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ARTICLE INFO ABSTRACT

Keywords: For pediatric radiological procedures (RP), pentobarbital sodium (PNa) can be used orally or rectally to replace
Pentobe'xrbi'tal intravenous anesthesia. Since no commercial PNa suppositories exist, they must be prepared by compounding
Suppositories pharmacies. This study aims to develop fast-dissolving PNa suppositories for fast pharmacological activity during
Ezg?ii?:n RP. We prepared gelatin (G), gelatin/polyethylene glycol 4000 (GP), and polyethylene glycol 4000 (P) sup-
Biopharmaceutics positories, with and without pH adjustment, and assessed their dosage uniformity (DU), softening time, rupture
Pediatric resistance, and in-vitro dissolution. An optimal formulation was selected, and PNa release was compared to that
Characterization of fat-based suppositories using dissolution tests. Additionally, the quality control process (analytical perfor-
Dissolution mance, safety/eco-friendliness and productivity/practical effectiveness) of these formulas were compared using a
Sedation RGB method. All hydrophilic formulas (HF) met the DU requirement (AV < 8 %) except for P (AV 15.62 + 4 %).

pH adjustment enhanced G and GP suppositories resistance to 2.2 + 0.2 kg and 2.0 + 0.3 kg, respectively, and
allowed 100 % release of PNa in under 10 min. In contrast, lipophilic formulas released less than 80 % of PNa at
best after 120 min. These results show the biopharmaceutical suitability of HF for RP compared to lipophilic
ones, but a pharmacokinetic study is needed to confirm data.

1. Introduction

Children undergoing radiological examinations such as computed
tomography scans, magnetic resonance imaging (MRI), and X-rays
exams require special medical attention, as the quality of the data
collected during the examination relies heavily on the child’s coopera-
tion. In fact, the failure of a radiological examination can be caused by
movement artifacts secondary to the patient’s movements. In a pro-
spective observational study, sedation failures were mainly found to be
due to the child waking up while being transferred from the stretcher to
the MRI table [1]. Alongside creating a suitable environment, pharma-
cological methods are sometimes a necessary part of the sedation pro-
cedure. Sedation aims to reduce anxiety and discomfort while
maintaining essential reflexes for airway protection, ventilation, and
cardio-respiratory stability [2]. For easier procedures, sedation can
serve as an alternative to more extensive treatments like general

anesthesia, which requires additional resources such as an operating
room and a specialist practitioner, most often an anesthesiologist [3]. In
1985, the National Institute of Health (NIH) and the American Academy
of Pediatrics (AAP) issued the first guidelines for procedural sedation
and analgesia in response to several cases of sedation-related deaths [4].
Since then, various societies and organizations, including the AAP and
the American Society of Anesthesiologists (ASA) have released updated
guidelines to enhance the safety and effectiveness of sedation proced-
ures [5,6]. In recent years, the updated guidelines from AAP and ASA
have emphasized the importance of understanding each drug’s phar-
macokinetics, specifically the time of onset, peak effect, and duration of
action, as these factors are critical in tailoring pediatric procedural
sedation to minimize risks and optimize efficacy [7,8]. Current litera-
ture describes various pharmacological methods using different classes
of drugs such as benzodiazepines (e.g., midazolam), opioids, barbitu-
rates (e.g., thiopental, pentobarbital), etomidate, propofol, and
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dexmedetomidine [9]. Choosing needle-free pharmacological sedation
techniques in pediatric with a rapid onset and short duration of action is
crucial to ensure optimal sedation and to avoid serious side effects, as
documented in the literature [10-12].

For ambulatory imaging procedures, oral or rectal administrations
are therefore generally the preferred route, avoiding the need for more
logistically challenging and invasive routes such as intravenous ad-
ministrations [13]. Until 2001, oral chloral hydrate was commonly used
for pediatric sedation procedures and provided, according to AAP
guidelines, what was considered at the time as a safe and effective
sedation method for children [14]. However, ulterior studies showed
that it has an unpredictable onset, long duration and high sedation
failure [12,15]. Moreover, some clinical scenarios, such as palatability
issues, medication noncompliance, nausea or vomiting, may preclude
oral administrations, making the rectal route an interesting alternative
for the delivery of drugs aiming for local or systemic effects. The rectal
environment is characterized by its stability, with low enzymatic ac-
tivity and reduced hepatic first-pass effect, and can overcome most of
the issues associated with the oral route [16,17]. Advancements in rectal
formulations to improve bioavailability and drug release kinetics have
expanded the use of various drugs for sedation in medical imaging
procedures, including midazolam, chloral hydrate, diazepam, or
pentobarbital [16,18].

