
Journal of Herbmed Pharmacology

J Herbmed Pharmacol. 2020; 9(4): 355-365.

Permeation enhancement effects of leaf materials from 
different aloe species on in vitro and ex vivo nasal epithelial 
models
Werner Gerber1 ID , Dewald Steyn1 ID , Awie Kotzé1 ID , Hanna Svitina1 ID , Ché Weldon2 ID , Josias Hamman1* ID    
1Centre of Excellence for Pharmaceutical Sciences, Faculty of Health Sciences, North-West University, Potchefstroom, South Africa
2Unit for Environmental Sciences and Management, Faculty of Natural Sciences, North-West University, Potchefstroom, South Africa

*Corresponding author:  Josias Hamman,
Email: sias.hamman@nwu.ac.za

Implication for health policy/practice/research/medical education:
The gel and whole leaf extract materials of Aloe vera, A. ferox and A. muth-muth are able to increase the permeation of FITC-
dextran 4400 across the nasal epithelium to different extents and may potentially be used as drug absorption enhancing agents to 
increase systemic delivery of large molecular weight compounds by the nasal route of drug administration.
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of leaf materials from different aloe species on in vitro and ex vivo nasal epithelial models. J Herbmed Pharmacol. 2020;9(4):355-
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Introduction: The nasal route of drug administration offers an alternative way for oral drug 
delivery and has the benefit of avoiding first-pass metabolism through drug delivery directly 
into the systemic circulation. The drug absorption enhancing effects of selected aloe leaf 
materials have been shown across various delivery routes, but their efficacies in this regard 
across nasal epithelia have not yet been investigated. The aim of this study was to determine 
the effects of gel and whole leaf extract materials from three selected aloe species (Aloe vera, 
Aloe ferox and Aloe muth-muth) on FITC-dextran 4400 permeation across two nasal epithelial 
models. 
Methods: Permeation of FITC-dextran 4400 and histological studies were conducted on both 
RPMI 2650 cell layers and excised sheep nasal mucosa, while toxicity studies were conducted 
using a neutral red assay on the RPMI 2650 cell model. 
Results: Significantly increased (P ≤ 0.05) apparent permeability coefficient (Papp) values of 
FITC-dextran 4400 in the presence of the aloe materials as compared to the control were found 
with all three aloe species at the highest concentrations (1.5% and 3% w/v) in the RPMI 2650 
cell line, while only Aloe muth-muth at the highest concentration exhibited significantly (P ≤ 
0.05) higher Papp values across the excised tissue model. Histological and neutral red analysis 
showed that Aloe vera materials exhibited detrimental effects, Aloe muth-muth only showed 
slight effects on cell viability and Aloe ferox exhibited no effect on the nasal epithelium. 
Conclusion: This in vitro study showed for the first time the potential of Aloe ferox and Aloe 
muth-muth leaf materials to enhance nasal drug delivery without causing damaging effects 
on the epithelium, while Aloe vera enhanced nasal drug delivery with detrimental effects as 
determined by means of cytotoxicity assays and histological analysis. 
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A B S T R A C T

Introduction
Pharmacokinetic modulation has been the focus of 
numerous research studies in recent years, especially 
research on drug-herb interactions. Substances responsible 
for the enhancement of pharmacokinetic profiles (i.e. 
bioenhancers) may be substrates, inhibitors and/or 
inducers of absorption, metabolism, distribution and 
excretion (1). Beneficial pharmacokinetic interactions, 

which may occur at any of these processes, can lead to 
increased co-administered drug bioavailability. This is 
especially applicable to drugs with unfavourable physico-
chemical properties such as large molecular weight drugs 
that experience difficulty to diffuse across biological 
membranes, as well as drugs that exhibit a high affinity for 
efflux transporters or metabolic enzymes. Two medicinal 
plants with proven drug membrane permeation enhancing 
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effects are Aloe vera and A. ferox. The gel and whole leaf 
extracts of A. vera have the ability to open tight junctions 
between adjacent epithelial cells and thereby increase 
drug permeation across the intestinal epithelium (2,3), 
buccal epithelium (4) and the skin (5,6). Furthermore, 
there is also an indication that p-glycoprotein (P-gp) 
inhibition takes place in gastro-intestinal epithelium in 
presence of precipitated polysaccharides from A. vera 
gel (7,8). Permeation enhancement in presence of A. 
ferox leaf materials also took place across the intestinal 
epithelium (9) and the skin (6), while reduced trans-
epithelial electrical resistance was obtained across excised 
rat intestinal tissues (10). A plant hybrid called Aloe muth-
muth was cultivated through forced pollination between 
A. vera and A. ferox. The current study deployed gel 
and whole leaf extract from this hybrid, A. muth-muth, 
in addition to gel and whole leaf materials from A. vera 
and A. ferox to investigate the possibility of drug delivery 
enhancement across the nasal epithelium. 

Aloe leaf materials have shown drug absorption 
enhancement potential across some biological membranes 
(i.e. intestinal, buccal and skin), but have not yet been 
evaluated for pharmacokinetic modulation of drug 
delivery via the nasal route of administration. The nasal 
route of drug administration provides many advantages 
over other routes of administration, which may be further 
optimised by bioenhancers that can facilitate delivery of 
poorly bioavailable drugs. After nasal administration, 
drugs are delivered directly into the systemic circulation, 
thereby circumventing first-pass metabolism. It has a 
large surface area of approximately 150 cm2 and has a high 
blood supply along with a leaky epithelial layer (11-13).

