European Journal of Pharmaceutical Sciences 167 (2021) 106025

Contents lists available at ScienceDirect

European Journal of Pharmaceutical Sciences

journal homepage: www.elsevier.com/locate/ejps

ELSEVIER

Check for

Assessment of epinephrine sublingual stability and permeability pathways [&&s
to enhance its permeability for the treatment of anaphylaxis

Mutasem Rawas-Qalaji ®™“", Rawan Bafail , Roberta Cagliani”, Mohamed Haider *°,
Zahid Hussain *"

2 College of Pharmacy, University of Sharjah, Sharjah 27272, United Arab Emirates

b Research Institute of Medical and Health Sciences, University of Sharjah, Sharjah 27272, United Arab Emirates

¢ Dr. Kiran C. Patel College of Allopathic Medicine, Nova Southeastern University, Fort Lauderdale, FL 33326, USA
4 College of Pharmacy, Taibah University, Medina, Saudi Arabia

€ Faculty of Pharmacy, Cairo University, Cairo 71526, Egypt

ARTICLE INFO ABSTRACT

Keywords: Prompt epinephrine (Epi) injection using auto-injectors is the initial life-saving out-of-hospital treatment for
Anflphyl§XiS anaphylaxis. However, patients and healthcare providers are eagerly awaiting a more convenient alternative
Epinephrine dosage form that would overcome auto-injectors drawbacks.

z::;i‘lj;:;megratmg tablets Previously, we extensively evaluated multiple alternative fast-disintegrating sublingual Epi tablet (FDSTs)
Permeability formulations. However, the sublingual stability of Epi and effect of modifying the sublingual microenvironment
Sublingual PH on its stability and transport pathways were not yet fully investigated.

Results depicted that Epi remained sufficiently stable at various pHs in human saliva and porcine sublingual
tissue’s extract. Epi permeability (EP) through excised porcine sublingual membrane was greatest at pH 8.0 (p <
0.05), 11-fold higher than the negative control (Epi at pH 6.8). Sodium carbonate (Na Carb) 0.75% was the most
efficient buffer to modify Epi solution pH to 8.0. Both sodium dodecyl sulfate (SDS) 0.075% and palmitoyl-DL-
carnitine chloride (PCC) 1.2% increased paracellular EP 10-fold and 3-fold, respectively; however, both
demonstrated a delayed enhancement (>5 min). Meanwhile, Na Carb and SDS combination increased EP 23-fold

without a delay.

It is evident that pH-modifiers or their SDS combination showed promising potential to enhance Epi sublingual
permeability and further reduce the required Epi dose using FDSTs as a feasible alternative to Epi auto-injectors.

1. Introduction

For out-of-hospital treatment of anaphylaxis, where most anaphy-
lactic episodes occur, epinephrine (Epi) auto-injectors are universally
recommended and prescribed for self-administration (Lieberman et al.,
2010; Simons et al., 2011). Prompt administration of these Epi
auto-injectors is required for efficient treatment of anaphylaxis, which
results in fewer hospitalization and deaths (Chooniedass et al., 2017;
Fleming et al., 2015).

However, the ability of these auto-injectors to consistently deliver
accurate dosing and function reliably is sometimes questionable. There
have been several recalls for these devices from the market due to me-
chanical problems (Brown, 2015; Palmer, 2017). Additionally, there
were several supply shortages for these devices due to manufacturing

delays and recalls (Scutti, 2018), which led to the recommendation to
use them beyond their expiry dates when there was a shortage in the
market (Palmer, 2018). Furthermore, auto-injectors are being underu-
tilized due to the challenges associated with their administration re-
quirements and availability. The length of the auto-injector’s needle
intended for administration in underweight or overweight children may
either be too long and penetrate to the bone or too short and fail to
deliver the drug into the muscle tissues (Dreborg et al., 2017; Kim et al.,
2014). Administration errors causing injuries including lacerations and
embedded needles have been previously reported as well and can add to
the challenges associated with self-administration (Brown et al., 2016).

Due to aforementioned issues associated with Epi auto-injectors as
well as their short shelf-life, bulky size, and the fears associated with
needles, we developed a novel fast-disintegrating sublingual tablet
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(FDST) of Epi that has been undergone extensive preclinical evaluation
for the first-aid treatment of anaphylaxis in out-of-hospital settings
(Rachid et al., 2011, 2012, 2018a; Rawas-Qalaji et al., 2013, 2006a,
2006b, 2007, 2006c). Epi FDSTs offer greater administration conve-
nience, dosing flexibility and significantly longer stability than Epi
auto-injectors (Rachid et al., 2018b; Rawas-Qalaji et al., 2013, 2007,
2006c¢). Our Epi FDSTs went through further development and evalua-
tion to mask the bitter taste of Epi following their disintegration (Rachid
et al., 2013, 2010) and to enhance the sublingual bioavailability of Epi
through micronization using a novel microfluidics method. Such opti-
mizations resulted in a 50% reduction in the required sublingual Epi
dose to achieve pharmacokinetics parameters similar to Epi
auto-injectors (Rachid et al., 2018b; Rawas-Qalaji et al., 2015a, 2015b).