Pentobarbital acts as an allosteric modulator of gamma-
aminobutyric acid (GABA) receptors. Its binding enhances the effect of
GABA-A on its receptor, resulting in an increase in the opening ampli-
tude of chloride channels. Additionally, it has been observed that bar-
biturates like pentobarbital block a-amino-3-hydroxy-5-methylisoxazol-
4-propionate (AMPA) and kainate receptors, which are types of gluta-
mate receptors [19]. These pharmacological properties mean it can be
used as a depressant of the central nervous system, particularly during
pediatric sedation procedures. The pediatric dosage for oral or rectal
administration of pentobarbital typically ranges from 3 to 6 mg/kg, with
a maximum dose of 100 mg per administration for patients under 4 years
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old, and 1.5 to 3 mg/kg with the same maximum dose for those over 4
years old [18]. However, the drug has an extremely unpleasant taste
requiring cooperation during oral administration and can sometimes
cause refusal of the drug by children [20,21]. Since pentobarbital is not
currently marketed in any form allowing a rectal administration, com-
pounding pharmacies have been developing new formulations, which
need to ensure rapid release with minimal variability. In 1978, Doluisio
et al [22] presented two suppository formulation of pentobarbital, one
with cocoa butter base and the other with a synthetic base of undisclosed
nature. They found that the serum peak concentration of pentobarbital
in six subjects was reached in 4 h with the unidentified base versus 9 h
for the cocoa butter base suppository, which could impact the drug onset
[23]. The peak concentration differences were explained by the release
kinetic found using in-vitro dissolution for both formulas (80 % of
pentobarbital released in 30 min for the unidentified base versus 50.8 %
in 90 min for the cocoa butter base) highlighting the importance of
biopharmaceutical tests to predict formulation impact on pharmaco-
logical activity. Recently, a rectal hydrogel formulation of pentobarbital
sodium [24] has been developed at a concentration of 25 mg/ml.
However, besides the fact that this formulation contains sodium ben-
zoate, a well-studied excipient with a notorious effect that can cause
mucosal irritation [25], this formula was not subjected to a release ki-
netic study. More recently, two lipophilic formulations of pentobarbital
in Witepsol® based suppositories have been proposed [26]. One of the
major difficulties of these lipophilic matrix suppositories lies in ensuring
accurate and consistent dosing, as lipophilic bases can lead to uneven
drug distribution within the active substance — excipient mix, which can
result in individual suppository dosing variability [27]. This is especially
critical in pediatric applications, where even slight deviations in dose
can significantly impact therapeutic outcomes and safety. Furthermore,
the control process of those two formulations requires a solid-liquid
extraction step using octanol in order to allow pentobarbital quantifi-
cation, which complexifies the task for pharmacists and adds additional
costs that could be difficult to bear, especially in low to middle income
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Fig. 1. Ishikawa diagram for the optimization of hydrophilic formulation. The upper segment corresponds to the optimization of the suppository formulation having
a hydrophilic base consisting of a gelatin and gelatin-PEG 4000 with or without NaOH. The adequate hydrophilic base is then compared with the lipophilic base

pentobarbital sodium formulation.
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countries, as well as having an environmental impact. Besides, no
dissolution studies were conducted on those formulations either. A fast-
dissolving formulation ensures that the drug is quickly absorbed,
allowing for timely sedation and reducing procedural delays [16,28].
This rapid drug release also ensures consistent bioavailability, leading to
predictable sedation outcomes, which are essential in the controlled
environment of diagnostic imaging procedures. The aim of this study
was therefore to develop a novel and innovating formulation of hydro-
philic sodium pentobarbital (PNa) suppositories which would:

e be easy to prepare.
e possess a control process of limited complexity.
e allow a fast release of the active substance and thus a rapid onset.

Additionally, the developed formulation would be compared with
existing lipophilic formulations to assess their pharmacotechnical
benefits

2. Materiel and methods
2.1. Chemicals

Pharmaceutical grade pentobarbital sodium (PNa) powder (ref:
57330-100), bovine gelatin 160 bloom (ref: 90007-250), oleic acid (ref:
11280-250) and sodium hydroxide (NaOH) (ref: 13107-100) were
supplied by Inresa (Bartenheim, France). Witepsol W25 (ref: 1866400)
was supplied by Cooper (Melun, France) and polyethylene glycol 4000
(PEG) (ref: 9714787) by Fagron (Colombes, France). Deionised water
was purchased from Fresenius (Sevres, France). High performance
Liquid Chromatography (HPLC) grade methanol was obtained from
Carlo Erba reagents (ref: 20864.320, Val de Reuil, France). Monop-
otassium dihydrogen phosphate (KH2PO4) (CAS 7778-77-0) was pur-
chased from Sigma-Aldrich (St. Louis, 96 USA). Hydrochloric acid (HCI)
(CAS 7647-01-0) and 1-octanol (ref: 112615-2.5L) were purchased
from Honeywell through a local supplier (MC2, Clermont-Ferrand,
France).