The RPMI 2650 cell line is the only indefinitely 
proliferating human nasal epithelial model currently 
available, commercially. Although initially regarded to 
be unsuitable as a transport model when grown under 
liquid-covered conditions (LCC), further refinement of 
the growth procedures proved otherwise when the model 
was grown at the air-liquid interface (ALI). When grown 
under ALI conditions, the RPMI 2650 cell line presents 
as a uniform multi-layered cell formation that expresses 
tight-junctions, multi-drug resistance proteins and trans-
epithelial resistance and permeability values similar 
to that of excised human nasal mucosa (11,14-16). In 
contrast to in vitro cell models, excised animal models 
are much more affordable, relatively uncomplicated to 
deploy as a transport model and readily accessible. Ex vivo 
animal models, such as excised sheep nasal mucosa, have 
been used in nasal delivery studies due to the comparable 
absorption parameters, relative surface area and mucosal 
thickness as compared to humans (17,18).

The purpose of this study was to determine if the gel 
and whole leaf extract materials of selected aloe species 
namely A. vera, A. ferox and A. muth-muth have any drug 
permeation enhancement effects across RPMI 2650 nasal 

epithelial cell layers as well as across excised sheep nasal 
tissues.

Materials and Methods 
Plant material and extract obtaining
Aloe vera (Aloe barbadensis Mill.) gel and whole leaf extract 
were donated by Improve USA (De Soto, Texas, USA, 
authenticated by the International Aloe Science Council). 
A. ferox Mill. (= Aloe candelabrum A. Berger) gel and 
de-bittered fibre material were both donated by Organic 
Aloe (Pty) Ltd (Albertina, South Africa, endorsed by the 
South African Aloe Council). A. ferox whole leaf extract 
was constituted by mixing freeze-dried gel:de-bitterd fibre 
(rind) in a 3:1 ratio (19). Aloe muth-muth (Aloe ferox x 
vera) leaves were identified and generously provided 
by botanists Jaap and Hannes Viljoen from Rooiklip 
Nursery (-34.029293, 20.431906, Swellendam, South 
Africa) over a period of time and a voucher specimen 
was deposited at the Mildred van der Merwe herbarium, 
North-West University, South Africa with accession 
number PUC0014886 (Collector: JNJ Viljoen 1). The 
fresh A. muth-muth leaves were processed according to a 
previously published method (6,20). In brief, the thorns 
were firstly stripped from the leaves. Thereafter, the green 
rind was separated from the inner pulp and the yellow 
latex was swiftly rinsed from the gel fillets with distilled 
water. Both compounds were then finely processed and 
freeze-dried. The A. muth-muth whole leaf extract was 
also constituted in a 3:1 gel:rind ratio. 

Chemicals and materials
FITC-dextran (MW = 4400, FD4, Cat. number: 60842-
46-8), non-essential amino acids (NEAA) (Cat. number: 
M7145), neutral red (Cat. number: N2889), hematoxylin 
(Cat. number: GHS132), Eosin Y (Cat. number: 
HT110216) and Alcian Blue (Cat. number: B8438) 
were purchased from Sigma-Aldrich (Johannesburg, 
South Africa). KRB was prepared according to Sigma-
Aldrich’s product information sheet (21). RPMI 2650 
(nasal septum carcinoma) cells (Lot number: 60525161) 
were purchased from American Type Culture Collection 
(Manassas, Virginia, USA). Phosphate buffered saline 
(PBS) (Cat. number: SH30256.01), Earle’s minimum 
essential media (MEM) (Cat. number: 21090-022), 
fetal bovine serum (Cat. number: 10270-106), 0.25% 
w/v trypsin-EDTA (Cat. number: SV30031.01) were 
purchased from ThermoFischer (Johannesburg, South 
Africa) while L-glutamine (Cat. number: G7513) and 
Pen-Strep (Cat. number: DE17-602E) were purchased 
from Lonza (Johannesburg, South Africa). ThinCertTM 
12-well plates (Cat. number: 665110) and polyethylene 
terephthalate coated inserts (Cat. number: 665641) with 
0.4 µm pore size, 2 × 106 cm-2 pore density and 1.131 
cm2 culture surface were purchased from Greiner Bio-
One (Frickenhausen, Germany). Sheep nasal tissue was 
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sourced from animals slaughtered for meat purposes at a 
local abattoir (Potchefstroom, South Africa).

1H-NMR analysis
Quantitative 1H-NMR spectroscopic analysis was 
performed on all the aloe materials investigated in this 
study to quantify marker molecules including aloverose, 
glucose, malic acid and lactic acid. A Bruker Avance 
III HD 500 MHz with automated sample changer and 
BBFOPLUS SmartProbe was used with nicotinic acid as 
internal standard according to a previously published 
method (22).

Fluorescence spectroscopic analysis
Fluorescence spectroscopic analysis was used to determine 
the FD4 concentration in the samples obtained from the 
permeation studies and the analyses were done using a 
Spectramax Paradigm® (San Jose, California, USA, Serial 
nr: 33270-1142) multi-mode detection platform plate 
reader. FD4 was analyzed with excitation and emission 
wavelengths set at 485 nm and 525 nm, respectively 
(13,23). The fluorescence spectroscopic analysis method 
for FD4 was validated in terms of linearity, accuracy, 
precision, limit of detection and limit of quantification.