To further optimize the sublingual absorption and delivery of Epi,
which can be limited by its intrinsic characteristics such as lipid solu-
bility, degree of ionization, and molecular size, it was critical to un-
derstand the sublingual permeation pathways that can be impacted by
altering the pH of the saliva and the application of penetration en-
hancers (Sattar et al., 2014). For the sublingual route, drug permeability
occurs through the sublingual mucosa and its absorption into the sys-
temic circulation undertakes two major transport pathways, the para-
cellular and the transcellular routes (Wang and Chow, 2014). The degree
of ionization of the administered drug at the absorption site and the
extent of the membrane’s resistance to drug permeation determine the
preferred pathway for most ionizable drugs (Chen et al., 1999). Basic
drugs with high pKa such as Epi (pKa 8.59) can be highly ionized at the
PH of the saliva that ranges between 5.5 and 7.0, which would alter the
extent of its sublingual absorption (Chen et al., 1999; Goswami et al.,
2013; National Library of Medicine, 2004).

Therefore, we hypothesized that the use of a pH-modifying agent in
the Epi formulation will modify the pH of the sublingual microenvi-
ronment, thus, enhancing the sublingual permeability of Epi. Moreover,
stabilizing the pH of the absorption microenvironment at a pH that is
optimal for drug absorption would reduce drug absorption variabilities
due to variations in the oral pH. Furthermore, transbuccal resistance to
drug permeability and systemic delivery can be significantly reduced by
various penetration enhancers (Hassan et al., 2010). Therefore, we hy-
pothesized that the use of a penetration enhancer in Epi formulation
along with the pH modifier can further enhance Epi sublingual perme-
ability and absorption.

The objectives of this study were to investigate the significance of
altering the pH of the absorption medium on Epi stability and perme-
ability, the stability of Epi during its sublingual administration, and the
significance of using penetration enhancers for enhancing Epi sublingual
permeability and confirm its transport pathways. Thus, a proper selec-
tion and utilization of a pH-modifying excipient and a penetration
enhancer would allow for more efficient Epi sublingual delivery and
further reduction in the required sublingual Epi dose for the treatment of
anaphylaxis.

2. Materials and methods
2.1. Materials

All the following chemicals were purchased from Sigma-Aldrich (St.
Louis, MO): (-)-epinephrine (+) bitartrate (EpiBit) as the active ingre-
dient, disodium phosphate and citric acid to prepare a citrate-phosphate
buffer (Mcllvaine buffer), perchloric acid and sodium metabisulfite to
stabilize epinephrine aqueous samples, and protease inhibitor cocktail
for tissue homogenization. Methanol, sodium phosphate monobasic, 1-
octanesulfonic acid sodium salt monohydrate, and ethyl-
enediaminetetraacetic acid (EDTA) disodium salt dihydrate were pur-
chased to prepare the mobile phase for HPLC analysis. Sodium
bicarbonate (Na Bicarb), sodium carbonate (Na Carb) and sodium citrate
(Na Citr) were purchased as pH-modifiers, and sodium dodecyl sulfate
(SDS) and palmitoyl-DL-carnitine chloride (PCC) as penetration
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enhancers.
2.2. Assessment of pH-stability profile of Epi for sublingual administration

Epi Bitartrate (EpiBit) equivalent to 20 mg Epi was dissolved by
vortexing in 2 mL of Mcllvaine buffer (n = 3) prepared at pH 1.2, 3.5, 4,
4.5, 5, 5.5, 6, 6.8 (average saliva pH), 7.4, and 8. EpiBit dose was
selected based on the results from our previous in vivo pharmacokinetics
studies (Rawas-Qalaji et al., 2015a, 2015b). Different volumes of 0.2 M
disodium phosphate stock solution and 0.1 M citric acid stock solution
were used to prepare Mcllvaine buffers at the required pH values ac-
cording to Mcllvaine TC, 1921 (Mcllvaine, 1921). Aliquot samples were
withdrawn at 2 min (maximum expected time for sublingual adminis-
tration), 4 min, 6 min, 10 min, 15 min, and 30 min. Withdrawn samples
were immediately diluted with a stabilizing solution containing 0.1 M
perchloric acid and 0.1 mM sodium metabisulfite and frozen by liquid
nitrogen. Samples were analyzed using HPLC with UV detection to
calculate Epi recovery (%) at the various time intervals and assess the
short-term stability of Epi.

2.3. Assessment of Epi stability in saliva and sublingual tissue extracts

2.3.1. Stability in human saliva

For sublingual administration potential, the Epi short-term stability
was assessed in human saliva. Saliva was collected from a human
volunteer that has been instructed to abstain from eating or drinking any
acidic, alkaline or spicy food or beverages and to rinse his mouth before
saliva collection. The saliva was collected in a beaker over ice and then
air bubbles were removed by aspiration.

EpiBit equivalent to 20 mg Epi was dissolved by vortexing in 2 mL
saliva (n = 3) to assess its stability over time. Aliquot samples were
withdrawn at the different time intervals, diluted with the stabilizing
solution, and analyzed by HPLC as previously described to calculate Epi
recovery (%) and assess its short-term stability in human saliva. Data
were compared to Epi recovery (%) at pH 6.8 (average saliva pH) as a
negative control.