2.2. Study design

To establish hydrophilic formulations of PNa suppositories, instant
PNa solubility in aqueous solution was firstly determined by saturating
water with the compound, followed by centrifugation and quantification
of PNa in the supernatant solution using a HPLC method. After that,
gelatin-, gelatin/PEG4000 with or without NaOH 1 N (for pH adjust-
ment), and PEG4000-based hydrophilic formulations were then pre-
pared and characterized in order to determine the optimal formulation
based on the uniformity of dosage units’ test (2.9.40 monograph of the
European Pharmacopoeia (EP)), dissolution test (2.9.3 monograph of
the EP) and resistance to rupture test (2.9.24 monograph of the EP, 6th
edition. It must be noted that this monograph was discontinued in later
EP editions, but provides an assay framework that will be discussed
further on) [29-31]. The dissolution kinetics of the optimal formulation
(i.e. having the best homogeneity, fastest dissolution rate and highest
resistance to rupture) was then compared with other developed PNa
suppositories: those reported by Doluisio et al [22] (retrieved using Data
Thief 3.0 software http://datathief.org/) where the release kinetic of
PNa have already been described, and those developed by Lebrat et al
[26] for which the release kinetic had not yet been studied. The release
data from the in-vitro release study were analyzed using various kinetic
models, including zero-order, first-order, Higuchi, and the Korsmeyer-
Peppas models [32,33]. The quality control process of these supposi-
tories (hydrophilic and fat-based) was also compared to establish the
optimal formulation of pentobarbital suppositories. Fig. 1 shows the
different stages of the study design.
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Table 1
gradient used for the liquid chromatography mobile phase.

Time (minutes) Mobile phase (in percentage)

A B
0 40 60
12.5 40 60
15 5 95
16 5 95
16.5 40 60
20 40 60

2.3. Quantification method and pentobarbital sodium instant solubility
determination

PNa quantification was carried out using a HPLC system (Promi-
nence-I LC-2030C 3D (Shimadzu France 220 SAS, Marne La Vallée,
France)) with a validated stability-indicating method allowing quanti-
fication from 60 to 180 pg/mL [34]. In brief, the stationary phase that
was used was an EC 250/4.6 Nucleodur C18 HTec column (250 x 4.6
mm, 5 pm particle size; Macherey-Nagel, Diiren, Germany) and the
mobile phase was composed of 0.01 M phosphate buffer pH 3 adjusted
with HCl (Phase A) and methanol (Phase B), 40:60, v/v. Table 1 de-
scribes the gradient method at a flow rate of 1.2 mL/min; injection
volume was 15 pL. The column oven and rack temperature were set at
40 °C. Pentobarbital quantification was performed at 214 nm.

The calibration was validated following the Q2R1 guidelines of the
international conference of harmonization [35] by the preparation of 3
calibration curves and 6 control points each day for three days. The
matrix effect was evaluated by comparing three calibration curves
(slopes and intercepts) obtained from sodium pentobarbital only
(pharmaceutical quality) with those containing sodium pentobarbital in
the presence of all the excipients. This method was then used to deter-
mine the instant solubility of PNa. First, a quantity of 250 mg of PNa was
introduced into 1 mL of water in a test tube, then automatically stirred
until completely solubilized. Additional quantities of 10 mg were then
added successively with stirring until visual precipitation. Centrifuga-
tion was carried out (Universal 320, Hettichlab, France) and the su-
pernatant was analyzed after dilution using the HPLC method. The test
was performed 3 times in order to express the result as a mean instant
solubility (in mg/ml).

2.4. Suppositories compositions and preparations

2.4.1. Compositions

Seven hydrophilic and two lipophilic suppositories formulations
were prepared containing 60 mg of sodium pentobarbital (correspond-
ing to 55 mg of pentobarbital base) following the composition
mentioned in Table 2. Sodium hydroxide (in the form of a 1 N solution)
was added to both gelatin and gelatin/PEG formulations to reach a
measured pH between 9 and 10 in order to evaluate its impact on the
suppository characteristics, since this pH range is compatible for rectal
formulations [24,36].

2.4.2. Preparation

The suppositories were prepared following the steps described below
(see Table 2 for quantities):

Gelatin and Gelatin/PEG-based suppositories without pH adjustment
(Formulations G1, G2, GP1, and GP2) (Fig. 2A)

1- PNa was weighed and dissolved in the total volume of water.

2- When used, PEG 4000 was added directly to the PNa solution for the
GP formulations. The mixture was stirred until completely dissolved.

3- Gelatin was added directly to the PNa solution and stirred.


http://datathief.org/
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Table 2
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Composition of the hydrophilic (G: gelatin-base, GP: gelatin/PEG-base and P: PEG4000-base) and lipophilic formulations (F1 and F2) of the studied suppositories.
Quantities shown correspond to the formulation of one unit of sodium pentobarbital suppository. % in w/w.

