate containing 1.5 mL of pre-warmed HBSS. Then,
200 μL of LNCSVT-LMWchit, LNCSVT-HMWchit, and SVTsuspension were added to the upper compartment,
and samples of 200 μL were collected from the baso-lateral chamber at pre-determined time points (1,
2, 3 and 4 h) and replaced with the same volume of fresh HBSS buffer. The samples were quantified for
simvastatin content using HPLC–UV (n = 4). TEER measurements were performed with a Millicell-ers®

(Millipore) at the beginning and at the end of experiment, in order to confirm that the integrity of the
cell layer was maintained.

2.8. Ex Vivo Transport Experiments across Rabbit Nasal Mucosa

The transport of simvastatin across rabbit nasal tissue was evaluated by using Franz-type vertical
diffusion cells with a receptor volume of 4.5 mL and a diffusional area of 0.58 cm2. On the day of the
experiment, nasal mucosae were freshly excised from rabbits obtained from a local slaughterhouse
(Pola, Finale Emilia, Italy), and cleaned to remove the adhering submucosal tissue [53]. The rabbit
nasal mucosa were placed between the donor and the receptor compartments of the diffusion cells.
Then, in order to check the mucosa integrity, the donor compartment was filled with medium to
confirm that no liquid leaked into the cell receptor compartment. If the nasal mucosa passed this test,
the donor compartment received 200 μL of one of the three tested preparations, i.e., LNCSVT-LMWchit,
LNCSVT-HMWchit, or SVTsuspension, equivalent to 200 μg of SVT. The Franz cells were maintained at
37 ◦C under mild magnetic stirring. At predetermined time intervals, 500 μL of the receptor medium,
SNES containing 0.5% w/v of polysorbate 80, was withdrawn, and the receptor compartment was
refilled with an equivalent volume of fresh medium. All samples were analyzed by HPLC-UV. In order
to evaluate the retention of SVT in the nasal tissue, mucosa samples were placed in a volumetric
flask (10 mL) containing a solvent of extraction (acetonitrile), and subjected to vortexing (2 min) and
sonication (15 min). The solvent of extraction was then filtered (0.45 μm, Millipore®) and simvastatin
was quantified using HPLC–UV. The experiments were conducted in triplicate for each formulation.

2.9. Preliminary Nasal Toxicity Studies

Nasal toxicity studies were performed by using rabbit nasal mucosa in a similar way to the ex vivo
permeation study mentioned above, in order to evaluate any damage to the mucosa. Each mucosa piece
of uniform thickness was treated with LNCSVT-LMWchit, LNCSVT-HMWchit, SVT, or PBS pH 6.4 (negative
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control) by placing 200 μL in the donor compartments of the Franz diffusion cells. The acceptor
contained 4.5 mL of SNES containing 0.5% (w/v) of polysorbate 80. After 4 h, for each condition,
the nasal mucosa was washed with PBS, fixed in 10% (v/v) buffered formalin for 6 h, and embedded
in histological paraffin. A rotatory microtome was used to perform transverse cuts to obtain sections
(5 μm) that were stained with hematoxylin–eosin. Images of mucosa samples were observed by using
an Olympus BX51 optical microscope with an attached DP72 camera (Olympus, Tokyo, Japan) [54].

2.10. Statistical Analysis

Data are presented as the mean ± standard deviation (SD) of the analysis of at least triplicate batches
(n = 3). Statistical analysis was performed using the Student’s t-test for two groups, or one-way analysis
of variance (ANOVA) followed by Tukey’s test for multiple groups, using GraphPad Prism Software 5.0
(GraphPad Software, Inc., San Diego, CA, USA). Differences were considered significant at p < 0.05.

3. Results

SVT-nanocapsules were prepared by using the interfacial deposition of pre-formed polymer
method, and coated with chitosan with a one-pot technique. The surfaces of the NPs were coated
with two different chitosan grades, characterized by different molecular weights, and hence different
viscosities, in order to evaluate the effect of chitosan molecular weight on the mucoadhesive properties
and permeability enhancement of the nanocapsules obtained.

3.1. Characterization of Nanocapsules

SVT nanocapsules appeared macroscopically as an opalescent white homogeneous dispersion.
The total SVT content in the formulations was found to be 0.94 ± 0.04 mg·mL−1 for LNCSVT-LMWchit and
0.96 ± 0.02 mg·mL−1 for LNCSVT-HMWchit. Regarding the encapsulation efficiency (EE), SVT was not
detected in the ultrafiltrate for both formulations, indicating almost complete encapsulation. The high
EE achieved is probably linked to the high SVT distribution coefficient (log D) of 4.72, which confirms
its great affinity for the lipophilic phase, and its concentration in the core of the nanocapsules [55].
Laser diffraction (LD) analysis showed D[4,3] of 150 ± 7 nm (LNCLMWchit), 157 ± 6 nm (LNCHMWchit),
163 ± 2 nm (LNCSVT-LMWchit), and 161 ± 3 nm (LNCSVT-HMWchit), with Span values of 1.3 ± 0.1,
1.3 ± 0.1, 1.4 ± 0.03, and 1.2 ± 0.2, respectively. According to the results obtained with this technique,
there were no significant differences in terms of the particle diameter and polydispersity, between the
formulations with and without SVT (p > 0.05). The shapes of the curves in the radar chart presented in
Figure 1 are fingerprints of the formulations, which demonstrate the narrow size distributions and
confirm their low polydispersities [56]. All of the formulations showed similar behaviors and they had
d0.9 calculated both for the cumulative distribution by number, and by a volume lower than 300 nm
(Figure 1).

Figure 1. Radar chart presenting the volume-weighted mean diameters (D[4,3]) and the diameters at
percentiles 10, 50, and 90 under the size distribution curves by volume and by the number of particles.
Chitosan-coated simvastatin-loaded lipid-core nanocapsules developed with (A) low-MW chitosan
and (B) high-MW chitosan.
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The mean particle size was further confirmed by DLS and NTA analysis, as shown in Table 1.
The DLS analysis showed a narrow particle size distribution for all of the formulations (PDI < 0.2).
In particular, the encapsulation of SVT did not affect the particle size of the nanocapsules coated with
low-MW chitosan. In fact, the diameters of LNCLMWchit and LNCSVT-LMWchit were not significantly
different (p > 0.05).

Table 1. Physicochemical characterization of the nanocapsules (n = 3, Mean ± Standard Deviation).

Header
DLS NTA Zeta

Potential
(mV)

pH
Z-Average

(nm)
PDI Mean (nm)

PND
(Particles/mL)

LNCLMWchit 166 ± 5 0.13 ± 0.02 174 ± 5 1.3 ± 0.3 × 1012 25.4 ± 4.1 4.1 ± 0.01
LNCSVT-LMWchit 168 ± 5 0.12 ± 0.04 166 ± 7 1.2 ± 0.6 × 1012 28.95 ± 2.1 4.1 ± 0.02

LNCHMWchit 179 ± 14 0.13 ± 0.02 188 ± 7 1.1 ± 0.4 × 1012 33.6 ± 3.9 4.1 ± 0.03
LNCSVT-HMWchit 185 ± 7 0.16 ± 0.03 210 ± 10 6.6 ± 0.2 × 1011 33.8 ± 5.5 4.4 ± 0.04

On the other hand, the presence of SVT led to a significant size increase (p ≤ 0.05) in the
case of LNCSVT-HMWchit (210 ± 10 nm) when compared with the blank nanocapsules (LNCHMWchit,
188 ± 7 nm) according to the NTA analysis, but not according to the DLS data. This difference
may be explained by the formation of a small number of particle agglomerates, compared to the
formulation prepared without the drug. In addition, these agglomerates appeared to be detected
more efficiently by the NTA technique compared to DLS. This is supported by the particle number
density (PND) also measured by NTA, which evidenced, upon SVT encapsulation, almost a halving
of the particle number density (PND), which was 1.1 ± 0.4 × 1012 particles/mL for LNCHMWchit and
6.6 ± 0.2 × 1011 particles/mL for LNCSVT-HMWchit (Table 1). Furthermore, in general, the nanocapsules
coated with HMW chitosan showed a slightly higher mean diameter than those coated with LMW
chitosan (p > 0.05), probably as a consequence of the higher molecular weight and higher viscosity
of the chitosan in the water phase. In general, it has been reported that the higher the viscosity of
the dispersion medium, the higher the mean diameter of the nanoparticles produced [57]. The zeta
potentials of LNCLMWchit and LNCHMWchit were similar to those determined for the SVT-loaded
nanocapsules. Therefore, the encapsulation of SVT did not significantly affect this parameter (p > 0.05).
The pH value at which the nanoparticles do not exhibit any net charge is termed the isoelectric
point (IEP). LNCSVT-LMWchit and LNCSVT-HMWchit showed an IEP at pH value 7.1 ± 0.2 and 7.2 ± 0.5,
respectively. The positive zeta potential obtained for all the formulations prepared, and an IEP near the
IEP of chitosan (IEP = 6.8) [58] is a good indicator that the chitosan was present at the external interface
of the nanocapsules. LNCSVT-LMWchit and LNCSVT-HMWchit were further characterized in terms of their
morphologies (Figure 2).

Figure 2. Transmission electron microscopy (TEM) micrographs (magnification 40,000×) of chitosan-coated
lipid core nanocapsules: (A) LNCSVT-LMWchit and (B) LNCSVT-HMWchit.
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Concerning the nanocapsule morphology, TEM images clearly displayed spherical-shaped
particles, with a core with low electron density, as expected for lipid nanocapsules. Also, from the
results of the particle diameters, the images were in good agreement with the mean nanocapsule sizes
determined with DLS, NTA, and LD.

3.2. Mucoadhesion Studies

To investigate the interaction between the formulations and mucin, a mucoadhesion index (MI),
the PDI, and the zeta potentials of mixtures between the nanocapsules and mucin were determined
for different mucin weight ratios f (Figure 3). For LNCSVT-LMWchit in the range of f values up to 0.3,
particle sizes and MI values increased to a maximum of 474 ± 6 nm and 2.9 ± 0.1 (f = 0.3), respectively.
Similarly, LNCSVT-HMWchit particle size and MI increased in the f range from 0 to 0.55, reaching a
maximum of 557 ± 30 nm, 3.0 ± 0.3 (f = 0.55), respectively (Figure 3A). Despite the increase of the
fraction by weight of mucin above f values of 0.3, for LNCSVT-LMWchit, particle size and MI decreased
to 318 ± 5 nm and 1.9 ± 0.1 for f values of 0.85. It has been hypothesized here that while at values of
f of around 0.3, nanocapsules are able to form large agglomerates with mucin chains entangled and
linked with more nanoparticles, above this value, the mucin is in such a large excess that almost all
single particles are enrobed with mucins, leading to a decrease in the overall mean particle size. In fact,
the MI values for f = 0.55 and 0.85 did not change significantly. On the other hand, for LNCSVT-HMWchit
this decrease in the MI occurred only for f values above 0.55, with particle size and MI decreasing to
321 ± 7 nm, 1.7 ± 0.1 (f = 0.85). Therefore, the MI maximum was observed at lower f values (0.3) for
LNCSVT-LMWchit, and higher f values (0.55) for LNCSVT-HMWchit, indicating a higher capacity to interact
with larger quantities of mucin for nanoparticles coated with high MW chitosan, macroscopically
translating to more efficient mucoadhesion.

Figure 3. (A) Mucoadhesive index (MI) values, (B) PDI and (C) zeta potentials measured for various
mixtures of mucin and nanocapsules. Values of the two formulations were obtained before (f = 0) and
after incubation with different mucin weight ratios f.

The PDI before nanocapsule interaction with mucin was 0.12 ± 0.01 for LNCSVT-LMWchit and
0.11 ± 0.01 for LNCSVT-HMWchit. After mixing the nanocapsules with mucin, PDI progressively
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increased for both formulations, up to 1 (f = 0.85), indicating the formation of agglomerates and
the switch to highly polydispersed particle size distributions (Figure 3B). The zeta potentials of the
formulations that were initially positive due to the chitosan coating immediately after interaction with
even the smallest amount of mucin (f = 0.04), became negative for both formulations (−4.8 ± 0.1 mV
for LNCSVT-LMWchit and −4.8 ± 0.7 mV for LNCSVT-HMWchit) and remained roughly constant for both
formulations, even with increasing f values (Figure 3C).

3.3. In Vitro Drug Release

The in vitro release profiles of the simvastatin-loaded chitosan coated lipid core nanocapsules
were performed over 8 h (Figure 4). A solution of simvastatin was used as a control. It can be
observed that 56.3 ± 2.5% of SVT diffused out from the dialysis bag when using the control simvastatin
solution, within 8 h. On the other hand, the percentage of drug released from LNCSVT-LMWchit and
LNCSVT-HMWchit after 8 h were 37.3 ± 1.5% and 31.0 ± 1.1%, respectively. These results show that
nanocapsules provided a controlled release of simvastatin, and that the different types of chitosan
affected the drug release rate. Indeed, the release of SVT from LNCSVT-HMWchit was slower in
comparison to the LNCSVT-LMWchit.

 
Figure 4. In vitro drug release profile from LNCSVT-LMWchit, LNCSVT-HMWchit and from the control
(SVT solution), using the dialysis bag method at 37 ◦C (n = 3, ± SD).

3.4. Transport Studies in a Nasal Cell Model

To confirm the potential permeability enhancement effects of the nanocapsules, the total amount
of SVT transported across nasal mucosa model was determined by using RPMI2650 human nasal
epithelial cells [52]. Figure 5 shows the amount of SVT transported when using the formulations,
compared to a suspension of the raw material, over 4 h. After 1 h, the formulations already showed
increased degrees of permeation compared to the control. However, no significant differences (p > 0.05)
were observed at 1 h for the SVT permeation between LNCSVT-LMWchit and LNCSVT-HMWchit. After the
first hour however, each single time point showed an amount of SVT transported to be statistically
different between the formulations (p < 0.05), confirming the greater permeation of LNCSVT-LMWchit.
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Figure 5. Amount (μg) of SVT transported across RPMI 2650 cells grown under air–liquid interface
conditions (n = 4, ± SD). Significant difference (p < 0.05) is expressed considering the following
comparisons: * SVT versus LNCSVT-LMWchit, ** SVT versus LNCSVT-HMWchit, *** LNCSVT-LMWchit versus
LNCSVT-HMWchit.

3.5. Ex Vivo Transport Experiments across Rabbit Nasal Mucosa

Figure 6A shows the SVT permeation across the excised rabbit nasal mucosa using Franz type
vertical diffusion cells. The results of the ex vivo permeation studies on the rabbit nasal mucosa
evidenced that the formulations significantly increased the permeation of SVT compared to the control.
LNCSVT-LMWchit showed the highest percentage of SVT permeation after 4 h (19.2 ± 0.5%·cm−2),
followed by LNCSVT-HMWchit (11.0 ± 0.5%·cm−2), while the control (SVT suspension) showed an
extremely low degree of permeation (2.6 ± 0.2%·cm−2). The results indicate that SVT permeation from
LNCSVT-LMWchit was 1.74 and 7.4 times greater than LNCSVT-HMWchit and the SVT control, respectively.

Figure 6. (A) Ex vivo SVT permeation across rabbit nasal mucosa up to 4 h in simulated nasal
electrolytic solution (SNES) containing 0.5% of polysorbate 80 at 37 ◦C (n = 3, ± SD). (B) Percentage of
SVT retained in nasal mucosa after 4 h of the permeation test in Franz-type diffusion cells (n = 3, ± SD).
Asterisk (*) indicates significant differences between SVT versus LNCSVT-LMWchit and LNCSVT-HMWchit.

The results of SVT retained in the mucosa tissue after 4 h experimental time are shown in
Figure 6B. It can be seen that there was better retention of both formulations with respect to the
control. The SVT fraction found in the tissue for the control was 4.2 ± 0.9%·cm−2, while in the case of
LNCSVT-LMWchit and LNCSVT-HMWchit, the fraction of simvastatin found in the tissue was more than
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doubled, i.e., 9.8 ± 1.3 and 9.9 ± 2.5%·cm−2, respectively. In this case, the difference between the
amount of retained SVT from LNCSVT-LMWchit and LNCSVT-HMWchit was not statistically significant.

3.6. Preliminary Nasal Toxicity Studies

Nasal mucosa histopathology studies were performed to assess the integrity of the rabbit mucosa
after 4 h of the permeation test. As shown in Figure 7, the mucosa treated with PBS pH 6.4 (negative
control), SVT, LNCSVT-LMWchit, and LNCSVT-HMWchit did not show any evident structural damage.
The results from histological examinations indicated that the LNC nanocapsules did not cause any
irritation or toxicity, and they can be considered to be biocompatible for nasal administration.

 
Figure 7. Histopathological sections of rabbit nasal mucosa after 4 h of permeation test in Franz-type
diffusion cells treated with (A) PBS pH 6.4 (negative control), (B) SVT, (C) LNCSVT-LMWchit, and (D)
LNCSVT-HMWchit. Sections are stained with hematoxylin and eosin.

4. Discussion

Over the past couple of decades, pharmaceutical nanotechnology has received considerable
attention and demonstrated significant potential for the development of innovative medicinal
products, both for the therapy and the diagnosis of severe diseases [59]. In this work, we report
a new preparation method of lipid-core PCL nanocapsules, optimizing a two-step process
(self-assembly step followed by a coating step) into a one-pot technique to develop chitosan-coated
nanoparticles. Moreover, we compared the pharmaceutically relevant properties in terms of
physicochemical characterization, mucoadhesive properties, drug release, and permeability studies
of LNCSVT-LMWchit and LNCSVT-HMWchit coated by chitosan with low MW and high MW, in view of a
nose-to-brain administration.

Polymeric nanocapsules containing poly(ε-caprolactone), capric/caprylic triglyceride, and sorbitan
monostearate, and coated with chitosan, were developed. This formulation has the advantage of efficiently
encapsulating lipophilic drugs such as simvastatin [34,35]. The production of positively-coated lipid-core
nanocapsules in one step, avoiding the use of non-ionic surfactants in the aqueous phase, is the main novelty
of this approach. Previously, we developed mucoadhesive amphiphilic nanocapsules based on a blend
of PCL and poly(methyl methacrylate-b-2-(dimethylamino)ethyl methacrylate) for the nose-to-brain
delivery of olanzapine. Nevertheless, the self-assembly of the nanocapsules by using this block
copolymer (positive surface) avoids the use of sorbitan monostearate in the formulation. Indeed,
the cores of those nanocapsules are composed exclusively of medium-chain triglycerides [29]. Sorbitan
monostearate dispersed in core of the lipid-core nanocapsules has been demonstrated to provide
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an addition diffusional barrier to control the drug release, and an increase of the rigidity of the
nanocapsules polymer wall [34,36]. Furthermore, a comparative study conducted with polymeric
nanocapsules demonstrated that the presence of sorbitan monostearate instead of sorbitan monooleate
in the core improved the anti-apoptotic and antioxidant effects of melatonin during bovine embryo
development [60]. In the present development, it was possible to obtain in a one-step process, lipid-core
nanocapsules incorporating sorbitan monostearate in the oily core, and decorated on the surface
with chitosan, providing mucoadhesion and penetration-enhancing properties that appear to be
fundamental for nose-to-brain delivery [21].

The combination between the composition and the interfacial deposition of the pre-formed
polymer method produced nanocapsules with adequate particle sizes and narrow size distributions,
as was confirmed by complementary techniques such as laser diffraction, DLS, and NTA. Besides
that, coating the nanocapsules with chitosan with different molecular weights (21 kDa and 152 kDa)
influenced their pharmaceutical properties. For example, chitosan molecular weight and viscosity
in water affected the sizes of the nanoparticles. In fact, particle size could be reduced by using
lower molecular weight chitosan [61,62]. Actually, for LNCSVT-HMWchit, the higher mean particle
hydrodynamic diameter could be attributed to the lengths of the chains of chitosan present on
the particle surface, possibly expanding the water hydration shell of the nanoparticle. In addition,
low-MW chitosan has been reported to have a higher aqueous solubility, and this, together with
shorter polymer chains, contributes to forming smaller particles compared to high-MW chitosan [63].
The positive zeta potential obtained for all formulations is evidence of the polysaccharide coating.
Furthermore, using different chitosan types did not cause significant changes in the zeta potentials
of both formulations, probably due of a similar degree of deacetylation (95%) [64]. Mucoadhesive
polymers such as chitosan represent a significant strategy for overcoming the nasal drug delivery
limits of low membrane permeability, short residence time, and mucociliary clearance. The presence of
polysaccharides on the nanocapsule surface is expected to prolong the permanence of the formulation
in the nasal cavity, open the tight junctions between the nasal epithelial cells, and promote drug
permeation through the biological barriers, granting access to the CNS [65–67]. For these reasons,
the evaluation of the ability of nanocapsules to interact with mucin is of great interest for nasal
administration. Mucous membranes internally delimit the body cavities (stomach, esophagus, cornea,
oral cavity, reproductive and respiratory tracts), and are characterized by a superficial mucus layer with
protective and lubricating functions [68]. The mucus is composed of water (approximately 95%), lipids,
inorganic salts, and mucin, a glycoprotein composed of N-acetylgalactosamine, N-acetylglucosamine,
fucose, galactose, and sialic acid, which is responsible for the adhesive properties and the viscosity of
the mucus [66]. Lipophilic drugs show an affinity for mucus glycoproteins, reducing their adsorption
and the bioavailability. This issue, together with the drugs’ poor aqueous solubilities, are limiting
factors for the nose-to-brain delivery of lipophilic drugs. To improve the transport of SVT through this
barrier, we used nanoparticles as a drug delivery system [69].

Our results showed how, for both formulations, particle size and MI increased with the increase
in the mucin weight ratio, to a critical point. A previous study [50] has led to the conclusion that
the nanoparticles in mucin solution form agglomerates in which the nanoparticles are the points
of contact between negatively charged mucin chains. Beyond the critical value of the mucin ratio,
the repulsive forces among the mucin chains break these agglomerates. Our results support this
theory; nevertheless it has to be stressed that the decrease of MI observed for high mucin weight
ratio does not indicate a decrease in the mucoadhesive capacity of the formulations [50]. However,
the results indicate how in mucin excess, smaller aggregates are formed in order to minimize the
repulsive forces between the chains of mucin, and to maximize the points of contact between the
positive charges of chitosan and the negative charges of the mucin chains. Moreover, it was noticed
that the critical point of the formulations was different for the nanocapsules coated with chitosan
with different characteristics (LNCSVT-LMWchit f = 0.3 and for LNCSVT-HMWchit f = 0.55). This difference
could be attributed to the different chain lengths of the two chitosan batches [63]. Indeed, in a previous
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study conducted with a different method, Menchicchi and co-authors proposed that mucin interacts
mostly with high molecular weight chitosan [70]. On the other hand, the results presented in this paper,
compared to similarly uncoated LNC, demonstrate a large increase in the mucoadhesive capacity,
due to the presence of chitosan. The uncoated LNC showed values of MI = 1.4, PDI = 0.51, and a
zeta potential of −9.5 mV after contact with the maximum concentration of mucin (0.5% w/v) [71].
The PDI increase with the increase in the f mucin ratio corroborates the above-mentioned explanation.
In fact, PDI results indicated that the heterogeneity of the distribution of the particle size in solution
increased along with the mucin weight ratio, because of the formation of aggregates of different sizes.
The oligosaccharide chains of mucin glycoproteins presenting terminal sialic acid residues confer a
negative charge to the molecule; therefore, the variation of the particle zeta potential from positive to
negative values demonstrates how the mucin enrobes the nanocapsules interacting with their surface
layer of chitosan. This suggests that mucoadhesion mechanism is driven by the electrostatic interaction
of the positively charged amine groups of D-glucosamine molecules of chitosan with the negatively
charged sialic acid residues of mucin [72].

The SVT-loaded lipid core nanocapsules formulation was able to control drug release, due to the
two diffusional barriers: the PCL polymer wall and the lipid dispersion present in the nanocapsule core.
The nanoencapsulation reduced the diffusion rate of SVT across a dialysis membrane, confirming data
that is frequently described in the literature as a property of polymeric nanoparticles [33]. Regarding
the comparison between the two formulations, LNCSVT-HMWchit afforded better control of drug release.
In order to explain the different release profiles, we evaluated the differences in terms of their
physicochemical properties. Firstly, this can be explained by the higher viscosity of the chitosan
used to develop the LNCSVT-HMWchit. Previous studies demonstrated that the viscosity of the chitosan
is an important factor for modulating the release control [73]. Moreover, nanoparticle size can influence
in the release profile, which increases with decreasing particle size. Indeed, LNCSVT-LMWchit had
a lower mean particle diameter than LNCSVT-HMWchit, which could contribute to explaining their
different release profiles, because of the greater available surface area [74,75].

The permeation across the RPMI 2650 human nasal cell line showed that the SVT transported
across the nasal cell model by LNCSVT-LMWchit and LNCSVT-HMWchit can enhance drug transport
across a cell pseudo-monolayer that also secretes mucin on its apical surface. The increase of SVT
permeation across the human nasal cell layer can be explained by different mechanisms. In literature,
chitosan is associated with an opening of tight junctions that increase cell layer permeability. However,
this mechanism generally favors the permeation of water-soluble drugs, and it has been evidenced
that it is slightly less efficient for chitosan bound to nanoparticles, compared to simple polysaccharide
solutions [76]. More recently, it has been demonstrated that the biodegradation of nanocapsules
by enzymes in the mucus barrier or intracellularly could be pivotal in enhancing the transcellular
transport of lipophilic drugs [77]. The results of the ex vivo permeation studies on rabbit nasal mucosa
confirmed and further added evidence for the fact that the nanoencapsulation of SVT significantly
increased its permeation across excised nasal mucosa. In this case, the higher permeation evidenced
for LNCSVT-LMWchit could be explained by a combination of factors. The smaller particle sizes of
nanocapsules coated with low molecular weight chitosan could have facilitated its absorption into
the mucosal tissue as reported before [78]. Moreover, an important factor is the bioadhesion of the
nanostructures, as previously explained, given by the particles shell of chitosan, which interacts with
electrostatic forces at the anionic sites of the nasal mucus [65]. However, from the mucoadhesion data,
a better interaction with mucus could be expected from nanocapsules coated with the high molecular
weight chitosan. However, the slower release kinetics evidenced for these particles have probably
contributed to limiting the amount of drug permeated, especially considering that drug accumulation
into the tissue is superimposable for the two nanocapsule formulations.

Previous findings [79,80], agree that chitosan-coated nanoparticles increase drug permeation
across the nasal mucosa, compared to the free drug control. This controlled SVT permeation, together
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with the mucoadhesion effects, may be an important strategy for prolonging the effects of the drug
when it is administered via the nasal route.