2.3.2. Stability in porcine sublingual mucosa extract

Excised porcine sublingual membrane described hereafter was ho-
mogenized in a protease inhibitor cocktail to extract any potential en-
zymes and medium within the sublingual mucosa that may negatively
impact Epi stability and concentration during its sublingual permeation.
Briefly, the excised sublingual mucosa was cut into small pieces while
frozen and immersed in a freshly prepared protease inhibitor cocktail in
a phosphate buffer at pH 6.8 (average saliva pH). The mixture was ho-
mogenized over an ice bath and then centrifuged at 4 °C to collect the
supernatant. Aliquots (2 mL) of the collected supernatant were then
spiked with EpiBit equivalent to 20 mg Epi (n = 3). Samples were
withdrawn at the different time intervals, diluted with the stabilizing
solution, and analyzed by HPLC as previously described to assess Epi
stability during its permeation through the sublingual mucosa. Data
were also compared to Epi recovery (%) at pH 6.8 (average saliva pH) as
a negative control.

2.4. Assessment of sublingual pH-permeability profile for Epi

Assessment of the permeability of Epi through excised sublingual
membranes at various pH were performed using Franz cells with an OD
of 20 mm and a reservoir volume of 20 + 1 mL (PermeGear Inc., Hel-
lertown, PA). Pigs’ lower jaws were purchased from a local butcher. The
sublingual membranes were surgically dissected to remove the under-
lying connective tissue and fat using scalpel and tweezers according to
our previously reported procedure (Aodah et al., 2019; Bafail et al.,
2019; Rawas-Qalaji et al., 2015b). Dissected membranes were then
stored at —20 °C in PBS to be used as diffusional membranes.

The receptor cell with a magnetic stirrer was filled with a phosphate
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buffer prepared at pH 7.4 to represent the pH of the blood. The dissected
membranes were defrosted at room temperature and then mounted
between the vertically oriented donor and receptor compartments of the
Franz cells. Before the beginning of the experiments, the mounted
membranes were left to equilibrate for 30 min with the diffusion me-
dium at 37 °C. A water bath was used to circulate the heated water
through the jacketed Franz cells. Cells were checked and adjusted for
any leaks and air bubbles were removed. At the beginning of each
experiment, EpiBit equivalent to 20 mg Epi was dissolved in 2 mL of
Mcllvaine buffer prepared at the desired pH (pH 5, 6, 6.8, 7.4, and 8) and
pipetted into the donor cell (n = 4). Epi permeability at pH 6.8, the
average saliva pH, was used as a negative control.

Aliquot samples of 200 uL were collected from the receptor cell by
aspiration at 5, 10, 15, 20, 30, 45, 60, 75, and 90 min using 6-inch
needles (Popper & Sons, Inc., New Hyde Park, NY) fitted into 1 mL sy-
ringes. The sampled volumes were replenished using fresh phosphate
buffer. The collected samples were filtered, analyzed using HPLC-UV
system according to the USP product monograph (USP/NF, 2020), and
statistically compared to determine the optimal pH for the sublingual
permeability of Epi.

2.5. Selection of excipient for altering the pH of the sublingual
microenvironment

Three different alkalinizing salts, sodium bicarbonate (Na Bicarb),
sodium carbonate (Na Carb), or sodium citrate (Na Citr) were selected to
modify the pH of the sublingual absorption medium. Their in vitro ability
to modify the pH of the medium upon their incorporation with Epi was
determined and the effect of Epi on their buffering capacity was
assessed.

Na Bicarb, Na Carb, or Na Citr at various concentrations (0.15% and
up to 1.9% w/v) were dissolved in 2 mL of deionized water (n = 3) or in
EpiBit solution equivalent to Epi 20 mg. The pH readings were recorded
using a lab pH meter and results were statistically analyzed. The selec-
tion of the pH-modifying excipient to be used for further studies was
based on its ability to raise the pH of the Epi solution using the lowest
possible concentration, up to the pH at which Epi permeability was
found to be the highest based on results from Section 2.4.

2.6. Effect of penetration enhancers on the sublingual permeability of Epi

The effect of two different transcellular and paracellular penetration
enhancers, SDS and PCC, on the sublingual permeability of Epi was
evaluated using static vertical jacketed Franz cells. Porcine sublingual
membranes were excised, stored, and used as a diffusional membrane as
previously described.

EpiBit equivalent to 20 mg Epi was dissolved with 1.5 mg SDS or 24
mg PCC in 2 mL (0.075% or 1.2%, respectively) of Mcllvaine buffer
prepared at pH 6.8, which is the average pH of saliva, and pipetted into
the donor cell (n = 4). Aliquot samples were withdrawn at the various
time intervals, withdrawn volumes were replenished, and samples were
filtered and analyzed as described in Section 2.4.

Epi permeability with the penetration enhancers was statistically
compared to its permeability at pH 6.8 as a negative control to deter-
mine the predominant Epi transport pathway and the penetration
enhancer with the greatest effect on enhancing Epi permeability. Results
were also compared to Epi permeability at the pH that achieved the
greatest Epi permeability to compare the two approaches for their effi-
ciency in enhancing Epi permeability.

2.7. Combined effect of pH-modifier and penetration enhancer on the
sublingual permeability of Epi

The combined effect of incorporating both a pH-modifier and a
penetration enhancer on the enhancement of the sublingual perme-
ability of Epi was investigated. Franz cells and excised porcine
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sublingual membranes were prepared and used as previously described
in Section 2.4. The selection of pH-modifier and penetration enhancer to
be combined for the evaluation of their combined enhancement effect
was based on results obtained from previously described studies in
Sections 2.5 and 2.6, respectively.

EpiBit equivalent to 20 mg Epi was dissolved with 1.5 mg SDS and
15 mg Na Carb in 2 mL (0.075% and 0.67%, respectively) of deionized
water instead of Mcllvaine buffer and was immediately pipetted into the
donor cell (n = 4). Water was used as a diffusion medium instead of the
buffer to evaluate the pH-modification effect by Na Cab on Epi sublin-
gual permeability. Samples were withdrawn, filtered and analyzed as
previously described in Section 2.4.