Components G1 G2 G3 GP1 GP2 GP3 P F1 F2
Gelatin (mg) (% excipient base) 300 (25 %) 240 (20 %) 300 25 % 300 (25 %) 240 (20 %) 300 (25 %) - - -
Water (ml) (% excipient base) 0.900 (75 0.960 (80 0.850 (71 0.852 (71 0.912 (76 0.802 (67 0.089(7%) — -
%) %) %) %) %) %)
PEG 4 000 (mg) (% excipient base) — — — 48 (4 %) 48 (4 %) 48 (4 %) 1170 (93 — —
%)
NaOH 1 N (ml) (% excipient base) - - 0.05 (4 %) - — 0.05 (4 %) - - -
Witepsol W25 (mg) (% excipient - - - - - - - 1040 (100 775 (71.8
base) %) %)
Oleic acid (mg) (% excipient base) - - - - - - - 304 (28.2
%)
Pentobarbital sodium (mg) 60 60 60 60 60 60 60 60

A === g
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Fig. 2. Preparation steps for gelatin and gelatin/peg-based suppositories without (a), with (b) naoh solution as well as peg4000-based suppositories (c)

(colored figure).

4- The solution was premixed at room temperature with a spatula to
disperse any clumps, then stirred in a water bath at 50-60 °C for 5
min to obtain a homogenous mixture.

5- The mixture was distributed into 1 mL plastic molds of 2 g capacity
(LGA S.A.S, La-Seyne-Sur-Mer, France) using a 5 mL electronic
pipette (Eppendorf™ Xplorer™, 111530D). The molds were left to set
at 5 + 3°C for at least 24 h before characterization.

Gelatin and Gelatin/PEG-based suppositories with pH adjustment
(Formulations G3 and GP3) (Fig. 2B)

1- PNa was dissolved in 1/3 of the total volume of water. The remaining

2/3 of water was reserved for gelatin solubilization.

2- When used, PEG 4000 was added directly to the PNa solution for the

GP formulations. The mixture was stirred until completely dissolved.

3- Gelatin was first solubilized in the reserved 2/3 water, alkalinized

with NaOH 1 N, then combined with the PNa solution. The pH of the
final solutions was checked using a SevenMulti™ pH-meter with an
InLabTM Micro Pro glass electrode (Mettler-Toledo, Viroflay,
France).
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4- The solution was premixed at room temperature with a spatula to
disperse any clumps, then stirred in a water bath at 50-60 °C for 5
min to obtain a homogenous mixture.

5- The mixture was distributed into 1 mL plastic molds of 2 g capacity
(LGA S.A.S, La-Seyne-Sur-Mer, France) using a 5 mL electronic
pipette (Eppendorf™ Xplorer™, 111530D). The molds were left to set
at 5 + 3°C for at least 24 h before characterization.

Peg-only formulation (Fig. 2C)

[y
'

PNa was dissolved in the total water volume.

PEG 4000 was weighed and melted at 55 °C in a stainless-steel
container until a clear solution formed, to which added the PNa
solution.

The mixture was stirred and distributed into 1 g plastic molds (LGA S.
A.S, La-Seyne-Sur-Mer, France) using a Pasteur pipette, ensuring the
molds were fully filled (Fig. 2C).

N
)

w
T

Lipophilic Formulations: The preparation followed previously
published methods [26].

After preparation, all of the formulations were stored at 5 + 3 °C for
a minimum of 24 h before characterization.

2.5. Characterization

All the characterization procedures were realized on 3 units coming
from 3 different batches per formulation, except for the uniformity of
dosage units where 10 units per batch were analyzed. The results were
expressed as mean + standard deviation (SD).

2.5.1. Visual inspection

All the suppositories were unpacked from their molds and visually
inspected in daylight to detect any change in appearance or visible in-
homogeneity. Three units of each batch were inspected on days 1, 14
and 30 after refrigerated storage.

2.5.2. Quantification and uniformity of dosage units

The uniformity of dosage units assay was carried out in accordance
with monograph 2.9.40 of the EP [31]. PNa quantification of the hy-
drophilic formulations was performed using the method described in
paragraph 2.3. Sample preparation was performed as follows. Ten units
from each batch were melted individually in 20 mL of water at 80 °C,
then the solution was diluted to obtain the target concentration of 120
pg/mL and injected into the HPLC system. For the lipophilic formula-
tions, each suppository was melted using a water bath at 50 °C. Then, 10
mL of 1-octanol was added to the Erlenmeyer flask and ultrasonicated
for 15 min. A total of 20 mL of 0.1 N NaOH solution was then added, and
the mixture was homogenized before transfer into a separating funnel,
previously rinsed with the 0.1 N NaOH solution. The separating funnels
were inverted 20 times and left to decant at room temperature. After 24
h, the lower aqueous phase was withdrawn for HPLC analysis after
performing appropriate dilution in deionized water to obtain the target
concentration of 150 ug/mL and injected into the HPLC system. The
reference value corresponds to the acceptance value (AV), which must
be lower than 15 % to establish a compliant dosage.

