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Abstract

Background and Purpose: Aiming to achieve light sedation via intranasal administration, this study showed
that propofol (PPF) did not permeate across the rabbit nasal mucosa ex vivo from its marketed emulsion for
injection. Experimental approach: Dilution of the emulsion with methyl-B-cyclodextrin in saline solution
increased propofol solubility in water and diffusion across the nasal epithelium. Key results and conclusion:
Despite these positive effects of the cyclodextrin, the amount of PPF permeated was minimal in 3 h,
exceeding the formulation residence time in the nose. These results highlight the key role of formulation
and the need for innovation in solubility and transmucosal transport enhancement techniques to optimize
drug delivery and therapeutic efficacy.

©2024 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http.//creativecommons.org/licenses/by/4.0/).
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Introduction

Propofol (PPF) is an intravenous anesthetic and sedative drug extensively used in clinical practice. It is
administered intravenously (IV) as a bolus injection or infusion [1]. It also exhibits dose-dependent amnestic
and anxiolytic effects [2].

Procedural sedation and analgesia are of utmost importance in emergency medicine, both in the pre-
hospital and hospital settings [3]. Despite pain being one of the primary reasons for access to the emergency
department (ED) [4], the control of a patient’s anxiety and consciousness is a fundamental skill of the
emergency physician [5], at any stage of life [6]. Sedation eases diagnostic and therapeutic procedures (e.g.,
luxation reduction, wound exploration, etc.), especially in poorly cooperative patients.

Multiple strategies and medications are available for pain control, some delivered via non-conventional
drug administration routes like the nasal one. In contrast, fewer options exist for light sedation. In clinical
practice, the ideal sedative should: 1) be rapidly administered; 2) show rapid onset and offset of action,
possibly with a linear dose-response relationship; and 3) cause minimal and predictable side effects. PPF
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possesses all these properties and thus is widely used for anesthesia during surgery. Its use by non-
anesthesiologists has been extended for sedating non-surgical patients [7,8].

PPF has very low solubility in water, as reported by Kazi et al. [9] and Date and Nagarsenken [10] without
specifying the temperature (0.124 or 0.154 mg/ml, respectively). For this reason, it is formulated as a lipid-
based liquid for injection. PPF raw material itself is a yellow oily liquid [11]. The marketed products are oil-
in-water emulsions at 1 or 2 % PPF concentration (e.g., Diprivan® by Aspen Pharma or the generic Propofol
Kabi in Italy). Their IV bolus causes injection-site pain [12], whose origin and mechanism remain unclear. The
drug itself, the lipid excipient, and the venous access are factors possibly involved in the pain experience.

Considering this and other drawbacks of IV PPF [2], a new concept could be to change the administration
route, especially when light sedation, instead of deep anesthesia, is preferred. The intranasal (IN) route is
intriguing for this purpose. In fact, several drug substances elicit a systemic effect upon delivery and
deposition of the formulation inside the nasal cavities [13,14]. Midazolam and fentanyl are successfully
employed for IN analgesia and sedation, especially in children [15,16]. Ketamine and dexmedetomidine, even
in association, have been considered as well [17,18]. Following IN administration, anxiolytic and sedative
effects may result from the double contribution of i) rapid absorption of the drug across the nasal epithelium
and entry into the blood circulation and i) direct nose-to-brain transport via the olfactory and trigeminal
pathways [19]. The approach is non-invasive and relevant for uncooperative patients. It may also work for
other sedative and anxiolytic agents in the ED, including propofol. Only one study investigated the sedation
effect elicited by PPF emulsion administered intranasally to rats [20]. These authors found a pharmaco-
dynamic response to IN Diprivan® not significantly different from that of IN saline (negative control), whereas
sedation was obtained with IN propofol-loaded chitosan amphiphilic nanoparticles. The greater response to
the non-lipid nanoparticles vs. the lipid emulsion was attributed to an effect of the formulation.

Here, we assessed the transport of PPF across the rabbit nasal mucosa ex vivo because the hoped-for light
sedation depends on the amount of drug released from the formulation and reaching the blood from the nasal
cavity. The experiments were carried out by using Franz-type diffusion cells and rabbit nasal mucosa as model
tissue [21]. The effect of methyl-B-cyclodextrin on PPF solubility and permeation was also evaluated [2].

Experimental

Materials

Propofol (PPF; 0.96 g/ml density at 25 °C) raw material (batch # FCB050002) was purchased from
Fluorochem (Hadfield, UK) and used as an analytical standard for HPLC analysis. The commercial Propofol
Kabi injection (PPF-FK; Fresenius Kabi, Isola della Scala, VR, Italy) was used for the permeation experiments
as such or after dilution. PPF-FK is a milky white O/W emulsion for injection containing 10 mg/ml propofol. It
is packaged in glass ampoules containing 20 ml of emulsion and was stored in the lab according to the
manufacturer’s instructions (<25 °C). Methyl-B-cyclodextrin (Me-3-CD; CAS 128446-36-6) was supplied by
Sigma-Aldrich (Darmstadt, Germany). HPLC-grade acetonitrile and methanol were purchased by Merck KGaA
(Darmstadt, Germany). All salts, reagents and other solvents were analytical grade.