5. Conclusions

In the present investigation, the coating process of lipid-core nanocapsules, using a one-pot
technique approach, was presented. Furthermore, two chitosan-coated simvastatin-loaded lipid core
nanocapsules suitable for nasal administration were successfully developed. Both the nanoparticles
produced with different types of chitosan were designed to have adequate physicochemical and
mucoadhesive properties for a potential nose-to-brain application. The formulations prepared combine
a controlled release of simvastatin, and mucoadhesion properties that are able to increase drug
permeation across the nasal mucosa, as demonstrated by using two different models of nasal epithelium.
In summary, simvastatin-loaded chitosan-coated lipid core nanocapsules seem to be a promising
mucoadhesive system for the nose-to-brain delivery of poorly soluble anticancer drugs. Follow up
studies will focus on the investigation of the potential of these nanoparticles for the treatment of brain
tumors, involving studies with glioma cells, and an orthotopic intracranial tumor model in mice.
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Abstract: Current vaccine research is mostly based on subunit antigens. Despite the better toxicity
profile of these antigens they are often poorly immunogenic, so adjuvant association has been explored
as a strategy to obtain a potent vaccine formulation. Recently, mast cell activators were recognized as
a new class of vaccine adjuvants capable of potentiating mucosal and systemic immune responses.
In this study, a co-adjuvanted delivery system was developed and characterized, combining the
mast cell activator C48/80 with chitosan nanoparticles (Chi-C48/80 NPs), and the results were
compared with plain chitosan nanoparticles. The adsorption of model antigens onto the NP surface
as well as the biocompatibility of the system was not affected by the incorporation of C48/80 in the
formulation. The stability of the nanoparticles was demonstrated by studying the variation of size
and zeta potential at different times, and the ability to be internalized by antigen presenting cells
was confirmed by confocal microscopy. Vaccination studies with hepatitis B surface antigen loaded
Chi-C48/80 NPs validated the adjuvanticity of the delivery system, demonstrating for the first time a
successful association between a mast cell activator and chitosan nanoparticles as a vaccine adjuvant
for hepatitis B virus, applied to a nasal vaccination strategy.

Keywords: compound 48/80; chitosan; nanoparticles; mast cell activator; vaccine adjuvant;
nasal vaccination

1. Introduction

Traditional vaccines consisting of live attenuated or inactivated pathogens are highly
immunogenic, but, due to safety concerns, development of new vaccines is being focused on the use of
recombinant subunit antigens. Recombinant antigens are safer but they are often poorly immunogenic,
requiring the use of adjuvants to enhance the resultant immune response. Therefore, different adjuvant
approaches have been studied to enhance and/or modulate vaccine response to subunit antigens.
Among them is the use of nanotechnology, a strategy that has been extensively explored and holds
great promise [1,2]. Formulation of antigens in nanoparticles may offer several attractive features,
namely an enhanced uptake by antigen presenting cells (APCs) [3], a depot effect with gradual
release of the antigen [1,4], a cross-presentation of antigens [1,5], slower antigen processing than
antigens in solution, which can result in a prolonged antigen presentation [6], and the co-delivery of
antigens and adjuvants to the same cell population [2]. Besides, particulate antigens are generally more
immunogenic than soluble antigens [7] and can be used to modulate the type of immune response [1].
Different nano-sized platforms such as virus-like particles, liposomes, immune stimulating complexes

Pharmaceutics 2019, 11, 72; doi:10.3390/pharmaceutics11020072 www.mdpi.com/journal/pharmaceutics325



Pharmaceutics 2019, 11, 72

(ISCOMs), nanoemulsions, and polymeric nanoparticles have been explored as potential vaccine
delivery systems [8,9]. Chitosan and its derivatives are among the most studied compounds for
development of polymeric vaccines [10,11] because of their attractive characteristics for biomedical
applications. Chitosan is a biocompatible, biodegradable, and non-toxic polysaccharide [12], obtained
by deacetylation of chitin, consisting of β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine
monomer units. Its cationic nature, mucoadhesivity and immunostimulating properties [10] make it
an attractive polymer, particularly for the design of nanoparticulate vaccines for mucosal delivery.

Despite the potential of nanoparticles as vaccine adjuvants, it is possible to obtain a more potent
adjuvant formulation by association with immunopotentiators. In fact, the concept of concomitant
delivery of antigens and immunostimulatory molecules through delivery systems gained increased
attention and has been appointed as a promising approach in vaccine development [2,13,14].

Mast cells (MCs), strategically located at the host surface contact with pathogens, have
been recognized in recent years as important players in the development of protective immune
responses [15–17], and the use of mast cell activators as a new class of vaccine adjuvants has begun to be
explored [18]. Since then, additional studies confirmed the immunopotentiator properties of the mast
cell activator compound 48/80 (C48/80) [19–21]. In this study, we explore the feasibility of combining
the mast cell activator with chitosan nanoparticles to prepare a new adjuvant formulation for nasal
vaccination. The strategy proposed here could be advantageous because, while chitosan could extend
the residence time of the antigen on the nasal mucosa, MC activation could promote a local environment
favorable to the development of an immune response. In particular, the application of this strategy
to the hepatitis B recombinant antigen could allow the development of a nasal vaccine suitable for
developing countries, where the possibility of self-administration could improve patient ease of access
and compliance. Additionally, nasal vaccines are known to induce the generation of mucosal immune
responses in the genital tract [22,23], which is highly attractive considering the sexual transmission
of the virus. One of the biggest obstacles for vaccine development is the lack of knowledge on how
to formulate complex adjuvant systems combining immunopotentiators and delivery systems [24].
Therefore, the publication of innovative methodologies for the preparation of these co-adjuvanted
formulations is of utmost importance. These approaches would allow other researchers to have access
to a broader range of adjuvants to test as vaccine candidates. Considering this, the present paper
describes the design and characterization of a novel co-adjuvanted formulation consisting of chitosan
nanoparticles associated with the mast cell activator C48/80. Stability, biocompatibility, and uptake by
macrophages of the obtained nanoparticles were assessed in vitro. Finally, we tested the potential of
C48/80 loaded chitosan NPs to modulate the adaptive immune response following nasal immunization
using the recombinant hepatitis B surface antigen (HBsAg). To the authors’ knowledge, this was the
first time C48/80 was used as a co-adjuvant for hepatitis B vaccination.

2. Materials and Methods

2.1. Materials

A low molecular weight chitosan (deacetylation degree 95%) was purchased from Primex
BioChemicals AS (Avaldsnes, Norway). Compound 48/80, bovine serum albumin (BSA), MTT
(3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide), albumin-fluorescein isothiocyanate
conjugate (FITC-BSA), trehalose, Dulbecco’s modified Eagle medium (DMEM) and Roswell Park
Memorial Institute (RPMI) 1640 were obtained from Sigma-Aldrich (Sintra, Portugal). Bicinchoninic
acid (BCA) assay and micro BCA kits were obtained from Pierce Chemical Company (Rockford,
IL, USA). FITC was purchased to Santa Cruz Biotechnology (Santa Cruz, CA, USA). Fetal bovine
serum (FBS), wheat germ agglutinin Alexa Fluor® 350 Conjugate and Lysotracker® Red DND 99 were
obtained from Life Technologies Corporation (Paisley, UK). HBsAg was purchased from Aldevron.
All other reagents used were of analytical grade.
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2.2. Chitosan Purification

Chitosan was purified by a method described elsewhere [25] with slight modifications. Briefly, 1 g
of chitosan was suspended in 10 mL of a 1 M NaOH solution, and stirred for 3 h at 50 ◦C. The mixture
was then filtered (0.45 μm membrane, MerckMillipore, Darmstadt, Germany), and the resultant pellet
washed with 20 mL of deionized water. The recovered chitosan was dissolved in 200 mL of 1% (v/v)
acetic acid solution and stirred for 1 h. The solution was filtered (0.45 μm membrane), and 1 M NaOH
was used to adjust the filtrate to pH 8.0, resulting in purified chitosan in the form of precipitates.
Purified chitosan was freeze-dried for 48 h with a Labconco freeze-dryer, model 77530 (Labconco,
Kansas City, MO, USA) equipment.

2.3. Characterization of the Purified Chitosan by Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of purified and non-purified chitosan were recorded using an FTIR spectrometer
(Spectrum 400, PerkinElmer, Villepinte, France) with an attenuated total reflection (ATR) top-plate
accessory. The instrument operated with a resolution of 2 cm−1, and 30 scans were collected for each
sample. Spectra were recorded between 650 and 4000 cm−1.

2.4. Nanoparticle Preparation

C48/80 loaded chitosan nanoparticles (Chi-C48/80 NPs) were prepared by adding dropwise
3 mL of an alkaline solution (5 mM NaOH) of C48/80 and Na2SO4 (0.3 mg/mL and 2.03 mg/mL,
respectively) to 3 mL of a chitosan solution (1 mg/mL in acetic acid 0.1%) under high-speed vortexing.
The nanoparticles were formed after further maturation for 60 min under magnetic stirring. Blank
chitosan particles (Chi NPs) were obtained by preparing nanoparticles in exactly the same conditions
but without C48/80.

To evaluate the stability after freeze-drying, nanoparticles were lyophilized with 1%, 2.5%, or 5%
of trehalose as cryoprotectant. All samples were lyophilized for 48 h with a Labconco freeze-dryer,
model 77530 (Labconco, Kansas City, USA), at −50 ◦C and 100 mbar.

Chitosan–aluminum nanoparticles (Chi-Al NPs) and chitosan–poly epsilon caprolactone
(Chi-PCL) NPs used in the immunogenicity study were produced as previously described by our
group [26,27]

2.5. Characterization of Nanoparticles

2.5.1. Size and Zeta Potential

Particle size was measured by dynamic light scattering (DLS) using a DelsaTM Nano C (Beckman
Coulter). Samples were diluted in milli-Q water and analyzed at a detection angle of 160◦ and a
temperature of 25 ◦C. Zeta potential was measured by electrophoretic light scattering (ELS), after
dispersion of the nanoparticles in a solution of 1 mM NaCl.

2.5.2. Morphology

Particle morphology was evaluated by scanning electron microscopy (SEM) in a field emission
scanning electron microscope (FEI Quanta 400 FEG ESEM, ThermoFisher Scientific, Waltham, MA,
USA). One drop of nanoparticle suspension was mounted on a microscope stub using a double-stick
carbon tape and allowed to dry overnight. Prior to image acquisition, samples were coated with gold.

2.5.3. Quantification of C48/80 Loading Efficacy

In order to evaluate the loading efficacy (LE) of C48/80, nanoparticles were centrifuged for 20 min
at 8000 g, and C48/80 was quantified in the supernatant using a method validated by our group [28].
Briefly, 25 μL of carbonate buffer pH 9.6 was added to 175 μL of sample in a 96-well plate. Subsequently,
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50 μL of a 15% acetaldehyde solution containing 1.5% of sodium nitroprusside was added and the
absorbance measured at 570 nm. The loading efficacy was calculated according to Equation (1).

C48/80 LE (%) =
total C48/80 (μg/mL) − free C48/80 in supernatant (μg/mL)

total C48/80 (μg/mL)
× 100 (1)

2.5.4. FTIR Analysis

FTIR analysis of lyophilized chitosan, C48/80, Chi NPs, and Chi-C48/80 NPs was performed
according to Section 2.3.

2.6. Stability Studies

The short term stability of freshly prepared nanoparticle suspensions stored either at 4 ◦C or at
room temperature (RT) was studied for a period of 15 days. Size, polydispersity index (PI), and zeta
potential of three independent batches of Chi-C48/80 NPs and Chi NPs were measured. Samples were
withdrawn and characterized at Days 0, 3, 5 and 15.

The stability of lyophilized Chi-C48/80 NPs was also investigated after storage for a period of
4 months at RT. At the end of the test period, samples were resuspended in milli-Q water, NPs were
characterized, and the parameters were compared to the values before lyophilization.

2.7. Evaluation of Loading Efficacy and Loading Capacity of Model Antigens

Loading of model antigens on a nanoparticle surface was performed by physical adsorption.
Nanoparticles were centrifuged for 30 min at 4500 g and resuspended in acetate buffer, pH 5.7, 25 mM.
Nanoparticles at a final concentration of 2.5 mg/mL were incubated with BSA, ovalbumin (OVA),
or myoglobin in acetate buffer for 60 min at RT. Ratios from 7:1 to 1:1 (NP/protein) were tested for
BSA, while OVA and myoglobin were incubated at a fixed weight ratio of 7:1. After incubation,
particles were centrifuged at 12,000 g for 20 min, and the supernatant was collected. The amount
of protein loaded on nanoparticles was determined indirectly by measuring the concentration of
non-bound protein in the nanoparticle supernatant using the BCA or Micro-BCA protein assay (Pierce,
ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Loading
efficacy and loading capacity (LC) were determined by Equations (2) and (3), respectively.

LE (%) =
total amount of BSA − non bound BSA

total amount of BSA
× 100 (2)

LC (%) =
total amount of BSA − non bound BSA

weight of nanoparticles
× 100. (3)

2.8. In Vitro Cytotoxicity Studies

Single cell suspensions of spleens from 8-week old female C57BL/6 mice (Charles River) were
prepared according to a method previously described [29]. Cells were seeded in a 96-well plate at a
density of 1 × 106 cells/well in an RPMI 1640 medium (supplemented with 10% (v/v) fetal bovine
serum, 2 mM glutamine, 1% (v/v) penicillin/streptomycin, and 20 mM HEPES) and incubated together
with different concentrations of nanoparticles. After 24 h of incubation, cellular viability was assessed
by MTT assay. Briefly, 20 μL of 5 mg/mL MTT in PBS, pH 7.4, was added to each well and incubated
for more 4 h. The plate was centrifuged for 25 min, at 800 g, and the supernatants were removed.
Finally, the formazan crystals produced by viable cells were solubilized with 200 μL of DMSO per
well, and the optical density values were measured at 540 nm with 630 nm as a wavelength reference.
The viability of non-treated cells (culture medium only) was defined as 100% and the relative cell
viability calculated using Equation (4).
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Cell viability (% ) =
OD sample (540 nm) − OD sample (630 nm)

OD control (540 nm) − OD control (630 nm)
× 100. (4)

A549 cells (American Type Culture Collection, ATCC) were seeded in a 96-well plate at a density
of 105 cells/mL, at 37 ◦C and 5% CO2, in a nutrient mixture F12-Ham with 10% (v/v) fetal bovine serum
supplemented with 1% (v/v) penicillin/streptomycin, and incubated with different concentrations
of nanoparticles. MTT assay was performed as described previously for spleen cells with minor
modifications: incubation with MTT was performed over 1.5 h, and the cell supernatants were directly
removed without centrifuging.

2.9. Particle Uptake by Macrophages

FITC-labeled NPs were prepared by the method described in Section 2.4 using FITC-labeled
chitosan. The synthesis of FITC-labeled chitosan was based on the reaction between the isothiocyanate
group of FITC (Ex/Em—490/525) and the primary amino group of chitosan established by our
group [30]. Briefly, chitosan was labeled by mixing 35 mL of dehydrated methanol containing 25 mg
of FITC to 25 mL of a 1% (w/v) chitosan in 0.1 M acetic acid. After 3 h of reaction in the dark at RT,
the FITC-labeled chitosan was precipitated with 0.2 M NaOH until pH 10. FITC-labeled chitosan was
obtained by centrifugation for 30 min at 4500 g and the resultant pellet was washed 3 times with a
mixture of methanol/water (70:30, v/v). The labeled chitosan was resuspended in 15 mL of 0.1 M acetic
acid and stirred overnight. A polymer solution was dialyzed in the dark against 2.5 L of deionized
water for 3 days before freeze-drying using a freeze-dry system (FreezeZone 6, Labconco, Kansas City,
MO, USA).

The ability of nanoparticles to be internalized by antigen presenting cells was assessed on the
mouse macrophage cell line RAW 264.7 (ECACC, Salisbury, UK). Cells were maintained in Dulbecco’s
modified Eagle medium (DMEM, Sigma Aldrich, Sintra, Portugal) supplemented with 1 mM HEPES,
1 mM sodium pyruvate, and 10% of non-inactivated FBS. To evaluate the uptake of nanoparticles,
RAW 264.7 cells were seeded on glass coverslips in 12-well plates at a density of 2.5 × 105 cells
per well and cultured at 37 ◦C in 5% CO2 overnight. On the next day, RAW 264.7 were pre-labeled
with 300 nM Lysotracker® Red DND 99 (Ex/Em—577/590 nm) for 30 min at 37 ◦C, and the culture
medium was replaced by a fresh one. The cells were then incubated for 4 h with FITC-Chi NPs and
FITC-Chi-C48/80 NPs at 100 μg/mL or FITC-BSA loaded nanoparticles at 50 μg/mL in DMEM.

Following uptake, cells were washed three times with phosphate-buffered saline pH 7.4 (PBS)
and fixed with 4% paraformaldehyde in PBS for 15 min at 37 ◦C. The plasma membrane of
pre-fixed cells was then labeled with 5 μg/mL of wheat germ agglutinin Alexa Fluor 350 conjugate
(Ex/Em—346/442 nm) in PBS for 10 min at RT. After labeling, cells were washed twice with PBS and
the coverslips mounted in microscope slides with DAKO mounting medium and examined under an
inverted laser scanning confocal microscope (Zeiss LSM 510 META, Carl Zeiss, Oberkochen, Germany)
equipped with imaging software (LSM 5 software, version 3.2, Carl Zeiss, Oberkochen, Germany).

2.10. Immunogenicity Study

2.10.1. Nasal Vaccination

Female C57BL/6 mice of 6–8 weeks of age were purchased from Charles River (Écully, France) and
housed in the Center for Neuroscience and Cell Biology (CNC) animal facility (Coimbra, Portugal) and
provided food and water ad libitum. All experiments were carried out in accordance with institutional
ethical guidelines and with national (Dec. No. 1005/92, 23 October 2018) and international (normative
2010/63 from EU) legislation. Groups of 5 mice were intranasally immunized on Days 0, 7, and 21
with 15 μL of vaccine formulation (7.5 μL per nostril), under slight isoflurane anesthesia. All mice,
except for those in the naïve group (Group I), received 10 μg of HBsAg adsorbed onto Chi-C48/80 NPs
(Group II), Chi-Al NPs (Group III), or Chi-PCL NPs (Group IV).
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Samples were collected and processed as previously described [31]. Briefly, blood was collected
by a submandibular lancet method on Days 21 and 42 and allowed to coagulate for 30 min prior to
centrifugation at 1000 g for 10 min. Nasal and vaginal washes were collected on Day 42. Vaginal
washes were collected by instilling 100 μL of PBS into the vaginal cavity, and the lavage fluid was
flushed in and out a few times before collection. Samples were centrifuged at 11,500 g for 10 min, and
supernatants were stored. Nasal lavage samples were collected from euthanized mice. The lower jaw
of the mice was cut way and the nasal lavage collected by instilling 200 μL of sterile PBS posteriorly
into the nasal cavity. Fluid exiting the nostrils was collected and spun at 11,500 g at 4 ◦C for 20 min.
Collected and processed samples were stored until further analysis.

2.10.2. Determination of Serum IgG, IgG1, IgG2c, and Secretory IgA

Quantification of immunoglobulins was performed using a protocol optimized by our
group [27,30]. The endpoint titers presented in the results represent the antilog of the last log2
dilution, for which the OD values were at least two-fold higher than that of the naive sample, equally
diluted. The log 2 end-point titers were used for statistical analysis.

2.11. Statistical Analysis

Statistical analysis was performed with GraphPad Prism v 5.03 (GraphPad Software Inc., La Jolla,
CA, USA). Student’s t-test and ANOVA followed by Tukey’s post-test were used for two samples or
multiple comparisons, respectively. A p-value <0.05 was considered statistically significant (* p < 0.05;
** p < 0.01; *** p < 0.001).

3. Results and Discussion

3.1. Purification of Chitosan

Before use chitosan was submitted to a purification process to ensure the removal of any possible
impurities. FTIR analysis was performed before and after the purification process to confirm the
preservation of structure and integrity of the commercial polymer. The spectra obtained were in
agreement with previously published data [32,33]. FTIR spectrum of chitosan showed a broad band
between 3500 and 3200 cm−1 (Figure 1) corresponding to the stretching vibration of O–H. The peak of
N–H stretching from primary amine groups was overlapped in the same region. The peak at 2869 cm−1

indicates C–H stretching vibrations. Peaks at 1650 and 1588 cm−1 correspond to C=O stretch and N–H
bending, respectively. The peak at 1419 cm−1 belongs to the N–C stretching and the bands at 1150 and
1025 cm−1 are characteristic of the CO stretching vibration. No differences were observed between the
spectra of non-purified and purified chitosan, which indicates that the purification process had no
effect on the structure of the polymer.

Figure 1. Fourier-transform infrared spectroscopy (FTIR) spectra of chitosan after and before the
purification process. (A) Purified chitosan. (B) Non-purified chitosan.
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3.2. Development and Physicochemical Characterization of C48/80-Chitosan Nanoparticles

C48/80 loaded chitosan nanoparticles were prepared by ionotropic gelation of cationic chitosan
with sulfate anions from Na2SO4. C48/80 was added to a crosslink solution and entrapped during
NP formation. This method of nanoparticle preparation is extremely simple and involves mixing
two aqueous solutions at RT. Despite the simplicity of the method, different conditions were tested
in the laboratory before getting the final nanoparticle formulation. Based on previous data collected
from our group, different concentrations of the nanoparticles components, as well as different pH and
incubation conditions, were tested in order to achieve nanoparticles with the desired characteristics:
submicron size, a good polydispersity, and a reasonable encapsulation of the mast cell activator C48/80.
The main challenge was to associate a cationic compound, the mast cell activator C48/80, with the
also positively charged chitosan. Typically, interactions with chitosan amine group are electrostatic,
which favors the interaction of the polymer with anionic compounds. Consequently, the association of
cationic compounds with chitosan can be trickier due to partial repulsion, since both are positively
charged [34]. At the end, the preparation of chitosan nanoparticles loaded with the mast cell activator
C48/80 was possible by mixing the compound with an alkalinized sodium sulfate solution prior to the
preparation of the nanoparticles.

Figure 2A summarizes Chi NP and Chi-C48/80 NP characteristics. The unloaded Chi NPs
had an average size of 396.2 ± 35.0 nm, while the formulation loaded with the mast cell activator,
Chi-C48/80 NPs, had an average size of 500.9 ± 65.15 nm. Images from scanning electron microscopy
confirmed the size measured by DLS (Figure 2B1,B2). Both formulations had a narrow size distribution
(PI < 0.170) and were positively charged. The incorporation of C48/80 in Chi NPs led to an increase of
about 100 nm in the nanoparticle size (p < 0.001, Student’s t-test), but the nanoparticle surface charge
remained unaltered. The increased mean size was a good indicator of the association of C48/80 in
the nanoparticles, but the incorporation was definitively confirmed after quantification of the amount
of C48/80 in the nanoparticles by a validated method [28]. The results showed that the compound
was successfully incorporated into Chi NPs with a loading efficacy of 18.6%. Even if the attempts to
correlate particle size and the resultant immune responses lead to conflicting findings [4,35], previous
studies showed that 500 nm is in the optimal size range for uptake by APCs [36]. Therefore, not only
the Chi-C48/80 NPs and Chi NPs have a suitable size for uptake, but also their positive charge is an
advantage since it favors mucoadhesion, through interaction with the negatively charged sites on cell
surfaces, and should also facilitate the uptake by antigen-presenting cells.

Figure 2. Characterization of C48/80 loaded and unloaded chitosan nanoparticles. (A) Size and zeta
potential were measured by dynamic light scattering and electrophoretic light scattering, respectively,
with a Delsa™ Nano C. C48/80 loading efficacy was measured by a colorimetric method. Mean ± SD,
n ≥ 3. (B) SEM images of (1) Chi NP and (2) Chi-C48/80 NP. Magnification 15,000×, scale 5 μm.
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3.3. FTIR Analysis of Nanoparticles

FTIR is an important tool to analyze the interactions between groups and useful for the study of
nanomaterial surface [37]. Therefore, chitosan, Chi NPs, Chi-C48/80 NPs, and C48/80 were analyzed
by FTIR to characterize any potential interactions in the nanoparticles. Comparison of chitosan polymer
(Figure 3A) with Chi NPs (Figure 3B) showed a shift of peaks from 1650 and 1558 cm−1 to 1631 and
1532 cm−1, respectively. This difference can be explained by the interaction between the amino
groups of chitosan and sulfate ions, which resulted in the formation of the NPs by ionic crosslink [33].
The broad band between 3500 and 3200 cm−1 attributed to O–H and N–H bonds shifted to a lower
wavelength in Chi NPs, indicating an enhancement of the hydrogen bonds interactions [38]. The same
band appeared to be broader in Chi-C48/80 NPs (Figure 3C) than in Chi NPs, which also indicates
enhanced hydrogen bonding in the loaded formulation [32]. No peak exclusively characteristic from
C48/80 (Figure 3D) was observed on the FTIR spectrum of Chi-C48/80 NPs. This may be due to the
small amount of C48/80 and therefore its chemical groups, present in the nanoparticles, which may be
masked by the much higher amount of chitosan.

Figure 3. FTIR spectra of (A) Chitosan, (B) Chi NPs, (C) Chi-C48/80 NPs, and (D) C48/80.

3.4. Stability Studies of the Nanoparticles

A particle-based vaccine should be stable in relation to size throughout the process of preparation,
storage, and administration. Considering this, the short-term stability of aqueous suspensions of
Chi-C48/80 NPs was assessed by measuring the size, PI, and zeta potential during storage at 25 ◦C or
at 4 ◦C for 15 days. Chi-C48/80 NPs showed a consistent particle size with a uniform size distribution
during the test period (Figure 4A,B). Additionally, no changes in zeta potential of nanoparticles were
observed (Figure 4C,D).

The results showed that Chi-C48/80 NPs were stable up to 15 days at the tested conditions.
However, it should be noted that the target function of these formulation is to act as an adjuvant for
nasal vaccination after association with an antigen of interest. It is known that instability during the
storage of vaccines can lead to physicochemical changes of the formulation and antigen degradation,
often requiring additional steps to improve its long-term stability [4]. One effective way to guarantee
this stability and to prevent antigen degradation is to lyophilize the vaccine formulation [39]. It is
important that this procedure does not affect the original particle size and size distribution of the
formulation since it would also influence the immune responses. Thus, the potential impact of these
processes should be investigated at early stages of formulation design [4]. Considering this, we
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explored the feasibility of lyophilizing the developed formulations by evaluating the impact of this
technique on the physicochemical properties of Chi-C48/80 NPs and Chi NPs. The preliminary
data obtained revealed that freeze-drying of the developed formulations without any cryoprotectant
resulted in great particle aggregation (data not shown). This destabilization of nanoparticle suspensions
is very common and most likely is a result of the stress of freezing and dehydration inherent to
the technique [40]. Therefore, to avoid that, in this study a fixed concentration of nanoparticles
(2 mg/mL) was lyophilized with different concentrations of trehalose (1%, 2.5%, and 5% (w/v)).
The physicochemical characteristics of the delivery systems were then measured after reconstitution in
water and compared to the initial ones (pre-lyophilization) to see if the concentrations of cryoprotectant
used were sufficient to stabilize the formulations (Figure 5).

Figure 4. Short-term stability of Chi-C48/80 NPs at 25 ◦C (A,C) and 4 ◦C (B,D). Size, polydispersity
index (PI), and zeta potential of the C48/80 loaded formulation were measured during storage up to
15 days at 25 ◦C or at 4 ◦C. Data are expressed as mean ± standard deviation (SD), n = 3.

Figure 5. Effect of lyophilization with different concentrations of trehalose on the characteristics of
nanoparticles. Size, polydispersion index, and zeta potential of Chi-C48/80 NPs (A,C) and Chi NPs
(B,D) were measured before and after liophilization with 1%, 2.5%, and 5% of trehalose. (E) To evaluate
the long-term stability of the lyophilized nanoparticles, Chi-C48/80 NPs plus 2.5% of trehalose were
characterized after 4 months at room temperature (RT). Data are expressed as mean ± SD, n = 3.