RPMI 2650 cell culturing
RPMI 2650 cells were initially cultured in 75 cm2 culture 
flasks with MEM fortified with 10% FBS, 1% NEAA, 100 U/
mL penicillin, 100 U/mL streptomycin, 2mM L-glutamine. 
As soon as confluency of approximately 90% was reached, 
the flasks were washed twice with 10 ml PBS before being 
trypsinized in an incubator for 5 minutes with 0.25% 
(w/v) trypsin-EDTA. Following trypsinization, the cells 
were counted using a haemocytometer and seeded on the 
apical side of the 12-well plate membranes (ThinCertTM) 
at a density of 6 × 105 cells/cm2. All cells used for seeding 
were between passages 25 and 47.

Following seeding of the cells into the 12-well plates, 
the cells were cultured for 2 days under LCC conditions 
and then cultured for a further 19 days at the ALI. During 
the first 2 days, LCC conditions included adding 0.8 
mL growth medium to the apical side and 4 mL growth 
medium to the basolateral side. After 2 days, the growth 
medium on the apical side was removed by aspiration, 
while the medium changes on the basolateral side 
continued every second day. Following the ALI growth 
phase, the inserts with the cell layers were transferred to 
12-well transport plates in which the permeation studies 
were conducted.

All the cell flasks and plates were kept in an incubator 
at 37°C humidified atmosphere containing 5% CO2 
throughout the cell culturing period, while media was 
changed every second day (11,15,24).

Sheep nasal mucosa excision
Immediately following slaughter of a sheep, the snout of 

the animal was removed by a cross sectional incision just 
anterior to the eyes. The skin was removed and the tissue 
sample was rinsed, submerged and transported to the 
laboratory using ice-cold KRB. The snout was bisected via 
a vertical, longitudinal incision along the septal midline. 
The septum was completely removed and discarded. From 
each half, the conchae were isolated by a vertical incision 
through the lateral wall of the nasal cavity, just posterior to 
the Incisura nasoincisiva. The epithelial tissue sheets were 
then removed from the surface of the cartilage via blunt 
dissection. Strips of approximately 1 cm in width were 
cut from the nasal epithelial tissue sheets and mounted 
in Sweetana-Grass diffusion chambers for permeation 
studies (17,25-27).

Permeation studies
In both models (i.e. RPMI 2650 cells at ALI and excised 
sheep nasal tissue), FD4 (500 µg/mL) dissolved in KRB 
was used as a marker molecule for paracellular transport. 
Permeation studies were done in the absorptive direction 
only (i.e. unidirectional). During the FD4 absorptive 
permeation studies in the RPMI 2650 cell model, 0.8 
mL of marker compound solution (in the presence and 
absence of different aloe materials) was added to the 
apical side of the membrane and 1.8 mL KRB was added to 
the basolateral side. In the excised tissue model, the same 
method was followed, but volumes of 7 mL were used in 
both the apical and basolateral chambers.

The RPMI 2650 cell layers (37°C) and the excised 
nasal epithelial tissues (34°C) were acclimatised in pre-
heated KRB for 15 minutes before permeation studies 
commenced. All aloe gel and whole leaf extracts were 
tested in experimental solutions at concentrations of 0.5, 
1.5 and 3% w/v, respectively in triplicate. Following the 
application of the experimental solutions to the donor 
chambers, the samples (180 µL) were withdrawn from the 
acceptor chambers at time intervals of 5, 10, 15, 30, 60, 
90, 120 and 180 minutes, replaced with equal volumes of 
pre-heated KRB and analysed for the presence of marker 
compound using fluorescent spectroscopy as described 
above.

Data analysis
Following fluorescence spectroscopic analysis of the 
samples obtained from the permeation studies, the data 
were corrected for dilution and the percentage transport 
for each experimental solution was calculated (28) with 
equation 1.

100Concentration at specific timeTransport
Concentrationof donor solution

= ×
                                                                                                 (1)

The apparent permeability (Papp) coefficient values of 
each marker compound were calculated using equation 2 
(11,28,29).

0

1( )
.60.app

dQP
dt A C

=                                                                                                (2)
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Where Papp is the apparent permeability coefficient 
(cm·s-1), is the permeability rate per minute, A is the 
diffusion area of the membrane (cm2) and C0 is the initial 
concentration of each marker compound used.

In vitro cytotoxicity and histology
Neutral red viability assay
Cell viability of the RPMI 2650 cells when exposed to the 
aloe materials investigated in this study was determined 
using a neutral red assay. RPMI 2650 cells were seeded 
at 250 000 cells/cm2 in 96 well-plates. After a 24-hour 
recovery period allowing cells to attach to the plates 
and reach confluency of 80%, the cells were treated with 
different aloe materials at a range of concentrations (0.25 
to 6% w/v) in KRB with 10% FBS supplementation for 
3 hours. Since many plant extracts contain compounds 
with intrinsic reductive potential such as antioxidants, 
the neutral red assay was performed instead of the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) cytotoxicity assay to avoid false positive 
results (30). 