Methods
PPF equilibrium solubility study

The equilibrium solubility of PPF raw material was investigated in physiological saline solution (0.9 % w/v
NaCl; from now on referred to as “saline”) using the liquid PPF raw material. An excess volume of PPF (about
200 pl) was added to 2 ml of the saline containing increasing concentrations of Me-B-CD, namely 0.07, 1.47
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and 2.94 % (w/v). A fourth sample contained the saline without Me-B-CD. In all cases, liquid PPF was layered
on top of the aqueous phase. Then, the vials were screw-capped and placed on an orbital shaker (100 rpm;
25 °C) for 22 hours. After 2 h of vial rest without shaking, a sample of the aqueous layer at the bottom was
carefully withdrawn using a Hamilton syringe and centrifuged (10,000 rpm, 15 min). The collected samples
were diluted with methanol for HPLC analysis. The experiment was conducted in duplicate.

PPF permeation experiments ex vivo

The ex vivo permeation experiments were carried out according to a consolidated protocol of the lab [22-25].
Vertical Franz-type diffusion cells (area 0.58 cm?) and excised rabbit nasal mucosa from slaughterhouse waste
(Pola srl, Finale Emilia, MO, Italy) were used. The tissue was extracted within 2-3 h from the animal’s death and
inserted between the cell donor and receptor compartments. After clamping the compartments together, the
assembly tightness was verified by loading 200 ul of saline solution into the donor and checking for any leakage.
Then, the lower compartment was accurately filled with 4.7 ml of Me-B-CD (0.07 % w/v) in saline as the
receiving medium. After 15 min equilibration at 37 °C, the donor compartment was loaded either with 1 ml of
PPF-FK emulsion as such (10 mg PPF loaded) or PPF-FK diluted 1:5 with saline without or with Me-B-CD (2 mg
PPF loaded; 2.94 % w/v Me-B-CD).

The experiments lasted 3 hours with the medium magnetically stirred (250 rpm). At pre-determined time
points, 0.5 ml of medium was sampled and replaced with an equal volume of fresh medium. After the last
sampling, 100 pl of the residual formulation in the donor compartment was collected for PPF quantification
and mass balance calculation. This aliquot was diluted with methanol, the obtained solution centrifuged
(10,000 rpm, 5 min), and the supernatant injected in HPLC.

The mucosa specimen was collected, rinsed, and frozen. On the day of analysis, it was thawed and finely
cut with a surgical blade to extract PPF with water and methanol by manual homogenization with a pestle.
The resulting suspension was centrifuged (10,000 rpm, 10 min), and the supernatant was injected to quantify
the PPF extracted. Finally, the samples withdrawn from the receptor were centrifuged (10,000 rpm, 10 min),
and the supernatant was injected.

HPLC-UV method for propofol quantification

PPF concentration in the samples was determined by HPLC-UV on an Agilent Series 1100 apparatus with UV-
Vis detection (software Chemstation v. B.04.03). The stationary phase was a Luna C18 column (3 um, 150x4.60
mm; Phenomenex, Torrance, CA, USA). The mobile phase was composed of 20 mM KH,PO, : acetonitrile
(16:84), pH 3.0, for isocratic elution at 0.8 ml/min flow rate (backpressure 78-80 bar at T <25 °C). Absorbance
was measured at 220 nm. In these conditions, the retention time of propofol was 3.2 minutes. The propofol
standard solution was prepared by diluting 50 pl of PPF raw material into 20 ml with methanol (Stock solution).
50 ul of stock solution was further diluted to 10 ml with methanol (Standard solution; 12 pg/ml). Stock and
standard solutions were freshly prepared on each day of analysis.