333



Pharmaceutics 2019, 11, 72

Trehalose was selected as a cryoprotectant because it has been successfully used to preserve not
only the characteristics of chitosan nanoparticles [38] but also the bioactivity of both C48/80 and an
antigen [21]. The size of Chi NPs remains the same after lyophilization with all trehalose concentrations
tested (Figure 5A,B). On the other hand, differences in size and PI for Chi-C48/80 NPs indicate that
an adequate reconstitution was only achieved when using 2.5% or 5% of the cryoprotectant. Zeta
potential of nanoparticles increased after the lyophilization with trehalose (Figure 5C,D). This can
result from either a change in charge distribution on the NP surface or from the presence of trehalose
on the on the NP suspension. The results suggest that 2.5% of trehalose was sufficient to achieve a
successful cryopreservation of both delivery systems.

To assess if the lyophilized nanoparticles would be feasible to avoid the cold chain,
Chi-C48/80 NPs lyophilized with 2.5% of trehalose were characterized after storage at RT for 4 months.
Results showed that nanoparticles preserved the initial size and polydispersity for at least 4 months of
storage (Figure 5E).

Overall, the results suggest that the stability of Chi NPs was not impaired by the association with
C48/80. However, it is noteworthy that, even if these studies on the stability of the nanoparticles
provided us with an indication about the potential of the formulations for long-term storage, they do
not exclude the requirement of a more complete stability study, including antigen potency evaluation
over time, for guarantee that the immunogenicity of the vaccine candidate is not affected. That would
be particularly important during the development of vaccines designed to avoid the cold chain.

3.5. Loading of Model Antigens

In this study, BSA, OVA, and myoglobin were used as model antigens to confirm the adsorption of
proteins onto the surface of nanoparticles. The use of three different proteins with different isoelectric
points (IPs) allowed us to assess the suitability of the developed delivery systems for loading different
antigens of interest. The loading of proteins on nanoparticles was made by physical adsorption, a mild
technique that involves simply the incubation of nanoparticles with an aqueous solution of the antigen.
This approach not only helps to preserve the structure of antigen but also allows a repetitive antigen
display to the APC, which mimics pathogens [1].

Initially different NP/BSA ratios were tested to evaluate the more efficient weight ratio of
NP/protein for loading. BSA loading efficacies were very similar for both Chi-C48/80 NPs and
Chi NPs (Figure 6A,B). The LE was dependent on the ratio NP/BSA: the higher the ratio, the higher
the amount of protein adsorbed on NP surface, ranging from 50.8% to 94.1% and from 52.2% and
95.5%, for Chi-C48/80 NPs and Chi NPs, respectively. The LC of nanoparticles was also calculated;
it represents the amount of protein that the nanoparticles are able to carry. Unlike LE, the LC of the
nanoparticles decreased with the increase in the NP/BSA ratio. Loading capacity was maximum at the
lower ratio tested (1:1) for both Chi NPs and Chi-C48/80 NPs. However, even if the incubation with
higher amounts of protein allows the nanoparticles to carry a higher amount of the protein of interest,
generally it is preferable to use the NP/protein ratio that allows the highest LE because the antigen is
usually the most expensive component of the vaccine. The LE near 95%, achieved for NP/BSA = 7:1,
is very favorable in formulation development since almost the entire amount of antigen used would
be associated with the nanoparticles. Therefore, this ratio was selected to test the loading of OVA and
myoglobin on the NP surface.

LE of OVA and myoglobin on nanoparticles was around 70% and 10%, respectively, for both
Chi-C48/80 NPs and Chi NPs (Figure 6C). These values were significantly lower than those observed
for BSA. The isoelectric points of BSA, OVA, and myoglobin (4.7, 4.9, and 7.2, respectively) can help one
to understand the observed results. BSA and OVA displayed high adsorption efficacies to the surface
of the NPs that can be associated with the electrostatic interactions between the positively charged
amino groups of chitosan and the negatively charged carboxyl groups of the proteins. On the other
hand, at pH 5.7, both nanoparticles and myoglobin are positively charged, which explains the very low
LE % observed for this protein. However, despite the similarity in the isoelectric points of BSA and
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OVA, the adsorption of these proteins was different within the same delivery system. That is because,
even if the IP is helpful for predicting the loading of proteins on the NP surface, the adsorption is
a complex process depending on several other factors [41]. Overall, the results suggested that the
developed formulations are suitable for loading negatively charged antigens and that the adsorption
of protein onto the Chi NP surface was not affected by the presence of C48/80.

Figure 6. Loading of model antigens. Effect of NP/protein ratio on the protein adsorption to (A)
Chi-C48/80 NPs and (B) Chi NPs. (C) Loading efficacy for bovine serum albumin (BSA), ovalbumin
(OVA) and myoglobin at the NP/protein ratio of 7:1. Nanoparticles were incubated with different
proteins for 60 min in acetate buffer, pH = 5.7 at RT. Loading efficacy (% LE) and loading capacity (% LC)
were determined after quantification of unbound protein in the supernatant using the Bicinchoninic
acid (BCA) assay. Bars represent mean ± SD, n = 3.

3.6. Cytotoxicity

The cytotoxicity of Chi-C48/80 NPs and Chi NPs was evaluated in spleen cells and in the A549
cell line using the MTT assay. Spleen cells were chosen because they are a good representation of the
different cells of the immune system and have been already used to test the toxicity of vaccine delivery
systems [29,42]. Since the aim of this study was to evaluate the incorporation of a mast cell activator in
a delivery system, the A549 cell line, a model of alveolar basal epithelium, was used to evaluate the
potential harmful effect of the nanoparticles at the administration site. As expected, the results show
that cytotoxicity was concentration-dependent. Higher concentrations of nanoparticles resulted in a
decreased cell viability (Figure 7).

In spleen cells, the incorporation of C48/80 in Chi NPs did not affect the toxicity of formulations,
with both formulations showing no cytotoxicity for concentrations up to 2000 μg/mL (Figure 7A).
With the A549 cell line, cell viability was above 70% for concentrations up to 750 μg/mL, for both
formulations (Figure 7B). However, in these cells, the presence of C48/80 in the nanoparticles reduced
the cell viability more rapidly than did Chi NPs. Note that 1500 μg/mL is a very high concentration
and out of the range normally used in in vitro studies. These results are in agreement with others that
have demonstrated that chitosan nanoparticles are nontoxic [29,43,44].
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Figure 7. Effect of Chi-C48/80 NPs and Chi NPs on viability of spleen cells (A) and epithelial A549
cells (B). Different concentrations of nanoparticles were incubated with cells for 24 h. The cell viability
was measured by MTT assay. Each result is representative of two independent experiments performed
in quadruplicate for spleen cells and three independent experiments performed in quadruplicate for
A549 cells (mean ± SD).

3.7. Uptake Studies

The uptake of nanoparticles by antigen presenting cells is favorable to an adaptive immune
response [45]. Therefore, we investigated the ability of both developed formulations to be internalized
by RAW 264.7 cells, a macrophage cell line widely used to explore the uptake and immune effect of
vaccine delivery systems [3,7]. To visualize particle uptake by the macrophage cell line RAW 264.7,
cells were incubated with FITC-labeled Chi NPs or Chi-C48/80 NPs. The intracellular location of
nanoparticles was analyzed by labeling the cells with Lysotracker Red, which accumulates in the
acidic endolysosomes. The results showed that the NPs were efficiently taken up by macrophages
(Figure 8A). After 4 h of incubation, the FITC-NPs (green) were mostly detected on the cell cytoplasm.
However, some of the compartments enclosing NPs showed acidification, as observed in the merged
images between green fluorescent NPs and red fluorescent vesicles, appearing in yellow, indicating
maturation of the phagolysosome (Figure 8A). To confirm that not only the nanoparticles but also the
associated antigens would be internalized by antigen presenting cells, uptake studies were repeated
with nanoparticles loaded with a fluorescently labeled protein. The confocal images showed an
extensive internalization of FITC-BSA loaded on both Chi-C48/80 NPs and Chi NPs (Figure 8B).
Similarly to what was observed with FITC-labeled NPs, the fluorescence signal of BSA was detected
mostly on cell cytoplasm with only a few yellow co-localization signals observed.

These results suggest that NPs and protein-loaded NPs might escape from the endosomes
to cytoplasm which can facilitate cross-presentation and potentially mediate the MHC I antigen
presentation pathway, associated with an induction of CD8+ T cell response [3]. In fact, it was
demonstrated by others that chitosan-based nanoparticles could escape from endosomes [46] and
that antigens delivered by Chi NPs mediate antigen presentation through both MHC I and MHC II
pathways [7]. This escape mechanism and consequent cross-presentation of antigens is particularly
important for the development of vaccines that require cellular immune response.

Overall, the results showed that there were no significant differences regarding the uptake and
distribution of Chi-C48/80 NPs and Chi NPs. This means that the association of the mast cell activator
with the NPs not only did not impair the characteristics of nanoparticle and antigen uptake by
antigen-presenting cells but also proved to be an effective antigen delivery system.
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Figure 8. Evaluation of uptake by macrophages. (A) Uptake of nanoparticles was assessed by
incubating 4 h, 100 μg/mL RAW 264.7 cells with Chi-C48/80 NPs or Chi NPs prepared with fluorescein
isothiocyanate (FITC)-labeled chitosan (green). (B) Uptake of the antigen loaded on nanoparticles
was evaluated by incubating the cells with FITC-BSA loaded Chi-C48/80 NPs or Chi NPs. Cells were
labeled with Alexa Fluor© 350 WGA (blue) to identify the membrane, and Lysotracker© Red identifies
the acidic endosomes and lysosomes. Arrows in the merge image show co-localization.

3.8. Immunogenicity Study

Chi-C48/80 NPs’ ability to act as a nasal vaccine adjuvant for hepatitis B surface antigen was
tested and compared with other particulate adjuvants by performing an immunogenicity study using
C57BL/6 mice. The immunization schedule comprised a primary nasal immunization followed
by two nasal boosts at Days 7 and 21. Therefore, in this study, we included two other established
chitosan-based nano-delivery systems developed by our group, Chi-Al NPs [26] and Chi-PCL NPs [27],
in order to compare adjuvanticity elicited by the new system.

As depicted in Figure 9A, although all formulations were able to induce detectable IgG titers at
Day 21, at Day 42 Chi-C48/80 NPs and Chi-Al NPs induced significantly higher titers than Chi-PCL
NPs. All delivery systems tested induced a Th2-type immune response, since the predominant IgG
subclass elicited was the IgG1 (Figure 9B). Therefore, Chi-PCL NPs despite being an excellent adjuvant
when administered by a subcutaneous route, was shown in this work to have a lower value when used
in the intranasal route.

The main reason to develop new and effective mucosal vaccine delivery systems, besides its ease
of access and administration, is the possibility to induce mucosal antibodies at the site of entry of
pathogens, actively preventing the infection. Our results showed that Chi-C48/80 NPs were able
to induce mucosal anti-HBsAg IgA in the vaccinated mice (Figure 9C). Indeed, the nasal washes
revealed mucosal IgA titers in 80% of the Chi-C48/80 NP-vaccinated mice, similar to Chi-Al NPs,
but vaginal washes revealed 60% of responder mice in comparison to the 40% of Chi-Al NPs. All
nanoparticles used in this experiment presented a positive zeta potential, characteristic of a chitosan
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presence (Figure 9D). Nevertheless, sizes presented a higher variation between formulations, with a
Chi-C48/80 NP size about two times larger than the other nanoparticles.

Figure 9. Immune profile of C57BL/6 mice after intranasal immunization. Serum anti-HBsAg IgG (A),
IgG1 and IgG2c (B) and mucosal IgA (C) titers obtained with 10 μg HBsAg loaded into Chi-C48/80 NPs,
Chi-Al NPs, or Chi-PCL NPs. Blood was collected by submandibular lancet method on Days 21 and 42,
and nasal and vaginal washes were collected on Day 42. Numbers above bars represent the number
of mice in which antibody levels were detected. Data (mean ± SD) correspond to responder mice of
each group. Table with summary of nanoparticle size, polydispersity index, and zeta potential of the
formulations used during the immunization studies (D).

These results suggest that the adjuvant Chi-C48/80 NPs is a valuable strategy to improve the
efficacy of nasal recombinant vaccines. Immunoglobulin results were slightly higher than the ones
obtained with Chi-Al NPs, which adjuvanticity was already established by our group [26,30,47]
and particularly for the nasal route. In fact, Lebre et al. [30] observed Chi-Al NPs complexed with
pDNA from HBsAg, were able to induce humoral and mucosal antibodies against HBV. Moreover,
in opposition to free HBsAg, Lebre et al. [47] also reported that HBsAg loaded Chi-Al NPs elicited
HBsAg-specific IgG in nasal and vaginal washes when the vaccine was subcutaneously administered.
On the other hand, when compared to Chi-PCL NPs, Chi-C48/80 NPs demonstrated a superior
adjuvant activity. Chi-PCL NP adjuvanticity through subcutaneous and nasal routes was also validated
by our group in a direct comparison with free HBsAg [27,48,49]. In detail, through the nasal route,
free HBsAg did not induce specific IgG titers, while Chi-PLC NPs elicited a detectable immune
response with an HBsAg dose 10 times lower than the control [27]. Moreover, the conclusion that
Chi-C48/80 NPs are able to increase the immune response to HBsAg is reinforced when the results are
compared to Chi-Al NPs and Chi-PCL NPs, since those delivery systems were already compared in
vaccination studies with the commercially available HBV vaccine (Engerix®) [47,49]. In those studies,
both delivery systems were able to induce better IgG titers than Engerix® at same dose.

Interestingly, a recent article, published by Schubert et al. [50] observed that the adjuvant activity
of C48/80 for the specific immune response against ovalbumin upon intranasal immunization is
independent of the MC presence. Therefore, further work aimed to elucidate the mechanistic of action
of Chi-C48/80 NPs as a mucosal vaccine adjuvant would be insightful to clarify if its adjuvant activity
is related with a C48/80 ability to activate MC, or if it is a mechanism similar to chitosan, that largely
stems from the fact that it is a cationic polymer. In fact, chitosan nanoparticles alone are able to activate
mast cells, a finding recently made by our group [51].

Overall, the association of C48/80 with chitosan NPs was found to produce a good adjuvant
and thus to be a suitable approach to improving the activity of the HBsAg, through mucosal routes
of administration.
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4. Conclusions

Chitosan is a biomaterial with appealing properties for vaccine delivery. Considering this, we
designed and developed a new chitosan-based vaccine delivery system by efficiently incorporating
the mast cell activator C48/80 into chitosan nanoparticles. Overall, the data obtained showed that
the versatility of chitosan was associated with additional adjuvants without significantly affecting
the physicochemical and biocompatible properties of the polymer. This is a characteristic of chitosan
that deserves to be further explored in order to support the design of improved delivery systems or
immunopotentiators to better modulate the immune response of the antigens. The delivery system
was shown to have interesting features for vaccine delivery, namely, the ability to adsorb high amounts
of antigen, internalization by antigen-presenting cells, and stability after lyophilization, which can
be a useful future development of a cold chain-free vaccine formulation. Chi-C48/80 NPs also
demonstrated adjuvant activity for the hepatitis B antigen similar to Chi-Al NPs and superior to
Chi-PCL NPs, confirming its feasibility as a vaccine adjuvant through demanding but promising
routes, such as the nasal route. To better design nanoparticulate immunopotentiators, it is desirable
that the mechanism of the adjuvants be better studied, with the certainty that for each adjuvant we
are not talking about a single mechanism, but most likely more than one that, the other way, may be
competitive. This knowledge is absolutely essential, so that in the near future it will be possible to
design adjuvants with more predictable immunomodulatory action.

Author Contributions: Conceptualization, D.B. and O.B.; investigation, D.B., S.J., and F.L.; writing—original draft
preparation, D.B.; writing—review and editing, D.B., T.G., and O.B.; funding acquisition, O.B.

Funding: This work was financed by the European Regional Development Fund (ERDF), through the Centro 2020
Regional Operational Programme, under project CENTRO-01-0145-FEDER-000008:BrainHealth 2020, and through
the COMPETE 2020—Operational Programme for Competitiveness and Internationalisation. This work was also
financed by Portuguese national funds via FCT (Foundation for Science and Technology), I.P., under strategic
project POCI-01-0145-FEDER-007440 as well as projects POCI-01-0145-FEDER-030331 and ProSafe/0001/2016
and via FCT doctoral fellowship SFRH/BD/65141/2009. SEM analysis was performed in CEMUP (under
REEQ/1062/CTM/2005 and REDE/1512/RME/2005 funding contracts from FCT).

Acknowledgments: We thank Luisa Cortes for expert technical assistance with confocal microscopy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Smith, D.M.; Simon, J.K.; Baker, J.R., Jr. Applications of nanotechnology for immunology. Nat. Rev. Immunol.
2013, 13, 592–605. [CrossRef] [PubMed]

2. De Temmerman, M.L.; Rejman, J.; Demeester, J.; Irvine, D.J.; Gander, B.; De Smedt, S.C. Particulate vaccines:
on the quest for optimal delivery and immune response. Drug Discov. Today 2011, 16, 569–582. [CrossRef]
[PubMed]

3. Akagi, T.; Shima, F.; Akashi, M. Intracellular degradation and distribution of protein-encapsulated
amphiphilic poly(amino acid) nanoparticles. Biomaterials 2011, 32, 4959–4967. [CrossRef] [PubMed]

4. Oyewumi, M.O.; Kumar, A.; Cui, Z. Nano-microparticles as immune adjuvants: correlating particle sizes
and the resultant immune responses. Expert Rev. Vaccines 2010, 9, 1095–1107. [CrossRef] [PubMed]

5. Shen, H.; Ackerman, A.L.; Cody, V.; Giodini, A.; Hinson, E.R.; Cresswell, P.; Edelson, R.L.; Saltzman, W.M.;
Hanlon, D.J. Enhanced and prolonged cross-presentation following endosomal escape of exogenous antigens
encapsulated in biodegradable nanoparticles. Immunology 2006, 117, 78–88. [CrossRef] [PubMed]

6. Thomann-Harwood, L.J.; Kaeuper, P.; Rossi, N.; Milona, P.; Herrmann, B.; McCullough, K.C. Nanogel
vaccines targeting dendritic cells: contributions of the surface decoration and vaccine cargo on cell targeting
and activation. J. Control. Release 2013, 166, 95–105. [CrossRef] [PubMed]

7. Koppolu, B.; Zaharoff, D.A. The effect of antigen encapsulation in chitosan particles on uptake, activation
and presentation by antigen presenting cells. Biomaterials 2013, 34, 2359–2369. [CrossRef]

8. Gao, Y.; Wijewardhana, C.; Mann, J.F.S. Virus-Like Particle, Liposome, and Polymeric Particle-Based Vaccines
against HIV-1. Front. Immunol. 2018, 9. [CrossRef]

339



Pharmaceutics 2019, 11, 72

9. Barclay, T.; Petrovsky, N. Vaccine Adjuvant Nanotechnologies. In Micro and Nanotechnology in Vaccine
Development; Elsevier Science: Oxford, UK, 2017; pp. 127–147. [CrossRef]

10. Arca, H.C.; Gunbeyaz, M.; Senel, S. Chitosan-based systems for the delivery of vaccine antigens.
Expert Rev. Vaccines 2009, 8, 937–953. [CrossRef]

11. Amidi, M.; Mastrobattista, E.; Jiskoot, W.; Hennink, W.E. Chitosan-based delivery systems for protein
therapeutics and antigens. Adv. Drug Deliv. Rev. 2010, 62, 59–82. [CrossRef]

12. Baldrick, P. The safety of chitosan as a pharmaceutical excipient. Regul. Toxicol. Pharmacol. RTP 2010, 56,
290–299. [CrossRef] [PubMed]

13. Mutwiri, G.; Gerdts, V.; van Drunen Littel-van den Hurk, S.; Auray, G.; Eng, N.; Garlapati, S.; Babiuk, L.A.;
Potter, A. Combination adjuvants: the next generation of adjuvants? Expert Rev. Vaccines 2011, 10, 95–107.
[CrossRef] [PubMed]

14. Schijns, V.E.; Lavelle, E.C. Trends in vaccine adjuvants. Expert Rev. Vaccines 2011, 10, 539–550. [CrossRef]
[PubMed]

15. Abraham, S.N.; St John, A.L. Mast cell-orchestrated immunity to pathogens. Nat. Rev. Immunol. 2010, 10,
440–452. [CrossRef] [PubMed]

16. Metz, M.; Maurer, M. Mast cells–key effector cells in immune responses. Trends Immunol. 2007, 28, 234–241.
[CrossRef] [PubMed]

17. Marshall, J.S. Mast-cell responses to pathogens. Nat. Rev. Immunol. 2004, 4, 787–799. [CrossRef] [PubMed]
18. McLachlan, J.B.; Shelburne, C.P.; Hart, J.P.; Pizzo, S.V.; Goyal, R.; Brooking-Dixon, R.; Staats, H.F.;

Abraham, S.N. Mast cell activators: A new class of highly effective vaccine adjuvants. Nat. Med. 2008, 14,
536–541. [CrossRef] [PubMed]

19. Staats, H.F.; Fielhauer, J.R.; Thompson, A.L.; Tripp, A.A.; Sobel, A.E.; Maddaloni, M.; Abraham, S.N.;
Pascual, D.W. Mucosal targeting of a BoNT/A subunit vaccine adjuvanted with a mast cell activator
enhances induction of BoNT/A neutralizing antibodies in rabbits. PLoS ONE 2011, 6, e16532. [CrossRef]

20. McGowen, A.L.; Hale, L.P.; Shelburne, C.P.; Abraham, S.N.; Staats, H.F. The mast cell activator compound
48/80 is safe and effective when used as an adjuvant for intradermal immunization with Bacillus anthracis
protective antigen. Vaccine 2009, 27, 3544–3552. [CrossRef]

21. Wang, S.H.; Kirwan, S.M.; Abraham, S.N.; Staats, H.F.; Hickey, A.J. Stable dry powder formulation for nasal
delivery of anthrax vaccine. J. Pharm. Sci. 2012, 101, 31–47. [CrossRef]

22. Kiyono, H.; Fukuyama, S. NALT- versus Peyer’s-patch-mediated mucosal immunity. Nat. Rev. Immunol.
2004, 4, 699–710. [CrossRef] [PubMed]

23. Neutra, M.R.; Kozlowski, P.A. Mucosal vaccines: The promise and the challenge. Nat. Rev. Immunol. 2006, 6,
148–158. [CrossRef]

24. Reed, S.G.; Bertholet, S.; Coler, R.N.; Friede, M. New horizons in adjuvants for vaccine development.
Trends Immunol. 2009, 30, 23–32. [CrossRef] [PubMed]

25. Gan, Q.; Wang, T. Chitosan nanoparticle as protein delivery carrier—Systematic examination of fabrication
conditions for efficient loading and release. Colloids Surf. B Biointerface 2007, 59, 24–34. [CrossRef]

26. Lebre, F.; Bento, D.; Ribeiro, J.; Colaco, M.; Borchard, G.; de Lima, M.C.P.; Borges, O. Association of chitosan
and aluminium as a new adjuvant strategy for improved vaccination. Int. J. Pharm. 2017, 527, 103–114.
[CrossRef]

27. Jesus, S.; Soares, E.; Costa, J.; Borchard, G.; Borges, O. Immune response elicited by an intranasally delivered
HBsAg low-dose adsorbed to poly-epsilon-caprolactone based nanoparticles. Int. J. Pharm. 2016, 504, 59–69.
[CrossRef]

28. Bento, D.; Borchard, G.; Goncalves, T.; Borges, O. Validation of a new 96-well plate spectrophotometric
method for the quantification of compound 48/80 associated with particles. AAPS PharmSciTech 2013, 14,
649–655. [CrossRef] [PubMed]

29. Borges, O.; Cordeiro-da-Silva, A.; Romeijn, S.G.; Amidi, M.; de Sousa, A.; Borchard, G.; Junginger, H.E.
Uptake studies in rat Peyer’s patches, cytotoxicity and release studies of alginate coated chitosan
nanoparticles for mucosal vaccination. J. Control. Release 2006, 114, 348–358. [CrossRef]

30. Lebre, F.; Borchard, G.; Faneca, H.; Pedroso de Lima, M.C.; Borges, O. Intranasal Administration of Novel
Chitosan Nanoparticle/DNA Complexes Induces Antibody Response to Hepatitis B Surface Antigen in
Mice. Mol. Pharm. 2016, 13, 472–482. [CrossRef]

340



Pharmaceutics 2019, 11, 72

31. Jesus, S.; Soares, E.; Borges, O. Poly-epsilon-caprolactone/Chitosan and Chitosan Particles: Two Recombinant
Antigen Delivery Systems for Intranasal Vaccination. Method Mol. Biol. 2016, 1404, 697–713. [CrossRef]

32. Dudhani, A.R.; Kosaraju, S.L. Bioadhesive chitosan nanoparticles: Preparation and characterization.
Carbohydr. Polym. 2010, 81, 243–251. [CrossRef]

33. Borges, O.; Borchard, G.; Verhoef, J.C.; de Sousa, A.; Junginger, H.E. Preparation of coated nanoparticles for
a new mucosal vaccine delivery system. Int. J. Pharm. 2005, 299, 155–166. [CrossRef]

34. Lim, S.T.; Martin, G.P.; Berry, D.J.; Brown, M.B. Preparation and evaluation of the in vitro drug release
properties and mucoadhesion of novel microspheres of hyaluronic acid and chitosan. J. Control. Release 2000,
66, 281–292. [CrossRef]

35. Zhao, L.; Seth, A.; Wibowo, N.; Zhao, C.X.; Mitter, N.; Yu, C.; Middelberg, A.P. Nanoparticle vaccines. Vaccine
2014, 32, 327–337. [CrossRef]

36. Foged, C.; Brodin, B.; Frokjaer, S.; Sundblad, A. Particle size and surface charge affect particle uptake by
human dendritic cells in an in vitro model. Int. J. Pharm. 2005, 298, 315–322. [CrossRef]

37. Mudunkotuwa, I.A.; Minshid, A.A.; Grassian, V.H. ATR-FTIR spectroscopy as a tool to probe surface
adsorption on nanoparticles at the liquid-solid interface in environmentally and biologically relevant media.
Analyst 2014, 139, 870–881. [CrossRef]

38. Rampino, A.; Borgogna, M.; Blasi, P.; Bellich, B.; Cesaro, A. Chitosan nanoparticles: preparation, size
evolution and stability. Int. J. Pharm. 2013, 455, 219–228. [CrossRef]

39. Sloat, B.R.; Sandoval, M.A.; Cui, Z. Towards preserving the immunogenicity of protein antigens carried by
nanoparticles while avoiding the cold chain. Int. J. Pharm. 2010, 393, 197–202. [CrossRef]

40. Abdelwahed, W.; Degobert, G.; Stainmesse, S.; Fessi, H. Freeze-drying of nanoparticles: formulation, process
and storage considerations. Adv. Drug Deliv. Rev. 2006, 58, 1688–1713. [CrossRef]

41. Dee, K.C.; Puleo, D.A.; Bizios, R. Protein-Surface Interactions. In An Introduction To Tissue-Biomaterial
Interactions; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2003; pp. 37–52. [CrossRef]

42. Eyles, J.E.; Bramwell, V.W.; Singh, J.; Williamson, E.D.; Alpar, H.O. Stimulation of spleen cells in vitro by
nanospheric particles containing antigen. J. Control. Release 2003, 86, 25–32. [CrossRef]

43. Grenha, A.; Grainger, C.I.; Dailey, L.A.; Seijo, B.; Martin, G.P.; Remunan-Lopez, C.; Forbes, B. Chitosan
nanoparticles are compatible with respiratory epithelial cells in vitro. Eur. J. Pharm. Sci. 2007, 31, 73–84.
[CrossRef]

44. Kean, T.; Thanou, M. Biodegradation, biodistribution and toxicity of chitosan. Adv. Drug Deliv. Rev. 2010, 62,
3–11. [CrossRef]

45. O’Hagan, D.T.; Valiante, N.M. Recent advances in the discovery and delivery of vaccine adjuvants. Nat. Rev.
Drug Discov. 2003, 2, 727–735. [CrossRef]

46. Yue, Z.G.; Wei, W.; Lv, P.P.; Yue, H.; Wang, L.Y.; Su, Z.G.; Ma, G.H. Surface charge affects cellular uptake and
intracellular trafficking of chitosan-based nanoparticles. Biomacromolecules 2011, 12, 2440–2446. [CrossRef]

47. Lebre, F.; Pedroso de Lima, M.C.; Lavelle, E.C.; Borges, O. Mechanistic study of the adjuvant effect of
chitosan-aluminum nanoparticles. Int. J. Pharm. 2018, 552, 7–15. [CrossRef]

48. Jesus, S.; Soares, E.; Borchard, G.; Borges, O. Poly–caprolactone/chitosan nanoparticles provide strong
adjuvant effect for hepatitis B antigen. Nanomedicine 2017, 12, 2335–2348. [CrossRef]

49. Jesus, S.; Soares, E.; Borchard, G.; Borges, O. Adjuvant Activity of Poly-epsilon-caprolactone/Chitosan
Nanoparticles Characterized by Mast Cell Activation and IFN-gamma and IL-17 Production. Mol. Pharm.
2018, 15, 72–82. [CrossRef]

50. Schubert, N.; Lisenko, K.; Auerbach, C.; Weitzmann, A.; Ghouse, S.M.; Muhandes, L.; Haase, C.; Häring, T.;
Schulze, L.; Voehringer, D.; et al. Unimpaired Responses to Vaccination With Protein Antigen Plus Adjuvant
in Mice With Kit-Independent Mast Cell Deficiency. Front. Immunol. 2018, 9. [CrossRef]

51. Bento, D.; Staats, H.F.; Gonçalves, T.; Borges, O. Development of a novel adjuvanted nasal vaccine: C48/80
associated with chitosan nanoparticles as a path to enhance mucosal immunity. Eur. J. Pharm. Biopharm.
2015, 93, 149–164. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

341



pharmaceutics

Article

Nasal Administration and Plasma Pharmacokinetics
of Parathyroid Hormone Peptide PTH 1-34 for the
Treatment of Osteoporosis

Richard G. Pearson 1,*, Tahir Masud 2, Elaine Blackshaw 3, Andrew Naylor 4,

Michael Hinchcliffe 5, Kirk Jeffery 4, Faron Jordan 4, Anjumn Shabir-Ahmed 4, Gareth King 4,

Andrew L. Lewis 4, Lisbeth Illum 6 and Alan C. Perkins 3

1 Division of Rheumatology, Orthopaedics and Dermatology, School of Medicine, Queen’s Medical Centre,
University of Nottingham, Nottingham NG7 2UH, UK

2 Nottingham University Hospitals NHS Trust, Queen’s Med Centre, University of Nottingham,
Nottingham NG7 2UH, UK; tahir.masud@nuh.nhs.uk

3 Radiological Sciences, School of Medicine, Queen’s Medical Centre, University of Nottingham,
Nottingham NG7 2UH, UK; elaine.blackshaw@nottingham.ac.uk (E.B.);
alan.perkins@nottingham.ac.uk (A.C.P.)