2.5.3. Resistance to rupture

This test was realized using an SBT apparatus (Erweka, Germany) at
room temperature (22 + 0.5 °C) following the recommendations of
monograph 2.9.24 of the EP (6th edition) [25]. In order to determine the
mass at which the suppository breaks or crushes at room temperature, an
initial load of 600 g was applied to each suppository, and a load of 200 g
was added to the rod attached to the upper jaw every minute on top of
the initial load until the suppository broke or tore.

European Journal of Pharmaceutics and Biopharmaceutics 204 (2024) 114532

Table 3
thresholds for the RGB additive color method analysis (LAV: least acceptable
value; LSV: least satisfactory value).

Color Criterion LAV Lsv

Red Accuracy % 90-110% 95 -105 %
Precision (RSD %) 10 % 5%

Green  Analytical GREennEss 0.33 0.66

Calculator score
Liquids chemical
consumption
Chemical Hazard

648 mL / 10 units 324 mL / 10 units

5 hazards
pictograms in total

3 hazards
pictograms in total

Blue Cost-effectiveness 22€ / 10 units 11€ / 10 units
Human Time- 2h /10 units 1 h /10 units
effectiveness

Process Time- 28 h / 10 units 14 h / 10 units

effectiveness

2.5.4. Softening time

The softening time was measured according to monograph 2.9.22 of
the EP using apparatus A [37], at 37 °C. Each suppository was inserted
tip-first into a glass tube containing 10 mL of water, which was placed in
a water bath maintained at 36.5 £+ 0.5 °C. Immediately following the
insertion of the suppository, a rod was introduced into the tube. The tube
was then covered, marking the beginning of the timing process. The time
recorded was the duration required for the rod to descend to the bottom
of the glass tube and for the marked ring to align with the top of the
plastic cover.

2.5.5. Dissolution

For the hydrophilic formulations, the USP basket method was
employed for all the in-vitro dissolutions (USP 1, Sotax, ATS Xtend™)
following the 2.9.3 EP monograph [29]. A volume of 500 ml of pH 6.8
USP buffer was used as the dissolution media at 37 °C and the stirring
rate was of 50 rpm. The dissolution of the lipophilic suppositories were
investigated using an automated flow-through cell dissolution apparatus
(USP 4, Sotax, Aesch, Switzerland) as recommended by the 2.9.42 EP
monograph [38], using 500 mL of pH 6.8 USP buffer at 37 °C in a closed
loop setting with a flow rate set at 20 mL min~'. At appropriate in-
tervals, 5 ml of each sample was taken and PNa was quantified. The
dissolution test results were analyzed according to the 2.9.3 and 2.9.42
monograph for immediate liberation forms, with a final concentration
equal or higher than 100 % of the dosage.

2.5.6. Analytical process comparison between hydrophilic and lipophilic
formulations

In order to compare the quantification process between lipophilic
and hydrophilic formulations in an overall and non-subjective way, a
RGB additive color evaluation was performed as described by Nowak
and Koscielniak [39]. The red part evaluates the analytical performance
of the methods used through the accuracy and precision values, as rec-
ommended by the ICH Q2R1. The green part focuses on safety and eco-
friendliness. For that part, we used the AGREE calculator published by
Pena-Pereira et al [40], along with the consumption (volume) of the
liquid chemicals and chemical hazards. The blue section evaluates
productivity and practical effectiveness through 3 items: cost-
effectiveness, human time and process effectiveness (detailed in
Table S1 in Supplementary data). For comparison purposes, the results
obtained from the analytical control process of lipophilic suppositories
were used as least acceptable values (LAV) and the least satisfactory
value LSV corresponds to the double or half (depending on the param-
eter) of the LAV score (Table 3).
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P

Fig. 3. Visual aspect of hydrophilic pentobarbital sodium suppositories one day after preparation. G: gelatin-based suppositories, GP: gelatin/PEG4000-based

suppositories and P: PEG4000-based suppository (colored figure).

D1 D14 D30
G3

suppositories

GP3
suppositories

Fig. 4. Appearance of the Gelatin (G3) and Gelatin/PEG (GP3) hydrophilic
formulations containing NaOH after 1, 14 and 30 days of storage (respectively
D1, D14 and D30); the arrow indicates the presence of a precipitate
(colored figure).

3. Results and discussion

3.1. Pentobarbital sodium quantification and instant solubility
determination

The chromatographic method used was found to be linear for con-
centrations ranging from 60 to 180 pg/mL. The average weighted
regression equation was Y = 21336X + 11901, where X is the pento-
barbital concentration after dilution (in pg/mL), and Y is the surface
area of the corresponding chromatographic peak. The average deter-
mination coefficient R? of the three calibration curves was 0.999. No
matrix effect was detected, as the sodium pentobarbital retention time,
the slope, and the intercept of the calibration curve did not change
significantly with the matrix. The relative mean trueness bias co-
efficients were less than 1 %. The mean repeatability RSD coefficient
was 1.50 %. Using this method of quantification, the instant solubility of
PNa was determined at 450 mg/ml, which is more than a thousand times
higher than the solubility of the un-ionized molecular form of pento-
barbital, reported at 679 pg/mL [41].