The permeability of Epi with SDS and Na Carb was statistically
compared to its permeability at pH 6.8, as a negative control, pH 8, and
with the corresponding penetration enhancer alone to evaluate the po-
tential of their combined enhancing effect over their individual
enhancing effect on Epi sublingual permeability.

2.8. HPLC analysis

All collected samples from stability and permeability experiments
were filtered using 0.22 pm single-use syringe filters before injecting
into an HPLC system with UV detection. The USP method for Epi in-
jections was used to quantify samples for their Epi content (USP/NF,
2020). Briefly, a reversed phase Nova-Pack C-18 column, 3.9 x 150 mm
(Waters, Milford, MA) was used for the separation of Epi at flow rate of 1
mL/min and wavelength of 280 nm. The mobile phase used for the
elution of Epi was composed of buffer and methanol at a ratio of 85:15.
The buffer was composed of 0.05 M sodium phosphate monobasic, 519
mg 1l-octanesulfonic acid sodium salt monohydrate, and 45 mg EDTA
adjusted to pH 3.8 using phosphoric acid.

Four calibration curves were prepared with seven standards each
ranging from 0.025 mg/mL to 1 mg/mL (Fig. 1). All curves were linear
with a coefficient of variation (R?) of > 0.99. The intra-assay (n = 2) and
inter-assay (n = 4) coefficient of variations (RSD%) were < 0.2% and
1.6% at the lowest concentration and 0.1% and 2.7% at the highest
concentration of the standard curves, respectively.

2.9. Data calculation and statistical analysis

The means (+ SD) of the cumulative amount of Epi permeated (nug/
cm?) over time were plotted, and the area under the curve for 90 min
(AUCq_gp) was calculated for each tested Epi formulation. The mean
steady-state influx of Epi, J (ug/cm?min), was determined by calcu-
lating the average of the individual slopes (n = 4) of the linear portion of
the amount of drug permeated versus time curve. The permeability of
Epi, P (cm/min), was determined by calculating the mean of the indi-
vidual steady-state influx of Epi (n = 4) divided by its initial concen-
tration used in the donor cell.

Results were statistically analyzed by one-way or two-way ANOVA
and Tukey-Kramer tests. The statistical analysis tests were performed
using NCSS statistical analysis software (NCSS, Kaysville, UT). A sta-
tistically significant of p < 0.05 was used to detect differences.

3. Results
3.1. pH-stability profile of Epi for sublingual administration

The mean (£ SD) for Epi recovery (%) versus pH at various time
intervals was plotted in Fig. 2. At pH 1.2, Epi recovery (%) was not
significantly different (p > 0.05) from its initial concentration at the
different sampling time intervals. Additionally, Epi recovery (%) was
only significantly lower (p < 0.05) than its initial concentration after 15
min at pH 3.5 and 8, and after 10 min at a pH between 5.5 and 7.4.
However, between pH 4 and 5, Epi recovery (%) declined significantly
(p < 0.05) and very quickly as early as 2 min.
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Fig. 2. Mean (+ SD) epinephrine recovery (%) over 30 min at a range of pH
media (n = 3). *Significantly different form the initial concentration during the
whole 30 min. *Significantly different from initial concentration after 10 min.
iSignificantly different from initial concentration after 15 min.

3.2. Epi stability in saliva and sublingual tissue extracts

The mean (& SD) for Epi recovery (%) in saliva and sublingual tissue
extract over time were plotted in Fig. 3. Epi recovery (%) in both human
saliva and sublingual tissue extract was not significantly lower (p >
0.05) than its initial concentration for at least up to 15 min. Addition-
ally, Epi recovery (%) became significantly lower (p < 0.05) than the
negative control (Epi at pH 6.8) only at 30 min for Epi in saliva.

3.3. Sublingual pH-permeability profile for Epi

The mean (+ SD) cumulative amount of permeated Epi over time at
various pH media was plotted in Fig. 4. The AUCy_gq for the cumulative
Epi permeated, influx (J), and permeability (P) were increased (p <
0.05) as the pH of the diffusion medium increased. The highest values
were achieved at pH 8, which resulted in an 11-fold permeability
enhancement compared to the negative control (Fig. 5). On the other
hand, the lowest values were obtained at pH 5 and 6 (Table 1).

The difference in the AUC(_g¢ for the cumulative Epi permeated at
pH 8 became significant from all as early as 5 min. At pH 6.8 and 7.4,

Time (min)

Fig. 3. Mean (+ SD) epinephrine recovery (%) over 30 min in human saliva
and sublingual (SL) tissue extract (n = 3). *Significantly lower than its initial
concentration. ‘Significantly lower than negative control (Epi at pH 6.8).

however, it took 45 min to demonstrate a significant difference (p <
0.05) from pH 5 and 6, which were not significantly different (p > 0.05)
from each other throughout the entire time.

3.4. Selection of excipient for altering the pH of the sublingual
microenvironment

The mean (4 SD) pH readings for the different pH-modifying ex-
cipients at various concentrations with or without Epi are listed in
Table 2. Na Carb with or without Epi resulted in the highest pH of 8.6 +
0.2 and 11.7 + 0.0, respectively, at the lowest concentration used
(0.75%) compared to other pH-modifying excipients. This difference in
pH was significantly higher (p < 0.05) than all other buffers used at the
same concentration.