4 Critical Pharmaceuticals Ltd., Bio City, Pennyfoot Street, Nottingham NG1 1GF, UK;
anaylor@upperton.com (A.N.); kjeffery@upperton.com (K.J.); faron.jordan@hotmail.co.uk (F.J.);
anjumnshabir@yahoo.com (A.S.-A.); gareth.king@catapult-ventures.com (G.K.);
andrew.lewis@quotientsciences.com (A.L.L.)

5 Paracelsis Ltd., BioCity Nottingham, Pennyfoot Street, Nottingham NG1 1GF, UK; mh@paracelsis.com
6 Identity, 19 Cavendish Crescent North, The Park, Nottingham NG71BA, UK; lisbeth.illum@illumdavis.com
* Correspondence: richard.pearson@nottingham.ac.uk; Tel.: +44-(0)-115-8231-119

Received: 30 April 2019; Accepted: 24 May 2019; Published: 7 June 2019

Abstract: Nasal delivery of large peptides such as parathyroid 1-34 (PTH 1-34) can benefit from
a permeation enhancer to promote absorption across the nasal mucosa into the bloodstream.
Previously, we have published an encouraging bioavailability (78%), relative to subcutaneous
injection in a small animal preclinical model, for a liquid nasal spray formulation containing the
permeation enhancer polyethylene glycol (15)-hydroxystearate (Solutol® HS15). We report here
the plasma pharmacokinetics of PTH 1-34 in healthy human volunteers receiving the liquid nasal
spray formulation containing Solutol® HS15. For comparison, data for a commercially manufactured
teriparatide formulation delivered via subcutaneous injection pen are also presented. Tc-99m-DTPA
gamma scintigraphy monitored the deposition of the nasal spray in the nasal cavity and clearance
via the inferior meatus and nasopharynx. The 50% clearance time was 17.8 min (minimum 10.9,
maximum 74.3 min). For PTH 1-34, mean plasma Cmax of 5 pg/mL and 253 pg/mL were obtained for
the nasal spray and subcutaneous injection respectively; relative bioavailability of the nasal spray
was ≤1%. Subsequently, we investigated the pharmacokinetics of the liquid nasal spray formulation
as well as a dry powder nasal formulation also containing Solutol® HS15 in a crossover study in an
established ovine model. In this preclinical model, the relative bioavailability of liquid and powder
nasal formulations was 1.4% and 1.0% respectively. The absolute bioavailability of subcutaneously
administered PTH 1-34 (mean 77%, range 55–108%) in sheep was in agreement with published
human data for teriparatide (up to 95%). These findings have important implications in the search for
alternative routes of administration of peptides for the treatment of osteoporosis, and in terms of
improving translation from animal models to humans.

Keywords: PTH 1-34; teriparatide; nasal delivery; pharmacokinetics; osteoporosis; man; sheep;
clinical trial; preclinical
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1. Introduction

Fragility fractures are associated with osteoporosis, a skeletal disease that occurs mainly in the older
population, and are associated with a reduced bone mineral density (BMD), with alterations in bone
microarchitecture such that the bone exhibits a reduced capacity to resist fracture [1,2]. Osteoporosis is
a significant contributor to non-traumatic hip fractures and vertebral fractures worldwide. In 2017,
there were 66,668 hip fractures in those aged 60 years or over in the UK alone. The human cost in this
patient group is high, with a mortality rate of 6.7%. A 30 day survival for patients with hip fracture
can be accurately estimated using the Nottingham Hip Fracture Score [3,4]. This is mirrored by a huge
health economic burden, and costs for the NHS and social care of £1 billion per year in the UK [5].

PTH 1-34 injections (teriparatide) are currently the only anabolic therapy specifically designed
for the treatment of osteoporosis by promoting the deposition of bone to increase bone density
as opposed to preventing bone loss. Poor compliance of between 25–30% at 12 months is widely
reported in patient populations prescribed teriparatide treatment [6,7]. When this patient group is
questioned, there is a reluctance to be prescribed teriparatide due to the need for repeated injection [8].
Therefore, we are researching nasal spray formulations as an alternative to daily injection, as a
strategy for improving patient compliance which could afford improved patient outcomes and reduced
economic healthcare/social care burden. In addition, there could be economic benefits due to reduced
manufacturing costs.

Nasal spray delivery systems can facilitate easy, painless administration of a drug, and are
convenient for patients to self-administer. However, large hydrophilic molecules such as peptides and
proteins are poorly transported across the nasal membrane, and hence require the use of a permeation
enhancer to achieve a therapeutically relevant bioavailability. Furthermore, it can be a challenge to
develop a suitable nasal formulation since many permeation enhancers are poorly tolerated by the nasal
membrane [9–11]. Enabling technologies in the form of both nasal delivery devices and nasal mucosal
permeation enhancers are presently being developed for effective nasal delivery of peptides/proteins.
Such technologies are being pursued in clinical trials [12,13]. The nasal delivery system investigated here
contains a permeation enhancer aimed at promoting absorption of the PTH 1-34 (4.1 kDa 34 N-terminal
amino acid peptide) across the nasal mucosa in a safe manner [9]. The selected permeation enhancer
is a pharmaceutical excipient, polyethylene glycol (15)-hydroxystearate, also known as Macrogol
(15)-hydroxystearate, polyoxyethylated 12-hydroxystearic acid, Solutol® HS 15, Kolliphor® HS 15 or
CriticalSorb™ [10].

The therapeutic efficacy of the intranasal spray formulation of PTH 1-34 is dependent upon
pharmacokinetics. To investigate this, the rat preclinical model was previously utilised, and showed
that serum levels of PTH 1-34 were significantly greater when delivered in nasal formulations containing
Solutol®HS15, compared to a simple PTH 1-34 formulation [14]. We have also previously demonstrated
that Solutol® HS15 is an essential excipient for the enhancement of human growth hormone delivery
via the intranasal route [10]. Solutol® HS15, a mixture of mono- and diesters of 12-hydroxystearate
(macrogol 15-hydroxystearate), is a non-ionic surfactant with a hydrophilic–lipophilic balance value of
14–16. Due to its amphiphilic nature, Solutol® HS15 in solution forms micelles approximately 13 nm
in diameter. Importantly, when peptides or proteins are dissolved in an aqueous solution comprising
Solutol® HS15, they retain their tertiary structure [15]. The mechanism of action of Solutol® HS15
is considered to arise primarily from a combination of effects on the cell membrane (transcellular
enhancement mechanism), and from an impact on the organization of the actin in the cell cytoskeleton
resulting in tight junction opening (paracellular enhancement mechanism). Solutol®HS15 enhances the
transport of drugs across the mucosal membrane without demonstrating toxicity to mucosal tissue [9].
The formulation is compliant with the European Medicines Agency guidelines on pharmaceutical
quality of inhalation and nasal products (EMEA/CHMP/QWP/49313/2005).

Our previously published preclinical data in rats for a liquid nasal spray formation were
encouraging, showing that the nasal systemic absorption of PTH 1-34 was increased considerably
when administered in a formulation containing Solutol® HS15. The mean Cmax obtained for the nasal
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spray (13.7 ng/mL after administering 100 μg/kg PTH 1-34) was comparable to that after subcutaneous
injection (14.8 ng/mL after a 80 μg/kg dose), and the relative bioavailability was 78% [14]. These data
led to the initiation of the clinical study assessing the liquid nasal spray formulation. This was carried
out to assess nasal deposition, clearance and pharmacokinetics in human subjects [16]. In addition,
on review of the clinical data obtained, we followed up this research using a large animal (ovine)
model reported to be reliable and predictive of human intranasal drug delivery [17]. This replicated
the evaluation of the liquid nasal spray formulation that was given to healthy human volunteers,
in addition to piloting an intranasal dry powder formulation containing the same absorption enhancer
excipient [18].

2. Materials

The PTH 1-34 acetate used for the nasal formulation was chemically synthesised (Polypeptide
Inc., Torrance, CA, USA), and recombinant PTH 1-34 known as teriparatide was the active formulation
ingredient (API) in the commercially available subcutaneous injection pen, Forsteo®, obtained from
Lilly France S.A.S, Fegersheim, France. HyPure WFI Quality Water (Ph.Eur.) (Thermo Fisher Scientific,
Loughborough, UK), Solutol® HS15 (BASF, Ludwigshafen, Germany). All other materials were
supplied by Sigma Aldrich, Gillingham, UK: glacial acetic acid USP, sodium acetate USP, d-mannitol
(Ph.Eur.) and l-methionine (Ph.Eur.). Gellan gum, Gelzan™ CM (CP Kelco), and trehalose USP
Tc-99m-DTPA (Diethylenetriamine pentaacetate) supplied by the radiopharmacy unit of Queen’s
Medical Centre, University of Nottingham.

3. Methods

3.1. Preparation of Nasal Formulations for Clinical Study

The nasal formulation comprised 0.1% w/v PTH 1-34 (Polypeptide Inc., Torrance, CA, USA),
7.5% w/v polyethylene glycol (15)-hydroxystearate (Ph.Eur.), 5% w/v d-mannitol (Ph.Eur.), 3% w/v
l-methionine (Ph.Eur.), 0.15% sodium acetate (Ph.Eur.), and 0.8% w/v acetic acid (Ph.Eur.) in water
for injection (Ph.Eur.) containing the radiolabel (Tc-99m-DTPA). To achieve a 90 μg dose of PTH
1-34, 90 μL of the formulation was atomised in each actuation using a Standard Rexam 3959 winged
spray actuator, SP270-90 pump (Rexam Healthcare, London, UK). In brief, for manufacture of the
radiolabel (Tc-99m-DTPA) containing formulation, Solutol® HS15 was rendered molten by raising the
temperature to 60 ± 10 ◦C. Molten Solutol® HS15 was then dissolved in 0.2 M acetate buffer (pH 4.0)
containing the d-mannitol and l-Methionine at 50 ± 5 ◦C. The resulting 11% w/v Solutol HS15 was
allowed to cool and was used to prepare the 1 mg/mL PTH 1–34, Tc-99m-DTPA (3–5 MBq activity),
7.5% Solutol® HS15 formulation in 0.1 M acetate buffer pH4 using water for injection (Ph.Eur.) as the
diluent. Preparation of the formulations was performed at the GMP facility at the Queen’s Medical
Centre, Nottingham, UK.

The droplet size from the nasal spray was assayed for a 45 μL dose volume by Rexam (Suresnes,
France) using a Spraytec (Malvern Panalytical, Malvern, UK) instrument, activation speed: 60 mm/s,
acceleration: 2500 mm/s2, with a symmetric profile. All parameters were analysed during the
stabilization phase of the spray, with actuator positioned 6 cm from the laser. D10: Droplet diameter
such that 10% of the total liquid volume consist of droplets of smaller diameter (in μm), similarly for
D50 and D90. SPAN is a measure of the droplet size distribution and is defined by SPAN = (D90 −
D10)/D50. D10 = 29.2 (26.8–33.5) μm, D50 = 59.7 (51.4–75.3) μm, D90 = 127.3 (102.7–155.6) μm, SPAN
1.64 (1.48–1.76).

A HPLC based analytical method was used to determine stability of the nasal formulation and
was defined as 97.0–103.0 percent (n = 4) of the initial drug concentration in the formulation following
storage (2–8 ◦C) over a period of 48 h, the maximum time elapsed between manufacture and dosing of
the patients. Column: Discovery Bio wide pore C18 (25 mm × 4.6 mm i.d., 5 μm); Mobile Phase: Phase
A: 0.1 M Sodium Perchlorate, pH 2.7, Phase B: Acetonitrile; Flow Rate: 1.0 mL/min; Run Time 50 min;
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Injection Volume: 15 μL; Column Temperature: 60 ◦C; Auto Sampler Temperature: 2–8 ◦C; Detection:
210 nm.

3.2. Preparation of Nasal Formulations for Ovine Study

The liquid nasal formulation used in the sheep was prepared identically to that for the human
study, with the exception that it was manufactured in the Critical Pharmaceutical Laboratories (CPL)
and did not contain the Tc-99m-DTPA label. The dry powder formulation was also prepared at CPL
as 1% w/w PTH (1-34) with 39% Gellan gum, 40% Solutol® HS15, 20% Trehalose. In brief, 97.5 mg
Gellan gum was dissolved in 50 mL ultra-pure water overnight. Solutol® HS15 was rendered molten
(60 ± 10 ◦C), and 100 mg was added to the Gellan gum solution and mixed for 30–45 min at 60 ◦C. 50 mg
of trehalose was added and mixed for a further 10 min. A total 5 mg of PTH 1-34 was dissolved in 5 mL
of ultra-pure water, and 2.5 mL was added to the formulation. Particles were prepared using a spray
dryer Mini Spray Dryer B-290 (Buchi UK Ltd., Oldham, UK) with the inlet set at 85 ◦C (outlet modified
by inlet temperature), the aspirator 100%, the pump set at 006 equivalent to 2 mL/ min, the spray
pressure at 4 bar. Particle size of the dry powder formulation manufactured for use in the sheep was not
measured, due to limited availability of material due to batch size. However, the particle size of similar
formulations when prepared for loading into the delivery devices was monitored using Helos/BF
(Sympatec GmbH, Clausthal-Zellerfeld, Germany) during formulation development, where the VMD
was 73.7–91.8 μm (×10 = 10.6–23.7 μm, ×50 = 51.5–98.1 μm, ×90 = 142–153 μm). A total 2.4–2.8% of
particles were below 10 μm. As the vast majority of particles were >10 μm, the formulations would be
expected to be nasally deposited. The integrity of the spray dried PTH 1-34 was monitored during
formulation development by HPLC analysis, which consistently revealed a purity of >82.5% PTH 1-34.

3.3. Healthy Human Volunteer Pharmacokinetic/Gamma Scintigraphy Study

The study was conducted in accordance with the Declaration of Helsinki, and the protocol for the
clinical study was given a favourable opinion (12 September 2013) by the NRES committee London
Westminster (ref 13/LO/1037, IRAS ID 126447). All participants gave their informed consent before
they participated in the study. This included regulatory approvals from the Medicines and Healthcare
products Regulatory Agency (MHRA), Nottingham University Hospitals NHS Trust Research &
Innovation (NUH NHS Trust R&I) and certification from the Administration of Radioactive Substances
Advisory Committee (ARSAC). The study was registered at https://clinicaltrials.gov/ website and with
the Trent Comprehensive Local Research Network (Trent CLRN). A dose escalation component was
included within the approved study using a developmental delivery device, however, the data are not
reported here due to commercial sensitivities.

The focus of the study was to investigate the plasma pharmacokinetics of parathyroid hormone
PTH 1-34 delivered in a liquid nasal spray formulation containing the excipient polyethylene glycol
(15)-hydroxystearate (Solutol® HS15). Furthermore, the nasal deposition and clearance of the
formulation was investigated using gamma scintigraphy. The pharmacokinetics and the deposition
and clearance of the nasal spray by gamma scintigraphy were investigated in the same clinical study.

3.3.1. Pharmacokinetics

An open cross-over clinical IMP (investigative medicinal product) study was conducted in seven
healthy female subjects aged over 55 years (mean age 67.7, range 58 to 81 years). Each participant
provided informed consent in accordance with ethical committee requirements and good clinical
practice. Pre-study screening assessments were carried out within 21 days of the participants receiving
their first dose (Supplementary Materials: Section S1). Inclusion and exclusion criteria were applied
(Supplementary Materials: Section S2). Participants were admitted to the study centre on the morning
of dosing, having abstained from alcohol and smoking for at least 24 h previously and fasted from
midnight. Participants were given a light meal on arrival. A cannula was then positioned in the
participant’s arm or hand to facilitate the collection of blood samples. The pre-dose sample was taken.
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Participants received a single subcutaneous injection of 20 μg teriparatide into the abdomen at their first
trial visit. Following a seven day wash out period, each participant self-administered 90 μg PTH 1-34
from the nasal spray formulation using the Rexam SP270 nasal spray device; the patients had previously
been trained in operation of the Rexam device. Any episodes of sneezing after administration of the
nasal formulation were recorded. The nasal spray formulation contained Tc-99m-DTPA, 3–5 MBq
per Rexam SP270 nasal spray dose, resulting in an effective radiation dose of less than 0.14 mSv to
each participant.

Following either subcutaneous or intranasal dosing, 10 mL blood samples (Becton Dickinson
sodium heparin) were taken at 5, 15, 30, 60 120, 180, 240, 300 and 360 min. After each sample was
taken, the cannula was flushed with 10 mL 0.9% saline. Blood was stored on ice and centrifuged
within 30 min to prepare plasma (4 ◦C, 1100–1300 g, 10 min). These samples were stored at −20 ◦C
before dispatching to Simbec Research Ltd. (Merthyr Tydfil, UK) for quantification by validated
ELISA, in compliance with The UK Good Laboratory Practice Regulations 1999 (Statutory Instrument
No. 310 6) and subsequent amendment, OECD Principles of Good Laboratory Practice (Paris 1998)
and EC Commission Directive 2004/10/EC of February 2004.

Pharmacokinetic data were analysed using Phoenix® WinNonlin® 5.1 (Certara USA, Inc.,
Princeton, NJ, USA) from quantified PTH 1-34 in the plasma, using recorded sampling times. Summary
statistics (mean, median, SD, coefficient of variation [CV%], minimum, maximum, n) and the following
plasma pharmacokinetic parameters were calculated:

• Cmax

• Tmax

• Terminal half-life (t1/2)
• AUC to 2 h (AUC0–2h)
• AUC to last measured time point (AUClast) and corresponding Frel for nasal formulation

3.3.2. Gamma Scintigraphy

For the gamma scintigraphy part of the study, a custom designed, rigid frame was attached to a
single head X ring gamma camera (Mediso Ltd., Budapest, Hungary) and used to support the chin of
the participant. This maintained a fixed position of the nose in a sagittal view relative to the camera,
and negated the need to register the longitudinal image series. From immediately post-dose, a 20 min
continuous (dynamic) image acquisition was recorded comprising 40 × 30 s frames. In addition, 30 min
post administration, a 30 s frame was acquired which was repeated every 30 min thereafter, terminating
at 2 h post-dose. Participants returned for a safety follow-up between 1 and 14 days after their final
study procedure.

All seven participants attended the University of Nottingham MRI clinical facility (Sir Peter
Mansfield Imaging Centre, School of Medicine) prior to the clinical study to generate a sagittal view
of the head and neck to provide an anatomical image of the nasal cavity. The acquisition sequence
protocol was: 3 plane localiser, Asset Calibration, Coronal STIR, Sagittal T2 and Sagittal T1 using a GE
750 3T MRI fitted with a 32 channel head coil.

Using a HERMES image workstation (Hermes Medical Solutions, Gravesend, UK) the scintigraphic
images were superimposed upon the DICOM MRI images to enable reference of the nasal spray
deposition site and to define formulation clearance relative to anatomical position within the nasal
cavity. Using the sagittal MRI anatomical view, four regions of interest (ROI) were defined: one around
the anterior site of deposition in the nasal cavity, the second covering the nasal cavity and nasopharynx
to the level of the oropharynx, a third covering the entire region and a fourth distal region to obtain
the background counts. The counts obtained from the ROIs were subject to various corrections to
account for image time, background activity and radioactive decay. The time for 50% clearance of
the total amount of radioactivity deposited in the nasal region (T50%) was calculated for each subject.
T50% was calculated from corresponding activity–time profiles by fitting 4 parameter logistic regression
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(GraphPad Prism 6). For data where this program was unable to make a satisfactory curve fit, the T50%

was obtained by straight line interpolation.

3.3.3. Ovine Study

Research was conducted in accordance with the requirements of the Animals (Scientific Procedures)
Act 1986 (ASPA) under Procedural Project Licence (PPL) number 40/3552 (Protocol 19b/1), between
26 April 2016 and 24 May 2016, at the University of Nottingham, Nottingham, UK (Procedural
Establishment Licence (PEL) number PCD 40/2406). The overarching protocol (as detailed in the
PPL) was subject to full review by the Animal Welfare and Ethical Review Board (AWERB), and the
study-specific protocol received a more localised review by the Named Animal Care and Welfare
Officer (NACWO) and Named Veterinary Surgeon (NVS). This research governance is compliant with
recommended ethical review processes. In view of the clinical data obtained in the present study,
the pharmacokinetics of the Solutol® HS15-based formulation of PTH 1-34 were further investigated
in sheep. The sheep study replicated the clinical trial in that it tested the nasal solution formulation
of PTH 1-34 as well as a subcutaneous injection, but also evaluated pharmacokinetics of PTH 1-34
following intravenous injection and an intranasal PTH1-34 dry powder formulation.

The study was conducted according to a four-way randomised cross-over study in four (Mule
crossbred) female sheep (obtained from a reputable commercial supplier). The sheep were group
housed in a heat and ventilation air conditioned (HVAC) facility for the duration of the study, and were
uniquely identified by a combination of ear tag and electronic transponder. On arrival, the animals
were also randomly assigned a unique identifier by the facilities Research Animal Facility Management
system (LabTracks, Locus Technology Inc., Manchester, MD, USA) and an abbreviated study number
(1, 2, 3 and 4). To aid identification during the study, the fleece of each animal was marked with
the abbreviated study number by spraying with a commercial stockmarker (dye). The animals were
acclimatised for 17 days prior to initiation of treatments. The animals were subject to a health inspection
by the NVS prior to and after use in the study, and were monitored during the study by the PPL holder
and facility personnel supported by the NACWO, NVS and University of Nottingham personnel.
Animals were weighed weekly during the study (Supplementary Materials: Section S3).

The sheep were housed in a temperature and humidity controlled facility (14.2–22.2 ◦C and
humidity from 42–70%) for the duration of the study. On the four study legs, temperature and humidity
during the experimental period ranged from 17.6–19.8 ◦C and 51–61%, respectively. Sheep were
routinely fed twice daily with hay and standard grower diet (pellets), with water ad libitum. The sheep
were provided with food (approximately double rations of hay) to last overnight on the day prior
to each study leg; remaining food was removed approximately 60 min before the start of dosing on
each leg. Water was available throughout. Sheep were fed as normal following collection of the last
blood sample on each study leg. At the end of the study, the animals were euthanised by overdose
of anaesthetic.

Administration of the PTH 1-34 was either as an intranasal liquid, intranasal dry powder,
subcutaneous injection or intravenous injection. The treatments were randomised according to a
Latin Square design using an online randomisation programme (Experimental Design Generator and
Randomiser (Edgar) accessed from: http://www.edgarweb.org.uk/) with a minimum of a two day
washout period between study legs. Immediately prior to dosing, the four sheep were sedated by an
intravenous injection of ketamine hydrochloride (100 mg/mL solution administered at 2.25 mg/kg).
This provided approximately 3 min sedation, during which period the sheep were dosed.

The formulations were prepared at Critical Pharmaceuticals’ Laboratories and transported,
refrigerated, to the study facility. The intranasal liquid was administered via the right nostril using a
LMA™MAD110 Nasal™ Intranasal mucosal atomization device (MAD110) (Wolfe-Tory Medical, Inc.,
Salt Lake City, UT, USA) customised for use in sheep (to allow circumvention of the nostril and delivery
of the dose to the respiratory mucosa of the nasal cavity). The intranasal powder formulation was also
administered via the right nostril using a 5 mm oral/nasal tracheal tube Portex® Blueline 100/111/050,
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(Smiths Medical, Ashford, UK) and one-way bellows. The amount of powder administered to each
animal, and thus the nominal dose of PTH 1-34, was determined by weighing the devices before
and after the nasal administrations. The subcutaneous and intravenous bolus injections of PTH 1-34
were administered into the flank and a jugular vein, respectively. Further details relating to dose
administration are provided in Table 1. It has been reported in the literature that injections into the
thigh as opposed to the abdomen have been estimated to result in a 21% slower rate of absorption,
resulting in an 18% reduction in maximum plasma teriparatide concentrations (Cmax) and 1.5 min
prolongation in the time to reach peak concentration (Tmax) [19]. Therefore, care was taken to mirror
the subcutaneous injection site (flank) in the sheep model.

Table 1. Dosing of four female sheep (Mule crossbred) with PTH 1-34.