Table 4

Uniformity of content of hydrophilic formulations (G1, G2, G3, GP1, GP2, GP3
and P). Values are expressed as mean + standard deviation (SD), with n = 30 for
dosage and n = 3 for acceptance value. AV = acceptance values.

G1 G2 G3 GP1 GP2 GP3 P
Average 59.61 5751  57.31 5855 57.48  61.92  59.83
dosage +1.85 4097 +1.62 +1.53 +172 +131 +3.93
(mg) +

SD

Mean AV 5.75 65+ 60+ 64+ 79+ 64+ 1562
(%)+SD  +04 1.0 1.1 1.2 3.9 2.4 +4

3.2. Characterization of the hydrophilic formulations

3.2.1. Visual inspection

The Gelatin and Gelatin/PEG formulations without NaOH (G1, G2,
GP1 and GP2) presented a creamy, cloudy aspect one day (D1) after
preparation, compared to the formulations containing NaOH (G3 and
GP3) which remained translucent (Fig. 3). This aspect was not noticed
during the actual preparation process, as all solutions presented a
translucent aspect, but was only discovered after unwrapping the sup-
positories at D1. This is very probably due to the precipitation of PNa in
the gelatin and gelatin-PEG solution since the pH of these solutions
(before solidification during the cooling step) was found to be of 5.4
which is lower than the pKa of pentobarbital reported at 8.11, thus
resulting in PNa reverting to its molecular low water-soluble form [41].
This phenomenon was possibly accentuated by the storage at refriger-
ated temperature [42]. The use of NaOH in gelatin and gelatin/PEG
formulas allowed those solutions to reach a pH between 9 and 10, which
is higher than the pKa of pentobarbital, allowing PNa to remain in its
ionized and highly soluble form. The result was the production of a clear
solution and translucent suppositories, with no visible precipitates in the
formulations during 30 days of storage at 5 + 3°C except for one unit of
GP3 which showed the first signs of a precipitation at D30, (Fig. 4),
possibly due to the presence of multiple acid functions in PEG4000
acidifying the media and the lower water proportion. It should be noted
that instant precipitation occurred during the preparation of PEG-based
suppositories (P), when the pentobarbital solutions were mixed with
PEG4000 base before casting, resulting in white opaque suppositories.

3.2.2. Uniformity of dosage units

Content uniformity results for the hydrophilic formulations are
presented in Table 4. All gelatin and gelatin/PEG formulations presented
an AV which was lower than 8 %. This could be explained by the high
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solubility of PNa in gelatin and gelatin/PEG solutions, therefore allow-
ing a good homogeneity of the produced units. However, the high AV
value found for PEG-only formula (higher than 15 %) is probably due to
the precipitation of PNa during preparation in presence of PEG-4000
(theoretical concentration of PNa in water for this formula (660 mg/
mL) exceeding the solubility threshold of 450 mg/mL), which decreased
the homogeneity of the units during preparation and casting.

3.2.3. Resistance to rupture and softening time
The resistance to rupture of the suppositories was assessed in order to
evaluate their fragility or brittleness, by determining their ability to

withstand the stresses encountered during packaging, transportation,
and routine handling, including rectal administration. The results of this
assay are presented Fig. 5. The hardness of the hydrophilic formulations
correlates well with the proportion of gelatin present in the formulation.
In fact, formulations with a higher gelatin proportion had a higher
breaking strength which would be explained by its elastic properties
[43]. On the other hand, it can be noticed for both gelatin and gelatin/
PEG formulation that the addition of NaOH (G3 and GP3) increased the
resistance to rupture even further. This interesting observation would be
due to the increased gel strength, such as described in other studies
showing that alkalized gelatin (pH 9) had the highest gel strength and
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exhibited a finer and more compact network structure with smaller
pores, while acid addition weakened the gel strengths of the gelatin
[44-46]. The PEG addition to the gelatin solution decreased the resis-
tance to rupture of the suppositories, which is due to the low quantity of
PEG4000 used in gelatin/PEG formulations. Nevertheless, softening
times for almost all of the hydrophilic formulations were found to be of
less than 2 min (Fig. 6), except for GP1 formulation. The results of the

softening time of the P formulation is not shown as the average softening
time was higher than 15 min, which coherent with the high melting
point (reported as being higher than 50 °C) of PEG4000 [47].