For the neutral red assay, the aloe material containing 
experimental solutions were removed after the 3-hour 
exposure time and the cells were washed three times with 
200 μL KRB. Following the washing step, a volume of 100 μL 
of a 0.033% neutral red solution in KRB was added to each 
well and the plate was placed back in the incubator. After 
a further 2 hours of incubation, the medium was removed 
and the cells were washed with 100 µL of a fixation solution 
(1% CaCl2 in 0.5% formaldehyde). Then, a volume of 150 
μL of a 1% v/v acetic acid in 50% v/v ethanol solution was 
added to each well for the solubilisation of the neutral 
red dye. The plates were protected from light and gently 
shaken for 10 minutes for complete dissolution of the 
dye. The neutral red absorbance of each well treated with 
aloe was measured at 540 nm with a SpectraMax® plate 
reader, after which the background noise was subtracted 
following measurement at a wavelength of 690 nm. The 
percentage cell viability was determined using Equation 3.

Histology
Histological analysis of the RPMI 2650 cell layers and 
excised nasal epithelial tissues after exposure to the highest 
concentration (i.e. 3% w/v) aloe materials investigated in 
this study, were conducted. Excised sheep nasal tissue 
samples before the permeation study (intact control) 
and samples at the end of each 3 hours permeation study 
with 3% (w/v) of each aloe material were fixated in 10% 
buffered formalin at 4˚C for 24 hours. RPMI 2650 cell 
layers before the permeation study (intact control) and at 
the end of each 3 hours permeation study with 3% (w/v) 
aloe materials were washed with PBS and fixated in 10% 
buffered formalin at room temperature for 1 hour. The 
tissue and cell samples were subsequently dehydrated 

in a graded series of ethanol solutions and thereafter 
embedded in paraffin wax. Embedded samples were sliced 
into 4–5 μm sections that were stained with hematoxylin-
eosin and 1% Alcian Blue. After staining, the sections were 
examined under a Nikon E800 compound microscope 
using the 60× objective. The sheep nasal epithelium and 
RPMI 2650 cells’ height and nuclei area in the cells were 
measured from five different slices per sample using NIS-
Elements, version 4.05 software.

Viscosity
The viscosity of all the aloe experimental solutions 
(including the gel and whole-leaf extract materials of all the 
selected species) was determined at three concentrations 
(i.e. 0.5, 1.5 and 3% w/v) using a TA Instruments ARES-G2 
(New Castle, Delaware, USA, Serial number: 4010-0677) 
viscometer. A stainless steel 40 mm parallel plate geometry 
was used with gap width set at 1 mm. These parameters 
resulted in the use of a minimum volume of 1.26 mL 
sample. An oscillatory mode was used at 37°C with the 
logarithmic shear rate ranging from 10 to 100 rad/s (12). 
With pseudoplastic flow, the rheogram follows a straight 
line at higher shear rates, thus a minimum viscosity value 
can be attained from the slope of the straight line between 
0 and 5 rad/s (r2 ≥ 0.990) on the graph (31).

Statistical analysis
Statistical data analysis of the Papp values and histological 
parameters for all test groups in both models was 
performed with software from RStudio: Integrated 
development environment for R (version 1.1.453) software 
(RStudio, Inc., Boston, MA). The analysis was done by 
means of non-parametric Kruskal-Wallis test followed by 
Dunn’s post-hoc test for comparison of multiple groups. 
Differences were considered statistically significant when 
P < 0.05.

Results 
1H-NMR analysis results
The chemical composition of the A. muth-muth gel and 
whole leaf extracts in terms of quantities (% dry weight) 
of selected marker compounds obtained from quantitative 
1H-NMR analysis are summarized in Table 1. The chemical 
composition of the A. ferox and A. vera gel and whole leaf 
extracts as determined by the same quantitative 1H-NMR 
analysis method have already been published previously 
(6,10).

The A. muth-muth gel material contained all the 
marker compounds (i.e. aloverose, glucose and malic 
acid) commonly used for the identification of A. vera 
gel material. Aloverose (also known as acetylated 
polymannose or acemannan) is one of the major bioactive 
compounds in A. vera responsible for certain medicinal 
properties of this plant (10,32). The aloverose and malic 
acid contents were found to be similar in A. muth-muth 
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gel compared to that in A. vera gel (10.4% vs 12.7% for 
aloverose and 18.3% vs 20.0% for malic acid, respectively). 
Interestingly, the whole-leaf material extract of A. muth-
muth contained higher quantities of aloverose and malic 
acid than A. vera whole leaf extract (9.3% vs 5.5% for 
aloverose and 16% vs 1.2% for malic acid) (2,10).

Fluorescence spectroscopic verification
All the validation results are summarized in Table 2 and 
this analytical method complied with the limits set for the 
different validation parameters.

Permeation studies
FITC-dextran permeation across RPMI 2650 nasal 
epithelial cell layers
The apparent permeability coefficient (Papp) values of 
FD4 in the absence (control) and in the presence of three 
concentrations (0.5%, 1.5% and 3% w/v) of the selected 
aloe gel materials across RPMI 2650 nasal epithelial cell 
layers are shown in Figure 1. 