Formulation Route
Nominal PTH
Concentration

(μg/mL)

Dose Volume
(mL)

Dose Weight
(mg)

Nominal PTH
Dose (μg)

Solution # intranasal 1000 0.2 † not applicable 200

Powder intranasal 10 ** not applicable 20 †
(13 ± 1.5) §

200
(130 ± 15) §

Solution * subcutaneous 40 0.5 not applicable 20

Solution * Intravenous 40 0.5 ‡ not applicable 20
# nasal spray formulation as described for clinical study; * injection formulations did not contain 7.5% w/v
polyethylene glycol (15)-hydroxystearate (Ph.Eur.); ** μg/mg; † nasal doses administered via single (right) nostril;
‡ intravenous doses given as a bolus injection; § Mean (± SE) powder and PTH 1-34 dose weights in parentheses
calculated by weighing devices before and after dosing.

A qualitative assessment of local tolerability to the administered intranasal formulations (animals
dosed by injection served as controls) was made by recording the incidences of sneezing/snorting
in the first 60 min following dosing and any evidence of nasal discharge prior to dosing, at 15 min
intervals in the first 60 min, and then at subsequent blood sampling time points thereafter. As part of
the monitoring procedure, any other ‘remarkable’ observation was noted.

For pharmacokinetic evaluation, blood samples (3 mL) were collected by direct venepuncture of a
cephalic vein (both veins used interchangeably) under local anaesthesia (topical application of EMLA™
Cream 5%, Astra Zeneca). For intranasal and subcutaneous treatments, blood samples were collected
at time 0 (prior to dosing), 5, 10, 15, 30, 45, 60, 120, 180 and 240 min post-dose administrations. For the
intravenous treatment, blood samples were collected at time 0 (prior to dosing), and at 2, 5, 15, 30, 45, 60,
120, 180 and 240 min post-dose administration. Each blood sample was dispensed into a BD Vacutainer
and stored on crushed ice prior to centrifugation at 2000× g (3135 rpm) for 10 min at 4 ◦C (Sorvall™
legend RV refrigerated centrifuge). The samples were stored at −20 ◦C prior to PTH 1-34 quantification
by ELISA kit (Immunotopic, San Clemente, CA USA) as directed by the manufacturer; optical densities
were measured using an LT-4000 Microplate Reader (Labtech International Ltd, Heathfield, UK).

Pharmacokinetic analysis of the plasma PTH 1-34 concentration–time data was performed using
Phoenix®WinNonlin® 6.4 (Certara USA, Inc., Princeton, NJ, USA) and Excel 2016 (Microsoft, Redmond,
WA, USA). The following were used as the principal measures to evaluate intranasal and subcutaneous
absorption of PTH 1-34 in the sheep compared to intravenous injection: Cmax; Tmax; t1/2; AUClast;
and AUCINF (definitions as before); C0 (initial plasma concentration estimated by back-extrapolating
from the first two concentration values) was also estimated after intravenous administration only.
Frel (bioavailability of intranasal (IN) or intravenous (IV) PTH 1-34, relative to subcutaneous (SC)
injection) and Fab (absolute bioavailability of IN or SC PTH 1-34, relative to IV) were estimated
as follows:

Frel (%) = (AUCINF(IN or IV) × Dose(SC)) ÷ (AUCINF(SC) × Dose(IN or IV)) × 100
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Fab (%) = (AUCINF(IN or SC) × Dose(IV)) ÷ (AUCINF(IV) × Dose(IN or SC)) × 100

4. Results

4.1. Clinical Study

All seven healthy volunteers completed the clinical study and all pre- and post-clinical assessments
were acceptable. There were no serious adverse events during this study and no participant sneezed
after nasal dosing.

4.1.1. Pharmacokinetics

The mean pharmacokinetic profiles of PTH 1-34 when delivered as a liquid nasal spray formulation
or as a subcutaneous injection to healthy volunteers and corresponding summary pharmacokinetic data
are presented in Figure 1 and Table 2, respectively. The mean profile obtained following subcutaneous
administration (20 μg dose) of teriparatide was consistent with those obtained in individual subjects
(not shown) and showed rapid absorption (mean Cmax 253 pg/mL with range in Cmax values of 141.8
to 406.5 pg/mL and mean Tmax of 21 min) and elimination (mean t1/2 approximately 1 h). Teriparatide
concentrations returned to zero by 6 h. This was in contrast to PTH 1-34 delivered by liquid nasal
spray (90 μg dose) with plasma concentrations only being measured above baseline in two of the
seven subjects at 15 and 30 min (14.0–18.9 pg/mL) or 30 and 60 min (17.7–15.4 pg/mL) post-dose
administration (for all seven subjects mean Cmax 5 pg/mL with Tmax 9 min; t1/2 could not be calculated
as PTH 1-34 was only measured in the plasma at two time points in these participants, where the
concentration was observed to increase with time). The bioavailability of PTH 1-34 after intranasal
dosing was approximately 1% (for the subjects with measurable plasma concentrations, but 0.26% if all
seven subjects were included in the calculations) compared to the subcutaneous injection of Forsteo®.
The pharmacokinetic parameters—Cmax, Tmax, AUC0–2h and AUC0–last—for the two delivery routes
differed markedly (Table 2).

Figure 1. Pharmacokinetics of a single dose of either a liquid intranasal spray formulation containing
the excipient Solutol® HS15 or a subcutaneous injection of teriparatide by a pen to healthy female
subjects aged over 55 years (mean age 67.7, range 58 to 81 years). Circles represent the mean ± SE of
the PTH 1-34 plasma concentration delivered from a Rexam SP270 nasal spray device (n = 7). Squares
depict the PTH 1-34 plasma concentration in participants following subcutaneous injection using a
commercially available formulation and injection pen (Eli Lilly).
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Table 2. Pharmacokinetics of a single dose of an intranasal liquid spray formulation containing the
excipient Solutol® HS15 or of a commercially available subcutaneous teriparatide injection formulation.

Subcutaneous Injection
(20 μg Teriparatide) *

Intranasal Spray
(90 μg PTH 1-34) ‡

Cmax (pg/mL) 252.5 5.2
tmax (min) 21.4 8.6
t1/2 (min) 64.8 NC

AUC0–2h (pg·min/mL) 17,381.9 242.3
AUC0–last (pg·min/mL) 20,725.6 242.3

* n = 7 volunteers, each dose was given within a cross-over study with a one week washout between doses. ‡ n = 7,
values were not detectable in 5 of the 7 volunteers. NC: not calculable.

4.1.2. Gamma Scintigraphy

An overview of the deposition and clearance of the nasal spray formulation delivered using a
Rexam SP270 device is presented as a time series of scintigraphy images (Figure 2 and Supplementary
Materials: Section S4). This represents the anatomical location of the Tc-99m-DTPA containing
formulation, plotted as a density plot superimposed upon the sagittal view MRI of the participant.
These data are a typical example and depicts Subject 2 in this study. The time series of images,
3, 15, 30, 60, 90 and 120 min, illustrates that the formulation was deposited in the anterior of the
nasal cavity, extending to the mid-part of the nasal cavity in the region corresponding to the inferior
meatus/turbinate, and was subsequently cleared from the inferior turbinates to the nasopharynx.
The mean clearance curve obtained for the nasal spray formulation is shown in Figure 3. This depicts the
amount of radioactivity (Tc99m) that was present in the nasal cavity at each image timepoint. To adjust
for variation between subjects in terms of the precise dose of Tc-99m-DTPA deposited, the counts
obtained after analysis of the first frame (i.e., after 30 s) were taken as the total counts (100%) for
each subject. The scintigraphy clearance data identified that the administered formulation underwent
a rapid initial clearance phase (0–20 min) from the nasal cavity. The second phase demonstrated
clearance at a slower rate (30–120 min). There was some variability in the clearance data between
participants, graphically represented using 95% CI (Figure 3). These data can be summarised as having
a median value for T50% of 17.8 min (minimum 10.9, maximum 74.3 min).

4.1.3. Ovine Study

The mean pharmacokinetic profiles of PTH 1-34 in sheep when delivered nasally, as a liquid nasal
spray formulation or dry powder, or by subcutaneous injection is shown in Figure 4. Corresponding
summary pharmacokinetic data are presented in Table 3. The ovine study data replicate the clinical
study regarding the liquid nasal spray formulation containing Solutol® HS15 making comparison to
the subcutaneous injection. As in humans, the subcutaneous profile obtained in sheep showed rapid
absorption and elimination of PTH 1-34; Cmax for the 20 μg subcutaneous injection was 121 ± 47 pg/mL
(mean, SE), with a median Tmax of 10 min (range 5–15 min) and an elimination half-life of 54 ± 8 min
(range 43–71 min, n = 3). A 200 μg intranasal dose of the PTH 1-34 liquid formulation produced
a Cmax of 47 ± 21 pg/mL and Tmax of 10 min (range 10–15 min), and concentrations had returned
to near baseline values by 30 min post-dose. The dry powder formulation was introduced to the
experimental design in an attempt to improve upon the pharmacokinetic profile obtained for the
liquid nasal spray. However, this formulation resulted in poor absorption of PTH 1-34 across the
nasal mucosa following administration of a nominal 200 μg dose (actual dose based on weighing
devices before and after administration ranged from 100–170 μg): Cmax 8 ± 3 pg/mL. The intravenous
injection provided reference pharmacokinetic data and facilitated calculation of absolute bioavailability
(Figure 5). The intravenous pharmacokinetic profile of the PTH 1-34 plasma concentration demonstrated
rapid elimination of PTH 1-34. The observed Cmax for a 20 μg dose was 1142 ± 198 pg/mL at 2 min
post-injection, returning to near baseline at 30–45 min. The bioavailabilities (Frel) of PTH 1-34 from
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the liquid nasal formulation containing Solutol® HS15 and dry powder formulation, relative to
subcutaneous injection, were 1.4 ± 0.3% and 1.0 ± 0.1%, respectively. The absolute bioavailability of
subcutaneous injection of PTH 1-34 was 77.0 ± 13.7%.

 
Figure 2. Deposition and clearance of nasal spray formulations delivered using a Rexam SP270 device.
Scintigraphic images superimposed upon the MRI sagittal image of Subject 2, showing the clearance of
the Tc99m-DTPA nasal spray formulation. (The highest levels of activity are shown in red and yellow.).
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Figure 3. The clearance of Tc-99m-DTPA PTH 1-34 liquid formulation, delivered from a Rexam SP270
nasal spray device fitted with a Rexam 3959 standard winged applicator to healthy female subjects
aged over 55 years (two phase decay clearance curve (Prism 7.03) fitted to mean values = solid line,
±95% CI = dotted line, n = 7).

Figure 4. Pharmacokinetic profile of change of plasma PTH (1-34) concentration with time when
delivered to an ovine model. Quantification of PTH (1-34) in plasma prepared from blood sampled at
5, 10, 15, 30, 45, 60, 120, 180, 240 min. Squares represent subcutaneous injection (20 μg), open circles
represent intranasal liquid formulation (200 μg) and solid circles represent Gellan gum dry powder
formulation (130 μg). (Mean values ± SE, n = 4 with the exception of the subcutaneous injection
where n = 3.).

Monitoring of body weight (Supplementary Materials: Section S3) and adverse effects was
conducted during the sheep study. One animal, Sheep 1, was withdrawn from the study prior to dosing
on study leg 4 due to the animal suffering what appeared to be a seizure, further details are provided
in Supplementary Materials, Section S3. All other general observations with regards to adverse effects
monitoring were considered unremarkable.

In terms of monitoring for local tolerability, one incidence of sneezing/snorting was recorded
across the four sheep that received the intravenous injection of PTH 1-34, and one incidence across
the three sheep that received the subcutaneous injection. After administration of the PTH 1-34 liquid
nasal spray formulation, there were six incidences of sneezing/snorting across three of four study
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animals, compared to ten incidences across three of four study animals after administration of the
dry powder formulation. However, 9 of these 16 incidences were in Sheep 1, which, as stated above,
was subsequently withdrawn due to ill health. Slight nasal discharge was noted on a single occasion in
each of the two sheep that received subcutaneous and intravenous injections. Slight nasal discharge
was observed in three of four study animals after intranasal administration of solution (one, two or
four incidences observed) and powder (one, two or three incidences) formulations. Similarly, 7 of
the 13 incidences of sneezing/snorting in nasally dosed animals were observed in Sheep 1. (Further
details relating to incidences of sneezing/snorting and nasal discharge in sheep are summarised in
Supplementary Materials, Section S5.)

Table 3. Summary of ovine pharmacokinetic parameters obtained for PTH 1-34 following intranasal
(200 μg dose), subcutaneous (20 μg dose) and intravenous (20 μg dose) administration of PTH 1-34.

Intranasal Liquid
(200 μg)

Intranasal Powder
(200 μg 1)

Subcutaneous
Injection (20 μg)

Intravenous
Injection (20 μg)

Cmax (pg/mL) 47 ± 21 8 ± 3 121 ± 47 1142 ± 198 2

Tmax (min) 10 ± 2.0 (10) 11 ± 6.6 (8) 12 ± 1.5 (10) 2 ± 0 (2)
t1/2 (min) 109 ± 43.7 (77) 96 ± 29.8 (71) 54 ± 8.7 (47) 75 ± 18.1 (78)

AUC0-last (pg·min/mL) 1094 ± 410 317 ± 49 7197 ± 2204 10,660 ± 1888
AUCINF (pg·min/mL) 1222 ± 370 442 ± 41 7460 ± 2220 10,799 ± 1900 3

Frel (%) 4 1.4 ± 0.31 1.0 ± 0.12 100 155.8 ± 24.0
Fab (%) 5 1.1 ± 0.26 0.7 ± 0.03 77.0 ± 13.71 100

Data presented as mean ± SE (median values presented in parentheses where applicable); n = 4 except in the
subcutaneous injection group, where n = 3. Except in the case of Frel/Fab values, no correction has been made to the
data to account for the dose of PTH 1-34 administered. 1 For the powder formulation, this represents the nominal
dose; the estimated dose, based on emitted dose weight of powder, was 100 μg Sheep 1, 170 μg Sheep 2, 130 μg Sheep
3 and 120 μg Sheep 4 (mean ± SE 130 ± 15μg); 2 C0 was 2182 ± 696 pg/mL following extrapolation to t = 0; 3 Since
the subcutaneous injection group only comprised data from three animals (Sheep 2, 3, and 4) the corresponding
mean AUCINF ± SE value from these three animals was 9361 ± 1758 pg/mL·min; 4 relative to subcutaneous injection
for each individual animal, where subcutaneous data were missing (Sheep 1), the average AUCINF (n = 3) was
used in the calculation (in the case of the intravenous injection, the calculated Frel for n = 4 was approximately
156% compared to 140% for n = 3, the nominal PTH 1-34 was used throughout except for the powder formulation,
where the estimated dose, as given above, was used; 5 relative to intravenous injection, the nominal PTH 1-34 dose
was used throughout except for the powder formulation, where the estimated dose, as given above, was used.

Figure 5. Plasma pharmacokinetic profile of an intravenous injection (20 μg) of PTH (1-34) in an ovine
model. Quantification of PTH (1-34) in plasma prepared from blood sampled at 2, 5, 15, 30, 45, 60, 120,
180, 240 min. (Mean ± SE, n = 4.).
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5. Discussion

Currently, in the UK and also globally, bisphosphonates are the first line of drug treatment for
osteoporosis in the majority of patients. Subcutaneous injection of teriparatide has received regulatory
approval for the treatment of post-menopausal women with osteoporosis, men with hypogonadal
or idiopathic osteoporosis, and men and women with glucocorticoid-induced osteoporosis at high
risk for fracture. In the UK, this is a second-line treatment in the National Health Service (NHS).
At present, the course of treatment is up to 24 months [20]. Teriparatide has an imminent patent expiry
date, which is of commercial interest [21]. Greater costs are incurred in the manufacture of injectable
formulations compared to those for nasal delivery. An economic consideration regarding teriparatide
prescription exists, as it is considerably more expensive than a course of bisphosphonate treatment [22].
Research indicates that patients poorly adhere to the long course of injections prescribed, and therefore
a therapeutically efficient simple nasal spray, while cheaper to produce, would also be welcomed by
patients being treated with PTH 1-34 [6–8].

An absolute bioavailability of 95% (i.e., intravenous injection 100%) has previously been reported
for PTH 1-34 in human subjects when administered by subcutaneous injection into the abdominal
wall [23]. Our clinical study did not attempt to replicate an assessment of absolute bioavailability,
but instead focused on the current clinical route of administration of PTH 1-34 as a comparator for
the nasal formulation under investigation, and therefore relative bioavailability to this delivery route.
Our study data showed a plasma PTH 1-34 t1/2 of 65 min post subcutaneous injection, which is
similar to previously published values [19]. Cmax for this delivery route was 253 pg/mL which is
also comparable to those reported [24]. The pharmacokinetics we report for subcutaneous injection
represent the consensus option in the literature [25–27]. As detailed above, the relative bioavailability
of the intranasally dosed liquid nasal spray was approximately 0.26–1% of the subcutaneous injection
of Forsteo® (Lilly France S.A.S, France) [28]. Published literature regarding nasal spray formulations
are sparse, and those that are available tend to lack formulation and or pharmacokinetic data, making
comparison difficult [28,29].

We consider the scintigraphy data to be an important aspect of our study, which demonstrated
that the liquid nasal spray was deposited predominantly anteriorly in the nasal cavity. There is sparse
literature regarding how the anatomical site of the deposition of the nasal spray formulation within
the nasal regions influences transmucosal entry of peptides into the blood [30]. Deposition of the
formulation is reported to be required posterior to the nasal valve, possibly within a larger and supra
region of the turbinates than we achieved in order to attain optimal absorption of teriparatide [31–34].
The liquid formulation delivered to the nasal cavity in humans was rapidly cleared, and, hence, the time
available for absorption was limited. It is not possible from the scintigraphic images obtained in the
study to determine the percentage of formulation that did not reach (and deposit) past the nasal valve.
Hence, suboptimal deposition could have contributed to the low bioavailability obtained. Similarly,
we do not have data regarding how the excipient polyethylene glycol (15)-hydroxystearate, included in
the formulation to promote absorption of PTH 1-34 into the plasma, interacted with the nasal mucosal
surface. Perhaps a longer residency could improve drug plasma concentration, and this warrants
further research. However, the T50% median clearance time of 17.8 min (minimum 10.9, maximum
74.3 min) is comparable to published data on nasal clearance of liquid formulation [35].

The present clinical study showed disappointing relative bioavailability following delivery in
a liquid formulation via the nasal route. This was not consistent with the previous data from our
small animal preclinical studies [14]. In the preceding preclinical conscious rat model, we reported the
pharmacokinetic performance of an intranasally administered PTH 1-34 subcutaneous formulation,
an intranasal liquid formulation with no enhancer and an intranasal solution containing Solutol®

HS15. PTH 1-34 doses of 80 μg/kg by subcutaneous injection and 100 μg/kg intranasally were given to
rats. The Cmax and Tmax were approximately 14 ng/mL at 10 min, with 78% relative bioavailability for
intranasally administered PTH 1-34 for the Solutol® HS15-based formulation, compared to 2 ng/mL,
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13 min and 8% for the intranasal delivery without enhancer. We therefore expected that a relative
bioavailability of at least 10% in humans should have been achievable.

Our sheep pharmacokinetic data for the SC and IV injections of PTH 1-34 are comparable with
published values in human subjects. A 20μg PTH 1-34 subcutaneous dose delivered to post-menopausal
women with osteoporosis has been reported in a peer reviewed manuscript by the manufacturers of
the commercial formulation to have a Cmax in the region of 150 pg/mL and an elimination half-life of
approximately 1 h. As previously stated, the absolute bioavailability of PTH SC injection in human
subjects is approximately 95%. Fab obtained in sheep herein was 77± 14% (range 55–108%). The relative
bioavailability (Frel) of the liquid intranasal formulation in the sheep was 1.4% ± 0.43%, close to that
calculated for humans in the clinical study of approximately 1%. The mean Cmax value in sheep of
47 ± 21 pg/mL can be put in context against reported values for the typical basal endogenous PTH
concentration for post-menopausal women (28 pg/mL) and the 65 pg/mL upper limit in premenopausal
women for endogenous PTH, yet at the dose given, were below the therapeutic concentrations currently
used in treatment of osteoporosis [19,23].

With the aim of improving upon the pharmacokinetics of the liquid nasal spray in humans,
our continued research evaluated a bioadhesive powder formulation within a large animal (ovine)
model. This is a model known to be highly representative of intranasal drug delivery that closely
replicates the clinical findings [17,36]. When using the ovine model to assess the dry powder
formulation containing the same absorption enhancer, excipient delivered via the intranasal dry
powder formulation did not improve upon the pharmacokinetics of the liquid nasal formulation.
Likewise, we have published on the nasal administration in conscious rats of human growth hormone
(hGH) (MW 22kDa), a molecular mass approximately five times that of PTH 1-34, with the permeation
enhancer Solutol® HS15 (10%) added to the liquid formulation. For the first 2 h after administration,
there was a relative bioavailability of 49% [11]. Powder formulations of the hGH with Solutol® HS15
were subsequently administered to human volunteers and compared to a subcutaneous injection
of hGH. The relative bioavailability was found to be about 3%, although clinically relevant plasma
concentrations could be reached with a twice daily hGF intranasal dose [18].

Observations made during the clinical study with healthy human subjects did not concur with the
indicated mild irritation caused to the nasal cavities of the sheep (Supplementary Materials: Section
S5) after administration of the nasal formulations [37]. However, the dose of PTH 1-34 in sheep was
increased to 200 μg from the 90 μg delivered in the clinical study. A previously published clinical study
reported in the literature, where 250, 500 and 1000 μg doses were delivered, reported some symptoms
indicative of nasal irritation [28].

6. Conclusions

In conclusion, our study shows that PTH 1-34 was poorly absorbed from a liquid nasal spray
containing the permeation enhancer Solutol® HS15 in healthy individuals with a 1% relative
bioavailability. The scintigraphy imaging confirmed the anatomical site of deposition and rapid
clearance of the administered dose in humans. The T50% median was 17.8 min (minimum 10.9,
maximum 74.3 min). When increasing the dose in the liquid nasal spray to 200 μg of PTH 1-34, this dose
then resulted in a mean Cmax value of 47 pg/mL in sheep. This value is between one third and one
fifth of the Cmax values for the drug administered at the prescribed dose of 20 μg as a subcutaneous
injection for the treatment of osteoporosis in men and women.

The results discussed here for PTH 1-34 in two animal models, rats and sheep, and in humans,
together with the results previously reported for hGH in rat and humans, highlights the issue of
translation from animal models to humans, not only for the therapeutic effects of drugs but also for the
effect of specific drug delivery systems, such as the Solutol® HS15 permeation enhancer. Many nasal
delivery systems that include permeation enhancers for peptide drugs have been tested in various
animal models, such as rats, rabbits and dogs, where they have been shown to effectively promote the
uptake of peptide drugs, only to fail in clinical trials. The translation of effects seen in animal models
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to humans may depend on many factors, such as the type of intervention, study protocol, animal
model and case specific factors. There are opposing opinions in the research community about the
relevance of animal models [38]. However from our data, we consider that for peptide nasal delivery,
the sheep model provides a better indication of the potential of translation to humans than the rat.
Translational research has recently been made a priority both in the US by NIH (budget $500 million
per year), in the EU (budget €6 billion) and in the UK (budget £500 million over five years) in order to
assess the likelihood of successful cross-species translation [39].
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Abstract: The use of nanocarrier delivery systems for direct nose to brain drug delivery shows
promise for achieving increased brain drug levels as compared to simple solution systems.
An example of such nanocarriers is emulsomes formed from lipid cores surrounded and stabilised
by a corona of phospholipids (PC) and a coating of Tween 80, which combines the properties
of both liposomes and emulsions. Oxcarbazepine (OX), an antiepileptic drug, was entrapped in
emulsomes and then localized in a poly(lactic acid-co-glycolic acid)-poly(ethylene glycol)-poly(lactic
acid-co-glycolic acid) (PLGA-PEG-PLGA) triblock copolymer thermogel. The incorporation of OX
emulsomes in thermogels retarded drug release and increased its residence time (MRT) in rats.
The OX-emulsome and the OX-emulsome-thermogel formulations showed in vitro sustained drug
release of 81.1 and 53.5%, respectively, over a period of 24 h. The pharmacokinetic studies in rats
showed transport of OX to the systemic circulation after nasal administration with a higher uptake
in the brain tissue in case of OX-emulsomes and highest MRT for OX-emulsomal-thermogels as
compared to the IN OX-emulsomes, OX-solution and Trileptal® suspension. Histopathological
examination of nasal tissues showed a mild vascular congestion and moderate inflammatory changes
around congested vessels compared to saline control, but lower toxic effect than that reported in case
of the drug solution.

Keywords: nose to brain delivery; antiepileptic drug; drug delivery; block copolymers;
thermogel system

1. Introduction

Hydrogels that are prepared from “intelligent” or “smart” polymers and capable of exhibiting
a physicochemical response in a nonlinear manner to an external stimuli, such as temperature [1,2],
pH [3], light [4], counter-ion changes [5] and biological molecules [6] have been extensively investigated
in the literature. These polymers have great potential in drug delivery and tissue engineering [7–9],
in addition to sensors and valves [10].

Pharmaceutics 2018, 10, 217; doi:10.3390/pharmaceutics10040217 www.mdpi.com/journal/pharmaceutics359
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Thermosensitive polymers are a subcategory of smart polymers that undergo
temperature-induced reversible sol-gel transition upon heating/cooling of the aqueous polymer
solution. Drugs/formulations sequestered within these copolymers by simple mixing are administered
as a solution that gels at body temperature at the desired site of application [11], and are used
particularly in the field of controlled drug release.

Thermosensitive di-block copolymers that are composed of hydrophilic polyethylene glycol
(PEG) as block A and hydrophobic biodegradable polyesters as block B e.g., poly(lactic acid) (PLA);
poly(glycolic acid) (PGA); polyethylene terephthalate (PET); and polycaprolactone (PCL), have been
studied as controlled release drug carriers [12–14]. Particularly, the di-block copolymer PEG/PLGA
hydrogels are attractive polymers for the delivery of drugs since they are biodegradable with a good
safety profile and their compositions can be tailored to provide sustained drug delivery [15–17].

Tri-block thermosensitive copolymers are used in either ABA or BAB configuration, with the
poloxamers (ABA) (PEG-PPO-PEG) being of interest due to their commercial availability in a wide
range of molecular weights and block ratios [18]. However, they show slow biodegradation kinetics
and the inability to provide sustained drug delivery over more than just a few days [19,20]. Therefore,
triblock copolymers consisting of PEG and PLGA copolymer moieties are regarded as good alternatives,
being non-toxic, water-soluble biocompatible, biodegradable according to copolymer ratio used,
and thus, can have tailor-made properties [21].

The gelation mechanisms of thermosensitive hydrogels based on PLGA-PEG-PLGA are illustrated
in Figure 1. The cited copolymer self-assembles in micellar formations in aqueous media. A rise in
temperature results in the dehydration of the PEG chains, causing the micelle formations to shrink,
thus enhancing the interaction between the PEG and PLGA blocks [22]. At temperatures below the
critical gelation temperature (CGT), the bridging between micelles are usually unstable due to the low
hydrophobicity of PLGA [23]. With increasing temperatures that approach CGT and exceed it, a firm
bridged micellar network forms because of the increase in hydrophobic interaction between the chains,
thus enhancing inter micellar interaction and aggregation, leading to subsequent gelation [24,25].