3.5. Effect of penetration enhancers on the sublingual permeability of Epi

The mean (+ SD) cumulative amount of Epi permeated over time
with various penetration enhancers, PCC and SDS, was illustrated in
Fig. 6.



M. Rawas-Qalgji et al.

European Journal of Pharmaceutical Sciences 167 (2021) 106025

——pHS5 =-L1--pH6 —-A-pH68 =O- pH74 —XK—pHS
3500 -

E g  ed A
= 3000 1 £ = 2 B e <
- i- g x <
= _ = s 0s 3 i
.a 2300 - E 0 % :,l(- § / 40 g
<3 = * - / (o) ‘g
-g ~ ) 0 £ ::v:i = / .I 'g‘
gy LU 50

) P S
é E 1500 - // o =
d‘-: /{ 7 /,A - 20 g
@ 1000 /x/ - K4 P ’ ]
: . ’
£ 55--& :
g B 10 p_‘
Q

0
0 10 20 30 40 50 60 70 80 90 100

Time (min)

Fig. 4. Mean (+ SD) cumulative epinephrine permeation per area (pg/cmz) versus time at a various pH media (n = 4). *Significantly different from all.

*p<0.03, from all

) f , )
g 335 A F 23 é
Z 30 *p<0.03, from - ve control -]
. T F20 &
._E‘ 25 A s
b < )
2 5, p>0.05 L 15 .§
g
é 15 L 10 :‘
g 0] . B
= ) Ls 2
‘e 05 g
3 £
£ &
=
%

(o)

9,

K

Fig. 5. Mean (+ SD) epinephrine permeability and permeability enhancement
at different conditions and formulations (n = 4). Permeability enhancement was
calculated by dividing epinephrine permeability at the different conditions by
the negative control (Epi permeability at pH 6.8). *Significantly different.

Table 1
Epinephrine sublingual permeability (mean + SD) at different pH media.
pHS5 pH6 pH 6.8 pH 7.4 pHS8
Area under the 5169 6191 46,562 60,099 135,689
curve, AUCy_90 min + 255 + 756 =+ 3450~ + 6576 + 439*
(pg/cmz.min)
Influx, J (pg/cmz. 0.4 + 0.8 + 2.8+0.2 5.3+0.2 30.9+0.4
min) 0.1 0.2
Permeability 0.02 &+ 0.04 &+ 0.14 &+ 0.26 + 1.54 £
coefficient, P (cm/ 0.0° 0.01° 0.01* 0.01% 0.02%
min)

" p < 0.05 from all.
§ p < 0.05 from all but not each other.

The AUCy_go (mean + SD) of the cumulative Epi permeated, J and P
with the transcellular enhancer, SDS, were significantly higher (p <
0.05) than the negative control (Epi at pH 6.8) (Table 3). The difference

Table 2
pH measurements (mean + SD) using various pH-modifying excipients at
different concentrations (n = 3) with and without epinephrine (Epi).

pH Reading
Na Bicarb Na Carb Na Citr
Concentration ~ Without With Without With Without With
Epi Epi Epi Epi Epi Epi
0.15% 87+01 45+ 10 + 0.0 4.7 + 8.0+03 37+
0.2 0.3 0.1
0.375% 8.8+0.1 49 + 11.7 £ 6.8 + 8.6 £0.1 4.1+
0.2 0.1 0.1 0.1
0.75% 89+00 69+ 11.7 + 8.6 = 9.3+0.1 48+
0.0 0.0° 0.2 0.0
1.125% 89+0.1 79+ 9.4+0.1 5.0 +
0.1 0.1
1.5% 9.8+0.0 6.6+
0.2
1.875% 98+01 71+
0.1

Na Bicarb: sodium bicarbonate; Na Carb: sodium carbonate; Na Citr: sodium
citrate.

" Percentages (w/v) were calculated for EpiBit dose equivalent to 20 mg Epi in
2 mL water.

§ p < 0.05 from all at the same concentration.

in their AUC(_g9 became significant after 15 min (Fig. 6). On the other
hand, the AUC(_g¢ of Epi permeated with SDS was significantly lower (p
< 0.05) than Epi permeated at pH 8 but only after 60 min. Additionally,
their J and P were not significantly different (p > 0.05) from each other.

Similarly, the AUC( g9 (mean + SD) of the cumulative Epi perme-
ated, J and P with the paracellular enhancer, PCC, were significantly
higher (p < 0.05) than the negative control (Table 3). Also, the differ-
ence in the AUCp g9 became significant after 20 min (Fig. 6). The
AUCy_go of Epi permeated with PCC was also significantly lower (p <
0.05) than Epi permeated at pH 8, however in contrast to SDS, this
difference was immediately evident after the first 5 min. Their J and P
were also significantly lower as well (p > 0.05).

The transcellular enhancer, SDS 0.075%, resulted in a 10-fold in-
crease in Epi sublingual permeability when compared to the negative
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Fig. 6. Mean (+ SD) cumulative epinephrine (Epi) permeation per area (ug/
cm?) versus time at different conditions and formulations (n = 4).

Table 3
Effect of pH, penetration enhancers, or their combination using pH-modifier on
epinephrine (Epi) sublingual permeability (mean + SD).