Aloe vera gel increased FD4 permeation across the RPMI 
2650 cell layers at all three concentrations tested, with the 
two highest concentrations’ permeation being statistically 
significantly (P < 0.05) higher than that of the control. 
However, it is simultaneously found that the permeation 
of FD4 in the presence of 3% w/v A. vera gel is slightly 
lower than that of the 1.5% w/v concentration. A. ferox 
gel mediated a slight increase in FD4 permeation across 
the RPMI 2650 cell layers, presenting with an inverse-bell 
curve across the concentration range. However, only the 
3% w/v suspension indicated a statistically significant 
increase in permeation. A. muth-muth gel caused a 
pronounced increase in FD4 permeation across the 

Table 1. Percentage content of selected marker molecules in Aloe muth-
muth gel and whole leaf extracts as determined by 1H-NMR spectroscopy

Marker compound A. muth-muth 
gel (%)

A. muth-muth whole-
leaf extract (%)

Aloverose 10.4 9.3

Glucose 9.1 8.4

Malic acid 18.3 16

Citric acid Not detected 2.2

Whole leaf marker Not detected 3.0

Table 2. Fluorescent spectroscopic validation results for FITC-dextran 
4400 (FD4)

Linearity (R2) 0.999

Limit of detection (µg/mL) 0.005

Limit of quantification (µg/mL) 0.016

Concentration FD4 125 µg/mL 62.5 µg/mL 12.5 µg/mL

Accuracy (%) 95.77 98.49 104.67

Intra-day precision (% RSD) 2.77 2.75 2.53

Inter-day precision (% RSD) 2.89 3.08 2.51

Figure 1. Apparent permeability coefficient (Papp) values of FITC-dextran 
4400 (FD4) alone (control) and in the presence of different concentrations 
of Aloe vera, A. ferox and A. muth-muth gel across RPMI 2650 nasal 
epithelial cell layers in the absorptive direction (* indicates P ≤ 0.05 
compared to FD4 alone, Kruskal-Wallis tests followed by Dunn’s post 
hoc test).

RPMI 2650 nasal epithelial cell layers in a concentration 
dependent manner and the highest concentration (3% 
w/v) applied caused a statistically significant increase in 
the Papp of FD4, which was also much higher than those of 
A. ferox and A. vera gel. 

The Papp values of FD4 in the presence of three 
concentrations (0.5%, 1.5% and 3% w/v) of the selected 
aloe whole leaf extracts are shown in Figure 2.

Both A. vera and A. muth-muth whole leaf extract 
mediated a concentration dependent increase in FD4 
permeation across the RPMI 2650 nasal epithelial cell 
layers, with both species causing a statistically significant 
difference in FD4 Papp values from that of the control (P < 
0.05) at the two highest concentrations applied (1.5% and 
3% w/v). Interestingly, A. ferox whole leaf extract indicated 
that statistically significant increases in permeation were 
found at the lowest and highest concentrations, presenting 
an inverse bell-shaped permeation pattern similar to that 
found with the A. ferox gel material.

Figure 2. Apparent permeability coefficient (Papp) values of FITC-dextran 
(FD4) alone (control) and in the presence of different concentrations of 
Aloe vera, A. ferox and A. muth-muth whole leaf extract across RPMI 
2650 nasal epithelial cell layers in the absorptive direction (* indicates P 
≤ 0.05 compared to FD4 alone, Kruskal-Wallis tests followed by Dunn’s 
post-hoc test).
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FITC-dextran permeation across excised sheep nasal 
epithelial tissues
The Papp values of FD4 in the absence (control) and in 
the presence of three concentrations (0.5%, 1.5% and 3% 
w/v) of the selected aloe gel materials across excised sheep 
nasal epithelial tissues are shown in Figure 3, while the 
Papp values of FD4 in the presence of three concentrations 
(0.5%, 1.5% and 3% w/v) of the selected aloe whole leaf 
extract are shown in Figure 4.

In Figure 3 one can see that A. vera gel caused a more 
pronounced increase in FD4 permeation across excised 
sheep nasal mucosa as compared to the RPMI 2650 cell 
model. In this excised tissue model, a concentration 
dependent increase is apparent. The A. ferox gel showed 
a permeation enhancement effect on FD4 in the same 
inverse bell-shaped curve as found with the RPMI 2650 
cell model, although in the excised tissue model no 
statistical significant differences were found. The A. muth-
muth gel exhibited a concentration dependent increase in 
FD4 permeation across the excised sheep nasal epithelial 
tissue similar to the results obtained in the RPMI 2650 cell 
layer model.

Figure 3. Apparent permeability coefficient (Papp) values of FITC-dextran 
(FD4) alone (control) and in the presence of different concentrations of 
Aloe vera, A. ferox and A. muth-muth gel across excised sheep nasal 
epithelial tissues in the absorptive direction (* indicates P ≤ 0.05 compared 
to FD4 alone, Kruskal-Wallis tests followed by Dunn’s post hoc test)

Figure 5. Percentage cell viability as determined with a neutral red assay 
on RPMI 2650 cells after 3 hours exposure to a range of Aloe vera gel (a) 
and whole leaf extract (b) concentrations

Figure 4. Apparent permeability coefficient (Papp) values of FITC-dextran 
(FD4) alone (control) and in the presence of different concentrations of 
Aloe vera, A. ferox and A. muth-muth whole leaf extract across excised 
sheep nasal epithelial tissue in the absorptive direction (* indicates P ≤ 
0.05 compared to FD4 alone, Kruskal-Wallis tests followed by Dunn’s 
post-hoc test)
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In general, the whole leaf extracts from all three aloe 
species investigated in this study caused an increase in 
FD4 permeation across the excised sheep nasal epithelial 
tissues in a concentration dependent manner. In addition, 
similar trends in absorption enhancement are seen in 
Figure 4 for A. vera and A. muth-muth than was seen in 
the RPMI 2650 cell model (Figure 2). However, with the 
excised sheep nasal mucosa model only A. ferox at the two 
highest concentrations and A. muth-muth at the highest 
concentration presented with statistically significant 
increases in FD4 permeation when compared to that of 
the control.