 
Figure 1. Schematic diagram of the sol-gel transition of BAB type poly(lactic acid-co-glycolic
acid)-poly(ethylene glycol)-poly(lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) tri-block copolymer
aqueous solution in response to temperature.

In the present study we adopted a PLGA-PEG-PLGA tri-block copolymer (PLGA (3:1) MW

1.88 kDa and PEG MW 1.5 kDa) that was first synthesized by Zentner et al., 2001. Gelling of an aqueous
solution of a PLGA-PEG-PLGA copolymer is initiated at around 32 ◦C, while at 37 ◦C, the flow of the
copolymer solution decreases dramatically as the gel state is established, maintaining the gel in situ
for prolonged periods of time. Hence, it is an excellent candidate for prolonging residence time of the
sequestered drug/formulation on the nasal mucosa after IN application [26].

Oxcarbazepine (OX), which is used as a model drug in this study, is employed for the treatment of
partial and generalized seizures that are associated with epilepsy. OX is usually administered via the
oral route exhibiting distribution to non-targeted tissues, a high first pass metabolism, with potential
drug-drug interactions as well as undesirable side effects [27]. OX is a microsomal enzyme inducer
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that necessitates the use of high therapeutic doses which support the interest in a direct transport of
the drug to the brain such as what may be achieved by nose to brain delivery [28].

Emulsomes are nanocarriers prepared with lipid cores either in the solid or liquid crystalline
state at 25 ◦C, coated with a phospholipid bilayer. These nanocarriers combine the characteristics
of lipid spheres (apolar core) and liposomes (hydrophilic surface) [29]. Due to the apolar solid core,
emulsomes can entrap higher amounts of lipophilic drugs [30]. Being composed of triglycerides that are
surrounded by phospholipids, emulsomes form particles similar to micelles, hence, vastly increasing
the solubility, as well as the bioavailability of poorly soluble drugs [31]. Previous studies from our
laboratories optimised the emulsomes in terms of physicochemical characteristics, especially in terms
of a prolonged release profile and nose to brain delivery of OX. It was found that the emulsomes
delivery system showed a significantly higher brain Cmax and a higher brain AUC0–1440min than an IV
injection of OX and the oral administration of the marketed OX product.

The aim of this study was to investigate whether a combination of the thermo-responsive hydrogel
and lipid-based nanoparticles (emulsomes) would enhance the promising results obtained previously
for the OX emulsomes alone in delivery of the drug from nose to brain.

In the first instance the thermogelling PLGA-PEG-PLGA copolymer was synthesized and
characterized using NMR, GPC, DSC, DLS, and its rheological behaviour investigated. Oxcarbazepine
(OX)-loaded emulsomes was than mixed with PLGA-PEG-PLGA tri-block copolymer to develop a
2-phase drug depot system and the formed thermogel was characterized in terms of sol-gel transition
temperature, viscosity, drug release and mucoadhesion.

Finally, the delivery system was evaluated in rats for the transport of OX from the nasal cavity to
the systemic circulation and the brain tissue, and the histopathology of the OX-emulsome-thermogel
delivery system in the nasal cavity investigated.

2. Materials and Methods

2.1. Materials

Oxcarbazepine (OX) was a gift from Novartis Pharmaceutical Co. (Cairo, Egypt).
Triolein (TO) (Captex GTO) was generously supplied by Abitec Corp. (Janesville, WI, USA).
Soya phosphatidylcholine (PC) and Tween 80 (Tw) were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Chloroform and methanol were purchased from ADWIC, El Nasr
Pharmaceutical Co. (Cairo, Egypt). The dialysis membrane made from standard grade regenerated
cellulose (molecular weight cut off 12–14 Da) was purchased from Spectrum Laboratories Inc.
(Rancho Dominguez, CA, USA). Di-hydroxyl-terminated polyethylene glycol (Mw 1.5 kDa)
(PEG 1.5 kDa) and stannous-2-ethyl-hexanoate were purchased from Sigma-Aldrich (Steinheim,
Germany). 3,6-dimethyl-1,4-dioxane-2,5-dione (D,L-lactide) and 1,4-dioxane-2,5-dione (glycolide)
were kindly supplied by PURAC Biochem (Gorinchem, Netherlands). All other chemical used were of
analytical grade.

2.2. Synthesis of PLGA-PEG-PLGA Tri-Block Copolymers

The composition and choice of molecular weights of the PEG and the PLGA components of the
PLGA-PEG-PLGA copolymer was designed to have similar sol-gel forming properties as those that
were previously synthesized by Chen et al. [32]. They found that the gel-to-sol and sol-to-gel transition
only occurred with appropriate molecular weight and molar mass dispersity of the copolymer.

The PLGA-PEG-PLGA copolymer was produced by the method described by Zentner et al. [7].
Briefly, PEG 1.5 kDa was initially dried by azeotropic distillation in toluene under an atmosphere
of nitrogen, followed by drying at 130 ◦C under vacuum, then allowed to melt by placing 6 g in a
three-neck flask under vacuum with continuous agitation at150 ◦C for 3 h, thus generating a viscous
liquid mass [33]. D,L-lactide and glycolide were then added with respective amounts of 6 and 1.5 g to
maintain a fixed molar ratio of 3:1.
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The reaction mixture was maintained at 150 ◦C under vacuum for another 30 min with constant
mixing to allow the fusion of D,L-lactide and glycolide. Stannous-2-ethyl-hexanoate was subsequently
added and the reaction mixture was further heated for 1 h [7].

In order to remove the unreacted monomers at the end of the reaction, the raw copolymer
was dissolved in dichloromethane and poured dropwise into ethyl ether kept in an ice bath.
The pure copolymer was precipitated, then separated by filtration, dried under vacuum and kept
refrigerated [34].

2.3. Characterization of PLGA-PEG-PLGA Copolymers

In order to verify polymer formation and determine its chemical structure and molecular weight,
the following characterisation methods were utilized on PLGA-PEG-PLGA copolymer solutions:

2.3.1. Nuclear Magnetic Resonance (1H-NMR)

Structural analysis of the PLGA-PEG-PLGA copolymer, initial determination of its molecular
weight and estimation of the lactide:glycolide ratio, was carried out via NMR spectroscopy.
The copolymer was dissolved in deuterated acetone and analysis was done using NMR spectroscopy
(Varian Mercury 400 MHz spectrometer, Varian Inc., Palo-Alto, CA, USA) operating at 400 MHz [35].
Subsequently, the molecular weight was calculated by comparing the integral of the signal for PEG
protons chemical shift at 3.6 ppm with the integrals of glycolide at 4.8 ppm and those of lactide at 1.6
and 5.2 ppm.

2.3.2. Gel Permeation Chromatography (GPC)

7.5 mg of the PLGA-PEG-PLGA copolymer was dissolved in tetrahydrofuran and acetonitrile and
then placed in a water bath at 40 ◦C for one hour. Vial contents were filtered through a regenerated
cellulose syringe filter (diameter 13 mm and 0.45 μm pore size) then analyzed by a high performance
liquid chromatography system (HPLC, Agilent Series 1100 LCsystem (Agilent Technologies,
Waldbronn, Germany), equipped with a Gel permeation column (TSKGel 2500HHR from Tosoh
Bioscience LLC, Montgomeryville, PA, USA) maintained at 37 ◦C, with tetrahydrofuran as the eluent
at a flow rate of 1 mL/min [36].

The molecular weight was quantified by use of a calibration curve resulting from a series of PEG
standards with low polydispersity and known molecular weights ranging from 106 Da to 21.3 kDa
(PEG Calibration Kit PL 2070-0100, Varian Inc., Palo-Alto, CA, USA). Data were analyzed using the
software DATAAPEX (DataApex Ltd., Prague, Czech Republic). Accordingly, the molecular weights
of the copolymer were computed, expressed as number average molecular weight, Mn, and weight
average molecular weight, Mw.

2.3.3. Differential Scanning Calorimetry (DSC)

Thermal analysis of the PLGA-PEG-PLGA copolymer was carried out in a DSC apparatus
(PerkinElmer 8500, Perkin Elmer, Waltham, MA, USA) equipped with an intracooler in inert nitrogen
atmosphere. A sample of the copolymer was placed in a closed aluminium pan and heated with
a two-stage program at a rate of 10 ◦C/min. The 1st heating run was conducted from ambient
temperature to 150 ◦C to remove the thermal history of the polymer (i.e., remaining solvent and
humidity) and the 2nd run from −40 to 210 ◦C to determine the sample specific data. Both heating
cycles were separated by a cooling run that was conducted at a rate of 10 ◦C/min [37].

2.3.4. Size Measurement of Copolymer Solution by Dynamic Light Scattering (DLS)

The DLS equipment (Zetasizer Nano ZS, Malvern Instrument, Malvern, UK) was adopted to
measure the hydrodynamic diameter and size distribution of the PLGA-PEG-PLGA copolymer micelles,
using a detector laser beam fixed at an angle of 90◦ [38]. To investigate the formation of micelles and
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the variation in micellar size in relation to temperature, a copolymer solution of 20% w/w in deionized
water was prepared. 1 mL of the sample was analyzed at increasing temperatures from 10 to 40 ◦C.
The experiment was performed in triplicate.

2.4. Preparation and Characterization of PLGA-PEG-PLGA Thermogel Solutions Loaded with Emulsomes

2.4.1. Sample Preparation

An optimised emulsome formulation (TO17-TW) was chosen from previous studies comprising
a 3:1 ratio of PC:TG (TG ~Triolein), a total lipid content of 30 mg and coated with Tween 80 [36,37].
The emulsomes were prepared and characterized as a lipid mixture of PC and TO, as previously
described [39,40]. Briefly, 10 mgs OX were introduced into a clean, dry round bottom flask, dissolved
in chloroform, and then mixed with 30 mg lipid mixture composed of PC:TG (3:1). The organic solvent
was removed using a rotary evaporator (Model RVO5, Janke and Kunkel, IKA Laboratories, Staufen,
Germany). The formed thin film was hydrated by agitation for 1 h at room temperature with phosphate
buffer (pH 6.8) containing 5% tween 80. The formed dispersion was sonicated for 1 min (Bath sonicator
model 275T, Crest Ultrasonics Carp, Trenton, NJ, USA), then extruded through 450 nm cellulose nitrate
membranes, and stored at 4 ◦C. The size of the emulsomes has previously been found to be in the
order of 101.5 ± 2.9 nm [40].

For characterization of the final thermogel, different formulation concentrations (5, 10, 20,
and 30% w/w) of aqueous PLGA-PEG-PLGA copolymer solutions were investigated. The solutions
were prepared by dissolving pre-cooled PLGA-PEG-PLGA copolymer in deionized water via
continuous magnetic stirring of the mixture in an ice bath until complete dissolution. This was
followed by the addition of emulsomes in different loading concentrations (0, 10, 25, and 50% v/v) by
physical mixing. Table 1 shows the coding, compositions and gelation temperature of all prepared
thermogel formulations with G1-G16 indicating the individual compositions.

Table 1. Coding, compositions and gelation temperatures of prepared thermogels.

Emulsome Concentration % v/v

Gelation Temperature (◦C ± SD)

PLGA-PEG-PLGA Copolymer (% w/w)

5% 10% 20% 30%

0% G1
No gelation

G2
Opaque solution

G3
30.2 ± 0.05 ◦C

G4
28.5 ± 0.1 ◦C

10% G5
No gelation

G6
Opaque solution

G7
31.5 ± 0.1 ◦C *

G8
29.0 ± 0.06 ◦C *

25% G9
No gelation

G10
Opaque solution

G11
32.0 ± 0.06 ◦C *

G12
30.1 ± 0.05 ◦C *

50% G13
No gelation

G14
Opaque solution

G15
33.4 ± 0.05 ◦C *

G16
31.0 ± 0.0 ◦C *

* Significantly different (p < 0.05) from emulsome free gel.

2.4.2. Macroscopic Phase Behaviour of Aqueous Copolymer Solutions and Determination of
Gelation Temperature

The sol-gel transition temperatures of the aqueous copolymer solutions with the addition of
0–50% emulsomes were investigated by a tube inversion method [38]. Briefly, 0.5 mL of each solution
(G1-G16) was placed in a thermoset circulating water bath where the temperature increased stepwise
(0.5 ◦C) from 20 to 52 ◦C, with an equilibrium time of 3 min. At each temperature setting, tubes were
inverted to check the flow properties. Solutions were considered to be in the gel state if the appearance
changed from transparent to opaque with no observed flow for 30 s following the tube inversion [41].
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2.4.3. Viscosity Measurement

The viscosities of the copolymer solutions that completely gelled at a temperature ranging
between room (25 ◦C) and body temperatures (37 ◦C) were measured using a programmable
Brookfield viscometer (Brookfield engineering laboratories Inc. model HADV-II, Middleboro, MA,
USA) connected to a digital thermostatically controlled water bath (Polyscience Inc. model 9101,
Niles, IL, USA). A sample of 0.5 g thermogel was applied onto the lower plate of the viscometer,
adjusted at 37 ◦C. Rheological measurements were conducted at rpm range of 1–100 (shear rate
2–200 s−1), using CPE-52 spindle.

2.5. In Vitro Drug Release

Franz type diffusion cells (Variomag Telesystem, H+P Labortechnik, Oberschleißheim, Germany)
were used to compare the release and transport of OX from OX-emulsomes [40] to that from
OX-emulsomal gel (G16) through a dialysis membrane in. An amount of the OX-emulsomes or
the OX-emulsomal gel equivalent to 3 mg OX was introduced to the donor compartment of the
diffusion cell. The detailed methodology was as described elsewhere [40].

2.6. Mucoadhesion Studies

The mucoadhesive strengths of the G16 emulsomal thermogel in comparison to its corresponding
plain thermogel G4 and 0.5% Carbopol 980 gel as a positive control were determined by measuring
the force that is required to detach the formulation from freshly excised sheep nasal mucosa, using a
texture analyser CT3 (Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA) in tension
mode. The sheep nasal mucosa was obtained from the local slaughter house. The mucosal membrane
was separated from underlying fat and loose tissues, then washed with distilled water followed by
phosphate buffer (pH 6.8) at 37 ◦C and cut into pieces that fit the stainless-steel cylindrical probe of the
device of 10 mm in diameter (3.14 cm2).

A cut sample of the nasal mucosa was glued to the upper probe using a cyanoacrylate adhesive,
keeping the mucosal side exposed. Fixed amounts of the appropriate thermogel were attached to the
lower probe of the instrument with double-sided adhesive tape. The upper probe with the nasal tissue
was lowered until the tissue contacted the surface of the gelled sample with a downward trigger force
of 4 N for a contact time of 5 min to ensure intimate contact between the tissues and the samples [42].
The probe was then moved vertically upwards at a constant speed of 3 mm/s [43]. Work of adhesion,
mJ, peak detachment force, N, deformation peak, mm, and final load, N, were all calculated from
force-distance plots using the built-in Texture Exponent software.

2.7. In Vivo Studies

2.7.1. Pharmacokinetic Study

• Administration of OX containing formulations to rats

Male Wister albino rats weighing 200–250 g were divided into two groups, each containing forty
eight rats. Group 1 received OX IN in phosphate buffer solution (pH 6.8) intranasally (IN), Group 2
received IN OX-emulsomes dispersion, Group 3 received IN G16 emulsomal thermogel and Group 4
received Oral Trileptal suspension. The drug dose was adjusted to be 0.32 mg/kg.

Results obtained from Group 2 and Group 4 were taken from identical experiments reported in
El-Zaafarany et al. [40] for comparative reasons.

Conscious, non-anaesthetised rats were fixed in a prostrate position and 80 μL/kg of the
formulations were administered into each of the two nostrils using a microinjector [44]. Blood samples
were collected from the retro-orbital vein of four rats at predetermined time intervals and introduced
into heparinized tubes. Plasma was separated from blood samples by centrifugation at 4000 rpm for
10 min and OX was analysed using a LC-MS/MS technique [40]. At each time interval, the animals
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were sacrificed and the brain tissues (not including the olfactory bulb) were separated, homogenized
with saline and stored at −80◦C until further assay. Ethical approval of this protocol was given by the
“Experiments and Advanced Pharmaceutical Research Unit” of the Faculty of Pharmacy, Ain Shams
University, Cairo, Egypt and National Institutes of Health guidelines for the use and care of Laboratory
animals were followed in the course of this study (Project No.: 6 10 2016 approved on December 2016).

• Assay of OX content in plasma and brain samples

Chromatographic conditions (LC–MS/MS analysis parameters) and pharmacokinetic analysis of
OX in plasma and brain (Peak plasma and brain concentrations (Cmax), the time to reach these peaks
(tmax) were determined, area under OX concentration-time curve (AUC0–2880min), time to reach half
the maximum plasma concentration (t1/2), and the mean residence time (MRT)), as reported in our
previous publication [40].

2.7.2. Histopathological Study

20 μL of the Ox loaded G16 emulsomal thermogel was applied daily to one nostril of male Wister
rats (group size n = 3) weighing 180–220 g for 14 consecutive days, while the other nostril was used
as control and treated with normal saline. Rats were then sacrificed and the nasal septa with their
covering membranes were separated, formalin-fixed for one day, decalcified, washed with tap water,
and then dehydrated by sequential exposure to methyl, ethyl and absolute alcohol).

Specimens were cleared by xylene, embedded in paraffin blocks, sectioned by slide microtome.
Sections were deparaffinized and stained with hematoxylin and eosin and examined with a light
microscope (Olympus optical microscope, Tokyo, Japan).

2.8. Statistical Analysis

Experiments were done in triplicates and all data that are shown in this study are expressed as a
mean ± standard deviation (SD). Comparison of means was undertaken using Student t-test for dual
comparisons and ANOVA test followed by Tukey-Kramer post-Hoc test for multiple comparisons
using a statistical software program (GraphPad Instat, La Jolla, CA, USA). p < 0.05 were considered to
be statistically significant.

3. Results

3.1. Preparation and Characterization of PLGA-PEG-PLGA Triblock Copolymers

PLGA-PEG-PLGA triblock copolymers were synthesized via ring-opening polymerization
of D,L-lactide and glycolide initiated with PEG. The copolymer formed appeared as a sticky
yellowish-brown semisolid. PLGA-PEG-PLGA is a non-ionic triblock copolymer consisting of
hydrophilic PEG segments and hydrophobic PLGA segments. The process of polymer synthesis
is shown in the supplementary part Figure S1.

3.1.1. NMR Spectroscopy

A typical NMR spectrum of PLGA-PEG-PLGA triblock copolymer is shown in the supplementary
part Figure S2, showing the same characteristic signals as those reported in the literature [37].
Respective methyl (–CH3) and methine (–CH–) proton peaks pertaining to lactide monomer were
observed at 1.6 and 5.2 ppm. A peak at 4.8 ppm, corresponding to methene protons (–CH2–) of
glycolide monomer was obtained, as well as a peak at 3.6 ppm relative to methene in PEG monomer
which was used for the calculation of the PEG:PLGA ratio.

By comparing the peak areas of specific types of prominent protons at corresponding
chemical shifts or by the total number of these protons, the molecular weight of the polymer was
calculated [36,37,45]. By analyzing the value of the integrals of peaks that are related to lactide and
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glycolide, the chain number molecular weight (Mn) of the tri-block copolymer was determined to be
5.2 kDa

3.1.2. GPC

Figure S3 in the supplementary part shows the GPC chromatograms of PEG and the prepared
PLGA-PEG-PLGA block copolymer. It is obvious that the copolymer was eluted at a shorter time
(at 6.76 min) than PEG, indicating that polymerization was successful and products of lower retention
time have been formed. In addition, the unimodal GPC curve reflects that the purity of the prepared
copolymer is sufficiently high. The number average molecular weight (Mn) was found to be 4.4 kDa,
which corresponds to that obtained by NMR. Also, the weight average molecular weight (Mw) was
determined to be 7.6 kDa, with a calculated PDI of 1.69.

3.1.3. DSC

DSC thermograms shown in Figure S4 of the supplementary part illustrate that PEG had a melting
point at 49.2 ◦C with a melting enthalpy of 160.5 J/g. On the other hand, PLGA-PEG-PLGA exhibited
glass transition at a temperature of −13.3 ◦C, which is comparable to what has been reported in the
literature of PEG containing copolymers that show crystallization in the range of −25 to 0 ◦C [46].

3.1.4. DLS

Copolymers composed of hydrophilic and hydrophobic portions can when in solution be present
both as individual hydrated molecules or as spherical aggregates (micelles) [37]. When these
copolymers are exposed to aqueous conditions, the hydrophilic PEG and glycol portions will be
oriented on the outside of the micelle in contact with water, and the hydrophobic PLGA parts will be
located in the inner part of the micelle due to their hydrophobic intermolecular interactions. Thus,
self-assembled micelles are formed [47]. Hence, DLS can be used as a method to highlight the transition
of non-hydrated molecules to micelles i.e., copolymer association.

Figure S5 of the supplementary part shows the average micellar sizes of PLGA-PEG-PLGA
copolymer samples that were prepared at 20% w/v and measured by DLS at temperatures ranging from
10–40 ◦C. No significant differences were encountered in the micellar sizes of the copolymer samples
measured in the tested temperature range, as indicated by nearly overlapping peaks, always achieving
results comparable to those relating to micellar systems (in the range of 4–20 nm). The observed larger
size of samples measured at temperatures between 35–40 ◦C may be regarded as indication of system
aggregation due to thermogelation [48,49].

3.2. Preparation and Characterization of Plain and Emulsome-Loaded PLGA-PEG-PLGA Thermogel Solutions

In order to study the physicochemical characteristics of PLGA-PEG-PLGA triblock copolymer
solutions, either plain or emulsome-loaded, the solutions were prepared in different concentrations
of the copolymer (5, 10, 20, and 30% w/w). Likewise, emulsomes were loaded into the copolymer
solutions in concentrations of 0, 10, 25, and 50% v/v. For all of the prepared thermogel solutions, sol-gel
transition temperature and viscosity were measured. Rheological properties of plain thermogels were
studied as shown in the supplementary part (Figure S6).

3.2.1. Thermogelation of the Copolymer Solutions

The phase transition temperatures of thermogel solutions G1 to G16 were evaluated using the
inverted tube method by increasing temperatures from 20 to 52 ◦C while checking phase changes.

Before insertion of the copolymer solution in the water bath, and below its transition temperature,
the copolymer solution was clear (Figure 2A). Upon heating, the copolymer solutions became opaque
without gelation (Figure 2B) or they formed a gel with an absence of flowability upon inversion
(Figure 2C). Subsequent temperature decrease transforms the gel into its initial liquid state.
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Figure 2. (A,B) are the photographs of a PLGA-PEG-PLGA copolymer solution prior to sol-gel
transition (A) and formation of opaque solution (B), thermogels produced after sol-gel transition retain
their position (C). (D) is the phase diagrams of polymers prepared from different PLGA-PEG-PLGA
copolymer concentrations with different emulsomes loading, showing sol-gel and gel-precipitate
transitions).

The sol-gel transition temperatures of all the prepared polymer solutions (G1-G16) are given
in Table 1. Plain or drug loaded polymer solutions that were prepared from 5 and 10% w/w
PLGA-PEG-PLGA copolymer (formulations G1, G5, G9, and G13) and (formulations G2, G6, G10,
and G14), respectively, remained either clear or they formed turbid solutions showing no gelation till
52◦C. Non-gelling opaque solutions were formed. However, formulations with higher concentrations
of PLGA-PEG-PLGA (20 and 30% w/w) gelled, completely, at temperatures ranging between 28.50
and 33.37 ◦C. With temperature rise, up to 52 ◦C, copolymers prepared from 10, 20, and 30% w/w
PLGA-PEG-PLGA underwent gel-precipitate transition in which the polymers reverted to a sol state
(resol) but as a turbid suspension in which the polymer eventually precipitated. This thermo-reversible
behavior of PLGA-PEG-PLGA copolymers has been reported in the literature [23,24,50,51]. Similar to
our results, Duvvuri et al., (2005) reported the sol-gel transition temperature of 20–25% w/v aqueous
polymer solution to be 32 ◦C [34]. The phase diagram of the copolymer with different emulsome loads
is shown in Figure 2D.

The effect of varying PLGA-PEG-PLGA and emulsomes concentrations on the thermogelation
temperatures of the copolymer solutions is shown in Table 1. At the same polymer concentration,
increasing the emulsomes concentration resulted in a statistically significant increase in the transition
temperatures from 30.2 ± 0.05 to 33.4 ± 0.05 ◦C at 20% w/w polymer and from 28.5 ± 0.1 to
31 ± 0.0 ◦C at 30% w/w polymer (p > 0.05). The increase in emulsomes concentration hinders
PLGA interaction leading to retardation in gelation. The hydrophilic Tween 80 coated emulsomes
with their polyoxyethylene chains are expected to render the interaction of hydrophobic blocks of
PLGA-PEG-PLGA more difficult and they increase transition temperature of the composite. Similar
behaviour was recorded upon increasing the concentration of hydrophilic nanoparticles incorporated
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in PDEGMMA block copolymer based hydrogels [51]. On the other hand, it was also found that
increasing the copolymer concentration resulted in a reduction in the phase transition temperatures.
On a similar basis, Qiao et al. [45] reported a decrease in gelation temperature that was associated with
increasing the same copolymer concentrations from 15 to 25% w/w.

Hydrogelation demands two contradictory forces: strong inter-chain interaction in order to form
junction points in the hydrogel network, yet the chain should not exclude the solvent (water) to prevent
polymer precipitation. The polymer dissolution of the block copolymer at lower temperatures is due
to the hydrogen bond between the hydrophilic PEG and water. The rise in temperature weakens the
hydrogen bonding prevailing the hydrophobic forces of PLGA blocks, leading to the gel transition
state. Accordingly, higher copolymer concentrations enhances the hydrophobic interactions and with
the insufficiency of polymer hydration with the available amount of water causes a decrease in the
sol-gel transition temperature [52].

In terms of properties of associated copolymer, PLGA-PEG-PLGA triblock copolymers form
micellar structures, with a PLGA core and a PEG corona. At a temperature lower than CGT, individual
and grouped micelles coexist in the sol state. With temperature rise, the fraction of individual
micelles decreases and the size of grouped micelle grows rapidly causing initial sol-gel transition.
The aggregation and packing interaction between micelles increase forming an opaque gel (Figure 2).
If the temperature is further raised, then the hydrophobic PLGA chains of the micellar core shrink
tightly and the hydrophilic PEG blocks undergo dehydration. Highly shrunk micellar groups will
eventually precipitate in water, and the system becomes separated into two phases, water and polymer
(Figure 1) [24].

3.2.2. Viscosity Measurement

The viscosities of all polymer solutions, post gelation at 37 ◦C, prepared using 20 and 30% w/w
PLGA-PEG-PLGA copolymer and 0, 10, 25, and 50% v/v emulsomes, and measured at rpms ranging
from 1 to 100 are shown in Figure 3. The figure shows that the rheological behavior of both plain
and emulsome-loaded thermogels was concentration-dependent. Generally, an increase in viscosity
accompanied the increase in copolymer and emulsome concentrations, especially when measured at
the lowest rpm due to the preservation of the gel network structure.

Figure 3A shows that at 20% w/w copolymer concentration the viscosities were in the order:
G15 > G11 > G7 > G3, at lower rpms (p < 0.05), directly correlated to with increasing emulsome
concentration. However, G15 showed the absolute highest viscosity at all rpm values due to its 50%
emulsomal content (p < 0.01). A similar trend was observed for G16 containing 30% w/w copolymer
Figure 3B.