3.2.4. Dissolution tests
The quantity of PNa released during the dissolution tests was above
80 % of the nominal quantity at 10 min for G1, G2, GP1 and GP2
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formulations (Fig. 7), however, the cumulative released amount of PNa
amount didn’t reach 100 % for these formulas devoid of NaOH. Since the
pH of the gelatin solutions was acid, it led to the precipitation of
pentobarbital by transforming its ionized salt form into its molecular
unionized form. The precipitated pentobarbital was not able to dissolve
into the dissolution media, which had a pH lower than the pka of
pentobarbital (6.8 versus 8.1). Only formulas containing NaOH (G3 and
GP3) released an amount of 100 % of PNa at 5 min, which can be also
linked to the fast dissolution of gelatin as described in the softening time
test results. Interestingly, the PEG4000 suppositories (P) showed a ki-
netic release of PNa reaching amounts of 100 % (Fig. 7-B). The release
kinetic of PNa presented a less steep curve which reached 100 % of 20
min, This information, combined to the softening time results, could
point to the main release mechanism being bulk diffusion and not
erosion limited [48]. However, the interpretation of the kinetic release
could be misleading due to the non-compliance of the produced
PEG4000 batches with the uniformity of dosage units as they could
contain amounts differing from the nominal quantity of 60 mg of PNa.

In view of the obtained results of the hydrophilic suppositories
characterization, the optimal formulation appears to be G3 since it has
the fastest PNa release, the highest resistance to rupture and a good
homogeneity. Indeed, this formulation meets the European Pharmaco-
poeia recommendations for each test performed, with the absence of
precipitation on visual examination over 30 days. This formulation was
therefore chosen for comparison with lipophilic formulations, both in
terms of dissolution kinetics and quantification process.

3.3. Comparison with lipophilic formulations

3.3.1. Dissolution tests

The kinetics of the release of PNa from the F1 formulas showed that
80 % of PNa was reached only after 90 min and that the 100 % release
target was still not reached after 120 min of dissolution (Fig. 8). For the
F2 formulations, the amount of pentobarbital released did not exceed
50.8 % after 120 min of dissolution. This is likely due to the trans-
formation of PNa to its molecular unionized state by protonation with
the oleic acid in F2 formula [26], which increased the affinity of
pentobarbital for the glycerol esters of the fat-base [49], leading to a
diffusion-controlled release of the drug (based on the Higuchi release

Table 5
Release kintetic of hydrophilc (G3) and lipophilic (F1 and F2) formulations, Q:
fraction of drug released per minute, t: time in minute.

Formulation Release kinetic  Release Correlation
fit model kinetic coefficient (R?)
equations
G3 Zero-Order Q =20.304xt 0.9996
Kinetics
F1 First-Order 1-Q = 0.9427
Kinetics e 0-0148xt
F2 Higuchi Q = 4.6799 x 0.9992
Vit
Cocoa butter base Higuchi Q = 4.6657 x 0.9983
(Doluisio et al. NG
1978)
Unknown synthetic Korsmeyer- Q =0.515x 0.9031
base (Doluisio et al.  Peppas 0121

1978)

model) [50] (Table 5). In fact, we found a highly similar kinetic release
in cocoa butter-based formula reported by Doluisio et al [22], a base
which also contains about 33 % of oleic acid [51]. They found that a
peak concentration in serum was reached after 9 to 10 h in three subjects
receiving this formulation. The other formula of PNa was in a synthetic
media of undisclosed nature provided by Abbott®, but which is likely to
be a hydrophilic formulation (based on the Korsmeyer-Peppas model
implying a diffusion type release [52]). In this formula, the PNa amount
didn’t reach 100 % release either, however the time to reach a peak
concentration in serum was found to be must shorter (4 h). As the
pharmacological activity of PNa must take place quickly (so as for
example to reduce waiting time), a fast release is therefore desired,
especially for children. The enhanced release of pentobarbital from
hydrophilic suppository bases, in comparison to lipophilic ones, might
be attributed to the increased diffusibility of pentobarbital and its sub-
sequent solubility in the dissolution medium. This phenomenon may be
due to the low aqueous solubility of molecular pentobarbital, which
results in a higher affinity of the drug for lipophilic bases over hydro-
philic ones. Consequently, pentobarbital would tend to remain within
the lipophilic matrix for a prolonged period compared to hydrophilic
bases. Furthermore, the elevated release of pentobarbital from
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Fig. 9. RGB method results of the quantification process for lipophilic and hydrophilic formulation (LAV: least acceptable value; LSV: least satisfactory value; W and
w: weight of the color and criterion, respectively; CS: compound score) (colored figure).

hydrophilic bases can be associated with the rapid disintegration of
gelatin-base suppositories and the solubility of the matrix in an aqueous
medium [48]. Studying the in-vitro release profile of pentobarbital
suppositories can bring extra information useful for the development of
formulations with optimal absorption, potentially leading to predictable
pharmacological effects in patients, but should be completed with
pharmacokinetic studies to determine the safety of these medicines [16].