In vitro cytotoxicity
Aloe vera gel and whole leaf extract
The percentage cell viability of RPMI 2650 cells after 
exposure to A. vera gel and whole leaf extract as a function 
of concentration is shown in Figure 5.

According to a previously published classification 
system, a substance can be considered as non-cytotoxic if 
cell viability remains above 80%, weakly-cytotoxic if cell 
viability ranges from 60% to 80%, moderately cytotoxic 
between 40% and 60% and strong or severe cytotoxicity 
is indicated by cell viability below 40% (34). Figure 5 
indicates that A. vera gel was weak to moderate cytotoxic 
at concentrations up to 1% w/v and severely cytotoxic at 
concentrations higher than 2% w/v, while A. vera whole 
leaf extract was non-cytotoxic up to concentrations of 1% 
w/v and only moderately cytotoxic up to a concentration 
of 3% w/v. 

Aloe ferox gel and whole leaf extract
The percentage cell viability of RPMI 2650 cells after 
exposure to A. ferox gel and whole leaf extract as a function 
of concentration is shown in Figure 6.

A. ferox gel showed no to weak cytotoxic effects for all 
the concentrations tested (i.e. up to 6% w/v, Figure 6), 
whereas A. ferox whole leaf extract exhibited no to weak 
cytotoxicity up to a concentration of 4% w/v and moderate 
cytotoxic effects at concentrations between 5 and 6% w/v.

Aloe muth-muth gel and whole leaf extract
The percentage cell viability of RPMI 2650 cells after 
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exposure to A. muth-muth gel and whole leaf extract as a 
function of concentration is shown in Figure 7.

A. muth-muth gel showed no cytotoxic effects up to 1% 
w/v, moderately cytotoxic effects up to 4% w/v and was 
strongly cytotoxic at 5 and 6% w/v (Figure 7). A. muth-
muth whole leaf extract was only moderately cytotoxic up 
to the highest concentration tested, namely 6% w/v. 

Histology
Histological analyses of the RPMI 2650 cell layers as 
well as the excised sheep nasal epithelial tissues were 

Figure 6. Percentage cell viability as determined with a neutral red assay 
on RPMI 2650 cells after 3 hours exposure to a range of Aloe ferox gel 
(a) and whole leaf extract (b) concentrations

Figure 7. Percentage cell viability as determined with a neutral red assay 
on RPMI 2650 cells after 3 hours exposure to a range of Aloe muth-muth 
gel (a) and whole leaf extract (b) concentrations
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Intact Control KRB AVWL AVG 

AMMWL AMMG AFWL AFG 

Figure 8. Representative micrographs of RPMI 2650 cell layers grown with the air-liquid interface technique before and after 180 min exposures in the 
permeability study. Intact Control: RPMI 2650 cell layer before the permeation experiment started. KRB: after exposure to Krebs-Ringer Bicarbonate buffer 
only. AVWL: after exposure to 3% w/v A. vera whole leaf extract. AVG: after exposure to 3% w/v A. vera gel. AMMWL: after exposure to 3% w/v A. muth-
muth whole leaf extract. AMMG: after exposure to 3% w/v Aloe muth-muth gel. AFWL: after exposure to 3% w/v Aloe ferox whole leaf extract. AFG: after 
exposure to 3% w/v Aloe ferox gel. Scale bar = 50 µm

conducted in the absence and presence of the selected 
aloe materials and the micrographs are shown in Figures 
8 and 9, respectively. Histological parameters of the RPMI 
2650 cell layers as well as excised nasal epithelial tissues 
are shown in Table 3.

From Figure 8, it is clear that the RPMI 2650 cells 
cultured under ALI conditions developed multi-layered 
epithelia on the insert support filter membranes without 
differentiation into different types of cells as visible 
in the excised sheep nasal epithelial tissue (Figure 9). 
Morphological changes, which may indicate cell damage, 
can be observed on the micrographs of the RPMI 2650 
cell layers exposed to A. vera gel and whole leaf extract. 
Sinusoidal gaps appeared within the RPMI 2650 cell layer 
after treatment with A. vera gel and whole leaf extract. 
The RPMI 2650 cell layer thickness was not changed after 
treatment with A. vera whole leaf extract, but it increased 
(P < 0.01) after treatment with A. vera gel. On the other 
hand, the excised sheep nasal epithelial tissue that was 
exposed to A. vera gel exhibited a reduction in thickness 
(Table 2). This may be explained by the differences in 
the morphology of the two models, whereby excised 
sheep nasal epithelial tissue consists of a pseudostratified 
monolayer, while the multi layered in vitro RPMI 2650 cell 
model provides a network of cells that collectively allow 
some adhesion for detached cells and thereby expands 
the overall thickness of the cell layers. The widening 
of intercellular spaces was characteristic of cell layers 
exposed to both A. muth-muth whole leaf extract and gel, 
but without concurrent increase of epithelial thickness. A 
slight reduction in epithelial thickness was observed after 
treatment with A. ferox whole leaf extract. The RPMI 2650 
cell layers exposed to Krebs-Ringer Bicarbonate buffer 
(KRB) and A. ferox gel were morphologically comparable 
with that of the intact control without any signs of cell 
disruption.