The incorporation of emulsomes will contribute to the formation of a stronger gel matrix.
The presence of emulsomes caused a delay in PLGA interaction and micellar formation. Better polymer
hydration occurred with the formation of highly viscous gel. A suggestion confirmed by the increase
in gelation temperature by the incorporation of emulsomes. Likewise, Guo et al. [53] reported a
concentration dependent rheological behavior of methoxyestradiol solid lipid nanoparticles loaded
into a PLGA-PEG-PLGA thermosensitive hydrogel accompanied with viscosity increase.
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Figure 3. Rheograms of thermogels G3, G7, G11 and G15 prepared from 20% w/w PLGA-PEG-PLGA
copolymer solution (A) and thermogels G4, G8, G12 and G16 prepared from 30% w/w PLGA-PEG-PLGA
copolymer solution (B) in combination with 0, 10, 25, and 50% v/v emulsomes measured at 37 ◦C.

The study also revealed that significantly higher viscosities were encountered (p < 0.01) for 30%
w/w copolymer (formulations: G4, G8, G12, and G16), at all emulsomal concentrations, than for 20%
(formulations: G3, G7, G11, and G15). This was an expected behavior because higher copolymer
concentration is translated into a denser thermogel matrix, and hence, higher viscosity [38,54]. Due to
its high viscosity, G16 emulsomal thermogel was selected for further studies. The G16 emulsomal
thermogel showed viscosity values of 3090 cp and 1656 cp at shear rate of 50 and 200 s−1 (sneezing
produce a maximum shear rate of only >180 s−1 [55]). Knowing that IN formulations may leave the
nasal cavity by gravity when their viscosity is less than about 2500 centipoise [56], G16 emulsomal
thermogel represents a good candidate for IN delivery of OX.

3.3. In Vitro Release Study

Three mechanisms for controlling drug release from PLGA based matrices have previously been
described, namely (i) Fickian diffusion through the polymer matrix, (ii) diffusion through water-filled
pores (aqueous channels) formed by water penetration into the matrix, and (iii) liberation by erosion
of the polymer matrix [57]. The actual drug release from these polymer matrices may be controlled by
a combination of these three mechanisms [58].

Figure 4 shows the cumulative average amounts of OX released from emulsomes in comparison
with G16 emulsomal thermogel for up to 24 h. Both formulations showed similar release profiles
with no significant difference (p < 0.05) during the first 8 h. However, after 24 h, the OX release was
reduced significantly from 81.1 to 53.5% (p < 0.01) in the G16 emulsomal thermogel as compared to the
OX-emulsomes. The lack of initial difference in release profile between emulsomes and emulsomal
thermogel may be due to the low solubility of OX, which would enhance its retention in both
emulsomes and emulsomal thermogel up to 8 h of release. However, after 24 h more OX dissolved
from the emulsomal core, and was released directly to the medium in case of emulsomes in comparison
with emulsomes dispersed in hydrogel which showed a retarded OX release. Similar behaviour has
been shown in situ with emulsomal thermosensitive gel, which was loaded with sparfloxacin for ocular
delivery. A release profile that depended on drug solubility for up to 8–10 h was shown, however,
when drug release was assessed at longer times it increased dramatically [59].

Moreover, drug release from hydrogel depots can be influenced by many factors, including pore
size, rate of degradability of the hydrogel, size and morphology of the matrix, concentration of drug,
interactions between the hydrogel and the loaded drug delivery system, polymer molecular weight,
lactide/glycolide copolymer ratio, as well as matrix fabrication method [60].

369



Pharmaceutics 2018, 10, 217

Figure 4. Release profiles of Oxcarbazepine (OX) from emulsomes and G16 emulsomal thermogel.

3.4. Mucoadhesion Study

One important design feature of formulations designed for IN administration is the ability to
exhibit retention within the nasal cavity with the constant exposure to mucocilliary clearance and
enzymatic degradation. Table 2 shows the mucoadhesion parameters (peak detachment, deformation
peak, work of adhesion, final load) measured for plain (thermogel G4) and emulsome-loaded
PLGA-PEG-PLGA copolymer (G16 emulsomal thermogel), as compared with a 0.5% carbopol gel as a
positive standard.

Table 2. Mucoadhesion parameters measured for plain (G4) and G16 emulsome-loaded
PLGA-PEG-PLGA thermogel compared with a standard Carbopol 980 gel.

Parameter
Plain G4 Thermogel

(Mean ± SD)
G16 Emulsomal Thermogel

(Mean ± SD)
Carbopol 980 Gel

(Mean ± SD)

Peak detachment force (N) 21.9 ± 1.7 * 18.7 ± 2.3 * 10.52 ± 0.1
Deformation peak (mm) 10.5 ± 2 * 8.2 ± 1.3 5.4 ± 0.8
Work of adhesion (mJ) 788.3 ± 23.7 * 746.6 ± 52.2 * 304.8 ± 35

Final load (N) 20.2 ± 1.7 17.84 ± 2.9 15.41 ± 1.9

* Significantly different from Carbopol 980 gel (p < 0.05).

The “work of adhesion”, also termed “adhesiveness”, describes the work that is required to
overcome the attractive forces between the surface of the sample and the surface of the probe [61].
This infers that probe removal occurs due to cleavage of both internal bonds within the sample
(cohesive bonds), as well as, bonds occurring between the sample and the surface of the probe
(adhesive bonds) [62].

The G4 and G16 gels both showed statistically significant higher adhesive properties for all
mucoadhesive parameters, when compared to the Carbopol980 gel standard (p < 0.05). During optimal
contact time between formulation and mucosa that ensures maximal adhesion, gel hydration occurs,
which allows for exposure of its adhesive sites. This facilitates interpenetration of the gel adhesive
moieties and entanglement with mucus glycoproteins of the nasal mucosa, to a sufficient depth that
enables the creation of adhesive bonds [63], thus creating mucoadhesion. On a similar basis, Yu and
co-workers proved that PLGA-PEG nanoparticles can penetrate human mucus secretions due to strong
interactions with mucin [64]. Besides the results show that the increase in viscosity might help, but it
is not crucial for mucoadhesion [65]. Thus, G16 emulsomal thermogel would be expected to show
prolonged retention in the nasal cavity through the formation of adhesive bonds with the tissues lining
the nasal mucosa. Since the half-life of clearance from the nasal cavity in humans, even for bioadhesive
materials is in the order of 1–2 h [66], the differences in OX release after 8 h between the OX-emulsomes
and the G16 emulsomal thermogel will likely not affect the nasal absorption of the OX in humans.
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It is worthy to note that emulsomes had no influence on the mucoadhesive characters of
PLGA-PEG-PLGA copolymer, probably because the binding with mucin occurs via hydrophilic
interaction with the PEG chains of the polymer while emulsomes only interact with hydrophobic
PLGA domains.

3.5. Pharmacokinetic Study

3.5.1. Plasma Pharmacokinetic Parameters

Nose-to-brain drug delivery represents a potential route for targeting drugs to the CNS and
avoiding large systemic losses after drug administration. Figure 5A shows plasma concentration-time
profiles of OX after the administration of Trileptal® suspension, IN solution, IN emulsomes, and
IN G16 emulsomal thermogel loaded with the drug, with the corresponding PK parameters given
in Table 3. Data of OX-emulsomes and Trileptal® suspension were incorporated into the paper for
comparative purposes.

  
(A) (B) 

Figure 5. Mean OX concentrations in plasma (A) in brain (B) of rat groups receiving IN administration
of emulsomes, G16 emulsomal thermogel, OX solution and Oral Trileptal® suspension. Data of
IN administration of emulsomes, and Oral Trileptal® suspension reproduced with permission from
El-Zaafarany et al. [40], Elsevier, 2016.

Table 3. Pharmacokinetic parameters for OX in rat plasma/brain following the IN administration of
emulsomes, G16 emulsomal thermogel, OX solution and Oral Trileptal® suspension.

Parameter

Plasma Brain

IN
Emulsomes *

IN
Emulsomal
Thermogel

IN OX
Solutions

Trileptal®

Suspension *

IN
Emulsomes *

IN
Emulsomal
Thermogel

IN OX
Solutions

Trileptal®

Suspension *

Cmax (ng/mL)/(ng/g) 2514.4 3818.8 80.9 2567.6 5699.9 1733.2 249.1 1198.9

Tmax (min) 45 120 20 120 20 30 60 360

AUC0–2880min
(μg/mL·min)/(μg/g·min) 1943.4 2757.7 111.2 1524.6 2445.1 1440.5 57.7 742.8

T1/2 (min) 1581.8 1919.6 302.1 364 250.9 734 197.4 285.6

MRT (min) 2024.3 2638.1 34.5 465.4 378 1007.8 95.4 504.5

* Data reproduced with permission from El-Zaafarany et al. [40], Elsevier, 2016.

In terms of plasma concentrations, the results revealed that the highest Cmax of 3818.8 ng/mL
(p < 0.01) was encountered after the instillation of IN G16 emulsomal thermogel at a Tmax of 120 min,
followed by Trileptal® suspension and IN emulsomes, which reached Cmax value of 2567.6 and
2514.4 ng/mL at Tmax value of 45 and 120 min, respectively, and finally the IN OX solution had the
lowest Cmax of 80.9 ng/mL after 20 min. The largest AUC 0–2880min was obtained after administration
of the IN G16 thermogel, followed by the IN OX emulsomes, Trileptal® suspension then IN OX solution
(p < 0.05).

Furthermore, emulsomes and G16 thermogel formulations showed an MRT in plasma 58.7 and
76.5 times that of the IN OX solution respectively. Significantly larger residual amounts of OX after
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2880 min were found in the plasma for G16 thermogel than for the OX emulsomes and IN OX solution
(p < 0.01) (Figure 6). On the other hand, the OX administered IN in emulsomes and G16 thermogel
resided in the plasma for up to 34 and 44 h, respectively. The plasma half-life of the G16 thermogel
was found to be 1.2 times that of the IN OX emulsomes and significantly higher i.e., 6.4 and 5.3 times
that of the IN OX solution and Trileptal® suspension, respectively (p < 0.05).

The long residence in plasma of OX when administered in combination with emulsomes
(as opposed to the OX solution) might be explained by the lipophilic nature of the emulsomes that
may allow for the partitioning of the OX in the emulsome particles (and/or the free OX) into the
nasal epithelial cell membranes and further into the systemic circulation. The high absorption of OX,
as shown by the AUC 0–2880min and long mean residence time from the IN G16 emulsomal thermogel
compared to IN OX-solution could be partly attributed to the high viscosity of the gel formulation
which prolonged the contact time with nasal mucosa, thus enhancing the penetration of OX-emulsomes
and/or free OX through the nasal mucosa into the systemic circulation [67]. The pharmacokinetic
results suggest that the encapsulation of OX in emulsomes slowed its elimination, retained a high
concentration in the bloodstream for a longer time period, and increased the circulation time of OX in
rats, when compared to the free drug [68].

3.5.2. Brain Pharmacokinetic Parameters

OX concentrations in the brains of rats after the administration of IN OX-emulsomes, IN G16
OX-emulsomal thermogel, IN OX solution, and Trileptal® suspension of OX at predetermined time
intervals are depicted in Figure 5B, with the corresponding pharmacokinetic parameters given in
Table 3.

The OX concentration in the brain after administration in an IN OX solution was detected after
10 min of administration, showed a low Cmax and reached baseline in 6 h. This observation and the
low Cmax in the plasma support the reported low ability of OX to cross mucosal membranes [69–71].

OX released from emulsomes and G16 thermogel was detected in the brain only 5 min
after administration, but with significantly (p < 0.01) higher brain concentration (5 times) for the
OX- emulsome formulation, as compared with that of the G16 OX-emulsomal thermogel formulation.
Furthermore, the nasal administration of OX-emulsomes resulted in the highest OX brain Cmax which
was nearly 3.3, 22.9, and 4.8 times that of G16 OX-emulsomal thermogel, IN solution and Trileptal®

suspension, respectively, with earlier Tmax for emulsomes than all tested formulations. In contrast
to the plasma data, the OX-emulsomes showed higher brain AUC 0–2880min than G16 OX-emulsomal
thermogel, IN OX solution and Trileptal® suspension. This could be attributed to the structure of
emulsomes that comprises its lipidic phospholipid sheath, the Tween 80 coat and the small size
(100–200 nm), all which are contributing factors to enable transcellular diffusion of OX (free or
encapsulated) through the blood brain barrier [72]. Detection of OX in the brain within a time frame of
10–20 min after IN administration of emulsomes indicates that direct nose-to-brain transport was a
main route for brain uptake from the nasal mucosa [73], in addition to its systemic absorption.

On the other hand, G16 OX-emulsomal thermogel had longer mean residence times in the brain,
which exceeded that of the OX-emulsomes, IN OX solution and Trileptal® suspension. Also, the G16
emulsomal thermogel was the only tested formulation in which OX was detected in the brain after 48 h
of its IN instillation (data not shown) which could result in a better control of seizures in patients for a
longer time period. These results are in accordance with previously reported studies in animals that
proved that formulations with a prolonged residence in the nasal cavity using either mucoadhesive
systems or gels with very high viscosity can enhance the nose to brain delivery of drugs due to
reduced mucociliary clearance and increased residence which ensure higher absorption. Furthermore,
it has also been reported that some mucoadhesive polymer-containing systems may directly change
epithelial tight junctions and thus, increase drug absorption [74,75].

Although the IN adminstration of emulsomal thermogel showed a lower Cmax in the brain,
it showed higher MRT values. It was previously reported that it is more advisable to use
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extended-action formulations for antiepileptic drugs with short half-lives (OX t1/2 = 1–5 h) for a
more efficient way of treating epilepsy [76].

When compared with formulations that rapidly release antiepileptic drugs, products with
extended residence in the brain not only allow for a long dosing interval, which improve patient
compliance but also decrease the risk of seizure breakthrough after missing a dose. Furthermore it
was found that the use of sustained OX formulations for the treatment of focal epilepsy showed better
tolerability and higher maintenance dosages to be reached than immediate action formulations [77].

3.6. Histopathological Examination

Nasal histopathology studies on rats were done to check the probable changes in the nasal
mucosa caused by G16 emulsomal thermogel, in comparison to normal saline treated nasal epithelium.
The control group showed normal, well defined histological structures without any signs of vascular
or inflammatory changes (Figure 6A). The histopathology of the treated group revealed some signs of
very low toxicity after administration of the G16 OX-emulsome thermogel (Figure 6B). This toxicity
was lower than that reported for the drug alone and it is seen here as mild vascular congestion and
moderate inflammatory changes around congested vessels.

The safety of PLGA-PEG-PLGA thermogels for a variety of biological applications has been
previously reported [32,78–80]. Hence, this mild inflammation probably pertains to the effect of the
drug on the nasal mucosa due to its controlled release throughout the study, since OX has been reported
to have an irritant effect on cells by NADPH dependant DNA intercalation [81].

This observation of mild cell toxicity induced by OX is in agreement with previous finding [40,82]
that showed OX as an agent that can cause anatomic and organizational disruption in cell layers,
nuclear shrinkage, and cell atrophy. Conclusively, these findings would add to our previous finding
that emulsomes can shield OX cell damaging effects [40] the ability of G16 emulsomal thermogel
composite to further protect nasal cells from the severe effect of OX. Thus, adopted PLGA-PEG-PLGA
thermogel matrices could be used to enhance safety and reduce the nasal damage of many other cell
membrane damaging drugs.

Figure 6. Light micrograph of (A) untreated nasal rat epithelium (with saline only) showing normal
structure of the nose (no) with intact mucosal epithelium (mu). (B) nasal rat epithelium treated with
OX-loaded G16 emulsomal thermogel showing intact mucosal epithelium (mu) with minimal focal
inflammatory cells infiltration (m). (Maginifcation 16×).

4. Conclusions

A successful PEG-initiated ring opening polymerization of lactide and glycolide to prepare
PLGA-PEG-PLGA triblock copolymer was confirmed by NMR, GPC, DSC, and DLS. The copolymer
was mixed with emulsomes to form thermoresponsive gels for the nasal delivery of OX. All of
the prepared thermoresponsive gels exhibited a reversible thermogelling behavior with visible
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precipitation of the copolymer at elevated temperatures. Both copolymer and emulsome concentrations
contributed, to the formation of thermogels with high viscosities. Sequestration of emulsomes in
30% thermogel resulted in retardation of OX release, increased gel matrix viscosity, but did not affect
mucoadhesive properties as compared to thermogel alone. The OX-emulsome thermogel dramatically
increased the systemic OX absorption but did not improve the OX brain concentration in terms of Cmax

and AUC as compared to the OX-emulsomes alone. However, the emulsomal thermogel, extended the
presence of OX in the brain to up to 48 h, which could offer a better control of seizures for a longer
time period. A fact that needs to be investigated further.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/10/4/217/s1,
Figure S1. Synthesis of PLGA-PEG-PLGA triblock copolymer by ring opening polymerization of glycolide,
D,L-lactide and polyethylene glycol (PEG); Figure S2. 1H-NMR spectrum of PLGA-PEG-PLGA tri-block copolymer
with (a) and (d) pertaining to lactide methyl and methane protons, (b) pertaining to ethylene oxide methene protons
and (c) pertaining to glycolide methene protons; Figure S3. GPC chromatograms of PEG and PLGA-PEG-PLGA
copolymer; Figure S4. DSC thermograms of PEG polymer and the synthesized PLGA-PEG-PLGA tri-block
copolymer; Figure S5. Size distribution of PLGA-PEG-PLGA micellar solution (20% w/v in deionized water)
measured at temperatures in the range of 10 to 45 ◦C; Figure S6. (A)Temperature sweep data that shows variation in
viscosity and phase angle with temperature for PLGA-PEG-PLGA copolymer samples prepared in concentrations
of 15, 20, and 25% w/v in deionized water (B) Time sweep data that shows variation in elastic modulus, viscous
modulus and viscosity of PLGA-PEG-PLGA copolymer sample with time (C) Frequency sweep data that shows
variation in elastic and viscous modulus with frequency for PLGA-PEG-PLGA copolymer samples prepared in
concentrations of 15, 20, and 25% w/v in deionized water.
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Abstract: The present study was carried out to investigate the potential of cationic functionalization
on imatinib nanocrystals to improve the mucoadhesiveness and, thus, delivery to the lesion
of cervicovaginal tumors. Amino-group-functionalized imatinib nanocrystals (NC@PDA-NH2)
were prepared with near-spheroid shape, nanoscale size distribution, positive zeta potential,
and relatively high drug content with the aid of the polydopamine-coating technique. Efficient
interaction between NC@PDA-NH2 and mucin was proven by mucin adsorption which was related
to the positive zeta-potential value of NC@PDA-NH2 and the change in the size distribution
on mixing of NC@PDA-NH2 and mucin. Cellular uptake, growth inhibition, and apoptosis
induction in cervicovaginal cancer-related cells demonstrated the superiority of NC@PDA-NH2 over
unmodified nanocrystals. For practical intravaginal administration, NC@PDA-NH2 was dispersed in
Pluronic F127-based thermosensitive in situ hydrogel, which showed suitable gelation temperature
and sustained-release profiles. In comparison with unmodified nanocrystals, NC@PDA-NH2

exhibited extended residence on ex vivo murine vaginal mucosa, prolonged in vivo intravaginal
residence, and enhanced inhibition on the growth of murine orthotopic cervicovaginal model
tumors indicated by smaller tumor size, longer median survival time, and more intratumor
apoptosis with negligible mucosal toxicity. In conclusion, cationic functionalization endowed
NC@PDA-NH2 significant mucoadhesiveness and, thus, good potential against cervicovaginal cancer
via intravaginal administration.

Keywords: mucoadhesiveness; cervicovaginal tumors; cationic functionalization; imatinib;
nanocrystals; in situ hydrogel
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1. Introduction

Cervical cancer is the fourth most common cause of death from cancer in women [1]. With the
development and popularization of regular Papanicolaou (Pap) tests, the majority of cervical cancer
patients can be diagnosed in the early stages when the tumor is small in size and confined to the
cervix. Nevertheless, the current treatment for early-stage cervical cancer usually involves significant
adverse side effects. Surgery and radiation therapy are associated with increased risks of future
negative gynecological and obstetric outcomes, including impaired sexual function, infertility, preterm
delivery, and low birth weight. Systemic pharmacotherapy is generally the last option because only a
negligible proportion of the drug reaches the vaginal mucosal epithelium. Now, clinicians are realizing
that cervicovaginal tumors may represent the most important potential field needing good vaginal
formulations [2]. Sustained and localized drug delivery in the female reproductive tract may avoid
adverse effects associated with systemic administration, improve efficacy by assuring adequate local
drug concentration, and allow convenient self-administration [3]. For example, the first tyrosine
kinase inhibitor, imatinib, was reported to prevent the activation of platelet-derived growth factor
receptor (PDGFR), which is often overexpressed in cervical cancer [4], thus inhibiting cervical cancer
cell proliferation. In a study which screened carbo- and cisplatin, topotecan, paclitaxel, imatinib,
gefitinib, cetuximab, and trastuzumab on freshly isolated tumor cells of 16 patients, 66% of tumor
samples were sensitive to imatinib [5]. When administered orally, it worked effectively in the clinic,
possibly due to its high plasma protein binding and insufficient drug delivery to the vaginal mucosal
epithelium. It is reasonable to expect a positive outcome for imatinib if vaginal formulations with
adequate vaginal mucosal delivery efficiency are available.

Recently, nanocrystals (NC) drew increasing interest in field of delivery of poorly soluble
drugs [6–8] for their nanoscale and high drug content. These properties seem to be attractive for
vaginal formulations. Only nanocrystals with suitable mucoadhesive modification can overcome the
self-cleaning mechanism of the vagina, assure prolonged contact time with mucosa, and avoid multiple
daily doses [9]. One of the most promising mucoadhesive strategies is cationic modification, which is
based on the electrostatic interaction with negatively charged mucin in the mucus, as well as mucosal
epithelial cells. The most exciting recent advance is positively charged 10-hydroxycamptothecin-loaded
nanogels for intravesical instillation which successfully prolonged intravesical residence time,
improved penetration into the vesical mucosa, and enhanced the anti-tumor efficacy in a murine
orthotopic bladder cancer model [9]. Cationic functionalization was also applied in vaginal
formulations. We previously synthesized a cationic derivative of Pluronic F127 to prepare a new
type of thermosensitive/mucoadhesive in situ hydrogel, which significantly prolonged intravaginal
drug residence and improved mucosal penetration [10]. Similar benefits were also reported for
imiquimoid-loaded nanocapsules [11].

Being highly dispersed in nature, NCs are thermodynamically unstable, necessitating surface
modification to prevent possible particle growth. In the meantime, surface modification can change
the in vivo performance of nanocrystals. Polyethylene glycol (PEG)ylated paclitaxel nanocrystals
showed good stability and in vivo tumor inhibition efficacy [12]. Albumin-stabilized paclitaxel
nanocrystals showed enhanced uptake by SPARC+ B16F10 melanoma cells and in vivo anti-tumor
efficacy [13], and albumin-stabilized hydroxycamptothecin nanocrystals showed enhanced intratumor
accumulation and prolonged survival time in MCF-7 model tumor-bearing mice [14]. Pluronic
F68-stabilized paclitaxel nanocrystals exhibited elevated interaction with cancer cells and intratumor
accumulation [15,16]. Pluronic F68 and soybean lecithin-stabilized 7-ethyl-10-hydroxycamptothecin
nanocrystals inhibited the growth of MCF-7 model tumors more efficiently [17]. The abovementioned
surface modification examples for nanocrystals are mainly based on either physical adsorption of
stabilizers or chemical derivatization of the prototype drug.

Alternatively, polydopamine (PDA) coating may provide another choice. In a weak basic
environment, dopamine can self-polymerize on the surface of solid materials to form a PDA layer
which can subsequently react with thiol or amine groups at o-quinone moieties [18]. Since the
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pioneer work of Messersmith’s group [19], this property of PDA attracted increasing interest
for its good biocompatibility and capability of forming of nanostructures [20,21] or their surface
functionalization [22,23]. Liang et al. recently reported the promising performance of tumor-targeting
modified PDA-coated camptothecin nanocrystals [24].

Herein, positively charged polydopamine-coated imatinib nanocrystals (NC@PDA-NH2) were
prepared and characterized with respect to basic physicochemical properties, drug content and
release, and in vitro interaction with mucin and cervical cancer-related cell lines. NC@PDA-NH2 was
further dispersed in a Pluronic F127-based in situ hydrogel vehicle to allow adequate interaction time
between nanocrystals and mucosa. The NC@PDA-NH2-loaded Pluronic F127-based in situ hydrogel
(NC@PDA-NH2/FG) was optimized based on rheological and release profiles and characterized with
respect to ex vivo residence on mouse vaginal mucosa, in vivo intravaginal retention, and anti-tumor
efficacy in a murine orthotopic cervicovaginal tumor model.

2. Methods

2.1. Materials and Animals

Imatinib (IMN), 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR),
2-(4-amidinophenyl)-6-indolecarbamindine dihydrochloride (DAPI), and 6-coumarin (C6) were
purchased from Meilun Biotechnology Ltd. Co. (Dalian, Liaoning, China). Pluronic F127 (F127) was
purchased from BASF Ltd. Co. (Ludwigshaften, Germany). Optical coherence tomography (OCT)
was purchased from Sakura Finetek Inc. (Torrrance, CA, USA). Porcine gastric mucin (PGM) was
purchased from Sigma-Aldrich Ltd. Co. (St Louis, MO, USA) and purified as described in previous
literature [23]. All other chemicals were of analytical grade, purchased from Sinopharm Reagent Ltd.
Co. (Shanghai, China) and used as received. Two cervical cancer-related cell lines, TC-1 and SiHa,
were purchased from Fu-Heng Cell Center (Shanghai, China).

Female C57BL/6 mice were provided by Shanghai Laboratory Animal Center (Shanghai, China).
All animals were allowed free access to standard food and tap water and acclimated for at least one
week before use. All animal experiments were carried out in accordance with the guidelines evaluated
and approved by the Ethics Committee of the School of Pharmacy, Fudan University (2015-O3-YJ-LY-0D
approved on 4 March 2015).

2.2. Preparation of NC, NC@PDA, and NC@PDA-NH2

NC@PDA-NH2 was prepared by three steps. Firstly, a mixture of imatinib (3.5 mg) and stabilizers
(3.8 mg TPGS and 7.5 mg citrate acid) was fully dissolved in 3 mL of ethanol in a round-bottom
flask. Ethanol was evaporated with a rotary evaporator at 40 ◦C to form a thin film on the wall of the
flask. Then, 5 mL of 35 mM NaHCO3 aqueous solution was added to the film at room temperature.
After hydration by gentle mixing, NCs were formed. Secondly, 5 mg of dopamine was added to 5 mL
of the abovementioned NC suspension and incubated at room temperature for 10 min on a rotating
rocker. Then, the suspension was centrifuged at 4448× g for 15 min at room temperature to remove
unreacted dopamine and obtain NC@PDA. Thirdly, the pellet was re-suspended in 5 mL of pure water
containing appropriate amounts of Boc-NHCH2CH2-NH2 to react for at least 3 h. Then, the suspension
was centrifuged at 4448× g for 15 min at room temperature to remove unreacted Boc-NHCH2CH2-NH2

and was deprotected in 3 M HCl for 3 h to obtain NC@PDA-NH2. DiR- or C6-labeled nanocrystals were
similarly prepared except that DiR or C5 (5 μg/mL) was included in the initial mixture in the first step.