The method linearity was verified by analyzing a series of PPF solutions in methanol (1.0, 2.5, 5.0, 10.0,
20.0 pg/ml). Each concentration was injected in triplicate (Vinj: 10 ul). A straight line was obtained in the
considered concentration range (y = 28.951x + 0.9417; R* = 0.9998). Moreover, using the signal-to-noise ratio
method, the limit of quantification (LOQ) was determined at 0.25 pg/ml.
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Results and discussion
Propofol solubility in saline was increased by methyl-8-cyclodextrin

In the 1990s Trapani and co-workers [26] first proposed the use of B-cyclodextrins to increase the
solubility of PPF in water. Hydroxypropyl-B-CD (HP-B-CD) concentrations in the range of 4.05 - 40.5 % (w/v)
increased PPF aqueous solubility up to 250 folds [26]. The cyclodextrin hollow truncated cone structure
accommodates lipophilic molecules inside the hydrophobic cavity. The external surface is hydrophilic and
provides solubility of the complex in water. Later, the solubilizing action of sulfobutylether 7-B-cyclodextrin
(SBE-CD) was exploited, yielding, after compounding and lyophilization, a product with PPF concentration of
10 mg/ml [27]. Very recently, the interaction of PPF with HP-B-CD has been described by molecular modelling
[2]. All this research shared the goal of increasing propofol solubility in water to develop aqueous-based
injectable formulations, possibly reducing the cited drawbacks of lipid-based formulations.

HP-B-CD and SBE-CD are the most extensively used CD derivatives in marketed products for all administra-
tion routes except nasal [28]. As this study focused on PPF nasal administration, we selected methyl-B-CD (Me-
B-CD) because it was used in an estradiol-containing marketed liquid nasal spray, currently discontinued (Aero-
diol®, Laboratoires Servier, Suresnes, France). Moreover, the analgesic carfentanil complexed with dimethyl-B-
cyclodextrin was absorbed more rapidly and extensively via the nasal route than intramuscular injection or oral
administration [29]. About 2 to 5 % concentrations of Me-B-CD were reported not to damage the mucosal
membrane, whereas irreversible cilia-inhibition was observed at 10 % Me-3-CD [30]. Me-B-CD works as a solu-
bilizer and may directly act on cell membranes, ultimately enhancing the drug transmucosal permeability [31].

107  y=0.2965x + 0.8597, R? = 0.9132

Concentration of propofol, mM

Concentration of Me-3-CD, mM
Figure 1. Phase solubility diagram of propofol in 0.9 % (w/v) NaCl saline solution as a function of
methyl-B-cyclodextrin concentration at room temperature (<25 °C). Data are reported as mean + SD (n=3).

Figure 1 shows the phase solubility diagram of PPF as a function of Me-B-CD concentration. The solvent
of the Me-B-CD solutions was saline, not water, because of its suitable tonicity for the subsequent
permeation experiments with the biological membrane. Me-B-CD increased the solubility of PPF in saline by
about 5.5 folds across the considered concentration range (from 0.263 to 1.463 mg/ml). The Me-B-CD
concentrations used were deliberately low and in a narrow range to remain below the 5% concentration limit
to avoid mucosal damage. The lowest cyclodextrin concentration of the range was too small to exert an effect
on PPF solubility. The fair linearity of the diagram (R? = 0.9045) indicates that a 1:1 inclusion complex was
formed. The calculated affinity Ki.1 constant was 278.53 M. The inclusion complex was not isolated for
further characterization. Nevertheless, Me-B-CD usefully improved the aqueous solubility of propofol at safe
concentrations for nasal application.
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Propofol did not diffuse across the excised mucosa from the commercial emulsion

As mentioned, in their in vivo study, Uchegbu and co-workers [20] administered the injectable emulsion
intranasally without seeing an effect. Thus, in the first ex vivo permeation experiment of the present work,
the Propofol Kabi (PPF-FK) emulsion for injection was used as donor formulation (1 ml). It was found that PPF
did not permeate the nasal tissue in 3 hours. It was never detected in the receptor compartment, and the
mass balance confirmed that 100 % of the loaded PPF was still in the donor. We could exclude that the
observed zero diffusion was due to low PPF solubility in the receptor medium; in fact, a preliminary transport
experiment with Franz cells and a regenerated cellulose membrane (12-14 kDa MWCO) separating the
compartments confirmed that sink conditions were respected (data not shown). This result could be
explained by the lipophilic PPF remaining concentrated in the emulsion oil phase, with negligible partition
toward the external aqueous phase for subsequent transmucosal diffusion. In this regard, by dialyzing 4 ml
of PPF-FK in a regenerated cellulose dialysis tube (12-14 kDa MWCO) against 150 ml of an aqueous solution
of 1 % hydroxypropyl-B-cyclodextrin [26] in saline, we verified that PPF was released very slowly. PPF
concentrations out of the tube were 3.7 and 15 pg/ml after 3 and 24 hours, respectively. Several authors
have determined the concentration of PPF in the aqueous phase of the emulsion (called “emulsion-free
PPF”), mostly by dialysis methods over 24h, and reported similar values in the order of 10-17 pg/ml,
corresponding to only 0.1% of the PPF concentration in the whole emulsion [32-34]. Hence, when the
emulsion was deposited on the nasal membrane, its aqueous phase with such a very low PPF concentration
mixed with mucus and led to an even lower PPF concentration in contact with the mucosa. In addition, the
PPF partition did not favor the aqueous mucus, negatively affecting the concentration gradient across the
mucosa and the diffusion. Yamakage et al. [33] also reported that the emulsion-free PPF decreased upon
warming the emulsion from 20 to 36 °C. As the present permeation experiments were conducted at 37 °C,
this temperature could have further reduced the concentration gradient for diffusion. In summary, the
marketed injectable emulsion made PPF not (bio)available to cross the nasal mucosa.