In this study, we aimed to conduct preliminary evaluations of for-
mulations to assess their potential for pediatric procedural sedation. In-
vitro testing is a crucial step in formulation development as it allows for
the estimation of the influence of critical quality attributes and critical
process parameters on the formulation. While in-vitro dissolution testing
is an important quality control method, it does not fully replicate the
complexities of the in-vivo rectal environment, which includes factors

10

such as variable fluid volume, enzyme activity, and the presence of
mucosal barriers [16]. Additionally, for fast-release formulations,
dissolution may not be the limiting factor in drug absorption into the
systemic circulation; permeability also needs to be considered [28]. This
discrepancy is particularly relevant for drugs like pentobarbital, where
factors such as rectal mucosal permeability and the local environment
significantly impact bioavailability. Given that dissolution tests cannot
fully predict actual drug absorption in-vivo, further in-vivo studies are
required to confirm absorption kinetics and optimize the formulation.
While the current available data provides valuable insights into the in-
vitro characteristics of the formulations and their impact on PNa release
(and thus on their potential pharmacological activity), in-vivo studies are
necessary to fully determine their clinical efficacy and safety [53].
Future research will focus on conducting comprehensive in-vivo
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evaluations in appropriate animal models or clinical trials, which will
allow a more direct comparison with conventional sedation systems.
These studies are essential to confirm the effectiveness of the formula-
tions in real-world pediatric settings.

3.3.2. Comparative quantification process

The use of the RGB additive color evaluation method (Fig. 9) made it
possible to compare the two quantification processes used according to
the formulation (lipophilic (A) versus hydrophilic (B)), particularly from
an ecological and safety aspect point of view, as well as in productivity
terms.

The analytical parameters (red section) remain substantially iden-
tical for the two quantification processes, using the same analytical
method and both meeting the ICH Q2R1 guidelines [35]. The ecological
and safety parameters (green section) show that the quantification
process used for the hydrophilic formulation is safer, more environ-
mentally friendly, with a volume of toxic solvents used reduced by more
than 50 % (648 mL/ 10 units for A versus 288 mL/10 units for B). This is
explained by the use of water during the dilution step before analysis, as
well as the absence of extraction steps requiring 1-octanol. This is
visualized through the AGREE score ((Fig. 10) with a score of 0.52 for B
compared to 0.36 for A, highlighting safer preparation stages (item
number 1, 4, 5, 7, 10 and 12 in the AGREE calculator). The productivity
parameters (blue section) results show a reduction in the time associated
with the preparation of the hydrophilic suppository quantification pro-
cess, with a reduction of 24 h on the process itself (28 h for A versus
4h20min for B for the uniformity of dosage unit) and a reduction by half
of the human time mobilized for this task (2 h for A compared to 1 h for B
per batch). The associated cost is reduced by a factor of 10 for the
quantification of hydrophilic suppositories (22€/10 units for A
compared to 2.07€/10units for B). The improvement in these produc-
tivity factors and practical efficiency are notably due to the absence of
the extraction phase requiring time and expensive solvents. The RGB
method expresses this result in color coding allowing the qualitative
characteristics of a method, its coherence and its general predispositions
to be annotated and recognized. For the lipophilic formulations, the
result is red which means that only the analytical performance exceeds
the LSV, indicating that the method may be “the method of choice if the
number of analyzes planned is relatively low, and if there is no “greener”
alternative”. The results obtained for the hydrophilic formulation G3 are
better; in fact, the color expressed is magenta with higher “brilliance”
(indicating perfection or flawlessness of the method). Magenta is a
mixture of red and blue color (meaning that the process present a good
analytical performance with high productivity), which corresponds to “a
method of choice if there is no “greener” alternative”[39]. This new
formulation of gelatin-based hydrophilic suppository allows an increase
of productivity, freeing up human time and allowing significant savings
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on the control process associated with the production of a batch.

4. Conclusion

The work detailed here presents the development of fast-dissolving
pentobarbital suppositories that could represent a significant advance-
ment in pediatric procedural sedation, offering a safe and efficient
alternative for healthcare providers. By prioritizing patient comfort and
procedural success, we aim to contribute to the improvement of pedi-
atric healthcare practices and outcomes. Our research demonstrates that
the fast-dissolving gelatin-based sodium pentobarbital suppositories
showed promising preliminary results from a biopharmaceutical point
of view in order to get an effective sedation for pediatric patients un-
dergoing radiological examinations. The use of NaOH in hydrophilic
suppositories allowed a total release of the pentobarbital from the ma-
trix, and the comparison with traditional lipophilic formulations indi-
cated faster liberation of pentobarbital, as well as a higher cost-effective
quality control process. A physical, chemical, and microbiological sta-
bility study could now be conducted to establish the storage conditions
and the shelf life of these suppositories.
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