2.3. Characterization of NC, NC@PDA, and NC@PDA-NH2

For determination of drug loading (DL) and encapsulation efficiency (EE), lyophilized
nanocrystals with a premeasured mass were dissolved in acetonitrile (ACN), filtered with a 0.45-μm
syringe filter, diluted if necessary, and submitted to HPLC analysis on an Agilent 1100 HPLC system
(Palo Alto, CA, USA) equipped with an Xtimate ® C18 column (25 cm × 4.6 mm, particle size: 5 μm;
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Welch Technology, Shanghai, China) with a mobile phase 45:55 (v/v) mixture of ACN/ammonium
acetate buffer solution (10 mM, pH 10) at a flow rate 0.7 mL/min and a detection wavelength of 272 nm.

EE and DL were respectively calculated according to the following equations:

EE(%) =
Amount of drug in nanocrystals

Total amount of feeding drug
× 100%,

DL(%) =
Amount of drug in nanocrystals

Total mass of nanocrystals
× 100%.

In vitro release of imatinib from nanocrystals was investigated using the dialysis bag method
with vaginal fluid simulant (VFS) as the release medium, prepared as reported previously [25]
The morphology of various nanocrystals was observed using a transmission electron microscope
(TEM, JEM-2100F, JEOL Co., Tokyo, Japan). The size distribution and zeta potential of nanocrystals
were measured at 37 ◦C using dynamic light scattering (DLS) with a Zetasizer (ZS-10-82, Malvern
Instruments Ltd. Co., Malvern, UK).

X-ray powder diffraction (XRPD) of nanocrystals was analyzed with a D2 Phaser diffractometer
(BrukerCorp., Billerica, MA, USA) with a Cu-Kα radiation source and a LYNXEYETM-compound
silicon strip detector. The powder patterns were obtained from 1 to 40◦ 2θ at a scan speed of 5◦/min
and a step size of 0.02◦. The voltage and current used were 40 kV and 44 mA, respectively.

Differential scanning calorimetry (DSC) was carried out using a Perkin-Elmer Pyris 1 DSC
instrument (Waltham, MA, USA) equipped with an intra-cooler 2P cooling accessory. Accurately
weighed samples were separately sealed in standard aluminum pans and scanned from 20 to 300 ◦C at
a heating rate of 10 ◦C/min with a nitrogen purge of 10 mL/min.

2.4. Interaction between Mucin and Nanocrystals

To investigate the change in the size distribution after mixing mucin and nanocrystals, purified
PGM was mixed with NC@PDA-NH2 or NC at the weight ratio of 2:1 in citrate buffer (0.1 M, pH 5,
the physiological vaginal pH) for DLS measurements.

For determination of the adsorption amount (AA) of mucin by nanocrystals, purified PGM was
mixed with NC@PDA-NH2 with different positive surface charges (see Supplementary Materials)
or NC at the weight ratio of 2:1 in citrate buffer (0.1 M, pH 5), incubated at 37 ◦C for 1 h and then
centrifuged at 6672× g for 10 min (H1650-W centrifuge, Xiang-yi Instrument Inc., Changsha, China).
The concentration of PGM in the supernatant was measured using Pierce® BCA Protein Assay Kits
(Thermo Scientific, Rockford, IL, USA) to calculate AA according to the following equation:

AA =
initial amount of PGM − amount of PGM after adsorption

Amount of nanocrystals
.

2.5. Interaction of Nanocrystals with Cervicovaginal-Related Cell Lines

TC-1 and SiHa cells were grown in RPMI-1640 medium and DMEM medium, respectively,
both containing 10% fetal bovine serum (FBS) and penicillin (100 IU/mL) and streptomycin (100 μg/mL).

For intracellular localization of nanocrystals, TC-1 cells were seeded in a 35-mm dish with a glass
window (MatTek, Ashland, MA, USA) at a density of 4 × 104 cells per dish. After 24 h, the medium
was replaced with fresh medium. Cells were incubated with LysoTracker Red DND-99 (25 nM) for 30 min
and then incubated with C6-labeled NC@PDA-NH2, NC, or free probe C6 for 2 h. Following washing
with PBS, the cells were fixed with 4% paraformaldehyde in PBS for 20 min. After nucleus staining with
DAPI, fluorescent images were taken with a Zeiss AXIO Observer Z1 confocal microscope (ZEISS LSM710,
Zeiss, Athens, German). The fluorescence intensity of the cells was quantitatively analyzed using FCM
analysis (BD FACSCalibur, Sparks, MD, USA) at the excitation wavelength (Ex) of 466 nm and emission
wavelength (Em) of 504 nm using a Flow Cytometry System (BD FACSCalibur, Sparks, MD, USA).

For quantitative comparison of intracellular drug content, TC-1 cells were seeded in a 12-well
plate at a density of 1.2 × 105 cells per well. After overnight incubation, the cell culture medium

382



Pharmaceutics 2019, 11, 15

was replaced with fresh medium containing NC@PDA-NH2, NC, or free imatinib (firstly dissolved
in DMSO and then diluted in PBS) with the final concentration equivalent of imatinib at 120 μg/mL.
After 4 h, cells were washed with PBS and collected for determination of the intracellular imatinib
amount by HPLC as described in Section 2.3.

The cytotoxicity of NC@PDA-NH2, NC, or free IMN on TC-1 or SiHa cells over a range of imatinib
concentrations for 72 h was measured using the standard MTT method. Half maximal inhibitory
concentration (IC50) was calculated using GraphPad Prism 6 (La Jolla, CA, USA).

Apoptosis of TC-1 or SiHa cells induced by NC@PDA-NH2, NC, or free IMN after incubation for 48
h was compared using flow cytometry after standard Annexin V-FITC/propidium iodide (PI) staining.

2.6. Preparation and Characterization of NC@PDA-NH2/FG

NC@PDA-NH2/FG was prepared by dissolving an appropriate amount of Pluronic F127 in
the corresponding nanocrystal suspension at 4 ◦C. NC-loaded F127 in situ hydrogel (NC/FG) was
prepared similarly. Free imatinib/FG was prepared using the thin film-cold method as described in
previous literature [10].

The rheology of NC@PDA-NH2/FG with three different F127 concentration was investigated
using a rotatory rheometer (Bohlin Gemini Π, Malvern Instruments Ltd. Co., Malvern, UK) equipped
with a parallel plate in the oscillation mode from 15–40 ◦C at a heating rate of 1 ◦C/min with a fixed
frequency of 1 Hz and a fixed strain of 0.01. In vitro release of PC@PDA@NC/FG was evaluated using
the membraneless method using vaginal fluid simulant (VFS) as the release medium. The concentration
of imatinib in release samples was measured by HPLC as described in Section 2.3.

2.7. Ex Vivo and In Vivo Evaluation of the Mucoadhesiveness of NC@PDA-NH2/FG

For suitable gelation temperature, a weight concentration of 17.5% of F127 was selected for
further investigation. Ex vivo adhesion on murine vaginal mucosa, intramucosal penetration
of fluorescent-labeled NC@PDA-NH2/FG, NC/FG, and corresponding free probe/FG, and the
intravaginal drug placement of NC@PDA-NH2/FG, NC/FG, and free IMN/FG were compared
with methods similar to our previous work [10] in healthy C57BL/6 female mice.

For ex vivo adhesion evaluation, C57BL/6 female mice were sacrificed with excess inhalation of
ether to get the vagina mucosa. Onto the freshly prepared vagina mucosa which was smoothed out
and fixed on a plastic card, 10 μL of corresponding tested formulation was dropped with a pipette.
These tissues were kept at 37 ◦C under repeated flushing with 10 μL of VFS every 10 min with a pipette.
Near-infrared fluorescent (NIR) images were obtained every hour for 8 h with a whole-mouse fluorescent
imaging system (IVIS spectrum, PerkinElmer, Santa Clara, CA, USA) at Ex 748 nm and Em 780 nm.

For in vivo intramucosal penetration, 10 μL of tested formulation per mouse was intravaginally
administered to female ICR mice by a microliter syringe with a blunt needle. Three mice were randomly
selected from each group and sacrificed with excess inhalation of ether to get the vaginal tissue which
was fixed in paraformaldehyde for 24 h, dehydrated in sucrose solution, embedded in OCT, sectioned
on a freezing microtome, stained with DAPI, and observed under a fluorescence microscope (DMI
4000, Leica Camera Co., Wetzlar, Germany).

For quantitation of intravaginal drug placement, healthy mice (24 mice per group) were
intravaginally administered with NC@PDA-NH2/FG, NC/FG, or free drug (suspended imatinib
powder)/FG, as described in Section 2.5. At every pre-determined time point (immediately, 2 h, 4 h,
6 h, and 8 h after administration), six mice were randomly selected from each group to perform vaginal
lavage in which the vagina was thoroughly lavaged by normal saline as previously reported. Imatinib
concentration in the vaginal lavage and mucosa was determined as described in Section 2.3.

2.8. In Vivo Efficacy against the Orthotopic Cervicovaginal Tumor Model in Mice

An orthotopic cervicovaginal TC-1 tumor model was established in female C57BL/6 mice
according to the method of Yang et al. [26]. Mice (6–8 weeks old) were subcutaneously treated
with medroxyprogesterone acetate (2.5 mg per mouse per day) for a consecutive seven days prior to
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tumor inoculation. Then, mice were anesthetized to gently disrupt their cervicovaginal epithelia with
a cytobrush. TC-1 cells were inoculated by vaginal instillation (1 × 105 cells per mouse) three days
prior to day 0. Following day 0, intravaginal administration began. The formation and growth of
tumor was preliminarily confirmed by palpation, as well as anatomical and histological examination,
which found that TC-1 tumors grew along the length of the cervicovaginal tract and extended laterally
toward surrounding tissues.

To compare the tumor growth inhibition effect of NC@PDA-NH2/FG vs. NC/FG at three imatinib
dosages (2, 4, and 8 mg/kg), 160 tumor-bearing mice were divided into eight groups (20 mice per
group) including NC@PDA-NH2/FG (8 mg/kg), NC@PDA-NH2/FG (4 mg/kg), NC@PDA-NH2/FG
(2 mg/kg), NC/FG (8 mg/kg), NC/FG (4 mg/kg), NC/FG (2 mg/kg), free imatinib/FG (4 mg/kg),
and normal saline intravaginally administered every other day. The animal number for each group
was set at 20 to ensure that at least six animals survived by day 21 for all groups, especially for the
normal saline control group. On day 21, mice were sacrificed for resection of uterus, cervix, and vagina
to take photographs, weighing the tumors, and performing further microscopic examination for H&E
staining or TUNEL assay (DeadEndTM Fluorometric TUNEL system, Promega, Madison, WI, USA).
The change in the body weight was also monitored.

2.9. Statistical Analysis

All statistical analysis was performed with GraphPad Prism 6. Data were analyzed with one-way
ANOVA test to determine the difference of means among groups. The logrank (Mantel-Cox) test was
used to compare survival curves. A value of p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Preparation and Characterization of NC@PDA-NH2

As depicted by Scheme 1, the core NCs were prepared by film hydration. Subsequently,
dopamine was added to self-polymerize on the surface of NCs to obtain PDA-coated NCs (NC@PDA).
The PDA coating provided the reacting platform for Boc-NH-CH2CH2-NH2. Finally, the Boc groups
were removed by acidic treatment to provide positive charges on the surface of NC@PDA-NH2.
NC@PDA-NH2 could be prepared with a relative high drug content of 76.84 ± 1.78% (Table 1).

Scheme 1. Illustration of the preparation and in vivo fate of amino-group-functionalized polydopamine
(PDA)-coated imatinib nanocrystals (NC) dispersed in F127 (FG) hydrogel (NC@PDA-NH2/FG) in the
orthotopic mouse cervicovaginal cancer model after intravaginal administration.
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NC, NC@PDA, and NC@PDA-NH2 all showed a near-spheroid shape (Figure 1A) with nanoscale
size (Figure 1B). The zeta potentials of NC and NC@PDA were −14.9 ± 2.7 mV and −44.0 ± 3.4 mV,
respectively, while that of NC@PDA-NH2 was +27.2 ± 2.9 mV (Figure 1C), indicating the success of
cationic modification. The size distribution of NC@PDA-NH2 remained basically unchanged after one
month, while the size of unmodified NC increased after only several days, which may be attributed to
the electrostatic expulsion among positively charged NC@PDA-NH2.

Figure 1. Characterization of NC, NC@PDA, and NC@PDA-NH2. (A) TEM images. (B) size distribution
measured by dynamic light scattering (DLS). Upper panels: freshly prepared; lower panels: after
one month of storage. (C) Zeta-potential measured by DLS. (D) X-ray diffraction (XRD) patterns.
(E) Differential scanning calorimetry (DSC) curves. (F) In vitro release profiles in vaginal fluid simulant
(VFS) (n = 3, mean ± SD).
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The XRPD patterns of bulk drug displayed peaks at 12.96◦, 14.13◦, 17.1◦, 18.7◦, 20.9◦, 24.4◦,
and 25.2◦ (2θ), consistent with previous reports for I-type crystalline imatinib. By contrast, the patterns
of NC and NC@PDA-NH2 both showed distinct peaks at 15.0◦, 17.2◦, 18.1◦, 18.7◦, and 21.1◦,
characteristic of G-type crystalline [27] (Figure 1D). The DSC curves also indicated changes in the
crystalline type from bulk drug to nanocrystals (Figure 1E).

In vitro release from NC and NC@PDA-NH2 was much faster than that of bulk drug, perhaps
related to their small size. This may be beneficial because most of the imatinib could remain in
nanocrystals during the penetration across the mucus, as well as upon interaction with mucosa and
entering tumor cells.

Table 1. Drug loading (DL) and entrapment efficiency (EE) for nanocrystal (NC), polydopamine
(PDA)-coated NC (NC@PDA), and amino-group-functionalized NC@PDA (NC@PDA-NH2) (n = 3,
mean ± SD).

Drug Loading (DL) (%) Entrapment Efficiency (EE) (%)

NC 94.47 ± 2.85 94.45 ± 4.81
NC@PDA 82.72 ± 3.66 83.55 ± 12.01

NC@PDA-NH2 76.84 ± 1.78 87.11 ± 11.43

3.2. Cationic Functionalization Favored Interaction of Nanocrystals with Mucin

Adsorption of mucin is a widely used parameter in the evaluation of mucoadhesiveness [28].
NC@PDA-NH2 with different positive surface charges was prepared (Figure S2, Supplementary
Materials) and compared with respect to the capability of adsorbing mucin (Figure 2A). It is clear that
the amount of mucin adsorption was directly correlated with the value of positive surface charge,
indicating the important role of cationic functionalization in mucin adsorption by NC@PDA-NH2.
The interaction between NC@PDA-NH2 and mucin was further proven by the increase in size after
mixing NC@PDA-NH2 and mucin (Figure 2B). A similar change in the particle size of mucin was also
observed in the presence of positively charged polymers, including chitosan and amino-functionalized
poloxamer 407, indicative of the interaction between positively charged polymers and mucin [29].

Figure 2. Cont.
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Figure 2. Interaction between NC@PDA-NH2 and mucin. (A) Adsorption of mucin by NC@PDA-NH2

with different surface charges or NC (n = 3, mean ± SD). (B) Change in size distribution of
NC@PDA-NH2 (or NC) after mixing with mucin. *** indicates p < 0.001.

3.3. Cationic Functionalization Favored Interaction of Nanocrystals with Cells

Investigation into the interaction between NC@PDA-NH2 and cervical cancer-related cells was
performed on TC-1 cells, which are immortalized murine epithelial cells transformed to express human
papillomavirus (HPV)-16 E6/E7 and activated human c-Ha-ras oncogene, and exhibit similar genetic
traits to human papillomavirus (HPV)-induced cervical tumors [26]. Both CLSM images (Figure 3A)
and flow cytometry data (Figure 3B) demonstrated more cellular uptake of NC@PDA-NH2 than
NC, attributable to the electrostatic interaction between the positive charges on NC@PDA-NH2 and
the negative charges on the cell membrane. The intracellular fluorescent signal of NC@PDA-NH2

overlapped with that of LysoTracker with a Pearson’s correlation coefficient (R) of 0.80, suggesting
possible involvement of the endocytosis pathway. Further investigation into the cellular uptake
mechanism will be included in future work. Quantitative measurements of intracellular IMN
concentration further confirmed that more imatinib entered cells after incubation with NC@PDA-NH2

than NC or free imatinib (Figure 3C). The above enhanced cellular uptake was in accordance with
the prolonged adhesion on the surface of cellular monolayers of positively charged liposomes than
negatively charged or neutral liposomes [30].
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Figure 3. Cellular uptake and cytotoxicity in cervical cancer-related cell lines. (A) Representative
CLSM images of TC-1 cells co-incubated with 6-coumarin (C6)-labeled NC@PDA-NH2, NC, or free
probe C6 (green signal). The nucleus was stained with 2-(4-amidinophenyl)-6-indolecarbamindine
dihydrochloride (DAPI; blue) and the lysosomes were stained with LysoTracker Red. (B) Flow
cytometry analysis on the fluorescent intensity of cells after co-incubation for 2 h with C6-labeled
NC@PDA-NH2, NC, or free probe in TC-1 cells. (C) Intracellular drug content after co-incubation
for 72 h with NC@PDA-NH2, NC, or free imatinib in TC-1 cells (n = 5, mean ± SD, ** represents p <
0.01). (D,E) In vitro cytotoxicity of NC@PDA-NH2, NC, or free imatinib after 48 h of co-incubation
in TC-1 cells (D) or SiHa cells (E). (F,G) Apoptotic cell populations determined by flow cytometry
with Annexin V-FITC and propidium iodide (PI) staining after co-incubation with NC@PDA-NH2, NC,
or free imatinib in TC-1 cells (E) or SiHa cells (G). The lower-left (Q3), lower-right (Q4), upper-right
(Q2), and upper-left (Q1) quadrants in each panel indicate the populations of normal, early, and late
apoptotic, and apoptotic necrotic cells, respectively.

388



Pharmaceutics 2019, 11, 15

As shown by the MTT results (Figure 3D), enhanced cellular growth inhibition was observed
with NC@PDA-NH2. The IC50 values of NC@PDA-NH2, NC, and free drug were 16.8 μM, 39.3 μM,
and 84.9 μM, respectively. Such enhanced cellular growth inhibition of NC@PDA-NH2 compared
to NC and free drug might be relevant with the different uptake and, thus, different intracellular
drug accumulation.

More cellular apoptosis was also observed with NC@PDA-NH2. NC@PDA-NH2, NC, and free
drug resulted in 24.07%, 11.16%, and 21.36% early apoptotic cells in the fourth quadrant (Q4) and
48.7%, 16.96%, and 0.07% late apoptotic cells in Q1, respectively. Similar trends were also observed in
MTT and apoptosis results with another cervical cancer-related cell line (SiHa cells).

3.4. Cationic Functionalization Prolonged Intravaginal Retention and Enhanced Mucosal Penetration

Before ex vivo and in vivo application, NC@PDA-NH2 was dispersed in Pluronic F127-based
thermosensitive hydrogel (FG) to avoid leakage which might happen if administered as a simple
aqueous dispersion, and enough time was allowed for nanocrystals to interact with the mucosa.
Other vehicles for nanoparticles were also reported for vaginal use, such as hydroxypropyl
methylcellulose/poly(vinyl alcohol) films [31] and poly(vinyl alcohol) nanofibers [32]. FG was also
applied as a vaginal formulation vehicle with good safety for many therapeutic agents. Due to its lack
of mucoadhesive properties, FG may serve as an ideal vehicle for the evaluation of NC@PDA-NH2.

Consistent with previous reports on FG [33], the phase transition temperature and in vitro drug
release rate of NC@PDA-NH2-containing FG (NC@PDA-NH2/FG) were both dependent on the
concentration of Pluronic F127 (Figure 4). A concentration of 17.5% (w/w) was selected for Pluronic
F127 to assure easy administration and moderate dispersion into vaginal fluid.

Figure 4. Rheological and in vitro release profiles of NC@PDA-NH2/FG. (A) Temperature-dependent
rheological profiles of NC@PDA-NH2/FG with different F127 concentration (15.0%, 17.5%, and 20.0%,
w/w). The red and green arrows denote the gelation temperature for 20.0% and 17.5%, respectively,
while the thermal phase transition was not obvious for 15.0%. The insert is the typical photograph of
NC@PDA-NH2/FG (17.5%) at storage (20 ◦C) or body temperature (37 ◦C). (B) Release profiles from
NC@PDA-NH2/FG at different F127 concentration (15.0%, 17.5% and 20.0%, w/w) at 37 ◦C in VFS (n =
3, mean ± SD).

When dropped on ex vivo murine vagina mucosa and continuously flushed with VFS for 8 h,
NC@PDA-NH2/FG resulted in significantly longer residence of fluorescent signal than NC/FG or free
probe/FG (Figure 5A,B). When observed microscopically, prolonged, more, and deeper fluorescence
was found in the vaginal mucosa of mice administered with NC@PDA-NH2/FG, suggesting improved
accessibility and penetration into vaginal mucosa. Quantitative measurements of intravaginal imatinib
amount further confirmed the superiority of NC@PDA-NH2/FG with respect to intravaginal residence
(Figure 5D).
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Figure 5. Ex vivo mucoadhesiveness and in vivo placement. (A) Typical fluorescent images,
and (B) semi-quantitative fluorescent intensity (n = 6, mean ± SD) for the ex vivo residence of
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR)-labeled NC@PDA-NH2/FG,
NC/FG, or free probe DiR/FG on the surface of ex vivo vaginal mucosa of healthy mice during
flushing by VFS at 37 ◦C. (C) Fluorescent microscopic images (green signal for C6, blue signal for DAPI;
scale bar = 100 μm), and (D) intravaginal residence percentage of imatinib in healthy mice vaginally
administered with NC@PDA-NH2/FG, NC/FG, or free imatinib/FG (n = 6, mean ± SD); * indicates
p < 0.05.

3.5. Cationic Functionalization Improved Tumor Inhibition in the Orthotopic TC-1 Cervical Cancer Model

The orthotopic TC-1 model was reported to represent a stringent model for cervicovaginal cancer
within a short time frame and localized similarly to the anatomy of cervical tumors. In addition,
this model is suitable for testing mucoadhesive formulations because it features the cervicovaginal
mucus layer that acts as a barrier to particle penetration [26].

The tumor growth inhibition effect was firstly investigated after daily intravaginal administration
treatment with NC@PDA-NH2/FG or NC/FG for three weeks at three different doses (2, 4,
and 8 mg/kg/2 d) by observing the tumor size by the end (Figure 6A). The inhibition effects of
NC@PDA-NH2/FG and NC/FG were both dose-dependent. More importantly, NC@PDA-NH2/FG
inhibited the growth of model tumors more effectively. This might be explained by more accessibility
of NC@PDA-NH2 to the vaginal mucosal as indicated by the semi-quantitative analysis of optical
density of fluorescent microscopic images.

More and deeper fluorescence was found in the vaginal mucosa bearing model tumors for
fluorescent-labeled NC@PDA-NH2/FG (Figure 6B). Based on the Kaplan–Meier survival curves at the
dosage of 4 mg/kg/2 d, NC@PDA-NH2/FG prolonged the median survival time, 7.0-fold that of free
drug/FG (35 d vs. 20 d) and 2.1-fold that of NC/FG group (35 d vs. 26 d). More apoptosis areas were
also observed in the microscopic sections from the NC@PDA-NH2/FG group than the NC/FG group
(Figure 6E).

The safety of NC@PDA-NH2/FG was evaluated by monitoring the change in the animal body
weight during the abovementioned three-week treatment and histological examination of the vaginal
mucosa by the end. As shown in Figure 6E, the body weight of mice in the NC@PDA-NH2/FG
group slowly increased, reflecting their relatively good health state. By contrast, the body weight
continuously decreased in the free drug/FG or control groups (normal saline).

H&E staining sections (Figure 6F) also demonstrated the maximal anti-tumor efficiency and
minimal mucosal toxicity for the NC@PDA-NH2/FG group. The mucosal epithelium was destructed
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and compressed by the prosperous tumor tissues in the control group, while the mucosal epithelium
partially recovered in the NC@PDA-NH2/FG group.

As the TC-1 model tumor grew, elevated interstitial pressure within tumor tissue impaired
intratumor penetration and made complete tumor eradication ultimately difficult for free drug [34].
It is encouraging that NC@PDA-NH2/FG effectively suppressed the growth of TC-1 model tumors.
Future studies using other murine cervical tumor models which are less aggressive and resemble the
slow tumor progression in humans will further substantiate the effectiveness of NC@PDA-NH2/FG.

Figure 6. In vivo evaluation in orthotopic TC-1 cervicovaginal model tumor-bearing mice after
intravaginal administration of different formulations every other day. (A) Dose-dependent inhibition on
the tumor size after three-week treatment (dose: 2, 4, and 8 mg/kg/2 d). (B) Penetration of fluorescent
signal into the vaginal mucosa (4 h after administration). (C) Tumor weights after treatment for three
weeks (dose: 4 mg/kg/2 d; n = 6). (D) Survival time (dose: 4 mg/kg/2 d; n = 10). (E) Change
in anima body weight (dose: 4 mg/kg/2 d; n = 10). (F) Representative immunohistochemical
microphotographs of tumor sections stained for apoptosis after three-week treatment (dose: 4 mg/kg/2
d). (G) Representative H&E microphotographs of tumors and vagina after three-week treatment (dose:
4 mg/kg/2 d). * indicates p < 0.05, ** indicates p < 0.01.

391



Pharmaceutics 2019, 11, 15

4. Conclusions

In summary, positively charged NC@PDA-NH2 significantly interacted with mucin in vitro
and resulted in more cellular uptake, cellular growth inhibition efficacy, and induction of apoptosis.
NC@PDA-NH2/FG exhibited good ex vivo and in vivo mucoadhesiveness, as well as improved
anti-tumor efficacy in the murine orthotopic cervicovaginal cancer tumor model. In conclusion, cationic
functionalization endowed imatinib nanocrystals good potential as a novel mucoadhesive approach
for intravaginal treatment of cervicovaginal cancer. Our work also reveals the good potential of
surface functionalization based on polydopamine coating on nanocrystals, which appear to be a good
nanoscale drug delivery system with high drug content for poorly soluble drugs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/1/15/s1,
Figure S1: Influence of reaction time on the size distribution and zeta potential of resulted nanocrystals measured
by dynamic light scattering. Left: reaction time of PDA@NC with Boc-NHCH2CH2NH2; right: deprotection
time in acidic environment, Figure S2: NC@PDA-NH2 with different zeta potentials for comparison of mucin
adsorption, Figure S3: Size distribution and zeta potentials of C6-labeled NC, NC@PDA, and NC@PDA-NH2,
Figure S4: Typical chromatograph for imatinib (1 ug/mL, LLOQ), Figure S5: Typical chromatograph of vaginal
lavage samples after intravaginal administration of NC@PDA-NH2/FG.
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PDA polydopamine
NC nanocrystals

NC@PDA-NH2
cationic functionalized polydopamine-coated
imatinib nanocrystals

NC@PDA polydopamine-coated imatinib nanocrystals
F127 Pluronic F127
FG Pluronic F127-based in situ hydrogel
TKI tyrosine kinase inhibitors
IMN imatinib
C6 6-coumarin

DiR
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine
iodide

OCT optical coherence tomography

DAPI
2-(4-amidinophenyl)-6-indolecarbamindine
dihydrochloride

PGM porcine gastric mucin
DL drug loading
EE encapsulation efficiency
TEM transmission electron microscope
DLS dynamic light scattering
XRPD X-ray powder diffraction
DSC differential scanning calorimetry
VFS vaginal fluid stimulant
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