Emulsion dilution with methyl--cyclodextrin could contribute to propofol nasal permeation

Developing a new formulation for the intranasal administration of PPF was beyond the scope of this study.
We chose to modify the commercial PPF-FK emulsion by increasing the volume of the external aqueous
phase. This could facilitate the interaction of the emulsion with the mucus [35], which is described as an
unstirred water layer (UWL) at the exterior surface of a lipophilic membrane, offering resistance to permea-
tion, especially of poorly soluble drugs [36]. The emulsion was diluted 5 folds as instructed in the summary
of product characteristics. The diluents were either saline solution alone or saline containing 2.94 % (w/v)
Me-B-CD, i.e., the maximum cyclodextrin concentration considered in the phase solubility study. Prior to the
experiment, PPF was quantified in the aqueous phase of both dilutions after separating the oil and water
phases by centrifugation (10,000 rpm, 20 min). PPF concentrations of 54.9 + 0.8 ug/ml and 389.7 + 3.4 pg/ml
were measured, respectively without and with Me--CD. Thus, the dilution with saline slightly increased the
“emulsion-free” PPF compared to the PPF concentration determined by dialyzing the commercial emulsion.
More importantly, in the dilution made with the Me-B-CD-containing saline, the complexation of propofol by
the oligosaccharide enabled more drug to partition from the oil to the water phase. It should be noted that
both the above PPF concentrations were lower than the solubility values determined at 0 and 2.94 % (w/v)
Me-B-CD concentrations in saline using PPF raw material (Figure 1). This difference was likely caused by the
presence of the oil phase in the diluted emulsion, for which propofol maintained the greatest affinity in
competition with cyclodextrin.
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Figure 2 shows the permeation of PPF from the two dilutions across excised rabbit nasal mucosa. The
dilution without cyclodextrin led to a very small amount of PPF permeated in 3h (8.9 + 1.3 pgcm™), i.e., less
than 0.3 % of the PPF initially loaded in the donor. 0.4 % of PPF was extracted from the mucosa, and the rest
was recovered from the donor (mass balance 97 %). The permeation was slow, with a 30-minute time lag,
and quite variable. Still, some drug had diffused compared to the commercial emulsion, despite the dilution
causing a 5-fold decrease of the total PPF concentration in the system. As measured, the dilution with saline
had minimally increased the emulsion-free PPF concentration, which is the actual fraction of the drug

available for diffusion at first.

Amount of PPF permeated, % of loading

1.0 0]
| @
0.5
4 ==
=] 0 5] =] = =
0.0 [j D T T T T T T T |
0 50 100 150 200
Time, min

Figure 2. Propofol transport across excised rabbit nasal mucosa from 1:5 dilutions of the PPF-FK emulsion
with: 0.9 % NaCl saline solution (square) and saline solution containing 2.94 % methyl-p-cyclodextrin (circle).
Data are reported as mean = SEM (n=3).

When the PPF-FK emulsion was diluted 5 folds with the 2.94 % (w/v) Me-B-CD solution in saline, PPF
permeation across the nasal membrane increased significantly. The time lag disappeared, signifying that
some drug molecules were immediately ready to cross the tissue and diffuse. The linearity of the profile
witnessed the early establishment of steady-state conditions maintained till the end of the test. The resulting
steady-state flux was 0.41 + 0.03 ug cm™ min™. 2.1 % of the loaded PPF diffused into the receptor compart-
ment in 3 h, corresponding to 73.4 + 4.1 ug cm2 of PPF. On the one hand, this result was reasonably driven
by PPF complexation by Me-B-CD. Despite the complexation that may determine a low concentration of free
unbound drug in solution, a greater amount of drug dispersed at the molecular level, either bound or
unbound, justifies the higher solubility in the aqueous phase. As discussed, this solubilizing effect by
cyclodextrin shifted the PPF partition equilibrium between the oil and aqueous phases of the diluted
emulsion, raising the emulsion-free drug concentration from 55 to 390 pg ml™. Such a 7-fold higher concen-
tration in the immediate vicinity of the biomembrane can justify the observed permeation. It enhanced the
availability of drug molecules for permeation in the UWL. The drug molecules bound within the complex are
in dynamic equilibrium with the unbound ones. While neither the bound molecules nor the complex itself
permeate the membrane, unbound molecules do so. As a consequence of this flux, other bound molecules
are released from the complex owing to the said equilibrium, thereby further sustaining the permeation

process [36].