Epi@pH Epi@pH PCC SDS SDS
6.8 (-ve 8 (1.2%)* (0.075%) (0.075%)
control) + Na Carb
(0.75%)*
Area under the 46,562 135,689 52,127 92,365 + 247,123 +
curve, + 3450 + 439 + 670 16,594 11,900
AUCo-90 min
(ng/cm? min,
Influx, J (pg/ 28 + 30.9 + 8.7 + 29+ 4.3 71.6 +£ 0.6
cm?.min) 0.2 0.4 0.8
Permeability 0.14 &+ 1.54 £ 0.4 + 1.4+0.2" 3.6+0.0
coefficient, P 0.01 0.02 0.0
(cm/min)

" Percentages (w/v) were calculated for EpiBit dose equivalent to 20 mg Epi in
2 mL water.

¥ p < 0.05 from all.

§ p < 0.05 from all but not each other.

control, which was very similar to its permeability enhancement at pH 8
(Fig. 5). On the other hand, the paracellular enhancer, PCC 1.2%,
resulted in only a 3.5-fold increase in Epi sublingual permeability.

3.6. Combined effect of pH-modifier and penetration enhancer on the
sublingual permeability of Epi

The mean (+ SD) cumulative amount of Epi permeated over time for
the formulation combining the transcellular enhance (SDS 0.075%) with
the pH-modifier (Na Carb 0.75%) was plotted in Fig. 6 and compared to
their individual effects and the negative control. The AUC(_g9 (mean +
SD) of the cumulative Epi permeated, J and P from the SDS with Na Carb
combined were significantly higher (p < 0.05) than using the SDS or a
pH 8 medium alone (Table 3). The significant difference in the AUC(_gg
was immediately evident within the first 5 and 10 min when compared
to either SDS or pH 8, respectively (Fig. 6).

Furthermore, the combined effect of SDS with Na Carb resulted in a
25.8-fold enhancement in Epi sublingual permeability when compared
to the negative control (Fig. 5).

4. Discussion

The development of an alternative and more user-friendly dosage
form to current Epi auto-injectors would better facilitate and promote its
early self-administration as a life-saving dosage form for the treatment
of anaphylaxis (Chooniedass et al., 2017; Fleming et al., 2015). Patients
can be then transported to a healthcare facility for further assessment
and treatment. Previously, we developed and extensively evaluated, in
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vitro and in vivo, the potential of our novel fast-disintegrating sublingual
Epi tablets for the first-aid treatment of anaphylaxis as an alternative
dosage form to Epi auto-injectors (Rachid et al., 2012, 2018a, 2013;
Rawas-Qalaji et al., 2015a, 2013, 2006a, 2006b, 2007, 2006c, 2015b).

These tablets were designed to overcome the challenges associated
with the utilization of currently available Epi auto-injectors including
the dilemma of the appropriate needle length for obese versus thin in-
dividuals, administration errors and injuries during their self-
administration, and the patient’s fear of self-injection (Brown et al.,
2016; Dreborg et al., 2017; Kim et al., 2014; Noimark et al., 2012; Si-
mons et al., 2009). Some of the previously reported advantages of these
tablets include their portability due to their smaller size and discreet
handling and administration in public. They are more affordable due to
lower manufacturing costs and longer shelf-life that does not require
annual replacement as with Epi auto-injectors. Additionally, they are
more convenient to administer and non-invasive even when a second
dose is needed, and they do not require assistance or prior training to
administer (Rachid et al., 2018b; Rawas-Qalaji et al., 2013, 2007,
2006c¢).

With use of these tablets, there may be the need for a relatively high
Epi dose to achieve pharmacokinetic parameters similar to Epi auto-
injectors. Our early in vivo pharmacokinetics studies showed that we
need to administer a 40 mg dose sublingually to achieve pharmacoki-
netic parameters similar to Epi auto-injectors and overcome perme-
ability and local vasoconstriction challenges induced by Epi (Rachid
et al,, 2013; Rawas-Qalaji et al., 2006a, 2006b). Through further
formulation optimization and Epi micronization, we were able to reduce
the required sublingual Epi dose to 20 mg (Rachid et al., 2018b; Raw-
as-Qalaji et al., 2015a, 2015b).

In this study, we evaluated the stability of Epi in media that simu-
lated the sublingual environment, the effect of modifying the sublingual
medium pH on Epi stability and permeability, and the use of various
penetration enhancers to enhance Epi permeability to further reduce the
required sublingual Epi dose and maximize the efficiency of its sublin-
gual delivery.

The main limitations of the current study include the possibility for
differences in the sublingual permeability between porcine and human
membranes despite the reported anatomical similarities. Also, the
optimal formulation obtained from these studies require further in vivo
confirmation, as physiological factors of live animals such as saliva
volume and blood flow may alter drug permeability.

4.1. Epi stability for sublingual administration

Epi is a weak base that is unstable in aqueous solutions and primarily
undergoes oxidation degradation reactions (Connors et al., 1986). In a
strong sodium hydroxide solution, Epi almost immediately degrades to
adrenochrome, which is characterized by its yellowish to pinkish color,
and then darkens to a dark reddish to brownish color due to the for-
mation of melanin. However, Epi oxidation and oxygen uptake occurs at
different rates in diluted acidic, alkaline, and physiological pH (Yama-
hara and Lee, 1993). Elevated temperature, catalytic ions and enzymes
can also speed up the degradation of Epi (Garhammer et al., 2004;
Norris et al., 2018; Yamahara and Lee, 1993). Therefore, it was critical
to evaluate Epi stability at various pH and sublingual media before
modifying the pH of the sublingual microenvironment to increase Epi
permeability.