The excised sheep nasal epithelial tissues consist of 
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pseudostratified ciliated columnar epithelial cells with 
interspaced mucus producing goblet cells (Figure 9). 
There is no visible sign of tissue alteration of the excised 
nasal epithelial tissues after exposure to KRB, A. ferox 
gel and whole leaf extract, A. muth-muth gel and whole 
leaf extract when compared to the intact control group. 
However, the excised epithelial tissue exposed to A. 
vera whole leaf extract has a heterogeneous appearance 
consisting of some loosely connected as well as detached 
epithelial cells. This effect was even more pronounced 
after exposure to A. vera gel with only the germ layer of the 
epithelial cells remaining intact. The epithelial thickness 
and average epitheliocyte nucleus area were significantly 
reduced (P < 0.001) compared to the control group (Table 
3) after exposure to the A. vera gel and whole leaf extract 
materials.

Viscosity
All of the tested aloe materials exhibited pseudoplastic 
flow behaviour in both the gel and whole leaf extract form, 
which was expected of aqueous suspensions of natural 
hydrocolloids (31). The viscosity values of the selected 

aloe gel and whole leaf extracts in the state that it was used 
are shown in Table 4.

The viscosity values in Table 4 indicate that there 
is a dramatic increase in viscosity with an increase in 
concentration of the A. vera gel, A. ferox whole leaf extract 
and A. muth-muth gel and whole leaf extracts. Viscosity 
of A. vera whole leaf extract and A. ferox gel remained 
relatively low over all three concentrations, while the 
viscosity of the solvent (i.e. KRB) remained virtually 
undetected under the experimental parameters.

Discussion
Although a slight decreased FD4 Papp value was found 
at the highest concentration of A. vera gel (i.e. at 3.0% 
w/v) compared to that of the 1.5% w/v concentration 
during permeation across the RPMI 2650 cell layers, 
the permeation trends are generally in coherence with 
previous results where A. vera gel increased the transport of 
different molecules in a concentration dependent manner 
across other epithelial membranes including intestinal 
and buccal mucosal surfaces (2,4). The slight decrease in 
FD4 permeation across the RPMI 2650 nasal epithelial cell 

 

Intact Control KRB AVWL AVG 

AMMWL AMMG AFWL AFG 

Figure 9. Representative micrographs of excised sheep nasal mucosa before and after 180 min exposures in the permeability study. Intact control: Excised 
sheep nasal mucosa before the permeation experiment started. KRB: after exposure to Krebs-Ringer Bicarbonate buffer only. AVWL: after exposure to 
3% w/v A. vera whole leaf extract. AVG: after exposure to 3% w/v A. vera gel. AMMWL: after exposure to 3% w/v A. muth-muth whole leaf extract. AMMG: 
after exposure to 3% w/v Aloe muth-muth gel. AFWL: after exposure to 3% w/v Aloe ferox whole leaf extract. AFG: after exposure to 3% w/v Aloe ferox gel. 
Scale bar = 50 µm.

Table 3. Parameters of epithelia of two different nasal tissue models

Experimental group
Excised sheep tissue RPMI 2650 cell line

Epithelia thickness 
(μm)

Average epitheliocyte’s 
nucleus area (μm2)

Epithelia thickness 
(μm)

Average epitheliocyte 
nuclei area, (μm2)

Intact control 52.9 ± 4.4 36.1 ± 6.6 53.3 ± 8.1 14.3 ± 7.2
A. vera gel 3% 31.1 ± 20.2 *** 24.0 ± 8.5 *** 61.6 ± 10.6 ** 13.3 ± 5.7

A. vera whole leaf extract 3% 32.8 ± 15.8 *** 18.2 ± 6.8 *** 50.1 ± 3.1 15.9 ± 5.6

A. ferox gel 3% 51.3 ± 15.3 36.2 ± 7.2 54.2 ± 9.9 15.2 ± 4.6

A. ferox whole leaf extract 3% 55.4 ± 8.3 31.7 ± 7.6 47.6 ± 4.6 * 15.9 ± 5.2

A. muth-muth gel 3% 48.0 ± 11.6 34.2 ± 8.8 53.4 ± 5.1 15.7 ± 5.1
A. muth-muth whole leaf extract 3% 47.1 ± 9.7 36.0 ± 10.9 51.1 ± 6.2 15.4 ± 5.4