On the other hand, a permeation enhancement effect mediated by Me-B-CD is not excluded as the
amount of PPF permeated was 9-fold greater than without cyclodextrin. Me-B-CD also led to more PFF
accumulated within the membrane (1.2%). It is reported that cyclodextrins can form complexes with lipid
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components of the cell membranes [37]. This alters the integrity of the nasal barrier and may influence the
elasticity of the nasal mucosa, ultimately leading to increased tissue permeability.

Conclusions

A positive effect of Me-B-CD was seen on PPF diffusion across the rabbit nasal tissue, mainly due to a
solubilizing action. Still, the permeation of the drug was minimal. The amount transported does not seem
capable of inducing sedation because it was measured during 3 hours, much longer than the average
residence time of a liquid inside the nose. PPF appears to be a difficult candidate for nasal administration,
and a formulation study is recommended to improve its water solubility and transmucosal transport to reach
blood levels that are useful for sedation. Liquid lipid-based formulations easily accommodate oily PPF, but
do not release it enough in the intranasal aqueous environment. One exciting opportunity may be
represented by nasal powders by exploiting the amorphous solid dispersion technology [38], similar to what
has been done for other drugs candidates for nasal administration, e.g., budesonide, which is even less
soluble in water than PPF [39].

Conflict of interest: The authors declare that they have no known competing financial interests nor personal
relationships that could have appeared to influence the work reported in this paper.

Author’s contribution: All authors contributed to the study conception and design. Material preparation, data
collection and analysis were performed by MD. Spampinato, A. Costanzini, F. Bortolotti and S. Banella. R. De
Giorgio, A. Passaro, N. Realdon and G. Colombo provided financial support and supervised all phases of the
study, including the manuscript writing. All authors read and approved the final manuscript.

Data availability: The datasets generated during and/or analyzed during the current study are not publicly
available, but are available from the corresponding author on reasonable request.

Funding: This research received no specific grant from any funding agency in the public, commercial, or not-
for-profit sectors.

Ethics approval: Ethical approval is not applicable for this article because no live animals were used for the
experiments.

References

[1] A.Y.Feng, A.D. Kaye, R.J. Kaye, K. Belani, R.D. Urman. Novel propofol derivatives and implications for
anesthesia practice. Journal of Anaesthesiology Clinical Pharmacology 33 (2017) 9-15.
http://dx.doi.org/10.4103/0970-9185.202205

[2] B. Wilhelms, J. Broscheit, S. Shityakov. Chemical Analysis and Molecular Modelling of Cyclodextrin-
Formulated Propofol and Its Sodium Salt to Improve Drug Solubility, Stability and Pharmacokinetics
(Cytogenotoxicity). Pharmaceuticals (Basel) 16 (2023) 667. https://doi.org/10.3390/ph16050667

[3] I Cappellini, G. Bavestrello Piccini, L. Campagnola, C. Bochicchio, R. Carente, F. Lai, S. Magazzini, G.
Consales. Procedural Sedation in Emergency Department: A Narrative Review. Emergency Care and
Medicine 1 (2024) 103-136. https://doi.org/10.3390/ecm1020014

[4] W.H. Cordell, K.K. Keene, B.K. Giles, J.B. Jones, J.H. Jones, E.J. Brizendine. The high prevalence of pain
in emergency medical care. The American Journal of Emergency Medicine 20 (2002) 165-169.
https://doi.org/10.1053/ajem.2002.32643

[5] EUSEM - European Curriculum of Emergency Medicine,
https://eusem.org/education/curriculum/european-curriculum-of-emergency-medicine (last
accessed July 30™, 2024)

[6] S.Serra, M.D. Spampinato, A. Riccardi, M. Guarino, A. Fabbri, L. Orsi, F. De laco. Pain Management at
the End of Life in the Emergency Department: A Narrative Review of the Literature and a Practical
Clinical Approach. Journal Of Clinical Medicine 12 (2023) 4357. https://doi.org/10.3390/jcm12134357

doi: https://doi.org/10.5599/admet.2403 765



https://doi.org/10.5599/admet.2403
http://dx.doi.org/10.4103/0970-9185.202205
https://doi.org/10.3390/ph16050667
https://doi.org/10.3390/ecm1020014
https://doi.org/10.1053/ajem.2002.32643
https://eusem.org/education/curriculum/european-curriculum-of-emergency-medicine