4.1.1. pH-stability profile

The average saliva pH is 6.8 and any potential pH modification
would involve alkalizing the microenvironment medium to reduce Epi
ionization and therefore increase its sublingual permeability. However,
as previously mentioned, alkalizing the medium may promote Epi
degradation. Therefore, to evaluate the effect of modifying the pH of the
sublingual microenvironment on enhancing Epi permeability, we had to
evaluate first the effect of this pH on Epi stability during the time



M. Rawas-Qalgji et al.

required for its sublingual administration.

In this study, our results demonstrated that significant Epi loss in
both acidic and diluted alkali media occurs only over an extended period
of time beyond the 1-3 min window commonly required for sublingual
administration. Epi exhibited good stability at the average salivary pH
and up to pH 8 for at least 10 min (Fig. 2). Previous stability studies
reported a lag time of 1 h at pH 8 before Epi undergoes a chemical
degradation to the pinkish color of adrenochrome (Yamahara and Lee,
1993).

These results were useful for ruling out the potential for any signif-
icant Epi loss during its sublingual administration in the oral cavity at
the normal saliva pH and, therefore, the need to include an antioxidant
in the formulation to control its oxidation. Additionally, the alkalization
of the sublingual microenvironment to enhance Epi permeability did not
result in any significant loss of Epi. Thus, we can conclude that all the
administered Epi would be available for absorption through the sub-
lingual mucosa under these alkaline conditions.

4.1.2. Stability in saliva and sublingual tissue extracts

The results from the Epi stability studies in human saliva and porcine
sublingual tissue extract also demonstrated the feasibility of Epi sub-
lingual administration without any significant loss during its adminis-
tration (Fig. 3). Therefore, all the administered Epi would be available to
be absorbed through the sublingual mucosa into the systemic circula-
tion. This is mainly because the composition of the saliva and sublingual
tissue extract lacks the required oxidative enzymes and catalysts such as
strong basic pH, high temperature, and metallic ions in concentrations
that would accelerate Epi’s degradation (Garhammer et al., 2004;
Humphrey and Williamson, 2001; Norris et al., 2018; Yamahara and
Lee, 1993).

4.2. pH-permeability profile of epinephrine Epi

Following the confirmation of the stability of Epi in the oral cavity
and alkalized pH, the effect of altering the pH of the sublingual micro-
environment on the sublingual permeability of Epi was explored.

Altering the medium pH can drastically affect drug permeability due
to its effect on the degree of ionization and molecular charges (Lee et al.,
2005). Epi is a weak base with a pKa of 8.59 (National Library of
Medicine, 2004) and its sublingual absorption can be greatly enhanced
by alkalizing the pH of its absorption microenvironment beyond 6.8 (the
average saliva pH). Temporarily altering the pH of the sublingual
microenvironment or the saliva to pH 8 is considered safe and within the
acceptable range for drinking water according to the water quality
standards published by the US Environmental Protection Agency
(United States Environmental Protection Agency, 2021).

In this study, the significance of altering the medium pH on Epi
permeability and lag time was demonstrated (Fig. 4) and guided the
selection of the pH-modifying excipient which modified the medium pH
where Epi sublingual permeability was the highest (Table 2). At pH 8,
the overall Epi sublingual permeability, AUCy g0, J, and P were signifi-
cantly increased (Table 1), and Epi permeability enhancement was
increased by 11-fold compared to its permeability at pH 6.8 (negative
control) (Fig. 5). These findings were in agreement with the pH-partition
theory and the suggested permeability route for Epi is through the
paracellular pathway due to its low lipophilicity (logP —1.37) (National
Library of Medicine, 2004). The permeability of basic drugs with a high
pKa were previously reported to be increased as the medium pH was
increased (Lee et al., 2005; Streisand et al., 1995).

Furthermore, the increase in Epi AUC at pH 8 was significantly
higher than the negative control within the first 5 min (Fig. 4), a time
that is critical to cause a clinical difference for the emergency treatment
of anaphylaxis. Although the Epi AUC at pH 7.4 was significantly higher
than the negative control, the Epi permeability enhancement was
increased by less than one-fold (Fig. 5).
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4.3. Selection of pH-modifying excipient

The incorporation of a pH-modifying excipient into the Epi FDST
formulation would modify the pH of the media following tablet disin-
tegration to the optimal pH at which Epi is least ionized. Moreover, it
would help control the pH of the sublingual absorption microenviron-
ment and maintain it at the optimal pH for Epi absorption. This would
also reduce the difference in sublingual absorption between patients and
minimize the effect of food on the pH of the saliva that would otherwise
alter drug absorption.

Na Carb, which was the most efficient pH-modifier in terms of the
amount required to alter the pH of the medium to 8, was selected and
evaluated for its effect on enhancing Epi sublingual permeability.

4.4. Effect of penetration enhancers on the sublingual permeability of Epi

Two types of penetration enhancers, paracellular and transcellular,
were used to explore the sublingual transport pathway for Epi and
evaluate their sublingual permeation enhancement effect on Epi
permeability. Their effect was compared with a negative control (the
permeability of Epi at pH 6.8). It was also compared with Epi permeated
at pH 8 to evaluate the efficiency of each approach in enhancing Epi
permeability (Fig. 6).