Data represented as mean ± SD, Kruskal-Wallis test followed by Dunn’s post hoc test. * P < 0.05, ** P < 0.01, *** P < 0.001, which indicates statistically 
significantly differences between the experimental groups (exposed to different Aloe materials) and the intact control group (not exposed to Aloe 
material).
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layers observed at the highest concentration of A. vera gel 
can possibly be explained by the relatively high viscosity 
of the A. vera gel at this concentration. The relatively 
high viscosity at the highest A. vera gel concentration has 
probably hampered FD4 diffusion. Previous findings also 
supported this explanation, since decreased percentage 
ketoprofen permeation across a synthetic membrane was 
evident with an increase in A. vera gel concentration (6). 
Another potential reason for decreased FD4 permeation 
may include blocking of the intercellular spaces by 
aloe components (e.g. large polysaccharides) at higher 
concentrations or chemical interaction (e.g. complex 
formation) between aloe components and the FD4. 
Furthermore, the lack of aloverose in A. ferox gel (6,10) 
may be the reason for its relatively small effect on FD4 
permeation across the RPMI 2650 cell line. As mentioned 
before, aloverose is one of the bioactive constituents in A. 
vera gel (32) that may be predominantly responsible for 
modulation of tight junctions. These results for A. ferox 
gel across the nasal epithelial cell layers are similar to 
the results previously found across excised rat intestinal 
tissues and excised human skin tissues (6). Since FD4 
is a macromolecular compound that is not normally 
transported by transcellular diffusion, the increase in 
permeation of FD4 that was observed in the presence 
of aloe materials indicated enhancement of paracellular 
movement possibly due to tight junction modulation. 
Tight junction modulation in intestinal epithelial cell 
monolayers was previously shown for A. vera gel (33). The 
higher effect of the A. muth-muth on FD4 permeation 
compared to the other aloe gel materials can possibly be 
related to the higher aloverose content as compared to 
that of A. vera gel and A. ferox gel, but this requires more 
research to be conclusive.

With regards to the aloe whole leaf extracts, the 
results found in the RPMI 2650 cell model are in line 
with previously published data on A. vera that increased 
paracellular permeation of insulin in a concentration 
dependent manner across human intestinal epithelial 
cell monolayers in vitro (2). A. vera whole leaf material 
showed in general the highest effect on FD4 permeation 
across the RPMI 2650 epithelial cell layers.

The considerable higher increase in FD4 permeation 
obtained in the excised sheep nasal mucosa as compared 
to the RPMI 2650 cell line for A. vera gel may be attributed 
to the differences in these two models. The RPMI 2650 
cell line grows in multi-layers, whereas the sheep nasal 
mucosa has a single layer of epithelial cells (also indicated 
in the histology results above). A higher effect was 
observed in the excised tissue model with a single layer of 
epithelial cells.

The cytotoxic effects of A. vera gel that were found 
in vitro are similar to those previously found in Caco-2 
cells (8), and in HeLa, HepG2 and SY-5Y cells (35). One 
explanation for the higher cytotoxic nature of the A. 
vera gel as compared to the A. vera whole leaf extract is 
the higher viscosity of the gel suspensions. The higher 
viscosity suspensions may have influenced the oxygen 
exchange and diffusion through the growth medium and 
prevented the cells from receiving sufficient quantities 
of oxygen. The in vitro results indicated that A. muth-
muth leaf materials are safe to be used at concentrations 
where they are effective as functional excipients and/or 
bioenhancers, and that their increases on FD4 permeation 
(Figures 1 & 2) can be credited to permeation enhancing 
effects and not tissue damage.

Conclusion
This study is one of the first to show the drug absorption 
enhancement potential of the gel and whole leaf extracts 
from different selected aloe species across the nasal 
epithelium. In general, A. vera gel increased paracellular 
permeation of a macromolecular compound across nasal 
epithelial models in a concentration dependent manner, 
which is in coherence to most previous findings across 
other mucosal surfaces (e.g. intestinal epithelium). 
However, the high viscosity of A. vera gel may have 
contributed to delayed permeation time, physical blockade 
of intercellular spaces and/or chemical interactions, which 
may also have occurred between phytochemicals in the A. 
vera gel and the permeate. This would explain the slight 
reduction in FD4 permeation in the RPMI 2650 cell 
model at the highest concentration as well as relatively 
high degree of deviation in the sheep nasal mucosa. A. 

Table 4. Viscosities (Pa∙s-1) of the selected aloe gel and whole leaf extracts at different concentrations in Krebs-Ringer Bicarbonate buffer

Experimental groups
Concentration

0.5% w/v 1.5% w/v 3% w/v

Viscosity (x 10-3 Pa∙s-1)

A. vera gel 1.83 5.57 18.09

A. vera whole leaf extract 0.56 1.12 1.69

A. ferox gel 1.16 0.96 1.17

A. ferox whole leaf extract 0.83 1.73 6.03

A. muth-muth gel 3.43 4.29 14.17

A. muth-muth whole leaf extract 5.32 3.92 13.11

KRB 0.00
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vera whole leaf extract, on the other hand, had mediated 
a significant increase in paracellular transport, while both 
A. ferox gel and whole leaf extract showed enhancement 
of paracellular permeation in an inverse bell-shaped 
curve. Further studies would be needed with an extended 
concentration range to determine the trend of the 
permeation as a function of concentration. 

Aloe muth-muth, a hybrid aloe species cultivated 
through forced pollination between A. vera and A. ferox, 
was also tested for its ability to enhance drug permeation 
across nasal epithelial membranes. Both A. muth-muth gel 
and whole leaf extract increased paracellular permeation 
of FD4 in a concentration dependent manner. The 
cytotoxicity of the A. muth-muth gel and whole leaf extract 
materials was mild and the neutral red experimental 
results were supported by the histological results, which 
indicated an absence of tissue damage. 

The experimental results showed a relatively high 
potential for use of A. muth-muth gel and/or whole leaf 
extract in nasal dosage forms as functional excipients 
to enhance the bioavailability of certain drugs via tight 
junction modulation, but this should first be investigated 
with in vivo models to determine the clinical significance 
of their absorption enhancing effects. The experimental 
results also indicated that A. muth-muth gel or whole leaf 
extract have no damaging effects on the excised epithelial 
tissues. 
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