M. D. Spampinato et al. ADMET & DMPK 12(5) (2024) 759-768

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Y. Kanno, T. Ohira, Y. Harada, S. Koshita, T. Ogawa, H. Kusunose, Y. Koike, T. Yamagata, T. Sakai, K.
Masu, K. Yonamine, K. Miyamoto, M. Tanaka, T. Shimada, F. Kozakai, K. Endo, H. Okano, D.
Komabayashi, T. Shimizu, S. Suzuki, K. Ito. Safety and Recipient Satisfaction of Propofol Sedation in
Outpatient Endoscopy: A 24-Hour Prospective Investigation Using a Questionnaire Survey. Clinical
Endoscopy 54 (2021) 340-347. https://doi.org/10.5946/ce.2020.138

G.F. Ferrazzano, T. Cantile, M. Quaraniello, M. lannuzzi, D. Palumbo, G. Servillo, S. Caruso, F. Fiasca,
A. Ingenito. Effectiveness and Safety of Intravenous Sedation with Propofol in Non-Operating Room
Anesthesia (NORA) for Dental Treatment in Uncooperative Paediatric Patients. Children (Basel) 8
(2021) 648. https://doi.org/10.3390/children8080648

M. Kazi, A. Algahtani, M. Alharbi, A. Ahmad, M.D. Hussain, H. Alothaid, M.S. Aldughaim. The
Development and Optimization of Lipid-Based Self-Nanoemulsifying Drug Delivery Systems for the
Intravenous Delivery of Propofol. Molecules 28 (2023) 1492.
https://doi.org/10.3390/molecules28031492

A.A. Date, M.S. Nagarsenker. Design and evaluation of microemulsions for improved parenteral
delivery of propofol. AAPS PharmSciTech 9 (2008) 138-145. https://doi.org/10.1208/s12249-007-
9023-7

T.D. Egan. Exploring the frontiers of propofol formulation strategy: is there life beyond the milky way.
British Journal of Anaesthesia 104 (2010) 533-535. https://doi.org/10.1093/bja/aeg059

W. Zhang, J. Yang, J. Fan, B. Wang, Y. Kang, J. Liu, W. Zhang, T. Zhu. An improved water-soluble
prodrug of propofol with high molecular utilization and rapid onset of action. European Journal of
Pharmaceutical Sciences 127 (2019) 9-13. https://doi.org/10.1016/j.ejps.2018.09.024

L.A. Keller, O. Merkel, A. Popp. Intranasal drug delivery: opportunities and toxicologic challenges
during drug development. Drug Delivery and Translational Research 12 (2022) 735-757.
https://doi.org/10.1007/s13346-020-00891-5

L. Tiozzo Fasiolo, M.D. Manniello, E. Tratta, F. Buttini, A. Rossi, F. Sonvico, F. Bortolotti, P. Russo, G.
Colombo. Opportunity and challenges of nasal powders: Drug formulation and delivery. European
Journal of Pharmaceutical Sciences 113 (2018) 2-17. https://doi.org/10.1016/j.ejps.2017.09.027

S. Serra, M.D. Spampinato, A. Riccardi, M. Guarino, R. Pavasini, A. Fabbri, F. De laco. Intranasal
Fentanyl for Acute Pain Management in Children, Adults and Elderly Patients in the Prehospital
Emergency Service and in the Emergency Department: A Systematic Review. Journal of Clinical
Medicine 12 (2023) 2609. https://doi.org/10.3390/jcm12072609

V. Pansini, A. Curatola, A. Gatto, |. Lazzareschi, A. Ruggiero, A. Chiaretti. Intranasal drugs for analgesia
and sedation in children admitted to pediatric emergency department: a narrative review. Annals of
Translational Medicine 9 (2021) 189. https://doi.org/10.21037/atm-20-5177

A. Riccardi, M. Guarino, S. Serra, M.D. Spampinato, S. Vanni, D. Shiffer, A. Voza, A. Fabbri, F. De laco.
Narrative Review: Low-Dose Ketamine for Pain Management. Journal of Clinical Medicine 12 (2023)
3256. https://doi.org/10.3390/jcm12093256

F. Cossovel, A. Trombetta, A. Ramondo, G. Riccio, L. Ronfani, A. Saccari, G. Cozzi, E. Barbi. Intranasal
dexmedetomidine and intranasal ketamine association allows shorter induction time for pediatric
sedation compared to intranasal dexmedetomidine and oral midazolam. Italian Journal of Pediatrics
48 (2022) 5. https://doi.org/10.1186/s13052-021-01196-0

S.B. Shrewsbury. The Upper Nasal Space: Option for Systemic Drug Delivery, Mucosal Vaccines and
"Nose-to-Brain". Pharmaceutics 15 (2023) 1720. https://doi.org/10.3390/pharmaceutics15061720

I.LF. Uchegbu, M.C. Jones, F. Corrente, L. Godfrey, D. Laghezza, M. Carafa, P. Holm, A.G. Schatzlein.
The Oral and Intranasal Delivery of Propofol Using Chitosan Amphiphile Nanoparticles.
Pharmaceutical Nanotechnology 2 (2014). https://doi.org/10.2174/2211738502666140616184703