Transcellular penetration enhancers reduce the resistance to drug
permeation by disrupting the lipid composition within the cell mem-
brane and intercellularly altering the structure and integrity of the
cellular membrane. In contrast, paracellular penetration enhancers
loosen tight junctions between the cells within the intracellular space to
reduce drug permeability resistance. Charged, larger, or less lipophilic
drugs may have higher permeability potential through the paracellular
route (Preusch, 2007).

The use of SDS 0.075% as a transcellular enhancer at pH 6.8 was as
effective as alkalizing the diffusion medium to pH 8 in enhancing the
sublingual permeability of Epi (Fig. 5). However, the permeability
enhancement onset by SDS was slower than modifying the medium pH
to 8. SDS took 15 min, while modifying the medium pH to 8 took 5 min
to demonstrate a significant difference in Epi permeability when
compared to the negative control (Fig. 4).

Initially, Epi was almost completely ionized at pH 6.8 and with less
potential for permeation through both the transcellular route and par-
acellular route as well due to the presence of the cell membrane lipids
and intercellular lipids, respectively. At high concentrations, SDS can
promote the transcellular and paracellular permeability of hydrophilic
drugs by extracting or solubilizing the lipids present in both the
epithelial membrane and the intercellular spaces (Nicolazzo et al., 2005;
Pinto et al., 2020). These lipids are considered the rate-limiting step for
hydrophilic drug’s permeability across the oral mucosa (Nicolazzo et al.,
2005). Since the porcine sublingual membrane were not pretreated with
the penetration enhancer to simulate their clinical application, the
observed delay in enhancing Epi permeability was mainly due to the
time needed for SDS to extract the intercellular membrane-coating
granules present in the superficial layer of nonkeratinized sublingual
epithelia. Despite the reduction in the sublingual permeability resistance
of both routes, it is very unlikely for the ionized Epi at pH 6.8 to be
transported transcellularly. Thus, Epi permeability was significantly
enhanced mainly due to the reduction in the paracellular resistance to
Epi permeation.

Similar to SDS, the delay in the onset of Epi permeability enhance-
ment was also demonstrated with PCC, which took about the same time
(20 min). However, unlike SDS, this enhancement was insufficient to be
equivalent to the permeability enhancement achieved by modifying the
medium pH to 8 (Fig. 5). Although, PCC was able to significantly in-
crease Epi permeability by widening the tight junctions between the
epithelial cells, it lacks the ability to extract the intercellular lipids that
continue to pose major resistance to the paracellular permeability of the
ionized Epi at pH 6.8. This ultimately resulted in less permeability
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enhancement efficiency than SDS.

The significant permeability enhancement achieved by both pene-
tration enhancers further confirms a paracellular sublingual transport
pathway for Epi. Despite the 10-fold and 3.5-fold permeability
enhancement by SDS and PCC, respectively, the significant delay in their
onset limits their clinical significance for the treatment of anaphylaxis.

4.5. Combined effect of buffer and penetration enhancer on the sublingual
permeability of Epi

For the emergency treatment of anaphylaxis, both the rate and extent
of Epi sublingual absorption are critical and should resemble the
currently available intramuscular Epi auto-injectors. To reduce the lag
time caused by SDS and maximize the permeability enhancement for
Epi, Epi permeability with SDS was investigated in combination with the
pH-modifier to increase the pH to 8.

The combined effect of both Na Carb and SDS achieved a synergistic
enhancement in the sublingual permeability of Epi (Fig. 5). Further-
more, the onset of this synergistic enhancement was significant within
the first 5 min in comparison to the negative control. This increase in the
sublingual permeability can translate to clinically significant outcomes
for the treatment of emergency conditions, such as anaphylaxis, where
rapid elevation of the plasma epinephrine concentrations is critical to
saving patients’ lives.

This synergistic effect was mainly due to the significant reduction in
Epi ionization and molecular charges and was further augmented by the
extraction of intercellular lipids facilitating the paracellular permeation
of higher concentrations of the unionized hydrophilic Epi. Both the
anatomical changes induced by SDS and the chemical changes in Epi’s
polarity caused by altering the medium pH contributed to increasing Epi
permeability by almost 26-fold compared to their individual 10- and 11-
fold enhancement effects, respectively.

5. Conclusion

In this study, we further demonstrated the feasibility of using the
sublingual route of delivery for Epi. We were able further to demonstrate
the stability of Epi in human saliva and in porcine sublingual membrane
extract simulating its permeability environment. We measured Epi sta-
bility at various pH with the aim of modifying the absorption’s micro-
environment pH and reduce Epi ionization. Altering the pH of the
sublingual absorption’s microenvironment to pH 8 using Na Carb was
shown to be a very effective approach to reducing Epi ionization and
increasing the sublingual permeability.

The paracellular diffusion pathway was shown to be the main
transport pathway for Epi. Both SDS and PCC significantly enhanced Epi
permeability, however SDS was more efficient than PCC, but may have
limited clinical significance due to their delayed onset. On the other
hand, the combined effect of Na Carb with SDS has the potential for
increasing Epi sublingual permeability and therefore reducing the
required sublingual dose.

Future pharmacokinetic animal studies using Epi FDSTs containing
Na Carb 0.7% and SDS 0.07% will be explored to further improve the
pharmacokinetic parameters (AUC, Cmax and Tmax) of Epi FDSTs and
reduce the required sublingual Epi dose. These novel Epi FDSTs will
offer an affordable, easy-to-administer, non-invasive, and portable
alternative dosage form for the out-of-hospital treatment of anaphylaxis.
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