A. Haasbroek-Pheiffer, S. Van Niekerk, F. Van der Kooy, T. Cloete, J. Steenekamp, J. Hamman. In vitro
and ex vivo experimental models for evaluation of intranasal systemic drug delivery as well as direct
nose-to-brain drug delivery. Biopharmaceutics and Drug Disposition 44 (2023) 94-112.
https://doi.org/10.1002/bdd.2348

766

(co) X


https://doi.org/10.5946/ce.2020.138
https://doi.org/10.3390/children8080648
https://doi.org/10.3390/molecules28031492
https://doi.org/10.1208/s12249-007-9023-7
https://doi.org/10.1208/s12249-007-9023-7
https://doi.org/10.1093/bja/aeq059
https://doi.org/10.1016/j.ejps.2018.09.024
https://doi.org/10.1007/s13346-020-00891-5
https://doi.org/10.1016/j.ejps.2017.09.027
https://doi.org/10.3390/jcm12072609
https://doi.org/10.21037/atm-20-5177
https://doi.org/10.3390/jcm12093256
https://doi.org/10.1186/s13052-021-01196-0
https://doi.org/10.3390/pharmaceutics15061720
https://doi.org/10.2174/2211738502666140616184703
https://doi.org/10.1002/bdd.2348

ADMET & DMPK 12(5) (2024) 759-768 A proof-of-concept study for outpatient light sedation via nasal route

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

F. Bortolotti, A.G. Balducci, F. Sonvico, P. Russo, G. Colombo. In vitro permeation of desmopressin
across rabbit nasal mucosa from liquid nasal sprays: the enhancing effect of potassium sorbate.
European Journal of Pharmaceutical Sciences 37 (2009) 36-42.
https://doi.org/10.1016/j.ejps.2008.12.015

A.G. Balducci, L. Ferraro, F. Bortolotti, C. Nastruzzi, P. Colombo, F. Sonvico, P. Russo, G. Colombo.
Antidiuretic effect of desmopressin chimera agglomerates by nasal administration in rats.
International Journal of Pharmaceutics 440 (2013) 154-160.
https://doi.org/10.1016/j.ijpharm.2012.09.049

G. Colombo, F. Bortolotti, V. Chiapponi, F. Buttini, F. Sonvico, R. Invernizzi, F. Quaglia, C. Danesino, F.
Pagella, P. Russo, R. Bettini, P. Colombo, A. Rossi. Nasal powders of thalidomide for local treatment
of nose bleeding in persons affected by hereditary hemorrhagic telangiectasia. International Journal
of Pharmaceutics 514 (2016) 229-237. https://doi.org/10.1016/].ijpharm.2016.07.002

L. Tiozzo Fasiolo, M.D. Manniello, S. Banella, L. Napoli, F. Bortolotti, E. Quarta, P. Colombo, E. Balafas,
N. Kostomitsopoulos, D.M. Rekkas, G. Valsami, P. Papakyriakopoulou, G. Colombo, P. Russo.
Flurbiprofen sodium microparticles and soft pellets for nose-to-brain delivery: Serum and brain levels
in rats after nasal insufflation. International Journal of Pharmaceutics 605 (2021) 120827.
https://doi.org/10.1016/.ijpharm.2021.120827

G. Trapani, A. Latrofa, M. Franco, A. Lopedota, E. Maciocco, G. Liso. Effect of 2-hydroxypropyl-B-
cyclodextrin on the aqueous solubility of the anaesthetic agent propofol (2,6-diisopropylphenol).
International Journal of Pharmaceutics 139 (1996) 218. https://doi.org/10.1021/js970178s

M.K. Babu, T.N. Godiwala. Toward the development of an injectable dosage form of propofol:
preparation and evaluation of propofol-sulfobutyl ether 7-beta-cyclodextrin complex.
Pharmaceutical Development and Technology 9 (2004) 265-275. https://doi.org/10.1081/pdt-
200031428

G. Kali, S. Haddadzadegan, A. Bernkop-Schniirch. Cyclodextrins and derivatives in drug delivery: New
developments, relevant clinical trials, and advanced products. Carbohydrate Polymers 324 (2024)
121500. https://doi.org/10.1016/j.carbpol.2023.121500

P.Yang, Y. Li, W. Li, H. Zhang, J. Gao, J. Sun, X. Yin, A. Zheng. Preparation and evaluation of carfentanil
nasal spray employing cyclodextrin inclusion technology. Drug Development and Industrial Pharmacy
44 (2018) 953-960. https://doi.org/10.1080/03639045.2018.1425426

C. Muankaew, T. Loftsson. Cyclodextrin-Based Formulations: A Non-Invasive Platform for Targeted
Drug Delivery. Basic & Clinical Pharmacology & Toxicology 122 (2018) 46-55.
https://doi.org/10.1111/bcpt.12917

G. Rassu, M. Sorrenti, L. Catenacci, B. Pavan, L. Ferraro, E. Gavini, M.C. Bonferoni, P. Giunchedi, A.
Dalpiaz. Versatile Nasal Application of Cyclodextrins: Excipients and/or Actives. Pharmaceutics 13
(2021) 1180. https://doi.org/10.3390/pharmaceutics13081180

J.Y. Sim, S.H. Lee, D.Y. Park, J.A. Jung, K.H. Ki, D.H. Lee, G.J. Noh. Pain on injection with microemulsion
propofol. British Journal of Clinical Pharmacology 67 (2009) 316-325. https://doi.org/10.1111/j.1365-
2125.2008.03358.x

M. Yamakage, S. Iwasaki, J.I. Satoh, A. Namiki. Changes in concentrations of free propofol by
modification of the solution. Anesthesia & Analgesia 101 (2005) 385-388.
https://doi.org/10.1213/01.ANE.0000154191.86608.AC

R. Damitz, A. Chauhan, N. Gravenstein. Propofol emulsion-free drug concentration is similar between
batches and stable over time. Romanian Journal of Anaesthesia and Intensive Care 23 (2016) 7-11.
https://doi.org/10.21454/rjaic.7518.231.emf

R. Mitra, I. Pezron, W.A. Chu, A.K. Mitra. Lipid emulsions as vehicles for enhanced nasal delivery of
insulin. International Journal of Pharmaceutics 205 (2000) 127-134. https://doi.org/10.1016/s0378-
5173(00)00506-8

T. Loftsson, H.H. Sigurdsson, P. Jansook. Anomalous Properties of Cyclodextrins and Their Complexes
in Aqueous Solutions. Materials 16 (2023) 2223. https://doi.org/10.3390/mal16062223

doi: https://doi.org/10.5599/admet.2403 767



https://doi.org/10.5599/admet.2403
https://doi.org/10.1016/j.ejps.2008.12.015
https://doi.org/10.1016/j.ijpharm.2012.09.049
https://doi.org/10.1016/j.ijpharm.2016.07.002
https://doi.org/10.1016/j.ijpharm.2021.120827
https://doi.org/10.1021/js970178s
https://doi.org/10.1081/pdt-200031428
https://doi.org/10.1081/pdt-200031428
https://doi.org/10.1016/j.carbpol.2023.121500
https://doi.org/10.1080/03639045.2018.1425426
https://doi.org/10.1111/bcpt.12917
https://doi.org/10.3390/pharmaceutics13081180
https://doi.org/10.1111/j.1365-2125.2008.03358.x
https://doi.org/10.1111/j.1365-2125.2008.03358.x
https://doi.org/10.1213/01.ANE.0000154191.86608.AC
https://doi.org/10.21454/rjaic.7518.231.emf
https://doi.org/10.1016/s0378-5173(00)00506-8
https://doi.org/10.1016/s0378-5173(00)00506-8
https://doi.org/10.3390/ma16062223

M. D. Spampinato et al. ADMET & DMPK 12(5) (2024) 759-768

[37]

[38]

[39]

P. Papakyriakopoulou, K. Manta, C. Kostantini, S. Kikionis, S. Banella, E. loannou, E. Christodoulou,
D.M. Rekkas, P. Dallas, M. Vertzoni, G. Valsami, G. Colombo. Nasal powders of quercetin-B-
cyclodextrin derivatives complexes with mannitol/lecithin microparticles for Nose-to-Brain delivery:
In vitro and ex vivo evaluation. International Journal of Pharmaceutics 607 (2021) 121016.
https://doi.org/10.1016/j.ijpharm.2021.121016

V. Raje, S. Palekar, S. Banella, K. Patel. Tunable Drug Release from Fused Deposition Modelling (FDM)
3D-Printed Tablets Fabricated Using a Novel Extrudable Polymer. Pharmaceutics 14 (2022) 2192.
https://doi.org/10.3390/pharmaceutics14102192

M. Pozzoli, D. Traini, P.M. Young, M.B. Sukkar, F. Sonvico. Development of a Soluplus budesonide
freeze-dried powder for nasal drug delivery. Drug Development and Industrial Pharmacy 43 (2017)
1510-1518. https://doi.org/10.1080/03639045.2017.1321659

©2024 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article distributed under the terms and
conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/) |iec) M

768

(co) X


https://doi.org/10.1016/j.ijpharm.2021.121016
https://doi.org/10.3390/pharmaceutics14102192
https://doi.org/10.1080/03639045.2017.1321659
http://creativecommons.org/licenses/by/3.0/

